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Mesenchymal stem cells and carcinoma-associated fibroblasts
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Abstract. Stromal cells, such as mesenchymal stem cells
(MSCs) and carcinoma-associated fibroblasts (CAFs), play a
role in cancer progression. To analyze their ability to modu-
late drug response, we generated spheroids of MCF-7 or
MDA-MB-231 breast cancer cells in the absence or presence
of human (h)MSCs or hCAFs and tested the susceptibility
of the breast cancer cells to three different kinase inhibitors
(TKI258, RADOO1 and RAF265) used in cancer therapy.
While stromal cells did not affect the response of either breast
cancer cell line to the PDGFR/FGFR/VEGFR inhibitor
TKI258, they sensitized breast cancer cells to the mTOR
inhibitor RADOOI. In MCF-7 cells, this was accompanied
by increased apoptosis. hMSCs and to a lesser extent hCAFs
also enhanced the cytotoxic effect of RAF inhibitor RAF265
on MDA-MB-231 cells. Searching for the mechanism that
underlies the effect of stromal cells on RAF265 response we
found that stromal cells inhibited RAF265-induced increase
in ERK1/2 phosphorylation, supported RAF265-dependent
downregulation of PKCa (protein kinase Ca) and prevented
RAF265-induced conversion of LC3B, a marker of autophagy.
To mimic the changes in ERK1/2 phosphorylation and PKCa
expression in response to the stromal cells, we treated cells
with MEK1 inhibitor U0126 or PKCa inhibitor G66976,
respectively. U0126, but not G66976, was as effective as
hMSCs in sensitizing MDA-MB-231 cells to RAF265. This
suggests that hMSCs and hCAFs increased the cytotoxic
effect of RAF265 on MDA-MB-231 cells by downregulating
ERK1/2 phosphorylation. In summary, this study shows that
hMSCs are able to render breast cancer cells more susceptible
to kinase inhibitors and that, to the most part, hCAFs to which
hMSCs can differentiate are able to mimic the drug-sensitizing
effects of hMSCs.
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Introduction

Tumor-associated stromal cells, such as carcinoma-associated
fibroblasts (CAFs), have been shown to promote tumor
progression (1-4). Recently, also mesenchymal stem cells
(MSCs) have been reported to modulate tumor behavior
(5-7). MSCs are multipotent stem cells that derive from the
bone. The minimal criteria that are used to define this type
of cell are the expression of CD105, CD73 and CD90, the
lack of CD45, CDI14 and CD35, the abilitity to differentiate
to adipocytes, chondrocytes and osteoblasts and to adhere
to plastic surfaces (8). Playing a role in wound repair, MSCs
enter injured tissues (7), where they reduce inflammation
(9), enhance bacterial clearance (10) and may differentiate
to cells that help the tissue to be restored (11). Solid tumors,
probably mistaken by MSCs as wounds, also attract MSCs
leading to interactions between MSCs and tumor cells (12-15).
Depending on the conditions and the type of tumor, MSCs
have been shown to negatively or positively affect tumor
progression (5-7). MSCs might also have an influence on drug
response, as it has been shown that MSCs can differentiate
to CAFs (16,17) which are able to protect tumor cells against
anti-VEGF treatment (18). Likewise, endothelial cells that are
able to convert to MSCs (19) can form a chemo-resistant niche
for lymphoma cells (20).

The Ras/Raf/MEK/ERK1/2 and the PI3K/AKT/mTOR
pathways are often deregulated in cancer and promote cell
proliferation and survival. Both pathways can be stimulated
by receptor tyrosine kinases (RTKs) (21). In breast cancer,
depending on the subtype (22-24), Her2, EGFR and/or FGFR
are the major RTKs that are responsible for the activation of
these pathways (25,26). Inhibition of the RTKs are among the
routinely used strategies to treat patients with breast cancer
(27). Alternatively, drugs may be used that directly target
components of the Ras/Raf/MEK/ERK1/2 and the PI3K/AKT/
mTOR pathways (28-30). Blockage of these pathways, e.g., by
RAF or mTOR inhibitors, has been demonstrated to induce
cancer cell death (30-32). Direct inhibition of these pathways
may be of particular importance when breast cancers develop
resistance to the RTK inhibitor (33).

