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SUMMARY

T cell development is restricted to the thymus and is dependent on high levels of Notch signaling induced within the thymic microen-
vironment. To understand Notch function in thymic restriction, we investigated the basis for target gene selectivity in response to quan-
titative differences in Notch signal strength, focusing on the chromatin architecture of genes essential for T cell differentiation. We find
that high Notch signal strength is required to activate promoters of known targets essential for T cell commitment, including Il2ra, Cd3e,
and Ragl, which feature low CpG content (LCG) and DNA inaccessibility in hematopoietic stem progenitor cells. Our findings suggest
that promoter DNA inaccessibility at LCG T lineage genes provides robust protection against stochastic activation in inappropriate Notch

signaling contexts, limiting T cell development to the thymus.

INTRODUCTION

In numerous developing systems, Notch modulates the de-
cisions that determine the fate of stem cells and their prog-
eny (Artavanis-Tsakonas et al., 1999; Lai, 2004). Notch is a
transmembrane receptor that is activated by binding of
ligand to its extracellular domain. Upon ligand binding,
the Notch receptor is proteolytically cleaved, releasing its
intracellular domain (ICD). The Notch ICD translocates
to the nucleus and functions as a transcriptional activator,
directed to target genes by association with the RBPJ, DNA-
binding protein (for a review see Kopan and Ilagan, 2009).
In mammals, there are four Notch receptors (NOTCH1 to
NOTCH4) and five canonical Notch ligands (DLL1, DLL3,
DLL4 and JAG1, JAG2).

With respect to the T lineage, T cell differentiation is
limited to the Notch ligand-rich thymic microenviron-
ment (Zuniga-Pflucker, 2004), where Notchl has been
shown to be essential for T cell development (Radtke
et al., 1999). In vivo swapping of the ICDs of Notchl and
Notch2 paralogs has shown that either ICD is capable of
promoting T cell development (Liu et al., 2015), suggest-
ing that thymic restriction is dependent on the high
Notch signal strength resulting from activation of the
elevated levels of NOTCHI1 found in the thymus. This
suggestion is supported by studies showing that ex vivo
cultivation of enriched hematopoietic stem progenitor
cells (HSPCs) with immobilized Notch ligands (Varnum-
Finney et al., 2000) promotes T cell differentiation only
at high density (Dallas et al.,, 2005; Delaney et al.,
2005), and partial reduction of Notchl expression in vivo

impairs alpha-beta T cell development (Washburn et al.,
1997). While the basis by which quantitative differences
in Notch signaling are interpreted at target genes has
not been elucidated, the selective use of NOTCH1 to
induce an activation signal sufficient to promote the
development of T cells suggests that Notch-responsive
gene promoters are not equivalent in their transcriptional
competence.

The notion of differential transcriptional competence
has been established by the finding that the majority of
gene promoters, including housekeeping genes, display
histone markings associated with an active or “poised”
chromatin state, while the promoters of many lineage-
associated genes lack histone modifications associated
with active, suppressed, or “poised” states (Mikkelsen
et al., 2007), suggesting they are in a default closed chro-
matin confirmation. Here, we examined the relationship
between DNA accessibility and the dose-dependent tran-
scriptional response of Notch target genes essential for
early T cell development. Our data suggest that high-Notch
dose-dependent promoters, including [I2ra, Cd3e, and
Ragl, feature LCG promoters and DNA inaccessibility in
the ground HSPC state, acquiring promoter DNA accessi-
bility only upon exposure to high levels of Notch signaling.
These data implicate chromatin conformation and pro-
moter CpG content as critical features in assuring appro-
priate Notch-mediated cell-fate outcome. These findings
further suggest that the closed chromatin conformation
of LCG genes may have evolved to act as signal safeguard,
preventing stochastic lineage commitment in inappro-
priate signaling contexts.
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RESULTS

Ex Vivo System to Study Notch Dose-Dependent
Promotion of Early T Cell Precursors

