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Genome-wide identification and characterization of
Notch transcription complex–binding sequence-paired
sites in leukemia cells
Eric Severson,1* Kelly L. Arnett,2* Hongfang Wang,1* Chongzhi Zang,3*† Len Taing,3 Hudan Liu,4

Warren S. Pear,4 X. Shirley Liu,3 Stephen C. Blacklow,2‡ Jon C. Aster1‡

Notch transcription complexes (NTCs) drive target gene expression by binding to two distinct types of genomic re-
sponse elements, NTC monomer–binding sites and sequence-paired sites (SPSs) that bind NTC dimers. SPSs are con-
served and have been linked to the Notch responsiveness of a few genes. To assess the overall contribution of SPSs to
Notch-dependent gene regulation, we determined the DNA sequence requirements for NTC dimerization using a flu-
orescence resonance energy transfer (FRET) assay and applied insights from these in vitro studies to Notch-“addicted”
T cell acute lymphoblastic leukemia (T-ALL) cells. We found that SPSs contributed to the regulation of about a third of
direct Notch target genes. Although originally described in promoters, SPSs are present mainly in long-range enhanc-
ers, including an enhancer containing a newly described SPS that regulates HES5 expression. Our work provides a
generalmethod for identifying SPSs in genome-wide data sets and highlights thewidespread role of NTC dimerization
in Notch-transformed leukemia cells.
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INTRODUCTION
Notch receptors participate in a highly conserved signaling pathway
that regulates many aspects of development and cellular homeostasis
in metazoans [for review, see (1)]. Mammals have genes encoding four
Notch receptors (NOTCH1 to NOTCH4) and four functional ligands
[delta-like 1 (DLL1), DLL4, jagged-1 (JAG1), and JAG2]. Receptor ac-
tivation is initiated upon binding of ligands expressed on neighboring
cells, an event that triggers successive cleavages of Notch by ADAMme-
talloproteinases and g-secretase. The latter event releases the Notch in-
tracellular domain (NICD) from the cell membrane, allowing NICD to
traffic to the nucleus and form a Notch transcription complex (NTC)
with the DNA binding protein RBPJ (recombination signal binding pro-
tein for immunoglobulin kJ region) and coactivators of the mastermind-
like (MAML) protein family. The NTC recruits other transcriptional
regulators, such as p300 (2), lysine-specific demethylase 1A (3), andme-
diator (4), to increase the transcription of target genes. Although the
canonical elements of the Notch pathway are highly conserved, out-
comes vary widely across cellular contexts, and inappropriate increases
or decreases inNotch signaling are associatedwith several developmental
disorders andmany human cancers (5, 6), emphasizing the importance
of precise regulation of the timing and size of transcriptional responses
to Notch activation.

NTCs can activate target genes by binding to two different types of
Notch response elements (NREs),monomeric sites containing singleRBPJ
binding sites (7, 8) and sequence-paired sites (SPSs) containing two RBPJ
binding sites (9, 10). The DNA sequence requirements for binding of
NTCs to monomeric sites have been characterized in vitro by studying
the binding of RBPJ to an array containing all possible 8–base pair double-
strandedDNA sequences in the presence and absence of otherNTCcom-
ponents (11). This study revealed that the binding affinity and sequence
preference of RBPJ was unaffected by the presence of other NTC compo-
nents and yielded protein binding microarray (PBM) “scores” for RBPJ
binding to every possible 8-mer DNA sequence. By contrast, the DNA
sequence requirements for binding of NTC dimers have been studied less
extensively. DNA sequences containing two head-to-head RBPJ binding
sites separated by spacer sequences of 15 to 17 base pairs are competent for
binding ofNTCdimers (9). The crystal structure of anNTCdimer bound
to anSPS showed thatRBPJmakes the samecontactswithDNAindimeric
complexes as inmonomeric complexes and thatNTCdimers are stabilized
by homotypic contacts between residues Lys1945, Glu1949, andArg1984 on the
convex face of the NOTCH1 ankyrin repeat (ANK) domain (9).

SPSs were described originally in promoter elements within the
Drosophila enhancer of split [E(spl)] locus and are also found in the
promoters of vertebrate E(spl) homologs, such as Hes1 (12), Hes4,
andHes5 (9). The cooperative binding of NTCs to paired sites suggests
that such elements serve to “tune” or sharpen transcriptional responses
within a subset of Notch target genes. Previous work in Drosophila cell
lines has shown that genes in the E(spl) locus respond very rapidly to a
pulseof activatedNotch (13).Wepreviously identified a set ofNTCdimer–
dependent target genes that contribute to the development of Notch-
driven T cell acute lymphoblastic leukemia (T-ALL) in the mouse (14),
andCastel et al. reported that 14% (22 of 158) of high-confidenceRBPJ sites
identified by chromatin immunoprecipitation sequencing (ChIP-seq) in
murine C2C12 myoblasts have associated motifs resembling SPSs. These
studies suggest that SPSshavea substantial role in regulatinggeneexpression
inmammalian cells, but, todate, genome-wide studies linkingputative func-
tional SPSs to gene expression have been lacking. Moreover, the SPS in the
Hes5promoter is “cryptic,”consistingofahigh-affinityRBPJsitepairedwith
a site that fails to match the RBPJ binding consensus sequence (9), suggest-
ing that SPSs may not be identified reliably by “sequence-gazing” alone.

