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Direct inhibition of the NOTCH
transcription factor complex
Raymond E. Moellering1,2,3, Melanie Cornejo4, Tina N. Davis6, Cristina Del Bianco5, Jon C. Aster5,
Stephen C. Blacklow5, Andrew L. Kung6, D. Gary Gilliland4,7, Gregory L. Verdine1,3 & James E. Bradner2,3,8

Direct inhibition of transcription factor complexes remains a central challenge in the discipline of ligand discovery. In general,
these proteins lack surface involutions suitable for high-affinity binding by small molecules. Here we report the design of
synthetic, cell-permeable, stabilized a-helical peptides that target a critical protein–protein interface in the NOTCH
transactivation complex. We demonstrate that direct, high-affinity binding of the hydrocarbon-stapled peptide SAHM1
prevents assembly of the active transcriptional complex. Inappropriate NOTCH activation is directly implicated in the
pathogenesis of several disease states, including T-cell acute lymphoblastic leukaemia (T-ALL). The treatment of leukaemic
cells with SAHM1 results in genome-wide suppression of NOTCH-activated genes. Direct antagonism of the NOTCH
transcriptional program causes potent, NOTCH-specific anti-proliferative effects in cultured cells and in a mouse model of
NOTCH1-driven T-ALL.

Transcription factors are master regulators of cell state. Commonly
activated by genetic events or upstream signalling pathways, they medi-
ate the neoplastic phenotype and maintain tissue specification in cancer.
As such, they are highly desirable targets for ligand discovery1. Owing to
expansive protein–protein interfaces and a general absence of hydro-
phobic pockets, transcription factors have proven among the most
chemically intractable of all therapeutic targets. With the exception of
nuclear hormone receptors that have evolved the ability to bind natural
small-molecule ligands, potent and specific inhibitors of human tran-
scription factors have not been realized. Here we report the successful
development of a direct-acting antagonist of an oncogenic transcription
factor, NOTCH1.

NOTCH proteins participate in conserved pathways that regulate
cellular differentiation, proliferation and death2,3. Mammalian
NOTCH receptors (NOTCH1–4 in humans) are single-pass trans-
membrane proteins that transmit juxtacrine signals initiated by
ligands of the Delta, Serrate or Lag-2 family. Ligand binding to the
extracellular domain of NOTCH1 initiates sequential proteolytic
processing events catalysed respectively by an ADAM family metal-
loprotease and a c-secretase complex, resulting in cytoplasmic release
of the intracellular domain of NOTCH1 (ICN1)4–6. ICN1 then trans-
locates to the nucleus and loads onto the DNA-bound transcription
factor CSL7. The engagement of ICN1 with CSL creates a long, shal-
low groove along the interface of the two proteins that serves as a
binding surface for co-activator proteins of the mastermind-like
(MAML) family8,9. The resulting ICN–CSL–MAML ternary complex
then recruits the core transcription machinery, effecting activation of
NOTCH-dependent target genes.

The duration and strength of NOTCH signalling is normally
tightly controlled. Whereas loss-of-function mutations have been
observed in a variety of diseases10–12, gain-of-function mutations in
the NOTCH pathway are causally linked with cancer. Indeed, human
NOTCH1 was first discovered owing to its involvement in a t(7;9)
chromosomal translocation observed in patients with T-ALL13.

Subsequently, various activating mutations in NOTCH1 have been
discovered in .50% of patients with T-ALL14. Recently, further
aberrations that potentiate NOTCH signalling have been identified,
including loss-of-function of the NOTCH1 E3 ubiquitin ligase
FBXW7 and the intracellular NOTCH inhibitor NUMB, in T-ALL
and breast adenocarcinoma, respectively15,16. Activated NOTCH sig-
nalling has also been observed in cancers of the lungs, ovaries,
pancreas and gastrointestinal tract as well as in melanoma, multiple
myeloma and medulloblastoma17–23.

Efforts to antagonize the NOTCH pathway have relied on blocking
the generation of ICN using small-molecule inhibitors of thec-secretase
complex (GSIs)24,25. These molecules are not strictly NOTCH-specific,
as they indiscriminately block the many signalling pathways down-
stream of c-secretase26. T-ALL patients treated with GSIs suffer dose-
limiting gastrointestinal toxicity, the origin of which is uncertain but it
may result from chronic blockade of NOTCH1 and NOTCH2 procces-
sing27. Some cell lines containing activating NOTCH1 mutations are
resistant to GSIs, and those that do respond commonly undergo growth
arrest rather than apoptosis. These observations underscore the mech-
anistic utility and potential therapeutic value of NOTCH antagonists
that act by directly targeting the NOTCH transactivation complex.

Stapled a-helical peptides targeting the NOTCH complex

A dominant-negative fragment of MAML1 (residues 13–74; termed
dnMAML1) has been shown to antagonize NOTCH signalling and cell
proliferation when expressed in T-ALL cell lines28,29. In X-ray struc-
tures of the Homo sapiens30 and Caenorhabditis elegans31 core ICN–
CSL–MAML complexes, this dnMAML1 polypeptide forms a nearly
continuous a-helix that engages an elongated groove formed by the
assembly of ICN1 and CSL (Fig. 1a). This a-helical interaction motif
suggested that the NOTCH transactivation complex might be suitable
for targeting by helix-mimetics such as hydrocarbon-stapled a-helical
peptides, which in other systems have proven capable of targeting
intracellular protein–protein interactions32,33. Specifically, we reasoned
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that a stapled fragment of dnMAML1 might prevent binding of full-
length MAML1 to the ICN1–CSL complex, thereby depriving the
complex of its transcriptional activation function despite the presence
of an upstream NOTCH signal. Relative to unmodified peptides,
hydrocarbon-stapled peptides have shown improved binding affinity,
metabolic stability and serum half-life. Operationally, peptide stapling
is accomplished by co-synthetic incorporation of a non-natural amino
acid, S5, at neighbouring positions along one face of the a-helix (i and
i 1 4 positions), followed by ring-closing olefin metathesis (Fig. 1b).

