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Abstract
Breast cancer is the most common cancer and the leading cause of cancerrelated death among Canadian women. Despite improvements in treatment and
early detection, there is still a need to develop novel therapies for breast cancer
management. Aberrant Notch signalling is tumorigenic and is associated with
poor clinical outcomes in breast cancer, as well as in several other types of
cancer. Activation of Notch signalling requires γ-secretase-mediated Notch
receptor cleavage. Thus, strategies to inhibit Notch signalling, including γsecretase inhibition, are being evaluated for potential anti-tumor effects. The
strongest justification for targeting Notch in breast cancer, and more specifically
for using γ-secretase inhibitors, came from two studies that reported that the γsecretase inhibitor (GSI) Z-LLNle-CHO inhibited the growth of breast cancer cells
both in vitro and in vivo without causing significant side effects. In Chapter 2, we
compared the enzymatic activities and cytotoxicity of Z-LLNle-CHO to those of
two other specific GSIs and three proteasome inhibitors and demonstrated that
the cytotoxicity of Z-LLNle-CHO in breast cancer cells is mediated by
proteasome inhibition, not by γ-secretase inhibition. In Chapter 3, we
characterized the protein complexes formed in breast cancer cells by the
intracellular domains (NICD) of the four Notch paralogs. We found that the
assembly of NICD protein complexes is dose-dependent and availability of
MAML proteins becomes the limiting factor for continuous formation of
NICD/RBPjκ/MAML transactivation complex. This suggests that the formation of
some non-canonical NICD complex might occur preferentially at high levels of
NICD, conditions under which aberrant Notch signalling induces tumorigenesis in
breast cancer. Consequently, these non-canonical interactions might be good

targets to specifically block oncogenic, but not physiological, Notch signalling. In
addition, we found that the relative affinities of individual NICD paralogs to
several known NICD-interacting proteins were different. This may account for the
paralog-specific activities of Notch that have been previously reported. Together,
these results may be of value for the development of new reagents to block
Notch signalling for therapeutic benefit in breast cancer treatment.
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Chapter 1
Introduction
Over the past two decades, cancer research has shifted the paradigm of drug
development from cell-based screening to targeted discovery and development,
which relies on better understanding and rational targeting of molecular
mechanisms underlying particular types of cancer. The success of Imatinib,
which is highly effective against chronic myeloid leukemia, has demonstrated the
power and advantages of this approach. Many oncogenic signaling pathways are
now being explored as potential therapeutic targets, among which is the Notch
signaling pathway. In breast cancer, the most common malignant tumour and
one of the leading causes of cancer-related death among women worldwide,
Notch signaling has been implicated in tumorigenesis and disease progression.
In the present study, we used a breast cancer model system to explore the best
approach for targeting the Notch signaling pathway for therapeutic benefit. The
findings of this study will help us to design better strategies to block oncogenic
Notch signaling not only in breast cancer, but also in other types of cancer such
as T cell acute lymphoblastic leukemia (T-ALL) in which Notch signaling plays a
causative role.

1.1 Breast cancer
1.1.1 Incidence, treatment and mortality
Breast cancer is the most common malignant tumour in women worldwide, with
more than 1.2 million new cases every year. The incidence rate is higher in
developed countries than in developing countries (1). In Canada, there were an
estimated 22,700 new cases in 2009, representing more than a quarter of the
newly diagnosed cancers in women. The likelihood of a Canadian woman
developing breast cancer during her lifetime is as high as 1 in 9 (2). In the past
two decades, the mortality rate of breast cancer in developed countries has
started to drop (1). This is largely attributable to improvements in treatment and
early detection by annual mammography screening. However, breast cancer is
still the leading cause of cancer-related death among women worldwide, with
more than 400,000 deaths every year (1). It has been estimated in 2009, one in
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28 Canadian women will die from breast cancer (2). Therefore, there is still an
urgent need to improve breast cancer management.
Currently, the standard practice for local management of early-stage breast
cancer is breast conserving surgery followed by radiotherapy. Radiotherapy can
reduce the 20-year local recurrence rate from 39% to 14% (3). Systemic adjuvant
therapies, including chemotherapy, hormone therapy, and treatment with a
monoclonal antibody (Trastuzumab) against HER2/neu—a receptor tyrosine
kinase—are also often included based on the risk of relapse and the genetic
nature of the disease and can further improve the rates of disease-free and
overall survival (4, 5).
Two major approaches can lead to improved breast cancer treatment: (1) the
development of prognostic and predictive markers to identify patients at high risk
of recurrence who might benefit from specific therapies, and (2) the development
of novel, more effective treatments. The last two decades have witnessed great
progress in both of these areas.

1.1.2 Development of novel prognostic and predictive assays
Traditionally, decisions regarding the use of systemic adjuvant therapy in women
with invasive breast cancer have been based on clinical and pathological
features of the disease. These include patient age, tumor size, tumor grade,
nodal status, and the expression of estrogen-receptor (ER), progesterone
receptor (PR), and HER-2/neu. However, these factors are not definitive and as a
result, some patients may be overtreated while others may receive inadequate
treatment.
The rapid advancement of complementary DNA (cDNA) microarray technology
makes the development of novel prognostic and predictive assays based on
comprehensive gene expression profiles possible. A pioneering study by Perou
et al. examined the expression profile of 8012 genes in 65 breast tumor tissue
samples from 42 individuals, including 20 of 40 tumors that were sampled twice
(6). They performed non-supervised hierarchical clustering analyses based on
the similarity of the gene expression profile of a subset of 456 genes whose
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expression showed greater variation between different tumors than between
paired samples from the same tumors. Samples could be classified into four
subtypes: luminal type, basal type, HER-2 type, and normal breast-like. The
luminal type was ER+ and expressed at relatively high levels many genes that
are expressed by breast luminal cells. Basal type and HER-2 type were both ERbut differed from one another in that the HER-2 type expressed a subset of
genes whose expression levels were highly correlated with overexpression of
HER-2. A subsequent, more extensive, study from the same group confirmed the
presence of distinct subtypes and further divided the luminal type into luminal A
and luminal B/C types. Most importantly, the clinical outcome of patients with
different subtypes was significantly different, with luminal A subtype associated
with the best outcome, and the basal-like and HER-2 positive subtypes
associated with the shortest overall survival (7).
Other studies have used different sets of genes to successfully classify breast
cancer patients into different subtypes with distinct clinical outcomes (8-10).
Interestingly, there were few genes in common among these different molecular
profiles. This raises the question as to whether different sets of signature genes
can be used to reliably assign individual patients to correct groups. A recent
study compared the three platforms (sets of genes) that were used to classify
patients into five subtypes as described above (11). Although all three platforms
could classify patients into subtypes associated with distinct outcomes, when
assigning individual patients from three publicly available datasets to individual
subtypes, there was only moderate agreement among the platforms except in the
case of patients who were classified as basal subtype. There, the concordance of
classifying patients into basal subtype was almost perfect. Together, these
findings suggests that stringent standardisation of methodologies will be required
before this technology can be used routinely in clinical practice.
Another approach based on cDNA microarray technology used supervised
classification instead of non-supervised clustering to search for genes that can
separate low-risk from high-risk breast cancer patients (12). Here, researchers
compared the gene expression profiles of 44 patients who were disease-free for
at least five years after their initial diagnosis with those of 34 patients who
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developed distant metastases. They found that an expression profile of as few as
70 genes in combination could reliably separate the good prognosis group from
the poor prognosis group with an accuracy of 83%. The prognostic value of this
set of 70 genes has since been validated by independent studies, and now this
molecular signature has been approved by the U.S. Food and Drug
Administration (FDA) for clinical use under the trade name MammaPrint®. In
addition to this 70-gene signature, several other platforms, including an activated
wound response signature and recurrence-score, have been developed (13, 14).
Fan et al. investigated the concordance among these additional platforms and
molecular classification assays. They used a single data set of 295 tumor
samples to compare five different sets of signature genes: the 70- and 456-gene
signatures, the wound response signature, the recurrence-score platform, and a
two-gene-ratio model (15).

Generally, these different platforms showed a

significant degree of correlation. All the basal-type and 90% of the HER-2 type
identified by the 456-gene platform were classified as poor prognosis by the 70gene platform. In addition, 46 of 55 the luminal B type identified by the 456-gene
platform were classified as poor prognosis by the 70-gene platform. Moderate
variation occurred only in the samples from good-prognosis patients, with 30% of
the luminal A subtype classified as poor prognosis by the 70-gene platform. In
such cases, classification by the 70-gene platform might result in overtreatment
whereas classification by the 456-gene signature might lead to under treatment.
These cDNA microarray based assays not only provide prognostic information
but also may be of value in predicting the response of patients to specific
therapies (16). De Ronde et al. compared mRNA molecular subtyping with
subtyping of ER, PR, and HER-2 status by immunohistochemistry (IHC), and
found that although there was good correlation between ER+ and luminal A/B
subtypes, and between triple negative and basal subtypes, HER-2+ tumors were
distributed among all molecular subtypes. Most interestingly, only 1 of 12 patients
who were HER-2+ by IHC, but luminal A or luminal B by molecular subtyping,
responded to the treatment with Trastuzumab and chemotherapy. In contrast, 12
of 21 patients who were molecularly classified as non-luminal types responded to
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Trastuzumab and chemotherapy treatment. Thus, molecular subtyping based on
cDNA microarray signatures may be of predictive value.
Although cDNA microarray assays have shown great promise, the requirement
for fresh or frozen tissue poses a potential barrier for routine clinical use.
Therefore, several groups are developing IHC-based classification methods.
Makretsov et al. used tissue microarrays constructed from 438 primary breast
tumors to examine the expression profile of 31 proteins (17). Using unsupervised
hierarchical clustering analysis, they found that 19 of the 31 protein markers
could be used to classify tumours into three groups with significantly different
disease-specific survival and overall survival outcomes. These 19 proteins
included ER, PR, HER-2/neu, cytokeratin 5/6 (CK5/6), and epidermal growth
factor receptor (EGFR), all of which have previously been shown to be correlated
with breast cancer prognosis. The study further suggested that ER/PR+ tumors
might correspond to the luminal subtype classified by cDNA microarray, and that
ER/PR/HER-2 triple negative tumors were correlated with the basal-like subtype.
A later study used tissue microarrays to examine the expression profile of 25
well-characterized tumor markers in 1076 breast cancer samples (18).
Unsupervised hierarchical clustering analysis was used to divide these tumors
into five major groups plus a sixth group that only had four cases. Groups 1 and
2 resembled the luminal A and luminal B subtypes identified by cDNA microarray
assays in that these groups were mainly ER+ and were associated with the best
prognosis. Group 5 was similar to the basal subtype identified by cDNA
microarrays. Tumors in this group were ER- and showed high levels of p53.
Interestingly, although samples in both groups 3 and 6 were characterized by
overexpression of HER-2/neu, they showed different patterns of mucin 1 (MUC1)
and E-cadherin (E-cad) staining. This distinction is physiologically meaningful as
difference in the level of cleaved MUC1 isoform has been reported to affect
patient’s responses to Trastuzumab (19).
While the results of these approaches for classifying breast cancers into clinically
distinct subtypes are encouraging, there are several caveats. First of all, the
same classifiers (e.g., luminal A) do not always refer to the same groups of
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tumors in different studies. Furthermore, different scoring systems were used to
define IHC positivity and the range of expression of given protein markers (20).
More work will be required to standardize and validate both the cDNA
microarray- and IHC-based molecular classification platforms. Nonetheless,
substantial progress has been made in the development of better prognostic and
predictive assays. As application of these platforms is further refined, it will surely
lead to improved clinical management of breast cancer.

1.1.3 Development of novel therapeutic reagents
Trastuzumab and aromatase inhibitors are two examples of the successful
development of therapeutic agents that target known oncogenic signaling
pathways. Trastuzumab, also called Herceptin, is a humanized monoclonal
antibody against HER-2/neu. HER-2/neu is a receptor tyrosine kinase that is
overexpressed in 30% of breast cancers due to gene amplification and its
overexpression is correlated with worse clinical outcome (21). The FDA approved
Trastuzumab in 1998 for treatment of HER-2/neu+ breast cancer. Randomised,
controlled clinical trials have since shown that treatment with Trastuzumab for
one year after adjuvant chemotherapy significantly benefited HER-2+ breast
cancer patients in terms of both disease-free and overall survival (5).
Tamoxifen has been the gold standard of hormonal therapy for ER+ patients
since its approval in 1986. It is an ER antagonist, effectively competing with
estrogen for the ER, thereby blocking estrogen’s mitogenic effect on the growth
of breast epithelium. However, long term use of Tamoxifen increases the
incidence of endometrial cancer as well as having other side effects (4). An
alternative approach to inhibiting estrogen activity is to decrease its plasma level.
In contrast to pre-menopausal women in whom estrogen is produced mostly in
the ovary, the major source of estrogen in post-menopausal women is
conversion of androgen to estrogen by aromatase (22). The effect of aromatase
inhibition has been tested in clinical trials for almost 30 years (23). However, the
lack of specificity and efficacy limited the use of first and second generation
aromatase inhibitors. In contrast, third generation aromatase inhibitors that were
developed ~10 years ago are more selective and potent and can suppress
plasma estrogen levels by more than 80% (24-26). Several large clinical trials
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have shown that third generation aromatase inhibitors are superior to tamoxifen
in improving disease-free and overall survival (27, 28). In addition, the side
effects of these new aromatase inhibitors are milder than those produced by
tamoxifen. As a result, the American Society of Clinical Oncology recommends
including an aromatase inhibitor in the treatment regimen of postmenopausal
women with ER+ breast cancer (29).
Inspired by the success of Imatinib, a c-Abl-selective tyrosine kinase inhibitor, in
treating chronic myeloid leukemia, there has been great interest in developing
small molecule kinase inhibitors for other types of cancer. One of the most
successful examples in breast cancer is Lapatinib, an EGFR/HER-2 dual kinase
inhibitor.

Early in vitro studies showed that Lapatinib alone could inhibit the

growth of breast cancer cell lines and that Lapatinib in combination with
tamoxifen could inhibit the growth of breast cancer cells that were resistant to
tamoxifen alone (30, 31). In addition, the cellular response to Lapatinib was
closely correlated with HER-2 expression levels (30). An early phase I study of
Lapatinib in heavily pre-treated patients with metastases reported partial
responses

in

four

overexpressed HER-2

Trastuzumab-resistant

breast

cancer

patients

who

and EGFR (32). A randomized phase III clinical trial

comparing Lapatinib plus capecitabine vs. capecitabine alone in Trastuzumabresistant advanced breast cancer patients showed that the addition of Lapatinib
significantly delayed disease progression (33).

This led to its approval for

treatment of some patients (34).
The EGFR-selective kinase inhibitor Gefitinib has also been widely tested in
clinical trials. About 20% of breast cancers overexpress EGFR, and its
expression is associated with poor clinical outcomes (35). In addition, it has been
shown that hormonal treatment could activate the EGFR signaling pathway, and
that activated EGFR signaling contributes to the acquired resistance to hormonal
treatment (36, 37). Clinical trials have so far reported contradictory results (3845), a fact that underlies the importance of selecting appropriate patients for
inclusion in trials that are directed towards specific molecular targets. However, it
has been reported that EGFR expression levels do not predict the response to
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Gefitinib (45), suggesting that further studies will be required to identify the
relevant predictive factors.
Angiogenesis, the generation of new blood vessels, is required for the growth
and metastasis of solid tumors. Vascular endothelial growth factor (VEGF) is an
essential angiogenesis factor, and inhibition of the VEGF signaling pathway
suppresses tumor growth in xenograft models (46). Two major approaches have
been developed to inhibit VEGF-induced angiogenesis: monoclonal antibodies
directed against VEGF (Avastin/Bevacizumab), and small molecule inhibitors
(Sorafenib, Sunitinib, or Pazopanib) of VEGF receptor (VEGFR) kinase activity
(47). Bevacizumab has been approved for the treatment of several types of
metastatic solid tumors, including breast. Clinical trials using Sorafenib or
Sunitinib alone showed no or very moderate therapeutic benefits in metastatic
breast cancer and as a result, both agents are now being tested in combination
with standard therapy (48-50). However, it should be noted that a recent study
cautioned that short-term treatment with Sunitinib might accelerate metastasis
and decrease overall survival (51).
Poly(ADP-ribose) polymerase (PARP) inhibitors are another class of small
molecules that are of particular interest in breast cancer. PARP is an essential
enzyme for the repair of DNA single-stranded breaks (SSB). Since ~104 SSBs
occur spontaneously in each cell every day, it has been postulated that when
PARP activity is inhibited, SSBs might be converted to double-stranded breaks
(DSB) during DNA replication and, subsequently, repaired by homologous
recombination. However, if there is a defect in DSB repair, as is the case in cells
that lack functional BRCA1 and BRCA2, persistent DSBs could trigger cell cycle
arrest and apoptosis. Therefore, PARP inhibition might selectively kill BRCA1/2
defective cells and be useful as a therapy for BRCA1/2 defective breast cancer.
Confirmation of this hypothesis in in vitro studies spurred great interest in
developing and testing PARP inhibitors in clinical settings (52, 53). Currently,
eight PARP inhibitors are in clinical trials, and the first phase I trial showed very
encouraging results (54). At a dose that is well tolerated, 12 of 19 BRCA
mutation carriers who had ovarian, breast or prostate cancers benefited from
PARP inhibitor treatment whereas this treatment was of no clinical benefit in
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patients lacking the BRCA mutation (54). These results are very exciting because
the BRCA mutation is associated with poor clinical outcome and, as yet, there is
no effective targeted therapy. In addition, many triple negative breast cancer
patients who lack the BRCA mutation might nonetheless have BRCA dysfunction
as the result of promoter hypermethylation or the overexpression of its negative
regulators (55, 56).
In addition, other proteins or signaling pathways, including Cox-2, farnesyl
transferase, and G-proteins, are being explored as potential therapeutic targets
in breast cancer. The Notch signaling pathway is a new member on the list.

1.2 Notch signaling pathway
1.2.1 Receptors and ligands
Notch receptors are evolutionarily conserved single-pass transmembrane
proteins. The first member of this family, Drosophila Notch, was cloned in the
early 1980s, about 70 years after the phenotype associated with its dysfunction—
notches in the wings—was noticed (57, 58). Since then, members of this family
from other species, including two Notch receptors in C. elegans (Lin-12 and GLP1), and four Notch paralogs in mammals (Notch 1-4) have been cloned (59-65).
They share similar structural domains with 29-36 tandem epidermal growth factor
(EGF)-like repeats followed by three Lin12-Notch repeats (LNR) and a
heterodimerization domain (HD) in their extracellular domain. Their intracellular
domain (ICD) is composed of, sequentially, a RBPjκ association module (RAM)
domain, an unstructured linker, seven ankyrin repeats (ANK domain) that are
flanked by two nuclear localization sequences (NLS), a poorly defined
transactivation domain (TAD), and the very C-terminal proline/glutamic
acid/serine/threonine-rich (PEST) motif. Drosophila Notch also has a glutaminerich OPA repeat (Figure 1-1) (66).
The ligands of Notch receptors are also a large family with both single-pass
transmembrane proteins and diffusible secreted proteins. The first member of
this family, Drosophila Delta, had been known long before its cloning to interact
genetically with Notch (67). There are two ligands for Notch receptor in
Drosophila—Delta and Serrate—but there are several members of this family in
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C. elegans and in mammals. Based on their structural characteristics, they can
be divided into four groups: DSL/DOS/EGF ligands, DSL/EGF ligands, DOS coligands, and non-canonical ligands (66). DSL/DOS/EGF ligands include
Drosophila Delta, Serrate and mammalian Jagged1, Jagged2 and Delta-like 1
(Dll1). They all contain a DSL (Delta/Serrate/LAG-2) domain, a DOS (Delta and
OSM-11-like proteins) domain, and several EGF-like repeats. Both DSL and
DOS domains are involved in interactions with Notch receptors. Mammalian Dll3
and Dll4 and most of the C. elegans ligands are DSL/EGF-type ligands. They
may act alone or in combination with DOS co-ligands, most members of which
also function in C. elegans. Non-canonical ligands, including F3/contactin, NB-3,
DNER, and MAGP-1/2, have neither DSL nor DOS domains. Activation of Notch
signaling by F3/contactin, NB-3, or DNER has only been reported in the central
nervous system and is essential for glia maturation (68-70). The physiological
conditions under which the interactions between Notch receptors and MAGP-1/2
occur have not been established, but interestingly, MAGP-2 can not only interact
with Notch receptors but also with Jagged1 to induce its cleavage (71, 72). More
interestingly, while MAGP-2 activates Notch signaling in non-endothelial cells, it
inhibits Notch signaling in endothelial cells (73).

1.2.2 Maturation and activation
Notch receptor maturation and activation is characterized by three proteolytic
events that release Notch intracellular domain from the plasma membrane, which
then translocates into the nucleus to activate target genes (Figure 1-2).

1.2.2.1 Furin-mediated S1 cleavage
The first cleavage, S1 cleavage, occurs in trans-Golgi and is mediated by furin
proprotein convertase at a site ~ 70 amino acids N-terminal to the
transmembrane domain (TMD). The two fragments produced by S1 cleavage,
Notch extracellular (NEC) and Notch transmembrane (NTM ), form a non-covalently
linked bipartite protein at the cell surface (74, 75). Since a Notch1 mutant protein
that is deleted of furin cleavage sites cannot be found at the cell surface, or is
present at much reduced levels, S1 cleavage may be required for efficient
delivery of mature Notch receptors to the plasma membrane (74, 76, 77).
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Whether S1 cleavage is a general prerequisite for all Notch receptors is
controversial. A human Notch2 receptor mutant that cannot be processed by
furin showed no defects in reaching the cell surface or in its ability to be activated
by Jagged-2 or Dll1 when expressed in U2OS cells (77). Moreover, as shown in
Figure 1-1, most Drosophila Notch receptors are full-length proteins (78). To
make things more complicated, a recent in vivo study reported that although
most Drosophila Notch receptors are full-length proteins, S1 cleavage does occur
in Drosophila and a mutant protein that cannot be processed cannot rescue the
neurogenic phenotype associated with zygotic loss of Notch function. The S1
cleavage in Drosophila was not impaired when furin activity was inhibited,
suggesting that an enzyme other than furin performs S1 cleavage in Drosophila
(76).

1.2.2.2 Metalloprotease-mediated S2 cleavage
Metalloprotease-mediated S2 cleavage is a key regulatory step for Notch
activation. The site of S2 cleavage, ~12 amino acids N-terminal to the TMD, lies
within the HD domain. The crystal structure of the negative regulatory region
(NRR) of the human Notch2 receptor has been resolved and sheds light on how
the S2 cleavage is regulated (79). The NRR is composed of three LNR repeats
and an HD domain. Extensive inter-domain contacts wrap the three LNR repeats
around the HD domain to form a cauliflower-like structure. The S2 site is buried
in an inaccessible pocket in the “stem” HD domain. Thus, receptor activation
requires a conformational change that either disrupts the inter-domain
interactions and/or destabilizes individual LNRs. It is interesting to note that each
individual LNR is stabilized by a calcium ion, which can explain why calcium
depletion can activate Notch receptors independent of ligand binding (80).
Based on the NRR structure, it was proposed that forces generated from ligandbinding lift the LNR repeats and expose the S2 sites to allow metalloproteasemediated S2 cleavage (79). This concept is supported by two lines of evidence.
The first used atomic force microscopy to directly measure the force required to
detach Delta expressing S2 cells (S2-Dl) from Notch-expressing S2 cells (S2-N)
(81). This force is ~50-250 times greater than that required to separate
streptavidin from biotin, or an antibody from its antigen. The second study
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showed that upon interaction with Notch receptors, both ligands and NEC undergo
endocytosis into ligand-expressing cells, even when S2 cleavage is inhibited
(82). Therefore, it is possible that endocytosis of ligands bound to receptors
generates a force that dissociates the NEC from the NTM at the S1 site, thus
exposing the S2 site. However, dissociation of NEC from NTM might not be
required to expose the S2 site.
The metalloprotease ADAM17, alternatively named TNF-α converted enzyme
(TACE), was suggested to be responsible for the S2 cleavage when the S2
cleavage was first discovered (83). However, ADAM17 mutant mice do not show
a Notch loss-of-function phenotype whereas ADAM10/Kuzbanian mutant mice
and ADAM10/Kuzbanian mutant Drosophila do, suggesting that it is ADAM10,
not ADAM17, that is required for S2 cleavage (84-88). This apparent conflict has
been resolved by a recent study showing that ADAM10 is required for ligandinduced Notch activation and ADAM17 is required for ligand-independent
activation, such as calcium depletion-induced Notch receptor activation (89).
ADAM10 in the first study was incapable of performing S2 cleavage because
NTM, not full-length Notch, was the substrate (83). The different metalloprotease
requirements of ligand-binding and calcium depletion-induced Notch receptor
activation suggest that they might induce different conformational changes in the
NRR that allow selective access to, and recognition by, ADAM10 vs. ADAM17.
1.2.2.3 γ-secretase-mediated S3 cleavage
The C-terminal product of S2 cleavage is immediately processed by γ-secretase,
a multiprotein complex that is composed of presenilin, nicastrin, Pen2, and Aph1.
There are two presenilin genes and two (human) or three (mice) Aph1 genes.
Therefore, there can be four (human) or six (mice) different γ-secretase
complexes. It has been reported that γ-secretase complexes containing different
presenilins or different Aph1s exhibit distinct activities (90-92). Presenilin is the
catalytic subunit and is present as a heterodimer of its N-terminal and C-terminal
fragments. The function of other components is less well established. Nicastrin
was initially thought to function as the substrate receptor (93). However, a recent
study showed that the presenilin1/Pen2/Aph1a trimeric complex could cleave
Notch and another substrate, amyloid precursor protein (APP), but is itself
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unstable (94). Therefore, nicastrin might function to stabilize the complex. Pen2
was originally considered to be responsible for endoproteolytic processing of
inactive full-length presenilin into the catalytically active heterodimer (95).
However, a recent study suggests that the expression level of Pen2 might
influence the equilibrium between PS1-containing and PS2-containing complexes
(96). Aph1 was first described to stabilize the full length presenilin protein in the
complex, but it has been shown that Aph1 associates with the γ-secretase
substrate even when the complex is disassociated, suggesting that Aph1 may be
the substrate receptor for γ-secretase (97). In addition, mutation in Aph1 also
affects processing of full-length presenilin (98).
Physical interaction between Notch receptors and the γ-secretase complex is not
the sole determinant of S3 cleavage. In fact, Notch was found to be associated
with presenilin in the secretory pathway, but was protected from processing. This
seemingly puzzling observation was later resolved by studies that showed that
the efficiency of γ-secretase-mediated cleavage is greatly affected by the length
of the extracellular domain and the nature of N-terminus (93, 99). This could
explain why S2 cleavage is required for Notch receptor activation even after
dissociation of NEC from NTM.
When the mouse Notch1 intracellular domain (N1ICD) produced from S3
cleavage was sequenced, it was found that N1ICD started with V1744 (mouse
numbering, corresponding to human V1754) at its N-terminus. In addition, N1ICD
levels were reduced when V1744 was mutated, suggesting that γ-secretase
cleaved murine Notch1 between G1743 and V1744 (100). However, the V1744
mutant could be efficiently processed in a cell-free assay, suggesting that V1744
might contribute to the stability of N1ICD rather than being required for S3
cleavage (101). This was later confirmed by Tagami et al. (102). Using mass
spectrometry and a cell-free cleavage assay, they first examined cleavage of
N1EXTΔC, a fragment that lacks most of the extracellular and intracellular
domains of mouse Notch1 protein. They found that the fragment could be
cleaved between V1744 and L1745 (L+1), between L1745 and L1746 (L+2), and
between L1746 and S1747 (S+3), in addition to between G1743 and V1744.
More surprisingly, the highest peak corresponded to cleavage at the S+3 site.
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They then confirmed the presence of the N1ICD-S fragment both in cells
stimulated with Jagged-1 overexpressing cells and in fetal brain tissues. Although
N1ICD-S is present in cells, it is less stable than N1ICD-V due to N-terminal rulemediated degradation. Therefore, the S3 cleavage is imprecise with at least four
potential cutting sites.

1.2.3 Notch signal strength regulation
1.2.3.1 Endocytosis.
Endocytosis regulates the function of both Notch receptors and ligands. Its role
in Notch signaling was first deduced when the Notch-mediated neurogenesis was
blocked in a Drosophila dynamin/shibire mutant background in which endocytosis
was blocked (103, 104). Subsequently, other proteins involved in endocytosis,
such as syntaxin/avalanche, Rab5, NF2/Merlin, Hrs, Lgd, Vps25, and epsin, have
also been implicated in Notch signaling (Figure 1-3) (105-114).
1.2.3.1.1 Ligand monoubiquitination and endocytosis
Two models have been proposed by which ligand endocytosis could positively
affect Notch signaling: the first by exerting pulling force required to activate Notch
receptors and the second, by making ligands more competent. Nichols et al.
examined the role of ligand endocytosis in dissociating NEC from NTM. They found
that when Dll1-expressing cells were co-cultured with cells expressing Notch1,
the dissociation of NEC from NTM and its co-localization with Dll1 in vesicular
structures in the ligand-expressing cells accompanied receptor activation.
However, when cells expressing a mutant Dll1 that lacks most of the intracellular
domain and cannot be internalized were used, NEC trans-endocytosis was
inhibited and the receptor could not be activated. In addition, when a mutant
dynamin or a mutant Eps 15 that was known to inhibit endocytosis was
transiently transfected into ligand-expressing cells, both the NEC transendocytosis
and receptor activation were inhibited. Thus, the authors proposed that ligand
endocytosis might generate pulling force to dissociate the NEC from NTM and in
turn, induce conformational changes in the NRR region of Notch receptor that are
required to active Notch receptors (82). However, this does not rule out the
possibility that loss of ligand endocytosis failed to produce active ligands to
dissociate and activate the receptor.
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In the second model, Wang & Struhl used Drosophila with mutant Epsin/Lqf, an
adaptor protein that recruits mono-ubiquitinated cell surface proteins to endocytic
machinery (113). They found that lack of Epsin/Lqf in signal-sending (ligandexpressing) cells, but not in the signal-receiving (receptor expressing) cells,
affects Notch activation. In addition, although seemingly normal accumulation of
DSL ligands in endocytic compartments could be detected, there was a moderate
decrease in the endocytosis of Delta in a sensitized background. This was
interpreted as a requirement for Epsin/Lqf in a small subset of endocytic events
that modify ligands during endocytosis and eventually recycle active ligands back
to the cell surface. To support this interpretation, they showed that both the fulllength (~105 kDa) and truncated (~50 kDa) forms of Delta were present in wildtype cells, but the truncated form was absent in the Epsin/Lqf mutant cells. In
addition, replacement of the Delta intracellular domain with an internalization
signal from a low density lipoprotein receptor that is associated with rapid
recycling back to cell surface after entry into endosomes could bypass the need
for Epsin in the activation Notch signaling. However, the presence of the
truncated form of Delta could be interpreted as the result, rather than the cause,
of receptor activation. In fact, murine Dll1 has been shown to be processed by
metalloprotease and γ-secretase to generate truncated forms (115, 116). In
addition, the authors failed to show that recycling of Delta or Delta/LDLR chimera
to the cell surface is required for Notch activation. Thus, it is possible that
Epsin/Lqf is only required for the endocytosis of receptor-bound ligand to
generate pulling force and that these internalized ligands will then be cleaved to
yield the truncated form.
The requirement for endocytosis and recycling to generate competent ligands
was challenged recently (117). Consistent with previous studies, it was found that
dynamin-null signal-sending cells could not activate Notch, but surprisingly,
signal-sending cells that lack clathrin, the essential component for the clathrinmediated endocytosis, and signal-sending cells that lack Rab5 or functional
Rab11, essential regulators of the canonical recycling pathway, could still
activate Notch receptor. Therefore, endocytosis may be required to generate
pulling force but not to generate competent ligands to activate Notch receptor.
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It is interesting that in Epsin/Lqf null cells Delta could be internalized whereas the
receptor could not be activated (113). Thus, it is tempting to speculate that
endocytosis could be regulating the availability of ligand on the cell surface. This
has not been investigated previously, probably because to date, ligand
endocytosis has only been found to positively regulate Notch signaling.
Since Epsin/Lqf functions by recruiting monoubiquitinated cell surface proteins to
endocytic machinery, it is expected that ligands will be modified by
monoubiquitination and that enzymes mediating this modification will also
regulate the Notch signaling pathway. This is indeed the case. Neuralized and
mind bomb, two ring finger E3 ubiquitin ligases, were found by genetic interaction
studies to positively regulate Notch signaling long before being recognized as E3
ligases (118-121). In many systems, neuralized and mind bomb play redundant
roles but neuralized might have preference for Delta-type ligand and mind bomb
for Serate/Jagged (122, 123). There are two neuralized homologs (Neur-1 and
Neur-2) and two mind bomb homologs (Mib-1 and Mib-2) in mammals. Although
Neur-1/Neur-2 double mutants and Mib2 knockout mice are viable and grossly
normal, conditional Mib-1 knockouts show phenotypes that are similar to loss of
Notch function (124-126). To add to the complexity, recent studies showed that
members of the Bearded family negatively regulate Notch signaling by competing
with Delta for neuralized (127, 128).
1.2.3.1.2 Endocytosis-mediated receptor S3 cleavage
Cell surface Notch receptors are continuously internalized into early endosomes
and then sorted to other endocytic compartments, including recycling
endosomes, late endosomes, and lysosomes (129). Receptor internalization
could affect Notch signaling in two ways: by facilitating S3 cleavage and by
regulating availability of the receptor on the cell surface.
Gupta-Rossi et al. found that mouse Notch1 receptor was monoubiquitinated at
K1749 during activation (130). Although the E3 ligase responsible for this
monoubiquitination was not identified, they found that a K1749R mutant could not
be internalized and was cleaved at the S3 site less efficiently, resulting in
impaired Notch activation. In addition, S3 cleavage and activation of N1ΔE, a
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fragment mimicking the C-terminal S2 cleavage product, was inhibited when cells
were co-transfected with dominant negative dynamin (dynK44A) or dominant
negative Eps15 (Eps15DN). Thus, they proposed that monoubiquitination at
K1749 triggers the internalization of the S2 cleavage C-terminal product into
endosomes where it is cleaved by γ-secretase.
A more comprehensive study later examined Notch receptor endocytosis and S3
cleavage in Drosophila cells with defects in different stages of endocytosis
(Figure 1-4) (129). The mutants used included those involved in regulating cargo
entry into early endosomes (e.g., dynamin/shirbie, GTPase Rab5, or endocytic
syntaxin/avalanche); maturation of early endosomes to multivesicular bodies
(e.g., Hrs); sorting multivesicular bodies (e.g., Tsg 101, Vps25, and Vps20); and
in post-sorting but prelysosomal compartments (e.g., Fab1). When cell surface
Notch receptors were labelled with an antibody against the extracellular domain,
labelled Notch receptors in individual mutants were trapped in compartments that
were consistent with the inactivation of function. Most interestingly and
importantly, Notch activation was impaired in dynamin, Rab5, and Avalanche
(Avl) mutants, unchanged in Hrs and Fab1 mutants, and enhanced in Tsg 101,
Vps25, and Vps20 mutants. This impaired activation was correlated with
decreased S3 cleavage. Based on these observations, the authors proposed that
S3 cleavage occurs in mature endosomes. When the entry of Notch receptors
into mature endosomes was blocked in dynamin, Rab5, and Avl mutants, the
receptor could not be activated. On the other hand, when Notch receptors were
trapped in mature endosomes in Tsg101, Vps25, and Vps20 mutants, they
underwent ligand-independent activation. Why Notch activation was not affected
in Hrs mutants remains unexplained.
Ligand-independent Notch activation in endosomes was also observed in lethal
(2) giant disc (lgd) mutant cells (106, 107, 131). Lgd is a C2-domain protein and
the C2 domain is required for its targeting to plasma membrane by binding to
phospholipid. Overexpression or absence of Lgd induces general endosome
trafficking defects and, consequently, ligand-independent Notch activation. Lgd
acts downstream of Hrs as mutation of Rab5 or Hrs could suppress abnormal
Lgd-induced Notch activation.
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Based on these three studies, it was proposed that Notch S3 cleavage occurs in
the endosome, not at the cell surface. However, this cannot explain how a noncell permeable γ-secretase inhibitor (GSI) could inhibit the cleavage of N1ΔE
(132). This question was partially resolved by a study that showed that γsecretase could cleave Notch at different S3 cleavage sites to produce NICDs
with distinct stability (102). It was proposed that S3 cleavage at the cell surface
produces stable NICD, but cleavage within endosomes results in unstable NICD.
However, shift in the S3 cleavage sites could not explain why Notch signaling
was inhibited when the endocytosis was blocked by dominant negative dynamin,
Rab5 or Avl, situations that should generate more stable NICD-V than unstable
NICD forms. A possible explanation is that blocking endocytosis affected the
pulling force generated from ligand binding, which would result in less S2
cleavage (66). However, this explanation does not account for all observations as
N1ΔE, which does not require S2 cleavage, was used as substrate in some
experiments (130).
1.2.3.1.3 Endocytosis-mediated receptor lysosomal degradation
When cell surface Notch receptors were pulse labelled with an antibody against
its extracellular domain, the signal disappeared 5 h later, suggesting that surface
labelled

Notch

receptors

were

internalized

and

degraded

(129).

