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ABSTRACT

Tumor cells cultured in three-dimensional models provide a more realistic and biologically meaningful analysis of the initial phases of cancer
development and drug resistance. Several studies have demonstrated that culture of cancer cells in three dimensions induces cellular
resistance to a variety of anti-neoplastic drugs by poorly understood mechanisms. The role of the transcription factor NF-kB and inhibitors of
apoptosis proteins (IAPs) in the onset and development of drug resistance during tumor spheroid growth has not been established. In this work,
we found a significant increase in the activity and expression of NF-«B and its downstream target XIAP (X-linked IAP) in cancer cells grown
as multi-cellular tumor spheroids. Blocking XIAP expression with RNA interference markedly increased the sensitivity of cancer tumor
spheroid cells toward anti-neoplastic drugs, indicating a role for [APs in establishing drug resistance. In turn, inhibition of NF-«kB by negative
dominants suppressed spheroid formation, whereas overexpression of the upstream kinase IkBK increased their growth and resistance. The
present data suggested that NF-kB and its downstream target XIAP were essential for the growth and drug resistance of small avascular tumor.
J. Cell. Biochem. 108: 169-180, 2009. © 2009 Wiley-Liss, Inc.
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T umor cells may aggregate and interact in three dimensions to
form multi-cellular tumor spheroids (MTS). This cellular array
causes oxygen and nutrient gradients to develop between the inner
and external layers, thus generating hypoxic and nutrient-deficient
microenvironments [Sutherland, 1988]. Differences in gene expres-
sion among the spheroid cell layers [Shweiki et al., 1995] promote
biochemical and physiological changes [Rodriguez-Enriquez et al.,
2008], and behavior modifications of small avascular tumors in vivo
[Kunz-Schughart, 1999]. Therefore, MTS constitute an excellent in

vitro experimental model that mimics the complexity of a solid
tumor [Mueller-Klieser, 1987].Since the cells in the external layers
of an MTS are in contact with high concentrations of oxygen,
nutrients, and growth factors, they are able to maintain a high
proliferation index [Burkowski, 1977]. In contrast, cells in the central
area are poorly provided with oxygen, nutrients, and growth factors,
which induces the overexpression of pro-apoptotic proteins such as
Bax, and hence apoptosis and necrosis [Khaitan et al., 2006]. Cells in
the intermediate layers of the MTS are in a quiescent state regarding
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proliferation and intermediary metabolism [Freyer, 1998]; they also
show a high tendency to differentiate [Kunz-Schughart, 1999].

Tumor spheroids from several sources show resistance to
radiation [Dertinger and Hulser, 1981] and to high concentrations
of several anti-neoplastic drugs [Olive and Durand, 1994]. It is well
documented that in MTS, in contrast to monolayer models, several
changes occur in the expression and sub-cellular distribution of
proteins involved in tumor drug resistance such as P-glycoprotein
[Xing et al., 2007], topoisomerase Ila [Oloumi et al., 2000],
p21 [St Croix et al., 1996], MDR1 [Kolchinsky and Roninson, 1997],
E-cadherins, and AKT pathway components [Kang et al., 2007].
However, the mechanisms involved in the acquisition of drug
resistance have not been completely elucidated.

Most chemotherapeutic treatments induce cell death by releasing
mitochondrial proteins to the cytosol, where they activate caspases
that degrade key substrates, leading to apoptosis. Usually, cancer
cells overexpress caspases 3, 7 or 9; in some cases, these proteins are
also constitutively activated [Philchenkov, 2004]. Cancer cells
survive caspase action by overexpressing inhibitory proteins such as
X-linked inhibitor of apoptosis protein (XIAP), the most abundant
member of the inhibitor of apoptosis protein (IAP) family [Nachmias
et al., 2004]. An imbalance in the survival versus death pathways
can favor cellular resistance to diverse hostile microenvironments
and apoptotic stimuli, including anti-neoplastic drugs.

