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Valérie Lobjoisa, Céline Frongiaa, Suzanne Jozanb, Isabelle Trucheta, Annie Valettea,*
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Using multicellular tumour spheroids (MCTS) of HCT116 colon carcinoma cells, we ana-

lysed the effects of SAHA (suberoylanilide hydroxamic acid), a histone deacetylase inhibi-

tor (HDACi). We found that, although SAHA-induced histone acetylation and ROS level

upregulation occur throughout the spheroid, inhibition of cell cycle progression and induc-

tion of apoptosis are dependent on cell microenvironment. SAHA-induced growth inhibi-

tion of HCT116 MCTS results from the inhibition of cell cycle progression and induction

of apoptosis. At a low concentration SAHA decreases Ki-67 and cyclin A positive cells

and increases p21 positive cells in the outer layer while it induces a ROS-dependent apop-

tosis in the central zone of the spheroid. Coimmunostaining of p21 and apoptotic cells con-

firms that SAHA effects are different depending on the position of the cells within the

spheroid. At a higher dose, SAHA induces mitotic defects and survivin downregulation in

the outer layer of cells resulting in an additional cytotoxic effect in this part of the spheroid.

Together these findings show that SAHA-induced cytostatic and cytotoxic effects occur in

different cell populations, indicating that the cellular microenvironment is an important

determinant in the regulation of the effects of SAHA treatment. Consequently, the MCTS

model appears to be a valuable advanced tool for evaluating the effects of SAHA treatment

in combination with other anticancer agents.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Malignant progression, resulting from genetic changes of can-

cer cells, is influenced by tumour microenvironment. Cell–cell

interactions (including malignant cellular interactions) are

important modulators of the malignant cell phenotype. In-

deed, the behaviour of a cancer cell in a tumour is controled

by its interactions with its immediate neighbours and the

extracellular matrix, and its microenvironment. It is well

established that for many chemotherapeutic drugs a solid tu-

mour environment results in an increased level of drug resis-
er Ltd. All rights reserved

; fax: +33 561 558 109.
).
tance, a phenomenon called the multicellular resistance.1

Multicellular resistance emerges as soon as cancer cells have

established contacts with their microenvironment, homolo-

gous cells, heterologous cells or extracellular matrix. It is

now well established that monolayer cultures, in which these

complex interactions are lost, do not represent the character-

istics of 3-dimensional (3D) solid tumours. 3D spheroid cul-

ture systems are providing new insights in tumour biology

and it is now widely accepted that multicellular tumour

spheroids (MCTS) more accurately reproduce the tumour

microenvironment.2,3 While growing, spheroids display a
.
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gradient of proliferating cells.3 These proliferating cells are lo-

cated in the outer cell layers and the quiescent cells are lo-

cated more centrally. When the central cells become

deprived of oxygen and glucose, cell death and necrosis occur.

This cell heterogeneity is similar to that found in avascular

microregions of tumours. These MCTS models have been re-

cently used to investigate the long-term efficacy of antitu-

moural agents in quiescent tumour microregions4, showing

that MCTS models allow the investigation of drug response

while taking cell heterogeneity into account.

Recently, epigenetic regulation of gene expression has

been the subject of a growing interest and as a result of this,

the histone deacetylase inhibitors (HDACis) in particular are

emerging as a new class of anticancer agents.5,6 Among the

HDAC inhibitors, suberoylanilide hydroxamic acid (SAHA)

has undergone evaluation in phase I and phase II clinical tri-

als.7,8 SAHA is the first of the new generation of HDAC inhib-

tors to be approved by the US FDA for treating patients with

CTCL.6,9 Moreover, recent studies have shown that HDACis

have promising anticancer activity in solid tumour malignan-

cies when given in combination with carboplatin and paclit-

axel11 or with a topo II inhibitor.10 Multiple mechanisms by

which SAHA induces anticancer effects have been identified

to date. Indeed, SAHA has been shown to induce p21-medi-

ated G1 arrest, mitotic defects and cell death in cancer cells

cultured as a monolayer. SAHA induces apoptosis via activa-

tion of the intrinsic apoptotic pathway11 associated with

downregulation of the expression of anti-apoptotic proteins12

and activation of BH3-only proapoptotic protein. Reactive

oxygen species also play a role in cell-death pathways in-

duced by SAHA: SAHA induces transcriptional activation of

the ROS scavenger thioredoxin in non-transformed cells13

and in transformed cells this response is defective resulting

in an increase in ROS.