We sought to analyze whether hMSCs and hCAFs have an
impact on the responses of breast cancer cells to inhibitors of
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Ras/Raf/MEK/ERK1/2 and PI3K/AKT/mTOR pathways. To
mimic more closely the function of living tissue we used three-
dimensional (3D) cultures (34). We have previously shown
that 3D-cultured MCF-7 breast cancer cells form spheroids
which attract hMSCs (15). After invading the spheroid hMSCs
disturbed its architecture by interfering with E-cadherin-
dependent cell-cell adhesion. hMSCs are also able to enter 3D
cell aggregates of mesenchymal-type MDA-MB-231 breast
cancer cells that do not form well-organized spheroids. We
show here, that hMSCs and/or hCAFs sensitize 3D-grown
MCF-7 and MDA-MB-231 cells to mTOR inhibitor RADOO1.
In addition, these stromal cells also increase the response of
MDA-MB-231 cells to the RAF inhibitor RAF265.

Materials and methods

Cell culture. MDA-MB-231 cells, MCFE-7 cells and 19TT-hCAFs
(35) were grown in Glutamax-containing RPMI (Invitrogen)
and 10% fetal calf serum (PAN) in the absence of antibiotics.
hMSCs were isolated and propagated as described (15). All
cells were grown and treated in the same batch of serum.
Cells were cultured in 3D as described (36).

Generation of homotypic and heterotypic breast cancer
spheroids. For the generation of 3-day-old heterotypic
spheroids, trypsinized hCAFs or hMSCs were mixed with
trypsinized breast cancer cells at a ratio of 1:500 and grown
in 3D cultures for 3 days. To produce 4-day-old heterotypic
spheroids, trypsinized hCAFs were incubated with 3-day-old
spheroids at an approximate ratio of 1:5 (hCAFs/breast cancer
cells) for 1 day.

Treatment with kinase inhibitors. Kinase inhibitors RAF265
(Novartis), RAD0OO1 (Novartis), TKI258 (Novartis), G66976
(Calbiochem) and U0126 (Calbiochem) were dissolved in
DMSO and added to cells at a final concentration of 1, 2
or 10 uM. Mock treatment was performed by adding the
equivalent amount of DMSO. In 2D cultures, drugs were
administered to cells 2 h after trypsinization when cells were
completely attached. In 3D cultures, inhibitors were added to
3-day-old homotypic or 3-day-old or 4-day-old heterotypic
spheroids.

Immunocytochemistry. Immunocytochemistry analysis of
formaldehyde-fixed and paraffin-embedded 3D cell aggre-
gates was performed as described (36). Anti-vimentin (mouse
monoclonal, Dako, clone V9) was used at a dilution of 1:400.

Viability assay. Viability was determined by using a
luciferase-based ATP assay kit (ViaLight Plus Kit, Lonza).
Plastic-adherent cells grown in 25 cm? flasks were washed
with PBS and lysed at RT by adding 400 ul of lysis buffer
on top of the cell layer. Cell lysates were then transferred to
microfuges and cleared by centrifugation at 4000 rpm for
5 min. Cells in 3D cultures were pelleted at 4000 rpm for
5 min, washed once with PBS and lysed by incubation in
400 pl lysis buffer at RT for 10 min. Clearance of the lysates
was performed as described above. Cleared lysates were used
for ATP measurement as follows. Cleared lysate (10 pl) was
mixed with 45 ul lysis buffer and 100 pl luciferase stock solu-
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Figure 1. hMSCs and hCAFs form heterotypic spheroids with breast cancer
cells. MCF-7 cells were mixed either with hCAFs or hMSCs in a ratio of
500:1 and grown in 3D cultures for 3 days. Spheroids were formalin-fixed
and paraffin-embedded for immunocytochemistry. hCAFs and hMSCs were
selectively visualized by using an antibody against vimentin.

tion. Luminescence was measured in a Sirius luminometer
(Berholt). Relative cell viability was calculated by dividing
the relative light units (RLUs) as obtained for a given sample
by the RLUs of the corresponding control. Concentrations of
total protein in the extracts were measured by using the Pierce
BCA protein assay kit.

