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Introduction

Inflammation can play a central role in cancer promotion in many 
tissues, one of the best documented being the colon. Extensive 
ulcerative colitis (UC) has been associated with a significant 
increase in colon cancer development, and managing inflamma-
tion with 5-ASA decreases this risk.1,2 Inflammation may also 
contribute to the development of sporadic colon cancer; nonsteroi-
dal anti-inflammatory drugs (NSAIDs) such as aspirin and ibu-
profen can decrease cancer risk in the population at large by close 
to 50%.3-5 The interaction between inflammatory signaling and 
cancer may continue through late stages of the disease, as most 
cancers maintain elevated levels of TNF, IL6 and other inflam-
matory mediators.6-10 The role of inflammation in colon cancer 
development is multifaceted and includes the increased generation 
of DNA-reactive molecules, enhanced angiogenesis and activation 
of the anti-apoptotic transcription factor NFκB.7,8,11-14

Immune and inflammatory death ligands expressed within neoplastic tissue could potentially target apoptosis to 
transformed cells. To develop approaches that accentuate the anti-cancer potential of the inflammatory response, the 
Chembridge DIVERSet library was screened for compounds that accentuated apoptosis in a strictly TNF-dependent 
manner. We identified a number of novel compounds with this activity, the most active of these, AK3 and AK10, sensitized 
colon cancer cells to TNF at 0.5 μM and 2 μM, respectively, without inducing apoptosis on their own. The activity of these 
compounds was structure-dependent and general, as they accentuated cell death by TNF or Fas ligation in multiple 
colon cancer cell lines. Both AK3 and AK10 arrested cells in mitosis, with live cell imaging indicating that mitotically 
arrested cells were the source of apoptotic bodies. AK3 accentuated caspase-8 and caspase-9 activation with little effect 
on NFκB target gene activation. Enhanced caspase activation corresponded to an increased expression of TNFR1 on the 
cell surface. To determine the general interplay between mitotic arrest and TNF sensitivity, Aurora kinase (MLN8054 and 
MLN8237) and PLK1 (BI2536) inhibitors were tested for their ability to sensitize cells to TNF. PLK1 inhibition was particularly 
effective and influenced TNFR1 surface presentation and caspase cleavage like AK3, even though it arrested mitosis at an 
earlier stage. We propose that AK3 and AK10 represent a new class of mitotic inhibitor and that selected mitotic inhibitors 
may be useful for treating colon cancers or earlier lesions that have a high level of inflammatory cell infiltrate.
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Although inflammation is associated with cancer development, 
immune and inflammatory cells produce a range of molecules 
with potent death-inducing capabilities that have the potential to 
limit lesion growth. Evidence suggests that early tissue lesions are 
kept at bay by the immune response.15,16 Cancers are in fact found 
to be “immune-edited,” consistent with the active elimination of 
immunogenic cells from the developing lesion.17,18 In this regard, 
the adaptive immune response is likely to be anti-tumorigenic. 
The contribution of innate immunity to cancer development 
is less clear. Generalized inflammation has been implicated in 
cancer promotion.19 However, the influence of innate immune 
cells on cancer development may be stage-specific. In the case of 
advanced colon cancer, macrophage density at the tumor margin 
is strongly associated with a better patient outcome, which may 
result from their ability to generate apoptosis-inducing factors.20

The death-inducing capabilities of immune cells serves as 
the basis for cancer therapies utilizing vaccines or immune 
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did so when TNF was present. The level of agent required to 
stimulate apoptosis when TNF was present was in the low micro-
molar range for both AK3 and AK10, with an LD50 of 0.5 μM 
for AK3 and 2 μM for AK10.

Since both AK3 and AK10 compounds have a similar chemi-
cal structure, we generated a number of related compounds to 
determine whether their TNF sensitizing activity was dependent 
on their structure or whether it was a property inherent to the 
central piperazine group. The compounds synthesized are shown 
in Figure S2A. Application of these compounds to HT29 cells 
in the presence or absence of TNF showed that AK24 had a sig-
nificantly higher TNF sensitizing activity than the other deriva-
tives (Fig. 2B). AK24 was, however, significantly less potent than 
AK3, as shown in Figure S2C. These structure-activity studies 
indicate that the activity of the piperazine-based compounds 
AK3 and AK10 result from specific structural elements that most 
likely function by binding to specific target molecules in the cell.

Generality of AK3 and AK10 activity. To determine the 
generality of apoptotic sensitization by AK3 and AK10, these 
compounds were tested on the HCT116 colon cancer cell line 
(Fig. 3A). HCT116 cells are more sensitive to TNF induced 

stimulants. For example, the inclusion of Aldesleukin and gran-
ulocyte-macrophage colony-stimulating factor (GM-CSF) with 
traditional chemotherapeutic agents has been shown to improve 
the outcome of colon cancer patients.21,22 Evidence suggests that 
immune stimulants activate both the innate and adaptive arms of 
the immune response to induce lesion regression.23-25 The anti-
cancer activities of the immune response can be counteracted by 
a range of phenotypic changes in cancer cells. The cell killing 
actions of the adaptive immune response can be mitigated by 
the decreased expression of MHC molecules on cancer cells.26-

28 A more general resistance to immune cell killing may also 
be achieved by the increased expression of anti-apoptotic pro-
teins, such as survivin and other IAPs, by cancer cells.29,30 To 
obtain insight into cellular pathways that are associated with 
an increased resistance to immune cells, we screened a com-
pound library for agents that sensitize colon cancer cells to TNF 
induced apoptosis, without affecting cell viability on their own. 
The majority of compounds obtained through this screen worked 
through a mitotic arrest mechanism. We propose that agents that 
target mitosis may be well-suited for enhancing the anticancer 
actions of the immune and inflammatory response. We also dis-
cuss the possibility that the mitotic proteins that are frequently 
upregulated in colon cancers serve (in part) to ensure that cancer 
cells proceed efficiently through mitosis so that they evade elimi-
nation by apoptotic ligands.

