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Understanding how colon cancer cells survive within the inflammatory milieu of a tumor, and
developing approaches that increase their sensitivity to inflammatory cytokines, may ultimately lead to
novel approaches for colon cancer therapy and prevention. Analysis of a number of chemopreventive and
therapeutic agents reveal that HDAC inhibitors are particularly adept at sensitizing colon cancer cells
TNF or TRAIL mediated apoptosis. In vivo data are consistent with an interaction between SAHA and TNF

Keywords: in inducing apoptosis, as AOM-induced colon tumors express elevated levels of TNF and are more
%c\)lll?n cancer sensitive to SAHA administration. Cell cycle analysis and time-lapse imaging indicated a close
TRAIL correspondence between SAHA-induced prophase arrest and TNF or TRAIL-induced apoptosis. Prophase

arrest induced by the Aurora kinase inhibitor VX680 likewise sensitized cells to TNF and TRAIL, with
siRNA analysis pointing to Aurora kinase A (and not Aurora kinase B) as being the relevant target for this
sensitization. We propose that agents that promote prophase arrest may help sensitize cancer cells to
TNF and other inflammatory cytokines. We also discuss how circumvention of an early mitotic
checkpoint may facilitate cancer cell survival in the inflammatory micro-environment of the tumor.
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1. Introduction

Colon cancers are frequently infiltrated by immune and
inflammatory cells that play a complex role in regulating lesion
growth and progression. Infiltrating cells can express high levels of
Cox-2 and are therefore likely to stimulate cancer cell proliferation
and lesion angiogenesis [1,2]. In addition, reactive oxygen species
and other genotoxic molecules generated by inflammatory cells
have been proposed to establish a mutagenic environment in
which cancer progression is accelerated [3-6]. Cytokine signals
generated by infiltrating cells orchestrate many of these events. A
number of studies have demonstrated a role for TNF in colon
cancer development. Tumor formation in an inflammation-driven
mouse colon cancer model is reduced in animals lacking the p55
TNF receptor (TNFR1) [7] or through the use of the TNF inhibitor,
etanercept [7]. The interplay between infiltrating cells and colon
cancer development appears to feature the transcription factor NF-
kB as playing an important role of protecting transformed cells
from apoptosis [8,9].

Although infiltrating cells can promote colon tumor growth and
progression, there are aspects of the immune and inflammatory
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response that can suppress colon cancer growth. The adaptive
immune response is likely to control lesion growth, primarily
through the actions of CD8 T cells. Cancers with elevated levels of
CD8 positive cells tend to have a better clinical outcome [10-12],
presumably through their direct cytotoxic effects on cancer or
stromal cells. Infiltration of NK cells has also been associated with
improved survival [13]; NK cells can induce apoptosis through the
Fas pathway [14]. The anti-cancer function of the Fas pathway is
supported by the finding that genetic deletion of Fas or Fas ligand
enhances tumor development in the mouse Apc™™* model [15,16].
Although the impact of endogenous TRAIL on colon cancer
progression is not clear, expression of the TRAIL death receptors
on cancer cells provides a potential avenue for treatment [17-19].

The ability of tumor infiltrating immune cells to specifically
target cancer cells has raised the possibility that they may serve as
a conduit for cancer therapy. Efforts have been made to stimulate
the activities of cells infiltrating colon cancers in patients, and
these efforts have met with some success. “GOLFIG” chemo-
immunotherapy, in which gemcitabine, oxalipatin, levofolinic acid
and 5-fluorouracil are combined with GM-CSF has generated
promising results, significantly improving patient outcome [20-
22]. The actions of the DNA targeting chemotherapeutic agents are
likely to work in parallel with the immune stimulant, which
appears to function by neutralizing the effects of regulatory T cells
in the lesions [20].
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Whether cytokines generated by infiltrating immune and
inflammatory cells promote or suppress lesion growth is governed
by poorly understood lesion variables. Perhaps the best example of
a dual-role cytokine in cancer is TNF. TNF was originally identified
as the mediator of tumor necrosis in animals treated with
endotoxin [23-25]. TNF was in fact envisioned as a potential
therapy, but its efficacy was limited by its toxicity [26,27]. In
addition, TNF can stimulate expression of a variety of angiogenic
factors, and can activate the pro-survival transcription factor NF-
kB, both of which may counteract its anti-cancer actions [28,29].
TNF has also been found to promote the transformation of NIH3T3
cells in vitro [30]. As a result of these diverse effects, it is not clear
whether increasing or decreasing the expression of TNF within
cancer tissues would be beneficial.