Nuclear factor kappa B (NF-kB) is the key member of the survival
transduction pathway, and is commonly overexpressed or con-
stitutively active in cancer cells such as human leukemia and
colorectal and prostate cancers [Cilloni et al., 2006]. In un-
stimulated cells, NF-kB is located in the cytosol constitutively
bound to inhibitory proteins of the IkB family, so that this factor is
maintained in inactive dimeric complexes. After a stimulus, IkB is
phosphorylated and degraded by the proteosome pathway. Proteo-
some degradation of IkB releases monomeric NF-kB and promotes
its internalization by the nucleus, inducing the transcriptional trans-
activation of specific genes [Zhivotovsky and Orrenius, 2006].
NF-«kB mediates the transcription of genes involved in the
inflammatory and immune responses, the induction of cancer
and the regulation of apoptosis [Okamoto et al., 2007]. It has also
been implicated in carcinogenesis and in cellular resistance to
chemotherapy [Piva et al., 2006]. Interestingly, NF-«B is activated
by hypoxia, acidic pH, and nutrient deficiency, conditions usually
found in the tumor microenvironment [Bonello et al., 2007].

Chemo-resistance of solid tumors has been found in response to
drugs such as taxol (a mitotic inhibitor that causes cell death by
disrupting the normal microtubule dynamics), cisplatin (a DNA
damaging agent that induces apoptosis), staurosporine (a protein
kinase inhibitor that affects survival pathways), and tamoxifen (an
estrogen receptor modulator that blocks cell cycle). Furthermore, these
drugs are commonly used in cancer treatment including cervical,
breast, and head and neck carcinomas and chemo-resistance is
observed in all cases [Mekhail and Markman, 2002]. In the present
work, the mechanisms by which MTS acquire resistance toward
cisplatin, taxol, tamoxifen, and staurosporine were analyzed. The four
anti-neoplastic drugs were applied to MTS at doses similar to those used
in the clinical practice. As these anti-neoplastic drugs have different
targets, it was evaluated whether the resistance mechanisms were

shared among them. It was found that MTS resistance to the four anti-
neoplastic drugs was associated with increased XIAP levels, which in
turn were connected to the activation of the NF-kB pathway and to the
hypoxia generated in the inner and intermediate layers of the MTS.

MTS CULTURE

Cancer cell lines 293 (a human transformed embryonic kidney cell
line), T-47D (human breast cancer), HeLa (human cervical cancer),
and KB (human head and neck cancer) were obtained from the ATCC
and grown to sub-confluence as monolayers in DMEM (Gibco BRL,
NY) supplemented with 8% fetal bovine serum (FBS) at 37°C in a
humidified atmosphere of 5% (v/v) CO, in air. Spheroids
were cultured by the liquid overlay technique as previously
described [Yuhas et al., 1977]. Aliquots of 50,000 cells were
cultured in 2% agarose on Petri dishes for 1 week and then placed in
a rotary incubator at 37°C with Leibovitz L-15 medium (Invitrogen,
CA) supplemented with FBS. The medium was changed every 2 days
to avoid cytotoxicity. Spheroid diameters were measured at
times indicated for each cell line using an eyepiece reticule (Zeiss,
Germany). The volumes of at least 10 spheroids were calculated
using the formula V = 4/37r°.

CELL VIABILITY ASSAYS

Cells grown as monolayers were seeded at 5 x 10*cells/well in
24-well plates and exposed for 24 or 48 h to staurosporine, taxol, or
cisplatin (all at 0.1-400 wM), or tamoxifen (12.5-75uM), to
determine ICs, values (see Table I). After drug exposure, cell
viability was determined by the crystal violet method [Baker et al.,
1986]. Briefly, the cells were fixed in 70% ethanol for 10 min at
—20°C, and then stained with 1% vital colorant in 70% ethanol for
20 min, washed several times and dissolved in 33% (v/v) acetic acid.
Viability was determined from the absorbance changes at 570 nm.
Means were calculated from at least three independent experiments
performed in triplicate.