Results

Compound screen for the induction of TNF sensitivity. Four 
hundred compounds from the ChemBridge DIVERSet library 
were assessed for their ability to increase the sensitivity of the 
HT29 colon cancer cell line to TNF-induced apoptosis (Fig. 1A). 
For this screen, duplicate 96-well plates were generated and 
treated in parallel with 40–50 μM of compound with one of the 
plates containing 50 ng/ml TNF. After 18 h, the plates were visu-
ally inspected for cell death and cellular extracts were prepared 
for an enzymatic caspase-3 assay (using the DEVD-AMC fluo-
rogenic substrate). From this initial screen, six compounds were 
selected for further analysis, based on the level of caspase activa-
tion in the presence of TNF. These compounds were retested 
on HT29 cells, with active caspase-3 staining employed as a test 
of apoptosis. Quantification of this staining showed that the six 
compounds identified in the primary screen increased active cap-
sase-3 in HT29 cells in a strictly TNF-dependent manner. The 
structures of these compounds are shown in Figure S1.

Two of the most active compounds from the screen, AK3 and 
AK10, were taken for further analysis. Figure 2A shows their 
chemical structure; both have a central piperazine group with a 
phenyl and a benzoyl group attached to the two piperizane nitro-
gens. HT29 cells treated with TNF in combination with AK3 or 
AK10 showed an increase in the proportion of cells expressing 
active caspase-3, with positively staining cells frequently show-
ing an apoptotic morphology (Fig. 2B). A titration of the com-
pounds for activation of caspase-3 (DEVDase) in the presence 
and absence of TNF is shown in Figure 2C. Neither AK3 nor 
AK10 significantly induced caspase-3 activity on their own, but 

Figure 1. Identification of compounds that induce caspase-3 activation 
in TNF dependent manner. (A) Schematic of the strategy employed 
for screening compounds from ChemBridge DIVERSet library. HT29 
colon cancer cells were treated with the test compounds for 18 h in 
the presence or absence of TNF (50 ng/ml). Cell lysates were prepared 
and tested for caspase-3 activity using the DEVD-AMC fluorogenic sub-
strate. (B) The compound screen identified six compounds that induced 
caspase-3 activation only in the presence of TNF using a DEVDase assay. 
As a secondary screen compounds were tested by immunostaining cells 
using an antibody specific for cleaved/active caspase-3. Images were 
captured and the fraction of cells staining positively for caspase-3 was 
quantified. AK3 and AK10, two of the most active compounds, were 
selected for further investigation.
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from an AOM-induced colon tumor).31 TNF induced caspase-3 
activation was stimulated in these cells by both AK3 and AK10, 
with AK3 being more potent (Fig. 3B). Finally, we determined 
whether AK3 and AK10 could stimulate caspase-3 activity 
induced by the Fas pathway. As shown in Figure 3C, both AK3 

apoptosis than HT29 cells (which possibly results from their 
wild-type p53 status). However, AK3 was capable of further 
enhancing TNF induced caspase activation in these cells, whereas 
AK10 was not. AK3 and AK10 were also tested on a mouse colon 
cancer cell line, AJ02-NM

0
 cells (a p53-normal cell line derived 

Figure 2. (A) Similar chemical structure of AK3 and AK10. AK3 and AK10 both have a core piperazine group substituted with phenyl and benzoyl 
groups at the two piperazine nitrogens. (B) Increased caspase-3 and apoptosis in the combination treatment of AK3 or AK10 with TNF. HT29 cells were 
treated with AK3 or AK10 in the presence or absence of TNF. Cells were fixed, permeabilized and stained for active caspase-3. Higher proportion of 
cells stained for active caspase-3 in the combination treatment compared with control or AK3/AK10 treated cells. Positively staining cells displayed an 
apoptotic morphology. Bar, 100 μm. (C) Representative dose-response curves of caspase-3 activity with increasing concentrations of AK3 or AK10, in 
the presence or absence of TNF. Significant caspase activation was observed only in the combination treatment. The asterisks indicated points where 
the combination treatment was significantly higher than compound or TNF treatment alone (ANOVA, Tukey’s post-hoc test, p < 0.01). LD50s of AK3 
and AK10 in the presence of TNF were determined to be 0.5 μM and 2.0 μM, respectively.
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population. To address this issue further, time-lapse imaging was 
performed on HT29 cells expressing a histone H2B-GFP fusion 
protein. As shown in Figure 6, cells treated with AK3 arrested 
in mitosis as indicated by the condensation of histone H2B-GFP 
fluorescence. Moreover, cells displaying condensed chromatin 
ultimately underwent apoptosis when TNF was present, further 
supporting the sensitivity of mitotically arrested cells.