The structure of the human NOTCH1 ternary complex was used as
the basis for the design of a series of stapled a-helical peptides derived

from MAML1 (SAHMs). Six candidate peptides were designed that
together scan the entire contact surface of dnMAML1 with ICN1–CSL
(Fig. 1c). Functional evaluation of this panel led to the selection of a
stapled peptide designated SAHM1, which spans residues Glu 21 to
Thr 36. As shown in Fig. 1d and Supplementary Fig. 1, stapling con-
ferred upon SAHM1 a marked increase in helical character, as com-
pared with its unmodified and modified but unstapled counterparts
(MAML1(21–36) and SAHM1-UN, respectively). As specificity con-
trols for functional studies34, we generated mutant peptides SAHM1-
D1 and SAHM1-D2, as well as dSAHM1, the corresponding peptide
from the Drosophila Mastermind (MAM) protein.

Analysis of cell penetration using fluorescein isothiocyanate
(FITC)-labelled peptides and quantitative epifluorescence micro-
scopy showed robust and roughly equivalent cellular uptake by
FITC–SAHM1, FITC–SAHM2, FITC–SAHM3, FITC–SAHM6 and
the negative control peptides FITC–SAHM-D1, FITC–SAHM-D2
and FITC–dSAHM1. Cell penetration was less efficient for FITC–
SAHM4 and negligible for FITC–-SAHM5 (Supplementary Fig. 2a,
b). The uptake of FITC–SAHM1 was diminished at 4 uC relative to
37 uC, and was unaffected by rhodamine conjugation, consistent with
an active, endocytic peptide import mechanism as observed previ-
ously with stapled peptides (Supplementary Fig. 2c, d). The molecules
in this study are considerably smaller than the ,25-kilodalton (kDa)
exclusion size of the nuclear pore complex, and thus as expected,
FITC–SAHM1 was distributed throughout the cytoplasm and nucleus
(Supplementary Fig. 2e).

SAHMs bind the ICN1–CSL complex competitively with MAML1

SAHM binding to the NOTCH complex was first investigated using
an in vitro pull-down assay. In brief, a glutathione-S-transferase
(GST)-tagged fragment of ICN1 bearing only the CSL-binding
domain (GST–RAMANK) was immobilized on glutathione-labelled
agarose beads and used to precipitate CSL and dnMAML1 in the
presence and absence of SAHM1 (Fig. 2a). SAHM1 inhibited
dnMAML1 binding competitively, but did not perturb binding of
CSL to RAMANK.

SAHM binding was next measured quantitatively using fluor-
escence polarization spectroscopy. Soluble FITC–SAHM1 was found
to bind the pre-formed RAMANK–CSL complex with a dissociation
constant (Kd) 5 0.12 6 0.02 mM, whereas the unmodified FITC–
MAML1(21–36) peptide bound the complex with markedly dimi-
nished affinity (Fig. 2b). Thus, helix stabilization promotes target
binding. The mutant peptides FITC–SAHM1-D1, FITC–SAHM1-D2
and FITC–dSAHM1 bound RAMANK–CSL considerably less avidly
than FITC–SAHM1, prompting the use of these peptides as negative
controls in subsequent functional studies. Notably, fluorescence
polarization of FITC–SAHM1 was decreased by unlabelled competitor
dnMAML1, confirming the overlap between the SAHM1 and the
dnMAML binding sites on RAMANK–CSL (Fig. 2c).

Kinetic insights into complex assembly and SAHM binding were
gained using surface plasmon resonance (SPR). A constant amount
of GST–RAMANK was immobilized on an immunoglobulin (anti-
GST) biosensor surface and exposed to increasing concentrations of
CSL. The resulting dose-dependent response data were best fit to a
two-step association with rapid on- and off-rates and overall micro-
molar affinity (Fig. 2d), and are consistent with a published model
supporting a two-step association34. Next, SPR was used to analyse
binding of SAHMs to the pre-assembled RAMANK–CSL complex. A
SAHM1 derivative containing an amino-terminal biotin moiety
(bioSAHM1) was immobilized on a streptavidin sensor surface.
Pre-incubated, equimolar RAMANK and CSL were introduced in
increasing concentrations. Curve-fitting of these kinetic data indi-
cated that bioSAHM1 bound RAMANK–CSL with an apparent Kd

closely matching the value observed by fluorescence polarization
(Fig. 2e). Again, SAHM1-D1 showed substantially decreased affinity
(Fig. 2f).
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Figure 1 | Design of MAML1-derived stapled peptides targeting
NOTCH1–CSL. a, Structure of the NOTCH1 ternary complex (Protein Data
Bank (PDB) accession 2F8X): CSL (tan), DNA (grey), dnMAML1 (green)
and ICN1 (blue). The 16-amino-acid stretch of MAML1 targeting ICN1 and
CSL is shown in red, and was used to design the stapled peptide SAHM1.
b, Schematic of peptide stapling. A non-natural alkenyl amino acid (S5) is
incorporated at two positions in the peptide chain and then cross-linked by
ring-closing olefin metathesis. c, Schematic, sequences and helical character
of MAML1-derived SAHM peptides. bAla denotes a b-alanine spacer.
Asterisks denote the location of S5 residues, which are cross-linked in all
SAHM peptides except SAHM1-UN. d, Circular dichroism spectroscopy of
four MAML1 derived peptides illustrating the incremental effects of
synthetic modification.
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To determine whether SAHMs bind endogenous NOTCH proteins
present in human T-ALL cells, we performed pull-down assays in
KOPT-K1 cellular lysates. BioSAHM1 beads were found to pull down
full-length ICN1 and CSL, whereas bioSAHM1-D1 was markedly less
avid (Fig. 2g). Next we examined the ability of SAHMs to compete
with endogenous MAML1, again in KOPT-K1 cellular lysates. After
immunoprecipitation of MAML1, the presence of ICN1 was detected
by immunoblot. This association was diminished in a dose-dependent
manner by SAHM1 but not SAHM-1D (Fig. 2h). Together, these
experiments demonstrate conclusively that SAHM1 binds ICN1 and
CSL and thereby directly antagonizes recruitment of the MAML1 co-
activator to the ICN1–CSL complex.