CELLULAR PASSAGE

From the four cell lines employed to generating spheroids, two
were selected for “cellular passage experiments.” Thus, to compare
mechanisms of drug resistance, a human transformed (293) cell line
that produce large spheroids in a few days and a human cancer cell line

TABLE 1. ICs¢ Values Obtained in Monolayer Cells in the Presence
of Anti-Neoplastic Drugs

1Cso (wM)
T-47D 293
Taxol 0.31+0.01 205+0.05
Cisplatin 333+0.6 198 £0.13
Staurosporine ND 0.3+£0.02
Tamoxifen 50+0.03 ND

T47-D and 293 cells were cultured in Petri dishes in the presence of different
anti-neoplastic drugs: cisplatin (100-400 wM), staurosporine (0.1-400 wM),
tamoxifen (12.5-75uM), or taxol (0.1-0.4uM). ICs, value was determined
after 24 h in 293 monolayer cultures, except for taxol (48 h); and after 48 h in
T-47D monolayer cultures, except for tamoxifen (24h). Values represent
mean £ SD of five different preparations.
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(T-47D) that produce spheroids in almost 1 month were selected. T-47D
spheroids of 21 days (1.24 0.05mm?) and 293 spheroids of 8 days
(1.4 + 0.05 mm?) (both named mature spheroids) were dispersed using
a PBS-EDTA-trypsin mix. The cells were re-seeded in monolayer at
25% confluence on 24-well plates until sub-confluence was reached (it
was named “first passage” or S1); one sample was exposed to drug
treatment for 24 h and subjected to protein extraction, while a parallel
sample was trypsinized and re-seeded in monolayer again for cellular
growth for 2 or 3 days until sub-confluence (“second passage” or S2)
was reached. Afterwards, the cells were trypsinized and cultured for
three more passages (named S3-S5).

PROTEIN EXTRACTION

Briefly, cells isolated from MTS were incubated in RIPA lysis
buffer (Radiolmmuno Precipitation Assay Buffer: 1% IGEPAL, 0.5%
sodium deoxycholate, 0.1% SDS, 100 mM PMSF). To avoid protein
degradation a protease inhibitor cocktail (Roche Applied Science,
Germany) was added. The samples were then mechanically disrupted
using an insulin syringe and centrifuged at 10,000¢ for 30 min. The
cellular supernatants were kept at —20°C until use.

WESTERN BLOTTING

Cellular protein (40 pg) was electrophoresed on 12% SDS-PAGE and
electroblotted on to PVDF membranes. The blots were incubated in
TBS-Tween-20 (0.1%) with 5% non-fat dry milk for 1h at room
temperature. Afterwards, each blot was incubated in fresh blocking
solution in the presence of the specific primary antibody overnight
at 4°C. After 12 h, the blots were washed four times with TBS-T for
15min and incubated with 1:3,000 (v/v) horseradish peroxidase-
conjugated secondary antibodies for 1h at room temperature.
Finally, they were washed with TBS-T four times for 30 min and
subjected to a chemiluminescence reaction. Chemiluminescence was
detected using ECL plus Western blotting detection reagents
(Amersham Biosciences, UK). hILP/XIAP, B-cell lymphoma-3
(Bcl-3), IkBa, IkBg, p65, p50, p52, tubulin, cellular inhibitor of
apoptosis-1 (cIAP-1), and XIAP antibodies (dilutions from 1:200 to
1:1,000) were obtained from BD Biosciences (NJ); anti-mouse IgG
(H+ L) HRP-conjugate, and anti-rabbit IgG (H + L) HRP-conjugate
were from Promega (WI). Actin was a generous gift by Dr. R. Herrera
(Instituto Politécnico Nacional, Mexico).

IMMUNOHISTOCHEMISTRY

Spheroids were fixed in 4% formalin for 20 min and washed with
PBS, carefully sectioned in 4-8 pm slices and placed on paraffin.
The samples were then deparaffinated and rehydrated in graded
ethanol and finally incubated in sodium citrate buffer according to
Arellano-Llamas et al. [2006]. Endogenous peroxidase activity was
blocked with 3% (w/v) H,0, for 5 min, and non-specific conjugation
was inhibited with 5% BSA. Each sample was incubated at room
temperature with the primary antibody (Ki67, hypoxia-inducible
factor-1a (HIF-1a), or Bel-3, each diluted 1:100) for 30 min, then
rinsed with fresh PBS and re-incubated with a secondary antibody
(Rabbit Polydetector Bio SB, Santa Barbara, CA) for 30 min. The
peroxidase substrate was diaminobenzidine (Dako, Denmark). The
slides were finally counterstained with Gill’s hematoxylin for 8 min.