Effect of AK3 on TNF signaling. Increased sensitivity to 
TNF-induced apoptosis could arise from an increased signaling 
through the proximal initiator caspase-8, through the suppres-
sion of the anti-apoptotic NFκB signaling pathways or through 
a combination of these effects.34-36 To assess the potential con-
tribution of these pathways to sensitization, we determined the 
effect of AK3 on TNF-induced gene activation and caspase-8 
and -9 cleavage. As shown in Figure 7A, gene activation by TNF 
was largely unaffected by AK3, whereas the activation of the 
initiator caspases 8 and 9 was increased (Fig. 7B). Cleavage of 
pro-caspase-8 showed the largest fold change; its cleavage was 
undetectable in cells treated with TNF or AK3 alone, but nearly 
complete when cells were treated with TNF and AK3 for 6 h.

A western blot analysis was performed to determine if AK3 
altered the expression of the TNF receptor responsible for cas-
pase-8 activation, TNFR1.37,38 Increased caspase-8 cleavage 
was not associated with an increased expression of total cellu-
lar TNFR1 as determined by western blot analysis (Fig. 7C). In 
fact, a slight decrease in expression was observed in cells follow-
ing treatment with AK3 or TNF. To determine whether TNFR1 
cellular localization was altered by AK3, cells were examined 
by immunofluorescent staining. For this experiment, cells were 
either paraformaldehyde fixed and stained directly for TNFR1 
or fixed and permeabilized with Triton X-100 prior to immu-
nostaining. This analysis showed that while permeabilized cells 

and AK10 stimulated Fas-induced caspase activation, without 
significantly inducing caspase activity on their own. From these 
data, we conclude that both AK3 and AK10 are broadly active 
on different cell lines and with different death ligands, with AK3 
being more general in its activity.

Mitotic arrest and TNF sensitivity. A flow cytometeric 
analysis of propidium iodide (PI)-stained cells was performed to 
assess the impact of AK3 and AK10 on the generation of sub-
diploid cells. Co-treatment of HT29 cells with either compound 
in combination with TNF increased the sub-diploid population 
approximately 10-fold (Fig. 4, right column). Treatment with 
AK3 or AK10 alone increased the fraction of cells in G

2
/M phase 

to approximately 70% (Fig. 4). Interestingly, TNF caused a drop 
in the G

2
/M population that corresponded with the increased 

appearance of sub-diploid cells, suggesting that the G
2
/M cells 

were the cells targeted for apoptosis.
To determine if AK3 and AK10 induced a G

2
 or M phase arrest, 

immunofluorescent staining for the mitosis marker phospho-his-
tone H3 Ser28 was performed.32,33 As shown in Figure 5A, both 
compounds induced a high level of phospho-histone H3 staining, 
consistent with a mitotic arrest (Fig. 5A). Confocal analysis of 
the arrested cells showed similar mitotic structures induced by the 
compounds: in both cases, chromatin was condensed, but there 
was no congression of the chromosomes on the metaphase plate 
(Fig. 5B). In addition, there were indications of mitotic spindle 
assembly, with apparent multiple microtubule organizing centers 
(Fig. 5B). Other compounds identified in the screen likewise gen-
erated a mitotic arrest, as determined by enhanced histone H3 
phosphorylation (Fig. 5C). The induction of a mitotic arrest there-
fore appears to be a common mechanism for TNF sensitization.

The flow cytometer data suggested that the sub-diploid cells 
in the co-treated cultures were derived from the arrested M phase 

Figure 3. Effect of AK3 and AK10 on other colon cancer cell lines and on Fas-mediated cell death. (A) TNF was titrated on to HCT116 cells in the 
presence or absence of 20 μM AK3 or AK10. Although these cells are more inherently sensitive to TNF, AK3 significantly increased caspase activity as 
measured by DEVD-AMC cleavage (ANOVA, Tukey’s post hoc, *p < 0.01). AK10 did not significantly increase caspase activation in this cell line. (B) The 
mouse colon cancer cell line AJ02-NM0 was treated with AK3 or AK10 in the presence or absence of murine TNF and analyzed for caspase activity. 
Both AK3 and AK10 increased caspase activity in the presence of TNF, but not in its absence (*p < 0.001). AK3 was significantly more effective than 
AK10 (ANOVA, *p < 0.001). (C) AK3 and AK10 accentuated caspase activation by Fas ligation. HT29 cells were treated with AK3 or AK10 alone or in 
combination with an anti-Fas antibody (10 μg/ml) and analyzed for caspase activation. Although HT29 cells are sensitive to Fas ligation, both AK3 and 
AK10 significantly enhanced caspase activation (ANOVA, *p < 0.001).
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level of TNFR1 staining on AK3-treated 
cells, with the number of cells staining for 
TNFR1 increased by approximately 5-fold 
(Fig. 8D). The increased level of cell surface 
expression of TNFR1 may contribute to the 
observed increase in TNF induced caspase-8 
activation.

