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Superior antimitogenic and chemosensitization
activities of the combination treatment of the histone
deacetylase inhibitor apicidin and proteasome
inhibitors on human colorectal cancer cells
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Abstract. Despite the effectiveness of histone deacetylase
inhibitors, proteasome inhibitors and cytotoxic drugs on human
cancers, none of these types of treatments by themselves has
been sufficient to eradicate the disease. The combination of
different modalities may hold enormous potential for eliciting
therapeutic results. In the current study, we examined the
effects of treatment with the histone deacetylase inhibitor
(HDACI) apicidin (APC) in combination with proteasome
inhibitors on human colorectal cancer cells. The molecular
mechanisms of the combined treatments and their potential to
sensitize colorectal cancer cells to chemotherapies were also
investigated. Cancer cells were exposed to the agents alone
and in combination, and cell growth inhibition was determined
by MTT and colony formation assays. HDAC, proteasome and
NF-«B activities as well as reactive oxygen species (ROS)
were monitored. Cell cycle perturbation and induction of
apoptosis were assessed by flow cytometry. The expression of
cell cycle/apoptosis- and cytoprotective/stress-related genes
was determined by quantitative PCR and EIA, respectively.
The potentiation of cancer cell sensitivity to chemotherapies
upon APC/PI combination treatment was also studied. The
combination of APC and MG132, PI-1 or epoxomicin potently
inhibited cancer cell growth, disrupted the cell cycle, induced
apoptosis, decreased NF-xB activity and increased ROS
production. These events were accompanied by the altered
expression of genes associated with the cell cycle, apoptosis
and cytoprotection/stress regulation. The combination treat-
ment markedly enhanced the chemosensitivity of colorectal
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cancer cells (50-3.7x10%-fold) in a drug-, APC/PI combina-
tion- and colorectal cancer subtype-dependent manner. The
results of this study have implications for the development
of combinatorial treatments that include HDACIs, PIs and
conventional chemotherapeutic drugs, suggesting a potential
therapeutic synergy with general applicability to various types
of cancers.

Introduction

Histone deacetylase inhibitors (HDACISs) and proteasome inhib-
itors (PIs) have recently emerged as new groups of therapeutic
agents that are effective in treating a variety of malignancies (1).
HDACISs are anticancer drugs that have moved rapidly through
clinical development, and in 2006, vorinostat (SAHA, Zolinza)
was approved by the FDA for the treatment of cutaneous T cell
lymphoma (2). The targets of these compounds include class
I, IT and IV HDACS, which function in deacetylating histone
proteins to induce chromatin remodeling and altered gene tran-
scription. Numerous non-histone proteins can also be modified
by acetylation, and thus, the inhibition of HDAC activity can
affect various molecular processes. This broad effect on protein
function may account for the pleiotropic responses generated
by HDACTSs, including the induction of tumor cell apoptosis,
cell cycle arrest, antitumor activity in vivo, cell differentiation,
morphological changes in oncogene-transformed cells, inva-
sion and angiogenesis (3).

The ability of HDACTs to selectively induce tumor cells to
undergo apoptosis has been key to their therapeutic efficacy
in pre-clinical models. Moreover, HDACIs can augment the
apoptotic effects of other anticancer agents that have diverse
molecular targets. Although HDACIs are promising anti-
cancer drugs, particularly given their ability to be combined
with other agents, identifying the key molecular events that
determine the biological response of cells to HDACI treatment
remains a challenge (3).

APC, an HDACI isolated from Fusarium sp., was first
reported to be a reversible inhibitor of the in vitro development
of apicomplexan parasites. APC acts by inhibiting the HDAC
enzyme of the parasite, and it was later shown to promote the
anti-proliferative activity and differentiation of mammalian
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cells (4). APC has been shown to exhibit antitumor activities
in several human cancers, including leukemia, cervical cancer,
gastric cancer and breast cancer (5). In addition, APC has been
found to reverse the transformation of the human cervical
cancer cells, HeLLa and H-ras-transformed human breast cancer
cells (6). Studies have demonstrated that APC induces apoptosis
through the selective induction of Fas/Fas ligand, resulting in the
release of cytochrome ¢ from the mitochondria and the subse-
quent activation of caspase-9 and caspase-3 (7). Very recently,
APC has been shown to induce apoptosis by endoplasmic stress
and mitochondrial dysfunction via PLCyl activation, Ca*
release, and reactive oxygen species generation (8).

Accumulating evidence has suggested that transcriptional
activation by HDACISs requires a mechanism other than chro-
matin remodeling, such as through histone hyperacetylation,
which is associated with protein kinase signaling pathways (9),
or acetylation of non-histone proteins, including p53 or
NF-«B (10). The NF-«B signaling pathway is appreciated as
one of the pivotal modulators of specific gene expression and
differential cellular responses by HDACTIs.

NF-«B is a well-known transcription factor that regulates
the expression of a large number of genes in response to a
variety of cellular conditions. Recent studies have demonstrated
that NF-kB provides an anti-apoptotic signal in many different
cancer cells (11). NF-kB is thought to reside in the cytoplasm
in an inactive form, bound by the IxkB family of inhibitory
proteins (12). However, it may shuttle between the nucleus
and cytoplasm in unstimulated cells (13). Stimulation of cells
with specific inducers activates the IkB kinase (IKK) complex,
leading to the phosphorylation of serines 32 and 36 of IxBa
or serines 19 and 23 of IkBf (14). This phosphorylation event
triggers rapid ubiquitination and subsequent degradation of IxB
proteins through the 26S proteasome complex, allowing the free
NF-«B protein to translocate into the nucleus and activate the
transcription of its target genes (15). The interaction of NF-xB
with histone acetyltransferase (HAT)-containing coactivators,
including p300/CBP, the steroid receptor-coactivator-1, and
the p300/CBS-associated factor, has been shown to activate
transcription. Previously, it has been reported that the acetyla-
tion of NF-«kB is responsible for sustaining NF-kB-dependent
transcription (16), and this process is regulated by the HDAC
family of proteins, including HDAC-1, -2 and -3 (17).

The proteasome is a proteolytic complex that is responsible
for the intracellular degradation of numerous ubiquitinated
proteins that are involved in apoptosis and cell cycle regu-
lation. Bortezomib (Velcad; Millennium Pharmaceuticals,
Boston, MA, USA), a first-class proteasome inhibitor that is
approved by the FDA for the treatment of multiple myeloma
and mantel cell lymphoma, acts by targeting the catalytic
208 core of the proteasome and inducing apoptosis in cancer
cells (18). Among other mechanisms, proteasome inhibitors
lead to the cytoplasmic accumulation of the IkB protein,
resulting in reduced NF-kB activity. The purpose of the
current study was to determine whether the small-molecule
proteasome inhibitors, MG132, P1-1 and EPM, could sensitize
colorectal cancer cells to APC-mediated apoptosis. We also
assessed whether combined treatments involving APC and the
MGI132, PI-1, and EPM PIs could sensitize colorectal cancer
cells to conventional chemotherapeutic drugs and induce
them to undergo apoptosis. Finally, the potential underlying
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molecular mechanisms that control the cell cycle, apoptosis,
survival, and stress-regulatory pathways were investigated.

Materials and methods

Cell culture. Human colorectal cancer cell lines (SW1116
and SW837) and normal human fibroblasts (CRL1554) were
obtained from the ATCC (American Type Culture Collection,
VA, USA). The SW1116 and SW837 cell lines were cultivated
in 90% Leibovitz's L15 medium containing 10% fetal bovine
serum. The L15 medium was formulated for use in a free
gas exchange with atmospheric air. The CRL1554 cells were
cultivated in Dulbecco's modified Eagle's medium (90%)
containing fetal bovine serum (10%).

Chemicals. Apicidin [cyclo(N-O-methyl-L-tryptophanyl-L-
isoleucinyl-D-pipecolinyl-L-2-amino-8-oxodecanoyl)] was
purchased from Sigma (St. Louis, MO, USA). The following
proteasome inhibitors: MG132, proteasome inhibitor 1 (PI-1)
and epoxomicin (EPM) were obtained from Biomol
International, Enzo Life Sciences International, Inc. (Plymouth
Meeting, PA, USA). Falcon plastic ware was purchased from
BD Biosciences (San Jose, CA, USA). Trypsin, Leibovitz's L-15
and EMEM media, fetal bovine serum (FBS), and penicillin/
streptomycin (200X solutions) were obtained from Mediatech,
Inc. (Herndon, VA, USA). An Annexin V-FITC apoptosis
detection kit was obtained from BD Hoffmann-La Roche, Inc.
(Nutley, NJ, USA). A DNA-prep kit was obtained from
Beckman Coulter (Miami, FL, USA). Primers, Tagman probes
and all other reagents for RT-PCR and real-time qPCR were
obtained from Applied Biosystems (Foster City, CA, USA).
Cayman's NF-kB (p65) transcription factor assay kit was
obtained from Cayman Chemical (Ann Arbor, MI, USA).
HDAC activity assay and nuclear/cytosol fractionation kits
were obtained from BioVision, Inc. (Milpitas, CA, USA). The
20S proteasome assay kit for drug discovery was purchased
from Biomol International, Enzo Life Sciences International,
Inc. PhosphoDetect™ JNK, PhosphoDetect ERK1/2 and
PhosphoDetect Akt ELISA kits were obtained from
Calbiochem-Novabiochem (Beeston, Nottingham, UK). All
other chemicals were purchased from Sigma Chemicals
(St. Louis, MO, USA).

Cell proliferation. The effects of the proteasome inhibitors on
the antimitogenic activity of APC on colorectal cancer cells was
evaluated by the 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltet-
razolium bromide (MTT) assay as previously described (19).
Cancer cells were incubated with various concentrations
of APC (0.06-1.0 uM) for 24 h followed by incubation with
MG132 (0.15,0.3 uM), PI-1 (7.8, 15.6 nM) or EPM (2.8, 5.6 nM)
for 72 h. The culture media were then discarded, and 100 pl of
MTT (5 mg/ml in culture medium, sterile-filtered) was added
to each well. The plate was then incubated for 4 h at 37°C.
The MTT solution was aspirated, and the resulting formazan
crystals were dissolved by incubation for 20 min in 200 ul/well
of DMSO: ethanol (1:1 v/v) at ambient temperature. Changes in
absorbance were measured at A540 and 650 nm. Control cells
were incubated in media supplemented with DMSO at a final
concentration of 0.2%; the growth and survival of cells are not
affected at this concentration of DMSO.
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Colony formation assay. The effect of APC, proteasome inhib-
itors (MG132, PI-1 or EPM) and APC/PI combinations on the
colony formation of colorectal cancer cells was determined by
a colony formation assay as previously described (19). SW1116
and SW837 cells were plated (2.5x10° cells/ml) in 24-well
plates and incubated in a non-CO, incubator for 18 h followed
by further incubation for 24 h with APC (3.4 uM), proteasome
inhibitors [MG132 (1.5 uM), PI-1 (36 nM) or EPM (26 nM))]
and APC/PI combinations. The cells were then trypsinized,
counted, plated at 500 cells/ml in a 6-well plate, and incubated
in a non-CO, incubator for 10-14 days. The treated cells were
fixed in 100% methanol for 30 min at room temperature and
stained with 0.1% crystal violet for 1 h, and the stained colo-
nies were counted and compared with a control.

The effect of APC, proteasome inhibitors (MG132, PI-1
and EPM) and APC/PI combinations on normal human fibro-
blast cells (CRL1554) was also monitored as described above
using an inverted microscope and an MTT assay.

HDAC activity. The colorimetric HDAC activity assay kit
(BioVision, Inc.) was used to monitor histone deacetylase
activity in cancer cell nuclear extracts according to the manu-
facturer's instructions. The SW1116 and SW837 cancer cell lines
(2.5x10° cells/ml) were plated in 24-well plates and incubated in
a non-CO, incubator for 18 h followed by treatment with APC
(3.4 uM) for 24 h. The nuclear extracts of both untreated and
APC-treated cells (50 ul) were diluted to 85 ul (final volume)
with ddH,O and plated in a 96-well plate. For background
reading, only 85 ul of ddH,O was added. A HeLa cell nuclear
extract (10 pl) was diluted with 75 pl of ddH,O and used as
a positive control. For the negative control, the tested nuclear
extract was diluted into 83 pl, and then 2 ul of TSA (HDACI,
1 mM) was added; alternatively, a known sample containing
no HDAC activity was used. Ten microliters of the 10X HDAC
assay buffer and 5 ul of the HDAC colorimetric substrate [Boc-
Lys (Ac)-pNA, 10 mM] was added, the solution was mixed
thoroughly, and the plates were incubated at 37°C for 1 h. The
reaction was stopped by adding 10 ul of lysine developer, and
the plates were incubated at 37°C for 30 min. The plates were
then read in an ELISA plate reader at 400 or 405 nm.

