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Notch signaling regulates cell specification and homeostasis of stem
cell compartments, and it is counteracted by the cell fate determinant
Numb. Both Numb and Notch have been implicated in human tumors.
Here, we show that Notch signaling is altered in approximately one
third of non–small-cell lung carcinomas (NSCLCs), which are the
leading cause of cancer-related deaths: in �30% of NSCLCs, loss of
Numb expression leads to increased Notch activity, while in a smaller
fraction of cases (around 10%), gain-of-function mutations of the
NOTCH-1 gene are present. Activation of Notch correlates with poor
clinical outcomes in NSCLC patients without TP53 mutations. Finally,
primary epithelial cell cultures, derived from NSCLC harboring con-
stitutive activation of the Notch pathway, are selectively killed by
inhibitors of Notch (�-secretase inhibitors), showing that the prolif-
erative advantage of these tumors is dependent upon Notch signal-
ing. Our results show that the deregulation of the Notch pathway is
a relatively frequent event in NSCLCs and suggest that it might
represent a possible target for molecular therapies in these tumors.

�-secretase inhibitors � NSCLC � NUMB

The Notch signaling pathway mediates a variety of context-
dependent biological functions (1–4). In humans, there are four

Notch receptors that, upon engagement by ligands of the DSL
family, are proteolytically cleaved to release the intracellular do-
main of Notch (NICD), which translocates into the nucleus to
modulate gene expression (1). The activity of Notch is counteracted
by Numb (3, 5), through a mechanism that is not completely
understood but that is underscored by the fact that loss of Numb
function phenocopies Notch gain-of-function, in developmental
systems (3).

The best-characterized function of Notch is to regulate cell fate;
this has been linked to the homeostasis of stem cell compartments
(1, 6–8). Not surprisingly, therefore, aberrant Notch signaling has
been implicated in human cancer (7). The clearest example of
cell-autonomous oncogenic activation of Notch occurs in T-cell
acute lymphoblastic leukemia/lymphoma (T-ALL), where
NOTCH-1 is activated through chromosomal translocations or
mutations (7, 9). Deregulated expression of Notch receptors,
ligands, or targets has also been reported in solid tumors [reviewed
in (7, 10)], including breast (11) and lung cancers (12–15). To date,
however, cell-autonomous activating mutations of Notch receptors
have not been found in solid tumors. Finally, lack of attenuation of
Notch signaling also plays a role in cancer, as loss of NUMB
expression, in breast cancer, causes increased Notch activity and a
Notch-dependent proliferative advantage (16, 17).

The inhibition of Notch signaling holds, therefore, promise for
cancer therapies. A family of compounds, �-secretase inhibitors
(GSIs), is the object of intense scrutiny for this purpose. �-Secretase
is pivotal in the activation of Notch, as it executes the last proteolytic
cleavage that releases the NICD from the plasma membrane (10).
However, the clinical application of GSIs must still overcome
important hurdles. First, GSIs display significant acute toxicity (7,
10). Second, we need patient stratification criteria, to determine
eligibility for GSI treatment. In this framework, the identification
of alterations in Notch signaling in major solid tumors might
provide new impetus to clinical research in this area.

Here, we show that alterations of the Notch pathway are frequent
in non–small-cell lung carcinomas (NSCLC). We identify two major
alterations: loss of NUMB expression, and gain-of-function muta-
tions of the NOTCH-1 gene. We also show that NSCLCs, harboring
activation of the Notch pathway, depend upon Notch signaling for
their growth potential. Thus, our results suggest that targeted
interference with Notch activation represents a promising thera-
peutic avenue in NSCLC, and provide biomarkers for patient
stratification.

Results
Deregulation of NUMB Expression in NSCLC. In an initial survey of
more than 200 NSCLCs performed by immunohistochemistry
(IHC) on tissue microarrays, we observed frequent loss of NUMB
expression. Normal lung parenchyma invariably showed moderate/
intense homogeneous NUMB staining (Fig. 1A). In comparison,
only �70% of NSCLCs displayed moderate/intense staining (class
2 and 3 tumors) (SI Text), whereas 30% of all NSCLCs showed
absent or barely detectable NUMB (class 1 tumors) (Fig. 1A,
Table S1). There was no correlation between loss of NUMB
expression and tumor histotype (adenocarcinoma vs. squamous cell
carcinoma, P � 0.69), indicating that the two major types of NSCLC
harbor alterations of NUMB expression with similar frequency.

