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Abstract

Background—High grade gliomas are associated with a dismal prognosis. Notch inhibition via 

the gamma-secretase inhibitor RO2929097 has emerged as a potential therapeutic option based on 

modulation of the cancer-initiating cell (CIS) population and a presumed anti-angiogenic role.

Methods—In this phase 0/I trial, 21 patients with newly-diagnosed glioblastoma or anaplastic 

astrocytoma received RO4929097 combined with temozolomide and radiotherapy. In addition to 

establishing the maximum tolerated dose, the study design enabled exploratory studies evaluating 
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tumor and brain drug penetration and neuro-imaging parameters. We also determined functional 

effects on the Notch pathway and targeting of CISs through analysis of tumor tissue sampled from 

areas with and without blood-brain barrier disruption. Finally, recurrent tumors were also sampled 

and assessed for Notch pathway responses while on treatment.

Results—Treatment was well tolerated and no dose-limiting toxicities were observed. 

Immunohistochemistry of treated tumors showed a significant decrease in proliferation and in the 

expression of the Notch intracellular domain (NICD) by tumor cells and blood vessels. Patient-

specific organotypic tumor explants cultures revealed a specific decrease in the CD133+ CIS 

population upon treatment. Perfusion MRI demonstrated a significant decrease in relative plasma 

volume after drug exposure. Gene expression data in recurrent tumors suggested low Notch 

signaling activity, the upregulation of key mesenchymal genes and an increase in VEGF-

dependent angiogenic factors.

Conclusion—The addition of RO4929097 to temozolomide and radiotherapy was well tolerated; 

the drug has variable blood-brain barrier penetration. Evidence of target modulation was observed, 

but recurrence occurred, associated with alterations in angiogenesis signaling pathways.

Clinicaltrials.gov.NCT01119599
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Introduction

High grade gliomas, including glioblastoma and WHO grade III anaplastic astrocytomas 

(AA), are the most common and aggressive primary brain tumor in adults. Despite 

multidisciplinary approaches that combine maximal surgical resection and radiotherapy (RT) 

with concomitant and adjuvant temozolomide, glioblastomas remain associated with a 

dismal prognosis, with clinical trials in newly-diagnosed disease reporting median overall 

survival (OS) of 15–18 months (1–3).

Recent literature supports a role for glioma stem cells (GSC), which represent a subfraction 

of the tumor cell pool and are thought to be crucial to tumor growth (4). The Notch signaling 

pathway plays a key role during the development of the central nervous system, including 

maintenance of self-renewing neural progenitors and regulation of their fate decisions by 

promoting glial differentiation (5). Notch signaling has also been implicated in cancer with 

putative roles in tumor stem cell biology, angiogenesis, and tumor progression (6–8). The 

four transmembrane Notch receptors (Notch 1–4) interact closely with membrane-bound 

ligands that belong to the Jagged (Jagged ligands 1 and 2) or Delta-like family (DLL 1, 3, 

and 4) (9). Upon ligand-receptor binding, the Notch receptor undergoes proteolytic cleavage 

by metalloprotease and gamma-secretase, which releases the Notch intracellular domain 

(NICD) that translocates to the nucleus and activates target gene transcription (10).

Our laboratory and others have investigated the role of Notch inhibition in the GSC 

population (11–14). Using 3D organotypic tumor explants, we demonstrated Notch 
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inhibition via a gamma-secretase inhibitor (GSI) is associated with a decrease in GSCs, as 

well as a decrease in endothelial cells (11). We also demonstrated that combination 

treatment of tumor explants with Notch inhibition and radiation was more effective than 

either treatment alone, suggesting a synergistic effect (11, 15). These findings formed the 

scientific rationale for the design of the present trial.

Given its significant role in tumor biology, in vivo Notch pathway modulation has been 

studied with a range of inhibitors, including GSIs, other small molecule inhibitors as well as 

targeted monoclonal antibodies (16, 17). RO4929097 is an orally bioavailable small 

molecule GSI, capable of a potent, inhibitory effect on Notch signaling (17, 18). It has been 

evaluated in early phase trials in solid tumors, alone or in combination with other agents 

(19–24), with responses observed in a range of tumor types. This early experience also 

raised some concerns about drug-drug interactions and auto-induction, and identified GSI-

associated toxicities. Of note is a phase I trial of 103 patients with advanced solid tumors 

conducted with GSI MK-0742, which reported a complete response in one AA and stable 

disease in 10 patients with glioblastoma (25).

Treatment of brain tumors is often limited by the ability of small molecules to cross the 

blood brain barrier (BBB) and achieve therapeutic concentrations in tumor tissue. There are 

currently no data pertaining to BBB permeability of RO4929097 or its effectiveness in 

achieving inhibition of Notch signaling in brain tumors upon systemic administration.

