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the effects of combined treatment on tumors. These studies together provide the first in vivo confirmation that
combined TRAIL plus paclitaxel results in better tumor
control compared with either TRAIL or paclitaxel alone,
and with no discernable increased normal tissue toxicity
in the mouse. Interestingly, the in vivo antitumor response
elicited by combined treatment was not affected by the
p53 status of the tumor cells. These preclinical observations together suggest the therapeutic potential of combining TRAIL plus paclitaxel in cancer treatment, and
support further preclinical and future clinical testing.
[Mol Cancer Ther 2009;8(12):3285–95]

Introduction
Abstract
Tumor necrosis factor–related apoptosis-inducing ligand
(TRAIL) in conjunction with microtubule-targeting agents
may be a promising novel anticancer treatment strategy.
In vitro studies have suggested that relatively low concentrations of TRAIL enhance the lethality of paclitaxel (Taxol)
against human cancer cells. The increased efficacy may
be due to the triggering of caspase activation, resulting
in mitotic checkpoint abrogation and catastrophe.
We show here that wild-type p53 protects cells from
caspase-dependent death induced by this therapeutic
combination in vitro. We have now also developed an
imaging-based model system to test the in vivo efficacy
of combined TRAIL and Taxol, in which tumor growth
and treatment response can be monitored noninvasively
and in real-time. We further utilize bioluminescence, F18fluorodeoxyglucose-positron emission tomography, and
microscale computed tomography imaging to confirm
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Glioblastoma multiforme (GBM) is the most common and
aggressive primary malignant brain tumor in adults. Standard therapy for GBM consists of surgical resection followed
by radiation therapy with concurrent and adjuvant temozolomide chemotherapy (1). Thus, standard therapy still only
results in a median survival of ∼14.6 months, and a progression-free survival of ∼6.9 months; most patients eventually
experience recurrences and die (1). Other chemotherapeutic
agents have been investigated in the past for their efficacy
against GBM with mixed results (2). A number of studies
have investigated the efficacy of paclitaxel (Taxol) for treating
GBM. Paclitaxel was investigated in a phase II study in GBM
and found to be well tolerated (3). More recently, convectionenhanced delivery of paclitaxel for treatment of recurrent
malignant glioma has been studied in a phase I/II clinical trial (4). Furthermore, newer formulations of paclitaxel are also
being investigated preclinically for treatment of glioma, including Oncogel, a controlled-release depot formulation of
paclitaxel that can be directly applied to local areas within
the brain (5). Despite the interest in paclitaxel for treatment
of GBM, antimicrotubule agents have not as of yet proven
clinically useful as a single agent (3). New approaches including combination therapies are therefore urgently needed.
Tumor necrosis factor–related apoptosis-inducing ligand
(TRAIL) is a potent cancer cell–specific apoptosis-inducing
agent with little to no effect on normal tissues and, along
with derivative agents, is being tested in early phase clinical
trials (6),5 with promising early results (7). However, TRAIL
may ultimately prove to have greater efficacy when used in
combination with traditional chemotherapy (8).
We recently reported our findings on the in vitro anticancer
efficacy of TRAIL when combined with the microtubule-targeting drugs nocodazole and paclitaxel (9). Combined treatment
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Materials and Methods

Figure 1. Wild-type p53 induction inhibits accumulation of glioma cells
in M phase. A, A172, SF767, and T98G human glioma cells (1 × 106 cells)
were plated, treated with Adriamycin (1 μg/mL), and harvested for Western blotting at the indicated times for analysis of p53 stabilization. B,
T98G-derived cell lines Del4A and GM47.23 (1 × 106 cells) were mock
induced or induced with Dexamethasone (Dex; 1 μmol/L) for 16 h and harvested for Western blotting of indicated proteins. C, Del4A and GM47.23
were mock induced or induced with Dexamethasone (1 μmol/L) overnight
and harvested for flow cytometric analysis of DNA content using propidium iodide staining.

led to markedly greater caspase activation, and abrogation
of the mitotic checkpoint than either TRAIL or microtubuletargeting alone, and caused significantly greater cancer cell
death. In this work, we examined the effects of TRAIL alone,
paclitaxel alone, or the combination of agents on GBM tumor
xenografts. We present here the first preliminary report on the
in vivo efficacy of TRAIL plus paclitaxel against human GBM
xenografts using multimodality imaging including bioluminescence, microscale computed tomography (microCT), and
positron emission tomography (PET). This work therefore
confirms, in an in vivo GBM model system, our previously reported in vitro findings that combined TRAIL and paclitaxel
treatment leads to maximal anticancer efficacy (9).