We established primary pure epithelial cultures from several
NSCLCs. In these cultures, we detected comparable levels of
NUMB mRNA in class 1 vs. class 3 tumors (Fig. 1B). This contrasts
with the markedly different levels of NUMB protein in the same
cultures (Fig. 1B). When class 1 cultures were treated with the
proteasome inhibitor MG132, NUMB protein was restored to levels
indistinguishable from those of class 3 cultures (Fig. 1B). Thus, loss
of NUMB expression in NSCLCs is determined at the posttrans-
lational level, through enhanced protein degradation, similarly to
what was shown in breast cancers (16). Of note, we did not detect
mutations in the NUMB coding sequence (cds) at the genomic level
in 13 samples representative of the various classes of NUMB
staining in NSCLC (see below).

Loss of NUMB Expression and Activation of Notch Signaling in NSCLCs.
We investigated whether loss of NUMB expression was associated
with increased Notch signaling in a cohort of 49 NSCLC patients for
whom both formalin-fixed paraffin-embedded (FFPE) and frozen
specimens were available. We analyzed the levels of activated
NOTCH-1 by IHC on FFPE specimens using an antibody (Ab) that
specifically recognizes the activated version of the NOTCH-1
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receptor (see SI Text and Fig. S1 for details). We observed a strong
inverse correlation between the levels of NUMB and of activated–
NOTCH-1 (Fig. 2 A and B). We then measured the expression
levels of the Notch target gene, HES1 (4), in frozen samples. Also
in this case, we observed a significant inverse correlation between
HES1 mRNA levels and NUMB status (Fig. 2C, Table S2). Note
that in Fig. 2 B and C, six patients harboring mutations of the
NOTCH-1 gene (see below) were not included.

We analyzed NUMB protein and HES1 mRNA levels in primary
NSCLC cultures derived from 10 patients. Under these conditions,
NUMB levels and Notch pathway activity could be analyzed in a
pure epithelial tumor population. Again, we observed a strong
inverse correlation between the levels of NUMB and of HES1
mRNA (Fig. 2D). We concluded that deregulation of NUMB is a
frequent event in NSCLC, and that this correlates with the activa-
tion of the Notch signaling pathway.

Genetic Alterations of NOTCH-1 in NSCLC. Despite the significant
inverse correlation between NUMB protein and HES1 mRNA (or
activated NOTCH-1) levels, there were a significant number of
outliers. In particular, in some specimens (Table S2) we noted high
levels of HES1 mRNA (� 2.0) together with high/intermediate
levels of activated NOTCH-1, despite substantial levels of NUMB.
We hypothesized that these patients might harbor activating
NOTCH-1 mutations. Thus, we performed a mutation analysis of
the 49 NSCLC cohort, by sequencing the entire C-terminal region
of the NOTCH-1 cds (Fig. 3A). We found four different heterozy-
gous NOTCH-1 mutations in six NSCLC samples (Fig. 3A, Fig. S2,
Table S2). For patients 42 and 44, we confirmed the presence of
mutations also in primary cultures (Fig. 6A). Of note, we also
sequenced 45 breast cancers without detecting any mutations.

Alterations in the NOTCH-1 cds might represent somatic mu-
tations or polymorphisms. Thus, we sequenced the NOTCH-1 cds
in matched normal samples, where these were available. For
patients 36, 40, 42, 44, and 49 (Table S2), normal frozen lung tissue
was used; for patient 42, normal lymphocytes were also tested. In
all cases, wild-type (WT) NOTCH-1 alleles were detected in the
normal tissues (Fig. 3B, Fig. S2).