Western blot analysis and RNA interference. Western blot
analysis was carried out as described (37) by using antibodies
against the 25-kDa-PARP-1 fragment (rabbit monoclonal,
1:10,000, Epitomics), anti-E-cadherin (BD Transduction Lab,
mouse monoclonal, clone 36, 1:10,000), anti-Etsl (rabbit poly-
clonal, C20, 1:2,000, Santa Cruz), anti-phospho-Thr-38 Etsl
(rabbit polyclonal, 1:1,000, Acris), anti-PKCa (rabbit poly-
clonal, 1:2,000, Santa Cruz), anti-LC3B (rabbit polyclonal,
1:1,000, Cell Signaling Technology), anti-GAPDH (rabbit
monoclonal, 1:5,000, Epitomics), anti-phospho-Thr202/
Tyr204-ERK1/2 (rabbit polyclonal, 1:2,000, Cell Signaling
Technology) or anti-ERK1/2 (rabbit polyclonal, 1:2,000,
Cell Signaling Technology). For detection an anti-mouse or
anti-rabbit horseradish peroxidise conjugate (1:2,000, New
England Biolabs) was used.

For RNA interference, MCF-7 cells were transfected with
a PKCa-specific siRNA (siPa) or a control siRNA (siLuc) (38)
and grown in 3D culture for four days as described (36).

Results

hMSCs and hCAFs form heterotypic spheroids with breast
cancer cells. To study the effect of hMSCs and hCAFs on
drug-treated breast cancer cells in 3D cultures, we generated
heterotypic, stromal cell-containing and homotypic breast
cancer cell spheroids as described in Materials and methods.
First we confirmed that heterotypic tumor spheroids contain
stromal cells. Heterotypic and homotypic MCF-7 spheroids
were fixed, paraffin-embedded, and sectioned for immu-
nocytochemistry. Stromal cells were visualized by using an
antibody against vimentin, a marker for mesenchymal cells
(15). As shown in Fig. 1, vimentin-positive cells could be
detected in heterotypic spheroids formed by MCF-7 cells in
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Figure 2. hMSCs sensitize breast cancer cells to RAF265 and RAD001. MCF-7 or MDA-MB-231 cells were either grown in 2D or 3D cultures and incubated
under various conditions (A = 2D, B = 3D, no stromal cells, C = 3D + hMSCs added on day 0, D = 3D + hCAFs added on day 0, E = 3D + hCAFs added on
day 3). In 3D cultures, kinase inhibitors or solvent without inhibitor (mock) were either added on day 3 of culturing (B-D) or on day 4 (E). Cells were then
drug- or mock-treated for 3 days before they were lysed for measuring cell viability and total protein content. Each value was calculated by dividing the value
as found in the presence of the drug by the value obtained with the corresponding mock-treated control. Each dot represents the average value (+ SD) of 3-9
independent experiments. Statistical significance was determined by the student t-test *p<0.05, #p<0.01, "p<0.005, “p<0.001).

the presence of hMSCs or hCAFs, but not in control homo-
typic MCF-7 spheroids (data not shown).

hMSCs and hCAFs sensitize breast cancer cells to RAD0OOI
and RAF265 in 3D cultures. Next we examined the effects
of kinase inhibitors (mTOR inhibitor RADO0O1, RAF inhibitor
RAF265 and PDGFR/FGFR/VEGFR inhibitor TKI2589) on
the viability on MCF-7 and MDA-MB-231 cells in homotypic
and heterotypic spheroids. For comparison, we also tested
the effects of these inhibitors on cells grown in conventional
2D adherent cultures. Tumor spheroids and monolayers were
exposed to the drugs for three days before cells were lysed for
measurement of intracellular ATP (viability) and total protein
content.

TKI258 reduced viability of MCF-7 cells at 10 uM by
30-40% and that of MDA-MB-231 cells by ~20% (Fig. 2).
Total protein content was only weakly affected. No effect of
stromal cells on the response of breast cancer cells to TKI258
was observed. Since TKI258 targets receptor tyrosine kinases
which have the potential to stimulate the RAS/RAF/MEK1/
ERK1/2 pathway, we also analyzed the ERK1/2 phosphoryla-
tion status. We found that, in MDA-MB-231 cells, ERK1/2
phosphorylation was unaffected by TK1258 (Fig. 4A) whereas,

in MCF-7 cells, TKI258 induced an increase in ERK1/2
phosphorylation (Fig. 3A). Hence, TKI258 did not reduce
ERK1/2 phosphorylation in either of the cell lines. These data
show that TKI258 moderately affect breast cancer survival
by a mechanism that does not involve dephosphorylation of
ERK1/2 and that does not allow stromal cells to interfere.

