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Abstract. Cancer cells frequently fail to respond to chemo-
therapy due to acquisition of chemoresistance. Tumour cells
are prone to die by necrosis when they are metabolically
stressed by hypoxic and glucose depletion (OGD) due to
insufficient vascularization, a common feature of solid
tumours. Tumour necrosis indicates poor prognosis and
emergence of drug resistance in cancer patients; however, its
molecular mechanism remains unclear. In this study, we used
multicellular tumour spheroids (MTS) as an in vitro tumour
model to investigate the molecular mechanisms underlying
necrosis-linked drug resistance. MCF-7 cells formed tight and
spherical shape of spheroids and started to form the necrotic
core at 8 days of culture. We found that docetaxel (DOC)-
induced apoptosis was gradually reduced during MCF-7
spheroid culture compared to that in monolayers and that
more prominent resistance to DOC was observed when
spheroids containing the necrotic core were treated. ERK1/2
and Akt appeared to be activated in MCF-7 spheroids with
necrotic core, but not in 2D culture cells and in spheroids
without necrotic core. DOC resistance in spheroids was
reversed by inhibition of ERK1/2, but not of Akt, suggesting
an important role for ERK1/2 in the DOC resistance in
MCEF-7 spheroids. These results provide new insight into the
possible relation between necrosis-linked ERK1/2 activation
and acquisition of multicellular resistance.

Introduction

Development of resistance to chemotherapy is frequently
observed in malignant tumour cells (1,2). Resistance to
chemotherapy is complex and is acquired by several factors
including increased drug efflux due to enhanced expression
of ATP binding cassette transporter proteins, alterations in

Correspondence to: Dr Ho Sung Kang, Department of Molecular
Biology, College of Natural Sciences, Pusan National University,
Pusan 609-735, Korea

E-mail: hspkang@pusan.ac.kr

Key words: multicellular resistance, multicellular tumour
spheroids, necrosis, ERK1/2, docetaxel

drug activation/inactivation or drug targets, or inhibition of
apoptotic pathways due to inactivation of the tumour
suppressor p53 (1-3). Cancer cells also acquire resistance
through activation of survival signaling pathways, such as the
phosphatidylinositol-3 kinase (PI3K)/Akt pathway, the
extracellular signal-regulated kinase (ERK) pathway, and the
mammalian target of rapamycin (mTOR) pathway that play
important roles in diverse cellular functions such as prolifer-
ation, differentiation, survival, and metabolism (4-9). The
Ser/Thr kinase Akt/PKB is positively regulated by PI3K and
negatively regulated by phosphatase PTEN and is frequently
hyperactivated in human cancer and contributes to tumouri-
genesis (5,6). Akt signaling has been shown to prevent apop-
tosis directly through phosphorylating Bcl-2 family proteins
or indirectly by regulating p53 and nuclear factor-xB (NF-xB)
activity (4,5). ERK1/2, a member of the mitogen-activated
protein kinase (MAPK) family, is also hyperactivated due to
constitutive activation of Ras and B-Raf, upstream of ERK1/2,
in many human cancers and plays an essential role in tumour
progression as well as drug resistance (7,8). ERK1/2 inhibits
apoptosis by preventing p53 activity and regulating Bcl-2
family protein and MDR1 gene expression (8,10-12). The
Ser/Thr kinase mTOR is stimulated by nutrient signals and
various other stimuli through either the PI3K/PTEN/Akt path-
way or the Ras/Raf/MEK/ERK pathway. It is also frequently
hyperactivated in many types of cancer and could promote
tumourigenesis, angiogenesis, and metastasis. mTOR confers
survival advantage to tumour cells exposed to hypoxia and
chemotherapeutic treatment via either of its two downstream
targets, S6K or 4E-BP1/eIF4E (9,13,14).

