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Notch induces transcription by stimulating
release of paused RNA polymerase II
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Notch proteins undergo ligand-induced proteolysis to release a nuclear effector that influences a wide range of
cellular processes by regulating transcription. Despite years of study, however, how Notch induces the transcription
of its target genes remains unclear. Here, we comprehensively examine the response to human Notch1 across a time
course of activation using high-resolution genomic assays of chromatin accessibility and nascent RNA production.
Our data reveal that Notch induces target gene transcription primarily by releasing paused RNA polymerase IT
(RNAPII). Moreover, in contrast to prevailing models suggesting that Notch acts by promoting chromatin accessi-
bility, we found that open chromatin was established at Notch-responsive regulatory elements prior to Notch signal
induction through SWI/SNF-mediated remodeling. Together, these studies show that the nuclear response to Notch
signaling is dictated by the pre-existing chromatin state and RNAPII distribution at the time of signal activation.
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Cells reliably and precisely convert signaling inputs into
cellular decisions by inducing gene expression programs
that specify cellular identity. Notch-Delta signaling is
one of several essential metazoan pathways of cell-cell
communication that guides cell fate decisions in organis-
mal development and homeostasis across tissues and or-
gan systems (Siebel and Lendahl 2017). Notch signaling
is dysregulated in multiple cancer types, including T-
cell acute lymphoblastic leukemia, which is associated
with gain-of-function mutations in NOTCH]1, and squa-
mous cell carcinoma, which is associated with loss of
function of NOTCHI1, NOTCH2, and/or NOTCH3 (Aster
et al. 2017).

Notch proteins, the receiver components of this signal-
ing system, are single-pass transmembrane receptors that
have an extracellular ligand-binding domain, a juxtamem-
brane regulatory domain, and an intracellular effector
domain (NICD) that is liberated by ligand-induced prote-
olysis to function as a transcriptional effector (Bray and
Gomez-Lamarca 2018). In the nucleus, NICD forms a
multiprotein Notch transcriptional complex (NTC) with
a DNA-binding transcription factor called RBPJ in mam-
mals (suppressor of hairless in flies) and a protein of the
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Mastermind-like (MAML) family. Formation of the NTC
leads to transcription of target genes.

Notch signals activate a vastly different array of tran-
scriptional targets in each cell type, allowing this key reg-
ulator to have distinct cellular effects depending on the
cellular context (Bray and Gomez-Lamarca 2018). As a re-
sult, Notch signaling can be oncogenic or tumor-suppres-
sive depending on the cancer type (Aster et al. 2017).
However, how the cell type specificity of Notch targets
is achieved and how the NTC stimulates transcription re-
main unclear at the molecular level. Understanding the
molecular mechanisms by which Notch signaling induces
transcription is key to understanding how this essential
signaling pathway functions in development and disease.

Transcription factors (TFs) can stimulate RNA poly-
merase II (RNAPII)-dependent transcription at multiple
steps in the transcription cycle, including during the es-
tablishment of chromatin accessibility, RNAPII recruit-
ment to promoters and transcription initiation, or the
release of paused RNAPII into productive elongation
(Adelman and Lis 2012; Core and Adelman 2019). Previ-
ous work has led to conflicting models of how the NTC
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stimulates transcription. The prevailing model suggests
that the NTC cooperates with chromatin remodelers to
increase chromatin accessibility (Pillidge and Bray 2019).
Consistent with this idea, genetic associations between
components of the SWI/SNF chromatin remodeler com-
plex and Notch signaling have been observed in both
mice and flies (Takeuchi et al. 2007; Pillidge and Bray
2019). Immunoprecipitation followed by mass spectrome-
try, coimmunoprecipitation, and proximity labeling stud-
ies have also suggested that components of the SWI/SNF
complex may associate with or are in the molecular neigh-
borhood of Notchl (Kadam and Emerson 2003; Takeuchi
et al. 2007; Yatim et al. 2012; Martin et al. 2023a). Nota-
bly, cells maintained in a persistent Notch-on state have
higher chromatin accessibility at Notch binding sites
than cells in a Notch-off state (Gomez-Lamarca et al.
2018; Pillidge and Bray 2019). Moreover, knockdown of
SWI/SNF components in cells in a persistent Notch-on
state reduces chromatin accessibility and reduces tran-
scription of Notch-responsive genes (Yatim et al. 2012;
Pillidge and Bray 2019).

Other observations are less consistent with a model in
which Notch directly interacts with or recruits SWI/
SNF to promote chromatin accessibility. For example,
BRM (SMARCA2), a catalytic subunit of the SWI/SNF
complex, was shown to be present at some Notch-respon-
sive promoters prior to Notch activation in mouse cells
(Kadam and Emerson 2003). Indeed, chromatin compac-
tion can restrict Notch activity, and NTC binding is lim-
ited to regions of already accessible chromatin with
epigenetic signatures associated with active regulatory re-
gions (Skalska et al. 2015; van den Ameele et al. 2022).
These findings suggest an alternative model in which
gene activation upon Notch signaling relies on cell
type-specific transcription factors that establish the
proper chromatin context for Notch activation in different
cellular contexts (Wang et al. 2011; Skalska et al. 2015;
Falo-Sanjuan et al. 2019). The fact that Notch signaling in-
duces different programs of gene expression in different
cell types (Aster 2020) is also consistent with a model in
which the NTC acts on pre-existing, poised regulatory
regions.

Whether and how the interplay between NTC and chro-
matin remodeling complexes drives specific gene expres-
sion upon Notch activation remain poorly understood,
largely because studies investigating the dynamics of
NTC recruitment and gene activation lack the temporal
resolution needed to distinguish direct effects from indi-
rect effects. We thus sought to elucidate, with high tem-
poral and genomic resolution, how Notch activation
induces transcription. We monitored the genome-wide re-
sponse to human Notchl as a function of time after acti-
vation in Notch-naive squamous cell carcinoma (SCC)
cells. Newly synthesized RNAs were measured using
transient transcriptome sequencing (TT-seq), accessibili-
ty was monitored by the assay for transposase-accessible
chromatin with sequencing (ATAC-seq), and active
RNAPII was mapped using precision run-on sequencing
(PRO-seq). Strikingly, we found that the chromatin acces-
sibility of NTC binding sites did not increase in response
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to Notch activation. Instead, we found that SWI/SNF es-
tablishes accessibility at Notch-responsive regulatory ele-
ments prior to signaling, allowing Notch to rapidly bind
these loci upon activation. Importantly, we defined the
step in the transcription cycle regulated by Notch, finding
that the NTC predominantly acts by releasing paused
RNAPII into productive elongation at target genes. To-
gether, our data elucidate how cellular context and the
pre-existing chromatin landscape dictate the specificity
of the Notch transcriptional response, providing a concep-
tual and experimental framework for a better understand-
ing of signal-responsive gene expression.

