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Abstract

Glioblastoma is a highly malignant disease in critical need of expanded treatment options. The 

AURKA inhibitor alisertib exhibits antiproliferative activity against glioblastoma in vitro and in 

vivo. Unlike current clinically used taxane drugs, the novel taxane TPI 287 penetrates the CNS. 

We tested for interactions between three selective AURKA inhibitors and TPI 287 against standard 

U87 and U1242 cells and primary glioblastoma neurospheres using colony formation assays. Bliss 

and Chou-Talalay analyses were utilized to statistically test for synergism. Morphological analysis, 

flow cytometry and annexin V binding were employed to examine cell cycle and apoptotic effects 

of these drug combinations. TPI 287 not only potentiated the cytotoxicity of the AURKA 

inhibitors alisertib, MLN8054 and TC-A2317, but was often potently synergistic. Morphologic 

and biochemical analysis of the combined effects of alisertib and TPI 287 consistently revealed 

synergistic induction of apoptosis. While each agent alone induces a mitotic block, slippage occurs 

allowing some tumor cells to avoid apoptosis. Combination treatment greatly attenuated mitotic 

slippage, committing the majority of cells to apoptosis. Alisertib and TPI 287 demonstrate 

significant synergism against glioblastoma cells largely attributable to a synergistic effect in 

inducing apoptosis. These results provide compelling rationale for clinical testing of alisertib 

and/or other AURKA inhibitors for potential combination use with TPI 287 against glioblastoma 

and other CNS neoplasms.
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Introduction

Glioblastoma is the most common malignant primary brain tumor of adults [1]. Due to its 

pervasive and highly invasive growth characteristics it is not amenable to surgical resection. 

Standard treatment includes surgical debulking followed by radiation and alkylating agent 

chemotherapy. Although newer glioblastoma treatments have shown promise, average 

overall survival remains only 15 months [2]. Development of new treatments is therefore 

critical.

Aurora-A kinase (AURKA) is a serine-threonine kinase that plays multiple key roles in the 

cell, including maintenance of stemness and regulating mitotic spindle formation [3, 4]. 

AURKA inhibitors may cause senescence, differentiation and/or apoptosis of tumor cells [5–

7]. Treatment of glioblastoma cells, including tumor stem cells, with AURKA inhibitors 

inhibits their growth in vitro and in vivo [7–9]. AURKA inhibitors also potentiate the effects 

of ionizing radiation and the standard alkylating agent temozolomide [8, 10].

Taxanes stabilize polymerized microtubules, and like AURKA inhibitors, interfere with 

formation of normal mitotic spindles and mitotic progression to anaphase [11–13], which 

may lead to mitotic catastrophe, or abnormal mitotic exit, and apoptosis [14]. Because 

microtubule dynamics are important in all phases of the cell cycle, taxanes may also 

adversely affect interphase cells [15]. Although widely used against cancers, the taxanes 

paclitaxel and docetaxel have certain limitations [16], including acquired drug resistance via 

P-glycoprotein and mutations in tubulin’s taxane-binding sites [17, 18]. Also, for agents to 

be effective against brain tumors they must cross the blood-brain barrier. Despite high 

lipophilicity, conventional taxanes only poorly enter the central nervous system (CNS) [19]. 

TPI 287 is a novel taxane that crosses the blood-brain barrier [20]. Structural modifications 

confer higher lipophilicity and the abilities to avoid P-glycoprotein and bind mutant tubulin 

[21]. TPI 287 could thus be useful for treating CNS neoplasms.

The AURKA inhibitor alisertib is in clinical trials for a variety of neoplasms [22, 23], 

including atypical teratoid rhabdoid tumor [24] and recurrent glioblastoma [25]. TPI 287 

was evaluated in phase I in combination with temozolomide for neuroblastoma and 

medulloblastoma and was well tolerated [21]. It is now in trials with and without 

bevacizumab for recurrent glioblastoma [26–28]. Due to the therapeutic challenges of 

glioblastoma, effective treatments may require a combination agent approach. Here we show 

that the highly selective AURKA inhibitors alisertib (MLN8237) [29], MLN8054 [5], and 

TC-A2317 [30] act synergistically with TPI 287 to inhibit glioblastoma cell proliferation. 