Proteasome activity. Proteasome activity in the cancer cell
extracts was monitored using the 20S proteasome assay kit for
drug discovery according to the manufacturer's instructions.
SW1116 and SW837 cells (2.5x10° cells/ml) were plated in
24-well plates and incubated in a non-CO, incubator for 18 h
followed by treatment with proteasome inhibitors [MG132
(1.5 uM), PI-1 (36 nM) or EPM (26 nM)] for 24 h. Cell extracts
of untreated and proteasome inhibitor-treated cancer cells were
prepared using a nuclear/cytosolic fractionation kit (BioVision,
Inc.). The cytosolic extracts (0.5 ug) and positive and negative
controls were then incubated with 75 M proteasome substrate
(Suc-LLVY-AMC) in 100 pl of assay buffer (20 mM Tris-HCl,
pH 8.0) for 90 min at 37°C. A VersaFluor™ fluorometer with
excitation at A360 nm and emission at A460 nm (Bio-Rad) was
used to monitor fluorescence release from AMC (7-amido-4-
methyl-coumarin).

NF-kB activity. NF-xB (p65) activity was determined by
Cayman's NF-xB (p65) transcription factor assay according
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to the manufacturer's instructions. SW1116 and SW837 cells
(2.5x10° cells/ml) were plated in 24-well plates and incubated
in a non-CO, incubator for 18 h. The cells were then incubated
with APC (3.4 uM), proteasome inhibitors [MG132 (1.5 uM),
PI-1 (36 nM) or EPM (26 nM)] and APC/PI combinations for
24 h, and nuclear extracts were purified using a nuclear/cytosol
fractionation kit. A specific double-stranded DNA sequence
containing the NF-«B response element was immobilized onto
the wells of a 96-well plate as part of the assay. A specific
primary antibody directed against NF-xB (p65) was used for
detection in the nuclear extracts or in a positive control, and a
second antibody conjugated to HRP was used for the readout
at 2450 nm.

Reactive oxygen species (ROS) assay. ROS were analyzed
as previously described (8) using 2', 7'-dichlorofluorescein
diacetate (DCFH-DA) (Sigma Chemicals). DCFH-DA is
a stable, non-fluorescent cell-permeable compound that
becomes fluorescent (dichlorofluorescein) in the presence of
active radicals and emits green fluorescence upon excitation
at 485 nm. The extent of ROS generation was measured by
quantifying fluorescence intensity. SW1116 and SW837 cells
(2.5x10° cells/ml) were plated in 24-well plates and incubated
in a non-CQO, incubator for 18 h before treatment with APC
(3.4 uM), proteasome inhibitors [MG132 (1.5 M), PI-1
(36 nM) or EPM (26 nM)] and APC/PI combinations (or
solvent alone) for 48 h. The cells were subsequently washed
and incubated with 10 uM DCFH-DA in phosphate buffered
saline at 37°C for 30 min. Fluorescence was analyzed on a
microtiter plate reader at 485-nm excitation and 535-nm
emission. Production of ROS was determined by comparing
the intensity of fluorescence between treated and untreated
cells. The functional role of ROS generation on cell death was
assessed using the free radical scavenger, L-N-acetylcysteine
(L-NAC) (Sigma Chemicals). Cells were preincubated with
15 mM L-NAC for 3 h, treated with APC, PIs and APC/PI
combinations for 48 h and assessed for cell death as described
above.

Cell cycle analysis. The distribution of cells in cell cycle phases
(Gy/Gy, S, and G,/M) was determined by flow cytometry by
measuring the DNA content of nuclei labeled with propidium
iodide as previously described (20). SW1116 cancer cells
(2.5x10° cells/ml) were plated in 24-well plates and incubated
at 37°C in a non-CO, incubator. Eighteen hours after seeding
the cells in culture, the cells were treated with APC (3.4 uM),
proteasome inhibitors [MG132 (1.5 uM), PI-1 (36 nM) or EPM
(26 nM)] and APC/PI combinations for 24 h. Untreated and
drug-treated cells were collected by trypsinization, washed
with cold phosphate buffered saline (PBS) and counted. A
DNA-prep kit (Beckman Coulter) and a DNA-prep EPICS
workstation (Beckman Coulter) were used to process the cells
as follows: the cells were treated with a cell-membrane perme-
abilizing agent followed by propidium iodide and RNase and
incubated at room temperature for 15 min before analysis by
flow cytometry (Beckman Coulter, Nyon, Switzerland). The
percentage of cells in various cell cycle phases was calculated
using the Phoenix statistical software package with advanced
DNA cell cycle software (Phoenix Flow System, San Diego,
CA, USA).
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Assessment of apoptosis. Induction of apoptosis in colorectal
cancer cells treated with APC, PIs and APC/PI combinations
was determined using an Annexin V-FITC apoptosis detec-
tion kit according to the manufacturer's instructions. SW1116
cancer cells (2.5x10° cells/ml) were plated in 24-well plates and
incubated at 37°C in a non-CO, incubator. The cells were then
treated with APC (3.4 uM), proteasome inhibitors [MG132
(1.5 uM), PI-1 (36 nM) or EPM (26 nM)] and APC/PI combi-
nations for 24 h. Control and treated cells were resuspended
in a 100 yul staining solution containing Annexin V-FITC and
propidium iodide in HEPES buffer, incubated at room temper-
ature for 15 min, and analyzed by flow cytometry. Annexin V
binds to cells expressing phosphatidylserine on the outer layer
of the cell membrane, whereas propidium iodide stains the
cellular DNA of cells with a compromised cell membrane.
This allows the discrimination of live cells (unstained with
either fluorochrome) from apoptotic cells (stained only with
Annexin V) and necrotic cells (stained with both Annexin V
and propidium iodide).

mRNA expression of genes associated with apoptosis and cell
cycle regulation. Expression of cell cycle- and apoptosis-asso-
ciated genes in control and drug-treated cells was determined
by real-time polymerase chain reaction (QRT-PCR) using an
ABI 7000 SDS system (Applied Biosystems) and the compara-
tive AACt method (19). Ready-made assays-on-demand that
target specific genes with probes and primers were obtained
from Applied Biosystems. The targets and their Applied
Biosystems assay numbers for the cell cycle regulatory genes
were: cdkl (Hs00364293_m1), cdk2 (Hs00608082_ml),
cdk4 (Hs00364847_m1l), cdk6 (Hs00608037_ml.), cdc25A
(Hs00153168_ml), p15 (Hs00394703_m1), p19 (Hs00176481_
ml), p21 (Hs00355782_m1), and p27 (Hs00197366_m]1).

The targets and their Applied Biosystems assay numbers
for the pro-apoptotic, anti-apoptotic and caspase genes
were: Bax (Hs00180269_m1), Bim (Hs00375807_ml),
Apafl (Hs00559441_m1), cIAP-1 (Hs0023691_ml),
¢-1AP-2 (Hs00985029_m1), Bcl2 (Hs00608023_ml),
x-IAP (Hs00236913_ml), casp2 (Hs00154242_ml),
casp3 (Hs00234387_ml), casp6 (Hs00154250_m1l), casp7
(Hs00169152_m1), and casp9 (Hs00154260_m1). GAPDH
was used as an endogenous control to normalize the expression
values for each sample. For the comparative Ct method, we
performed a two-step RT-PCR to obtain cDNA and carried out
real-time quantitation using the target gene expression assays
and Tagman Universal Master mix (Applied Biosystems).

SWI1116 cancer cells (2.5x10° cells/ml) were plated in
24-well plates and incubated in a non-CO, incubator for 18 h.
The cells were then treated with APC (3.4 uM), proteasome
inhibitors [MG132 (1.5 uM), PI-1 (36 nM) or EPM (26 nM))]
and APC/PI combinations for 24 h. mRNA was extracted
using the nucleospin RNAII ready-to-use system (Macherey-
Nagel), and 200 ng/ul of mRNA was used in the RT reaction.
Contaminating DNA was eliminated with DNase-I treatment
for 20 min at 25°C, followed by heat inactivation for 10 min at
65°C prior to cDNA synthesis using the high capacity cDNA
reverse transcription kit (Applied Biosystem) according to
the manufacturer's instructions. For each sample, 2.5 ul of
cDNA and 12.5 ul of Tagman Universal Master mix (2X)
were used, and the final volume was adjusted to 25 ul with
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nuclease-free water on an optical 96-well reaction plate
(Applied Biosystems). Real-time PCR was performed on an
ABI 7000 SDS system using ABI Prism's SDS collection
software version 1.1 (Applied Biosystems). Real-time PCR
conditions followed the protocol given by the manufacturer
of the Tagman Universal Master mix: step 1, 95°C for
10 min; step 2, 94°C for 15 sec; and step 3, 60°C for 1 min.
The samples were analyzed using SDS collection software
version 1.1 by setting the baseline between 3 and 15 and
the threshold at 0.2. The amount of target normalized to an
endogenous reference and relative to a calibrator (untreated)
was determined by 224, and the log comparative Ct is
presented graphically.

Expression of phospho-JNK1/2, phospho-ERK1/2 and phospho-
Akt. The phosphorylated forms of JNK1 and INK2 at Thr'®* and
Tyr'®, the phosphorylated forms of ERK1 at Thr*** and Tyr***
and ERK?2 at Thr'®® and Tyr'®” and the phosphorylated Akt at
Thr'® were determined in both treated and untreated cancer
cell extracts using the following PhosphoDetect ELISA Kkits:
INK1/2 (pThr'®/pTyr'®) (Calbiochem-Novabiochem: CBA007),
ERK1/2 (pThr'®/pTyr'®") (Calbiochem-Novabiochem: CBA006)
and Akt (pThr*®®) (Calbiochem-Novabiochem: CBA004).
SW1116 and SW837 cancer cells (2.5x10° cells/ml) were plated
in 24-well plates and incubated in a non-CO, incubator for 18 h.
The cells were then treated with APC (3.4 uM), proteasome
inhibitors [MG132 (1.5 uM), PI-1 (36 nM) or EPM (26 nM)]
and APC/PI combinations for 48 h. The phosphoprotein assays
were performed according to the manufacturer's instructions.

Chemosensitization potential of the APC and proteasome
inhibitor combinations. The potential of the combined treat-
ments with APC and proteasome inhibitors (MG132, PI-1 or
EPM) to sensitize human colorectal cancer cells to standard
chemotherapeutic drugs was investigated as previously
described (20) with some modifications. Briefly, SW1116
and SW837 cells were plated (27x10° cells/well) in 96-well
plates at 37°C in a non-CO, incubator. Eighteen hours after
starting the culture, the cells were treated for 24 h with various
concentrations of the following: camptothecin, CPT (64x101°
- 1x10* M), 5FU (41.6x10° - 0.65x10* M), oxaliplatin,
OXP (4x107'° - 0.06x10** M), doxorubicin, DOX (55x10!! -
0.85x10 M), carboplatin, CAP (43.5x10'° - 0.86x10"* M),
cisplatin, CIP (26.88x107 - 0.42x10* M), taxol, TAX
(93.44x107'° - 1.4x10** M), cyclophosphamide, CPA (14x10~°
- 0.22x10°* M), vincristine, VCR (16x10"" - 2.5x10”° M), etopo-
side, ETP (25.6x10"° - 0.4 x10-* M), ellipticine, ELP (12.8x10'°
-0.2x10* M), amsacrine, AMS (80x10™'" - 1.25x10-5 M), homo-
harringtonine, HHG (12.8x10"" - 0.2x10-> M), or aphidicolin,
APD (17.28x10'! - 0.27x10”° M). The drug was then removed,
and the cells were washed with HBSS and treated with combi-
nations of APC (62 nM)/MG132 (0.25 uM), APC (240 nM)/
MGI132 (0.16 uM), APC (96 nM)/PI-1 (10 nM), APC (48 nM)/
PI-1 (7.8 nM), APC (250 nM)/EPM (1.4 nM) and APC
(125 nM)/EPM (2.8 nM) for 72 h. Cell growth was monitored
by MTT assay.