The factors which determine whether a cancer cell under-

goes apoptosis or cell cycle arrest after exposure to HDAC

inhibitors remain to be determined. Drug concentration ap-

pears to be a critical factor as most HDACis exhibit cytotoxic-

ity at higher doses and induce a G1 arrest at lower doses. The

balance between HDACi-induced growth arrest or cell death

can also be determined by the ratio between pro- and anti-

apoptotic proteins pre-existing in the cell. Indeed, overex-

pression of Bcl-2 inhibits HDACi-mediated apoptosis but has

no effect on the cell cycle.14 Furthermore, specific differences

between cell cycle regulation and apoptosis with respect to

dependency on individual HDAC isoenzymes have recently

been shown.15

We investigated how the cellular effects of SAHA are regu-

lated in a 3D culture context. The MCTS model allowed us to

show that the effects of SAHA depend on its concentration

and on the position of the cell within the spheroid, arguing

that the microenvironment can alter the balance between

SAHA-induced cell cycle arrest and apoptosis.

2. Materials and methods

2.1. Cell lines

Human colon cancer cell line HCT116 (ATCC) was cultured in

DMEM supplemented with 10% foetal calf serum. HCT116
p53–/– and the parental HCT116 cell line from which it was

derived (HCT116 p53+/+) were generous gifts from Dr. Bert

Vogelstein. These HCT116 clones were grown in McCoy’s

medium supplemented with 10% foetal calf serum.
2.2. Multicellular tumour spheroid (MCTS) generation

We have adapted the hanging-drop method16,17 to produce

HCT116 spheroids of similar diameters and cell numbers.

Twenty microlitres drops containing 500 cells were suspended

on the lids of agar-coated 24-well plates containing 1 ml of

culture media. After the 48 h time period required for cell

aggregation the spheroids were transferred to the culture

medium. By using this technique we obtained single spher-

oids in 90–95% of the wells and the variation of size between

spheroids is less than 10%.
2.3. MCTS growth quantification

The size of each spheroid was determined by measuring two

orthogonal diameters (d1 and d2) using an inverted micro-

scope fitted with a calibrated eye piece reticule. Spheroid vol-

ume was determined according to the formula: V = 4/3pr3

where r = 1/2
p

d1 · d2.
2.4. Immunohistochemistry on paraffin sections

Spheroids were rinsed with PBS and fixed in 4% neutral-buf-

fered formalin (Sigma) for 3 h and then paraffin embedded.

Sections were prepared as previously described.17 Before

incubation with the primary antibody, paraffin sections were

subjected to antigen retrieval in 10 mM citrate buffer (pH 6.8)

for 2 · 5 min. Sections were incubated for 1 h at room temper-

ature with primary antibodies and were then rinsed. Revela-

tion was then carried out using the streptavidin–biotin

LSAB2+ kit (Dako) according to the manufacturer’s ins-

tructions. The primary antibodies were used as follows:

mouse monoclonal anti-p21 antibody (Oncogene Research

Products, Cambridge MA; 1/100), anti-cyclin A (Abcam; 1/50),

anti-Ki-67 (Dakocytomation; 1/50). Proportions of Ki-67 posi-

tives cells were determined by counting 1000 cells from 3 to

4 sections of differents spheroids.

