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Abstract

Glioblastoma is the most common and lethal primary brain tumor and remains incurable. This is in 

part due to the cellular heterogeneity within these tumors which includes a subpopulation of 

treatment resistant cells called cancer stem-like cells (CSCs). We previously identified that the 

anaphase-promoting complex/cylosome (APC/C), a key cell cycle regulator and tumor suppressor, 

had attenuated ligase activity in CSCs. Here, we assessed the mechanism of reduced activity as 

well as the efficacy of pharmacologically targeting the APC/C in CSCs. We identified 

hyperphosphorylation of CDH1, but not pseudosubstrate inhibition by EMI1, as a major 

mechanism driving attenuated APC/CCDH1 activity in the G1 phase of the cell cycle in CSCs. 

Small molecule inhibition of the APC/C reduced viability of both CSCs and NSTCs, with the 

combination of proTAME and apcin having the biggest impact. Combinatorial drug treatment also 

led to the greatest mitotic arrest and chromosomal abnormalities.
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INTRODUCTION

Glioblastoma (GBM) is the most lethal primary brain tumor with the common length of 

survival at only 12 to 15 months following diagnosis [1, 2]. This poor prognosis is in part 

due to a highly malignant subpopulation of cells within these tumors called cancer stem-like 

cells (CSCs). These cells are treatment resistant and are thought to drive tumor recurrence 
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[3–6]. Critical for tumor progression and treatment resistance is abnormal regulation of the 

cell cycle that is permissive for the background of inherent genomic instability common in 

cancer cells. This instability provides advantageous karyotypes favoring clonogenic 

outgrowth of resistant tumor cells [7, 8]. GBM CSCs display heightened chromosomal 

instability (CIN), one form of genomic instability, with lagging chromosomes at anaphase 

and extensive non-clonal chromosome copy-number variations [9]. When the inherent level 

of CIN was elevated in CSCs, their proliferation decreased and the stem-like phenotype of 

CSCs was impaired [9]. Moreover, tumor formation was abolished in an orthotopic mouse 

model [9]. These results demonstrate that CSCs generate genetic heterogeneity via CIN 

within tumors, but that CSC function is impaired if the rate of genetic change is elevated 

above a tolerable threshold.

One key component permissive to a tolerant proliferation state in the presence of CIN is the 

Anaphase-Promoting Complex (also called the cyclosome or APC/C), an E3 ubiquitin ligase 

that targets cell cycle proteins for proteasomal-mediated degradation [10]. APC/C targets are 

differentially regulated throughout the cell cycle by two mutually exclusive activator 

proteins, CDC20 and CDH1. These proteins target the APC/C to specific sets of substrates at 

different times in the cell cycle, thus driving cell cycle progression. Recently, APC/C 

activity has been shown to modulate the level of CIN between a viable or unviable state [10]. 

Furthermore, APC/CCDH1 has been validated as a tumor suppressor with dysregulation of 

APC/CCDH1 contributing to tumor development [11, 12]. Previously, we have demonstrated 

attenuated activity of APC/CCDH1 in GBM CSCs in the G1 phase of the cell cycle, hence 

leading to elevated APC/CCDH1 substrates throughout the cell cycle, including CDC20 [13]. 

CDC20 has been explored as a target in GBM and more specifically GBM CSCs with 

multiple groups using RNA interference to CDC20 to demonstrate reduced CSC invasion, 

self-renewal, proliferation, and tumor initiation, collectively [14, 15].

In this study, we sought to determine the mechanism of dysregulation of APC/CCDH1 in 

GBM CSCs with the potential for the knowledge gained to provide fundamental mechanistic 

insight into cell cycle regulation of CSCs and potentially reveal other therapeutic targets for 

GBM. We also took advantage of two recently developed APC/C inhibitors, namely 

proTAME and apcin, to explore the therapeutic potential of small molecule inhibition of the 

APC/C in GBM.

MATERIALS AND METHODS

Cell Culture

Human GBM specimens were originally isolated from tumor resections in accordance with 

approved Institutional Review Board protocols. Known tumor grade, available cytogenetic 

information (relevant to pathological classification), and subtype classification (putative as 

based on xenograft passaged cells) for each specimen have been previously published and 

are summarized in Supplementary Table S1 [4, 13, 16]. Tumor specimens were maintained 

through subcutaneous xenografts in the flanks of athymic nude mice (Crl:NU(NCr)-

Foxn1nu) or NOD scid gamma (NOD.Cg-PrkdcscidIl2rgtm1Wjl/SzJ) mice under approved 

institutional protocols and in accordance with the NIH Guide for the Care and Use of 

Laboratory Animals. Tumors were dissociated using a papain dissociation system 
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(Worthington Biochemical). Enrichment of CD133-positive CSCs was achieved by 

magnetic-activated cell sorting for the CD133/1 (AC133) epitope as per the manufacturer’s 

recommendations (MACS Miltenyi Biotec.). Matched NSTCs were subjected to two rounds 

of negative sorting for CD133/1 to remove any weakly CD133-positive cells. Cells were 

cultured at 37 °C at 5% CO2. CSCs were cultured in Neurobasal media (Gibco) with B-27 

supplement (without Vitamin A; Gibco), basic fibroblast growth factor (10 ng/ml; Gibco), 

epidermal growth factor (10 ng/ml; Gibco), L-glutamine (2 mM; Gibco), and sodium 

pyruvate (1 mM; Gibco) and grown adherently on Geltrex LDEV-free hESC-qualified, 

reduced growth factor basement membrane matrix (Gibco). NSTCs were cultured in 

Dulbecco’s Modified Eagle Medium with L-glutamine and 4.5 g/L glucose (DMEM; 

Corning) with the addition of 10% fetal bovine serum (FBS; Gibco). All CSCs and NSTCs 

were used within ten passages post-sorting from the xenograft tumor. Primary normal human 

astrocytes were commercially obtained and grown in the recommended growth medium on 

Geltrex-coated plates (Lonza). For cell counting before each experiment, a single-cell 

suspension was achieved using TrypLE (Gibco). Mycoplasma testing is done quarterly 

(LookOut Mycoplasma PCR Detection Kit; Sigma-Aldrich) and cell line verification is done 

annually (microsatellite genotyping; OSUCCC Genomics Shared Resource).