Interaction of APC/proteasome inhibitors and standard
chemotherapeutic drugs in colorectal cancer cells. To evaluate
the type of interaction between the combined treatment with
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Figure 1. Proteasome inhibitors enhance the antimitogenic effect of APC on human colorectal cancer cells. (A) Inhibition of cancer cell growth. SW1116 (a-c)
and SW837 (d-f) colorectal cancer cell lines were treated with various concentrations of APC for 24 h followed by proteasome inhibitor treatment for 72 h.
Control cells were treated with vehicle. Cell growth was monitored by MTT assay. (B) Inhibition of colony formation. Untreated and treated cancer cells
were trypsinized, counted and plated (500 cells/ml) in six-well plates. Following 10-14 days of incubation, the cells were fixed and stained with crystal violet.
The stained colonies were counted and compared with the untreated control. (C) Morphological changes of colorectal cancer cells treated with APC, PIs and

APC/PI combinations.

APC/MGI132, PI-1 or EPM and standard chemotherapeutic
drugs in human colorectal cancer cells, the cells were treated
as described above with APC/MG132, PI-1 or EPM and stan-
dard chemotherapeutic drugs individually and in combination.
The type of drug interaction was determined as previously
described (21) using the following formulae: SF, , ; > (SF,)
x (SFy) = antagonistic, SF, , ; = (SF,) x (SFp) = additive and
SF, . s < (SF,) x (SFy) = synergistic, where SF is the surviving
fraction, A and B indicate the agent used alone, and (A + B)
refers to the agents used in combination.

Statistical analyses. Statistical analyses were performed with
SPSS-19 software. The results are expressed as the mean + SEM.
The statistical significance of the differences between control
and treated groups were determined by one-way ANOVA.
P-values <0.05 were considered statistically significant.

Results

Augmentation of HDACI (APC)-mediated lethality by its
combination with proteasome inhibitors. To determine the
effect that the combined exposure to APC and PIs would have
on human colorectal cancer cells and whether proteasome
inhibitors could increase APC lethality, the cancer cells were
treated with various concentrations of APC (0.06-1.0 xM) in
the presence and absence of the following tested proteasome
inhibitors: MG132 (0.16, 0.3 uM), PI-1 (7.8, 15.6 nm), and
EPM (1.4, 2.8 nM). These concentrations were determined
by a dose response study (data not shown). The combined
treatment of APC (0.06-1.0 M) with MG132 (0.16 uM)
produced a growth inhibition of IC5,=0.34 M (P<0.0.882)
in SW1116 cells (Fig. 1Aa) and IC5,=0.35 uM (P<0.649) in
SW837 cells (Fig. 1Ad). These values were similar to those
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produced by a single treatment with APC. MG132 (0.16 uM)
did not improve the sensitivity of SW1116 (sensitization ratio,
SR=0.95) or SW837 (SR=0.92) cells to APC. However, the
combined treatment of APC and MG132 (0.3 M) produced
a much higher and more significant growth inhibition of
SW1116 cells (ICy,=0.29 uM, P<0.0001) (Fig. 1Aa) and a more
significant growth inhibition of SW837 cells (ICy,=0.37 uM,
P<0.0001) (Fig. 1Ad) when compared with the single treat-
ment with APC (IC4,=0.77 uM for SW1116 and 1C,,=0.94 yM
for SW837 cells). MG132 (0.3 uM) increased the sensitivity of
both SW1116 (SR=2.64) and SW837 (SR=2.5) cells to APC.

The combined treatment of APC (0.06-1.0 uM) with PI-1
(7.8 nM) produced a much higher and more significant growth
inhibition of SW1116 (IC,,=0.28 xM, P<0.0001) (Fig. 1 Ab) and
SW837 (1C,,=0.37 uM, P<0.0001) (Fig. 1Ae) cells than that
produced by the single treatment with APC (IC,,=0.78 uM for
SW1116 and ICy;=0.8 uM for SW837 cells) (Fig. 1Ab, Ae). PI-1
(7.8 nM) increased the sensitivity of both SW1116 (SR=2.8)
and SW837 (SR=2.15) cells to APC. The combined treat-
ment of APC and PI-1 (15.6 nM) showed a much higher and
more significant growth inhibition of SW1116 (IC,,=0.16 uM,
P<0.0001) (Fig. 1Ab) and SW837 (IC,,=0.24 uM, P<0.0001)
(Fig. 1Ae) cells when compared with the single treatment with
APC. PI-1 (15.6 nM) greatly increased the sensitivity of both
SW1116 (SR=4.67) and SW837 (SR=3.3) cells to APC.

The combined treatment of APC (0.06-1.0 xuM) with EPM
(2.8 nM) demonstrated a slightly higher growth inhibition
of SW1116 (IC5,=0.31 uM, P=<0.441) cells than that demon-
strated by the single treatment with APC (IC5,=0.34 uM)
(Fig. 1Ac). On the other hand, the combined treatment with
APC and EPM (2.8 nM) showed a slightly higher but insig-
nificant growth inhibition of SW837 (1C5,=0.34 uM, P<0.447)
(Fig. 1Af) cells when compared with the single treatment
with APC (IC5,=0.39 uM). EPM (2.8 nM) did not improve
the sensitivity of SW1116 (SR=1.11) and SW837 (SR=1.10)
cells to APC. The combined treatment of APC and EPM
(5.6 nM) produced a higher but insignificant growth inhibition
of SW1116 (IC,,=0.18 uM, P<0.494) (Fig. 1Ac) cells, whereas
this combination markedly inhibited the growth of SW837
(IC5=0.11 uM, P<0.0001) (Fig. 1Af) cells, when compared
with the single treatment with APC. Finally, EPM (5.6 nM)
increased the sensitivity of both SW1116 (SR=1.91) and SW837
(SR=3.29) cells to APC.

Colony formation assays were performed to confirm the
results of the inhibition studies. The treatment of SW1116
cells with a combination of APC and MG132 significantly
inhibited the colony formation of the cells (mean number of
colonies = 60, P<0.0001) when compared with the untreated
SW1116 cells (mean number of colonies = 209). Additionally,
this treatment significantly inhibited the colony formation of
SWI1116 cells (P<0.0001) when compared with single treat-
ments with either APC (mean number of colonies = 99) or
MGI132 (mean number of colonies = 108) (Fig. 1Ba).

The treatment of SW1116 cells with a combination of
APC and PI-1 significantly inhibited the colony formation
of SW1116 cells (mean number of colonies = 84, P<0.0001)
when compared with the untreated cells (mean number of
colonies = 209). Additionally, this treatment significantly
inhibited the colony formation of SW1116 cells (P<0.0001)
when compared with the single treatment with PI-1 (mean
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number of colonies = 130). However, the difference when this
combination was compared with the colonies formed upon
APC treatment alone was statistically insignificant (P<0.061)
(Fig. 1Bb).

The treatment of SW1116 cells with the combination of
APC and EPM significantly inhibited the colony formation of
SW1116 cells (mean number of colonies = 58, P<0.0001) when
compared with the untreated SW1116 cells (mean number
of colonies = 209). Similarly, this combination significantly
inhibited the colony formation of SW1116 cells (P<0.0001)
when compared with single treatments with either APC
(mean number of colonies = 99) or EPM (mean number of
colonies = 141) (Fig. 1Bc).

Inhibition of HDAC:s, the 26S proteasome and NF-kB binding
to DNA and generation of ROS in cancer cells. HDAC activity
was measured in the nuclear fractions of untreated and
APC-treated colorectal cancer cells to determine whether the
antimitogenic activity of APC was associated with the inhi-
bition of intra-nuclear HDAC activity. SW1116 cancer cells
treated with APC showed a significant inhibition of HDAC
activity (P<0.0001) when compared with untreated cancer
cells (Fig. 2A). To determine whether APC activated the DNA
binding activity of NF-kB and whether the tested proteasome
inhibitors could interrupt this activity, the cancer cells were
treated with APC, tested proteasome inhibitors and their
combinations. The DNA binding activities were monitored in
untreated and treated cell extracts.

APC significantly increased the DNA binding activity of
NF-xB when compared with untreated cancer cells (P<0.022).
In contrast, this activity was decreased after treatment with
MGI132 (P<0.87), PI-1 (P<0.419) and EPM (P<0.352) when
compared with the untreated cancer cells; however, this
decrease was insignificant. A significant decrease in the DNA
binding activity of NF-kB was observed after the combined
treatment with APC/MG132 (P<0.008), APC/PI-1 (P<0.01),
and APC/EPM (P<0.001) when compared with untreated
cancer cells. These findings raise the possibility that the inter-
action between APC and PIs reflects the inactivation of the
cytoprotective NF-«xB signaling pathway (Fig. 2B).

26S proteasome activity was also determined in untreated
and proteasome inhibitor-treated cancer cell extracts to establish
whether the antimitogenic activities of the tested proteasome
inhibitors were linked to the inhibition of intracellular protea-
some activity. The MG132 (P<0.001), PI-1 (P<0.001) and
EPM (P<0.0001) proteasome inhibitors exhibited significant
inhibition of 26S proteasome activity in SW1116 colorectal
cancer cells when compared with untreated cancer cells
(Fig. 2C). Additionally, treatment with APC (P<0.001) and the
combinations of APC/MG132, APC/PI-1 or APC/EPM signifi-
cantly inhibited the proteasome activity of colorectal cancer
cells (P<0.0001) when compared with untreated cancer cells
(Fig. 20).

Reactive oxygen species (ROS) have been implicated
in HDAC and proteasome inhibitor-induced cytotoxicity
in a number of malignancies. Thus, the effects of APC, the
tested proteasome inhibitors, and APC/PI combinations on
ROS generation were examined in SW1116 cells. ROS levels
were markedly increased (P<0.0001) following the combined
treatment with APC/MG132, APC/EPM and APC/PI-1 when
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Figure 2. Histone deacetylase, proteasome and NF«B activities and ROS gen-
eration in SW1116 colorectal cancer cell extracts. (A) HDAC activity, (B) 26S
proteasome activity, (C) NF-kB binding to DNA, and (D) ROS generation in
cancer cells treated with APC, PIs and/or APC/PI combinations.

compared with untreated cells and single treatments with APC
and the tested proteasome inhibitors (Fig. 2D). Additionally,
single treatments with MG132 (P<0.0001), EPM (P<0.0001) or
PI-1 (P<0.004) induced significant ROS when compared with
untreated cancer cells (Fig. 2D). The induction of ROS was
abrogated by pretreatment with L-NAC (data not shown).

Cell cycle perturbation and induction of apoptosis in cancer
cells treated with APC, proteasome inhibitors and APC/PI
combinations. To study the effects of APC, the tested PIs, and
APC/PI combinations on cell cycle perturbation, the distribu-
tion of cancer cells in the various cell cycle phases (G,/G,, S,
and G,/M) was examined by flow cytometry. Treatment of
SW1116 cells with APC resulted in the accumulation of cancer
cells in S-phase (57.3 vs. 41.5% for UT) and a strong decrease
in cells in the G,/G, phase (33.2 vs. 40.3% for UT) and G,/M
phase (9.3 vs. 18% for UT) (Fig. 3A).

Single treatment with the tested proteasome inhibitors
(MG132, PI-1 and EPM) gave results consistent with those
recently reported by Abaza et al (22). Treatment of SW1116
cells with MG132 resulted in a marked accumulation of the
cancer cells in S-phase (57 vs. 25.5% for UT) and a decrease

in cells in the G,/G, phase (25.5 vs. 40.3% for UT) and G,/M
phase (17.4 vs. 18% for UT) (22). The combined treatment of
APC with G132 arrested the cancer cells in the G,/G, phase
(51.4 vs. 40.3% for UT) and S-phase (44.9 vs. 41.5% for UT),
and there was a decrease in the G,/M phase (3.5% vs. 18% for
UT). The combined treatment of APC and MG132 markedly
induced apoptosis as evident from the percentage of cells in
SubG, (21.2%) when compared with UT (SubG,=0) and single
treatments with APC (SubG,=4.8%) or MG132 (SubG,=1.1%)
(Fig. 3A).

The treatment of SW1116 cells with PI-1 resulted in the
accumulation of cancer cells in the G,-G, phase (49.3 vs.
40.5% for UT) and a decrease in cells in the S-phase (33.2
vs. 41.5% for UT) and G,-M phase (17.3 vs. 18% for UT) (22).
The treatment with a combination of APC and PI-1 resulted
in the accumulation of SW1116 cells in the S-phase (52.5 vs.
41.5% for UT) and G,/M phase (23.4 vs. 18% for UT) and a
decrease in cells in the G,/G,-phase (24 vs. 40.3% for UT).
The combined treatment of APC and PI-1 induced apoptosis
(SubG,=8%) when compared with the single treatment with
PI-1 (SubGy=0.2%) or APC (SubG,=4.8%) (Fig. 3A).

