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Abstract

Background—The Notch signaling pathway is activated in a variety of malignancies and has 

been implicated in colorectal cancer progression. One of the first steps in the Notch pathway 

activation is mediated by γ-secretase, a proteolytic enzyme which produces an activated 

intracellular Notch (ICN). RO4929097 is a selective inhibitor of γ-secretase. We tested the activity 

of RO4929097 in patients with metastatic, refractory colorectal cancer.

Patients and Methods—Patients with metastatic colorectal cancer who had received at least 

two prior lines of systemic chemotherapy were enrolled on the study. Patients were treated with 

RO4929097 at its recommended phase II dose of 20mg daily, 3 days on and 4 days off 

continuously. Cycle length was 28 days. Imaging was performed every two cycles. Archival tissue 
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specimens were stained immunohistochemically for components of the notch pathway: Notch1, 

ICN, and the downstream target HES1.

Results—37 patients were enrolled of whom 33 were evaluable for toxicity and response. 

Immunohistochemical analysis of archival tissues demonstrated positive staining for the notch 

receptor as well as intracellular notch and the downstream gene HES1 in the majority of patients. 

Nevertheless, no objective radiographic responses were observed in this group and only 6 patients 

had stable disease as their best response. Median PFS was 1.8 months and median OS was 6.0 

months.

Conclusion—In this study of RO4929097 in patients with refractory metastatic colorectal 

cancer, no radiographic responses were seen and time to progression was short, which suggests 

that RO4929097 at the study dose and schedule has minimal single agent activity in this 

malignancy.

Introduction

Colorectal cancer is the second leading cause of cancer-related mortality in the United States 

with nearly 50,000 deaths each year.1 Combination chemotherapy with 5-fluorouracil, 

oxaliplatin, irinotecan2, bevacizumab3, and the EGFR inhibitors cetuximab4 and 

panitumumab5 have led to improvements in longevity,6 with median survival rates now 

approaching 24 months in patients with stage IV disease.7 However, response rates beyond 

the first line of treatment remain disappointingly low and new systemic agents are needed 

for patients who are resistant or intolerant of currently available therapies.

New therapeutic targets include signaling pathways that regulate proliferation and 

differentiation of stem cells. During development and tissue remodeling, pluripotent stem 

cells serve as the source of differentiating cells, giving rise to non-proliferating specialized 

cell types. The fate of these cells appears to depend on primordial regulatory pathways that 

are active during development. Deregulation of these pathways is linked to the rapid and 

uncontrolled proliferation of tumors.

The Notch pathway is one of the major developmental signaling pathways.8,9 Notch, 

represented by four homologs in mammals (Notch1-Notch4), is a cell surface protein 

receptor involved in transmitting growth and proliferation signals to the cell.10 Activation of 

Notch occurs through ligand binding. Two Notch ligand families, Jagged and Delta, have 

been described in mammals with five ligands identified to date (Jagged 1 and 2, and Delta 1, 

3, and 4). After ligand binding, two successive proteolytic cleavage steps occur. The first 

cleavage step is mediated by ADAM/TACE (a disintegrin and metalloprotease/tumor-

necrosis factor α converting enzyme) and occurs at the S2 cleavage site. The second 

cleavage step occurs at the S3 cleavage site and is mediated by the γ-secretase complex, 

consisting of a catalytic subunit (presenilin 1 or 2), and accessory subunits (nicastrin, Pen-2, 

and Aph-1). The resulting active form of Notch called IntraCellular Notch (ICN), 

translocates to the nucleus where it binds a transcriptional repressor known as C-promoter-

binding factor (CBF-1), or CSL (CBF-1/Suppresor of Hairless/Lag1), thus activating the 

Notch target genes, Myc, p21, and Hes (hairy/enhancer of split).11-13. Blocking Notch 
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signaling via γ-secretase inhibition produces a slower growing, less transformed phenotype 

in human cancer cells in vivo.

Several studies highlight the association between Notch signaling and tumorigenesis. 

