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Abstract: γ-secretase complexes are multisubunit protease complexes that perform the 

intramembrane cleavage of more than 60 type-I transmembrane proteins, including Notch 

receptors. Since dysregulated Notch signaling has been implicated in the tumorigenesis and 

progression of breast cancer, small molecule γ-secretase inhibitors (GSIs) are being tested for 

their therapeutic potential in breast cancer treatment in several clinical trials. Here, the structure 

of γ-secretase complex and the development of GSIs are briefly reviewed, the roles of Notch and 

several other γ-secretase substrates in breast cancer are discussed, and the difference between 

γ-secretase inhibition and Notch inhibition, as well as the side effects associated with GSIs, are 

described. A better understanding of molecular mechanisms that affect the responsiveness of 

breast cancer to GSI might help to develop strategies to enhance the antitumor activity and, at 

the same time, alleviate the side effects of GSI.
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Overview of γ-secretase complexes
γ-secretases are intramembrane multisubunit protease complexes that are composed of 

four core components (presenilin, nicastrin, presenilin enhancer 2 [Pen2], and anterior 

pharynx-defective 1 [Aph1]) and several associated proteins such as TMP21, CD147, 

and Rer1p.1–3 Two presenilin genes and two Aph1 genes have been identified in the 

human genome. Given that the Aph1a gene can be expressed in two isoforms due to 

alternative splicing,4 there could be at least six different γ-secretase complexes. It has 

been shown that γ-secretase complexes containing different presenilin or Aph1 could 

exhibit distinct activities.5,6

The catalytic subunit presenilins are multipass transmembrane proteins with nine 

transmembrane domains. The catalytic active site lies between their sixth and seventh 

transmembrane domains, with two aspartates (D257 and D385 of presenilin 1) confer-

ring the aspartate protease activity to the γ-secretase complex.3 Nicastrin was originally 

proposed to be the “gatekeeper” of γ-secretase complex,7 but a recent study suggested 

that it functions to stabilize γ-secretase complexes.8 Pen2 is believed to be required 

for endoproteolytic processing of inactive full-length presenilin into the catalytically 

active heterodimer.9 Aph1 was recently shown to associate with γ-secretase substrates 

even in the absence of intact γ-secretase complex, suggesting that Aph1 may be the 

substrate receptor for the protease complex.10 The functions of other associated pro-

teins are even less clear.

Substrates of γ-secretases are a growing family of single-pass type I transmembrane 

proteins with more than 60 identified members.1 Notably, these substrates do not 
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share a consensus sequence. The only known prerequisite 

for γ-secretase-mediated cleavage of these substrates is a 

short (,40 amino acids) extracellular domain. Therefore, 

a proteolytic processing within the ectodomain performed 

by a disintegrin and metalloproteinase (ADAM) or other 

sheddases at a site close to the transmembrane domain usu-

ally precedes the γ-secretase-mediated cleavage. While the 

cleavage of some substrates produces functional free ectodo-

main or intracellular domain (ICD), the γ-secretase-mediated 

intramembrane cleavage of other substrates might just serve 

as a clearance mechanism to regulate the abundance of these 

transmembrane proteins.2,3

γ-secretase inhibitor (GSI)
Due to their therapeutic potential in the treatment of 