Notch signaling contributes to the early phases of T cell
development, the first being the generation of CD4-,
CD8~ double-negative 1 (DN1) (KIT**CD44"CD25") cells
(Chen et al., 2019). These cells progress through the
DN2a (KIT**CD44*CD25) stage prior to committing to
the T lineage pathway with the first productive T cell recep-
tor rearrangements, marked by the appearance of the DN2b
(KIT*CD44'°CD25*) subpopulation (Yui and Rothenberg,
2014). DN2 cells are essentially absent upon conditional
deletion of Notchl in vivo (Radtke et al., 1999), a condition
preventing maximal activation of Notch signaling. Ex vivo,
the developmental progression through the DN2 stages of
early T cell development can be recapitulated by culturing
freshly isolated murine HSPCs (Lin " SCA1*KIT" [LSK] cells)
on a high density of immobilized Notch ligand (Dallas
et al., 2005; Varnum-Finney et al., 2011) (Figure S1). Using
this approach, we sought to identify Notch dose-depen-
dent changes in DNA accessibility that accompany an
HSPC as it progresses through the DN stages of T cell
development.

Use of Differential DNA Accessibility to Identify Notch
Dose-Responsive Promoters in Early T Cell
Development
Treatment of chromatin with the DNA endonuclease
DNase I has been used to map accessible or “open” regula-
tory regions, referred to as DNase I hypersensitive sites
(DHSs) (Stalder et al., 1980; Wu et al., 1979a, 1979b). We
applied DNase I digestion followed by deep sequencing
(DNase-seq) to identify genome-wide accessible regions
(John et al.,, 2013) in the nuclei of biologically distinct
LSK cells freshly isolated from murine marrow as well as
stage-specific DN cells isolated from ex vivo LSK culture
on high-density immobilized Notch ligand or no ligand
control (no Notch) following T cell induction (Gene
Expression Omnibus series accession GEO: GSE142739).
Using an unbiased approach (hotspot2), we identified
170,269 DHS regions genome wide, across all stages of
T cell development (Figures 1A and S2). Of these, more
than 126,000 (~74.4%) have been previously observed in
a genome-wide atlas of mouse DHSs (Vierstra et al.,
2014). Of the ~170,000+ DHSs, the midpoint of 27,000+
(~16%) was found to directly overlap with the promoters
(x1 kb from transcription start site) of protein-coding
genes. While there is currently no gold-standard database
of mouse enhancers, we also assessed the fraction overlap-
ping with enhancers using the catalog of candidate cis-reg-
ulatory elements (cCREs) derived from the ENCODE Proj-
ect Consortium (2020). In total, ~46% of our ~170,000
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identified DHSs overlap with promoters or proximal/distal
enhancer elements.

As shown in Figure 1B, approximately 26,000 DHSs were
shared across all stages of development. Of the remainder, a
large proportion (34,000+) was shared with a previous
developmental stage, while smaller subsets were acquired
denovo, in a stage-specific manner. These three accessibility
classes are consistent with those observed during the differ-
entiation of embryonic stem cells along the cardiac lineage
(Stergachis et al., 2013).

Promoter-associated DHSs were screened for Notch
responsiveness by assessing differential promoter accessi-
bility between biological replicates at each developmental
stage (e.g., LSK versus DN1, DN1 versus DN2b, and so
forth) and cells grown in the absence of Notch ligand using
the non-parametric method ChIPtest (Wu, 2013; Wu et al.,
2015). Rather than modeling total read counts in a given
window such as DESeq (Anders and Huber, 2010) or calling
peaks such as MACS (Zhang et al., 2008), ChIPtest models
the spatial profiles of read counts in each DHS region and
uses a non-parametric test to develop a differential accessi-
bility score. Bonferroni adjustment was applied to correct
for multiple testing, and the DNA accessibility threshold
is based on an adjusted p value of <0.05.

