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Tumor necrosis factor (TNF)-related apoptosis-inducing

ligand (TRAIL) triggers apoptosis by binding its receptors,

TRAIL-R1 (also called death receptor 4, DR4) and TRAIL-

R2 (DR5).1 The TRAIL-receptor complex then recruits the

adaptor protein Fas-associated death domain (FADD) and

procaspase-8 to the cytoplasmic death domain of the receptors

to form the death-inducing signaling complex, DISC.2 In

DISC, procaspase-8 undergoes autocatalytic activation, lead-

ing to activation of caspases such as caspase-3.3 However,

DISC can be inhibited by its component, cellular FADD-like

interleukin-1b-converting enzyme (FLICE) inhibitory pro-

tein (cFLIP) that is structurally similar to procaspase-8.4

Interestingly, TRAIL is not toxic to most normal cells but

triggers apoptosis in a variety of cancer cells.5 This property,

i.e., selective cytotoxicity in cancer versus normal cells,

makes TRAIL an excellent therapeutic candidate for cancer

treatment, but several cancer cells are resistant to TRAIL.

Therefore, resistance to TRAIL-induced apoptosis in cancer

cells is a challenging issue for TRAIL-based anti-cancer

therapeutic strategies. 

In this study, we evaluated the effect of 180 enzyme

inhibitors on cell viability in human lung cancer H1299 cells

that are relatively resistant to TRAIL-induced apoptosis as

well as in human lung fibroblast WI38 cells, and found that

HR22C16 (Fig. 1a) sensitized TRAIL-induced apoptosis in

H1299 cells, but not in WI38 cells; although TRAIL (100

ng/ml) alone was not cytotoxic to either H1299 or WI38

cells, the viability of H1299 cells, but not WI38 cells, was

significantly inhibited when cells were treated with TRAIL

plus HR22C16 (10 μM) (Fig. 1b). 

HR22C16 is a selective inhibitor of mitotic kinesin spindle

protein (KSP or kinesin-5 motor protein, also called Eg5).6

The mitotic spindle motor protein KSP belongs to the kine-

sin superfamily and plays an essential role in centrosome

separation and in the formation of a bipolar mitotic spindle.7

Inhibition of KSP function prevents centrosome separation

and generates a monopolar spindle (monoaster) phenotype;

this triggers mitotic arrest and leads to apoptosis.8 KSP has

thus been considered an attractive molecular target for

cancer therapy, but its potential for sensitizing cancer cells to

TRAIL-mediated apoptosis has not been studied yet.9 There-

fore, we further evaluated the effect of other KSP inhibitors

on the sensitization of H1299 cells to TRAIL-induced apop-

tosis (Fig. 1b); trans-24 (structurally similar with HR22C16)

and monastrol showed the TRAIL-sensitizing activity in

H1299 cells, but both exhibited the cytotoxicity in WI38

cells. S-Trityl-L-cysteine exhibited the TRAIL-independent

cytotoxicity in both H1299 and WI38 cells. These results

suggested that among KSP inhibitors tested in this study,

HR22C16 has the potential to sensitize H1299 cells to

TRAIL-induced apoptosis. 

The effect of TRAIL plus HR22C16 on the induction of

apoptosis in H1299 cells was further analyzed (Fig. 2). Flow

cytometric analysis revealed that 11.10% and 20.94% of

cells were apoptotic when treated with 5 or 10 μM HR22C16,

respectively. However, in the presence of TRAIL (100 ng/

mL), the percentage of apoptotic cells dramatically increased

from 3.93% (TRAIL alone) to 32.31% and 45.08% when

HR22C16 was also added at 5 and 10 μM, respectively.