Mitosis targeting and TNF sensitivity. 
A number of pharmacological agents have 
been developed that can arrest cells in mito-
sis. We tested a number of these agents for 
their ability to enhance TNF induced cas-
pase activation and apoptosis. As shown in 
Figure 9A, two Aurora A kinase inhibitors 
(MLN8054 and MLN8237) and a PLK1 
inhibitor (BI2536) were all able to stimu-
late caspase activation by TNF.39-43 Of these 
three agents, BI2536 was the most potent for 
facilitating caspase activation, even though 
they all induced mitotic arrest in approxi-
mately 70% of the cells. Cell cycle analysis 
of HT29 cells treated with BI2536 in the 
presence or absence of TNF showed that the 
BI2536 induced a G

2
/M arrest in approxi-

mately 70% of the cells and that inclusion of 
TNF with BI2536 increased the sub-diploid 
population while decreasing the fraction of 
cells in G

2
/M arrest (Fig. 9B). This result is 

consistent with apoptosis in the G
2
/M phase 

cells being the primary source of the sub-dip-
loid cells. The AJ02-NM

0
 mouse colon can-

cer cell line was likewise sensitized to TNF 
by BI2536, but less so by the two Aurora 
kinase inhibitors (Fig. 9C). Figure 9D shows 
that BI2536 and AK3 induce a comparable 
level of TNF induced caspase activity in 
HT29 cells, making them roughly equiva-
lent in effectiveness. These data indicate that 
mitotic arrest can sensitize cells to TNF, but 
the degree of sensitization can vary depend-
ing on the mechanism of arrest.

A critical signaling event that occurs 
during mitosis linked apoptosis is the phos-
phorylation of the kinetochore-associated 
passenger protein survivin by Cdk1-Cyclin 

B.44 Survivin phosphorylation at Thr34 promotes mitotic pro-
gression and suppresses apoptosis.44,45 As shown in Figure 10A, 
AK3 treatment increased survivin phosphorylation, indicat-
ing that the cells can proceed past Cdk1 activation in mitosis. 
Interestingly, cells treated with AK3 and TNF undergo apop-
tosis even in the face of increased survivin phosphorylation. 
Figure 10A shows that cells treated with BI2536 have a relatively 
low level of survivin phosphorylation, which is consistent with 
its activity as a Plk1 inhibitor, which is upstream of Cdk1-Cyclin 
B. This analysis is consistent with BI2536 and AK3 arresting 
mitosis through distinct mechanisms, even though they can 

stained uniformly for TNFR1 expression, non-permeabilized 
cells showed more variable expression (Fig. 8A). We ascribe these 
changes in staining to changes in the cellular localization of 
TNFR1, with the staining of non-permeabilized showing recep-
tors expressed at or close to the cell surface. A higher magnifica-
tion view showed that cells in mitosis frequently displayed more 
intense staining than interphase cells under non-permeabilized 
staining conditions (Fig. 8B). To determine the relative level 
of TNFR1 strictly on the cell surface, cells were transferred 
to ice and stained directly, without fixation or permeabiliza-
tion (Fig. 8C). This live cell staining protocol showed a higher 

Figure 4. AK3 and AK10 induce a G2/M arrest on their own and sub-diploid cell fragments in 
the presence of TNF. HT29 cells treated with AK3 or AK10 in the presence or absence of TNF 
were analyzed for DNA content by propidium iodide staining. Flow cytometric analysis of 
AK3 and AK10 treated cells showed a shift from G1 to G2/M. In the presence of TNF alone, little 
change in the flow cytometer pattern is observed. Combining TNF with AK3 and AK10 showed 
a decrease in the G2/M peak and the appearance of a sub-diploid population.
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Discussion

Colon cancers arise in an inflammatory microenvironment and 
continue to accommodate elevated levels of infiltrating immune 
cells as they progress. Although the suppression of inflamma-
tion over the long-term is a sensible approach to colon cancer 

both increase sensitivity to TNF. Like AK3, BI2536 enhances 
caspase-8 and caspase-9 cleavage (Fig. 10B) without reducing 
the activation of TNF target genes (Fig. 10C). Also like AK3, 
BI2536 increases the number of cells that express high levels of 
TNFR1 on their surface, suggesting a possible mechanism of 
action for cell sensitization with BI2536 (Fig. 10D).

Figure 5. AK3 and AK10 induce prophase arrest with the appearance of multiple microtubule organizing centers (MTOCs). (A) HT29 cells treated with 
AK3 or AK10 were fixed and stained for phospho-histone H3 Serine 28, a marker for chromatin condensation during mitosis. Cells were stained and 
examined at a 20× magnification by epi-fluorescence. Bar, 100 μm. (B) AK3 and AK10 arrest cells in prophase with multiple MTOCs. AK3 or AK10 treated 
cells were dual stained for phospho-histone H3 (green) and β-tubulin (red) to visualize spindle assembly in arrested cells. Confocal imagining shows 
prophase arrested cells with spindles arising from multiple poles. Bar, 10 μm. Insets show magnified views of the mitotic cells. (C) Many compounds 
identified in the screen induce mitotic arrest. HT29 cells were treated with the indicated compounds at 25 μM and stained for phospho-histone H3. 
Images were captured and histone H3 phosphorylation was quantified for percent staining by ratio imaging with DAPI. Three microscopic fields were 
evaluated and an ANOVA was used to determine the significance of the differences (p < 0.01).
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the most potent mitotic arrest agent but not the best sensitiz-
ing agent. The reason for this variation in efficiency is not clear. 
Nonetheless, our data suggest that selected mitotic inhibitors may 
effectively target neoplastic lesions because of their elevated rate 
of cell division, their loss of mitotic checkpoints and because they 
sensitize cancer cells to their inflammatory micro-environment. 
Whether this approach would be feasible on its own for clearing 
lesions from the colonic mucosa will require further study.