Cell synchronization and extract preparation

CSCs and NSTCs were synchronized using media supplemented with 100 ng/ml nocodozole 

for 18 hours to arrest cells in mitosis followed by mitotic shake off and release in fresh 

medium for 4–6 hours to enrich for cells in early G1 as previously reported [13]. Validation 

of synchronization and G1 enrichment for each experiment was achieved using propidium 

iodide to stain the DNA of fixed cells followed by analysis on the BD LSRII or the BD 

FACSCaliber flow cytometer (BD Biosciences). Whole cell extracts were made using a 50 

mM Tris pH 8.0, 120 nM NaCl, 0.5% NP-40 lysis solution supplemented with protease and 

phosphatase inhibitors (Roche).

Immunoprecipitation

Immunoprecipitations were carried out using Dynabeads Protein G (Invitrogen) except for 

endogenous CDH1 immunoprecipitation experiments for which Sera-Mag Magnetic 

SpeedBeads Protein A/G (GE Healthcare) were used. Briefly, 25 ul of beads were incubated 

with 1 ug of antibody for 30 min at room temperature followed by washes and then an 

overnight incubation at 4°C with 1–2.5 mgs of CSC or NSTC whole cell extract. 

Immunoprecipitated proteins were released from the beads by boiling in Laemmli 2X 

concentrate sample buffer (Sigma).

Immunoblotting

Samples were ran on 7.5% SDS-PAGE gels or 4–20% Mini-PROTEAN TGX precast gels 

(Bio-Rad Laboratories, Inc.) and transferred to PVDF membranes (Millipore Corp.). The 

membranes were blocked with 5% (wt/vol) bovine serum albumin or 5% dry milk (as per 

manufacture’s recommendation) in TBS-Tween-20 (TBST; 0.1–0.2% vol/vol) and probed 

with primary antibodies overnight at 4°C. Secondary antibodies (LI-COR Biosciences) were 

incubated in TBST plus 0.01–0.02% SDS and visualized with the LI-COR Odyssey near 

infrared imaging system. To circumvent the signal for the IgG heavy chain from masking 
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our proteins of interest at that same molecular weight (~50 kD) in experiments that utilized 

antibodies from the same species (i.e., immunoprecipitation with mouse anti-APC4 or anti-

CDH1 followed by immunoblotting with mouse anti-CDH1 or anti-EMI1) a Fab fragmented 

antibody that reacts only with whole molecule mouse IgG was used (Biotin-SP (long spacer) 

AffiniPure Fab Fragment anti-mouse IgG (H+L); Jackson ImmunoResearch Laboratories, 

Inc.) followed by secondary detection with IRDye 800CW Strepavidin (LI-COR 

Biosciences). To determine the relative stoichiometry of CDH1 or EMI1 bound to the 

APC/C holoenzyme between CSCs and NSTCs, resulting immunoprecipitates were run as 

described above and the band intensity for APC4 or CDC27 was obtained using the LI-COR 

Odyssey Image Studio software to represent the level of APC/C holoenzyme 

immunoprecipitated. The CDH1 or EMI1 band from that same immunoprecipitation was 

then measured and bound CDH1 was calculated to be (band intensity CDH1)/(band intensity 

APC4 or CDC27). This approach allows for the stoichiometry of bound CDH1 or EMI1 to 

be calculated independently within each cell type regardless of any potential differences in 

overall holoenzyme or subunit levels [17, 18–21].

Immunofluorescence

Cells were fixed in 100% methanol, permeabilized in PBS-TritonX-100 (PBST; 0.2% vol/

vol), and immunolabeled with anti-α-tubulin (Sigma-Aldrich) overnight at 4°C followed by 

secondary detection with Alexa Fluor 488 (Invitrogen) for 1 hour at room temperature. 

Nuclei were counterstained with Hoechst. Coverslips were then mounted onto slides using 

Fluoromount-G (SouthernBiotech). Images were taken using a Leica DM5500B upright 

epifluorescence microscope.

Silver Staining

Following immunoprecipitation of the APC/C holoenzyme and sample separation by SDS-

PAGE, the gel was incubated for 1 hour in 50% methanol and then incubated for 15 minutes 

in a mixture of freshly prepared staining solution (0.0472 M AgNO3, 10 N NaOH, and 14.8 

M ammonium hydroxide). The gel was then incubated in a freshly prepared solution of 1% 

citric acid and 38% formaldehyde to develop the signal. A 5% acetic acid solution was 

added to the gel to stop development. The gel was preserved in an 8.8 % glycerol solution. 

All solutions were made with nuclease free water.