Here we report a phase 0/I study of RO4929097 in combination with TMZ and radiation 

therapy in patients with newly diagnosed glioblastoma or WHO grade III AA. The primary 

goals were to determine the maximum-tolerated dose (MTD), toxicities and pharmacokinetic 

(PK) effects. Secondary goals of this proof-of-concept study included exploratory analyses 

of tumor drug penetration, evaluation of patients’ GSC populations and in vivo Notch target 

modulation, as well as the evaluation of drug effects on advanced neuro-imaging, including 

dynamic contrast-enhanced (DCE) perfusion MRI. The trial also included analyses of tissue 

samples obtained intraoperatively and grown in 3D organotypic cultures as a means of 

evaluating the drug effects on tumor tissue ex-vivo, following a clinical-laboratory co-

development paradigm. We also had the opportunity of sampling recurrent tumors while on 

treatment, thus establishing a comparative profile of gene expression.

Materials and Methods

Study Design

Patients with newly-diagnosed glioblastoma or AA who had undergone biopsy or partial 

resections prior to enrollment, and that upon further neurosurgical evaluation had an 

indication for additional debulking surgery were eligible for this study; anaplastic 

oligodendroglioma or 1p/19q co-deleted tumors were excluded. Other standard inclusion 

and exclusion criteria are detailed in Supplemental Methods.

The study design is summarized in Figure 1 and Supplemental Figure S1. Upon 

establishment of date of surgery, patients received RO4929097 daily for 7 days, followed by 

surgical resection on day 7. The last dose was administered 2–3 hours prior to resection, at 
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which time tissue and blood samples were obtained for correlative studies. Following 

surgery, RO4929097 was discontinued to allow for recovery and wound healing.

A phase I 3+3 design was then applied to evaluate the combination of RT, temozolomide and 

RO4929097. Patients with adequate performance status after surgery were re-started on daily 

RO4929097 and received standard RT concomitant with temozolomide 75mg/m2 daily, 

followed by adjuvant temozolomide given at a dose of 150–200mg/m2 days 1–5 of 28-day 

cycles, for a minimum of 6 and a maximum of 12 cycles. Standard 3+3 dose escalation rules 

were utilized, with dose-liming toxicities based on adverse events occurring in the first 30 

days of RT.

Three pre-specified dose levels of RO4929097 were examined (10mg, 15mg and 20mg once 

a day), selected based on available PK studies of RO4929097 in solid tumors that indicated 

doses above 20mg do not increase drug exposure due to auto-induction.

To avoid delays in establishing the maximum tolerated dose (MTD), patients who were not 

candidates for post-operative treatment due to poor performance status or co-morbidities 

were replaced by patients already resected off-study (n=11). Enrollment of additional 

patients who were surgical candidates was permitted while a given cohort was being 

examined, for a maximum of 10 additional patients.

Tumor status (MacDonald criteria) was assessed every two months. Patients with suspected 

pseudoprogression were allowed to stay on treatment if deemed appropriate by the treating 

physician, or offered surgical resection. If progression was confirmed on next scan or 

histologically, patients were removed from study and the date of first MRI showing 

radiographic progression was considered the date of progression. If further tumor resections 

were indicated during the study, i.e. in patients with suspicion of tumor progression or 

pseudo-progression, patients were asked to remain on RO4929097 until day of surgery, 

during which tumor tissue samples were also collected for further comparative analysis 

(n=7).

Exploratory Neuro-Imaging Evaluation

To explore early pharmacodynamic effects via changes in advanced neuro-imaging 

parameters, notably perfusion and vascular permeability, patients undergoing surgical 

resection were evaluated with DCE-MRI at baseline and then again after 7 days of 

RO4929097 (i.e. immediately before surgery) (Supplemental methods). Analyses focused on 

blood perfusion as measured by relative fractional plasma volume (Vp) and vascular 

permeability as measured by volume transfer coefficient between plasma and extravascular 

extracellular space (Ktrans).

Pharmacokinetic Studies

High-performance liquid chromatography with tandem mass spectrometry was utilized to 

determine levels of RO4929097 in blood and tumor tissue. Tumor areas with and without 

contrast-enhancement, as defined by intraoperative MRI, were differentially sampled. 

Additionally, standard blood PK parameters of RO4929097 were evaluated in combination 

with TMZ 75mg/m2 and 150mg/m2 (More detail in Supplemental Methods).
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Quantitative Real-Time PCR, Immunohistochemistry, Morphometry and RNA Sequencing

Methods utilized for evaluation of effects of RO4929097 on gene expression, Notch 

pathway, angiogenesis and GSC are detailed in Supplement methods. Archival and on-study 

surgery FFPE tumor tissue was utilized for quantitative real-time PCR and RNA sequencing. 

Immunohistochemistry was performed utilizing anti-NICD and anti-CD31 antibodies. 

Morphometry was performed using ImageJ.

