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Abstract

Under normal circumstances, adhered cells die of anoikis when detached from their extracellular matrix (ECM). Resistance to
anoikis has been implicated in the progression of many human malignancies by affording an increased survival time in the absence
of matrix attachment, facilitating the migration and eventual colonisation of distant sites. In this study, an anoikis-resistant variant

of the human osteosarcoma cell line, SAOS-2 (SAOSar), was generated by sequential cycles of culturing under adhered and sus-
pended conditions. It was also shown that although parental SAOS (SAOSp) cells are a heterogeneous population with varying
levels of sensitivity to anoikis, the establishment of anoikis-resistant clones was not necessarily the result of mere selection of a

previously resistant subpopulation. Anoikis-resistant cells were also derived from anoikis-sensitive SAOS clones by exposure to
anoikis-inducing culture conditions. This suggests that lack of the normal signalling generated by attachment to the ECM could
represent a driving force towards anoikis resistance. Resistance to anoikis could not be attributed to a general defect in the apop-

totic pathway since apoptosis in both sensitive and resistant populations was induced after treatment with staurosporine, cyclo-
heximide and hydrogen peroxide. This suggests that the apoptotic machinery is intact in both anoikis-sensitive and -resistant SAOS
cells and that the death signal in anoikis-sensitive cells is generated by the lack of attachment, most probably by unligated integrins.
Anoikis-resistant cells have circumvented this death signal and remain viable despite suspended conditions.

# 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Homeostasis in the normal tissue is achieved by a
balance between cell proliferation and cell death that is
reflected by an organised tissue architecture. When
detached from the extracellular matrix (ECM), normal
adherent cells undergo a form of apoptotic death known
as anoikis. Anoikis, Greek for ‘homeless’, was first
observed in primary cells from epithelial and endothelial
origins in which apoptosis was rapidly induced when
proper substrate adhesion was denied[1,2].
Attachment to the ECM is mainly mediated by integ-

rins, a family of transmembrane proteins composed of
an a and a b subunit [3–5]. Integrins do not possess
kinase domains, but signal by associating with other
molecules. In response to extracellular and intracellular
physiological changes, integrins send bi-directional
signals that in turn modulate cell proliferation, survival
and migration [6–8].
Resistance to anoikis is known as one of the hall-

marks of malignant transformation. It plays an impor-
tant role during tumour progression by affording
increased survival times in the absence of matrix
attachment, facilitating migration and re-attachment,
and therefore colonisation of secondary sites [9–11].
Overexpression of oncogenes such as ras, raf, rac and
src, as well as the downregulation of suppressor genes
such as SHIP-2, PTEN, and p53 results in resistance to
anoikis [12]. However the specific pathways involved are
not yet completely elucidated.
Although resistance to anoikis has been described in

many types of human malignancies, little is known of its
role during the progression of osteosarcoma. This is of
particular importance since 30–40% of osteosarcoma
patients will develop lung metastasis despite aggressive
chemotherapy and surgical resection of the primary
lesion [13–15].
We previously demonstrated that parental SAOS

human osteosarcoma cells are sensitive to anoikis [16].
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In the present study, we generated an anoikis-resistant
variant from SAOSp cells by sequential cycles of culture
under adherent and suspended conditions. It was
unclear whether the resistant phenotype was due to clo-
nal selection of a pre-existing subpopulation or the
induction of a new differentiated state and we tested this
in a series of cloning and induction experiments.
2. Materials and methods

2.1. Cell culture and reagents

The parental human osteosarcoma cell line, SAOS,
was obtained from the American Type Culture Collec-
tion (ATCC) (Manassas, VA, USA). SAOSp cells were
maintained in Eagle’s minimum essential medium (EMEM)
(BioWhittaker, Walkersville, MD, USA), supplemented
with 10% fetal bovine serum (v/v) (BioWhittaker,
Walkersville, MD, USA), 2 mM l-glutamine, 1 mM
sodium pyruvate and non-essential amino acids (Sigma,
St. Louis, MO, USA). Poly(2-hydroxyethyl methacryl-
ate) (poly-HEMA) (Sigma, St. Louis, MO, USA) was
prepared by dissolving it in 95% ethanol (v/v) to a
concentration of 50 mg/ml. Poly-HEMA was added to
cell culture wells at a density of 5 mg/cm2. After poly-
HEMA was added, wells were allowed to dry overnight,
under sterile conditions in a laminar flow hood. Hydro-
gen peroxide (3% (w/w)) was purchased from Kroger.
Staurosporine and cycloheximide were purchased from
Sigma, St. Louis, MO, USA. Stock solutions of 1 mM
and 1 mg/ml, respectively, were prepared in dimethyl-
sulphoxide DMSO and kept frozen at �20 �C.