2.5. Immunofluorescence on frozen sections

After fixation, spheroids were processed for 12 lm frozen sec-

tions. Sections were incubated with polyclonal anti-acety-

lated lysine (Stressgen, 1/200, 1 h at 37 �C) or the following

combinations: mouse monoclonal anti-p21 (Calbiochem,

1/500, 1 h at 37 �C) and rabbit monoclonal anti-cleaved PARP1

(Epitomics, 1/1000, overnight at 4 �C) or anti-p21 and poly-

clonal anti-phosphorylated-histone H3 (Upstate, 1/1000, over-

night at 4 �C). After washes in PBS/Triton 0.1% v/v, the

secondary antibody was applied (Alexa 488-anti-mouse or

Alexa 594-anti-rabbit, Molecular Probes, 1/800, for 1 h at room

temperature). For double immunostaining, the first antibody

was revealed and then sections were incubated with the sec-

ond primary antibody and then revealed.
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2.6. Two-photon laser microscopy analysis of SAHA-
induced cytotoxicity

Spheroids treated as described above with 1 lM or 5 lM of

SAHA were incubated in a propidium iodide solution (final

concentration: 6 lg/ml) for 30 min before fixation in 4% neu-

tral-buffered formalin (Sigma) for 2–3 h. Spheroids were then

mounted in cover imaging chambers (Sigma) in Dako mount-

ing media. Images were acquired with a confocal microscope

SP5 (Leica) using a two-photon laser (820 nm). Images were

analysed with the ImageJ software package by using the Leica

Tiff Sequence plugin. Three to six spheroids were processed

for each experimental condition. For each spheroid, the med-

ian intensity of the Z stack was calculated and the fluores-

cence intensity profiles were measured along five diameters.

The five profiles were averaged for each spheroid and then

for each experimental condition. Images were processed

using ImageJ software and data analysis was performed by

using Prism Software.

2.7. Measurement of intracellular reactive oxygen species
(ROS) accumulation

We monitored intracellular ROS levels by using the2 070-dichlo-

rodihydrofluorescein diacetate acetyl ester (H2DCF-DA, Invit-

rogen), which is non-fluorescent until the acetate groups are

removed by cellular esterases and oxidation occurs within

cells. H2DCF-DA is membrane permeable and is oxidised rap-

idly to the highly fluorescent DCF in the presence of intracel-

lular ROS.18 After treatment, multicellular spheroids were

incubated in medium containing 20 lM H2DCF-DA in

135 mM NaCl, 5.4 mM KCl, 1.8 mM CaCl2, 1 mM MgCl2,

10 mM glucose and 10 mM HEPES for 1 h at 37 �C. Spheroids

were then transferred into ice and immediately mounted in

DAKO mounting media and were analysed by two-photon la-

ser microscopy as previously described. ROS production was

inhibited by incubating spheroids in the radical scavenger

N-acetyl-L-cysteine (NAC) (10 mM)19 for 48 h before fixation.

3. Results

3.1. Growth of HCT116 multicellular spheroids is
inhibited by SAHA treatment

To study the effects of SAHA in the context of a 3D culture we

developed a multicellular tumour spheroid (MCTS) model of

the human HCT116 colon adenocarcinoma cell line (Fig. 1A

and B). HCT116 MCTS reached 0.26 mm3 (±0.03 SEM) after

8 days in culture, and the doubling time of their volume was

2 days. As shown in Fig. 1B, the addition of 5 lM SAHA pre-

vented HCT116 MCTS growth as assayed by monitoring its

inhibitory effect on the increase in spheroid volume.

A dose-dependent inhibition of HCT116 MCTS growth

(Fig. 1C) was observed after 5 days of treatment with various

concentrations of SAHA. Under these conditions the IC50 va-

lue of SAHA was 1.3 lM (±0.4 SEM). We compared the dose

sensitivity of HCT116 p53–/– MCTS to SAHA treatment with

that of the corresponding parental HCT116 p53+/+ MCTS.