Viability and Flow Cytometry Analysis of Organotypic Explants

In addition to the analyses above, fresh tumor tissue from patients operated on study were 

grown as 3-D organotypic explants for further characterization of in vitro effects of Notch 

inhibition (20, 45) (Supplement methods). Established explants were treated with RT with 

TMZ, or combined RT, TMZ and RO4929097, or single agent RO4929097, then evaluated 

for effects on cell proliferation (Ki-67 immunofluorescent staining), tumor cell viability 

(CellTiter Glo Luminescent Assay) and proportion of GSC-like CD133+ cells (FACS 

analysis).

Statistical Analysis

All values are expressed as mean±SEM unless otherwise stated. Statistical significance was 

determined by unpaired Student's t-tests. Survival was calculated from date of initial 

histologic diagnosis to either death (OS), or progression (PFS) utilizing Kaplan-Meier 

methodology (Stata 9.3). Patients were censored at last follow-up.

Study Approval

This study was an investigator-initiated, prospective phase 0/I clinical trial 

(ClinicalTrials.gov identifier: NCT01119599), primarily sponsored by the NCI/ Cancer 

Treatment and Evaluation Program (CTEP); NCI# 8556. The study was approved by the 

MSKCC Institutional Review Board. Written informed consent was obtained from all 

participants or guardians prior to enrollment.

Results

Study Population

Twenty-one patients with newly-diagnosed glioblastoma (n=17) or WHO grade III AA 

(n=4) were enrolled between 5/2010–6/2012. Median age was 57 years (range: 28–68) and 

median KPS was 90. Patient characteristics are summarized in Table 1.

All three pre-specified RO4929097 dose levels were examined: 10mg (N=4), 15mg (N=7) 

and 20mg (N=10). Seven patients required repeat surgical resection for tumor progression 

while on RO4929097 and TMZ, and had tissue analyzed for comparative analyses.

Treatment, Dose Escalation and Toxicity

Treatment was well tolerated, and dose escalation proceeded as planned. No dose-limiting 

toxicities were observed in any of the pre-specified dose levels. The 20mg daily dose was 

deemed the recommended phase 2 dose (RP2D). A summary of all reported grades 3 and 4 
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adverse events is shown in Supplemental Table 1. Toxicities were manageable or reversible; 

no patient discontinued treatment due to toxicities, and there were no treatment-related 

deaths. The toxicity profile is comparable to previously reported profiles for temozolomide 

and RO4929097, consisting mainly of hematologic toxicities and elevated transaminases. 

The relationship between electrolyte disturbances and treatment is uncertain, but such events 

were conservatively designated as possibly related to treatment. Other unrelated or unlikely 

related adverse events, inherent to brain tumors (e.g. intra-cranial hemorrhage, 

complications from surgery, neurological symptoms, thromboembolic events and 

hyperglycemia in the setting of corticosteroids), were observed as expected. One patient 

developed retroperitoneal bleeding in the setting of a mechanical fall and use of aspirin. 

There was no significant QTc prolongation.

Pharmacokinetic Evaluation

To evaluate effects of temozolomide on the plasma PK parameters of RO4929097, standard 

24-hour PK evaluations were performed during temozolomide 75mg/m2 (first day of 

treatment and after 5 weeks) and during first day of adjuvant temozolomide 150 mg/m2/day. 

Mean (±SD) values of maximum plasma concentration (Cmax) and the area under the plasma 

concentration-time curve for the 24h dosing interval (AUC24) across the different 

RO4929097 dose levels are presented in Supplemental Table 2. The mean Cmax and AUC24 

for the initial dose of RO4929097 increased as the dose was escalated and values were 

consistent with previously reported clinical studies of single–agent RO4929097 (19, 23). In 

addition, the mean Cmax and AUC24 values determined after 10 weeks of continuous daily 

dosing on day 1 of adjuvant therapy were lower than the corresponding values for the initial 

dose at each dose level, consistent with the previously reported auto-induction of 

RO4929097 elimination.

Effect of RO4929097 on MRI Perfusion Parameters

Eight patients underwent the exploratory pharmacodynamic evaluation with DCE-perfusion 

MRI obtained before and after 7 days of exposure to RO4929097 (Supplemental Figure 2A). 

All patients demonstrated a decrease in perfusion, with mean Vp ratio decreasing from 

9.34± 2.4 at baseline to 3.92± 0.9 after drug exposure (p<0.05) (Supplemental Figure S2B). 

Likewise, there was a trend towards a decrease in vascular permeability, with a mean Ktrans 

of 0.05± 0.01 min−1 at baseline and 0.03± 0.01 min−1 after treatment (Supplemental Figure 

S2C). These findings suggest an early attenuating effect on tumor blood perfusion following 

exposure to RO4929097.

Brain and Tumor Penetration of RO4929097

Intraoperative biopsy of contrast enhancing and non-enhancing tumor tissue and 

concomitant acquisition of plasma samples were obtained in 11 patients. Areas of 

enhancement on T1 post-gadolinium MRI represent areas of BBB breakdown and increased 

permeability, whereas areas without contrast enhancement have a relatively intact BBB. It 

has been posited that tumor cells in areas of intact BBB (no enhancement) are often not 

exposed to adequate drug levels, contributing to the lack of efficacy of treatments for glioma. 