2.2. Generation of anoikis-resistant variants

Anoikis-resistant SAOS cells (SAOSar) were gener-
ated by sequential cycles of culturing on untreated
(adhered) and poly-HEMA-treated cell culture wells
(suspended). Briefly, SAOSp monolayers were trypsi-
nised and transferred to poly-HEMA-treated wells.
Cells were maintained under suspended conditions for
the indicated time intervals. After incubation, cells were
washed and transferred to untreated cell culture wells
and allowed to replicate and to form monolayers. The
resulting variants were maintained in culture under
adhered conditions.

2.3. Generation of clonal populations from SAOSp cells

Single-cell clonal populations from SAOSp were gen-
erated by automated cell sorting (Beckman Coulter
Epics ELITE, Beckman Coulter, Miami, FL, USA).
Briefly, confluent monolayers of SAOSp cells were
trypsinised, and single cells were deposited into separate
wells of a 96-well cell culture plate. 100 ml of
complete medium were added to each well. Plates were
incubated at 37 �C in a 5% CO2 atmosphere. Wells were
monitored for the growth of single colonies. Single
colonies were allowed to form confluent monolayers.
Clonal populations were maintained under adherent
conditions.

2.4. Cell-cycle analysis

Cell-cycle analyses were performed using propidium
iodide (PI) staining with subsequent fluorescent acti-
vated cell sorting (FACS) analysis. 5�105 cells/well were
cultured either on plastic or poly-HEMA-treated six-
well tissue culture plates for 24 h at 37 �C in a 5% CO2
atmosphere. After incubation, adherent cells were
detached with trypsin (0.5% trypsin (w/v)/0.1% ethyl-
ene diamine tetraacetic acid (EDTA) (w/v) in phos-
phate-buffered solution (PBS)). Detached and
suspended cells were harvested in complete EMEM
medium and centrifuged at 500g for 10 min. Pellets were
washed with PBS and fixed with ice-cold 75% ethanol
(v/v) overnight at 4 �C. After fixation, cells were washed
with PBS and stained with 500 ml of PI solution (50 mg/
ml in PBS) containing 25 mg/ml of RNase. Cells were
incubated at 37 �C for 30 min and analysed by flow
cytometry on an Epics Profile flow cytometer (Coulter,
Miami, FL, USA).

2.5. Cell viability assay

Confluent monolayers of SAOSp and anoikis-resis-
tant SAOSar cells were grown on 96-well cell-culture
plates. Monolayers were treated with the indicated
doses of H2O2, staurosporine or cycloheximide for 24 h.
After treatment, monolayers were washed with sterile
PBS, and 50 ml of 2 mM Calcein-AM (Molecular Probes,
Eugene, OR, USA) was added to each well. Plates were
incubated at room temperature for 15 min, and fluores-
cence was determined using a Perkin-Elmer LS-50B
luminescence spectrometer (Perkin-Elmer, Shelton, CT
USA). The percentage of viable cells was calculated as
follows:

Experimental flourescence � Spontaneous flourescence

Maximum flourescence� Spontaneous flourescence
�100
3. Results

3.1. Culture of SAOSp in suspension triggers anoikis in
a time-dependent manner

We previously demonstrated that SAOSp cells
undergo anoikis after attachment to the ECM is pre-
vented by culturing in poly-HEMA-treated culture wells
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for 24 h [16]. In Fig. 1, the results of a time course
experiment in which anoikis was assayed after several
time intervals are shown. At 24 h, adherent SAOSp cells
were alive (only 2.13% cell death was observed), but
within the same time-frame under suspended condi-
tions, 42.8% of the SAOSp cells died (Fig. 1). It was
observed that anoikis of suspended SAOSp increased in
a time-dependent manner reaching 72.2% cell death at
72 h of culturing (Fig. 1), and almost complete cell
death after 6 days of culturing under suspended condi-
tions (data not shown).