SAHM1 specifically represses NOTCH1 target gene expression

To explore the effects of SAHMs on transcriptional activity, we first used
an established reporter-gene assay in which firefly luciferase is transcrip-
tionally regulated by constitutively activated NOTCH1 (ref. 35).
SAHM1 treatment resulted in near complete repression of luciferase
activity, comparable to a known GSI (DAPT)25. SAHM2 conferred a
twofold signal reduction. SAHM4, SAHM5, SAHM6, SAHM1-D1,
SAHM1-D2 and dSAHM1 were inactive (Fig. 3a). Reporter gene repres-
sion by SAHM1 was observed to be dose-dependent, with a half-
maximum inhibitory concentration (IC50) of 6.5 6 1.6mM (Fig. 3b).
In a second reporter-gene assay monitoring b-lactamase transcrip-
tionally regulated by ICN1 (ref. 36), SAHM1 again exhibited dose-
dependent repression compared to SAHM1-D1 or vehicle alone
(Supplementary Fig. 3a).

We next studied the effect of SAHMs on the expression of NOTCH
target genes in NOTCH1-dependent T-ALL, quantified by PCR with
reverse transcription (RT–PCR). A human T-ALL cell line (KOPT-
K1) containing activating mutations in the heterodimerization (HD)

and degradation domains (PEST) of NOTCH1 was treated with
SAHM1, SAHM1-D1 and vehicle. Decreased expression of the
NOTCH1 target genes HES1, MYC and DTX1 was uniquely observed
after treatment with SAHM1 (Fig. 3c). A consistent repressive effect
of SAHM1 on NOTCH1-dependent gene expression was observed
across a panel of human T-ALL cell lines (Fig. 3d), containing diverse
mutant NOTCH1 alleles (Supplementary Table 1). SAHM1 had no
effect on ICN1 protein stability compared to DAPT (Supplementary
Fig. 3b), supporting transcriptional inhibition downstream of ICN1
production.

SAHM1 triggers global suppression of NOTCH1 signalling

Transcriptional profiling has recently been demonstrated to establish
mechanistic connectivity between dissimilar compounds acting on
common targets or target pathways37. Gene set enrichment analysis
(GSEA) has also emerged as a robust method for comparing expres-
sion profiles corresponding to defined cellular states38. Integrating
these two methodologies, we performed gene expression profiling as
multidimensional phenotyping to first measure the global transcrip-
tional effects of SAHM1 and then compare these effects with those
produced by GSI treatment. First, triplicate data sets were generated
from SAHM1 and vehicle-treated KOPT-K1 and HPB-ALL cells and
analysed on Affymetrix oligonucleotide microarrays. Supervised
hierarchical clustering and rank-ordering identified numerous
canonical NOTCH1 target genes including HES4, DTX1, HES1 and
MYC among the top downregulated genes by SAHM1 (Fig. 3e). Next,
a set of transcripts downregulated by GSI in T-ALL cell lines was
curated from a published expression profile (referred to here as the
GSI-NOTCH gene set)39. Enrichment for this gene set within the
SAHM1 expression profile was studied by GSEA, revealing a strong,
statistically significant correlation (enrichment score (ES) 5 20.89,
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Figure 2 | SAHM1 specifically engages the NOTCH1 transactivation
complex. a, In vitro assembly of the NOTCH1 complex. Bead-immobilized
RAMANK protein was incubated as indicated with CSL (0.5 mM),
dnMAML1 (0.5 mM for lanes 3 and 5 (from left); 2.5mM for lanes 4 and 6;
5 mM for lanes 7 and 8), and SAHM1 (10 mM). Bound proteins were washed,
eluted and resolved by gel electrophoresis (Coomassie). b, Fluorescence
polarization of FITC–SAHM peptides binding to RAMANK–CSL. c, Direct
competition between unlabelled dnMAML1 and FITC–SAHM1.
Concentrations of FITC–SAHM1 (15 nM) and RAMANK–CSL (0.6 mM)
were held constant. dnMAML1 IC50 5 3.9 6 0.9 mM. d, CSL binding to

immobilized RAMANK by SPR. Black curves represent sensogram data and
the red curve denotes fit to a two-step kinetic model. Binding constants are
shown. kon, association rate; koff, dissociation rate; RU, response units.
e, f, Binding of RAMANK–CSL complexes to immobilized bioSAHM1
(e) and bioSAHM1-D1 (f). g, bioSAHM1 and bioSAHM1-D1 pull-down
assays in KOPT-K1 lysates. Bound protein fractions were probed with
antibodies specific for ICN1 (top) and CSL (bottom). h, Competitive co-
immunoprecipitation of endogenous ICN1 by MAML1 in the presence of
vehicle, SAHM1 (0.5, 1 and 10mM from left to right) or SAHM1-D1 (10 mM).
Unless noted otherwise data represent the mean 6 s.d. (n 5 3).
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normalized ES (NES) 5 23.66, P , 0.0001, Fig. 3f). Leading-edge
analysis identified further enrichment for transcripts annotated as
NOTCH1 targets in the scientific literature (Supplementary Fig. 4a).
As a measure of biological specificity, enrichment analysis was con-
ducted on all transcription factor target gene sets available in the
Molecular Signatures Database (MSigDB). Taken together, the
GSI-NOTCH gene set emerged as a statistical outlier as the most
enriched in the SAHM1 profile (Fig. 3g and Supplementary Table
2). Interestingly, analysis of SAHM1-repressed genes also identified
significant enrichment for gene sets regulated by transcriptional
activators such as MYC/MAX and E2F, which have been previously
identified as downstream targets of NOTCH activation (Fig. 3h and
Supplementary Table 2)40,41. Taken together, these data establish that
SAHM1 exerts a specific antagonistic effect on gene expression driven
by NOTCH.

NOTCH inhibition halts the proliferation of T-ALL cells

Previous work has shown that chemical (GSIs) or genetic (dnMAML1
expression) inhibition of NOTCH induces cell-cycle arrest, apoptosis
and decreased proliferative capacity in a subset of T-ALL cell lines29,42.
We assembled a panel of genetically annotated T-ALL cell lines, which
have previously demonstrated sensitivity to GSI (CUTLL1, SUPT1,
HPB-ALL, TALL-1, DND-41 and KOPT-K1; Supplementary Table 1).
SAHM1 treatment in these cells produced a marked reduction in cell
proliferation whereas SAHM1-D1 was inactive (Fig. 4a). SAHM1 treat-
ment did not affect the proliferation of K562 cells, an erythroleukaemia

cell line without dependency on NOTCH1 for growth, or JURKAT and
MOLT-4 cells, both of which are T-cell lines bearing activating
NOTCH1 mutations but are insensitive to NOTCH inhibition owing
to the loss of PTEN15,41,43. In sensitive T-ALL cell lines, SAHM1 exposure
prompted activation of caspase 3 and 7, consistent with the induction of
apoptosis (Fig. 4b).

