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A B S T R A C T

Purpose: Regrowth of tumour cells between cycles of chemotherapy is a significant clinical

problem. Treatment strategies where antiproliferative agents are used to inhibit tumour

regrowth between chemotherapy cycles are attractive, but such strategies are difficult to

test using conventional monolayer culture systems.

Methods: We used the in vitro tumour spheroid model to study regrowth of 3-D colon carci-

noma tissue after cytotoxic therapy. Colon carcinoma cells with wild-type or mutant phos-

phatidyl inositol 3-kinase catalytic subunit (PI3KCA) or KRAS alleles were allowed to form

multicellular spheroids and the effects of different pharmacological compounds were stud-

ied after sectioning and staining for relevant markers of cell proliferation and apoptosis.

Results: Studies using colon cancer cells with gene disruptions suggested that the phospho-

inositide 3-kinase (PI3K)-mammalian target of rapamycin (mTOR) pathway was essential

for proliferation in 3-D culture. The dual PI3K-mTOR inhibitor NVP-BEZ235, currently in

clinical trials, was found to inhibit phosphorylation of the mTOR target 4EBP1 in 3-D cul-

tured cells. The ability of NVP-BEZ235 to inhibit tumour cell proliferation and to induce

apoptosis was markedly more pronounced in 3-D cultures compared to monolayer cul-

tures. It was subsequently found that NVP-BEZ235 was effective in inhibiting regrowth of

3-D cultured cells after treatment with two cytotoxic inhibitors of the ubiquitin–protea-

some system (UPS), methyl-13-hydroxy-15-oxokaurenoate (MHOK) and bortezomib (Vel-

cade�).

Conclusions: The dual PI3K-mTOR inhibitor NVP-BEZ235 was found to reduce cell prolifera-

tion and to induce apoptosis in 3-D cultured colon carcinoma cells, NVP-BEZ235 is a prom-

ising candidate for use in sequential treatment modalities together with cytotoxic drugs to

reduce the cell mass of solid tumours.
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1. Introduction

Regrowth of tumour cells between cycles of chemotherapy is

a distinct clinical phenomenon that has been linked to drug

resistance and to poor clinical outcome.1–3 The probability

of tumour eradication is increased if the most effective dose

of drug can be administered, either by dose escalation or by

increasing dose density. Administration of a high drug doses

at the beginning of a chemotherapy cycle is usually not ben-

eficial to the patient since high doses often decrease the ther-

apeutical window of the drugs.4 A better option is to reduce

the time for tumour regrowth between therapy cycles by

increasing dose density. If there is a limit to the extent of

achievable tumour cell kill, other approaches must be devel-

oped to prevent the regrowth of residual tumour cells be-

tween cycles of therapy. One possible strategy is to combine

cytotoxic agents with agents that have low toxicity to normal

tissue and that inhibit cell proliferation of tumour cells.3 A

number of potentially useful ‘targeted therapies’ have been

developed during recent years, therapies which could be used

to inhibit cell regrowth of residual tumour cells. Little is

known about how such agents should be used to inhibit

repopulation, and this problem is difficult to study using con-

ventional in vitro cell culture systems.

The phosphoinositide 3-kinase (PI3K) signalling pathway is

linked to both growth control and glucose metabolism5. Akt

(protein kinase B) phosphorylates a number of cellular sub-

strates involved in processes such as cell growth and prolifera-

tion, cell survival, and metabolism.6 One of the mechanisms

leading to overactivation of the PI3K signalling pathway is the

presence of somatic mutations in the PIK3CA gene.7 Genetic dis-

ruption of the PI3K mutant allele in the colon carcinoma cell

lines HCT116 and DLD-1 was found toreduce their tumourigenic

properties.15 NVP-BEZ235 is a synthetic small molecular mass

compound belonging to the class of imidazoquinolines that po-

tently and reversibly inhibits class 1 PI3K catalytic activity by

competing at its ATP-binding site. NVP-BEZ235 also inhibits

mammalian target of rapamycin (mTOR) catalytic activity.8

Multicellular tumour spheroids (MTS) represent a model

for three-dimensional tumour tissue.9–12 The three dimen-

sional growth of cells in this model simulates the conditions

in intervascular microregions of tumours or micro-metastatic

foci.9 MTS follow the Gompertzian growth law, despite their

avascular growth.13 Spheroids have been used as a model to

study regrowth after cytotoxic therapy14 and represent a sim-

ple model to evaluate the principles of how cytotoxic and

antiproliferative agents can be used to eradicate solid tu-

mours. We here use MTS to examine regrowth of hypoxic tu-

mour cells after administration of a cytotoxic drug and to

study the effects of a growth inhibitory agent (NVP-BEZ235)