Reagents, Cell Lines, and In vitro Studies
SF767 and SF268 cell lines were obtained from the University of California at San Francisco/Brain Tumor Research
Center Tissue Bank. T98G and A172 cell lines were obtained
from the American Type Culture Collection. GM47.23 and
Del4A cell lines were a gift from W. Edward Mercer (Thomas
Jefferson University, Philadelphia, PA). All cell lines were
maintained in RPMI + 10% fetal bovine serum, penicillin
(100 U/mL), and streptomycin (100 mg/mL), and cultured
at 37°C in humidified 5% CO2. His-tagged TRAIL was prepared as previously described (10, 11). Dexamethasone and
paclitaxel were obtained from Sigma-Aldrich. Caspase-glo
3/7 assay was done according to manufacturer's instructions (Promega). SF767 bioluminescent/biofluorescent cells
were generated, verified for expression, and isolated as previously described (12).
Western Blotting
Western blot analysis of cell lysates were done as previously described (11). Immunoblotting was done with the
following: rabbit anti–poly ADP ribose polymerase (PARP;
1:1,000), rabbit anti–phospho-bcl2 (1:1,000; Cell Signaling
Technologies), mouse anti-FLIP (1:1,000), mouse anti-DR5
(1:1,000), rabbit anti–Mcl-1 (1:1,000), and mouse anti-Ran
(1:5,000; BD Biosciences).
Xenograft Studies
All procedures involving the use of animals were conducted according to an Institutional Animal Care and Use
Committee–approved protocol at the University of Pennsylvania. Nude mice (ages 4–6 wk) from Charles River laboratory were injected with 300 μL Matrigel (BD Collaborative
Research) slurry (prepared at a 1:1 ratio with 1 × HBSS) containing 3 million cells. For in vivo treatment experiments,
20 mg/kg paclitaxel [solubilized in Cremophor EL (polyoxyethylated castor oil)/ethanol, 1:1 v/v formulation] or 100 μg
of TRAIL was injected i.p. or via tail vein (i.v.), respectively,
where indicated. Mock treatment consisted of 5 cc of saline
injected i.p. or i.v.
Bioluminescence, Biofluorescence, F18-Fluorodeoxyglucose-PET, and microCT Imaging
Bioluminescence. Nude mice were imaged using the Xenogen IVIS 2000 imaging platform, and data processing was
conducted with Living Image Software (Caliper Life
Sciences). The luciferase activity was measured by i.p. injection of 50 mg/mouse D-luciferin into anesthetized mice (i.p.
ketamine/xylazine), followed by detection of live images
using the Xenogen IVIS at 15 min postinjection. Regions
of interest were drawn over the tumor areas as previously
described (13, 14). Bioluminescence signal was recorded as
maximum (photons/s/cm2/steridian).
Biofluorescence. Nude mice were anesthetized (i.p. ketamine/xylazine) and then imaged using the Maestro in vivo
imaging system with background autofluorescence correction
(Cambridge Research and Instrumentation, Woburn, MA).
F18-Fluorodeoxyglucose-PET and MicroCT. Tumor xenograft-bearing mice were injected with 0.5 mCi of F18-fluorodeoxyglucose (FDG) in a volume of 0.2 mL saline via tail
vein injection. Two hours postinjection, mice were secured
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to a pallet with their body temperature maintained using a
warming blanket and PET imaging was done on the A-PET
small animal PET scanner at the University of Pennsylvania
Small Animal Imaging Facility as previously described (15).
Immediately following the PET scan, the animals were
transferred to the microCat CT system for imaging as previously described (15). Image data were analyzed and reconstructed using Amira and Amide software. The tumors
identified from microCT were manually segmented using
Amira software to obtain the mean tumor volumes for each
treatment cohort. Change in tumor volume (mm 3 ) was
calculated as posttherapy volume measurement minus
pretherapy volume measurement.
Statistical Analysis
Statistical differences were determined by Student's t test
using the MedCalc (software version 10.4.8.0) statistical
software package.