Mobilization of the immune response, whether through vacci-
nation, immune stimulatory treatments or inflammatory agents, 
has long been envisioned as an ideal approach to selectively target 
cancer cells. Tumor cells have been documented to present epit-
opes that can be recognized as foreign by the immune response 
and that well-considered stimulants can direct immune cells to 
neoplastic lesions. Immune stimulants ideally increase the activ-
ity of cytotoxic T cells (CTLs), which function through either Fas 
ligation or release of perforin/granzyme. The Fas system becomes 
particularly important for targeting cancer cells with weak TCR-
epitope complexes.17,18 Since tumors are immune-edited for 
strongly immunogenic epitopes, enhancing Fas-inducing cell 
death may be particularly beneficial.55 We found that both AK3 
and AK10 can enhance cell death mediated by Fas ligation, sug-
gesting that these or similarly acting agents might increase the 
effectiveness of CTLs. The induction of a strong Th1 response 
by immune stimulants also increases the local concentration of a 
number of characteristic cytokines, including TNF. AK3, AK10 
and similarly acting agents might, therefore, facilitate the TNF-
induced cell killing to eliminate cells in the lesion that escape 
direct CTL detection.

In addition to identifying potential drug targets, compound 
screens can also generate molecular probes useful for identify-
ing and studying critical pathways in cancer progression. In this 

prevention, a complementary approach would be to take advan-
tage of the pro-apoptotic signals associated with an inflammatory 
response to target transformed cells for apoptosis. A number of 
natural and pharmacological agents, including NSAIDs, appear 
to have this ability and have been reported to increase cancer 
cell sensitivity to TNF, TRAIL or Fas ligand, although it is not 
clear how this activity functions in cancer prevention.46-50 We and 
others have reported that HDAC inhibition is particularly effec-
tive at increasing colon cancer cell sensitivity to TNF, Fas and 
TRAIL.47,51 This sensitizing activity may account for the reported 
ability of SAHA/Vorinostat to selectively enhance apoptosis in 
AOM-induced colon tumors and suppress their formation and 
growth.47,52-54 It is not clear, however, whether HDAC inhibitors 
are ideal for this purpose since they also cause changes in histone 
acetylation and gene expression systemically.

To better understand the mechanisms by which cancer cells 
can be sensitized to the inflammatory milieu of a lesion, we 
screened for compounds that increase TNF induced apoptosis 
of colon cancer cells. Of the 400 compounds screened, 2 of the 
agents identified AK3 and AK10, had good potency and were 
structurally related. Interestingly, these and a number of other 
compounds identified in the apoptosis screen also induced mitotic 
arrest, with evidence pointing to a higher apoptotic rate of mitoti-
cally arrested cells. A number of pharmacological agents that tar-
get mitosis were also found to increase cancer cell sensitivity to 
TNF, but with varying efficacy. For instance, a Plk1 inhibitor 
(BI2536) was found to function better than two Aurora kinase A 
inhibitors (MLN8054 and MLN8237) at sensitizing cancer cells 
to TNF induced apoptosis, even though they all enforced com-
parable degrees of mitotic arrest. Compounds identified in the 
library screen likewise showed variations in their ability to induce 
mitotic arrest and sensitize cells to TNF. For example, AK16 was 

Figure 6. Mitotically arrested cells undergo apoptosis. Time lapse imaging of histone H2B-GFP expressed in HT29 cells. Cells were treated with either 
AK3 (top) or AK3 plus TNF (bottom). Representative images show chromatin condensation in the cells treated with AK3 alone, whereas addition of 
TNF in combination with AK3 increased apoptosis of the mitotic cells. Bar, 25 μm. Arrows point to the cells undergoing mitosis (top panel and bottom 
panel, t = 3 h) and/or apoptosis (bottom panel).
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contributes to their chromosomal instability. However, these 
changes are also observed in colon cancer cells with a mutator 
phenotype that are chromosomally stable. For example, CHFR 
silencing is frequently associated with MLH1 silencing and a 
mutator phenotype.63 We propose that the altered expression of 
mitotic regulators may function in part to facilitate the survival 
of cells within an inflamed tissue environment. This alteration 
may occur early in cancer development—it has been reported 
that Aurora kinase A and Bub1B are overexpressed in preneoplas-
tic mucosa of ulcerative colitis patients.64 Aberrant expression of 
proteins that promote mitosis may help ensure that cells do not 

regard, the results of our compound screen indicate that mitotic 
regulators may play an important role in helping cancer cells 
resist death ligands within the inflammatory milieu of a neoplas-
tic lesion. Colon cancer cells have long been noted for altered 
expression of proteins involved in mitosis. These proteins include 
components of the centromeres as well as kinases and ubiquitin 
ligases that regulate mitotic progression.56,57 Proteins in this latter 
group include Cyclin B, Aurora kinases A and B and CHFR.58-62 
CHFR, which regulates entry of cells into prophase is frequently 
silenced by promoter methylation in colon cancer cells.62 The 
altered expression of mitotic proteins in colon cancer cells likely 