to control regrowth.

2. Materials and methods

2.1. Cell culture

HCT116 and DLD-1 colon carcinoma cells with mutant and

wild-type PI3KCA and KRAS alleles were generously provided

by Dr. Bert Vogelstein. Cells were maintained in McCoy’s 5A

modified medium/10% foetal calf serum at 37 �C in 5% CO2.
MelJuSo cells expressing Ub-GFP were maintained in Dul-

becco’s Modified Eagle’s Medium (DMEM) Glutamax/10% foetal

calf serum. Multicellular spheroids were formed essentially as

described using the hanging drop method.15 Spheroid growth

was determined by photographing spheroids and measuring

diameters using the DPXView Pro software (DeltaPix Aps, Maa-

lov, Denmark) followed by volume calculations.

2.2. Immunohistochemistry

Spheroid sections were deparaffinised with xylene, rehy-

drated and microwaved in citrate buffer (Thermo Scientific,

Freemont, CA, USA) and then incubated over-night with the

primary antibodies diluted in 1% (w/vol) bovine serum albu-

min and visualised by standard avidin–biotin–peroxidase

complex technique (Vector Laboratories, Burlingame, CA,

USA). Counterstaining was performed with Mayer’s haema-

toxylin. Antibody against active caspase-3 was from BD Bio-

sciences (used 1:1000), antibody to Ki67 (MIB-1) was from

Dako, Stockholm, Sweden (used at 1:800), antibody to cyclin

A from Leica Biosystems Newcastle, Newcastle upon Tyne,

(used 1:1000) and antibody to p27Kip1 from BD Biosciences

(used 1:1000). Hypoxia was studied using the Hypoxyprobe

kit (Hypoxyprobe Inc., MA, USA) according to the manufac-

turer’s instructions. In brief, 100 lM Hypoxyprobe was added

to the spheroids for 2 h incubation. Antibody directed to Hyp-

oxyprobe was used at 1:50.

2.3. Western blotting

Cell extract proteins were resolved by Bis-Tris PAGE gels or

Tris–Acetate gels (for ubiquitin conjugates) (Invitrogen, Carls-

bad, CA) and transferred onto a polyvinylidene difluoride

(PVDF) membrane. The membranes were incubated overnight

with antibodies against phosphorylated 4EBP1 (1:10000), 4EBP1

(1:8000) (Cellsignaling, MA, USA), ubiquitin (1:1000) (Millipore)

and actin (1:5000) (SIGMA, Sweden), washed and incubated

with HRP-conjugated anti-rabbit Ig (Amersham Biosciences,

Little Chalfont, UK) for 1 h. Peroxidase activity was developed

by SuperSignal West Pico (Pierce Biotechnology, Rockford, IL)

according to the manufacturer’s instructions.

2.4. Flow cytometry

Cells were treated with the indicated drugs and times, har-

vested and fixed with formalin for 10 min prior to analysis.

A FACSCalibur flow cytometer was used for detection of GFP

accumulation as well as for linear analysis of forward scatter

for size measurements.

2.5. Viability assessment

Cells were seeded in 96-well plates at a density of 8000 cells/

well. At the times indicated, wells were washed with phos-

phate buffered saline (PBS) and kept at –20 �C until analysed.