Inappropriate activation of Notch signaling in T-cell acute lymphoblastic leukemia14,15, 

breast cancer16,17, melanoma18-20, and lung cancer21-23, has been shown to result in 

stimulation of tumor cell proliferation, restriction of cell differentiation and prevention of 

apoptosis. Overexpression of Notch also occurs in other hematologic malignancies, 

including B-cell malignancies.11 Antiproliferative effects of a γ-secretase inhibitor in a 

hepatoma cell line have been reported.24 Furthermore, the ability of breast cancer stem cells 

to form mammospheres was attenuated by inhibition of the Notch pathway suggesting that 

Notch inhibition can specifically target cancer stem cells.25

The expression of Notch ligands, receptors and downstream genes has been studied in 

colorectal cancer tissue specimens.26 One study found that levels of Jagged, Notch1 and 

Hes1 are comparable to or greater than those found in proliferative intestinal crypts, 

indicating that the Notch pathway is activated in colorectal adenocarcinomas.26 Another 

study demonstrated that ICN and its downstream target Hes1 were implicated in colon 

cancer progression.27

RO4929097 is a potent and selective oral inhibitor of γ-secretase. In a phase I dose 

escalation study of 89 patients with advanced solid tumors, a single objective partial 

response was documented in a neuroendocrine carcinoma and a minor response in a patient 

with melanoma. Common mild toxicities included fatigue, nausea, diarrhea, 

hypophosphatemia, pruritis, and rash (92% grade 1-2).28 The recommended phase II dose of 

RO4929097 was subsequently established as 20mg daily for 3 days every 7 days29, and 

multiple early-phase clinical trials are currently enrolling patients with solid and 

hematological malignancies (table 1).

We conducted an open-label phase II study to test the activity of RO4929097 in patients 

with metastatic, refractory (3rd line and beyond) colorectal cancer. To our knowledge, this 

study represented the first trial of a γ-secretase inhibitor in colorectal cancer. The study also 

offered an opportunity to investigate the expression of the Notch receptor and downstream 

target genes in patients with colorectal cancer.

Patients and Methods

Patient Selection

This study was an open-label, single-arm, phase II prospective clinical trial. The trial was 

supported by the Southeast Phase II Consortium and approved by the Quorum institutional 

review board. Written informed consent was obtained from participants.

Subjects were adults (≥age 18) with stage IV colorectal cancer who had received at least two 

prior lines of treatment in the metastatic setting. Eligibility requirements mandated prior 

treatment with 5-fluorouracil (or capecitabine), oxaliplatin and irinotecan, either in the 

adjuvant or metastatic setting. Other key eligibility criteria were measureable disease, 
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ECOG performance status ≤2, absolute neutrophil count ≥1,000cells/μL, platelets ≥100,000 

cells/μL, total bilirubin ≤1.5 × upper limit of normal, AST and ALT ≤2.5 × upper limit of 

normal, and creatinine ≤1.5 × upper limit of normal. Key exclusion criteria included brain or 

leptomeningial metastases, major electrolyte abnormalities, and QTcF on baseline ECG > 

450msec (males) or 470msec (females).

In order to facilitate recruitment, patients were prescreened for the trial using the Total 

Cancer Care® (TCC) database, a Moffitt Cancer Center and affiliate registry. This registry 

consists of over 75,000 cancer patients who have prospectively consented for lifetime 

clinical follow-up. Among the goals of TCC is to match patients with appropriate clinical 

trials based on clinicopathological inclusion criteria. We sought to assess whether use of this 

registry to identify eligible patients would enable recruitment of 37 patients in less than 

eight months.

Treatment and Evaluation

RO4929097 was administered as a 20mg tablet by mouth daily on an empty stomach, 3 days 

on and 4 days off continuously. A single 50% dose reduction was allowed for recurrent 

grade 3 or 4 toxicity (10mg administered 3 days on and 4 days off continuously). Patients 

who experienced recurrent grade 3 or 4 toxicities after dose reduction were to be removed 

from the study. Evaluation visits were scheduled every 4 weeks along with standard blood 

tests (complete blood count, comprehensive metabolic panel) and CEA. Radiologic 

assessment of tumor burden (CT scans of the chest, abdomen and pelvis, or MRI of the 

abdomen and pelvis and CT of the chest) was scheduled every 8 weeks. Response 

Evaluation Criteria in Solid Tumors (RECIST version 1.1) were used for evaluation of the 

primary endpoint.