Figure 7. Effect of AK3 on gene activation and initiator caspase cleavage by TNF. (A) HT29 cells were treated with AK3, TNF or AK3 plus TNF for 4 h. 
RNA was isolated, reverse transcribed and quantified for expression of TNF, BIRC3 and p21 by real-time PCR. TNF activated the expression of the 
three genes tested relative to control cells (ANOVA, p < 0.001), and there was no significant effect of AK3 on this activation. (B) AK3 enhances the 
TNF induced cleavage of caspase-8 and caspase-9. Cells were treated with TNF for 0, 2, 4 and 6 h in the presence of absence of AK3 and lysates were 
analyzed by immunoblotting with antibodies against full length and cleaved caspases 8 and 9. (C) Protein samples were analyzed for TNFR1 by 
immunoblotting. β-Actin was used as the loading control.
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casapse-8 activation, its expression and cellular localization was 
analyzed. Although AK3 did not increase the overall expression 
of TNFR1, it did increase its appearance on the cell surface. These 
results suggest that AK3 works in part by increasing the level of 
TNFR1 on the cell surface, which would increase its ability to 
interact with TNF and form a death inducing complex (either on 
the cell surface or following endosome incorporation). Arresting 
cells in mitosis with BI2536, likewise, increased the expression 
of TNFR1 on the cell surface. It is somewhat counterintuitive 

arrest at prophase/prometaphase for a prolonged period of time 
when they may be more sensitive to ligand-induced apoptosis.

The mechanism linking death ligand sensitization and mito-
sis is not well understood. We found that mitotic arrest by AK3 
showed enhanced cleavage of the initiator caspases 8 and 9. The 
enhancement of caspase-8 cleavage was, however, more dramatic; 
little cleavage, if any, was observed when cells were treated singly 
with TNF or AK3, whereas the combination treatment lead to a 
near complete cleavage. Since TNFR1 is responsible for directing 

Figure 8. Mitotic cells have a higher surface expression of TNFR1. (A) HT29 cells were treated with AK3 and then fixed with PFA. Fixed cells were 
either stained directly with a TNFR1 antibody or were stained following permeabilization with Triton X-100. All cells show TNFR1 expression following 
permeabilization but staining is more variable in the absence of Triton X-100 permeabilization. Bar, 100 μm. (B) Higher magnification of AK3 treated 
cells stained for TNFR1, with or without permeabilization (as indicated). Mitotic cells with round morphology and condensed chromatin frequently 
show elevated TNFR1 expression. Bar, 10 μm. (C) Live cells stained for surface expression of TNFR1. HT29 cells were transferred to ice and stained 
directly for TNFR1 expression. Bar, 25 μm. (D) Quantification of the live cells expressing TNFR1 on the surface. Images were captured and quantified for 
the number of cells staining with the TNFR1 antibody. Significantly more cells stained for surface expression of TNFR1 after AK3 treatment (p < 0.01; 
Student’s t test).
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positive feedback loops,66 such that repeated binding and stimu-
lation of the receptor may lead to persistently increasing levels of 
caspase cleavage and death signaling.

Cell surface expression of TNFR1 on cancer cells was found 
to be highly variable, even under normal growth conditions. The 
reason for this high level of variability is not known, but presum-
ably involves alterations in receptor trafficking through different 

that the increased surface expression of TNFR1 would induce 
caspase-8 cleavage, but not the activation of TNF/NFκB tar-
get genes. Although there are a number of explanations for this 
observation, perhaps the most likely is that TNF also activates 
the expression of the NFκB inhibitory proteins IκBα and p105, 
which establishes a negative feedback loop for TNF induced gene 
activation.65 In contrast, caspase-8 activation is characterized by 

Figure 9. Effect of kinase inhibitors on the TNF sensitivity of colon cancer cells. (A) TNFinduced caspase activation in the presence of MLN8054, 
MLN8237 (Aurora A kinase inhibitors) and BI2536 (Plk1 inhibitor). HT29 cells were treated with the indicated concentrations of the inhibitors in the 
presence or absence of TNF and tested for caspase-3 activity using the DEVD-AMC substrate. BI2536 induced a significantly higher level of caspase 
activation than the Aurora kinase inhibitors (ANOVA, p < 0.01). (B) Cell cycle analysis of HT29 cells treated with BI2536 in the presence or absence 
of TNF. BI2536 at 100 nM induces a G2/M arrest and, in combination with TNF, causes the appearance of sub-diploid cells. (C) BI2536 enhances TNF 
induced apoptosis in the mouse AJ02-NM0 colon cancer cell line more potently than MLN8054 or MLN8237. AJ02-NM0 cells were treated with the 
inhibitors in the presence or absence of murine TNF and tested for caspase activation using the DEVD-AMC substrate. Inhibitors were used at 0, 
125, 250, 500 and 1,000 nM (from left to right). BI2536 was a significantly more potent sensitizing agent than the Aurora kinase inhibitors at all 
concentrations tested (ANOVA; *p < 0.05, **p < 0.01). (D) AK3 and BI2536 induce comparable levels of caspase activation in HT29 cells in the presence 
of TNF. Cells were treated with the indicated agents and tested for caspase activation using the DEVD-AMC substrate. AK3 and BI2536 in combination 
with TNF induced significantly higher caspase activity than either individual treatment (ANOVA; *p < 0.01).
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the apoptosis rate in normal tissue is not changed in TNFR1 null 
animals, TNFR1 may reduce cancer risk by inducing apoptosis 
of rare, genetically damaged cells. The extent to which TNFR1 
signaling eliminates damaged and mitotically arrested cells from 
the tissue remains to be determined. An interesting parallel, how-
ever, appears to exist in Drosophila where TNF and TNF receptor 
homologs Eiger and Wegen, respectively, serve to remove dam-
aged cells from developing epithelial tissues.69