Results

Cellular system for time-resolved studies

To study how Notch induces transcription, we used the
SC2 squamous cell carcinoma cell line (Pan et al. 2020),
which is engineered to express a ligand-independent, au-
tonomously active form of human Notchl (AEGF-
L1596H] that can be silenced by y-secretase inhibitor
(GSI) treatment. SC2 cells can be maintained in a Notch-
naive state by culturing cells in the presence of GSL
When GSI is washed out, SC2 cells rapidly transition
from a Notch-off to a Notch-on state, thereby enabling
the measurement of the direct response of these cells to
Notch activation (Pan et al. 2020). These features provide
distinct advantages for kinetic assessment of how cell state
and chromatin context affect the genomic response to a
Notch signal.

Identification of Notch target genes

We identified direct Notch target genes in SC2 cells by
performing TT-seq at 1 and 4 h time points after inducing
Notch activity by GSI washout (Fig. 1A). TT-seq is a met-
abolic labeling approach used to identify and quantify
newly synthesized RNAs (Schwalb et al. 2016) and there-
fore enabled us to define genes induced at specific times
after Notch activation. These early time points after
Notch activation were chosen to enrich for direct tran-
scriptional responses to Notch activity. To identify specif-
ic Notch targets, we included matched time point mock
washout control samples, which were subjected to the
same manipulations and media change as the GSI wash-
out samples, but GSI was maintained in the media. Nota-
bly, most of the genes induced in response to GSI washout
were also induced in the mock washout (Fig. 1B; Supple-
mental Fig. S1A), indicating a strong general impact of
these cellular manipulations and highlighting the impor-
tance of this experimental control.

We classified gene responses into four categories to sep-
arate Notch-dependent transcriptional responses from
Notch-independent ones: Notch-upregulated (upregu-
lated in GSI washout but not mock washout; n=61),
Notch-downregulated (downregulated in GSI washout
but not mock washout; n=93), nonspecific upregulated
(upregulated in both GSI and mock washout; n=997),
and nonspecific downregulated (downregulated in both


http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.352108.124/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.352108.124/-/DC1
http://www.cshlpress.com

Downloaded from on October 19, 2024 - Published by Cold Spring Harbor Laboratory Press

Notch stimulates RNAPII pause release

A B GSI mock Figure 1. Identification of high-confidence
. _washout ~_washout Notch Notch target genes in SCC cells. (A) Design
GSI washout Ref 1h _4h_ 1h 4h upregulated of the TT-seq experiment. The reference sam-
SC2 cells > downregulated  ple was subjected to mock washout, immedi-
1h A TT.seq ately incubated with labeling media for 10
reference mock washout = min, and then harvested. The 1 and 4 h sam-
> yﬁgf;ﬁ?zctgéc ples were subjected to mock or GSI washout
1h 4h e downregulated ~ @nd incubated with labeling media for the
— 10 min preceding harvest at the indicated
— times. (B) Heat map indicating relative TT-
Relative TT-seq [ - seq signal over exons for significantly
1 changed genes. Color bars at the right indi-
cate gene groups. (Red) Notch-upregulated
C 1 kb D 1kb :
HES4 + y MFSD3  ,____1kb (n=61), (light blue) Notch-downregulated (n
- e e —— =93), (dark red) nonspecific upregulated (n=
TTseq o 680 L - 997), (dark blue) nonspecific downregulated
5 washout " 680 (n=711). (C,D) Genome browser images
puS— = S, e e, e . .
2 mock 50 680 showing sense strand TT-seq reads for a repre-
= 350 - 2 680 S E sentative Notch-upregulated gene (HES4; C)
E washout, o0 and a representative nonspecific upregulated
<  mock —‘—“&——-—-—L- gene (MFSD3; D). (E) The percentage of genes
with Notch transcription complex (NTC)
E NTC binding at promoter F Distance to nearest NTC enhancer binding (Pan et al. 2020) at the promoter plot-
50 100 ted for each gene group. (F) Cumulative distri-
» -E;r?;ulate g o - Notch bution plot of the distance from the TSS of
n J— .
g B downregulated -% g Zg\r,ver?rﬂgﬁgte 4 genes in each group to the nearest NTC-
%L S g% - bound enh G) T io-
= i 3 ound enhancer. op gene ontology bio
":-: 220 Nonspecific g 53 Nonspecific logical ( ')h dp 8 f 8y b
I B upregulated 3& — upregulated ogical process-enriched terms for genes in
I downregulated . —downregulated  the Notch-upregulated group. P-values are
0 100 104 105 108 107 from the hypergeometric test, corrected for
Distance from TSS (nt) multiple hypotheses according to the Benja-
G GO Biological Process 6 TT-seq | 6 RNAseq me—Hochberg method. (H) .Box plots show-
Reculat ) ing the fold change (log) in TT-seq exon
egulation of Multicellular
Organismal Development _ — counts for Notch-upregulated genes at 1 and
el Pegulation of 8§41 8 4 h, corppared Wit.h the reference cqndition.
Response to Cytokine e g The middle line indicates the median, the
P £ 5, box represents the 25th and 75th percentile,
Positive Regulation of S S and whiskers show the largest or smallest val-
Multicellular Organismal Process k-] T in the dat " (I) B lot: ( dered :
Epithelium Development s s ue in the data set. ox plots (rendered as in
Regulation of Cell 0 H) showing the fold change (log,) in RNA-seq
Development gene counts for Notch-upregulated genes rel-

2 4 6
-og,, (p adj.)

GSI and mock washout; n=711) (Supplemental Table S1).
As anticipated, the Notch-upregulated gene HES4 was
specifically induced under GSI washout but not mock
washout conditions (Fig. 1C), whereas a representative
nonspecific upregulated gene (MFSD3) was activated in
both conditions (Fig. 1D).

To further validate that the Notch-upregulated genes
are direct targets of Notch activity, we analyzed genomic
binding by Notch transcription complex (NTC) compo-
nents in SC2 cells (Pan et al. 2020). For this analysis, we
defined NTC binding sites as those loci exhibiting both
RBPJ and MAMLI binding by ChIP-seq 4 h after GSI wash-
out. We found that Notch-upregulated genes are much
more likely to have NTC binding sites within 1 kb of their
transcription start sites, and that these genes are much
closer to NTC-bound enhancers than genes within the
three other groups (Fig. 1E,F), consistent with enrichment
within this group of genes for direct regulation in response

ative to the mock washout condition at 4
h. RNA-seq data are from Pan et al. (2020).
See also Supplemental Figure S1.

to NTC binding. In contrast, the lack of NTC binding near
genes that are downregulated upon GSI washout suggests
that gene repression in response to Notch activation is not
mediated directly by NTC binding. This repression may
instead result from secondary effects, such as Notch in-
duction of transcriptional repressors like the HES genes.
The Notch-upregulated gene set contained canonical
Notch targets upregulated in many cell types (HESI,
HES4, and NRARP), known Notch targets in squamous
cells (IER5 and RHOV), and targets not previously associ-
ated with Notch signaling (CELSR2 and ADGRGS6). The
biological process GO terms for this group of genes includ-
ed terms associated with development and differentia-
tion, consistent with the role of Notch signaling in
determining cell fate (Fig. 1G). In contrast, the genes
whose expression changed in response to mock washout
are enriched for GO terms associated with metabolism
and biosynthesis, consistent with a response to the
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replenishment of nutrients in the fresh media used during
washout (Supplemental Fig. S1B-D).