Treatment of SW1116 cancer cells with EPM resulted in
the accumulation of cancer cells in the S-phase (51.2 vs. 41.5%
for UT) and a decrease in cells in the G,/G,-phase (31.3 vs.
40.3% for UT) and G,/M-phase (17.3 vs. 18% for UT) (22).
The combined treatment of APC and EPM also resulted in the
accumulation of cancer cells in the S-phase (55.7 vs. 41.5%
for UT) and a decrease in cells in the G,/G,-phase (33.9 vs.
40.3% for UT) and the G,/M-phase (10.3 vs. 18% for UT). The
combined treatment increased apoptosis (SubG,=6%) when
compared with the single treatment with APC (4.8%) (Fig. 3A).
In a parallel study, the cell cycle phase distribution of SW837
cells treated with APC, the tested proteasome inhibitors, and
APC/PI combinations gave similar results to those obtained
with SW1116 cells (data not shown).

The increase in the percentage of SW1116 cells in sub-G,
after treatment with combinations of APC and proteasome
inhibitors compared with untreated SW1116 cells or SW1116
cells treated with either APC or proteasome inhibitor alone
indicates an increase in the percentage of apoptotic cells
(Fig. 3A). To determine the effect of PIs (MG132, PI-1 and
EPM) on the apoptotic response of the colorectal cancer cells
to APC, untreated and treated cancer cells were double-stained
with Annexin V and propidium iodide to distinguish between
the different types of cell death and analyzed by flow cytometry.
Annexin V binding combined with PI labeling was performed
to distinguish between early apoptotic (Annexin V*/propidium
iodide’) and necrotic (Annexin V*/propidium iodide*) cells.

Treatment of SW1116 cells with the combination of APC
and EPM markedly induced apoptosis in the cancer cells (0.1%
early apoptosis, 43.2% late apoptosis and 0.7% necrosis) when
compared with untreated SW1116 cells (0.0% early apoptosis,
4.7% late apoptosis and 0.4% necrosis), SW1116 cells treated
with APC (0.0% early apoptosis,26.4% late apoptosis and 0.8%
necrosis) (Fig. 3B), or SW1116 cells treated with EPM (0.1%
early apoptosis, 20.3% late apoptosis and 3.1% necrosis) (22).

In addition, the combination of APC and MG132 greatly
induced the apoptosis of SW1116 cells (0.3% early apoptosis,
67.7% late apoptosis, and 9.9% necrosis) when compared
with untreated SW1116 cells (0.0% early apoptosis, 4.7% late
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apoptosis, and 0.4% necrosis), SW1116 cells treated with APC
(0.0% early apoptosis, 26.4% late apoptosis, and 0.8% necrosis)
(Fig. 3B), or SW1116 cells treated with MG132 (0.0% early
apoptosis, 26.4% late apoptosis, and 0.8% late apoptosis) (22).

The combination of APC and PI-1 also induced the
apoptosis of SW1116 cells (0.1% early apoptosis, 43.7% late
apoptosis, and 1.9% necrosis) when compared with untreated
SW1116 cells (0.0% early apoptosis, 4.7% late apoptosis, and
0.4% necrosis), SW1116 cells treated with APC (0.0% early
apoptosis, 26.4% late apoptosis, and 0.8% necrosis) (Fig. 3B)
or PI-1-treated SW1116 cells (0.0% early apoptosis, 11.9% late
apoptosis, and 0.8% necrosis) (22). These results suggest that
the tested PIs markedly increased the APC-mediated lethality
in human colorectal cancer cells. The induction of apoptosis in
SW837 cells treated with APC, the tested proteasome inhibi-
tors, and APC/PI combinations provided similar results to
those obtained with SW1116 cells (data not shown).

mRNA expression of cell cycle and apoptosis-related genes
in cancer cells treated with APC, proteasome inhibitors and
APC/PI combinations. The effects of the combination APC/PI
treatment on the expression/activation of various signaling
molecules were examined to understand the molecular mecha-
nisms underlying the increase in the APC-mediated lethality
in human colorectal cancer cells upon addition of proteasome
inhibitors.

The combined treatment of SW1116 cells with APC and
MG132, PI-1 or EPM markedly downregulated the mRNA
expression of genes related to cell cycle control (Cdkl, Cdk2,
Cdk4, Cdk6 and Cdc25A) when compared with the single treat-
ment with APC (Fig. 4) or PIs (MG132, PI-1, EPM) (22). On
the other hand, the same combined treatments upregulated the
mRNA expression of pl5, pl9, p21 and p27 when compared
with the single treatments with APC (Fig. 4A) and the tested
PIs (22).
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The combined treatment of SW1116 cells with APC and the
tested proteasome inhibitors upregulated the mRNA expres-
sion of the pro-apoptotic genes, Bax, Bim, apaf and caspases
2,3, 6,7 and 9. The same combined treatment downregulated
the expression of the anti-apoptotic genes, Bcl2, x-IAP, c-1API
and c-IAP2 when compared with the single treatment with
APC (Fig. 4B) or the tested PIs (MG132, PI-1 and EPM) (22).
The cycle threshold (Ct) values of the target genes under inves-
tigation in this study were in the range of 20.826-30.981.

To further understand the potential mechanisms of action
of APC, proteasome inhibitors and APC/PI combinations, the
expression of pAkt, pPERK and pJNK was evaluated. Treatment
of SWI1116 cells with APC (P<0.024) (Fig. 5A), MG132
(P<0.001) (22), or APC/MG132 (P<0.0001) (Fig. 5A) resulted
in a significant decrease in the levels of pAkt when compared
with untreated cancer cells. The combined treatment of APC
and MGI132 produced a significant decrease in the levels of
pAkt when compared with the single treatment with APC

Figure 5. Levels of pAkt, pERK, and pJNK in colorectal cancer cells treated
with APC, proteasome inhibitors, and APC/PI combinations. The levels of
pAkt (A), pERK (B) and pJNK (C) were determined in treated and untreated
SW1116 cell extracts using enzyme immune assays.
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Figure 6. Chemosensitization of SW1116 colorectal cancer cells by combined treatment with APC and MG132 or PI-1. SW1116 cells were plated in 96-well
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(62 nM)/MG132 (0.25 nM) (A) or APC (96 nM)/PI-1 (10 nM) and APC (48 nM)/PI-1 (7.8 nM) (B). Control cells were treated with vehicle (DMSO at a final

concentration of 0.2%). Cell growth was monitored by MTT assay.

(P<0.003) (Fig. 5A) or MG132 (P<0.05) (22). SW1116 cells
treated with APC, PI-1 (P<0.002) (22), or APC/PI-1 (P<0.0001)
(Fig. 5A) exhibited a significant decrease in the levels of pAkt
when compared with untreated cancer cells. The combined
treatment with APC/PI-1 significantly reduced the levels of
pAkt when compared with the single treatment with either
APC (P<0.0001) (Fig. 5A) or PI-1 (P<0004) (22). Furthermore,
SWI1116 cells treated with a combination of APC/EPM showed
a significant growth inhibition when compared with untreated
cells (P<0.0001) or cells treated with APC alone (P<0.0001)
(Fig. 5A) and EPM alone (P<0.014) (22).

SW1116 cells treated with MG132, EPM or PI-1 (23) and
combinations (APC/MG132, APC/EPM or APC/PI-1) showed
a significant decrease in the levels of pERK1/2 (P<0.0001)

when compared with untreated cancer cells. Additionally,
SW1116 cells treated with APC showed a significant decrease
in pERK1/2 levels (P<0.009) when compared with untreated
cells (Fig. 5B).

The combined treatment with APC/MG132 produced a
significant decrease in the levels of pERK1/2 when compared
with the single treatment with either APC (P<0.0001) or MG132
(P<0.0001) (22). The expression of pERK1/2 significantly
decreased following the combined treatment with APC/PI-1
when compared with the single treatment with APC (P<0.0001)
or PI-1 (P<0.036) (22). The combined treatment with APC/EPM
also produced a significant decrease in the levels of pERK1/2
when compared with those produced by single treatment with
either APC (P<0.0001) (Fig. 5B) or EPM (P<0.002) (22).
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Figure 7. Chemosensitization of SW1116 colorectal cancer cells by combined treatment with APC and PI-1 or EPM. SW1116 cells were plated in 96-well plates
for 18 h followed by incubation with various concentrations of CAP, CIP, TAX, CPA, VCR, ETP, ELP, AMS, HHG and APD (A) or CPT, 5FU, OXP, DOX,
CAP, CIP, TAX and CPA (B) for 24 h. The drugs were then removed, and the cells were washed with HBSS. SW1116 cells were treated with a combination of
APC (48 nM)/PI-1 (7.8 nM) and APC (96 nM)/PI-1 (10 nM) (A) or APC (125 nM)/EPM (2.8 nM) and APC (250 nM)/EPM (1.4 nM) (B). Control cells were
treated with vehicle (DMSO at a final concentration of 0.2%). Cell growth was monitored by MTT assay.

SWI1116 cells treated with MG132, EPM (22), and the
APC/MG132, APC/EPM or APC/PI-1 combinations showed
a significant increase in the levels of pJNK (P<0.0001) when
compared with untreated cancer cells. Additionally, the
treatment of SW1116 cells with APC or PI-1 resulted in an
increase in the expression of pJNK. However, insignificant
(P<0.129) and significant (P<0.002) increases in the levels of
pJNK were reported following treatment with APC (Fig. 5C)
and PI-1 (22), respectively, when compared with untreated
cells. In addition, SW1116 cells treated with a combination of
APC/MGI132, APC/PI-1, and APC/EPM showed a significant
increase (P<0.0001) in the levels of pJNK when compared
with the single treatment with APC (Fig. 5C), MG132, PI-1 or
EPM (22).

Chemosensitization of human colorectal cancer cells by
combined treatment with APC and proteasome inhibitors.
The efficacy of the combined treatment with the HDACI,
APC, and the proteasome inhibitors, MG132, PI-1 or EPM,
to sensitize cancer cells to standard chemotherapeutic drugs
and the type of interaction between the combined treatments
and standard chemotherapeutic drugs were investigated. The
results are summarized in Figs. 6-10 and Tables I-V.

The combination of APC and the tested PIs strik-
ingly increased the sensitivity of colorectal cancers to ETP
(117.6-5.5x103-fold), AMS (60-3.25x10°-fold), and 5FU
(84-2.76x10*-fold). The combination of APC and MG132 or PI-1
also resulted in marked increases in the sensitivity of colorectal
cancer cells to TAX (50-4.48x10°-fold) and HHG (50-133-fold).
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Figure 8. Chemosensitization of the SW1116 and SW837 colorectal cancer cell lines by combined treatment with APC and EPM or MG132. The cells were
plated in 96-well plates for 18 h. SW1116 cells were treated with various concentrations of VCR, ETP, ELP, AMS, HHG and APD for 24 h. The drugs were
then removed, and the cells were washed with HBSS and treated with a combination of APC (125 nM)/EPM (2.8 nM) or APC (250 nM)/EPM (1.4 nM) (A).
The SW837 cells were treated with CPT, SFU, OXP, DOX, CAP, CIP, TAX, CPA, VCR, ETP, ELP and AMS for 24 h. The drugs were then removed, and the
cells were washed with HBSS and treated with a combination of APC (240 nM)/MG132 (0.16 uM) or APC (62 nM)/MG132 (0.25 uM) (B). Control cells were
treated with vehicle (DMSO at a final concentration of 0.2%). Cell growth was monitored by MTT assay.

Combining APC with MG132 or EPM increased the sensitivity
of colorectal cancer cells to CPT (137-2.24x10°-fold).

The combination of APC and MG132 showed a 133-fold
increase in the sensitivity of the SW1116 colon cancer cells
to HHG, whereas the combination of APC and PI-1 increased
the sensitivity of SW1116 cells to CIP (1.5x10°-fold), APD
(3.71x10%*-fold), and TAX (4.48x10°-fold). Finally, the combi-
nation of APC and PI-1 increased the sensitivity of the SW837
rectal cancer cells to AMS (1.73x10%-fold), whereas the combi-
nation of APC and EPM increased the sensitivity of SW837
cells to ETP (5.7x10%-fold) and CPT (137-fold).