These findings suggested that even brief exposure of T-ALL cells to
SAHM1 might be sufficient to prevent the establishment of leukaemia
in vivo. To recapitulate the human disease genotype and phenotype,
we devised a murine model of T-ALL induced by the NOTCH1 allele
L1601PDP, which bears dual NOTCH1 mutations originally iden-
tified in human T-ALL cells (Supplementary Fig. 5). Retroviral infec-
tion of the L1601PDP allele into whole bone marrow followed by
transplantation into lethally irradiated syngeneic recipient mice
resulted in development of a T-ALL phenotype; primary cells demon-
strated sensitivity to SAHM1 treatment in vitro (Supplementary Fig.
6a–c). To determine whether SAHM1 treatment could curb leuk-
aemic engraftment, we pre-treated primary L1601PDP cells with
SAHM1 or vehicle before inoculation into secondary recipient mice
(Supplementary Fig. 6d). At study end point, the SAHM1-treated
cohort showed a statistically significant reduction in spleen weight
(Fig. 4c) and the absolute number of donor-derived circulating lym-
phoblasts (Fig. 4d). Histopathological examination of bone marrow
and spleen demonstrated a marked reduction in disease burden and
leukaemic infiltration among animals administered SAHM1-treated
cells (Fig. 4e).
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Figure 3 | SAHM1 represses NOTCH1 target gene expression. a, Inhibition
of a NOTCH1-dependent luciferase reporter by SAHM peptides. Signal was
normalized to Renilla luciferase control. b, Dose-dependent effects of
SAHM1 and SAHM1-D1 in the dual-luciferase assay, using threefold
dilutions (0.55–45mM) of ligand compared to vehicle alone. c, qRT–PCR
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(DMSO) control. d, qRT–PCR analysis of DTX1 mRNA levels in a panel of
human T-ALL cell lines. e, Heat map representation of the top 50
downregulated genes (P , 0.001), induced by SAHM1 in KOPT-K1 and

HPB-ALL cells. f, Quantitative comparison of genes downregulated by GSI
(GSI-NOTCH gene set) with the SAHM1 gene expression profile in KOPT-
K1 and HPB-ALL cells by GSEA. g, Comparison of all transcription factor
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*P , 0.05, **P , 0.01.
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SAHM1 inhibits leukaemic progression and NOTCH1 signalling

To evaluate whether SAHM1 treatment could attenuate the growth
of established T-ALL in vivo, we developed a bioluminescent murine
model of T-ALL. Either MIG-L1601PDP or the control MIG retro-
virus was used to infect bone marrow isolated from C57BL/6 mice in
which firefly luciferase was constitutively expressed from the ubiqui-
tin C promoter44. Infected cells were then transplanted into isogenic
C57BL/6-TyrC/C albino recipients to facilitate non-invasive bio-
luminescence imaging45. Animals transplanted with Luc-L1601PDP
cells developed progressive T-ALL (Fig. 5a) that was quantified by
serial imaging (Fig. 5b), whereas no measurable disease developed in
mice receiving control-transduced cells (Fig. 5a, b).

Balanced cohorts of secondary recipient mice with established
leukaemia were treated with vehicle, daily SAHM1 (35 mg kg21),
or twice-daily SAHM1 (30 mg kg21) by intraperitoneal injection.
Vehicle-treated mice showed progressive disease, with eight out of
nine mice showing increased bioluminescence over 5 days of treat-
ment (Fig. 5c). Mice receiving daily SAHM1 treatments showed a
slightly lower mean change in bioluminescence and included fewer
animals with progressive disease (four out of six). All mice treated
with twice-daily SAHM1, however, showed a significant dose-
dependent regression of tumour as evidenced by a decrease in bio-
luminescence.

To confirm that the anti-leukaemic effect observed with SAHM1
treatment was associated with attenuated NOTCH1 signalling,
mononuclear cells from vehicle- and SAHM1-treated (twice-daily)
animals were collected for NOTCH1 target gene transcriptional ana-
lysis. A significant decrease in messenger RNA levels was evident for
Heyl, Hes1, Myc, Dtx1 and Nrarp in mice treated with SAHM1 com-
pared to vehicle (Fig. 5d). Gene expression profiling also revealed
significant pharmacodynamic repression of the NOTCH transcrip-
tional program in vivo. A gene set of murine NOTCH1 targets was
curated from a published report in which NOTCH1-dependent
murine T6E cells were profiled after treatment with GSI or ectopic
expression of dnMAML1 (ref. 40). Significant enrichment for the
murine NOTCH1 gene set was observed in isolated cells from

SAHM1-treated animals (Fig. 5e and Supplementary Fig. 7).
Together, these data provide a direct link between inhibition of the
NOTCH pathway and the anti-leukaemic activity of SAHM1 in vivo.

Discussion

Chemical intractability has limited the discovery of synthetic entities
targeting transcription factors. Here we set out to assess whether a
new type of targeting molecule, a stapled peptide derived from
MAML1, could target a seemingly intractable transcription factor,
human NOTCH1. We demonstrated direct binding to the pre-
assembled form of the NOTCH1–CSL complex and competitive
inhibition of MAML1 co-activator binding. Analysis of direct
NOTCH1 target gene levels and the global expression profile induced
by SAHM1 confirmed specific repression of the NOTCH signalling
program in human and murine T-ALL cells. Given the complexities
of transcriptional responses and the state of their characterization, it
is impossible to rule out conclusively any off-target activity by
SAHM1. In the context of human and murine T-ALL however,
GSEA provides a striking correlation between the expression effects
of SAHM1 and a GSI. Thus, it is clear that the NOTCH pathway is the
major target of SAHM1. Direct transcriptional repression was sub-
sequently found to enact NOTCH-specific anti-proliferative effects
in annotated T-ALL cell lines. Finally, SAHM1 treatment curbed
leukaemic progression and inhibited NOTCH1 signalling in a relevant
murine model of T-ALL. Previous studies in mice and preliminary
data in humans have shown that treatment with GSI alone is toxic
owing to on-target effects on intestinal crypts, suggesting that different
targeting strategies or drug combinations are needed; indeed recent
reports are showing promise46. Our studies so far have not observed
gastrointestinal toxicity at necropsy in treated animals (Supplemen-
tary Fig. 8a, b). Although expanded evaluation of SAHM1 as a possible
therapeutic agent is needed, these early results indicate a potential
therapeutic window.