Alzheimer’s disease where γ-secretase-mediated processing of 

β-amyloid precursor protein generates amyloid-β peptide, the 

key component of amyloid plaques in Alzheimer’s disease,11 

considerable effort has been made to develop potent and 

selective GSIs. As a result, more than 100 GSIs have been 

synthesized.12,13 They can be classified into transition-state 

analogs and non-transition-state analog inhibitors based 

on their structure and binding sites. The transition-state 

analog GSIs are peptide isosteres that mimic the transition 

state of substrate cleavage by γ-secretase and bind to the 

catalytic active site of presenilins. The best characterized first 

generation GSI of this type is L-685458.14 On the other hand, 

the binding site for the non-transition-state analog GSIs has yet 

to be better defined, although a report suggested that they bind 

to the interface of a γ-secretase complex dimer.15 The two most 

widely used first generation non-transition-state analog GSIs 

are N-[N-(3,5-difluorophenacetyl)-L-alanyl]-S-phenylglycine 

t-butyl ester (DAPT)16 and Compound E.17

Recently, new generations of GSIs with enhanced potency 

and/or improved drug-like properties (such as pharmacoki-

netics) have been developed and tested in animal studies and 

clinical trials.13 The first potent GSI with drug-like properties 

is LY-411575, which is structurally similar to – but 100-fold 

more potent than – DAPT.18,19 However, LY-411575 has not 

been tested in clinical trials although it has been used in sev-

eral animal studies.20,21 In contrast, two GSIs with a structural 

core derived from LY411575, LY-450139 (semagacestat)22,23 

and RO4929097,24 have been or are being tested in several 

clinical trials. In addition to these azepine-containing GSIs, 

two sulfonamide-containing non-transition-state analog GSIs, 

MRK003 and MK0752, have been developed by Merck & 

Co., Inc. (Whitehouse Station, NJ) and the latter is being 

tested in several clinical trials.

It should be noted that information regarding the 

specificity of most GSIs is not publicly available. It has been 

shown that the cytotoxicity of Z-LLNle-CHO, commonly 

referred as GSI-I from Calbiochem® (EMD Millipore, 

Billerica, MA), in breast cancer cells is due to proteasome 

inhibition, but not γ-secretase inhibition.25 Another commonly 

used GSI from Calbiochem, Z-IL-CHO (GSI-XII), can also 

suppress the activity of proteasome at concentrations that 

show cytotoxicity in breast cancer cells (authors’ unpublished 

observation). Although it is unlikely that the new generation 

non-transition-state analog GSIs that are tested in animal stud-

ies and clinical trials have proteasome-inhibitory activity, it 

has been reported that both L-685458 and LY411575 – but not 

DAPT – can inhibit the activity of signal peptide peptidases 

(SPPs), a family of aspartyl proteases that is closely related 

to γ-secretase complex.26 Fewer than ten SPP substrates have 

been identified with the significance of SPP-mediated process-

ing largely unknown.27 However, a recent study reported that 

SPP-like 2-mediated tumor necrosis factor-α signal peptide 

clearance could modulate the response of breast cancer cells 

to tumor necrosis factor-α signaling.28 Therefore, observations 

from treatment with GSIs with unknown specificity should 

be interpreted cautiously.

In addition to GSIs, γ-secretase activity has also been 

downregulated by using ribonucleic acid (RNA) interference 

to knock down nicastrin or by using neutralizing antibody 

against nicastrin in vitro (Figure 1).29,30 These approaches 

can avoid affecting the activity of γ-secretase-related pro-

teases such as SPP and, therefore, are good complementary 

methods to examine the outcome of γ-secretase inhibition. 

Nonetheless, GSI might still be the first choice when it 

comes to in vivo studies and eventually clinical use due to 

its convenience to administer.

Notch as γ-secretase substrates  
in breast cancer
To date, the interest in targeting γ-secretase for cancer 

treatment stems almost exclusively from the fact that Notch 

receptors are γ-secretase substrates. Notch receptors are a 

family of evolutionarily conserved transmembrane proteins 

and humans have four Notch homologs, Notch1–4. They 

share similar structural domains, activation process, and 

mechanism of target gene regulation. Humans also have 

five classical Notch ligands: Jagged 1, Jagged 2, Delta-

like 1 (Dll1), Dll3, and Dll4. In the absence of ligand 

engagement, cytomembrane-anchored Notch receptors 

adopt a conformation that masks its ADAM cleavage site. 

Upon ligand binding, physical force generated from 
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Figure 1 Schematic description of approaches that have been used to suppress γ-secretase activity in breast cancer studies and of signaling pathways that are possibly affected 
by γ-secretase inhibition.
Note: The reference numbers of relevant studies are indicated.
Abbreviations: Aph-1, anterior pharynx-defective 1; EMT, epithelial-mesenchymal transition; GSI, γ-secretase inhibitor; mAb, monoclonal antibody; mRNA, messenger 
ribonucleic acid; NCT, nicastrin; Pen2, presenilin enhancer 2; shRNA, small hairpin ribonucleic acid.

ligand endocytosis exposes the ADAM cleavage site. The 

C-terminal product of the ADAM-mediated cleavage is 

a constitutive substrate of γ-secretase complex, which 

releases the active Notch ICD from the cell membrane. 

