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ABSTRACT

Signal transduction pathways often involve tran-
scription factors that promote activation of defined
target gene sets. The transcription factor RBPJ is
the central player in Notch signaling and either forms
an activator complex with the Notch intracellular do-
main (NICD) or a repressor complex with corepres-
sors like KYOT2/FHL1. The balance between these
two antagonizing RBPJ-complexes depends on the
activation state of the Notch receptor regulated by
cell-to-cell interaction, ligand binding and proteolytic
cleavage events. Here, we depleted RBPJ in mature
T-cells lacking active Notch signaling and performed
RNA-Seq, ChiP-Seq and ATAC-seq analyses. RBPJ
depletion leads to upregulation of many Notch tar-
get genes. Ectopic expression of NICD1 activates
several Notch target genes and enhances RBPJ oc-
cupancy. Based on gene expression changes and
RBPJ occupancy we define four different clusters,
either RBPJ- and/or Notch-regulated genes. Impor-
tantly, we identify early (Hes1 and Hey1) and late
Notch-responsive genes (/IL2ra). Similarly, to RBPJ
depletion, interfering with transcriptional repression
by squelching with cofactor KYOT2/FHL1, leads to
upregulation of Notch target genes. Taken together,
RBPJ is not only an essential part of the Notch co-
activator complex but also functions as a repressor
in a Notch-independent manner.

INTRODUCTION

The Notch signaling pathway is highly conserved and con-
trols developmental and differentiation processes; when
dysregulated this can contribute to several diseases includ-
ing cancer (1-3). The Notch signaling pathway is seem-
ingly simple since it does not involve any second messen-
ger. In fact, upon ligand binding, the NOTCH receptor
is proteolytically cleaved releasing its intracellular domain,
known as NICD (NOTCH intracellular domain). Once
cleaved off from the membrane, the NICD translocates into
the nucleus, associates with transcription factor RBPJ as
well as coactivators MAML (MATERMIND-LIKE) and
acetyltransferase EP300 and activates the expression of
Notch target genes (4). The signal is terminated with the
help of proteasomal degradation of the NICD; this pro-
cess is tightly regulated by post-translational modifications
of the NICD itself (5,6). In absence of signaling through
the NOTCH receptor, RBPJ actively represses Notch tar-
get genes recruiting corepressors including SHARP (SMRT
and HDACs-associated repressor protein), KYOT?2 [also
known as FHL1C (four-and-a-half LIM domain protein
1C) in human] and L3MBTLS3 [lethal (3) malignant brain
tumor-like 3, also known as MBT1 (malignant brain tu-
mor 1)] (7). In this context, the RBPJ-associated coacti-
vator and corepressor complexes play key roles in regulat-
ing the chromatin environment by modulating histone post-
translational modifications (PTMs) as well as exchanging
canonical histones with histone variants (8-14).

While several genome-wide studies have investigated the
activating role of the NOTCH/RBPJ axis (15-18), the re-
pressive function of RBPJ is far less studied. So far, dere-
pression of Hesl and Heyl Notch target genes was shown
upon depletion of RBPJ in a hybridoma mature T cell
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line (MT) (19). Here, we make use of RBPJ depletion in
the same setting to characterize the repressive function of
RBPJ on a genome-wide scale. Subsequently, we profile
RBPJ-dependent transcription in presence or absence of
NOTCH activation. When combining localization of RBPJ
with changes in gene expression, we identify four differ-
ent clusters of genes regulated by RBPJ and/or NOTCH.
In addition, when disrupting the RBPJ corepressor by
squelching, we observe again derepression of Notch target
genes.

MATERIALS AND METHODS
Cell culture and treatments

Mouse hybridoma mature T (MT) E2-10HA cells (20-22)
and Beko cells were grown in Iscove’s modified Dulbecco’s
medium (IMDM, Gibco) supplemented with 2% FCS,
0.3 mg/1 peptone, 5 mg/1 insulin, nonessential aminoacids
and penicillin/streptomycin. 293T and Phoenix™ packag-
ing cells (Orbigen, Inc., San Diego, CA, USA) were cul-
tivated in Dulbecco’s modified Eagle’s medium (DMEM,
Gibco) supplemented with 10% fetal calf serum (FCS) and
penicillin/streptomycin. Cells were grown at 37°C with 5%
CO,. Drosophila melanogaster Schneider cells were grown
in Schneider’s Drosophila medium (Gibco 21720024) sup-
plemented with 10% fetal bovine serum (Gibco 10270-106),
Glutamine (Gibco 25030-024) and penicillin/streptomycin
(Gibco) and grown at 24°C. MT cells were treated with 20
wg/ml GSI (DAPT; Alexis ALX-270-416-M025), or with
DMSO as control for 24 h. MT NICDI-ER cells were in-
duced with (Z£)-4-hydroxytamoxifen (4-OHT) at 1 uM final
concentration (Sigma-Aldrich H7904-5MG) or ethanol as
control for the indicated time.