To elucidate the mechanism underlying the sensitization

effect of HR22C16 on TRAIL-induced apoptosis in H1299

cells, we examined the effect of HR22C16 on the activation

of caspase-8 that initially triggers TRAIL-induced extrinsic

cell death.10 Caspase-8 activity assay showed the synergistic

effects of HR22C16 and TRAIL on the induction of

apoptosis in H1299 cells (Fig. 3a). We next examined the

involvement of inhibitors of apoptosis (IAP) proteins and

Bcl-2 family proteins in the sensitization effect of HR22C16

on TRAIL-induced apoptosis (Fig. 3b). Western blot analysis

revealed that expression levels of both the XIAP and

survivin proteins were decreased by the combination of

HR22C16 and TRAIL compared to HR22C16 alone. Among

Bcl-2 family proteins, Bcl-2 expression was also decreased

by HR22C16 and TRAIL but not by each alone. Addition-

ally, we examined the expression levels of proteins involved

in the TRAIL-induced extrinsic cell death cascade (or in the

formation of DISC), such as DR5, the cFLIPs and FADD

(Fig. 3c). Interestingly, HR22C16 and TRAIL each induced

expression of DR5, but its expression did not be increased

further when they were added together. The expression levels

of the cFILPL and FADD proteins were not changed by

HR22C16, TRAIL or their combination, but that of cFILPs

decreased slightly with the addition of TRAIL and a higher

concentration (10 μM) of HR22C16.

Next, the effect HR22C16 plus TRAIL on NF-κB activation

was evaluated using a luciferase reporter gene assay (Fig. 4).
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Neither HR22C16 nor TRAIL alone changed NF-κB activity,

but NF-κB activity was significantly and dose-dependently

inhibited by HR22C16 in the presence of TRAIL. 

There are several strategies for overcoming resistance to

Figure 1. Chemical structures of KSP inhibitors (A) and their effect or in combination with TRAIL on the viability of H1299 and WI38
cells. Cells were incubated with each chemical alone or its combination with TRAIL (100 ng/mL) for 2 days and then the cell viability was
evaluated by CCK-8 assay as described in ‘Materials and Methods’. *, P < 0.05; **, P < 0.01; ***, P < 0.001 

Figure 2. Sensitization effect of HR22C16 on TRAIL-induced apoptosis in H1299 cells. Cells (2.4 × 105 cells/well) seeded in a 6-well plate
were incubated with HR22C16 in the absence or presence of TRAIL (100 ng/mL) for 48 h and then the apoptotic cells were analyzed with
flow cytometry as described in ‘Materials and methods’.
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TRAIL-induced apoptosis: up-regulation of molecules involved

in TRAIL-induced extrinsic cell death signaling (such as

DRs, FADD and caspases); down-regulation of molecules

such as FLIP that inhibit DISC; or down-regulation of anti-

apoptotic molecules such as IAPs and Bcl family proteins.11

In the present study, the combination of HR22C16 and

TRAIL enhanced caspase-8 activity and decreased expre-

ssion of the XIAP, survivin and Blc-2 proteins more than

HR22C16 alone. This suggested that XIAP, survivin and

Bcl-2 expression may be involved in the HR22C16-mediated

enhancement of TRAIL-induced apoptosis. 

Down-regulation of anti-apoptotic molecules has been

shown to enhance TRAIL-induced apoptosis. In particular,

RNA interference-mediated knockdown of anti-apoptotic

proteins such as Bcl-2, XIAP or survivin increased apoptosis

in melanoma cells when added in combination with TRAIL.12

In contrast, increased expression of IAPs in cancer cells can

confer resistance to TRAIL-induced apoptosis.13 

XIAP is the most potent known inhibitor of caspase

activity. In a study of the responses of different cell types to

antimitotic drugs that target microtubules and KSP, sensi-

tivity to apoptosis was correlated with loss of XIAP.14 

As an IAP family member, survivin has also attracted

attention because of its abundant expression in various types

of cancers and its potential to regulate apoptosis: its over-

expression confers cytoprotection against several apoptotic

stimuli, whereas loss of survivin expression or function causes

spontaneous apoptosis or sensitizes cancer cells to apoptotic

stimuli.15 In addition, survivin is one of the chromosomal

passenger protein complexes with multiple roles during cell

division.16 Interestingly, survivin-deficient cells fail to

complete cytokinesis, suggesting the contribution of survivin

to accurate sister chromatid segregation and assembly/

stabilization of microtubules in late mitosis.17 Considering

the role of survivin in the control of cytokinesis and its dose-

dependent down-regulation by HR22C16 in the presence of

TRAIL, survivin might be one of the effectors that contri-

bute to HR22C16-mediated sensitization to TRAIL-induced

apoptosis in H1299 cells. 