Notch-responsive promoters were further subdivided
into dose-response subgroups by applying differential
accessibility criteria (Figure 1C) developed from observed
correlations between Notch dosage and developmental
state (Figure S1B). As low-dose Notch signaling fails to
allow cells to progress beyond the DN1 stage of develop-
ment, we reasoned that low-dose Notch-responsive
promoters would fall into two categories: (1) those whose
promoter accessibility is acquired de novo following the
transition of LSK cells to DN1 cells (low-dose-responsive
I) or (2) those whose promoter is accessible in LSK cells
but whose extent of accessibility is increased in DN1 cells
(low-dose-responsive II). Conversely, since high-dose
Notch signaling is required for progression to the DN2
stage, we reasoned that high-dose-dependent promoters
would be inaccessible in LSK/DN1 cells and acquire DNA
accessibility de novo in DN2 cells, specifically DN2b cells.

To confirm whether the observed DNA accessibility pat-
terns are relevant to lineage determination, we correlated
the developmental timing of Notch dose-dependent
changes in promoter DNA accessibility with the onset of
gene expression. To do so, we assessed genome-wide changes
in mRNA expression of stage-specific DN cells isolated from
ex vivo cultured LSK cells using RNA sequencing (RNA-seq)
(Figure S3). Read counts for each DN stage or “no Notch” con-
trol samples (series accession GEO: GSE142739) were used in
pairwise comparisons to calculate log, fold-change (log,FC)
values. As described in Figure 1C, low-dose genes displaying
log,FC > 2 between DN1 and control or high-dose genes
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Figure 1. Unbiased Genome-Wide Approach to Identify Notch Dose-Dependent Changes in Promoter DNA Accessibility and Gene

Expression Accompanying Early T Cell Development

(A) Flow chart illustrating the steps of our de novo discovery approach used to identify Notch dose-responsive genes.
(B) Graph representing the number of DHSs identified in LSK, DN1, DN2a, and DN2b stages of development. At each developmental stage,
DHSs are further classified based on whether the DHS is shared across all stages of development, shared with the previous developmental

stage, or acquired de novo.

(C) Criteria used to identify low-Notch dose-responsive and high-Notch dose-dependent promoters.

See also Figures S1 and S2.

displaying log,FC > 2 between DN2b and control as well as
DN2b and DN1 were selected. Following the implementa-
tion of both DNA accessibility and gene expression criteria,
weidentified 114 unique low-dose-responsive and 38 unique
high-dose-dependent promoters (Figure 2A and Table S1).
Scatterplots showing the correlation between the DNA acces-
sibility score and gene expression for genes within each
criteria class are shown in Figure 2B.

We performed gene ontology (GO) enrichment analysis
on our lists of low-dose-responsive and high-dose-depen-
dent genes using GOrilla (Eden et al., 2007, 2009). No bio-
logical process GO term was significantly enriched among
the low-dose-responsive subset (for full GOrilla output,
see Table S2). In contrast, among the high-dose-dependent
genes, T cell-associated GO terms predominate, with T cell
differentiation (false discovery rate [FDR] q value = 2.32 x
10~*) being the most significant. Importantly, identified
high-dose-dependent genes include Notch targets essential

for progression through T cell commitment, such as [I2ra
(Maillard et al., 2006), a subunit of the interleukin-2 (IL-2)
receptor and a marker of progression through the DN stages
of T cell development; Cd3e (Clevers et al., 1989; De Smedt
etal., 2007), a member of the T cell receptor complex; Ragl
(McBlane et al., 1995), a gene required for T cell receptor
recombination; and Bcl11b (Li et al., 2010), the T lineage
commitment factor. Tracks showing the pattern of DNase
hypersensitivity over early T cell development for known
Notch target genes within the low-dose-responsive subset,
including Hes1 (Jarriault et al., 1995) and Nrarp (Pirot
etal., 2004) as well as the aforementioned high-dose-depen-
dent targets, are shown in Figures 3A and 3B, respectively.

High-Dose-Dependent Gene Promoters Display Lower
CpG Content than the Low-Dose-Responsive Subset
We next looked for a feature capable of distinguishing the
promoters of Notch dose-responsive subgroups, focusing
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Figure 2. Identification of Notch Dose-Responsive Gene Promoters

(A) Venn diagrams representing the numbers and relationships between the categories of DNA-accessible regions defined as low-dose-
responsive I, low-dose-responsive II, and high-dose-dependent.