TUNEL

Paraffin-spheroid layers of 4-8 pm were examined by a terminal
deoxynucleotidyl transferase-mediated deoxyuridine triphosphate
nick-end labeling (TUNEL) assay to identify apoptotic cells.
Apoptosis was identified by detecting cleaved DNA using the in
situ ApoTag Kit (Chemicon International, Temecula, CA) according
to the manufacturer’s instructions. Briefly, slides were treated with
proteinase K (20 pg/ml) for 15 min, then incubated with terminal
deoxynucleotidyl transferase buffer for 1h at 37°C, and washed.
Incorporated fluorescein-labeled nucleotide was visualized with an
Olympus epifluorescence microscope.

NF-«xB MODULATION

To manipulate NF-kB activity, plasmids that induce overexpression
of inhibitor of kappa B kinase beta (IkBKB) and IkBS32/S36 were
transfected with Lipofectamine 2000 (Invitrogen), selected for
2 weeks with 450 g G418/ml, cloned, and expanded before
spheroid formation. The IkBK3 plasmid was created by sub-cloning
the IkBKB open-reading frame, amplified by PCR, in a pcDNA 3.1
plasmid (Invitrogen). Expression was verified by Western blotting
and the plasmid was sequenced to verify identity and absence of
mutations. The plasmid with the dominant negative version of IkB
(mutated at serine-32 and -36) was a kind gift by Dr. P. Bauerle
(University of Munich). At least three independent experiments were
performed, each in triplicate.

siRNA CONSTRUCTION AND TRANSFECTION

siRNA for XIAP was generated by sub-cloning specific or transversed
sequences of 21bp (AGGAGATACCGTGCGGTGCTT) and for Bcl-3
(CAACCTACGGCAGACACCG) into the pSIREN vector (Clontech, CA).
All clones were sequenced to verify identity. The siRNAs specificity
was verified by RT-PCR and Western blotting. T-47D or 293 cells were
transfected with 1 g of the siRNA construct using Lipofectamine
2000 (Invitrogen) for 6 h in serum-free DMEM and further 12-36h
incubation in DMEM with serum. Then, the cells were selected for
2 weeks with 450 pg/ml of G418, cloned, and expanded.

GENE REPORTER ASSAYS

Hela cells were stably transfected using Lipofectamine 2000
(Invitrogen) with pHTS-Neo-NF-«kB vector (Biomyx, CA), which
contains five NF-kB enhancer elements upstream of a luciferase
open-reading frame. The cells were then grown as MTS for 2 days
and lysed with 1x passive lysis buffer (Promega). Parallel MTS were
disaggregated and seeded as monolayers for 12 h and lysed with the
same buffer. Transfected cells grown as monolayers without
previous culture as MTS were used as control. Protein concentration
was determined with a DC Protein Assay kit (BioRad, CA). Luciferase
activity in equal amounts of protein was measured with a Dual
Luciferase Assay Kit (Promega, Madison) according to the
manufacturer’s instructions, using a Multimode Detector DTX880
(Beckman Coulter, CA). Experiments were performed three times.

STATISTICAL ANALYSES

Data are expressed as mean+ SEM of the indicated number of
separate experiments. The experimental and control groups were
compared statistically using an unpaired two-tailed Student’s #-test;
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P-values less than 0.05 were considered significant. For other
statistical analyses, ANOVA was used.

CHARACTERIZATION OF TUMOR SPHEROIDS FROM SEVERAL
CANCER CELL LINES

All tumor cell lines used in the present study were able to generate
spheroids and hence the experiments were carried out with MTS
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from each cell line. However, for conciseness, only selected results
were shown in figures, although similar data were attained with the
other tumor cell lines.

MTS of HelLa, 293, T-47D, and KB cells showed different
proliferation patterns (Fig. 1A). Although all growth curves
showed behavior fitting the Gompertz law, each revealed
distinctive characteristics [Deakin, 1975; Mueller-Klieser, 1987].
HeLa (63+6mm’), KB (96 +4mm’), and 293 (804 13 mm’)
MTS reached their maximal sizes after 20, 28, and 16 days,
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Fig. 1.