We further demonstrate that the mechanism of this interaction is synergistic induction of 

apoptosis.

Materials and Methods

Cell Culture

U87 and U1242 cells were grown in DMEM/10% FBS (GE Healthcare, Chicago, IL) with 

1% penicillin/streptomycin (Thermo Fisher). GB30 neurosphere cells <20 passages were 
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cultured in DMEM/F12 (Corning) with 1% N2 supplement, 1% penicillin/streptomycin, and 

20 ng/mL bFGF and EGF (R&D Systems). All cells were incubated in 5% CO2/air at 37°C. 

Patient-derived GB30 cells were obtained as previously described [7]. U87 cells were 

purchased from the American Type Culture Collection. STR profiling of GB30 and U1242 

cells was performed at the University of Arizona Genetics Core for authentication.

Chemicals

TPI 287 was provided by Cortice Biosciences and dissolved in ethanol. MLN8054 and 

alisertib (MLN8237) were purchased from Selleckchem and diluted in DMSO or sterile 

water, respectively. TC-A2317 was purchased from Tocris Bioscience and dissolved in 

DMSO.

Colony Formation Assay (CFA)

U87 or U1242 cells were seeded at 600 cells/60 mm dish (Corning) and treated the 

following day with TPI 287, the AURKA inhibitors alisertib, MLN8054 or TC-A2317, or 

both TPI 287 and an AURKA inhibitor. Drug doses were chosen as multiples of the 

approximate IC50s from dose range finding CFA experiments performed for each single drug 

and cell line combination. A volume of drug equivalent to 0.1% of media volume was added 

to dishes. Equal volumes of ethanol, DMSO, or sterile water were added to controls. Dishes 

were incubated for 3 d, the media aspirated, dishes rinsed with DPBS, and fresh media 

added. Three to 4 d later, dishes were rinsed with DPBS, methanol fixed and Giemsa 

stained. Colonies containing >20 cells were counted using a dissecting microscope. Percent 

survival was calculated as the mean number of colonies in 3 replicate treatment dishes 

divided by the mean of 3 untreated control dishes.

For GB30 CFAs, cells were seeded at 3×103 cells/well in 0.4% low melting point agarose 

(Thermo Fisher) into 6-well plates (Corning) as described [8]. Neurosphere media (3 ml/

well) was added and triplicate wells treated with TPI 287, AURKA inhibitors, or both. 

Media and drugs were changed every 3 d over 10 d. Plates were fixed with methanol and 

stained with 0.0125% crystal violet. Colonies >20 cells were counted.

Cytology

GB30 cells were seeded into 6-well plates and treated with TPI 287, alisertib, or both. After 

3, 5, and 7 d, 3×105 cells were deposited onto glass slides using a Shandon Cytospin 4 

centrifuge (Thermo Fisher) for 3 min at 800 rpm, ethanol fixed and H&E stained for light 

microscopy.

Annexin V binding

GB30 cells were seeded at 2×105 cells/well into 6-well plates and treated with TPI 287, 

alisertib, or both. After 3, 5, and 7 d, cells were stained with Alexa Fluor 594 annexin V 

conjugate (Thermo Fisher) and analyzed with a Countess II FL cell counter (Thermo Fisher) 

per the manufacturer’s instructions.

Zumbar et al. Page 3

J Neurooncol. Author manuscript; available in PMC 2019 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Flow cytometry

GB30 cells were seeded at 2×105 cells/well into 6-well plates and treated with TPI 287, 

alisertib, or both for 3, 5, and 7 d and stained with DRAQ5 and CellEvent Caspase-3/7 

Green Detection Reagent (Thermo Fisher). An LSR II Flow Cytometer (BD) and FlowJo 

software were used for analysis of DNA content and caspase 3/7 activity.