Results
Expression of Wild-Type p53 Attenuates PaclitaxelInduced Mitotic Delay In vitro
We have proposed that TRAIL may increase the efficacy of
chemotherapy invoking the mitotic checkpoint by augmenting caspase activation, which facilitates the degradation of
spindle checkpoint proteins such as BubR1 and Bub1, resulting in abrogation of the cell cycle checkpoint (9). It has been
suggested that activation of p53-dependent checkpoints may
prevent cell death caused by microtubule-active drugs (16).
Therefore, to better characterize the effect of p53 on cell cycle
progression in response to treatment, as well as clarify the
influence of p53 status on the efficacy of individual or combination treatments, we studied glioblastoma cell lines
including those in which p53 expression was inducible.
T98G cells expressed a high baseline level of endogenous
mutant p53 that is essentially unchanged by treatment with
the DNA-damaging agent doxorubicin (Fig. 1A, right). In
contrast, wild-type p53-expressing A172 (17) and SF767
(18), showed increased levels of endogenous p53 up to 28
hours after exposure to doxorubicin, consistent with the stabilization of wild-type p53 protein after exposure to DNA
damage in these cell lines that normally express little detectable p53.
We next studied cell lines that were derived from but otherwise isogenic with T98G human GBM cells. Del4A cells
were derived from T98G but have stably incorporated a vector expressing mutant p53 under the control of dexamethasone-responsive promoter (19). GM47.23 cells were also
derived from T98G cells but have stably incorporated an expression vector in which wild-type p53 is driven by the
same steroid-responsive promoter (20). Induction of mutant
p53 in Del4A cells by dexamethasone (Dex) induced no detectable level of p21 protein (Fig. 1B, middle row). In contrast,
induction of wild-type p53 in GM47.23 cells in turn led to
robust increased expression of p21 and accumulation of
GM47.23 cells in the G 1 phase of the cell cycle with a
concomitant depletion of cells in the S- and G2-M phase
fractions (bottom panel of the fluorescence-activated cell

sorting histograms shown in Fig. 1C; the induced wild-type
p53 protein does not remain appreciably elevated over
the high-background stable mutant p53 protein due to negative feedback that accelerates p53 degradation, but which
does not prevent activation of downstream targets of p53
such as p21). On the other hand, induction of mutant p53
expression in Del4A cells by dexamethasone had no discernable effect on cell cycle distribution (Fig. 1C, top). By
performing fluorescence-activated cell sorting analysis of
phospho-histone H3 expression, we confirmed that p53
expression diminished the proportion of cells in M phase
after paclitaxel treatment (Supplementary Fig. S2A and B).
Induced Expression of Wild-Type p53 Decreases
In vitro Cell Death after Exposure to TRAIL and
Paclitaxel
We previously showed that abrogation of the antimicrotubule-induced mitotic checkpoint by TRAIL leads to increased
cancer cell death (9). We therefore sought to test whether the
induced expression of wild-type p53 could potentially protect
cells from the lethal effects of TRAIL on mitosis. Visual inspection by light microscopy suggested that Del4A and GM47.23
cells grown to confluence, but uninduced for protein, seemed
largely unperturbed by paclitaxel alone (“Taxol” in top row of
microscopic images shown in Fig. 2A), TRAIL alone, or paclitaxel plus TRAIL. Also, the induction by dexamethasone of
either mutant p53 in Del4A or wild-type p53 in GM47.23 cells
did not seem to dramatically affect the appearance of the cells
after any of the three treatments (paclitaxel alone, TRAIL
alone, or TRAIL with paclitaxel).
The most rigorous assessment of cellular survival after
treatment is via clonogenic survival assays in which treated
cells are permitted to grow undisturbed for a period of days
after treatment. Clonogenic survival assays were interesting
in that Del4A cells showed decreased survival after paclitaxel alone, TRAIL alone, and almost no surviving colonies
after combined TRAIL and paxlitaxel. There were no appreciable differences between Del4A cells uninduced (Mock) or
induced (Dex) for mutant p53 protein (top two rows of
plates in Fig. 2B). GM47.23 uninduced for wild-type p53
protein also showed decreased clonogenic survival after either paclitaxel alone, TRAIL alone, and combined paclitaxel
and TRAIL (Fig. 2B, third row). Interestingly, in contrast, induction of wild-type p53 in GM47.23 appeared to reduce
cell death after any of the three treatments compared with
uninduced cells, with the most notable protective effect
shown in response to combination treatment with paclitaxel
followed by TRAIL (bottom row of plates in Fig. 2B).
Cells that have lost clonogenic potential may conceivably
remain viable. Therefore, to verify the lethal effects of drug
treatment in the GBM cells, we generated cell lines that
stably express bioluminescence when exposed to the substrate luciferin. This reaction requires an active luciferase enzyme, so to emit light the cells must be metabolically active.
It has previously been established that the expressed light
correlates accurately with cellular viability (21). Stably bioluminescent T98G and GM47.23 cell lines (designated
“T98G-luc” and “GM47.23-luc” cells) were constructed as
previously described (22). As shown in Fig. 2C (top),
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Figure 2. TRAIL augments paclitaxel-induced caspase-dependent death in glioma cells that are abrogated by induction of wild-type p53. A and B, Del4A
and GM47.23 cells (1 × 106 cells/plate) were mock induced or induced with Dexamethasone (Dex; 1 μmol/L) as indicated for 12 h followed by sequential
mock treatment or treatment with paclitaxel (1 μmol/L, 12 h) then TRAIL (50 ng/mL, additional 12 h), and then imaged with phase-contrast microscopy (A)
or stained with Coomassie blue at 96 h (B). C, left, bioluminescent T98G (T98G-luc) and GM47.23 (GM47.23-luc) cells (1 × 104 cells/well) were mock
induced or induced with Dexamethasone (1 μmol/L) for 12 h followed by mock treatment or treatment with paclitaxel (1 μmol/L, 12 h) and then imaged for
luminescence using the Xenogen IVIS 2000 imaging platform at 5 min after addition of luciferin substrate (representative image, color scale bar represents
range of signal in photons/s/cm2/steridian). Right, bar graphs of median fold changes in relative luciferase signal after treatment with the indicated concentrations of paclitaxel with or without Dexamethasone induction (columns, mean of triplicate experiments; bars, SD).

