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Activation of Notch signaling in human colon adenocarcinoma
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Abstract. Notch and Wnt signaling function together to
regulate colonic progenitor cell division and differentiation.
Studies in mice have also shown that Notch signaling is
required for adenoma formation in response to elevated Wnt-
pathway signaling that occurs in the APC" mouse model of
human adenomatous polyposis coli. We therefore used in situ
hybridization to analyze expression of Notch ligands, receptors
and fringe genes, as well as the Notch target gene, HES1, in
human colorectal cancer (CRC). In a small cohort of tumors,
JAGGED ligands, NOTCHI, LFNG and HES1 were expressed
at levels similar to, or higher than, levels observed in the
crypt. To explore the possibility that Notch signaling may
play a quantitative role in human CRC we next analyzed
HES] mRNA expression in 130 tumors, each associated with
outcome data. The vast majority of these tumors expressed
HES1, although at varying levels. Absolute expression levels
did not correlate with patient survival. These results establish
that JAG ligands and NOTCHI1, as well as Notch receptor
activation are consistent features of human CRC and support
the notion that many of these tumors, like the APCM" mouse,
may respond to anti-Notch therapeutic regimes.
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Introduction

Colorectal cancer (CRC) is a common malignancy, accounting
for example, for 9% of all cancer deaths in the United States
(1). Mutations (both hereditary and somatic) that contribute
to adenoma formation or progression have been identified in
a number of genes (2). Most significantly, mutations in genes
involved in Wnt signaling, such as the adenomatous polyposis
coli (APC) gene cause colon cancer through constitutive
formation of a nuclear -catenin/TCF transcription complex in
colonic epithelial cells (3). A number of genetic and develop-
mental studies, primarily in mice, have helped to identify
gene products and pathways that are essential for colon tumor
formation induced by aberrant Wnt signaling. Indeed, modifier
loci have been identified that determine the rate of intestinal
tumor formation/progression in APCM" mutant mice on
different strain backgrounds (4). Also, studies to identify Wnt/
APC/B-catenin/TCF-4 pathway transcription targets in the
normal colon led to the identification of a number of genes
that control tumor formation downstream of this pathway
(5,6). Finally, studies on the basic mechanisms of cell fate
specification and differentiation of stem and progenitor cells
in the GI tract led to the discovery that Notch activation is
essential for adenoma formation in APCM" mice (7).

The Notch genes code for transmembrane receptors that
regulate cell division, differentiation and survival of stem
and/or progenitor cells in a wide range of tissues (8-10). In
vertebrates there are four Notch receptors: Notchl, 2, 3 and
4, whose activity are controlled by Delta-like (DIl1, 3 and 4)
and Jagged (Jaggedl and 2) family ligands. The specificity
of ligand/receptor interaction is determined in many contexts
through restricted expression of a sugar transferase from
the Fringe gene family: Lfng, Mfng and Rfng (11-13).
Activation of Notch by ligands results in sequential cleavage
of the receptor by TACE or Kuzbanian proteases followed by
y-secretase. This complex cleavage reaction releases an intra-
cellular domain fragment of Notch, termed Notch'®, which
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translocates into the nucleus. Nuclear Notch!® binds to the
conserved DNA-binding protein, RBPJk/CBF-1, and to
transcriptional regulatory proteins to form a complex which
activates transcription of genes suppressed in the absence of
a Notch signal (9,14).

During lineage specification in a number of developmental
contexts, Notch and Wnt signaling pathways function together
to coordinate bHLH transcription factor-dependent cell fate
specification (15,16). For example, Mathl is a bHLH trans-
criptional activator that is required for differentiation of
intestinal and colonic goblet, enteroendocrine and paneth cells
(17). Deletion of the Notch pathway transcription factor
RBPJk/CBF-1 or inhibition of y-secretase-mediated Notch
activation causes elevated Mathl expression and premature
conversion of proliferative crypt cells into post mitotic goblet
cells. These data indicate that Notch signaling is required for
proliferation of intestinal progenitor cells and to suppress
their Math1-dependent differentiation (7). Indeed, Notch1 and
Notch2 function redundantly in this context to induce Hesl
(18). This bHLH repressor functions to directly suppresses
transcription of CDK inhibitors (p27%i! and p57%P) thereby
facilitating proliferation of progenitors (18), and to antagonize
Mathl in order to suppress goblet cell fate specification
(7,18-22).

