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Abstract

Dysregulation of the Notch1 receptor has been shown to facilitate the development and 

progression of colorectal cancer (CRC) and has been identified as an independent predictor of 

disease progression and worse survival. Although mutations in the NOTCH1 receptor have not 

been described in CRC, we have previously discovered a NOTCH1 gene copy number gain in a 

portion of CRC tumor samples. Here, we demonstrated that a NOTCH1 gene copy number gain is 

significantly associated with worse survival and a high percentage of gene duplication in a cohort 

of patients with advanced CRC. In our CRC patient-derived tumor xenograft (PDTX) model, 

tumors harboring a NOTCH1 gain exhibited significant elevation of the Notch1 receptor, JAG1 

ligand and cleaved Notch1 activity. In addition, a significant association was identified between a 

gain in NOTCH1 gene copy number and sensitivity to a Notch1-targeting antibody. These findings 

suggest that patients with metastatic CRC that harbor a gain in NOTCH1 gene copy number have 

worse survival and that targeting this patient population with a Notch1 antibody may yield 

improved outcomes.

Keywords

colorectal cancer; Notch1; biomarker

Correspondence to: Wells Messersmith, 12801 E 17th Ave, MS 8117, Aurora, CO 80045, USA, Tel.: +303-724-3808, Fax: 
+303-724-3892, wells.messersmith@ucdenver.edu. 

Additional Supporting Information may be found in the online version of this article.

Conflict of interest: Peter Olson is an employee of Pfizer and owns stock in Pfizer; Xianxian Zheng is an employee of Pfizer and 
owns stock in Pfizer; Qin Zhang is an employee of Pfizer and owns stock in Pfizer.

HHS Public Access
Author manuscript
Int J Cancer. Author manuscript; available in PMC 2016 January 01.

Published in final edited form as:
Int J Cancer. 2016 January 1; 138(1): 195–205. doi:10.1002/ijc.29676.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Colorectal cancer (CRC) is the second leading cause of cancer-related death in the United 

States.1 Patients with metastatic disease have a poor 5-year survival rate, which is associated 

with the extent of metastatic lesions. Despite the increase in treatment options and newer 

therapies for this patient population, overall survival has only slightly improved. 

Accordingly, a concerted effort is underway to dissect the major pathways and genetic 

alterations that facilitate the development and progression of CRC that may ultimately 

translate into newer targeted therapies. Recently, the Cancer Genome Atlas Network 

(TCGA) has identified, in a large cohort of patients, several major pathways that are 

genetically altered in CRC including: WNT, phosphoinositide 3-kinase (PI3K), RAS, 

transforming growth factor-β (TGF-β) and p53.2 In addition to these major pathways, 

substantial evidence indicates that dysregulation of Notch signaling is an important factor in 

the development and progression of CRC.3–6 As such, developing agents targeting this 

pathway have a promising therapeutic utility.

The Notch signaling pathway plays a vital role in modulating various cellular functions. In 

cooperation with the WNT pathway, Notch ensures tissue homeostasis in the colon by 

regulating the self-renewal of the stem cell population and commitment to absorptive or 

secretory cell lineages.7–10 Notch pathway activation occurs through the cell–cell interaction 

of a ligand (DLL1, DLL3, DLL4, JAG1 and JAG2) with a Notch receptor (Notch1–4). This 

results in the proteolytic cleavage of the intracellular Notch (NICD) domain by the gamma-

secretase complex, subsequent translocation into the nucleus and transcription of Notch 

target genes.11,12 In CRC, aberrant Notch activity has been reported to increase tumor 

burden by regulating a wide range of tumor cellular processes involved in enhancing cellular 

survival.6,13,14 In particular, overexpression of intracellular Notch (ICN) in an adenomatous 

polyposis colimin (Apcmin) model accelerated tumor growth that resulted in worse survival; 

treatment with a γ-secretase inhibitor (GSI) significantly reduced tumor burden in this 

model.6 In addition, in colon cancer-initiating cells (CCIC), the Notch pathway was 

significantly elevated; inhibition of the cleavage of ICN with a GSI resulted in an induction 

of apoptosis in these cells.14 In a CRC patient-derived tumor xenograft (PDTX) model, we 

demonstrated that tumors with elevated levels of the WNT and Notch pathways were 

sensitive to treatment with a clinical GSI.3 Together, these data as well as many others 

implicate the Notch signaling pathway as a critical contributor to tumorigenesis in CRC.