One approach to developing new colon cancer therapies is to
identify treatments that specifically increase the sensitivity of
cancer cells to infiltrating cells. TNF and other cytokines produced
within the tumor microenvironment may be particularly effective as
anti-cancer agents if their effects can be tipped in favor of apoptosis.
Likewise, TRAIL-based therapies may be enhanced by agents that
sensitize cells to TRAIL-induced apoptosis. Recent research has
shown that a wide spectrum of cancer cell types can be sensitized to
TRAIL and TNF induced apoptosis by histone deacetylase (HDAC)
inhibitors [31-37]. This sensitization appears to arise in part through
the simultaneous activation of both the mitochondrial and receptor-
mediated death pathways [33]. However, HDAC inhibitors also
effect cell cycle progression and treatment of cells grown in culture
causes them to arrest in early mitosis. Mitotic arrest arises through
alterations in the expression of cell cycle regulatory genes and
through direct effects on mitotic chromatin condensation [38,39]. In
this report we assess the interplay between the cell cycle effects of
the HDAC inhibitor SAHA and cancer cell sensitization to cytokine.
We find that cells arrested in prophase by SAHA are acutely sensitive
to TNF or TRAIL. In addition, arresting cells in prophase through
Aurora kinase A inhibition likewise enhances their cytokine
sensitivity. These results suggest that agents that arrest cancer cells
in prophase may enhance the anti-cancer activities of infiltrating
immune and inflammatory cells. We also propose that alterations in
early mitotic check point proteins in colon cancer cells, such as CHFR
and Aurora kinase A [40-43], may arise in part to increase the
resistance of transformed cells to the elevated levels of cytokines
expressed in cancer tissue.

2. Materials and methods
2.1. Cell culture

The HCT116 and HT-29 colon cancer cell lines were obtained
from the American Type Culture Collection (Manassas, VA, USA). All
cell lines were cultured in a humidified 37 °C incubator at 5% CO,
using McCoy’s 5A medium with 10% fetal bovine serum, non-
essential amino acids, and antibiotic/antimycotic (Life Technologies,
Carlsbad, CA, USA). For time-lapse microscopy, cells were trans-
ferred to a 37 °C incubator in McCoy’s 5A medium with 25 mM
HEPES (Life Technologies) at ambient CO, 24 h prior to imaging.
Drug treatments were performed approximately 24 h after passing.
VX-680 was purchased from Selleck Chemicals (Houston, TX, USA)
and SAHA from Cayman Chemical (Ann Arbor, MI, USA). All others
chemicals used for cell treatment were purchased from Sigma-
Aldrich (St. Louis, MO, USA). TNF and TRAIL were obtained from
Pierce Protein Research Products (Rockford, IL, USA).

2.2. Caspase 3 activity

Cells were lysed by two rounds of freeze-thawing in lysis buffer
containing 10 mM Tris-HCI (pH 7.5), 0.1 M NaCl, 1 mM EDTA and

0.01% TRITON X-100. Cells were then scraped into tubes and
centrifuged at 10,000 x g for 10 min. For assays performed on 96
well plates, cells were lysed directly on the plate and centrifuged at
4000 x g for 10 min. To perform the assay, 50 .l of cell lysis
supernatant was mixed with 50 ul of 2x reaction mix (10 mM
PIPES pH 7.4, 2 mM EDTA, 0.1% CHAPS, 10 mM DTT) containing
200 nM of the fluorogenic substrate Acetyl-Asp-Glu-Val-Asp-7-
Amino-4-methylcoumarin (DEVD-AMC; Enzo Life Sciences, Farm-
ington, NY, USA). The fluorescence was quantified using a
microplate reader (excitation/emission 360/460 nm) at the start
of the reaction and after 1h. Protein concentrations were
determined using the BioRad Protein Assay reagent (BioRad,
Hercules, CA, USA). Caspase activity was determined by dividing
the change in fluorescence after 1 h by the total protein content of
the reaction mixture.

2.3. Immunofluorescence microscopy

Cells were cultured in 24-well plates on glass cover slips. After
treatment, cells were washed with cold phosphate buffered saline
(PBS), fixed with 4% paraformaldehyde for 10 min at room
temperature, and then permebealized with 0.5% TRITON X-100
in PBS. Cells were blocked in 5% serum (in PBS) and then incubated
on a shaker for 1 h with diluted primary antibody solutions (1:100;
5% serum) against Aurora kinase A (#610938, BD, Franklin Lakes,
NJ, USA), Aurora kinase B (ab2254, Abcam, Cambridge, MA, USA),
cleaved caspase 3 (#9961, Cell Signaling Technology), cleaved
caspase 8 (#9496, Cell Signaling Technology, Danvers, MA, USA), or
phospho-histone H3 (Ser 28)(sc-12927, Santa Cruz Biotechnology,
Santa Cruz, CA, USA). Appropriate secondary antibodies (Jackson
ImmunoResearch, West Grove, PA, USA) were selected for a 45-min
incubation. Cover slip inserts were then mounted on slides for
imaging.