A different outcome was obtained with RADOOI. At
2 uM, RADOOI reduced the viability of 2D-cultured MCF-7
cells by ~20%, but failed to affect the viability of 2D-cultured
MDA-MB-231 cells (Fig. 2). In homotypic spheriods, both
cell lines were resistant to this drug. However, addition of
stromal cells induced quite a different response. In the pres-
ence of hMSCs, RADOO1 significantly reduced the viability
of both breast cancer cell lines by ~45%. hCAFs had a similar
effect on RADOO1-treated MCF-7 cells, but were less effec-
tive on RADOOI-treated MDA-MB-231 cells. Overall, total
protein pattern in response to RADOO1 were equivalent to
the viability pattern. In MCF-7 cells, the sensitizing effect of
stromal cells on RADOOI response was accompanied by an
increase in apoptosis as indicated by increased abundance of
the PARP-1 25-kDa fragment (Fig. 3A). However, PARP-1
fragmentation was not enhanced in MDA-MB-231 cells under
these conditions (Fig. 4A). These data show that the response
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Figure 3. hMSCs and hCAFs cooperate with RADOOI to induce apoptosis of MCF-7 cells. (A) hMSCs and hCAFs cooperate with RADOOI to induce
apoptosis of MCF-7 cells. MCF-7 homotypic or heterotypic spheroids were incubated with 10 M TKI258, 10 M RAF265 or 2 uM RADO0O1 or mock-treated
for 3 days and analyzed for expression of PARP1-25-kDa fragment, ERK1/2, phospho-ERK1/2 and PKCa by Western blot analysis. (B) The PKCa antibody
specifically recognizes PKCa protein in MCF-7 protein extracts. MCF-7 cells were transfected with PKCa-specific siRNA (siPa) or control siRNA (siluc),
grown in 3D cultures for 4 days and proteins analyzed by Western blot analysis using a PKCa-specific antibody. The data show that the upper of the two
bands represents PKCa (ns, non-specific band). (C) RAF265-induced conversion of LC3B is inhibited by hMSCs and CAFs. MCF-7 homotypic or heterotypic
spheroids were incubated with 10 M RAF265 or 2 yM RADOO1 or mock-treated for 3 days and analyzed for conversion and expression of LC3B by Western

blot analysis.

of 3D-cultured breast cancer cells to RADOOI can be modu-
lated by hMSCs and hCAFs.

Responses to RAF265 were strikingly different between
the two cell lines. Under most conditions, MCF-7 cells were
less susceptible to RAF265 than MDA-MB-231 cells. In
response to 2 uM RAF265, viability of MCF-7 cells reduced
by 12-26%. At 10 uM RAF265, viability declined to ~40%,
except when cells were kept in monolayers where 88% loss in
viability was observed. In the latter case, loss in viability was
accompanied by an increase in apoptosis (Fig. 3A). Stromal
cells failed to modulate the cytotoxic effect of RAF265 on
MCEF-7 cells (Fig. 2). Nevertheless, both hMSCs and hCAFs
interferred with RAF265-induced autophagy. In the absence
of stromal cells, RAF265 induced autophagy in MCF-7 cells
as indicated by the conversion of LC3B from its isoform I to
isoform II (Fig. 3C). However, in the presence of hMSCs or
hCAFs, LC3B isoform II could not be detected suggesting

that LC3B conversion, and hence autophagy, was inhibited
by these stromal cells. Of note, hMSCs increased the expres-
sion of LC3B isoform I. Since RAF265 targets RAF which
regulates ERK1/2 phosphorylation through MEK1, RAF265
is expected to decrease the level of ERK1/2 phosphoryla-
tion. In accordance with this assumption, a strong decline
in ERK1/2 phosphorylation was observed in 2D-cultured
RAF265-treated MCF-7 cells (Fig. 3A). However, RAF265
failed to reduce ERK1/2 phosphorylation in 3D-cultured cells
implying that MCF-7 cells react differently to RAF265 in 2D
vs. 3D cultures.