Free Notch ICD translocates into the nucleus to interact 

with the sequence-specific DNA binding protein, CSL 

(named after C-promoter binding factor 1, Su[H], and 

Lag-1), mastermind or mastermind-like proteins, and other 

transcription coactivators to activate the transcription of 

Notch target genes.31 In addition to the well-characterized 

canonical Notch signaling pathway, noncanonical Notch 

activities have also been reported.32

Notch signaling has been implicated in the tumorigen-

esis and progression of breast cancer and, consequently, has 

been proposed to be a promising therapeutic target for breast 

cancer treatment.33–36 However, discrepancies among key 

observations raise concerns over the therapeutic potential of 

blocking Notch signaling, especially through GSIs, in breast 

cancer.37 Encouragingly, a recent study provided compelling 

evidence that the Notch pathway is dysregulated in a small 

subset of breast cancers and these cancers are responsive 

to γ-secretase inhibition.38 Using paired-end transcriptome 

sequencing, the authors detected Notch1 or Notch2 involving 

chromosomal translocation in three out of 38 breast cancer 

tissues and five out of 41 breast cancer cell lines. Among 

these eight translocations, three found in cell lines and one 

found in breast cancer tissues are expected to result in dys-

regulated Notch activity. Indeed, all three cell lines showed 

much higher Notch transcriptional activity. Most importantly, 

DAPT treatment inhibited the proliferation of the two cell 

lines that express truncated Notch1 with short extracellular 

domains C-terminal to the ADAM cleavage site, but not that 

of the cell line that expresses a truncated Notch2 with no 

γ-secretase cleavage site as expected.
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In addition to regulating cancer cell survival/proliferation 

cell-autonomously, Notch signaling could also affect the 

tumor phenotypes through non-cell autonomous mechanisms. 

The best known example is through angiogenesis, where 

excessive but nonfunctional angiogenesis triggered by Notch 

inhibition can suppress tumor growth.39,40 A recent study 

provided another example of non-cell autonomous effects 

of Notch signaling on breast cancer.41 Sethi et  al showed 

that tumor-expressed Jagged 1 could promote breast cancer 

bone metastasis by activating Notch receptors expressed in 

osteoblasts and osteoclasts. Higher Notch activity in osteo-

blasts stimulated the release of interleukin-6 from osteoblasts, 

which in turn promoted the growth of metastatic cancer 

cells. On the other hand, Notch activation in osteoclasts 

caused severe osteolysis and consequently provided space for 

metastatic breast cancer cells to proliferate.41 This inspiring 

study raises an intriguing possibility that tumor-expressed 

Notch ligands might also activate Notch signaling in other 

tumor stromal cells, such as fibroblasts and immune cells, 

which in turn promote the survival and proliferation of breast 

cancer cells. Although this hypothesis remains to be rigor-

ously tested, it is consistent with the observation that the 

expression level of Notch ligands rather than that of Notch 

receptors in the breast cancer tissues correlates with clinical 

outcomes.41,42

Other γ-secretase substrates  
in breast cancer
In addition to Notch receptors and ligands, more than 50 

transmembrane proteins have been identified as substrates for 

γ-secretease.1 Among them, several proteins such as ErbB4, 

E-cadherin, and CD44 are known to have important functions 

in breast cancer (Figure 1).