Although some Notch-upregulated genes are induced
within 1 h of GSI washout, they showed maximal expres-
sion at 4 h after GSI washout (Fig. 1H). Consistent with
the increase in RNA synthesis observed in TT-seq, these
genes were also induced in published steady-state RNA-
seq performed in these cells following 4 h of GSI washout
(Fig. 1I; Pan et al. 2020).

Notch activates gene expression without increasing
chromatin accessibility

Prior studies have found that Notch binding sites in
“Notch-on” cells have higher chromatin accessibility at
steady state than in “Notch-off” cells (Gomez-Lamarca

A B
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SC2 cells — Y — = *
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S
o0
Promoter ATAC
reads (log,)

0

Promoter accessibility
> before Notch activation

et al. 2018; Pillidge and Bray 2019). We therefore tested
whether Notch directly affects the chromatin landscape
by monitoring dynamic changes in chromatin accessibility
at time points up to 4 h after Notch induction by GSI wash-
out using ATAC-seq (Fig. 2A; Supplemental Fig. S2A; Buen-
rostro et al. 2013; Grandi et al. 2022). Notch-upregulated
genes have accessible promoters prior to Notch induction,
based on the significant levels of promoter-proximal
ATAC-seq reads observed in the reference condition (Fig.
2B). This observation highlights how the basal context of
a cell, likely defined by other transcription factors, can
determine where the NTC can induce gene activity and
is consistent with prior literature showing that Notch ac-
tivity requires a permissive chromatin environment
(Wang et al. 2011; Skalska et al. 2015; Falo-Sanjuan et al.
2019; van den Ameele et al. 2022).

Figure 2. Notch activation does not in-
crease chromatin accessibility. (A) Design
of the ATAC-seq experiment. The reference
condition was subjected to mock washout
and then immediately harvested. All other
samples were harvested at the indicated
times after GSI washout. (B) Box plots (ren-
dered as in Fig. 1H) showing ATAC-seq
reads (log,) over the promoters (TSS —450
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to TSS+149) of Notch-upregulated genes
(n=61), unchanged genes (n=51,484), and
inactive genes (n = 1295) prior to Notch acti-
vation. Unchanged genes are defined as
genes with a TT-seq gene body read |FC|<
1.1 in the 1 h washout and 4 h washout con-
ditions compared with the reference. Lowly
active genes (inactive) are defined as genes
with <10 PRO-seq reads within the promot-
er region (TSS to TSS+150) at any time
point. Asterisks indicate significant differ-
ences (P adj.<0.05) in accessibility by
Dunn’s multiple comparisons test. (C) Ag-
gregate plot showing ATAC-seq reads
around promoters of Notch-upregulated
genes (n=61). ATAC-seq reads are shown
in 75 bp bins. (D) Box plots (rendered as in
B) showing fold change (log,) in ATAC-seq
reads at the promoter (TSS—-450 to TSS +
149) for Notch-upregulated genes (n=61).
“n.s.” indicates conditions not significantly
different (P adj. > 0.05) from a fold change of
0 (Wilcoxon signed rank test; P-values cor-
rected according to the Benjamini-Hoch-
berg method). (E,F) Aggregate plots
showing H3K27ac ChIP-seq (E) or ATAC-
seq (F) reads at the closest NTC-bound en-
hancers with identified enhancer TSSs
(eTSSs) (see the Materials and Methods) to
Notch-upregulated genes (n=56). Plots are
centered around the eTSSs. E is shown in
50 bp bins, and F is in 75 bp bins. (G,H)
Box plots (rendered as in B) showing fold
change (logy) in H3K27ac ChIP-seq (G) or

ATAC-seq (H) reads at NTC-bound enhancers closest to Notch-upregulated genes (n =58). Asterisks indicate conditions significantly dif-
ferent (P adj. <0.05) from a fold change of 0 (Wilcoxon signed rank test; P-values corrected according to the Benjamini-Hochberg method).

See also Supplemental Figure S2.
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We next investigated whether Notch activation affects
the accessibility of responsive promoters. Aggregate plots
around gene promoters and counting of the total ATAC-
seq reads over the promoters of Notch-upregulated genes
showed no changes in promoter accessibility over the 4 h
time course (Fig. 2C,D) despite clear increases in gene ex-
pression. These observations are inconsistent with a model
in which Notch recruits SWI/SNF complexes to open up
target gene promoters, instead suggesting that NTCs act
on loci that are accessible prior to Notch activation.

Because most Notch genomic binding occurs at distal
regulatory regions in other cell types (Wang et al. 2014),
we also examined whether Notch activation affects the ac-
cessibility of Notch-responsive enhancers. We defined
NTC-bound regions as those occupied by both NTC sub-
units RBPJ and MAMLI in published ChIP-seq data (Pan
et al. 2020) and used these data to identify the NTC-bound
enhancer closest to each Notch-upregulated gene (see the
Materials and Methods). We then examined the activity
of these enhancers in a 4 h time course after Notch induc-
tion by GSI washout. Enhancer activity, as judged by
H3K27ac chromatin immunoprecipitation followed by se-
quencing (ChIP-seq) (Fig. 2E,G), increased over the 4 h
time course, confirming that these elements are high-con-
fidence Notch-responsive enhancers. Importantly, control
non-NTC-bound enhancers near genes that do not exhibit
changes in expression as assessed by TT-seq did not show
this increase in H3K2.7ac ChIP-seq signal following Notch
activation (Supplemental Fig. S2B). The NTC-bound en-
hancers, however, did not show increased accessibility fol-
lowing GSI washout in either aggregate plots or read counts
over the enhancers, in agreement with our findings at
Notch-responsive promoters (Fig. 2F,H). Together, these
findings argue against models in which Notch activation
induces gene expression through modulation of chromatin
accessibility at either promoters or enhancers. Instead, our
data favor a mechanism in which Notch binding occurs at
pre-existing open regulatory regions.