The two most active compounds identified in our screen 
contain a piperazine core substituted at the nitrogens with a 
benzoyl group and a phenyl ring. The activity of this structure 
depends on the specific substituents present on the benzoyl and 
the phenyl rings, and it is possible that further elaboration of these 

membrane compartments. Relative to interphase cells, mitotic 
cells displayed elevated levels of TNFR1 surface expression, such 
that the overall frequency of surface expression was increased by 
AK3. We hypothesize that cells undergoing mitotic stress due 
to chromosome or spindle abnormalities display more TNFR1 
on their surface to facilitate their elimination from the tissue. 
This may be an important checkpoint during cancer develop-
ment. However, unlike other checkpoint pathways, such as those 
involving increased expression of p16INK4A or p14ARF, this pathway 
requires that presence of an extracellular death ligand.67 The role 
of TNFR1 is colon cancer development is consistent with the find-
ing that TNFR1 null mice are more sensitive to tumor formation 
than wild type animals (in the AOM/DSS model).68 Although 

Figure 10. (A) Influence of AK3 and BI2536 on mitosis-dependent survivin phosphorylation. HT29 cells were treated with AK3 or BI2536 in the presence 
or absence of TNF as indicated. Lysates were analyzed by immunoblotting with antibodies against total survivin and survivin phosphorylated at Thr34. 
Actin was run as a loading control. (B) Effect of BI2536 on initiator caspase cleavage. HT29 cells were treated with TNF for the indicated times in the 
presence or absence of BI2536. Cell lysates were prepared and analyzed caspase-8 and caspase-9 cleavage. (C) Effect of BI2536 on gene activation by 
TNF. HT29 cells were treated with the TNF in the presence or absence of BI2536 as indicated. RNA was extracted at 4 h and quantified for expression of 
TNF, BIRC3 and p21 mRNA by reverse transcription/real time PCR assay using actin as an internal control. The expression levels shown are relative to the 
untreated control cells. TNF activated the expression of the three genes tested relative to control cells (ANOVA, p < 0.001), but there was no significant 
effect of BI2536 on this activation. (D) Quantification of the live cells expressing TNFR1 on the surface. Images were captured and quantified for the 
number of cells staining with the TNFR1 antibody. Significantly more cells stained for surface expression of TNFR1 after BI2536 treatment (p < 0.01; 
Student’s t test).
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antibody (in 5% serum) against cleaved caspase-3 (9961, Cell 
Signaling Technology), phospho-histone H3 Ser 28 (sc-12927, 
Santa Cruz Biotechnology) or β-tubulin (E7 monoclonal anti-
body, Developmental Studies Hybridoma Bank). TNFR1 
antibody (H-5, Santa Cruz Biotechnology) incubation was 
performed overnight at 4°C. Appropriate secondary antibodies 
(Jackson ImmunoResearch) were used for 45 min incubation. 
Nuclei were visualized using DAPI (5 mg/ml in H

2
O) (D1306, 

Life Technologies). Coverslips were mounted on slides using 
ProLong Gold AntiFade Reagent (Life Technologies). Images 
were acquired using Nikon A1R Confocal Microscope (v. 2.11) 
and NIS-Elements Advanced Research Software (version 3.2). 
Quantification of immunostaining was performed using ImageJ 
image analysis software (http://rsb.info.nih.gov/ij/) as previously 
described.71 Following background subtraction, both DAPI and 
immunofluorescent images were converted to binary using the 
convert to mask function. To remove any false positive signal, a 
binary image of the colocalized points was generated using the 
colocalization plugin of Bourdoncle (http://rsbweb.nih.gov/ij/
plugins/colocalization.html). The integrated densities of the 
total area of the colocalized binary image and the corresponding 
DAPI image were then measured to generate staining index.

Time lapse imaging. HT29 cells stably expressing histone 
H2B-GFP were used for live cell imaging. Images were taken 
with Nikon A1R Confocal Microscope every 16 min as Z-stacks 
of 30 images, each 1 μm apart. Images were restacked using Fiji/
ImageJ (National Institute of Health).

Flow cytometry. HT29 and HCT116 cells were analyzed for 
DNA content by ethanol fixation and staining with propidium 
iodide as previously described.72 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 × g for 5 min and resuspended in 1 ml 
of cold saline GM. Cells were then fixed by adding 3 ml of cold 
100% ethanol while gently vortexing and stored at -20°C for at 
least 2 h. Cells were then pelleted and washed once with PBS con-
taining 5 mM EDTA. Pelleted cells were stained with 30 μg/ml 
propidium iodide (Sigma-Aldrich) and 0.3 mg/ml RNase A in 
1 ml PBS solution for 1 h in the dark at RT. The stained cells were 
filtered prior to analysis on FACSCalibur flow cytometer (BD 
Biosciences) using Cell Quest software (BD Biosciences). The 
data were analyzed using FlowJo (TreeStar Inc.).