RAF265 at 2 and 10 yuM was similarly effective on
MDA-MB-231 cells. At either concentration, RAF265 reduced
viability of MDA-MB-231 cells in monolayers by ~30% and
cells in homotypic aggregates by ~60% (Fig. 2). In contrast to
MCEF-7 cells, MDA-MB-231 cells reacted on stromal cells in
the presence of RAF265. In heterotypic aggregates containing
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Figure 4. hMSCs and hCAFs support RAF265-induced downregulation of PKCa expression. (A) Three-day-old 3D-aggregates or 2D-monolayers of MDA-
MB-231 cells were incubated with 10 uM TKI258, 10 uM RAF265 or 2 uM RADO0O1 or mock-treated in the presence or absence of stromal cells as indicated.
After 3 days, proteins were extracted and analyzed for the abundance of phospho-ERK1/2, ERK1/2, PKCa and for the 25-kDa fragment of PARP-1 by
Western blot analysis. (B) RAF265 induces autophagy. After homotypic or heterotypic MDA-MB-231 cell aggregates were incubated with RAF265 or
mock-treated for three days, cells were lysed and proteins analyzed for LC3B conversion by Western blot analysis. (C) Etsl is a substrate for ERK1/2 in
MDA-MB-231 cells. Plastic-adherent MDA-MB-231 cells were incubated with 1 or 104uM MEKI inhibitor U0126 or mock-treated o/n. Etsl and ERK1/2
phosphorylation were examined by Western blot analysis. (D) In spite of its stimulatory effect on ERK1/2 activity, RAF265 blocks Etsl phosphorylation and
also induces a reduction in Etsl and PKCa expression. Trypsinized MDA-MB-231 cells were transferred to 3D culture flasks and grown for 1, 2 or 3 days
in the presence or absence of 2 yM RAF265. Proteins were isolated and subjected to Western blot analysis by using antibodies against phospho-Thr38-Etsl,

Etsl, PKCa, phospho-ERK1/2 and ERK1/2.

hMSCs, viability of MDA-MB-231 cells dropped by 90-96%, in
those harboring hCAFs, viability losses ranged from 78 to 84%.
Changes in viability by stromal cells were statistically signifi-
cant. Interestingly, while RAF265 induced strong PARP-1
fragmentation in homotypic aggregates, less fragmentation was
observed in heterotypic aggregates (Fig. 4A) suggesting that
apoptotic cell death is unlikely to be responsible for the cell
loss as induced by stromal cells. Nor is autophagy likely to be
involved in this effect since stromal cells inhibited conversion
of LC3B (Fig. 4B). The latter finding is consistent with the data
obtained with MCF-7 cells (Fig. 3C). However, in contrast to
MCEF-7 cells, MDA-MB-231 cells also reduced total LC3B
expression in response to hMSCs and hCAFs in the presence of
10 uM RAF265.

Analysis of the ERKI1/2 status in RAF265-treated
MDA-MB-231 cells revealed similarities with MCF-7 cells
treated with this drug. Like MCF-7 cells, MDA-MB-231
cells responded to RAF265 by downregulating ERK1/2
phosphorylation if kept in monolayers, but not if cultured in

3D (Fig. 4A). In 3D cultures, RAF265-treated MDA-MB-231
cells showed even increased ERK1/2 phosphorylation. Further
analysis revealed that switching from 2D to 3D culture condi-
tions induced a gradual decline in ERK1/2 phosphorylation
in MDA-MB-231 cells (Fig. 4D). This decline was prevented
by RAF265. Higher ERKI1/2 phosphorylation levels in
3D-cultured MDA-MB-231 cells as found in response to TGFf
(36) are linked to increased cell growth/survival in 3D (data
not shown). Hence, increased ERK1/2 phosphorylation may
help MDA-MB-231 cells to escape RAF265-induced cell
death. Interestingly, the RAF265-induced increase in ERK1/2
phosphorylation was inhibited by hMSCs and hCAFs (Fig. 4A)
suggesting that these stromal decreased viability in the pres-
ence of RAF265 by downregulating ERK1/2 phosphorylation.

A known substrate of ERK1/2 is the transcription factor
Etsl (39). Etsl is involved in tumor progression (40), increases
chemoresistance (41) and is highly expressed in MDA-MB-231
cells (42). To confirm that, also in MDA-MB-231 cells, phos-
phorylation of Etsl at threonine-38 depends on ERK1/2, cells
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Figure 5. RAF265 cooperates with U0126, but not with G66976, to reduce
survival of MDA-MB-231 cells. MDA-MB-231 cells in 3D-aggregates were
incubated with RAF265, U0126 (U, 10 uM) and/or G66976 (G6, 1 uM) or
mock-treated as indicated for 3 days and analyzed for viability. Each bar rep-
resents the average value (+ SD) of 10 independent experiments. Statistical
significance was determined by the student t-test (“p<0.001).