Recent studies suggest that the Notch1 receptor has a dominant role in the activation of the 

Notch pathway in CRC-mediating growth of colon cancer cells.15–18 Knockdown of the 

Notch1 receptor in colon cancer cells reduced proliferation in vitro and tumorigenic growth 

in a xenograft model.18 In contrast, overexpression of the Notch1 receptor enhanced cellular 

proliferation in vitro and the development of tumors in a xenograft model.18 In addition, 

tumors with elevated levels of the Notch1 receptor are associated with poor differentiation 

and more advanced stage of disease.17 Elevated Notch1 receptor protein expression has also 

been identified to be an independent predictor of prognosis and associated with poor 

survival in patients with CRC.16 We have discovered a NOTCH1 gene copy number gain in 

a subset of patients with CRC that may account for the increase in protein expression seen in 

patients with CRC.15
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As the Notch1 receptor appears to be important in modulating tumor growth and an 

independent predictor of survival in CRC, we aimed to determine whether (i) a gain in the 

NOTCH1 gene was a prognostic indicator of survival in patients with metastatic CRC and 

(ii) targeting this receptor with a Notch1 targeting antibody will reduce tumor growth in our 

PDTX CRC model. We show that a gain in NOTCH1 gene copy number is a prognostic 

indicator of worse survival and a predictive biomarker to a Notch1-targeting antibody.

Material and Methods

Patients and specimens

Tumor specimens from 116 patients with metastatic CRC were obtained from consenting 

patients at MD Anderson in accordance with protocols approved by the Institutional Review 

Board. All available patients who received chemotherapy prior to tumor resection followed 

by adjuvant chemotherapy after liver resection were included in this retrospective cohort 

study. Formalin-fixed, paraffin-embedded (FFPE) samples of tumor tissue from archival 

specimens collected at the time of diagnosis were retrieved from storage at hospital 

pathology departments and a tissue microarray (TMA) was constructed. These tissue 

specimens were assembled onto TMAs with duplicate samples and both intraslide and 

interslide controls to control for edge effects and variation in slide staining. This TMA was 

stained with a Notch1 or CEP9 probe and subjected to FISH as described below. All patient 

samples were sequenced with respect to common mutations in CRC including: PIK3CA, 

KRAS, NRAS, CTNNB1 and BRAF genes. PTEN immunohistochemistry (IHC) was 

performed to determine PTEN status (loss or intact). There were no missing data in this data 

set with the exception of six patients where PTEN IHC failed. There were no patients who 

were lost to follow-up. The clinical endpoints evaluated in the study included relapse-free 

survival (RFS), defined as the period between surgery and tumor recurrence (death was not 

included as tumor recurrence in cases where patients were loss to follow-up) and overall 

survival, defined as the period between surgery and death. The influence of other clinical 

variables possibly related to survival, such as male vs. female; age at hepatectomy; tumor 

side (left vs. right); tumor diameter and number of lesions in the liver, was also considered 

in our study.

Immunohistochemistry

PTEN IHC staining was performed on 4-μm unstained TMA slides (as described above) 

from 116 patients with metastatic CRC. Sections were deparaffinized using standard 

histologic procedures, and an antigen retrieval method was used to ensure optimal antigen 

integrity and expression. A PTEN monoclonal antibody (6H2.1, Dako, Carpinteria, CA) was 

used at a concentration of 1:100 dilution. Diaminobenzidine was used as a chromogen and 

diaminobenzidine enhancer was applied, and hematoxylin was used for counterstaining. The 

IHC TMA-stained slides were examined by using standard light microscopy. The 

background stromal or non-neoplastic epithelial cells were used as an internal positive 

control. PTEN expression was categorized as loss of PTEN (no positive staining for PTEN, 

PTEN expression score =0) and as PTEN positive. Cleaved caspase 3 was assessed for 

overall staining of human cells in control and Notch1 antibody-treated CRC040 explant.
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NOTCH1 FISH assay

A NOTCH1 FISH probe was developed by our group as previously described15 to determine 

NOTCH1 gene copy number variation. Formalin-fixed, paraffin-embedded sections from the 

CRC specimens were subjected to a dual-color FISH assay using the NOTCH1 

(SpectrumRed) and the commercial probe CEP9 (labeled in SpectrumGreen, from Abbott 

Molecular, Des Plaines, Illinois) as a control for chromosome 9 aneusomy. Initially the 

slides were incubated for 4 hr at 56°C, deparaffinized in Citri-Solv (Fisher, Pittsburgh, PA) 

and washed in 100% ethanol for 10 min. The slides were sequentially incubated in 2× SSC 

at 75°C for 15–18 min, digested in 0.6 mg/ml Proteinase K/2× SSC at 45°C for 15–20 min, 

washed in 2× SSC for 5 min and dehydrated in ethanol. For a 113-mm2 hybridization area, a 

probe mixture was prepared using NOTCH1 (SR) (200 ng) and 1 μl of diluted CEP9 (SG). 