Infection of MT cells

5 x 10° Phoenix™ cells were seeded and 24 h later cells
were transfected with the plasmid DNA of choice. Briefly,
20 ng of DNA were mixed with 860 pl of H,O and 120 pl
of 2 M CaCl, by vortexing. The DNA solution was trans-
ferred dropwise to 1 ml of 2x HBS buffer (S0 mM HEPES
pH 7.05, 10 mM KCI, 12 mM glucose, 280 mM NacCl,
1.5 mM NaHPO,4) while vortexing and the solution was
incubated 20 min at room temperature. In the meantime,
1 pl/ml of 25 wM Chloroquine solution (Sigma-Aldrich)
were added to the Phoenix™ cells and the cells were in-
cubated for 10 min at room temperature. The DNA so-
lution was added to the cells and after 12 h of incuba-
tion at 37°C with 5% CO,, the medium was replaced with
fresh one. After 24 h of incubation, the medium contain-
ing the retroviral suspension was filtered and 1 pl/ml of
2 mg/ml Polybrene solution (Sigma-Aldrich) were added.
Fresh medium was added to the Phoenix™ cells that were
kept in culture for further infections. The retroviral solu-
tion was used for spin infection of MT cells by centrifuging
45 min at 1800 rpm at 37°C. In total, four spin infections
were performed over 2 days. Positively infected cells were
selected with puromycin (Serva) or blasticidin (Gibco) and,
eventually, GFP positivity was analyzed using a BD FACS
Calibur.

Generation of CRISPR/Cas9 depleted MT cells

The sgRbpj2—-12 and sgRbpj2—14 MT cell clones were
previously described (19). The sgRbpj 2—4 and sgRbpj 2—
7 MT cell clones were generated using the combination
of sgRbpj_oligo_3 and sgRbpj_oligo 4 while the sgRbpj_I—
5 MT cell clone was generated using the combination of
sgRbpj_oligo_3 and sgRbpj_oligo_4 as previously described
(19). The sequence of the sgRNA oligos is available in Sup-
plementary Table S8.

Constructs

All oligonucleotides used in this study are listed in Supple-
mentary Table S§8. PCR products were cloned in the pSC-
A-amp/kan (Agilent Technologies 240205-5), digested with
the selected restriction enzymes (New England Biolabs) and
cloned into the destination vectors accordingly to Supple-
mentary Table S9. All plasmids were analyzed by sequenc-
ing.

The pMY-BioNICD1 IRES-GFP, pMY-BioNICDI
DEP IRES-GFP and the pMIGRI Flag-NICD1-ER IRES
GFP plasmids have been previously described (8). The
pMY Bio-IRES Blasticidin was previously described (19).
The pMY NCMXH Bio-FLAG-NICD1 WT pSV40 Puro
has been previously described (23). The pcDNA-KYOT?2
WT and pcDNA-KYOT2 WWI192AA were a generous
gift of Dr. Rhett A. Kovall (University of Cincinnati,
USA) (24). The pMIGR1 GFP pSV40 Puro was generated
via standard cloning procedures. The lentiCRISPR v2
was a gift from Dr. F. Zhang (25) (Addgene plasmid #
52961). The CRISPR /Cas9 guides were designed using the
online tool available at http://crispr.mit.edu/. The desired
5" overhangs were added and oligos were phosphorylated,
annealed and ligated into the lentiCRISPRv2 predigested
with BsmBI.

RNA extraction, RT-PCR, qPCR and RNA-Seq

Total RNA was purified using Trizol reagent (Ambion,
15596018) accordingly to the manufacturer’s instructions.
1 pg of RNA was reverse transcribed into cDNA us-
ing random hexamers and M-MuLV reverse transcriptase
(NEB). qPCRs were assembled with Absolute QPCR ROX
Mix (Thermo Scientific, AB-1139), gene-specific oligonu-
cleotides and double-dye probes (see Supplementary Table
S8) and analyzed using the StepOne Plus Real Time PCR
system (Applied Biosystem). Data were normalized to the
housekeeping gene glucuronidase B (GusB).

For RNA-Seq purposes, total RNA was purified using
the RNeasy Mini Kit (Qiagen #74104), the QIAshredder
(Qiagen #79654) and the DNase I (Qiagen #79254) accord-
ingly to manufacturer’s instructions. Libraries were pre-
pared using the TruSeq@®) Stranded Total RNA LT-Ribo-
Zero Gold kit (Illumina RS-122-2301/2) and sequenced on
an [llumina HiSeq 1500 or on a NextSeq 550 with 50 bases
single reads. Alternatively, libraries were prepared at Novo-
gene and sequenced on a NovaSeq with 2 x 150 bp.