Immunohistochemical Analysis of Archival Specimens

Archival paraffin-embedded pathology specimens were requested on all subjects for 

immunohistochemical analysis of components of the Notch pathway: Notch-1, Intracellular 

Notch (ICN) and Hes-1 proteins. Pretreatment for antigen retrieval was performed using the 

DAKO Antigen Retrieval kit (Cat#S1700). Samples were preheated to 98°C for 15 min. 

After cooling for 20 min @ room temperature in solution, the samples were washed in 

milliQ-water for 4-5 min and incubated in quenching buffer for 10 min, washed in milliQ-

water for 4-5 min, and reincubated for 10 min with Avidin blocking buffer (Vector Labs 

Cat#SP-2001). After washing with PBS for 5 min, the slides were blocked with Biotin 

blocking buffer, and placed in blocking buffer (1% BSA, 0.2% Milk) for an hour. This is 

followed by incubation with the rat anti-Hes-1 primary antibody (2 ug /ml), mouse anti-

Notch-1 monoclonal antibody (dilution: 1:50 ), and mouse Anti-Human Notch-1, 

intracellular domain, aa 2428-2556 monoclonal antibody, Unconjugated, Clone 433802 

(R&D system, 1 - 2 μg/mL) in blocking buffer overnight at 4°C (MBL Cat#D134-3 L#11). 

After rinsing with PBS for 5 min, the slides were incubated with a biotinylated goat anti-Rat 

secondary antibody, diluted in blocking buffer (0.334 ug/ml) for 1 hr at room temperature. 

After washing with PBS for 5 min, the slides were incubated with streptavidin–HPR diluted 

in blocking buffer 1:100 for 30 min (Invitrogen TSA Kit #21 cat# T20931), and washed 

again. The slides were next incubated in biotin –XX tyramide (in kit amplification buffer/

Strosberg et al. Page 4

Eur J Cancer. Author manuscript; available in PMC 2015 August 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



0.0015% H2O2) for 10 min. After an additional washing, the samples were incubated with 

ABC for 30 min (Vector labs Cat# PK-6100) and developed with 3,3-diaminobenzidine 

(DAB) for 1-7 min (Vector labs Cat# SK-4100). All of the slides were lightly counterstained 

with hematoxylin for 10s before dehydration and mounting. Immunostaining was observed 

with a Leitz Orthoplan 2 microscope and images are captured by a CCD camera with the 

Smart Capture Program (Vysis, Downers Grove, IL). Positive controls were run with each 

set of slides. Negative controls were included by omitting the primary antibody during the 

primary antibody incubation.

The stained slides were scored for the presence of Notch 1, ICN and Hes-1 protein. The 

positive antibody reaction was scored into four grades, according to the intensity of the 

staining: 0, 1+, 2+, and 3+. The percentages of positive cells were also scored into four 

categories: 0 (0%), 1 (1-33%), 2 (34-66%), and 3 (67-100%). The product of the intensity 

and the percentage scores was used as the final score. The final scores were classified as: 0 

negative; 1-3, weak; 4-6, moderate; and 7-9, strong.

Sample Size Calculation

The primary end point was the objective radiographic response rate. Secondary end points 

included progression-free survival (PFS), overall survival (OS), and toxicity, calculated 

according to the most recent version of the NCI Common Terminology Criteria for Adverse 

Events (CTCAE). For sample size calculation, a Simon's two-stage optimal design was used. 

The information used in the calculations of this design were: P0 <.05, P1 ≥.20, α=.1, power 

= 90%. This calculation yielded a total sample size of 37 patients. At least four responses 

(≥11%) were necessary to consider the regimen sufficiently active to pursue in further 

studies.

