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Nicastrin (NCT) is a crucial component of the γ-secretase (GS) enzyme, which prompted investigations into its biological role in cancer. We have previously shown that nicastrin is overexpressed in
breast cancer (BC), conferring worse overall survival in invasive,
ERα negative patients. Here, we used 2D and 3D Matrigel, anchorage-independent growth conditions and a breast cancer xenograft
mouse model to assess the impact of nicastrin on breast cancer
stem cell (BCSC) propagation and invasion in vitro and tumor
growth in vivo. Stable knockdown of nicastrin in HCC1806 breast
cancer cells reduced cell invasion by 51.4 ± 1.7%, accompanied by
a morphological change to a rounded cell phenotype and downregulation of vimentin, Snail, Twist, MMP2, and MMP9. We observed a reduction of the pool of CD44+/CD24− and ALDH1 high
breast cancer stem cells by threefold and twofold, respectively, and
a reduction by 2.6-fold of the mammospheres formation. Nicastrin
overexpression in nontransformed MCF10A cells caused an induction of epithelial to mesenchymal regulators, as well as a ﬁvefold
increased ALDH1 activity, a threefold enrichment for CD44+/CD24−
stem cells, and a 3.2-fold enhanced mammosphere-forming capacity. Using the γ-sescretase inhibiton, Notch1/4 siRNA, and Akt inhibition, we show that nicastrin regulates breast cancer stem cells
partly through Notch1 and the Akt pathway. Exploiting serial dilution transplantation of the HCC1806 cells expressing nicastrin and
HCC1806 stably depleted of nicastrin, in vivo, we demonstrate that
nicastrin inhibition may be relevant for the reduced tumorigenicity
of breast cancer cells. These data could serve as a benchmark for
development of nicastrin-targeted therapies in breast cancer.
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merging data suggest that tumor recurrence and poor clinical
outcome of cancer patients may be due to the fact that
a small subset of stem-like cells, called cancer stem cells (CSCs)
(1), identiﬁed on the basis of a combination of CD44+/CD24−,
and/or aldehyde dehydrogenase 1 (ALDH1) activity (2, 3), evade
effects of systemic therapies. Alterations in critical signaling
pathways such as Notch, Hedgehog, and Wnt allow stem cells to
undergo uncontrolled proliferation and form tumors (4, 5).
Breast CSCs (BCSCs) are enriched for cells that can undergo
epithelial–mesenchymal cell transition (EMT), which plays a role
in metastases (6, 7). Moreover, BCSCs possess an “invasiveness”
gene signature that correlates with poor overall survival in cancer
patients (1), making it necessary to characterize CSC markers and
signaling pathways that regulate the mammary stem cell population (8, 9). γ-Secretase (GS) is multiprotein enzyme complex,
composed of presenilin 1 (PS1), nicastrin (NCT), anterior pharynxdefective phenotype 1 (APH-1), and the PS enhancer 2 (PEN-2)
(10). It is responsible for the intramembranous cleavage and activation of various type-I membrane proteins such as Notch, CD44,
HER4, etc. (11). Aberrant activation of these substrates has been
implicated in tumorigenesis, metastasis, and development of resistance to existing treatment regimens in oncology (12–14).
γ-Secretase inhibitors (GSIs) (DAPT and MRK-003), which
prevent Notch cleavage, genetic silencing of Notch1 and Notch4,
as well as blocking Notch1 ligand activation using a monoclonal
antibody (14–17), are all able to reduce mammosphere formation
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in vitro and number of tumor initiating cells in vivo, supporting the
notion that targeting Notch signaling may facilitate durable tumor
regression (15, 18). It has become apparent from phase I and II
clinical trials using GSIs, that these compounds may have a doselimiting toxicity proﬁle, primarily concerning gastrointestinal goblet cell hyperplasia (19–21). In breast cancer (BC) cells, single
agent GSI is not potent in inhibiting cell proliferation in vitro and
in vivo. Only rare cell lines and patient tumors with a Notch fusion
gene, which results in constitutively active Notch1, are susceptible
to single agent GSI growth inhibition (22). This may represent
a hindrance in the clinic, encouraging the efforts to explore alternative/additional modalities of targeting Notch/GS (23).
Recognition of NCT relevance for the synthesis and stability of
the other GS components, as well as for GS-substrate recognition
(24), has prompted investigations into its biological role in cancer.
We have shown that NCT is overexpressed in 47.5% of BC
patients, where its abundance confers worse overall survival in the
ERα negative patients (25). Supporting the biological relevance
of NCT in malignant disease, it has been demonstrated that NCT
stable knockdown (shRNA) enhances antitumor effects of EGFR
inhibitors by Notch and Akt inhibition (26), and that NCT is increased in response to chemotherapy in colon cancer (27). For
this reason, we and others are considering targeting NCT using
antagonistic monoclonal antibodies to intercept GS activity and
NCT-driven signaling in cancer cells (25, 28).
Here, we have used a stable genetic silencing (shRNA) and
overexpression approach to address the effects of NCT expression
modulation on BCSCs and invasive properties. We demonstrate that
stable knockdown of NCT in HCC1806 BC cells and stable overexpression in nontransformed MCF10A cells regulate GS/Notch and
Akt activity, affect the proportion of BCSCs as deﬁned by the CD44+/
CD24− and ALDH1+ phenotype, and their invasive capacity through
impingement on the EMT cellular regulators. Moreover, exploiting
serial dilution transplantation in vivo, we conﬁrm the importance of
NCT depletion for the tumorogenicity of BC cells.
Results
Nicastrin Expression Affects Morphology, Growth, and Invasive Behavior
of Breast Cells. To investigate the role of NCT in breast cells, we used