In the APCMi» mutant mouse, Notch receptor signaling co-
operates with the APC mutation to induce adenoma formation
(7). Interestingly, human CRCs are typically devoid of Goblet
secretary cells and express very low levels of HATH1 (the
human orthologue of Mathl) (23,24), suggesting that Notch
receptor signaling might be activated in most human CRC.
Here we report that JAGGED ligands, NOTCHI, LFNG and
HES1 are expressed at levels similar to or higher than those
observed in the crypt base in a small CRC cohort. Further-
more, in a survey of 130 human CRC, HES] was expressed
in most tumors indicating that Notch receptors are activated.
Taken together with the low level of HATHI1 expression in
CRC noted by others, and the observation that Notch activation
is a requirement for adenoma maintenance in the APCMin
mutant mouse model, these data implicate Notch signaling in
adenocarcinoma of the human colon.

Materials and methods

Slide preparation and in situ hybridization. Slide preparation
and in situ hybridization was performed essentially as described
previously (25). Briefly, 6 gm microtome sections of paraffin-
embedded colon tissue were cut and placed onto glass slides.
Slides were warmed to 42°C for 30 min, and then incubated
with desiccant at RT overnight (ON). Tumor tissue sections
were de-waxed in xylene twice for 10 min. Xylenes were
removed through two 5-min incubations in 100% ethanol.
Tissues were rehydrated by serial incubation in 95%, 85%,
70%, 50% and 30% ethanol in saline. Tissues were then re-
fixed in 4% PFA/PBS for 20 min and washed twice in PBS.
Next, tissues were treated with 20 ug/ml of proteinase K
(Invitrogen) for 7.5 min, followed by a wash in PBS, another
fixation in 4% PFA/PBS, and a final PBS wash. To prevent
non-specific binding of probe, tissues were twice acetylated
for 5 min in 0.1 M triethanolamine-HCl containing 500 pl of
acetic anhydride and 448 ul of 10 N NaOH. After 5-min in
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PBS, followed by saline, tissues were dehydrated through an
inverse rehydration process (see above) and air-dried. Radio-
labeled probe was placed in hybridization mixture (50%
deionized formamide, 0.3 M NaCl, 20 mM Tris-HCI pH 8.0,
5 mM EDTA, 10 mM NaPO, pH 8.0, 10% dextran sulfate, 1X
Denhardt's solution, 0.5 mg/ml yeast tRNA and 10 mm DTT)
at a final concentration of 1.5x10° cpm/ul and denatured at
80°C for 2 min. Prepared tissue sections were covered with
60 pl of probe/hybridization mixture under a cover slip and
allowed to incubate in a sealed container ON at 55°C. Cover
slips were removed with a brief incubation in 5X SSC/0.1%
2-mercaptoethanol (2-ME) at 55°C. Slides were then placed
in 50% formamide/2X SSC/2-ME at 65°C for 30 min. Next,
slides were washed 3 times in 0.5 M NaCl/10 mM Tris-HCl/
5 mM EDTA at 37°C followed by incubation in 20 pg/ml
RNase A (Roche) for 30 min in the same buffer. After a final
wash in NaCl/Tris-HCI/EDTA buffer, a repeat high-stringency
incubation in formamide/2X SSC/2-ME was performed for
30 min. Slides were then washed in 2X SSC/2-ME followed
by 0.1X SSC/2-ME for 30 min, each at 65°C. Finally, tissue
sections were dehydrated as described above. Slides were
treated with Kodak NTB-2 nuclear emulsion and stored at 4°C
for approximately three weeks prior to development. Slides
were developed in Kodak D-19 solution, fixed in Kodafix
and counterstained with 0.1% toluidine blue.