There is evidence that Bcl-2 expression is involved in the

sensitization effect of KSP inhibitors on TRAIL-induced

apoptosis. Overexpression of Bcl-2 confers protection against

TRAIL in several cancer cell lines.18 In the present study,

among Bcl-2 family members, the protein expression level

of Bcl-2 was decreased more by the combination of HR22C16

with TRAIL than by each alone. This result suggested that

Bcl-2 might mediate the lethal effects of HR22C16 in the

presence of TRAIL. 

Finally, we suggested the involvement of NF-κB in the

sensitization effect of HR22C16 on TRAIL-induced apoptosis

in H1299 cells. The effects of NF-κB on TRAIL signaling

are still controversial; however, considering the report show-

ing that pretreatment with a NF-κB inhibitor sensitized

H1299 cells to TRAIL-induced apoptosis, the inhibition of

Figure 3. Effect of HR22C16 on apoptosis activation. (a) Effect of
HR22C16 alone or in combination with TRAIL on capase-8
activity. Caspase-8 activity assay was carried out as described in
‘Materials and methods’. *, P < 0.05; ***, P < 0.001. The effects of
HR22C16 in the absence or presence of TRAIL on the protein
expression levels of apoptosis-related (b) and DISC formation-
related molecules (c) were evaluated by western blot analysis as
described in ‘Materials and methods’.

Figure 4. Effect of HR22C16 on NF-κB activation in the absence
or presence of TRAIL. NF-κB luciferase activity assay was
performed to evaluate the effect of HR22C16 on NF-κB activation
in the absence or presence of TRAIL as described in ‘Materials and
methods’. *, P < 0.05; **, P < 0.01.
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NF-κB by the combination of HR22C16 and TRAIL could

be related to the sensitization effect of HR22C16 on TRAIL-

induced apoptosis.19 

In conclusion, KSP inhibitor HR22C16 sensitized H1299

cells to TRAIL-induced apoptosis by down-regulating the

expression of apoptosis-related proteins (such as XIAP,

survivin and Bcl-2) and the activity of NF-κB, suggesting

that the use of a combination of KSP inhibitors and TRAIL

might be an efficient strategy for overcoming resistance to

TRAIL in future clinical applications. 

Experimental Section

Materials. Four KSP inhibitors including HR22C16 and

soluble recombinant human TRAIL were purchased from

Calbiochem (Germany) and Chemicon International Inc.

(CA), respectively. 

Cell Culture. Human lung cancer H1299 cells were

cultured as described previously.20 Human lung WI38 cells

(American Type Culture Collection, MD) were cultured in

RPMI 1640 supplemented with 10% fetal bovine serum

(FBS), 100 U/mL of penicillin and 100 μg/mL of strepto-

mycin. 

Cell Viability Assay. WI38 cells and H1299 cells were

plated in a 384-well plate at 0.3 and 0.7 × 103 cells/well,

respectively. After 24 h, cells were incubated with HR22C16

in the absence or presence of TRAIL (100 ng/mL) for 48 h.

Then, cell viability was measured using Cell Counting Kit-8

(Dojindo Molecular Technologies, ML).20 

Apoptosis Analysis and Caspase-8 Activity Assay.

Apoptosis and caspase-8 activity were determined using

ApoAlert annexin V apoptosis detection kit (Clontech, CA)

and enzymatic fluorometric assay kit (R&D systems, Inc.,

MN).20

Western Blot Analysis. Western blot analysis was per-

formed as described previously.20

NF-κB Luciferase Activity Assay. Luciferase activity

assay was performed as described previously.21 Briefly,

H1299 cells (1.4 × 103 cells/well) in a 96-well plate were

transfected and incubated with HR22C16 in the absence or

presence of TRAIL for 1 h. The relative luciferase activity

(firefly luciferase activity normalized with Renilla luciferase

activity) was presented as % of control. 

Statistical Analysis. Results were expressed as means ±

standard error of three independent experiments. Significance

was determined using the Student’s t-test and differences

were considered significant when P < 0.05. 
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