Statistical analysis

For CFAs, the effect (E) of a drug or combination at a given dose was the mean of 3 

replicates divided by the mean of the untreated replicates. For each concentration, two 

models were considered to identify potential synergy: an effect based model (Bliss) and a 

dose-effect based model (Loewe). The Bliss independence model combination index [31–

33] was calculated as the expected combination effect (assuming the drugs act 

independently) divided by the observed combination effect ((Ea + Eb − Ea*Eb)/Eab). The 

Loewe independence model [34] was assessed using the Chou Talalay combination index 

[33, 35] (a/A+b/B; where a and b are the doses in combination for a given effect, and A and 

B are the single doses required for this effect). A combination index >1 indicates 

antagonism, and an index <1 indicates synergy.

To measure apoptosis via an interaction between two drugs, logit transformed proportion 

apoptotic data from cytology assays were modeled with a linear model with day effect, main 

effects for each drug and an interaction effect for the two drugs. Annexin V-positive data 

were modeled with a linear model with main effects for each drug and an interaction effect 

for the two drugs. To test the assumption of normality, model residuals were tested with the 

Shapiro-Wilkes test.

Results

TPI 287 and AURKA inhibitors synergistically inhibit the growth of traditional and 
glioblastoma stem cell lines

TPI 287 and alisertib—Treatment of GB30 cells in soft agar with TPI 287 and alisertib 

resulted in synergistic inhibition of colony formation at concentrations ranging from 0.75 to 

1.5x the approximate IC50s of these agents alone, or between 0.53–1.23 nM TPI 287 and 

24–56 nM alisertib with respect to the average of repeated experiments (Fig. 1A), and was 

most convincing from 1x to 1.25x the approximate IC50s, or 0.70–0.88 nM TPI 287 and 32–

40 nM alisertib as determined by both Chou-Talalay and Bliss analyses (Table 1).

Synergy was observed in U87 cell CFAs at 1 to 1.5x the approximate IC50s, or between 

0.75–1.13 nM TPI 287 and 100–175 nM alisertib with respect to the average of repeated 

experiments (Fig. 1B). This synergy was most consistent from 1.25 to 1.5x the approximate 

IC50s, or 0.94–1.13 nM TPI 287 and 125–150 nM alisertib by Chou-Talalay and Bliss 

analyses, although Chou-Talalay indicated stronger synergism (Table 1). The average of 

repeated U1242 cell experiments showed synergism over a range of 0.75 to 1.25x the 

approximate IC50s, or between 0.60–1.00 nM TPI 287 and 75–125 nM alisertib (Fig. 1C), 

which was corroborated by both analyses, but most convincingly by Chou-Talalay (Table 1). 

Zumbar et al. Page 4

J Neurooncol. Author manuscript; available in PMC 2019 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Synergy was also seen between TPI 287 and the alisertib predecessor compound MLN8054 

(Fig. S1, Table S1).

TPI 287 and TC-A2317—In the average of repeated GB30 CFAs, synergy was observed 

between 0.75 and 1.25x the approximate IC50s, or between 0.53–0.88 nM TPI 287 and 97.5–

163 nM TC-A2317 (Fig 1D). This synergy was consistently observed between 0.75 and 1x 

the approximate IC50s, or between 0.53–0.70 nM TPI 287 and 97.5–130 nM TC-A2317 in 

both models but most notably with the Bliss model (Table 1).

In U87 CFAs, synergy was observed from 1.25 to 1.5x the approximate IC50s, or between 

0.94–1.13 nM TPI 287 and 156–188 nM TC-A2317 when repeated experiments are 

considered together between both the Bliss and Chou-Talalay models, although this 

interaction was not as strong as that seen with alisertib in this cell line (Fig. 1E, Table 1). 

CFAs with U1242 cells indicated synergism over a range of 0.5 to 1.25x the approximate 

IC50s, or between 0.40–1.00 nM TPI 287 and 87.5–219 nM TC-A2317 with respect to the 

average of repeated experiments (Fig. 1F), and was most convincing across both models 

between 0.75 and 1x the approximate IC50s, or between 0.60–0.80 nM TPI 287 and 131–

175 nM TC-A2317 (Table 1).