T98G-luc cells were susceptible to the lethal effects of paclitaxel in a dose-dependent manner, which was not significantly affected by dexamethasone. Likewise, GM47.23-luc
cells uninduced for wild-type p53 protein showed dose-

dependent susceptibility to the lethal effects of paclitaxel.
In contrast, induction of wild-type p53 by dexamethasone
in GM47.23-luc cells was protective up to a paclitaxel concentration of 5 μmol/L (Fig. 2C, bottom).
Mol Cancer Ther 2009;8(12). December 2009
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Figure 2 Continued. D, bioluminescent T98G (T98G-luc) and GM47.23
(GM47.23-luc) cells (1 × 104 cells/well) were mock induced or induced with
Dexamethasone (1 μmol/L) for 12 h followed by sequential treatment with
paclitaxel (1 μmol/L, 12 h) then TRAIL (50 ng/mL, additional 12 h) as indicated,
and then imaged for luminescence using the Xenogen IVIS 2000 imaging platform at 5 min after addition of luciferin substrate (color scale bar representing
range of signal in photons/s/cm2/steridian). E, T98G cells (5 × 105 cells/plate)
were treated with or without indicated caspase inhibitors (20 μmol/L) followed
by sequential mock treatment or treatment with paclitaxel (1 μmol/L, 12 h) then
TRAIL (50 ng/mL, additional 12 h) as indicated, and then harvested for flow
cytometric analysis of DNA content using propidium iodide staining.

We next studied the effects of combined TRAIL and paclitaxel on T98G-luc and GM47.23-luc cells. Extending the previous findings, the sequential addition of TRAIL was
profound when added to paclitaxel (Fig. 2D). In this experiment, the drug exposure was designed to be longer. Consequently, by the end of the experiments, there were virtually
no surviving T98G-luc or GM47.23-luc cells at the highest concentration of paclitaxel (5 μmol/L) when combined with
TRAIL. In the T98G-luc cells, TRAIL added to any concentration of paclitaxel resulted in almost complete cell death, regardless of the presence or absence of dexamethasone.
TRAIL likewise resulted in complete cell death of GM47.23luc cells that were uninduced for wild-type p53 at all dose levels of paclitaxel. Strikingly, induced expression of wild-type
p53 in the GM47.23-luc cells led to substantially enhanced
survival at concentrations of paclitaxel up to 5 μmol/L with
TRAIL (Fig. 2D, bottom, bottom set of wells). There was no significant protective effect of dexamethasone on T98G-luc cells