Colony formation assay

Cells were seeded at 1000 cells per well in 6-well plates. The next day, cells were treated for 

24 hours with vehicle (DMSO), 12 uM proTAME, 48 uM apcin, or 12 uM proTAME plus 48 

uM apcin. 24 hours later, the wells were washed three times with 1XPBS and fresh media 

was added. After incubation for 14 days for CSCs and 21 days for NSTCs cells, the 

remaining colonies were washed twice with 1XPBS then stained with 0.5% crystal violet 

containing methanol for 15 min at room temperature. Image acquisition of remaining 

colonies was performed with the LI-COR Odyssey near infrared imaging system. Images 

were exported and quantified using Fiji software and surrogate analysis using total area as a 

derivative of colony number was performed using a custom macro to manually gate out 

background and mark colonies for each well.
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Cell growth

Cells were seeded at 2000 cells per well in 96-well plates. The next day, cells were treated 

with vehicle (DMSO), 12 uM proTAME, 48 uM apcin, or 12 uM proTAME plus 48 uM 

apcin. Cell confluence as a measure of cell growth over time was monitored every 4 hours 

for up to 4 days using the IncuCyte ZOOM live-cell imaging system (Essen Biosciences). 

Alternatively, direct cell counts over time were obtained using the NucLight Rapid Red 

Reagent (Essen Biosciences).

Mitotic index

Following treatment with vehicle (DMSO), 12 uM proTAME, 48 uM apcin, or 12 uM 

proTAME plus 48 uM apcin for 6 or 24 hours, cells were harvested to a single-cell 

suspension and fixed overnight using ice-cold 70% ethanol. Cells were then stained with 

rabbit anti-phospho-Histone H3 (Ser10) XP Alexa Fluor 647 conjugate, clone D2C8 (1:100; 

Cell Signaling) for 1 hour at room temperature, followed by 50 ug/ml propidium iodide 

incubation for 1 hr at room temperature. The mitotic index was quantified as the percentage 

of phospho-Histone H3 (Ser10) positive cells as a total of all cells via analysis on the BD 

LSRII or the BD FACSCaliber flow cytometer (BD Biosciences).

Samples for LC-MS/MS analysis

The APC/C holoenzyme from G1 synchronized CSCs and NSTCs was immunoprecipitated 

as described above with resulting immmunoprecitated proteins taken on beads for 

processing by the Proteomics Shared Resource at The Ohio State University Comprehensive 

Cancer Center for protein identification and quantification of protein abundance. For post-

translational modification analysis of CDH1, extracts were prepared for G1 synchronized 

CSCs and NSTCs by resuspending cell pellets in extract buffer (20 mM Tris-HCl, pH 7.2, 2 

mM DTT, 0.25 mM EDTA, 5 mM KCl, 5 mM MgCl2) followed by two rounds of freeze-

thaw and passage through a needle. Extracts were supplemented with ATP and an energy 

regenerating system. 5 ug of recombinant GST-CDH1 fusion protein was then incubated 

with the extracts for 1 hour at 30°C and then captured on Glutathione beads. Samples were 

resolved on 4–20% Mini-PROTEAN TGX precast gels (Bio-Rad Laboratories, Inc.) and 

visualized with GelCode Blue Stain Reagent as per manufacturer instructions 

(ThermoFisher Scientific). The GST-CDH1 band was then cut from the gel and processed by 

the Lerner Research Institute Mass Spectrometry Laboratory for Protein Sequencing for 

proteomic analysis and quantification of post-translational modifications on GST-CDH1.

Antibodies

Immunoprecipitation (all used at 1 ug per reaction); mouse anti-CDC27, clone AF3.1 

(Sigma-Aldrich), mouse anti-APC4, clone CIV1.1 (Novus Biologicals), or mouse anti-

CDH1, clone DH01 (Calbiochem/MilliporeSigma). Immunoblotting; mouse anti-CDC27, 

clone AF3.1 (1;1000; Sigma-Aldrich), mouse anti-APC4, clone CIV1.1 (1:1000; Novus 

Biologicals), mouse anti-CDH1, clone DH01 (1:1000; Calbiochem/MilliporeSigma), mouse 

anti-EMI1, clone 3D2D6 (1:100; Zymed/Lifetech), mouse anti-Phosphoserine, clone 4A4 

(1:1000; Sigma-Aldrich), rabbit anti-phospho-Histone H3 (Ser10), clone 63–1C-8 (1:1000; 

Millipore), mouse anti-βactin (1:20,000; Sigma-Aldrich), mouse anti-α-tubulin (1:10,000; 
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Sigma-Aldrich), Biotin-SP (long spacer) AffiniPure Fab Fragment anti-mouse IgG (H+L) 

(1:5000; Jackson ImmunoResearch Laboratories, Inc.), IRDye 800CW Goat anti-Rabbit IgG 

(H + L), IRDye 800CW Goat anti-Mouse IgG (H + L), IRDye 800CW Strepavidin 

(1:15,000; LI-COR Biosciences). Immunofluorescence; mouse anti-αtubulin (1:1000; 

Sigma-Aldrich), and Alexa Fluor 488 (1:500; Invitrogen). Flow cytometry; rabbit anti-

phospho-Histone H3 (Ser10) XP Alexa Fluor 647 conjugate, clone D2C8 (1:100; Cell 

Signaling).

Small molecule inhibitors

Apcin was purchased from R&D Systems and was resuspended in DMSO to a 50 mM stock 

solution. proTAME was purchased from BostonBiochem and was received as a 20 mM stock 

solution in DMSO. Both drugs were diluted to working concentrations according to 

manufacturer instructions.