(B) Scatterplots showing the correlation between DNA accessibility (x axis: score) and gene expression for genes (y axis: log,FC) under
each criteria class.

See also Figures S2 and S3; Tables S1 and S2.
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Figure 3. DNase I Hypersensitivity at the Promoters of Key Notch Target Genes across Early T Cell Development

LSK cells were isolated from murine marrow and cultured in the presence of high concentration of immobilized Deltal ligand. Cells were
harvested and flow sorted to isolate DN1 (KIT**CD44*CD25 ) and DN2b (KIT*CD44°CD25*) subpopulations. LSK cells were also grown in the
absence of Notch signaling as a control. Nuclei were isolated from each cell population and treated with DNase I. Following DNase I
digestion, small double-hit fragments were purified and sequencing libraries prepared. Paired-end sequencing was performed using the
HiSeq platforms (Illumina). Normalized read density data from one replicate of each developmental stage was uploaded into the UCSC

(legend continued on next page)
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on CpG content. LCG promoters are known to be enriched
among lineage-associated genes (Barrera et al., 2008; Saxo-
nov et al., 2006). Their lack of promoter histone methyl-
ation under non-differentiation conditions (Mikkelsen
et al.,, 2007) as well as their high nucleosome occupancy
(Teif et al., 2012) suggest that LCG promoters may keep
high-dose-dependent Notch targets in a default inactive
state. Therefore, we calculated the observed/expected
CpG ratio among the promoters of Notch dose-responsive
subgroups and found that the mean of observed/expected
CpG ratio of high-dose-dependent promoters (0.427) was
statistically lower (Mann-Whitney p value = 8.071 X
107°) than that of low-dose-responsive promoters (0.595)
(Figure 4). In fact, three key high-dose-dependent targets
essential for progression through T cell commitment
display particularly low CpG content: [I2ra (0.14), Cd3e
(0.375), and Ragl (0.215) (Table S2). These observations
suggest that LCG promoters enable Notch targets to act
as gatekeepers of T cell development by requiring high
levels of Notch signaling for gene activation, levels of
signaling limited to the Notch ligand enriched thymus.

DISCUSSION

Our study provides the first assessment of Notch dose-
dependent changes in the DNA accessibility of target genes
during T lineage development, identifying LCG promoters
as a key regulator of Notch signaling threshold. Our find-
ings suggest that promoter DNA inaccessibility at genes
essential for T lineage commitment provides robust protec-
tion against stochastic activation in inappropriate Notch
signaling contexts (Perdigoto et al., 2011), limiting T cell
development to the thymus. Determining whether this
paradigm regulates cell-fate outcome in other develop-
mental contexts is of fundamental importance to under-
standing how Notch determines cell lineage.

Notch signaling is unique in that each ligand-activated re-
ceptor produces one Notch ICD capable of inducing tran-
scription (Andersson et al., 2011). Without the means to
amplify the transcriptional effector, the end result on gene
expression is logically quantitative, a suggestion that has
been validated both in vitro and in vivo (Dallas et al., 2005; De-
laney et al., 2005; Gama-Norton et al., 2015). Recent in vivo
studies have shown that cells respond to the amount of
Notch ICD present by altering the burst duration of the tran-
scriptional response (Falo-Sanjuan et al., 2019; Lee et al.,

2019). In vivo, ligand identity has been shown to regulate
Notch activation dynamics, whereby DLL1 induces pulses
of NICD while DLL4 allows for more sustained NICD levels,
signaling dynamics that impact target gene activation and,
ultimately, cell-fate outcome (Nandagopal et al., 2018). As
thymic DLL4 expression is required for NOTCH1-dependent
T cell development (Hozumi et al., 2008), this suggests that
ex vivo exposure of cells to high density of immobilized
ligand mimics the sustained NICD levels generated
following DLL4-mediated Notch activation.