SWI/SNF activity is required to maintain promoter
accessibility

Although chromatin accessibility was not increased at
sites of Notch-dependent gene induction, previous studies
have shown strong associations between the SWI/SNF
chromatin remodeling complex and Notch activity (Take-
uchi et al. 2007; Pillidge and Bray 2019). To elucidate the
basis for the interplay between SWI/SNF and Notch, we
performed TT-seq to examine newly synthesized tran-
scripts at 1 and 4 h time points after Notch activation in
the presence of an allosteric inhibitor of SWI/SNF activity
(Supplemental Fig. S3A), BRM014, which rapidly inacti-
vates the SWI/SNF ATPase, resulting in decreased promot-
er and enhancer accessibility (Papillon et al. 2018; Iurlaro
et al. 2021; Schick et al. 2021; Martin et al. 2023b). Adding
BRMO14 at the time of Notch activation blocked the induc-
tion of 41 of the 61 Notch-upregulated genes (Fig. 3A), con-
sistent with previous work linking SWI/SNF activity to
Notch-dependent gene activation. Chromatin accessibility
in the reference condition was not different between SWI/

Notch stimulates RNAPII pause release
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Figure 3. SWI/SNF activity is required to keep most promoters
accessible for activated Notch. (A) Heat map indicating relative
TT-seq signal over exons for Notch-upregulated genes. Color bars
at the right indicate gene groups. (Blue) SWI/SNF-dependent (n=
41), (pink) SWI/SNF-independent (n=20). (B) Box plots (rendered
as in Fig. 1H) showing ATAC-seq reads (log,) over the promoters
(TSS—450 to TSS + 149) of SWI/SNF-dependent and SWI/SNF-in-
dependent genes. “n.s.” indicates groups not significantly different
(P>0.05) by Mann-Whitney test. (C) Box plots (rendered as in B)
showing fold change (log,) in ATAC-seq reads at the promoter
(TSS — 450 to TSS + 149) for SWI/SNF-dependent and SWI/SNF-in-
dependent genes at 4 h after Notch activation compared with the
reference condition. “n.s.” indicates conditions not significantly
different (P>0.05) from a fold change of 0 (Wilcoxon signed rank
test). (D,E) Aggregate plot showing ATAC-seq reads around pro-
moters of SWI/SNF-independent (D) and SWI/SNF-dependent (E)
genes. ATAC-seq reads are shown in 75 bp bins. Gray indicates
the reference condition (ref.), and orange indicates 4 h of mock
washout + BRMO014. (F) Box plots (rendered as in B) showing fold
change (logy) in ATAC-seq reads at the promoter (TSS—450 to
TSS+149) for SWI/SNF-dependent and SWI/SNF-independent
genes at 4 h after mock washout in the presence of BRM014, com-
pared with the reference condition. Asterisks indicate conditions
significantly different (P <0.05) from a fold change of 0 (Wilcoxon
signed rank test). See also Supplemental Figure S3.
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SNF-dependent or SWI/SNF-independent gene groups (Fig.
3B), and neither subgroup showed any change in chromatin
accessibility after Notch induction (Fig. 3C). We also per-
formed ATAC-seq at 1, 2, and 4 h time points after Notch
activation in the presence of BRMO014 (Supplemental Fig.
S3B) and found that, as expected, SWI/SNF-independent
genes did not exhibit a significant change in accessibility
following BRMO14 treatment (Fig. 3D,F). However, adding
BRMO14 at the time of mock (Fig. 3E,F) or GSI (Supplemen-
tal Fig. S3C-E) washout revealed a rapid and significant
decrease in ATAC-seq signal at SWI/SNF-dependent pro-
moters. Importantly, because loss of accessibility upon
BRMO014 treatment was observed under both mock and
GSI washout conditions, the sensitivity of promoter acces-
sibility to SWI/SNF appears to be independent of the Notch
activation status of the cells. These data suggest that SWI/
SNF-dependent promoters require persistent SWI/SNF ac-

SC2 cells GSI washout

Published by Cold Spring Harbor Laboratory Press

tivity to remain accessible, independent of whether Notch
is active. Suppression of SWI/SNF activity, even at the time
of GSI washout, is sufficient to reduce chromatin accessi-
bility and prevent Notch-mediated gene activation.

Notch-upregulated genes are activated by release
of paused RNAPII

If Notch is not acting to increase chromatin accessibility,
how does it stimulate transcription? To address this ques-
tion, we performed PRO-seq (Kwak et al. 2013; Mahat
et al. 2016) to measure the effect of activated Notch on
RNAPII at a series of time points from 15 min up to 4 h af-
ter GSI washout (Fig. 4A; Supplemental Fig. S4A). PRO-
seq maps the location of engaged RNAPII across the ge-
nome, which allowed us to measure both gene body tran-
scription and RNAPII occupancy at promoters. Notch-

Figure 4. Notch-dependent genes are acti-
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See also Supplemental Figure S4.
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upregulated genes showed an increase in PRO-seq signal
in the gene body within 30 min of Notch activation (Fig.
4B) that persisted over the time course, consistent with
direct upregulation of these genes by increased transcrip-
tion. If Notch activation served to increase the recruit-
ment of RNAPII or transcription initiation, we should
have observed an increase in PRO-seq signal at Notch-
upregulated promoters over this time window. However,
the promoter PRO-seq signal did not increase upon Notch
activation and was instead significantly decreased at 30
min and 1 h after GSI washout (Fig. 4C). We conclude
that Notch activation does not primarily increase tran-
scription by stimulating initiation.

Transcription can be induced by stimulating transcrip-
tion initiation or promoting the release of paused RNAPIL.
To evaluate whether Notch activation impacted pause re-
lease, we calculated the pausing index for the Notch-up-
regulated genes over time. The pausing index, a ratio of
promoter to gene body PRO-seq reads, indicates the level
of RNAPII pausing for each gene. We found that the paus-
ing index decreased significantly at Notch-upregulated
genes as early as 15 min after Notch activation (Fig. 4D),
implicating a pause release mechanism in Notch-depen-
dent gene activation. Genes that are nonspecifically upre-
gulated in response to the media change do not show this
same sustained reduction in pausing index (Supplemental
Fig. S4B), suggesting that this pause release mechanism is
specific to the Notch response.