As a direct transcriptional antagonist, SAHM1 should prove
broadly useful in further determining the role of NOTCH in both
normal tissues and disease processes, and presents a starting-point
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Figure 4 | SAHM1 reduces T-ALL proliferation and leukaemic initiation
potential. a, Growth effects of SAHMs on a panel of human T-ALL cell lines
of known mutational status. Cells were incubated with 15 mM DAPT (blue
triangles), SAHM1 (red squares), SAHM1-D1 (green diamonds) or DMSO
(black circles) and monitored for proliferation after 3 and 6 days of culture.
Data points are mean 6 s.d. (n 5 3). b, Effects of SAHMs on apoptosis of
T-ALL cells monitored using Capase-glo 3/7 (Promega) in cultures carried
out as in a. Error bars, s.d. c, d, Ex-vivo treatment of L1601PDP cells with
SAHM1 (5 mM, 12 h) limits leukaemia initiation in secondary murine

recipients. Reduction of spleen weight in the SAHM1 cohort (n 5 6)
compared to vehicle (n 5 6) at the first sign of disease toxicity (23 days)
(P 5 0.001) (c). Circulating GFP-positive cell count in the blood is reduced
by ,100-fold in the SAHM1 cohort (n 5 6) relative to vehicle (n 5 6)
(P 5 0.0026) (d). Error bars, s.d. Statistical analyses performed with a two-
tailed t-test. *P , 0.01, **P , 0.005. e, An immunohistochemical stain for
GFP that imparts a brown colour shows extensive leukaemic infiltration of
bone marrow (BM) and spleen (SPL) in representative mice receiving
vehicle-treated transplants relative to SAHM1. SPL, spleen. Scale bars,
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for the development of a targeted therapeutic agent to treat NOTCH-
driven cancers and non-malignant conditions. Furthermore, we
expect the approach described here will prove broadly applicable to
several other transcription factor complexes previously considered
beyond the reach of ligand discovery.

METHODS SUMMARY

SAHM peptides were synthesized manually using standard 9-fluorenylmethoxy-

carbonyl (Fmoc)-peptide chemistry on MBHA rink amide resin, and cross-linked

using Grubbs-I catalyst (benzylidene-bis(tricyclohexylphosphine)dichlororuthe-

nium). Recombinant human CSL (amino acids 9–435), GST–RAMANK and

RAMANK (amino acids 1761–2127 of NOTCH1) and dnMAML1 (amino acids

13–74) were expressed and purified as previously reported47. GST pull-down and

fluorescence polarization experiments were performed in 20 mM Tris, pH 8.4,

containing 150 mM NaCl, 1 mM EDTA and 1 mM dithiothreitol (DTT). SPR

experiments were performed in the identical buffer with 187 mM NaCl and

0.01% P-20. Fluorescence polarization was measured at lex 5 485 nm and

lem 5 525 nm on a Perkin Elmer Spectramax-M5 multi-label plate reader. SPR

experiments were performed on a Biacore S51 SPR instrument using anti-GST and

streptavidin functionalized CM5 chips. Luciferase and b-lactamase reporter gene

assays were performed as described35,36. For quantitative RT–PCR (qRT–PCR),

RNA was extracted from T-ALL cells, reverse transcribed to complementary DNA,

and amplified using standard primers and probes specific for human and murine

transcripts. Expression values were calculated by the 22DDCt method relative to the

b-actin gene. RNA from triplicate SAHM- and vehicle-treated KOPT-K1 and
HPB-ALL samples was used for analysis on Affymetrix U133 Plus 2.0 expression

arrays, processed using GenePattern software. Gene set enrichment analysis was

performed using GSEA software (http://www.broad.mit.edu/GSEA). Cell viability

assays were performed in white, 96-well plates (Corning) in RPMI media contain-

ing 10% FCS. Fresh media and compounds were added every 3 days as needed. The

L1601PDP NOTCH1-dependent murine T-ALL cells were generated by recon-

stitution of lethally irradiated syngeneic mice with bone marrow cells transduced

with the L1601PDP NOTCH1 allele as described48. Luc-L1601PDP animals were

regularly monitored for bioluminescence, and euthanized at 2–3 months after

transplant to obtain splenic T-ALL cells for secondary transplants and in vivo

studies. Secondary recipients were monitored for leukaemia by bioluminescence

and subsequently separated into treatment cohorts with matched disease burden.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS
Chemical reagents. Solid phase rink amide MBHA resin (100–200 mesh),

2-(6-chloro-1H-benzotriazole-1-yl)-1,1,3,3-tetramethylaminium hexafluoro-

phosphate (HCTU), natural Fmoc-protected L-amino acids and N-biotinyl-

NH-PEG2-COOH were all purchased from Novabiochem (EMD Chemicals).

The c-secretase inhibitor N-[N-(3,5-difluorophenacetyl-L-alanyl)]-S-phenyl-

glycine t-butyl ester (DAPT) was purchased as a 25 mM solution in DMSO from

Calbiochem (EMD Chemicals). All other reagents and solvents for chemical

synthesis were purchased from Sigma Aldrich.

Solid-phase peptide synthesis. All peptides were synthesized manually using

standard Fmoc-peptide chemistry on MBHA rink amide resin. Chemical cross-

linking of non-natural amino acids containing pentenyl side-chains was

performed using 0.1 equivalents of Grubbs-I catalyst (benzylidene-bis(tricyclo-

hexylphosphine)dichlororuthenium) dissolved in dichloroethane under Argon

for 2.5 h. After olefin-metathesis, peptides were subjected to one final round of

deprotection and capping by standard methods with acetic anhydride, FITC or

N-biotinyl-NH-PEG2-COOH creating SAHM, FITC–SAHM and bioSAHM

peptides, respectively. After completion, crude peptide was then dissolved in

1:1 acetonitrile:water, and purified by reverse-phase high-pressure liquid chro-

matography (HPLC) using a C18 column (Agilent). Compound identification

and purity was assessed using coupled liquid chromatography mass spectro-

metry (LCMS) (Agilent).