To fill these gaps in current knowledge, we first developed a fluores-
cence resonance energy transfer (FRET)–based assay using purified
NTC components to quantitatively measure NTC dimerization in the
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presence of definedDNA sequences.We determined that dimer forma-
tion on any particular DNA sequence is strongly correlated with the
product of the PBM scores for the two potential RBPJ binding sites,
providing a means to identify possible cryptic SPSs, and then applied
this metric to identify high-confidence SPSs in T-ALL cells. To evaluate
our predictions, we introduced a dimerization-defective form of NICD
and noted a strong correlation between the presence (or absence) of
SPSs in functional NREs andNotch dimerization–dependent (or Notch
dimerization–independent) expression of flanking target genes.
Together, we conservatively estimate that about 15 to 20% of functional
NTC binding sites in T-ALL cells are SPSs, an estimate in line with ex-
perimental perturbations showing that about a third of genes that re-
spond to Notch activation do so in an NTC dimer–dependent fashion.
Relative to Drosophila, human leukemia cells contain a broader di-
versity of NREs, including enhancers with multiple SPSs or mixtures of
SPSs and monomeric NREs. These observations greatly expand the
known role of SPSs inmammalian gene regulation and reveal the presence
of diverse NRE architectures that contribute to the regulation of Notch
target genes.
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RESULTS
Identification of DNA sequences that support NTC
dimerization using a FRET assay
Using the structure of an NTC dimer on the Hes1 proximal promoter
SPS as a model (Fig. 1A), we designed a FRET assay to monitor
assembly of purified NTC dimer components on 40–base pair duplex
DNA oligonucleotides in solution (Fig. 1B; seeMaterials andMethods).
A FRET signal was generated only when DNA containing an SPS and
all critical NTC components (key portions of NOTCH1, MAML1, and
RBPJ)were present (Fig. 1, C andD). Furthermore, themutationR1984A
in NOTCH1 (Fig. 1A, inset) abrogated the FRET signal and prevented
both NTC dimerization (fig. S1A) and activation of transcription from
reporter genes containing SPSs (fig. S1B), yet it had no effect on NICD1
activation of reporter genes containing monomeric NREs (fig. S1C),
findings in line with previous reports (9, 10).

Using this FRET assay, we next tested a variety of DNA sequences
for their ability to support NTC dimerization (Fig. 2A). First, we as-
sessed the effect of DNA spacer length on NTC dimerization and ob-
served that dimerization only occurs with DNAs containing spacer
segments of 15 to 17 base pairs (Fig. 2B and fig. S2). We then de-
termined the effect of RBPJ binding site sequence variants on NTC di-
merization using identical 5′ (site A) and 3′ (site B) sites (Fig. 2C) and
distinct 5′ and 3′ sites (Fig. 2D). Introduction of nonconsensus base
pairs into RBPJ binding sites produced a broad range of FRET signals
(Fig. 2, C and D), suggesting that NTC dimerization on any particular
DNA sequence differs as a continuous function of overall site affinity.
Notably, the weak RBPJ binding site within the cryptic human HES5
promoter SPS (sequence 13) facilitated NTC dimerization when paired
with a strong RBPJ binding site (Fig. 2D) but failed to support dimer-
izationwhen scored as a palindromic sequence (Fig. 2C).We also tested
a variety of naturally occurring SPSs. We observed that the cryptic mu-
rine Hes5 promoter site supported the loading of NTC dimers, in line
with previous functional studies (9), whereas mutated versions of this
site did not (fig. S3). Similarly, the murine Myc Notch-dependent
enhancer site supported NTC dimerization (fig. S3), in line with the dimer
dependency ofMyc regulation by Notch in murine T-ALL cells (15).

To study the relationship between RBPJ binding affinity and dimer-
ization in greater detail, we used biolayer interferometry to determine
Severson et al., Sci. Signal. 10, eaag1598 (2017) 2 May 2017
the affinity of RBPJ binding to a series of increasingly divergent RBPJ
bindingmotifs, including the weak RBPJ site in theHES5 promoter SPS
(fig. S4A). Notably, the measured binding affinities correlated well with
affinities determined using isothermal calorimetry (16). NTC dimeriza-
tion onDNAs containing pairs of these sequences aligned head-to-head
and separated by a 16–base pair spacer also tightly correlated with the
log(Kd) (dissociation constant) value for RBPJ binding to each sequence
as a monomer (fig. S4B), highlighting the cooperative nature of NTC
dimerization on DNA.

Enrichment of SPSs in functional NREs in human T-ALL cells
Functional NREs are characterized by dynamism, defined as the rapid
unloading and reloading of NTCs as cells are “toggled” between the
70°
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Fig. 1. Detection of dimerization of NTCs on DNA by FRET assay. (A) Structure of
an NTC dimer bound to the Hes1 proximal promoter SPS. The inset shows the key
ANK-ANK interface involving the residue R1984A. (B) Cartoon demonstrating the
structural basis of the FRET-based NTC dimerization assay. (C) Wavelength scans for
labeled NOTCH1 (N1) RAMANK (50:50 mix of RAMANK labeled with Alexa Fluor 488
orAlexa Fluor 546) in various combinationswithpurified RBPJ,MAML1 (MAML1, residues
13 to 74), and DNA containing the Hes1 SPS. RFU, relative fluorescence units. (D) Quan-
titation of FRET fromdata represented in (C). FRET is expressed as 1− F/Fo, where Fo is the
fluorescence intensity in the absence of SPSDNA at the emissionmaxima for Alexa Fluor
488. Data are means ± SEM of three independent measurements.
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Notch-off and Notch-on states (17). Dynamic RBPJ/NOTCH1 binding
sites are strongly associated with chromatin regions bearing acetylated
histone H3K27 (H3K27ac) marks, are located predominantly in enhan-
cers, and are spatially associated with genes whose expression is Notch-
sensitive (17). The genomes of humanT-ALL cell lines, such as CUTLL1,
also contain nondynamic “static” RBPJ/NOTCH1 sites of uncertain
function that show little change in occupancy when cells are cycled be-
tween the Notch-on and Notch-off state and are associated with Notch-
insensitive genes (17). To determine the frequency of SPSs among RBPJ/
NOTCH1 binding sites and test the idea that dynamic RBPJ/NOTCH1
sites are enriched for SPSs relative to static sites, 30–base pair sequences
Severson et al., Sci. Signal. 10, eaag1598 (2017) 2 May 2017
immediately flanking dynamic and static
RBPJ/NOTCH1 sites were surveyed for
secondary RBPJ motifs using a position-
weighted matrix (PWM) motif score (Fig.
3A) (18).This revealed that secondaryRBPJ
sequence motifs are uniquely enriched ad-
jacent to dynamic RBPJ/NOTCH1 binding
sites (Fig. 3B).Moreover, the identifiedmo-
tifs have the two key characteristics of SPSs,
head-to-head orientation and separation by
a 15– to 17–base pair spacer (Fig. 3B), in
agreement with previous studies (9) and
our FRET assay results (Figs. 1 and 2). K-
means clustering of sequences flanking dy-
namic RBPJ sites also identified a cluster
defined by adjacent RBPJ sites in a head-
to-head orientation separated by spacers
with a preferred spacer length of 16 base
pairs (Fig. 3C).