In each specimen, the probe was applied to the selected hybridization area, which was 

covered with a glass coverslip and sealed with rubber cement. DNA denaturation was 

performed for 15 min at 85°C and hybridization was allowed to occur at 37°C for 36–48 hr. 

Post-hybridization washes were performed sequentially with 2× SSC/0.3% NP40 (pH 7.0–

7.5) at 74°C for 2 min and 2× SSC for 2 min, and dehydrated in ethanol. Chromatin was 

counterstained with DAPI (0.3 μg/ml in Vectashield mounting medium, Vector 

Laboratories, Burlingame, CA). Analysis was performed on epifluorescence microscope 

using single interference filter sets for green (FITC), red (Texas red), blue (DAPI), dual (red/

green) and triple (blue, red, green) band pass filters. A minimum of 50 tumor cells per 

specimen was scored for NOTCH1 and CEP9 signals.

CRC explant xenograft model

Patient-derived colorectal adenocarcinoma tumor specimens were obtained from consenting 

patients at the University of Colorado Hospital in accordance with protocols approved by the 

Colorado Multiple Institutional Review Board. Four- to six-week-old female athymic 

(nu+/nu+) mice were obtained from Harlan Laboratories (Washington, DC) under an 

approved research protocol by the Institutional Animal Care and Use Committee. The tumor 

pieces were implanted in mice and expansion of the F1–F3 generations was carried out as 

previously described.19,20 Tumors were expanded in the left and right flanks of five to six 

mice (ten evaluable tumors per group). Mice were randomized into control antibody or 

PF-06293622 (Notch1-targeting antibody) groups when tumor volumes reached ~200 mm3. 

Mice were treated weekly with PF-06293622 (10 mg/kg) by intraperitoneal injections for 28 

days. Mice were monitored daily for signs of toxicity and tumor size was evaluated twice 

per week by caliper measurements using the following formula: tumor volume =(length × 

width)2 × 0.52.

Immunoblotting

Tumor tissues (50–75 mg/mouse) were minced on ice and homogenized using a Dounce 

homogenizer and centrifuged at 16,000g at 4°C for 10 min. The total protein in samples was 

determined using the Pierce Protein Assay kit. Fifty micrograms of sample was 

electrophoresed on 4–12% Bis-Tris precast gels (Life Technologies, Carlsbad, CA). After 

electrotransfer to nitrocellulose, membranes were blocked at room temperature with TBST 

[10 mmol/L Tris-HCl (pH 7.5), 0.5 mol/L NaCl and 0.1% (v/v) Tween 20] containing 5% 
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nonfat milk (BioRad, Hercules, CA) for 1 hr. Cleaved Notch, cleaved caspase 3 and actin 

primary antibodies (Cell Signaling Technologies, Danvers, MA) were diluted at 1:1,000 in 

TBST containing 5% protease-free bovine serum albumin (Sigma-Aldrich, St. Louis, MO), 

and the membranes were incubated overnight at 4°C with rocking. After washing three times 

with TBST, the membranes were incubated for 1 hr at room temperature with anti-rabbit 

IgG horseradish peroxidase-conjugated antibody at a final dilution of 1:50,000 in TBST. 

After washing three times with TBST, bound antibodies were detected by enhanced 

chemiluminescence (Millipore, Temecula, California).

Cleaved Notch1 ELISA

Normal colon and matching tumor tissue from nine CRC patients were evaluated for cleaved 

Notch1 activity. Normal colon and tumor tissue were lysed and protein levels were 

quantitated using the Pierce Protein Assay kit. Equal amounts of protein were plated on the 

ELISA plate and incubated for 2 hr according to the manufacturer’s instructions (R&D 

Systems, Minneapolis, MN). The ELISA plate was read at 450 nm on a Synergy 2 plate 

reader (Biotek, Winooski, VT). The detected absorbance for this developed color is relative 

to the amount of the activity of cleaved Notch1 (Val1744).