Our data show drug levels upon initial administration of RO4929097 (i.e. 7 days culminating 

in surgery) were significantly higher in enhancing (0.73 ± 0.13 µM) versus non-enhancing 
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(0.33 ± 0.04 µM) tissue (Figure 2A). Available literature demonstrate a reduction in target 

genes (e.g. Hes1) with RO4929097 in a dose-dependent manner starting at 0.1 µM (24), thus 

suggesting the achieved drug levels were within therapeutic levels regardless of BBB 

integrity. Interestingly, in patients who presented with tumor progression that required a 

second surgery after a prolonged course of RO4929097 (mean: 181 days, range: 104 – 399 

days), tumor drug concentrations were similar in enhancing and non-enhancing areas, 

reaching an average of 0.77 ± 0.19 µM and 0.71 ± 0.24 µM respectively (Figure 2A).

To assess the extent to which drug concentrations in the blood influenced intratumoral drug 

concentrations, the corresponding ratios of tumor-to-plasma molar drug concentrations were 

determined at the time of surgery (following 7 days of RO4929097 administration), and 

were found to be approximately 1 in the non-enhancing areas, but twice as high in the areas 

of BBB breakdown and enhancement (Figure 2 and Supplemental Table 3). Upon repeat 

surgery for recurrence in the setting of prolonged RO4929097 use, drug accumulated in 

areas of presumed normal (non-enhancing) and disrupted BBB (enhancing), leading to 

tumor-to-plasma ratios that are similar to those measured in the enhancing regions after 7 

days of treatment, averaging 2.7 in enhancing and 2.5 in non-enhancing brain tissue. 

However, the range of concentrations exhibited significant variability with one specimen 

(M09) reaching levels of ~1.3 µM in non-enhancing tumor tissue (Supplemental Table 3). A 

notable distinction is that patients with a prolonged RO4929097 course had also received 

radiation treatment (average time since RT: 131 days [range: 57 – 357 days]).

We further dissected the potential impact of RO4929097 treatment on Notch pathway 

components, using tumor tissue obtained from both areas displaying BBB breakdown 

(contrast-enhancing) and intact BBB (non-contrast-enhancing). Intraoperative tumor 

specimens were processed for quantitative mRNA analysis using a panel of primers against a 

range of Notch ligands, receptors and gene targets. In comparison to areas of intact BBB, 

enhancing tissue showed significant downregulation of DLL1, DLL3 and Jag2 ligands, as 

well as suppression of the downstream effector Hes5, whereas Hes1 levels remained 

unchanged (Figure 2B). Interestingly, there was also significant upregulation of several 

Notch receptors (Notch 2, 3 and 4), which may suggest activation of negative feedback loops 

due to the suppression of Hes5.

Effect of RO4929097 on Proliferation, the Notch pathway and Tumor Blood Vessels

We next sought to validate whether the drug levels achieved in tumor tissue were sufficient 

to impact tumor cells proliferation. Immunohistochemical analyses of the Ki-67 proliferation 

marker in matching tumor samples, obtained before and after 7 days of RO treatment, 

showed a trend towards a decrease in proliferation from 27.7 ± 7.3 % to 13.6 ± 3.1 %, albeit 

with marked inter-patient variability (Figures 3A–B and Supplemental Figure S3).

RO4929097 potently inhibits the enzymatic cleavage event that the Notch receptor 

undergoes upon its activation, followed by release of NICD and its translocation to the 

nucleus (24). Therefore, we analyzed the expression of NICD in tumor cells in matching 

pre- and post-treatment glioblastoma tissue, via immunohistochemistry. The number of 

NICD-positive cells decreased significantly from 21.9 ± 5.4 % to 5.1 ± 1.3 % after the initial 

presurgical 7-day treatment with RO4929097 (Figure 3C–D), suggesting a state of Notch 
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signaling inactivity or inhibition. Moreover, a notable difference in NICD expression was 

observed within tumor vasculature (Figure 3C, lower panel). These data are suggestive of 

biological activity of RO4929097 within tumor tissue.

Notch activity plays an important role in tumor angiogenesis but the role of Notch inhibition 

on glioma vascularity remains unclear (33–35). We therefore sought to determine the effect 

of RO4929097 treatment on glioma vessels through analysis of available matching pre- and 

post-treatment tissues. Immunohistochemical evaluation of tissues obtained before treatment 

(Pre), at 7 days of RO4929097 (Post) and at the time of recurrence after prolonged treatment 

(PostPP), shows no significant change in microvascular density, but a significant decrease in 

NICD-expressing vascular structures from 67.6 ± 5.2 % (Pre) to 30.0 ± 9.0 % (Post) and 

24.2 ± 5.2 % (PostPP) in matching samples (Figure 3E–F). Expression of NICD in normal 

brain vessels was assessed in a set of normal brain controls and found to represent 10.1 

± 3.5 % of blood vessels (Figure 3E–F). Furthermore, vascular morphology in pre-treatment 

tissue showed characteristic glomeruloid body formation whereas post-treatment tissue 

demonstrated a vascular phenotype that was more normalized, with largely monolayers of 

endothelial cells lining sometimes large but often more normal appearing vascular spaces 

(Figure 3E). Taken together, these data suggest a modulation of glioma vasculature during 

RO4929097 treatment, and are consistent with the decreased perfusion observed on DCE-

MRI.