Growth of multi-cellular tumor spheroids. A: Growth curves of tumor spheroids from 293, T-47D, Hela, and KB carcinoma cell lines. B: Morphological features of

tumor spheroids. Upper panel: Growth of T-47D for the indicated times in days. Lower panel: Mature spheroids derived from Hela, 293, and KB cancer cells. Bar represents

300 wm. The results are the mean & SD of four independent experiments.
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(diameters of 2, 3.1, and 2.6 mm), respectively. In turn, T-47D MTS
showed a lower proliferation rate, forming mature or adult-
tumor spheroids (13.54 1.8 mm® and diameter of 0.8 mm) at day
28 £ 2.

It has been pointed out that differences between monolayers
versus spheroids are observed when a diameter of 500 pwm is
reached by MTS [Kunz-Schughart, 1999]. Hence, spheroids of more
than 500 um diameter were used in the following experiments,
independently of day of culture.

Structurally, the peripheries of HeLa and KB spheroids were
amorphous, suggesting a dispersion of cells at the spheroid’s edge. In
contrast, MTS from 293 and T-47D cells showed compact structures
with well-defined edges (Fig. 1B).

As has been described for human glioma cells, prostate and
cervical cancer spheroids, MTS from HeLa, 293, KB, and T-47D
developed three characteristic cellular layers [Ng et al., 1986;
Gronvik et al., 1996; Sauer et al., 1998]. The intermediate and central
cellular layers showed high HIF-1a expression and low levels of
Ki67 protein (a cellular proliferation marker) in comparison with the

external layer; in addition, a well-defined apoptotic center was
detected in all spheroids (Fig. 2).

DRUG RESISTANCE IN TUMOR SPHEROIDS

It is well documented that MTS derived from human ovarian,
prostate, and breast cancer are less sensitive to metabolic and
anti-neoplastic drugs (2-deoxyglucose, gossypol, vinblastin, doxo-
rubicin) and proteasome inhibitors such as PS-341 than their
monolayer counterparts [Frankel et al., 2000; Walker et al.,
2004; Rodriguez-Enriquez et al., 2008]. To assess drug resistance
in 293, T-47D, HeLa, and KB MTS without interference from
different drug diffusion rates, the spheroid cells were gently
separated and cultured as monolayers before drug exposure. The
proliferation rates of MTS and monolayer cells derived from them
were similar, indicating no apparent changes in cell replication (data
not shown). As shown by the ICs, values (Table I), MTS-derived 293
cells were significantly more resistant to taxol, cisplatin, and
staurosporine than their respective original monolayer cultures
(Fig. 3A). MTS-derived T-47D cells also showed higher resistance

Fig. 2. Characterization of multi-cellular tumor spheroids. Representative inmunohistochemistry of mature T-47D spheroid at 21 days of culture showing signal for Ki67,
HIF-1, Bel-3, p50, p65, and p52. Magnification 20x, insets 40x. Bar represents 300 um. In addition, a TUNEL reaction was performed to reveal apoptotic cells.
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Growth of tumor cells as multi-cellular tumor spheroids induces resistance to anti-neoplastic agents. A: Mature spheroids of 293 (70 + 2.6 mm?) or T-47D

(13 +£0.09 mm®) cells were disaggregated and reseeded for 48 h. The ICso values for taxol (TAX), cisplatin (CDDP), tamoxifen (TAM), and staurosporine (STR) identified
in monolayer cultures (Table 1) were applied for an additional 24 or 48 h. Left panel: 293 cells, right panel: T-47D cells. Abbreviations: M, monolayer; S, mature spheroids;
B:293 (left panel) or T-47D (right panel) spheroid-derived cells grown as monolayers (S1: first passage; S2: second passage; and so on). Each passage was exposed to ICs, values
(see Table 1) of anti-neoplastic drugs and viability was measured. Results are the mean = SD of five independent experiments performed in quintuplicate.

to taxol, cisplatin, and tamoxifen (Fig. 3A). However, the
spheroids viability data should be interpreted with caution since
some cells are dying or dead, and the exposure to trypsin for
disaggregation may induce further damage, increasing trypan-
blue-positive cells.