ErbB4 receptor tyrosine kinase is a member of epi-

dermal growth factor receptor (EGFR) family. In contrast 

to the well-documented proproliferative effects of other 

members of EGFR family, the functions of ErbB4 in breast 

cancer are open to debate.43,44 In some breast cancer cell 

lines, activation of ErbB4 by its ligand heregulin resulted 

in its intramembrane cleavage and concomitant growth 

inhibition.45,46 The intramembrane cleavage of ErbB4 is per-

formed by γ-secretase as the expression of dominant-negative 

presenilin or treatment with Compound E could prevent 

the generation of free ErbB4 ICD and reverse the growth 

inhibition induced by heregulin.46 The significance of 

γ-secretase in ErbB4 signaling was further confirmed by later 

studies.47,48 By expressing a mutant ErbB4 (ErbB4-V673I) 

that does not undergo γ-secretase-mediated cleavage, it was 

found that some of the ErbB4-induced gene expression and 

proapoptotic activity were substantially abolished.47 However, 

it should be noted that ErbB4-V673I still retained some of 

the ErbB4 activities,47 which might even be enhanced due to 

a possibly higher level of membrane-anchored ErbB4 when 

its cleavage is blocked. In addition, the abundance of cell 

surface ErbB4 might affect the signaling of other members 

of EGFR family by changing their dimeric association with 

available EGFR family members. Therefore, it cannot yet be 

concluded whether γ-secretase inhibition is therapeutically 

disadvantageous from the ErbB4 perspective.

E-cadherin, a cell–cell adhesion molecule, is also a 

γ-secretase substrate.49 As a potent tumor suppressor, par-

tial or complete loss of E-cadherin expression has been 

associated with the onset of metastasis and poor prognosis 

in breast cancer patients.50 The γ-secretase-mediated cleav-

age of E-cadherin between Leu731 and Arg732 promotes 

the disassembly of adherens junctions and increases the 

level of free cytosolic β-catenin, with the former possibly 

promoting epithelial-mesenchymal transition and the lat-

ter enhancing the Wnt signaling activity.49 Significantly, 

a later study found that C-terminal fragment 2 of E-cadherin 

generated from γ-secretase-mediated cleavage could also 

translocate into the nucleus where it modulates the p120/

Kaiso-mediated gene regulation and protects cells from 

staurosporine-induced apoptosis.51 Furthermore, it was found 

in another study that exposure of breast cancer T47D cells to 

cadmium (a toxic heavy metal) induced γ-secretase-mediated 

E-cadherin cleavage.52 Interestingly, this cadmium-induced 

γ-secretase-mediated E-cadherin cleavage can be blocked by 

N-acetylcysteine (an antioxidant), suggesting that other reac-

tive oxygen species-producing reagents might also be able to 

induce γ-secretase-mediated E-cadherin cleavage. In the later 

study, it was also observed that cadmium exposure enhanced 

T47D cell motility and migration, an effect that could be 

inhibited by DAPT. Taking all these observations together, 

it appears that blocking γ-secretase activity is therapeutically 

advantageous from the E-cadherin perspective.

CD44 is another γ-secretase substrate that has been 

associated with breast cancer tumorigenesis and progres-

sion.53,54 As a major cell adhesion molecule for binding 

hyaluronan in the extracellular matrix, CD44 has been 

implicated in cell proliferation, differentiation, and migra-

tion in both physiological and pathological conditions.55 In 

breast cancer, CD44 is generally believed to promote tumor 

metastasis, although the opposite has also been observed.56 

Although there is no report on the functional consequence 

of γ-secretase-mediated CD44 cleavage in breast cancer 
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cells yet, the free ICD (CD44 ICD) generated from such 

cleavage has been shown to translocate into the nucleus to 

regulate gene expression,54,57 and be capable of transforming 

rat fibroblast cells.58 These observations are corroborated 

by a recent study, which reported that CD44 ICD enhanced 

cyclic adenosine monophosphate response element-binding-

mediated cyclin D1 transcription and, consequently, cell 

proliferation in thyroid tumor cells.59 Most importantly, 

γ-secretase inhibition suppressed the proliferation of thyroid 

cancer cells, which could be reversed by ectopic expression 

of CD44 ICD. If these results could be replicated in breast 

cancer cells, it will undoubtedly provide a strong argument 

for using GSIs to achieve therapeutic benefits.

In addition to the three proteins discussed above, 

γ-secretase also regulates many other molecules that might 

have potential roles in tumorigenesis and disease progression. 