Synthesis of non-natural amino acids was performed as reported49.

Determination of a-helicity. A circular dichroism spectrometer (Jasco J-710)

was used to determine the a-helical content of all SAHM peptides. SAHMs were

dissolved into deionized water at pH 7.4 to a final concentration of 25–100mM in

a quartz cuvette with a path length of 1 cm. Absorbance values were taken at 1 nm

intervals between 190 and 255 nm. The percentage helicity was calculated from

the absorbance at 222 nm using helical models as previously reported in ref. 50.

Protein expression and purification. Human CSL (residues 9–435) was expressed

with a carboxy-terminal hexahistidine tag in Escherichia coli strain BL21(DE3)

pLysS (Stratagene) using a pET28a vector (Novagen). Transformed bacteria was

grown at 18 uC and induced with 0.5 mM isopropyl-b-D-thiogalactoside (IPTG) at

an A600 5 0.8. Cells were pelleted 14 h after induction and lysed in buffer 1 (50 mM

Tris, pH 8.4, 500 mM NaCl, 2 mM DTT, 1 mM EDTA and 1 mM phenylmethyl-

sulphonyl fluoride (PMSF)) by sonication. The lysate was centrifuged to clear

insoluble matter before loading onto Ni-NTA resin (Qiagen). Column-bound

protein was eluted using 250 mM imidazole in buffer 1 and concentrated by cent-

rifugation using a 30-kDa exclusion filter. The concentrated eluent was dialysed

into buffer 2 (20 mM Tris, pH 8.4, 1 mM DTT, 1 mM EDTA and 150 mM NaCl)

before further purification by gel filtration on a Superdex-75 Column (Amersham

Pharmacia Biotech). Human RAMANK (amino acids 1761–2127) of ICN1 was

expressed and purified as reported47. The corresponding GST-fusion protein was

bound to glutathione-Sepharose beads, which were washed with buffer 1 without

protease inhibitors. The protein was then eluted from the beads with a solution of

20 mM gluthatione in buffer 1 to obtain GST–RAMANK, or cleaved directly from

the resin using TEV protease to obtain RAMANK. Both proteins were further

purified by gel filtration.

GST pull-down assays. Glutathione-functionalized agarose beads (GST-Bind,

Biorad) were incubated with saturating concentrations of purified GST–

RAMANK in buffer 2 for 30 min at 4 uC. Beads were washed and 40 ml of the

50% bead slurry was incubated with indicated mixtures of purified CSL (0 or

0.5mM), dnMAML1 (0, 0.5, 2.5 or 5 mM) and SAHM1 (0 or 10 mM) to a final

volume of 350ml, and incubated for 1 h at 4 uC. Beads were washed four times

with buffer 2, taken up in SDS–PAGE loading buffer, boiled, and SDS–PAGE was

performed to visualize bound proteins by Coomassie staining.

Fluorescence polarization assays. SAHM-binding assays were performed by

incubating FITC–SAHM peptides (15 nM) with twofold dilutions of equimolar

RAMANK and CSL protein in buffer 2. Dilutions and incubations were made in

384-well, black flat-bottom plates (Corning) to a total volume of 40ml, and

equilibrated for 30 min. Polarization was measured on a Spectramax-M5

multi-label plate reader with lex 5 485 nm and lem 5 525 nm. Polarization

was calculated according to the standard equation: P 5 (V 2 H)/(V 1 H), in

which P denotes polarization, V denotes vertical emission intensity, and

H represents horizontal emission intensity. Kd values were determined by fitting

data to a variable-slope sigmoidal binding curve using Prism 4 graphing

software. Competitive fluorescence polarization assays were performed by

incubating fourfold dilutions of dnMAML1 or DMSO alone with FITC–

SAHM1 (15 nM) and a pre-equilibrated mixture of RAMANK–CSL complex

(600 nM). Polarization measurements and calculations were performed as above

for binding assays.

Surface plasmon resonance. A Biacore S51 SPR-Instrument (Biacore-GE) was

used for all SPR-binding measurements. Binding between the RAMANK

domains of ICN1 and CSL was performed by first immobilizing IgG anti-GST

(Pierce) on a CM5 Biacore chip by amine coupling with EDC (1-ethyl-3-

[3-dimethylaminopropyl]carbodiimide hydrochloride) activation and NHS

(N-hydroxysuccinimide) coupling. All proteins were exchanged into binding

buffer (187 mM NaCl, 20 mM Tris, pH 8.4, 1 mM DTT and 0.05% P-20) before

use. GST–RAMANK (50mg ml21) was injected at a rate of 10ml min21 for

10 min, immobilizing approximately 400 response units. Escalating concentra-

tions of CSL (twofold dilutions between 4.0 and 0.125mM, including two blanks)

were subsequently passed over the GST–RAMANK functionalized chip as well as

an anti-GST reference surface. After each CSL dilution the sensor surface was

regenerated with pH 2.2 Tris-glycine solution and again functionalized with a

comparable level of GST–RAMANK to avoid carry-over between experiments.

Binding data was reference normalized and processed using ClampXP software

(http://www.cores.utah.edu/interaction/clamp.html). A two-site binding model

was applied to the processed data set to determine kinetic parameters of the

RAMANK–CSL interaction. SAHM binding to the RAMANK–CSL complex was

performed using SAHM1 and SAHM1-D1 each capped at the N terminus with

N-biotinyl-NH-(PEG)2-COOH (Novabiochem). Peptides were dissolved in

binding buffer and injected at 10 ml min21 for 10 min into a flow cell containing

a Streptavidin-CM5 Biacore chip. Equimolar dilutions of RAMANK and CSL

(twofold dilutions from 1 to 0.03125mM, including two blanks) were mixed in

binding buffer and injected onto the peptide-functionalized surface to measure

their association and dissociation to SAHM1 and SAHM1-D1. As with the

RAMANK–CSL interaction, kinetic and thermodynamic data was generated

using a two-site binding model in ClampXP software.