The observed IC50s were 0.8 (±0.2 SEM) and 0.5 lM (±0.1

SEM), respectively, showing that SAHA inhibited the growth
of the spheroids prepared from these two isogenic cell lines

with equivalent efficiencies.

To monitor the penetration of SAHA within the spheroids,

we performed immunodetection of acetylated lysines on fro-

zen sections. As shown in Fig. 1D, after SAHA addition we ob-

served a global increase in lysine acetylation, suggesting that

SAHA has penetrated the full thickness of the spheroids. This

result showed that the MCTS model can be used to study

SAHA effects in a 3D context.

3.2. Cell cycle effects of SAHA are induced in the outer
layer of HCT116 MCTS

The internal structure of MCTS is dependent upon the estab-

lishment of nutrients and oxygen gradients which lead to a

decreasing gradient of proliferation from the periphery to

the centre of spheroid.3 To characterise the proliferative

changes occurring after SAHA addition, formalin-fixed paraf-

fin-embedded HCT116 MCTS sections were first immuno-

stained for the proliferation marker Ki-67. We found that in

control HCT116 MCTS a large proportion of cells were positive

for Ki-67 (59%), particularly those located on the outermost

layers of the spheroids (Fig. 2A). A reduced percentage of Ki-

67-positive cells was found in SAHA-treated MCTS (Fig. 2B

and C). This effect of SAHA, detected at a low dose (1 lM)

(44% of Ki-67 positive cells) (Fig. 2B), was increased after expo-

sure of HCT116 MCTS to a higher dose of SAHA (5 lM) (17% of

Ki-67 positive cells) (Fig. 2C). At this SAHA concentration,

Ki-67 staining revealed that the remaining positive cells pre-

sented with giant nuclei (Fig. 2C). Immunodetection of

phosphorylated-histone H3 (pH3) (Fig. 2G–I) revealed that

after a 5 lM treatment, which completely inhibits MCTS

growth, a sizeable number of mitotic cells was still present.

The proportion of cyclin A positive cells, located in the prolif-

erative layers at the periphery of the spheroid, decreased in

SAHA-treated HCT116 MCTS, and here again a more signifi-

cant effect was observed at a dose of 5 lM (Fig. 2D–F).

The cyclin-dependent kinase inhibitor p21, a direct target

of SAHA, is upregulated which can lead to cell cycle arrest

at the G1/S transition.20 We observed that p21 was only de-

tected in the nuclei of a few cells within the control HCT116

MCTS (22%) (Fig. 3A and D). Treatment with 1 lM SAHA in-

creased the number of p21 positive cells (35%). This increase

occurred in the proliferative layer, with these cells displaying

both nuclear and cytoplasmic staining (Fig. 3B and E). The

proportion of p21 positive cells was not significantly changed

in the intermediate and the central zones (corresponding to

the Ki-67 negative area) of the HCT116 MCTS. After a 5 lM

SAHA treatment, this increase in the proportion of p21 posi-

tive cells in the outer layer of the HCT116 MCTS was no longer

observed (22% of p21 positive cells) (Fig. 3C and F).

Survivin is a bifunctional protein able to regulate cycle pro-

gression in mitosis as a passenger protein and to block apop-

tic pathways as a member of the IAP protein family.21 It has

been recently shown that SAHA-induced mitotic defects can

been mediated by a transcriptional modulation of PLK1 and

survivin.22 Using the MCTS model we observed that survivin

is regionally expressed, indeed it was essentially located in

the proliferative outer cell layers and the more central spher-

oid core (Fig. 3G and J). As shown in tumour biopsis23 we
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Fig. 1 – Effect of SAHA on HCT116 MCTS growth. (A) HCT116 MCTS visualised by phase contrast microscopy after 1, 3 and

7 days of culture. (B) Time-course of growth of HCT116 MCTS spheroid volume. The HCT116 MCTS were cultured in DMEM for