Western blot. RIPA buffer was employed for protein extraction 
and 30 μg of protein was denatured under reducing conditions.49,73 
Proteins were separated on 4–20% gradient gels (Bio-Rad) and 
transferred to nitrocellulose by voltage gradient transfer. The result-
ing blots were blocked with 5% (w/v) non-fat dry milk in PBS + 
0.1% (v/v) Tween-20. Specific proteins were detected with appro-
priate antibodies using enhanced chemiluminescence detection 
(Santa Cruz Biotechnology) as recommended by the manufacturer. 
Immunoblotting antibodies were survivin (71G4B7, Cell Signaling 
Technology), phospho-survivin (Thr34) (D2E11, Cell Signaling 
Technology), cleaved caspase-8 (18C8, Cell Signaling), caspase-9 
(human specific, Cell Signaling), pro-caspase-8 (8CASP03, Santa 
Cruz Biotechnology), TNFR1 (H-5, Santa Cruz Biotechnology) 
and β-actin antibody (I-19, Santa Cruz Biotechnology).

domains could lead to higher potency compounds. The general 
structure of AK3 and AK10 does not appear to resemble any 
present mitotic inhibitor, suggesting that they are a new type of 
mitotic arresting agent. Although these compounds arrest mitosis 
at some point after survivin phosphorylation (at the Cdk1-cyclin 
B target site), the precise nature of this inhibition is not yet 
known. In vitro tubulin polymerization assays indicate that they 
do not directly target tubulin (data not shown). Whether these 
agents or their targets might be useful for the development of new 
pharmacological agents is not clear. However, understanding 
their mechanism of action may provide new insight into colon 
cancer etiology and suggest novel approaches to colon cancer 
treatment and prevention.

Materials and Methods

Cell culture. The HT29 and HCT 116 colon cancer cell line were 
obtained from the American Type Culture Collection. These cell 
lines were cultured in McCoy’s 5A medium with 10% fetal bovine 
serum, non-essential amino acids and antibiotic/antimycotic 
(Life Technologies). The AJ02-NM

0
 cell line was isolated from 

an AOM-induced tumor from the A/J mouse strain and were cul-
tured in RPMI 1640 with Glutamax (Invitrogen) supplemented 
with 5% (v/v) fetal bovine serum (Lonza), 5% (v/v) heat-inacti-
vated horse serum, 1% (v/v) insulin-transferrin-selenium (Gibco), 
100 mM non-essential amino acids (Invitrogen) and antibiotic-
antimycotic (Invitrogen).70 The compounds tested were obtained 
from the ChemBridge DIVERSet library. BI2536, MLN8054 
and MLN8237 were obtained from Selleck Chemicals. Drug 
treatments were performed approximately 24 h after passage for 
18 h, unless otherwise indicated. TNF was obtained from Pierce 
Protein Research Productsand the activating Fas antibody (clone 
CH11) was purchased from Millipore.

Caspase-3 activity. Caspase activity was determined as previ-
ously described.47 Briefly, cells were scraped off into a new tube, 
centrifuged at full speed in a microcentrifuge at 10,000 × g for 
5 min and washed once with PBS. Pelleted cells were lysed by two 
rounds of freeze-thaw in lysis buffer containing 10 mM TRIS-
HCl (pH 7.5), 0.1 M NaCl, 1 mM EDTA and 0.01% Triton 
X-100 and centrifuged at 10,000 × g for 5 min. The assays were 
performed on 96-well plates by mixing 50 ml of cell lysis super-
natant with 50 ml of 2× 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). The 
fluorescence was quantified using a microplate reader (excita-
tion/emission 360/460 nm) at the start of the reaction and after 
30 min. Protein concentrations were determined using CBQCA 
Protein Quantification Kit (Life Technologies). Caspase activity 
was determined by dividing the change in fluorescence after 1 h 
by the total protein content of the reaction mixture.

Immunoflurorescence microscopy. Treated cells cultured 
on coverslips were fixed with 4% paraformaldehyde or metha-
nol and then permeabilized with 0.5% Triton X-100 in PBS. 
Cells were blocked in 5% serum (in PBS) and then incubated 
for 1 h at room temperature on the shaker with the primary 
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comparing more than two groups. A Tukey’s post-hoc test was 
employed to determine the significance of differences between 
multiple groups, with p < 0.05 considered significant.
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RNA quantification. Total RNA extraction was performed 
using Trizol reagent (Life Technologies) following the manu-
facture’s instruction. RNA was quantified by reverse transcrip-
tion and quantitative PCR analysis using Taqman reagents (Life 
Technologies), as previously described.73

Compound synthesis. Starting from commercially available 
tert-Butyl piperazine-1-carboxylate, a Buchwald coupling (pal-
ladium cross coupling reaction between an amine and an aryl 
halide) was performed to append the dimethylbenzene ring to 
the free amine. Deprotection of the carbamate was achieved 
using 20% HCl in methanol. Subsequent amidation using trieth-
ylamine and various acyl chlorides yielded the final compounds 
that were tested after purification by column chromatography 
and structure validation using proton and carbon NMR.

Statistics. A Student’s t-test was used for comparing two 
treatment groups. An analysis of variance test (ANOVA) when 
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