This

internalization was ligand-independent as it also occurred in Drosophila S2 cells
where there was no detectable Notch ligand (133, 134). As endocytosis followed
by lysosome degradation is a regulatory mechanism for many cell surface
proteins, it was hypothesized that this would also be the case for Notch
receptors.
Drosophila Deltex and Suppressor of Deltex [Su(dX] are a pair of Notch signaling
regulators that act antagonistically on endocytosis-mediated activation and/or
degradation of Notch receptor. Deltex was first discovered as a positive Notch
signaling regulator through genetic interaction studies in Drosophila (135-137).
This positive regulation is attributed to the ability of Deltex to promote Notch
receptor endocytosis and trafficking to late endosomes/lysosomes, where Notch
accumulates in the limiting membrane but not the internal compartments of
lysosomes. The local environment in the lysosomes might somehow induce the
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ligand-independent shedding of Notch extracellular domain and, consequently, γsecretase-dependent Notch receptor activation (133, 138). Interestingly, when
the maturation and fusion of later endosomes/lysosomes was inhibited by
inactivation of the Drosophila HOPS complex or when protein trafficking to the
limiting membrane was blocked by inactivation of AP-3 complex, Deltexmediated endocytosis resulted in down-regulation rather than up-regulation of
Notch signaling (138). This could explain why Deltex negatively regulates Notch
signaling in some contexts (139-141). In addition, Kurtz, the Drosophila homolog
of non-visual β-arrestin whose functions traditionally were attributed to
internalization and desensitization of G-protein coupled receptors, was recently
discovered to form a trimeric complex with Notch and Deltex to induce Notch
polyubiquitination and degradation (141). Whether the formation of this trimeric
complex will affect endosomal sorting of Notch receptors within the endosomal
machinery has not been investigated. However, it should be noted that complete
elimination of Deltex in Drosophila only affected a small subset of Notch
signaling, suggesting that Deltex is not essential for most Notch signaling (142).
There are four Deltex homologs in mammals that might function redundantly
(143, 144).
Su(dX) is a HECT-type E3 ubiquitin ligase and an early genetic interaction study
showed that it could suppress the phenotypes induced by the Deltex mutation
and negatively regulate Notch signaling in some, but not all, tissues (145).
Antagonism of Deltex activity is not mediated by promoting Deltex degradation or
preventing Deltex-induced internalization of full-length cell surface Notch
receptors in the absence of ligand. Rather, it prevents the retention of Notch
receptor at the limiting membrane of late endosomes/lysosomes and results in
accumulation of Notch receptors in the internal compartment of lysosomes where
receptors will be degraded (146). Also, when Notch was coexpressed with a
truncated Su(dX) that lacks its HECT E3 ligase domain, full-length Notch
colocalized with Rab11, a marker of recycling endosomal compartment (146).
This suggests that Su(dX) might also prevent internalized full-length Notch
receptor recycling back to the plasma membrane so that Notch receptor would
be sorted into lysosomes for degradation. This regulatory mechanism of Su(dX)
also applies to its mammalian homologs, Itch in mice and IAP4 in humans (147).
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However, in contrast to Su(dX), AIP4 has also been reported to promote the
lysosomal degradation of human Deltex1 (148).
Nedd4 is another HECT E3 ligase that belongs to the same family as
Itch/Su(dX). It also negatively regulates Notch signaling in Drosophila but at a
level that is different from Itch/Su(dX) (149). Expression of an E3 ligase defective
truncated Nedd4 or knockdown of Nedd4 by RNAi results in accumulation of fulllength Notch receptors at the plasma membrane and ligand-independent Notch
activation. Therefore, ubiquitination of Notch receptor by Nedd4 promotes its
internalization and reduces its availability for ligands. In addition, inactivating
Nedd4 could enhance the Deltex protein level in Drosophila S2 cells
cotransfected with Notch and Deltex, suggesting Nedd4 might also negatively
regulate Notch signaling by promoting the degradation of Deltex. This is in
contrast to Su(dX), which does not affect Deltex stability (146). Besides
Su(dX)/Itch/IAP4 and Nedd4, another E3 ligase—c-Cbl, has also been reported
to induce polyubiquitination and lysosomal degradation of membrane-associated
Notch1 receptor, although the details of this regulation are not known (150).
Numb is another negative Notch signaling regulator that promotes Notch
internalization and degradation. Numb was first shown to antagonize Notch
signaling during asymmetric division of sensory organ precursor cells (151, 152).
In this developmental context, Numb is asymmetrically distributed, being present
in one daughter cell but absent in the other. Notch signaling is only active in the
daughter cell that does not have Numb. It was proposed that Numb induces
Notch endocytosis and degradation via interactions with Sanpodo (153, 154).
Although the details are still lacking, a genetic interaction study in Drosophila
has shown that Sanpodo positively regulates Notch signaling downstream of, or
in parallel to, ligand binding, but upstream of S3 cleavage (153). Sanpodo could
physically interact with both Notch receptor and Numb, and Numb physically
associates with α-Adaptin, a protein involved in clathrin-mediated endocytosis.
Through these physical interactions, Notch might be internalized for lysosomal
degradation. Consistent with this model, in the Numb-containing daughter cell
Sanpodo is present in both Rab 5 (early endosomes) and Rab 7 (later
endosomes) positive intracellular vesicles, but is barely detected at the cell
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surface or in Rab 11 positive intracellular vesicles (recycling endosomes). In cells
that lack Numb, Sanpodo is mainly present at the cell surface (154). However,
cell surface Notch receptor levels are comparable in two daughter cells,
suggesting that depleting Sanpodo, rather than cell surface Notch receptor, is
required and sufficient to inhibit Notch signaling in Numb-containing daughter
cells.
However, this model was recently challenged by a study that showed
endocytosis of Sanpodo and down-regulation of Notch signaling could be
uncoupled (155).

Through biochemical studies, a N-terminal NPAF motif of

Sanpodo was found to associate with the phosphotyrosine-binding domain of
Numb. In the presence of Numb, deletion or mutation of NPAF motif resulted in
accumulation of Sanpodo at the cell surface. However, expression of this mutant
in vivo could not rescue the inhibition of Notch signaling by Numb, suggesting
that Numb could down-regulate Notch signaling independent of Sanpodo. Also,
since Sanpodo has only been shown to be required for Notch signaling during
asymmetric cell division and a mammalian Sanpodo homolog has yet to be
identified (153), the mechanism by which Numb down-regulates Notch signaling
via Sanpodo might not apply to mammalian cells.
In mammalian cells, Numb was proposed to down-regulate Notch signaling by
modifying the post-endocytic trafficking of Notch receptors (156). When fulllength Notch1 was expressed in HEK293T cells, it was continually internalized as
evidenced by loss of pre-labelled receptor from the cell surface. However, a
fraction of internalized Notch1 receptors was recycled back to the cell surface
within 15 minutes. Although Numb overexpression or knockdown did not affect
receptor internalization from the cell surface, overexpression of Numb
accelerated the loss of both intracellular and total pre-labelled receptors,
suggesting that overexpression of Numb promoted receptor degradation. In
contrast, Numb knockdown accelerated only the loss of the intracellular pool
without affecting the total amount of pre-labelled Notch receptors, suggesting that
knockdown of Numb promoted recycling of receptors back to the cell surface.
Furthermore, a truncated Numb that lacks the domain involved in interaction with
α-Adaptin could not affect the levels of either the total or the intracellular pools of
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pre-labelled Notch receptors. In contrast, mutant Numb that cannot interact with
Itch/AIP4 caused accumulation of the intracellular pool without affecting the total
of pre-labelled molecules, suggesting that interaction with endocytic machinery is
required for trafficking of internalized receptor to later endosomes/lysosomes,
and that interaction with Itch/IAP4 is required for degradation of receptor in later
endosome/lysosomes.
The activity of Numb in down-regulating Notch signaling is also tightly controlled.
One such example is the temporal control that couples Numb activity to the
progression of cell cycle. During the development of sensory organ in Drosophila,
Numb expression is restored in Numb-negative cells after asymmetric cell
division. However, Numb does not block the Notch signaling involved in lateral
inhibition in resting cells. How Numb could down-regulate Notch signaling
immediately after mitosis in order to specify the cell fate of two daughter cells, but
then quickly lose its activity, has been puzzling. A possible explanation comes
unexpectedly from Golgi (157). Through yeast two-hybrid screening, ACBD3, a
Golgi protein, was found to physically interact with Numb and regulate Numb
activity. ACBD3 is sequestered in Golgi during interphase of the cell cycle and
cannot interact with Numb. As a result, Numb cannot down-regulate Notch
signaling during interphase. However, Golgi is fragmented during mitosis and
releases ACBD3 into cytosol, upon which ACBD3 binds to Numb via an
evolutionarily conserved N-terminal domain of Numb. In this manner, ACBD3
down-regulates Notch signaling. When ACBD3 is forced to stay in the cytoplasm
by myristoylation, Numb can inhibit Notch signaling throughout the cell cycle.
Numb protein levels are also regulated by several E3 ligases, including MDM2
and LNX (ligand of Numb-protein X) (158, 159). Although the functional
significance of MDM2 in regulating Notch signaling has not been reported, LNX
has been shown to be a positive regulator of Notch signaling. When LNX was
cotransfected with N1ΔE, it could enhance the transactivation of a reporter gene
by Notch in vitro. The physiological relevance of this regulation is not known.

1.2.3.2 Phosphorylation, polyubiquitination and NICD stability
Exogenously expressed Notch 1 intracellular domain (N1ICD) or ligand-induced
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N2ICD have been detected as multiply phosphorylated forms in the cell nucleus
(160-162), and subsequent studies revealed that phosphorylation could both
positively and negatively regulate NICD stability.
Sel-10, an F-box E3 ligase, was first identified through genetic screening to
negatively regulate Notch signaling in C. elegans (163). Since it is composed
mainly of an F-box domain that is essential for the formation of the E3 ligase
complex and a seven-WD40 repeat domain that acts as a substrate receptor for
the E3 ligase complex, a truncated form (Sel-10ΔF) that lacks the F-box domain
should still be able to interact with its substrate but as a dominant negative
protein. When such a truncated form of murine FBW7/Sel10 homolog was
cotransfected with different forms of Notch1 protein into HEK293T cells, it was
found that SEL-10ΔF physically interacted only with NICD, but not with cell
surface Notch receptors, or a truncated NICD that lacks the PEST domain (164).
This interaction was dependent on a phosphorylation event that was later found
to be mediated by CDK8 (164, 165). Although cotransfection of wild-type
FBW7/SEL-10 with N1ICD did not affect the stability of N1ICD, SEL-10ΔF
stabilized N1ICD and enhanced its transactivation activity (164, 166).
Cotransfection of N1ICD with both wild-type FBW7/SEL-10 and CDK8 resulted in
rapid degradation of N1ICD (165). Therefore, phosphorylation of N1ICD by CDK8
could lead to its polyubiquitination and proteasome degradation, which downregulates Notch signaling.
In contrast, phosphorylation by GSK-3β stabilized N1ICD (167). Although
cotransfection of wild-type GSK-3β and N1ICD does not affect N1ICD
phosphorylation levels, treatment with a GSK-3β inhibitor or cotransfection with a
dominant negative form of GSK-3β reduced N1ICD phosphorylation. In parallel,
treatment with a GSK-3β inhibitor or cotransfection with a dominant negative
form of GSK-3β enhanced N1ICD turnover, which could be blocked by
proteasome inhibitors, suggesting that phosphorylation by GSK-3β could inhibit
N1ICD proteosomal degradation and enhance Notch signaling activity.
Consistent with this, the induction of a reporter gene by transfection of N1ICD
was stronger in wild-type cells compared to GSK-3β null cells. This stabilization

23

of N1ICD by GSK-3β mediated phosphorylation might partially account for
previous observations that Drosophila GSK-3β acts downstream of Notch in
lateral inhibition during neurogenesis (168).
However, the consequences of phosphorylation of NICD by GSK-3β might be
paralog-dependent. GSK-3β was shown to physically interact with N2ICD via its
sixth [should be seventh, according to recent the crystal structure (169)] ANK
repeat and phosphorylate several amino acid residues C-terminal to the binding
site (170). Co-transfection with GSK-3β did not affect N2ICD protein levels, but
inhibited its ability to transactivate a reporter gene. Treatment with the GSK3β inhibitor LiCl reversed this inhibition. In addition, mRNA levels of two Notch
target genes were increased in HEK293T cells treated with LiCl, suggesting that
inhibition of endogenous GSK-3β downregulated Notch signaling in nontransfected HEK293T cells. It is not known whether N2ICD signaling is more
active than N1ICD signaling in HEK293T cells. However, the discrepancy
between this study and the previous one suggests that the effect of GSK-3βmediated phosphorylation on Notch signaling is paralog-dependent and/or
context-dependent.
DYRK1A

kinase

is

another

serine/threonine

protein

kinase

that

can

phosphorylate NICD and down-regulate Notch signaling (171). Similar to the
effect of GSK-3β on N2ICD, phosphorylation of N1ICD by DYRK1A did not affect
its half-life but attenuated the endogenous Notch signaling both in cultured cells
and in the developing neural tube of chicken embryos.
Nemo-like kinase (NLK) was reported to modulate Notch signaling by
phosphorylating NICD (172). Interestingly, when NLK was co-transfected into
mouse neuroblastoma neuro2a cells together with the NICD of four murine Notch
paralogs, it inhibited N1ICD-induced, but enhanced N3IC-induced, reporter gene
transactivation without affecting N2IC- or N4IC-induced transactivation. This was
dependent on the kinase activity of NLK. Further experiments demonstrated that
NLK could phosphorylate N1ICD ANK repeats and impair the formation of the
N1ICD/RBPjκ/MAML1 transactivation complex. This regulation has physiological
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relevance as previous genetic screens identified nemo, the Drosophila NLK
homolog, as a modifier of Notch signaling (173)
Akt has also been reported to phosphorylate N1ICD and attenuate its
transactivation activity (174). Uniquely, Akt phosphorylation induced mislocation
of N1ICD from a predominantly nuclear protein to accumulation in perinuclear
regions. The physiological relevance of this phosphorylation is uncertain.

1.2.3.3 Receptor glycosylation
Notch receptor glycosylation also regulates Notch signaling. About 10 years ago,
three studies showed that Fringe, a known Notch signaling modulator, encodes a
glycosyltransferase that extends the O-linked fucose moieties on EGF repeats in
the Notch extracellular domain with N-acetylglucosamine (175-177). The initial
modification of Notch EGF repeats with O-linked fucose is mediated by OFUT1 in
Drosophila and POFUT1 in mammals (178, 179).
1.2.3.3.1 Fucosylation
OFUT1 knockdown affects Notch-dependent lateral inhibition and cell lineage
decision, and POFUT1 knockout is embryonically lethal in mice (178, 179). A
modified form of Notch receptor secreted from OFUT1 knockdown cells showed
reduced binding to ligand-expressing cells (180). Thus, it was proposed that
receptor fucosylation regulated receptor-ligand binding and that this was the
mechanism underlying the essential requirement of OFUT1/POFUT1 in Notch
signaling. However, it was later shown that OFUT1/POFUT1 regulated Notch
signaling, in part, by acting as a chaperone during Notch receptor delivery to the
plasma membrane (181). In wild-type Drosophila wing cells, Notch is mainly
present at the cell surface, but in OFUT1 knockdown cells, Notch is located
throughout the cytoplasm. When cells were double-stained for Notch and
markers for endoplasmic reticulum, Golgi, early endosomes, or later endosomes,
Notch was found to be colocalized with endoplasmic reticulum markers. OFUT1
was also present in endoplasmic reticulum although at the time, there was no
reported GDP-fucose transporter activity in endoplasmic reticulum. [An
endoplasmic reticulum-specific GDP-fucose transporter was recently identified in
Drosophila (182)]. Thus, OFUT1 might facilitate Notch receptor delivery to the

25

cell surface independently of its fucosyltransferase activity. Indeed, two
enzymatically inactive OFUT1 mutants could restore Notch relocation to the cell
surface. Since OFUT1 can physically associate with Notch EGF repeats, OFUT1
may act as a chaperone during Notch receptor trafficking to the plasma
membrane. Identification of this non-enzymatic activity of OFUT1 could explain
why, in Drosophila, loss of OFUT1 results in a more severe phenotype than does
of loss of Fringe (179).
The relative contributions of the enzymatic and non-enzymatic activities of
OFUT1/POFUT1 to Notch signaling were examined in Drosophila (183).
Surprisingly, Drosophila expressing enzymatically inactive OFUT1 in an OFUT1
null genetic background could complete embryogenesis but died after hatching.
This suggested that O-fucosylation was not required for most Notch signaling.
The defective neurogenesis phenotype that resulted from insufficient Notch
signaling in an OFUT1 null background could be completely rescued by an
enzymatically inactive form of OFUT1. However, there were defects in the wing
imaginal disc and the phenotype was identical to that resulting from loss of
Fringe. This was consistent with the fact that Fringe-mediated glycosylation was
based on the presence of O-fucose. Therefore, OFUT1 enzymatic activity was
only needed when Fringe activity was required for Notch signaling that occured in
the developmental contexts examined. It is still possible that fucosylation by
OFUT1 has a role beyond providing O-fucose for Fringe as altering fucosylation
status on the EGF repeats affected ligand binding in the absence of Fringe.
Regardless, there is debate as to whether chaperone function is the major nonenzymatic activity of OFUT1. Others have found that the non-enzymatic activity
of OFUT1 played an important role in regulating Notch signaling, but this was
attributed mainly to its essential role in receptor endocytosis and trafficking to
lysosomes for degradation (184).
There are also conflicting data concerning the phenotype of loss of mammalian
POFUT1. One study reported that in the absence of POFUT1, there was no
defect in Notch receptors reaching the cell surface as comparable levels of cell
surface proteins of all four Notch paralogs were detected in both POFUT1+/+ and
POFUT1-/- mouse embryonic stem (ES) cells(185). In addition, although ligand-
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dependent Notch signaling was impaired in POFUT1-/- ES cells, calcium
depletion-induced ligand-independent Notch signaling was comparable to that in
POFUT1+/+ ES cells. This indicated that there were comparable levels of cell
surface Notch receptors in POFUT1-/- ES cells. However, another study reported
no detectable cell surface Notch1 protein in presomitic mesoderm of POFUT1-/embryos (186). Rather, most Notch1 proteins were co-localized with an
endoplasmic reticulum marker while a small fraction co-localized with caveolin, a
marker for clathrin-independent endocytic machinery in POFUT1-/- presomitic
mesoderm. A simple explanation for the discrepancy regarding the location of
Notch1 protein in the absence of POFUT1 is that these studies used cells
representing different developmental stages in which the requirement for
POFUT1 might differ. Nonetheless, this suggests a complicated role for POFUT1
in Notch signaling.
1.2.3.3.2 Fringe-mediated glycosylation
The regulation of Notch signaling by Fringe-mediated glycosylation is even more
complicated than fucosylation, especially in mammals, as there are three Fringe
proteins [Lunatic (Lfng), Manic (Mfng), and Radical (Rfng) Fringe] as compared
to a single POFUT1. Although in Drosophila, Fringe-mediated modification of
Notch EGF repeats generally enhances the binding of Delta to the receptor, but
inhibits Serrate binding to receptor (180), the effect of Fringe-mediated
modification on ligand-receptor interaction in mammals depends on which
receptor, which ligand, which Fringe, and the tissues involved.
Both ligand-specific and receptor-specific effects on Notch signaling were
demonstrated when Lfng was cotransfected with Notch into either myoblast
C2C12 cells or NIH3T3 fibroblasts (187). Dll1-induced Notch1 signaling was
enhanced

but

Jagged-1-induced

Notch1

signaling

was

suppressed,

demonstrating the ligand-specific effect of Fringe-mediated glycosylation. This
effect seemed to be correlated with the reported effect of Drosophila Fringe on
ligand binding. However, the binding of Jagged-1 to Notch1 receptor was not
affected. Even more puzzling, Lfng co-expression enhanced both Dll1-induced
and Jagged-1-induced Notch2 signaling in myoblast C2C12 cells, suggesting that
the effect of glycosylation is not only ligand-specific but also receptor-specific.
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The effect of glycosylation on Notch signaling is also dependent on which Fringe
extends the O-fucose glycan as demonstrated by Yang et al. (188). Consistent
with the previous study, they also found that Lfng enhanced Dll1-induced, but
suppressed Jagged-1-induced, Notch1 signaling. However, although Mfng
inhibited Jagged-1 induced Notch1 signaling in a manner comparable to that of
Lfng, enhancement of Dll-1 induced Notch1 signaling by Mfng was much weaker
than that of Lfng. In sharp contrast, Rfng enhanced both Dll1- and Jagged-1induced Notch signaling in NIH3T3 cells. The effect of different Fringe family
members on Notch signaling was not directly correlated with the effect on the
amount of ligands bound to Notch1 receptor. However, it was noted that the
differential effects of Lfng on Dll1- and Jagged-1-induced Notch signaling were
correlated with their effects on the ligand-induced, but not calcium-depletioninduced ligand-independent, S2 cleavage, and consequently, the generation of
active NICD. This suggests that although modification by Fringe does not affect
the binding of the ligand to the receptor, it could affect the affinity of their
interaction and thus the pulling force that their interaction could exert (66, 188).
Additionally, the effect of Fringe on Notch signaling is also context-dependent.
Although Lfng has been shown to enhance Dll1-induced Notch signaling in most
cell types (187-189), it has been suggested to inhibit Notch signaling in vivo
during somite development where Dll1 is the only ligand expressed (190, 191).
In addition to receptor glycosylation, ligands could also be modified by
glycosylation (192). However, since glycosylation only affects Notch signaling
when expressed in signal-receiving cells, and glycosylation occurs in
endoplasmic reticulum and Golgi, the functional significance of ligand
glycosylation is not known (181, 188, 193, 194). Furthermore, other types of
glycosylation, such as O-glucosylation and xylosylation together with the
enzymes required for these types of modifications, have also recently been
identified (195, 196). Thus, our understanding of the role of glycosylation in
Notch signaling will be rapidly evolving.

1.2.3.4 Other regulators
Several other proteins have been suggested to regulate Notch signaling but
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could not be classified into the above categories. Big Brain (Bib), Cripto-1, and dAsb11 are three examples. Bib, the Drosophila homolog of aquaporin, is one of
the earliest identified neurogenic genes in Drosophila and is known to genetically
interact with Notch. A recent study suggests that Bib might regulate Notch
signaling by affecting the release of NICD from endosomes to allow it to
translocate into the nucleus (197). Cripto-1 is the co-receptor for Nodal, another
essential molecule for embryonic development. Notch3 was identified in a yeast
two-hybrid screening as a candidate Cripto-1-interacting protein. In addition, the
other three Notch paralogs were also found to be able to interact with Cripto
(198).

Since

these

interactions

were

mainly

found

in

endoplasmic

reticulum/Golgi, Cripto-1 might function as a chaperone to facilitate proper folding
and S1 cleavage of Notch receptors before they reach cell surface. Zebrafish dAsb11 is a member of SOCS-box-containing protein family which is involved in
ubiquitination and degradation of target proteins (199). d-Asb11 specifically
interacts with DeltaA but not DeltaD and induces its ubiquitination and
degradation (200). Thus, d-Asb11 could activate Notch signaling when it was
overexpressed in signal-receiving cells but inhibit Notch signaling when it was
overexpressed in signal-sending cells, consistent with the well-known cellautonomous inhibitory and non-cell autonomous activating role of the ligands
(201).

1.2.4 Canonical signaling pathway
In the canonical Notch signaling pathway, the key feature of Notch signaling
induced trans-activation of target genes is the switch from a CSL-based
transcription repressor complex to a CSL-based transcription activator complex.
CSL [CBF-1/Su(H)/Lag-1] is a family of evolutionary conserved DNA binding
proteins. CBF-1, also referred to as RBPjκ, is the mammalian homolog and
Su(H) and Lag-1 are the Drosophila and C. elegans homologs, respectively.
RBPjκ shares about 80% and 55% of sequence identify with Su(H) and Lag-1,
respectively. CSL proteins bind to the consensus DNA sequence CGTGGGAA
(202). It is generally believed that in the absence of active NICD, CSL acts as a
transcription repressor by recruiting several general or unique transcription corepressor proteins to the promoter region of Notch target genes to block their
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expression. This is supported by the observation that loss of Su(H) could induce
the expression of some Notch target genes, even when Notch signaling was
blocked by depleting γ-secretase activity (203, 204).
In Drosophila, Hairless, a well characterized antagonist of Su(H), acts as an
adaptor to recruit two general co-repressors, dCtBP and Groucho, that in turn,
recruit histone deacetylase (HDAC) complexes to modify local chromatin
structure and block transcription (205). A Hairless homolog has yet to be
identified in mammals,

although SHARP could act as an adaptor to recruit

CtIP/CtBP to RBPjκ binding sites to repress gene expression (206). Several
other repressor proteins, such as CBF-1 interacting co-repressor (CIR),
SMRT/NCoR, and KyoT2/FLH1C, have also been shown to repress the
expression of Notch target genes in some circumstances (207-209). Interestingly
and surprisingly, a recent study showed that Asf1, a histone H3/4 chaperone,
could specifically repress Notch target genes (210). However, in the absence of
active NICD, loss of Su(H) induced only a subset of the genes examined,
suggesting that Su(H) represses some, but not all, Notch target genes (203).
Consistent with this, in the absence of active Notch signaling, Su(H) bound to the
promoter of only 2 of 11 Notch target genes examined, and the expression of
these two genes was elevated when Su(H) was depleted by RNAi. For most
other genes examined, Su(H) did not occupy the CSL-binding sites at the
promoter/enhancer region and Notch activation by calcium depletion induced
only a transient interaction between Su(H) and their promoter/ enhancer regions.
Therefore, gene repression by CSL in the absence of Notch signaling is not a
universal phenomenon among Notch target genes. This could partially explain
the discrepancy between the phenotypes resulting from loss of CSL function and
gain of Notch function (204). However, it remains to be investigated how Notch
activation could induce Su(H) binding to the promoter region of Notch target
genes.
After activation of Notch signaling, active NICD translocates into the nucleus and
binds to CSL, which leads to the replacement of co-repressor proteins on CSL.
The RAM domain of NICD is the major contributor to the affinity between NICD
and CSL and was the only domain initially found able to interact with CSL when
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co-expressed in cells (211). Although the RAM domain was originally poorly
defined as the domain between the S3 cleavage site and the ANK domain,
recent studies found that only the first ~20 amino acid residues centered around
a WFP motif are essential and sufficient for its interaction with CSL (212, 213).
These ~20 amino acid residues are highly conserved and there are no
differences in the estimated affinities between RBPjκ and the RAM domain of
four individual mammalian Notch paralogs (212).
In addition to NICD and CSL, the formation of a transcription activator complex
also needs another protein—mastermind in Drosophila or its homologs in
mammals (MAML 1-3) (214-217). Mastermind and MAMLs are large nuclear
proteins, composed of ~1000-1600 amino acid residues. They share relatively
high amino acid similarity in the N-terminal basic domains, where the sequence
required for formation of NICD/CSL/MAML is located (amino acid residues 13-74
of human MAML1) (218). However, the overall homology among three human
MAMLs is only about 20~35%.
Although Mastermind/MAML could form a stable complex with CSL and NICD, it
was not able to interact with any of them alone (216). This paradox was resolved
by two studies that determined the structures of CSL/NICD/MAML bound to
DNA—one using C. elegans homologs and the other using human counterparts
(213, 219). Both structures showed that CSL protein adopts a three-domain
structure with an N-terminal domain (NTD), a β-trefoil domain (BTD), and a Cterminal domain (CTD). The NTD and CTD domains are structurally similar to the
RHC-N and RHC-C domains of NF-κB. The trimeric protein complex binds to
DNA via the NTD and BTD of CSL protein. The ANK domain of NICD makes
extensive contacts with CSL at two discontinuous surfaces, the major one
between the N-terminal ANK repeats and CTD of CSL and a minor one between
the C-terminal ANK repeats and NTD of CSL. Association of the NICD ANK
domain with CSL creates a groove where ~ 50 amino acid residues of the
MAML1 basic domain sit to conceal the NICD ANK:CSL interface from the
solvent. The NICD fragment used in the study of the C. elegans complex
structure contains the RAM domain, and the structure showed that the first 25

31

amino acid residues of RAM domain were associated with the BTD of CSL. The
sequence between these 25 residues and the ANK domain was unstructured.
The formation of a stable trimeric complex in the absence of NICD RAM domain
raised an interesting question: what is the role of RAM domain in the formation of
a transcriptionally active complex in vivo as it is the only structural domain of
NICD that could associate with CSL in the absence of MAML? Friedmann et al.
compared the structure of DNA-bound CSL in the presence and absence of
NICD RAM domain and found that association of CSL with the RAM domain
induced a conformation change in the hairpin loop in the NTD from a closed state
to an open state (220). This conformation change is required for MAML to
interact with CSL. Interestingly, although the RAM domain was not included in
the N1ICD fragment used in the human trimeric complex structural study, the
NTD hairpin loop adopted an open conformation (219, 221).
Since less than 20 amino acid residues within the N-terminal part of the poorly
defined RAM domain interacted with CSL and showed an ordered structure upon
binding to CSL, and the sequence between these ~20 amino acid residues and
ANK domain did not adopt any ordered structure in the crystallography study, this
also raised another intriguing question as to whether this linker region has any
effect on the formation of a trans-activation complex. Bertagna et al. noticed that
although the sequence of this linker region is not conserved, its length is highly
conserved and just fits the space between the RAM binding sites and the binding
sites of N-terminal ANK domain (222). By computation modelling, they found that
although the binding of the RAM domain and the ANK domain to CSL are two
thermodynamically independent events, binding of the RAM domain to CSL will
increase the effective concentration of the ANK domain that is available to CSL if
both are present in the same chain.
Taken together, it was proposed that when active NICD enters nucleus, the RAM
domain of NICD binds to the BTD of CSL and increases the local concentration
of the NICD ANK domain to facilitate the interaction between the ANK domain
and CSL. Interaction between ANK domain and CSL creates a groove for the Nterminus of MAMLs. At the same time, RAM binding induces a conformational
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change in the NTD of CSL to facilitate docking of MAMLs to the complex. Binding
of MAML conceals the interface between the NICD ANK domain and CSL and
stabilizes the trimeric complex. It should be noted that two NICD/CSL/MAML
trimeric complexes could further dimerize given that they sit on two CSL binding
sites with correct orientation and space (223). The amino acid residues involved
in dimerization are conserved among the four human Notch paralogs, raising the
possibility that two trimeric complexes containing different NICD paralogs could
dimerize to fine tune Notch signaling.
After the formation of the NICD/CSL/MAML core complex, mastermind/MAMLs
could

recruit

other

transcription

co-activators,

including

histone

acetyltransferases (HATs), to the complex to facilitate transcription. Although two
early studies reported that NICD could interact with p300 directly, and with PCAF
directly or indirectly, two later studies showed that p300 interacts with MAML1
more strongly than with N1ICD (224-227). In addition, the PCAF-interacting
region within N1ICD overlaps with that required for association with
mastermind/MAML (225). Therefore, it is most likely that mastermind/MAMLs act
as adaptors to recruit HAT to the transactivation complex. MAML1 interacts with
p300 via its amino acid residues 75-300, just C-terminal to the region required for
association with NICD/CSL (227). Although a truncated fragment containing aa
1-74 could form a stable complex with NICD/CSL, it could not enhance
transcription on chromatin and thus acted as a dominant negative form of
MAML1. Interestingly, a MAML1 fragment containing aa 1-300, although
stimulating transcription on an in vitro chromatin structure more strongly than
does full-length MAML1, also in a dominant-negative fashion regulates the
expression of Notch target genes in vivo, implying that the sequence C-terminal
to aa 300 of MAML1 has other functions (215, 227). Indeed, a later study showed
that the C-terminus of MAML1 was required for recruiting CycC:CDK8 to the core
complex at the promoter region of Hes-1, one of the classical Notch target genes.
Subsequent phosphorylation of NICD at the PEST sequence by CycC:CDK8
resulted in NICD degradation (165). However, the MAML1/CDK8 interaction
resulted in turnover of NICD and transfection of kinase inactive CDK8 could
enhance Hes-1 expression. Thus, the interaction between MAML1 and CDK8

33

might not be responsible for the dominant-negative nature of the MAML1 (1-300)
fragment.
SKIP is an important and unique component of the trans-activation and
repression complex. It can interact with both NICD and the co-repressor protein
SMRT (228). As a result, it could repress the expression of Hes-1 in the absence
of Notch signaling and co-operate with MAML1 to active the transcription of Hes1 in the presence of active Notch signaling (165, 229).

1.2.5 Non-canonical/CSL-independent Notch signaling
CSL-independent Notch function was first described in a study that examined the
phenotype arising from complete loss of Su(H) function (230). Su(H) null
embryos showed many phenotypes that were similar to loss of Notch function, as
expected. Although loss of Notch function resulted in very low expression of
single-minded, the gene that specifies mesectoderm, and consequently, failure in
generation of mesectodermal cells, lack of Su(H) had virtually no effect on the
expression of single-minded on the formation of mesectodermal cells. Therefore,
it was proposed that Notch possesses both Su(H)-dependent and Su(H)independent functions. From then on, many CSL-independent Notch activities
were reported (231-237).
De-repression of Notch target genes by loss of CSL could explain some of the
observed “CSL-independent” Notch function. Morel and Schweisguth examined
the requirement of Su(H) for Single-minded expression and formation of midline
mesectodermal cells (238). They found that Su(H) was required for activation of
single-minded in the presence of Notch signaling and for its repression in the
absence of Notch signaling. However, de-repression does not explain all the
observed CSL-independent Notch functions. Association of Notch with several
proteins that might be independent of the NICD/CSL/MAML trimeric complex
have been reported (as listed in Table 1). It is possible that these protein
interactions contribute to the CSL-independent functions of Notch.
One such example is the interaction between NICD with members of NFκB
family. The physical interaction between N1ICD and NFκB was first reported as
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early as the interaction between NICD and CSL (239). A later study from the
same research group showed that N1ICD directly interacts with p50, but not with
p65, via its RAM domain, as assayed by EMSA (240). However, p65 could be coimmunoprecipitated with N2ICD in bone marrow-derived macrophages and was
recruited to the NFATc1 promoter region with the same kinetics as those of
N2ICD following RANKL-stimulated osteoclastogenesis (241). However, this
interaction could also have been mediated by p50 as it was recruited to the
promoter with the same kinetics. Interestingly, the NFκB binding site overlaps
with an RBPjκ binding site, and RBPjκ was present at the promoter region before
stimulation but was displaced upon stimulation. The mechanisms that regulate
the use of NFκB- vs. RBPjκ-mediated activation of NFATc1 upon Notch2
signaling activation are yet to be clarified, but these findings indicate a fine
regulation of multiple signaling pathways.
The consequence of NICD/NFκB interaction might be context dependent as
some reported that it suppressed NFκB activity while others reported that NFκB
activity was enhanced (239-242). One possible explanation for this discrepancy
was proposed by Shin et al. who noted that different studies used different NICD
fragments, which could interact with different set of proteins in addition to NFκB
(242).
In light of the observed NICD/NFκB interactions, it is interesting to note that when
the structure of the NICD/CSL/MAML complex was determined, it was found to
be similar to the structure of the NFκB/IκB complex (213, 219). The structural
similarities include the following: 1) The overall domain arrangement of the
NICD/CSL interaction is similar to that of NFκB/IκB; 2) The structures of the
NTDs and CTDs of CSL are similar to the RHR:N and RHR:C domains of p65; 3)
IκBα has six ANK repeats that are all essential for interaction with the p50/p65
dimer. Similarly, most of the seven ANK repeats of NICD are also involved in
interaction with CSL (243, 244). Thus, NICD might be able to adopt a
conformation similar to that of IκBα and bind the NFκB dimer in a manner similar
to that of IκBα. Two questions might arise regarding to this hypothesis. First, it is
the RAM domain rather than the ANK domain of N1ICD that was found to interact
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with p50 (240). Second, interaction between the NICD ANK domain and CSL
needs MAML to stabilize it, but the ANK domain of IκBα itself can form a stable
complex with p50/p65 dimer. However, it should be remembered that it is also
the RAM domain but not the ANK domain of NICD that can associate with CSL in
the absence of MAML, and IκBα can only form a complex with p50/p65 dimer,
not with either p50 or p65 alone (243, 244). Therefore, interaction between NICD
RAM domain and p50 might induce some conformation changes in p50 so that
the ANK domain of NICD can sit at the interface between p50 and p65. If this is
the case, this also raises the possibility that NICD could interact with IKK in a
manner similar to that of IκBα. However, the structure of IKK/IκBα complex has
not been determined, nor is it known whether it involves the ANK repeats of
IκBα. Nonetheless, since N1ICD binds to p50 via its RAM domain, and its ANK
repeats are also likely to be involved in the interaction, the NICD/NFκB
interaction most likely is independent of CSL.
An alternative mechanism by which NICD could perform its “CSL-independent”
activity is to compete with other proteins for shared interaction proteins,
consequently affecting the functions of those other proteins. A clear example of
this mechanism is provided by the inhibition of myoblast differentiation by Notch
signaling. It has been known for some time that expression of truncated N1ICD
fragments lacking the RAM domain could block myoblast C2C12 differentiation
(237). Since RAM is required for interaction with RBPjκ, this suggested that the
truncated form of N1ICD could block C2C12 differentiation independently of
RBPjκ. This was later confirmed by using a dominant negative RBPjκ mutant that
could not bind to CSL-binding sites (233). A recent study by Shen et al. provided
an answer to how this RBPjκ-independent Notch activity might be transduced
(245). They showed that MAML1 was required for the transactivation function of
MEF2C, a DNA binding protein essential for C2C12 differentiation. MEF2C
interacts with MAML1 through the aa 1-74 of MAML1, the region required for
NICD/CSL/MAML complex formation. Therefore, high expression levels of NICD
would sequester MAML1 from MEF2C and inhibit the function of MEF2C. In
addition to MEF2C, MAML1 has also been reported to interact with p53, βcatenin, and NFκB and to regulate their activity (246-248).
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Finally, RBPjκ was recently reported to form a trimeric PTF complex with
p48/Ptf1a, an organ-specific basic helix-loop-helix (bHLH) transcription factor,
and another class A bHLH protein, such as HEB/TCF12 (249). This trimeric
complex is required for development of the pancreas and GABAergic neurons
(250, 251). Notably, the RBPjκ-containing trimeric PTF complex could only be
detected during pancreas development in the embryo, and RBPjκ is replaced by
its paralog, RBPL, in adult pancreas, whose expression would be induced by the
RBPjκ-containing PTF complex (249, 250). RBPL does not interact with any
Notch paralogs (252). Therefore, high levels of NICD might affect the function of
the PTF complex during embryonic development but should have no effect in
adults.
Taken together, active NICD could exert its RBPjκ-independent/noncanonical
function by interacting with other proteins or by competing with other proteins for
mastermind/MAMLs or CSL. However, it should be noted that many of the CSLindependent Notch functions were observed under conditions in which
constitutively active forms of NICD or gain-of-function Notch alleles were
expressed. Therefore, its relevance to physiological situations is questionable.
Nonetheless, it might be important in pathological conditions such as cancer
where Notch signaling is elevated.