Colon Cancer Family Registry and tissue microarrays.
Participants were recruited to a multicenter Colon Cancer
Family Registry as previously described (26,27). All samples
were obtained following informed consent, and this study
was approved by the Colon CFR Institutional Review Board.
The specific tissue microarrays blocks used in this study were
comprised of up to 100 cores from individual blocks, each
obtained from colorectal cancer normal and tumor tissue from
participants of the Ontario Familial Colon Cancer Registry
(OFCCR). A pathologist reviewed H&E slides to choose 3-5
cores most representative of normal and tumor tissue in each
block that was most suitable for coring. Trained histology
technologists used a Tissue Arrayer (Beecher Instruments) to
remove 0.6 nm cores from the donor blocks and reimbed these
into new microarray blocks. Four micron slides were then cut
for gene expression analysis. Tumor staging, grading, family
history and microsatellite instability data were obtained for
these samples according to standard protocols (26,27). Patient
and tumor characteristics for the specific samples studied
herein were obtained (data not shown).

Generation of probes for in situ hybridization. 3*P-UTP-labeled
antisense Notch receptor and ligand gene probes were prepared
as described previously (25). The human LFNG, MFNG,
RFNG and HES]I probes correspond to nucleotides 655-315
(LFNG - coding sequence nt 89-841), nt 905-457 (MFNG -
coding sequence nt 171-1136), nt 955-612 (RFNG - coding
sequence nt 195-812) and nt 1-658 (HES! - coding sequence
nt 1-462). ¥P-UTP-labeled antisense Fringe and HES! probes
were prepared in the same way as all other Notch pathway
probes (25).

Statistical analysis. Overall survival was measured from
diagnosis to last follow-up or death. Kaplan-Meier curves
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Table I. Expression of Notch activation system genes in human CRC and normal adjacent tissue.

Adenocarcinoma Epithelium Proliferating Vasculature® Lamina Lymphoid

crypt propria follicle

JAG1 4/20 +/-; 11/20 +; 5/20 ++ + + ++ - -
JAG2 18/20 +; 2/20 ++ +/- +/- + - +/-
DLL1 10/10 + + + +/- + +
DLL3 10/10 + + + - - -
DLL4 10/10 +/- +/- +/- ++ - -
NOTCHI1 17/20 ++; 3/20 +++ + ++ + + ++
NOTCH2 10/10 + +/-° +/-° - +/- +/-
NOTCH3 10/10 - - - +++ - -
NOTCH4 10/10 - - - + - -
LENG 14/20 ++; 6/20 +++ + ++ - +/- +/-
MFNG 10/10 - - - - - +/-
RFNG 10/10 + + + - - -
HES1 8/12 ++; 4/12 +++ + ++ - - -

(-), no expression; (+/-), marginal expression; (+), low; (++), intermediate; (+++), high. *Expression was seen in the endothelium with the
exception of NOTCH3, which was seen in the VSMC. *5-10 individual cells with +++ expression were seen per gland (with the majority in

the lower 1/3 of the gland).

were calculated for the high and low expression of HES]
mRNA. ‘High’ expression represented the top quartile of
Allred scores. This was determined separately for each TMA
since the efficiency of hybridization was not necessarily the
same in each experiment. Survival between groups was
compared using the log-rank test. Cox proportional hazard
regression was used to look for a dose-response relationship
between level of HES1 expression and survival. P<0.05 was
considered statistically significant.

Results and Discussion

Expression of Notch pathway genes in human CRC. To analyze
Notch pathway gene expression in human CRC, we performed
in situ hybridization with probes previously used to study
expression of this system in breast cancer (25). As a first step,
we analyzed expression of JAGGED and DLL ligands in 10-
20 random CRC cases, some with surrounding normal tissue.
JAGI was expressed at variable levels. Most tumors expressed
this gene at a level comparable to expression seen in the crypt
base and normal epithelium. In a few tumors, JAGI was only
marginally expressed or its expression was elevated (Table I
and Fig. 1A). In contrast, JAG2 was only marginally expressed
in the normal crypt base and differentiated epithelium, but
expressed at an elevated level in all 20 CRC cases examined
(Table I and Fig. 1B). DLLI and DLL3 showed low expression
whereas DLL4 expression was marginal. This situation was
comparable to expression levels observed in normal mucosa
(Table I).