4 days and then SAHA was added or not. The volume of each spheroid was measured on the day of culture initiation and at

the indicated days. The relative spheroid volume (ratio of the volume of the spheroids at day n to the volume of the spheroids

on day 0) is plotted as a function of time. Results represent the mean ± SEM of four independent experiments; in each

experiment four spheroids were measured. (C) SAHA dose-dependent effect. Spheroids were grown in DMEM for 5 days;

indicated concentrations of SAHA were added for a 5-days additional period. The size of the spheroids was measured. The

relative spheroid volume (ratio of the volume of the spheroids 5 days after SAHA treatment to the volume of the spheroids at

the time of SAHA addition) is plotted as a function of SAHA concentration. Results represent the mean ± SEM of three

experiments, in each experiment at least three spheroids were measured. (D) Immunodetection of acetylated lysines on

frozen sections of control HCT116 MCTS or HCT116 MCTS treated with 1 lM or 5 lM of SAHA for 3 days. The scale bar

corresponds to 100 lm.
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found that survivin is detected both in the nucleus and in the

cytoplasm of positive cells. Survivin expression is partially

inhibited in the proliferating cells at 1 lM SAHA (Fig. 3H and K),

and strongly downregulated at 5 lM SAHA (Fig. 3I and L)

suggesting that survivin could participate in mitotic defects

(Fig. 2I) observed at 5 lM in the outer cell layer of SAHA-trea-

ted HCT116 MCTS.

Taken together, these results show that in a 3D organisa-

tional context, SAHA exerts its cell cycle effects on the

peripheral cell layers of the MCTS and that the nature of cell

cycle effects varies depending on the SAHA concentration, i.e.

at a low concentration a p21-mediated effect was observed
while at a higher concentration, mitotic defects associated

with survivin downregulation occur. This suggests that,

depending on its concentration, SAHA activates different cell

cycle checkpoints.
3.3. The cytotoxic effect of SAHA is dependent on both its
concentration and the position of the cells within the
spheroids, and involves ROS production

The therapeutic potential of SAHA also results from its abil-

ity to selectively induce apoptosis in tumour cells. To study



Fig. 2 – Cell cycle effect of SAHA in HCT116 MCTS. HCT116 MCTS were untreated (control) or treated with 1 lM or 5 lM SAHA

for 3 days. Expression and distribution of Ki-67 (A–C) and cyclin A (D–F) were analysed by immunodetection on 6 lm paraffin

sections. (G–I) Immunodetection of phosphorylated-histone H3 (pH3) and DNA staining by DAPI on 12 lm frozen sections.

Images were collected using a X10 objective. The scale bar corresponds to 100 lm.
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the apoptotic effect of SAHA treatment, SAHA-induced

apoptosis in the HCT116 MCTS was examined using immu-

nodetection of the cleaved form of PARP (Fig. 4A–C) on fro-

zen sections. We found that compared to control HCT116

MCTS, a 1 lM SAHA treatment induced a significant increase

in the proportion of apoptotic cells. Moreover, in contrast to

our observations on SAHA-induced cell cycle effects, the

cells which undergo apoptosis after a 1 lM SAHA treatment

were not those of the peripheral cell layers, but those lo-

cated within the deeper layers of HCT116 MCTS. Identical re-

sults were obtained using TUNEL staining (data not shown).

In order to further study this concentration-dependent

regionalisation of SAHA-induced cytotoxicity, HCT116 MCTS

that had been either left untreated, or treated with 1 lM or

5 lM SAHA were incubated in propidium iodide to stain dead

cells. A 3D analysis was performed on whole-mounted spher-

oids using two-photon laser microscopy (Fig. 4D–F). Quantifi-

cation of the fluorescence was performed on several

spheroids for each experimental condition and the results

are presented relative to the position of the centre of the

spheroid in order to account for variations in spheroid diam-

eter due to growth inhibition (Fig. 4G). After 3 days, a 1 lM
SAHA treatment of HCT116 MCTS induced cytotoxicity in

the intermediate and central layers but not in the outer pro-

liferative cell layers (Fig. 4E and G). At a concentration of

5 lM, SAHA had a cytotoxic effect not only on the intermedi-

ate and central layer cells but also on the external prolifera-

tive cells (Fig. 4F and G). These results show that at a

concentration of 1 lM, SAHA has a cytotoxic effect only on

quiescent cells and that at a higher dose this effect is ex-

tended to proliferative cells.