stable NCT-knockdown HCC1806 BC cells (HCC1806-ShNCT) and
stable NCT-overexpressing MCF10A epithelial mammary cells
(MCF10ANCT). Nicastrin depletion and overexpression were conﬁrmed in the relevant cell lines (Fig. S1A). We observed a signiﬁcant
morphological alteration after NCT depletion in HCC1806 cells,
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Fig. 1. Nicastrin expression affects morphological features and proliferation
rate of breast cells. (A) Phase contrast microscopy of HCC1806-ShLuc, HCC1806ShNCT, MCF10A-Ctrl, and MCF10ANCT cells cultured in 2D (Upper) and 3D
Matrigel-overlay chambers (Lower); magniﬁcation 10×. Error bars are SEM
of two independent experiments, each in quadruplicate, *P = 0.017. (B)
Western blot conﬁrming NCT knockdown in MDAMB231 cells; proliferation
assay in MDAMB231 treated with 40 nmol of the Control siRNA, NCT siRNA,
and the positive control Death siRNA. *P = 0.005. Error bars represent SEM
of two separate experiments, each done in triplicate. (C) Western blotting
analysis of HCC1806-ShLuc, HCC1806-ShNCT, MCF10A-Ctrl, and MCF10ANCT
whole cell lysates with indicated antibodies. β-Actin was used as a
loading control.
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reduced upon NCT depletion and increased upon NCT overexpression (Fig. 1C and Fig. S1G), whereas PS1 mRNA is modulated
in the opposite manner (Fig. S1H). Given that PS1 protein levels are
coordinately regulated in response to NCT expression modulation,
this appears to initiate a feedback loop affecting PS1 transcription in
the opposite manner. The exact mechanism behind this remains to
be elucidated. Taken together, this conﬁrms the role of NCT in
regulating protein levels of the GS complex and activation of Notch1
and -4. Importantly, higher levels of pAkt were observed in NCT
expressing cells, indicating a potential regulation of the PI3K/Akt
pathway by NCT (Fig. 1C).
We next investigated the impact of NCT expression in the
EMT markers and invasive capacity of breast cells. NCT depletion in HCC1806 signiﬁcantly reduced cell invasion by 51.4 ±
1.7% (Fig. 2A, P = 0.001). This was accompanied by an inhibition of EMT regulators such as vimentin, Snail, SIP1, MMP2,
and MMP9 (Fig. 2B, *P < 0.05, **P < 0.01, ***P < 0.001). These
observations were conﬁrmed in a panel of other BC cell lines
(MDAMB231, MDAMB468, BT474, and SKBR3) upon transient NCT silencing (Fig. S2A). NCT overexpression in MCF10A
cells increased levels of vimentin, MMP2, MMP9, Twist1, Snail1,
and SIP1, demonstrating that, in a nontransformed breast epithelial cell line, high expression of NCT potently induces an
EMT-related gene signature (Fig. 2C).
Nicastrin Expression Affects Expansion of the Breast Cancer Stem Cell
Population. Because it has been shown that undergoing EMT can