RNA-Seq analysis

Previously published datasets used in this study are listed
in Supplementary Table S1. Raw sequencing files for pub-
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lished and new data were analyzed within R v.4.1.2 (https:
[Iwww.r-project.org/) using a custom version of the system-
PipeR R/BioConductor package (26,27) including new pa-
rameter files for various tools. TrimGalore (https://github.
com/FelixKrueger/TrimGalore) was used to for quality and
adaptor trimming. The quality of the trimming was vali-
dated by inspection of the results obtained by the ‘seeFustq’
function included in systemPipeR. Alignment against the
mouse UCSC (mm9) genome (downloaded from Illumina’s
iGenomes) was performed using tophat v.2.1.1 (28) with ‘-
segment-length 25 —i 30 -1 3000’ parameters and stored as
binary alignment map (BAM). The efficiency of the align-
ment (e.g. percentage of aligned reads) was validated us-
ing the ‘alignStats’ function of systemPipeR. Picard tools
v.2.21.9 (http://broadinstitute.github.io/picard/) was used to
remove PCR duplicates. Genomic alignment’s (29) ‘summa-
rizeOverlaps’ function with the filtered BAM files and the
mm9 gene transfer format file (Illumina’s iGenomes) was
used to generate a table with read counts per gene. These ta-
bles were normalized and used to calculate differentially ex-
pressed genes using DESeq?2 v.1.28.1 (30). For the NICDI1-
ER datasets, previously published and new RNA-seq data
was merged and the batch effects were normalized using
DESeq2. We identified genes as significantly deregulated
when they had a log;FC > 1 or < —1 and an adjusted p-
value < 0.05.

Volcano plots based DESeq2 FDR and log,FC were
generated using the EnhancedVolcano (https://github.com/
kevinblighe/EnhancedVolcano) package. Gene over rep-
resentation analysis and GSEA was performed using a
custom-made script based on the clusterProfiler (31) pack-
age or for the clustered heat map using the Metascape (32)
web interface.

In the case of the GEO entry GSE148441 (33), we used
the preprocessed data as available as supplementary files
with containing differential gene expression expressed as
log2-transformed fold change values.

Microarray analysis

The microarray data (GSE97465 and GSE69091) (34,35)
were processed within R v.4.1.2. The data was downloaded
using the ‘getGEO’ function from the GEOquery package
(36). Expression data was scale normalized and differen-
tially expressed genes were identified using limma (37).

Preparation of nuclear extracts, whole cell extract (WCE)
and Western Blotting from MT cells

Nuclear extracts (NE) from MT cells were prepared as fol-
lows. Briefly, cells were washed with PBS and resuspended
in Buffer A (20 mM HEPES pH 7.9/20 mM NaCl/5 mM
MgCl,/10% glycerol/0.2 mM PMSF) at the concentration
of 1 x 10° cells/ml. The cell suspension was incubated 20
min on ice and mixed by vortexing. After 5 min centrifu-
gation at 4000 rpm at 4°C, the pellet was washed twice
in PBS and resuspended in Buffer C (20 mM HEPES
pH 7.9/300 mM NaCl/0.2% NP-40/25% glycerol/1 mM
MgCl,/0.2 mM PMSEF/1x Protease inhibitor mix/0.3 mM
DTT) at the concentration of 1 x 10° nuclei/100 wl. Af-

Nucleic Acids Research, 2022, Vol. 50, No. 14 7927

ter 20 min of incubation on ice, the nuclei suspension was
centrifuged 5 min at 13 200 rpm at 4°C and the super-
natant was collected. WCE were prepared as previously de-
scribed (8). Protein concentration was measured by Brad-
ford assay (Sigma-Aldrich) and samples were boiled af-
ter adding SDS-polyacrylamide gel loading buffer. Sam-
ples were resolved by SDS-Page and analyzed by Western
blotting using antibodies against GAPDH (1:1000; abcam,
ab8245), GFP (1:000; Roche, 11814460001), H3 (1:1000;
abcam, abl1791), NOTCHI (1:1000; abcam, ab128076),
NOTCHI1 (1:1000; CST 4147), NOTCH2 (1:1000; CST
5732), NOTCH3 (1:1000; CST 5276), NOTCH4 (1:1000;
CST 2423), RBPJ (1:1000; Cosmo Bio Co. Ltd, 2ZRBP2) or
RBPJ (1:1000; Cell Signaling Technology, 5313S). Briefly,
membranes were blocked in 5% milk, 1 x TBS, 0.1% Tween-
20 (TBS-T) for 1 h at room temperature and primary anti-
bodies were diluted in 5% milk, TBS-T. After incubation
over night at 4°C, membranes were washed in TBS-T, sec-
ondary antibodies against mouse (Cell Signaling, #7076S)
or rabbit (Cell Signaling, #7074S) were diluted 1:5000 in 5%
milk TBS-T and finally membranes were washed in TBS-
T. In the case of the RBPJ Western blotting (Cosmo Bio
Co. LTD, 2ZRBP2) membranes were blocked in 5% milk,
I1x TBS and the antibody was diluted 1:1000 in 5% BSA,
1x TBS, 0.3% NP40. After incubation over night at 4°C,
membranes were washed in 1 x TBS/0.5 M NaCl/0.5% Tri-
ton X-100 and the secondary antibody against rat (Jack-
son ImmunoResearch, 112-035-072) was diluted 1:5000 in
5% BSA, 1x TBS, 0.3% NP-40. Membranes were washed
in 1x TBS/0.5 M NaCl/0.5% Triton X-100. All mem-
branes were finally incubated with ECL solution and chemi-
luminescence was detected using a Vilber Fusion FX7
system.