1.2.6 Effectors
Notch is involved in almost every aspect of cell life—including differentiation,
proliferation, and apoptosis—in a temporal and spatially well-controlled manner.
Only a subset of Notch target genes and effectors have been identified, mostly
within very specific contexts. Many Notch target genes are themselves
transcription regulators and therefore, it is difficult to distinguish between its
direct and indirect effectors. Nonetheless, there are several well established
Notch direct target genes that are important for its multiple functions.
Hairy and Enhancer of Split (Hes)/Hes-related with a Y (Hey) family members are
the best studied direct Notch target genes that mediate the regulatory control of
Notch over cell fate determination, differentiation and proliferation during
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embryonic development and organogenesis [reviewed in (253-255)]. There are
nine members in Drosophila [Hairy, seven Enhancer of split (m3, m5, m7, m8,
mβ, mδ, and mγ), and a less studied Hey ortholog], and ten members in
mammals (Hes 1-7 and Hey 1, 2, L). They are bHLH proteins and share a basic
domain structure that confers DNA-binding capacity, a helix-loop-helix domain
that mediates the dimerization and interaction with other proteins, an Orange
domain that regulates the selection of binding partners, and an extreme Cterminal WRPW motif that is involved in transcription repression and selfturnover. The three Hey members differ from the Hes members in that they have
a YXXW domain in their extreme C-terminus.
Hes/Hey proteins are themselves transcription repressors that function by two
major mechanisms: recruiting an HDAC-containing co-repressor complex or by
sequestering other transcription activators. They bind to the consensus sequence
CANNNG, but there are slight variations in the DNA sequence to which different
Hes/Hey proteins bind. Hes/Hey proteins play redundant as well as unique roles
in

embryonic

development

and

organogenesis.

Hes1

is

essential

for

neurogenesis and pancreas development while Hes7 plays an important role in
somitogenesis.
Transactivation of Hes/Hey genes by Notch signaling is highly contextdependent. Ong et al. compared the transactivation strength of four murine NICD
paralogs on Hes1 and Hes5 promoters in eight cell lines (256). They found that
the activation of Hes1 by any NICD was stronger than that of Hes5 in most of the
cell lines except in the case of a neuroblastoma cell line in which activation of
Hes5 by all four NICD was higher than that of Hes1. This is attributable to the
fact that there are two high affinity CSL-binding sites in a head-to-head
orientation that are separated by 16 nucleotides within the Hes1 promoter.
Disrupting either one of the CSL-binding sites or changing the orientation of the
paired CSL-binding sites greatly impairs the activation of Hes1. This is consistent
with a structural study that showed two NICD/CSL/MAML complexes could
dimerize (223). However, the authors of this study did not address whether the
space between the paired CSL-binding sites would affect the transactivation
strength, nor did they address why the transactivation of Hes1 was weaker in the
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neuroblastoma cell line. Furthermore, N1ICD was the most potent activator and
N3ICD was the weakest activator for both the Hes1 and Hes5 promoters with the
exception that N3ICD was stronger than N4ICD on Hes5 promoter. This might be
due to the presence of a putative zinc finger protein binding site within the Hes5
promoter close to the CSL-binding sites. Thus, transactivation of Hes/Hey
proteins by active Notch signaling is dependent on cellular context, the Notch
paralog that is activated and the characteristics of the DNA sequence within the
promoter region. Combined with the presence of multiple Hes/Hey members, this
allows for tight spatial and temporal control of Hes/Hey protein expression to
mediate tissue-specific responses to Notch signaling. However, it should be
noted Hes1 can also be upregulated by other signaling pathways such as Sonic
hedgehog (Shh), TGF-α, NFκB, and c-Jun N-terminal kinase (JNK) (257-260).
Therefore, elevated expression of Hes1 is not a reliable surrogate for Notch
activation.
C-myc is an essential transcription factor that is estimated to regulate ~ 10-15%
of all cellular genes (261). Recent studies identified c-myc as another gene that
is a direct target of Notch but, interestingly, whether it is mediated by RBPjκdependent or -independent pathways is uncertain (262-267).
Not all Notch activities are mediated by transcription regulation as not all known
NICD interacting proteins are transcription factors (Table 1). One such example
is the finding that N1ICD inhibited JNK activity by preventing its interaction with
JNK interacting protein 1 (JIP1) (268). JIP1 is required for JNK activity following
glucose or oxygen deprivation, but is not required for JNK activation by TNF-α
stimulation. N1ICD was shown to physically interact with JIP1 and prevent the
association of JIP1 with JNK. Consequently, it inhibited glucose deprivationinduced, but not TNF-α-induced JNK activation.
Interestingly, a later study reported that N1ICD could block nutrition deprivationinduced apoptosis by activating the mTOR-Akt signaling pathway (269). Most
interestingly, the cytoplasmic, but not the nuclear, pool of N1ICD was required for
this activity. However, it has been reported previously that activated JNK could
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inhibit Akt activity (270). Therefore, inhibition of JNK activity by N1ICD could
contribute to the activation of mTOR/Akt signaling.
In summary, active Notch signaling can be transduced through multiple pathways
in parallel. Considering that many of Notch target genes themselves are
transcription regulators, and that NICD regulates several signaling pathway
independently of its transactivation activity, it is not surprising that Notch
signaling controls multiple cellular activities, such as cell cycle progression,
apoptosis, cell motility and invasion (235, 271-281).

1.3. Notch in embryonic development and adult tissue
homeostasis
1.3.1 Notch in embryonic development
1.3.1.1 Notch in Drosophila embryonic development
Many mutant Notch alleles have been identified in Drosophila and these can be
classified into three groups: null alleles, recessive visible alleles, and Abruptex
mutations. While null alleles result in total loss of Notch function and recessive
visibles cause a partial loss, Abruptex mutations enhance Notch activity (282).
Since Notch activity during embryonic development in Drosophila is highly dosedependent, the phenotypes displayed from the expression of mutant Notch
alleles range from very mild defects in wing or eye morphology to embryonic
lethality. Complete loss of Notch function from homozygous or hemizygous
expression of null alleles is embryonically lethal with the most striking
abnormality presenting as a prominent ectoderm at the expense of mesoderm. In
addition, there is no clear separation between nerve tissue and the outer
ectoderm, which should be epidermal precursors. In fact, all the ectodermal cells
become neuroblasts (283). Therefore, the Notch locus was called the
“neurogenic” locus. However, the requirement for Notch signaling is not confined
to the development of nervous system, it has been claimed that “there is hardly a
tissue that is not affected by Notch” in Drosophila (284). Nonetheless, the three
best studied phenotypes that represent three different mechanisms of Notch
function are: lateral inhibition, cell fate determination, and dorsal-ventral
boundaries specification.
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Lateral inhibition refers to a regulatory mechanism by which adoption of a
particular phenotype by a cell prevents its neighbours with the same
development potential from adopting the same phenotype. The best example of
this is the separation of neuroblasts from epidermal precursor cells in the
ectoderm during embryonic development, the failure of which produces the
neurogenic phenotype. In the absence of Notch signaling, most of the ectodermal
cells adopt a neuroblast phenotype. In contrast, expressing truncated Notch
proteins that enhance Notch activity can result in neuroblast reduction but
epidermal precursor cell increases (285).
One of the best studied examples of cell fate determination by Notch is
asymmetric cell division during the development of the sensory organ. A sensory
organ precursor (SOP) cell is singled out via lateral inhibition at ~ 4 h of
embryonic development. This SOP cell then divides asymmetrically to produce a
IIa cell and a IIb cell, which then undergo another asymmetric division to produce
a hair cell and a socket cell, or a neuron and a sheath cell, respectively. When
Notch function is disrupted at ~ 5-7 h stage of embryonic development, two or
four cells become neurons at the expense of support cells, depending on the
stage of Notch inactivation. In contrast, overexpression of constitutively active
Notch produces fewer neurons but more support cells (151).
Although the outcomes of lateral inhibition and cell fate decision in neurogenesis
are similar—impaired Notch activity producing more neurons and enhanced
Notch activity resulting in more support cells or epidermal precursor cells—the
control of Notch activity is different (286). For lateral inhibition, it is generally
believed that a cluster of cells starts with equal levels of Notch receptor and
ligand, and consequently, equal Notch signaling. By random or unknown
mechanisms, one cell receives more Notch signaling and down-regulates the
expression of ligand at its plasma membrane. As a result, its neighbour cells
receive less Notch signaling. Through this feedback, the cell receiving more
Notch signaling establishes its identity as a neuron while the cells that receive
less Notch signal differentiate to epidermal precursor cells. In contrast, cell fate
decision starts with asymmetric cell division. Although Notch receptor and Delta
ligand are equally divided between two daughter cells, only one daughter cell
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receives Numb, a negative Notch regulator. Consequently, the daughter cell that
inherits Numb has less Notch activity and becomes a neuron.
The dorsal-ventral (D/V) border of the wing imaginal disc forms the wing margin
in adult Drosophila and the formation of D/V boundary is regulated by Notch.
Dorsal cells express Serrate ligand and ventral cells express Delta ligand. Fringe,
the enzyme mediating glycosylation of Notch receptor, is only expressed in
dorsal cells. Since Fringe inhibits Serrate binding to Notch, dorsal cells receive
less Notch signaling than ventral cells and this difference generates the D/V
boundary formation. Ectopic expression of either Serrate, Delta, or Fringe
disrupts the D/V boundary and yields various wing abnormalities in adult (287).

1.3.1.2 Notch in murine embryonic development
Disruption of Notch function in mice can also cause embryonic lethality; however,
the phenotypes resulting from loss of individual Notch paralogs are different.
In contrast to Drosophila, where Notch shows a clear dose-dependent effect on
embryonic development, heterozygous loss of Notch1 in mice has no noticeable
effect on development and growth (288, 289). However, homozygous Notch1
knockout mice die at embryonic day (ED) ~10.5. Extensive cell death, most
noticeable in, but not confined to, the central and peripheral nerve system, is
observed and may be attributable to growth arrest that occurs before cell death.
In contrast to the strong neurogenic phenotype in Drosophila, loss of Notch
function does not affect neuron growth and differentiation before the embryos
die. Instead, the most striking abnormality is defective somitogenesis.
Homozygous mutant embryos never form more than 16 somites while the wildtype or heterozygous littermates develop 20-25 somites on ED 9.5.
Heterozygous loss of Notch2 also has no effect on the embryonic and postnatal
development,

but

its

homozygous

loss

is

embryonically

lethal

(290).

Homozygous mutant Notch2 embryos die at about the same time as
homozygous mutant Notch1 embryos, and there is also widespread apoptosis on
ED 9.5. Notch2

-/-

embryos differ from Notch1

-/-

embryos in that there is no

apparent defect in early somitogenesis, although significant apoptosis occurs in
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the formed somites. Further, growth retardation in Notch2

-/-

embryos starts one

day later than that in Notch1-/- embryos.
In contrast, Notch3-/- and Notch4

-/-

mice are viable and fertile (291-293), and the

female mutant mice can raise their pups. Although Notch3 does not show genetic
interaction with Notch1, during embryonic development half of Notch1-/-Notch4-/double mutant embryos show a more severe defect than do Notch1-/- single
mutants.
Gene knockout mice with heterozygous/homozygous null mutations of other core
components of the Notch signaling pathway (e.g.,

ligands, RBPjκ, and

presenilin), have also been generated (294-305). Jagged2, Dll3, Presenilin 1
(PS1), and PS2 single homozygous knockout mice survive embryonic
development whereas Dll1, Jagged1, and RBPjκ single homozygous knockouts,
PS1/PS2 double homozygous knockout, and Dll4 heterozygous knockout are
embryonically lethal with incomplete penetrance.
In addition to its essential role in early somitogenesis, Notch signaling has also
been linked to the development of essentially every organ in vertebrates, such as
cardiovascular system, lung, liver, pancreas, kidney, muscle, and nerve system
[reviewed in (306-312)].

1.3.2 Notch in adult tissue homeostasis
In adults, the hematopoietic system, together with skin and gut, are the tissues
with the highest cell turnover rates. To replenish the lost cells, these tissues rely
on the function of rare specialized stem cells that can self-renew as well as
produce all lineages. Notch signaling has been implicated in maintaining the
stem cells of all three systems but this section will only discuss its role in the
hematopoietic system and gut. In addition, the functions of Notch signaling during
angiogenesis, an active biological process that permits tissue growth and
reorganization in adults, will also be discussed in this section.

1.3.2.1 Notch and the hematopoietic system
Early in vitro studies using expression of constitutively active NICD or stimulation
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with Notch ligands showed that active Notch signaling could maintain or even
increase the hematopoietic stem cell (HSC) population (313-316). To investigate
whether canonical Notch signaling is required for maintaining HSCs in vivo,
Duncan et al. first examined the activation status of Notch signaling in HSC using
transgenic mice that express green fluorescence protein (GFP) under the control
of an RBPjκ response element. They found that a strong GFP signal was present
in the HSC niche, suggesting the presence of active Notch signaling in HSC
(317). Then they separated bone marrow cells based on combined expression of
cell surface markers and GFP and compared the in vitro and in vivo colony
forming capacity of GFP-positive vs. GFP-negative cells within the cell population
that expressed HSC/progenitor markers. GFP-positive cells produced colonies
representing more cell lineages than did GFP-negative cells, suggesting that
GFP-positive cells (active Notch signaling cells) represent more primitive
HSC/progenitor cells. Further, they showed that inactivation of canonical Notch
signaling by expressing a dominant negative RBPjκ in cells that expressed
HSC/progenitor cell surface markers accelerated the differentiation of these cells
as evidenced by the expression of lineage-specific surface markers as well as a
65-80% reduction in long-term reconstitution capacity. These results suggest that
canonical Notch signaling is required for the maintenance of HSC.
However, Maillard et al. reported contradictory results from a study that tested
the effect of canonical Notch signaling on the long-term reconstitution capacity of
HSC/progenitors in irradiated hosts (318).

They inactivated canonical Notch

signaling by expressing dominant negative MAML1 or conditional knockout of
RBPjκ in HSC/progenitors. Using a competitor assay in which Notch signaling
defective or control (GFP alone) HSC/progenitors were mixed with normal
HSC/progenitor cells, they found that 20 weeks after transplantation, Notch
signaling inactivation did not impair long-term hematopoietic reconstitution. They
then performed a secondary competitor assay in which purified HSC/progenitor
cells from the hosts of the first competitor assay were transplanted into
secondary recipients. No difference between control and Notch-defective
HSC/progenitors could be found. Furthermore, they found that the expression of
several Notch target genes, including Hes1, c-myc, Runx1, and Dtx1, was very
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low in HSC/progenitor cells. Thus, they concluded that canonical Notch signaling
is not required for bone marrow HSC maintenance.
Additional studies will be required to reconcile these divergent observations.
Nonetheless, if Notch signaling is dispensable for normal HSC maintenance in
vivo, this could provide a therapeutic advantage in situations in which inhibition of
Notch signaling is contemplated (e.g., cancer therapy). However, even if Notch
signaling is not essential for HSC maintenance, it still has an important role in the
hematopoietic system as it is indispensible for the development of T-cells and
marginal zone B-cells [reviewed in (319)]. In addition, Notch signaling might also
regulate the production of other hematopoietic lineages and the specification and
activation of T-cells in circulating blood [reviewed in (319)].

1.3.2.2 Notch in intestine renewal
The intestine in mammals is a tube-like structure lined with a specialized
epithelium that is folded into millions of valley-like structures, termed crypts. The
bottom of each crypt contains 4-6 intestinal stem cells (ISC). During tissue
renewal, ISCs first produce transit-amplifying (TA) cells that undergo rapid
division (twice a day) and migrate towards the upper part of the crypts. When at
the upper part of crypts, TA cells start to differentiate into four distinct cell types—
enterocytes, goblet cells, enteroendocrine cells, and Paneth cells. Enterocytes
absorb nutrients while the other three types of cells are secretory cells. Each
crypt produces ~ 300 cells per day and as a result, the whole epithelium renews
every 5 days [reviewed in (320, 321)].
The indispensable role of Notch signaling in intestine renewal was demonstrated
in two studies published at the same time (322, 323). Using a gain-of-function
approach, Fre et al. conditionally expressed constitutively active N1ICD in
intestinal epithelium (322). The transgenic mice, although born at the expected
ratio, died within 3 days. Analysis of intestinal tissue showed complete loss of
secretory goblet cells in N1ICD-expressing epithelium. In addition, the numbers
of the other two types of secretory cells—enteroendocrine and Paneth cells, were
also reduced. Increased numbers of proliferating cells were observed at the base
of the crypts and increased apoptosis along the disorganized crypts. Since ISC-
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specific protein markers were not used, the authors could not confirm the identity
of the proliferating cells. Nonetheless, the results demonstrate that elevated
Notch1 signaling blocked differentiation in the secretory lineage, especially in
goblet cells.
In contrast, van Es et al. employed a loss-of-function approach to address the
same question and observed the opposite phenotype (323). They first used two
inducible systems to inactivate RBPjκ in adult mice—one specifically in the
intestinal epithelium and the other more universal. They found rapidly
proliferating TA cells were absent, replaced by post-mitotic goblet cells. No
changes in enteroendocrine and Paneth cells were observed. Similar results
were obtained when a GSI was used to block Notch signaling, leading to the
conclusion that Notch signaling is required for maintaining the proliferating cell
population and enterocyte differentiation. As blocking Wnt signaling not only
results in loss of the crypt progenitor compartment but also preferentially
suppresses the differentiation of goblet cells (324), the authors proposed that the
balance between Notch and Wnt signaling determines the cell fate of ISC.
Further, maintenance of the ISC population requires both signaling pathways
with loss of Notch driving ISCs towards goblet cells and loss of Wnt driving ISCs
toward enterocytes.
It was later shown that Notch1 and Notch2 function redundantly to maintain the
intestine homeostasis (325). Inactivation of either Notch1 or Notch2 alone had no
effect on the renewal of intestinal epithelium while inactivation of both receptors
produced the same phenotype as inactivation of RBPjκ. Furthermore, inactivation
of both Notch1 and Notch2 could lead to derepression of two cyclin-dependent
kinase (CDK) inhibitors—p27 and p57, but not p21, via Hes1. Inactivation of p27
alone could not rescue the growth arrest of crypt cells induced by RBPjκ
inactivation. Therefore, the authors proposed that both p27 and p57 contributed
the cell cycle arrest that results from Notch signaling inactivation.

1.3.2.3 Notch in angiogenesis
Angiogenesis is the formation of new blood vessels from pre-existing vessels in
response to the demands of nutrition and oxygen supply. It requires co-ordinated
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control of sprouting, branching, lumen formation and stabilization, and Notch
signaling can direct these processes.
Angiogenesis starts with the activation of some endothelial cells in response to a
VEGF-A stimulus. These cells break from their neighbouring cells and proliferate
to form a new sprout towards the VEGF-A stimulus. The endothelial cells at the
tip of the new sprout adopt a special lumenless phenotype with long dynamic
filopodia and are called tip cells. Following the tip cells are the stalk cells which
form the vascular lumen and are highly proliferative in response to VEGF-A.
While the proliferation of stalk cells elongates the sprout, the fusion of filopodia
from two tip cells mediates the branching of new vessels [reviewed in (326)].
Notch signaling directs the specification of tip cells versus stalk cells. VEGF
signaling up-regulates Dll4 expression (327), therefore, endothelial cells closest
to a VEGF-A source have higher Dll4 levels, resulting in stronger Notch signaling
in their neighbouring cells. Active Notch signaling can autonomously suppress
the tip cell phenotype and, thus specify a stalk cell phenotype (326). Consistent
with this, more endothelial cells adopted a tip cell phenotype when Dll4/Notch
signaling was absent, resulting in a highly branched and hyperfused vasculature
(328-330).
Although the details of how active Notch signaling could suppress the tip cell
phenotype are not yet well understood, it may involve VEGF-Notch negative
feedback in which active Notch signaling upregulates VEGFR1 and downregulates VEGFR2 and VEGF3 expression (330-334). Since VEGFR1 has a
higher affinity compared to the other two receptors, but is a weaker signal
transducer, change in the ratio of VEGFR1/VEGFR2/3 would suppress the
response of endothelium to a VEGF-A stimulus and thus, suppress the tip cell
phenotype.
Dll4 is not the only ligand to regulate the specification of tip versus stalk cells.
Benedito et al. found that Jagged1 functions in an opposite manner to that of Dll4
to promote tip cell generation (335). In this study, angiogenesis was inhibited
when Jagged1 was specifically inactivated in endothelium. Further, in contrast to
Dll4 whose expression is higher in tip cells, Jagged1 was more abundant in stalk
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cells. All three types of Fringe were expressed in endothelial cells, and Fringe
activity was found to enhance Dll4-induced Notch signaling but to inhibit
Jagged1-induced Notch signaling. Thus, high expression of Jagged1 in stalk
cells could compete with Dll4 expressed in the stalk cells to lower the Notch
signaling in tip cells and, consequently, maintain tip cell identity. Expression of
Jagged1 might also help to fine tune Dll4-induced Notch signaling in stalk cells to
maintain an optimized VEGFR level so that stalk cells can still respond to VEGF
stimulus to proliferate.
New sprouts need to undergo remodelling to form functional vascular structures
and this involves the proliferation of stalk cells, establishment of cell-cell
connections between stalk cells, deposition of extracellular matrix, and
recruitment of mural cells [vascular smooth muscle cells (vSMC)) and pericytes].
Notch has been shown to inhibit endothelial proliferation and, in co-ordination
with the stimulatory effect of VEGF signaling, to control the number of endothelial
cells and consequently, the diameter of the blood vessels (334, 336, 337). Active
Notch signaling can also enhance the deposition of extracellular matrix
components and up-regulate the expression of integrin to promote the
endothelium attachment to extracellular matrix (332, 338). Enhanced attachment
to extracellular matrix in turn could inhibit the proliferation of endothelium in
response to VEGF stimulation (339). Notch3 signaling has been reported to be
required for maturation of vSMCs without affecting their proliferation (340).
Formation of functional blood vessels also requires specification of arteriovenous
identity as arteries and veins have different histological and mechanical
properties. Although Notch1 and Notch4 may act redundantly, the Dll4 ligand is
irreplaceable and is required to establish the arterial phenotype within endothelial
cells (292, 299-301). This Dll4-induced Notch function is mediated by
EphrinB2/EphB4 signaling. EphrinB2 and EphB4 is only expressed in arterial and
venous endothelium, respectively, and their interaction specifies the AV identity
of endothelial cells (341). EphrinB2 is a direct target gene of Notch signaling
(342). In Dll4-/- embryos, EphrinB2 was not expressed in the endothelium and
EphB4 was ectopically expressed in dorsal aortae as well as in the cardinal veins
(300). Loss of EphrinB2 expression in endothelial cells and ectopic expression of
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EphB4 in dorsal aortae was also found in RBPjκ-/- and Notch1-/- embryos,
although EphrinB2 expression in all other tissues was normal (299, 343).
Once the new blood vessels have formed, Notch signaling is still required for
maintaining vessel integrity, probably by preventing excessive sprouting.
Consistent with this, extensive spontaneous angiogenesis was observed in adult
mice when RBPjκ was inactivated. This was at least partially mediated by
upregulating VEGFR2 and down-regulating VEGFR1 (334).
Therefore, since Notch signaling is essential for tissue homeostasis in adults,
possible side effects of Notch inhibition should be considered when blocking
Notch signaling is exploited for therapeutic benefits.

1.4. Notch in cancer
Given the important functions of Notch signaling in embryonic development and
adult tissue homeostasis, it is not surprising that aberrant Notch signaling is
associated with several inherited diseases, such as Alagille syndrome and
CADASIL (cerebral autosomal dominant arteriopathy with subcortical infarcts and
leukoencephalopathy) [reviewed in (344)]. Aberrant Notch signaling also has
been implicated in more than a dozen of types of cancer, including T-cell acute
lymphoblastic leukemia (T-ALL), colon cancer, breast cancer, lung cancer, and
malignant glioma.

1.4.1 Notch as an oncogene (in T-ALL)
T-ALL is the prototypical example of oncogenic Notch signaling, and the
establishment of this relationship dates back to the discovery that the DNA
sequence involved in T-ALL [the t(7;9) (q34;q34.3) chromosome translocation] is,
in fact, the first mammalian Notch homolog (human Notch1) (62). This
translocation produces a truncated form of Notch1 that lacks most of the
extracellular domain fused downstream of the promoter/enhancer of the beta Tcell receptor (TCRβ). Consequently, N1ICD is expressed at high levels. When
bone marrow cells transduced with truncated Notch1 were transplanted into
lethally irradiated mice, ~50% of recipients developed immature T-cell leukemia,
confirming that active Notch1 signaling was oncogenic (345).
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Because the t(7;9) translocation occurs in <1% of T-ALL patients, the importance
of Notch signaling in T-ALL was not appreciated until it was later discovered that
more than 50% of T-ALLs harbour Notch1 mutations (346). Most mutations occur
within the NRR or PEST domain. Mutations within the NRR would result in
abnormal activation and mutations within the PEST domain would slow the
turnover of N1ICD. Consequently, both types of mutations result in higher Notch
signaling activity, to varying extents. Most common mutations alone are
insufficient to induce transformation of T-cells although they enhance T-cell
production (347). However, the combination of two types of mutation can
enhance their oncogenic potential, suggesting that transformation by N1ICD is
dose-dependent. In addition, nonleukemogenic mutations can accelerate active
Ras-induced transformation, and interestingly, the resulting T-ALL cells rely on
Notch signaling for their survival. Collaboration between active Ras signaling and
Notch signaling might, at least partially, depend on elevated Notch signaling, as
active Ras signaling itself can induce mutations in the PEST domain of N1ICD
(347, 348), further supporting the dose-dependent effect of Notch signaling.
The dependence of T-ALL maintenance on Notch signaling was demonstrated by
Weng et al. (349) who used GSIs to treat cells derived from T-ALL induced by
N1ICD, or by a truncated Notch1 (N1ΔE) that lacks most of its extracellular
domain but still requires γ-secretase-mediated S3 cleavage for activation. The
growth of N1ΔE T-ALL, but not N1ICD T-ALL, cells was suppressed by γsecretase inhibition and this growth arrest could be rescued by transfection of
N1ICD. Transfection with dnMAML1 inhibited the growth of both N1ΔE T-ALL
cells and N1ICD T-ALL cells, thus establishing the dependence of T-ALL survival
on active Notch signaling and the potential of Notch signaling inhibition as a TALL treatment.
Several mediators of Notch-induced T-ALL have been identified, among which cmyc is the best studied. C-myc is a direct target of active Notch1 signaling,
although whether it is RBP-jκ-dependent or -independent remains to be clarified
(262-267). Expression of N1ICD or of different Notch1 mutants that produce
elevated Notch signaling also induces c-myc expression and, more importantly,
the oncogenic potential of different Notch1 mutants is correlated with their ability
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to induce c-myc expression (347). In addition, many Notch target genes (direct or
indirect) are also regulated by c-myc (264). Furthermore, ectopic expression of cmyc can rescue some, but not all, Notch1-dependent T-ALL cells from Notch
signaling inhibition (262, 265). Therefore, c-myc is an essential mediator of
Notch-induced oncogenesis of T-ALL. In addition, several cell cycle-related
proteins, including cyclin D1, cyclin D3, CDK2, CDK4, CDK6, p21, and p27, have
also been identified as Notch effectors in T-ALL (271, 272, 350-352).
p53, NFκB, and Akt/mTOR have been implicated in regulating apoptosis in
Notch-induced T-ALL (271, 353-355). Notch signaling can suppress p53mediated apoptosis by down-regulating the expression of p19

ARF

, and

consequently, promoting MDM2-mediated p53 degradation (353). In addition,
Notch signaling can enhance NFκB activity through direct interaction with, and
subsequent activation of, IKK. Inhibition of NFκB activity induced apoptosis in TALL cell lines and delayed the onset of N1ICD-induced T-ALL in vivo (354).
However, there are conflicting data regarding the regulation of the Akt/mTOR
pathway. Chan et al. reported that inhibition of Notch signaling suppressed the
mTOR pathway via c-myc instead of Akt (356). Akt phosphorylation and activity
was not affected by Notch inhibition, and ectopic c-myc expression could rescue
mTOR activity from Notch inhibition. In contrast, Guo et al. showed that Notch1
knockdown inhibited Akt phosphorylation (271). This discrepancy might be the
result of using different cell lines as the former study used HPB-ALL and T-ALL-1
cells and the latter used Sup-T1 cells. It should be noted that the canonical
PTEN/PI3K/Akt pathway is disregulated in some T-ALL cell lines due to the
mutational loss of PTEN, and this could account for the resistance of some TALL cells to Notch inhibition (355). However, Medyouf et al. found that only 2 of
13 primary human T-ALL samples (one PTEN positive and one PTEN negative)
were resistant to Notch inhibition (357). They therefore concluded that PTEN loss
alone does not confer resistance to Notch inhibition, although it could provide a
growth advantage over PTEN positive cells.
FBW7 mutations might also underlie T-ALL resistance to Notch inhibition (358).
O’Neil et al. observed that several T-ALL cell lines (e.g., Jurkat, DU528) have
detectable N1ICD, although they lack mutations in the NRR region or PEST
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domain of Notch1. Therefore, they suspected that the elevated N1ICD levels
might result from a failure in turnover. Indeed, in seven human T-ALL cell lines
and 7 of 81 primary human T-ALL samples, they found a mutation in the
substrate-binding

domain

of

FBW7—the

E3

ligase

responsible

for

polyubiquitination-mediated proteasome degradation of N1ICD. The mutant
FBW7 could not bind to N1ICD nor could it promote the degradation of c-myc,
although it could still bind c-myc. Coincidentally, the seven T-ALL cell lines that
expressed a mutant FBW7 were also resistant to GSIs. Thus, the authors
proposed that FBW7 mutations could contribute to the resistance of T-ALL to
Notch inhibition.

1.4.2 Notch as a tumor suppressor gene (in keratinocytes)
Notch acts as a tumor suppressor in some tissues (359-364), among which skin
is best studied.
The tumor suppressor function of Notch1 in keratinocytes was first demonstrated
in a study showing that 95% of mice with Notch1 inactivation specifically in skin
developed basal cell carcinoma-like tumors (365). Loss of Notch1 also
accelerated

the

development

bimethylbenz(a)anthracene

of

skin

tumors

induced

by

7,12-

(DMBA)/12-O-tetradecanoylphorbol-13-acetate

(TPA) treatment, and aberrantly activated sonic hedgehog (Shh) and Wnt
signaling. Combined with their previous observation that Notch1, but not Notch2,
up-regulated p21 expression in keratinocytes, the authors proposed that the
tumor suppressor role of Notch1 in keratinocytes is mediated by p21, Shh, and
Wnt signaling pathways. Similar observations were later made in mice that
expressed dnMAML1 in the epidermis (366).
These observations were later extended to a xenograft model (367). When
keratinocytes infected with a retrovirus expressing active Ras were injected
subcutaneously into mice, no tumors, or only small nodules, were formed.
However, when these cells additionally co-expressed dnMAML1 or were treated
with a GSI, they produced moderately to poorly differentiated carcinomas.
Keratinocytes expressing dnMAML1 did not grow faster in vitro than control cells,
but were less committed to differentiation as determined by the expression of
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differentiation markers, by a reattachment and regrowth assay, and by a
clonogenic assay. In addition, three kinases that act downstream of RhoA and
CDC42 GTPases—ROCK 1/2 and MRCKα, were identified as mediators of
Notch1 tumor suppressor activity. The expression of these three proteins could
be suppressed by ectopic N1ICD or Hes1, and their knockdown could suppress
tumor formation by the keratinocytes that express active Ras and dnMAML1.
All three studies suggest that Notch1 acts as a tumor suppressor in a cell
autonomous manner. However, more recently it was shown that loss of Notch1
promotes keratinocyte transformation in a non-cell autonomous manner by
disrupting skin-barrier integrity and by creating a wound-like microenvironment
(368). To test whether loss of Notch1 acts in a cell autonomous manner, Demehri
et al. took advantage of the Msx2-Cre transgene, whose expression is restricted
to clusters of ectodermal cells from ED 9.5 to ED 13. When Msx2-Cre transgenic
mice were bred with Notch1flox/flox transgenic mice, the Msx2-Notch1 conditional
knockout (Msx2-Notch1 CKO) mice showed a chimeric pattern of Notch1 deletion
in skin keratinocytes with three different types of epidermal territories: one with
complete Notch1 deletion and no hair, one with normal Notch1 expression and
normal hair, and the other between the previous two with mixed Notch1
expression. When DMBA/TPA was applied to the skin of Msx2-Notch1 CKO mice
to induce carcinogenesis, tumors were formed from Notch1-expressing as well
as Notch1-deficient keratinocytes, suggesting that Notch1 expression does not
suppress the keratinocyte transformation in a cell-autonomous manner. Further
analysis of the stroma revealed a defect in the skin-barrier and in the
accumulation of immune cells in the dermis of Msx2-Notch1 CKO mice. In
addition, the fibroblasts in the dermis of Msx2-Notch1 CKO mice displayed a
myofibroblast phenotype and the dermal blood vessels of these mice showed
increased branching and dilation. Furthermore, the levels of two fibroblastderived epidermal growth factors—keratinocyte growth factor and stromal cellderived factor 1, were significantly elevated. All these changes in the dermis
were consistent with a wound-like microenvironment that is known to promote
tumorigenesis. In addition, application of DMBA alone could produce skin tumors
in Msx2-Notch1 CKO mice, but application of TPA alone could not, suggesting
loss of Notch1 promotes, but does not initiate, the tumor formation.
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Consistent with these mouse studies, the expression of Notch1 and its target
genes, such as Hes1, is lower in human squamous cell carcinomas compared to
normal skin (367, 369). Therefore, there is compelling evidence that loss of
Notch1 can promote the transformation of keratinocytes. Whether this is
mediated by a direct effect on keratinocytes, as is the case with classical tumor
suppressors, by the non-cell autonomous effect of creating a wound-like
microenvironment, or by combination of both, requires further clarification.