Effect of RO4929097 Alone and in Combination with RT and TMZ on the Glioma Stem Cell 
Population in Organotypic Slices

Our group and others have previously shown that inhibition of Notch signaling leads to a 

decrease in the number of putative CD133+ GSC (11, 26). We have also demonstrated the 

importance of the vascular microenvironment in effecting the role of Notch inhibition, using 

tumor “organotypic” explants. Here we established tumor explants from patients in whom 

adequate fresh tissue could be obtained during surgery (n=4). Explants were treated for 10 

days with RO4929097 (1 µM) in vitro, following which there was a significant decrease in 

proliferation (assessed by Ki-67 quantification) (Figure 4A–B). Having demonstrated in 

previous studies synergistic effects between radiation and Notch inhibition, we focused on 

analyzing the impact of RO4929097, RT+temozolomide and RT+temozolomide

+RO4929097 on cell viability in tumor explants; the latter condition being representative of 

the clinical trial treatment conditions (11). Only the triple combination (RT+temozolomide

+RO4929097) had a significant attenuating effect on tumor cell viability, effecting a nearly 

60% decrease compared to the control untreated explants (Figure 4C). Finally, Notch 

activation in tumor cells is thought to be mediated by ligand-bearing endothelial cells and is 

greatest around tumor vasculature, an area thought to represent a stem cell niche (11, 27, 

28). We therefore analyzed the proportion of GSC-like CD133+ cells in the explants by 

FACS analysis. The data show a significant decrease in the proportion of CD133+ cells 

following treatment with RO4929097 alone (Figure 4D). Interestingly, neither the 

combination of RT+temozolomide (standard of care) nor the triple combination (RT

+temozolomide+RO4929097) were associated with a further reduction in the CD133+ 

population (Figure 4D).
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Gene Expression Analysis post Treatment

Gene expression profiling was performed on a set of matched tissues obtained pre-treatment 

and after the initial 7 days of drug therapy. In addition, seven patients underwent surgery 

upon tumor recurrence while on prolonged drug treatment. To dissect gene expression 

patterns, we expanded our transcriptomal analysis via a customized RNA-Ampliseq panel 

including glioma lineage markers, Notch pathway components, signaling mediators of 

angiogenesis and the EGFR pathway (Supplemental Figure S4 A, B). Results showed a 

trend towards downregulation of the primary Notch gene targets Hes5, Hey1 and Hey2 

mostly in the recurrence group with prolonged RO 4929097 therapy, although differences 

did not reach statistical significance. Gene expression data in the recurrent group 

(Supplemental Figure S4B) also demonstrated an increase in angiogenesis markers, as well 

as in C/EBPB (CCAAT/Enhancer Binding Protein Beta) and STAT 3, genes considered 

master regulators of the mesenchymal phenotype in gliomas. Tumor recurrence in the setting 

of prolonged RO4929097 therapy therefore occurred in a background of low Notch activity, 

suggesting an “escape” from Notch dependence. The recurrent tumors exhibited 

upregulation of angiogenesis markers such as PECAM (CD31), angiopoetins and VEGFA, 

suggesting a transition to a potential alternative Notch-independent neo-angiogenesis 

(Supplemental Figure S4B). Interestingly, the mesenchymal-associated genes C/EBPB and 

STAT3 had been downregulated after the presurgical 7-day RO4929097 treatment phase 

(Supplemental Figure S4). Their reemergence at recurrence could represent a consequence 

of Notch inhibition, however, an evolution towards a more mesenchymal phenotype has also 

been reported in recurrent gliomas especially following radiation exposure (29, 30). The 

absence of recurrent controls, inter-patient molecular tumor heterogeneity and the limitation 

to two genes limits further conclusions.

Patient Outcomes

Although not a study objective, and limited by the small sample size, phase I design, and the 

fact that most patients had tumor recurrence prior to initiation of treatment, we performed an 

exploratory analysis of survival. After a median follow-up of survivors of 24 months, the 

Kaplan-Meier median OS for glioblastoma patients was 21 months (95% CI 12–28) and 

median PFS was 13 months (95% CI 7–13). At the time of analysis, all patients with AA 

(n=4) were alive (31+, 37+, 41+ and 53+ months). Two of them progressed at 31 and 46 

months, respectively, while two other remained free of progression at 37+ and 41+ months.