While Notch is essential to elicit a change in DNA accessi-
bility at the promoters of the aforementioned key T cell
commitment genes, we cannot conclusively say that all of
the high-dose-dependent genes identified are direct Notch
targets. We recognize that the acquisition of DNA accessi-
bility and gene expression at some high-Notch dose-depen-
dent genes could be due to indirect effects of high Notch
dosage, such that a handful of high-dose genes activate
other genes classified as high dose dependent but are not
necessarily bound by Notch. In fact, genes with LCG pro-
moters have been shown to rely more heavily on transcrip-
tion factors to activate their expression (Valen and Sandelin,
2011) and transcriptional coactivator usage has been shown
to be a key regulator of Notch target gene selection
throughout evolution (Bernard et al.,, 2010; Liu et al.,
2010; Neves et al., 2007). Relevant to T cell development
are well-documented cooperative interactions among tran-
scription factors, including NOTCH, TCF1, and GATA3
(for areview see Yui and Rothenberg, 2014). Future perturba-
tion studies will be required to determine the transcription
factor network necessary to promote lineage-specific regula-
tory DNA accessibility in the context of quantitative differ-
ences in Notch signal strength.

EXPERIMENTAL PROCEDURES

Mice

C57BL/6] (Ly5.2) mice (Jackson Laboratory) were maintained and
bred at the Fred Hutchinson Cancer Research Center. Mice bearing
floxed Notchl were obtained from F. Radtke (EPFL, Switzerland)
and maintained, bred, and deletion induced/verified using the
methods described in Varnum-Finney et al. (2011).

Cell Isolation and Culture

Using a FACSAria Il cell sorter (BD), LSK cells were separated based on
their high expression of SCA-1 and c-KIT from lineage-depleted bone
marrow, as described in Dallas et al. (2005). Independent LSK isolates

genome browser. Each set of density profiles represents a 4-kb window for the labeled gene locus. The vertical axis represents tag density
(in a 150-bp window) per million mapped reads. In black is a schematic of gene structure. The genomic scale of each locus has been noted

using a 1kb scale bar.

(A) Mm10 coordinates for low-dose-responsive genes: Hes1 chr16:30063271-30067271; Nrarp chr2:25178671-25182671.
(B) Mm10 coordinates for high-dose-dependent genes: Il2ra chr2:11640811-11644811; Cd3e chr9:45007271-45011271; Bcl11b

chr12:108002131-108006131; Rag1 chr2: 101647611-101651611.
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also Table S2.

were cultured on immobilized Deltal (Varnum-Finney et al., 2000),
as previously described (Varnum-Finney et al., 2003). In brief, non-
tissue culture-treated flasks (Nunc) were incubated overnight at
4°C with Delta1®**'8% (0.75 or 5 ug/mL) or human IgG; (5 ug/mL,
Sigma 14506) diluted in PBS, together with 5 ug/mL Retronectin (Ta-
kara). Flasks were washed extensively with PBS. Isolated LSK cells
were added to prepared flasks in Iscove’s modified Dulbecco’s me-
dium supplemented with 20% fetal bovine serum and 4GF
(100 ng/mL murine SCF, human FLT-3 ligand, and human IL-6;
10 ng/mL human IL-11). Each Deltal®**'8% culture was indepen-
dently treated with IL-7 (100 ng/mL) at day 14 to drive cells further
into T cell development. From each biological LSK replicate, DN1
(KIT**CD44*CD257) cells were isolated from 4GF conditions,
whereas DN2a (KIT**CD44*CD25*) and DN2b (KIT*CD44'°CD25%)
subpopulations were isolated from 4GF + IL-7 conditions using
anti-mouse monoclonal antibodies CD25-APC-Cy7 (clone PC61,
BD catalog no. 557658), CD44-APC (clone IM7, BD catalog no.
559250), and c-KIT-PE-CyS5 (clone 2B8, eBioscience catalog no. 15-
1171-82).

Dead Cell Removal from Cultured LSK Cells

Cells were incubated with microbeads (100 pL/107 cells; dead cell
removal kit, Miltenyi) for 15 min at room temperature. Volume
was increased with 1x binding buffer (supplied) to ensure 10® cells
or less per milliliter. Cells were then run through the Possel/Qrinse
program on a Macs mini sampler (Miltenyi). Samples with >95%
viability moved forward to nuclear isolation and DNase I
treatment.