Predicting SPSs in functional NREs
in T-ALL cells
Although sequence scanning indicated
that functionalNREs are enriched for likely
SPSs, theabilityofDNAsequences to support
NTCdimerization forms a continuum,with-
out any clear cutoff to assign sequences to
SPS andnon-SPS classes (Fig. 2). Therefore,
we explored two different metrics that take
into account the DNA sequence content of
both 8-mers within potential SPSs.We first
tested a PWM product score metric that
was generated by multiplying the PWM
score of site A to the PWM score of site
B but observed that this score was poorly
correlatedwithNTCdimerization in solu-
tion (Fig. 4A). As an alternative approach,
weuseddata fromstudies ofNTC “capture”
to a PBM to generate a PBM score for all
possible 8-mer DNA sequences (11). Un-
like the PWM product score, the PBM pro-
duct score [PBM(site A) × PBM(site B)]
was highly correlated with FRET signal
(Fig. 4B), indicating that this metric can
be used to identify DNA sequences that
are likely to support NTC dimerization.

We then calculated the PBM product
scores of all dynamic RBPJ/NOTCH1 ge-
nomic binding sites in CUTLL1 cells, assuming possible spacer lengths
of 15– to 17–base pair spacers. Using aGaussianmixedmodel, we iden-
tified two Gaussian distributions in the data, one corresponding to
probable monomeric sites and one corresponding to probable SPSs,
defined as sites that are statistically likely to fall under the SPS Gaussian
distribution (Fig. 4C; seeMaterials andMethods for details). Of the 1182
dynamicRBPJ/NOTCH1 sites identified in our reanalyzedChIP-seqdata
sets from CUTLL1 cells, 996 are associated with high-confidence RBPJ
binding motifs (P < 0.05), of which 197 (20%) contain high-confidence
SPSs (summarized in table S1). Among these 197 sites, maximal PBM
product scoreswere observedwith spacers of 15 (n=78, 40%), 16 (n=60,
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Fig. 2. Quantitation of NTC dimerization on various DNAs using FRET. (A) Example of DNA sequences used in dimer-
ization assays. SPS-1 has paired head-to-head consensus RBPJmotifs separated by a spacer of 16 base pairs. SPS-1–24 is an
example of a DNA with a nonconsensus site B sequence, whereas SPS-24 has nonconsensus substitutions in both sites A
andB.Nonconsensus base substitutions are shown in lower case. (B) Effect of spacer lengthonNTCdimerization. EachDNA
contains the two consensus RBPJ binding sites shown in SPS-1. (C) NTC dimerization on the indicated palindromic DNA
sequenceswith 16–base pair spacers. (D) NTCdimerizationon the indicatednonpalindromicDNAsequenceswith16–base
pair spacers. In (C) and (D), nonconsensus base substitutions are shown in lower case, and sequence 13 corresponds to a
low-affinity RBPJ site found in an SPS located in the promoter of humanHES5. Data aremeans ± SEMof three independent
measurements.
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30%), and17basepairs (n=60, 30%),which correspond to spacer lengths
that support NTC dimerization in vitro. Asmight be expected of dimeric
complexes, the average NOTCH1 and RBPJ ChIP-seq signals for pre-
dicted SPSs were greater than the signals seen at predicted monomeric
sites (Fig. 5, A and B). Even lower average signals were seen at dynamic
sites that lack RBPJ motifs, which may be enriched for sites involved in
looping interactionswith bona fide RBPJ/NOTCH1binding sites.Map-
ping of likely SPSs showed that [as is generally true of dynamic RBPJ/
NOTCH1 binding sites in CUTLL1 cells (17)] most dynamic sites con-
taining probable SPSs (86%) were found within distal enhancers (Fig. 5,
C and D).