in monolayers were treated with MEK1 inhibitor U0126 and
Etsl phosphorylation was examined by Western blot analysis
using a phospho-Thr-38-Ets-specific antibody. As expected,
U0126 inhibited Etsl phosphorylation along with ERK1/2
phosphorylation (Fig. 4C). We next examined how Etsl phos-
phorylation is changed in 3D-cultured MDA-MB-231 cells
in the presence and absence of RAF265. Surprisingly, Etsl
phosphorylation did not follow the pattern of ERK1/2 phos-
phorylation and was found to be constantly high in the absence
and completely inhibited in the presence of RAF265 (Fig. 4D).
This suggests that Etsl phosphorylation is differently regu-
lated in 3D- vs. 2D-cultured MDA-MB-231 cells. When we
analyzed total Etsl protein expression we noticed that the Etsl
protein levels was strongly downregulated in the presence, but
not in the absence of RAF265 (Fig. 4D). In parallel, protein
expression of PKCa (protein kinase Ca), a main regulator
of Etsl in cancer cells (38) ceased. The RAF265-induced
decline in PKCa was of interest, since we previously found
that knock-down of PKCa reduces anchorage-independent
growth of MDA-MB-231 cells (38). Comparing PKCa expres-
sion in RAF265-treated MDA-MB-231 cells in the presence
and absence of stromal cells revealed that hMSCs and hCAFs
further reduced PKCa expression levels (Fig. 4A). In contrast
to MDA-MB-231 cells, MCF-7 cells did not change expression
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in response to RAF265 (Fig. 3A). Nor was PKCa expression
altered in response to hMSCs or hCAFs.

Collectively, these data show that hMSCs and hCAFs have
at least three effects on RAF265-treated MDA-MB-231 cells,
they induce a further loss in cell viability and a further reduc-
tion in PKCa expression and they block RAF265-induced
increase in ERK1/2 phosphorylation.

Inhibition of ERK1/2 phosphorylation sensitizes breast cancer
cells to RAF265 in 3D cultures. Downregulation of PKCo and
inhibition of RAF265-induced ERK1/2 phosphorylation may
have contributed to the sensitizing effect of hMSCs and hCAFs
on 3D-cultured MDA-MB-231 cells to RAF265. To test this
possibility we mimicked the effect of stromal cells on PKCa
by PKCa inhibitor G66976 and on ERK1/2 phosphorylation
by MEKI inhibitor U0126. The latter had been shown to be
effective to downregulate ERK1/2 phosphorylation also in
3D-cultured MDA-MB-231 cells (36). We found that G66976
had neither an effect on cell viability when given alone nor
when added in combination with RAF265 (Fig. 5). In contrast,
U0126 alone reduced cell viability almost as strongly as
RAF265 and together with RAF265 induced viability losses
comparable to those obtained with hMSCs (compare Fig. 5
with Fig. 2). This suggest that: i) ERK1/2 phosphorylation
is critical for survival of MDA-MB-231 cells in 3D cultures
and that ii) inhibition of RAF265-increased ERK1/2 phos-
phorylation is responsible for the effect of stromal cells on
RAF265-treated MDA-MB-231 cells.

Discussion

hMSCs have been shown to affect breast cancer progression
(5). Among the effects as exerted by these stromal cells are
the interference with E-cadherin-dependent cell-cell contacts
and, subsequently, with cell migration (15,43). MSCs secrete a
plethora of chemokines and cytokines (44) that may mediate
the effects of these cells on tumor cells. Both changes in cell-
cell interactions and cytokines, such as interleukin-6 (IL-6),
have been found to alter drug responses of tumor cells (20,45).
In particular, IL-6 has been reported to be responsible for the
apoptosis-protecting effect of MSCs on neutrophils (46). Here
we show that hMSCs are able to render breast cancer cells
in 3D culture more susceptible to kinase inhibitors, namely
mTOR inhibitor RADOO! and RAF inhibitor RAF265. The
sensitizing effect on the response to RADOOl was similar
with MCF-7 and MDA-MB-231 cells, although these cell
lines belong to quite different breast cancer subtypes, MCF-7
to the luminal A (epithelial) subtype and MDA-MB-231 to the
claudin-low (mesenchymal) subtype (47). This implies that the
PIBK/AKT/mTOR pathway is functioning in a similar way in
both cell lines, although MCF-7, but not MDA-MB-231 cells
display an oncogenic mutation in PI3KCA (48). Inhibition of
mTOR by rapamycin has been shown to downregulate the
expression of PHLPP (PH domain and leucine rich repeat
protein phosphatase), a phosphatase that inhibits AKT, subse-
quently leading to increased activation of the AKT/mTOR
pathway (49). This feedback loop does not involve PI3K
and is therefore likely not to be affected by PI3K mutations
as that found in MCF-7 cells. Downregulation of PHLPP in
response to mTOR inhibition has also been demonstrated with
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MDA-MB-231 cells (49). It is possible that hMSCs sensitized
breast cancer cells to RADOOI by inhibiting downregulation
of PHLPP.