Studies of drug resistance are usually conducted on two-
dimensional (2D) monolayers. However, a wide discrepancy
between in vitro 2D model and in vivo tumours is observed.
For this reason, three-dimensional (3D) spheroid model
system has been recently used for chemoresistance studies
because it mimics the growth characteristics of in vivo
tumours more closely than cancer cell line monolayers.
When grown in spheroids, cancer cells develop additional
resistance, referred to as ‘multicellular resistance’ (MCR),
through contact resistance and resistance inherent in the
spheroid structure (15-17). Although limited drug permea-
bility has been suggested as a major cause of MCR found in
spheroids, recent studies also showed that most, but not all,
anticancer drugs could penetrate throughout the spheroids
(18,19). Pro-survival pathway such as NF-kB or mTOR, and
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P-glycoprotein and p27 expression have been implicated in
emergence of drug resistance in spheroids (14,20,21).

The development of hypoxia or anoxia regions is a general
feature of solid tumours and prolonged hypoxia mediates
formation of necrotic core regions (22-24). Tumour necrosis
is concerned as a prognostic indicator and is linked to acqui-
sition of resistance to various types of tumour therapy (25-27).
Necrosis is characterized by the disruption of the cell mem-
brane, leading to the release of cellular contents including
HMGBI1 and other cytokines that could stimulate tumour cell
growth and progression, unlike apoptosis which retains mem-
brane integrity (28-31). Although the molecular mechanism
underlying contribution of hypoxia-mediated necrosis to drug
resistance has been studied by many investigators, it remains
still unclear.

In this study, we investigated the molecular mechanisms
underlying necrosis-linked drug resistance using multi-
cellular tumour spheroids (MTS), an in vitro tumour model.
MTS closely resemble avascular regions of large solid
tumours. MTS exhibit a proliferation gradient with an outer
rim of proliferating cells that surrounds an inner shell of GO-
phase cells and a core region. The core regions lack nutrient
and oxygen via insufficient supply that result in oxygen and
nutrient gradients. These phenomena lead to necrotic cell
death in the inner regions, forming the necrotic core (15,16).
Taxotere (docetaxel, DOC), one of taxanes that include two
members paclitaxel and docetaxel, is a widely used anti-
microtubule chemotherapeutic agent in the treatment of several
solid tumours, including advanced breast cancer resistance
(32). DOC stabilizes microtubule dynamics, promoting mitotic
arrest and apoptotic cell death through induction of p53,
activation of the jun N-terminal kinase pathway, induction of
p21 and p27 protein, and Bcl-2 phosphorylation and bcl-x1
downregulation (32-36). In this study, we show that DOC-
induced apoptosis is markedly reduced in spheroids containing
necrotic core compared to those without necrotic core. After
necrotic core formation, ERK1/2 is activated and inhibition
of its activity increases the sensitivity to DOC. These findings
suggest that soluble factors secreted from necrotic core may
reduce sensitivity to DOC possibly through activating the
ERK1/2 survival pathway.

Materials and methods

Two- and three-dimensional cell cultures. Human breast
adenocarcinoma cells MCF-7, MDA-MB-231, and MDA-MB-
361 were obtained from ATCC (Manassas, VA, USA) and
grown in DMEM (WelGENE, Daegu, Korea) supplemented
with 10% (v/v) heat-inactivated FBS and 1% (v/v) penicillin-
streptomycin in a 37°C humidified incubator with 5% CO,.
In 2D cell culture, cells were cultured as recommended by
ATCC. For the initiation of 3D cell culture, MCF-7, MDA-
MB-231, and MDA-MB-361 cells were seeded at a density
of 400 cells in 200 1 medium into 1.2% agarose-precoated
96-well plates. After 3 days of culture, 100 y1 of medium
was replaced with fresh medium every 2 days.

Drug treatments. DOC and LY294002 were purchased from
Sigma (St. Louis, MO, USA) and U0126 was purchased from
Calbiochem (San Diego, CA, USA). DOC, LY294002 and
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U0126 were dissolved in dimethyl sulfoxide. The drugs and
inhibitors were then divided into aliquots and stored at -20°C
until used. The stocks were freshly diluted in culture medium
before experiment. In 2D culture, cells were pretreated with the
inhibitors for 1 h and treated with 100 nM DOC for 24 h. In
3D culture, equal numbers of spheroids on each of the days
indicated in the Figures were transferred to 1.2% agar-coated
60 mm dishes and pretreated with the inhibitors for 3 h,
considering the thickness of spheroids, and treated with
100 nM DOC for 24 h.