Because of the limited availability of tumor tissues, we performed
our analysis at the cDNA level. It was important, therefore, to
confirm that the mutations in the NOTCH-1 cDNAs corresponded
to mutations in the NOTCH-1 gene. In four cases (cases 36, 40, 42,
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Fig. 1. Loss of NUMB expression in NSCLC. (A) NUMB expression in NSCLCs
detected by IHC. Entire TMA cores, from representative samples, are shown on
the left at an original magnification �20; the boxed areas are magnified on the
right (original magnification �40) to show the typical cytosolic and plasma
membrane localization of Numb. (B) (Left) NUMB mRNA levels measured by
Q-PCR in primary NSCLC cultures expressed relative to the reference cell line
BEAS-2B (� 1). Results represent the mean mRNA level detected in cultures from
four patients for each NUMB-class shown. (Right) NUMB protein levels in primary
NSCLC cultures. Blots are representative of three independent experiments.
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Fig. 2. NUMB expression and Notch signaling in NSCLCs. (A and B) Inverse
correlation between NUMB and activated-NOTCH-1 status in NSCLCs. (A) Repre-
sentative IHC in serial sections (original magnification �40). (B) Quantitative
assessment of activated-NOTCH-1 in NSCLC as a function of NUMB-class. (C) HES1
mRNA levels in NSCLCs displaying different levels of NUMB. Data were obtained
by Q-PCR on frozen specimens of the cohort of 49 patients and are expressed
relative to the reference cell line BEAS-2B (� 1). The six patients harboring
mutations in the NOTCH-1 gene (see Figs. 3A and 5A) were excluded from the
results reported in panels (B) and (C). (D) NUMB-class (measured by IHC) and HES1
levels, measured as in (C), in 10 primary cultures from NSCLC patients.
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and 49, representing the four different mutations), we had enough
material to perform this analysis, which confirmed the presence of
the mutations at the genomic level (Fig. S3).

We also performed a mutational analysis of the NUMB cds, using
genomic DNA extracted from FFPE samples, from four NSCLCs
with low NUMB expression (patients 34, 36, 39, and 46) and nine
NSCLCs with intermediate/high NUMB levels (patients 4, 9, 13, 33,
38, 40, 42, 47, and 49, four of whom also displayed mutations of the
NOTCH-1 gene). This analysis did not reveal any mutations in the
NUMB cds (Table S2).

Finally, the availability of matched normal/tumor tissues allowed
us to analyze the activation of the Notch pathway, as a function of
the malignant conversion. The levels of HES1 mRNA were higher
in tumor frozen tissues compared to the normal counterparts for all
patients tested (Fig. 3C). Comparable results were also obtained for
FFPE samples, which were used to test both HES1 and another
Notch target gene, HEY2 (Fig. S4).

NOTCH-1 Mutations in NSCLC Are Gain-of-Function Mutations. To
prove that the NOTCH-1 mutations in NSCLC are gain-of-function
mutations, we cloned them in the context of full-length NOTCH-1
(Fig. 4A), and tested their activity in a luciferase reporter assay.
Increased luciferase levels were detected in cells transfected with
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Fig. 4. NOTCH-1 mutations in NSCLCs are gain-of-function mutations. (A)
Expression of flag-tagged NOTCH-1 constructs (shown on top) in HeLa cells.
�TAD, inactive NOTCH-1 used as negative control. Note that the V2444fs mutant
was expressed at very low levels and was detectable only in long exposures
(asterisk). (B) Basal activity of NOTCH-1 mutants. HeLa cells were transfected with
NOTCH-1 constructs (as indicated in (A) and a CBF1-Luc reporter. Luciferase
activity was then determined in standard conditions (untreated) or after treat-
ment with the GSIs, MRK-003 (1 �M) and DAPT (1 �M), and is reported as the fold
increase vs. WT NOTCH-1, for each condition. In untreated cells, asterisks indicate
a significant difference (P � 0.01) vs. WT control. In treated cells, red asterisks
indicate a significant difference (P � 0.01) vs. the same transfectants in untreated
conditions. (C)TheeffectofmutationsonNOTCH-1activation.HeLatransfectants
were treated for 20 min with 5 mM EGTA or left untreated (NT). Cells were then
washed to remove EGTA and returned to culture for an additional 0–3 h (EGTA
release � 0, 1, 2 or 3 h). The levels of activated and total (FLAG) NOTCH-1 in total
cell lysates were determined. A longer exposure of the blot for activated
NOTCH-1 (long. exp.) is also shown to better visualize the kinetics of activated
NOTCH-1 extinction in WT cells and V2444fs transfectants. (D) Densitometric
analysis of the immunoblots shown in (C). (Top) amount of activated NOTCH-1
normalized to the NT sample in HeLa-WT NOTCH-1 cells (� 1). Data are expressed
as arbitrary units (a.u.) relative to anti-FLAG signal. (Bottom) amount of activated
NOTCH-1 expressed as a percentage of T 0 (� 100%) for each transfectant. (E)
Subcellular localization of WT and S22275fs NOTCH-1. EGTA treatment and
washout of HeLa cell transfectants was performed as in (C). The subcellular
localization of NOTCH-1 was determined by immunofluorescence using an anti-
FLAG antibody. Bar, 10 �M. Note how, in unstimulated cells, both WT and
mutated NOTCH-1 displayed a predominantly extranuclear distribution. Upon
EGTA treatment, a significant proportion of both WT and mutant NOTCH-1
translocated into the nucleus and was still visible in this location 1 h after
washout. However, 3 h after washout, WT NOTCH-1 had completely disappeared
fromthenucleus,whereaspersistentnuclearNOTCH-1 stainingwasdetectable in
S2275fs transfectants.
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NOTCH-1 mutants compared to WT transfectants (Fig. 4B). This
increase was reversed by treatment with two different GSIs, MRK-
003 (15, 18) and DAPT (Fig. 4B). Finally, by using the anti-
activated–NOTCH-1 Ab, we directly demonstrated an increased
basal level of activation for the NOTCH-1 mutants compared with
WT NOTCH-1 (Fig. 4C, Fig. S5A, lanes NT).