enrich for stem cells in BC, we tested the effect of NCT on the
stem cell content, their mammosphere formation ability, and
invasive features. Flow cytometry analysis of MCF10ANCT cells
demonstrated a threefold increase in the CD44+/CD24− population, compared with MCF10A-Ctrl cells (Fig. 3A) and a ﬁvefold increase in the ALDH1high population within MCF10ANCT
cells (Fig. 3B and Fig. S2B).
Consistent with this, the mammosphere formation assays
showed a 3.2-fold increase in sphere-forming efﬁcacy (SFE) of
MCF10ANCT cells compared with control (Fig. 3 C and D).
Conversely, suppression of endogenous NCT in HCC1806 cells
led to a reduction of BCSCs deﬁned by CD44+/CD24− and
ALDH1high phenotype by threefold and twofold, respectively, and
coordinately inhibited the SFE by 2.6-fold (Figs. 2A and 3 A–C).
Moreover, primary mammospheres from both HCC1806 and
MCF10A cells were digested into single cells and assayed for their
ability to form secondary mammospheres. NCT depletion and
overexpression, respectively, maintained inhibition and even
further enhanced SFE in the second passage (Fig. 3C). We further conﬁrmed that in a panel of other BC cell lines (MCF7,
MDAMB468, BT474, and SKBR3), transient NCT silencing was
sufﬁcient to decrease both the CD44+/CD24− and the ALDH1high
populations (Fig. S3 A and B).
We next checked whether NCT inhibition modulated transcription of the proinvasive genes in the putative stem cells in the
HCC1806-ShLuc and HCC1806-ShNCT cell lines. We separated
the “stem cells” (CD44+/CD24− cells) from “nonstem cells” (CD44+/
CD24−-depleted cells) in HCC1806-ShLuc and HCC1806-ShNCT
cell lines by FACS sorting. Down-regulation of NCT mRNA
levels was conﬁrmed in respective HCC1806-ShNCT populations
(Fig. S3C). The invasion assay demonstrated that the CD44+/
CD24− stem cell population within HCC1806-ShLuc cells is
characterized by the highest invasive ability, which was threefold
greater than that of the HCC1806-ShNCT stem cell counterpart.
Depletion of NCT was sufﬁcient to reduce cell invasion in both
nonstem cells and in the stem cell population (Fig. 3E). Accordingly, vimentin was markedly overexpressed (8.5-fold) in the stem
cell pool of the HCC1806-ShLuc cells, compared with the nonstem cells (Fig. 3F). Strikingly, NCT depletion was able to prevent
an increase of vimentin mRNA in the stem cell pool of the
HCC1806-ShNCT cell line, maintaining the levels comparable to
those in the HCC1806ShNCT nonstem cells. The same trend was
observed for SIP1, Twist, and Snail1 (Fig. 3F). To ascertain that
the observed effects on the proinvasive genes in HCC1806 ShNCT
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where the spindle shape and the scattered distribution of control
cells (HCC2806-ShLuc) changed to a rounded phenotype and
compact cell clusters in HCC1806-ShNCT (Fig. 1A). Conversely,
NCT-overexpressing cells demonstrated a transformation from
cobblestone-like epithelial cells to a more elongated ﬁbroblast-like
morphology with cellular scattering, compared with control
MCF10A cells (Fig. 1A). Proliferation rate of HCC1806-ShNCT
cells was reduced by 47 ± 4.1% (P < 0.01) over the period of 6
d compared with HCC1806-ShLuc (Fig. 1B), similar to the effects of
transient NCT knockdown by siRNA in MDAMB231 cells (Fig.
S1B). Overexpression of NCT, however, did not affect the proliferation of MCF10A cells grown on 2D monolayers (Fig. S1C). We
therefore used the more physiologically relevant 3D Matrigel-overlay model, allowing for the integration of crucial extracellular matrix
signaling. In the 3D context, HCC1806-ShLuc cells formed grapelike complex acini structures, characterized by the absence of functional cell–cell adhesions and increased migratory behavior (29).
Conversely, HCC1806-ShNCT cells yielded signiﬁcantly smaller
acini with the shape more closely resembling that of nonmalignant
cells (Fig. 1A), suggesting that cells lacking NCT expression may
have undergone a reversal of the EMT. Conversely, NCT overexpression in nontumorigenic MCF10A cells induced more rapidly
proliferating acini-like structures in 3D Matrigel compared with
the growth-arrested acini formed by MCF10A-Ctrl cells (Fig. 1A).
Furthermore, activated Notch1 (N1ICD at ∼110 kDa) and Notch4
(N4ICD at ∼75 kDa, but note no change in ∼60 kDa and ∼40 kDa
bands) were reduced in HCC1806-ShNCT cells and induced in
MCF10ANCT cells, whereas Notch2 and Notch3 intracellular domain (ICD) remained unchanged (Fig. 1C and Fig. S1 Fa and Fb).
Finally, we demonstrated that the expression levels of PEN-2, Aph-1,
PS1 full length, as well as processed PS1–C-terminal fragment are