1.4.3 Notch and cancer stem cells (brain tumor)
A cancer stem cell (CSC) is defined as “a cell within a tumor that possess the
capacity to self-renew and to cause the heterogeneous lineages of cancer cells
that comprise the tumor” (370). Putative CSCs were first identified in the 1990s in
the hematopoietic system [reviewed in (371)], and later in breast cancer, glioma
(372, 373), and in an increasing number of solid tumors [reviewed in (374)].
Given the importance of Notch signaling in regulating normal stem cells in adult
tissues, and the close similarity between CSCs and normal adult tissue stem
cells, it is not surprising that Notch signaling has been implicated in regulating the
‘stemness’ of many types of CSC (375-382). This section will briefly discuss the
role of Notch signaling in the regulation of brain tumor stem cells.
The brain CSC was first identified using a non-adherent serum-free culture
system that produces floating spheroid cell masses called neurospheres (372,
383). Neurospheres are enriched for CD133+ cells, and CD133+ cells can form
neurospheres whereas CD133- cells do not. As few as 100 CD133+ cells could
form brain tumors that recapitulated the phenotype of the tumors from which they
were derived, whereas 100,000 CD133- cells could not form tumors although
some could survive after injection into mouse brain. Therefore, brain CSCs are
defined as cells that are capable of forming neurospheres and/or are CD133+.
However, the reliability of CD133 status for identifying brain CSCs has been
challenged (384).
To examine the importance of Notch signaling in brain CSC, Fan et al. used a
GSI—GSI-18, to block Notch signaling in CSCs derived from medulloblastoma, a
type of embryonal brain tumor that is the most common malignant brain tumor in
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children (385). They found higher expression of Hes1 mRNA in the CD133+
subpopulation, consistent with active Notch signaling in the CSC subpopulation.
GSI-18 inhibition of Notch signaling reduced the CD133+ subpopulation three-fold
whereas N2ICD overexpression increased the CD133+ subpopulation two-fold.
Notch inhibition also reduced the clonogenicity of a medulloblastoma cell line by
90% and as well, suppressed its growth as a xenografted tumor. The same group
later reported similar findings with CSCs derived from glioblastoma, the most
common brain cancer in adults (386). Consistent with this, Zhang et al. reported
that ectopic expression of N1ICD increased the neurosphere forming capacity of
SHG44 glioblastoma cells without affecting their differentiation potential (387).
Notch signaling has also been reported to protect brain CSC from radiation (388).
Here, it was shown that Notch signaling was activated by radiation and that
blocking Notch signaling after radiation treatment inhibited the adherent growth of
CD133+ glioma cells as well as their ability to form neurospheres. This effect was
mediated by reduced activation of the PI3K/Akt signaling pathway and reduced
expression of Mcl-1, an anti-apoptotic protein. Consequently, apoptosis was
increased without any significant effect on the activation of DNA damage
responses.

Ectopic

expression

of

N1ICD

or

N2ICD

attenuated

the

radiosensitizing effect of GSI, whereas knockdown of Notch1 or Notch2
sensitized CD133+ glioma cells to radiation. The radioprotective effect of Notch
was restricted to the CSC subpopulation of glioma cells as GSI treatment did not
affect the radioresponse of CD133- cells. Taken together, these observations
suggest that Notch signaling plays a general role in maintaining the stemness of
CSC and protects them from environmental insults.

1.5. Notch in mammary gland development and breast cancer
1.5.1 Notch in mammary gland development
Most of the mammary gland in female mice develops postnatally and undergoes
cycles of growth, maturation, and regression with each pregnancy as illustrated
in Figure 1-5 [reviewed in (389)]. At birth, only an undeveloped ductal structure is
formed in the mammary gland. A specialized structure—the terminal end bud
(TEB), composed of a layer of cap cells at its tip and several layers of body cells,
starts to appear at the tips of the ductal structure at ~ week 3 (Figure 1-6). Cap
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cells at the tip of TEB are highly proliferative and this proliferation leads to the
growth of the TEB and the ductal structure. With the elongation of the ductal
structure, the cap cells at the trailing edge of the TEB differentiate into
myoepithelial cells while the body cells differentiate to luminal cells. At week 1012, the TEB reaches the edge of mammary fat pads and start to regress. With
the onset of the estrous cycle, the ductal structure starts to form lateral buds and
alveolar buds in response to the cyclic secretion of ovary hormones. However,
branching morphogenesis as a result of massive growth of lateral buds only
starts with pregnancy and is completed by the middle of pregnancy. At the same
time, many alveolar buds form which will develop into secretory alveoli during the
second half of pregnancy. At weaning, the gland undergoes a process involving
massive apoptosis and remodelling to return to the pre-pregnancy state.
The involvement of Notch signaling in mammary gland development was first
demonstrated in a transgenic mice model in which over-expression of active
N4ICD under control of mouse mammary tumor virus (MMTV) long terminal
repeats (LTR) disrupted normal mammary gland development (390). When a
truncated form of Notch4 that is produced by MMTV insertion was expressed in
virgin female mice, the ductal structures that normally fill entire mammary fat
pads occupied only about 15-20% of the area. In addition, the leading ductal
structures lacked the end buds at their tips. This defect in ductal growth was an
intrinsic characteristic of mammary epithelium, and was not due to a defect in the
supporting stroma. Exposure of the N4ICD transgenic mice to pregnancyassociated hormones resulted in ductal structures that could grow and branch to
fill entire fat pads but they could not differentiate into functional secretory lobuloalveolar structures.
Transgenic mice over-expressing N1ICD or N3ICD under the regulation of MMTV
LTR (391) also showed impaired mammary gland development, but the defects
were different from those seen in N4ICD transgenic mice. In MMTV-N1ICD virgin
mice, the ductal structures were apparently normal, however, branching
morphogenesis during pregnancy was perturbed. Compared to normal mice, the
tertiary braches in MMTV-N1ICD and transgenic mice were shorter with fewer
alveoli extended from them. Furthermore, there was limited lobular-alveolar
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development although no functional secretory alveoli were generated. The
overall phenotypes of mammary gland development in MMTV-N3ICD transgenic
mice were similar to those in MMTV-N1ICD. However, there was a clear
difference during late pregnancy as lobular-alveolar development was enhanced
in MMTV-N3ICD but impaired in MMTV-N1ICD transgenic mice. The molecular
basis for this difference is unclear.
Although these transgenic mice studies clearly demonstrate that aberrant Notch
signaling disturbs mammary gland development, they do not substantiate a
requirement for Notch during mammary gland development. In fact, Notch3-/- and
Notch4-/- mice can feed their pubs. It is not known whether depletion of Notch1 or
Notch2 can affect mammary gland development as homozygous inactivation of
Notch1 or Notch2 is embryonically lethal. To address this question, Buono et al.
inactivated RBPjκ or POFUT1 specifically in the mammary gland by using Cremediated recombination under the regulation of MMTV LTR to avoid the possible
compensation among Notch paralogs in mammary gland development (392).
However, since the MMTV-Cre was also expressed in several tissues other than
mammary gland, including hematopoietic cells, the mice did not survive for more
than a few weeks. Therefore, the authors examined the development potential of
mammary epithelium from these mice by transplanting the epithelium to the
mammary fat pads of wild-type mice whose mammary epithelium was removed
before transplantation.
The transplanted epithelium grew into full ductal structures within eight weeks,
suggesting Notch signaling is not required for the early development of mammary
gland in virgins. However, the lobular development during middle to late
pregnancy was severely impaired, although branching morphogenesis during
early pregnancy was largely not affected. By immunohistochemical analysis, it
was found that the defect in lobular development was the result of an imbalance
between the two cell lineages. The “alveoli” were composed of clusters of basal
myoepithelial cells with few luminal cells. Furthermore, the authors showed that
the absence of luminal cells was not only the result of lack of proliferation of
luminal cells, but was also due to trans-differentiation of luminal cells to
myoepithelial cells. Therefore, Notch signaling might control the lineage
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maintenance in mammary gland as well as promote the growth of luminal cells,
but it suppresses the proliferation of basal myoepithelial cells. It should be noted,
however, that Notch signaling in mammary gland development might only be
essential within a narrow temporal window as inactivation of RBPjκ does not
affect ductal growth during early pregnancy. In addition, inactivation of
RBPjκ during middle to late pregnancy using WAP-Cre had no apparent effect on
mammary gland development (393).
The lineage specification role of Notch signaling in mammary gland development
is supported by two in vitro studies (394, 395). Both studies reported that when
Notch signaling was blocked in the bipotent progenitor cells using GSIs or
dnMAML1, more myoepithelial cells but fewer luminal progenitor cells were
produced. However, Raouf et al. suggested that Notch3 signaling is important for
luminal differentiation (395), whereas, Bouras implied that it is Notch1 signaling
that promotes the differentiation of bipotent cells to the luminal lineage (394).
Taken together, the function of Notch signaling in mammary gland development
could be summarized by the following model: Notch signaling is inactive in the
mammary gland in the absence of pregnancy. During early pregnancy, hormone
changes in the local environment up-regulate the expression of Notch 1-3 and
activate Notch signaling. Consequently, active Notch signaling promotes the
differentiation of bipotent cells along the luminal lineage. Luminal differentiation,
combined with the proliferation of luminal cells stimulated by other signaling
pathways, such as hormone receptor signaling pathway, possibly in concert with
active Notch signaling, induces the development of secretory lobular-alveolar
structures. Among the four Notch paralogs, Notch3 signaling might be the most
competent, but it is not the only one capable of inducing luminal differentiation.
When Notch signaling is inactivated by depleting RBPjκ during early pregnancy,
luminal differentiation is blocked but cell proliferation might not be affected. As a
result, the mammary epithelium will be composed of mainly myoepithelial cells.
However, by middle pregnancy luminal differentiation may have already finished.
Therefore, inactivation of Notch signaling by depleting RBPjκ would have no
effect on mammary gland development. In addition, since Notch4 might not be
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required for any aspect of normal mammary gland development, and Notch1 may
be able to compensate for the loss of Notch3 or Notch4, mice without Notch3 or
Notch4 might have no overt abnormality in mammary gland development.
On the other hand, constitutive activation of Notch3 signaling by expression of
active N3ICD might enhance luminal differentiation and, at the same time, might
suppress myoepithelial differentiation by depleting bipotent cells. Since
myoepithelial cells are required for branching morphogenesis, overexpression of
N3ICD in the mammary gland would result in impaired branching morphogenesis
but enhanced lobular-alveolar development. Notch1 signaling may have some
overlapping, but still distinct, functions with Notch3 signaling or it may be weaker
in promoting luminal differentiation. Thus, when active N1ICD is expressed under
the regulation of MMTV LRT, it competes with N3ICD, whose level now would be
lower than N1ICD, for common components of Notch signaling such as RBPjκ
and MAMLs. Therefore, Notch1 signaling could still induce incomplete luminal
differentiation

but

could

also

suppress

myoepithelial

differentiation.

Consequently, there could be developmental defects in both branching
morphogenesis and alveolar development. When N4ICD is over-expressed in
mammary gland, it inhibits both N1ICD and N3ICD signaling. Consequently,
there would be no luminal differentiation or lobular-alveolar development, but
branching morphogenesis would not be affected.
Although the working model proposed here explains most the phenotypes
associated with the inactivation or ectopic activation of signaling by individual
Notch homologs, it still needs to be confirmed by manipulating the signaling of
individual homologs in a temporally and spatially well-controlled manner.
Although the conditional knock-in and knock-out mouse models that have been
developed provide limited spatial control, they cannot be used to manipulate
Notch signaling in a temporally-controlled manner. Therefore, new research
approaches need to be developed.

1.5.2 Notch in breast cancer
A possible link between Notch and breast cancer was first noted when Notch4
was found to be a hot spot for MMTV insertional mutagenesis, resulting in high
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N4ICD expression levels (396-398). Later, transgenic mice expressing
constitutively active N1ICD, N3ICD, or N4ICD specifically in mammary epithelium
all developed mammary gland carcinomas, thus confirming that aberrant Notch
signaling could induce breast tumorigenesis (391, 399).

1.5.2.1 Activation of Notch signaling in breast cancer
Unlike in T-ALL, a chromosomal translocation involving Notch loci or an
activating mutation has yet to be reported in breast cancer. In fact, among 48
breast cancer samples, only one nonsense mutation in the PEST domain of
Notch2 that leads to PEST deletion was found when the NRR and PEST domain
were sequenced (400). No mutations in the other three Notch receptors were
observed. However, as will be discussed later, Notch2 activation might suppress,
rather than promote, breast tumorigenesis. This raises the critical question of
how oncogenic Notch signaling could be activated in breast cancer. Two
possibilities have been proposed: 1) high expression of Notch receptors and/or
ligands, and 2) loss of the negative regulator, Numb.
Using immunohistochemical staining, Rizzo et al. examined the expression of
Notch1, Notch4, Jagged1, and Dll1 in 4 normal breast tissues, 5 hyperplasias of
usual type (HUT), 27 ductal carcinomas in situ (DCIS), 27 infiltrating ductal
carcinoma (IDC), and 14 infiltrating lobular carcinomas (ILC) (401). None of the
normal breast tissues expressed high levels (defined as 3+) of Notch1 or Notch4.
In contrast, 80% of HUT, 67% of DCIS, 89% of IDC, and 57% of IFC expressed
high Notch1 levels. High Notch4 levels were not detected in any HUT or DCIS
samples, but were present in 81% of IDC and 93% of IFC. The expression of
Jagged1 and Dll1 was not examined in normal tissues, HUT, or DCIS, but 78% of
IDC and 64% of IFC expressed high Jagged1 levels. Interestingly, the
proportions of samples with high levels of DLL1 expression were exactly reverse
of those of Jagged1. However, the authors did not note whether Jagged1 and
Dll1 were expressed in a complementary manner. Nonetheless, the coupregulation of Notch receptors and ligands could possibly lead to elevated
Notch signaling.
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Another intriguing possibility is that loss of Numb activates Notch signaling.
Numb was found to be absent or at low levels in ~50% of breast cancer samples
due to enhanced polyubiquitination-mediated proteasomal degradation (402).
Since Numb is a negative regulator of Notch signaling, Pece et al. examined
Notch1 protein levels and its subcellular distribution in primary cell cultures of
breast cancer tissues. They found that although no clear nuclear Notch1 signal
could be identified under normal conditions, treatment with a proteasome
inhibitor, MG132, resulted in strong accumulation of Notch1 signal in the nuclei of
cells without Numb, but not in cells with normal Numb expression. This
suggested that Notch1 was activated in the absence of Numb, but that N1ICD
was rapidly degraded. This is consistent with the rapid turnover of NICD.
Furthermore, they showed that in cells without Numb, endogenous Hes1 mRNA
levels and the expression of a reporter gene driven by an RBPjκ-response
element were higher than in cells with normal Numb protein levels. Finally, they
showed that treatment with a GSI, DFP-AA (also known as Compound E), or
ectopic expression of Numb, suppressed the clonogenic growth of cells without
Numb, but not that of cells with normal Numb levels. Therefore, loss of Numb
activated Notch1 signaling, which in turn, conferred clonogenic growth capacity
to the cells. Consistent with this, Stylianou et al. detected N1ICD in the total
protein extracts of breast cancer tissues from which Numb was absent (403). In
addition, they showed readily detectable N1ICD levels in seven breast cancer
cell lines.
Nicastrin, one of the components of the γ-secretase complex, was found to be
elevated in ~50% of breast cancer samples, suggesting that enhanced γsecretase activity might also contribute to aberrant activation of Notch signaling
in breast cancer (404). However, the authors did not investigate whether nicastrin
expression levels were correlated with the levels of active Notch signaling.
Multiple mechanisms might contribute to the aberrant activation of Notch
signaling in breast cancer. However, given that activating mutant Notch alleles in
T-ALL are only weak transformers, it remains to be determined whether high
levels of Notch receptors and ligands, high nicastrin expression or loss of Numb
can generate enough active Notch signaling for breast oncogenesis. In addition,
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it remains to be determined whether active Notch signaling is the major effector
of loss-of-Numb-induced tumorigenesis as Numb has recently been reported to
regulate p53 and hedgehog activity independent of Notch (405, 406).

1.5.2.2 Notch and breast cancer progression
Nonetheless, the significance of aberrant Notch signaling in human breast cancer
has been demonstrated by the association of high Notch receptor and ligand
expression levels with poor clinical outcomes. Reedijk et al. used RNA in situ
hybridization to probe expression of four Notch receptors and five canonical
Notch ligands in two cohorts of breast cancer samples obtained from 50 or 192
patients (407). High expression samples were identified as those whose signal
intensity was in the highest quartile of the signal intensity range for individual
probes. High expression of Jagged1, Notch1, or Notch3 correlated with
increased mortality within the 50 patient cohort. Similar results were observed in
the 192 patient cohort, with the 5-year survival rates for the high vs. low
expression groups being 42% vs. 65% for Jagged1, 49% vs. 64% for Notch1,
and 48% vs. 61% for Notch3. In addition, statistically significant differences in
median survival times were found between the Jagged1 and Notch1 high and low
expression groups.
Zang et al. also reported elevated levels of Notch receptor and ligand mRNA in
breast cancer samples (408). However, higher mRNA levels could be due to a
passenger effect, and do not necessarily translate to higher protein expression.
Indeed, Reedijk et al. later found no correlation between Jagged1 mRNA and
protein levels in a group of 127 breast cancer samples (409). Interestingly, they
found high levels of either Jagged1 mRNA or protein were associated with poor
clinical outcomes although they identified distinct subgroups among these
patients. Furthermore, in an expanded study that included 887 lymph nodenegative breast cancer patients, Jagged1 expression still had predictive value
(410). In addition, they found high Jagged1 mRNA, but not protein, levels among
basal-like breast cancer samples. Therefore, at least in the case of Jagged1,
high transcript levels should not be used as surrogate markers of active Notch
signaling.

62

It should be noted that different Notch paralogs can play different, even
opposing, roles in breast cancer, a fact that complicates the design of therapeutic
strategies to block Notch signaling. Parr et al. reported that high Notch2 mRNA
expression levels were associated with good clinical outcomes whereas a
reverse relationship pertained to Notch1 expression, thus suggesting a tumor
suppressor role for Notch2 in breast cancer (411). This hypothesis was
confirmed by O’Neill et al. who showed that ectopic expression of active N2ICD
in breast cancer MDA-MB-231 cells retarded cell growth and induced apoptosis
in vitro whereas ectopic expression of N4ICD enhanced cellular proliferation
(412). Similar to their effects in vitro, Notch2 and Notch4 signaling elicited
opposite effects on the growth of MDA-MB-231 cells as tumor xenografts. It is
interesting to note that while there are no reports of transgenic mice constitutively
expressing active N2ICD specifically in mammary epithelium, expression of the
other three Notch paralogs in mammary epithelium results in the development of
mammary gland carcinoma.

1.5.2.3 Dependence of breast cancer on Notch signaling
Several studies also have demonstrated that breast cancer cells rely on Notch
signaling for their survival and proliferation. Yamaguchi et al. examined the effect
of Notch1 or Notch3 knockdown on the growth of breast cancer cell lines (413)
and found that although Notch1 knockdown had only a slight effect, Notch3
knockdown significantly impaired the growth of HER2/neu negative, but not
positive, cells. Knockdown of RBPjκ, Jagged1 or Jagged2 also produced in
similar results. They therefore concluded that Notch3 signaling is essential for the
growth of HER2/neu negative cells. In contrast, others have shown that
knockdown of Notch1 by siRNA inhibits breast cancer cell growth (401, 414,
415). These discrepancies might be due to different knockdown efficiencies, or
might suggest that the cell growth inhibition was due to an off-target effect.
γ-secretase inhibition of Notch signaling has also been shown to inhibit cell
growth (401, 408, 416). Each of these three studies reported that z-Leu-Leu-NleCHO, commonly referred as GSI I, could induce cell cycle arrest and apoptosis in
breast cancer cells, with ER- cell lines being more sensitive. Combined with the
observation that HER-2/neu- breast cancer cells are more sensitive to Notch
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inhibition, the observation that ER- cells are also more sensitive to Notch
inhibition is very interesting as currently there are no effective treatments against
triple negative breast cancer. More intriguingly, two of three studies showed that
GSI I could inhibit the growth of breast cancer xenografts at a dose that showed
no significant systemic toxicity, including no sign of goblet hyperplasia in
gastrointestinal (GI) tract (401, 416). Since GSI I is derived from a proteasome
inhibitor, MG132 (z-Leu-Leu-Leu-CHO), and has been reported to be a broad
chymotryptic and aspartyl protease inhibitor (417), Lee et al. also used a second
GSI, z-Ile-Leu-CHO, to demonstrate that the cytotoxicity of GSI I in breast cancer
cells was due to Notch signaling inhibition (416). On the other hand, Rizzo et al.
claimed that no proteasome inhibition was observed at the dose that killed breast
cancer cells, although data was not shown (401). Together, these two studies
provide the strongest support to date for using GSIs to block Notch signaling in
breast cancer.
As described above, Notch inhibition is more effective in inhibiting the growth of
breast cancer cells that do no have amplification of HER-2/neu and that are ER
negative, suggesting that there might be cross-talk between Notch signaling and
HER-2 and ER signaling pathways. Ospio et al. investigated this possibility first
by examining the transactivating activity of Notch under conditions in which HER2 signaling levels differed (414). They found that ectopic expression of HER2/neu in MCF-7 cells suppressed Notch transactivation activity six-fold, and
inhibition of HER-2 signaling with trastuzumab, a humanized mouse monoclonal
antibody against HER-2, increased Notch transactivation activity two-fold in
SKBR3 cells, and five-fold in BT474 cells, two breast cancer cell lines with
amplified HER-2/neu. In addition, a dual EGFR/HER-2 kinase inhibitor, TKI,
increased Notch transactivation activity three-fold. This was mediated by
increased Notch1 activation as HER-2 inhibition decreased membrane-tethered
Notch1 protein but increased N1ICD levels and its nuclear accumulation. The
combination of trastuzumab or TKI with a GSI—LY411,575 or MRK-003, showed
a stronger effect on the growth of HER-2/neu positive cells than use of either
reagent alone, while knockdown of Notch1 sensitized both sensitive and resistant
BT474 cells to Trastuzumab. The same group later reported similar cross-talk
between the ER and Notch signaling pathways (401).
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1.5.2.4 Notch and breast CSC
Putative breast CSCs were first identified by using cell surface markers (ESA+
CD44+ CD24-/low lineage-) (373). Cells expressing this signature were >50-fold
more tumorigenic than cells that did not, and the tumors formed by these cells
recapitulated the phenotype of the initial tumor. Later, putative CSCs were
isolated from primary breast cancer samples and expanded using a nonadherent serum-free cell culture system, producing a spheroidal cell mass called
a mammosphere (418). Tumorigenic cells were enriched in mammospheres
more than 100-fold and more than 95% of mammosphere cells were CD44+
CD24-/low. Although the usefulness of CD24 status in distinguishing between nonCSCs and CSCs in breast cancer has been questioned (419), breast cancer cells
capable of forming mammospheres and/or expressing CD44+ CD24-/low are
commonly regarded as breast CSC.
The importance of Notch signaling for the maintenance of breast CSC was first
appreciated by Farnie et al., who examined the factors that affect the ability of
breast cancer cells to form mammospheres (382). They found that treatment with
a GSI—DAPT, reduced primary breast cancer cells’ mammosphere forming
efficiency (MFE). Furthermore, treatment with a human Notch4 antibody reduced
MFE to an extent greater than did treatment with DAPT, suggesting Notch4
signaling was involved in maintaining the stemness of breast CSC. This
observation also suggests that either some unidentified γ-secretase substrates
antagonized Notch4 activity or that the Notch4 polyclonal antibody had some offtarget effect.
Harrison et al. also reported that Notch4, but not Notch1, signaling is important
for regulating breast CSC activity (379). They isolated ESA+CD44+CD24-/low cells
from two breast cancer cell lines, MCF-7 and MDA-MB-231, and compared
Notch1 and Notch4 levels in the CSC subpopulation with those in the other
subpopulations. They found that Notch1 levels were lower, and Notch4 levels
higher, in CSC as compared to the other subpopulations. Furthermore, they
showed that Notch1 positive cells were in the luminal cell layer within breast
cancer tissues, whereas the Notch4 signal was more dominant in the basal cell
layer in which breast cancer stem cells are presumed to be located. In addition,
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they found that while Notch1 was expressed in the majority of cells in invasive
breast tumors, Notch4 expression was greater in the invasive cancer cells
themselves. Finally, in MCF-7 cells, Notch4 knockdown produced a greater
reduction in the MFE and tumorigenic potential in xenografts than did Notch1
knockdown. They therefore concluded that Notch4 is more important than Notch1
in maintaining breast CSC. However, the anti-Notch1 and anti-Notch4 antibodies
they used do not specifically recognize the active NICD, and treatment with GSIs
only reduced the signal of “N1ICD”, but not that of “N4ICD”, in both MCF-7 and
MDA-MB-231 cells, raising concerns about the validity of their observations.
While the relative importance of Notch3 was not examined in the studies noted
above, others have found it to be very important for regulation of breast CSC
activity (420). Sansone et al. studied the effect of p66Shc, a mammalian
longevity regulator, on the self-renewal potential and hypoxia tolerance of stem
cells from normal breast and breast cancer tissues. They found p66Shc was
induced by hypoxia and that high levels of p66Shc protected breast cancer cells
from hypoxia and promoted the self-renewal of mammospheres derived from
both normal and breast cancer tissues. Notch3 was identified as the mediator of
this regulation. Its knockdown reduced the ability of primary mammospheres to
form secondary mammospheres, and reduced the survival of mammospheres
under hypoxic conditions. Among the four Notch paralogs, only Notch3 was upregulated by p66Shc.
Notch signaling has also been suggested to be radioprotective (421). Phillips et
al. reported that breast CSC are relatively radioresistant, and that fractionated,
but not single, doses of γ-radiation increased Jagged1 and N1ICD levels,
suggesting that active Notch signaling protects CSC from radiation damage.
However, trypsin/EDTA was used to prepare the cell samples and EDTA is
known to activate Notch by depleting extracellular calcium (80). Therefore,
artefacts could have been introduced during sample preparation.

1.5.2.5 RBPjκ-independent tumorigenesis
Few studies have addressed the relative contributions of RBPjκ-dependent and independent Notch activities to tumorigenesis and cancer cell survival.
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Involvement of RBPjκ-independent Notch activity during transformation was first
proposed ten years ago in studies that identified ANK repeats as the minimum
domain required for Notch1-induced transformation in E1A (an Epstein-Barr virus
protein) immortalized rat kidney cells (RKE) (234, 422). Recently, more
compelling evidence in support of RBPjκ-independent tumorigenesis was
reported (393) by Raafat et al. who developed transgenic mice (WAPN4ICD/RBPjκ knockout) that express N4ICD and Cre under the control of the
whey acidic protein (WAP) promoter and a floxed RBPjκ (393). RBPjκ will be
knocked out when N4ICD expression is activated during middle and later
pregnancy. In contrast to the previous report of impaired mammary gland
development in WAP-N4ICD mice, WAP-N4ICD/RBPjκ knockout mice showed
no mammary gland developmental defects and could nurse their pups. However,
WAP-N4ICD/RBPjκ knockout mice still developed mammary gland carcinomas,
suggesting that N4ICD’s oncogenic activity and its function in mammary gland
development could be separated, and that the oncogenic activity is RBPjκindependent. However, the requirement for RBPjκ cannot be completely ruled
out as there might be a narrow temporal window in the mammary epithelium
during which elevated N4ICD is present with RBPjκ before the already expressed
RBPjκ protein is degraded. In addition, it should be noted that the latency of
tumor formation in WAP-N4ICD/RBPjκ knockout mice was longer than that in
WAP-N4ICD mice. Therefore, the canonical Notch signaling pathway might still
be involved in biological processes relevant to tumorigenesis.
Whether the RBPjκ-independent tumorigenic activity described for Notch4 is a
property that applies to other Notch paralogs, and/or in other types of cancers
remains to be determined. However, it has been reported that inhibition of NFκB
signaling pathway could delay the onset of T-ALL (354). The activation of NFκB
signaling in T-ALL was at least partially RBPjκ-independent as there was direct
interaction between N1ICD and IKKα. Given that the transformation potential of
N1ICD in T-ALL is dose-dependent (347), it is tempting to speculate that there is
a threshold NICD level for Notch-induced tumorigenesis, at which NICD could
activate several non-canonical Notch signaling pathways by its interaction with
several proteins (as listed in Table 1) or some yet-to-be-identified partners. At
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very low levels, NICD might only activate canonical RBPjκ-dependent signaling
pathways, while at increasing levels, NICD might activate other signaling
pathways, and it is this co-operation of several signaling pathways that mediates
the tumorigenic activity of Notch signaling. Lack of any one of the participating
signaling pathways, such as the RBPjκ-dependent canonical signaling pathway
or NFκB signaling pathway, would only delay, but not completely block, Notchinduced tumorigenesis.
Several signaling pathways could participate in this process in addition to NFκB.
For example, N4ICD has been shown to interact with Smad 2-4, especially Smad
3, to inhibit TGFβ signaling (423), and TGFβ signaling suppresses the
progression of early stage breast cancer due to its anti-proliferative activity
[reviewed in (424)]. N1ICD has been shown to associate with YY1 to activate the
expression of c-myc, possibly independently of RBPjκ (263, 267), and elevated
c-myc has long been associated with breast cancer initiation and progression
[reviewed in (425)]. In addition, N1ICD was reported to interact with JIP1 to
inhibit the activation of JNK (268). Inhibition of JNK could result in multiple,
sometimes opposite, phenotypes in breast cancer cells and mammary
epithelium, one of which is the formation of tumor-like disordered assemblies of
cells during mammary gland acini formation (426).
Better understanding the contribution of RBPjκ-independent signaling pathways
to Notch-induced tumorigenesis would not only help us to appreciate how
aberrant Notch signaling promotes the development of cancers, but also help us
to develop new strategies to treat these diseases. For example, it is not known
whether RBPjκ-independent non-canonical Notch signaling is required for the
survival of Notch-dependent tumor cells. If this were the case, blocking RBPjκindependent non-canonical Notch signaling might avoid, or attenuate, the side
effects associated with inhibition of RBPjκ-dependent Notch activity, such as
impaired T cell development and goblet hyperplasia associated secretory
diarrhea.

1.6. Notch as therapeutic target
Several reagents/approaches have been used to block Notch signaling in cell
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culture or in animals, including GSI, dnMAML1, neutralizing antibodies, and RNA
interference (RNAi). Among them, GSI is the most widely used, and there are at
least three clinical trials registered at ClinicalTrials.gov using GSI alone, or in
combinations with other chemotherapy drugs, to treat breast cancer.

1.6.1 GSIs
1.6.1.1 Classification of GSIs
Due to their potential use in battling the neurodegenerative disease, specifically
Alzheimer’s disease, considerable effort has been made to develop potent and
specific GSIs. As a result, more than 100 GSIs have been reported or disclosed
in the literature or in patent applications. Most of these can be classified into
three types based on their structure – peptide isosteres, azepines, and
sulfonamides [reviewed in (427)].
Peptidic

isostere

inhibitors

include

difluoroketone,

difluoroalcohol,

and

hydroxyethylene, and their analogs [reviewed in (427)]. They contain classic
aspartyl protease transition state-mimicking moieties and bind to the catalytically
active site of the complex. Therefore, they are also called transition state
analogs, and they have been extremely useful in deciphering the structure and
catalytic mechanism of the γ-secretase complex. They have also helped to prove
that two aspartates of presenilin 1—D257 and D385, confer the aspartate
protease activity to the γ-secretase complex. In addition, the non-competitive
binding between these transition state analogs and γ-secretase substrates
indicates that the substrate binding sites and catalytic active sites are distinct
sites within the γ-secretase complex. However, they are not suitable for in vivo
experiments due to their peptidic nature, although they could be used in cell
culture. L-685,458 is the best known example of this type of GSI with an in vitro
half maximal inhibitory concentration (IC50) = 17 nM (428).
Both azepine GSIs and sulfonamide GSIs are non-transition state analogs, and
azepines generally contain an aminolactam coupled to a dipeptide mimetic.
Since azepine GSIs and sulfonamide GSIs bind to the γ-secretase complex
competitively with each other, but not with transition state analog GSIs, it is
believed that they bind to a site other than catalytically active site.
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Despite the discovery of more than 100 different GSIs, fewer than ten of them
are widely used in cancer research due to the fact that most are not commercially
available. Azepines, such as DAPT (IC50 = 20 nM) (429), Compound E (IC50 = 0.3
nM) (430), and LY-411575 (IC50 = 78 pM) (431), have been widely used in cell
culture and animal studies, and one azepine GSI, LY-450139, is being tested in
phase III clinical trials for Alzheimer’s disease [reviewed in (432)]. In contrast,
sulfonamide GSIs have not been as widely used, probably because they were
developed later than azepines. However, one sulfonamide GSI, MK-0752, is
being tested in three clinical trials involving breast cancer patients.

1.6.1.2 Specificity of GSIs
The major problem associated with GSIs use is their lack of specificity at three
levels: protease inhibition, substrate specificity, and paralogs targeting.
1.6.1.2.1 Specificity at the protease level
Some well characterized and potent GSIs, including L-685,458 and LY-411575,
are known to bind and inhibit signal peptide peptidases (SPPs), a family of
closely-related presenilin aspartyl proteases that clear signal peptides after they
are removed from new synthesized secretory or membrane proteins (433, 434).
Fewer than ten SPP substrates have been identified, including tumor necrosis
factor α (TNFα) and Fas ligand, with the biological consequences of SPPmediated clearance largely unknown [reviewed in (435)]. However, knockdown of
SPP and SPPL3 in zebrafish resulted in cell death within the nerve system and
knockdown of SPPL2 caused caudal vein enlargement, indicating SPPs do have
important biological functions (436).
A recent study by Yan et al. suggests that SPPL2-mediated TNFα signal peptide
clearance can modulate the response of breast cancer cells to TNFα signaling
(437). Newly synthesized TNFα protein is a homotrimeric transmembrane protein
(tmTNFα), and cleavage by TACE releases soluble TNFα (sTNFα). Both
tmTNFα and sTNFα can bind to TNF receptors (TNFR) to initiate signaling
cascades that activate several downstream targets, including NFκB and JNK
[reviewed in (438)]. In addition to the canonical TNFα signaling pathway, reverse
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signaling in which tmTNFα acts as a receptor has also been discovered
[reviewed in (439)]. One possible mechanism by which reverse signaling can be
transduced is the release of the intracellular domain of TNFα (TNF-ICD), which
then translocates to the nucleus to regulate gene expression (440, 441). Release
of TNF-ICD from the plasma membrane is the result of SPPL2-mediated
cleavage of TNFα signal peptide, which can be blocked by a SSP-specific
inhibitor, (Z-LL)2-ketone, or L-685,458 (441, 442).
Yan et al. first observed that MDA-MB-231 breast cancer cells expressed high
TNFα levels and were resistant to sTNFα-induced cytotoxicity. On the other
hand, MCF-7 cells expressed low level of TNFα and were sensitive to sTNFα.
Knockdown of TNFα in MDA-MB-231 cells sensitized them to sTNFα-induced
cytotoxicity, suggesting a causal relationship between the expression of TNFα
and the sensitivity to sTNFα-induced cytotoxicity. To discriminate whether this
effect is mediated by conventional TNFα signaling or reverse signaling, they
expressed in MCF-7 cells a truncated TNFα that mimics the membrane-anchored
fragment after TACE-mediated release of sTNFα, which they named TNF-LS.
Expression of TNF-LS desensitized MCF-7 cells to sTNFα-induced cytotoxicity,
and this effect was executed by membrane-anchored TNF-LS, but not TNF-ICD,
as inhibition of SPPL2 with (Z-LL)2-ketone treatment enhanced the accumulation
of TNF-LS, and consequently, resistance to sTNFα-induced cytotoxicity.
Therefore, inhibition of SPPs by GSIs can have biological consequences,
including those directly related to cancer cell growth and survival, and should be
avoided. Fortunately, many currently available GSIs are very specific to γsecretase. For example, DAPT does not affect the activity of SPPs (433).
Therefore, the off-target effects at the protease level could be avoided with
careful selection.
1.6.1.2.2 Specificity at the substrate level
Even the most specific GSIs still affect the activity of multiple proteins as there
are more than 25 γ-secretase substrates in addition to Notch receptors [reviewed
in (443)]. Among them, several proteins, including cadherins, CD44, and ErbB4,
are known to have important functions in cancer cells.
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APP is probably the most intensively studied γ-secretase substrate, and almost
all the GSIs have been developed with the primary aim of reducing the
processing of APP by γ-secretase [reviewed in (427)]. APP cleavage produces
small β-amyloid peptides (38-42 aa in length) as well as the intercellular domain
of APP (AICD). While β-amyloid peptides have long been associated with the
development of Alzheimer’s disease, other functions of AICD are not well
understood. A recent study demonstrated that AICD could directly bind to the
EGFR promoter and suppress its expression (444). This reverse relationship
between γ-secretase activity and EGFR level was also confirmed by others (445),
although the moderate increase in the EGFR mRNA levels could not explain the
more dramatic increase in EGFR protein observed in γ-secretase deficient cells.
Although the γ-secretase complex might cleave EGFR to promote its turnover,
this possibility has not been investigated probably because no shorter form of
EGFR has been observed. However, as the half-life of NICD is very short, the
same might be true for the possible “intracellular domain of EGFR”. It should be
noted that at least one member of EGFR family, ErbB4, is known to be cleaved
by the γ-secretase complex.
Unlike other members of EGFR family, activation of ErbB4 by its ligand,
heregulin, inhibits the growth of breast cancer cells and this inhibition can be
blocked by Compound E (446). A later study using ectopic expression of ErbB4ICD confirmed its anti-proliferation activity in breast cancer cells and mammary
epithelial cells (447). However, not all ErbB4 activities require γ-secretasemediated cleavage as a mutant ErbB4 that cannot be cleaved by γ-secretase
could still phosphorylate Akt, Erk 1/2, and STAT5 upon heregulin stimulation
(448). Nonetheless, γ-secretase-mediated release of ErbB4-ICD can have
important biological consequences.
The cell adhesion molecule, E-cadherin, is also a γ-secretase substrate, and
cleavage of E-cadherin promotes the disassembly of adherens junctions and
increases free cytosolic β-catenin, with the former possibly promoting epithelialmesenchymal transition and the latter enhancing the Wnt signaling activity (449).
Interestingly, a recent study reported that the C-terminal fragment of E-cadherin
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(E-cad/CTF), the product of γ-secretase-mediated cleavage, could translocate
into the nucleus and enhance β-catenin-mediated transactivation, and this
enhanced nuclear expression of E-cad/CTF protected fibroblast cells from
staurosporine-induced apoptosis (450). Furthermore, cadmium, a toxic heavy
metal, induced γ-secretase-mediated E-cadherin cleavage and enhanced cell
motility and migration in T47D breast cancer cells, an effect which could be
inhibited by DAPT (451). In addition to E-cadherin, γ-protocadherin and Ncadherin can also be processed by γ-secretase (452, 453), and N-cad/CTF
affects the CREB-dependent transcription of c-fos mRNA by recruiting CBP, a
histone acetyltransferase, to the cytoplasm and promoting its degradation (453).
CD44 is another cell adhesion molecule that is sequentially cleaved by ADAM10
and γ-secretase (454-456). While ADAM10-mediated cleavage has long been
associated with increased cell proliferation and migration (454, 457), a recent
study reported that the intracellular domain of CD44 generated by γ-secretasemediated cleavage could transform rat fibroblast cells (458). In addition, cleavage
of low density lipoprotein receptor-related protein 1B (LRP1B) by γ-secretase was
shown to suppress the anchorage-independent growth of glioma cells (459), and
cleavage of voltage-gated sodium channel β2-subunit by γ-secretase complex
was reported to regulate cell adhesion and migration (460).
Together with the as yet unidentified consequences of γ-secretase-mediated
cleavage of other substrates, treatment with currently available GSIs might
produce

phenotypes

beyond

those

associated

with

Notch

signaling.