Contribution of dimeric NTC complexes to gene expression
in T-ALL cells
Of the homotypic NICD1-NICD1 contacts that are required for NTC
dimerization on SPSs, R1984 is particularly important, given that an
R1984A substitution severely impairs NTC dimerization on DNA and
abrogates activation of transcription from genes containing SPSs (fig. S1,
A and B) (9). Because the R1984A mutant retains the ability to activate
genes containing monomeric RBPJ sites (fig. S1, A and B) (9), it can be
used to selectively perturb the expression of genes that depend on NTC
binding to SPSs. Thus, to determine the contribution of NTC dimeriza-
tion to gene expression in T-ALL cells, we performed RNA sequencing
(RNA-seq) on CUTLL1 cells transduced with: green fluorescent protein
(GFP), in the presence (i) or absence (ii) of g-secretase inhibitor
(GSI); (iii) wild-type NICD1 in the presence of GSI; or (iv) R1984A
NICD1 in the presence ofGSI, which inhibits the activity of endogenous
NOTCH1 in CUTLL1 cells. Wild-type NICD1 and R1984A mutant
NICD1 were expressed at comparable levels in transduced cells (Fig. 6A).
We observed that 93 of the 281 genes “rescued” from GSI by wild-type
NICD1 failed to be rescued by R1984ANICD1 (Fig. 6B; summarized
in table S2). To narrow our focus to genes that are likely to be directly
regulated by Notch, we relied on previous observations showing that
direct Notch target genes tend to be found within the same CTCF-
Severson et al., Sci. Signal. 10, eaag1598 (2017) 2 May 2017
bounded domain as one ormore dynamic
RBPJ/NOTCH1 binding sites (17). We
observed that the expression of 36% (38
of 107) of these high-probability direct
Notch target genes depended on NTC di-
merization (Fig. 6C; summarized in table S2)
and that thehomeCTCFdomainsof dimer-
dependentgeneswereenriched forpredicted
SPSs, whereas the home CTCF domains of
dimer-independent genes were enriched for
predicted monomeric NTC binding sites
(Fig. 6D). These relationships are also evi-
dent in a waterfall plot showing that the
more sensitive a gene is to the R1984Amu-
tant, themore likely it is tobe associatedwith
a predicted SPS (Fig. 6E). Of further interest,
local ChIP analyses showed that R1984A
mutantNICD1failed tobindstably toknown
SPSs (suchas those in thepromotersofHES1
andHES4), whereas association with pre-
dictedmonomericRBPJ/NOTCH1binding
sites (such as those in the IL7R and MYC
enhancers) was comparable to that of
wild-type NICD1 (fig. S1, D to G). This re-
sult is consistent with experiments in puri-
fied systems showing that (in the presence of RBPJ and MAML1) the
R1984ANICD1mutant forms stable complexes onmonomericRBPJ sites
but fails to form higher-order complexes on SPSs (10).

Discrepant associations (dimer-independent genes associated with
SPSs, and dimer-dependent genes associated with monomeric sites)
likely have several bases. Most notably, some of the most robust Notch
target genes that score asNTCdimer–independent are associatedwith a
mixture of predicted SPS and monomeric sites. Included among such
genes isNRARP, which is regulated by a large 5′ enhancer element that
contains five dynamicRBPJ/NOTCH1 sites (17), ofwhich three are pre-
dicted to bemonomeric sites, and two are predicted to be SPSs. Presum-
ably, in CUTLL1 cells,NRARP expression can be stimulated maximally
without a need for dimerization on SPSs.Our results are similar to those
obtained by Hass et al. (19), who used a split DNA adenine methyl-
transferase fused to NTC components to show that Nrarp in murine
mK4 kidney cells also is flanked by an enhancer containing several
SPSs yet behaves like a gene that does not require NTC dimerization
to respond to Notch activation. Overall, 7 of the 11 dimer-independent
Notch target genes associated with SPSs (Fig. 6D) are also associated
with monomeric RBPJ/NOTCH1 sites. Other discrepant associations
may stem from the experimental systemused, because stable expression
of wild-type or R1984A mutant NICD1 undoubtedly produces
secondary effects on gene expression. Nevertheless, despite these limita-
tions, our findings show that NTC dimerization on SPSs contributes
significantly to the Notch-dependent program of gene expression
in human T-ALL cells.

To further test the ability of our approach to identify genomic SPSs,
we analyzed previously collected gene expression and ChIP-seq data
sets obtained from the murine T-ALL cell line T6E (14, 20), which
expresses a membrane-tethered form of NOTCH1 that is GSI-sensitive
(21). Of the top 50 Notch-sensitive genes in T6E cells that are associated
with a nearby Rbpj/NOTCH1 binding site, 21 (42%) were dimerization-
dependent, defined by restoration of expression in GSI-treated cells by
transduced wild-type NICD1 and not by the R1984A NICD1 mutant
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Fig. 3. Identification of SPS motifs in the genomes of human T-ALL cells. (A) PWM logo in the head-to-head orien-
tation used for subsequent calculations. (B) Motif matching scores for secondary RBPJ sites oriented head-to-head (HH),
head-to-tail (HT), tail-to-head (TH), and tail-to-tail (TT) calculated for all possible spacer lengths across a 30–base pair (bp)
region flanking the highest-scoring RBPJ consensus sequence associatedwith dynamic and nondynamic NOTCH1 binding
sites. Asterisk (*) indicates 16–base pair spacer. (C) Heatmap showingK-means clustering of RBPJ sequencemotifmatching
scores generated for sequences flanking dynamic RBPJ binding sites in CUTLL1 cells. Each row represents a single high-
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(fig. S5A). PBM product scores for all Rbpj/NOTCH1 binding sites asso-
ciatedwith anRBPJmotif again showed twoGaussian distributionswith-
in the data set, with 241 of the 1654 high-confidence sites (14.6%) falling
into the distribution of predicted SPSs (fig. S5B). As in human T-ALL
cells, dimerization-dependent genes in murine T-ALL cells were highly
associated with sites predicted to be SPSs based on their PBM product
scores (fig. S5C).