Western blots and co-immunoprecipitation assays. For ligand pull-down

assays, biotinylated SAHMs were immobilized on Streptavidin-agarose beads

(30ml slurry) in 250ml lysis buffer for 4 h at 4 uC. Separately, 2 3 106 KOPT-

K1 cells were lysed in 20 mM Tris, pH 8, 150 mM NaCl, 1% Triton X-100,

0.1 mM NaF, 1 mM PMSF, 1 mM sodium orthovanadate and 2.5mg ml21 leuptin

supplemented with complete-mini protease inhibitor (Roche) by sonication,

followed by removal of insoluble debris by centrifugation at 4 uC. Clarified

lysates were added to the SAHM-immobilized beads and incubated overnight.

Beads were washed repeatedly with lysis buffer before the elution of bound

proteins by boiling in gel-loading buffer for 10 min. Eluted proteins were pro-

cessed for western blotting by standard methods using polyclonal antibodies

specific for ICN1 (Val1744, Cell Signaling) or CSL (CBF-1, Santa Cruz Bio.).

MAML1 immunoprecipitations were performed and analysed in a similar

manner. Antibodies directed at MAML1 (Cell Signaling Technologies) were

immobilized on Protein-A agarose beads for 4 h and washed with lysis buffer.

Separately, cellular lysates were incubated with soluble FITC–SAHM in a total

volume of 250ml for 4 h at 4 uC. Lysates were then added to antibody-bound

beads, incubated overnight and processed for western blot analysis as described

earlier.

Fluorescence microscopy. High content imaging measurements were made using

an IXMicro epifluorescence microscope (Molecular Devices Corporation) and

quantified using MetaXpress image analysis software. To determine intracellular

penetration, 2 3 103 cells were seeded in black, clear-bottom 384-well imaging

plates (Costar) and incubated in 40ml RPMI (KOPT-K1 cells) or DMEM

(U2OS cells) media supplemented with 10% FBS and the compounds of interest.

SAHM peptides (5mM) were incubated with U2OS cells for 12 h at 37 uC. Cells

were then washed three times with PBS, fixed with 3.7% formaldehyde in PBS, and

counterstained with Hoescht dye (1:5,000). Epifluorescent images were taken in

triplicate, imported into MetaXpress software, and scored as positive or negative

on the basis of minimum size, maximum size, fluorescence intensity above local

background and overlap of Hoescht and FITC signals. Rhodamine-labelled

SAHM1 was visualized and scored in the same manner. The temperature depend-

ence of SAHM1 penetration was determined in U2OS cells incubated with 5mM

FITC–SAHM1 for 4 h at either 37 uC or 4 uC as earlier.

Luciferase reporter gene assays. CSL-dependent luciferase reporter assays were

performed as reported35.

b-lactamase reporter gene assays. HeLa cells containing an integrated CSL-

responsive b-lactamase transgene and a doxycycline-inducible ICN1 transgene

were generously provided by Invitrogen. Cells were maintained under selection

in DMEM containing 10% FBS, 5 mg ml21 blasticidin, 125mg ml21 hyrgromycin

and 75 mg ml21 zeocin. Cells were seeded in 384-well imaging plates and ICN1

was induced with 150 ng ml21 doxycycline for 24 h. After induction, stock solu-

tions of SAHM peptides, potassium clavulanate or DMSO were added and cells

were incubated for a further 24 h. The b-lactam fluorescence resonance energy

transfer (FRET) substrate loading solution was prepared separately according to

the manufacturer’s specifications (ToxBlaZer substrate, Invitrogen Corp.).

FRET loading solution (5ml) was added to each induced well, and also to non-

induced and cell-free wells to determine basal FRET ratio levels and fluorescence

background, respectively. After 2 h, fluorescence measurements were made using
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a Spectramax-M5 multi-label plate reader (Molecular Devices). The FRET probe
was excited at 409 nm, and the emission values at 460 nm (cleaved probe) and

530 nm (intact probe) were measured. The background fluorescence of cell-free

wells at both wavelengths was subtracted before calculating the 460 nm/530 nm

emission ratio.

Quantitative RT–PCR. One-million human T-ALL cells were seeded in 24-well

plates in RPMI containing 10% FCS. SAHM peptides (20mM) were added and cells

were then incubated for 24 h at 37 uC. RNA samples were prepared using an

RNEasy Mini kit (Qiagen). Total RNA was reverse transcribed to cDNA using

SuperScript II Reverse Transcriptase Kit according to the manufacturer’s protocol

(Invitrogen). The resulting cDNA was used as the substrate to measure relative

expression levels by qRT–PCR with TaqMan (Applied Biosystems) probes and

primers specific for human HES1, MYC, DTX1 and ACTB for normalization:

probe IDs Hs00172878_m1, Hs00153408_m1, Hs01092201_m1 and

Hs99999903_m1, respectively. In other experiment involving murine T-ALL cells,

the following TaqMan probes and primers specific for murine Hes1, Myc, Dtx1,

Nrarp, Heyl and Actb were used: Mm01342805_m1, Mm00487807_m1,

Mm00492297_m1, Mm00482529_s1, Mm00516555_m1 and Mm01205647_m1,

respectively. Triplicate reactions were prepared in 384-well optical PCR plates
(Applied Biosystems) and qPCR was performed using a ABI Prism 7900

(Applied Biosystems) instrument with the following run specifications: FAM

probe detection, AmpErase activation for 2 min at 50 uC, DNA polymerase activa-

tion for 10 min at 95 uC, followed by 40 cycles of duplex melting for 15 s at 95 uC
and annealing for 1 min at 60 uC. Threshold-cycle (Ct) values were automatically

calculated for each replicate and used to determine the relative expression of the

gene of interest relative to reference genes for both treated and untreated samples

by the 22DDCt method.

Gene expression profiling. One-to-two micrograms of RNA per array was pre-

pared from cultures of KOPT-K1 and HPB-ALL cells treated for 24 h with 20 mM

SAHM1 or equivalent DMSO as described earlier for qRT–PCR in triplicate.