MCF10ANCT compared with MCF10A-Ctrl cells persisted upon
Akt inhibition (Fig. 4A and Fig. S4A). It appears that NCT induced regulation of Notch1 is achieved not only through GS but
also through PI3K/Akt. Bidirectional cross-talk between Notch1
and Akt has been documented previously (30, 31).
Notch1/4 silencing and AKT inhibition partially revert the
outgrowth of MCF10ANCT acini in 3D matrigel, because a heterogeneous population of both the small and the big acini remained upon these treatments (Fig. 4 B and C and Fig. S4B). The
up-regulation of Vimentin, MMP2, MMP9, Twist1, Snail1, and
SIP1 in MCF10ANCT cells was restored to the levels of control
cells upon Notch1/4 and/or Akt inhibition (Fig. 4D and Fig. S4C).
Moreover, we found that DAPT and Notch1 inhibition rather
than Notch4, were more potent in reducing NCT-induced expansion of CD44+/CD24− and ALDHhigh BCSCs, and the formation of mammospheres (Fig. 4 E and F and Fig. S4 D and E),
suggesting that NCT stimulates expansion of CD44+/CD24− and
ALDHhigh BCSCs mainly through the activation of Notch1.

Fig. 2. Invasive behavior of breast cells and EMT genes is regulated by
nicastrin. (A) Transwell invasion assay of HCC1806-ShLuc, HCC1806-ShNCT
cells. Bars represent mean number of invaded cells ± SEM from three separate experiments, each in triplicate. *P = 0.001. (B) RT-qRT-PCR showing
fold change of quantitative mRNA levels of MMP2, MMP9, Vimentin, Twist,
Snail, and SIP1 genes in HCC1806-ShNCT versus HCC1806-ShLuc cells. (C) RTqPCR showing fold change of quantitative mRNA levels of MMP2, MMP9,
Vimentin, Twist, Snail, and SIP1 genes in MCF10ANCT versus MCF10A-Ctrl
cells. GAPDH was used for normalization. Error bars are SEM of the fold
change from three separate experiments, each in triplicate. *P < 0.05, **P <
0.01, ***P < 0.001. (D) HCC1806ShNCT (2 × 105) cells were plated in a 6-cm
Petri dish and transfected with 1.0 ng of full-length NCT cDNA (SC100655;
Origene) and the pCMV6-XL4 empty vector control, using Lipofectamine
2000 (Invitrogen). Cells were incubated for 24 h and then lysed for mRNA
and protein extraction. (A) RT-qPCR of NCT, Vimenti, and Snail showing
a marked increase of relevant gene mRNA levels. *P < 0.01. GAPDH was used
for normalizing. Error bars represent SD of two separate experiments.