Identification of SPSs involved in Notch-dependent
regulation of HES5 and LUNAR1
One observation emerging from our analyses of CUTLL1 cells was the
absence of NTC binding in theHES5 promoter region and the presence
of twoNTC binding sites (E1 and E2) within an enhancer element 5′ of
theHES5 gene body (Fig. 7A). On the basis of PBM product scores for
E1 and E2 (0.497 and 0.892, respectively), the E1 site is a monomeric
RBPJ/NOTCH1 binding site, and the E2 site is an SPS; thus, like
NRARP, in T-ALL cells, HES5 is a Notch target gene that is predicted
to be regulated by a mixture of SPS andmonomeric response elements.

To assess transcripts within theHES5 region for dimer dependency,
we reanalyzed our strand-specific RNA-seq data using Trinity, a de
novo transcriptome assembly method (22). Alignment of RNA-seq
reads demonstrated that the expression of both HES5 and an enhancer-
associated transcript encoding a predicted noncoding RNA (termed
HES5-associated noncoding RNA1 or HANR1) was suppressed in the
presence of the R1984A NICD1 mutant, indicating that both are dimer-
dependent transcripts (Fig. 7A). Dependency of HES5 and HANR1
expression onNTC dimerization was independently confirmed by real-
Severson et al., Sci. Signal. 10, eaag1598 (2017) 2 May 2017
time polymerase chain reaction (RT-PCR) analyses (fig. S6). To link the
E1 and E2 SPSs to HES5 and HANR1 expression, we performed
clustered regularly interspaced short palindromic repeats (CRISPR)/
CRISPR-associated protein 9 (Cas9) gene editing with guide RNAs de-
signed to target the E1 or E2 sites or immediately flanking sequences,
alone and in combination. Initial studies performed on bulk transduced
cells showed that cotargeting of both sites wasmore effective at suppres-
sing HES5 and HANR1 expression than targeting of either site alone
(Fig. 7B). T7E1 nuclease analysis confirmed targeting of both E1 and
E2 (fig. S7). A single-cell clone with biallelic mutations within or imme-
diately adjacent to sites E1 and E2 also showed impaired expression of
HES5 and HANR1 (Fig. 7C). Together, these studies show that the E1
and E2 RBPJ/NOTCH1 binding sites located in the HES5 5′ enhancer
both contribute toNotch-dependent regulation ofHES5 andHANR1 in
CUTLL1 cells.

CoregulationofHES5 andnoncodingHANR1 transcripts inCUTLL1
cells by Notch provoked us to ask whether these transcripts were also
Notch-dependent in other T-ALL cell lines. Previous expression profiling
carried out in a panel of Notch-dependent T-ALL cell lines failed to iden-
tifyHES5 as a general target of Notch (23), suggesting that CUTLL1 is an
outlier with respect to Notch regulation ofHES5. In line with these obser-
vations, H3K27ac landscapes in two other Notch-dependent human
T-ALL cell lines, KOPTK1 andDND41, were devoid of H3K27ac in the
region of theHES5 gene body (fig. S8). Notably, H3K27ac in the region
of RBPJ/NOTCH1 binding site E1 was restricted to CUTLL1 cells,
whereas H3K27ac was observed in the region of HANR1 and site E2
in all three T-ALL lines (fig. S8), suggesting that the activity of these
two elements is dissociable.

We also scanned our data set for evidence of SPS-dependent coreg-
ulation of other coding genes and noncoding RNAs. This resulted in
identification of NTC dimer–dependent regulation of the insulin-like
growth factor 1 receptor gene (IGF1R) and LUNAR1, a noncoding
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RNA proposed to play a structural role in looping interactions between
an intronic Notch-sensitive IGF1R enhancer and the IGF1R proximal
promoter (24). The intronic IGF1R RBPJ/NOTCH1 binding site has a
PBMproduct score of 0.862, consistent with an ability to function as an
SPS. In linewith themodel proposed byTrimarchi et al. (24), expression
of the NICD1 R1984A mutant led to loss of expression of both IGFR1
and LUNAR1, despite the absence of RBPJ/NOTCH1 binding signals
near the LUNAR1 transcriptional start site (fig. S9). Together, these
analyses suggest that SPSs within distal enhancers can coregulate asso-
ciated genes and enhancer long noncoding RNAs (lncRNAs), findings
that are of interest given the existence of numerous Notch-regulated
intervening lncRNAs in T-ALL cells (24, 25).
DISCUSSION
We and others have hypothesized that cooperative dimerization of
NTCs on SPSs serves to properly tune transcriptional responses to
Notch signals (10, 13), but understanding the role of SPSs has been
Severson et al., Sci. Signal. 10, eaag1598 (2017) 2 May 2017
limited by the lack of a robust method to identify SPSs genome-wide.
Here, building on directmeasures of binding ofNTC dimers toDNA in
purified systems, we provide a method for identifying likely SPSs in
genome-wide ChIP-seq data sets and show that SPSs are often found
in long-range enhancers, exist both alone and in combinationwithmono-
meric NTC binding sites, and regulate subsets of both coding and non-
codingRNAs.On the basis of data obtainedwith a sensitivemethod using
NTC components fused to complementary portions of DNA adenine
methyltransferase,Hass et al. (19) have also suggested that SPSs are prev-
alentwithin the genomes ofmammalian cells; however, although highly
sensitive, this method labels genomic DNA over regions of about 5 kb,
precluding precise SPS localization. Thus, our findings further extend
the known role of SPSs in regulation of mammalian gene expression,
laying the groundwork for assessment of the role of this conserved class
of NRE in other Notch-dependent systems.