RNA isolation

Control and Notch1-treated CRC explants (end of study) were collected and immediately 

frozen in liquid nitrogen. RNA was isolated using an RNeasy kit (Qiagen, German-town, 

MD, Valencia, CA) according to the manufacturer’s protocol with an additional DNA 

digestion step. The RNA concentration and integrity were measured using a Nano-Drop 

(Thermo Fisher Scientific, Pittsburgh, PA) and a 2100 Bioanalyzer (Agilent Technologies, 

Santa Clara, CA), respectively.

nCounterTM gene expression assay

nCounter probes were designed and obtained from Nano-String Technologies (Seattle, WA). 

The human probe sequences were screened against mouse RefSeq to eliminate potentially 

cross-hybridizing probes. Each assay was performed using at least two biological replicates. 

Total RNA (100 ng) was hybridized to nCounterTM capture and reporter probes at 65°C for 

16 hr. The hybridized products were purified and processed using an automated sample prep 

station, and the images were prepared using the NanoString Digital Analyzer according to 

company’s standard gene expression assay protocol (http://www.NanoString.com).

nCounterTM data analysis

The counts were first normalized to six spiked-in positive controls to correct for 

experimental variability. A reference normalization factor was determined by first 

calculating the geometric mean of the positive controls for each sample and then computing 

the arithmetic mean across all 15 samples. The gene count for each sample was then 

normalized by dividing by the ratio of the geometric mean of the positive controls for the 

sample to the reference normalization factor. To account for the variability in RNA content, 

the normalized gene counts were further normalized against four endogenous control genes. 

This was performed by calculating the geometric mean of the endogenous controls for each 
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sample, averaging across all samples and generating an endogenous normalization factor by 

computing the ratio of the geometric mean of the endogenous controls to the average value 

as described above. Each target gene count was divided by this endogenous normalization 

factor to compute the final normalized target gene count reflective of the transcript level. 

The detailed gene expression analysis guidelines can be found on the NanoString 

Technologies website (http://www.NanoString.com).

Statistical analysis

Kaplan–Meier survival curves were used to compare differences in overall survival and RFS 

between NOTCH1 gain and no gain. NOTCH1 signals were evaluated in a minimum of 50 

cells and the number of signals per cell was averaged from the total of number of cells 

scored. Differences in survival were determined by a log-rank test. The influence of other 

clinical variables possibly related to survival such as male vs. female; age; tumor location 

(left vs. right); mutations in KRAS, NRAS, CTNNB1, PIK3CA and BRAF; and PTEN 

status (loss or intact) was examined by a univariate analysis. A p value <0.05 was 

considered significant. All analyses were performed using SAS statistical software (Cary, 

NC).

A paired t-test was used to compare the differences in cleaved Notch1 activity between 

normal and matching tumor tissue. An unpaired Student’s t-test was used to determine 

whether the means between control and Notch1 treated were significant at the end of 

treatment (~28 days) as well as differences in gene expression and protein expression 

between sensitive and resistant explants. The differences were considered significant when 

the p value was <0.05. All error bars are represented as the SEM. PDTX explants were 

considered to be responsive to treatment with the Notch1 antibody if the tumors treated with 

the Notch1 antibody have at least a 80% decrease in growth relative to the control tumors, 

where tumor growth is measured by the tumor growth inhibition index (TGII), a 

standardized measure of tumor growth, which is calculated using the following formula: 

TGII =(tumor volume of TX on Day 28 – tumor volume of TX on Day 0)/(tumor volume of 

Con on Day 28 – tumor volume of Con on Day 0) × 100, where TX is the Notch1 antibody-

treated xenograft and CX is the control-treated xenograft.

Results

A NOTCH1 gene copy number gain is associated with worse RFS and a high percentage of 
gene duplication in patients with metastatic colorectal cancer

In a previous study, we identified a gain in NOTCH1 gene copy number in two of four CRC 

explants using FISH probes developed in our laboratory.15 These tumor specimens harbored 

more than three copies of the NOTCH1 gene. Thus, we explored whether a gain in the 

NOTCH1 gene was associated with clinical outcome. NOTCH1 gene copy number was 

examined in 116 patients (TMA) with metastatic CRC. All patients received chemotherapy 

before tumor resection followed by adjuvant chemotherapy after liver resection. As depicted 

in Figure 1a, patients with a NOTCH1 gain (≥3 copies) had worse RFS (log-rank p =0.025), 

defined as the period between surgery and tumor recurrence, when compared to patients 

with no gain (<3 copies). The median months to relapse were 12.0 months (95% CI: 8.3, 
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13.3) for NOTCH1 gain and 16.5 months (95% CI: 11.4, 21.4) for NOTCH1 no gain. No 

statistical difference was observed with NOTCH1 gene copy number and overall survival 

(data not shown), which is influenced by subsequent patient treatment(s). Interestingly, a 