Acid phosphatase substrate tablets (4-Nitrophenyl phosphate

disodium salt hexahydrate) from SIGMA–Aldrich (Sweden)

were dissolved in sodium acetate buffer (0.1 M Na acetate,

0.1% Triton-X-100, pH 5). Substrate (100 ll) was added per well

and incubated for 2 h at 37 �C. The reaction was stopped by
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addition of 10 ll 1 N NaOH. Plates were read in a spectropho-

tometer at 405 nm. Acid phosphatase activity correlates to

cell number in the well16 and results are not (in distinction

to MTT [3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium

bromide] assays) affected by redox status of the cells.

2.6. Identification of the novel ubiquitin–proteasome
system (UPS) inhibitor methyl-13-hydroxy-15-oxokaurenoate
(MHOK)

The NCI Mechanistic Set (889 compounds) was screened for

agents that induce caspase activation in HCT116 MTS using

a previously described assay.15 Briefly, MTS were cultured in

96-well plates and treated for 24 h with 25 lM of each com-

pound in the library (final solvent concentration was 0.5%

DMSO; control wells received DMSO only). One of the

compounds identified in the screen was NSC620358 (Supple-

mentary Fig. 1). It was noticed after sectioning that this com-

pound induced apoptosis of outer layer cells, and that these

cells detached from the MTS (Supplementary Fig. 1).

3. Results

3.1. Standard chemotherapeutical agents induce limited
induction of apoptosis in HCT116 spheroids

We used HCT116 multicellular spheroids as an in vitro model

for solid tumour tissue. Spheroids were formed in 96 well

plates using the principle of hanging drops17 to achieve spher-

oids of homogeneous size. The cells in the cores of the spher-

oids were hypoxic as evidenced by staining for pimonidazole

adducts and were negative for the proliferation markers Ki67

and cyclin A (Fig. 1A). Hypoxia-induced cell cycle arrest has

previously been shown to be associated with expression of

the p27Kip1 CDK inhibitor,18 and we indeed observed strong

p27Kip1 staining in central areas of spheroids (Fig. 1A).

HCT116 cells have a p53wt genotype19 and it is known that

p53 is induced by severe hypoxia.20 We only observed scat-

tered p53-positive cells in the MTS, and no obvious correlation

to hypoxic regions (Fig. 1A).

A number of clinically used chemotherapeutical agents

were tested for their ability to induce apoptosis in HCT116

MTS, including cisplatin, doxorubicin, etoposide and vinblas-

tine (Fig 1B). Despite the use of drug concentrations that are

at least one order of magnitude higher than the IC50 in mono-

layer cultures, limited apoptosis was observed in MTS (Fig. 1B)

(lower concentrations induce almost no apoptosis, not shown).

Cisplatin, doxorubicin and etoposide are known to induce DNA

damage and the p53 response, but this response was limited to

peripheral cell layers of MTS (Fig. 1B).21 We conclude, that sim-

ilar to other models of tightly packed MTS such as the V79 mod-

el,14 HCT116 MTS are relatively resistant to anticancer drugs.

3.2. Regrowth after treatment with an inhibitor of the
ubiquitin–proteasome system

Most types of treatment, including the standard agents above,

resulted in regrowth of viable cells after several days of incu-

bation in drug-free medium. Regrowth was difficult to study,

however, since MTS contained an outer rim of dead cells
which made it difficult to estimate the size of the viable por-

tion of the spheroids. However, during screening of drug col-

lections using MTS as targets15,22 we identified an inhibitor of

the ubiquitin–proteasome system, methyl-13-hydroxy-15-

oxokaurenoate (Fig. 2A), which was particularly useful for

studies of regrowth. This agent is present in the NCI Mecha-

nistic drug library (www.dtp.nci.nih.gov) and is an analogue

of kaurenoic acid, a diterpene from the ‘kerosene tree’ (Copa-

ifera langsdorffii; evidence that MHOK is an inhibitor of the

UPS are found in Supplementary Fig. 1). At a concentration

of 20 lM, continuous MHOK treatment resulted in a volume

reduction of HCT116 spheroids by >50% (Fig. 2B). Treatment

with MHOK resulted in activation of caspase-3 in outer cell

layers as early as after 4 h, followed by detachment of these

cells (Fig. 2C). The remaining MTS cell masses have a defined

border of viable cells, facilitating accurate determination of

MTS size after drug exposure and further incubation. Cells

surviving MHOK treatment remained clonogenic after dis-

persal of spheroids by trypsin (data not shown). The rapid

detachment of outer cell layers at �4 h created a setting

where the effects of exposure of surviving hypoxic and

starved cells to oxygen and nutrients could be studied.