What remains to be determined is precisely how SPSs contribute to
regulation of transcriptional responses to Notch. Previous work in fly
cells has shown that E(spl) genes associated with promoter-localized
SPSs respond very rapidly to Notch activation (13), leading to the sug-
gestion that SPS-regulated genes are early responders, possibly at low
Notchdoses because of the cooperative binding ofNTCdimers on SPSs.
Here, we also note that SPSs, on average, have stronger RBPJ/NOTCH1
ChIP-seq signals, suggesting that SPS-associated genes also have larger
ormore sustained responses to Notch activation. However, linking spe-
cific response element architectures to the kinetics and size of response
to Notch activation is complicated by the diversity of NREs that are
found in mammalian cells. Most previous studies have focused on the
existence of genes with promoters containing one of two types of NREs,
SPSs or monomeric response elements. Our genome-wide analyses re-
vealed many variations on these themes, including genes associated
with multiple monomeric response elements (for example, IL4) and
mixtures of SPS and monomeric response elements, often within long-
range enhancers (such asNRARP,DTX1, IL7R,MYC, andHES5). Addi-
tional variation in response to a particular dose of Notch may be created
by (i) differing affinities of individual RBPJ binding sites; (ii) differences in
the number of functional NTC binding sites; and (iii) the presence of
nearby cis-regulatory elements that cooperate with NTCs to drive
transcription, such as regulatory lncRNAs. These variables are likely to
yield a large range of responsiveness toNotch signals, which are normally
balanced by feedback controls involving HES family repressors (13, 26)
and Notch inhibitors, such as NRARP (27, 28), to enable precise regula-
tion of the strength and duration of Notch responses. Notably, although
SPSs are present in flies, they appear to be absent fromworms, suggesting
that SPSs arose to permit more precise and varied responses to Notch
signals in complex multicellular animals.

Other levels of emerging complexity are reflected in cross–cell line,
cross-lineage, and cross-species variation in the regulation ofNotch target
genes. We previously identified a cryptic dimeric SPS in the HES5 pro-
moter (9), yet our analyses indicate that in CUTLL1 T-ALL cells,HES5 is
regulated by two enhancer-based 5′RBPJ/NOTCH1 binding sites, one of
which is an SPS. However, HES5 is not a Notch-sensitive gene in other
Notch-dependent human T-ALL cell lines (23), apparently because they
possess different 5′ enhancer states (fig. S8A). CUTLL1 cells are unusual
in having a genomic rearrangement involving NOTCH1 and the TCRB
locus that creates a mutant NOTCH1 allele that drives high levels of
NICD1 (29), raising the possibility that thismight lead to capture of genes
that are not normally regulated by Notch in T lineage cells.

Other complexity is evident inNotch-regulation ofMYC. Our group
and Ferrando’s group recently reported that in T-ALL cells and normal
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corresponds to the log2 expression ratio of individual Notch target genes in GSI-treated
cells transduced with wild-type or R1984A mutant NICD1.
6 of 10

http://stke.sciencemag.org/


SC I ENCE S I GNAL ING | R E S EARCH ART I C L E

 on M
ay 1, 2018

http://stke.sciencem
ag.org/

D
ow

nloaded from
 

developing thymocytes, Notch regulatesMYC through an enhancer el-
ement located ~1.3 Mb 3′ of the MYC gene body (15, 30), whereas
Kieff ’s grouphas shown that Epstein-Barr virus–mediated up-regulation
of MYC in B cells appears to occur via an RBPJ binding site located
~500 kb 5′ of theMYC gene body (31). In themouse, the T cell–specific
3′ Notch-dependentMYC enhancer contains an SPS that is absolutely
required for Notch to regulateMYC transcription in T-ALL cells (15),
and the dimer-defective R1984A NICD1 mutant cannot support mu-
rine T-ALL development or sustain the growth of murine T-ALL cells
(14). However, the dimer-defective R1984A NICD1 mutant drives
MYC expression in human T-ALL cells and rescues these cells from a
blockade of endogenousNOTCH1withGSI. This distinction apparent-
ly stems from the presence of several monomeric RBPJ binding sites in
the human MYC 3′ enhancer that are absent from the murine Myc 3′
enhancer. How these varied regulatory architectures contribute to phys-
Severson et al., Sci. Signal. 10, eaag1598 (2017) 2 May 2017
iologic Notch function in distinct cell contexts re-
mains to be determined, but their importance in
regulation of transcriptional outputs is emphasized
by a report showing that about 5% of human T-
ALLs harbor duplications of the 3′ Notch-
dependentMYC enhancer (30). It will be of interest
to determine whether alterations in NREs underlie
other human disease states.
MATERIALS AND METHODS
Protein expression and purification
Wild type and R1984A mutant polypeptides con-
sisting of the RAM and ANK domains of human
NOTCH1 (RAMANK, residues 1760 to 2126)
were made cysteine-free by introducing the muta-
tionsC1871A andC1890A andwere prepared as de-
scribed (32). In control electrophoretic mobility shift
experiments, the C1817A/C1890A mutants were
equivalent to wild-type RAMANK and the R1984A
RAMANK mutant in terms of assembly into NTC
complexes on DNA. Single cysteine substitutions
(D1942C and H2018C) that permit incorporation
of fluorophores were made in the C1871A/C1890A
RAMANK mutants by QuikChange mutagenesis.
RAMANK proteins were fluorescently labeled
usingAlexa Fluor 546C5-maleimide orAlexa Fluor
488 C5-maleimide. RAMANK proteins (25 mM)
in 20mMHepes (pH7.5) containing150mMNaCl
and 1 mM tris(2-carboxyethyl)phosphine (TCEP)
were incubated with each fluor (1 mM) overnight
at 4°C in the dark. Reactions were quenched with
b-mercaptoethanol. Excess fluor was removed using
a 30-kDa centrifugal filter followed by size exclusion
chromatography. RBPJ (residues 9 to 435) and
MAML1 (residues 13 to 74) proteinswere expressed
and purified as described (33).