Tamoxifen was the drug used at the highest concentration, because
the four cell lines employed here were ER (estrogen receptor) negative
and tamoxifen targets cells via ER. In consequence, relatively higher
concentrations of tamoxifen (with respect to taxol or staurosporine)
were required to induce an inhibitory effect. Similar results were
obtained for the other two tumor cell lines tested (HeLa and KB, data
not shown). The higher drug resistance phenotype was apparent in

MTS-derived monolayer cultures after 3-4 passages (12-15 cellular
generations) (Fig. 3B).

CHANGES IN THE NF-«B SURVIVAL PATHWAY

IN TUMOR SPHEROIDS

It is well established that NF-kB decreases the sensitivity of
monolayer tumor cell cultures to diverse anti-cancer drugs through
expression of proteins that inhibit apoptosis and cell-cycle
progression [Cilloni et al., 2006]. Hence, NF-kB transcriptional
activity and protein content were determined in MTS. In agreement
with the increased drug resistance, the level of NF-kB was higher in
HeLa spheroids of 43 + 6 mm? than in their monolayer counterpart
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(Fig. 4A). Proliferation data indicate a higher rate (>30-40%) in
HeLa monolayer cells than in spheroids (data not shown). The NF-«kB
increase was maintained in monolayer cultures derived from these
MTS. S/M culture showed a higher NF-kB transcriptional activity
than the MTS because the latter included viable and dead cells,
whereas S/M cells only included viable cells.

Furthermore, increased expression of IkBa (a regulator of the
canonical route and a direct target of NF-kB) and of Bcl-3, an atypical
regulator of the non-canonical NF-«kB survival pathway, was also
detected (Fig. 4B). In contrast, levels of IkBg (a late regulator of p65
and p50) remained unaltered in both cultures. In accordance with the
transcriptional activity data (Fig. 4A), the protein levels of the main
NF-kB sub-units, p65 and p50 proteins, were also higher in three-
dimensional cultures than in monolayer cultures (Fig. 4B). The
cellular location of Bcl-3 was mainly nuclear in the cells of the MTS
intermediate and hypoxic layers, suggesting that Bcl-3 is transcrip-
tionally active in these regions, as opposed to the external layer,
where the location was cytosolic (Fig. 2). Similarly, p50, p52, and p65
were also nuclear in the intermediate and hypoxic layers (Fig. 2).
These results showed that the expression of proteins from the NF-xB
transduction pathway, and probably its increased activity, was
associated with the hypoxic center of the MTS.

XIAP AND CIAP-1 LEVELS IN MTS
The expression levels of other proteins involved in NF-kB-mediated
protection against apoptosis, XIAP, and cIAP-1 (two well-characterized
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apoptosis inhibitor proteins) were analyzed in MTS. Overexpression of
IAPs may play a role in tumor cell resistance to drug-induced apoptosis
[Notarbartolo et al., 2004]. Both IAPs are directly regulated by NF-«B
[Stehlik et al., 1998; Wang et al., 1998; Bandala et al., 2001]. Indeed,
c[AP-1 and XIAP protein levels in T-47D and 293 tumor spheroids were
1.5-2.5 times higher than in their monolayer counterparts (Fig. 5A). In
situ analyses showed that XIAP is expressed mainly in the intermediate
spheroid layers, correlating with the expression of HIF-1, although
significant expression was also found in the outer layer (Fig. 2).
Analysis of the time courses of both IAPs in MTS revealed that
cIAP-1 levels increased after the initial stages of spheroid formation,
whereas the cIAP and XIAP levels were markedly higher at the
later spheroid stages (Fig. 5C) and remained constant after the
spheroids reached their maximal size (73.6 0.6 mm’® for 293 and
9.2+ 0.3mm> for T-47D). Furthermore, when the spheroids were
disaggregated and the cells seeded on Petri dishes, the high IAP levels
were maintained until the third passage (Fig. 5B), which correlated
with the increased drug resistance phenotype of MTS, that was also
maintained in monolayer cultures (Fig. 3B). Similar patterns were also
observed for HeLa and KB MTS and S/M cultures (data not shown).