Exploratory Tissue Correlates

To determine the potential association of tissue characteristics and patient survival, we 

conducted correlative analyses in an exploratory manner. Patients on whom both pre- and 

post-treatment tissue was available for immunohistochemical and molecular studies were 

divided into two subgroups (“favorable” and “poor” survival) based on a cut-off value of 14 

months, chosen based on median survival in glioblastoma historical controls. The patient 

subgroup demonstrating favorable survival exhibited a substantial decrease in Ki-67 from 

37.3 ± 10.7 % at baseline to 8.5 ± 3.2 % after 7 days of RO4929097, while the patients in 

the poor survival group experienced an increase in proliferation from 15.0 ± 2.3 % to 20.4 

± 2.2 % (Figures 5A). Changes in NICD expression on vascular structures were also more 
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significant in the group exhibiting better survival (22.5 ± 5.0 % vs. 43.8 ± 9.0%; Figure 5B). 

Interestingly, gene expression values of Notch targets were more consistently downregulated 

in the favorable survival subgroup compared to their poor survival counterparts (Figure 5C). 

To exclude the possibility that these differences are due to variations in drug levels, average 

tissue drug levels in both favorable and poor survival groups were determined, showing no 

statistical differences in tumor tissue levels (0.15 ± 0.03 µM vs. 0.19 ± 0.05 µM; p=0.36), 

and thus suggesting differential sensitivity to Notch inhibition among tumors. While the 

number of available specimens is very limited, these data suggest that early tissue analysis 

(e.g. after 7 days of treatment) could have a predictive value as to the ability to achieve target 

inhibition and a biological response.

Discussion

In this study we report a phase I trial of oral gamma-secretase/Notch inhibitor RO4929097 

in combination with standard treatment in newly diagnosed glioblastoma and WHO grade III 

AA. The trial design allowed for extensive exploratory studies, including neuro-imaging and 

laboratory experiments evaluating drug brain penetration, target modulation and potential 

mechanisms of resistance.

The combination of RO4929097, temozolomide and RT was feasible and well tolerated. 

Toxicity frequencies were similar to those observed in previous trials of RO4929097 and 

temozolomide (19). The 20 mg daily dose was deemed the RP2D. PK parameters of 

RO4929097 were in good agreement with data reported in phase I studies of RO4929097 

given as a single agent or combined with cediranib (19, 23). Clinical investigations of the 

distribution of anticancer drugs into brain tumors are uncommon and it is uncertain how well 

preclinical models reflect drug uptake. To fully evaluate the potential of RO4929097 for the 

treatment of brain tumors, drug concentrations were determined in tissue resected from 

contrast enhancing regions of the tumor, representing tissue with a disrupted BBB, as well as 

non-enhancing regions in which the BBB is intact. While considerable variability among 

patients was observed, drug concentrations in the low micromolar range were achieved in 

both regions of the tumors. The observed intratumoral concentrations of the drug were 

comparable to its IC50 values against human brain cancer cell lines (13, 18). Interestingly, a 

differential expression profile of Notch ligands, receptors and downstream targets was 

initially observed between enhancing versus non-enhancing areas, strengthening the 

hypothesis that the drug preferentially penetrated areas with BBB breakdown where it then 

produced a more potent, inhibitory effect on Notch targets. However, prolonged drug 

exposure seemed to bypass the BBB concern, as samples obtained at later times displayed 

similar drug concentrations in enhancing and non-enhancing areas. Heterogeneity of the 

tumor and adequately characterizing the integrity of the BBB in the region from where the 

tumor was resected are underlying concerns for studies such as this, as discussed in a recent 

review (30).

Previous data showed that radiation and Notch inhibition may act synergistically in 

impairing tumor survival (11, 13). In parallel to the clinical trial, we conducted experiments 

on tumor explants, which further support a role for the combination of radiation, 

temozolomide and Notch inhibition. Analyses of glioblastoma organotypic explants showed 
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a decrease in proliferation upon RO4929097 treatment (in comparison to 

immunohistochemical studies on parent tumor tissue), and an even more pronounced 

decrease in viability when exposed to triple therapy. Additionally, the proportion of CD133+ 

cells decreased after exposure to RO4929097, highlighting the role of the Notch pathway in 

maintenance of GSC. Armed with an appropriate sample size, tumor explants could be 

developed into a powerful screening platform with a predictive capacity for clinical response 

within a short time span, acting as a “functional biopsy”. Tumor explants play a particularly 

important role in assessing tumor response whereby modulation of environmental factors, 

such as endothelial cells, is relevant. In the case of Notch inhibition, we have previously 

shown that the in vitro response of cell lines is often different from and less predictive of 

true Notch activity, in comparison to 3D explants which maintain endothelial cell integrity 

(11).

Our attempts to identify reliable markers of drug activity included quantitative 

immunohistochemistry for NICD - the immediate product of gamma-secretase-mediated 

cleavage of the inner domain of the Notch receptor - as well as quantitative gene expression. 