ChIP-Seq

Chromatin immunoprecipitation (ChIP) was essentially
performed as previsouly described (38). The only modifi-
cation was that chromatin from D. melanogaster Schnei-
der cells was used for spike-in purposes (each 25 wg of
mouse chromatin, 25 ng of Drosophila chromatin were used
in ChIP against RBPJ transcription factor) in presence of 2
g of anti-His2Av (Active Motif 61686) for each immuno-
precipitation.

The following antibodies were used: H3K4mel (abcam,
ab8895), H3K4me3 (Diagenode, pAb-003-050), H3K27ac
(Diagenode, pAb-174-050) or RBPJ (Cell Signaling Tech-
nology, 5313S).

Libraries were prepared using the Illumina TruSeq ChIP
Library Sample Prep Kit SetA (Illumina, 1P-202-1012),
the Diagenode MicroPlex Library Preparation kit v2 (Di-
agenode C05010012) or the Diagenode MicroPlex Library
Preparation kit v3 (Diagenode C05010001) following man-
ufacturer’s instructions with few modifications. Libraries
were purified with Agencourt AMPure XP Beads (Beck-
man Coulter, #A63881), quantified, analyzed on an Agi-
lent Bioanalyzer or on an Agilent Tapestation device and
pooled. Finally, sequencing was performed on a HiSeq2000,
a HiSeq2500 or a NovaSeq device.
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ATAC-Seq

ATAC-Seq was performed with the ATAC-Seq kit (Active
Motif 53150) according to manufacturer’s instructions and
samples were sequenced on a NovaSeq device.

ChIP-Seq and ATAC-Seq analysis

Previously published datasets used in this study are listed
in Supplementary Table S10. Quality control and trimming
of ChIP-Seq and ATAC-Seq data were performed as de-
scribed for the RNA-Seq analysis. For the alignment of
ChIP-Seq reads bowtie2 v.2.3.5.1 (39) was used. ATAC-Seq
reads were aligned using HISAT2 v.2.2.1 (40) with ‘-no-
spliced-alignment’ parameter. After removal of PCR dupli-
cates, Peakranger v.1.18 (41) was used to call peaks on fil-
tered ChIP-seq BAM files or MAC2 v.2.2.7.1 (42) without
input was used to call peaks from ATAC-Seq BAM files.
MSPC v.4.0.0 (43) was used to combine the different ChIP-
seq replicates and evaluate the final ‘true positive peaks’.
For RBPJ ChIP-Seq in Control or BioNICD1 WT a peak
had to be conserved in at least two replicates in order to
get accepted as a real peak. Furthermore, we demanded
that peaks of the final peak list are not overlapping with
any peaks that were detectable in the RBPJ depletion or the
known mm?9 blacklisted regions (44). In case of ATAC-Seq
data, MSPC was not needed to validate peaks due to the
much better signal to noise ratios as compared to the ChIP-
Seq signals. We considered peaks that were conserved in at
least three replicates (based on peaks called by MACS with-
out input) as a real peak.

Peaks were associated to the putative target genes us-
ing in house tools, which works in a comparable manner
to GREAT’s (http://great.stanford.edu/public/html/) basal
plus extension model.

Heat maps for ChIP-Seq and ATAC-Seq were generated
with BED and bigWig files using deepTool’s (45) ‘com-
puteMatrix’ and ‘plot Heatmap’ functions. For the compar-
ison of RBPJ signals upon Biocontrol or BioNICD1 WT
deepTool’s ‘bamCompare’ was used. Motif enrichment anal-
ysis was performed using MEME suite v.5.0.5. Position of
RBPJ sites relative to the next TSS was calculated using
ChlIPseeker’s (46) ‘annotate Peak’ function.

To quantify the binding of different histone marks in
the proximity of RBPJ peaks we expanded the ranges by
650 base pairs in both directions in order to catch the
modifications that are present at the nucleosomes next
to the actual RBPJ binding sites. CSAW’s (47) ‘window-
Counts’ function with ‘ext = 110, width = 10’ parame-
ters was used to bin the genome and count reads within
those bins. Reads within bins that are overlapping with sites
of interest (RBPJ or histone modifications) were used for
the quantification of binding. In order to normalize those
counts normalization factors for all BAM files were calcu-
lated. Normalization factors were calculated by acquiring
the average count values of 150000 random sites from the
samples.