Aggregate plots showing the average signal around pro-
moters and gene bodies of the Notch-upregulated genes
further support the presence of a pause release mechanism
(Fig. 4E,F). At 1 h after Notch activation, there were fewer
PRO-seq reads at the promoter and more in the gene body,
indicative of the transition of RNAPII from pausing to pro-
ductive elongation. By 4 h, the gene body signal increased
further, and the promoter signal rebounded to approach
that of the reference condition, consistent with reinitia-
tion after the initial release of paused RNAPIL

Browser shots of two Notch-regulated genes, NRARP
(Fig. 4G) and RHOV (Fig. 4H), further highlight the effect
of Notch activation in stimulating pause release. In the
reference condition (i.e., before Notch activation), both
promoters exhibit a peak of paused RNAPII proximal to
the promoter with very low signal in the gene body. At 1
h, a decrease in the paused peak is accompanied by release
of RNAPII into the gene body, with the highest gene body
signal observed at 4 h. There is also restoration of the
PRO-seq signal at the promoter at 4 h, consistent with in-
creased transcriptional initiation by RNAPII at this time
point. This delayed stimulation of initiation is particular-
ly evident for the canonical Notch-responsive gene HES],
which responds rapidly to Notch activation and shows
oscillations in PRO-seq signal over time, with a period
of ~2 h, consistent with previous studies (Supplemental
Fig. S4C; Hirata et al. 2002).

Because RNAPII pausing has been associated with
maintaining promoter accessibility (Gilchrist et al.
2010), we asked whether pausing itself could explain the
SWI/SNF independence of some of the Notch-responsive
genes. We found that the SWI/SNF-independent genes ex-

Notch stimulates RNAPII pause release

hibited a significantly higher pausing index than genes
that were sensitive to acute SWI/SNF inhibition (Fig. 4I).
Therefore, we propose that there are two mechanisms
by which promoters can be maintained in a Notch-respon-
sive state (Fig. 5). For most responsive genes, SWI/SNF is
required both to establish chromatin accessibility and to
maintain promoters in a Notch-responsive state, allowing
direct binding of NTC to either the promoter or enhancer
to promote RNAPII pause release. For a smaller propor-
tion of genes, high levels of stably paused RNAPII can
maintain promoter accessibility in the absence of SWI/
SNF activity, allowing access by NTC upon Notch path-
way activation, even when SWI/SNF is inhibited.

Discussion

Using time-resolved genomic approaches in Notch-naive
SC2 cells, we found that activated Notch stimulates
gene activity primarily by promoting release of paused
RNAPIL Our data also revealed that NTCs activate pre-
existing accessible sites rather than induce regions of
chromatin accessibility. These findings clarify the associ-
ations between SWI/SNF and Notch activation, demon-
strating the importance of SWI/SNF for establishing, and
in most cases maintaining, the permissive chromatin
state needed for stable NTC genomic binding and
Notch-dependent gene induction. The reliance of NTCs
on the prior opening of chromatin by other transcription
factors rationalizes why Notch signaling is able to induce
expression of different target genes in different cell types
and underscores the cooperation of Notch nuclear com-
plexes with distinct TFs in each cell type. Our findings
dovetail nicely with other systems in which signal-re-
sponsive and developmentally regulated expression pro-
grams are coordinated by combinations of TFs, with
lineage-determining TFs establishing the genomic land-
scape of accessible regulatory elements that are available
for binding by signal-responsive TFs (Heinz et al. 2010;

SWI/SNF Paused RNAPII

Jr

Vo X

SWI/SNF and paused RNAPII
establish accessibility at
Notch-responsive sites

Before
Notch Activation

NICDT MLt
RBPJ elongation

Upon
Notch Activation

Notch transcription complex
triggers pause release

Figure 5. Model figure depicting the pause release mechanism
for NTC-induced transcription.
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Lefterova et al. 2010; Biddie et al. 2011; Chambers et al.
2023). We speculate that other signal-dependent tran-
scription networks may function similarly, with signal-re-
sponsive TFs themselves playing little role in defining
chromatin accessibility. Instead, chromatin remodelers
can collaborate with other TFs (e.g., PU.1) (Heinz et al.
2010; Chambers et al. 2023) prior to signal induction to
generate the appropriate chromatin landscape for cell
type- or condition-specific binding of signal-responsive
TFs. Indeed, like the NTC, NF-«B also binds to previously
accessible chromatin (Utley et al. 1997; Saccani et al.
2001; Weinmann et al. 2001) and has been implicated in
regulating transcription elongation and pause release
(Adelman et al. 2009; Hargreaves et al. 2009), highlighting
parallels between Notch signaling and inflammatory
pathways.

Although we have shown here that the NTC does not
need to open chromatin to activate transcription, other
groups have shown that accessibility is higher at Notch-
responsive elements in cases of sustained Notch signaling
(Pillidge and Bray 2019), which could be due to the NTC
itself or other secondary factors induced by Notch. These
longer-term changes in chromatin accessibility are likely
to be important for opening and activating new regulatory
elements in developmental or disease contexts where
Notch signaling triggers changes in cellular state. It is
also well established that Notch activation results in in-
creased RBPJ [or Su(H)] ChIP signal at responsive binding
sites (Krej¢i and Bray 2007; Castel et al. 2013; Wang
et al. 2014). The increased RBPJ signal, however, need
not require changes in accessibility at these sites but
could instead result from an increase in stability of the
DNA-bound state of RBPJ in the context of the NTC
and/or other recruited transcriptional coactivators. These
studies, performed in asynchronous cells, also do not ad-
dress the potential for interplay among Notch signaling,
chromatin accessibility, and the cell cycle, which have
very different temporal dynamics.

Several features of our experimental design—synchroni-
zation of Notch activation by GSI washout, time-resolved
analyses of gene induction, readouts of nascent transcrip-
tion, and rapid-acting SWI/SNF inhibitors—made it possi-
ble to observe direct responses to Notch signal activation
and draw mechanistic inferences from these studies. Nota-
bly, the rigorous setup of our system allowed us to observe a
substantial effect of media change, apparent in our mock
washout matched time point controls. This finding raises
a concern that should be taken into account by the gene ex-
pression field anytime that media washout or exchange is
used to identify transcriptional targets (e.g., when GSI
washout is used to identify Notch-induced genes). Accord-
ingly, by rigorously filtering out nonspecific effects, we
identified fewer Notch target genes than described in
some studies but found the genes identified to be high-con-
fidence, direct targets. Indeed, the number of Notch-regu-
lated genes studied here is comparable with that seen in
studies identifying Notch targets in T-cell acute lympho-
blastic leukemia/lymphoma (Weng et al. 2006).

Why might a pause release mechanism be advantageous
for the action of Notch nuclear complexes? RNAPII paus-
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ing is known to promote synchronicity in gene activation;
for example, in the context of developing fly embryos to
ensure coordinated cell behavior in tissue development
(Boettiger and Levine 2009; Lagha et al. 2013). Because
Notch signals act at discrete times during tissue develop-
ment to direct cell fate decisions, the stimulation of RNA-
PII pause release by Notch can direct precise timing of
responses and specify robustness in cell fate choices in re-
sponse to a Notch signal. Given these considerations, one
developmental process that appears well suited to a pause
release mechanism of gene regulation is somitogenesis,
where Notch signals in the segmentation clock are highly
synchronous. Interestingly, canonical Notch target genes,
including HES1, HES2, and HES4, fall into the SWI/SNF-
independent gene group with higher levels of paused
RNAPII, consistent with these core targets being primed
for robust and synchronous Notch responsiveness.