(Fig. 2D, top, bottom set of wells) as assessed with bioluminescence. These observations together are consistent with our
previous observation that TRAIL markedly sensitizes cancer
cells to paclitaxel (9), but intriguingly also suggest that the
effects of paclitaxel and TRAIL in GBM cells may be attenuated when wild-type p53 protein is expressed.
Finally, we conducted flow cytometric analysis of T98G
cells exposed to the individual or combination therapies.
Paclitaxel or TRAIL treatment alone led to moderately increased sub-G1 DNA content compared with mock-treated
cells (Fig. 2E). Essentially, all cells showed nuclei with subG 1 DNA content after treatment with paclitaxel and
TRAIL (Fig. 2E), suggesting an at least cooperative lethal
effect of this combined treatment. Strikingly, pretreatment
with either a caspase-3 or caspase-8 inhibitor prevented
the majority of DNA fragmentation and cell killing in
the paclitaxel plus TRAIL treatment group, suggesting a
caspase-dependent mechanism of cell death. Together,
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Figure 3. SF767-derived multimodality imaging glioma cell line and corresponding in vivo treatment schedule. A, GBM cell lines (T98G, A172, SF268,
SF767, 1 × 104 cells/well) were treated with indicated concentration of paclitaxel for 12 h, processed using the Caspase-Glo 3/7 assay, and imaged with
the Xenogen IVIS 2000 imaging platform. B, SF767 cells (1 × 106 cells/plate) were mock treated for 24 h or treated with paclitaxel (1 μmol/L), TRAIL
(50 ng/mL), or sequential paclitaxel and TRAIL for 24 or 48 h as indicated, then harvested for Western blotting of PARP and Ran. C, top, stable SF767 cell
lines coexpressing GFP and firefly luciferase and scrambled (SF767-scram-GFP-Luc) or p53 shRNA (SF767-p53kd-GFP-Luc) were treated with Adriamycin
(1 μg/mL, 12 h), then harvested for Western blotting of p53, p21, and Ran as indicated. Bottom, representative xenograft engraftment in nude mouse by
day 14 after injection of 3 × 106 cells (SF767-scram-GFP-Luc in the left flank, SF767-p53kd-GFP-Luc in the right flank) in Matrigel, imaged using the
Cambridge Research and Instrumentation Maestro in vivo imaging system. D, SF767, SF767-scram-GFP-Luc, and SF767-p53kd-GFP-Luc cells were harvested for Western blotting of luciferase, GFP, and Ran as indicated. E, in vivo treatment and imaging schedule for preclinical study: day 0 denotes day of
tumor cell injection (3 × 106 cells). Paclitaxel treatment on days 16 and 18, and TRAIL treatments on days 17 and 19. FDG-PET was done on day 24, and
microCT was done on days 14, 24, and 46. Animals were sacrificed humanely and xenografts were harvested at the completion of the study on day 47.

these observations suggest that combined treatment with
TRAIL and paclitaxel is associated with caspase activation
and effective cell killing that may be attenuated by induction of wild-type p53.
Combined TRAIL Plus Paclitaxel Has In vivo
Antitumor Effects against SF767 Human GBM Tumor
Xenografts
We wished to extend our investigations of the effects of
TRAIL and paclitaxel into the animal, using optical imaging
(e.g., based on luciferase activity). Optical imaging has become a useful surrogate measure of tumor growth and re-

sponse to therapy in many recently published studies, and
thus, we used this approach in our studies (23–25). Due to
the inability of T98G-based cell lines to grow in the nude
mice, we expanded our in vivo investigation to the GBM cell
line SF767. SF767 cells are particularly well suited for these
studies because they grow well as a xenograft and after
screening a panel of human GBM cell lines, seem to have
dose-dependent increases in caspase activation in response
to paclitaxel treatment as assessed by the Caspase-glo 3/7 assay (Fig. 3A). In pilot studies, SF767 cells produced solid ellipsoid tumors in 100% of injected mice (n = 5; Supplementary
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Fig. S1B; Fig. 3C, bottom). SF767 cells have an endogenous
p53WT/WT genotype and showed enhanced caspase activation and cell death (as indicated by PARP cleavage in
Fig. 3B and cell morphology in Supplementary Fig. S1A)
when treated with paclitaxel and TRAIL. To create an isogenic
experimental cell line deficient for p53, we prepared SF767
cells in which p53 was stably repressed through the expression of short hairpin RNA (shRNA) targeting p53. A counterpart cell line expressing scrambled shRNA was also prepared,
which retained wild-type p53 to serve as a control (Fig. 3C,
top). As shown in Fig. 3D, both cell lines were also engineered
to express green fluorescent protein (GFP) and luciferase (Luc)
so that the xenografted cells could be easily detected against
the host mouse tissues by detection of either fluorescence or