Hoechst 33258 (HO) and propidium iodide (PI) double-
staining. To determine the cell death mode, apoptosis or
necrosis, HO and PI (Invitrogen, Carlsbad, CA, USA) double
staining was performed. In 2D culture, cells were stained
with HO (1 pg/ml) and PI (5 ug/ml) for 15 min at 37°C, and
then dissociated with trypsin/EDTA (37). In 3D culture,
spheroids were trypsinized and then stained. The dissociated
cells were fixed by 3.7% paraformaldehyde and mounted
using VectaMount (Vector Laboratories, Burlingame, CA,
USA). For each sample, three visual fields were selected
randomly using the AxioVision image analysis system (Carl
Zeiss, Jena, Germany). The results were expressed as the
percentages of apoptotic and necrotic cells.

Spheroids were collected, washed with PBS, fixed in 1%
paraformaldehyde in PBS overnight at 4°C, and dehydrated
in a graded series of ethanol that were embedded in paraffin.
From the paraffin blocks, 6 ym sections were cut and mounted
on glass slides, deparaffinized, rehydrated, and stained with
HO and PI as described above.

Annexin V-FITC (AV)/PI staining and FACS analysis. To
quantitate apoptosis, AV/PI staining was performed with the
apoptosis detection kit I (BD Pharmingen, San Diego, CA,
USA) following the manufacturer's instructions. Spheroids
were washed twice in cold PBS, trypsinized, and resuspended
in 1X binding buffer at a concentration of 1x10° cells/100 pl.
Five microliters of AV and PI each was added. Cells were
gently vortexed and incubated for 15 min at room temperature
in the dark. Then 400 ul of the 1X binding buffer was added
to each tube and then cells were analyzed by FACS. The results
were expressed as the percentages of apoptotic and necrotic
cells.

Immunoblotting. Protein lysates obtained from 2D and 3D
culture cells were measured using the Bradford assay (Bio-
Rad, Richmond, CA, USA) and equal amounts of protein
lysates were separated by sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis on 12% gels, and electrotransferred
to NC paper. The detection antibodies for phospho-serine
473 Akt, Akt, phospho-ERK1/2 and ERK1/2 were from Cell
Signaling (Danvers, MA, USA). Anti-PARP (Santa Cruz
Biotechnology, Santa Cruz, CA, USA) and anti-a-tubulin
(Biogenex, San Ramon, CA, USA) antibodies were also used.
After incubation with peroxidase-conjugated secondary
antibody protein expression was detected using ECL Western
Blotting Detection Reagents (Amersham Biosciences,
Buckinghamshire, UK).

Statistical analysis. Statistical analysis was performed using
Minitab statistical software (Minitab Inc., State College, PA)
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to compare data in different groups. P<0.05 was considered
statistically significant difference.

Results and Discussion

Formation of the necrotic core in MCF-7 spheroids. In this
study, we tried to investigate the mechanism underlying
necrosis-linked drug resistance using MTS, an in vitro tumour
model (15-17). Three breast cancer cell lines MCF-7, MDA-
MB-231, and MDA-MB-361 were used to evaluate the forma-
tion of spheroids. The cells were seeded at 400 cells per well
into 96-well plates pre-coated with 1.2% agar and the
morphological features of spheroids were observed using
light microscopy (Fig. 1A). When seeded in non-adhesive
conditions, the cells aggregated and formed multicellular
spheroids. While MDA-MB-231 cells generated only loose
aggregates, MCF-7 and MDA-MB-361 cells formed tight
aggregates. In particular, MCF-7 cells formed a compact
spherical shape of spheroids, of which disintegration required
extended trypsinization and physical strength. The differences
in compact MTS formation between 3 cells are likely due to
their differential expression of surface adhesion molecules,
such as E-cadherin or N-cadherin. MCF-7 and MDA-MB-361
cells, but not MDA-MB-231 cells, are known to express E-
cadherin on their surface (38). At 2 days after seeding, all
spheroids were approximately 200-300 ym in diameter.
MDA-MB-231 and MDA-MB-361 cells showed no significant
change in spheroid size during 9 days of culture (Fig. 1B). In
contrast, the size of MCF-7 spheroids increased gradually and
reached approximately 700 ym at 9 days (Fig. 1B).