For example, the ICD of amyloid precursor protein has been 

shown to bind directly to the promoter of EGFR, a receptor 

tyrosine kinase that is involved in the tumorigenesis and pro-

gression of breast cancer, and to suppress its expression.60 In 

addition, cleavage of low-density lipoprotein receptor-related 

protein 1B by γ-secretase was shown to suppress the anchor-

age-independent growth of glioma cells,61 and cleavage of 

voltage-gated sodium channel β2-subunit by γ-secretase was 

reported to regulate cell adhesion and migration.62 Although 

the functional consequences of γ-secretase-mediated cleav-

age of these substrates in breast cancer cells have not been 

reported, they should be taken into consideration when 

developing therapeutics that target γ-secretase.

Targeting γ-secretase versus 
targeting Notch
Given that several γ-secretase substrates other than Notch 

receptors also play important roles in the survival, prolif-

eration, and migration of breast cancer cells, it will not be 

surprising to see that the outcomes of γ-secretase inhibition 

in breast cancer cells might be different from that of down-

regulating Notch activity. Indeed, RNA interference-mediated 

knockdown of individual Notch receptors or ligands produced 

stronger cytotoxicity/proliferation inhibition in a large collec-

tion of breast cancer cell lines than GSIs,25,29,38,63–66 suggesting 

that blocking the cleavage of some γ-secretase substrates 

neutralized the tumor-suppressing effect of Notch inhibition. 

If this is true, identification of this/these substrate(s) may 

help to improve the therapeutic potential of GSI. However, 

before this/these γ-secretase substrate(s) can begin to be iden-

tified, it is imperative to verify that the difference between 

Notch inhibition and γ-secretase inhibition is real, as RNA 

interference-mediated knockdown often suffers from off-

target effects.67,68 This can be addressed by testing whether 

breast cancer cells can be rescued from small interfering 

RNA-induced proliferation inhibition with expression of 

small interfering RNA-resistant complementary DNA.

A good start to search for the γ-secretase substrates 

that functionally antagonize prosurvival Notch signaling, 

if it turns out to be necessary, is to examine the status of 

γ-secretase substrates in the two breast cancer cell lines that 

harbor Notch1 involving translocation.38 Since these two cell 

lines are responsive to GSI treatment, the expression and/or 

activity of the γ-secretase substrates, whose reduced cleavage 

by GSI treatment provides prosurvival/proliferation signal 

in the GSI nonresponsive breast cancer cell lines, should 

be significantly downregulated prior to GSI treatment so 

that its reduced processing by GSI would no longer result 

in sufficient prosurvival/proliferation signal in these two 

cell lines. One noticeable feature of these two cell lines is 

that they grow as weakly adherent culture or in suspension, 

a sign of reduced expression of cell–cell and/or cell–matrix 

adhesion molecules. Therefore, it will be interesting to see 

whether the expression levels of E-cadherin and CD44 are 

reduced in these two cells.

Side effects from γ-secretase 
inhibition
Most of the side effects associated with GSI treatment in 

animal studies or in clinical trials to date can be attributed 

to reduced Notch activity. Diarrhea was one of the earliest 

observed side effects of systemic GSI administration in 

mice.18 Notch activity is essential for maintaining the 

population of undifferentiated intestinal stem cells and their 

differentiation into adsorptive enterocytes.69 As a result, 

Notch inhibition resulted in a rapid increase in the number 

of secretory goblet cells at the expense of adsorptive cells, 

and consequently diarrhea. Consistent with animal studies, 

gastrointestinal tract disorders were also a prominent side 

effect observed in a phase II clinical trial of semagacestat 

in Alzheimer’s patients.70 Encouragingly, recent studies 

have demonstrated that the occurrence of diarrhea could be 

greatly reduced by intermittent dosing or coadministration of 

glucocorticoid while the antitumor effect was still maintained 

in T-cell acute lymphoblastic leukemia mouse models.71,72 

Therefore, it is hopeful that gastrointestinal tract disorders 

would not be a big barrier to using GSI in patients.