luminescence. These efforts resulted in cells we called “SF767p53kd-GFP-Luc” (deficient for p53) and “SF767-scram-GFPLuc” (Supplementary Fig. S1B; Fig. 3C).
SF767-p53kd-GFP-Luc (deficient for p53) and SF767scram-GFP-Luc were injected into the flanks of nude mice,
and within 14 days, tumor formation could be detected for
both cell lines. The mice were then treated according to the
treatment schema shown in Fig. 3E. Briefly, mice were either
mock treated, treated with paclitaxel (20 mg/kg i.p.) on
days 16 and 18, treated with TRAIL (100 μg i.v.) on days
17 and 19, or treated with paclitaxel (20 mg/kg i.p.) on days
16 and 18 and TRAIL (100 μg i.v.) on days 17 and 19, respectively. To use tumor bioluminescence to quantify relative
xenograft growth (14), the mice were imaged using the

Figure 4. Combined treatment with
paclitaxel and TRAIL shows efficacy
in vivo. Luciferase-expressing SF767
tumors [SF767-scram-GFP-Luc in the
left flank (white arrows) and SF767p53kd-GFP-Luc in the right flank (black
arrows)] were grown in nude mice for
14 d. Mice were either untreated (control, n = 2 tumors), treated with two
cycles of paclitaxel (20 mg/kg i.p.,
days 16 and 18, n = 2 tumors), two
cycles of TRAIL (100 μg i.v., days 17
and 19, n = 2 tumors), or two cycles
of alternating paclitaxel and TRAIL
(paclitaxel: 20 mg/kg i.p., days 16
and 18; TRAIL: 100 μg i.v., days 17
and 19, n = 2 tumors). A, mice were
imaged for luciferase bioluminescence
with the Xenogen IVIS 2000 on days
14 (pretherapy) and 36 (posttherapy)
after i.p. injection of pharmaceuticalgrade luciferin; photographs with colorwash bioluminescence overlay are
shown (color scale bar, range of signal
in photons/s/cm2/steridian). B, absolute increase in median bioluminescence from day 14 to day 36 is given
for each treatment cohort (columns,
mean; bars, SD). *, significant difference between treatment group and
mock with associated P value. C, surface reconstruction of microCTs done
on mice on days 14, 24, and 46.
Mol Cancer Ther 2009;8(12). December 2009
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Figure 5. Combined treatment with paclitaxel and TRAIL shows efficacy in vivo. A, microCT data from day 46 were reconstructed using the Amira
software. Tumor was identified, delineated slice by slice in the axial plane, and resulting tumor volumes are presented in pseudocolor (SF767-scram-GFPLuc and SF767-p53kd-GFP-Luc in red and green pseudocolor, respectively). B, bar graph of tumor volume change (columns, mean; bars, SD) between
treatment groups (mm3). *, significant difference between treatment group and mock with associated P value. C, F18-FDG-PET scan performed on mice on
day 24 (nonspecific radiotracer uptake in the bladder and muscle was removed to improve image rendering). D, indicated xenografts (sc, SF767-scramGFP-Luc; kd, SF767-p53kd-GFP-Luc) were harvested on day 47 and tumor lysate was probed after SDS-PAGE by Western blotting for analysis of cleaved
PARP and Ran.

Xenogen IVIS system on days 14 (pretherapy) and 24 (posttherapy) to determine p/s/cm2/steridian. As shown in
Fig. 4A, all xenografts in this treatment cohort showed robust bioluminescence in pretreatment imaging. As determined by tumor bioluminescence increase after therapy,
individual treatments with either paclitaxel (2.9 × 10 9
photons/s/cm2/steridian) or TRAIL (2.6 × 109 photons/
s/cm2/steridian) showed tumor delay compared with control (19.8 × 109 photons/s/cm2/steridian), whereas the
combined treatment with paclitaxel and TRAIL had the
most profound effect on suppression of bioluminescence, indicating maximal abrogation of tumor growth (3.5 × 108
photons/s/cm2/steridian; Fig. 4A and B).
To verify the results derived from measurement of bioluminescence, we performed microradiographic imaging of
the xenografted mice. On days 14, 24, and 47 after study initiation, the mice were imaged with microCT to volumetrically evaluate tumor progression or growth delay. As
shown in Fig. 4C, untreated SF767 tumors progressed initially at a rapid rate and showed impressive size by day
46 in both p53 genetic backgrounds. Individual treatments