Next we used probes to determine Notch receptor gene
expression. NOTCHI, which was expressed at higher levels
in the crypt than in differentiated colonic epithelium (28,29),
was expressed at intermediate or high levels in all 20 cases
(Table I). In most cases, expression levels were similar to

that observed in the crypt base of adjacent non-tumor tissue
(17/20). Three of the CRC cases expressed elevated levels of
NOTCH] in comparison to the crypt (Fig. 1C). NOTCH?2 was
expressed at low levels in 10 of 10 tumors examined and
expressed at very high levels in a small subset of cells scattered
throughout the crypt and villus (Table 1) (28). In contrast,
NOTCH3 and NOTCH4 were not detectably expressed in CRC,
nor in the crypt or villus. These probes were effective at
detecting expression in vasculature as expected (Table I).
Fringe genes control Notch activation in many develop-
mental contexts and are expressed in the developing intestine
(30). We therefore tested for expression of these genes in
human CRC. LFNG was expressed in all 20 CRC cases
examined, at levels comparable to (14/20) or higher than that
observed in the crypt base (6/20) (Fig. 1D and Table I). As
with NOTCHI, LFNG expression is higher in the crypt than
in differentiated epithelial cells of the villus (Table I). In
contrast, MFNG expression was not observed in CRC or in
adjacent normal colonic tissue, with the exception of lymphoid
follicles, where marginal expression was noted. RFNG was
expressed at low and comparable levels in CRC, crypt and
villus cells. Notch pathway genes were also expressed in a
number of non-tumor cell types as noted above (Table I). For
example, vasculature within the tumor and in adjacent non-
tumor tissue expressed JAGI, JAG2, DLLI, DLI4, NOTCH]I,
NOTCH3, and NOTCH4 as expected (31). Lamina propria
expressed DLLI, NOTCHI, NOTCH2 and LFNG (Table I).
Finally, lymphoid follicles expressed JAG2, DLLI, NOTCH]I,
NOTCH?2, LFNG and MFNG (Table I). Expression in these
structures helped facilitate comparison between tumors and
provided positive controls for genes that were either not
expressed in CRC, or expressed at marginal levels. In sum,
human CRC is similar to the proliferating crypt with respect
to Notch pathway gene expression. For example, NOTCH1
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Figure 1. Expression of Notch ligands, receptors and fringes in human CRC. In situ hybridization using antisense probes for JAG1 (A,A"), JAG2 (B,B"),
NOTCHI1 (C,C"), and LFNG (D,D'). Bright field images are shown on the left (A-D) and dark filed images on the right (A'-D'). High level Notch ligand,
receptor and Fringe mRNA expression occurs in some invasive adenenocarcinomas of the colon. Scale bars in each panel are 200 microns in length.
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Table II. Patient characteristics and survival data.

Patients n(%) Hesl Hesl P-value?
Low (n) Hi (n)
Stage
1 21 16 9
2 46 41 15 0.69 (NS)
3or4 33 28 12
Grade
Well-differentiated 9 7 3
Moderate-differentiated 81 65 30 0.23 (NS)
Poorly-differentiated 10 11 1
Family history
Sporadic 6 5 4
Some 68 70 24 0.72 (NS)
Strong 26 23 13
Microsatellite instability
Stable 65 50 25
Low 11 11 2 0.57 (NS)
High 23 19 8
n=139
2Cochran-Armitage test for trend; NS, not significant.
Stratum  Hesl Total Deceased Alive 5 year
(%) survival %
(95% CI)
1 Low (n=0) 97 31 66 (68.0) 75 (65-83)
2 Hi (n=1) 41 13 28 (68.3) 85 (69-93)
138 44 94 (68.1)

There was one individual with a missing value. Test for difference
between groups: p=0.81.
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and LFNG are expressed at a higher level in the crypt than
in the villus, and these two genes are expressed at levels
comparable to the crypt in most tumors with adjacent normal
tissue. In addition, JAGGED ligands, NOTCHI and LFNG
are expressed at elevated levels in a number of CRC cases
suggesting that these genes may play a role in tumor develop-
ment and/or progression.