Combined treatment of glioblastoma tumor stem cells with TPI 287 and alisertib results in 
markedly increased apoptosis

Morphological analysis of H&E-stained GB30 neurosphere cells treated with alisertib (32 

nM), TPI 287 (0.70 nM) or both showed an increase in giant mononucleated and 

multinucleated cells compared to controls, especially after 5 days of treatment (Fig. 2A–2I, 

Fig. S2A & B), and was more pronounced when drugs were used in combination (Fig. 2J–

2L, Fig. S2A & B). The number of mitotic cells was fairly consistent across treatment 

groups, but increased slightly after 5 days of alisertib alone and after treatment with both 

drugs (Fig. S2C). This is likely attributable to mitotic arrest caused by AURKA inhibition 

[5, 36].

A dramatic increase in cells exhibiting fragmented and condensed chromatin and 

multilobulated morphology, characteristic of apoptosis, was seen when cells were treated 

with TPI 287 and alisertib together (Fig. 2J-2L). Cotreated cells showed a 9.6-fold, 9.0-fold, 

and 8.7-fold increase in the proportion of apoptotic cells on days 3, 5, and 7, respectively, 

compared to 0.5-fold to 1.5-fold increases observed with either drug alone. By day 7, 

apoptotic cells represented nearly 80% of observed cells in the combined treatment group 

(Fig. 2M). When the effect of treatment time is factored out, this interaction was statistically 

significant (p = 0.018, Fig. 2a–l), but the substantial increase in apoptosis over time suggests 

that treatment duration may be an important factor. This, with the increase in mitotic figures 

seen after 5 days of treatment with both drugs in combination and the notable disappearance 

of mitotic figures among them after 7 days (Fig. S2C), may suggest that a synergistic 

induction of apoptosis is occurring at mitosis and/or that the increase in apoptosis occurs 

after one or more rounds of abnormal mitoses.

To further quantify the increase in apoptosis seen when alisertib and TPI 287 are used in 

combination, annexin V binding assays were performed with GB30 glioblastoma tumor 
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stem cells. Cultures cotreated with TPI 287 and alisertib showed a marked increase in 

annexin V positive cells compared to controls and cultures treated with either drug alone 

(Fig. 2N & 2O). The combined pro-apoptotic effects of these drugs were greater than the 

sum of their individual effects, and in many cases were consistent with statistically 

significant synergism. The latter applies to the interactions between alisertib (32 nM) and 

TPI 287 (0.35 nM) at 3 days (p=0.023) and 7 days (p=0.023) post-treatment (Fig. 2O), and 

between alisertib (32 nM) and TPI 287 (0.70 nM) on days 5 (p=0.046) and 7 (p=0.0079) 

(Fig. 2N). Even when TPI 287 alone did not cause a significant increase in apoptosis with 

respect to controls (i.e., at 0.35 nM), it still potentiated the apoptotic effect of alisertib (Fig. 

2O). This provides further evidence that induction of apoptosis is responsible for the 

synergistic growth inhibition seen with these drugs in combination.

Cotreatment with TPI 287 and alisertib interferes with mitotic slippage in GB30 
neurosphere cells

Flow cytometry analysis demonstrates untreated GB30 cells undergoing normal cell cycle 

progression characterized by a large G0/G1 DNA content peak, a smaller G2/M peak to the 

right, and low levels of background caspase 3/7 activity (Fig. 3A–C). Treatment with 

alisertib (32 nM) resulted in a much greater proportion of cells with increased DNA content 

(Fig. 3D–F), indicating that more cells were in the G2 or M phases of the cell cycle, and/or 

that drug treatment had resulted in increased aneuploidy or polyploidy (both consistent with 

the observed morphological changes present in the H&E stained slides). In fact, a small 

population of cells with DNA content consistent with alisertib-induced G2/M tetraploidy [7] 

is observable in Fig. 3D–F (arrows).

As expected, alisertib treatment led to an uptick in caspase 3/7 activity (Fig. 3D–F). Cells 

treated with TPI 287 (0.70 nM) also showed increased caspase 3/7 activity, but unlike cells 

treated with alisertib, did not show markedly increased DNA content (Fig. 3G–I). This could 

be because alisertib-treated cells may be more likely to undergo mitotic slippage, resulting in 

increased ploidy [37]. TPI 287-treated cells exhibiting caspase 3/7 activity were more likely 

to have G1/S or even sub G1/G0 DNA content (indicated with an asterisk in Fig. 3G–H) than 

their alisertib-treated counterparts. Possible explanations for this include the interphase 

activity of taxanes as well as their tendency to cause the formation of micronuclei with 

fragmented DNA [15].