NOTCH1 gene copy number dose effect was identified (Fig. 1b), evident by worse survival 

as NOTCH1 gene copy number increased. No significant differences with respect to 

common mutations (KRAS, NRAS, BRAF, CTNNB1 or PIK3CA), PTEN status (intact vs. 

loss) or other clinical variables and NOTCH1 gain vs. no gain were determined, suggesting 

that this genetic event may be an independent prognostic indicator of survival following 

resection (Supporting Information Table 1). The frequency of this genetic abnormality was 

22% in this patient population. Although this gain in NOTCH1 gene copy number was 

accompanied with a gain in centromere 9, a duplication in the NOTCH1 gene was identified 

in 60% of tumors (Fig. 1c) with more than three copies of the NOTCH1 gene. A 

representative figure displaying three NOTCH1 signals (red probe) is shown in Figure 1d.

Next, we investigated NOTCH1 gene copy number and activation of the Notch pathway 

between normal colon and tumor tissue to determine if this genetic event is only present in 

tumor cells. As expected, Notch1 gene copy gain was tumor-specific (Figs. 2a and 2b). 

Consistent with these findings, Notch pathway activation measured by cleaved Notch1 

activity was significantly elevated in tumor when compared to matched normal colon tissue 

in nine separate patients with CRC (Fig. 2c). These results were confirmed by Western blot 

showing an increase in cleaved Notch1 in tumor tissue when compared to matching normal 

tissue (Fig. 2d).

Association between a NOTCH1 gain and sensitivity to a monoclonal Notch1 antibody

As we identified a gain in NOTCH1 gene copy as a prognostic indicator of worse RFS, we 

investigated the efficacy of a human anti-Notch1 monoclonal antibody PF-06293622 on 

tumor growth in a CRC PDTX model. Supporting Information Table 2 shows clinical and 

molecular features of each case. As displayed in Figure 3a, four CRC explants (CRC001, 

034, 036 and 040) were sensitive (TGII: tumor growth rate relative to control ≤20%) and 11 

were resistant (TGII >20%). A TGII of >20% (<80% tumor growth inhibition) was chosen 

as a cutoff for progressive disease to more closely reflect the Response Evaluation Criteria 

in Solid Tumors (RECIST) criteria used in the clinic. Representative graphs of the tumor 

growth rate of the four sensitive CRC explants are shown in Figures 3b–3e and 11 resistant 

CRC explants are displayed in Supporting Information Figure 1. A gain in NOTCH1 gene 

copy number (defined as NOTCH1 mean gene copy number ≥3) was found in five of the 15 

CRC explants (Fig. 3a and Supporting Information Table 3 and Fig. 2). The four most 

sensitive CRC explants to the Notch1 antibody harbor a gain in NOTCH1 gene copy 

number. Using a Fisher’s exact test we identified a significant association (p <0.006) 

between a gain in NOTCH1 gene copy number and sensitivity to the Notch1 antibody. The 

positive predictive value was 80% and negative predictive value was 100%. Of note, the 

lone exception CRC125 harbors a FBXW7 mutation, which may account for lack of 

pathway inhibition.
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Tumors sensitive to Notch1 therapy exhibit elevated levels of JAG1, Notch1 and cleaved 
Notch1 activation

On the basis of the observation that a gain in NOTCH1 gene copy is associated with 

sensitivity to Notch1 therapy, we explored baseline gene expression levels of the Notch 

ligands, receptors (RNA Seq) and Notch pathway activation (Western blot) between 

sensitive and resistant CRC explants to determine if sensitive tumors possess elevation of 

the pathway. As shown in Figure 4, the JAG1 ligand (A), Notch1 receptor (B) and Hey1 (C) 

and Hey2 (data not shown) were significantly elevated in tumors sensitive (NOTCH1 gain) 

to the Notch1-targeted antibody. These results were confirmed by nanostring (multiplexed 

measurement of gene expression); a significant increase in gene expression of JAG1 and the 

Notch1 receptor was observed in the sensitive CRC explants (data not shown). No 

differences were seen between sensitive and resistant tumors with respect to JAG2, DLL1, 

DLL3 and DLL4 and the Notch receptors 2, 3 or 4. Of note, comparison between NOTCH1 

gene copy number gain (CRC001, CRC034, CRC036, CRC040 and CRC125) vs. no gain 

showed a trend (p =0.06) in Notch1 gene expression with tumors harboring a NOTCH1 gain 

displaying elevated gene expression of the Notch1 receptor (data not shown). Evaluation of 

activated cleaved Notch1 between three sensitive and three resistant tumors showed a 7.6-

fold increase in cleaved Notch1 activity (Figs. 4d and 4e) in tumors that responded to 

Notch1. These findings imply that a gain in NOTCH1 gene copy may be functionally 

relevant as an increase in Notch1 receptor and JAG1 enhances activity of the Notch 

pathway.