2.4. Time-lapse imaging

HT-29 cells stably expressing H2B-GFP were used for live cell
imaging. Time-lapse videos were performed using a Personal DV
microscope (Applied Precision, LLC) using a 60x oil-immersion
objective. Images were taken every 8 min as z-stacks of 0.5 pm.
Videos were deconvolved and quick projected using Softworks
(Applied Precision, LLC).

2.5. siRNA transfection

Transfection of HT29 cells was performed as described
previously [44,45] with the exception that 2.5 vl of Lipofectamine
2000 (Invitrogen, Carlsbad, CA, USA) was used in place of
Dharmafect 4 (Dharmacon Products, Lafayette, CO, USA). Smart-
pool siRNA and non-targeting control siRNA was obtained from
Dharmacon for these experiments.

2.6. Flow cytometry

Floating and adherent cells were combined and analyzed by
flow cytometry. Adherent cells were harvested using a trypsin-
EDTA solution, centrifuged together with the floating cells at
100 x g for 5 min, and resuspended in 1 ml of cold PBS. Cells were
then fixed by adding 3 ml of cold 100% ethanol while gently mixing
and stored at 4 °C for 2 h. Cells were then washed in PBS with 5 mM
EDTA, resuspended in PBS and separated into two tubes, with one
used as an unstained control. Cells were stained with 30 g/ml
propidium iodide (Sigma-Aldrich) and 0.3 mg/ml RNase A in a PBS
solution for 1h in the dark and filtered prior to analysis on a
FACSCalibur instrument (BD Biosciences, San Jose, CA, USA) using
CellQuest software (BD Biosciences) for cell cycle analysis.
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2.7. Treatment of tumor-bearing mice

A/] Mice, purchased from Jackson Laboratory (Bar Harbor, ME,
USA), were housed in a ventilated, temperature controlled room
witha12-hlight:12-h dark cycle. Mice were allowed free access to
laboratory rodent chow (Laboratory Rodent Diet 5001; PMI
Nutrition International, Richmond, IN, USA) and water. At 6 weeks
of age, mice were injected i.p. with 10 mg/kg azoxymethane
(AOM) weekly for five weeks [46]. Twenty-four weeks after the
final dose, animals were provided SAHA in the drinking water at
0.5 mg/ml for 48 h (approximately 100 mg/kg/day at 4 ml per
day). Colons were then obtained from euthanized animals, with
exophytic tumors clipped from the normal adjacent tissue for
separate analysis. Extracts were prepared from normal and tumor
tissue, and analyzed for RNA expression and caspase 3 activity
using previously described methodologies [47]. Briefly, cytosolic
extracts were employed for caspase activity determination (using
50 pl in the assay described above). For histone acetylation
analysis, the nuclear fraction was extracted with 1% SDS and
sonicated prior to immunoblot analysis. RNA was prepared by
grinding normal tissue and isolated tumors in TRIzol reagent
(Invitrogen, Grand Island, NY, USA). Reverse transcription was
performed using the ABI High-Capacity cDNA reverse transcrip-
tion kit (Applied Biosystems Inc., Foster City, CA, USA) following
the manufacturer’s protocol. Real-time quantitative PCR was
performed using an Applied Biosystems 7500 Fast Real-Time PCR
system and software (Carlsbad, CA, USA).
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2.8. Statistics

Data are shown as means + SEM (n > 3). The effects of multiple
treatments were analyzed with repeated measures ANOVA and a
Tukey’s post hoc test. Comparison between two treatments was
performed using a Student’s t test. A Fisher’s exact test was employed
to determine the significance of the association between apoptosis
and the cell cycle phase. Probability values < 0.05 were considered
significantly different. Significant changes of note are indicated in the
figures by asterisks.