In conclusion, our data support a new pause release
model for Notch-mediated gene activation. This model
establishes the groundwork for future inquiry into the
identity of transcription factors responsible for establish-
ing the landscape of paused RNAPII that Notch can act
on in distinct cell types, as well as the basis of how
NTC binding promotes RNAPII release. p300 activity is
stimulated at NTC targets in response to Notch activa-
tion, and the interaction between the MAMLI subunit
of the NTC and p300 is required for Notch-dependent
gene activation (Fryer et al. 2002; Saint Just Ribeiro et al.
2007; Rogers et al. 2020). This dependence suggests that
pause release may be stimulated by histone acetylation,
coupled to binding of BRD4 to acetylated histone tails
and the stimulation of P-TEFb activity at Notch-respon-
sive promoters (Core and Adelman 2019). Additionally,
it has been reported that the NTC can interact with com-
ponents of the superelongation complex (SEC) in flies and
could potentially directly recruit P-TEFb to its target
genes (Liu et al. 2017). It will be interesting in future
work to identify the mechanism by which Notch pro-
motes pause release and to determine whether these part-
ners of Notch are conserved or distinct across various
tissues and Notch-associated cancers.

Materials and methods

Cell culture and washout protocol

SC2 squamous cell carcinoma cells (Pan et al. 2020) were
cultured in keratinocyte media (see the Supplemental Ma-
terial). y-Secretase inhibitor (GSI) was prepared as a 1 mM
stock of compound E (EMD Millipore 565790) in DMSO
(Sigma-Aldrich 472301). Cells were split every 3—4 days
using 0.25% trypsin (VWR 45000-664) supplemented
with 1 uM GSI. Cells were incubated in 0.25% trypsin at
37°C until cells began to slough off the plate and then
were quenched with fresh media and replated. Cells
were routinely tested for mycoplasma and used for exper-
iments within 1 month of thawing a fresh vial.

For all GSI washouts, media was removed, and cells
were washed twice with media containing 0.1% DMSO
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instead of GSI and replenished with media containing
0.1% DMSO instead of GSI, for a total of three media
changes. In the mock washouts, both the washing media
and the replenishing media contained 1 uM GSI. For
experiments with BRMO14 (MedChem Express HY-
119374), the replenishing media, but not the washout me-
dia, contained either 1 pM BRMO14 or 0.01% DMSO de-
pending on the sample.

TT-seq sample preparation and library construction

The evening before the time course, eleven 15 cm dishes
were seeded with 10 million SC2 cells per plate in SC2
media with 1 uM GSI. Ten plates were used for sample
conditions, and the 11th plate was used as a sentinel plate.
Cells were harvested from this plate using 0.25% trypsin
and were counted to determine the total number of cells
per plate. For each replicate, it was assumed that all 10 ex-
perimental plates had the same number of cells as the sen-
tinel plate. Replicates were performed on different days (n
=2).

Washouts and mock washouts were performed as de-
scribed above in the GSI washout section. BRMO14 (1
BM) or the equivalent volume of DMSO was added in
the replenishing media after the two media changes. La-
beling was performed for 10 min in 15 mL of media supple-
mented with 500 uM 4-thiouridine (4-SU) (Thermo Fisher
J60679) with GSI and/or BRMO014 depending on the exper-
imental condition. For the 0 h time points, labeling media
was added immediately after the mock washouts. For the
1 h and 4 h time points, labeling media was added at 50
min or 3 h and 50 min after washout, respectively. To har-
vest cells for TT-seq, plates were quickly rinsed with 20
mL of PBS, and then 2 mL of Trizol (Thermo Scientific
15596026) was added to the plate. After 3 min of lysis in
the dish, the cell lysate in Trizol was collected and frozen
at —80°C. To prepare RNA, 1.4 mL of each sample was
used. For normalization purposes, fly spike-in cells were
used. RNA was then purified and used as input for TT-
seq library construction (see the Supplemental Material).
Libraries were pooled and sequenced paired-end with the
200 cycle kit on a NovaSeq S4 single lane.

ChIP-seq sample preparation and Ilibrary construction

Two days before the time course, cells were plated 1:4 into
three 15 cm dishes per sample in SC2 media with 1 pM
GSI. Replicates were performed on different days (n=2).
Cells were cross-linked with 1% formaldehyde at the indi-
cated time after GSI washout, and chromatin was pre-
pared from the cells (see the Supplemental Material).
Thirty microliters of H3K27ac antibody (Active Motive
39133) was used for each IP (see the Supplemental Materi-
al). For spike normalization, the same amount of sheared
Drosophila DNA was added to each sample before library
construction. Libraries were prepared using the NEBNext
Ultra Il DNA library preparation kit for [llumina (New En-
gland Biolabs E7645) and sequenced paired-end on a Nova-
Seq with an S1 single-lane 100 cycle kit.

Notch stimulates RNAPII pause release

ATAC-seq sample preparation and library
construction

The evening before the time course, cells were plated in 12
well dishes at 125,000 cells/well in SC2 media with 1 uM
GSI. Replicates were performed on different days (n=2).
At the time point after washout or mock washout, cells
were rinsed in PBS, harvested using 0.25% trypsin with
GSI and/or BRMO14 according to the sample, and
quenched with SC2 media containing GSI and/or
BRMO14. Cells were counted, and 100,000 cells were trans-
ferred to an Eppendorf tube and combined with 10,000 fly
spike-in cells. The spike-in S2 cells were collected, resus-
pended in Bambanker cryopreservative media (VWR
101974-112), aliquoted, and stored at —80°C. All spike-in
aliquots for one experimental time course replicate
were thawed and combined before beginning the time
course.

ATAC-seq was performed according to the OmniATAC
protocol (see the Supplemental Material; Grandi et al.
2022). Libraries were sequenced paired-end on a NovaSeq
with an S1 single-lane 100 cycle kit.

PRO-seq sample preparation

The evening before the time course, cells were plated on
nine 10 cm dishes at 5.5 million cells/plate in SC2 me-
dia with 1 uM GSI. Replicates were performed on differ-
ent days (n=2 and n =3 for the reference condition). At
the relevant time after washout, plates were rinsed
with PBS, and 0.25% trypsin (containing GSI for the
mock washout or an equivalent amount of DMSO for
all other time points) was added. Once cells were de-
taching from the plate, trypsin was quenched with
cold SC2 media (containing GSI for the mock washout
or an equivalent amount of DMSO for all other time
points), and cells were transferred to a 15 mL Falcon
tube. Cells were permeabilized, and PRO-seq libraries
were constructed as described in the Supplemental Ma-
terial. Pooled libraries were sequenced using the Illu-
mina 200 cycle kit on an S4 single lane, followed by an
additional run on a full SP lane for more depth for
some samples.