Statistical analyses

Statistical significance was calculated with GraphPad Prism Software using a 1- or 2-way 

ANOVA with Bonferroni’s or Dunnett’s post-test or a Student’s t-test where appropriate 

(GraphPad Software, Inc.).

RESULTS

The fraction of active APC/C is reduced in G1 in GBM CSCs

It is well established that KIF11 is a substrate of APC/CCDH1 and is degraded as cells 

transition from mitosis to G1 when the function of KIF11 as a key mediator of mitotic 

progression is no longer required [22, 23]. We previously demonstrated that the ligase 

activity of APC/CCDH1 is attenuated in the G1 phase of the cell cycle in GBM CSCs 

compared to matched non-stem tumor cells (NSTCs) leading to elevated levels of KIF11 and 

other APC/CCDH1 substrates throughout the cell cycle [13]. To begin to understand how the 

activity of APC/CCDH1 is attenuated in CSCs, we evaluated the stoichiometry of the APC/C 

holoenzyme, which is composed of over a dozen subunits, between CSCs and NSTCs sorted 

from patient-derived, xenograft-passaged (PDX) specimens. Cells were arrested in early 

mitosis via a nocodazole block then released and harvested approximately five hours later 

when cells were enriched in early G1 as confirmed by flow cytometry (Supplementary Figs. 

S1 and S2). The APC/C holoenzyme was immunoprecipitated and levels of the subunits 

determined by silver stain (Fig. 1A) or by mass spectrometry (Fig. 1B). In both assays, the 

APC/C components identified were higher in CSCs over NSTCs. However, proteomic 

analysis indicated that the APC/C-associated CDH1 levels were decreased in CSCs. We 

confirmed elevated levels of the APC/C subunit APC4 and decreased levels of CDH1 in 

CSCs from three independent PDX specimens (Fig. 1C-E). These data indicate that although 

apo-APC/C (i.e., ligase minus the activator protein) is overexpressed in CSCs compared to 

NSTCs, total CDH1 levels are somewhat reduced.

We were next interested in evaluating the level of interaction between the APC/C and 

CDH1, as CDH1 provides substrate recognition and consequential ubiquitination of target 

proteins by APC/CCDH1. CSCs and NSTCs were enriched in early G1 following a 
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nocodazole block and release and the APC/C was isolated via immunoprecipitation with 

antibodies to CDC27 or APC4 from two different patient specimens. Resulting 

immunoprecipitates were probed for the APC/C component used for immunoprecipitation as 

well as CDH1. The level of APC/C bound CDH1 was quantified and demonstrated 

approximately half of the binding to the holoenzyme as compared to NSTCs in all 

experiments (Fig. 1F-H). These data indicate that the interaction between the APC/C and 

CDH1 is attenuated in GBM CSCs which results in an overall attenuated activity of APC/

CCDH1 in G1.

CDH1 is hyperphosphorylated in GBM CSCs

For efficient cell cycle progression to occur, APC/CCDH1 activity is greatly reduced as cells 

transition from G1 to S phase [24, 25]. One major mechanism used to achieve this reduced 

activity is hyperphosphorylation of CDH1 by cyclin dependent kinases (CDKs) in late G1 

which prevents the interaction of CDH1 with the APC/C [24–28]. To explore the hypothesis 

that reduced CDH1 binding to the APC/C in CSCs is due to aberrant hyperphosphorylation 

in early G1, we immunoprecipitated CDH1 from CSCs and NSTCs from three different 

PDX specimens and immunoblotted with a pan phospho-serine antibody. In all three PDX 

specimens, CDH1 was hyperphosphorylated in CSCs compared to NSTCs (Fig. 2A-C). We 

also evaluated the level of kinase activity toward CDH1 in early G1 and preferential sites of 

phosphorylation using an in vitro extract assay and mass spectrometry. Cell lysates were 

harvested from G1 synchronized CSCs and NSTCs and then recombinant GST-CDH1 was 

incubated in the lysates and later captured on glutathione beads. The isolated GST-CDH1 

was then analyzed by mass spectrometry to identify the overall level of phosphorylation on 

CDH1 as well as the sites targeted for phosphorylation between CSCs and NSTCs (Fig. 2D). 

Results indicated that CDH1 was hyperphosphorylated in CSCs in early G1 as compared to 

NSTCs with the majority of the sites identified previously reported as CDK consensus sites 

on CDH1 [28]. Two of the upregulated sites, S40 and S151, are known to regulate binding of 

CDH1 to the APC/C [29]. These results support hyperphosphorylation of CDH1 in CSCs as 

a contributing factor to the reduced interaction between CDH1 and the APC/C in early G1 

and hence overall attenuated ligase activity.