A first stage interim analysis was planned after enrollment of 12 patients, with early 

stopping to occur if no responses were observed (resulting in a 0.54 probability of early 

stopping if the response rate was ≤5%). However, per-protocol, accrual was allowed to 

continue beyond the first stage until all initial 12 patients underwent their first two follow-up 

scans.

Statistical Analysis

The Kaplan-Meier method was used to estimate all time-to-event functions. PFS was 

defined as time from start of treatment until disease progression or death as a result of any 

cause. OS was defined as time from start of treatment until death as a result of any cause, 

with patients censored at the date of last follow-up if still alive. Exact 95% CIs were 

calculated for each proportion of interest. Statistical analysis was performed using Stata SE 

9.0 software and SAS 9.2 software. Parametric survival modeling was implemented as well. 

Exponential distribution assumption was verified using a reduced piecewise exponential test 

procedure. Point estimate and the exact 95% CI of the median survival based on the 

exponential distribution were computed.30 For tissue analysis, Spearman's rank correlation 

coefficient and Kendall's tau coefficient were computed to assess the correlations among the 

three immunohistochemical scores (Notch-1, ICN and HES-1).
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Results

Patient Population

Thirty-seven patients were enrolled between May 13, 2011 and September 18, 2011. 

Demographic variables and tumor characteristics are listed in Table 2. Four patients 

withdrew consent; therefore 33 patients were evaluable for safety and radiologic response. 

Use of the TCC® registry contributed to the rapid identification of eligible patients and 

completion of accrual in four months. The conduct of the entire trial, from letter of intent 

submission to CTEP (N01 contract) through treatment of the last patient required just over 

10 months.

Radiologic Response

Among 33 evaluable patients, 27 underwent at least one follow-up scan and 6 progressed 

clinically within 2 months of enrollment (including 1 disease-related death). No objective 

radiologic responses (PRs) were observed. Six patients had SD and 21 patients experienced 

PD as their best response. Figure 1 summarizes the maximum percent change from baseline 

in the sum of the longest diameters of target lesions.

Progression-free and Overall Survival

At time of data cutoff, 22 patients had died and 15 were alive, with follow-up duration for 

the surviving patients ranging from 2.8-11.6 months. The median PFS was 1.8 months (95% 

CI, 1.8-1.86; fig. 2) and the median OS was 6.0 months (95% CI, 3.9-9.1; fig. 3). The test 

for exponential survival indicated no violation of the exponential distribution with a single 

change point p-value from a backward elimination procedure to be 0.196. With the 

exponential assumption, the median survival was estimated to be 6.35 month (95%CI, 

4.31-10.46)

Safety Profile

The study-drug was well-tolerated with no drug-related grade 3-4 toxicities observed on the 

trial. The toxicities considered possibly related to treatment are listed in table 3, and 

consisted primarily of grade 1-2 nausea.

Tissue Analysis

Archival pathology specimens were available on 29 patients; 7 specimens obtained from 

primary tumor locations and 22 from distant metastases. These were stained 

immunohistochemically using antibodies to Notch-1, intracellular notch (ICN), and the 

target gene Hes-1 (fig. 4). The median Notch-1 IHC intensity score was 2 (range 0-6; 7 

patients had absent staining, 12 had weak staining and 9 had moderate staining intensity). 

The median ICN score was 4 (range 0-9; 4 absent, 9 weak, 14 moderate, 2 strong) and the 

median Hes-1 score was 3 (range 0-9; 6 absent, 9 weak, 13 moderate, 1 strong). The 

Spearman's correlations were 0.61 between Notch-1 and Hes-1 (p=0.0001); 0.83 between 

Hes-1 and ICN (p<0.001); and 0.74 between Notch-1 and ICN (p<0.001). The Kendall's tau 

B correlations were 0.51 between Notch-1 and Hes-1 (p=0.001); 0.74 between Hes-1 and 
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ICN (p<0.001); and 0.64 between Notch-1 and ICN (p<0.001). These results indicated that 

scores of Notch-1, ICN and Hes-1 were significantly correlated.