Snapshots were generated using the Gviz (48) pack-
age within R. A four-state HMM model was trained on
H3K4mel, H3K27ac, H3K4me3 ChIP-Seq and ATAC-Seq
data sets using ChromHMM (49).

RESULTS
Derepression of Notch target genes upon depletion of RBPJ

In order to define the role of transcription factor RBPJ
in a Notch-independent manner, we performed ChIP-Seq
experiments targeting RBPJ in a mature T-cell line (MT)
characterized by absence of Notch activity (8-10,19). In
this system, we depleted RBPJ by using the CRISPR /Cas9
technology as previously described (19). 1753 RBPJ bind-
ing sites were identified that are no longer detectable in
RBPJ depleted MT cells (Supplementary Tables S1 and
S2). To further characterize the RBPJ sites, accessible chro-
matin regions were mapped by ATAC-Seq. As expected, al-
most all (1735) RBPJ sites are located within open chro-
matin regions (Supplementary Figures SIA, B and Tables
S1 and S2) and only those 1735 sites were used for fur-
ther analysis. De novo motif discovery using MEME-ChIP
identified the RBPJ binding motif among the most signifi-
cantly enriched motifs (Supplementary Figure S1C and Ta-
ble S3). Additionally, the SP1 (specificity protein 1), NRF1
(nuclear respiratory factor 1) and NFYA (nuclear tran-
scription factor Y subunit alpha) motifs were identified as
strongly overrepresented (Supplementary Figure S1C and
Table S3). In order to understand the transcriptional func-
tion of RBPJ, we performed RNA-Seq experiments com-
paring wildtype versus RBPJ-depleted MT cells (Supple-
mentary Figure S2 and Tables S1 and S4). We identified
509 genes upregulated and 148 downregulated upon RBPJ
depletion in MT cells. When combining RNA-Seq and the
ChIP-Seq data, we could identify 72 genes that are differen-
tially expressed upon RBPJ depletion and bound by RBPJ
(Figure 1B). Among these, 40 genes are upregulated indicat-
ing that RBPJ, in the absence of Notch, acts as a repressor
of transcription.

Genome-wide analysis of RBPJ-bound and NICD1-induced
genes

Subsequently, we focused on the role of RBPJ in promot-
ing gene expression upon activation of the Notch signal-
ing pathway. First of all, we made use of our previously
published RNA-Seq data analyzing gene expression upon
expression of a (£)-4-hydroxytamoxifen (4-OHT)-inducible
NICDI1 (referred to as NICDI-ER) or of (tagged) NICD1
wildtype (NICD1 WT) in the same cell line (8) (Supple-
mentary Tables S1 and S4). We identified 216 upregulated
and 15 downregulated in both conditions (Supplementary
Figure S3A and Table S4). We reasoned that the consti-
tutive expression of the NICD1 WT may lead to upreg-
ulation of both early and late Notch responsive genes as
well as secondary targets while the NICD1-ER induction
for only 24 h may lead to upregulation of only early re-
sponse genes so we defined the 216 commonly upregulated
genes as ‘Notch target genes’. Among these 216 Notch tar-
get genes we found several Notch-associated GO terms and
KEGG pathways to be statistically significantly enriched
(Supplementary Figure S3B and Table S5). In order to in-
vestigate the importance of RBPJ for gene expression upon
activation of the Notch pathway, we also ectopically ex-
pressed the NICD1 WT in control or RBPJ-depleted MT
cells (Figure 2A) and performed RNA-Seq (Supplemen-
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Figure 1. Identification of direct RBPJ target genes. (A) Genome-wide occupancy of RBPJ was investigated by ChIP-Seq in wild type or RBPJ (sgRbpj)
depleted mature T- (MT) cells. Shown are the 1735 RBPJ sites that overlap with ATAC-Seq signal. Heat map is sorted based on the mean RBPJ binding
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genes that are significantly deregulated upon RBPJ depletion.

220Z J8qWIBAON | | UO J8sn uassals) 19ejisIaniun Jop walkssyayiolaig Aq 8¥61v99/526. /¥ 1L /0S/e[0nie/ieu/wod dno-olwapese//:sdny woJj papeojumoq



7930 Nucleic Acids Research, 2022, Vol. 50, No. 14

A

Control
SgRbpj_2-12
SgRbpj_2-14

Control
NICD1 WT
Control
NICD1 WT
Control

‘ NICD1 WT

WB: NOTCH1

RB: RBPJ

WB: GAPDH

v 1

j ——

0______"___r—;| ' — —

I | —  — T e

I .