Encouragingly, it is now possible to make Notch-sparing GSIs (461, 462), raising
the hope that in the future, it might be possible to synthesize Notch-specific GSIs,
although it will be a daunting task.
1.6.1.2.3 Specificity at paralog level
Despite the fact that GSIs can interfere with the activity of multiple proteins, the
dose-limiting toxicity that caused premature termination of the phase I clinical trial
of GSI in T-ALL was mainly GI toxicity (463). This was most likely induced by
goblet metaplasia as chronic treatment of mice with the GSI, LY-411,575,
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induced goblet hyperplasia and dramatic changes in the GI tract architecture
(431). Notch1 and Notch2 play redundant roles in regulating the goblet
differentiation, and inactivation of either one alone does not induce abnormal
goblet differentiation (325). Similarly, Notch1-3 play complementary roles in
regulating hair follicle stem cells, another adult tissue that undergoes rapid
renewal (464). Furthermore, different Notch paralogs might have opposite
activities in tumor progression, such as Notch2 vs. the other three paralogs in
breast cancer. Therefore, it would be desirable to specifically block the signaling
of individual Notch paralogs, an effect that cannot be achieved with currently
available GSIs.

1.6.2 Dominant negative MAML1 peptide
One way to increase the specificity of targeting is to block Notch signaling
downstream of S3 cleavage, thus sparing the effects on other γ-secretase
substrates. The dominant negative MAML1 (dnMAML1) fragment is such an
example. The C-terminal truncated form of MAML1 functions in a dominant
negative manner by preventing the recruitment of p300 and other transcription
activators to the NICD/RBPjκ/MAML core complex (215, 227). Weng et al. used
this strategy to block Notch signaling and induce cell growth arrest in T-ALL cell
lines (349). They found that the minimum MAML1 fragment that could form a
trimeric complex with N1ICD and RBPjκ corresponds to aa 13-74 of human
MAML1. When this fragment of MAML1 was transfected into Notch-dependent TALL cell lines, it inhibited the growth of T-ALL cells. However, this polypeptide is
still too large to enter cells and is not stable in vivo. To overcome these
problems, Moellering et al. designed a high affinity hydrocarbon-stapled peptide
based on the structure of the N1ICD/RBPjκ/ MAML1 trimeric complex (465).
Peptide stapling, the cross-linking of a non-natural amino acid that is
incorporated into neighbouring positions during synthesis, has been shown to
enhance the binding affinity and stability of peptides (466). They first designed
six overlapping peptides that cover the entire interface between MAML1 and
N1ICD/RBPjκ and chose the one corresponding to aa 21-36 of human MAML1,
designated SAHM1, for further study. FITC-labelled SAHM1 could easily be
engulfed into cells via an energy-consuming mechanism and was present in both
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the cytoplasm and the nucleus. Further, SAHM1 could form a complex with
N1ICD/RBPjκ and suppress the expression of Notch target genes in T-ALL cells
to a level comparable to that of DAPT. SAHM1 inhibited the proliferation and
engraftment of T-ALL cells in vitro, and in vivo, intraperitoneal injection of SAHM1
induced regression of established T-ALL. This demonstrates the high efficacy of
this approach for blocking Notch signaling for therapeutic benefit.

1.6.3 Neutralizing antibodies
Although the dnMAML1 peptide spares other γ-secretase substrates, it blocks the
signaling of all Notch paralogs, which could be problematic. Neutralizing
antibodies or RNAi against individual Notch paralogs may further improve
specificity when targeting individual Notch paralogs.
Through unbiased screening, Li et al. identified both inhibitory and activating
mouse monoclonal antibodies against the NRR domain of human Notch3 protein
(467). The two most potent inhibitory antibodies specifically blocked ligandinduced Notch3 activation without interfering with ligand binding. Epitope
mapping revealed that amino acid residues from both the LNR1 and HD domains
were recognized by the inhibitory antibodies, and that antibody binding kept the
NRR in a closed conformation. As expected, active Notch3 signaling induced by
ligand binding enhanced the proliferation, migration, and formation of loosely
attached spheres of HEK293T cells. Addition of inhibitory antibody into the
culture blocked all of these phenotype changes, demonstrating, in principle, the
applicability of this approach for clinical use.
Recently, researchers from Genentech used phage display technology to
generate high affinity, fully humanized, inhibitory IgG1 against the NRR domain
of human Notch1 or Notch2 (468). After in vitro testing, the specificity and
efficacy of these antibodies were evaluated in mice. Consistent with their
respective involvement in T cell and marginal zone B cell development, antiNotch1 antibody, but not anti-Notch2 antibody, specifically impaired the T cell
development, whereas anti-Notch2 antibody, but not anti-Notch1 antibody,
eliminated marginal zone B cells in the spleen.
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Since many of Notch-dependent T-ALLs arise from activating mutations in the
NRR of Notch1, the region to which this antibody binds, the authors then
confirmed that the anti-Notch1 antibody could inhibit the signaling of the four
most clinically common NRR mutants. In addition, they showed that this antibody
could inhibit the growth of a T-ALL cell line that bears a common mutation within
the NRR. Furthermore, they screened ~ 45 cancer cell lines from different tissues
and found this anti-Notch1 antibody inhibited the growth of a human colon cancer
cell line, MT-3, which harbors an activating Notch1 NRR mutation. The anti-tumor
activity was further confirmed in a tumor xenograft model. Most importantly, the
authors showed that treatment with either anti-Notch1 or anti-Notch2 antibodies
did not result in overt GI toxicity, although histological examination of the
revealed mild goblet cell metaplasia after anti-Notch1 treatment. Also, mice
treated with both anti-Notch1 and anti-Notch2 antibodies lost 20% of body weight
within 6 days due to severe goblet cell metaplasia as expected.

1.6.4 RNA interference
Knockdown of individual Notch paralogs has been widely used to induce cell
growth arrest or cell killing in tumor cultures of breast cancer cells or other types
cancer cells, but not in clinical settings, mainly due to the concerns over off-target
effects, and the challenge to delivering active siRNA into cancer cells in vivo
[reviewed in (469)]. However, a recent report suggests that a nanoparticle
delivery system could be used to successfully target siRNA to cancer cells (470).
In this case, nanoparticles were used to deliver siRNA against the M2 subunit of
ribonucleotide reductase (RRM2).

As a targeting strategy, the nanoparticles

were coated with transferrin protein because many cancer cells express high
levels of the transferrin receptor. The nanoparticles were injected intravenously
into three patients with metastatic melanoma at escalating doses.

The

nanoparticles were found in the tumor tissues at concentrations reflecting the
injected doses, but not in the adjacent epidermis. Analysis of biopsies from the
patient who received highest dose showed reduction in both RRM2 mRNA and
protein levels of after treatment. In addition, the presence of RNAi-mediated
cleavage product was confirmed using a modified PCR technique that specifically
detected the RNAi product. Although the tumor response to nanoparticledelivered siRNA was not described, these results demonstrate the practicality of
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using nanoparticles to target siRNA to tumors. However, the safety concerns
over the use of nanoparticles need to be addressed [reviewed in (471)].

1.6.5 Angiogenesis inhibition
Since Dll4/Notch signaling is essential for angiogenesis, a prerequisite for the
growth of solid tumors, inhibition of Dll4/Notch signaling could suppress tumor
growth even if the cancer cells themselves do not depend on Notch signaling for
survival. This hypothesis was first confirmed by two studies that were published
at the same time (472, 473). Ridgway et al. found that blocking Dll4/Notch
signaling with a neutralizing Dll4 antibody suppressed the growth of HM7 (human
colorectal cancer), Colo205 (human colon adeno-carcinoma), Calu6 (human lung
adenocarcinoma), MDA-MB-435 (human breast cancer or melanoma), and EL4
(mouse lymphoma) xenografts (472). This inhibition was due to impaired
angiogenesis. In contrast to VEGF signaling inhibition, which resulted in reduced
blood vessel formation, blocking Dll4/Notch signaling increased the blood vessel
density but the new vessels were not functional due to remodelling defects.
Furthermore, Dll4 antibody treatment did not cause GI toxicity, suggesting that
DLL4 is not essential for intestinal stem cell renewal. Antitumor effects were
observed in C6 (rat glioma) and HT1080 (human sarcoma) xenografts when
Dll4/Notch signaling was blocked by soluble Dll4, which can bind to, but cannot
activate, Notch receptors due to its inability to generate pulling force (473).
Furthermore, it was shown that anti-Notch1 (NRR) antibody could also inhibit the
growth of HM7 and Calu6 xenografts (468). Most importantly, blocking
Dll4/Notch1 signaling did not affect the growth of HM7, Calu6, and C6 cells in
vitro, indicating this strategy is also applicable to solid tumors that do not have
aberrantly active Notch signaling (468, 473).
However, there are safety concerns over inhibiting Dll4/Notch-mediated
angiogenesis in cancer treatment (474). Yan et al. showed that treatment with
Dll4 antibody for 3-8 weeks induced significant histopathological changes in
mouse liver, a less investigated side effect of Notch inhibition. These changes
include drastic atrophy of centrilobular hepatic cords, dilation of centrilobular
hepatic sinusoids, and bile ductular proliferation. In addition, similar liver damage
was observed in mice treated with soluble Dll4, an anti-Notch1 (NRR) antibody,
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or a GSI, as well as in rats and cynomolgus monkeys treated with Dll4 antibody.
Further analysis suggested that liver damage resulted from activation of liver
endothelium, which is otherwise quiescent, and subsequent disruption of
hepatocyte homeostasis due to close spatial relationship between liver
endothelium and hepatocytes. Aberrant activation of endothelium also caused
subcutaneous vascular neoplasms, albeit less frequently (3 out of 15 mice). It
was not reported whether these lesions were reversible. However, this does raise
safety concerns over the use not only of the Dll4 antibody itself, but also of other
Notch signaling inhibitors as liver damage was also observed in mice treated with
Notch1 antibody or a γ-secretase inhibitor.

1.7. Statement of problems to be investigated
The strongest justification for using γ-secretase inhibitors—or more generally
Notch inhibition—for breast cancer treatment came from two studies that
reported that GSI I, Z-LLNle-CHO, inhibited the growth of breast cancer cells,
especially ER negative breast cancer cells, both in vitro and in vivo without
causing significant systemic side effects (401, 416). However, GSI I is derived
from, and is structurally similar to, MG132 (Z-LLL-CHO), a widely used nonspecific proteasome inhibitor. This raised the concern that the cytotoxicity of GSI
I was due to off-target effects. To address this, Lee et al. also used a second
GSI, z-Ile-Leu-CHO, to demonstrate that the cytotoxicity of GSI I in breast cancer
cells was due to Notch signaling inhibition (416). On the other hand, Rizzo et al.
reported that no proteasome inhibition was observed at the dose that killed
breast cancer cells, although data was not shown (401). While Notch inhibition in
T-ALL cells induces G0/G1 cell cycle arrest (264, 265, 272, 346, 349, 351, 352),
GSI I treatment in breast cancer cells induced G2/M arrest (401, 416). In addition,
GSI treatment in both mice and human causes GI toxicity, which was not
observed in these two studies (401, 416). Therefore, whether the cytotoxicity of
GSI I to breast cancer cells is actually mediated by Notch inhibition merits further
investigation as mis-assignment may lead to futile efforts in further development
of these drugs and waste limited resources.
Furthermore, chronic treatment with even the currently most specific reagent for
Notch inhibition, paralog-specific neutralizing antibody, causes liver damage and
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vascular neoplasms in vivo due to the essential role of Dll4/Notch1 signaling in
maintaining blood vessel integrity (474). Therefore, identification of new
approaches to block oncogenic Notch signaling is of value. Since non-canonical
Notch signaling pathways are sufficient to induce breast cancer tumorigenesis in
the absence of RBPjκ (393), it is possible that they are also essential for the
survival of breast cancer cells. The non-canonical signaling pathways involved in
breast cancer tumorigenesis and survival, and their role in maintaining tissue
homeostasis in adults, have yet to be determined. However, some of the NICD
interacting proteins listed in Table1 might participate in tumorigenic noncanonical Notch signaling pathways, although it should be noted that most of the
interactions listed in Table1 were observed in cells with high levels of
endogenous NICD, or with ectopic expression of exogenous NICD. Therefore, it
is possible that these interactions only, or preferentially, occur when NICD levels
are high, the same conditions under which oncogenic Notch signaling occurs. If
this is the case, it is also likely that these interactions would not play an essential
role in adult tissue homeostasis during which NICD levels are tightly controlled.
Consequently, blocking these “oncogenic interactions” without suppressing the
physiological activities of participating proteins, including NICD, might provide a
safer approach to inhibit oncogenic Notch signaling. Although this strategy is very
attractive, there is currently no information regarding the conditions under which
these interactions occur. In addition, most of the interactions listed in Table 1
were observed with N1ICD. Whether it also applies to other NICD paralogs
remains to be investigated.
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Table 1-1. Proteins reported to interact with NICD possibly independent of RBPjκ
NICDinteracting
protein

NICD
paralog

NICD domain

Cell lines

NICD level

NFκB p50

N1ICD

Not determined

Sup-T1 T cells

NFκB p50

N1ICD

RAM

In vitro EMSA

N1ICD

Not determined

NFκB p65

N2ICD

Not determined

IKKα

N3ICD

Not determined

IKKα/β/γ

N1ICD

Not determined

IKKα

N1ICD

Not determined

Smad3

N4ICD

Smad3

N1ICD

NFκB

p50/C-

Rel

RAM

Not determined

Notch1 extracellular domain

(62, 239)

Unknown

(240)

Transfected with N1ICD plasmid

(242)

Not known but needs RANKL stimulation

(241)

T cells

High, N3ICD transgenic mice

(475)

T cells

High, N1ICD transgenic mice

(354)

Detectable due to spontaneous activation

(476)

High, N4ICD transgenic mice

(423)

DO11.10

murine

T

cells
Bone marrow-derived
macrophages

Cervical cancer CaSki
cell

not Mammary

required

Detectable N1ICD due to truncation in the

Reference

carcinoma

cells
THP1,

HT29,

dentric cells

or Moderate to high due to ligand stimulation
or transfection
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(477)

YY1

N1ICD

ANK repeats

P53

N1ICD

HIF1α
FIH
XIAP

Jurkat, Sup-T1, and Detectable in two T-ALL cells, K562 cells

(478)

K562 cells

transfected with N1ICD plasmid

RAMANK

HCT 116

Not known

(479)

N1ICD

Not determined

In vitro assay

High

(480)

N1/2/3ICD

ANK

in vitro assay

High

(481, 482)

N1ICD

C-terminal

to Jurkat, HEK293T, and

ANK repeats

DO11.10
HEK293

Tip60

N1ICD

RAM

βII-tubulin

N1ICD

ANK

mN1ICD

β-catenin

N1ICD

LEF-1

N1ICD

Runx3

N1ICD

Disabled-1

Jurkat and 293T transfected with N1ICD
and

XIAP,

DO11.10

stimulated
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Figure 1-1. Domain organization of the Notch pathway receptors, ligands
and co-ligands from fly, worm and mammals. A) Notch receptors are large
single-pass transmembrane proteins that contain multiple extracellular EGF-like
repeats, three cysteine-rich Lin12-Notch repeats (LNR-A, B and C), and a
heterodimerization domain (HD) in their extracellular domain (NECD). Repeats
11–12 (orange) and 24–29 (green) mediate interactions with ligands. Shown
under the NECD of mNotch1 and mNotch2 are the putative distribution of shared
(green) and unique fucosylation (Cyan) and glycosylation (magenta) sites, which
might affect the receptor-ligand interaction. The three LNR repeats and HD
domain constitute a Negative Regulatory Region (NRR), which prevents receptor
activation (cleavage) in the absence of ligand binding. Close to the
transmembrane domain (TMD) in the intracellular domain (NICD) is an RBPjκassociated module (RAM) domain, followed by seven ankrin repeats (ANK) that
are flanked by two nuclear localizing sequence (NLS). The extreme C-terminus
contains a proline/glutamic acid/serine/threonine-rich motifs (PEST) that
regulates the stability of NICD. Between the ANK repeats and PEST is a loosely
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defined and evolutionarily divergent transactivation domain (TAD) as well as a
Drosophila specific glutamine-rich OPA repeat. B) Ligands and potential ligands
of Notch receptors can be classified into several groups based on their domain
composition. Classical DSL ligands that contain DSL, DOS and EGF motifs are
not found in C. elegans. C. elegans and mammalian DSL-only ligands lacking the
DOS motif (DSL/EGF ligands) are a subtype of DSL ligands that may act alone
or in combination with DOS co-ligands. Some DSL/EGF ligands and DOS coligands are diffusible ligands. Non-canonical ligands lack DSL and DOS domains.
C) Details of the mouse Notch1 TMD (boxed) and flanking residues showing the
cleavage sites and corresponding products. Upon ligand binding, Notch is
sequentially cleaved by ADAM and γ-secretase at S2 site and S3 sites
respectively. S3 cleavage can produce several different products dependent on
the scissile bonds, but only NICD-V1744 is stable. The V1744G and K1749R
amino acid substitutions (colorized) shift the S3 cleavage site and affect the
stability and signalling strength of NICD. γ-secretase further cleaves the TMD (S4
cleavage) until the short Nβ peptides can escape the lipid bilayer; most Nβ
peptides are 21 amino acids long. Reproduced with permission from Raphael
Kopan & Ma. Xenia G. Ilagan, Cell. 2009; 137(2): 216–233.
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Figure 1-2. The Core Notch
Signaling

Pathway

mediated

by

is

regulated

proteolysis.

The

newly

synthesized

receptor

is

cleaved by Furin at Site 1
(S1) within Golgi, and as a
result, the receptor at the cell
surface is a heterodimer held
together

by

non-covalent

interactions.

Ligand

endocytosis, after binding to
receptor, is thought to pull the
extracellular
receptor

domain
to

induce

of
a

conformational change in the
NRR so that the Notch S2 site
will be exposed to ADAM metalloproteases. The C-terminal product of S2
cleavage, Notch extracellular truncation fragment (NEXT), will then be processed
by the γ-secretase complex, which can occur at the cell surface or in endosomal
compartments. However, NICD produced by the cell surface cleavage might be
more stable. In the absence of NICD, the sequence-specific DNA-binding protein
CSL associates with ubiquitous corepressor (Co-R) proteins and histone
deacetylases (HDACs) to repress transcription of target genes. When NICD
enters the nucleus, its binding to CSL may trigger an allosteric change that
facilitates displacement of transcriptional repressors. Mastermind (MAM) then
recognizes the NICD/CSL interface, and this trimeric complex further recruits
coactivators (Co-A) to activate transcription. Reproduced with permission from
Raphael Kopan & Ma. Xenia G. Ilagan, Cell. 2009; 137(2): 216–233.
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Figure 1-3. Overview of ligand and receptor endocytosis in the Notch
signaling pathway. In the signal-sending cell (top), endocytosis of Notch ligands
(violet) is proposed to positively regulate Notch activation via two mechanisms:
generating pulling force and/or producing more competent ligands through yet-tobe-identified post-translational modification in the recycling compartment. In the
signal-receiving cell (bottom), internalization of Notch receptors (blue) is
generally thought to negatively regulate its availability at cell surface through
lysosome-mediated degradation. However, it might also induce ligandindependent receptor activation. The identities of various endocytic factors
involved in these trafficking steps are shown near their approximate sites of
activity; those that promote signaling are indicated in green whereas those
involved in signaling downregulation are indicated in red. Reproduced with
permission from Mark E. Fortini & David Bilder, Curr Opin Genet Dev. 2009;
19(4):323-328.
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Figure 1-4. Trafficking defects in endocytic mutant tissue lead to Notch
accumulation in different compartments. (A) Schematic of endocytic
trafficking. Arrows indicate the approximate site of action of each gene product.
PM:

plasma

membrane.

EE:

early

endosomes.

LE/MVB:

late

endosomes/multivesicular bodies. Lys: lysosomes. (B–J) Live trafficking assay
for Notch in cultured eye or wing (C) imaginal discs. Avl and Hrs mark endosomal
compartments and phalloidin reveals cell outlines. In WT tissue, surface-bound
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Notch is internalized and then degraded after 5 h (B). In mutant tissue, Notch is
internalized but is not degraded, persisting 5 h after labeling (C–J). In shiDN, avl,
and Rab5 mutants, Notch is localized to the cell surface (C–E); in hrs mutants,
Notch is bound to Avl-positive organelles (F); in ESCRT mutants, Notch is bound
to Hrs-positive organelles (G and I); and in fab1 mutants, Notch is bound in
organelles that are neither Avl- nor Hrs-positive. Bar, 10 μm. Reproduced from
Thomas Vaccari et al., J Cell Biol. 2008; 180(4): 755-762. No specific permission
is required for non-commercial third-party reuse.
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Figure 1-5. Whole-mount analysis of mammary gland structures from FVB
mice. The fourth inguinal mammary glands were dissected from female mice at
the indicated stages, fixed, and stained with hematoxylin. (A) Epithelial structures
from a 3-week virgin. Terminal end buds (TEBs) are indicated by the arrow. (B) A
TEB (arrow) from a 5-week virgin. (C) Epithelial structures from a 5-week virgin.
Bifurcation of the growing duct is indicated by the arrow. (D) Epithelial structures
from a 10-week virgin showing a regressing end bud (arrow). (E) Ducts from a
10-week virgin showing both lateral branches (arrow) and alveolar buds
(arrowheads). (F) Epithelial structures from a mammary gland at day 21 of
involution. (G) Alveolar structures from a mammary gland at day 8 of pregnancy.
The alveolar lobules are beginning to develop (arrow). (H) Alveolar structures
from a mammary gland at day 12 of pregnancy. The alveoli are continuing to
develop (arrow). (I) Alveolar structures from a mammary gland at day 18 of
pregnancy. The arrow indicates the alveoli that have filled the majority of the fat
pad. All panels were photographed at 45 × magnification. Panels A–D have been
cropped and enlarged to show the structures of interest, so magnification is not
exact. Reproduced with permission from Monica M. Richert et al., J Mammary
Gland Biol Neoplasia. 2000; 5(2):227-241.
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Figure 1-6. Mammary gland terminal end bud (TEB) and duct morphology.
(a) High-magnification carmine alum-stained wholemount of a primary duct that
has recently passed the central lymph node (upper left corner). The bifurcating
TEB is in the final stages of forming two new primary ducts with independent
TEBs. Three newly formed lateral (secondary) side-branches are also present
along the trailing duct (open arrowhead), as is an area of increased cellularity
that may represent a nascent lateral bud (filled arrowhead). Increased stromal
cellularity is also apparent surrounding the bifurcating TEB. Scale bar, 200 μm.
(b) Immunophotomicrograph of a TEB illustrating its considerable proliferative
activity, as indicated by the large number of cells that have undergone DNA
replication

and

have

thus

incorporated

bromodeoxyuridine

(brown

diaminobenzidine-stained nuclei) during a 2-hour chase period. Hematoxylin
counterstaining also reveals the stromal collar, rich in fibroblasts and collagen,
that characteristically surrounds the TEB neck (arrow) and its conspicuous
absence beyond the invading distal cap. Scale bar, 100 μm. (c) Schematic
diagram depicting the salient architectural features of TEBs and their subtending
ducts, including their fibroblast-rich stromal collar and high mitotic index. Dotted
line illustrates the thinning of the basement membrane at the tips of invading
ducts as a result of their partial enzymatic degradation and/or incomplete de
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novo synthesis. Reproduced from Mark D. Sternlicht, Breast Cancer Res. 2006;
8(1):201. Reproduction of figures is permitted without formal written permission
from the publisher or the copyright holder.
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Chapter 2

∗

The cytotoxicity of γ-secretase inhibitor I to breast
cancer cells is mediated by proteasome inhibition,
not by γ-secretase inhibition

2.1 Introduction
Notch is a family of single-pass type I transmembrane protein receptors that, in
mammals, includes four homologs, Notch 1-4 (1). Ligand-induced Notch receptor
activation requires at least two cleavages that release the intracellular domain
from the cytomembrane and allow it to translocate into the nucleus where it
activates its target genes (1). The final cleavage is performed by γ-secretase,
whose substrates include all four Notch receptors and their ligands as well as βamyloid precursor protein, E-cadherin, CD44, ErbB-4, and ephrin-B1 (2-8).

Aberrant Notch signaling can induce oncogenesis and may promote the
progression of breast cancer. Transgenic mice overexpressing active Notch1,
Notch3, or Notch4 homologs all developed mammary carcinoma (9, 10).
Furthermore, a recent clinical study reported that the expression level of Notch1,
Notch3, and JAG-1, one of the Notch ligands, were inversely correlated with the
overall clinical outcomes in breast cancer patients (11).

These observations

have prompted great interest in targeting Notch signaling in breast cancer for
therapeutic benefit. However, it should be noted that Notch2 signaling has been
reported to function as a tumor suppressor in breast cancer cells (12).
Amongst the several options to block Notch signaling, inhibition of γ-secretase by
small molecules offers a promising approach and has been used extensively to
study the downstream targets of Notch signaling pathway (13, 14). However,
experimental data supporting the concept that γ-secretase inhibitors (GSIs) could
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inhibit the growth of, or kill, breast cancer cells have been scarce. Two recent
reports have provided the strongest evidence by showing that Z-LLNle-CHO,
commonly considered as a GSI, has such an effect both in vitro and in vivo (15,
16).

Proteasome inhibitors are a class of recently developed anticancer drugs. ZLLNle-CHO, as a derivative of a widely used proteasome inhibitor MG-132, has
been reported to inhibit chymotryptic protease activity, a core function of the
proteasome (17). In this study, we compared the activity and cytotoxic effects of
Z-LLNle-CHO to those of two other widely used and highly specific GSIs, DAPT
and L-685,458, and to those of three structurally unrelated proteasome inhibitors,
MG132, lactacystin, and Bortezomib. Our results suggest that the cell killing
effect of Z-LLNle-CHO is not mediated by γ-secretase inhibition, but mediated by
proteasome inhibition.

2.2 Materials and Methods
2.2.1 Reagents
Z-Leu-Leu-Nle-CHO

(Z-LLNle-CHO,

also

called

GSI

I),

N-[N-(3,5-

Difluorophenacetyl-L-alanyl)]-S-phenylglycine t-Butyl Ester (commonly called
DAPT or GSI IX), {1S-Benzyl-4R-[1-(1S-carbamoyl-2-phenethylcarbamoyl)-1S-3methylbutylcarbamoyl]-2R-hydroxy-5-phenylpentyl}carbamic acid tert-butyl ester
(commonly called L-685,458 or GSI X), Z-Leu-Leu-Leu-aldehyde (Z-LLL-CHO,
commonly referred as MG132), lactacystin, and edaravone were purchased from
Calbiochem and dissolved in DMSO. Bortezomib was purchased from LC
Laboratories and dissolved in DMSO. Tiron was from Sigma and dissolved in
water.

2.2.2 Cell culture
Three estrogen receptor (ER) positive cell lines, MCF-7, T47D, and BT474, and
three ER negative cell lines, SKBR3, MDA-MB-231, and MDA-MB-468 were
used in this study. Both SKBR3 and BT474 cells also overexpress HER2/neu.
The culture medium was DMEM/F-12 medium (Gibco) supplemented with 10%
fetal bovine serum (FBS) (Gibco) and GlutaMAX (Gibco) for all cell lines except
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for SKBR3, which was cultured in McCoy’s 5A medium (Gibco) supplemented
with 10% FBS and GlutaMAX. In addition, MCF-7 culture medium was
supplemented with non-essential amino acids (Gibco), sodium pyruvate (Gibco),
and 10 μg/ml of insulin (Sigma). T47D culture medium was also supplemented
with insulin (10 μg/ml). All cell lines were maintained at 37oC in a humidified
atmosphere of 5% CO2 in air.

2.2.3 Cell viability and proliferation assay
Cell viability and proliferation was measured using the CellTiter 96® AQueous One
Solution Cell Proliferation Assay (MTS) kit (Promega). Cells (3000 – 8000/well)
were seeded into 96-well plates in triplicate and allowed to attach overnight
before being treated with increasing concentrations of drugs. All wells, including
the control, were exposed to the same concentration of DMSO to eliminate any
possible effect of the vehicle on cell viability and proliferation. MTS reagent (20
μl) was added to each well 72 h later and, after 1- 4 h incubation, the absorbance
at 490 nm was measured using a microplate reader (FLUOstar OPTIMA from
BMG LABTECH). Relative cell viability and proliferation of individual samples
was calculated by normalizing their absorbance to that of the corresponding
control sample. The mean and standard deviation (SD) of three independent
experiments were used to plot dose-response curves. The concentrations that kill
and/or inhibit cell growth by 50% (EC50) were calculated from the equations that
best fit the linear range of the dose-response curves.

2.2.4 Protein sample preparation
Cells at 80% confluence were treated overnight with drugs at the indicated
concentrations and control cultures received DMSO. The next day, cells were
incubated with trypsin/EDTA (Gibco) solution for 10 min before collection by
centrifugation. Cell pellets were then washed once with ice-cold PBS, lysed in
lysis buffer [100 mM Tris-HCl (pH 6.8), 10% glycerol, 2% SDS, 1 mM EDTA,
0.002% bromophenol blue, 2 mM NaF, 1 mM Na3VO4, 1 X protease inhibitor
cocktail (Roche Applied Science)], boiled for 5 min, and passed through a 21
gauge needle. The positive control samples were prepared in the same way as
the GSI-treated samples and the negative control samples were prepared by
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adding the lysis buffer directly to the culture plates after washing with PBS
without trypsin/EDTA incubation. Protein concentrations were quantified using a
BCA protein assay (Pierce).

2.2.5 Western blot analysis
Protein samples (50 μg/lane) were separated in 8% SDS-PAGE gels and
transferred to Trans-Blot® pure nitrocellulose membranes (0.2 μm, Bio-Rad). The
membranes were blocked with 5% skim milk in TTBS [0.1% Tween-20, 100 mM
Tris-HCl (pH 7.4), 150 mM NaCl] at room temperature for 1 h before being
probed overnight at 4oC with primary antibody solution. The primary antibodies
used were anti-Notch1 (Val1744) (Cell Signaling Technology, 1:1,000), antiubiquitin (clone FK2 from Millipore, 1:1,000) and anti-actin (Abcam, 1:5,000).
After washing with TTBS for 4 X 10 minutes, the membranes were incubated with
HRP-conjugated

anti-rabbit

or

anti-mouse

(Jackson

ImmunoResearch

Laboratories, 1:15,000) secondary antibody solution at 4oC for 3 h. After another
round of four washes with TTBS, the membranes were incubated with
SuperSignal West Pico Chemiluminescent Substrate (Pierce), exposed to Fuji
film, and then developed to visualize the protein signal.

2.2.6 Construction of Flag-tagged Notch1 extracellular truncation
(N1EXT) vector
Synthetic DNA oligos corresponding to the cDNA encoding human Notch1 signal
peptide flanked by restriction enzyme recognition sequences were integrated into
pCMV-Tag4A vector (Stratagene) using Sac II/BamH I sites. Then the cDNA
encoding the amino acid residues 1721-2555 (corresponding to the substrate of
γ-secretase) was amplified using reverse transcription-coupled PCR of MCF-7
total cellular RNA and integrated into the vector containing the Notch1 signal
peptide-encoding sequence using BamH I/EcoR I sites. The sequence of the new
construct was verified by sequencing using T3/T7 primers.

2.2.7 Transfection and treatment
N1EXT plasmid DNA was transfected into MCF-7 and SKBR3 cells plated on
glass coverslips using Lipofectamine 2000 reagent (Invitrogen). Culture medium
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was replaced 6 h after transfection with fresh medium containing 5 μM of DAPT,
2 μM of L-685,458, or Z-LLNle-CHO at the calculated EC50 values of individual
cell lines. After overnight incubation to allow the expression of exogenous
protein, cells were fixed with 4% paraformaldehyde solution for indirect
immunofluorescent microscopy.

2.2.8 Indirect immunofluorescent microscopy
Fixed cells were first permeabilized with 0.5% Triton X-100 in PBS at room
temperature for 5 min and then probed with anti-Flag monoclonal antibody (clone
M2 from Sigma, 1:500) at room temperature for 1 h. After five washes with PBS,
cells were incubated with Alexa 488-conjugated goat anti-mouse secondary
antibody (Molecular Probes, 1:250) at room temperature for 45 minutes and
further counterstained with 0.5 μg/ml of DAPI after five washes with PBS. Images
were taken using LSM 510 laser scanning confocal microscope with a PlanNeofluar 40X/1.3NA oil-immersed objective lane (Carl Zeiss). The optical slice
thickness was less than 0.9 μm.

2.2.9 Determination of ubiquitin distribution
MCF-7 and MDA-MB-231 cells plated on glass coverslips were treated with
drugs at the indicated concentrations for 4 h before being fixed in 4%
paraformaldehyde solution. Fixed cells were immunostained in the same way as
above except that anti-ubiquitin monoclonal antibody (clone FK2 from Millipore,
1:1,000) was used as the primary antibody. Images were taken using LSM 710
laser scanning confocal microscope with a Plan-Apochromat 20X/0.8NA
objective lens (Carl Zeiss). The optical slice thickness was 1.8 μm.

2.2.10 Proteasome activity assay
Proteasome activity was measured using the Proteasome-GloTM ChymotrypsinLike Cell-Based Assay kit (Promega). Briefly, MCF-7 (6000 cells/well) and MDAMB-231 (104 cells/well) cells were plated into white-walled 96-well plates. After
overnight incubation to allow cell attachment, cells were treated with drugs at
indicated concentrations for 2 h. Equal volumes of Proteasome-GloTM reagent
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were then added and the luminescence signal was measured using a microplate
reader (FLUOstar OPTIMA).

2.3 Results
2.3.1 Among the three GSIs, only Z-LLNle-CHO induces cell death
We first compared the cytotoxicity of Z-LLNle-CHO to two other widely used
GSIs, DAPT and L-685,458. Treatment with Z-LLNle-CHO resulted in a dosedependent decrease in cell viability/proliferation of all six breast cancer cell lines
tested with ER negative cell lines being more sensitive than ER positive cell
lines. The calculated ED50 values were 3.25 μM, 2.5 μM, 2.4 μM, 1.8 μM, 1.6 μM
and 1.4 μM for MCF-7, BT474, T47D, MDA-MB-231, SKBR3, and MDA-MB-468
respectively. However, DAPT and L-685,458 had no cell killing and/or growth
inhibitory effects at concentrations up to 5 μM and 2 μM respectively (Figure 2-1).