Notch1 treatment reduces Notch pathway activation and induces apoptosis

We examined the effects of Notch1 inhibition on activated cleaved Notch1 and the Notch1-

dependent genes: Hes-1, Hes-3, Hes-4, Hes-5, Hey1, Hey2, HeyL, Myc and NRARP. 

Notch1 treatment resulted in potent inhibition of cleaved Notch1 activity in the sensitive 

tumors CRC001, 036, 040 and resistant tumor 042 (Fig. 5a). Notch1 treatment decreased 

activated Notch1 in CRC125 by ~50%. We also observed a significant reduction in gene 

expression of several Notch-dependent genes in CRC001, 036, 040 and 042 (Table 1). The 

specific Notch1-targeted gene that decreased varied among the CRC explants (Table 1); 

however, a decrease in Hes-1 was seen in CRC001, 036, 040 and 042. No decrease in 

Notch-dependent gene expression was seen in CRC125 following treatment, suggesting that 

a FBXW7 mutation in this tumor may be responsible for lack of pathway inhibition. 

Moreover, Notch1 blockade resulted in an increase in apoptosis evident by elevation of 

cleaved caspase 3 at Days 1, 3 and 7 in CRC001 and at Day 3 in CRC 036. This coincided 

with a reduction in cleaved Notch1 activity in these tumors (Fig. 5b). An increase in cleaved 

caspase 3 was also detected by IHC in the CRC040-sensitive explant (Fig. 5c). No 

significant elevations in cleaved caspase 3 were seen in the CRC027- and CRC042-resistant 

tumors (Supporting Information Fig. 3).

Discussion

The Notch signaling pathway is dysregulated in many cancers and shown to be an important 

driver of tumor growth and metastasis.3,4,6,14,21,22 In CRC, mounting evidence has 

implicated the Notch1 receptor to be essential in transducing signals that enhance 
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tumorigenesis.15–18 In particular, increased protein levels of the Notch1 receptor have been 

shown in tumor tissue compared to normal tissue and is associated with a more poorly 

differentiated tumor and disease progression (Stages III and IV).17 In addition, elevated 

levels of the Notch1 receptor were associated with overall worse survival in CRC patients.16 

We previously identified a Notch1 gene copy number gain (more than three copies of the 

NOTCH1 gene) in a small subset of patients with CRC.15 In contrast to other cancers where 

Notch1 is constitutively activated by a mutation or translocation, the genetic evidence in 

CRC linking NOTCH1 dysregulation to tumorigenesis remains elusive. We hypothesized 

that this gain in NOTCH1 gene copy may be the genetic abnormality responsible for 

increased activation of the Notch pathway.

We investigated whether a NOTCH1 gene copy number gain was associated with relapse in 

patients with resected metastatic CRC. Kaplan–Meier survival analysis showed a 

significantly worse RFS with respect to a gain in NOTCH1 gene copy number. This 

association was independent of known mutations in CRC such as p53, KRAS, NRAS, 

BRAF and CTNNB1 as well as PTEN status. In addition, we observed a gene copy number 

dose effect whereby an increase in NOTCH1 gene copy number was associated with worse 

RFS. These findings are consistent with Chu et al.16 demonstrating a stepwise increase in 

Notch1 protein expression was associated with worse survival. Although the gain in 

NOTCH1 gene copy number was accompanied with a gain in chromosome 9, we identified a 

significant amount of gene duplication (>60%) in tumors harboring more than three copies 

of the NOTCH1 gene. Further investigation is warranted to determine whether this gene 

duplication results in the NOTCH1 gene being regulated under a different promoter. 

Collectively, these results indicate that we may have identified the genetic abnormality 

responsible for increased activation of the Notch pathway and that a NOTCH1 gene copy 

number gain may identify patients at higher risk of relapse following liver resection for 

metastatic disease.