Activation of Notch signaling in most human CRC. We next
analyzed HES1 gene expression as a marker for Notch receptor
signaling (7,19,32). In the same small group of tumors, HES1
was expressed in all 12 analyzed (Table I). In eight of these,
expression was comparable to the level observed in crypts. In
four of the twelve, CRC expression was elevated. Hesl is
expressed in tumors from the APCM" mutant mouse (7) and
was detected by immunohistochemistry in a small cohort of
human CRC (33). To test for any association between Notch
activation and outcome, we therefore screened a cohort of
130 well-characterized colon tumors with associated compre-
hensive clinical database (Table II). This cohort was obtained
from the US National Cancer Institute Colon Cancer Family
Registry/Ontario Familial Colon Cancer Registry and included
a mixture of familial and sporadic colon cancers (26). Blocks
from these tumors were used to generate three tissue micro-
arrays, which we screened for HES1 expression and scored
using an Allred scoring system modified to score for radio-
active in situ hybridization (34). The Allred scores ranged
from 2 to 8, with detectable expression noted in every tumor
indicated that Notch signaling is a consistent feature of human
CRC. For each tumor, HES1 expression was either designated
as low or high, with tumors designated as high, expressing at
levels within the top quartile of tumors on each array. We
next tested for, and failed to find, a correlation between HES/
expression and survival (Table II and Fig. 2). Since each
TMA section could potentially hybridize to probe with a
different efficiency, we also tested for a correlation between

Overall survival — Hes 1

1.00
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0.0 2.5 5.0 7.5 10.0 125 15.0 17.5
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hes =1 00 0 Censored hesl=l

Figure 2. Kaplan-Merier curve shows no relationship between high level HES1 gene expression and survival in patients with colorectal cancer.
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HES] expression and survival within each of the three TMA
datasets separately. Using this approach we also failed to
detect a correlation between HESI expression and survival
(data not shown).

In conclusion, a number of recent studies have shown that
Notch signaling controls stem or progenitor cell proliferation,
as well as cell fate specification and differentiation in the
colon (7,18,19,21,22,35). In addition, Notch signaling is
necessary for adenoma formation in the APCM" mouse (7).
Here we provide evidence that Notch signaling is activated in
human CRC. In a small cohort of colon tumors, we observed
JAG ligand, NOTCHI, LFNG and HESI gene expression at
levels comparable to, or greater than, normally observed in
cells of the crypt base. Indeed, with respect to expression of
NOTCHI, LFNG and HESI, CRC resembles the crypt. Inter-
estingly, JAG2 expression was elevated in every tumor
examined. Finally, we analyzed Notch activation, using HES/
expression as a surrogate, in 130 tumors with associated
patient follow-up data. HES] expression was variable, although
it was observed in every tumor. This is consistent with results
from a recent report by Veenendaal et al on activation of Wnt,
Ras, TGFB and Notch signaling in a cohort of 60 colorectal
tumors (33). While survival data were not provided in this
report, HES1 expression was compared between primary
tumors and metastatic lesions, were it was frequently reduced.
Here we report that the absolute level of HES/ mRNA did
not correlate with survival indicating that activation of Notch
signaling occurs in human colorectal cancer, but that the
level of signaling is not prognostic. In conclusion, our data
reveal that human CRC patients may indeed benefit from
y-secretase-inhibitors or other Notch targeted therapeutics as
suggested from studies in the mouse (36) and with human
CRC cell lines (37).
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