3. Results
3.1. HDAC inhibitors sensitize colon cancer cells to cytokine treatment

HDAC inhibitors including SAHA and butyrate have been shown
to sensitize colon cancer cells to cytokines [31-37]. To determine
whether this is a general activity of anticancer agents, the HT29
colon cancer cell line was treated with a number of different
chemotherapeutic (etoposide, 5-fluorouracil and Adriamycin) and
chemopreventive (curcumin, epigallocatechin gallate, ibuprofen
and indomethacin) agents for 18 h in the presence or absence of
TNF, and then tested for apoptosis using a fluorgenic caspase 3
assay. As shown in Fig. 1, the HDAC inhibitors increased caspase
activity robustly when combined with TNF. Curcumin had a similar
effect above 50 wM, whereas the other chemopreventive and
chemotherapeutic agents tested did not. Although many of the
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Fig. 1. TNF sensitizes colon cancer cells to HDAC inhibitors. The HT-29 colon cancer cells line was treated with increasing concentration of the indicated agents for 18 h in the
presence or absence of TNF (100 ng/ml): SAHA, butyrate, curcumin, epigallocatechin gallate (EGCG), ibuprofen (IBF), indomethacin (IND), etoposide, 5-fluorouracil (5FU) and
Adriamycin (Adr). Extracts were then prepared from cells and tested for caspase activity using the DEVD-AMC fluorgenic substrate.
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Fig. 2. SAHA enhances caspase activation by TRAIL in HT-29 (A) and HCT116 cells (B). Cells were incubated with SAHA (10 M) and TRAIL (100 ng/ml) for 18 h as indicated,
and then assayed for caspase activity as described in Fig. 1. The increase in caspase activity in the combination treatment was significantly higher than the individual
treatments (ANOVA; p < 0.01). (C and D) Combining SAHA with TNF (C) or TRAIL (D) reduces viable cell number and slows proliferation after drug removal. HT-29 cells were
treated with TNF, TRAIL and SAHA as indicated for 18 h, after which the medium was replaced with normal growth medium. Viable cells were counted 24, 48 and 72 h after
the switch to normal growth medium. Combining SAHA with TNF or TRAIL resulted in a significant decrease in cell number and reduced the rate of cell growth after return to

normal growth medium (ANOVA, p < 0.01).

agents tested here can induce growth arrest and apoptosis at later
time points, these data indicate that HDAC inhibitors are
particularly adept at acutely sensitizing the cells to TNF. SAHA
was also found to sensitize HT29 and HCT116 colon cancer cells to
TRAIL induced apoptosis (Fig. 2A and B) and reduced the number of
viable cells in the culture (Fig. 2C and D). Finally, the growth rate of
the surviving cells was significantly lower following treatment of

TNF or TRAIL with SAHA, suggesting that the combination
treatment has a sustained affect on the ability of the cancer cells
to proliferate (Fig. 2C and D).

An experiment was run in the mouse AOM colon cancer model
to determine whether a similar pro-apoptotic interaction between
SAHA and cytokines may occur in vivo. As shown in Fig. 3A, AOM-
induced colon tumors express elevated level of cytokine, with
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Fig. 3. (A) AOM-induced mouse colon tumors express elevated levels of inflammatory cytokines TNF and IL-1. RNA was extracted from tumors (T) or adjacent normal tissue
(N) and quantified for mRNA expression. Actin was used as a control RNA. Tumors showed an increased expression of TNF and IL-1 (Student’s ¢ test; p < 0.01, n =5). (B)
Treatment with SAHA increases histone acetylation in colon tumors. Histone proteins were isolated from tumors of four control animals (tumors 1-4) or four SAHA-treated
animals (tumors 5-8). Histone acetylation was then analyzed by immunoblotting using an antibody specific for acetylated-histone H4. Gel loading was normalized by
Coomassie staining of the histone proteins. (C) Treatment of mice with SAHA increases caspase activation in colon tumors. Protein extracts prepared from normal tissue or
colon tumors (as indicated) were assayed for caspase activity as described in Fig. 1. SAHA increased caspase activity significantly in tumor tissue only (Student’s t test;

p <0.01).
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significantly increased TNF and IL-13 expression in the tumors
relative to adjacent normal tissue. Treatment of mice with SAHA
(for 48 h) increased the level of histone acetylation in the tumors
(Fig. 3B). The level of caspase activity within the tumors was
likewise increased by the SAHA treatment, whereas no significant
change in the adjacent normal tissue was observed. Although the
sensitivity of the tumors in this model may arise from a number of
variables, these data are consistent with the interplay between
cytokine and SAHA in promoting apoptosis in vivo.

3.2. Mitotic effects of HDAC inhibitors and cytokine sensitivity

The mechanism by which HDAC inhibitors sensitize colon cancer
cells to cytokine-induced apoptosis may include a range of effects,
including altered expression of anti-apoptosis proteins such as cFlip
and the inhibition of NF-kB. HDAC inhibitors are also known to
interfere with mitosis by activating the expression of cell cycle
inhibitors and by interfering with sister chromatid adhesion [48]. To
assess the contribution of this mitotic effect on colon cancer cell
sensitivity to cytokine, the influence of SAHA and TNF on the cell
cycle distribution of HT29 cells was determined (Fig. 4A). SAHA was
found to increase the percentage of cells in the culture in G2/M
phase, whereas TNF alone had little effect on the cell cycle