As the Notch1 receptor appears to be an important regulator of tumor growth18 and patient 

outcomes in CRC,16 we investigated the effects of an anti-Notch1 monoclonal antibody on 

tumor growth in our CRC PDTX model. We observed a range of sensitivity in our CRC 

patient-derived xenografts to the Notch1-targeting antibody. A cutoff of ≥80% tumor growth 

inhibition (TGII: tumor growth rate relative to control ≤20%) was chosen as cutoff for 

sensitivity to the Notch1 antibody. The “cutoffs” for determining sensitivity vs. resistance in 

PDTX models are controversial (ranging from 20 to 50%).23–27 In RECIST v1.0 and v1.128 

a 20% growth from baseline is considered progressive disease, necessitating a change to 

treatment. Combined with the fact the 20% cutoff is related very well with the top quartile of 

sensitivity in our study and Figure 3 is akin to a waterfall plot in a clinical trial, we felt this 

was a reasonable approach. However, this remains an unresolved area of PDTX and patient 

avatars.

This particular Notch1 monoclonal antibody was also shown to reduce tumor growth in a 

breast cancer xenograft model.29 In comparison to a GSI we evaluated previously in our 

CRC explant model (0 of 16 reached a TGII >80%),3 the Notch1 antibody was more potent 

at reducing tumor growth. Moreover, we identified a significant association with a NOTCH1 

gain and sensitivity to Notch1 inhibition with the four most sensitive explants (CRC001, 
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CRC034, CRC036 and CRC040) having a gain in the NOTCH1 gene. Although CRC125 

had a gain in NOTCH1 gene copy, a mutation in the FBXW7 gene may be in part 

responsible for lack of response to Notch1 inhibition in this CRC explant, as seen in 

leukemic cells.30 These results suggest that a NOTCH1 gene copy number gain may be used 

as a predictive biomarker for sensitivity to a Notch1-targeting antibody in CRC.

Given that tumors harboring a Notch1 gain exhibited the greatest sensitivity to the Notch1-

targeting antibody, we compared baseline levels of Notch ligands, receptors and cleaved 

Notch1 activity in sensitive vs. resistant tumors. Sensitive Notch1 tumors displayed 

significantly higher levels of the Notch1 receptor and JAG1 ligand. This was accompanied 

with a 7.6-fold increase in activated cleaved Notch1. In addition to Notch1 playing an 

important role in CRC, other reports have implicated the Notch ligand JAG1 as a facilitator 

of tumor growth and metastasis.21,31–33 In particular, JAG1 is transcriptionally regulated by 

β-catenin32 and elevated JAG1 protein levels have been shown to be overexpressed in 50% 

of CRC tumors.32 In an Apcmin model, genetic knockout of the JAG1 gene significantly 

diminished the formation of intestinal tumors.32 Furthermore, JAG1 has been demonstrated 

to enhance the transition of epithelial cells to a mesenchymal phenotype through activation 

of the Notch1 receptor and upregulation of the Notch target gene Slug.31 The JAG1 gene is 

located on chromosome 20 and in a previous study we identified an increase in chromosome 

20 in ~50% of CRC tumors (CRC cell lines and explants)34 and warrants further 

investigation. Of note, two of the sensitive explants (CRC034 and 036) had more than three 

copies of chromosome 20 indicating that JAG1 may be dysregulated in these tumors. These 

findings suggest that a gain in NOTCH1 gene copy number may be functionally relevant in 

transducing Notch1-dependent signals that enhance cell survival and tumorigenesis in CRC. 

Whether JAG1 is the main ligand that interacts with the Notch1 receptor remains to be 

determined.

In our study, we demonstrated that Notch1 blockade had consistent pharmacodynamics (PD) 

effects, with robust inhibition of cleaved Notch1 activity and a significant decrease in the 

Notch-dependent gene Hes-1 as well as other Notch target genes. This decrease in Notch1 

activation resulted in enhanced cleavage of caspase 3 suggesting the mechanism of tumor 

cell death was by an induction of apoptosis. Similar results were found in breast cancer 

xenografts whereby Notch1 inhibition reduced tumor growth, decreased Notch-dependent 

transcription and increased the cleavage of capsase-3.29 These results indicate that Notch1 is 

playing an integral role in the growth of the sensitive tumors given that inhibition of the 

Notch1 receptor nearly eliminated the cleavage of the Notch1 receptor and enhanced cell 

death via apoptosis. Given that GSIs in the clinic are associated with gastrointestinal and 

other toxicities, targeting only the Notch1 receptor instead of all four receptors may reduce 

some of the side effects seen with typical GSIs.

In conclusion, our data provide strong evidence that a gain in NOTCH1 gene copy number 

may be a prognostic indicator of survival in patients with resected metastatic CRC. Tumors 

with a NOTCH1 gain also exhibited a high percentage of gene duplication, a significant 

increase in cleaved Notch1 activity and sensitivity to an anti-Notch1 monoclonal antibody in 

our CRC PDTX model. Therefore, targeting the Notch1 receptor with a novel and potent 
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Notch1 antibody in patients with metastatic CRC who harbor a NOTCH1 gene copy number 

gain warrants clinical investigation.
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What’s new?