Discussion

To our knowledge, this trial represented the first study of a γ-secretase inhibitor in patients 

with colorectal cancer. Preclinical data suggested that the Notch pathway was upregulated in 

patients with metastatic colorectal cancer, and that inhibition of γ-secretase could therefore 

alter the natural history of disease. However, in our study population, RO4929097 

monotherapy, while tolerable, demonstrated no evidence of clinical activity. Not only was 

there an absence of objective responses, but other signs of drug activity (such as high rate of 

disease stability) were also lacking. The large majority of patients progressed during or prior 

to their initial restaging scans.

The explanation for lack of activity is not clear. One potential mechanism is auto-induction 

of RO4929097 metabolism (as a CYP3A4 substrate, RO4909097 also increases CYP3A4 

activity in vivo). This effect was found to result in significant reduction of steady-state drug 

levels in a phase I clinical trial investigating multiple dosing schedules. Another possibility 

is that γ-secretase inhibitors are inactive as monotherapy in the treatment of colorectal 

cancer. Indeed, one preclinical study suggests a synergistic interaction between cytotoxic 

agents and γ-secretase inhibitors in colorectal cell lines.27 Consequently, early phase studies 

investigating combination therapies involving γ-secretase inhibitors may be warranted.

In summary, this study represented the first trial of a γ-secretase inhibitor in metastatic 

colorectal cancer. The study demonstrated no evidence of objective radiographic response 

and median PFS was short, indicating a lack of clinical activity at the study dose and 

schedule. Based on this data, we cannot recommend further investigations of RO4929097 as 

monotherapy in colorectal cancer.
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Figure 1. 
Waterfall plot illustrating best radiographic response (percent change) in each patient
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Figure 2. 
Kaplan Meier estimate of progression-free survival
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Figure 3. 
Kaplan Meier estimate of overall survival
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Figure 4. 
Examples of positive and negative immunohistochemical staining for HES1, Notch1, and 

intracellular notch (ICN); (× 100 magnification).
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Table 1

Current development of RO4929097: active clinical trials

Malignancy Combination w/ Phase ClinicalTrials.gov Identifier

Colorectal Cetuximab I/II NCT01198535

Brain Metastases Whole-Brain Radiotherapy I/II NCT01217411

Breast Exemestane I/II NCT01149356

Colorectal 5-FU/LV/Oxaliplatin(FOLFOX), Bevacizumab II NCT01270438

Breast (triple negative) Paclitaxel, Carboplatin I NCT01238133

Renal Cell Carcinoma II NCT01141569

Breast (hormone receptor positive) Letrezole Ib NCT01208441

Melanoma Cisplatin, Vinblastin, Temozolomide I/II NCT01196416

Sarcoma GDC-0449 I/II NCT01154452

Non-Small Cell Lung Erolotinib I NCT01193881

Melanoma (resectable) II NCT01216787

Glioma I NCT01269411

Multiple Myeloma Autologous Stem-Cell Transplant II NCT01251172

Glioblastoma Multiforme II NCT01122901

Endometrial and Renal Cell I NCT01198184

Non-Small Cell Lung II NCT01193868
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Table 2

Patient Demographics and Clinical Characteristics (N=37)

Characteristic No. %

Age, years

    Median 60

    Range 42-81

Sex

    Male 22 59

    Female 15 41

Race

    White 30 81

    Black or African Ancestry 4 11

    Other
* 3 8

ECOG PS

    0 8 22

    1 22 59

    2 7 19

Prior lines of systemic treatment
†

    2 4 11

    3 7 19

    >3 26 70

Kras status

    Wild type 13 35

    Mutated 18 49

    Unknown 6 16

Abbreviations: ECOG, Eastern Cooperative Oncology Group; PS, performance status.

*
Hispanic, Asian/Pacific Islander, Native American

†
Excluding adjuvant therapy
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Table 3

Treatment-related Toxicity at Least Possibly Related to Therapy (all grade 1-2)

Toxicity No. %

Nausea 3 8

Vomiting 2 5

Fatigue 1 3

Pruritis 2 5

Rash 1 3

Skin Hyperpigmentation 1 3

Dizziness 1 3

Stomatitis 1 3
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