When MHOK-treated spheroids were monitored over time,

MTS volumes started to increase after a lag period (see below).

To examine the kinetics of reproliferation, spheroids were

fixed and sectioned at different times after drug treatment

and sections were stained for the proliferation markers cyclin

A (Fig. 2D) and Ki67 (Fig. 2E). After 9 and 12 h of treatment,

cells at the periphery of MTS were negative for both markers

(Fig. 2D and E). At 18 h, however, many cells were positive and

remained positive at 24 and 48 h (Fig. 2D and E). We conclude

from these experiments that the hypoxic cells of the HCT116

spheroid cores were able to reinitiate cell proliferation within

18 h after detachment of the outer cell layers and subsequent

reexposure to oxygen and nutrients.

3.3. PI3KCA mutation is required for growth of HCT116
colon cancer cells in multicellular spheroids

We were interested to determine if cytostatic therapy could be

used to inhibit regrowth of tumour cells in MTS after cyto-

toxic treatment. HCT116 colon carcinoma cells have a mutant

PI3KCA allele and a mutant KRAS allele.19 These mutations are

amongst the most frequently occurring in colon carcino-

mas,23 and lead to activation of downstream signalling path-

ways. In order to determine whether PI3KCA and/or KRAS

mutations are important for the proliferation of HCT116 cells

in MTS, we examined clonal derivatives where the mutant

alleles have been disrupted.24,25 Disruption of the PI3KCAmut

allele had only a minor influence on the rate of proliferation

of HCT116 cells in monolayer cultures (Fig. 3A). In contrast,

the volume of MTS formed by HCT116 PI3KCAwt/– cells did

not increase in size after formation (Fig. 3B), showing that

the PI3KCA mutation is essential for proliferation of HCT116

cells in 3-D culture. We attempted to test this hypothesis also

in DLD-1 cells, another colon cancer cell lines with a mutant

PI3KCA allele where a derivative with a disrupted mutant al-

lele is available. DLD-1 cells did not form compact spheroids,

however. We observed that PI3KCAwt/– DLD-1 cells proliferated

significantly slower than PI3KCAmut/wt cells in monolayer cul-

http://www.dtp.nci.nih.gov


Fig. 1 – Properties of HCT116 multicellular tumour spheroids (MTS) and their response to chemotherapeutical agents. (A)

Spheroids prepared in by plating 10,000 HCT116 cells in 96-well plates for 7 days as described,22 sectioned and stained for

pimonidazole adducts (PIMO), Ki67, Cyclin A, p27Kip1, p53 or active caspase-3. (B) Spheroids were treated with the indicated

agents for the times shown (continuous treatment) and stained for active caspase-3 or p53 as indicated. The diameter of each

spheroid was �500 lm.
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ture (Fig. 3C), suggesting that they would do so also in 3-D cul-

ture. In contrast to the strong effect on MTS growth by disrup-

tion of the mutant PI3KCA allele, KRASwt/– cells showed a

similar rate of spheroid growth as the KRASwt/mut parental

cells. In fact, the difference in proliferation of these cells

was larger in monolayer culture (Fig. 3D and E).

3.4. Growth inhibition of HCT116 human colon carcinoma
MTS by the dual PI3K/mTOR inhibitor NVP-BEZ235

The findings using genetically manipulated cells suggested

that inhibition of PI3K signalling may be effective in inhibition

of regrowth of HCT116 MTS after cytotoxic therapy. We there-

fore examined the effect of the dual pan-class I PI3K/

mTORC1/mTORC2 inhibitor NVP-BEZ2358 on the proliferation

of HCT116 and DLD-1 cells in monolayer and HCT116 cells in

spheroids. NVP-BEZ235 was found to strongly inhibit the
proliferation of DLD-1 cells, irrespective of the mutational sta-

tus of the PI3KCA gene (Fig. 3C). This result is consistent with

reports in the literature showing that NVP-BEZ235 induces

growth arrest in many cell lines.8,26–28 HCT116 cells were also

growth inhibited by NVP-BEZ235, but were less sensitive

(Fig. 3A). We conclude that NVP-BEZ235 has a growth inhibi-

tory effect on colon cancer cells with PI3KCAmut alleles, but

that the anti-proliferative effect is not dependent on PI3KCA

mutations.