INHIBITION OF NF-xB AND XIAP EXPRESSION MODIFIES THE

GROWTH OF MTS AND ITS RESISTANCE AGAINST CHEMOTHERAPY
To further elucidate the role of NF-kB on MTS formation, growth,
and increased drug resistance, siRNA technology and negative
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MTS formation activates NF-kB transduction pathway. A: NF-kB transcriptional activity determined by gene reporter assays. Hela cells stably transfected with a

plasmid containing a luciferase gene under the control of tandem consensus sites for NF-kB were grown (Reporter cell line HeRNFKB) as multi-cellular tumor spheroids or
monolayers. They were lysed and equal amounts of protein were assayed for luciferase activity. The panel shows a representative experiment of three independent assays.
Abbreviations: M, monolayer culture; S: multi-cellular tumor spheroids; S/M, cells disaggregated from multi-cellular spheroids and grown as monolayers for 12 h. B: Western
blot of NF-kB components in monolayer cells and tumor spheroids. Total protein extracts were prepared from mature multi-cellular spheroids and parallel control monolayer
cultures. Equal amounts of protein were subjected to SDS-PAGE and immunoblotted with Bel-3, IkBa, IkB &, p50, p65, and p52 antibodies. The panel shows two independent

experiments of four. Abbreviations: M, monolayer culture; S, multi-cellular tumor spheroids.
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three replicates were performed. A: Representative immunoblot of XIAP and
clAP-1 in monolayer versus mature spheroids of 293 and T-47D. B: Repre-
sentative immunoblot of XIAP in passages 1-5 of disaggregated tumor
spheroid cells. C: Representative immunoblot of XIAP and clAP-1 during
293 or T-47D MTS growth. Experiments were performed four times.

dominants were used to regulate nuclear factor activity and XIAP
expression [Devroe and Silver, 2004] (Fig. 6A). The addition of
siRNAs to block XIAP production in T-47D and 293 monolayer
cultures brought about the formation of smaller spheroids
(1.7940.5 and 2.6 +£0.4mm>, respectively, at days 28 and 16,
respectively) in comparison with the wild-type cells (9.2 + 0.3 and
73.6 £ 1.4 mm>, respectively) (Fig. 6B), suggesting that activation of
the apoptosis machinery precludes spheroid maturity and growth.
Cell death by caspase activation was not evaluated here, although
other cellular XIAP-mediated processes, such as deregulation of cell
cycle (XIAP can activate Akt, a signal protein that induces cell-cycle
progression) might also affect spheroid growth [Yamaguchi et al.,
1999]. This remains to be evaluated. Interestingly, the smaller T-47D
and 293 spheroids were 35-45% more sensitive to taxol and
staurosporine than normal spheroids (Fig. 6C). HeLa and KB
monolayer cells treated with siRNA XIAP and cultured as MTS
showed a similar altered behavior (data not shown).

On the other hand, inhibition of the NF-kB pathway, with an
IkBe-expressing dominant or by using Bcl-3-siRNA, promoted a
drastic reduction (80%) in the size of the spheroids formed (from
26.5 + 6.4 to 4.4 + 0.1 mm> at day 16 = 2), which prevented reliable

analysis of drug resistance in these MTS (Fig. 7A). Overexpression of
IkBKB (the main upstream NF-«B activator) induced a significant
fourfold increase in the size of HeLa MTS (from 45+5 to
195+ 21 mm?) (Fig. 7B), suggesting that NF-«kB is essential for
spheroid formation and growth.

Several authors have described a close similarity between three-
dimensional tumor cell models and solid small avascular tumors
[MacDonald and Howell, 1978; MacDonald et al., 1978; Lord and
Nardella, 1980; Mueller-Klieser, 1997; Kunz-Schughart, 1999].
Indeed, MTS formed from T-47D, 293, HeLa, and KB cells showed the
classic three-dimensional geometry comprising two specific cellular
layers and an apoptotic center. Growth of MTS from T-47D, 293,
HeLa, and KB cells followed Gompertz-type kinetics, although each
particular cell line developed a distinctive proliferation rate and
maximal size. In the outer cellular layer of the MTS there was
specific overexpression of certain genes such as Ki67 protein,
indicating active cellular proliferation; in contrast, overexpression
of HIF-1a was found mainly in the intermediate cellular layer,
reflecting a lower oxygen concentration.