A Cell number
Cntl TNF
1200 200
0] 19 79 L 139 600 127 621 | 127
600 4 400
300 200
A | _A.
100 200 300 400 ' 00 200 300 400
2504
SAHA TNF SAHA
300 00
28.0 2;.3 34.7 1504 62.9 | 16.1‘ L 6.9 N
200 : '
100
100
50
100 200 30 400 100 200 300 400
DNA (PI) DNA (PI)
*
C 304
" T
I
o 20+
c
=]
=
I
a 104
a\n
0 v A v Ll
&‘6' \a «\g? c}g‘v
(< &
<&

B

% p-Histone H3

1221

distribution. When TNF and SAHA were combined, the number of
sub-diploid cells was increased, accompanied with a large reduction
in the number of G2/M phase cells. To more specifically determine
the sensitivity of mitotic cells to cytokine treatment, cells were
stained for the mitotic marker, phospho-histone H3 serine 28. Fig. 4B
shows that cells treated with SAHA (18 h) show an increase in the
number of cells in mitosis, which rapidly disappear from the culture
following treatment with TRAIL (Fig. 4B and C). A similar effect was
observed following TNF treatment of HT29 cells arrested with SAHA
(Fig. 4C). The loss of mitotic cells from the culture may be a result of
their rapid apoptosis.

To examine the interaction between mitosis and apoptosis in
more detail, HT29 cells were treated with SAHA in the absence or
presence of TNF, and then analyzed for caspase 8 activation. As
show in Fig. 5A, active caspase 8 staining increased following
treatment with TNF or SAHA, but was highest when both TNF and
SAHA were present. Inspection of the cells treated with both SAHA
and TNF showed that rounded cells expressed higher levels of
caspase 8 (see arrows in Fig. 5A). Since cells arrested in mitosis
become round, cells were co-stained for active caspase 8 and
phospho-histone H3 (Fig. 5B). The results of this staining show that
all of the mitotic cells expressed active caspase 8 (Fig. 5B, green
arrow). Some non-mitotic cells also activated caspase 8, but this
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Fig. 4. (A) Cell cycle effects of TNF and SAHA. HT-29 cells were treated with TNF (100 ng/ml) or SAHA (10 M) as indicated (for 18 h), and then assayed for cell cycle
distribution by propidium iodine labeling and flow cytometric analysis. SAHA treatment alone generated an increase in G2/M phase cells, with the number of sub-diploid cells
greatest in the TNF/SAHA combination treatment. (B) Influence of SAHA and TNF on cells in mitosis. HT-29 cells were treated with SAHA for 18 h, as indicated. TRAIL was then
introduced into the culture for 1 or 2 h. Cells were fixed and analyzed for the expression of the mitosis marker: histone H3 phosphorylated at serine 28. Phospho-histone H3
staining is red and DNA/DAPI is shown in blue. (C) TNF and TRAIL reduce the number of M phase cells accumulated after SAHA treatment. The left panel shows the percent of
phospho-histone H3 expressing cells when TNF is included with SAHA. The right panel shows the results of (B) quantified. The reduction in SAHA-arrested cells by TNF or
TRAIL treatment was significant (ANOVA; p < 0.01). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)
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Fig. 5. Immunofluorescence analysis of caspase 8 activation in HT-29 cells treated with SAHA and TNF. (A) HT-29 cells were treated as indicated for 18 h. Cells were then fixed
and stained for active caspase 8. The arrows in the TNF/SAHA panel indicate rounded, potentially mitotic cells that stain positively for active caspase 8. (B) Dual
immunofluorescent staining for active caspase 8 and the mitosis marker phospho-histone H3 (Ser28). The left shows active caspase 8 staining (red) on a phase contrast image
and the left panel is the same image with active caspase 8 (red) and phospho-histone H3 in green. All cells showing phospho-histone H3 staining co-stained for active caspase
8; one such cell indicated by the green arrow. A sub-population of non-mitotic cells also stained for active caspase 8, with one example indicated by the blue arrow. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)

occurred only in a subpopulation of the non-mitotic cells (Fig. 5B,
blue arrow).

To further assess the relationship between mitotic arrest and
apoptosis, HT29 cells expressing a GFP-tagged histone H2B were
treated with SAHA overnight to accumulate cells in mitosis, and
then treated with TNF. Time-lapse imaging was then performed. As
shown in Fig. 6, cells arrested in mitotic prophase were observed in
the cultures treated with SAHA overnight. If the cultures not
treated with TNF, these mitotic cells were stable for the duration of
the experiment (Fig. 6). However, cultures treated with TNF
displayed an increased rate of apoptosis. Although increased
apoptosis was observed in both the interphase and the arrested

cells, the rate of apoptosis was significantly higher for the
population of cells arrested in early mitosis (Fig. 6).