Since MDA-MB-231 cells generated loose aggregates,
we examined the formation of the necrotic core in MCF-7
and MDA-MB-361 spheroids. MCF-7 and MDA-MB-361
spheroids were collected and dissociated into single cells and
stained with HO and PI to determine the cell death mode.
DNA-binding dye HO penetrates the plasma membrane of all
cells, whether they are damaged or not, causing a blue
fluorescence of their nuclei and PI only penetrates cells with

1 | eeiem 1 _ 1
1 5 10 100
DOC concentration (nM)

Figure 1. Formation of the necrotic core during MCF-7 MTS culture. (A) A
growth curve of three breast cancer cell lines in MTS culture. MCF-7,
MDA-MB-361, and MDA-MB-231 cells were seeded into 1.2% agarose-
coated 96-well plates at a density of 400 cells per well and cultured for up to
9 days (A). To calculate MTS size, diameters of 5 spheroids were measured
every day (B). "p<0.05. (C) After 7-11 days of MCF-7 MTS culture, MTS
were dissociated into individual cells as described in ‘Materials and methods’
and stained with HO and PI and observed by fluorescence microscopy.
Distinct PI positive nuclei, an indicator of necrosis, began to appear around
8 days of culture, indicating the necrotic core formation.

damaged membranes and leads to nuclear fluorescence.
Thus, intact blue nuclei, condensed/fragmented blue nuclei,
condensed/fragmented pink nuclei, and intact pink nuclei
indicate viable, early apoptotic, late apoptotic (secondary
necrotic), and necrotic cells, respectively. As shown in Fig. 1C,
PI positive cells were detected beginning at 8 days in MCF-7
spheroids when the spheroids reached approximately 600-
700 um in diameters. In contrast, no PI positive cells were
observed in MDA-MB-361 cells, which generated less tight
aggregates than MCF-7 cells (data not shown). We also
observed the necrotic core formation at 8 days in MCF-7
spheroids, of which paraffin sections were stained with HO
and PI (Fig. 3D). These results indicate that MCF-7 spheroids
form the necrotic core after 8 days of culture. In MTS, oxygen
diffusion-depleted zone is observed within 200 to 250 ym
from the rim and thus oxygen supply is limited in the core
region, and central necrotic core is formed when the spheroids
reached more than 500 ym in diameters (39).

DOC-induced cell death in 2D culture. Then, we examined the
cytotoxic effects of anti-cancer drug DOC. First, MCF-7 cells
were treated with different concentrations of DOC (1-100 nM)
for 12-48 h in 2D cell culture. Treatment of DOC caused a
dose-dependent decrease in the cell viability, with prominent
inhibitory effect on cell viability observed at a concentration
of 100 nM. After 24 h exposure to 100 nM DOC, we observed
cell detachment and multinucleated giant cells due to mitotic
arrest by light microscopy (Fig. 2A). In addition, MCF-7 cells
treated with DOC at concentrations of 100 nM for 24 h showed
the characteristic features of apoptotic cell death, i.e. nuclear
chromatin condensation and the appearance of typical apoptotic
bodies (Fig. 2B and C).