3.2. Culture of SAOSp cells under suspended conditions
for 72 h increases their ability to resist anoikis

Since long periods of culture in suspension killed the
parental SAOSp cells, we asked the question of whether
resistance to anoikis of SAOSp cells could be achieved
by a short sequential cycle of suspension culture fol-
lowed by culture conditions that allowed normal
attachment. SAOSp cells were cultured under sus-
pended conditions (poly-HEMA-treated culture wells)
for 72 h. After the 72-h incubation, cells were allowed to
divide under adherent conditions until the monolayers
were confluent, and the resulting sub-line was named
SAOSar. The percentage of apoptosis for both SAOSp
and SAOSar was determined after 24 h of culturing
under either adhered or suspended conditions (Fig. 2).
In both cell populations, a very low percentage (5.06%
of SAOSp versus 5.89% of SAOSar) of apoptotic cells
were found after culturing under adhered conditions. In
contrast, fewer SAOSar than SAOSp cells underwent
apoptosis after adherence was prevented (11.3% versus
34.8%, respectively). These results show that culturing
of SAOSp under suspended conditions for 72 h results
in a subline with an increased resistance to anoikis.
In contrast to the SAOSp population, in which no

viable cells could be recovered after 6 days of culturing
under suspended conditions, viable SAOSar cells were
recovered after 14, 20, and even 30 days of culturing
under suspended conditions. Moreover, when the
resulting populations were recultured under normal
adherent conditions and then reassayed for resistance to
anoikis, all of them retained the ability to resist anoikis
after culturing under suspended conditions for 24 h
(Fig. 3). These results suggest that once a population
becomes resistant to anoikis, the phenotype remains
stable. More evidence for this stability comes from the
fact that anoikis resistance is maintained in the SAOSar
population even after 35 passages of in vitro culture
under adhered conditions (data not shown).
Fig. 1. Suspended parental SAOS (SAOSp) cells undergo anoikis in a time-dependent manner. SAOSp cells cultured under adherent conditions were

trypsinised and added to untreated (adherent) or poly(2-hydroxyethyl methacrylate) (poly-HEMA)-treated (suspended) cell culture wells. After the

indicated time intervals, cells were harvested and stained with propidium iodide (PI) as described in Materials and methods. PI staining was analysed

by flow cytometry. The percentage of cells in the sub-G/0 phase representative of apoptotic cells is marked on each histogram. Data shown are

representative of five independent experiments.
Fig. 2. Culture of parental SAOS (SAOSp) cells under suspended

conditions for 72 h increases their ability to resist anoikis. SAOSp cells

were maintained under suspended conditions for 72 hrs and then

transferred to untreated tissue culture wells. After the monolayers

became confluent, cells were harvested and cultured for 24 h under

adhered or suspended conditions. After culturing, resistance to anoikis

from the original parental population (SAOSp) and the resulting

anoikis-resistant variant (SAOSar) was assayed by propidium iodine

(PI) staining. Data shown are representative of more than five inde-

pendent experiments.
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3.3. SAOSp cells are a heterogeneous population with
different levels of anoikis resistance

Tumours are characterised by being heterogeneous,
potentially containing cells with vastly different pheno-
types. Our treatment of SAOSp cells with anoikis-
inducing conditions may have resulted in the survival of
resistant cells already present within the heterogeneous
parental population. Therefore, we wanted to determine
whether anoikis resistance was the result of clonal
selection. For this purpose, we generated single-cell clo-
nal populations from SAOSp using automated cell
sorting. Clonal populations were allowed to expand
under adhered conditions, and their ability to resist
anoikis was assayed after 24 h of culturing under
adhered and suspended conditions (Fig. 4). Low back-
ground apoptotic death was observed after culturing
under adhered conditions, confirming a similar cell via-
bility among all the clones obtained. In contrast, differ-
ent levels of apoptosis were found after culturing
under suspended conditions for 24 h ranging from 60.4
to 8.2% (mean=34.99%, Standard Deviation
(S.D.)=16.90%). Although most of the clones (86.4%)
were found to be sensitive to anoikis, clones SAOSc13
and SAOSc5 were relatively resistant to anoikis. Relative
resistance to anoikis was defined as the percentage of
apoptosis below 1 S.D. of the mean.
The fact that two clones were found to be relatively

resistant to anoikis with apoptotic levels similar to the
ones found in SAOSar cells suggests the possibility that
this anoikis-resistant population could have been obtained
by selection of anoikis-resistant cells constitutively present
among the parental population.
To test this hypothesis, seven SAOSp clones with dif-