3.3. Aurora kinase inhibition and cytokine sensitivity

Since cells arrested in prophase by SAHA were found to be
acutely sensitive to TNF and TRAIL, we determined how other
mitotic blockers affected cytokine sensitivity. We first tested the
Aurora kinase inhibitor VX680. As shown in Fig. 7A, treatment of
HT29 cells with SAHA or VX680 resulted in the accumulation of
cells with condensed mitotic chromosomes, reduced centrosomal
clustering of Aurora kinase A and no signs of chromosome
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Fig. 6. Time-lapse imaging of HT-29 cells expressing a histone H2B-GFP fusion protein. Cells were grown on glass cover-slips and then treated overnight with SAHA (10 M). Cells
were either left untreated (SAHA, lower panel) or were treated with TNF (TNF SAHA, upper panel), and then prepared for time-lapse imaging. A series of representative images are
shown: stable chromatin condensation was typically observed in cells treated with SAHA alone whereas inclusion of TNF into the culture medium increased the rate of apoptosis of
mitotic cells. The arrows in the images track an individual cell. The times at the bottom of the image indicate the length of time following TNF treatment. (B) Quantification of time
lapse videos showing the percent of interphase and mitotic cells undergoing apoptosis in cultures treated with SAHA and SAHA plus TNF. Mitotic cells undergo apoptosis more
readily than interphase cells (p > 0.02; Fisher’s exact test). Less than one percent of untreated control cells undergo apoptosis in this assay (not shown).

congression on the metaphase plate. Like SAHA, VX680 was also
able to sensitize colon cancer cells to cytokine (Fig. 7B-D); VX680
sensitized both HT29 and HCT116 colon cancer cells to TNF or
TRAIL, as determined by caspase 3 activation. This activity is not
general to all mitotic inhibitors; taxol and colchicine, which arrest
cells later at metaphase, did not sensitize HT29 cells to TNF
(Fig. 7E). To confirm the growth-inhibitory actions of VX680 in the
presence of TNF or TRAIL, cells were analyzed for DNA content by
flow cytometry. As shown in Fig. 8A, VX680 treatment on its own
induced an accumulation of cells in G2/M, and inclusion of TNF
with VX680 increased the percentage of subdiploid cells over 5-
fold. Finally, the number of viable cells in the culture was
dramatically reduced by the TNF/VX680 and TRAIL/VX680
combinations (Fig. 8B). Growth inhibition by the combination
treatment persisted up to 72 h after removal of the treatment,
indicating that the growth inhibitory effect is irreversible.
Aurora kinases A and B are structurally related kinases that play
distinct roles in mitosis, but both can be inhibited by VX680 [49].
To determine the contribution of these kinases individually to TNF-
induced apoptosis, an RNAi approach was taken. Aurora kinase A is
normally localized near centrosomes where it mediates mitotic
spindle formation [50-52]. Knockdown of Aurora kinase A with
siRNA lead to a reduction Aurora kinase A localization at the
centrosome and increased the number of cells with condensed

chromosomes blocked in early mitotsis (Fig. 9A). Aurora B binds to
chromosomes where it facilitates chromatin condensation for
mitosis [53,54]. As shown in Fig. 9B, Aurora kinase B siRNA
generates a partial knockdown, but cells do not condense their
chromosomes. Cells with Aurora kinase A or B knockdown were
then tested for their sensitivity to TNF. As shown in Fig. 9C, Aurora
kinase A knockdown increased the sensitivity of the cells to TNF
whereas Aurora kinase B knockdown did not. In addition, cell
staining showed that Aurora kinase A knockdown cells treated
with TNF activated caspase 3 more frequently (Fig. 9D). This
finding suggests that the relevant kinase target for cytokine
sensitization is Aurora kinase A. This sensitization may stem from
the fact that Aurora kinase A inhibition blocks cells at a relatively
early stage of mitosis.