cells were indeed a consequence of NCT depletion, we used a fulllength NCT construct cloned into a pCMV6-XL4 expression
vector, and transiently reconstituted NCT expression in HCC1806ShNCT cells. This conﬁrmed that reintroducing NCT in HCC1806ShNCT cells was sufﬁcient to induce transcription of the proinvasive genes vimentin, SIP1, Snail1, MMP2, and MMP9 (Fig. S3D).
Similar increase in the transcript levels of the proinvasive genes
SIP1, Snail1, and MMP2 was also observed upon transient transfection of the Notch1 ICD into HCC1806ShNCT cells, suggesting
that NCT up-regulation may act through Notch1 to regulate
proinvasive genes in breast cells (Fig. S3E).
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Nicastrin Regulates EMT and Breast Cancer Stem Cells Through Notch
and Akt Pathways. To assess the degree to which NCT-induced

phenotypes in MCF10A cells were dependent on Notch and Akt
signaling, we repressed GS by using a GSI (DAPT), and to
speciﬁcally inhibit the activation of the Notch receptors whose
cleavage was affected by NCT modulation, we used Notch1
siRNA (N1siRNA) and Notch4 siRNA (N4siRNA). We repressed PI3K/Akt signaling by using Wortmannin, LY294002
and a dominant negative AKT (DNAKT). We conﬁrmed the
effectiveness of the different treatments by assessing the levels of
active Notch1/4 and pAkt, respectively (Fig. 4A and Fig. S4A).
Notch1ICD levels in MCF10ANCT cells were attenuated by
inhibition of Akt, whereas the up-regulation of Notch4ICD in
16560 | www.pnas.org/cgi/doi/10.1073/pnas.1206268109

Nicastrin Depletion Inhibits Tumor Formation in Vivo. To examine
whether the effects of NCT depletion on BC cell growth and stem
cell population would be maintained in vivo, we performed a s.c.
serial dilution transplantation experiment in nude mice using
HCC1806-ShLuc and HCC1806-ShNCT cells. Nicastrin depletion
reduced tumor size as well as the success of engraftment in vivo (Fig.
5 A–C). The engraftment of tumors was progressively compromised
as the number of HCC1806-ShNCT–injected cells was serially diluted, whereas the success of tumor uptake and growth was consistently maintained even upon serial dilution of HCC1806-ShLuc
cells (Fig. 5 C and D). These results indicate that NCT expression is
required for BCSC growth. NCT gene and protein expression were
maintained at lower levels in HCC1806-ShNCT–derived tumors
compared with those derived from HCC1806-ShLuc cells (Fig. 5 E
and F). Consistent with our results in vitro, depletion of NCT reduced the expression levels of N1-ICD and pAkt in vivo (Fig. 5E).
Notch target genes such as Hes1, Hey1, and Survivin were downregulated. Importantly, Notch4 and Notch1 transcripts were signiﬁcantly reduced in HCC1806-ShNCT tumors (Fig. 5F). Immunohistochemical analyses of the tumors revealed that the Ki67
proliferation index was comparable between HCC1806-ShLuc and
ShNCT tumors (30–40%), despite a reduction in tumor size. By
contrast, in the latter group, vimentin expression was strongly reduced (Fig. 5G). Taken together, these results suggest that NCT
depletion compromises BC growth in vivo.
Finally, to assess whether NCT was able to transform MCF10A
cells, we investigated the ability of MCF10ANCT cells to form
colonies in soft agar and tumors when injected in the mammary
fat pad of immunocompromised mice. Nicastrin overexpression in MCF10A cells was not sufﬁcient to induce oncogenic
transformation required for the colony or in vivo tumor formation. HCC1806-ShLuc and HCC1806-ShNCT cells were used
as control, where we have observed successful colony formation
in HCC1806-ShLuc cells, which was compromised in HCC1806ShNCT cells, in line with our in vivo model (Fig. 5 and Fig. S5A).