with either paclitaxel or TRAIL resulted in some initial
growth delay of tumors on day 24, and by day 46, the tumors had progressed, which is consistent with a partial response to therapy. Tumors in the combined treatment arm
consisting of paclitaxel and TRAIL did not show significant
tumor progression by day 46 and, of all the treatment
groups, had the most profound effect on suppression of tumor growth (Fig. 4C). Tumor volume measurements were
performed on axial image stacks derived from the microCTs
done on days 14 and 46, and day 46 reconstructions are
represented graphically after pseudocolor processing in
Fig. 5A. As shown in Fig. 5B, the mock-treated tumors
had an average increase in volume of 413 mm3, whereas
taxol-treated tumors and TRAIL-treated tumors had an average increase in volume of 105 mm3 and 76 mm3, respectively. Taxol+TRAIL-treated tumors showed minor tumor
regression of 13 mm3. Treatment with TRAIL or paclitaxel
alone reduced the tumor size in both p53 knockdown and
scrambled control tumors compared with mock treatment.
Although TRAIL and paclitaxel showed efficacy as individual treatments, the sequential treatment of paclitaxel
Mol Cancer Ther 2009;8(12). December 2009
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followed by TRAIL for two cycles exhibited strong antitumor activity.
Finally, to preliminarily assess the metabolic activity in
tumor xenografts, we performed PET imaging that measures the uptake of radioactive FDG, a glucose analogue
(Fig. 5C). The PET scans performed posttherapy on day 24
revealed continued tumor metabolic activity above background in mock-treated control tumors, and tumors exposed to monotherapy, paclitaxel, or TRAIL. Tumors
treated with combined paclitaxel and TRAIL showed no
apparent increase in metabolic activity above background.
Finally, xenografts were harvested to probe for PARP cleavage as an indicator of apoptosis following therapy. As
shown in Fig. 5D, xenografts treated with paclitaxel and
TRAIL showed increased PARP cleavage independent of
p53 status when compared with either the mock-treated
or monotherapy-treated (paclitaxel or TRAIL) animals.
In summary, we found the combination of TRAIL and
paclitaxel profoundly repressed tumor growth in our in vivo
studies performed in the mouse much more so than either
TRAIL or paclitaxel treatment alone. These results were confirmed with assays based on imaging of bioluminescence,
microradiographic imaging (microCT), and imaging of the
metabolic activity of the tumors (PET). In these animalbased in vivo experiments, the efficient antitumor effects of
combined TRAIL and paclitaxel seemed not to be influenced by the p53 status of the tumor, in contrast to the
(in vitro) experiments with cells in culture.

Discussion
Because the majority of gliomas express both DR4 and DR5
receptors (26), the cancer cell-specific targeting properties of
TRAIL make this novel biological agent an especially promising complement to traditional chemotherapies or radiation
therapy. In vivo antitumor activities of TRAIL combined
with chemotherapy or radiation have previously been reported in xenograft models of cancer including lung (27), colorectal (28), breast (29), prostate (30), and brain (31).
However, the potential of combining a microtubule-targeting
agent with TRAIL in vivo for treating glioma has apparently
not been reported (6). With ongoing early clinical trials of
TRAIL in various solid tumors, the issue of the degree of penetration of TRAIL through the blood-brain barrier will also
need to be addressed as this is currently unknown. Nonetheless, we had previously established the in vitro sensitization
to TRAIL by paclitaxel pretreatment in T98G glioma cells (9)
and showed that paclitaxel-induced M-phase accumulation
may help to “prime” cells for killing by TRAIL through
cleavage of mitotic checkpoint proteins such as BubR1.
Chemotherapy can theoretically sensitize tumors to TRAILinduced apoptosis by engaging cross-talk between the intrinsic and extrinsic pathways of cell death. We sought to extend
those findings here.
Mitotic checkpoints function to monitor events within M
phase to assure appropriate anaphase. p53 likely intervenes
subsequently in G1 to prevent cells that have failed M phase
from reinitiating replication of their DNA. Thus, rather than