4. Discussion

Immune and inflammatory cells are frequently found infiltrat-
ing colon cancers and earlier colonic lesions and their presence is
likely to play a complex role in regulating tumor growth and
progression. On the one hand, inflammatory mediators can
promote cancer progression through the generation of growth-
stimulating factors and DNA-reactive metabolites [6,55-58].
However, cytotoxic T cells and death-inducing cytokines generated
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Fig. 7. Effect of the Aurora kinase inhibitor VX680 on colon cancer cells. (A) HT-29 cells were treated with VX680 or SAHA for 18 h, stained for Aurora kinase A and imaged by
confocal microscopy. Mitotic cells in control cultures were most frequently found at metaphase or later, with well organized Aurora kinase A staining (red) observed at the
mitotic poles (left panel). SAHA and VX680 treatments generated cells with condensed chromosomes, but with poorly organized staining for Aurora kinase A. These data show
similar mitotic blocks achieved by SAHA and VX680. (B)-(D) Caspase activation shows that VX680 effectively sensitizes colon cancer cells to TNF or TRAIL. Cells were treated
for 18 h with VX680 or SAHA in the presence or absence of TNF or TRAIL as indicated, and then processed for caspase activity as described in Fig. 1. (B) Comparison of VX680
and SAHA for sensitizing HT-29 cells to TNF. (C) Comparison of VX680 and SAHA for sensitizing HCT116 cells to TNF. (D) Comparison of VX680 and SAHA for sensitizing HT-29
cells to TRAIL. (E) Not all mitotic inhibitors can sensitize cells to TNF. HT-29 cells were treated with colchicine (Colch), taxol (Tax) or SAHA in the presence and absence of TNF,
and the assayed for caspase activation. Only SAHA sensitized the cells to TNF. Significant differences in this figure are indicated by an asterisk (ANOVA; p < 0.01). (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)

by infiltrating cells have the ability to suppress lesion growth
[10,59,60]. Cytokines appear to be important for this anticancer
effect since anti-tumor T cell immunity can be inhibited when TNF
is absent (even though viral immunity remains intact) [61].
Consistent with the potential anti-cancer activity of immune and
inflammatory cells, evidence has been obtained that stimulating
these cells can be effective component of colon cancer treatment. A
recently developed colon cancer treatment protocol that combines
granulocyte macrophage colony stimulating factor and IL-2 with
standard chemotherapeutic agents fluorouracil and oxaliplatin
(referred to as GOLFIG) has been found to significantly increase
patient survival [20,22]. Identifying agents that specifically
promote cancer cell killing by inflammatory cytokines could help
target cell killing to neoplastic lesions, and may be particularly
useful in colon cancer treatment protocols that include immune
and inflammatory cell stimulation. Here we show that HDAC and

Aurora kinase inhibitors are well suited for sensitizing cells to TNF
and TRAIL. The HDAC inhibitor SAHA was also found to target cell
killing to tumor tissue in the mouse AOM model, consistent with
its interaction with TNF over-expressed in these lesions. In
addition to potential cancer treatment applications, agents that
promote apoptosis of cancer cells in the presence of cytokines
could be beneficial for cancer prevention, particularly in cases
where colon cancer development is associated with a strong and
chronic inflammatory component. Thus, HDAC and Aurora kinase
A inhibitors (in some form) may ultimately be beneficial for
reducing colon cancer development in patients with inflammatory
bowel disease.

The ability of HDAC inhibitors to sensitize cancer cells to
cytokine treatments has been proposed to occur through a variety
of different mechanisms, including increased death receptor
expression, anti-apoptotic gene expression and NF-kB activation



A. Kuratnik et al./Biochemical Pharmacology 83 (2012) 1217-1228 1225
A
600 600 600 600
Control TNF VX680 TNF/VX680
400 4 ll 400+ 400 4 400
1.9 58 13 43 57 13 2331 32 21 29 24
— — — —t—
200 2004 200 200+
L- T L] L] T T L T T T T T T T T T L L T T T
0 200 400 600 800 1000 0 200 400 600 800 1000 0 200 400 600 800 1000 ] 200 400 600 800 1000
B 10004
- - =
2 100
b . L o
5
°©
o
=
| 104
=5 * *
r_l_‘ I'_J_\
1444 UL
TON LON TON TON TON TON
NI N NI NI NS NI~
Cntl TNF  TRAIL VX680 TNF TRAIL
VX680 VX680
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[31,32,34,36,37,62,63]. It is difficult to say at this point whether
there is a common mechanism underlying all of the reported
changes. However, one consequence of HDAC inhibition that has
not been previously examined for its impact on cytokine
sensitization is mitotic arrest. HDAC inhibitors can induce cell
cycle arrest at mitosis, a response that likely stems from the
activation of Cdk inhibitory proteins such as p21WAF1 [64,65]. In
addition, HDACs are required for properly condensing mitotic
chromosomes and associate directly with components of the
mitotic machinery where they may participate directly in spindle
assembly and chromosome segregation [48,66-69]. Our studies
show that mitotic arrest, and specifically arrest at prophase,
constitutes the primary pathway to apoptosis in colon cancer cells
treated with SAHA and TNF or TRAIL. This finding is significant
since it suggests that agents that target prophase may be generally
effective for sensitizing cells to cytokine-induced apoptosis.
Consistent with this possibility we found that induction of
prophase arrest through VX680 or Aurora kinase A siRNA
knockdown likewise sensitizes colon cancer cells to cytokine
induced apoptosis. Given the range of anti-mitotic agents
available, it is possible that one will have the cellular and
pharmacological properties well suited for colon cancer treatment
and/or chemopreventive applications. With regard to the chemo-
preventive applications, it should be noted that the aminosalicy-
late mesalazine has been reported to inhibit progression through
mitosis (although S phase effects have also been reported) [70-72].
Mesalazine has also been reported to reduce the risk of colon
cancer ulcerative colitis patients [73-75], and although the details