Collectively, these results clearly indicate the potential
of the APC/proteasome inhibitor combination treatments to

markedly increase the sensitivity of colorectal cancer cells
to standard chemotherapeutic drugs. The data also suggest
different mechanisms of action and sensitivity in a combina-
tion- and cancer subtype-dependent manner. The synergistic
and/or additive interaction between the tested chemothera-
peutics and the various combinations of APC and PIs was
dependent on the type of drug tested, the combination of APC
and PIs, and the polymorphism of the genes encoding the drug-
metabolizing enzymes, transporters or drug targets. The effect
of the treatment with APC/MG132, APC/PI-1 and APC/EPM
on normal human fibroblast cells (CRL1554) was also exam-
ined microscopically and by MTT assay. The results shown
in Fig. 10B clearly demonstrated that these combinations had
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Figure 9. Chemosensitization of the SW837 colorectal cancer cell line by combined treatment with APC and MG132 or PI-1. SW837 cells were plated in
96-well plates for 18 h. After treating the cells with various concentrations of HHG and APD for 24 h, the drugs were removed, and the cells were washed with
HBSS and treated with a combination of APC (240 nM)/MG132 (0.16 uM) or APC (62 nM)/MG132 (0.25 uM) for 72 h (A). The SW837 cells were treated
with various concentrations of CPT, SFU, OXP, DOX, CAP, CIP, TAX, CPA, VCR, ETP, ELP, AMS, HHD and APD for 24 h. The drugs were then removed,
and the cells were washed with HBSS and treated with a combination of APC (48 nM)/PI-1 (7.8 nM) or APC (96 nM)/PI-1 (10 nM) for 72 h (B). Control cells
were treated with vehicle (DMSO at a final concentration of 0.2%). Cell growth was monitored by MTT assay.

little effect (<15%) on CRL1554 cells, indicating their minimal
cytotoxicities.

Discussion

HDACs have been demonstrated to be associated with
oncogenic transformation by promoting the function of tran-
scription factors in certain hematologic malignancies and solid
tumors (23). Therefore, HDACIs have emerged as a novel class
of anticancer agents for the treatment of solid and hemato-
logical malignancies. Despite the promising results indicating
the usefulness of employing HDACIs as an epigenetic-targeted
therapy, its limited success in specific cancers as a single drug
has prompted further investigation of combining HDACIs

with other anticancer agents. These combination regimens
may enhance the clinical efficacy of HDACIs and provide a
therapeutic advantage over HDACTSs as a single drug.

Recent evidence has suggested that the transcriptional
activation induced by HDACIs requires a mechanism other
than chromatin remodeling; such a mechanism is through
histone hyperacetylation, a process that is associated with
protein kinase signaling pathways or acetylation of non-histone
proteins, such as p53 or NF-kB (10). The NF-kB signaling
pathway is appreciated as one of the pivotal modulators of
specific gene expression and differential cellular responses
by HDACIS, as the selective inhibition of the NF-kB pathway
leads to an abrogation of NF-kB-dependent gene expression by
HDACTSs and the unresponsiveness of cells to HDACI-induced
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Figure 10. Chemosensitization of the SW837 colorectal cancer cell line upon combined treatment with APC and EPM, and the effect of the combined treatment
of APC with PIs on normal human fibroblasts. SW837 cells were plated in 96-well plates for 18 h. The cells were then treated with various concentrations of
CPT, 5FU, OXP, DOX, CAP, CIP, TAX, CPA, VCR, ETP, ELP, AMS, HHG, and APD for 24 h. The drugs were removed, and the cells were washed with HBSS
and treated with a combination of APC (125 nM)/EPM (2.4 nM) or APC (250 nM)/EPM (1.4 nM) for 72 h (A). The effect of the combined treatment with APC
(62 nM)/MG132 (0.25 uM), APC (240 nM)/MG132 (0.16 uM), APC (96 nM)/PI-1 (10 nM), APC (48 nM)/PI-1 (7.8 nM), APC (250 nM)/EPM (1.4 nM) and
APC (125 nM)/EPM (2.8 nM) on the normal human fibroblast cell line, CRL1554 (B). Control cells were treated with vehicle (DMSO at a final concentration

of 0.2%). Cell growth was monitored by MTT assay.

apoptosis (24). The unresponsiveness of HeLa cells to apop-
tosis following the inhibition of HDAC activity by apicidin is
due to NF-kB activation, which is mediated by IKK and the
IkBa signaling pathway, indicating that NF-xB activation is
associated with the resistance of cancer cells to the apoptotic
potential of HDACISs (25). Interference with HDACI-mediated
NF-«xB activation would therefore favor the pro-apoptotic
actions of HDACIs and enhance HDACI-mediated cell death.
Proteasome inhibitors, such as PS-341 and bortezomib,

suppress NF-«kB activity by inhibiting IkBa degradation; this
activity prevents the nuclear translocation/acetylation of Rel A
and interferes with de novo expression of NF-kB-dependent
genes, including IkBa (26). The aim of the current study was to
determine whether the small-molecule proteasome inhibitors
could abrogate HDACI (APC)-induced NF-kB activation in
colorectal cancer cells and induce their apoptosis. Furthermore,
the study aimed to elucidate the associated mechanisms and
assess the effects of the combined inhibition of HDACs and the
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Table I. IC,-ICq, values, the sensitization ratios and P-values of the combined treatment with chemotherapeutic drugs and the
combination of APC and MG132 toward human colorectal cancer cell lines.

Combined treatment with chemotherapeutic drugs and the IC,, M)* SR® P
combination of APC and proteasome inhibitor MG132 in SW1116 SWI1116 SWI1l116

APD (0.28x107 - 17.92x10™"' M) + APC/MG132 (62 nM/0.25 uM) 6.3x10° 47.6 0.0001
Combined treatment with chemotherapeutic drugs and the IC,, M)* SR® Pe
combination of APC and proteasome inhibitor MG132 in SW1116 SWI1116 SW1116

TAX (1.46x10*-93.44x10'° M) + APC/MG132 (62 nM/0.25 uM) 26.7x10° 7.86x10? 0.0001
Combined treatment with chemotherapeutic drugs and the IC,, (M)? SR® |
combination of APC and proteasome inhibitor MG132 in SW1116 SWI1116 SW1116

CPT (1.0x10*- 64x10'° M) + APC/MG132 (62 nM/0.25 uM) 2x107 20 0.0001
CPT (1.0x10*- 64x10'° M) + APC/MG132 (240 nM/0.16 pM) 8.3x10° 4.8x10? 0.0001
5FU (0.65x107 - 41.6x10° M) + APC/MG132 (62 nM/0.25 pM) 5.5x10°¢ 254 0.0001
DOX (0.86x107 - 55x10°"' M) + APC/MG132 (62 nM/0.25 yM) 5.16x10° 16.7 0.0001
VCR (0.25x107 - 16x10"' M) + APC/MG132 (62 nM/0.25 yM) 0.8x10? 50 0.0001
ETP (4.0x10*-25.6x10"'° M) + APC/MG132 (62 nM/0.25 uM) 0.21x10¢ 42.8 0.0001
ELP (0.2x10*- 12.8x10"'° M) + APC/MG132 (62 nM/0.25 uM) 1.5x10® 4x10? 0.0001
AMS (1.25x107 - 80x10""' M) + APC/MG132 (62 nM/0.25 yM) 0.43x107 60.5 0.0001
HHG (0.2x107 - 12.8x10™""' M) + APC/MG132 (62 nM/0.25 uM) 3x10% 133 0.0001
Combined treatment with chemotherapeutic drugs and the IC5, M)* SR® P
combination of APC and proteasome inhibitor MG132 in SW837 SW837 SW837

CPT (1.0x10*-64x10"'° M) + APC/MG132 (240 nM/0.16 xM) 5.8x107 224 0.027
CPT (1.0x10*- 64x10'° M) + APC/MG132 (62 nM/0.25 uM) 58x101° 2.24x10° 0.0001
VCR (0.25x107 - 16x10""" M) + APC/MG132 (240 nM/0.16 uM) 1.60x10"° 18.8 0.041
VCR (0.25x10™* - 16x10""" M) + APC/MG132 (62 nM/0.25 yM) 0.67x10° 45 0.0001
ETP (0.4x10*-25.6x10"'° M) + APC/MG132 (240 nM/0.16 uM) 0.28x10° 14.3 0.034
ETP (0.4x10*-25.6x10"'° M) + APC/MG132 (62 nM/0.25 uM) 0.34x10°¢ 117.6 0.002
ELP (0.2x10* - 12.8x10"'° M) + APC/MG132 (240 nM/0.16 uM) 0.28x10° 37 0.173
ELP (0.2x10*- 12.8x10"'° M) + APC/MG132 (62 nM/0.25 uM) 0.57x10°¢ 17.5 0.0001
AMS (1.25x107 - 80x10""' M) + APC/MG132 (240 nM/0.16 uM) 0.42x10°¢ 310 0.019
AMS (1.25x107 - 80x10""' M) + APC/MG132 (62 nM/0.25 uM) 0.4x10® 3.25x10° 0.0001
Combined treatment with chemotherapeutic drugs and the IC¢, M)* SR® Pe
combination of APC and proteasome inhibitor MG132 in SW837 SW837 SW837

5FU (0.65x107 - 41.6x10° M) + APC/MG132 (240 nM/0.16 uM) 2.8x10° 20.7 0.216
5FU (0.65x107 - 41.6x10° M) + APC/MG132 (62 nM/0.25 uM) 21x10® 2.76x10* 0.0001
Combined treatment with chemotherapeutic drugs and the IC,, M)? SR® |
combination of APC and proteasome inhibitor MG132 in SW837 SW837 SW837

DOX (0.86x107 - 55x10"' M) + APC/MG132 (240 nM/0.16 pM) 6.88x10® 12.5 0.171
DOX (0.86x107 - 55x10""' M) + APC/MG132 (62 nM/0.25 yM) 14x10° 614 0.0001
TAX (1.46x10™-93.44x10"'° M) + APC/MG132 (240 nM/0.16 M) 7.33x10% 20 0477
TAX (1.46x10™-93.44x10"'° M) + APC/MG132 (62 nM/0.25 M) 2.93x10°¢ 50.2 0.0001

"The data are based on the mean of absorbance from 3 independent experiments. *SR, Sensitization ratio = ICs, of drug/ICs, of the drug +
combination of APC and proteasome inhibitors. ‘P-value of the combined treatment with standard chemotherapeutic drug and the combination
of APC and MG132 versus chemotherapeutic drug alone.
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Table II. IC,,-1Cq, values, the sensitization ratios and P-values of the combined treatment with chemotherapeutic drugs and the

combination of APC and PI-1 toward human colorectal cancer cell lines.