FRET assay
Assay design was based on the x-ray crystal struc-
ture of anNTCdimer bound to the SPS in theHes1
promoter in which the DNA is bent and under-
twisted compared toB-formDNA.Amodel created
by superimposing twoNTCson ideal B-formDNA
was used as a hypothetical “open” conformation inwhich the twoNTCs
are not on the same DNA face. Two surface residues of RAMANK,
D1942 andH2018, were chosen and are predicted (i) to allowmutation
to cysteine and fluorophore attachment without blocking complex
assembly and (ii) to be close together in the fully assembledNTCdimers
and far apart in the theoretical open conformation. Specifically, the two
D1942 residues are 14 Å apart in the dimeric structure and 96 Å apart
in the open model and are located on the surface of the ANK domain
distal to the DNAbinding region of the NTC complex. The two copies
of H2018 are 14 Å apart in the dimeric x-ray structure and 61 Å apart
in the open conformation on B-form DNA and are located on the sur-
face of the ANK domain in the cavity between the ANK-ANK dimer
interface and the DNA. Duplex DNA was generated by heating
complementary oligonucleotides to 100°C for 5 min followed by slow
cooling to room temperature. Complexeswere assembled by combining
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150 to 300 nM fluorescently labeled RAMANK with untagged 600 nM
RBPJ, 2 mMMAML1, and 150 to 200 nMDNA in 20 mM tris (pH 8.5)
containing 150 mM NaCl and 5 mM EDTA. Assays were performed
using a 1:1mixture ofD1942C–Alexa Fluor 488 andD1942C–Alexa Flu-
or 546 or with H2018–Alexa Fluor 546 only. In mixtures of D1942C–
Alexa Fluor 488 and D1942C–Alexa Fluor 546, loss of Alexa Fluor 488
and gain of Alexa Fluor 546 signal were coincident, and energy transfer
wasmeasured as loss of Alexa Fluor 488 signal (E= 1− F/Fo, where Fo is
the fluorescence in the absence of DNA). In experiments using H2018–
Alexa Fluor 546, loss of Alexa Fluor 546 signal due to self-quenching was
measured (E = 1 − F/Fo).

Biolayer interferometry
Kd values for RBPJ and DNA were determined using a ForteBio Octet
RED384 instrument at 30°C in a binding buffer of 25mMHepes (pH7.9)
containing 150mMNaCl, 5mMdithiothreitol, and 0.1%Tween 20. Pairs
of biotinylated 27-mer complementary oligonucleotides containing the
sequence CTAGXXXXXXXXCGCGCGGTGAGTTCT, where eight Xs
correspond to a variant candidateRBPJ binding site sequence,were heated
to 100°C for 5 min and annealed by slowly cooling to room temperature.
BiotinylatedDNAduplexes (2mM)were immobilizedon streptavidinbio-
sensors, and RBPJ binding wasmeasured at a range of concentrations be-
tween 0.01 and 10 mM. Kd values were determined using steady-state
analysis and fit to the binding isotherm R = Rmax*[RBPJ]/(Kd + [RBPJ]).

Cell culture
Human CUTLL1 cells and murine T6E cells were maintained in RPMI
1640 medium containing 10% fetal bovine serum and 1× penicillin-
streptomycin-glutamine. Cells transduced with NICD1 and R1984A
were maintained in the presence of the GSIs DBZ (1 mM) or compound
E (1 mM).

Retroviral packaging and transduction
Wild-type NICD1 and dimer-defective R1984A mutant NICD1 com-
plementaryDNAs (cDNAs)were cloned into the retrovirus vectorMigR1
(14), packaged into pseudotyped retrovirus (34), and transduced into
CUTLL1 and T6E cells by spinoculation, as described (34).

ChIP-seq analysis
Previous NOTCH1, RPBJ, and H3K27Ac data sets [(17); Gene Expres-
sion Omnibus (GEO) accession number GSE72175] were reanalyzed
using the Burroughs-Wheeler Aligner (BWA) (35) after alignment to
human genome build hg38, and uniquelymapped, nonredundant reads
were retained. Genomic wiggle traces were generated using MACS2
(36) and were normalized by the total nonredundant read count of
each data set. ChIP-seq data processing was performed in R. Peaks
with multiple summits greater than 150 base pairs apart were split in
R, and dynamic peaks were determined as described (17). All new
ChIP-seq data are deposited inGEOunder accession numberGSE51800.

RBPJ sequence motif analysis
RBPJ sequence motif hits (RBPJ consensus sequences) near dynamic
NOTCH1/RBPJ binding sites were identified using the Find Individual
Motif Occurrences (FIMO) tool (37). A 300–base pair region centered
at the summit of each RBPJ/NOTCH1 ChIP-seq peak was screened,
and RBPJ sequence motif hits with an adjusted P value of <0.05 were
identified. An RBPJ sequence-motif scan was then performed in the
flanking 30–base pair region in each of the four potential RBPJ-RBPJ site
orientations, head-to-head, head-to-tail, tail-to-head, and tail-to-tail. The
Severson et al., Sci. Signal. 10, eaag1598 (2017) 2 May 2017
RBPJmotif used for the screening andmotifmatching calculationwas the
PWM calculated using RBPJ PBM data in Del Bianco et al. (11).