To increase our understanding of the impact of the mutations on
NOTCH-1 activity, we measured the degree and duration of
NOTCH-1 activation. NOTCH-1 activation was induced in HeLa
transfectants by a short exposure to EGTA, which, by chelating
calcium, activates the cleavage/activation sequence of NOTCH-1
(19). The levels of activated NOTCH-1, after treatment, were
considerably more pronounced for the NOTCH-1 mutants com-
pared with WT NOTCH-1 (Fig. 4 C and D, Fig. S5). EGTA was
then washed away to measure the kinetics of extinction of
NOTCH-1 activation. In WT transfectants, NOTCH-1 activation
decayed with a half-life of �1/1.5 h. In contrast, in mutant trans-
fectants, NOTCH-1 activation persisted for a longer time (�3 h;
Fig. 4 C and D and Fig. S5). This correlated with a persistence of
NOTCH-1 in the nucleus, a hallmark of NOTCH-1 activation
(Fig. 4E).

We concluded that the NOTCH-1 mutations in NSCLC are
gain-of-function mutations.

Impact of Alterations of Notch Signaling in Lung Cancer. In the 49
NSCLC cohort, high levels of HES1 mRNA (�2, an arbitrary
threshold corresponding to twice the value of the reference sample)
were observed in 22 (45%) cases (Fig. 5A). These 22 cases were
distributed between the NUMB classes as follows: class 1, 11 of 13
samples (85%, note that in one case, 36, we also detected a
NOTCH-1 mutation); class 2, 9 of 22 samples (41%), four of which
harbored NOTCH-1 mutations (Fig. 5A and Table S2); class 3, 2 of
14 samples (14%, of which 40 also displayed a NOTCH-1 mutation).

Therefore, in 16 of 22 cases, high HES1 levels can be attributed
to two distinct mechanisms: loss of NUMB expression or NOTCH-1
gain-of-function mutations (Fig. 5A). In addition, in the set of 49
tumors, there was very good correlation between HES1 mRNA
levels and activated–NOTCH-1 (Fig. 5B). We note that, in three
cases (cases 38, 45, and 47), we detected high levels of HES1 mRNA
(�4) together with intermediate/high levels of Notch activation, in
the presence of intermediate levels of NUMB and in the absence
of NOTCH-1 mutations. In these cases, the constitutive activation
of the Notch pathway is not readily accounted for. It remains to be
established whether additional, yet unidentified, molecular mech-
anisms of Notch activation are at play in these tumors.