Combined treatment with chemotherapeutic drugs and the ICy, M)* SR® Pe
combination of APC and proteasome inhibitor PI-1 in SW1116 SW1116 SW1116

CAP (0.68x10™ - 43.52x10'° M) + APC/PI-1 (48 nM/7.8 nM) 5.4x107 50 0.14
CIP (0.42x107 - 26.88x10° M) + APC/PI-1 (48 nM/7.8 nM) 0.95x10° 6.3 0216
CIP (0.42x107 - 26.88x10 M) + APC/PI-1 (96 nM/10 nM) 3.8x10°® 1.58x10° 0.0001
ETP (0.4x10*-25.6x10"'° M) + APC/PI-1 (48 nM/7.8 nM) 0.25x10°¢ 29 0.244
ETP (0.4x10*-25.6x10"'° M) + APC/PI-1 (96 nM/10 nM) 0.38x10® 1.92x10? 0.004
AMS (1.25x107 - 80x10™"' M) + APC/PI-1 (48 nM/7.8 nM) 0.04x10° 6.5 0.146
AMS (1.25x107 - 80x10""" M) + APC/PI-1 (96 nM/10 nM) 8x107 344 0.0001
APD (0.28x107 - 17.92x10™"' M) + APC/PI-1 (48 nM/7.8 nM) 1.1x107 11.8 0.007
APD (0.28x107 - 17.92x10™"' M) + APC/PI-1 (96 nM/10 nM) 35x10"2 3.71x10* 0.0001
Combined treatment with chemotherapeutic drugs and the ICy, M)* SR® Pe
combination of APC and proteasome inhibitor PI-1 in SW1116 SWI1116 SW1116

5FU (0.65x107 - 41.6x10° M) + APC/PI-1 (48 nM/7.8 nM) 2.36x10°¢ 33 0.871
5FU (0.65x107 - 41.6x10° M) + APC/PI-1 (96 nM/10 nM) 06x10*® 130 0.002
OXP (0.06x10* - 4x10'° M) + APC/PI-1 (48 nM/7.8 nM) 0.11x10°¢ 16.6 0.04
OXP (0.06x10* - 4x10'° M) + APC/PI-1 (96 nM/10 nM) 0.29x10® 6.22x10? 0.0001
TAX (1.46x10™-93.44x10"'° M) + APC/PI-1 (48 nM/7.8 nM) 2.93x10° 14 0.165
TAX (1.46x10*-18.7x10"'° M) + APC/PI-1 (96 nM/10 nM) 93.6x10"° 4.48x10° 0.0001
VCR (0.25x107 - 16x10""" M) + APC/PI-1 (48 nM/7.8 nM) 0.23x10° 35 0.182
VCR (0.25x107 - 16x10""" M) + APC/PI-1 (96 nM/10 nM) 0.68x101° 12 0.025
ELP (0.2x10*-12.8x10'° M) + APC/PI-1 (48 nM/7.8 nM) 0.05x10° 24 0.323
ELP (0.2x10*- 12.8x10'° M) + APC/PI-1 (96 nM/10 nM) 0.32x107 344 0.008
HHG (0.2x107 - 12.8x10™"' M) + APC/PI-1 (48 nM/7.8 nM) 0.13x107 4.1 0.219
HHG (0.2x107 - 12x10"" M) + APC/PI-1 (96 nM/10 nM) 1.1x10° 50 0.004
Combined treatment with chemotherapeutic drugs and the IC,, M)? SR® |
combination of SCP and proteasome inhibitor PI-1 in SW1116 SWI1116 SW1116

CPT (1.0x10*- 64x10'° M) + APC/PI-1 (48 nM/7.8 nM) 4.56x107 28.5 0478
CPT (1.0x10*- 64x10'° M) + APC/PI-1 (96 nM/10 nM) 7.08x10® 184 0.011
DOX (0.86x107 - 55x10""" M) + APC/PI-1 (48 nM/7.8 nM) 0.98x10® 5 0.201
DOX (0.86x107 - 55x10"' M) + APC/PI-1 (96 nM/10 nM) 55x10™" 89 0.003
Combined treatment with chemotherapeutic drugs and the ICy, M)? SR® |
combination of SCP and proteasome inhibitor PI-1 in SW837 SW837 SW837

5FU (0.65x107 - 41.6x10° M) + APC/PI-1 (48 nM/7.8 nM) 4.1x107 854 0.0001
OXP (0.06x10* - 4x10'° M) + APC/PI-1 (48 nM/7.8 nM) 0.19x10°¢ 29 0.0001
Combined treatment with chemotherapeutic drugs and the IC¢, M)* SR Pe
combination of SCP and proteasome inhibitor PI-1 in SW837 SW837 SW837

CPT (1.0x10*- 64x10'° M) + APC/PI-1 (48 nM/7.8 nM) 29x107 18.1 0.0001
TAX (1.46x10™-93.44x10"'° M) + APC/PI-1 (48 nM/7.8 nM) 11x107 25 0.0001
TAX (1.46x10*-93.44x10"'° M) + APC/PI-1 (96 nM/10 nM) 187x107 1.6x10* 0.0001
AMS (1.25x107 - 80x10""" M) + APC/PI-1 (48 nM/7.8 nM) 0.05x10 52 0.0001
AMS (1.25x107 - 80x107'° M) + APC/PI-1 (96 nM/10 nM) 0.15x10® 1.73x10° 0.0001
HHG (0.2x10” - 12.8x10™"' M) + APC/PI-1 (48 nM/7.8 nM) 0.4x10°¢ 2.5 0.053
HHG (0.2x107 - 12.8x10™"' M) + APC/PI-1 (96 nM/10 nM) 3x107 333 0.0001
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Table II. Continued.

Combined treatment with chemotherapeutic drugs and the 1C,, (M) SR® Pe
combination of SCP and proteasome inhibitor PI-1 in SW837 SW837 SW837

ETP (0.4x10*-25.6x10""° M) + APC/PI-1 (48 nM/7.8 nM) 0.21x10® 1.33x10? 0.0001
ETP (0.4x10*-25.6x10"'° M) + APC/PI-1 (96 nM/10 nM) 0.51x10® 5.5x10° 0.0001
ELP (0.2x10*-12.8x107"° M) + APC/PI-1 (48 nM/7.8 nM) 0.2x10° 10 0.0001
ELP (0.2x10*- 12.8x10'° M) + APC/PI-1 (96 nM/10 nM) 2.6x10" 7.7x10* 0.0001
Combined treatment with chemotherapeutic drugs and the 1Cy, (M)? SR® Pe
combination of SCP and proteasome inhibitor PI-1 in SW837 SW837 SW837

DOX (0.86x10” - 55x10""" M) + APC/PI-1 (48 nM/7.8 nM) 1.78x10° 19.7 0.0001
DOX (0.86x107 - 55x10""" M) + APC/PI-1 (96 nM/10 nM) 3.44x10° 100 0.0001
VCR (0.25x107 - 16x10"" M) + APC/PI-1 (48 nM/7.8 nM) 0.8x10° 7.1 0.008
VCR (0.25x107 - 16x10""" M) + APC/PI-1 (96 nM/10 nM) 1.6x10°1° 356 0.0001

"The data are based on the mean of absorbance from 3 independent experiments. *SR, Sensitization ratio = ICs, of drug/ICs, of the drug +
combination of APC and proteasome inhibitors. ‘P-value of the combined treatment with standard chemotherapeutic drug and the combination
of APC and PI-1 versus chemotherapeutic drug alone.

Table III. ICs,-1C,, values, the sensitization ratios and P-values of the combined treatment with chemotherapeutic drugs and the
combination of APC and EPM toward human colorectal cancer cell lines.

Combined treatment with chemotherapeutic drugs and the IG5, (M)* SR® Pe
combination of APC and proteasome inhibitor EPM in SW1116 SW1116 SW1116

CAP (0.68x10* - 43.52x10"'° M) + APC/EPM (123 nM/2.8 nM) 2.7x10°¢ 259 0.0001
ETP (0.4x10*-25.6x10"'° M) + APC/EPM (125 nM/2.8 nM) 0.34x10°¢ 1.17x10% 0.02
ETP (0.4x10*-25.6x10"'° M) + APC/EPM (250 nM/1.4 nM) 0.14x10® 2.8x10° 0.0001
Combined treatment with chemotherapeutic drugs and the ICq (M) SR® Pe
combination of APC and proteasome inhibitor EPM in SW1116 SW1116 SW1116

5FU (0.65x107 - 41.6x10° M) + APC/EPM (125 nM/2.8 nM) 0.79x10° 25 0.002
5FU (0.65x107 - 41x10° M) + APC/EPM (250 nM/1.4 nM) 12x10® 1.67x10? 0.0001
DOX (0.86x10* - 55x10"" M) + APC/EPM (125 nM/2.8 nM) 1.15x10%® 5 0.109
DOX (0.86x10* - 55x10"" M) + APC/EPM (250 nM/1.4 nM) 55x10™" 1.04x10% 0.001
ELP (0.2x10*- 12.8x10'° M) + APC/EPM (125 nM/2.8 nM) 0.04x10* 0.8 0.503
ELP (0.2x10*- 12.8x10'° M) + APC/EPM (250 nM/1.4 nM) 0.013x10* 0.2 0.0001
AMS (1.25x10” - 80x10""" M) + APC/EPM (125 nM/2.8 nM) 0.03x10° 26.0 0.048
AMS (1.3x107 - 80x10""" M) + APC/EPM (250 nM/1.4 nM) 0.05x107 156 0.0001
HHG (0.2x107 - 12.8x10™"' M) + APC/EPM (125 nM/2.8 nM) 0.8x107 50 0.291
HHG (0.2x107 - 12.8x10""' M) + APC/EPM (250 nM/1.4 nM) 0.23x107 174 0.0001
Combined treatment with chemotherapeutic drugs and the 1C,, M)* SR® P
combination of APC and proteasome inhibitor EPM in SW1116 SWI1116 SW1l116

CPT (1.0x10*- 64x10'° M) + APC/EPM (125 nM/2.8 nM) 7x107 5.7 0.062
CPT (1.0x10*- 64x10'° M) + APC/EPM (250 nM/1.4 nM) 14x10® 28.6 0.0001
TAX (1.46x10*-93.44x10"'° M) + APC/EPM (125 nM/2.8 nM) 11.7x10%® 6.7 0.001
TAX (1.46x10*-93.44x10"'° M) + APC/EPM (250 nM/1.4 nM) 46.8x10® 16.7 0.0001
VCR (0.25x107 - 16x10'° M) + APC/EPM (125 nM/2.8 nM) 0.23x10® 1.7 0.515

VCR (0.25x107 - 16x10'° M) + APC/EPM (250 nM/1.4 nM) 0.46x107° 8.7 0.008
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Combined treatment with chemotherapeutic drugs and the ICy, M)? SR® Pe
combination of SCP and proteasome inhibitor EPM in SW837 SW837 SW837

CAP (0.68x10™-43.52x10"'° M) + APC/EPM (125 nM/2.8 nM) 2.7x10°¢ 26 0.0001
VCR (0.25x107 - 16x10""" M) + APC/EPM (125 nM/2.8 nM) 0.4x10® 33 0.274
VCR (0.25x107 - 16x10"" M) + APC/EPM (250 nM/1.4 nM) 0.53x10” 245 0.004
ETP (0.4x10*-25.4x10"'° M) + APC/EPM (125 nM/2.8 nM) 0.085x10° 47.0 0.061
ETP (0.4x10*-25.4x10"'° M) + APC/EPM (250 nM/1.4 nM) 0.7x107 5.7x107 0.0001
ELP (0.2x10*- 12.8x10'° M) + APC/EPM (125 nM/2.8 nM) 0.04x10* 25 0.543
ELP (0.2x10*-12.8x10"° M) + APC/EPM (250 nM/1 .4 nM) 0.013x10° 77 0.0001
AMS (1.25x10” - 80x10™"" M) + APC/EPM (125 nM/2.8 nM) 0.04x10° 53 0.166
AMS (1.25x10” - 80x10""" M) + APC/EPM (250 nM/1.4 nM) 0.03x10°¢ 70 0.0001
HHG (0.2x107 - 12.8x10""' M) + APC/EPM (125 nM/2.8 nM) 0.17x10°¢ 24 0.473
HHG (0.2x107 - 12.8x10""' M) + APC/EPM (250 nM/1.4 nM) 0.43x10” 93 0.002
Combined treatment with chemotherapeutic drugs and the IC,, M)? SR® |
combination of SCP and proteasome inhibitor EPM in SW837 SW837 SW837

CPT (1.0x10*- 64x10'° M) + APC/EPM (125 nM/2.8 nM 2.3x107 43.4 0.0001
CPT (1.0x10*- 64x10'° M) + APC/EPM (250 nM/1.4 nM) 7.3x10® 137 0.0001
5FU (0.65x107 - 41.6x10° M) + APC/EPM (125 nM/2.8 nM) 0.46x10° 20.2 0.0001
5FU (0.65x107 - 41.6x10° M) + APC/EPM (250 nM/1 .4 nM) 11x107 84.5 0.0001
DOX (0.86x10” - 55x10""' M) + APC/EPM (125 nM/2.8 nM) 11.4x10° 10 0.009
DOX (0.86x10” - 55x10""" M) + APC/EPM (250 nM/1.4 nM) 4.6x10° 25 0.0001
Combined treatment with chemotherapeutic drugs and the ICy, M)* SR® Pe
combination of SCP and proteasome inhibitor EPM in SW837 SW837 SW837

TAX (1.46x10*-93.44x10'° M) + APC/EPM (125 nM/2.8 nM) 7.8x107 7.5 0.019
TAX (1.46x10™-93.44x10"'° M) + APC/EPM (250 nM/1.4 nM) 15.6x10°® 37.6 0.0001

*The data are based on the mean of absorbance from 3 independent experiments. "SR, Sensitization ratio = ICs, of drug/ICs, of the drug +
combination of APC and proteasome inhibitors. ‘P-value of the combined treatment with standard chemotherapeutic drug and the combination

of apicidin and epoxomicin versus chemotherapeutic drug alone.

proteasome on the response of human colorectal cancer cells
to chemotherapy.