of this chemopreventive activity is not fully understood, this
finding generally supports the potential value of mitotic-targeting
agents for the prevention of inflammation-associated cancer.
Although it is not clear how arrest in early mitosis sensitizes
cancer cells to death ligand, there are numerous reports of
apoptotic proteins being involved in mitosis and vice versa. One
potentially relevant finding is that the expression of caspase 3
mRNA peaks approximately 1 h before the mitotic cyclin, cyclin B
[76]. The increase in mRNA expression correlates with an increase
in caspase activity. Interestingly, caspase 3 appears to be involved
in regulating the mitotic spindle checkpoint such that its inhibition
results in a premature breach of this checkpoint [76]. Arresting
cells at an early stage of mitosis pharmacologically may therefore
prolong this endogenous capsase 3 activation pathway in a manner
that complements receptor-mediated apoptosis signaling. The
potential interplay between mitosis and apoptosis is also
supported by the finding that numerous mitotic proteins are
caspase targets. For instance, CENP-C and INCENP are caspase
targets and cleavage of these proteins results in the mislocalization
of Aurora B kinase and a disruption of the chromosomal passenger
complex [77]. It is possible that disruption of the passenger
complex during early mitosis amplifies the apoptotic signal
activated by death receptor activation. Additional analyses will
however be required to determine how mitotic events sensitize
cells to death ligands, and whether more specific mitotic
manipulations might be available to specifically target cancer cells.
The primary intention of our studies is to develop treatment
approaches that selectively target cancer cell apoptosis by
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complementing the activity of death ligands expressed at elevated
levels in cancer tissue. The ability of SAHA to induce apoptosis
selectively in mouse colon tumors is consistent with this effect.
However, given the critical role of apoptosis in inflammation, the
interaction between TNF and SAHA may also influence the course
of an inflammatory response. SAHA and other HDAC inhibitors
have been reported to possess promising anti-inflammatory
activities [78]. For instance, SAHA has been reported to suppresses
colonic inflammation in the mouse DSS model [79,80]. Whether
the TNF sensitizing activity of SAHA plays a role in its anti-
inflammatory actions is unclear, but enhancing apoptosis of
damaged cells and/or infiltrating inflammatory cells could plausi-
bly constitute part of this effect (along with other previously noted
effects) [81,82]. Although TNF is involved in mounting an
inflammatory response, evidence has been obtained that both
TNF and TRAIL help resolve the inflammatory response by
promoting apoptosis of neutrophils, lymphocytes and other
infiltrating cells [83-85]. Although the extent to which long-term
SAHA treatment will alter the inflammatory signaling within a
colon tumor is unknown, it is possible that resolution will
ultimately result in a smaller, less aggressive lesion.

Since cancer tissue frequently maintains high levels of cytokine
production, cancer cells may evolve mechanisms that prevent
prophase arrest from occurring. Interestingly, there does appear to
be such a mechanism in place. The checkpoint with FHA and RING
finger (CHFR) protein can detect abnormalities in prophase and
return cells to late interphase (also known as antephase) [86,87].
The mechanism by which CHFR controls this checkpoint is
complex, but appears to involve its E3 ubiquitin ligase activity
and the promotion of PLK1 and Aurora kinase A degradation
[88,89]. Colon cancer cells frequently express reduced levels of
CHFR due to promoter methylation silencing, which in turn
increases Aurora kinase A expression [88,90]. We found that
Aurora kinase A knockdown can increase cell sensitivity to TNF,
indicating that reduced CHFR/increased in Aurora kinase A
expression can provide some protection from inflammatory
cytokines. The silencing of CHFR has been proposed to primarily
play a role in promoting chromosomal instability (CIN) in colon
cancer. Although CHFR may indeed serve this function in some
colon cancers, it is interesting to note that CHFR silencing is found
more frequently in colon cancers with microsatellite instability
(MIN) than those with CIN. This suggests that CHFR silencing may
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provide an advantage to colon cancer cells independent of its
effects on promoting CIN. One possibility is that this silencing
minimizes the prophase arrest and cytokine-induced cell death in
MIN cancers. MIN cancers are characterized by a more intense
infiltration of immune and inflammatory cells, so CHFR silencing
may provide protection from these cells [10,91]. Additional work
will be needed to determine which the types of colon cancers and
colon cancer cells might most effectively be treated with prophase
disrupting agents.
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