TT-seq mapping

Reads were mapped first to the spike genome (dm6) using
bowtie 1.2.2 (Langmead et al. 2009) and then to the human
genome (hg38) using STAR2.7.3a (Dobin et al. 2013). See
the Supplemental Material for additional mapping param-
eters. To normalize samples, reads mapping to exons in
the active gene models (see below) were counted using fea-
turecounts and used to calculate size factors using
DESeq2 (Love et al. 2014). PCA plots were generated using
DESeq2 over the top 500 genes. These size factors were
scaled so the minimum was 1 and were used to normalize
bedGraphs with the custom script normalize_bed-
Graph.pl. Biological replicates (n=2) were merged using
the script bedgraphs2stbedGraph.pl.
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ChIP-seq mapping

Reads were mapped first to the spike genome (dmé6) and
then to the human genome (hg38) using bowtiel.2.2
(Langmead et al. 2009) with options -kl -v2 — best. The
custom script bowtie2stdBedGraph.pl was used to make
bedGraph files with a 75 bp shift. As spike returns were
not different between time points, samples were depth-
normalized using the script normalize_bedGraph.pl. Bio-
logical replicates (n =2) were merged using the script bed-
graphs2stbedGraph.pl. See the Supplemental Material for
additional mapping parameters.

ATAC-seq mapping

Reads were first mapped to the spike genome (dmé6), and
reads that did not map to the spike were mapped to the hu-
man genome (hg38) using bowtiel.2.2 (Langmead et al.
2009). See the Supplemental Material for additional map-
ping parameters. A custom script, extract_fragments.pl,
was used to filter and retain unique reads between 10
and 150 bp, which corresponded to regions of open chro-
matin, and convert files into bedGraph format. Spike re-
turn rates were not significantly different between
samples. To normalize samples, reads mapping to the
—1 kb to +1 kb region around active promoters in this
cell type (see “Genome Annotation” below) were counted
using the custom script makeheatmap with the “-bv -v t
-s b” options. The number of these reads was used to cal-
culate size factors using DESeq2 (Love et al. 2014). These
size factors were scaled so the minimum was 1 and used to
normalize bedGraphs with the custom script normalize_-
bedGraph.pl. PCA plots were generated using DESeq2
over the top 500 promoters. Biological replicates (n=2)
were merged using the script bedgraphs2stbedGraph.pl.

PRO-seq mapping

Reads were mapped to a combined genome including both
the spike (dm6) and primary (hg38) genomes using bow-
tie2 (Langmead and Salzberg 2012). See the Supplemental
Material for additional mapping parameters. As spike per-
centages were not significantly different between sam-
ples, biological replicates were depth-normalized using
the script normalize_bedGraph.pl. PCA plots were gener-
ated using DESeq2 using gene body PRO-seq counts over
the top 500 genes. Biological replicates (n=3 for t=0,
and n=2 for all other time points) were merged using
the script bedgraphs2stbedGraph.pl. The merged ¢ = 0 bed-
Graph was normalized by multiplying by 0.66 using nor-
malize_bedGraph.pl so that all time points had an
equivalent depth. BedGraph files were binned in 10 bp in-
tervals and converted to bigwig files for visualization on
the genome browser using UCSC tools (Kent et al. 2010).

RNA-seq mapping

RNA-seq fastq files from Pan et al. (2020) for samples 4 h
after GSI washout (GSM4732270, GSM4732271, and
GSM4732272) and after mock washout (GSM4732261,
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GSM4732262, and GSM4732263) were downloaded from
the Sequence Read Archive. Reads were mapped to hg38
using STAR version 2.7.3a (Dobin et al. 2013) as described
above in “TT-seq Mapping.” Gene counts were deter-
mined using the featurecounts function in Rsubread
(Liao et al. 2014) package version 2.14.2, and log, fold
change after 4 h of GSI washout was determined using
DESeq2 (Love et al. 2014) version 1.40.2. Samples were
normalized using the size factors calculated by DESeq?2.

Genome annotation

To select gene-level features for differential expression
analysis and for pairing with PRO-seq data, we assigned
a single, dominant TSS and transcription end site (TES)
to each active gene. This was accomplished using a cus-
tom script, get_gene_annotations.sh, which used RNA-
seq read abundance and PRO-seq R2 reads (RNA 5’ ends)
to identify dominant TSSs and used RNA-seq profiles to
define most commonly used TESs. RNA-seq data from
Pan et al. (2020) at 0 h (GSM4732261, GSM4732262, and
GSM4732263) and 4 h (GSM4732270, GSM4732271,
and GSM4732272) after GSI washout were used, and
merged PRO-seq data from all conditions in this work
were used for this analysis to comprehensively capture
gene activity in these samples.

Differential gene expression analysis

TT-seq reads mapping to exons in the active gene models
were counted using the featurecounts function in the Rsu-
bread (Liao et al. 2014) package version 2.14.2, and these val-
ues were normalized using size factors in DESeq2 (Love
et al. 2014) version 1.40.2. Significance values were calcu-
lated for each comparison between conditions using the de-
sign formula ~replicate +condition. Genes were called
significantly changed if they had adjusted P-value<0.01
and |FC|>1.5 in either the 1h_washout DMSO or the
4h_washout_DMSO condition versus Oh_GSI_DMSO.
Four groups were then assigned: (1) Notch upregulated: sig-
nificantly upregulated in 1h_washout_DMSO versus
Oh_GSI_DMSO and (1h_washout_DMSO/1h_GSI_DMSO)
>1.5 or significantly upregulated in 4h_washout_DMSO
versus  Oh_GSI. DMSO and  (4h_washout_DMSO/
4h_GSI_DMSOJ>1.5; (2) Notch downregulated: signifi-
cantly downregulated in 1h_washout DMSO versus
Oh_GSI_DMSO and (1h_washout_DMSO/1h_GSI_DMSO)
<0.667 or significantly upregulated in 4h_washout_DMSO
versus  Oh_GSI. DMSO and  (4h_washout_DMSO/
4h_GSI_DMSO) <0.667; (3) nonspecific upregulated: signif-
icantly upregulated in 1h_washout_ DMSO versus
Oh_GSI_DMSO and not Notch upregulated; and (4) nonspe-
cific downregulated: significantly upregulated in 1h_wash-
out DMSO versus 0Oh_GSI. DMSO and not Notch
downregulated. Genes were then filtered to include only
those with at least 60 PRO-seq promoter (TSS to TSS+
150 nt) reads in one condition to select only for high-confi-
dence genes. For display in heat maps, experimental repli-
cates were averaged, and gene expression was normalized
such that the highest condition being displayed was set to 1.
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A list of unchanged genes was defined as genes not sig-
nificant in any of the above four categories that addition-
ally had a |FC| < 1.10 in either the 1h_washout_DMSO or
the 4h_washout_DMSO condition versus Oh_GSI_DMSO
(n=1484).