New combination therapies for cancer are expected to
produce enhanced efficacy, improved selectivity, and reduced
toxicity. An ideal combination regimen would consist of
agents with different mechanisms of action, leading to
complementary antitumor activities and little cross resis-
tance (27). In the present study, exposure to submicromolar
concentrations of APC in combination with submicromolar
concentrations of MG132 and nanomolar concentrations of
EPM or PI-1 synergistically decreased the survival of cancer
cells when compared with the single treatments (Fig. 1A).
MG132 (0.3 uM) increased the sensitivity of both SW1116
(SR=2.64) and SW837 (SR=2.5) cells to APC. PI-1 (7.8 nM)
increased the sensitivity of SW1116 (SR=2.8) and SW837
(SR=2.15) to APC, and at 15.6 nM, PI-1 further increased
the sensitivity of SW1116 (SR=4.63) and SW 837 (SR=3.3)
cells to APC. Finally, EPM (2.8 nM) increased the sensitivity
of SW1116 (SR=1.91) and SW837 (SR=3.29) cells to APC.

Colony formation assays (Fig. 1B) and morphological changes
(Fig. 1C) confirmed the results of the inhibition studies. Both
APC and the tested proteasome inhibitors had little toxic
effects on normal human fibroblasts. Cancer cells rely heavily
on the proteasome to eliminate unwanted proteins, most likely
due to their rapid protein turnover rate; therefore, cancer cells
are more susceptible to proteasome inhibition when compared
with non-transformed cells (28). Our results are consistent
with previous studies reported by several groups using diverse
malignant cell types and employing various combinations of
HDAC and proteasome inhibitors (22,25,29).

The rationale to target the proteasome in cancer cells stems
from data indicating that malignant cells accumulate more
misfolded, mutated, or damaged proteins, which are disposed
of by the proteasome; therefore, cancer cells are more depen-
dent on proteasome activity (30). Furthermore, the inhibition
of the proteasome induces apoptosis and has been shown to
have antitumor effects in several xenograft models and cancer
cell lines representing prostate, pancreas (31), lymphoma,
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Table IV. Percentage means cytotoxicity of standard chemotherapeutic drugs and their combinations with APC/MG132 or PI-1
on human colorectal cancer cells.

Percentage means P-values®
cytotoxicity®
Treatment with chemotherapeutic drugs and the combinations
of APC/MG132 SWI1116 SW837 SWI1116 SW837
S5FU (0.65x107 - 41.6x10° M) 52+4.5
5FU  (0.65x107 - 41.6x10° M) + APC/MG132 (240 nM/0.16 uM) 93+0.4 - 0.0001 -
OXP (0.06x10* - 4x107'° M) 40+£2.3 2+0.9
OXP (0.06x10* - 4x10'° M) + APC/MG132 (62 nM/0.25 uM) 79+1.3 5+3 0.0001 -
OXP (0.06x10*-4x10"° M) + APC/MG132 (240 nM/0.16 uM) 93+0.23 61+1.2 0.0001 0.0001
DOX (0.86x107 - 55x10™"' M) 65+£5.4
DOX (0.86x107 - 55x10"" M) + APC/MG132 (240 nM/0.16 M) 97+2.5 - 0.0001 -
CAP (0.68x10*-43.52x10'" M) 33+2.9 34+1.5
CAP (0.68x10*-43.52x10'° M) + APC/MG132 (62 nM/0.25 uM) 74+1.9 10+4 0.0001 0.085
CAP (0.68x10*-43.52x10" M ) + APC/MG132 (240 nM/0.16 uM) 93+0.4 61£0.9 0.0001 0.0001
CIP (0.42x107 - 26x10° M) 31+2.2 0.0
CIP (0.42x107 - 26x10° M) + APC/MG132 (62 nM/0.25 uM) 77£1.5 2+0.9 0.0001 -
CIP (0.42x107 - 26x10° M) + APC/MG132 (240 nM/0.16 uM) 95+3.3 67+1 0.0001 0.0001
TAX (1.46x10*-93.44x107'° M) 4244 .8
TAX (1.46x10*-93.44x10"'° M) + APC/MG132 (62 nM/0.25 uM) 79+2.6 - 0.0001 -
TAX (1.46x10*-93.44x10'° M) + APC/MG132 (240 nM/0.16 M) 94+0.5 - 0.0001 -
CPA (1x10*- 64x10'° M) 14+1 0.0
CPA (1x10*- 64x10"° M) + APC/MG132 (62 nM/0.25 uM) 60+1.3 04+0.2 0.0001 -
CPA (1x10*- 64x10'° M) + APC/MG132 (240 nM/0.16 M) 92+0.4 48+1.3 0.0001 0.0001
VCR (0.25x10* - 16x10" M) 74+4
VCR (0.25x10* - 16x10""" M) + APC/MG132 (240 nM/0.16 M) 96+0.5 - 0.0001 -
ETP (4x10*-25.6x10"°M) 51+4.8
ETP (4x10*-25.6x10"° M) + APC/MG132 (240 nM/0.16 uM) 95+0.5 - 0.0001 -
ELP (0.2x10*-12.8x107'° M) 40454
ELP (0.2x10*-12.8x10"° M) + APC/MG132 (240 nM/0.16 uM) 95+0.4 - 0.0001 -
AMS (1.25x107 - 80x10™"' M) 49+4 3
AMS (1.25x107 - 80x10"" M) + APC/MG132 (240 nM/0.16 uM) 95+0.6 - 0.0001 -
HHG (0.2x107 - 12.8x10"' M) 50+4.8 9+3
HHG (0.2x107 - 12.8x10"' M) + APC/MG132 (62 nM/0.25 uM) - 16+5 - 0.243
HHG (0.2x107 - 12.8x10™"' M) + APC/MG132 (240 nM/0.16 uM) 94+0.7 56+4.8 0.0001 0.0001
APD (0.28x107° - 17.92x10'' M) 36+3 0.0
APD (0.28x10” - 17.92x10™"' M) + APC/MG132 (62 nM/0.25 uM) - 9+4 - 0.045
APD (0.28x10” - 17.92x10™"' M) + APC/MG132 (240 nM/0.16 uM) 94+0.6 4414 0.0001 0.0001
Percentage means P-values
cytotoxicity
Treatment with chemotherapeutic drugs and the combinations
of APC/PI-1 SW1116 SW837 SWI1116 SW837
CPT (1.0x10*-64x10"°M) 47+6
CPT (1.0x10*- 64x10'° M) + APC/PI-1 (96 nM/10 nM) - 93+1.6 - 0.0001
OXP (0.04x10* - 4x10'° M) 19+3.5
OXP (0.04x10* - 4x10'° M) + APC/PI-1 (96 nM/10 nM) - 78+1.8 - 0.0001
CAP (0.68x10™* - 43.5x10° M) 42423 15+£2.6
CAP (0.68x10™-43.5x10"'° M) + APC/PI-1 (48 nM/7.8 nM) - 38+1 - 0.0001
CAP (0.68x10* - 43.5x10'° M) + APC/PI-1 (96 nM/10 nM) 68+1.9 62+£2.5 0.0001 0.0001

*The data are based on the mean of absorbance from 3 independent experiments. "P-value of the combined treatment with standard chemothera-
peutic drug and the combination of APC and MG132 or PI-1 versus chemotherapeutic drug alone.
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Table V. Percentage means cytotoxicity of standard chemotherapeutic drugs and their combinations with APC/ PI-1 or EPM on

human colorectal cancer cells.

Percentage means P-values®
cytotoxicity®
Treatment with chemotherapeutic drugs and the combinations
of APC/PI-1 SW1116 SW837 SW1116 SW837
CIP (0.42x107 - 26.88x10° M) - 2+0.9
CIP (0.42x107 - 26.88x10° M) + APC/PI-1 (48 nM/7.8 nM) - 42+1.6 - 0.0001
CIP (0.42x10? - 26.88x10° M) + APC/PI-1 (96 nM/10 nM) - 67£1.2 - 0.0001
CPA (1x10*- 64x107'° M) 41+1.2 7£1.6
CPA (1x10*- 64x107'° M) + APC/PI-1 (48 nM/7.8 nM) 42421 49+1.6 0.814 0.0001
CPA (1x10*- 64x107'° M) + APC/PI-1 (96 nM/10 nM) 71£1.0 70£1.5 0.0001 0.0001
APD (0.28x10” - 17.92 x10"'' M) - 13£3.2
APD (0.28x10” - 17.92 x10""' M) + APC/PI-1 (48 nM/7.8 nM) - 19+3.9 - 0.208
APD (0.28x107 - 17.92 x10""' M) + APC/PI-1 (96 nM/10 nM) - 39433 0.0001
Percentage means P-values
cytotoxicity
Treatment with chemotherapeutic drugs and the combinations
of APC/EPM SW1116 SW837 SW1116 SW837
OXP (0.06x10* - 4x10'° M) 08+2.9 36+2
OXP (0.06x10* - 4x10'"° M) + APC/EPM (125 nM)/2.8 nM) 32429 47+£2.3 0.0001 0.0001
OXP (0.06x10* - 4x10'° M) + APC/EPM (250 nM/1.4 nM) 60+3 69+1.7 0.0001 0.0001
CAP (0.68x10*-43.52 x107° M) 30+£2.2 28+2.1
CAP (0.68x10™ - 43.52 x10'° M) + APC/EPM (250 nM/1.4 nM) 49+£2.3 67+£2.2 0.0001 0.0001
CIP (0.42x107 - 26.88x107 M) 61+3 29+2.4
CIP (0.42x107 - 26.88x10° M) + APC/EPM (125 nM)/2.8 nM) 30+2.8 50£2.5 0.0001 0.0001
CIP (0.42x107 - 26.88x10° M) + APC/EPM (250 nM/1.4 nM) 61+3 67+1.76 0.0001 0.0001
CPA (1x10*- 64x10'° M) 00 00
CPA  (1x10*- 64x10'° M) + APC/EPM (250 nM/1.4 nM) 57+3 35+1.5 0.0001 0.0001
APD (0.28x10”-17.92 x10'' M) 5+2.4 7+1.6
APD (0.28x10” - 17.92 x10""' M) + APC/EPM (125 nM)/2.8 nM) 19+£3.5 22427 0.001 0.0001
APD (0.28x10” - 17.92 x10""' M) + APC/EPM (250 nM/1.4 nM) 55£2.9 67£3.3 0.0001 0.0001

*The data are based on the mean of absorbance from 3 independent experiments. "P-value of the combined treatment with standard chemothera-
peutic drug and the combination of APC and PI-1 or EPM versus chemotherapeutic drug alone.

head and neck, melanoma, lung, and breast cancers as well as
leukemias (32).

The acetylation and deacetylation of histone proteins
control gene transcription, and the processes are regulated by
two families of enzymes, acetyltransferases and HDACs (33).
Increased histone acetylation is typically associated with tran-
scriptionally active genes, whereas low levels of acetylation
correlate with transcriptional repression (33). In the present
study, APC treatment resulted in a significant inhibition
(P<0.0001) of intranuclear deacetylase activity, and the data
were in agreement with the antimitogenic effect of APC on
human colorectal cancer cells (Fig. 2A). These findings are
consistent with those reported for other HDACIs, such as TSA
and sodium butyrate, on head and neck squamous cell cancer
cell lines (34). However, data reported by Denlinger et al
indicated that although all intracellular deacetylase activity
was inhibited in three different non-small cell lung cancer

(NSCLC) cell lines, they were resistant to HDAC inhibitor-
mediated cell death (35).

NF-«xB, which is thought to be targeted by proteasome
inhibitors, is a transcription factor regulating gene involved in
proliferation, apoptosis, and angiogenesis, and it is particularly
well studied as the main effector of apoptosis. NF-«kB is known
to be overexpressed or constitutively active in a number of
human tumor types, possibly conferring resistance to cancer
cell death (36). HDACIs have been shown to exert pleiotropic
effects on NF-xB activity in various cell types, including
producing an increase in activity in some cells (37) and a
decrease in activity in others (38). Whether this discrepancy
reflects concentration-, drug-, or cell type-specific differences
remains to be determined. In any case, in the present study,
APC significantly increased (P<0.022) the DNA binding
activity of NF-xB. On the other hand, the MG132 (P<0.87),
PI-1 (P<0.419) and EPM (P<0.352) proteasome inhibitors
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decreased the DNA binding activity of NF-kB. This activity
was decreased even more significantly after the combined
treatment of APC with MG132 (P<0.008), PI-1 (P<0.01) or
EPM (P=<0.001) (Fig. 2B), suggesting their synergic mecha-
nism as negative regulators of the NF-xB pathway. These
findings are consistent with data obtained using HDACIs and
PIs in other malignancies (25,39).