' ! '

I
R '

T T T T T T
Es =Y 7] = = @
B3 EX o = = _ 2=
- < = - Y %U)
a8 Z3 a= 3% >0
09 ol o8 oY, Z
z=  o% 25 23

za 20 22
1o
2c Ol
o 52
o o.c
< Ed

Figure 2. RBPJ is required for the Notch-dependent gene induction. M T cells control or depleted of RBPJ (clone sgRbpj_2—12) were infected with plasmids
encoding a biotinylatable form of the NOTCHI intracellular domain wildytype (BioNICD1 WT) or with the empty vector control (Biocontrol). (A)
Western blotting showing that BioNICD1 WT is efficiently expressed in MT cells depleted of RBPJ (sgRbpj2—-12 and sgRbpj2—14) and control. (B) Box
plot showing that RBPJ is required for the Notch-mediated gene induction in MT cells. Notch target genes (216 commonly upregulated genes from NICD1
WT and 24h of NICD1-ER) show no upregulation with NICD1 WT in RBPJ depleted MT cells. Additionally, the treatment for 24 h with -y-secretase
inhibitor (GSI; DAPT), an inhibitor of the Notch pathway, has no effects on the expression of Notch target genes in MT cells. Effects on gene expression

were analyzed by RNA-Seq.

tary Tables S1 and S4). We observed that the NICD1 WT
is unable to induce Notch target genes in RBPJ-depleted
cells (Figure 2B and Supplementary Table S4). Of note, the
Notch pathway is not active in our MT cells since Notch
target genes are not downregulated upon treatment with
v-secretase inhibitor (GSI) (Figure 2B and Supplementary
Tables S1 and S4), that blocks the Notch pathway (16,23).
In addition, we observed that expression of most Notch
receptors (Notchl, Notch3 and Notch4) is undetectable in
MT cells, while Notch2 is expressed (Supplementary Fig-
ure S4A, B).

To better understand the effect of the Notch activation on
the RBPJ occupancy, we ectopically expressed the NICD1
WT or a hypoactive NICD1 mutant defective for the in-
teraction with EP300, termed NICD1 AEP (NICD1 AEP)
(50) and performed ChIP-Seq versus RBPJ (Supplementary
Tables S1 and S2). In the NICD1 WT expressing cells, we
identified 3735 RBPJ binding sites that are not detectable
in RBPJ-depleted cells (Figure 3A and Supplementary Ta-
ble S2). Importantly, in presence of the NICD1 WT, we
identified more RBPJ binding sites compared to the wild
type control cells (Supplementary Figure S5A), and also
enhanced RBPJ binding in presence of NICD1 WT com-
pared to the wild type control cells (Figure 3A, B and Sup-
plementary Figure S5B), suggesting that the NICDI1 sup-
ports the binding of RBPJ to the genome as previously
described (18). The increased RBPJ binding was not de-
tectable in the NICD1 AEP-expressing cells (Figure 3A,
B). The RBPJ binding motif was identified in the group of
3735 RBPJ binding sites together with the binding motif for
SP2 (specificity factor 2), NRF1 and RUNX1 [Runt-related
transcription factor 1, also known as AMLI (acute myeloid
leukemia 1)] among others (Supplementary Figure S5C and
Table S3).

Finally, we combined the ChIP-Seq in MT cells overex-
pressing the NICD1 WT with the RNA-Seq. Upon acti-
vation of the Notch pathway, we identified 65 genes that
are not only upregulated by NICDI1 but also bound by
RBPIJ (Figure 3C). Several of these genes are already known
Notch target genes like Hesl, Heyl, I2ra, DtxI and Nrarp
(Figure 3C).

Together, our analyses allowed wus to identify
Notch/RBPJ target genes: They are defined by (i) oc-
cupancy of RBPJ and (ii) induction by NICD1.

Genome-wide view of Notch-dependent and independent func-
tions of RBPJ

Subsequently, we performed an integrative analysis of our
ChIP-Seq and RNA-Seq data generated upon depletion
of RBPJ or Notch induction. By combining both sets, we
identified a total of 4307 RBP]J sites (Supplementary Fig-
ure S6). In a supervised clustering approach, we identi-
fied four different classes of genes characterized by specific
RBPJ/NICDI1-dependent regulatory patterns (Figure 4A
and Supplementary Table S6): Cluster I is characterized by
genes that are induced upon RBPJ depletion, NICD1 WT
expression or 24 h of NICD1-ER induction, such as Hes!,
Heyl and Lgmn that are well-known Notch target genes;
Cluster II contains genes that are induced upon RBPJ de-
pletion or NICD1 WT expression but not upon 24 h of
NICDI1-ER induction, for example //2ra (interleukin 2 re-
ceptor subunit alpha, also known as CD25), a well-known
Notch target gene; Cluster III represents genes induced
upon NICD1 WT or 24 h of NICD1-ER but remain un-
changed in RBPJ depleted setting, for example D¢x/ and
Nrarp, two well-known Notch target genes encoding for
negative regulators of the Notch signaling pathway; Clus-
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in MT cells upon Notch activation by infection with plasmids encoding a biotinylatable form of the NOTCHI1 intracellular domain wildtype (BioNICD1
WT; blue), a hypoactive NICD1 mutant lacking the EP domain (BioNICD1 AEP; purple) or with the empty vector control (Biocontrol; grey). Additionally,
wild type and RBPJ (sgRbpj) depleted MT cells are also shown. Heat map is sorted based on the mean RBPJ binding per region over all samples. (B)