EMI1 protein levels are higher in GBM CSCs in G1 but there is no increased binding to the 
APC/C

APC/CCDH1 activity in late G1 is also inhibited by early mitotic inhibitor 1 (EMI1) via its 

ability to directly bind CDH1 and prevent recruitment of APC/CCDH1 substrates as well as 

its association with core APC/C subunits to suppress ligase activity [30]. To evaluate if 

pseudosubstrate inhibition by Emi1 could also be contributing to attenuated APC/CCDH1 

activity in early G1 in CSCs, we first evaluated overall EMI1 levels between CSCs and 

NSTCs. In all three PDX specimens evaluated, EMI1 levels were higher in CSCs (Fig. 3A-

C). To check the level of association of EMI1 to the APC/C, we immunoprecipitated the 

holoenzyme from G1 enriched CSCs and NSTCs and immunoblotted for EMI1. Despite 

overall higher EMI1 levels in CSCs, we did not identify any differences in the binding 

pattern of EMI1 to the APC/C between NSTCs and CSCs (Fig. 3D and E). These result 

support hyperphosphorylation of CDH1 as the main mechanism of attenuated APC/CCDH1 

activity in early G1 over pseudosubstrate inhibition by EMI1.
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Combination treatment with the APC/C inhibitors proTAME and apcin has the greatest 
impact on CSC viability

We previously reported that the altered regulation of APC/CCDH1 led to increased levels of 

substrates, including CDC20 [13]. This finding, along with previous reports highlighting 

CDC20 as a promising target in GBM and GBM CSCs, prompted us to explore the efficacy 

of small molecule inhibition of the APC/C in GBM CSCs and NSTCs [14, 15]. Two APC/C 

inhibitors have been developed, namely proTAME and apcin [31, 32, 17]. Both apcin, which 

disrupts the interaction of CDC20 with APC/C substrates, and proTAME, which disrupts the 

interaction between APC/C and CDC20 or CDH1, previously demonstrated an impact on 

mitotic progression [17]. These drugs also led to increased cell death when tested in vitro on 

multiple myeloma cells and osteosarcoma cells [33, 34]. We first performed a colony 

formation assay on CSCs and NSTCs from two independent PDX specimens that were 

treated with vehicle (DMSO), 12 uM proTAME, 48 uM apcin, or the combination of 

proTAME and apcin, with the concentrations used based on previous reports and calculated 

dose response curves for CSCs and NSTCs which fell within or just outside of the range of 

the concentrations used in previous reports (Supplementary Fig. S3) [26, 28]. Clonogenic 

survival was significantly reduced for both CSCs and NSTCs exposed to proTAME and the 

combination, with no significant impact seen with apcin alone (Fig. 4A-D). We also 

monitored cell growth over a four-day time course for CSCs and NSTCs that were given a 

single exposure to vehicle, 12 uM proTAME, 48 uM apcin, or the combination and again 

saw the greatest impact on cell growth when the drugs were used in combination (Fig. 4E 

and F, and Supplementary Figs. S4 and S5). proTAME alone, but not apcin alone, was able 

to significantly compromise cell growth in CSCs and NSTCs. In testing of drug treatment on 

primary normal human astrocytes, the combination treatment did have an impact on cell 

growth (Supplementary Figure S6). Together these data underscore the utility of targeting 

the APC/C to compromise growth of both CSCs and NSTCs, and hence positions this 

targeted approach as a promising therapeutic modality for GBM although future preclinical 

studies will need to closely evaluate the impact of treatment on nonneoplastic brain cells.

Combination treatment leads to mitotic arrest and gross chromosomal abnormalities in 
GBM cells

The main impact of APC/C inhibition on cell cycle progression by proTAME and apcin was 

reported to be prolonged arrest in mitosis at metaphase due to lack of APC/CCDC20 to 

degrade substrates needed for progression to anaphase [32, 17]. To confirm the mechanism 

of action of proTAME and apcin in CSCs and NSTCs we assessed the mitotic index using 

flow cytometry for phospho-Histone3 serine10 (pH3S10) at 6 hours and 24 hours following 

treatment with vehicle, 12 uM proTAME, 48 uM apcin, or the combination. The greatest 

increase in the mitotic fraction was seen for cells treated with the combination at 6 hours for 

both cell types and also at 24 hours for CSCs (Fig. 5A). proTAME alone yielded a 

significant increase in mitotic cells for both CSCs and NSTCs at the 6 hour time point (Fig. 

5A). The increase in mitotic arrest was confirmed by immunoblotting for pH3S10 (Fig. 5B 

and C). Using immunofluorescence, we also confirmed that cells treated with the 

combination had the greatest percent of mitotic cells that were arrested at metaphase in 

CSCs and NSTCs, specifically at the 6 hour time point and most significantly with the 

combination treatment for both cell types (Fig. 5D and E). During the scoring of cells for 
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metaphase arrest, we noted that a large percentage of the CSCs had abnormal mitotic 

structures, such as multipolar spindles or misaligned chromosomes. When scored, these 

chromosomal abnormalities were observable and significantly increased with proTAME 

alone or the combination at 6 hours and 24 hours for CSCs and at the 6 hour time point only 

for NSTCs (Fig. 5F and G). Additional quantification for mitotic abnormalities in CSCs at, 

48, 72, and 96 hours following single drug exposure indicated a significant and sustained 

impact on mitotic fidelity with the combination drug treatment (Supplementary Fig. S7). 

These data support impaired mitotic progression and the induction of chromosomal 

abnormalities as the mechanism behind cell death caused by APC/C inhibition in GBM 

cells.

DISCUSSION

The lack of curative therapies for GBM supports continued exploration of the inherent 

biology of these tumors as well as the development of novel therapeutic interventions. This 

is of particular importance in the context of CSCs for which resistance to current treatment 

paradigms has been extensively reported [3–6]. We previously demonstrated attenuated 

activity of APC/CCDH1 in GBM CSCs as compared to NSTCs [13]. This attenuated activity 

resulted in the levels of APC/CCDH1 mitotic substrates to remain elevated in G1 [13]. We 

have now expanded on this finding to identify hyperphosphorylation of CDH1 in early G1 as 

a contributing mechanism to the overall reduced APC/CCDH1 ligase activity. Furthermore, 

we have validated small molecule inhibition of the APC/C as a viable therapeutic approach 

to target CSC as well as NSTC viability.