It has been reported that SAHA induces the production of

ROS in cancer cells cultured as monolayers.24 Here, we found

that HCT116 MCTS cultured with 1 lM SAHA for 24 h showed

an important accumulation of ROS compared to control

HCT116 MCTS (Fig. 5A and B). Results shown in Fig. 5B indi-

cate that this ROS increase occurred throughout the spheroid.

To determine the functional contribution of this increase in

ROS levels in the induction of SAHA cytotoxic effects,

HCT116 MCTS were treated with 1 lM SAHA in the presence

or absence of the free radical scavenger N-acetyl-cysteine

for 48 h. As shown in Fig. 5D, N-acetyl-cysteine (NAC) induced

a decrease of SAHA-induced apoptosis in the centre of the

spheroid. This result has been confirmed by a 3D analysis of



Fig. 3 – Regulation of p21 and survivin by SAHA. (A–F) Immunodetection of p21 on 6 lm paraffin sections. A–C were collected

using a X5 objective. D–F correspond, respectively, to the same spheroids imaged using a X20 objective. (G–L) Immunode-

tection of survivin on 6 lm paraffin sections. G–I were collected using a X5 objective. J–L correspond, respectively, to the same

spheroids imaged using a X20 objective.
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the SAHA-induced cytotoxicity on entire spheroids using two-

photon laser microscopy after propidium iodide incorpora-

tion (data not shown).

3.4. The p21-mediated cell cycle effect and the cytotoxic
effect of SAHA are dissociated in a microenvironment-
dependent way

To confirm that these SAHA-induced apoptotic and cell cycle

effects occur in different cell populations, double-immunoflu-

orescence staining of the cleaved form of PARP and p21 was

performed on HCT116 MCTS treated with 1 lM SAHA

(Fig. 6B). Under these experimental conditions, upregulation

of p21 and induction of apoptosis occur in different cell pop-

ulation within the spheroid (Fig. 6B).
4. Discussion

The Multicellular tumour spheroid model mimics the in vivo

situation more closely than two-dimensional culture sys-

tems. MCTS display a gradient of proliferation, with prolifera-

tive cells being located in the outer cell layers whereas

quiescent cells are located more centrally. It has been previ-

ously shown that when the central cells become deprived of

oxygen and glucose, cell death and necrosis occur.3 Here,

we found that cancer cells heterogeneity is involved in the re-

sponse of HCT116 colon cancer cells to SAHA. Indeed,

whereas SAHA induces an increase in both the level of acety-

lated lysine and ROS levels throughout the entire spheroid,

the nature of the response of HCT116 cells depends on both

SAHA concentrations and the position of cells within the
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Fig. 4 – Apoptotic effect of SAHA on HCT116 MCTS. (A–C) Expression and distribution of the cleaved PARP (C-PARP) on control

HCT116 MCTS (A) or MCTS treated for 3 days with 1 lM (B) or 5 lM SAHA (C). (D–G) 3D analysis of SAHA-induced cytotoxicity.

Control HCT116 MCTS (D) or MCTS treated with 1 lM (E) or 5 lM (F) of SAHA were incubated with propidium iodide before

fixation. Whole spheroids were imaged using two-photon laser microscopy. Maximal projections along Z-axis are shown.