To determine whether aberrant Notch signaling correlates with
clinically relevant parameters, we analyzed an independent large
case collection of NSCLCs for which clinical follow-up was available
(the ‘‘clinical cohort’’; Table S1 and Table S3). In this cohort, �26%
of patients displayed intermediate/high levels of activated
NOTCH-1 (Table S3). In the entire cohort, there was a trend
correlating intermediate/high levels of activated NOTCH-1 with
poorer clinical outcome, which, however, did not reach statistical
significance (P � 0.09, Fig. S6). In the subgroup of patients without
TP53 mutations (p53-negative patients; n � 176, 48.9% of the
entire NSCLC cohort; Table S3), however, there was a signifi-
cant correlation between Notch activation and poor prognosis
(Fig. 5C). This correlation was maintained in multivariate anal-
ysis (Fig. 5D). Although these initial results need further cor-
roboration, they suggest that Notch activation might impact on
the natural history of NSCLC, at least in the subgroup of tumors
without TP53 mutations.

A relevant question is whether alterations of the Notch pathway
constitute the causal lesions, selected for during tumorigenesis,
required for the maintenance of the malignant phenotype (driver
mutations) or whether they are just part of the broad repertoire of
molecular alterations occurring in the natural history of the tumor
(passenger mutations). In the former case, one would expect

NSCLCs harboring alterations of the Notch pathway to entirely rely
on deregulated Notch signaling for sustained proliferative advan-
tage. Thus, we tested the sensitivity of primary NSCLC cultures to
the GSIs MRK-003 and DAPT. The selected primary NSCLC
cultures belonged to three categories, based on the levels and modes
of activation of the Notch pathway: WT, NUMB-Low, NOTCH-
1-mutated (Fig. 6A). The survival of WT cells was not significantly
affected by GSIs (Fig. 6 B, C, and D). Conversely, the inhibitors
selectively killed primary cells belonging to the NUMB-Low or to
the NOTCH-1-mutated groups. We concluded that NSCLCs show-
ing molecular alterations in the Notch pathway are dependent upon
Notch signaling.

Discussion
We show that subversion of Notch signaling is frequent in NSCLC.
Two types of alterations were detected: heterozygous mutations of
the NOTCH-1 locus (�10% of the cases), and loss of NUMB
expression (�30% of the cases).

In the case of NOTCH-1 mutations, we demonstrated that they
represent gain-of-function mutations. We note that the NOTCH-1
mutations identified in this study occurred in the same regions
previously identified as hot spots in T-ALL (1): the HD and the
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Fig. 5. Impact of alterations of Notch signaling in NSCLC. (A) Summary of the
alterations of the Notch signaling pathway in the cohort of 49 NSCLC patients.
HES1 mRNA levels are reported vs. NUMB status (as described in Fig. 2C). The six
patients harboring NOTCH-1 mutations are indicated by red dots. (B) HES1 mRNA
levels (expressed relative to the reference cell line BEAS-2B � 1) in NSCLCs
displaying different levels of activated NOTCH-1 by IHC. mRNA levels were
measured by Q-PCR on frozen specimens of the cohort of 49 patients. (C) The
activation status of NOTCH-1 was used to predict overall survival in the subgroup
of p53-negative NSCLC patients (i.e., patients without TP53 mutations, n � 176,
48.9% of the entire NSCLC cohort). Data are shown as the probability of survival,
in Kaplan–Meier plots, as a function of low (Low) or intermediate-to-high (In-
term./High) activated-NOTCH-1 levels. (D) The activation status of NOTCH-1 (low
vs. intermediate-to-high activated-NOTCH-1 levels) was tested for prediction of
survival in the same cohort of patients as in (C), in a multivariate comparative
analysis using the indicated biological and biochemical parameters. HR, hazard
ratio. A value of P � 0.05 was considered statistically significant.
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C-terminal/PEST region. It has been shown that mutations in the
HD domain destabilize the NOTCH-1 heterodimer, prompting
ligand-independent cleavage, whereas mutations within the PEST
region result in the stabilization of the NICD and sustained
NOTCH-1 signaling, probably because of alterations and/or re-
moval of phosphodegron domains required for NICD degradation
(1). Similar mechanisms are most likely at play in NSCLC. The
‘‘real’’ frequency of NOTCH-1 mutations in NSCLC remains to be
determined. We found six mutations in 49 cases (�12%). The
limited size of the cohort does not allow definitive conclusions on
the magnitude of the event. In a recent study by Ding et al. (20),
performed in lung adenocarcinomas, NOTCH-1 mutations were
not reported at high frequency. In that study, one mutation V1671I,
which falls in the HD domain, was described, although it is not
known whether it represented a polymorphism. Whether the dif-

ferences between our study and that of Ding et al. are due to
differences in study design (sequencing strategy) or to intrinsic
differences in the patient cohorts remains to be established.