It is well established that in normal cells, phosphorylation of CDH1 at the G1/S transition is 

driven by Cyclin-CDK complexes and is required to dissociate CDH1 from the APC/C and 

hence reduce ligase activity to allow accumulation of proteins needed for S phase 

progression [24, 27, 35–38]. APC/CCDH1 activity can also be reduced by CDH1 

phosphorylation events that lead to decreased CDH1 stability or drive localization changes 

of CDH1 between the nucleus and cytoplasm [36, 39–41]. We observed an increase in 

CDH1 phosphorylation and a concordant decreased binding of CDH1 to the APC/C, but of 

note, all of our studies were focused on APC/CCDH1 in early G1, just after cells have 

transitioned from mitosis, and not at the G1/S transition where phosphorylation on CDH1 

normally would occur. Furthermore, proteomics analysis identified an increase in numerous 

phospho-epitopes on CDH1 in GBM CSCs including several residues in the N-terminus 

known to disrupt the CDH1-APC/C interaction [29, 42, 43]. Notably, phosphorylation of 

S133 and S172, two previously uncharacterized events, also perturbs the binding of CDH1 

to APC/C (DP and MKS, manuscript submitted). Hence, our findings support a model 

whereby aberrant kinase activity in GBM CSCs contributes to altered APC/CCDH1 activity 

in these cells. In support of this, two recent reports have highlighted elevated CyclinD-

CDK4/6 activity in human cancer cells as being responsible for inactivating APC/CCDH1 via 

hyperphosphorylating CDH1 [42, 43]. The CyclinD-CDK4/6-Rb axis is known to be 

disrupted in nearly 80% of GBMs via deletion of the INK4 locus or, less commonly, 

amplification of CDK4, CDK6, or Cyclin genes [44–46]. Resolution of differences in 

CDK4/6 activity between CSCs and NSTCs is currently unknown but it is known that CDK5 

levels and activity are elevated in GBM CSCs [47]. This is relevant in the context of CDH1 
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activity as it has recently been shown that, in post-mitotic neurons, CDK5 can phosphorylate 

CDH1 and inactivate APC/CCDH1 [48]. It is therefore possible that elevated CDK5 in CSCs 

may contribute to CDH1 hyperphosphorylation. Further work is needed to elucidate the 

kinase(s) responsible for increased phosphorylation on CDH1 in CSCs. Furthermore, 

modulating the activity of these kinases to reduce phosphorylation on CDH1 and/or 

overexpressing CDH1 or phosphorylation-null mutants, and hence rescuing APC/CCDH1 

activity in G1, will be key future studies to elucidate how restoring APC/CCDH1 activity in 

CSCs may impact the accumulation of mitotic abnormalities and overall genomic instability.

Additionally, other factors may be contributing to attenuated activity of APC/CCDH1 toward 

its substrates in GBM CSCs such as reduced CDC14 phosphatase activity, increased activity 

of deubiquitinating enzymes, or even altered autoregulation of APC/C E2s [49]. We did, 

however, validate that pseudosubstrate inhibition by EMI1 was not a major contributor to 

APC/C inhibition in early G1, despite elevated EMI1 levels in CSCs. These findings are 

consistent with the fact that EMI1 is an APC/CCDH1 substrate in early G1 and switches to an 

inhibitor in late G1 as cells commit to the cell cycle [29, 50, 51]. Thus, the elevated levels of 

EMI1 in CSCs likely reflects the diminished APC/CCDH1 activity and may function later to 

enhance cell cycle progression. Alternatively, our EMI1 results could signify the importance 

of CDH1 phosphorylation in regulating a previously identified EMI1-independent pool of 

APC/C [29, 52, 53]. Taken together, our work highlights that the level of CDH1 

phosphorylation is a key contributor to attenuated APC/CCDH1 activity in G1 and is, at least 

in part, causative for elevated levels of APC/CCDH1 substrates in CSCs.

Our study also highlights the utility of small molecule inhibition of APC/CCDH1/CDC20 as a 

therapeutic strategy to target CSCs in GBM. Elevated CDC20 expression has previously 

been correlated with high grade glioma as well as poor patient prognosis by a number of 

groups [54–57]. We and others have shown that CDC20 is higher in CSCs over NSTCs and, 

more recently, RNA interference has validated CDC20 as a critical modulator of the CSC 

phenotype [13–15]. In our study, we tested the impact of two small molecule inhibitors to 

the APC/C, proTAME and apcin, on CSC and NSTC viability. Apcin inhibits APC/CCDC20 

by directly binding CDC20 and preventing CDC20 substrate recognition [17]. proTAME, 

which is processed to the active form of TAME by intracellular esterases, inhibits both 

APC/CCDH1 and APC/CCDC20 by disrupting the interaction of the coactivators with the 

APC/C [32]. Elegant work exploring the precise mechanism of action for apcin 

demonstrated that APC/C substrates can outcompete apcin binding to CDC20 and/or the 

substrates may be recruited to the APC/C through other mechanism and hence allow for 

mitotic progression in the presence of apcin instead of mitotic arrest and subsequent death 

[17]. It was also shown that the addition of proTAME enhanced the impact of apcin as 

proTAME inhibits CDH1/CDC20 via a distinct mechanism from apcin [17]. Therefore, 

these drugs can elicit a mitotic arrest independently, but a greater impact on both mitotic 

arrest and cell death is seen when the drugs are used in combination and APC/CCDC20 is 

more efficiently inhibited [17, 33]. Our studies are the first to demonstrate an impact on 