ferent levels of sensitivity to anoikis were cultured under
suspended conditions for 72 h. Viable cells were allowed
to divide under adhered conditions. Recovered cells
were then incubated for 14 days under suspended con-
ditions. After incubation, cells were allowed to expand
under adhered conditions. After viable cells formed a
confluent monolayer, cells were tested for their ability to
resist anoikis after 24 h of culture under suspended
conditions. Results in Fig. 5 represent the percent
change in apoptosis from the original clone versus its
corresponding variant obtained after the two cycles of
anoikis-inducing culture. Data are shown for only six
out the seven clones chosen because no viable cells from
SAOSc2 were recovered after the 14-day culture under
suspended conditions. No significant change in resis-
tance was observed among the SAOSc4 cells. Anoikis
resistance was maintained in the clone SAOSc13 that
was originally resistant to anoikis. Interestingly, clones
SAOSc1, SAOSc3 and SAOSc9 had an increased resis-
tance to anoikis with a percentage reduction in apopto-
tic death of 58, 59 and 59%, respectively. These results
suggest that clonal selection is not the only driving force
in anoikis resistance, and that differentiation towards a
resistant phenotype could be driven by exposure to
anoikis-inducing culture conditions. Thus, these results
are not due to the mere selection of pre-existing resistant
sub-populations.

3.4. Resistance to anoikis in SAOS cells is not due to a
generalised defect in the apoptotic pathway

A crucial acquired capability of tumour cells is eva-
sion of apoptosis. This can be accomplished through a
variety of ways, the most commonly being loss of
tumour suppressor genes. Since SAOSp cells lack both
the p53 and Rb genes [17,18], we wanted to determine if
resistance to anoikis was the result of a generalised
defect in the apoptotic machinery that rendered the cells
resistant to any apoptotic stimuli. Since viable SAOSar
cells recovered after incubation cycles of 72 h and 14
days showed the highest anoikis resistance (Fig. 3) this
subline, SAOSar14d, was used. Results shown in Fig. 6
demonstrate that apoptosis in SAOSp cells is triggered
by oxidative damage (H2O2) and the inhibition of both
protein synthesis (cycloheximide) and calcium-depen-
dent protein kinases (staurosporine). The fact that
SAOSar14d cells behave the same way indicated that
the apoptotic machinery is intact and functional in
anoikis-resistant cells as well. These findings were cor-
roborated using PI staining followed by flow cytometry
Fig. 3. Viable resistant SAOS-2 (SAOSar) cells could be recovered after long-term culture under suspended conditions. SAOSar cells were incu-

bated on poly(2-hydroxyethyl methacrylate) (poly-HEMA)-treated plates for the indicated days. After culture, cells were transferred to untreated

tissue culturing wells and allowed to form a confluent monolayer. Anoikis resistance of the resulting sublines was assayed after 24 h of culturing

under suspended conditions by propidium iodine (PI) staining. Data shown are representative of at least three independent experiments.
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Fig. 4. Parental SAOS (SAOSp) cells are a heterogeneous population with different levels of anoikis resistance. SAOSp cells were separated into

single cells fractions by cell sorting, and then allowed to expand under adherent conditions. The ability to resist anoikis was assayed by propidium

iodine (PI) staining in each clonal population after culturing for 24 h under adhered and suspended conditions. Data shown are representative of at

least three independent experiments.
Fig. 5. Induction of anoikis-resistant cells. Parental SAOS (SAOSp) clonal populations were cultured under suspended conditions for 72 h, allowed

to divide under adherent conditions, and cultured again under suspended conditions for 14 days. Viable cells were then allowed to multiply under

adherent conditions. Resistance to anoikis was assayed after culturing under non-adherent conditions for 24 h. Results are expressed as the�%

change in apoptosis, calculated as: (% apoptosis parental clone�% apoptosis resulting clone/% apoptosis parental clone) � 100. Error bars indicate

the standard deviation from three independent experiments.
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analyses (data not shown). Indeed, apoptosis was
induced at similar levels in SAOSp, SAOar14d cells,
three clones (SAOSc4, SAOSc7 and SAOSc13) and their
respective sublines generated after two cycles of cultur-
ing under suspended conditions. SAOSc13 was originally
resistant to anoikis and the resulting subline retained
this ability. Clone SAOSc7 was initially sensitive and the
resulting subline became resistant to anoikis. Clone
SAOSc4 was initially sensitive and the resulting subline
remained sensitive. These results suggest that apoptosis
can be induced at similar levels in both sensitive and
resistant populations, regardless of the fact that the resis-
tant phenotype was already present in the population or
was induced by culturing under suspended conditions.
4. Discussion