having a role in the spindle checkpoint of M phase, p53
functions in the G1 phase of the cell cycle in a similar manner as in cells that have sustained either DNA damage or
microtubule perturbation. Our in vitro studies of paclitaxel
with and without TRAIL in the T98G-derived system
(GM47.23, Del4A) shows a strikingly protective effect on
wild-type p53–expressing cells most likely through the induction of p21 and resulting G1 arrest. It is tempting to speculate that this effect on progression to M phase acts as a
protective mechanism in normal cells with intact p53 signaling and would therefore make them less susceptible to treatment effects.
We selected the SF767 human GBM cell line to conduct
our in vivo work because they form reproducible and
well-delineated tumors in mice and display moderate sensitivity to either paclitaxel of TRAIL alone in vitro. However, our preliminary in vivo studies using stable SF767
cell lines failed to show an appreciable difference in therapeutic response between p53 wild-type and p53 shRNA
knockdown tumors. In this limited preclinical study, we
cannot draw any conclusions regarding our in vivo sensitivities to therapy across p53 genetic backgrounds. However, one can speculate that a lack of differential response
could in part be attributed to the lack of robust p21 induction seen in SF767 after p53 stabilization. Furthermore,
although the p53 gene in SF767 is not deleted or mutated,
other regulators of the p53 pathway may not in fact be
intact and abrogate a wild-type response. Lending support to the broad antitumor effect of our treatment in
both p53 genetic backgrounds in SF767 GBM tumors,
there is not a great deal of correlation between therapeutic outcomes and p53 status in brain tumors (32), suggesting that in transformed cells, p53 gene status has
diminished importance compared with normal untransformed cells. This is reassuring from the standpoint of
an increased therapeutic index.
Caspase activation has been implicated as the mechanism
of cytotoxic action for both TRAIL and paclitaxel (33). Consistent with this view, inhibitors of caspase-3 and caspase8 effectively block the in vitro ability of combined paclitaxel
and TRAIL to induce cell death, indicating that these two
agents likely work cooperatively through the type I intrinsic
pathway for efficacy. Caspase activation has also been implicated for the in vivo antitumor activity of paclitaxel and
TRAIL in the SF767 tumor xenograft studies. Despite the tumors being harvested weeks after the last cycle of therapy,
we found that PARP cleavage was most prominent in the
tumors treated with combined paclitaxel + TRAIL, regardless of the p53 background (Fig. 5D). Paclitaxel has been reported to downregulate posttranscriptionally both isoforms
of FLIP protein FLIPS and FLIPL, leading to apoptosis (34).
SF767 xenografts tumors lacking p53 displayed a significant
reduction in FLIP L after paclitaxel + TRAIL treatment,
which one can speculate may have contributed in part to
the striking antitumor activity (Supplementary Fig. S1C).
Paclitaxel has also been reported to upregulate the DR5 receptor, potentially leading to increased binding of TRAIL to
cancer cells (35). However, SF767-p53KD tumors displayed
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decreased expression of DR5 when compared with SF767scram with intact p53 (Supplementary Fig. S1C). This finding is in line with DR5 being a direct transcriptional target
of p53 (36). We also did not find an appreciable increase in
DR5 levels in p53-expressing tumors treated with paclitaxel
to coincide with augmented TRAIL sensitivity (Supplementary Fig. S1C). Consistent with previous results, we found
higher Mcl-1 levels in TRAIL-treated tumors (Supplementary Fig. S1C) due to transcriptional control of Mcl-1 by
TRAIL (37). However, this increased Mcl-1 level did not
confer significant protection against TRAIL in our current
studies and may have been counteracted in part by increased phosphorylation and impairment of bcl-2.
In summary, we have shown via in vitro studies that
combined treatment with paclitaxel and TRAIL augmented caspase-dependent human cancer cell death. In vivo
studies confirmed that the combination treatment resulted
in a remarkable antitumor effect in xenografts derived
from GBM cells. To show this, we used a multimodality
imaging approach including bioluminescence, microCT,
and PET to assess this antitumor activity. Taken together,
these studies suggest that the efficacy of chemotherapy
targeting the mitotic checkpoint may be increased when
administered with TRAIL. This treatment strategy warrants future preclinical investigations to confirm efficacy
and further characterize the mechanism(s) of efficacy. This
is particularly urgent for malignancies highly resistant to
current therapies such as GBM.
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