NF-kB-deficient HeLa cells in monolayer culture maintained high
viability and proliferation rates (data not shown), indicating that
NF-kB has a negligible role in the control of cell-cycle progression,
atleast in these cells. In contrast, during MTS development the inner
cell layers undergo hypoxic stress, which may lead to apoptosis and
growth delay; however, NF-kB-deficient cells did not form mature
spheroids, but only small cellular aggregates (4.4+0.1 mm?>),
suggesting that NF-kB was essential for the assembly, formation,
and maturity of tumor multi-cellular spheroids. The well-known
anti-apoptotic effect of NF-kB on the viability of non-tumorigenic
cells might be involved [Egan et al., 2004]. However, other processes
may also take place to support apoptotic events in three-
dimensional models [Barbone et al., 2008].

Regarding the specific mechanisms of NF-kB up-regulation, it
has been documented that a hypoxic environment and low pH,
similar to that found in the spheroid center, activates NF-kB
[Cummins et al., 2007]. Supporting our data, a previous report has
shown that NF-«kB is activated in glioma spheroids, becoming
relatively resistant to TNF-a [Sudheerkumar et al., 2008]. Although
not studied, IAPs could mediate this resistance, since it is well known
that they can also repress apoptosis induced by TNF-a« [Uren et al.,
1996]. It is noteworthy that XIAP, which is regulated by NF-«kB, was
found in the intermediate layer of the three-dimensional structures,
where HIF-1a was also expressed (Fig. 2), supporting the view that
hypoxia and low pH have a role in NF-«kB activation. In this regard,
it has shown that NF-«kB trans-activates the HIF-la gene and
induces the accumulation of its protein, and this is an important
physiological contributor to the hypoxic response [Rius et al., 2008].

Cells derived from MTS and further cultured in 24-well plates
showed increased resistance to cisplatin, taxol, staurosporine, and
tamoxifen (Fig. 3A). Interestingly, MTS-derived cells preserved the
higher drug resistance phenotype for several generations, indicating
a stable change in the genetic and biochemical regulatory
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staining with crystal violet. Results are the mean + SD of three independent experiments performed in triplicate. Abbreviations: M, monolayer culture; S, cells derived from

multi-cellular tumor spheroids.

mechanisms. This phenomenon correlated with the persistent
activation of NF-«kB in these cells.

Another stable change was the elevated IAP content. In this
regard, it is known that hypoxia activates IkBK{3, the main upstream
modulator of NF-kB, providing a possible mechanism for the

activation of this transcription factor [Cummins et al., 2006]. This
change could be perpetuated by a positive feedback mediated by
cytokine production, since cells cultured in MTS show a cytokine
auto-regulatory loop mediated by a stress response [Jack et al.,
2007]. Further experiments inhibiting these loops could help to
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answer this question. Also, an epigenetic mechanism might be
involved in the increased drug resistance of MTS.

Both XIAP and cIAP-1 levels remained elevated in spheroid-
derived monolayer cultures, and this correlated with the acquired
drug resistance phenotype. The decrease in XIAP levels induced by
RNAi transfection brought about a significant diminution in

spheroid growth (65%), which was lower than that achieved by
NF-«B blocking. These findings suggested that NF-kB modulates
other genes associated with the cell-cycle regulation or cell survival
pathways [Karin, 2006]. In turn, both IAP repression and NF-«B
blocking led to a return of the drug-dependent apoptosis threshold
in cellular spheroids to values similar to those found in original
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monolayers. Therefore, the data from the present study indicated
that the increase of XIAP mediated by NF-kB plays an important
role in the increased drug resistance of MTS.

A clinically relevant problem in cancer treatment is the ability of
tumor cells to develop drug resistance. However, most studies on this
subject have been carried out on tumor cell monolayer cultures. In
the monolayer culture model, cells are exposed to a homogeneous
environment regarding oxygen concentration, nutrients, pH, and
growth factors. This feature does not resemble the physiological
microenvironment inside of a solid tumor that favors drug
resistance. In consequence, a model that better mimics the presence
of a microenvironment with oxygen and other metabolite gradients
should be used for studies on drug resistance. Interestingly, we
found that in tumor spheroids NF-kB could be a pharmacological
target, because its inhibition blocked tumor growth in vitro. As
tumor spheroids represent the first stages of tumor growth (before
vascularization), the findings of the present study suggested that
tumor growth can be inhibited and sensitized to chemotherapy more
effectively in earlier stages of formation by targeting NF-kB.
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