Quantification of the effects on RBPJ binding by Notch activation as shown in A. (C) Heat map showing significant expression changes of RBPJ bound
genes upon activation of Notch signalling by either expression of BioNICD1 WT or induction of the NICD1-ER upon 24 h of (Z)-4-hydroxytamoxifen

(4-OHT) treatment.

220Z J8qWIBAON | | UO J8sn uassals) 19ejisIaniun Jop walkssyayiolaig Aq 8¥61v99/526. /¥ 1L /0S/e[0nie/ieu/wod dno-olwapese//:sdny woJj papeojumoq



7932 Nucleic Acids Research, 2022, Vol. 50, No. 14

A
2.0
o 0 ® Cluster |
o A Cluster Il
P M Cluster Ill
= 154 Cluster vV
=2 _____HesT |custer! 5
T,,"E': Hey1 b
P Lgmn 1.0+
= Q
oy N
5 [¢)
Jrodin b
,‘w.« 11261 8“"
o S0.54
=——Il2ra Cluster Il
Nope
et
ig:zz 0 -
e T T T T
%‘a"f 0 4 8 24
we———Dix1 Time (h)
—
Feature distribution of RBPJ binding sites
& Nrarp Cluster Il 9
e
[ Random sites ||’
Soon
Yo RBPJ sites
fased
e
2%332;20.,‘:5 All clusters
E‘ﬁ‘;”én Cluster |
k=4
ey Cluster Il
—— o
§£§,"°”‘”’“ Cluster Il
?:5:; Cluster IV Cluster IV
gﬂ?ﬁ-;g 0 25 50 75 100
R o Percentage (%)
o
%:ﬁ Feature
:’*?"J:Y Promoter (<1kb)
o [l Promoter (1-2kb)
! Promoter (2-3kb)
Serasto M 57 UTR
ot Hl 3° UTR
ol I 1 Exon
et [T Other exons
e [ 1™ Intron
) [l Other introns
NICD1WT/  NICD1-ER SgRbpj | Downstream (<300kb)
Control 4-OHT / EtOH Control B Distal intergenic
-10 -5 0 5 10
log2FC

Figure 4. Four different RBPJ/Notch dependent gene clusters are revealed by integrative analysis of RBPJ occupancy and gene expression. (A) Heat
map showing the different transcriptional responses of RBPJ bound and significantly deregulated genes either upon BioNICD1 WT infection (continuous
Notch activation), 24 h (Z)-4-hydroxytamoxifen (4-OHT) treatment of NICD1-ER infected MT cells or in RBPJ depleted MT cells. Cluster I represents
genes that are upregulated by Notch activation as well as RBPJ depletion. Cluster I contains genes that are upregulated by continuous Notch activation
(BioNICD1 WT) as well as RBPJ depletion. Cluster 111 genes are exclusively responsive upon Notch activation. Cluster IV are genes that are unresponsive
to Notch activation, but upregulated upon RBPJ depletion. (B) Line plot shows the average gene expression changes after different time points of 4-OHT
treatment in a cluster specific manner. Genes of cluster I and 111 are quickly induced by activation of the Notch pathway by 4-OHT-mediated induction
of NICDI1-ER. Cluster III genes show only slight responsiveness after 24 h treatment and genes of the fourth cluster are generally not responsive. (C)
Stacked bar plots showing the features associated with RBPJ binding sites. RBPJ binding sites. Overall RBPJ binding sites are predominantly associated
with promoters. Within RBPJ binding sites associated with the four clusters, the sites of cluster III are the least related with promoter regions.
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ter IV contains genes derepressed upon RBPJ depletion but
not induced by NICD1 WT expression or 24 h of NICD1-
ER. This was further validated using quantitative RT-PCR
in the same clones (Supplementary Figure S7A) and also
in additional independent RBPJ-depleted clones (Supple-
mentary Figure S7B-C) as well as upon 4-OHT -mediated
induction of NICDI-ER (Supplementary Figure S8).