The second alteration of the Notch pathway in NSCLC is loss of
NUMB expression resulting from enhanced NUMB degradation. It
is possible that the instability of NUMB is caused by mutations in
its cds. However, a mutational analysis of the NUMB gene, in
tumors representative of the various NUMB subclasses, failed to
evidence any such alteration. Moreover, in breast cancers, we
reported a mechanism for loss of NUMB expression indistinguish-
able from that uncovered here for NSCLC, in the absence of any
alteration of the NUMB locus (16). Thus, we rather favor the
possibility that the primary lesion, responsible for loss of NUMB
expression, affects a gene encoding for a protein involved in the
control of NUMB stability: E3 ligases or de-ubiquitinating enzymes
being the prime suspects.

We have previously proposed that NUMB is a tumor suppressor
(16, 17). From our studies in breast cancer and in tumor cell lines,
loss of NUMB expression can confer a proliferative advantage
through two mechanisms: (i) lack of counteraction over Notch (16),
and (ii) increased degradation of the tumor suppressor TP53 (17).
In the case of NSCLC, a cogent case can be made that NOTCH-1
is activated in NUMB-defective tumors, with ensuing proliferative
advantage, because (i) there was a very tight correlation between
loss-of-NUMB and high levels of activated NOTCH-1 and of HES1
mRNA, and (ii) NUMB-negative primary NSCLC cultures were
sensitive to GSIs.

It is more questionable whether NUMB control over TP53
plays a role in NSCLC. In the case of breast cancer, inactivating
mutations of the TP53 gene, or alterations of circuitries regu-
lating TP53 levels are relatively infrequent (21–28), thereby
providing a strong rationale for how loss of NUMB and the
ensuing increased TP53 degradation can confer a proliferative
advantage (17). The situation is different in NSCLCs, which are
characterized by a high frequency of mutations of the TP53 gene
(29). Whether loss of NUMB plays a role in TP53-proficient
NSCLC, through mechanisms similar to those described in
breast cancer remains therefore to be established.

An important issue concerns whether alterations in Notch sig-
naling in NSCLC extend beyond those reported here, as also
supported by findings of overexpression of NOTCH-3 or of Notch
ligands in this tumor (12–15). To this end, it is important to note that
the anti-activated NOTCH Ab, that we used, will fail to detect
tumors in which deregulated NOTCH signaling does not dependent
on augmented production or stability of NICD of NOTCH-1.
Indeed, in three cases of the 49-patient cohort, we detected high
levels of the Notch target HES1, in the absence of alterations in the
expression of NUMB or of activating mutations of NOTCH-1. Thus
additional, yet undefined alterations of Notch signaling might be
involved in NSCLC, although probably at low frequency.

Our results also suggest that altered Notch signaling affects the
natural history of NSCLC. Indeed, we detected a correlation
between the levels of activated NOTCH-1 and poor prognosis in the
subset of NSCLC patients without TP53 mutations. Importantly,
the correlation was maintained in multivariate analysis and was
even independent of tumor stage, which is the strongest prognostic
factor in NSCLC. We do not know why the correlation was only
evident in the subgroup of patients in which TP53 is not mutated.
One plausible explanation is that when TP53 is mutated, and
therefore functionally subverted, the impact of aberrant NOTCH-1
activity on the natural history of the tumor might be masked by the
plethora of genetic changes, and of their biological consequences,
typically occurring in TP53-mutated cancers.