Combined treatment resulted in vastly increased levels of caspase 3/7 activity (Fig. 3J–3L), 

which by day 7 resulted in a large sub G1/G0 peak (asterisk) and nearly half of the cells 

exhibiting signs of apoptosis (Fig. 3L). The histogram of cotreated cells on day 7 (Fig. 3L) 

shares features with those of cells treated with individual drugs—namely, the sub-G0/G1 

population seen with TPI 287, and an increase in the proportion of cells with G2/M or 

greater DNA content seen with alisertib alone. An increase in caspase 3/7 activity at G2/M at 

day 7 provides further evidence that this drug combination is preventing many cells from 

slipping out of mitosis and instead causing them to undergo apoptosis.
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Discussion

Because TPI 287 can penetrate the blood brain barrier and avoid resistance mechanisms, it is 

an appealing candidate for treating CNS neoplasms. It also has potential advantages for use 

in combination with AURKA inhibitors. Although both drug classes are antimitotic, they 

work by different mechanisms. AURKA inhibitors additionally offer inhibitory effects on 

pro-proliferative cell signaling, while taxanes also interfere with earlier stages of the cell 

cycle [7, 10, 15, 38].

We found potent synergistic inhibition of glioblastoma colony formation when TPI 287 was 

used in combination with each of three selective AURKA inhibitors against both traditional 

and primary glioblastoma neurosphere cell lines. When interpreting Bliss and Chou 

combination indices for these assays, it is important to consider the middle range of 

concentrations, most likely to be applicable in vivo, as the most important in the 

determination of synergy, as opposed to the lowest concentrations that caused little to no 

inhibition, or the highest concentrations in which nearly all growth was sometimes inhibited. 

Importantly, data among repeated CFAs was consistent in this intermediate range. 

Sometimes combination indices indicating antagonism were observed with lower drug 

concentrations, but this is likely background variability in the data associated with 

ineffective drug concentrations. Still, the possibility of antagonism at sub-therapeutic 

concentrations should be considered in future, primarily in vivo studies.

CFAs measure of the ability of a drug to prevent cell division without respect to how 

division has been impeded. Decreased colony formation can result from multiple cell fates. 

We have previously shown that the anti-glioma effects of alisertib are attributable to a 

combination of the induction of apoptosis, differentiation and/or senescence [7]. Although it 

is widely held that senescent cells cannot regain the ability to proliferate, their accumulation 

may lead to a pro-tumorigenic microenvironment via the senescence-associated secretory 

phenotype (SASP) [39]. Furthermore senescence and apoptosis are mutually exclusive fates, 

and some pro-senescence signaling can actively suppress apoptosis [40]. This provides an 

opportunity for tumor cells to exploit these conflicting signals and escape death. In fact, 

alisertib or TPI 287 doses that were approximately equivalent to the IC50s in CFAs did not 

cause large increases in apoptosis on their own (Fig. 2 and 3). However, when they were 

used in combination the number of apoptotic cells increased dramatically. Notably, a 

synergistic potentiation of apoptosis was observed even when alisertib was used in 

conjunction with a concentration of TPI 287 that caused virtually no apoptosis on its own 

(Fig. 2O). TPI 287 co-treatment should thus abrogate this theoretic limitation of alisertib and 

other AURKA inhibitors, while also leading to a significant decrease in proliferation-capable 

tumor cells due to markedly increased outright tumor cell killing.