2.3.2 All three GSIs inhibit γ-secretase activity
We then examined whether the lack of cell killing/growth inhibition by DAPT and
L-685,458 was due to their lower potency in inhibiting γ-secretase activity. To
address this question, we first performed immunoblot analysis using an antibody
that only recognizes cleaved Notch1 intracellular domain (N1ICD) (18, 19). Since
N1ICD is a product of γ-secretase, its abundance is a good indicator of γsecretase activity. However, the endogenous N1ICD level (the negative control
lanes in Figure 2-2a) is too low to be detected confidently. Therefore, we took
advantage of the fact that calcium depletion activates Notch1 in the absence of
ligand binding (20). As shown in Figure 2-2a, DAPT at 5 μM and L-685,458 at 2
μM could block calcium depletion-induced Notch1 cleavage in all six cell lines. At
the same time, Z-LLNle-CHO, at the concentrations that inhibited cell
growth/viability by 50%, failed to do so to a comparable level in SKBR3 and
MDA-MB-468 cells although similar inhibition was observed in the other four cell
lines treated with this drug.
To confirm the potency of DAPT and L-685,458 on inhibiting γ-secretase activity
in intact cells, we transfected MCF-7 and SKBR3 cells with a plasmid expressing
a Flag-tagged N1EXT fragment that mimics the immediate substrate of γ-
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secretase and then treated them with the same concentrations of GSIs as used
for the Western blot analysis. Without any intervention, the exogenous protein
will be cleaved by γ-secretase as long as it is transported to the plasma
membrane in order to produce N1ICD that can be visualized as nuclear signal
when transfected cells are immunostained with an anti-Flag antibody (control
panels in Figure 2-2b). In contrast, when γ-secretase activity is inhibited, the
exogenous protein cannot be cleaved and therefore will accumulate at plasma
membrane. As shown in Figure 2-2b, all the DAPT- and L-685,458-treated cells
and Z-LLNle-CHO-treated MCF-7 cells showed exclusively membrane signal.
However, 24% and 58% of Z-LLNle-CHO-treated SKBR3 displayed mainly
nuclear signal or a mixture of nuclear and plasma membrane signal respectively.
This is consistent with the immunoblotting data demonstrating that DAPT and L685,458 could completely inhibit γ-secretase activity at tested concentrations in
both cell lines but Z-LLNle-CHO could only do so in MCF-7 cells (Figure 2-2c).
Taken together, since complete inhibition of γ-secretase activity by two
structurally unrelated GSIs had no effect on cell viability and proliferation, it is
unlikely that the cell killing/growth inhibitory effect of Z-LLNle-CHO on breast
cancer cell lines was mediated by γ-secretase inhibition.

2.3.3 Z-LLNle-CHO has proteasome inhibitory activity
Z-LLNle-CHO is derived from a widely used proteasome inhibitor MG132 (Z-LLLCHO) and has been reported to be a broad chymotryptic and aspartyl protease
inhibitor (17). Therefore, we examined whether Z-LLNle-CHO also has
proteasome inhibitor activity at the concentrations that showed dose-dependent
cytotoxicity. We first used a cell-based proteasome activity kit to measure
proteasome activity after cells were treated with MG132, Z-LLNle-CHO, or DAPT.
As shown in Figure 2-3a, both Z-LLNle-CHO and MG132 showed a dosedependent inhibition of the proteasome at concentrations that showed cytotoxic
effects while DAPT did not. Next, we examined whether or not inhibition of
proteasome activity caused accumulation of polyubiquitinated protein, one of the
major causes of proteasome inhibitor-induced cell death (21), by subjecting the
protein samples from cells treated with 5 (MCF-7) or 2.5 (MDA-MB-231) μM of ZLLNle-CHO overnight to immunoblotting with an anti-ubiquitin antibody. We used
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Bortezomib, a specific proteasome inhibitor that has been approved to treat
multiple myeloma in patients, as positive control. The results showed that
treatment with Z-LLNle-CHO indeed resulted in similar accumulation of
polyubiquitinated protein that was observed with Bortezomib (lane 2 and 5 of
Figure 2-3b). Finally, we took advantage of a recent observation that when
proteasome-mediated protein degradation was inhibited, cellular ubiquitin would
undergo a nuclear-to-cytoplasmic redistribution that could be detected by antiubiquitin FK2 antibody (22). In untreated MCF-7 and MDA-MB-231 cells, FK2
staining showed dominant nuclear signal (Figure 2-3c). After a 4 h treatment with
either Bortezomib or Z-LLNle-CHO but not with DAPT, cells displayed a strong
cytoplasmic ubiquitin signal, confirming proteasome activity was inhibited by ZLLNle-CHO.

2.3.4 The cellular sensitivity of six breast cancer cell lines to Z-LLNleCHO is the same as that to proteasome inhibitors
We next asked whether or not the cell killing effect of Z-LLNle-CHO is mediated
by its proteasome inhibition activity. If this is the case, the relative cellular
sensitivity of different breast cancer cell lines to Z-LLNle-CHO should reflect that
produced by other proteasome inhibitors. Therefore, we treated the same six
breast cancer cell lines with increasing doses of three structurally unrelated
proteasome inhibitors, MG132, lactacystin, and Bortezomib, and measured the
effects on cell viability/proliferation using the MTS assay. Similar to the results
shown in Figure 2-1, ER positive cell lines were more resistant to all the three
proteasome inhibitors than ER negative cell lines (Figure 2-4). In addition, our
results were also consistent with a previous study using Bortezomib alone (23).
These data strongly suggest that the cell killing effects of Z-LLNle-CHO in breast
cancer cells is mediated by its proteasome inhibitory function.

2.3.5 The cytotoxicity of Z-LLNle-CHO can be reversed by restoration
of proteasome activity
Recent studies showed that the proteasome inhibitory activity as well as the cell
killing effects of Bortezomib and MG132 could be specifically blocked by tiron
and edaravone respectively (24, 25). Since Z-LLNle-CHO is structurally similar to
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MG132, we speculated that edaravone might also be able to reverse the
cytotoxicity of Z-LLNle-CHO by blocking its proteasome inhibition activity.
Therefore, we first treated MCF-7 and MDA-MB-231 cells with different
combinations of Bortezomib/Z-LLNle-CHO with tiron/edaravone and measured
the cell growth using MTS assay. Consistent with previous studies, tiron but not
edaravone rescued cells from Bortezomib-induced cell killing. Most importantly,
we found edaravone but not tiron could rescue cells from Z-LLNle-CHO-induced
cell killing (Figure 2-5a).

Next, we tested whether or not edaravone could rescue proteasome activity from
Z-LLNle-CHO-induced inhibition. We exposed cells to edaravone at the
concentration that showed best cell growth rescue in the presence of Z-LLNleCHO and measured proteasome activity using the three approaches we used
above. We used tiron to reverse Bortezomib-induced proteasome inhibition as
control. We found that edaravone indeed rescued the proteasome activity from ZLLNle-CHO-, but not Bortezomib-induced inhibition. Although the proteasome
activity of edaravone rescued from Z-LLNle-CHO-induced inhibition was not to
the same extent as tiron rescued Bortezomib-induced inhibition in the cell based
proteasome assay (Figure 2-5b), the rescued proteasome activity was enough to
prevent the accumulation of polyubiquitinated proteins (lane 4 compared to lane
2 in Figure 2-3b) and redistribution of cellular ubiquitin (Figure 2-3c, treatment 4
vs. treatment 2). In addition, we found edaravone also partially restored γsecretase activity from Z-LLNle-CHO-induced inhibition (Figure 2-5c).

2.3.6 γ-secretase inhibition activity of Z-LLNle-CHO does not
contribute to its cytotoxicity to breast cancer cells
To investigate whether the cytotoxicity of Z-LLNle-CHO to breast cancer cells is
due to the summation or synergy of its dual activities, we tested whether
combination of a specific γ-secretase inhibitor with a specific proteasome inhibitor
could produce additive or synergetic effect on cell killing. We subjected cells to
increasing concentrations of lactacystin with or without 5 μM of DAPT that
completely inhibited γ-secretase activity in the cell lines tested. We found the
dose-response curves of individual cell lines treated with or without DAPT was
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almost identical (Figure 2-6), which suggests there was no additive or synergetic
effects of inhibiting both γ-secretase activity and proteasome activity. Therefore,
γ-secretase inhibitory activity of Z-LLNle-CHO most likely does not contribute to
its cell killing effect in breast cancer cells.

2.4 Discussion
Blocking Notch signaling by inhibiting γ-secretase activity with small molecules
has been suggested to be a promising approach to battle breast cancer (13, 14).
In fact, there are three ongoing clinical trials registered in ClinicalTrials.gov using
GSI in the treatment of breast cancer. However, experimental data supporting
the effectiveness of GSIs in the inhibition of cell growth or killing of breast cancer
cells have been scarce. Two recent reports, however, have now shown that ZLLNle-CHO, commonly called GSI I, has such an effect both in vitro and in vivo
(15, 16).

In the present study, we first compared the cytotoxicity and activity of Z-LLNleCHO to two other popularly used GSIs, DAPT and L-685,458. We found that
completely inhibiting γ-secretase activity by DAPT and L-685,458 had no effect
on cell viability and proliferation of a panel of six breast cancer cell lines with
different genetic backgrounds. In contrast, Z-LLNle-CHO could cause cell death
even at concentrations that did not completely inhibit γ-secretase activity.
Therefore, we conclude that the cell killing effect of Z-LLNle-CHO on breast
cancer cells is not mediated by γ-secretase inhibition.

We next measured the proteasome inhibition potential of Z-LLNle-CHO. In
contrast to two previous reports that Z-LLNle-CHO at concentrations that
inhibited cell growth did not significantly inhibit proteasome activity (see
supplemental materials in (15, 26)), we found that it could inhibit proteasome
activity by about 50% in intact cells even at a concentration that did not show
significant cytotoxicity in two cell lines tested. Our result is consistent with a
recent study that was published during the revision of this manuscript (27). The
new study showed that Z-LLNle-CHO at ~ 0.3 μM (calculated by us based on
scale) inhibited proteasome activity by 80% and slowed cell growth by 20% in
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MCF-7 cells. Since the approach the new study used to measure proteasome
activity is different from ours, the extent of proteasome activity inhibition cannot
be compared between their data and ours. However, both studies show that ZLLNle-CHO could significantly inhibit proteasome activity at concentrations that
showed dose-dependent cytotoxicity. The previous two studies used the same
method to measure proteasome activity as the latest study but differed from ours.
Therefore, it is easy to explain the discrepancy between their data and ours but
we cannot explain the discrepancy between their data and the latest study.

Furthermore, we found that the relative cellular sensitivity of six breast cancer
cell lines to Z-LLNle-CHO was the same as that to three widely used but
structurally unrelated proteasome inhibitors and was also consistent with a
previous study (23). This consistency strongly suggests that the cell killing effect
of Z-LLNle-CHO is due to its proteasome inhibitory function. Most convincingly,
we found that the cytotoxic effect of Z-LLNle-CHO could be reversed by a
specific chemical—edaravone—that blocked its proteasome inhibitory activity.
Finally, we tested but did not find any additive effect of the combination of a
specific γ-secretase inhibitor and a specific proteasome inhibitor on breast cancer
cell growth. Therefore, we conclude that the cytotoxicity of Z-LLNle-CHO to
breast cancer cells is mediated by proteasome inhibition.
We noticed that edaravone treatment also partially rescued γ-secretase activity
from Z-LLNle-CHO induced inhibition. However, since inhibition of γ-secretase
alone or in combination with proteasome inhibition had no effect on cell
survival/proliferation or cellular response to proteasome inhibition, we do not
consider partially restored γ-secretase activity as a major contributor to the
reversion of the cytotoxicity induced by Z-LLNle-CHO. Likewise, although
edaravone has been reported to protect cells from apoptosis through acting as
an antioxidant (28, 29), we do not think its free radical scavenging activity to be a
major contributor as it had no effect on Bortezomib-induced cytotoxicity. In
addition, another antioxidant—tiron—had no effect on on Z-LLNle-CHO-induced
cytotoxicity. Therefore, the ability of edaravone to restore proteasome activity
through unknown mechanism(s) most likely accounts for the reversion of ZLLNle-CHO’s cytotoxicity upon edaravone treatment.
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The MTS assay we employed in this study to measure cell viability and
proliferation is based on the reduction of a colorless tetrazolium compound to a
formazan product that has a maximal absorbance at 490 nm. Since the level of
intracellular reactive oxygen species has been reported to affect the MTS reading
(30, 31), inclusion of antioxidants in the culture medium might affect the apparent
viability. However, treatment with either tiron or edaravone alone at tested
concentrations did not significantly affect cell viability and proliferation as
assayed by the MTS reagent (data not shown). In addition, the cytotoxicity of
individual treatment regimens as measured by the MTS assay is consistent with
the changes in the cell number and morphology as observed by light microscopy
before adding the MTS reagent to culture medium. Therefore, the cell viability
and proliferation data reflects the real cytotoxicity of individual treatment
regimens.

Both previous studies used transient transfection of N1ICD to rescue the cell
death induced by Z-LLNle-CHO treatment and argued that the reversion of the
phenotype by N1ICD transfection indicated that Z-LLNle-CHO induced cell death
through inhibiting Notch signaling pathway (15, 16). However, transient
overexpression of N1ICD has been reported to inhibit wild-type p53-induced
apoptosis in immortalized epidermal cells (32), to inhibit dexamethasone,
etoposide, or Fas-ligand induced apotosis in mature T-cells (33), and to protect
H460 (lung cancer), HepG2 (liver cancer), HT1080 (fibrosarcoma) from several
chemotherapy drugs (34). Therefore, an alternative interpretation of the data
from the two previous studies is that N1ICD over-expression provided prosurvival signals that antagonize Z-LLNle-CHO’s pro-apoptotic effects.

It is worth noting that many of the effects of Z-LLNle-CHO reported in previous
studies, including G2/M arrest and regulation of apoptosis-related protein, are
consistent with the reported effects of other proteasome inhibitors (35-39). In
addition, similar to the additive effects of 4-OH-TAM and Z-LLNle on the inhibition
of T47D:A18 cells growth (15), additive or even synergistic effects have also
been reported between tamoxifen and Bortezomib in some but not all ER+ breast
cancer cell lines tested (40, 41). Although the similarities between the biological
effects of Z-LLNle-CHO and those of other proteasome inhibitors do not
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necessarily mean that they function the same, our finding that Z-LLNle-CHO
inhibits breast cancer cell growth as a proteasome inhibitor can explain the data
produced with the use of Z-LLNle-CHO in previous studies.

It should be pointed out that although the latest study found that Z-LLNle-CHO
has proteasome inhibitory function at concentrations that showed dosedependent cytotoxicity (27), the authors did not consider its proteasome inhibitory
activity as the major contributor to its cell killing effects because the cytotoxicity
of Z-LLNle-CHO and MG132 was “markedly different”, although their proteasome
inhibition potential was similar. However, by careful analysis of their data, we
found that the proteasome inhibition potentials of Z-LLNle-CHO and MG132
differed by more than 2-fold, not less than the difference in cytotoxicity, within the
range of concentrations that Z-LLNle-CHO and MG132 showed “markedly
different” cytotoxicity (below 0.6 μM). Most importantly, Z-LLNle-CHO at 0.75 μM
in their study slowed MCF-7 cell growth by 80%, but only inhibited γ-secretase
activity by 25%. Meanwhile, it inhibited proteasome activity by 80%. Therefore,
their data is more consistent with our conclusion that the cytotoxicity of Z-LLNleCHO was not due to γ-secretase inhibition, but due to proteasome inhibition.

The observation that both Z-LLNle-CHO and MG132 at given concentrations
inhibited proteasome activities to comparable levels in MCF-7 and MDA-MB-231
cells, but showed different cytotoxicity, is not surprising as this has also been
observed for Bortezomib (23). The reduced sensitivity of ER positive MCF-7 cells
may be a consequence of pro-survival signal provided by estrogen receptor
signaling pathway in these ER+ breast cancer cells. This hypothesis is consistent
with the observed additive or even synergistic effect between tamoxifen and ZLLNle-CHO or Bortezomib. However, this requires further investigation.
Regardless of the mechanisms, our results, together with the previous reports,
suggest that the future clinical trials testing the effectiveness of proteasome
inhibitors in treating breast cancer should take the ER status into consideration
when enrolling patients.

The observation that two specific GSIs, DAPT and L-685,458, had no effect on
the survival and proliferation of breast cancer cells does not eliminate the
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potential use of GSIs or other approaches to block Notch signaling for breast
cancer treatment. The results presented here were obtained from in vitro cell
culture experiments. The effects of GSIs on the tumors grown in vivo, where the
Notch signaling might be more active due to enhanced ligand-receptor
interaction, could be different and need further investigation. Alternatively, these
drugs might block the signaling pathway of some as yet unidentified substrate(s)
which antagonizes the effect of reduced Notch1 signaling on breast cancer cell
survival and proliferation. There are at least a dozen known γ-secretase
substrates and most of the available GSIs have no preference for specific
substrates. Rather than laboriously testing all potential candidates that
antagonize Notch1, it might be better to develop substrate-specific GSIs. To this
end, it is encouraging to note that compounds that can preferentially modulate γsecretase activity against Aβ42 over Notch have recently been reported (42).
These compounds target the substrate (Aβ42) rather than γ-secretase active site
itself. In principle, it should also be possible to find drugs that target individual
Notch homologs. Alternatively, it might be useful to develop neutralizing antibody
against individual Notch homologs just as the Trastuzumab targets HER2/neu.

Furthermore, the results of this study do not diminish the potential use of ZLLNle-CHO for breast cancer treatment. In fact, we believe that clarifying its role
as a proteasome and γ-secretase dual inhibitor will help to direct its potential
development for clinical use. However, we do caution that results obtained using
Z-LLNle-CHO as the sole GSI to study the biological outcomes of blocking Notch
signaling (43-45) should be interpreted cautiously or reproduced using more
specific GSIs.

2.5 Conclusions
The present study demonstrated that the cytotoxicity of Z-LLNle-CHO toward
breast cancer cells was not mediated by γ-secretase inhibition as reported
previously, but by proteasome inhibition. This clarification might help its potential
development as a chemotherapeutic agent. The results presented also call for
careful interpretation of data produced with using Z-LLNle-CHO as the sole γsecretase inhibitor.
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Figure 2-1. Effect of three different GSIs on the viability/proliferation of six
breast cancer cell lines. Breast cancer cells were treated with Z-LLNle-CHO,
DAPT or L-685,458 for 72 h before relative cell viability/proliferation was
measured by MTS assay. Results represent the mean + SD of three independent
experiments.
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Figure 2-2. DAPT and L685,458 inhibit γ-secretase
activity.
treated
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intensity

indicates greater γ-secretase activity. The treatment conditions were (from lane 1
to lane 5): 1) DMSO vehicle only and without calcium depletion as negative
control; 2) DMSO vehicle only and with calcium depletion to activate Notch1 as
positive control; 3) Z-LLNle-CHO at concentrations equal to the IC50 of individual
cell lines; 4) DAPT at 5 μM; 5) L-685,458 at 2 μM. (b) MCF-7 (top panels) and
SKBR3 (bottom panels) cells were transfected with plasmid DNA expressing a
Flag-tagged protein that mimics the immediate substrate of γ-secretase, treated
overnight with Z-LLNle-CHO at calculated ED50 values, 5 μM of DAPT or 2 μM of
L-685,458, and then immunostained with anti-Flag antibody. The appearance of
nuclear Flag signal indicates the presence of active γ-secretase. Please note the
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γ-value of Flag signal was enhanced to visualize weak nuclear or cytomembrane
signal. (c) Protein samples were prepared without calcium depletion from MCF-7
and SKBR3 cells that were transfected and treated in the same way as the cells
in panel b and were subjected to immunoblotting with anti-Notch1 (V1744)
antibody. The treatment conditions were (from lane 1 to lane 4): DMSO vehicle
only; DAPT; L-685,458; and Z-LLNle-CHO.
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Figure 2-3. Z-LLNle-CHO has a proteasome inhibitory function. (a)
Proteasome activity in intact cells was directly measured using a cell-based
assay after MCF-7 and MDA-MB-231 cells were treated with indicated drugs for
2 h. Results represent the mean + SD of three independent experiments. (b)
Protein samples were prepared from MCF-7 and MDA-MB-231 cells that were
treated with different combinations of drugs overnight and were subject to
immunoblotting with anti-ubiquitin antibody (clone FK2 from Millipore, 1:1,000).
Actin immunoblotting was used as loading control. The treatment conditions were
(from lane 1 to lane 8): 1) DMSO vehicle only; 2) Z-LLNle-CHO alone; 3) ZLLNle-CHO plus tiron; 4) Z-LLNle-CHO plus edaravone; 5) Bortezomib alone; 6)
Bortezomib plus tiron; 7) Bortezomib plus edaravone; 8) lactacystin. The
concentrations of Z-LLNle-CHO, tiron, edavarone, Bortezomib, and lactacystin
are 5 μM, 2 mM, 100 μM, 100 nM, 20 μM for MCF-7 cells, and 2.5 μM, 0.5 mM,
100 μM, 40 nM, 5 μM for MDA-MB-231 cells respectively. The accumulation of
polyubiquitinated proteins is an indicator of proteasome inhibition. (c) MCF-7 and
MDA-MB-231 cells were treated with different combinations of drugs for 4 h and
then immunostained with anti-ubiquitin FK2 antibody. The treatment conditions
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were (from 1 to 8): 1) DMSO vehicle only; 2) Z-LLNle-CHO alone; 3) Z-LLNleCHO plus tiron; 4) Z-LLNle-CHO plus edaravone; 5) Bortezomib alone; 6)
Bortezomib plus tiron; 7) Bortezomib plus edaravone; 8) DAPT. The
concentrations of Z-LLNle-CHO, tiron, edaravone, and Bortezomib were the
same as that were used for preparation of protein samples in subsection b. 5 μM
of DAPT was used for both MCF-7 and MDA-MB-231 cells. The redistribution of
nuclear ubiquitin to cytoplasm is a phenomenon that can be induced by
proteasome inhibition.
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Figure 2-4. The relative sensitivity of six cell lines to three proteasome
inhibitors is the same as that to Z-LLNle-CHO. Cells were treated with
MG132, Bortezomib, or lactacystin at indicated concentrations for 72 h before
cell viability was measured by MTS assay. Results represent the mean + SD of
three independent experiments. Please note the relative cellular sensitivity of the
same six breast cancer cell lines to three structurally unrelated proteasome
inhibitors was the same as that to Z-LLNle-CHO in Figure 2-1.
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Figure 2-5. The cytotoxicity effect of Z-LLNle-CHO could be reversed by
edaravone that blocks its proteasome inhibitory function. (a) Cells were
treated with indicated drugs for 72 h before cell growth was measured using MTS
assay. Results represent the mean + SD of three independent experiments. (b)
Proteasome activity in intact cells was directly measured using a cell-based
assay after cells were treated with different combinations of drugs for 2 h. The
treatment conditions were (from left to right): 1) DMSO vehicle only; 2)
Bortezomib alone; 3) Bortezomib plus tiron; 4) Bortezomib plus edaravone; 5) ZLLNle-CHO alone; 6) Z-LLNle-CHO plus tiron; and 7) Z-LLNle-CHO plus
edaravone. The concentrations of Bortezomib, tiron, edavarone, and Z-LLNleCHO are 100 nM, 2 mM, 100 μM, and 5 μM for MCF-7 cells, and 40 nM, 0.5 mM,
100 μM, and 2.5 μM for MDA-MB-231 cells respectively. Results represent the
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mean + SD of three independent experiments. (c) The same protein samples
used for immunoblotting in Figure 2-3b plus another negative control sample
were subjected to immunoblotting with anti-Notch1 (V1744) antibody that
specifically recognizes active Notch1 intracellular domain. The treatment
conditions were (from lane 1 to lane 9): 1) Negative control; 2) DMSO vehicle
only; 3) Z-LLNle-CHO alone; 4) Z-LLNle-CHO plus tiron; 5) Z-LLNle-CHO plus
edaravone; 6) Bortezomib alone; 7) Bortezomib plus tiron; 8) Bortezomib plus
edaravone; 9) lactacystin.
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Figure 2-6. No additive effect from the combination of γ-secretase inhibition
and proteasome inhibiton. Cells were exposed to increasing concentrations of
lactacystin with or without 5 μM of DAPT for 72 h and cell growth was measured
by MTS assay. Results represent the mean + SD of three independent
experiments.
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Chapter 3

∗

Characterization and comparison of protein
complexes initiated by the intracellular domain of
individual Notch paralogs
3.1 Introduction
Notch signaling is an evolutionarily conserved signaling pathway that is essential
for embryonic development, organogenesis, and tissue homeostasis. Aberrant
Notch signaling is associated with several inherited developmental diseases and
various types of cancer [reviewed in (1-3)]. Newly synthesized Notch receptor
protein is cleaved by Furin-like protease (S1) within the trans-Golgi before being
delivered to plasma membrane where it is present as a non-covalently linked
heterodimer of the two S1 cleavage products. Upon ligand binding, the bipartite
receptor undergoes two additional cleavages, S2 and S3 cleavage, mediated by
ADAM10 and the γ-secretase complex, respectively, to release active
intracellular domain (NICD). NICD then translocates into the nucleus to form a
trimeric core transactivation complex with the sequence-specific DNA binding
protein, CSL [CBF-1/Su(H)/Lag-1], and Mastermind or Mastermind-like proteins
(MAML), which further recruits other transcription activators to activate the
transcription of Notch target genes [reviewed in (4)].

Whereas Drosophila only has one Notch receptor, mammals have four Notch
paralogs. Inactivation of either Notch1 or Notch2 is embryonically lethal in mice,
but Notch3 or Notch4 single knockout mice are viable and fertile, suggesting
different mammalian Notch paralogs have redundant as well as unique activities
(5-8). Distinct functions of individual Notch paralogs can result from different
expression profiles (9), co-expression of different Notch ligands (10, 11),
differential response to Fringe-mediated glycosylations (12, 13), differences in
the structural domain composition of individual NICD,

∗

and/or from possible
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interactions with other transcription regulators at given gene promoters (14).

All NICDs contain four highly conserved structural domains, including the RBPjκassociated module (RAM), seven ankryin repeats (ANK), a nuclear localization
sequence (NLS), and proline/glutamic acid/serine/threonine-rich motifs (PEST).
In addition, the NICD of mammalian Notch 1-3 have a poorly defined
transactivation domain (TAD) between the ANK repeats and PEST domain
[reviewed in (4)]. While RAM-ANK is required and sufficient for the formation of
the NICD/CSL/MAML core complex, a short sequence within the TAD domain is
required for the formation of the high molecular weight N1ICD transactivation
complex (15). Experiments using chimeric molecules composed of the RAM-ANK
fragment and the fragment C-terminal to RAM-ANK from different NICDs have
demonstrated that both the RAM-ANK fragment and the fragment C-terminal to
RAM-ANK contribute to the transactivation strength of individual NICD paralogs
at given promoters (14). Since all NICD bind to the same DNA-binding protein,
CSL (CBF-1 or RBPjκ in mammalian cells), the difference in the transactivation
strength must derive from preferential interactions with different MAML proteins
(there are three mammalian MAML proteins) and/or other nuclear proteins.

Several nuclear proteins, including NFκB, IKKα, Smad3, YY1, and p53, have
been reported to interact with NICD (16-24). Since some of these interactions
involve the NICD ANK domain, the domain required for the formation of the
NICD/RBPjκ/MAML core trimeric complex, they are most likely RBPjκindependent. Any differences in these RBPjκ-independent interactions among
NICD paralogs would likely contribute to paralog-specific Notch activities.
However, most of these interactions were demonstrated by using N1ICD.
Whether they also happen with other NICD paralogs and whether individual
NICD paralogs have different affinities for these interacting proteins remain to be
investigated.

In the present study, we observed that ectopically expressed NICD proteins
participated in multiple protein complexes, and the assembly of N1/2/3ICD
protein complexes, but not that of N4ICD, was clearly dose-dependent. In
addition, under current experimental conditions, the availability of MAML proteins
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became the limiting factor for continuous formation of N1ICD/RBPjκ/MAMLbased complexes. Furthermore, we confirmed the associations of NICD with
NFκB, IKKα, YY1, and Smad3, and found that there were differences in the
relative affinities of individual NICD to these proteins. These observations help to
explain the dose-dependent and paralog-specific Notch activities as well as
provide clues to the development of novel reagents to block Notch signaling for
therapeutic benefit in cancer treatment.

3.2 Materials and Methods
3.2.1 Plasmid construction
cDNAs encoding the NICD of human Notch1 [amino acid residues (aa) 17542555], Notch2 (aa 1697-2471), and Notch3 (aa 1662-2321) were amplified from
reverse transcription-coupled PCR (RT-PCR) of MCF-7 total cellular RNA, and
cDNA encoding human N4ICD (aa 1467-2003) was PCR-amplified from human
fetal brain marathon-ready cDNA (Clontech, Mountain View, CA). The NICD
cDNAs were ligated into the pCMV-Tag4A vector (Stratagene, La Jolla, CA)
using BamH1/EcoR1 sites. The sequences of new constructs were verified by
sequencing with T3/T7 and gene-specific primers.

3.2.2 Cell culture and transfection
Three human breast cancer cell lines with different genetic background, MCF-7,
SKBR3, and MDA-MB-231, were used in this study. MCF-7 cells are positive for
estrogen receptor (ER) and progesterone receptor (PR), whereas the other two
cell lines are ER negative. SKBR3 cells differ from MDA-MB-231 cells in that they
express amplified HER2/neu. Both MCF-7 and MDA-MB-231 cells were cultured
in DMEM/F-12 medium (Gibco/Invitrogen, Carlsbad, CA) while SKBR3 cells were
propagated in McCoy’s 5A medium (Gibco/Invitrogen). All medium was
supplemented with 10% fetal bovine serum (FBS) (Gibco/Invitrogen) and
GlutaMAX

(Gibco/Invitrogen).

In

addition,

MCF-7

culture

medium

was

supplemented with non-essential amino acids (Gibco/Invitrogen), sodium
pyruvate (Gibco/Invitrogen), and 10 μg/ml of insulin (Sigma, St. Louis, MO). All
cell lines were maintained at 37°C in a humidified atmosphere of 5% CO2 in air.
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Plasmid DNA (5-7.5 μg/plate) was transfected into 10-cm culture plates using
Plus reagent and Lipofectamine LTX (Invitrogen) at a ratio of 1:1:3. Culture
medium was replaced 6 h after transfection to minimize the cytotoxicity of
transfection reagents.

3.2.3 Flow cytometry
Flow cytometry was used to monitor the transfection efficiency of individual
transfection experiments. In brief, cold (-20°C) 70% ethanol (1 ml) was added to
tubes containing pellets of 5 x 105 cells, and the fixed cells were then kept at 4°C
for up to a week before analysis. On the day of analysis, fixed cells were
rehydrated with phosphate buffered saline (PBS) for 10 minutes before
incubation with 200 μl of anti-Flag primary antibody solution (Clone M2, Sigma,
1:500 in PBS) at room temperature for 1 h. After washing once with PBS, the
cells were incubated with Alexa 488-conjugated goat anti-mouse secondary
antibody solution (Molecular probes/Invitrogen, 1:200 in PBS) at room
temperature for 1 h. After a second wash, stained cells were analyzed using a
FACScaliburTM flow cytometer (BD Biosciences, San Jose, CA).

3.2.4 Nuclear extract preparation
Nuclear protein extracts were prepared from MCF-7 cells 48 h after transfection,
or from SKBR3 cells 24 h after transfection due to higher cytotoxicity of
transfection reagents to SKBR3 cells, in a manner similar to that previously
described (25). In brief, cells were collected with EDTA-free trypsin to avoid
artificial activation of endogenous Notch receptors, and washed once with icecold PBS before resuspension in 5 packed cell volumes of ice-cold hypotonic
buffer [20 mM HEPES (pH 7.4), 10 mM KCl, and 1.5 mM MgCl2]. After incubation
on ice for 20 min, plasma membranes were disrupted by 10-15 strokes of a tight
Dounce homogenizer (Wheaton, Millville, NJ) until ~90% of the cells were
permeable for Trypan Blue stain (Gibco/Invitrogen). Crude nuclei were pelleted at
3,000 × g for 10 min at 4°C, and washed once with ice-cold hypotonic buffer
before resuspension in an equal volume of high salt buffer [20 mM HEPES (pH
7.4), 420 mM NaCl, and 1.5 mM MgCl2]. The samples were incubated on ice for
1 h before clearing the nuclear protein extract at 20,817 × g for 15 min at 4°C.
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Crude nuclei of MDA-MB-231 cells were prepared by differential permeabilization
because the cells are too small to be disrupted by Dounce homogenization even
after swelling in hypotonic buffer. In brief, after one wash with ice-cold PBS, the
cells were resuspended in two packed cell volumes of digitonin-containing
isotonic buffer [20 mM HEPES (pH 7.4), 120 mM KCl, 1.5 mM MgCl2, and 0.02%
digitonin]. After a 10-min incubation on ice during which ~90% of cells could be
stained with Trypan Blue, three packed cell volumes of isotonic buffer without
digitonin were added into the sample to prevent the disruption of nuclear
membrane during centrifugation. Crude nuclei were pelleted and processed in
the same way as described above.

3.2.5 Size exclusion chromatography
Nuclear extract (400-750 μg ) from three to six 10-cm plates of cells was loaded
onto a Superose 6 10/300 GL column (GE Healthcare, Piscataway, NJ)
connected to a Biologic Duoflow system (Bio-Rad, Hercules, CA) via a 250 μl
sample loop, and was run in column running buffer [20 mM HEPES (pH 7.4), 150
mM NaCl, and 1.5 mM MgCl2] at 0.4 ml/min. Twenty-seven 0.35 ml-fractions
were collected with a collection window from 7.4 ml to 16.85 ml after sample
injection. Protein in individual fractions was then precipitated with 20%
trichloroacetic acid (TCA, Sigma) solution for subsequent immunoblotting
analysis, or pooled for immunoprecipitation (IP). Gel filtration standard (Bio-Rad)
supplemented with ferritin (Mr, 440 kDa, Sigma) and bovine serum albumin (Mr,
67 kDa, Sigma) was used to estimate the molecular weight of the protein
complexes.

3.2.6 Molecular weight calculation
The molecular weights (Mr) of complexes within individual fractions were
calculated using the equation derived from molecular weight calibration curve as
previously described (26). Since the elution volume of thyroglobulin does not fit
the linear molecular weight calibration curve on this column [data not shown, and
Fig 5 in (27)], we first used the equation derived from calibration curve excluding
the Kav of thyroglobulin. However, the calculated Mr of several fractions that elute
between thyroglobulin and ferritin is much higher than the actual Mr of
thyroglobulin (670 kDa). To avoid possible confusion, we calculate a second set
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of Mr values for protein complexes that eluted off volume before ferritin using the
equation derived from Kav of thyroglobulin and ferritin only. The results are shown
in Table 1. We speculate that the first set of values might overestimate, whereas
the second set of values might underestimate, the Mr of protein complexes that
elute before ferritin. In the following sections of this report, we use the first set of
values to describe protein complexes eluted off the column after ferritin, but used
the second set of values to describe the protein complexes that elute off column
before ferritin to avoid possible confusion.

3.2.7 TCA precipitation
TCA (87.5 μl) was added to each fraction and the mixtures were incubated on ice
for 1 h before pelleting the protein precipitate by centrifugation at 15,000 × g for
10 min at 4°C. Protein precipitates were then washed three times with cold
acetone and air dried. To re-solubilize the protein precipitate, 1× lithium dodecyl
sulfate (LDS) sample buffer supplemented with reducing reagent (20 μl/tube,
Invitrogen) was added into each sample and samples were heated at 70°C for 10
min before loading onto 15-well 4-12% NuPage®Bis-Tris gels (Invitrogen).

3.2.8 Immunoprecipitation
Pooled column fractions or freshly prepared nuclear extracts were incubated with
ANTI-FLAG®M2 affinity gel (Sigma) with end-over-end mixing at 4°C for 1 h. The
affinity gels were then collected by centrifugation, and washed four times with IP
washing buffer [50 mM Tris·Cl (pH 7.4), 300 mM NaCl, 5 mM EDTA, 0.1% (w/v)
Triton X-100, and 0.02% (w/v) sodium azide] followed by one wash with PBS
solution (28). The NICD complexes were then eluted into 1× LDS sample buffer
at 70°C for 5 min. After transferring eluted proteins into new microcentrifuge
tubes, reducing reagent was added into the eluted proteins, and samples were
heated at 70°C for an additional 5 min before loading onto 4-12% or 10%
NuPage®Bis-Tris gels (Invitrogen). Nuclear extract from non-transfected cells
was subjected to the same IP procedure to be used as negative control.

3.2.9 Immunoblotting analysis
Separated proteins were transferred to Trans-Blot® pure nitrocellulose membrane
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(0.2 μm, Bio-Rad), and the membranes were blocked with Odyssey blocking
buffer (LI-COR Biosciences, Lincoln, NE) at room temperature for 1 h before
being probed overnight at 4°C with primary antibody solution. The primary
antibodies used were anti-Notch1 (C-20, Santa Cruz Biotechnology, Santa Cruz,
CA, 1:500), anti-Notch4 (H-225, Santa Cruz Biotechnology, 1:250), anti-Flag
(Clone M2, Sigma, 1:1,000), anti-RBPjκ (T6709, Institute of Immunology, Tokyo,
Japan, 1:1,000) (29), anti-MAML1 (Bethyl Laboratories, Montgomery, TX,
1:1,000), anti-MAML2 (Cell Signaling Technology, Danvers, MA, 1:200), antiMAML3 (Bethyl Laboratories, 1:1,000), anti-IKKα (Epitomics, Burlingame, CA,
1:500), anti-p65/NFκB (Santa Cruz Biotechnology, 1:500), anti-YY1 (Santa Cruz
Biotechnology, 1:300), and anti-Smad3 (Cell Signaling Technology, 1:250). All
primary antibodies were diluted in Odyssey blocking buffer. After washing four
times with TTBS for 10 minutes, the membranes were incubated with regular (for
TCA precipitated samples), or light chain specific (for IP samples) HRPconjugated goat anti-mouse/rabbit/rat (Jackson ImmunoResearch Laboratories,
West Grove, PA, 1: 4,000 - 1:20,000) secondary antibody solution at room
temperature for 1 h. After another round of four washes with TTBS, the
membranes were incubated with SuperSignal West Pico Chemiluminescent
Substrate (Pierce, Rockland, IL), exposed to Fuji film, and then developed to
visualize the protein signal.