Since disruption of the PI3KCA mutant allele had a strong

influence on the proliferation of HCT116 cells grown in 3-D

culture, we examined whether NVP-BEZ235 inhibits the 3-D

growth of HCT116 PI3KCAmut cells. We first demonstrated that

NVP-BEZ235 reduced the phosphorylation of the mTOR target

4EBP1 in MTS cultures to a similar degree as in monolayer cul-

tures (Fig. 4A), showing that the drug was able to reach the

majority of cells in the 3-D culture model at therapeutically



9 hrs

12 hrs

18 hrs

24 hrs

48 hrs

MHOK 20 µM (4 hr)

SP
H

ER
O

ID
 V

O
LU

M
E 

(%
)

MHOK (NSC620358)

ent-KAURENOATE

MHOK   -        +

50

100

CYCLIN A Ki67

CBA

ED

0 hrs

Fig. 2 – Effect of the ubiquitin–proteasome system (UPS) inhibitor methyl-13-hydroxy-15-oxokaurenoate (MHOK) on HCT116

multicellular tumour spheroids (MTS). (A) Structure of methyl-13-hydroxy-15-oxokaurenoate (NSC620358; MHOK) and ent-

kaurenoate. (B) Reduction of HCT116 MTS volume after treatment with 20 lM MHOK, data from three independent

experiments (+standard deviation). (C) MHOK induces apoptosis and detachment of cells in the peripheral layers of HCT116

MTS. MTS were treated with 20 lM MHOK for 4 h, fixed and stained for active caspase-3. The restriction of cell killing to outer

layers appears to be due to instability of the compound in cell medium; adding additional MHOK after 12 h leads to almost

complete killing of HCT116 MTS (data not shown). (D, E) Induction of cyclin A (D) and Ki67 (E) positivity in previously

quiescent cells following treatment with 20 lM MHOK. MTS were fixed, sectioned and stained after the indicated times. The

experiments shown in (C–E) were repeated 3–5 times with similar results.
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effective concentrations. Continuous treatment with NVP-

BEZ235 resulted in a complete inhibition of the growth of

HCT116 MTS, and to decreases in MTS volumes (Fig. 4B).

Treatment with NVP-BEZ235 for 4 days, followed by further

incubation in drug-free medium, resulted in regrowth of the
MTS after a lag period (Fig. 4B), showing that the drug does

not induce irreversible growth arrest. Consistent with the

finding of inhibition of spheroid growth, the number of Ki67

positive (proliferating) cells in the spheroid peripheral areas

decreased after treatment with NVP-BEZ235 (Fig. 4C).
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Fig. 3 – Role of the PI3KCA/mammalian target of rapamycin (mTOR) pathway for proliferation of HCT116 and DLD-1 colon

cancer cells under 2-D and 3-D conditions. (A) Monolayer growth of PI3KCAmut/wt and PI3KCAwt/- HCT116 colon carcinoma

cells. Cells were seeded in 96 well plates and treated with 0.2 lM NVP-BEZ235 where indicated. Cell proliferation was

determined by the acid phosphatase viability test (16). (B) Volumes of HCT116 PI3KCAmut/wt and PI3KCAwt/– MTS after

formation in 96 well plates. (C) Monolayer growth of PI3KCAmut/wt and PI3KCAwt/– DLD-1 colon carcinoma cells. Treatment with

0.2 lM NVP-BEZ235 and viability testing as in (A). Symbols used are the same as in (A). (D) Monolayer growth of HCT116 colon

carcinoma cells with KRASmut/wt and KRASwt/– alleles. Treatment with 0.2 lM NVP-BEZ235 and viability testing as in (A). (E)