There is mounting evidence that the Notch1 receptor is important in modulating tumor 

growth and an independent predictor of survival in colorectal cancer (CRC). While 

mutations in the NOTCH1 receptor have not yet been described in CRC, this study shows 

that a gain in NOTCH1 gene copy number is associated with worse survival. Targeting 

cells with a specific Notch1 antibody resulted in potent antitumor growth in a CRC 

patient-derived tumor xenograft model. A NOTCH1 gene copy number gain may thus be 

a prognostic marker for disease recurrence as well as a predictive biomarker of sensitivity 

to a Notch1 targeted therapy.
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Figure 1. 
Association between a gain in NOTCH1 gene copy number and worse RFS. (a) An 

association between a NOTCH1 gain and worse RFS was determined by Kaplan–Meier 

survival curve analysis (log-rank p =0.025). (b) A stepwise increase in NOTCH1 gene copy 

number gain was associated with worse RFS. (c) Percent gene duplication with respect to 

NOTCH1 gene copy number within each category (<2, 2.01–2.50, 2.51–2.99, >3). Percent 

duplication was determined by dividing the total number of patient samples with Notch1 

doublets by the total number of patients within their respective category × 100. (d) 

Representative photograph of a patient with a NOTCH1 gene copy number gain (more than 

three copies) and gene duplication.
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Figure 2. 
A NOTCH1 gene copy number gain is a genetic evident in tumor cells. (a and b) A 

representative photograph of two CRC patients normal tissue and matched tumor tissue 

showing a gain in NOTCH1 gene copy number in tumor cells. The average number of 

NOTCH1 signals is shown above each representative figure for normal and tumor. (c) 

Tumors exhibit significantly elevated levels of cleaved Notch1 when compared to matched 

normal colon tissue (n =9). (d) A representative Western blot of cleaved Notch1 in CRC001 

and CRC040 normal colon and tumor tissue.
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Figure 3. 
PF-06293622 (Notch1 monoclonal antibody) effects on tumor growth in CRC explants. (a) 

Fifteen CRC explants were treated with PF-06293622 10 mg/kg weekly for 28 days. Tumor 

size was evaluated twice per week by caliper measurements using the formula: tumor 

volume =(length × width)2 × 0.52. (a) A TGII, a standardized measure of tumor growth, 

which is calculated for each CRC explant using the following formula: TGII =(tumor 

volume of TX on Day 28 – tumor volume of TX on Day 0)/(tumor volume of Con on Day 

28 – tumor volume of Con on Day 0) × 100. Cases with a TGII of ≤20% were considered 

sensitive, TGII of >20% were considered resistant to PF-06293622. Four xenografts 

(CRC001, CRC034, CRC036 and CRC040) were sensitive to PF-06293622 (TGI ≤20%) and 

11 xenografts were resistant to PF-06293622 (TGI >20%). Columns, mean (n =10 tumors 

per group). (b–e) A representative figure of the growth curves from the CRC-sensitive 

explants (b) CRC040, (c) CRC036, (d) CRC034 and (e) CRC001. SEM. **Significant p 

<0.01.
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Figure 4. 
Notch pathway analysis between sensitive (CRC001, 0034, 036 and 040) vs. 11 resistant 

tumors. (A–C) RNA Seq analysis of baseline levels of Notch ligands, receptors, and the 

Notch dependent gene Hey1 showed a significant increase in (A) JAG1, (B) Notch1 and (C) 

Hey1 in sensitive tumors when compared to resistant tumors. (D) Baseline levels of cleaved 

Notch1 are elevated in sensitive tumors compared to resistant tumors. (E) Densitometry of 

cleaved Notch1/Actin ratio showed a significant increase in sensitive tumors compared to 

resistant tumors (p <0.01).
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Figure 5. 
Notch1 inhibition abrogates cleaved Notch1 activity and increases apoptosis. (a) Treatment 

with the Notch1 antibody reduces cleaved Notch1 in sensitive and resistant tumors at the 

end of study. (b) Notch1 blockade increases apoptosis as shown by an increase in cleaved 

caspase 3 in the CRC001- and CRC036-sensitive CRC explants. (c) A representative picture 

showing elevations in cleaved caspase 3 (brown staining) in control and Notch1-treated after 

3 days of treatment in CRC040.
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