Nuclear Isolation and DNase I Treatment
This protocol was adapted from John et al. (2013). Viable cells (5 x
10°) were spun at 1,400 rpm for 5 min at 4°C in a tabletop centrifuge

and washed with 5 mL of cold PBS. Cells were resuspended in Lysis
Buffer (10 mM Tris [pH 7.4], 10 mM NaCl, 3 mM MgCl,, 150 uM sper-
mine, and 500 uM spermidine, made in a 50-mL aliquot with one
cOmplete EDTA-free protease inhibitor pellet [Roche]). An equal vol-
ume of 2X IGEPAL stock (0.2% IGEPAL diluted in Lysis Buffer) was
added, mixed by inversion 10 times and incubated on ice for pre-
cisely 4 min. Nuclei were pelleted (5 min, 4°C, 1,750 rpm) and
washed with 2 mL of Buffer A (100 mM NaCl, 50 mM Tris [pH
8.15], 3 mM MgCl,, 150 uM spermine, and 500 uM spermidine)
with 0.35 M sucrose. Nuclei were resuspended in 500 pL of Buffer
Awithout sucrose + 1 mM CacCl,, transferred to a LoBind Eppendorf
tube with pre-aliquoted diluted DNase I (Sigma D4527-200KU), and
incubated at 37°C for precisely 3 min. The reaction was terminated
with 500 pL of stop buffer (100 mM NaCl, 50 mM Tris [pH 8.15],
0.1% SDS, and 100 mM EDTA [pH 8]) followed by the addition of
10 uL of Proteinase K (Sigma). Percent nuclear recovery was typically
around 80%. A portion of the deproteinized, DNase I-treated and
mock-treated samples were run on a 1% agarose gel, stained with
SYBR Safe DNA gel stain (Life Technologies), and scanned with a
Typhoon imager. The patterns observed were used to pick the appro-
priately digested samples for sequencing (John et al., 2013).

DNase-seq and Data Analysis

Following DNase I digestion, purification of small double-hit frag-
ments and sequencing library preparation was performed as in
John et al. (2013). Paired-end sequencing was performed using
the HiSeq 2000/2500 platforms (Illumina). DNase-seq datasets
used in this study are available via the GEO (series accession GEO:
GSE142739). Raw sequencing reads were trimmed to remove
adapter sequences and aligned to the mouse genome (mmlO,
https://www.encodeproject.org/files/ENCFF340HIY/) using bwa
(version 0.7.12) with the following parameters: “-Y -1 32 -n 0.04”
and “-n 10 -a 750" for alignment and mate-pairing (aln and sampe,
respectively). DHS peaks (i.e., hotspots) were determined using hot-
spot2 as outlined in https://www.encodeproject.org/pipelines/
ENCPL202DNS/, and in total ~170,000 DHS regions were identi-
fied. A master list of peak regions was defined using the consensus
DHS selection technique outlined in Thurman et al. (2012).

Differential DNA Accessibility Analysis

DNase-seq data were collected from LSK cells and individual DN
subpopulations (DN1, DN2a, DN2b) as well as LSK cells cultured
in the absence of Notch (negative control: IgG), whereby each stage
has 2-3 replicates derived from independent LSK isolates and,
where needed, T cell inductions. Importantly, cells from each DN
stage were harvested sequentially following T cell induction of bio-
logically distinct LSK isolates. To find DNA-accessible regions
genome wide, we used hotspot2 to call peaks at each develop-
mental stage (https://www.encodeproject.org/pipelines/ENCP
L202DNS/), and identified ~170,000 DHS regions (4 kb) in total.
To identify Notch dose-dependent changes in DNA accessibility,
we used the non-parametric method ChlIPtest (Wu et al., 2015):
https://cran.r-project.org/web/packages/ChlPtest/index.html) to
conduct pairwise comparisons on the same 4-kb DHS peak region
between any of two stages (e.g., LSK versus DN1, DN1
versus DN2b) and assign a differential accessibility score. Two
non-parametric scores determined DHS significance. TS kn is
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defined by using kernel smoothing curves to identify the regions
with differential DNA accessibility profiles (Wu et al., 2015). Ts
Dnun, which is an extension of TS kn, is a more robust score that
employs non-parametric statistics without smoothing, allowing
for possible heteroscedasticity in error variance (unequal variance
across samples). Significant differential DNA accessibility may pre-
sent as a peak in one stage and no peak in the other stage (peak/no
peak), as well as peak height differences or peak location shifts. To
determine overlap of the center of each DHS peak with promoters,
we utilized promoter annotation from Gencode vM12, focusing on
protein-coding genes. We similarly assessed the fraction overlap-
ping with enhancers using the catalog of candidate cCREs derived
from the ENCODE Project Consortium (2020).