Volumes HCT116 KRASmut/wt and KRASwt/– MTS after formation in 96 well plates. All measurements were performed in

triplicate and mean values + standard deviation are presented.
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The PI3K/Akt/mTOR pathway is known to be important for

regulation of cell proliferation and NVP-BEZ235 has previ-

ously been shown to inhibit proliferation of monolayer

tumour cells8,29 and able to retard tumour growth.8 The de-

crease in HCT116 MTS volume at early phases of treatment

was surprising since Ki67 positivity was not affected at 24 h

(Fig. 4C). One possibility was that volume reduction was asso-

ciated with increased apoptosis, although no signs of apopto-

sis were observed after treatment with NVP-BEZ235 in

monolayer cultures (consistent with the lack of effects on cell

proliferation, Fig. 3A). NVP-BEZ235 was also previously re-

ported not to induce apoptosis in various cell lines.8,29–31 We

did, however, observe increased active caspase-3 staining in

sections of NVP-BEZ235-treated spheroids (Fig. 4D). We also

examined apoptosis in HCT116 spheroids generated from

PI3KCAwt/– and PI3KCAwt/mut cells (Fig. 4D). Higher numbers

of cells staining for active caspase-3 were observed in PI3K-

CAwt/– MTS, consistent with the NVP-BEZ235 results. We also

considered the possibility that inhibition of the PI3K/AKT/

mTOR pathway by NVP-BEZ235 could reduce HCT116 cell

size.32,33 We did not, however, observe any effects of NVP-

BEZ235 on the size of HCT116 cells as determined by analysis

of forward scatter data from flow cytometry (Fig 4E). We
conclude from these experiments that NVP-BEZ235 reduces

cell proliferation and induces limited apoptosis of HCT116

cells in MTS. NVP-BEZ235 does not, however, eradicate spher-

oids and surviving cells retain proliferative capacity.

3.5. Sequential treatment with proteasome inhibitors and
NVP-BEZ235

The experiments presented above suggested that sequential

treatment with MHOK and NVP-235 should be effective in

reducing 3-D cell mass. Indeed, treatment with MHOK (day

4) followed by NVP-BEZ235 treatment (day 5–12) was found

to lead to a spheroid volume �15% of that prior to MHOK

treatment (Fig. 5A). In comparison, omitting NVP-BEZ235

post-treatment lead to regrowth of MTS. MHOK was found

to have a strong cytotoxic effect also on MTS that had been

pretreated with NVP-BEZ235 (Fig. 5B). Spheroid volumes were

reduced to 29.2 ± 2.5% compared to the volume before MHOK

treatment and decreased further during the next few days to

<5% of the volume at day 1. These experiments show that

combining continuous NVP-BEZ235 treatment with one cycle

of treatment with the cytotoxic agent MHOK leads to an

almost complete eradication of HCT116 MTS.



Fig. 4 – Effect of NVP-BEZ235 on HCT116 multicellular tumour spheroids (MTS). (A) NVP-BEZ235 (0.2 lM) inhibits

phosphorylation of the mammalian target of rapamycin (mTOR) target 4EBP1 in both monolayer and spheroid cultures.

Lysates were prepared after 24 h of treatment and subjected to Western blotting using the indicated antibodies. (B) Effect of

NVP-BEZ235 on HCT116 MTS volumes. Cells were treated with NVP-BEZ235 (0.2 lM) or vehicle (0.5% DMSO) as indicated.

Measurements were performed in triplicate and mean values + standard deviation are presented. (C) Decrease of Ki67

staining of HCT116 MTS after treatment with NVP-BEZ235. MTS were treated with 0.2 lM NVP-BEZ235 for the indicated times,

fixed and stained for Ki67. (D) Increase in caspase-3 staining after treatment with 0.2 lM NVP-BEZ235 and in PI3KCAwt/– cells.