Finally, our data have therapeutic implications, as we show that
primary NSCLC, harboring alterations in the Notch signaling
pathway, are sensitive to GSIs. Because approximately one third of
NSCLC cases display altered Notch signaling, in principle, these
patients might benefit from treatment with GSIs. The prospective
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Fig. 6. Inhibition of Notch signaling affects the growth potential of primary
NSCLC cultures harboring alterations of the Notch pathway. A. Eight NSCLC
primary cultures, representing 3 groups based on NOTCH-1/NUMB status, were
tested for their sensitivity to the GSIs MRK-003 and DAPT. The characteristics of
the primary cultures are summarized in the panel. (B and C) Survival of the
primary NSCLC cultures, after treatment with MRK-003 (B) or DAPT (C) with
respect to vehicle (DMSO). Results are expressed as the mean � SEM of two
independent experiments. (D) Summary of GSI experiments. Survival, with re-
spect to vehicle-treated cells, is shown for the three types of NSCLC cultures
described in (A): filled bars, ‘‘WT’’ cells (no alterations in the Notch pathway, see
main text); empty bars, NUMB-negative cells; gray bars, NOTCH-1-mutated cells.
Results for primary cultures belonging to the same group were combined and are
expressedasthemean�SEMoftwoindependentexperiments.Asterisks indicate
a significant difference (P � 0.01) relative to vehicle-treated cells as well as to WT
cells treated with MRK-003 (left) or DAPT (right).
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use of these inhibitors in the clinical setting has been plagued by
their toxicity (7, 10). Recent developments, however, highlighted
the possibility that combinatorial treatment with glucocorticoids
might counteract the toxicity of GSIs (30, 31). The perspective
development of combined GSI-based therapeutic protocols, with
reduced toxicity, would constitute a major advancement in NSLC,
in which the development of effective targeted therapies is still a
largely unmet need (32). In this framework, the molecular alter-
ations of the Notch pathway herein described might constitute an
effective tool for the stratification of eligible patients.

Materials and Methods
NSCLC Specimens and Analyses. All specimens were from lung cancer patients
undergoing surgery at the European Institute of Oncology (IEO) in Milan, Italy.
Ethics approval for tissue collection for research purposes was obtained from the
IEO Institutional Review Board, after written informed consent had been ob-
tainedfromallpatients.Detailson IHCanalysisandNSCLCclassificationaccording
to their NUMB or Activated-NOTCH status are given in SI Text. In SI Text, the
methodology for mutational analyses of NOTCH-1 and NUMB, and for quanti-
tative RT-PCR analysis of NOTCH-1 targets is also described.

Cell Lines, Expression Vectors for NOTCH-1 Mutants and Biochemical Studies.
Primary cultures were obtained as previously described (16) (SI Text). HeLa cells
were transfected with Lipofectamine PLUS (Invitrogen). For luciferase assays
(Dual Luciferase Kit, Promega), cells were transfected with the NOTCH-1 con-
structs together with a Notch-dependent CBF1-responsive luciferase reporter
(6x-RBP-Jk-luc) (16) and a Renilla luciferase plasmid, and tested 48 h after trans-
fection. GSIs were added to cells immediately after transfection. Luciferase ac-
tivity was normalized to the Renilla transfection control and to NOTCH-1 expres-
sion levels. Results of three independent experiments performed in triplicate are

shown. Immunofluorescence and immunoblotting were performed as described
(17). Plasmids and antibodies are described in the SI Text.

Patients in Clinical Cohort and Statistical Analyses. The clinical cohort of 420
consecutive NSCLC cases (Table S3) was constituted by patients who had under-
gone surgical resection at IEO between June 1998 and December 2002. Overall
survival was defined as the interval between surgery and either death from any
cause, or last contact. The median duration of follow-up was 62 months (range,
0–122 months). The 5-year survival rate was 52.0% (Stage I, 68.4%; Stage II–IV,
38.3%). During the 5-year follow-up period, a total of 200 (48%) events (deaths)
were registered. Plots of the overall survival according to activated–NOTCH-1
expression were drawn using the Kaplan–Meier method. The statistical signifi-
cance of differences in survival rates between groups was established by the
log-rank test. Multivariate analyses were carried out using the Cox proportional
hazards method to assess the prognostic value of activated–NOTCH-1 status
before and after correction for different independent risk factors, including age
at diagnosis of the tumor, pathological stage, tumor grade of differentiation,
nodal status, TP53 status, and Ki-67. SAS statistical software was used for all of the
analyses (SAS Institute, Inc.). A value of P � 0.05 was considered significant.
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