Anoikis has evolved as a mechanism by which the
organism ensures the proper development and main-
tenance of its tissue architecture. Not surprisingly, the
breakdown of anoikis contributes to the progression of
many human malignancies.
In this study, we have analysed the sensitivity of

SAOSp osteosarcoma cells to anoikis. We showed that
anoikis of SAOSp cells increases with time, reaching
almost complete death after culturing under anoikis-
inducing conditions (poly-HEMA-treated wells) for
more than 6 days. Nevertheless, an anoikis-resistant
subline, SAOSar, was developed after culturing for 72 h
under suspended (anoikis-inducing) conditions. Inter-
estingly, once this resistant line was established, we were
able to recover viable SAOSar cells after 30 days of
culturing in suspension. Furthermore, we observed that
SAOSar cells remained anoikis-resistant after at least 35
passages of in vitro culturing (data not shown). This
indicates that once the resistant phenotype was
acquired, it remained stable.
Anoikis resistance of SAOSar cells could not be

attributed to a generalised defect in the apoptotic path-
way. Both anoikis-sensitive and -resistant SAOS cells
were equally sensitive to apoptosis after treatment with
staurosporine, cyclohexamide and H2O2. This suggests
that what protects SAOSar cells from apoptosis is their
ability to circumvent the death signals generated, most
likely by integrins, in response to the lack of attachment.
Many phenotypic changes could contribute to the

resistance to anoikis. Upregulation of oncogenes and
downregulation of tumour suppressor genes are by far
the most studied [19–23]. In addition, other phenotypic
characteristics such as increased metastatic and angio-
genic potentials have been described, not only as the
result of anoikis resistance, but also as collateral cap-
abilities that synergistically contribute to the progression
of tumours [24–27].
It is still unknown whether anoikis resistance is the

result of an accumulation of mutations that are selected
when the cells detach from the ECM, or if it is an
acquired phenotype driven by the lack or acquisition of
signalling generated during attachment to the ECM.
Our initial results suggested that anoikis resistance was
the result of clonal selection of an already pre-existing
resistant population. However, the fact that populations
from a single-cell origin, originally sensitive to anoikis,
became resistant after culturing under suspended
Fig. 6. The apoptotic machinery is intact in anoikis-resistant SAOS-2

(SAOSar) cells. Apoptosis in both anoikis-resistant (SAOSar14d) and

sensitive (parental SAOS (SAOSp)) cells was triggered by H2O2-

induced oxidative damage (top), by cycloheximide-induced inhibition

of protein synthesis (middle) and by staurosporine-induced inhibition

of calcium-dependent protein kinases (bottom). Results are shown as

percentage viable cells after the indicated treatments. Error bars

represent the standard deviation of triplicate measurements. Data

shown are representative of three independent experiments.
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conditions suggests that different mechanisms other
thanmere clonal selection were involved in the generation
of anoikis-resistant populations.
The recently revalidated field of epigenetics may pro-

vide a plausible explanation for this phenomenon [28–
30]. Non-genetic changes in the patterns of gene
expression due to gene silencing, reprogramming or
imprinting in response to the lack of attachment could
be responsible, at least in part, for the generation of
anoikis-resistant cells. Breast cancer cells can overcome
senescence and become immortalised by silencing the
cyclin-dependent kinase inhibitor p16INK4a through
methylation of its promoter [31,32]. Gene silencing can
also be achieved through posttranscriptional RNA
interference. Bcl-2 in human prostate cancer LNCaP
cells is successfully silenced after transfection with com-
plementary RNA/DNA oligonucleotide constructs,
increasing their susceptibility to apoptosis [33].
Since malignant phenotypes are associated with mul-

tiple, rather than single, genetic and epigenetic changes,
the acquisition of anoikis resistance might be the result
of a combination of both. Oncogene activity can pro-
mote genetic instability [34], thereby creating a permis-
sive scenario for epigenetic changes, which in our model
could result in anoikis resistance. The model we have
generated in these studies clearly points to the differ-
entiation of osteosarcoma cells driven by de-adhesion.
Our future studies will focus on identifying the molec-
ular and genetic changes that mediate the differentiation
of anoikis-sensitive osteosarcoma cells to the resistant
phenotype.
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