Factors interfering with normal chromosome segregation such as antimitotic drugs can lead 

to mitotic blockade. Some neoplastic cells can escape this blockade through mitotic 

slippage, leading to the formation of multinucleated and aneuploid cells potentially capable 

of further cell division [37]. This is a proposed mechanism for the generation of genomic 

instability and tumor progression. Alisertib treatment was shown to greatly increase ploidy 

(Fig. 3D–F). However, cells treated with both alisertib and TPI 287 did not exhibit high 
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levels of polyploidy before committing to apoptosis, and when apoptosis was initiated, many 

cells were in mitosis (Fig. 3L). Thus, this combined treatment abrogated slippage from the 

mitotic block created by either agent alone. These findings suggest important ramifications 

for glioblastoma treatment. First, since the vast majority of tumor cells are committed to 

apoptosis by combined treatment, effective tumor cell burden reduction should be 

achievable. Second, because mitotic slippage associated with either agent alone is prevented, 

possible emergence of nascent aneuploid clones from mitotic slippage is also prevented. 

Thirdly, because this drug combination tilts the scale in favor of apoptosis and inhibits other 

potential cell fates caused by either drug alone, the potential for continued tumor cell 

survival and possible senescence-associate protumoral effects is greatly reduced. Thus 

combination therapy should prevent tumor progression possibly resultant from genomic 

instability generated by single agent antimitotic therapy.

We have demonstrated that TPI 287 acts synergistically with AURKA inhibitors to prevent 

glioblastoma cell growth by synergistic induction of tumor cell apoptosis, and that this 

synergism abrogates pharmacodynamic limitations of each agent alone. This data provides a 

strong rational for clinical trials of the combined use of TPI 287 and alisertib or other 

AURKA inhibitors in glioblastoma patients.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
TPI 287 and AURKA inhibitors demonstrate cytotoxic synergy in glioblastoma cells. GB30 

cells were seeded in soft agar and exposed to drugs for 10 days. U87 and U1242 cells were 

seeded, treated the following day for 72 h, and cultured an additional 3–4 d. Drug 

concentrations were chosen as multiples of approximate IC50s for colony formation. For 

both assays, colonies of ≥20 cells were counted. A–C. CFAs of alisertib and TPI 287 in 

GB30, U87, and U1242 cells. D–F. CFAs of TC-A2317 and TPI 287 in GB30, U87, and 

U1242 cells. All experiments were performed twice. The average of both experiments is 

shown
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Fig. 2. 
TPI 287 and alisertib synergistically induce apoptosis in glioblastoma neurosphere cells. 

GB30 cells were stained with H&E (A-C) after treatment with alisertib (32 nM, approximate 

IC50) (D-F), TPI 287 (0.70 nM, approximate IC50) (G-I), or both drugs (J-L) for a period of 

3, 5, and 7 days. Arrows indicate large mononucleated cells; arrowheads indicate 

multinucleated cells. Magnification (600x) is identical in all panels. Apoptotic cells were 

counted, and average values from 2 experiments are shown (M). Similarly treated 

neurospheres were dissociated with accutase and counted and stained with an Alexafluor 

594 annexin V conjugate and analyzed using a Countess II FL equipped with a Texas Red 

fluorescent light cube. N. Combined effects of alisertib (32 nM) and TPI 287 (0.70 nM) on 

apoptosis as measured by fold increase in annexin V binding. O. Combined effects of 

alisertib (32 nM) and TPI 287 (0.35 nM, 0.5x approximate IC50) on apoptosis. GB30 

neurosphere cells showed greatly increased annexin V labeling when treated with TPI 287 

and alisertib. This experiment was performed twice and showed similar results. A 

representative example is shown
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Fig. 3. 
Cell cycle progression of GB30 cells treated with alisertib, TPI 287 alone and in 

combination. GB30 tumor stem cells were treated with alisertib (32 nM), TPI 287 (0.70 nM) 

or both for 3, 5, and 7 days, stained with DRAQ5 and CellEvent Caspase-3/7 Green 

Detection Reagent and analyzed by flow cytometry. Black lines represent DNA content of 

all single cells analyzed, while green lines represent DNA content of cells positive for 

caspase 3/7 activity. Counts were normalized to the mode. Numbers in the top right corners 

of histograms indicate the percentage of cells showing active caspase 3/7 activity. Arrows 

indicate G2/M tetraploid populations, and asterisks mark sub G1/G0 populations. A replicate 

experiment yielded similar results. A representative example is shown
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