Proteasome inhibitors act by targeting the catalytic core
of the proteasome and inducing the apoptosis of tumor cells.
Among other mechanisms, proteasome inhibitors lead to the
cytoplasmic accumulation of the I-kB protein and reduced
NF-«xB activity. Other downstream targets involved in the
action of proteasome inhibitors include the generation of ROS,
caspase activation and accumulation of cellular proteins linked
to cell proliferation and apoptosis (40).

In the present study, the tested proteasome inhibitors,
MG132 (P<0.001), EPM (P<0.001), and PI-1 (P<0.0001), as
well as their combination with APC significantly suppressed
(P<0.0001) proteasome activity in colorectal cancer cells when
compared with untreated cells (Fig. 2C). Such findings are in
agreement with findings in other malignancies (41). Previous
studies have suggested that the lethal effects of proteasome
inhibitors either administered alone in lung cancer cells (42)
or in combination with HDACTs in Ber/Abl* myeloid leukemia
cells (43) stem from the generation of ROS.

Studies were therefore performed to determine whether
a similar mechanism might underlie the lethality of APC/PI
combination treatment in colorectal cancer cells. The combined
treatment with APC/MG132, APC/EPM and APC/PI-1
showed a pronounced generation of ROS (P<0.0001) when
compared with the untreated control and the single treatments
with APC and the tested proteasome inhibitors (Fig. 2D).
These observations are consistent with previous findings in
other malignancies that have attributed HDAC and proteasome
inhibitor-mediated cytotoxicities to increased ROS genera-
tion (25,44). Co-administration of the antioxidant, L-NAC
(15 mM), substantially blocked the APC/PI-mediated increase
in ROS levels (data not shown). Increased ROS production
has been reported to result in protein, lipid and DNA-based
oxidation with the latter forming apurinic/apyrimidic sites
(among other types of DNA damage). These findings indicate
that the generation of ROS plays a significant role in the
APC/PI-mediated lethality in colorectal cancer cells (45).

The combined treatment of APC with MG132, PI-1, or EPM
resulted in a prominent arrest of the human colorectal cancer
cells in G,-G,/S-, G,-M/S-, or S-phases, respectively (Fig. 3A).
Exposure to other combinations of HDAC and proteasome
inhibitors was also reported to induce a G,/M cell cycle arrest
in different types of malignancies (25). Furthermore, APC
interacted synergistically with MG132, PI-1 or EPM to induce
apoptosis when compared with single treatments with APC,
MG132, PI-1 and EPM or with untreated colorectal cancer
cells (Fig. 3B). Such findings are in accord with those reported
for other combinations of HDAC and proteasome inhibitors
and in other types of malignancies (22,46).

We also evaluated the molecular events that potentially
led to the effectiveness of the combination of APC with the
proteasome inhibitors by analyzing several signaling pathways
linked to cell proliferation and apoptosis. Human colorectal
cancer cells exposed to APC and MG132, PI-1, or EPM
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displayed a marked downregulation in the mRNA expression
of genes related to cell cycle control, including Cdkl, Cdk2,
Cdk4, Cdk6 and Cdc25A, when compared with the single
treatments with APC, MG132, PI-1 and EPM. However, the
same combined treatments resulted in the upregulation of the
cell cycle-dependent kinase inhibitor genes, pl15, p19, p21 and
p27, when compared with the single treatments (Fig. 4). These
results are consistent with findings in other malignancies
using various HDAC and proteasome inhibitors (25,44,47,48).
Increased levels of pl5, p19, p21 and p27 and maintenance of
the key cell cycle regulatory proteins that counter prolifera-
tive signals, eventually leading to apoptosis (49), are possible
mechanisms of colorectal cancer cell death induced by the
combined treatment of APC with proteasome inhibitors.

Co-exposure of human colorectal cancer cells to APC
and MG132, PI-1, or EPM resulted in the overexpression of
a number of pro-apoptotic genes, including Bim, Bax, Apafl
and caspases 2, 3,4, 7 and 9. The same combined treatments
exhibited reduced mRNA expression of anti-apoptotic genes,
including Bcl2, x-IAP and c-IAP-1 (Fig. 4). These results
are in agreement with those reported in other malignancies
using various combinations of HDACIs and proteasome
inhibitors (25,39,44,50).

Bax promotes apoptosis through its interaction with the
anti-apoptotic members in the mitochondria, such as Bcl-2.
Such interactions have been shown to activate caspases, which
cleave many vital cellular substrates, thereby contributing
to cell death and the apoptotic phenotype. Caspase 9 is an
initiator caspase in the apoptotic process, and its function is to
activate the effector caspases 6, 7, and 3 (51).

The upregulation of pro-apoptotic genes in conjunction
with the downregulation of anti-apoptotic genes as well as
the increased production of ROS in colorectal cancer cells
co-exposed to APC and proteasome inhibitors may serve
to shift the balance from pro-survival to pro-apoptotic. The
APC/PI combination regimens thus lower the threshold of
colorectal cancer cells to pro-death signals, thereby accounting
for the lethality of the combination regimens.

The effects of single and combined treatments of APC with
proteasome inhibitors were examined in relation to perturba-
tions of cytoprotective and stress-related signaling modules in
the colorectal cancer cells. The combined APC/proteasome
inhibitor treatments downregulated the levels of the phos-
phorylated forms of AKT and ERK (P<0.0001) in the cancer
cells. On the other hand, these combined treatments markedly
augmented JNK phosphorylation (P<0.0001) (Fig. 5). Similar
results have been reported for other malignancies using various
combinations of HDAC and proteasome inhibitors (25,39,44).

Several lines of evidence have suggested that the enhanced
lethality of APC in conjunction with the tested proteasome
inhibitor combinations stem, at least in part, from a redirection
of signals away from cytoprotection and toward the stress-
related cascade. For example, in PC12 cells, the net output
of the JNK and ERK pathways determines whether cells live
or die in response to growth factor deprivation. Furthermore,
JNK activation has been implicated in events associated with
mitochondrial damage and cytochrome c release (52). For
these reasons, the activation of stress-related cascades is one
of the factors thought to be involved in proteasome inhibitor-
mediated lethality (53). Thus, in colorectal cancer cells, the
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combined downregulation of ERK and AKT may be consider-
ably more lethal than the disruption of either pathway alone.

Several of the signaling pathways affected by HDAC
and proteasome inhibitors, such as the disruption of Akt
signaling and the hyperactivation of JNK signaling, have
been implicated in Bax regulation. Direct phosphorylation
of Bax by Akt on ser'® inhibits Bax translocation to mito-
chondria in neutrophils (54). Alternatively, phosphorylation
of Bax by JNK stimulates mitochondrial translocation (55).
The effects on Bax-interacting proteins may also contribute
to the effects induced by HDAC and proteasome inhibitors.
Ku70 was initially identified as a component of the machinery
that repairs DNA strand breaks, but it has also been shown to
have an important role in sequestering Bax in the cytoplasm.
Sequestration of Bax by Ku70 depends on the acetylation of
several key residues within the c-terminal linker domain that
is adjacent to the Bax interaction domain (54). Treating cells
with an HDAC inhibitor is therefore expected to result in an
accumulation of acetylated Ku70, which may be unable to
sequester Bax in the cytoplasm to suppress apoptosis. Thus,
it is likely that the multiple cellular changes induced by the
HDACI, APC and PIs (MG132, PI-1 and EPM) in human
colorectal cancer cells contribute to the activation of Bax and
the subsequent induction of apoptosis.

The mechanisms by which HDAC and proteasome inhibi-
tors exert their cytotoxic effects have not been fully delineated
and are likely to be multifactorial and cell line-specific.
Numerous genes are affected by proteasome inhibitors or APC,
and it is therefore likely that a combination of these effects may
lead to the synergy observed between the two classes of agents.
Both proteasome inhibitors and APC generate ROS, either via
mitochondrial injury or by disrupting antioxidant systems.
When paired, these two compounds increase oxidative stress,
leading to apoptosis. High levels of ROS can cause damage to
proteins, a process that contributes to ER stress. Inhibiting the
proteasome also results in aggregates of ubiquitin-conjugated
proteins that were originally targeted for degradation by the
proteolytic complex. HDACIs disrupt aggresomes, leading to
ER stress (8). Thus, the combination of proteasome inhibi-
tors (MG132, PI-1 and EPM) and the HDACI, APC, leads to
increased cellular stress and apoptosis.

Both oxidative stress and disruption of aggresome formation,
leading to ER stress, are important pathways that contribute to
the synergy observed between proteasome inhibitors and APC.
However, because both of these types of drugs have pleiotropic
effects, other mechanisms may also be involved. Both HDAC
and proteasome inhibitors influence many cellular processes;
thus, further studies examining their interactions may reveal
additional overlapping mechanisms that have not yet been
identified as contributing to their synergism.

Cancer patients often develop chemoresistance, and
increasing the concentrations of cytotoxic drugs fails to signifi-
cantly improve the therapeutic response. One hypothesis for the
development of chemoresistance is an acquired resistance of
the tumor cells to apoptosis (56), allowing tumors to withstand
high levels of chemotherapy. Tumor cells that are resistant to
apoptosis also exhibit increased proliferative capacity.

In this study, we showed that the combined treatment of
APC with the proteasome inhibitors, MG132, PI-1 or EPM,
markedly reduced the apoptotic threshold of the colorectal
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cancer cells. These results prompted us to examine the poten-
tial of the combined treatments to augment the sensitivity of
human colorectal cancer cells to standard chemotherapeutic
drugs. Our data clearly indicated that the APC/proteasome
inhibitor (MG132, PI-1 or EPM) combinations led to a marked
increase in the sensitivity of colorectal cancer cells to stan-
dard chemotherapies in an APC/proteasome inhibitor- and
colorectal cancer subtype-dependent manner (Figs. 6-10,
Tables I-V). These results are in line with findings in other
malignancies (22,56-58).

Given the pleiotropic actions of both HDAC and proteasome
inhibitors, it is unlikely that an interruption of NF-kB signaling
is the sole basis for the synergistic interactions between such
agents and the enhanced chemosensitization potential of the
combination treatment. Inall probability,additional mechanisms
are involved. Cytotoxicity and chemosensitization potentials
of the APC/proteasome inhibitor combination treatment are
most likely associated with multiple interacting mechanisms,
including proteasome and NF-kB inhibition, ROS generation,
cell cycle perturbation, downregulation of anti-apoptotic and
cytoprotective molecules, and upregulation of pro-apoptotic
and stress-related molecules. Although clinical studies of
HDAC and proteasome inhibitors as single agents have yielded
only modest results (59), the finding that very low concentra-
tions of APC and a proteasome inhibitor (MG132, PI-1 or
EPM) interact synergistically to kill colorectal cancer cells and
potentiate their sensitivity to standard chemotherapeutic drugs
suggests the need to develop novel combination therapies for
treating malignant diseases, including colorectal cancer. These
combinations of drugs should function through complementary
mechanisms of action with a manageable toxicity and low cross
resistance. In vivo studies using animal models are necessary to
confirm the validity of the combinational strategy for the treat-
ment of colorectal cancer. Furthermore, testing this strategy
with a larger number of cancer cell lines would increase the
value of this study.

Combination treatments may lead to better efficacy and
utility of HDACISs in the clinic. However, the effects of these
combinations on dose-limiting toxicities have not been thor-
oughly evaluated. Combination studies may therefore provide
an opportunity to use lower doses and reduce dose-limiting
toxicities, including the fatigue, vomiting, nausea and diar-
rhea (among others) that have been observed with the use of
HDACTs as single agents (60). Although there are concerns
that using combinations of agents may result in increased
toxicities, preliminary data from current clinical trials indicate
that these combinations are safe and well tolerated.

Many questions remain unanswered with respect to HDACI
specificities for particular tumor subtypes and the molecular
mechanisms underlying HDACI-induced cell differentiation,
cell cycle arrest and apoptosis. The mechanisms that regulate
specific gene expression and recruitment of HDAC complexes
to specific promoter sites are also unknown. It is important to
distinguish the HDAC specificity of HDACIs for the develop-
ment of selective therapies at the molecular level.
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