Notch plays multiple roles in regulating immune system 

development and function, including T-cell lineage com-

mitment, marginal zone B-cell development, and activation 
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of peripheral T helper 2  cells.73 Therefore, it is expected 

that blocking Notch signaling will adversely affect the 

immune defense. However, although GSI treatment caused 

several immune-related side effects in mice,18 no increase 

in the upper respiratory tract and urinary tract infection or 

seasonal allergy was reported in the phase II clinical trial 

mentioned above.70 Nonetheless, the frequency of immune 

system disorders in patients receiving GSI treatment should 

be closely monitored as immunosuppression might help the 

spread of tumor cells.

The critical role Notch plays in angiogenesis and vascular 

homeostasis not only can be exploited for therapeutic ben-

efits, but can also cause severe side effects when Notch 

signaling is blocked for a prolonged time. Dou et al showed 

in a mouse model that loss of Notch activity accelerated 

choroidal neovascularization, a common symptom of wet 

age-related macular degeneration that results in vision loss 

in elderly people.74 Additionally, chronic treatment with Dll4 

antibody or gradual loss of Notch1 activity through loss of 

heterogeneity in mouse models triggered development of 

vascular tumors and lethal hemorrhage.75,76 Of note, vision 

deterioration occurred in two out of 36 patients receiving 

semagacestat while none was reported in patients receiv-

ing placebo in the phase II clinical trial mentioned above,70 

although whether vision deterioration was due to abnormal 

angiogenesis in retina was not reported.

An even more problematic side effect of blocking 

Notch signaling for cancer treatment is paradoxically an 

increase in the risk of developing cancers. It has been well 

established that loss of Notch activity could trigger skin 

squamous cell carcinoma (SCC) development through cre-

ating a tumor-promoting microenvironment.77,78 Consistent 

with mouse studies, an increase in the risk of developing 

skin cancers was observed in two prematurely terminated 

phase III clinical trials that tested semagacestat in more 

than 2600 patients.79 In addition to skin SCC, blocking 

Notch signaling might also increase the risk of developing 

lung SCC as a recent study suggested that loss-of-function 

Notch receptor mutation might also contribute to a small 

population of lung SCC.80

Another notable side effect of semagacestat in the failed 

clinical trials of Alzheimer’s disease is the worsening of 

cognition.79 Whether this side effect is specific to Alzheimer’s 

patients or to the general population is not known, but war-

rants close monitoring. γ-secretase substrates other than 

Notch might be responsible for this side effect as Notch 

activity has not been associated with cognitive symptoms in 

genetic studies before.

Future direction
A recent publication reported by far the most encouraging 

therapeutic effects of GSI treatment.81 The authors found that 

in vitro exposure of primary mammosphere cultures from 

mammary carcinomas that developed in a transgenic mouse 

model to MRK003 for 4 days resulted in a dose-dependent 

decrease in the frequency and the sizes of tumors formed 

when these primary cultures were injected subcutaneously 

into syngeneic immune-competent mice. Notably, in cases 

when a mammosphere that was exposed to a higher dose 

of MRK003 did develop a tumor, cells prepared from such 

tumors failed to produce secondary tumors when injected into 

new hosts, indicating that exposure to MRK003 for 4 days 

in vitro completely eliminated the long-term tumor initiating 

cells. More encouragingly, when mice bearing subcutane-

ous tumors that developed from injected nontreated primary 

mammosphere culture were treated with MRK003 for two 

cycles (3 days on followed by 4 days off), tumors in most 

treated mice completely regressed without recurrence for up 

to 1 year while the tumors in control mice continued to grow. 

Although two previous animal studies did not observe such a 

strong therapeutic effect of MRK003,82,83 this recent success 

indicates that GSI can be effective if the cases are properly 

selected, and that some yet-to-be-identified factors affect the 

responsiveness of breast cancer to GSI treatment and need 

to be investigated. Through identifying – and modulating 

the activities of – these contributing factors, it is hopeful 

that the antitumor activity of GSIs can be potentiated, and 

its side effects alleviated, so a good therapeutic window can 

be found for its use in breast cancer patients.
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