MTS were treated with 0.2 lM NVP-BEZ235 for 24 h, fixed, sectioned and stained with an antibody to active caspase-3. A

similar result was observed in three independent experiments. In the lower panel, HCT116 cells with the indicated genotypes

were allowed to form spheroids for 7 days, fixed and stained with an antibody to active caspase-3. (E) HCT116 cells treated for

24 h with 0.2 lM NVP-BEZ235, fixed and analysed on forward scatter by flow cytometry. CB21 is an iron chelator that causes

cell cycle arrest and increases in cell size (Hernlund et al., unpublished) and was included as a positive control.
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Fig. 5 – NVP-BEZ235 inhibits multicellular tumour spheroids (MTS) regrowth after treatment with ubiquitin–proteasome

system (UPS) inhibitors. (A, B) HCT116 MTS were treated with methyl-13-hydroxy-15-oxokaurenoate (MHOK) and NVP-

BEZ235 in sequence as indicated. MTS volumes were determined at different time points. (C) MTS were treated with

bortezomib for 24 h, fixed, sectioned and stained for active caspase-3. Cells staining positive for active caspase-3 are

preferentially observed in peripheral cell layers (examples shown indicated by arrows). (D) HCT116 MTS were treated with

bortezomib (0.1 lM) and daily NVP-BEZ235 (0.2 lM) in sequence as shown and volumes were determined. All measurements

were performed in triplicate and mean values + standard deviation are presented.
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Although MHOK is a useful agent for in vitro studies, this

agent does not inhibit tumour growth in vivo (our unpub-

lished data). Another inhibitor of the UPS, bortezomib

(Velcade�) is in clinical use against multiple myeloma. Bort-

ezomib induces apoptosis in several human tumour cell

lines,34–37 but has poor efficiency against human solid tu-

mours.38 We were therefore interested in determining

whether the effect of bortezomib would be potentiated by

NVP-BEZ235 in a sequential treatment schedule. As shown

in Fig. 5C, and similar to the drugs tested in Fig. 1B, bortezo-

mib induced limited induction of caspase-3 in HCT116 MTS.

Spheroids treated with 0.1 lM bortezomib for 24 h followed

by a change to drug free-medium decreased in size over the

first 3 days by �50% compared to control (Fig. 5D). Regrowth

of the spheroids occured at later times. The regrowth is effi-

ciently inhibited by the daily addition of 0.2 lM NVP-BEZ235

(Fig 5D).
4. Discussion

A major problem in treatment of solid tumours is that hypoxic

and quiescent cell populations distant from tumour vessels

may not be reached by anticancer drugs at effective concentra-

tions. Combining different drugs may not necessarily solve this

problem. In fact, drugs that inhibit cell proliferation may antag-

onise theactivityofcytotoxicdrugs,39–41 anexpectedeffect since

the proliferative state of the tumour cell population is of key

importance for determining sensitivity to many anticancer

agents.42 Even in situations where drug combinations are syner-

gistic on cells cultured in monolayers, results may not apply

in vivo since drugs may not necessarily reach the populations

of cells in 3-D tumour tissue at the necessary concentrations

at the same point in time. Testing modalities such as sequential

treatment is difficult to perform on monolayer cultures, and re-

sults are difficult to interpret since monolayer cultures do not
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contain populations of hypoxic and quiescent cells present in

solid tumours. We here studied the sequential treatment of

3-D multicellular colon cancer spheroids with cytotoxic protea-

some inhibitors and a PI3K/mTOR inhibitor. The identification

and use of MHOK made it possible to study the kinetics of cell cy-

cle entry of cells in previously hypoxic areas in HCT116 MTS. We

found that previously quiescent tumour cells became positive

for cyclin A and Ki67 within 18 h after exposure to oxygen and

nutrients, showing that reproliferation of tumour cells can – at

least under some conditions – be initiated rapidly. The PI3K/

mTOR inhibitor NVP-BEZ235 was found to be effective in block-

ing regrowth of MTS after MHOK treatment. The combination of

MHOK and NVP-BEZ235 reduced the volume of HCT116 MTS to

<5% of the initial volume; a quite dramatic effect considering

numerous reports of resistance of MTS to chemotherapeutical

agents (see11,21,43).MHOKisnot effective invivo (ourunpublished

data) and we also examined whether NVP-BEZ235 would inhibit

regrowth after treatment with the proteasome inhibitor bort-

ezomib (Velcade�), approved for treatment of multiple myelo-

ma. Bortezomib induces apoptosis in several human tumour

cell lines34–37 (see www.dtp.nci.nih.gov for activity on the

NCI60 panel), but has poor efficiency against human solid tu-

mours.38 We indeed found that sequential treatment with

NVP-BEZ235 and bortezomib was effective in reducing the size

of HCT116 MTS, encouraging further testing of this treatment

modality in animal models.