Discussion
This work highlights the importance of NCT for expansion of
CD44+/CD24− and ALDH1high BCSC populations and their
invasive features. We also show that NCT mediates this effect
predominantly through Notch1, and importantly, demonstrate that
depletion of NCT is sufﬁcient to inhibit growth of a triple negative
BC xenograft model in vivo. Our previous work has shown that
NCT transient genetic silencing in MDAMB231 cells compromises
their invasive capacity by affecting vimentin, Snail, and Twist (25).
Here, using shRNA oligos targeting NCT mRNA, distinct from
those of the transient siRNA oligos (Fig. S5B), we analyzed the
impact of stable NCT inhibition, and overexpression on breast cell
morphology, invasive behavior, and maintenance of BCSCs. We
used the triple negative BC cells, HCC1806, and a nontransformed
breast cell line, MCF10A, respectively. As previously demonstrated
(32–34), we show that NCT depletion in HCC1806 cells and stable
Lombardo et al.
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Fig. 3. Breast cancer stem cell population is affected by nicastrin expression.
(A) Percentage of CD44+/CD24− cells assessed by ﬂow cytometry in HCC1806ShLuc, HCC1806-ShNCT, MCF10A-Ctrl, and MCF10ANCT cell lines. Data are
means ± SEM of three independent experiments. ***P < 0.001. (B) Percentage of ALDHhigh cells assessed by ﬂow cytometry in the same sample as in
A. Data represent mean values ± SEM of three independent experiments. (C)
Primary and secondary mammosphere forming efﬁcacy of HCC1806-ShLuc,
HCC1806-ShNCT, MCF10A-Ctrl, and MCF10ANCT cells. Sphere-forming efﬁcacy (SFE) was calculated as the number of spheres formed in 10 d divided by
the original number of single cells seeded and expressed as a percentage. Bars
represent mean percentage of mammospheres ± SD from three separate
experiments. (D) Representative images of mammospheres at day 10 of
samples as in C. Magniﬁcation 20×. (C) Transwell invasion assay of nonstem
(CD44+/CD24−-depleted cells) and stem cell (CD44+/CD24− cells) FACS sorted
populations from HCC1806-ShLuc and HCC1806-ShNCT cell lines. (D) Relative
fold of vimentin, Snail, Sip1, and Twist gene expression levels in the same
samples as in C. HCC1806-ShLuc nonstem cell population was used as calibrator. GAPDH was used for normalization. Data are expressed as mean ±
SD of three independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001.

overexpression in MCF10A cells is able to disrupt and reconstitute,
respectively, the expression of GS components PS1, Aph-1 and
PEN-2, as well as GS activity, measured by Notch1- and Notch4
Lombardo et al.

CELL BIOLOGY

ICD. This result conﬁrms the relevance of NCT in maintaining the
stability and functionality of the GS complex in breast cells.
We have shown that in MCF10A and HCC1806 cells, respectively, NCT overexpression activates Notch1, Notch4, and
Akt, whereas its depletion achieves the opposite effect. Others
have shown that NCT modulates Akt activation in HEK293 cells
(35). The impact we observe on the cellular Akt activation (pAkt
Ser473), may be Notch1 mediated, because Notch1 activation can
sustain Akt signaling in cancer cells (36, 37). Conversely, Notch1
siRNA or GSIs abrogate Akt activity (27). This is in line with our
data, which show a reduction of elevated pAkt in MCF10ANCT
cells upon treatment with the GSI and Notch1 siRNA.
Nicastrin overexpression in MCF10A cells induces proliferation
only when cells grow in 3D Matrigel highlighting the importance of
extracellular matrix (ECM) signaling in the context of NCT overexpression. Functional differences upon modulation of protein
expression or use of inhibitors in cancer cells are often more readily

Fig. 4. Inhibition of Notch and AKT signaling pathways revert the malignant phenotype MCF0A-NCT in terms of EMT and stem cell content.
(A) Immunoblot analysis of nicastrin, N1-ICD, and pAKT in MCF10ANCT
cells, treated with DAPT or Wortamannin. Loading control was β-actin.
(B) 3D assay of MCF10A-Ctrl, MCF10ANCT cells untreated, treated with
DAPT, or Wortamannin. Bars are percentage of small and big acini structures observed after 10 d of culture. (C) Representative images of the
different treatments are shown. Magniﬁcation 20×. (D) Relative fold of MMP2,
MMP9, Vimentin, Twist, Snail, and SIP1 gene expression levels in MCF10A-Ctrl,
MCF10ANCT cells untreated, treated with DAPT, or Wortamannin for 3 d.
GAPDH was used for normalization. Data are mean ± SD of three independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001. (E) Percentage
of CD44+/CD24− and ALDHhigh cells assessed by ﬂow cytometry is sample as in A.
Data are mean ± SD of three separate experiments. *P < 0.05, **P < 0.01,
***P < 0.001. (F) Sphere forming efﬁcacy of samples as in A. Data are means
± SD of three independent experiments. *P < 0.05, **P < 0.01.