Acquisition of prominent chemoresistance in MCF-7 spheroids
after formation of central necrotic core. Next, we examined
whether necrotic core formation influences DOC-induced
apoptotic cell death in MCF-7 spheroids. DOC-induced
apoptosis appeared to be gradually reduced during MCF-7
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Figure 2. DOC-induced apoptotic cell death in MCF-7 monolayer. (A and B) MCF-7 cells were exposed to 100 nM DOC for 24 h and observed under light
microscopy (A, detached cells were observed following exposure to DOC) and stained with HO and PI and observed by fluorescence microscopy (B, arrow
indicates apoptotic cells). (C) MCF-7 cells were treated with 1-100 nM DOC for 24 h and then stained with HO and PI and observed by fluorescence
microscopy and apoptotic and necrotic cells were scored. Results (500-800 cells in each group) are expressed as the means = SEM from three independent

experiments.

spheroid culture with increased percentage of necrotic cells
compared to that in 2D cell cultures: DOC caused more than
40% of cells to undergo apoptosis in monolayers, but approxi-
mately 30% of cells to die by apoptosis at 7-8 days of MTS
(Fig. 3A and B). Similar apoptotic resistance in multicellular
spheroids has been reported by other investigators (15-17).
Importantly, more prominent resistance to DOC was observed
when treated to the spheroids containing necrotic cores: at
day 9 of MTS, less than 10% of cells appeared to undergo
apoptosis following exposure to DOC (Fig. 3A and B).
Immunoblot analysis for PARP also showed that DOC-
induced PARP cleavage was significantly reduced at 9 days
of 3D culture, compared to that of 2D culture cells and 5 days
of 3D culture cells (Fig. 3C). To confirm this reduction in

chemosensitivity, we examined the apoptotic cell death in
spheroids paraffin sections that were stained with HO and PI.
DOC-induced apoptotic cells were observed at the peripheral
rim, proliferating region at 6-7 days in 3D spheroids (Fig. 3D
and E). Since DOC, as an anti-mitotic agent, leads to mitotic
arrest and apoptosis only in proliferating cells, DOC-induced
apoptotic cells are likely detected only at the peripheral rim.
As expectedly, DOC-induced apoptotic cells appeared to be
significantly diminished at 9 days in 3D spheroids that had
the necrotic core (Fig. 3D). These results suggest that
emergence of central necrosis may play a crucial role(s) in
development of resistance to DOC. Although limited drug
permeability has been suggested as a major cause of MCR
found in spheroids, recent studies also showed that most, but
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Figure 3. Acquisition of resistance to DOC in MCF-7 spheroids. (A and B) MCF-7 cells were seeded into 1.2% agarose-coated 96-well plates at a density of
400 cells per well and cultured for up to 10 days and exposed to 100 nM DOC for 24 h. MTS were dissociated into individual cells as described in ‘Materials

and methods’ and stained with HO and PI and observed by fluorescence microsc

opy (A). Apoptotic and necrotic cells were scored. Results (500-800 cells in

each group) are expressed as the means + SEM from three independent experiments (B). (C) MCF-7 cells were seeded into 1.2% agarose-coated 96-well

plates at a density of 400 cells per well and cultured for up to 9 days and expose

d to 100 nM DOC for 24 h and the resulting cellular proteins were analyzed

by Western blot using specific antibodies for PARP. a-tubulin was used as a loading control. (D and E) MCF-7 cells were seeded into 1.2% agarose-coated

96-well plates at a density of 400 cells per well and cultured for up to 9 days and
HO and PI (D). The large images in the panel E are the enlargement of the box in

not all, anticancer drugs could penetrate throughout the
spheroids (18,19). Thus, the apoptotic resistance to DOC at
9 days is not likely due to its limited diffusion.

Activation of the Akt and ERK survival pathways in MCF-7
spheroids with necrotic core. Development of resistance to
DOC has been reported to involve an activation of the survival
signaling pathways, such as the Akt and ERK pathways
(35,36). To investigate whether these signaling pathways are
activated in MCF-7 spheroids, cellular proteins obtained from
2D culture and spheroids were analyzed by Western blotting
using antibodies to phospho-Akt and phospho-ERK. As shown
in Fig. 4, increased phosphorylation in Akt and ERK proteins
was detected at 9 day MTS with the necrotic core compared
to 2D culture and spheroids without necrotic core, indicating

exposed to 100 nM DOC for 24 h and the paraffin sections were stained with
the panel D.

that Akt and ERK activation is closely linked to the necrotic
core formation in MTS.