GBM cell viability using these inhibitors and support these previous findings whereby we 

observed the greatest impact on both CSC and NSTC mitotic progression and cell growth 

when apcin and proTAME were used in combination. Our studies also indicated that the 

drug combination had an impact on normal human astrocytes in vitro. As astrocytes are not 

De et al. Page 10

Mol Cancer Res. Author manuscript; available in PMC 2020 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



continually proliferating in vivo as they are in the mitogenic environment of tissue culture, 

we expect to see less of an impact on nonneoplastic glial/neuronal cells when APC/C 

inhibitors are preclinically tested. However, side effects in consistently cycling tissues that 

are commonly impacted with chemotherapeutics designed to target proliferation would need 

to be closely evaluated.

We also observed a high percentage of CSCs that displayed mitotic abnormalities as early as 

6 hours after combination drug treatment. These results indicate that GBM cells, and in 

particular GBM CSCs, are highly sensitive to perturbation of mitotic progression. More in 

depth studies will be required, but these data support APC/C inhibition as a means to push 

CIN in GBM CSCs to an unviable state. The current APC/C inhibitors have not 

demonstrated bioavailability to our knowledge but, nonetheless, our work provides rationale 

for the further development and testing of APC/C inhibitors for GBM. Alternatively, 

delivery methods such as nanoparticles, liposomes, or convection enhanced delivery may 

circumvent the issues with systemic delivery and warrant pre-clinical exploration. In 

summary, we have identified hyperphosphorylation of CDH1 as a mechanism driving 

attenuated activity of the tumor suppressor APC/CCDH1 in GBM CSCs. This results in 

elevated levels of APC/CCDH1 substrates, including CDC20. We also demonstrate that small 

molecule inhibition of APC/CCDH1/CDC20 can increase mitotic abnormalities and reduce 

CSC viability.
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Implications: Our findings demonstrate how the activity of the APC/CCDH1 tumor 

suppressor is reduced in CSCs and also validates small molecule inhibition of the APC/C 

as a promising therapeutic target for the treatment of glioblastoma.
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Figure 1. The APC/C holoenzyme is upregulated in CSCs but the fraction of active APC/C is 
reduced in G1.
(a) The APC/C holoenzyme was immunoprecipitated (IP) using anti-CDC27 from G1 

synchronized NSTCs and CSCs from GBM 3832 with resulting levels of the indicated 

APC/C subunits identified by silver staining. Control lane = anti-CDC27 antibody and beads 

only. Antibody heavy chain is indicated (IgG). (b) The APC/C holoenzyme was 

immunoprecipitated using anti-CDC27 from G1 synchronized NSTCs and CSCs from GBM 

3832 with resulting immunoprecipitates analyzed by LC-MS/MS. Protein abundance for the 

indicated APC/C holoenzyme subunits and CDH1 were quantified and resulting fold change 
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graphed (normalized to the NSTCs). (c-e) Whole-cell lysates from G1 synchronized NSTCs 

and CSCs from GBM 3832 (c), 3691 (d), and 08-387 (e) were probed for APC4 and CDH1. 

βactin served as a loading control. (f-h) The APC/C holoenzyme was immunoprecipitated 

from G1 synchronized NSTCs and CSCs from GBM 3832 using anti-CDC27 (f) or anti-

APC4 (g) and from 3691 using anti-APC4 (h). Resulting immunoprecipitates were probed 

for CDC27 or APC4 and CDH1 (top two panels). Control lane = anti-CDC27 or anti-APC4 

antibody and beads only. Bound CDH1 relative to CDC27 or APC4 as an indication of 

active APC/C was quantified and resulting fold change graphed (normalized to NSTCs). n = 

3 biological replicates, error bars represent standard deviation; *P < 0.05; **P < 0.01; ***P 

< 0.001. Bottom two panels represent inputs for the CDC27 or APC4 immunoprecipitation. 

βactin or α-tubulin served as loading controls. For all immunoblots, the molecular weight 

(MW) of resulting bands is given in kilodaltons (kD).
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Figure 2. CDH1 phosphorylation is elevated in CSCs.
(a-c) CDH1 was immunoprecipitated (IP) from G1 synchronized NSTCs and CSCs from 

GBM 3832 (a), 3691 (b), and 08-387 (c). Resulting immunoprecipitates were probed for 

CDH1 and phospho-Serine (pS) (top two panels). Control lane = anti-CDH1 antibody and 

beads only. pS relative to total CDH1 was quantified and resulting fold change graphed 

(normalized to NSTCs). n = 3 (3691 and 08-387) or n = 4 (3832) biological replicates, error 

bars represent standard deviation; *P < 0.05; **P < 0.01; ****P < 0.0001. Bottom two 

panels represent inputs for the CDH1 immunoprecipitation. βactin served as a loading 

control. The molecular weight (MW) of resulting bands is given in kilodaltons (kD). (d) 
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Recombinant GST-CDH1 was incubated with whole-cell lysate from G1 synchronized 

NSTCs and CSCs from GBM 3832 then isolated using glutathione beads. GST-CDH1 was 

analyzed by LC-MS/MS for phosphorylation events. Resulting fold change in phospho-site 

abundance relative to total GST-CDH1 for the indicated phospho-epitopes identified was 

graphed (normalized to NSTCs).
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Figure 3. EMI1 is overexpressed in GBM CSCs but does not have higher occupancy on the 
APC/C.
(a-c) Whole-cell lysates from G1 synchronized NSTCs and CSCs from GBM 3832 (a), 3691 