PNAS | October 9, 2012 | vol. 109 | no. 41 | 16561

Downloaded by guest on June 21, 2021

Fig. 5. Stable depletion of nicastrin in HCC1806 breast cancer cell line
reduces tumor growth in vivo. (A) Size of s.c. tumor growth after injection of
1 × 106 HCC1806-ShLuc and HCC1806-ShNCT cells. Data are mean tumor size
± SD of six tumors per group. (B) Representative set of xenografts derived
from injection of 106 HCC1806-ShLuc and HCC1806-ShNCT cells. (C) Table
shows the number of tumor engraftments correlated with the number of
HCC1806-ShLuc and HCC1806-ShNCT cells injected at serial dilution. (D) Tumor volumes of s.c. tumors obtained from the injection of 105, 104, and 103
HCC1806-ShLuc and HCC1806-ShNCT cells and collected at the indicated end
points. (E) Representative immunoblot analysis of nicastrin, N1ICD, pAKT,
and vimentin on HCC1806-ShLuc– and HCC1806-ShNCT–derived tumors. Each
number (#) indicates tumor pairs obtained from the same mouse injected on
the left ﬂank with HCC1806-ShLuc cells and on the right ﬂank with HCC1806ShNCT cells. Loading control was assessed by β-actin. (F) Relative fold of
nicastrin, Hes1, Hey1, Survivin, Notch1, and Notch4 gene expression levels in
HCC1806-ShLuc– and HCC1806-ShNCT–derived tumors. (G) Representative
immunohistochemical analyses for H&E, Ki67, and vimentin on parafﬁnembedded section of xenografts, generated by HCC1806-ShLuc and
HCC1806-ShNCT cells.

observed in conditions such as 3D culture, which to a higher degree
resembles the in vivo context (29, 38). Stimulation of acini growth
in Matrigel cultures has already been observed upon Notch1 ICD
overexpression in MCF10A cells (39). In MCF10ANCT cells
treatment with DAPT, Wortmannin, LY294002, and DNAKT,
partially reverted NCT-induced growth, suggesting that potentially
other GS substrates (HER4, CD44, β1-integrin, etc.), could be
responsible for the observed effects upon NCT overexpression.
Additionally, we found that NCT regulates proinvasive genes in
breast cells. A panel of genes that drive EMT (vimentin, SIP1,
Snail1, Twist1, MMP2, and MMP9) was unanimously inhibited in
HCC1806-ShNCT cells, and up-regulated in MCF10ANCT cells.
Regulation of vimentin was the most pronounced in both contexts
and was coupled to a marked modulation of its transcriptional
regulator SIP1 (40). Simultaneous inhibition of all four Notch
receptors by siRNA in other cell lines was capable of reducing
vimentin protein levels (41). In our system, up-regulation of
proinvasive genes upon NCT overexpression was reverted by
16562 | www.pnas.org/cgi/doi/10.1073/pnas.1206268109