Unlike the response to RADOOI, the response to RAF265
was altered by hMSCs in MDA-MB-231 cells, but not in
MCF-7 cells. Differences in the RAS/RAF/MEKI1/ERK1/2
pathway may explain this discrepancy. MDA-MB-231, but not
MCEF-7 cells show oncogenic mutations in K-Ras and B-RAF
(48). Mutations in B-RAF have been reported to render tumor
cells more susceptible to RAF inhibitors in the presence of
wild-type RAS (50,51). Conversely, cells were more resistant
to RAF inhibitors when wild-type-RAF and oncogenic RAS
were present (52). This was accompanied by increased levels
of ERK1/2 phosphorylation induced by a mechanism that
involves C-RAF. Restoration of high ERK1/2 activities allows
tumor cells to escape treatment with RAF265 inhibitors (53).
In 3D cultures, the surviving RAF265-treated MDA-MB-
231 cells also showed increased ERK1/2 phosphorylation
suggesting that MDA-MB-231 cells are capable of escaping
RAF inhibition as well. This increase in ERK1/2 activity
was prevented in the presence of hMSCs and, along with it,
viability further declined. A similar effect on viability could
be observed when MDA-MB-231 cells were treated with a
combination of RAF265 and the MEK1/2 inhibitor U0126 to
directly block recovery of ERK1/2 phosphorylation. Hence,
it is likely that hMSCs supported the cytotoxic effect of
RAF265 by preventing the rise of ERK1/2 phosphorylation.
It should be noted that RAF265 not only inhibits B-RAF, but
also VEGF receptor 2 (VEGFR2), and at higher concentra-
tions, c-kit, PDGF receptor § and RET. VEGFR?2 is expressed
in MDA-MB-231 cells (54) along with VEGF-C (55) allowing
a VEGFR-2/VEGF-C positive feedback loop to be established
which may promote cancer growth. VEGFR-2/3 inhibitor
E7080 has been demonstrated to reduce growth of MDA-MB-
231 xenografts in mice (55). On the other hand, TKI258
inhibits VEGFR-2 to a similar extent as RAF265, but yet had
almost no effect on survival of MDA-MB-231 cells.

Like MSCs, also carcinoma-associated fibroblasts have
many effects on tumor progression, e.g., CAFs are capable
of altering the gene expression profile of breast cancer cells
(56). Moreover, a study on primary estrogen receptor-negative
breast cancer specimens revealed that a 50-gene signature of
the tumor stromal compartment, which also contains CAFs,
predicts the sensitivity of the cancer to neoadjuvant chemo-
therapy (57) suggesting a link between stromal cells (CAFs)
and drug response. Intriguingly, MSCs can differentiate to
CAFs (17) which prompted us to analyze the effects of CAFs
on the responses to kinase inhibitors as well. Some of the sensi-
tizing activites on drug response as observed with hMSCs were
also found with hCAFs, as hCAFs were able to mimic the effect
of hMSCs on RADOO1-treated MCF-7 cells and on RAF265-
treated MDA-MB-231 cells. Another feature that these two
stromal cell types shared was the ability to inhibit LC3B
conversion and, hence, autophagy, as induced by RAF265 in
both MCF-7 and MDA-MB-231 cells. In conclusion, hMSCs
and hCAFs show similarities in their activities on drug-treated
breast cancer cells. Mechanistically, hMSCs and hCAFs may
interact with breast cancer cells by cell-cell contact in a similar
way and/or secrete the same cytokines/chemokines that are able
to modify the efficacy of drugs.
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