(b), and 08-387 (c) were probed for EMI1. βactin served as a loading control. (d-e) The 

APC/C holoenzyme was immunoprecipitated (IP) from G1 synchronized NSTCs and CSCs 

from GBM 3832 (d) or 3691 (e) using anti-APC4. Resulting immunoprecipitates were 

probed for APC4 and EMI1 (top two panels). Control lane = anti-APC4 antibody and beads 

only. The line in (d) indicates that two non-relevant lanes were removed from the image 

between the control lane and the 3832 immunoprecipitation lanes. Bound EMI1 relative to 

APC4 was quantified and resulting fold change graphed (normalized to NSTCs). n = 3 

biological replicates, error bars represent standard deviation; ns = no significance. Bottom 

two panels represent input for EMI1 immunoprecipitation. α-tubulin served as a loading 

control. For all immunoblots, the molecular weight (MW) of resulting bands is given in 

kilodaltons (kD).
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Figure 4. GBM NSTCs and CSCs have decreased clonogenic survival and viability following 
APC/C inhibition.
(a-d) Clonogenic survival for NSTCs and CSCs from GBM 3832 and 08-387 was evaluated 

by colony formation following treatment with vehicle (DMSO), 12 ¼M proTAME, 48 ¼M 

apcin, or 12 ¼M proTAME + 48 ¼M apcin (combo). Fold change in colony formation for 

vehicle (black bars), proTAME (red bars), apcin (blue bars), and combo (purple bars) were 

graphed for 3832 (a) and 08-387 (b) NSTCs and CSCs (normalized to vehicle). n = 3 

biological replicates (with three technical replicates per biological replicate), error bars 

represent standard deviation; *P < 0.05; ****P < 0.0001. Representative images of colony 
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formation following each treatment are shown for 3832 (c) and 08-387 (d) NSTCs and 

CSCs. Cell growth was tracked for 100 hours measuring confluence (e) or direct cell count 

via NucLight Rapid Red Reagent (f) using the IncuCyte live-cell imaging system for NSTCs 

and CSCs from GBM 3832 following treatment with vehicle (DMSO), 12 ¼M proTAME, 

48 ¼M apcin, or 12 ¼M proTAME + 48 ¼M apcin (combo). Fold change in cell growth via 

confluence or direct cell count for vehicle (black line), proTAME (red line), apcin (blue 

line), and combo (purple line) were graphed for 3832 NSTCs and CSCs. n = 6 biological 

replicates for (e) and n = 3 biological replicates for (f) (with three technical replicates per 

biological replicate), error bars represent standard deviation; ns = no significance; *P < 0.05; 

**P < 0.01; ***P < 0.001; ****P < 0.0001.
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Figure 5. APC/C inhibition leads to an increased number of cells in mitosis and mitotic 
abnormalities.
(a) The percent of cells in mitosis was quantified by flow cytometry for NSTCs and CSCs 

from GBM 3832 following 6 hours (h) or 24 h of treatment with vehicle (DMSO, black bar), 

12 ¼M proTAME (red bar), 48 ¼M apcin (blue bar), or 12 ¼M proTAME + 48 ¼M apcin 

(combo, purple bar). n = 3 biological replicates, error bars represent standard deviation; ns = 

no significance; *P < 0.05; ***P < 0.001; ****P < 0.0001. (b-c) Whole-cell lysates from 

NSTCs and CSCs from GBM 3832 (b) and 3691 (c) treated for 6 h with vehicle (DMSO), 

12 ¼M proTAME, 48 ¼M apcin, or 12 ¼M proTAME + 48 ¼M apcin were probed for 
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phosphoH3 Serine 10 (pH3S10). βactin served as a loading control. The molecular weight 

(MW) of resulting bands is given in kilodaltons (kD). (d) The percent of cells in metaphase 

was quantified for NSTCs and CSCs from GBM 3832 following 6 h or 24 h of treatment 

with vehicle (DMSO, black bar), 12 ¼M proTAME (red bar), 48 ¼M apcin (blue bar), or 12 

¼M proTAME + 48 ¼M apcin (combo, purple bar). Cells were processed for 

immunofluorescence to α-tubulin with DNA counterstained with Hoescht to identify 

metaphase cells. n = 3 biological replicates, between 100-200 cells were counted per 

replicate, error bars represent standard deviation; ns = no significance; **P < 0.01; ****P < 

0.0001. (e) Representative images of cells from each treatment group for CSCs. (f) The 

percent of mitotic cells with abnormal chromosomal structures was quantified for NSTCs 

and CSCs from GBM 3832 following 6 h or 24 h of treatment with vehicle (DMSO, black 

bar), 12 ¼M proTAME (red bar), 48 ¼M apcin (blue bar), or 12 ¼M proTAME + 48 ¼M 

apcin (combo, purple bar). Cells were processed for immunofluorescence to α-tubulin with 

DNA counterstained with Hoescht to identify mitotic cells. n = 3 biological replicates, 

between 100-200 cells were counted per replicate, error bars represent standard deviation; ns 

= no significance; *P < 0.05; ***P < 0.001; ****P < 0.0001. (g) Representative images of a 

vehicle treated cell at 6 h and combo treated cells at 6 h and 24 h for CSCs. White arrow 

head indicates a single unaligned chromosome.
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