The mean of the median fluorescence intensity along five Feret’s diameter per spheroids (3–6 spheroids per condition) is

plotted (G). The X-axis represents the relative position to the centre of the spheroids and the fluorescence on the Y-axis is

expressed in A.U. Mean standard error is ±0.4. R means radius.
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spheroid. The cell cycle effect of SAHA occurs in the outer cell

layers depending on SAHA concentration: a p21-associated

cytostatic effect at a low dose and mitotic defects at a higher

dose. The apoptotic effect occurs only in the centre of the

spheroid at a low dose and affects all the layers at a higher

dose. Indeed, apoptotic and cell cycle effects occur in the

same cell population at high doses of SAHA but these two ef-

fects are dissociated by cell microenvironment at low doses.

These results show that the use of a 3-dimensional culture al-
lows the dissociation of SAHA cytostatic and cytotoxic effects.

They agree well with a recent in vivo study in which R306465, a

novel HDACi, induces p21 gene activation in cell clusters,

whereas histone H3 acetylation was observed throughout

the tumour tissue25 further supporting the idea that the

spheroid model better reflects the in vivo behaviour of cancer

cells.

SAHA induces a time- and dose-dependent inhibition

of HCT116 MCTS growth. The growth of HCT116 MCTS



Fig. 5 – SAHA apoptotic effect involves ROS production. (A, B) ROS production monitored by using the fluorescent H2DCF-DA

in control HCT116 MCTS (A) and 24 h after a 1 lM SAHA treatment (B). DCF fluorescence was analysed by two-photon laser

microscopy on whole-mounted MCTS. Scale bar corresponds to 100 lm. (C, D) Immunodetection of the cleaved PARP (C-PARP)

on frozen sections of HCT116 MCTS treated for 48 h with 1 lM of SAHA in the absence of (C) or in the presence of 10 mM of the

free radical scavenger N-acetyl-L-cysteine (NAC) (D).

Fig. 6 – SAHA cell cycle and cytotoxic effects are dissociated in a microenvironment-dependent way. Co-immunodetection of

p21 (green) and cleaved PARP (red) on control MCTS (A) and 1 lM SAHA-treated spheroids (B). DNA is stained using DAPI. Scale

bar represents 100 lm.
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generated from both p53-null cells and p53 wild-type cells

was inhibited to an equivalent extent by SAHA treatment

indicating that, as has been previously shown26, the antipro-

liferative effect of SAHA on colon cancer cells is independent

of p53 status. This SAHA-induced inhibition of HCT116 MCTS

growth results from its ability to trigger both a cytostatic and

a cytotoxic effect. The cytostatic effect is observed at a low

dose of SAHA in the outer cell layers, it is associated with a
downregulation of cyclin A expression and an upregulation

of p21 leading to a decrease in the proportion of Ki-67 positive

proliferative cells. The cytotoxic effect of SAHA is restricted to

the central zone of the spheroid at a low dose and occurs in

the entire spheroid at a high dose. Indeed, the analysis of

the localisation of dead cells using two-photon laser micros-

copy and immunodetection of PARP cleavage clearly indicated

that, at a low SAHA concentration, dead cells are only
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detected in the non-proliferative cell population located with-

in the central zone of the spheroid, whereas the cell death oc-

curs thoughout the spheroid at a higher dose. In MCTS treated

with a low dose of SAHA, our results of the coimmunostain-

ing of p21 and the cleaved form of PARP clearly indicate that

the SAHA-dependent cell cycle and apoptotic effects were in-

duced in different cell populations within the spheroid fur-

ther demonstrating that at this dose of SAHA these two

SAHA effects are exclusive.