RNA Isolation

Total RNA was extracted (Qiagen) from individual DN subpopula-
tions (DN1, DN2a, DN2b) as well as LSK cells cultured in the absence
of Notch (negative control: IgG), where each stage has 2—4 replicates
derived from independent LSK isolates and, where needed, T cell in-
ductions. RNA was quantified by Nanodrop and assessed for quality
using either the Agilent Bioanalyzer or Tapestation. Samples with
RNA integrity number values of >8 were submitted for library prep-
aration and sequencing on a Hi-Seq2000 machine.

Analysis of RNA-seq Data

RNA-seq datasets used in this study are available via the series acces-
sion GEO: GSE142739. Reads that failed to pass Illumina’s base call
quality threshold were removed. The first 36 bases from the first
read end of each sample were aligned to mm10 using TopHat
v2.12 (Kimetal., 2013). Bam files were sorted and indexed using sam-
toolsv0.1.19 (Liand Durbin, 2009). Counts for each gene were gener-
ated with htseq-count v0.6.1p1 using the “intersection-strict” over-
lapping mode (Anders et al., 2015). Genes with less than 1 count/
million in at least two samples (equal to the number of samples in
the smallest group) were removed. Starting number of genes with
non-zero count sums across all samples = 21,271; genes post filter =
12,480.

Gene Ontology Analysis

Lists of low-dose Notch-responsive and high-dose Notch-depen-
dent genes were subjected to GO enrichment analysis using
GOrilla (Eden et al., 2007, 2009). The background list included
all genes displaying a Notch-dependent promoter DHS (see Table
S2). Biological process was the ontology term assessed.

CpG Content Analysis

FASTA files were created based on the combined low-dose-responsive
or high-dose-dependent promoter coordinates. We calculated the
observed/expected ratio of CpG using the following values: observed
CpG is the number of occurrences of CpG within the 2-kb promoter
sequence; expected CpG is calculated as (number of C X number of
G)/length of sequence (Gardiner-Garden and Frommer, 1987).

Statistics
For DNase-seq data analysis, DHS peaks (i.e., hotspots) were deter-
mined using hotspot2 by an FDR cutoff of 0.05, as outlined
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in https://www.encodeproject.org/pipelines/ENCPL202DNS/. Pro-
moter-associated DHSs were screened for Notch responsiveness us-
ing ChIPtest (Wu, 2013; Wu etal., 2015). ChIPtest models the spatial
profiles of read counts in each DHS region and uses a non-parametric
test to develop a differential accessibility score. To control for multi-
ple testing issues, we considered Bonferroni adjustment on the effec-
tive number of tests by combining p values from the overlapping
regions (Lun and Smyth, 2016; Wu et al., 2015), and the threshold
of DNA accessibility score is based on an adjusted p value of <0.05.
For RNA-seq analysis, read counts for each DN stage or “no Notch”
control samples were used in pairwise comparisons to calculate log,-
FC values. Statistical significance in certain pairwise comparisons
was defined as log,FC > 2. For GO analysis, only GO terms with a
p value of less than 107> corrected for multiple hypotheses are re-
ported. For CpG content analysis, statistical significance in the
observed/expected CpG ratio among the promoters of Notch dose-
responsive subgroups was determined using a Mann-Whitney test.

Study Approval

The murine studies presented herein were approved by the Institu-
tional Animal Care and Use Committee at Fred Hutchinson Cancer
Research Center, Seattle, WA.
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series accession GEO: GSE142739.
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