DAPT, Notch1/4 siRNA, and Akt inhibition. Taken together with
our data that place NCT in the Notch1/Akt signaling axis, it
appears that NCT-induced effects on proinvasive genes are mediated mainly through Notch1. Accordingly, it has been reported
that Snail1 and Twist1 are transcriptional targets of Notch1 (42,
43), and that both MMP2 and MMP9 can be modulated in various
cell line models, including BC, by interfering with Notch1 (44–47).
The molecular effects of NCT expression on proinvasive genes
were further mirrored in the phenotypic change of HCC1806ShNCT toward a more rounded cell shape, compact acini in 3D,
and decreased invasiveness. Conversely, in MCF10A cells, NCT
overexpression appears to switch on the EMT program to promoting breast cell invasiveness.
The relevance of the GS enzyme in human malignancies has
been predominantly studied through Notch proteins (12). Recently,
targeting NCT as the crucial structural and functional component
of GS has emerged as a potential modality to disrupt the GS
(25, 28, 48). Collectively, our data imply that NCT may have an
important mechanistic role underlying the increased risk of dissemination of BC cells through regulation of vimentin, Snail1, and
MMPs. Given the impact of NCT expression on the EMT signature of breast cells, and considering that cancer cells can acquire
“stemness” features through EMT (6), we established that NCT
expression affected not only the proportion of CD44+/CD24− and
ALDH1high BCSCs in HCC1806 and MCF10A cells, but also their
ability to propagate in conditions sustaining the undifferentiated
cell state, expression of proinvasive genes (Vimentin, SIP1, and
Twist1), and invasive capacity. These effects of NCT appear to
be mediated predominantly through Notch1 signaling, and partly
through Notch4 and the Akt pathway, as determined by the reversal of NCT-induced effects upon silencing Notch1/4 and
inhibiting Akt. The effect of NCT on the SFE is mediated through
GS/Notch1 activity as DAPT and Notch1 siRNA reverted the
potential of NCT-expressing stem cells to propagate in anchorageindependent conditions to baseline levels. This is in line with
evidence that SFE in MCF-7, MDAMB231, BT474, and SKBR3
BC cells was abolished by using a GSI (MRK003).
When the effect of NCT overexpression on colony and tumor
formation in MCF10A cells was evaluated, we recognized that
overexpression of NCT alone fails to deliver a sufﬁciently potent
oncogenic signal for bona ﬁde malignant transformation. This
is in line with the fact that overexpressed Notch1 and Notch4
collaborate with the Ras pathway to initiate tumors in vivo,
whereas alone they also lack the ability to fully transform breast
cells (49, 50).
However, we demonstrate that NCT inhibition in malignant
breast cells can inhibit breast tumor formation in vivo. The fact that
HCC1806-ShNCT tumors had delayed growth without a marked
change in Ki67 tumor expression levels, and equally compromised
success of tumor engraftment upon serial dilution implantation,
signiﬁes that the primary effect of NCT depletion may precisely be
achieved by depleting BCSCs rather than differentiated tumor
cells. Importantly, we also observed that Notch1 ICD protein and
Notch1/4 mRNA, as well as proinvasive genes, were inhibited in
tumors with reduced NCT expression.
Discovery of novel molecular targets to inhibit cancer metastases is of paramount importance (51). Considering that NCT
depletion impedes BC cell growth and maintains low levels of
Notch and proinvasive genes in vivo, reduces propagation, and
invasion of BCSCs in vitro, we propose that anti-NCT therapy in
BC may be relevant to reduce the number and the invasive potential of BCSCs, deemed responsible for cancer relapse.
Materials and Methods
Cell Lines/Treatments. HCC1806 ShLuc and HCC1806 ShNCT cells were cultured
in the RPMI-1640 media (10% FCS and 2 mM L-glutamine, 100 units/mL penicillin, 0.1 mg/mL). A total of 2 μg/mL puromycin (Invitrogen) was added to
media of infected cells. MCF10A were cultured in basal mammary epithelial
cell growth medium with bovine pituitary extract (13 μg/mL), EGF (10 μg/mL),
hydrocortisone (500 μg/mL), insulin (5 μg/mL), transferrin (0.005 μg/mL), cholera toxin (1 ng/mL), penicillin (100 units/mL), and streptomycin (0.1 mg/mL).
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Sulforhodamine B (SRB) Colorimetric and Transwell Cell Invasion Assays. Sulforhodamine B colorimetric assay was used to assess cell proliferation.
Transwell cell invasion assay was used to assess cell invasive capacity. Both
were performed as previously described (52).

In Vivo Tumorigenicity Assay. HCC1806-ShLuc and HCC1806-ShNCT cells were
resuspended in the total volume of 100 μL containing 50% Matrigel were injected
s.c. on the left and right ﬂanks, respectively of 5- to 6-wk-old female BALB/c nude
mice. Groups (n = 6) were injected with 10-fold serial dilutions (from 1 × 106 to 1 ×
103 cells). Tumor growth rates were analyzed by caliper measurements once
weekly. Tumor volume was calculated using the formula: (length × width)/2.
A detailed version of Materials and Methods is provided in SI Materials
and Methods.

Mammosphere Culture. Mammosphere culture was used to assess capacity of
BCSCs to propagate in anchorage-independent growth conditions.
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RNA Isolation, Quantitative RT-qPCR, and Western Blotting. These three techniques were performed as previously described (25). Primer sequences are
provided in Table S1.