The immunohistochemical data showed a significant decrease in NICD expression in 

matching specimens obtained before and after treatment. While intratumoral heterogeneity 

remains a concern, these data suggest that sufficient drug exposure and target modulation 

were achieved. In comparison, gene expression data were more challenging to interpret. 

Downregulation of Notch targets was inconsistent following one-week exposure to 

RO4929097, although samples obtained after prolonged treatment displayed a more 

pronounced modulatory effect. Notably, Hes1, a major gene target downstream of the Notch 

pathway remained essentially unchanged in some patients despite other evidence in support 

of pathway inhibition, such as the decrease in HES5 and in NICD. This raises the question 

on whether this could be a result of non-canonical, Notch receptor-independent activation in 

these patients, known to occur via a variety of signaling pathways such as hedgehog, FGF, 

Wnt, STAT or BMP signaling attributed to the Activin receptor-like kinase (Alk)1 activity 

(31, 32).

The gene expression in tumor tissue obtained at later time points, after completion of RT, 

suggests that such tumors recurred in the context of persistently low Notch activity. 

Compared to the original tumors, recurrences exhibited significant neo-angiogenesis as 

evidenced by a statistically significant increase in PECAM (i.e. CD31, a robust endothelial 

marker) - as well as in the expression of angiopoietins. Coupled with the decrease in Notch 

activity in vascular structures seen upon initiation of therapy, these data would suggest that 

angiogenesis in the recurrent tumor developed independently of Notch signaling. Notch 

inhibition has also been reported to affect the biology of abnormal glioblastoma tumor 

vessels (33–35). Indeed, our DCE MRI studies showed an early decrease in tumor blood 

perfusion upon RO4929097 treatment. This was associated with a reduction in tumor vessels 

expressing the cleaved form of the Notch receptor (NICD), as shown by 

immunohistochemistry. While prolonged treatment further reduced the number of NICD-

positive blood vessels (achieving values similar to those of normal brain tissue), 

microvascular density was unchanged and gene expression data showed a marked increase in 

PECAM expression in these recurrent tumors. These data suggest that recurrent tumors 

switched to a Notch-independent angiogenic profile. Both the sustained activation of Hes1 
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and the neo-angiogenesis probably represent aspects of a resistance phenomenon that 

develops in the context of sustained Notch inhibition. These findings also support the 

concomitant use of anti-VEGF agents in future trials (28, 32, 36).

This current study is limited by the inherent difficulties of translational research in human 

subjects, especially in phase I settings. Tissue availability was not comprehensive, 

particularly for samples from the time of initial biopsy, usually obtained in community 

hospitals and yielding small amounts of paraffin fixed tissue from stereotactic procedures. 

Nonetheless, we attempted to optimize molecular analyses on all tissues in an effort to glean 

maximal information. Finally, while the data support the ability of GSIs to cross the BBB 

and modulate targets in the brain, tumor recurrence could not be avoided, suggesting a role 

for combination therapies. Drug levels could be further optimized, perhaps with the use of 

alternative agents with more favorable PK profiles as compared to RO4929097. In fact, for 

the time being, further development of RO4929097 has been halted, in a decision made by 

the manufacturer prior to results of this study becoming available. Several other GSIs are in 

development and may provide viable alternatives for further exploring this approach.

In summary, we describe a proof-of-concept study within the scope of a phase I clinical trial 

investigating the use of gamma-secretase/Notch inhibition in combination with 

temozolomide and RT in newly-diagnosed glioblastoma or anaplastic astrocytoma. This 

regimen was safe, well tolerated and appears to be a promising addition in the effort to 

control these tumors. Correlative studies demonstrate the ability of this drug to achieve 

sufficient brain penetration, although higher doses and continuous administration may be 

beneficial. Tissue studies also provided insights into the mechanisms of action and resistance 

associated with Notch inhibition, confirming its effects on GSC populations and 

angiogenesis in humans, and supporting a potential synergism with RT and temozolomide. 

The study also highlights the tumor’s ability to adapt to alterations in its microenvironment, 

thereby switching to a Notch-independent form of angiogenesis. These findings further 

endorse the necessity of targeting multiple signaling pathways concomitantly in gliomas, 

and highlight the biological differences in targeting otherwise normal developmental 

pathways, as opposed to targeting specific mutations. It is clear that Notch inhibition, alone 

or in combination with radiation, is insufficient to fully control tumor progression; but it 

does demonstrate promise as a targeted biological tool that counteracts tumor stem cell-like 

behavior by curbing self-renewal, and possibly angiogenesis. More effective anti-

proliferative agents and other environmental modulators will still be necessary as adjuncts.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Ktrans volume transfer coefficient

MTD maximum tolerated dose
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PK pharmacokinetic
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Statement of Translational Relevance