Expression profiles were then generated by hybridizing processed RNA with

Human Genome U133 Plus 2.0 arrays (Affymetrix). Murine T-ALL gene

expression profiles were generated with RNA isolated from vehicle and

SAHM1-treated mice using Affymetrix Mouse 430 2.0 arrays. cDNA processing,

chip preparation, hybridization and chip scanning were performed by the Broad

Institute Microarray Core Facility. Raw .cel files were processed and normalized

by the robust multiarray averaging (RMA) method using GenePattern software
(http://www.broad.mit.edu/cancer/software/genepattern/). For the KOPT-K1

and HPB-ALL samples, RMA processed data was subsequently normalized to

the mean of DMSO-treated samples on a per gene basis to control for interarray

differences. The GSI-NOTCH gene set was compiled from the published GSI

study by extracting the top gene identifiers consistently downregulated across

seven T-ALL cell lines by signal-to-noise ratio. This list of probes was applied to

the SAHM1 expression profile by GSEA software (http://www.broad.mit.edu/

GSEA/). For the global analysis of all transciption factor target gene sets (C3 TFT

gene sets) we downloaded a .gmt file containing all gene sets and added in

the curated GSI-NOTCH gene set. This resulting .gmt database was queried

against the SAHM1 expression profile with the following parameters: probe

set collapse 5 true; phenotype 5 SAHM1 versus DMSO; permutation: gene

set, permutations 5 1,000. Gene set size: 15 , n , 500. The MYC/MAX gene

set in Fig. 3h is the second most enriched gene set titled ‘V$MYCMAX_01’ in

the MSigDB.

Cell proliferation and apoptosis assays. Five-thousand cells were seeded in

white, 96-well plates (Corning) in a total volume of 125ml RPMI media contain-

ing 1% penicillin/streptomycin and 10% FBS. Media also contained 15 mM
DAPT, SAHM1, SAHM1-D1 or equivalent concentrations of DMSO (0.3%).

Cells were incubated at 37 uC for 72 h; at this point, the media was changed and

fresh compounds added. The viable cell number was determined at 72 h and

144 h using the Cell Titer-Glo viability assay (Promega). All measurements

were made in triplicate, and the growth curves shown are representative of

several independent experiments. Apoptosis was determined at 144 h using the

Caspase-Glo 3/7 assay (Promega), which reports on the activation of caspases 3

and 7 using a pro-luminescent substrate.

Viral infection and bone marrow transplantation. The MSCV-L1601P-

DPEST-GFP (L1601PDP) construct and the preparation of viral supernatants

have been described48. Transduction efficiency in primary cells was confirmed by

flow cytometric analysis of GFP expression. For bone marrow transplantation,

8–10-week-old wild-type Balb/c donor mice or Tyr2/2, C57BL/6, Ubc-Luc mice

were injected with 5-FU (Sigma) 6 days before bone marrow collection from

femurs and tibiae. After an overnight incubation in RPMI-1640 supplemented

with 10% FBS, 10 ng ml21 mouse IL-3, 20 ng ml21 mouse IL-6 and 10 ng ml21

mouse SCF, cells were spin-infected with viral supernatants twice over 2 days.

Transduced cells (1 3 106) were injected into the tail-vein of lethally irradiated

syngeneic recipient mice. Animals were euthanized 2–3 months after transplant

to obtain splenic T-ALL cells for secondary transplants and in vivo studies.

Leukaemia initiation studies. Primary murine T-ALL cells expressing

L1601PDP were re-suspended in 10% FBS-supplemented RPMI at a density of

1 3 106 cells per ml in 6-well plates. SAHM peptides or DMSO vehicle were

added to a final concentration of 5 mM in 6 ml of media, and incubated with

the cells for 12 h at 37 uC. Cells were then pelleted, resuspended in 3 ml of HBSS,

and injected by tail vein (1 3 106 cells per mouse) into two cohorts of syngeneic

Balb/c mice (n 5 6) that had been sub-lethally irradiated 12 h previously. The

primary end point of this in vivo study was spleen weight; secondary end points

include peripheral blood counts and GFP1 blood counts just before necropsy.

Approval for animal use in this study was granted by the Children’s Hospital

Boston Animal Care and Use Committee.

In vivo efficacy experiments. Primary and secondary recipients were generated as

above using Ubc-Luc C57BL/6-TyrC/C mice. Secondary recipients were monitored

for leukaemic engraftment and progression using bioluminescent imaging as

previously described45. Approximately 2–3 weeks after reconstitution, mice show-

ing established disease were divided into cohorts for treatment with vehicle alone

(5% DMSO in HBS), 35 mg kg21 SAHM1 once per day, or 30 mg kg21 SAHM1

twice per day, given intraperitoneally. At the end of 5 days of treatment, mice were

again imaged to determine leukaemic progression, and euthanized to examine the

pharmacodynamic effects of the various treatments on NOTCH1 target-gene

expression. Blood was collected by terminal cardiac bleed from mice treated with

vehicle (n 5 3) or SAHM1 (30 mg kg21 twice daily, n 5 3) for qPCR and micro-

array gene expression analysis.

Histopathological analysis and immunohistochemistry. Paraffin-embedded

tissue sections were prepared at the Dana Farber/Harvard Cancer Center

Specialized Histopathology Services Core or Rodent Histopathology Core. In

brief, tissues were fixed for at least 72 h in 10% neutral-buffered formalin

(Sigma), dehydrated in alcohol, cleared in xylene, and infiltrated with paraffin

on an automated processor (Leica). Tissue sections (4-mm thick) were placed on

charged slides, deparaffinized in xylene, rehydrated through graded alcohol

solutions, and stained with haematoxylin and eosin (H&E) or with anti-CD3

(Cell Marque), anti-B220 (BD Pharmingen), or anti-Ki-67 (Dako) antibodies.

Images were obtained using an Olympus BX40 microscope (Olympus Imaging

America) and a Micropublisher 3.3 RTV colour camera (QImaging).

Flow cytometry. All antibodies were obtained from BD Pharmingen and stain-

ing procedures were performed in PBS, 2% FBS. Freshly collected splenocytes or

bone marrow cells (0.5 3 106 per condition) were blocked with anti-CD16/32

antibody for 10 min and then incubated with 2 ml of each specific antibody for

30 min on ice in the dark. After two washes with PBS, 2% FBS, cells were

resuspended in 200ml PBS and analysed by flow cytometry. All analyses were

gated on GFP1 cells.

49. Williams, R. M. & Im, M. N. Asymmetric synthesis of monosubstituted and a,
a-disubstituted a-amino acids via diastereoselective glycine enolate alkylations.
J. Am. Chem. Soc. 113, 9276–9286 (1991).

50. Chen, Y. H., Yang, J. T. & Chau, K. H. Determination of the helix andb form of proteins
in aqueous solution by circular dichroism. Biochemistry 13, 3350–3359 (1974).
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