3.2.10 Densitometry analysis
The X-ray films were scanned using an Artixscan 1800f scanner (Microtek,
Taiwan) with a resolution at 600 dpi, and then the signal intensity of individual
bands was measured using ImageJ program. The percentages (%) of total
intensity of a protein in individual fractions were calculated by dividing its
intensities in individual fractions by the total intensity of this protein from all
fractions. The results were then plotted using Excel.

3.3 Results
3.3.1 NICD-interacting proteins undergo redistribution during nuclear
extract preparation
Size exclusion chromatography is a technique that can be used to identify and
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separate protein complexes that contain a protein of interest based on its elution
profile, and has been used previously to characterize a high molecular weight
N1ICD complex (15). Therefore, we used it as a primary approach to examine
the effect of NICD concentration on the protein complex formation of individual
NICD paralogs, and to compare the protein complexes that contain individual
NICD paralogs. Since the endogenous N1ICD level in these cell lines is below
the detection limit (30), we transiently expressed Flag-tagged NICD in cells so
that we could confidently detect NICD-containing protein complexes and identify
NICD-interacting proteins using a specific anti-Flag antibody. Due to the transient
transfection nature of the experiments, not all cells expressed the exogenous
NICD-Flag protein. Thus, it was necessary to first determine whether the NICDFlag levels within individual transfected cells, as determined by flow cytometry, or
the NICD-Flag levels within the nuclear protein extract, as determined by
immunoblotting, was the most appropriate measure to correlate with protein
complex formation.

We reasoned that if NICD-interacting proteins undergo redistribution, i.e., NICD
complexes undergo dissociation and reformation during nuclear extract
preparation, only the NICD protein levels in the prepared nuclear protein extracts
need be assessed. Otherwise, the NICD levels within individual transfected cells
would need to be correlated to the elution profile. Figure 3-1 shows the elution
profiles of MAML1 from a non-transfected MCF-7 sample and a transiently
transfected MCF-7 sample in which 1 in 7 cells was transfected. Differences in
the two profiles are readily apparent while there was no significant increase in
MAML1 protein levels in the total cellular protein of the transfected sample. This
result shows that the entire MAML1 pool from the extract is redistributed to
higher molecular weight complexes in the extract despite the fact that the
expression of transfected N1ICD was only present in 13 percent of the cells used
to generate the extract. This is most easily explained by the reformation of NICD
complexes during nuclear extract preparation. Therefore, the amount of NICD in
the nuclear extract, rather than that in the original individual transfected cells,
determines the effect of NICD levels on its complex formation. At the same time,
it allows NICD levels to be easily modulated by mixing cells from transfected
plates with cells from non-transfected plates at different ratios.
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3.3.2 N1ICD-Flag preferentially forms an ~ 500 kDa complex(es) upon
increasing concentration
We next examined the elution profile of N1ICD-Flag in three samples with
different N1ICD-Flag protein levels. These three samples were from three
independent transfection experiments, and the sample M was the same sample
that was probed with anti-MAML1 antibody in Figure 3-1. Sample L was prepared
by mixing one volume of cells from a transfected plate (20% of cells transfected)
with nine volumes of cells from non-transfected plates. While total protein
staining shown in Figure 3-2a revealed equal protein loading, immunoblotting
with anti-Notch1 antibody showed clear differences in the N1ICD-Flag protein
levels in the three nuclear protein extracts. From Figure 3-2b, we can see that
N1ICD-Flag was present in fractions with Mr ranging from ~ 350 kDa to more
than 1 MDa with no clear separation, indicating the presence of multiple N1ICDFlag-containing protein complexes with overlapping molecular weights. However,
a major peak could still be identified at all three concentrations tested. At the
lowest concentration, it peaked in fractions 16-17 (~600 kDa), but the peak
shifted with increasing protein concentration to fractions 18-20, corresponding to
complexes of reduced Mr of ~500 kDa.

3.3.3 The ~500 kDa complex(es) is not based on the N1IC/RBPjκ/
MAML complex
We initially postulated that the preferentially formed 500 kDa complexes were
based on the N1IC/RBPjκ/MAML1 complex because it is the core of the
canonical Notch transactivation complex. However, after carefully comparing the
elution profile of N1ICD-Flag (Figure 3-2b) with that of MAML1 (Figure 3-1a) from
the same sample (sample M), we observed that there was more MAML1 protein
in fraction 9 than fraction 19 while the opposite was true for N1ICD-Flag. This
suggests that a large fraction of N1ICD-Flag proteins in the 500 kDa complex(es)
might not associate with RBPjκ/MAML1.

To confirm this, pooled fractions 10-17 and pooled fractions 18-20 were
immunoprecipitated separately using ANTI-FLAG®M2 affinity gel. Immunoblotting
analysis of the immunoprecipitates with anti-Flag, anti-RBPjκ, and anti-MAML
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antibodies confirmed our hypothesis. There was more N1ICD-Flag protein in the
immunoprecipitate from pooled fractions 18-20 than that from pooled fractions
10-17 (Figure 3-3a). In contrast, there was slightly less RBPjκ and almost no
detectable MAML proteins in pooled fractions 18-20.

Then we reasoned that if the preferentially formed N1ICD complex with
increasing N1ICD-Flag concentration is not based on N1ICD/RBPjκ/MAML core
complex, N1ICD-Flag in a unfractionated nuclear extract sample that has high
concentration of N1ICD-Flag should pull down proportionally less RBPjκ/MAML
than that in a sample that contain less N1ICD-Flag. This is what we observed
(Figure 3-3b).

Therefore, the preferential increase in 500 kDa complex(es)

reflects N1ICD in complexes other than the N1ICD/RBPjκ/MAML core complex.

3.3.4 Availability of MAML proteins becomes the limiting factor for
continuous

formation

of

N1IC/RBPjκ/MAML

complexes

with

increasing N1ICD-Flag level
Because the availability of NICD protein is the limiting factor for the formation of
NICD transactivation complexes, under physiological conditions, activation of
Notch signaling pathway depends on the release of free NICD molecules from
the plasma membrane. However, the almost complete absence of MAML
proteins in the IP of pooled fractions 18-20 where N1ICD-Flag preferentially
accumulates suggests that there was no free MAML available to associate with
the increased N1ICD-Flag under these experimental conditions. To test this
hypothesis, we probed the non-transfected control sample (Figure 3-1), and
samples L and H (Figure 3-2) with antibodies against RBPjκ and three MAML
members and compared their elution profiles.

As shown in Figure 3-4, although low level N1ICD-Flag in sample L shifted a
fraction of RBPjκ proteins to high molecular weight complexes, there was still a
significant amount of RBPjκ protein in fraction 27 that corresponds to free RBPjκ
monomers (55 kDa). When N1ICD-Flag increased to a level seen in sample H,
the free RBPjκ monomers almost completely disappeared. In contrast, there
were no free MAML monomer proteins (120~150 kDa) under any conditions
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tested, and in the non-transfected control sample, MAML proteins were relatively
equally distributed throughout fractions 12-19 (~ 500-900 kDa). When exogenous
N1ICD-Flag was introduced into MCF-7 cells, MAML proteins accumulated in
fractions 11-15 (~700-900 kDa). Although more MAML proteins were eluted in
fractions 11-15 in sample H compared to those in sample L, the difference in the
MAML1 elution profiles of sample L and non-transfected control was greater than
that between sample H and sample L. This suggests that MAML proteins, but not
RBPjκ proteins, are easily exhausted with the expression of exogenous N1ICDFlag. While modest expression could impact both proteins, a further increase in
N1ICD-Flag level only altered the distribution of RBPjκ among protein
complexes. Therefore, under current experimental conditions, the availability of
MAML proteins became the limiting factor for continuous N1IC/RBPjκ/MAML
complexes formation.

3.3.5

Associations of N1ICD-Flag with several known NICD-

interacting proteins are not the major contributors to the 500 kDa
complex(es)
To investigate the possible identities of the 500 kDa complex(es), we probed the
immunoblot shown in Figure 3-3 with antibodies directed against several known
NICD-interacting proteins. We found clear evidence that IKKα is associated with
N1ICD-Flag (Figure 3-5). In addition, three NFκB members—p65, p52, and p50,
and Smad3, also appear to enrich in the immunoprecipitated material relative to
the small amount that non-specifically associates with the beads. However, none
of these interactions were stronger in pooled fractions 18-20, where the 500 kDa
complex(es) preferentially formed with increasing N1ICD-Flag level, than in
pooled fractions 10-17, suggesting that they were not the major contributors to
the 500 kDa complexes.

3.3.6 N4ICD-Flag shows a distinct elution profile from the other three
NICD paralogs
We then compared the elution profiles of the other three NICD paralogs to that of
N1ICD-Flag. As shown in Figure 3-6, the elution profiles of N2ICD-Flag were
almost identical to those of N1ICD-Flag, with a the peak in fractions 18-20 at high
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expression level and a peak shift to fractions 16-17 at low concentration. N3ICDFlag showed a slightly different elution profile. Although the samples examined
had a 10-fold difference in N3ICD-Flag concentration, N3ICD-Flag in both
samples peaked in fractions 20-22, which corresponds to a 440 kDa complex(es).
This peak was slightly less pronounced when the protein level was lower,
suggesting a dose-dependent assembly of N3ICD-Flag complexes similar to that
of N1ICD-Flag and N2ICD-Flag. In contrast, N4ICD-Flag exhibited a unique
elution profile. Further, there was almost no difference in the elution profile when
N4ICD-Flag concentration changed 10-fold. In addition, N4ICD-Flag was present
in fractions that ranged from void volume to those corresponding to its free
monomer, with a minor peak in the void volume and a major peak with a Mr of
150 kDa. This distinct elution profile was not due to unique interactions with
RBPjκ and MAML proteins as the elution profiles for these proteins in the high
level N4ICD-Flag sample were very similar to those of N1ICD-Flag samples with
a low to moderate concentration of N1ICD-Flag.

3.3.7 The intracellular domains of Notch 2-4 have different affinities
to several NICD-interacting proteins
Different elution profiles suggest the presence of paralog-specific protein
complexes. Therefore, we tested whether the NICD of Notch 2-4 paralogs also
interact with IKKα, p65/NFκB, YY1, and Smad3, and whether there is any
difference in their interactions. Unfractionated nuclear protein extracts from
N2/3/4ICD-Flag transfected MCF-7 cells were immunoprecipitated with ANTIFLAG®M2 affinity gel. As shown in Figure 3-7, the expression level of N2ICDFlag was much lower than that of N3ICD-Flag and N4ICD-Flag, but all could pull
down comparable amounts of RBPjκ, implying that at least a fraction of N3ICDFlag and N4ICD-Flag proteins was not associated with RBPjκ and MAML
proteins. In addition, the three NICD paralogs displayed different affinities to
IKKα, p65/NFκB, YY1, and Smad3. Although we could not order the affinities of
NICD paralogs to these four proteins because of differences in their expression
levels, it is evident that N3ICD-Flag has a lower affinity for p65/NFκB compared
to the other two NICD paralogs, and N4ICD-Flag has a higher affinity for YY1
compared to N3ICD-Flag.
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3.3.8 The elution profiles of individual NICD-Flag paralogs in three
breast cancer cell lines are largely conserved
Lastly, we asked whether the interaction profiles of individual NICD-Flag paralogs
in different breast cancer cells lines are conserved by comparing their elution
profiles. Since MCF-7 cells are positive for both ER and PR, we included ER/PRnegative, but HER2/neu amplified, SKBR3 cells and ER/PR/HER2 triple negative
MDA-MB-231 cells.

Since we could not achieve a high NICD protein

concentration in MDA-MB-231 cells due to poor transfection efficiency in MDAMB-231 cells (only one fourth of that in MCF-7 and SKBR3 cells), we examined
only one MDA-MB-231 sample but two SKBR3 samples with different protein
concentrations for each NICD paralog. The concentration differences between
two SKBR3 samples were 4-fold for N2ICD-Flag level, and 10-fold for the other
three paralogs.

As shown in Figure 3-8, the overall elution profiles of individual NICD paralogs
are largely conserved among these three cell lines with those of the MDA-MB231 samples, similar to those of the low protein concentration MCF-7 and SKBR3
samples. First, similar to those of MCF-7 samples, the peaks of N1ICD-Flag and
N2ICD-Flag were in fractions 18-20 (~500 kDa) for high level SKBR3 samples,
and those of MDA-MB-231 sample were in fractions 16-17 (~600 kDa). Secondly,
the peak of N3ICD-Flag was in fractions 20-22 (~ 350-450 kDa) in both SKBR3
samples and the MDA-MB-231 sample, with more proteins accumulated in these
three fractions from samples with higher N3ICD-Flag protein concentration, as
was the case in MCF-7 samples. Lastly, in both SKBR3 samples, N4ICD-Flag
was present in fractions that ranged from the void volume to the fraction that
corresponds to its free monomer. This was similar to the N4ICD-Flag elution
profile in MCF-7 samples.

However, there are several noticeable differences in the elution profiles. First, the
N1ICD-Flag peak in SKBR3 samples expressing low amounts of N1ICD was in
fractions 20-21 (~440 kDa) instead of 16-17 (~600 kDa). Secondly, N3ICD-Flag
from the MDA-MB-231 sample showed a minor peak in fractions 12-14 (~800
kDa), which was not observed with low level MCF-7 and SKBR3 samples. Lastly,
N4ICD-Flag in the MDA-MB-231 sample was not present in fractions 1-9 (>
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1MDa). Although the basis of these differences remain to be investigated, the
strong similarities suggest that most of the interaction profiles of individual NICD
paralogs are conserved in these breast cancer cell lines.

3.4 Discussions
Size exclusion chromatography has previously been used to characterize N1ICDcontaining complexes in a N1ICD-transformed rat kidney cell line—RKE—and in
N1ICD transiently transfected HEK293T (15). Although the fractions were
numbered differently, we still can find the corresponding fractions by locating the
elution volumes of standard protein markers as the same chromatography
column and the same fraction size were used in the previous study and our
study. Direct comparison of the elution profiles of N1ICD, MAML1, and RBPjκ
from the two studies revealed some similarities as well as some differences. In
previous work using N1ICD-transformed RKE cells, N1ICD eluted in fractions
with Mr ranging from ~ 30–1100 kDa (calculated based on our calibration curve)
with two major peaks with Mr of ~ 1 MDa (1.5 MDa according to their calculation)
and ~ 550 kDa respectively, RBPjκ and MAML1 eluted in all fractions with a
major peak with a Mr of ~ 67 kDa and ~ 1 MDa, respectively [See Figure 3 in
(15)]. In addition, similar to our results, immunoprecipitation of pooled fractions of
1 MDa complexes and pooled fractions of 550 kDa complexes from RKE sample
with anti-N1ICD antibody pulled down much more N1ICD, but much less MAML1,
from 550 kDa complexes than that from 1 MDa complexes. Similar results were
observed in transiently transfected HEK293T cells [See Figure 5 in (15)].
Therefore, both studies demonstrated that a large fraction of N1ICD protein is
present in ~ 500-550 kDa complex(es), and that the majority of N1ICD proteins in
this complex were not associated with RBPjκ and MAML proteins.

However, a major difference between our study and the previous work is that we
did not observe a significant N1ICD peak with a Mr of ~ 1 MDa, although we both
observed that most of MAML1 proteins were present in complexes with such a
molecular weight. This is probably because the relative abundance of other
N1ICD-interacting proteins compared to MAML proteins were much higher in our
cells compared to the cells used in the previous study. As a result, the amount of
N1ICD in other protein complexes with Mr of ~ 550-900 kDa was more than that
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in N1ICD/MAML-containing complexes with a Mr of 1 MDa in our study, and
consequently, we could not identify a peak with a Mr of 1 MDa..

The identification of MAML proteins as the limiting factors for continuous
formation of NICD/RBPjκ/MAML transactivation complexes is unexpected but
significant. It provides a molecular explanation for the occurrence of competition
between NICD and MEF2C for MAML1, which underlies the non-canonical
function of Notch signaling in inhibiting myogeneis (31). Since MAML1 can also
associate with other transcription factors including NFκB, p53, and β-catenin, and
regulates their transactivities (32-34), Notch activation has the potential to
compete for MAML and, through sequestration of MAML, to regulate these
MAML-dependent signaling pathways.

A dose-dependent assembly of NICD complex, as observed in this study, is
suggestive of a plausible molecular mechanism for the reported dose-dependent
effect of NICD on cellular phenotype (35). We hypothesize that under conditions
where NICD level is stoichiometrically lower than available MAML proteins, there
is probably no or very little association of NICD with its other potential interacting
proteins due to its high affinity binding to RBPjκ/MAML proteins. As the NICD
concentration increases, MAML is limiting and the abundance of NICD exceeds
the available MAML. At this point, NICD becomes available for assembly in
additional complexes, such as NICD/NFκB and NICD/YY1. Each new NICD
complex might introduce a new non-canonical Notch signaling pathway to cells.
Therefore, higher NICD levels will activate more non-canonical Notch signalling
pathways and result in a dose-dependent effect on cellular phenotype. In this
way, active NICD could function through three mechanisms: 1) activating Notch
direct target genes through NICD/RBPjκ/MAML transactivation complex, 2)
depriving MAML, or even RBPjκ, from its other interacting proteins to affect their
activities, and 3) introducing new pathways through the formation of novel NICD
complexes.

This raises the possibility that inhibiting non-canonical NICD

complex formation may be a better choice in the treatment of human cancers
than approaches that directly target NICD production as formation of these
complexes might be more important for the oncogenic than for the physiological
Notch signalling. In this respect, it is noteworthy that at least in some cases,
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Notch signalling through the third mechanism alone is sufficient for tumorigenesis
(36).

The different elution profiles of individual paralogs suggest the presence of
paralog-specific protein complexes, consistent with the observation that the NICD
of Notch 2-4 showed different relative affinities to IKKα, p65/NFκB, YY1, and
Smad3. These observations are informative as the difference in protein complex
assembly among NICD paralogs might at least partially account for the paralogspecific activities reported previously (14, 37, 38). It should be noted these
paralog-specific activities were observed with expression of exogenous active
NICD, a condition that allows the formation of non-canonical NICD complexes.

In summary, this study identifies MAML proteins as the limiting factor for
continuous formation of NICD/RBPjκ/MAML complexes at high protein levels of
NICD and reveals dose-dependent and paralog-specific interactions between
NICD and their interacting proteins. These results not only help to explain the
dose-dependent and paralog-specific activities of NICD, but may also be
instructive in the generation of new reagents to block Notch signalling for
therapeutic benefit.
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Table 3-1. Calculated molecular weights (Mr) of individual fractions
Fraction

Calculated Mr

Fraction

Calculated Mr

Fraction

Calculated Mr

1

182267 (2037)

10

12378 (1014)

19

840 (505)

2

135184 (1885)

11

9180 (938)

20

623 (467)

3

100264 (1744)

12

6809 (868)

21

462 (432)

4

74364 (1614)

13

5050 (804)

22

342

5

55154 (1494)

14

3745 (744)

23

254

6

40907 (1383)

15

2778 (688)

24

188

7

30340 (1279)

16

2060 (637)

25

139

8

22502 (1184)

17

1528 (589)

26

103

9

16689 (1096)

18

1133 (545)

27

76

Note: 1) the unit of calculated molecular weight is kDa; 2) the values outside the
bracket were calculated using the equation derived from calibration curve
excluding Kav of thyroglobulin and the values inside the bracket were from the
equation derived from Kav of only thyroglobulin and ferritin.
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Figure 3-1. NICD interacting proteins undergo redistribution during nuclear
extract preparation. (a) Immunoblotting analysis comparing the elution profiles
of MAML1 from non-transfected and transiently transfected MCF-7 cells. The
elution time point of thyroglobulin (Mr, 670 kDa), ferritin (Mr, 440 kDa), and γglobulin (Mr, 158 kDa) are labeled. (b) Flow cytometric analysis showing the
transfection efficiency of the transfected sample used in (a). (c) Immunoblotting
analysis showing the MAML1, Notch1, RBPjκ protein levels in the transfected
and non-transfected samples.
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Figure 3-2. N1ICD-Flag preferentially forms a ~ 500 kDa complex(es) with
increasing expression level. (a) Immunoblotting analysis to show different
N1ICD-Flag protein levels in the three nuclear extract samples examined by size
exclusion chromatography. The table at the top describes the percentage of
transfected cells within individual samples; the total protein staining by CPTS
solution in the middle showing equal loading; the immunoblotting at the bottom to
show the difference in the N1ICD-Flag level in these three samples. (b)
Comparison of the elution profiles of N1ICD-Flag protein in these three nuclear
extracts. The top panels show the immunoblotting analysis and the bottom shows
a line graph describing the elution profiles in a graphic manner.
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Figure 3-3. The ~500 kDa complex(es) is not based on N1ICD/RBPjκ/MAML
complex. (a) Immunoblotting analysis of the immunoprecipitates from pooled
fractions 10-17 and pooled fractions 18-20 with antibodies against Flag, RBPjκ,
and MAML proteins. Differences in the relative signal intensity of N1ICD-Flag,
RBPjκ and MAMLs within the two IPs indicated that a fraction of N1ICD-Flag
proteins in pooled fractions 18-20 were not associated with RBPjκ and MAMLs.
(b) Immunoblotting analysis of the immunoprecipitates from two nuclear protein
samples with 5-fold difference in their N1ICD-Flag concentration. The
proportionally less RBPjκ and MAML1 in the immunoprecipitate from the sample
with high concentration of N1ICD-Flag is consistent with the notion that the
preferentially

formed

~500

kDa

N1ICD

N1ICD/RBPjκ/MAML core complex.
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complexes

is

not

based

on

Figure 3-4. Availability of MAMLs is the limiting factor for continuous
formation of N1ICD/RBPjκ/MAML complexes. The top panel are the plotted
elution profiles of RBPjκ and MAML1 proteins and the bottom panel shows the
original immunoblotting data in three samples with different N1ICD-Flag levels.
Control sample was the non-transfected control sample shown in Figure 3-1a,
and samples L and H were the same samples that were used in Figure 3-2.
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Figure 3-5. Associations of N1ICD-Flag with several proteins are not the
major contributor to the 500 kDa complex(es). Immunoblotting analysis
showing that the associations of N1ICD-Flag with several known NICDinteracting proteins preferentially occurred in pooled fractions 10-17 instead of
pooled fractions 18-20 where the 500 kDa complex(es) was present.
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Figure 3-6. N4ICD-Flag shows a distinct elution profile from the other three
NICD paralogs. The top panel shows the plotted elution profiles of N2IC-Flag,
N3IC-Flag, and N4IC-Flag proteins from MCF-7 cells, and the bottom panels
show the original immunoblotting data. The relative protein concentrations
between the high level sample and low level sample differed 3-fold for N2ICDFlag, and 10-fold for N3ICD-Flag and N4ICD-Flag. Differences in the elution
profiles indicate the presence of paralog-specific protein complexes.
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Figure 3-7. The intracellular domains of Notch 2-4 have different affinities to
several

NICD-interacting

proteins.

Immunoblotting

analysis

of

the

immunoprecipitates of N2/3/4IC-Flag with antibodies against eight known NICDinteracting proteins. The total protein input of four immunoprecipitation
experiments are the same.
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Figure 3-8. The overall elution profiles of individual NICD-Flag paralogs are
largely conserved among three breast cancer cell lines. The top panel shows
the plotted elution profiles of four NICD-Flag paralogs from MDA-MB-231 and
SKBR3 cells, and the middle and bottom panels show the original
immunoblotting data. The relative protein concentrations between the high level
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SKBR3 sample and low level SKBR3 sample differed by 4-fold for N2ICD-Flag,
and by 10-fold for the other three NICD-Flag.
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Chapter 4
Discussion
Notch signaling pathway has been proposed to be a potential therapeutic target
for breast cancer treatment. To investigate how to best exploit Notch inhibition for
therapeutic purposes, we performed two independent but related studies. In the
first study, we examined the molecular mechanism underlying the cytotoxicity of
γ-secretase inhibitor I, Z-LLNle-CHO, in breast cancer. In contrast to previous
reports that Z-LLNle-CHO induced cell death and/or growth inhibition by Notch (γsecretase) inhibition, we found that its cytotoxicity is mediated by proteasome
inhibition, not by γ-secretase inhibition. In the second study, we examined the
NICD complex formation and found that it is dose-dependent and paralogspecific. In addition, we found that the availability of MAML becomes the limiting
factor for continuous formation of NICD/RBPjκ/MAML transactivation complex.
This suggests that novel NICD complexes might form when the abundance of
NICD is in excess of available MAML, a condition that may occur in cancer cells
with aberrant Notch activation, and that blocking the formation of these novel
NICD complexes might be a better approach to inhibit oncogenic Notch signaling
pathways.

After we published our observation that the cytotoxicity of Z-LLNle-CHO in breast
cancer is mediated by proteasome inhibition (1), a similar conclusion was drawn
by others who used glioblastoma tumor-initiating cells as a test system (2). Thus,
it is evident that Z-LLNle-CHO should not be used as the sole GSI to study the
biological outcomes of Notch inhibition, and any data produced in such studies
should be interpreted cautiously. Although these findings might undermine the
support for using Z-LLNle-CHO or structurally related GSIs as a Notch inhibitors
in breast cancer management, they serendipitously reveal another potential
therapeutic strategy—proteasome inhibition—for breast cancer treatment.

Proteasome inhibitors, such as Bortezomib, are a new class of anti-tumor drugs
whose use has been approved for the treatment of multiple myeloma and mantle
cell lymphoma [reviewed in (3)]. Several clinical trials have examined the efficacy
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of Bortezomib in breast cancer patients (4-8). When used as a single agent,
Bortezomib had no clinical benefit (5, 7), but showed a moderate anti-tumor
effect when used in combination with capecitabine, doxorubicin, or docetaxel (4,
6, 8). However, none of the above clinical studies preferentially enrolled ER
negative patients only. Given our observation that proteasome inhibitors are
more effective against ER negative breast cancer cells, a finding consistent with
a previous study (9), the inclusion of ER positive patients in clinical trials of
Bortezomib might mask its potential benefit for ER negative patients. Our results
suggest that there may be a benefit to refining the inclusion criteria for patient
selection in future clinical trials designed to test the efficacy of proteasome
inhibitors in breast cancer treatment.

The lack of cytotoxicity of two specific GSIs—DAPT and L-685,458, which we
observed in breast cancer cells, might be disappointing. However, similar results
have been reported by others (10). Rasul et al. showed that two specific GSIs—
DAPT and compound E, had no significant cytotoxicity in MCF-7 and MDA-MB231 cells at low concentrations, although at higher concentrations (i.e., 50 μM,
10-fold the concentration tested in our study) DAPT inhibited the growth of MCF7 and MDA-MB-231 cells by up to 50%. However, Compound E at 50 μM
showed no effect on the growth of MDA-MB-231 cells. These authors did not test
whether inhibition of γ-secretase activity in MDA-MB-231 cells by 50 μM DAPT
was greater than that of an equivalent dose of Compound E. However, the in
vitro efficacy of Compound E (IC50 = 0.3 nM) in inhibiting γ-secretase activity has
been reported to be greater than that of DAPT (IC50 = 20 nM) (11, 12). In
addition, a recent publication using HEK293T cells transfected with a N1EXT
construct also showed that Compound E (100 nM for maximal inhibition) has a
higher efficacy than DAPT (1 μM for maximal inhibition) in inhibiting N1ICD
production (13). Therefore, it is reasonable to infer that at doses of 50 μM,
Compound E would be no less effective than DAPT in inhibiting γ-secretase
activity in MDA-MB-231 cells. Furthermore, since no cytotoxicity was observed
when cells were treated with Compound E, it is likely that the cytotoxicity induced
by 50 μM DAPT was due to off-target effects. Therefore, γ-secretase inhibition
has no detectable cytotoxic effects in breast cancer cell lines in vitro.
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There are three possible explanations for the lack of cytotoxicity of GSI in breast
cancer cells treated in vitro. First, as there are more than twenty known γsecretase substrates, inhibition of the activity of yet-to-be identified γ-secretase
substrate(s) might antagonize the cytotoxic effect of Notch inhibition. Second, the
breast cancer cell lines used in this study may have lost their sensitivity to Notch
activity due to repeated calcium depletion-induced Notch activation as
trypsin/EDTA solution is used routinely when passaging cell lines. Third, as there
is little active NICD in these cells, further reduction by GSI treatment might not
have any effect on cell survival and proliferation.

Results from both Chapter 2 and Chapter 3 provide evidence to support the third
possibility. Figure 2-2 shows that endogenous active N1ICD cannot be detected
consistently without artificial activation. Results from Chapter 3, Figure 3-2 and
Figure 3-3, show that even very low level of exogenous N1ICD-Flag shifted the
MAML1 elution profile dramatically, implying that MAML1 in the non-transfected
cells is predominantly not associated with NICD/RBPjκ. This, in turn, suggests
that there are few endogenous, active NICD molecules. This is in sharp contrast
to a previous report of readily detectable N1ICD in eight human breast cancer
cell lines, including MCF-7, MDA-MB-231, and SKBR3 used in our studies (14).
This discrepancy could be due to genetic drift as a result of the intrinsic genetic
instability of these cancer cell lines or the selection of subpopulations during
continuous cell culture. Alternatively, the authors of previous study may have
unwittingly used trypsin/EDTA, which can introduce artificial Notch activation
during sample preparation No other publication has reported readily detectable
endogenous N1ICD in these breast cancer cell lines when using an antibody that
only recognizes active N1ICD.
While these results highlight the complexities of studying γ-secretase inhibitors in
vitro, they do not diminish the potential clinical benefit of Notch inhibition in breast
cancer treatment. In the first instance, there might be much more active NICD
molecules in breast cancer cells in vivo if there is enhanced ligand-receptor
interaction. IHC staining of human breast cancer tissues using an antibody
specifically against active N1ICD detected N1ICD in 75% of breast cancer
samples (27/35); in contrast, only 1 normal tissue showed positive staining for
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N1ICD (15). In addition, N1ICD protein has been detected in protein extracts
from breast cancer tissues using immunoblotting analysis with an antibody
specifically against active N1ICD (14). Therefore, GSI treatment, or Notch
inhibition in general, might elicit a stronger cytotoxic effect in breast cancer cells
in vivo. However, it should be noted that interpretation of in vivo experimental
data will also be complicated because Notch inhibition can inhibit tumour growth
by inhibiting angiogenesis even when the tumour cells are not dependent on
Notch signalling (16). Second, even though Notch inhibition might not affect the
growth and survival of non-tumor-initiating breast cancer cells, Notch inhibition
has been shown to affect mammosphere forming efficiency (MFE), indicating its
important role in regulating breast cancer stem cells (17). Furthermore, GSI
treatment might affect the activity of another γ-secretase substrate that functions
to antagonize to active Notch signalling. This could be avoided by using more
specific approaches, such as a dominant-negative MAML peptide or paralogspecific neutralizing antibodies. In fact, polyclonal Notch4 neutralizing antibody
inhibited the MFE of primary breast cancer cultures more effectively than did
DAPT treatment, suggesting either the presence of a γ-secretase substrate as an
antagonist to Notch4 signaling or the eliciting of off-target effects. Nonetheless,
exploring the therapeutic potential of Notch inhibition in breast cancer treatment
is still warranted.

The discrepancy in the Notch1 activation status between the in vitro twodimensionally cultured breast cancer cell lines and the in vivo breast cancer
tissues might reflect the difference in the interaction between Notch receptors
and ligands and, therefore, necessitate the use of three-dimensional (3-D) culture
system for further studies. In fact, the response of mammosphere culture—one
specialized 3-D culture model that enriches breast cancer stem cell—to DAPT
treatment might reflect enhanced Notch activation partially due to enhanced
receptor and ligand interaction under 3-D culture system. However, there are
several 3-D culture platforms widely used in cancer research, with each having
its advantages and disadvantages [reviewed in (18)]. Therefore, we need to
investigate which platform can activate Notch signaling pathways in a manner
that best mimics the in vivo situation. A recently described approach is
particularly attractive in its ease to set up and its ability to mimic the hypoxic
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condition (19). The reciprocal effects between Notch activity and hypoxia in
breast cancer cells demand better understanding as hypoxia is commonly
observed in breast cancer tissues and cross-talk between Notch activity and HIF1 activity has been reported in other physiological settings (20, 21).

In addition, it is worth re-examining the effect of Notch activity on the
radiosensitivity of breast cancer cells using the 3-D culture system. Although
Phillips et al. reported that fractionated, but not single, doses of γ-radiation
increased Jagged1 and N1ICD levels in breast CSC and suggested that active
Notch signaling protects CSC from radiation damage (22), there is concern that
the Notch activation (increased N1ICD level) might be an artefact because they
used EDTA, a treatment that is known to activate Notch by depleting extracellular
calcium during sample preparation (23). We did not observe Notch1 activation
after irradiation and DAPT treatment did not affect the radiosensitivity of breast
cancer cells in monolayer culture (unpublished observation). In the light of recent
observation that Notch signaling only protects glioma CSC (CD133+ cells), but
not CD133- glioma cells, from irradiation (24), it is worth re-examining the effect
of Notch signaling on the response of breast cancer cells to γ-irradiation using
mammosphere culture or other 3-D culture systems.

There are several approaches currently available to inhibit Notch signalling,
including, in the order of increasing specificity, GSI treatment, dnMAML peptide,
RNA interference, and paralog-specific neutralizing antibodies. However,

the

most specific approach—treatment with neutralizing antibody, in this case Notch1
antibody, has been reported to cause liver damage and vascular neoplasms in
vivo due to the essential role of Dll4/Notch1 signaling in maintaining blood vessel
integrity (25). Therefore, there remains a need to identify even more precise
methods to block Notch signaling pathways that are essential for the survival of
cancer cells, but less important for the physiological Notch activities.

One possibility is to block non-canonical RBPjκ-independent Notch signalling
pathways. Support for this approach is derived from a recent study by Raafat et
al. who reported that active N4ICD could induce mammary gland carcinoma in
the absence of RBPjκ via yet-to-be-identified non-canonical RBPjκ-independent
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Notch signalling pathways (26). As discussed in Chapter 3, active NICD could
exert its functions through three mechanisms: 1) by forming NICD/RBPjκ/MAMLbased transcription regulatory complexes, 2) by sequestering MAML proteins
from their other interacting proteins to inhibit MAML-dependent signalling
pathways other than Notch, and 3) by forming novel NICD-containing regulatory
complexes, such as NICD/NFκB or NICD/Smad3 complexes. In the absence of
RBPjκ, active NICD does not form a complex with MAML. Therefore, in the study
by Raafat et al. (26), N4ICD must be functioning by forming novel NICDcontaining complexes. It is reasonable to infer that the induced mammary gland
carcinomas depend on these novel NICD complexes to survive and grow.
Formation of these novel NICD complexes might not occur under physiological
conditions in which NICD levels are tightly controlled and NICD is sequestered in
the canonical NICD/RBPjκ/MAML complex. Therefore, blocking their formation
should not cause any severe side effects while, at the same time, suppressing
tumor growth.

It should be noted that the formation of non-canonical NICD complexes was likely
to be underrepresented in the analysis in Chapter 3. We believe significant
amounts of non-canonical complexes in the highest expressing cells were lost
due to rearrangements that take place during nuclear extract preparation.
Readily detectable N1ICD has been observed in breast cancer tissues by both
IHC staining and immunoblotting analysis (14, 15). Since the immunoblotting
analysis measures the average values of a known-heterogeneous cancer cell
population, in which a subset of the cells may have significantly elevated NICD
levels, it is reasonable to infer that these non-canonical NICD complexes will
form and function in a subset of cancer cells with high levels of NICD.

Although there is currently no direct evidence to justify this hypothesis, indirect
support is found in the cytotoxicity of dnMAML1 peptide. It is generally believed
that dnMAML1’s cytotoxic effects are the consequence of Notch inhibition as
dnMAML1 would prevent recruitment of other transcription co-activators, such as
the histone acetyltransferase, p300, to NICD transactivation complexes and thus,
prevent the activation of Notch target genes. An alternative explanation, in the
light of our new working model, is that dnMAML1 also sequesters NICD from
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other

NICD-interacting

proteins,

and

consequently,

blocks

the

RBPjκ-

independent Notch signalling pathways. Understanding the relative contribution
of these two mechanisms to the cytotoxicity of dnMAML1 in Notch-dependent
cancer cells will have a great impact on developing new approaches to
specifically block oncogenic, but not physiological, Notch signaling pathway. To
address this question, an intriguing experiment would be to examine the
phenotype generated by expressing full-length MAML1 in cancer cells that are
sensitive to dnMAML1.