Whereas a p21-mediated cell cycle arrest is induced by low

doses of SAHA, a mitotic checkpoint is activated at higher

SAHA concentrations. Indeed, after SAHA treatment at a dose

which completely blocks MCTS growth, the increase in the

proportion of p21 positive cells was no longer observed and

phosphohistone H3 positive mitotic cells were still detected,

suggesting that SAHA, as has been previously shown27, in-

duces mitotic defects. Two observations further argue in fa-

vour of this hypothesis: (1) the presence of giant nuclei in

the outer cell layers and (2) the accumulation of abnormal

mitoses detected by DAPI staining (data not shown) in

HCT116 MCTS treated with a 5 lM dose of SAHA. SAHA-in-

duced mitotic defects are associated with the induction of

apoptosis in the outer cell layer. It has been previously shown

that mitotic defects result in cell death either by apoptosis or

by mitotic catastrophe.28 We also observed an important de-

crease in survivin expression in the outer cell layer of

SAHA-treated MCTS. Survivin is a bifunctional protein able

to regulate cell cycle progression in mitosis as a passenger

protein and to block apoptic pathways as a member of the

IAP protein family.21 It has been recently shown that SAHA-

induced mitotic defects can be mediated by a transcriptional

modulation of PLK1 and survivin22 in addition to transcrip-

tion-independent defects resulting from an aberrant acetyla-

tion of histones in the pericentric heterochromatin.29

Survivin has also been involved in SAHA-induced apoptosis.

Taken together we hypothezise that, at a high SAHA concen-

tration, survivin plays a role in both mitotic checkpoint acti-

vation and induction of apoptosis in the outer cell layer of

HCT116 MCTS. The importance of SAHA concentrations in

the determination of the nature of SAHA cell cycle and cytox-

ic effect has been previously shown in monolayer culture.26,30

The use of a spheroid model allows us to show that the nature

of the SAHA effect is regulated not only by SAHA concentra-

tion but also by the position of cells within the spheroid.

Thus, questions arise regarding the specificity of the apop-

totic effect of SAHA on the non-proliferative central zone cell

population, and the resistance of the proliferative outer layer

cells to the cytotoxic effect of SAHA treatment. We hypothez-

ise that mechanisms that facilitate apoptosis could exist in

low-proliferating/hypoxic cells whereas mechanisms protect-

ing cell from SAHA-induced apoptosis could take place in the

proliferating cells. The fact that apoptosis takes place in the

very slowly proliferating central cell population of the spher-

oid is in agreement with previous studies showing that HDA-

Cis are able to kill cancer cells arrested by serum starvation or

expression of the cyclin-dependent kinase inhibitor

p16Ink4a.31,32 The accepted range of oxygen diffusion is 150

to 300 lm, indicating that cells targeted with low doses of

SAHA are hypoxic cells. Indeed, it has been shown using

pimonidazole staining that hypoxia starts approximatively
150 lm from the surface of the spheroids and increases to-

wards the centre.33 We observed that SAHA triggers ROS pro-

duction in the entire spheroid. However using the free radical

scavenger NAC we showed that SAHA-induced ROS-depen-

dent cytotoxic effect is only observed in the centre of the

spheroid indicating that ROS are necessary but not sufficient

to mediate the SAHA apoptotic effect. Taken together these

observations suggest that another factor which is not present

in the proliferating cells allow SAHA to trigger apoptosis. Con-

cerning the molecular mechanisms that prevent the cells of

the outer layers entering apoptosis after SAHA treatment, dif-

ferent studies have clearly shown that p21 expression inhibits

cell death induced by HDACi treatment.26,34 Different studies

have clearly shown that p21 inhibits cell death induced by

HDACi. The cells in which p21 expression increases after

SAHA addition do not enter apoptosis, arguing in favour of

an anti-apoptotic function of p21 leading to a regionalisation

of this SAHA-induced apoptotic effect.

Overall the results of our study provide a description of

SAHA effects in a cell context more relevant to the in vivo sit-

uation. The ability of SAHA to target different cell populations

and in particular to trigger apoptosis in slowly proliferating

cells make SAHA a promising antitumoural agent with poten-

tial therapeutic applications in human carcinoma. An

ongoing challenge will be to identify combinations of com-

pounds that will broaden the efficacy of SAHA. Since our

results highlight the value of 3D studies for revealing the

importance of the cellular microenvironment in the response

of cancer cells to SAHA, combination studies in such a model

will allow the targeting of cells with distinct proliferative sta-

tus, as found in tumours.
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