Issues of whether anticancer drugs penetrate tissue effi-

ciently and reach cells at effective concentrations are often

neglected.44,45 NVP-BEZ235 strongly inhibited mTOR signal-

ling in MTS, showing that the drug is able to penetrate into

3-D tissue and reach cells that overexpress the pathway.

NVP-BEZ235-treatment resulted in decreased Ki67 and cyclin

A labelling. The inhibitor also caused an initial decrease in

MTS volume, most likely due to induction of apoptosis.

NVP-BEZ235 did not show detectable induction of apoptosis

in HCT116 monolayer cultures (not shown), and has gener-

ally not been reported to induce apoptosis in other cell

types.8,29–31 It is therefore possible that tumour cells in 3-D

tissue are more sensitive to NVP-BEZ235 compared to cells

in exponential monolayer culture. The observation of in-

creased apoptosis in MTS formed by HCT116 PI3KCAwt/– cells

is consistent with this hypothesis. However, despite the

induction of apoptosis, spheroid regrowth was observed

when NVP-BEZ235 was no longer added, showing that a pop-

ulation of cells remained viable and retained proliferative

capacity.

We here show that NSC620358, methyl-13-hydroxy-15-

oxokaurenoate, is an inhibitor of the UPS as evidenced gene

expression profiling, accumulation of high-molecular-weight

ubiquitin complexes and functional blocking of the protea-

some. Methyl-13-hydroxy-15-oxokaurenoate is chemically

closely related to ent-kaurenoate, commonly found it many

plants. NSC620358 is cytotoxic to most cell lines in the

NCI60 panel, but is particularly active on leukaemia cell lines

(average GI50 on leukaemia cell lines: 0.27 lM, average GI50

on all cell lines: 1.5 lM; www.dtp.nci.nih.gov). MHOK was

found to induce apoptosis of an FaDu xenograft model

in vivo as evidenced by increases in levels of the caspase-
cleaved keratin 18 (ccK 18) plasma biomarker,46 but tumour

growth was not significantly affected (data not shown). The

compound may therefore affect a minor fraction of cells also

in vivo, leading to shedding of apoptosis products into blood

from cells situated close to tumour vessels, but not to a major

response in terms of tumour regression. MHOK is, however,

useful as a reagent for studies of MTS due to its ability to in-

duce cell death of peripheral cells.

Multicellular spheroids have been used as a model to study

regrowth after cytotoxic therapy14 and represent simple mod-

els to evaluate the principles of how drugs can be combined to

eradicate solid tumours. A limitation of the MTS system is

that although a number of different cell lines form MTS,47

not all cell lines do so. We here aimed to examine the growth

of HCT116 and DLD-1 colon carcinoma spheroids with wild-

type and mutant PI3KCA alleles, but only obtained compact

spheroids using HCT116 cells. DLD-1 cells have been reported

to form spheroids,48 but the strain tested here did not gener-

ate compact spheroids. HCT116 cells, on the other hand, form

compact spheroids containing hypoxic and quiescent cells in

the cores. These cells expressed the cyclin-dependent kinase

inhibitor p27Kip1, previously found to be induced by hypox-

ia18,49,50 and essential for blocking cell cycle progression in

hypoxic cells.18

Preclinical drug testing should routinely involve mono-

layer cultures, 3-D culture systems and animal models. Our

results suggest that 3-D multicellular spheroids may be more

sensitive to PI3K/mTOR inhibition compared to monolayer

cells and suggest that treatment modalities where bortezo-

mib (or other cytotoxic therapies) are used in sequence with

NVP-BEZ235 may be worth exploring.
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