This should enhance the canonical Notch signalling

pathway but suppress the non-canonical Notch signalling pathway introduced by
formation of novel NICD complexes. If my hypothesis is correct, overexpression
of functional MAML1 should have a similar effect to the expression of dnMAML1.
Although overexpression of wild type MAML1 is unlikely to be suitable as a
therapy for cancer patients, any cytotoxicity due to the expression of full-length
MAML1 will provide proof-of-principle for developing novel strategies to
specifically block oncogenic Notch signalling pathway.

However, even if expression of full-length MAML1 has the potential to kill cancer
cells or induce growth arrest, there are still several critical issues that need to be
addressed before this strategy can be used to treat Notch-dependent cancers.
First, how can we specifically block oncogenic non-canonical signalling pathways
without affecting the canonical Notch signalling pathway? If we assume that
NICD needs to adopt different conformations for association with different
interacting proteins, one choice would be to use a small molecule to prevent
NICD from adopting the structural conformation that is required for the targeted
interaction. Second, how many and which non-canonical signalling pathways do
we need to block? Third, we would also need to investigate whether these noncanonical signalling pathways have any physiological function.

Although

oncogenic non-canonical Notch signalling pathways are likely to be active only
when NICD levels are high, a situation that is unlikely to happen physiologically
given the tightly control of Notch activation, this needs to be experimentally
validated. Furthermore, if Notch is liberated from these complexes, we also have
to consider whether or not additional complexes and activities will arise when the
main non-canonical pathways are inhibited. If new interactions occur, what will be
their biological consequence? To this end, further investigation of the identities of
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the ~500 KDa complex(es) that was preferentially formed with increasing N1ICDFlag concentration is warranted. In addition, it is expected that canonical Notch
signalling pathways will be further enhanced when Notch levels are high, the
consequence of which also need to be investigated.

In addition to the potential impact on the development of novel reagents to
specifically block oncogenic, but not physiological, Notch signaling, the
observation of dose-dependent assembly of NICD complexes is also important
for future research on the roles of Notch in many physiological processes. Many
studies use gain-of-function approaches to investigate the possible physiological
involvement of molecules of interest. However, in the case of Notch, the levels of
exogenous NICD molecules relative to the actual or achievable endogenous
NICD level under physiological conditions have seldom been quantified, most
probably because the endogenous NICD levels are usually below the limits of
detection. To complicate things further, it is not only the absolute NICD level that
would be relevant, but also its relative abundance compared to MAML proteins
and other possible interacting proteins. Determining the relative stoichiometric
abundance of these proteins remains a daunting technical challenge. Although
the approach we employed has provided valuable information regarding the
relative abundance of NICD, RBPjκ, and MAML proteins, it should be noted that
the data reflect the averaged values of cell populations that are known to be
heterogeneous and thus do not reflect values of individual cells within those
populations. Furthermore, biochemical methods cannot be used to study the
dynamic changes that occur during development. Therefore, novel techniques
that can detect the interaction between NICD and its binding partners are
urgently needed if we are to fully understand the significance of the results
presented in Chapter 3.

In summary, we have shown that the cytotoxicity of Z-LLNle-CHO in breast
cancer cells is mediated by proteasome inhibition, not by γ-secretase inhibition.
This correct assignment will avoid waste of limited resources and help to refine
the development of proteasome inhibitors for breast cancer treatment. In
addition, we have shown that the assembly of NICD complex is dose-dependent
and

MAML

becomes

the

limiting

factor
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for

formation

of

canonical

NICD/RBPjκ/MAML complex, which provide the molecular basis for the formation
of non-canonical NICD complexes and suggest the significance of these noncanonical complexes in the oncogenic Notch signalling pathways. This work will
facilitate the development of better therapeutic strategies to specifically block
oncogenic Notch signalling pathways without affecting the physiological Notch
activities.
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Appendix

∗

Quantitative analysis reveals asynchronous and more than
DSB-associated histone H2AX phosphorylation after
exposure to ionizing radiation
Overview
DNA double-strand breaks (DSBs) are a common type of DNA damages
introduced by radiotherapy and are believed to be the major determinant of
treatment response to radiotherapy. The discovery of localized phosphorylation
of the histone H2A variant, H2AX, at DSB sites and the visualization of DSBs by
immunofluorescent staining of phosphorylated H2AX has revolutionized the study
of molecular mechanisms underlying DSB repair because it enables the
localization of DSB sites within individual cells, and consequently the detailed
dissection of the recruitment of DSB repair proteins to the DSB sites and their
dynamics at DSB sites. Early studies reported that H2AX phosphorylation only
occurs at DSB sites and that the numbers of phosphorylated H2AX foci, denoted
as γ-H2AX foci, are equal to the expected number of DSBs at different time
points in the irradiated cells. This implied a one-to-one correlation between γH2AX foci and physical presence of DSB sites (1, 2).
In this first software-based objective and quantitative analysis of γ-H2AX foci that
I performed when I started my PhD study (3), I observed discordance between γH2AX foci kinetics and reported DSB repair kinetics. I also observed H2AX
phosphorylation outside of DSB sites, suggesting that the presence of γ-H2AX
foci is not a reliable marker for the physical presence of DSBs. Together with
several other studies, this has raised concerns about the use of γ-H2AX foci
dynamics as a surrogate for DSB repair kinetics [reviewed in (4, 5)].
The significance of non-DSB-associated H2AX phosphorylation remains to be
elusive, probably because of the lack of approaches to specifically block this type

∗

This appendix is my publication in Radiation Res. 2006; 165(3): 283-292
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of H2AX phosphorylation without perturbing the DSB-associated H2AX
phosphorylation. However, its occurrence is consistent with genome-wide
increased chromatin accessibility to micrococcal nuclease and DNaseI after
introduction of DSBs with neocarzinostatin treatment reported in a later study (6),
although whether the increased non-DSB-associated H2AX phosphorylation is
the cause or the result of this nucleus-wide chromatin relaxation remains to be
determined. Furthermore, similar non-DSB-associated H2AX phosphorylation
was observed in undamaged Xenopus sperm chromatin that was added to
Xenopus egg extract, simultaneously with a DNA double-strand oligonucleotide,
(dA-dT)70, which mimics DNA with DSBs (7). It was shown that undamaged
Xenopus sperm chromatin could enhance the ATM activation and Chk1
phosphorylation in the Xenopus egg extract induced by the DNA double-stranded
linear oligonucleotide. Most importantly, addition of an antibody that specifically
recognizes phosphorylated H2AX at Ser139 or addition of a peptide corresponding
to the C-terminus of H2AX attenuated the ATM activation. Therefore, the nonDSB-associated H2AX phosphorylation observed after DSBs might enhance the
activation of DNA damage response and help to maintain the DNA damage
checkpoint activation when only a small fraction of DSBs remain unjoined.
In addition to the observation of non-DSB associated H2AX phosphorylation, we
also observed multiple H2AX phosphorylation centers within a subset of γ-H2AX
foci, indicating the presence of multiple DSBs within a single γ-H2AX focus that
can be identified by naked eyes. The presence of multiple DSBs within the visible
volumes of DNA repair foci was later confirmed by computer modelling (8). This
observation implies that counting the foci with naked eyes might underestimate
the number of DSBs. Furthermore, our observation that S phase cells showed
different γ-H2AX foci features was confirmed by a later study (9), suggesting that
the cell cycle phase needs to be taken into consideration when using γ-H2AX foci
as a surrogate marker for DSB sites.
In summary, our study revealed several novel features of γ-H2AX foci, which
helped the research community to realize the caveats, and consequently, to take
full advantage, of using foci to indirectly visualize DSBs in cells.
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Reveals Asynchronous and more than DSB-associated Histone H2AX
Phosphorylation after Ionizing Irradiation. Radiat. Res.
Rapid phosphorylation of histone H2AX after exposing cells to ionizing
irradiation occurs at DSB sites and extends to a region including as much as 30
Mbp of chromatin to form visible microscopic structures called γ-H2AX foci.
Although the kinetics of total cellular histone H2AX phosphorylation after ionizing
irradiation has been characterized, we still know little about the phosphorylation
kinetics of individual γ-H2AX foci. In addition, there are hundreds of smaller γH2AX foci that are not associated with DNA double-strand breaks. We refer to
these sites as DSB-unrelated γ-H2AX foci. By using indirect immunofluorescence
microscopy,

deconvolution,

and

three-dimensional

image

analysis,

we

established an objective method to quantitatively analyze each γ-H2AX focus as
well as to discriminate DSB-related γ-H2AX foci from DSB-unrelated γ-H2AX foci.
Using this method, we found that histone H2AX phosphorylation at different DSB
sites was asynchronous following exposure to ionizing radiation.

This might

reflect the heterogeneous characteristic of free DNA ends that are generated
under these conditions. In addition, we found that increased histone H2AX
phosphorylation also occurred outside of DSB sites after ionizing irradiation. The
function of this DSB-unassociated phosphorylation is not known.
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INTRODUCTION
DNA double-strand breaks (DSBs) are a common type of DNA damage induced
by ionizing radiation and are believed to be the major determinant of treatment
response to radiotherapy. One of the earliest biochemical processes after DSB
formation is histone H2AX phosphorylation near the double-strand break (1). This
phosphorylation can encompass a region that includes as much as 30 Mbp of
chromatin (2). Consequently, the phosphoryated domains of histone H2AX can be
detected by immunofluorescence as relatively large subnuclear domains, termed γH2AX foci. This phosphorylation can be detected as early as 1 min after ionizing
irradiation, reaching a maximum at ~30 min after irradiation, at which time about 1%
of the total cellular H2AX molecules are phosphorylated per Gy of ionizing radiation
(1). Although the function of γ-H2AX foci formation is still unclear, their presence is
generally regarded as indicator of the existence of DSB(s). This is because γ-H2AX
foci have consistently been found at DSB sites, including those induced by drugs or
stalled replication forks, and that the number of γ-H2AX foci generally corresponds to
the number of DSBs (3, 4).
Although the kinetics of total H2AX phosphorylation are well characterized, we
still know little about the kinetics and phosphorylation density of individual γ-H2AX
foci after irradiation. This, in large part, is due to the lack of an objective method to
analyze each individual γ-H2AX focus. In addition, we have observed that in
untreated cells, there are hundreds of small γ-H2AX foci that rarely colocalize with
any known DSB repair protein (5). Since the existence of hundreds of DSB in
untreated cells is not supported by data from pulsed-field gel-electrophoresis (PFGE)
and neutral comet assay analyses (6-8), we assume that these small γ-H2AX foci are
not associated with DSB formation and therefore refer to these structures as small
DSB-unrelated foci. In the present study, we established an objective method to
analyze γ-H2AX foci. Using quantitative criteria for identifying γ-H2AX foci, we find
that H2AX phosphorylation at different DSB sites after ionizing irradiation was
asynchronous, and that H2AX phosphorylation may be saturated in the highest
phosphorylation density site. In addition, we find that DSB-unrelated γ-H2AX foci also
increase their degree of H2AX phosphorylation following exposure to ionizing
radiation.
MATERIALS AND METHODS
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Cell Culture and Treatment
M059K and M059J are two malignant glioma cell lines derived from the same
patient tumor sample but have different radiosensitivity and genetic backgrounds.
M059J is radiosensitive, lacks DNA-PKcs and has only a low level of ATM; M059K
cells are relatively radioresistant and express normal level of DNA-PKcs and ATM (9,
10). GM38 is a normal human diploid fibroblast cell line. All cells were maintained in
DMEM/F12 supplemented with 10% FBS and Glutamax (Gibco) and grown in a 37°C
humidified atmosphere containing 5% CO2. 2 Gy of γ-irradiation was given with a
137

Cs Mark I-Mode 68A irradiator (J. L. Shepherd & Associates, San Fernando, CA)

at a dose rate of 1.08 Gy/min.
Flow Cytometry Analysis
Cells (2 x 106) were collected with 0.25% trypsin at indicated times after γirradiation and fixed in 1ml of 70% ice-cold ethanol. Fixed cells were maintained at
4°C for up to 1 week before analysis. On the day of analysis, ethanol was removed
and cells were incubated with 100µl of a 1:4000 dilution of anti-γ-H2AX mouse
monoclonal antibody (JBW301, Upstate Biotechnology) for 1 h at room temperature
with gentle shaking. Following this incubation, cells were washed twice with PBS,
and the procedure was repeated with 100 µl of a 1:200 dilution of Alexa 488conjugated anti-mouse secondary antibody (Molecular Probes). Finally, cells were
incubated with 1 ml of 100 µg/ml propidium iodide (Sigma) solution containing 100
µg/ml RNase A (Sigma) at 37°C for 30min.

Samples were analyzed using a

FACSort flow cytometer (Becton Dickson). Cells stained with 1:250 diluted mouse
IgG1 (Sigma) followed by Alexa 488-conjugated anti-mouse secondary antibody
were used as isotype control. Values of fluorescence signal intensity of cells stained
with anti-γ-H2AX mouse monoclonal antibody were obtained after subtraction of the
fluorescence signal intensities of the corresponding isotype control. These data were
then normalized to the value of the corresponding 30 min sample, arbitrarily set to
equal 100%. The Student’s t-test was used to analyze relative H2AX phosphorylation
levels in irradiated cells from triplicate experiments.
Indirect Immunofluorescent Microscopy
Cells were seeded onto sterilized glass coverslips 24 h before irradiation at a
density of 1 X 104/cm2. At various times after irradiation (10 min, 30 min or 4 h), cells
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were fixed with 4% paraformaldehyde in PBS at room temperature for 10 min and
permeablized with PBS containing 0.5% Triton-X 100 for 5 min. The coverslips were
then incubated with anti-γ-H2AX mouse monoclonal antibody (1:4000 in PBS) for 1 h
at room temperature, washed three times with PBS, and incubated with Alexa 488conjugated anti-mouse secondary antibody (1:200 in PBS) for another 1 h at room
temperature. Finally, after washing three times with PBS, the coverslips were
mounted with 90% glycerol in PBS containing 0.5 µg/ml 4',6-diamidino-2-phenyindole
(DAPI2, Sigma) and 1 mg/mL paraphenylendiamine (Sigma) onto glass slides.
For BrdU and γ-H2AX double staining, cells were first incubated with 100 µg/ml
of BrdU (Sigma) for 20 min., then 15 min after irradiation, were fixed and
permeablized as before. DNA was denatured by incubating with 4N HCl for 7 min
followed by 50 mM Tris base solution for 5 min. Coverslips were then sequentially
incubated with anti-BrdU (1:50 in PBS, Roche), Cy3-conjugated anti-mouse (1:200 in
PBS, Jackson ImmunoResearch), and FITC-conjugated anti-γ-H2AX (1:50 in PBS,
Upstate Biotechnology).
Optical serial (z-) sections were collected at 300 nm intervals from 30 cells of
each group. Images were acquired with an Axioplan 2 (Carl Zeiss, Inc.) microscope
equipped with a 12-bit Coolsnap HQ cooled CCD camera and a 100X plan
apochromatic lens (NA=1.4). Images were then processed by maximum-likelihoodexpectation deconvolution in SoftWoRx (Applied Precision).
Quantitative Analysis of γ-H2AX Foci
Deconvolved image sets were analyzed with Imaris v 4.1.2. Because there was
significant difference in H2AX phosphorylation among cells in the culture, each cell
was analyzed independently.

Using a single-cell-based intensity threshold for the

FITC channel (1/10 of the maximal fluorescence signal intensity), values of the
volume and numbers of all γ-H2AX foci with intensity above this threshold, values of
the numbers of DSB-related foci (see the definition below) and numbers of spots
(see the definition below) within these foci, as well as values of total signal intensity
of both channels within these DSB-related foci and within the whole nucleus were
collected <Figure 1>. The nuclear volume was defined by DAPI staining. Data were
analyzed with Microsoft Excel. Numbers of γ-H2AX foci/spots were normalized to the
average nuclear volume at 30 min after irradiation.
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RESULTS
Kinetics of Total Cellular H2AX Phosphorylation and Dephosphorylation
The phosphorylation/dephosphorylation kinetics of H2AX in two repair-proficient
cell lines, GM38 and M059K, was similar: the phosphorylation level at 30 min after
irradiation was the highest among the three time points analyzed. In contrast,
although there was a rapid increase in the H2AX phosphorylation level within the first
10 min after irradiation in repair-deficient M059J cells, it was difficult to identify any
increase during the period from 10 min to 30 min after irradiation. In addition, there
was no decrease in the phosphorylation level during the period from 30 min to 4 h
<Figure 2>.

The differences between cell lines and between different time points

were not due to different accessibility of antibody to the isotope as identical results
were obtained by immunoblotting assay (data not shown).
DSB-related γ-H2AX Foci and DSB-unrelated γ-H2AX Foci Have Different Volumes
Since we have observed hundreds of DSB-unrelated small γ-H2AX foci in
untreated cells, and these foci persist after irradiation (5), we tested whether there is
an objective way to distinguish these steady-state foci from DSB-induced foci. After
plotting the volume of all γ-H2AX foci with intensity above the intensity threshold into
a histogram, it was observed that the histogram was not what would be expected of
a single population. Rather, there appeared to be a large population of small foci
occupying about 60-80% of the total foci and a second population that was evident
with a volume of 0.04 μm3 and greater<Figure 3>.

γ-H2AX foci larger than 0.04 μm3 are less than initial DSB numbers. The numbers
of γ-H2AX foci with a volume larger than or equal to 0.04 μm3 were then counted to
determine whether these foci represented DSB-related foci. As shown in <Table 1>,
diploid GM38 cells had an average of 64 large γ-H2AX foci, and the near-tetraploid
M059K cells and M059J cells had an average of 103 large γ-H2AX foci at 30 min
after irradiation. Considering that the cell population contains cells in S phase or G2
phase, which have DNA contents greater than that in G1 phase, these numbers were
less than the expected initial DSB numbers (~35 DSBs/Gy in a diploid human G1 cell
as assessed by pulsed-field gel electrophoresis) (6, 7).
The number of γ-H2AX spots within large foci correlated to initial DSB numbers.
Although fewer than expected γ-H2AX foci could be explained by some DSBs having
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been repaired by 30 min after irradiation (2), we found evidence for another
possibility. At high magnification, ~20-30% of DSB-related γ-H2AX foci resolved into
more than one intensity center. Therefore, we quantified the number of intensity
centers (defined as γ-H2AX spots) within these large foci. The number of spots at 30
min after irradiation was found to correspond very well to the expected average initial
DSB numbers <Table 2>. Therefore, these large foci were classified as DSB-related
and those foci with a volume smaller than 0.04 μm3 as DSB-unrelated foci.
H2AX Phosphorylation Occurred Outside of DSB-related γ-H2AX Foci
In addition to the increase in the number of DSB-related γ-H2AX foci during the
period from 10 min to 30 min after irradiation, there was also an increase in the
number of DSB-unrelated foci with fluorescence signal intensity above the threshold.
This increase was significant in all but the M059K cells <Table 3>. This increase
could result from two possibilities: more DSB-unrelated γ-H2AX foci with lower
intensity were included in the analysis due to a relatively lower intensity threshold
used at 30 min compared to that at 10 min, or there was H2AX phosphorylation
occurring at sites of small DSB-unrelated γ-H2AX foci during this period and, as a
consequence, more small foci had an fluorescent signal intensity above the threshold
and were included in the analysis. The former is unlikely since the mean intensity of
γ-H2AX staining increased between 10 and 30 min after ionizing radiation. Therefore,
the increase in the numbers of small DSB-unrelated foci most likely results from
H2AX phosphorylation occurring at sites outside of the DSB sites during this time
period.
Different H2AX Phosphorylation Level at Different DSB Sites
The relative phosphorylation density of each DSB-related γ-H2AX focus was
measured by calculating the ratio of total γ-H2AX fluorescence signal to the total
DAPI (DNA) fluorescence signal within each focus. The values of this ratio from all
the DSB-related foci within a cell were then normalized to the largest value within this
cell, arbitrarily set to equal 100%. With the assumption that H2AX molecules are
evenly distributed throughout the chromatin, this ratio will reflect relative H2AX
phosphorylation level within each focus. <Figure 4> shows that the relative
phosphorylation level of different DSB-related γ-H2AX foci were different, displaying
a wide range with the average relative phosphorylation level close to 50% of the
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phosphorylation level of most highly phosphorylated foci in each individual cell in all
three cell lines and at most time points.
All H2AX Molecules at a DSB Site Could Be Phosphorylated
By calculating the ratio of the fluorescent signal within DSB-related γ-H2AX foci
to the total nuclear fluorescent signal, ~2% of DAPI signal (reflecting the amount of
chromatin) and half of total phosphorylated H2AX were found involved in these large
foci at 30 min after 2 Gy γ-irradiation in GM38 and M059K cells <Table 4 and Table
5>. Combining this information with the estimate from 2-D gel electrophoresis
experiments that ~1% per Gy of total H2AX molecules are phosphorylated at 30 min
after ionizing irradiation (1), the average phosphorylation level within these DSBrelated γ-H2AX foci could be deduced from the following calculation: (1% * 2 *
50%)/2%=50%: where (1% * 2) represents the proportion of total nuclear H2AX
molecules phosphorylated after 2 Gy γ-irradiation; 50% represents the percentage of
total phosphorylated H2AX molecules within these large DSB-related foci; and /2%
represents the phosphorylation density when these phosphorylated H2AX molecules
were evenly distributed into the chromatin involved in these foci. Since the results
were close to the average relative phosphorylation level in <Figure 4>, it could be
inferred that the highest phosphorylated focus at 30 min after ionizing irradiation
corresponded to a state where almost all H2AX molecules within the focus were
phosphorylated.
Early S-phase Cells Have Distinctive γ-H2AX Foci Pattern but Did Not Affect the
Present Analysis
During the process of image analysis, it was noted that there were two different γH2AX foci patterns: one with fewer total γ-H2AX foci and a clear boundary between
DSB-related and DSB-unrelated foci; and another with more total γ-H2AX foci with
poor

resolution

between

DSB-related

foci

from

DSB-unrelated

foci.

Co-

immunofluorescence staining with anti-BrdU antibody (Roche) revealed that the
second pattern is early S-phase cell-specific <Figure 5>. Most of the γ-H2AX foci in
these early S-phase cells have a volume smaller than 0.04 μm3 and are counted as
DSB-unrelated foci, but they are relatively brighter than DSB-unrelated foci in other
cells. The identity of these small but brighter foci is not clear. Since most of them do
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not colocalize with BrdU speckles and 2 Gy γ-irradiation is not expected to cause
detectable inhibition of ongoing replication fork (11) , it is unlikely that they results
from stalled replication forks. To test whether including the these cells in the analysis
had a significant influence on the present study, all images were reviewed and 2-5
cells with early S-phase cell-specific γ-H2AX foci pattern were identified in each
group except 9 in M059J/30 min group. When these cells were excluded from the
analysis, it was found that although the absolute values changed a little, the above
conclusions remained tenable <Numbers within the parentheses in all 5 tables>.

DISCUSSION
This paper presents the first report of detailed, objective, quantitative analysis of
individual γ-H2AX foci from 3-dimensional images. The finding that the average
number of γ-H2AX spots within DSB-related foci at 30 min after irradiation was
higher than that at 10 min and corresponded well to the number of initial DSBs is a
little surprising. It has been reported that 1) the average number of γ-H2AX foci was
maximal at 3 min after irradiation and corresponded well to the DSB numbers
determined by pulsed-field gel electrophoresis (6) and; 2) that the average number of
γ-H2AX foci at 30 min after irradiation corresponded well to the residual DSBs (2).
However, there are several factors that support our conclusions: 1) the use of
deconvolution to process images before analysis improves resolution of the
procedure (12), enabling us to identify multiple centers of intensity within single γH2AX foci. The numbers of spots obtained using this criterion closely matched the
expected number of DSBs for the dose of γ-irradiation applied; 2) the volume
threshold we used was determined empirically and corresponded to the most
consistent inflection in volume histogram curves (7 out of 9); 3) the DSB-related γH2AX foci identified by image analysis corresponded to all of the large and bright foci
in the images identified by visual inspection; 4) the kinetics of the foci
appearance/disappearance defined by microscopic analysis was consistent with the
kinetics of total H2AX phosphorylation determined by flow cytometry; and 5) there
are reports that the numbers of γ-H2AX foci or other repair protein foci that colocalize
with γ-H2AX foci after DSB formation, such as 53BP1 foci and NFBD1/MDC1 foci,
were maximal at 30 min after γ-irradiation (13-17). While it would be imprudent to
state that all the γ-H2AX foci with a volume above a certain threshold are DSB-

199

related foci and that all the γ-H2AX foci with a volume below the threshold are
steady-state foci, this definition does provide an objective and practical standard for
further analysis.
The observation of multi phosphorylation centers, defined as spots in this paper,
within ~20-30% of the large DSB-related foci is quite novel. Individual spots cannot
be identified by eye, which may partly account for the underestimation of γ-H2AX foci
number in previous reports, especially under conditions of high doses of irradiation
(18-20). These multi spots per foci may result from clustering of damaged chromatin
domains (21), or from generation of close DSBs. The later possibility is not
contradictory to the random, but not necessarily even, distribution of DSB generated
by low-LET ionizing irradiation. In fact, PFGE data show that the DNA fragments
generated from DSBs cover a wide range of length (7). In addition, two points far
away in genomic sequence, even when they are located in different chromosomes,
can be very close in 3-D space when DNA is compacted into chromatin.
The kinetics of γ-H2AX foci in repair-deficient M059J cells seems contradictory to
the total H2AX phosphorylation level determined by the flow cytometry. This paradox
can be resolved by the fact that M059J cells have a higher proportion of H2AX
phosphorylation outside of DSB-related foci. As a consequence, a small increase in
H2AX phosphorylation within large foci during the early time after irradiation may
alter the number of large γ-H2AX foci, but cannot be detected by flow cytometry.
During the period from 30 min to 4 h after irradiation, relative large foci volume,
reflected by the fact that few foci at 4 h compared to that at 30 min occupy more
chromatin, may compensate the loss of γ-H2AX signal from some foci. Therefore, the
γ-H2AX foci kinetics in M059J cells is not as consistent as those in GM38 cells and
M059K cells with the total nuclear H2AX phosphorylation level. The slower decrease
in the γ-H2AX foci number in this repair-deficient cell lines was also reported by
another group (22), and most likely results from the slow DSB-repair kinetics in this
cell line (23).
The dynamic nature and asynchronous formation of γ-H2AX foci are two possible
factors contributing to the lack of correspondence between the number of γ-H2AX
foci/spots and the presence of physical DSBs. The appearance and disappearance
of

γ-H2AX

foci

is

a

gradual,

not

an

“on/off”,

process

and

H2AX

phosphorylation/dephosphorylation at different DSB sites are not synchronous after
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ionizing irradiation as implied by the great variation in the relative phosphorylation
level of DSB-related foci shown in the present study. As a result, foci may not have
formed at some DSB sites at the early time points after DSB formation, while γ-H2AX
foci could still persist after the DSB is repaired due to the gradual, not sudden,
dephosphorylation or degradation of γ-H2AX. Therefore, as suggested by previous
reports, the presence of γ-H2AX foci may not necessarily mark the presence of a
physical DSB at the time of analysis (24-26).
The mechanisms underlying the asynchronous kinetics of H2AX phosphorylation
after ionizing irradiation are still unclear. Apart from the phosphoinositide 3-kinase
related kinase (PIKK2) activity, there is no protein that has been reported to be
required for H2AX phosphorylation after ionizing irradiation. One possibility is that
asynchronous kinetics reflects the complexity of ionizing radiation-produced DSBs
(27). For example, DSBs with less additional damage nearby may have an early and
rapid H2AX phosphorylation whereas DSBs in multiply damaged sites might need
processing before recruiting PIKK kinase activity and H2AX phosphorylation.
H2AX phosphorylation outside of DSB sites after ionizing radiation has not been
formally reported but during the course of this study, one group observed
inconsistency between the total cellular γ-H2AX level determined by immunoblotting
and the fluoresence signal within DSB-related γ-H2AX foci determined by
fluorescence microscopy in caffeine, a PIKK kinase inhibitor, and UCN-01, a cellcycle kinase Chk1 inhibitor, treated Hela cells (25). The authors attributed this
inconsistency to the redistribution of γ-H2AX in chromatin at later time after
irradiation.

However,

the

“redistribution”

cannot

satisfactorily

explain

the

inconsistency between unaffected H2AX phosphorylation level determined by
immunoblotting and reduced γ-H2AX foci number at early time (1 h) after irradiation
in UCN-01 treated HeLa cells. Therefore, it is possible that these treatments can
affect H2AX phosphorylation outside of DSB sites. The function of H2AX
phosphorylation outside of DSB sites after ionizing radiation is not clear, but may
indicate an altered balance between kinase activity and phosphatase activity and/or
changed accessibility of PIKK to the Ser139 of H2AX at these sites.
In a previous review, it was suggested that one tenth of total H2AX molecules at
a DSB site are phosphorylated, with the assumption that the phosphorylation levels
within different foci are the same (3). Since we observed in our experimental system
that the phosphorylation density within different foci was not homogeneous at various
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time points after ionizing irradiation, we further estimated the phosphorylation density
at DSB sites based on measurements of intensity distributions and find that the
H2AX phosphorylation may reach saturation in the most highly phosphorylated γH2AX foci. If H2AX phosphorylation alters chromatin structure as proposed (4), the
full phosphorylation of all H2AX molecules at DSB sites would be expected to alter
chromatin structure on a very large scale.
The detailed and quantitative analyses of individual γ-H2AX foci in the present
study provide new insight into the nature of H2AX phosphorylation after ionizing
irradiation. However, there are limitations to this method of analysis. The separation
of DSB-related foci from DSB-unrelated foci is based on the contrast of their
fluorescence intensity and volume. Therefore, when this contrast is not as
pronounced as that observed here, such as when analyzing foci resulting from drug
treatment or at later times after irradiation, this method may not apply or the
thresholds may need to be adjusted. In fact, in mock-irradiated control cells, there
are 0-10 large bright foci that can be identified by eye; however, the contrast of these
foci with the small dim ones is not always as sharp as observed for irradiationinduced ones. As a result, when the same thresholds used in the present analysis
are applied to unirradiated cells, the numbers of the foci with fluorescence intensity
and volume above the thresholds are much greater than reasonably be expected.
Since the data derived from unirradiated control cells are not essential to address the
questions of the kinetics of post-irradiation

H2AX phosphorylation, they are not

included in the present study. The intensity threshold used here (1/10 of the
maximal) was determined empirically by comparison to 1/3, 1/5, and 1/20 of the
maximal signal intensities. The foci volumes generated with the present threshold
(1/10) match the boundary of the fluorescence signal best when the images are
displayed in such a way that the maximum of the intensity histogram corresponds to
the intensity value of the brightest pixel, and the minimum of the intensity histogram
correspond to the value of the background. However, it should be kept in mind that
there are still many small foci with intensity below this threshold that were not
included in the present analysis. Using a fluorphore in the mounting medium could
provide an internal standard useful for determining the intensity threshold, but this
approach requires further investigation. However, the present method that combines
intensity threshold with volume threshold to define foci should apply to a variety of
conditions, including analysis of other DSB-repair protein foci.
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The present study also raises some important new questions, such as what are
the kinetics of phosphorylation generally and within individual sites following the
formation of DSBs; and what is the function of H2AX phosphorylation outside of DSB
sites. New approaches to studying DSB repair as a dynamic process and with single
focus resolution must be developed in order to address these questions.
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TABLE 1
Average numbers of DSB-related γ-H2AX foci (Mean + SD)
Cell line

2 Gy 10 min

2 Gy 30 min
a,b

2 Gy 4 h
b

GM38
49 + 17 (46 + 16)
64 + 32 (55 + 22 )
M059K
83 + 41 (85 + 43)
103 + 45b (102 + 46b)
M059J
67 + 35 (59 + 24)
104 + 56a (100 + 53a)
a
p<0.05 (2 Gy 30 min vs. 2 Gy 10 min)
b

44 + 31 (35 + 18)
62 + 38 (55 + 27)
80 + 38 (79 + 31)

p<0.05 (2 Gy 30 min vs. 2 Gy 4 h)

Values within parentheses are from analysis excluding S-phase cells
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TABLE 2
Average numbers of γ-H2AX spots within DSB-related foci (Mean + SD)
Cell line

2 Gy 10 min

2 Gy 30 min
a,b

2 Gy 4 h
a,b

GM38
65 + 22 (62 + 21)
97 + 45
(84 + 32 )
54 + 33 (45 + 21)
M059K
109 + 51 (112 + 53)
152 + 61a,b (149 + 63a,b)
91 + 55 (80 + 36)
M059J
97 + 50 (89 + 43) 137 + 80a (134 + 77a) 125 + 63 (111 + 38)
a
p<0.05 (2 Gy 30 min vs. 2 Gy 10 min)
b

p<0.05 (2 Gy 30 min vs. 2 Gy 4 h)

Values within parenthesis are from analyses excluding S-phase cells
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TABLE 3
Average numbers of DSB-unrelated γ-H2AX foci (Mean + SD)
Cell line

2 Gy 10 min

2 Gy 30 min
a

2 Gy 4 h
a

GM38
63 + 48 (47 + 23)
104 + 91 (68 + 27 )
M059K 157 + 97 (140 + 83) 193 + 105 (180 + 93)
M059J
87 + 60 (68 + 31)
210 + 125a (155 + 86a)
a
p<0.05 (2 Gy 30 min vs. 2 Gy 10 min)
b

125 + 95 (103 + 79b)
213 + 134 (184 + 81)
118 + 62b (114 + 62)

p<0.05 (2 Gy 30 min vs. 2 Gy 4 h)

Values within parentheses are from analysis excluding S-phase cells
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TABLE 4
Average percentages of total nuclear γ-H2AX fluorescence signals within DSBrelated foci (Mean + SD)
Cell line

2 Gy 10 min

2 Gy 30 min
b

b

GM38
53 + 15 (56 + 14)
53 + 9 (56 + 7 )
M059K
46 + 11 (48 + 8)
51 + 9 (52 + 8)
M059J
32 + 9 (35 + 9)
32 + 13b (36 + 12b)
a
p<0.05 (2 Gy 30 min vs. 2 Gy 10 min)
b

2 Gy 4 h
29 + 7 (30 + 7)
46 + 13 (47 + 13)
40 + 8 (42 + 6)

p<0.05 (2 Gy 30 min vs. 2 Gy 4 h)

Values within parentheses are from analysis excluding S-phase cells
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TABLE 5
Average percentages of total nuclear DAPI fluorescence signals within DSBrelated foci (Mean + SD)
Cell line

2 Gy 10 min

2 Gy 30 min
a,b

2 Gy 4 h
a,b

GM38 1.1 + 0.5 (1.0 + 0.5) 2.3 + 1.3 (2.0 + 0.8 )
M059K 1.1 + 0.4 (1.0 + 0.4) 1.9 + 0.6a,b (1.8 + 0.6a,b)
M059J 1.3 + 0.6 (1.3 + 0.6) 1.4 + 0.9 (1.4 + 0.7)
a
p<0.05 (2 Gy 30 min vs. 2 Gy 10 min)
b

1.4 + 0.7 (1.2 + 0.6)
1.3 + 0.8 (1.3 + 0.7)
1.5 + 0.7 (1.6 + 0.7)

p<0.05 (2 Gy 30 min vs. 2 Gy 4 h)

Values within parentheses are from analysis excluding S-phase cells
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FIG. 1. Representative γ-H2AX and DAPI staining. Panel A: DAPI staining. Panel
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B: projection of nuclear volume defined by Imaris. Panel C: γ-H2AX staining.
Panel D: projection of all γ-H2AX foci with fluorescent signal intensity above the
threshold (1/10 of the maximal fluorescence intensity value). Panel E: Zoomed
image of white box region in panel D. Three intensity peaks (spots) can be
identified within a γ-H2AX focus. Panel F: zoomed image of the green box region
in panel D. Green foci are DSB-related foci and gray foci are DSB-unrelated foci.
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FIG. 2. Total cellular H2AX phosphorylation kinetics determined by flow
cytometry. panel A: representative flow cytometry results. Panel B: statistical
results calculated from data obtained from three separate experiments. a: p<0.05
(Control vs. 2 Gy 10 min); b: p<0.05 (Control vs. 2 Gy 30 min); c: p<0.05 (Control
vs. 2 Gy 4 h); d: p<0.05 (2 Gy 30 min vs. 2 Gy 4 h).
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FIG. 3. Histogram of the volume of γ-H2AX foci with fluorescence signal intensity
above the threshold. X axis represents the series of ranges of numerical value of
foci volume (μm3) into which data are sorted in histogram analysis and Y axis
represents the percentages of total γ-H2AX foci within this range.
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FIG. 4. Histogram of the relative H2AX phosphorylation level within DSB-related
γ-H2AX foci. X axis represents the series of ranges of numerical value of relative
H2AX phosphorylation level (percentages of the phosphorylation level of the
most highly phosphorylated foci in each individual cell) into which data are sorted
in histogram analysis and Y axis represents the percentages of total DSB-related
γ-H2AX foci within this range.
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FIG. 5. Early S-phase cell-specific
γ-H2AX foci pattern. Panel A: DAPI
staining. Panel B: γ-H2AX staining.
Panel C: BrdU staining.
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