A list of inactive genes was defined as genes with <10
PRO-seq reads within the promoter (TSS to TSS + 150 nt)
at any time point (n=1295).

Enhancer identification

PRO-seq single-nucleotide bedgraph files were merged
over all time points and converted into bigwig files.
dREG (Danko et al. 2015) was used to predict putative
regulatory elements using these input files. These were
refined using a custom filtering script, dRIP-filter, to
keep only peaks with a dREG score of at least 0.5, a P-val-
ue of <0.025, and at least five PRO-seq reads in two con-
ditions. As an additional validation of enhancer quality,
H3K27ac ChIP signal (merged over all time points) was
counted over the potential dREG peaks using makeheat-
map using the “-b v -v t -s b” options, and only peaks
with at least 300 reads were kept. Next, promoter-proxi-
mal peaks (within 1 kb of active annotated promoters)
were removed, leaving only distal enhancers and enhanc-
ers within 1 kb of each other were merged into one win-
dow using bedtools merge. Enhancers overlapping
rRNAs, snRNAs, scRNAs, srpRNAs, tRNAs, or
snoRNAs were removed using bedtools intersect.
Enhancers were then classified as intragenic if they over-
lapped an active gene or intergenic if they did not. Intra-
genic enhancers overlapping two genes on opposite
strands were discarded, leaving a final list of 12,040
intergenic and 8983 intragenic enhancers.

Notch transcription complex (NTC) binding analysis

Eight-thousand-five-hundred-thirty-three ChIP peaks
bound by both RBPJ] and MAMLI, as determined by Pan
et al. (2020), were defined as NTC binding regions. The
intersectBed tool was used to identify genes with promot-
er NTC binding—those with an NTC binding region over-
lapping the 1 kb upstream of the TSS. To identify NTC-
bound enhancers, intersectBed was used to label enhanc-
ers that overlap an NTC binding region. The distance from
a gene TSS to the closest enhancer was calculated using
the bedtools closest function.

Assigning enhancers to genes

The closest NTC-bound enhancer (see above) to the TSS
of each Notch-upregulated gene was identified using the
bedtools closest function. Three genes had no NTC-
bound enhancers within 1,000,000 bp of the TSS and
were excluded from further analysis, yielding a group of
58 closest enhancers to Notch-upregulated genes, shown
in Figure 2, G and H. For aggregate plots shown in Figure
2, E and F, the dominant enhancer TSS for each of these
58 enhancers was identified in order to center the plots.
Unannotated TSSs called by TSS-call as part of the ge-
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nome annotation pipeline (see above) within the dREG
peaks were identified using bedtools intersect, and the
enhancer with the highest TSS score (from TSS-call) for
each enhancer was selected as the dominant enhancer
TSS (eTSS). For intragenic enhancers, only e¢TSSs on
the nongene strand were considered. This resulted in a
list of 56 enhancers with a dominant €TSS, which are
plotted in Figure 2, E and F. A control set of non-NTC-
bound enhancers was determined by first choosing the
closest enhancer within 1,000,000 bp of unchanged
genes from the TT-seq experiment. Bedtools intersect
-v was used to remove any enhancers that overlapped
an NTC ChIP peak, leaving a set of 932 enhancers
(shown in Supplemental Fig. S2B).

Gene ontology enrichment

Biological process GO term enrichment was determined
using the Molecular Signatures Database (MSigDB) (Liber-
zon et al. 2011) website (https://www.gsea-msigdb.org) on
all genes in groups 1 and 2. For groups 3 and 4, which had
>500 genes, the top 500 genes with the largest (group 3) or
smallest (group 4) fold change at 4 h were used as the
input.

Summing reads over genomic features

For analysis of PRO-seq reads over genes, genomic win-
dows were defined starting from the active gene annota-
tion. Gene body regions were defined as TSS + 250 nt to
TSS+5 kb or the first intragenic enhancer, whichever
came first. Principal component analysis shown in Sup-
plemental Figure S2A was performed over these regions
for genes >1 kb in length. TSS windows were defined as
TSS to TSS + 150 nt. Reads were counted over these re-
gions using the custom script makeheatmap using the
“b v -1s-ss” options. Counts were normalized by the
length of the genomic window.

Total ATAC-seq reads at promoters were counted using
makeheatmap using the “-b v -v t -s b” options over a win-
dow beginning 450 bp upstream of the TSS to 149 nt
downstream from the TSS. This window was chosen to
focus on the nucleosome-depleted region at the promoter.

H3K27ac ChIP-seq and ATAC-seq reads over dREG
peaks for Figure 3, G and H, were counted using make-
heatmap using the “-b v -v t -s b” options on single-nucle-
otide bedgraph files merged over replicates. The full dAREG
peak region was chosen for this analysis.

Aggregate plots

For PRO-seq aggregate plots around promoters, PRO-seq
reads were counted in 20 nt bins from TSS —100 nt to
TSS +1 kb, summing the total reads within the window
for each gene using makeheatmap with the “-bc-as-ls
-v t -s s” options. For aggregate plots in the gene body,
PRO-seq reads were counted in 40 nt bins from TSS +
500 nt to TSS + 1 kb, summing the total reads within the
window for each gene. The average value over the Notch
upregulated genes for each bin is shown in the plots.
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For ATAC-seq aggregate plots at promoters, ATAC-seq
reads were counted in 75 bp bins within 1 kb of the gene
TSS using makeheatmap with the “-bc¢c -au -v t -s b”
options.

For ATAC-seq and ChIP-seq aggregate plots over dREG
peaks, reads were counted around the dominant TSS for
the enhancer using makeheatmap with the “-bc-au-vt
-s b” options. ATAC-seq reads were counted in 75 bp
bins, and ChIP-seq reads were counted in 50 bp bins.

Calculating pausing indices

Pausing index is defined as PRO-seq reads per base pair in
the TSS (TSS to TSS + 150 nt) divided by PRO-seq reads per
base pair in TSS +250 nt to TSS +2250 nt or TES, which-
ever came first. Reads in these regions were counted using
makeheatmap using the “-b v -1 s -s s” options.

Data and code availability

TT-seq, PRO-seq, H3K27ac ChIP-seq, and ATAC-seq data
sets have been deposited in GEO (GSE269128) and are
publicly available upon publication. Custom scripts
have been deposited in Zenodo and are publicly available
at  https://zenodo.org/records/11222086 and https
://zenodo.org/records/6654472. Any additional informa-
tion required to reanalyze the data reported here is avail-
able from the corresponding author on request.
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