Inhibition of ERK activity overcomes resistance to DOC in
MCF-7 spheroids. To determine whether Akt and ERK
activation contributes to necrosis-linked DOC resistance, we
examined the effects of inhibition of Akt or ERK on resistance
to DOC in MCF-7 spheroids. LY294002 and U0126 alone
did not exert the cytotoxic effects in the MTS. While pretreat-
ment of LY294002 and U0126 exerts no significant effects
on DOC-induced apoptosis in 5 day spheroids, U0126, but
not LY294002, markedly suppressed the acquired cellular
resistance to DOC observed in 9 day MTS (Fig. 5A and B).
HO and PI staining of paraffin sections from 9-day MCF-7
spheroids also showed that U0126 markedly sensitized the
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Figure 4. Activation of Akt and ERK1/2 in MCF-7 spheroids after necrotic
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plates at a density of 400 cells per well and cultured for up to 9 days and the
resulting cellular proteins were analyzed by Western blot using specific
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used as a loading control.

A

DOC - - . + n g
Ly - + = 4 + .
U126 - = + 5 = +
-

w,

v

g

-

=

=

o

=
c

poc - . " + + +

Ly - + - . + .
U0126

- - + - - +

JEONG et al: ACQUISITION OF MULTICELLULAR RESISTANCE BY ERK1/2

cells to DOC-induced apoptosis observed in the outer rim
(Fig. 5C and D). Thus, ERK signaling may contribute to
necrosis-linked DOC resistance in MCF-7 spheroids containing
a necrotic core.

We showed that ERK activation in MTS may be linked to
necrosis. ERK may be activated by the molecules (e.g.
HMGB1) released by necrosis or OGD stress. ERK1/2 is
known to inhibit apoptosis by preventing p53 activity and
regulating Bcl-2 family protein and MDR1 gene expression
(8,10-12). Since the ERK pathway could activate mTOR
whose inhibition prevents acquired apoptotic resistance in
spheroids (14), ERK-mTOR pathway may act as a mediator
of the acquired resistance in spheroids. Thus, it will be inter-
esting to examine the molecular target of ERK1/2 responsible
for the acquired apoptotic resistance.

These results provide new insight into the role of ERK on
chemoresistance using 3D model system. Many investi-
gators have proposed that formation of a necrotic core in
solid tumours may contribute to drug resistance. Especially,
hypoxia is known to frequently occur in human tumours due
to lack of oxygen supply and to lead to intratumoural necrotic
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Figure 5. Inhibition of ERK1/2 abolishes MCF-7 spheroid resistance to DOC. (A and B) MCF-7 cells were seeded into 1.2% agarose-coated 96-well plates at
a density of 400 cells per well and cultured for 5 and 9 days and were pretreated for 3 h with either 20 M LY294002 or 20 M UO0126 and then exposed to
100 nM DOC for 24 h. MTS were dissociated into individual cells as described in ‘Materials and methods’ and stained with HO and PI and observed by
fluorescence microscopy (A, arrow indicates apoptotic cells). Apoptotic and necrotic cells were scored. Results (500-800 cells in each group) are expressed as
the means + SEM from three independent experiments (B). “p<0.05. (C and D) MCF-7 cells were seeded into 1.2% agarose-coated 96-well plates at a density
of 400 cells per well and cultured for 9 days and were pretreated for 3 h with either 20 xM LY294002 or 20 M U0126 and then exposed to 100 nM DOC for
24 h. The paraffin sections were stained with HO and PI (C). The large images in the panel D are the enlargement of the box in the panel C. Arrows indicate

apoptotic cells.
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cell death and drug resistance. Our results may explain the
mechanism underlying hypoxia-induced necrosis in
chemoresistance. Further studies on the role of necrosis in
resistance are required to advance the understanding of the
mechanism of resistance in solid tumours.
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