In this Phase 0/I trial, gamma-secretase/ Notch inhibitor RO4929097 was added to 

chemoradiotherapy to treat glioblastomas and anaplastic astrocytomas. A comprehensive 

integrated translational approach demonstrated tumor penetration and effective target 

modulation of the drug, as measured by effects on neuro-imaging, gene expression, 

modulation of glioma stem cells, and promising efficacy.
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Figure 1. Study design and treatment plan for enrolled patients
Patients with newly diagnosed glioblastoma or anaplastic astrocytoma were treated with 

RO4929097 (in escalating doses/3+3 phase I design) for 7 days, followed by surgical 

resection, radiotherapy (RT) and temozolomide (TMZ) administration. Pharmacokinetic 

studies were performed on plasma and tumor tissue; surgical samples were also used for 

histochemical and molecular studies.
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Figure 2. Drug concentration levels and mRNA expression profile in enhancing and non-
enhancing brain tissue
A, Tumor drug concentration levels (ng/mg) after 7-day treatment (n=8) and prolonged RO-

treatment (n=4) are shown in areas of tumor tissue with intact (non-enhancing) and disrupted 

(enhancing) BBB, as distinguished by T1-weighted Gadolinium-enhanced MRI. B, mRNA 

expression profile in enhancing and non-enhancing brain tumor tissue of Notch pathway 

components; levels are normalized to 18S (n=6). Values are expressed as mean ± S.E.M. 
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(BBB = blood brain barrier, E = enhancing; NE = non-enhancing; *p<0.05, **p<0.01, 

***p<0.001).
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Figure 3. Post-treatment effects of RO4929097 on proliferation, Notch receptor and surrounding 
blood vessels
A, Immunohistochemistry (IHC) and quantification of Ki-67 labeling index in matched pre- 

and post-treatment tumor tissue, before and after treatment (n=7). C, NICD (nuclear 

intracellular domain of Notch) IHC of matched pre- and post-treatment glioblastoma patient 

samples. Lower panel shows NICD-positive cells in relation to vascularity. D, Quantification 

of NICD+ tumor cells after 7 days of RO4929097 treatment (n=6). E, Sections from normal 

brain (Ctrl), enrolled glioblastoma patients before (Pre), after 7 days (Post) and after 

multiple cycles (PostPP) of RO4929097 treatment were immunostained for NICD and vessel 
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marker CD31. F, Quantification of NICD+ vascular structures as percent of total blood 

vessels in sections of normal brain tissue and glioblastoma samples before and after 

RO4929097 exposure. A minimum of 1,000 cells were counted for Ki-67 and NICD 

analysis; the entire tissue area was quantified to determine the ratio of NICD+ vascular 

structures. Values are expressed as mean ± S.E.M. (*p<0.05, **p<0.01, ***p<0.001).
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Figure 4. Effect of RO4929097 treatment on proliferation, viability and CD133+ glioma stem 
cells in glioblastoma explants
A, Immunofluorescent staining of Ki-67 in organotypic explants before and after treatment 

with RO. B, Quantification of Ki-67+ nuclei in patient explants before and after drug 

treatment (n=4). C, Cell viability in tumor explants treated with RO4929097, RT and TMZ, 

and the triple combination, as measured by CellTiter Glo Luminescent Assay (n=5). D, 

FACS-Analysis of cd133+ cells in tumor explants after drug treatment (n=5). (Ctrl = control, 

RO = RO4929097, RT = radiotherapy, TMZ = temozolomide; *p<0.05).
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Figure 5. Association of overall survival time with Ki-67 proliferation index, NICD+ vessel ratio, 
and Notch downstream target gene expression
A and B, Ki-67 proliferation index and NICD+ blood vessel ratios grouped according to 

patient survival groups (n=7). C, Expression of downstream Notch target genes (Hes1, Hes5, 

Hey1 and Hey2) by qRT-PCR in patients with poor and good overall survival times (n=5). 

Values are expressed as mean ± S.E.M. (*p<0.05; OS = overall survival).
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Table 1

Baseline characteristics of patients enrolled in the study

Characteristic All patients GBM AA

Number of patients
  enrolled

21 17 4

Median age 57 58 38

  range 28 – 68 36 – 65 28 – 68

Gender

  Women 7 6 1

  Men 14 11 3

Median KPS 90 90 95

  range 80 – 100 80 – 100 90 – 100

RO4929097 dosage

  10 mg 4 3 1

  15 mg 7 6 1

  20 mg 10 8 2

Surgical candidates* 10 10 0

Replacement patients* 11 7 4

MGMT promoter

  methylated 4 4 0

  unmethylated 12 11 1

  undetermined 5 2 3

IDH-1 R132H mutation

  present 2 0 1

  absent 5 5 1**

  not tested 16 12 2

*
Patients who were candidates for surgical resection were primarily enrolled. Patients who were not candidates for a clinical trial after surgery were 

replaced by patients with tumor already resected off trial.

**
This patient had an IDH-1 R132C mutation on next generation sequencing. MGMT promoter status determined by methylation-specific PCR. 

GBM: Glioblastoma; AA: Anaplastic astrocytoma.
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