Calculation of PBM product scores
Protein binding microarray data for RBPJ from Del Bianco et al. (11)
was downloaded, and enrichment scores were transformed from values
of −0.5 to 0.5 to values of 0.0 to 1.0 by adding 0.5 to all scores. PBM pro-
duct scoreswere then generated for all 996 dynamicRBPJ/NOTCH1 sites
bearing RBPJ motifs in CUTLL1 cells. The highest-ranked RBPJ site in
eachdynamicRBPJ/NOTCH1ChIP-seqpeakswasdeterminedbyFIMO
(37) and was designated as site A. PBM product scores were then gener-
ated bymultiplying the adjusted scores for each site A and each potential
site B, assuming that endogenous SPSs have 15– to 17–base pair spacers.

ChIP-seq peak to gene assignment
The ENCODE union of CTCF sites [as described in the methods of
(17)] was used to associated ChIP-seq peaks and genes. If a peak was
in the same CTCF domain as a gene, then it was assigned to that gene.

Local ChIP
Local ChIP with a polyclonal antibody against NOTCH1 was carried
out in triplicate as described (17). Sequences of primers used to quantify
NOTCH1 binding to sites nearHES1,HES4, IL7R, andMYC, as well as
a negative control region that is devoid of NOTCH1 binding nearMYC,
are listed in table S3.

RNA-seq analysis
GFP-positive NICD1-expressing or R1984Amutant NICD1-expressing
CUTLL1 cells with equivalent GFP fluorescent intensities were isolated
2 days after transduction using aBDFACSAria flow sorting instrument.
Total RNA was extracted with the RNeasy Minikit. After ribosomal
RNA depletion, stranded RNA libraries were prepared following the
TruSeq library preparation guide (Illumina #15031048). Multiplexed
RNA-seq was performed using a HiSeq 2000 instrument (Illumina).
RNA-seq data were processed using TopHat and Cufflinks (version
2.0.2) (38) with default parameters. RPKM (reads per kilobase million)
levels for all annotated genes with official gene symbols were obtained
from the Cufflinks output for each sample. Genes with RPKM of >0.5
in at least one of the eight sampleswere used in differential expression anal-
ysis. A total of 10,495 expressed genes were retained. Notch-dependent
genes were defined by (i) higher expression inDMSO than inGSI and (ii)
higher expression in NICD1-transduced cells treated with GSI than in
GSI-treated cells transduced with empty virus. Notch dimer–dependent
genesweredefinedbyhigher expression inNICD1-transducedcells treated
with GSI than in R1984A mutant NICD1-transduced cells treated
withGSI. The significance of concordant high-rankeddifferential expres-
sion was determined on the basis of the null hypothesis that the sum of
the ranks of differential expression log fold change follows the Irwin-Hall
distribution. Notch-dependent geneswere identified under a false discov-
ery rate (FDR) cutoff of 0.01, and dimer-dependent genes were identified
under anFDRcutoff of 0.05, bothdeterminedby theBenjamini-Hochberg
procedure.

To identify expressed intervening lncRNA transcripts, we pooled
together RNA-seq data from all samples and processed it using Trinity
(39) with default parameters. Candidate lncRNAs were defined as tran-
scripts of≥200 base pairs in length that do not overlap with any anno-
tated coding exon in the human genome and that have low coding
potential based on CPAT (40). RNA-seq data are deposited in GEOun-
der accession number GSE72175.
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Gene expression profiling
Gene expression profiling data were obtained from murine T6E cells
transduced with empty MigRI viruses or viruses expressing NICD1
or the R1984A NOTCH1 mutant. About 15 hours after transduction,
transduced MigRI cells were treated with GSI (compound E, 1 mM) or
DMSO,whereasNICD1andR1984A transduced cellswere treatedwith
GSI only. After 6 hours of treatment, GFP-positive cells were isolated by
fluorescence-activated cell sorting. Total RNAwas prepared usingTRIzol
(Invitrogen), processed to fluorescently labeled complementary RNAs
according to themanufacturer’s instructions (Affymetrix), and hybridized
to Affymetrix GeneChip Mouse Genome 430 2.0 arrays. The .CEL files
were imported into R using the oligo package (41). Data were analyzed
in R, and batch effects were corrected with ComBat (42). Differential ex-
pression was assessed in R using the limma package (43). Affymetrix gene
expression data are deposited in GEO (accession number GSE97465).

CRISPR/Cas9-mediated targeted genome editing
Lentiviral vectors capable of coexpressing guide RNA and Cas9-eGFP
or Cas9-RFP657 (44) were used to target theHES5 enhancer region. Len-
tivirus production and transduction procedures were performed as de-
scribed (44). Transduced cells were sorted by flow cytometry. Mutation
of targeted regions in bulk populations of cellswas assessed byT7E1 assay
as described (45). Briefly, 100 to 200 ng of the PCR product containing
the targeted genomic region was denatured, annealed, treated with T7E1
endonuclease I, and visualized on an agarose gel. To isolate individual
clones, we sorted CRISPR/Cas9–single-guide RNA–expressing cells into
96-well plates at a density of 1 cell per well and cultured them for 3 to
4 weeks. Mutation of particular regions of the genome was assessed by
PCR amplification of the targeted region, cloning with the blunt-end
TOPO cloning kit (Life Technologies), and Sanger sequencing of DNA
obtained from individual bacterial colonies.

Quantitative RT-PCR
RNA was extracted with the RNeasy Minikit (Qiagen), and cDNA was
synthesized with a cDNA Synthesis Kit (Bio-Rad). Quantitative RT-PCR
was performed in triplicate using the CFX96 Touch Real-Time PCRDe-
tection System (Bio-Rad). Expression ofHES5 andHANR1was analyzed
with CFXManager Software (Bio-Rad). PCR primer sequences used for
RT-PCR are listed in table S3.

Reporter gene assays
Notch reporter gene assays were carried out in transiently trans-
fected U2OS cells as described (46).
SUPPLEMENTARY MATERIALS
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