In addition to the 24 h of NICD1-ER induction, we per-
formed time-course experiments using the NICD1-ER ex-
pressing cells (4, 8 and 12 h) to investigate whether it is pos-
sible to further define early and late responsive Notch target
genes (Figure 4B, Supplementary Figure S9 and Tables S1
and S4). While genes of clusters I and III are immediately in-
duced upon NICD1-ER induction, genes of cluster IV are
not responsive (Figure 4B, Supplementary Figure S9 and
Table S4). Importantly, genes from cluster IT are weakly in-
duced only at 24 h of treatment (Figure 4B, Supplementary
Figure S9 and Table S4), and this cluster includes //2ra, a
key receptor modulating T-cell development and also pos-
itive autologous feedback regulation. Of note, cluster I in-
cludes Hesl and Heyl that encode for transcriptional re-
pressors while cluster III includes Dzx/ and Nrarp that en-
code for two different negative feedback regulators of the
Notch signaling pathway. Additionally, we validated these
results by qPCR by ectopically expressing the NICD1 WT
in RBPJ-depleted cells or in control cells and we observed
that genes of clusters I, IT and III require RBPJ to be in-
duced by Notch (Supplementary Figure S10). In order to
validate the relevance of the identified cluster specificities,
we monitored the corresponding gene expression in pub-
licly available data sets. Genes of cluster I and III are both
induced by NICD1 in two different contexts, in TO6E acute
lymphoblastic leukemia cells and in small cell lung cancer
(SCLC) (Supplementary Figure S11A, B) as well as down-
regulated in primary T cells depleted of both Notchi and
Notch2 (Supplementary Figure S11C, D), supporting the
strong dependency of genes of clusters I and III on Notch.

Furthermore, we investigated whether positioning of
enhancer relative to the transcriptional start site (TSS)
of target genes matters in regard to RBPJ/NICDI-
responsiveness. We observed that in general many RBPJ
binding sites are in close proximity to the TSS (Figure
4C and Supplementary Figure SI2A). Cluster III, contain-
ing well-known feedback regulators of the Notch response
(Dtx1 and Nrarp), display the enhancer sites that are most
far away from TSSs (Figure 4C and Supplementary Fig-
ure S12A). One interpretation is that genes coding for feed-
back regulators have a characteristic enhancer positioning,
making them possibly less dependent on RBPJ-mediated re-
pression. MEME analysis identified the RBPJ binding mo-
tif among the significantly enriched motifs in clusters I, III
and IV but not in cluster II (Supplementary Figure S12B
and Table S3). Finally, we observed that genes in cluster |
are associated with GO terms related to development. In
contrast, genes in cluster II are associated with GO terms
related to immune response similarly to genes in clusters 111
and IV (Supplementary Figure S12C and Table S7). In ad-
dition, genes in cluster I'V are associated with GO terms re-
lated to the transforming growth factor beta (TGFB) (Sup-
plementary Figure S12C and Table S7).
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For further characterization of the clusters, we performed
ChIP-Seq for selected histone marks (H3K27ac, H3K4me3
and H3K4mel) in order to study the RBPJ/NICDI-
dependent chromatin dynamics (Supplementary Table S1).
We defined four different chromatin states based on chro-
matin accessibility, H3K4mel, H3K27ac and H3K4me3:
State 1 represents distal enhancers displaying preferen-
tial enrichment for H3K4mel while cluster 4 represents
proximal enhancers showing a preferential enrichment for
H3K4me3 (Supplementary Figure S13A). State 2 repre-
sent an intermediate state between 1 and 2 (Supplemen-
tary Figure S13A). Based on this, we observed that RBPJ
sites associated with genes in cluster IV are preferentially
enriched for state 4 and poorly enriched for states 1 and 2
while Clusters I, I and III are preferentially enriched for
states 1 and 2 (Supplementary Figure S13A). Generally, de-
pletion of RBPJ resulted in a slight decrease in H3K27ac
and a mild increase in H3K4me3 and H3K4mel at the
RBPIJ binding sites (Supplementary Figure S13B). When in-
specting the individual clusters, we observed increased chro-
matin accessibility, H3K27ac and H3K4me3 upon RBPJ
depletion at the RBPJ binding sites associated with clus-
ter I whereas H3K4mel remained constant (Supplemen-
tary Figure S13C-F). Cluster II featured a slight but sig-
nificant increase in chromatin accessibility, H3K27ac and
H3K4me3 and again no changes in H3K4mel (Supplemen-
tary Figure S13B-F). In cluster III depletion of RBPJ led
to an increase of H3K4mel whereas chromatin accessibil-
ity, H3K27ac and H3K4me3 remained unchanged (Sup-
plementary Figure S13B-F). Finally, cluster IV was char-
acterized by increased chromatin accessibility, H3K27ac,
H3K4me3 and H3K4mel upon RBPJ depletion (Supple-
mentary Figure S13B-F). Some representative examples are
shown for Hesl (cluster 1), DtxI (cluster III) and Kcnnl
(cluster IV) (Supplementary Figure S13G-1).

We have previously shown that the histone variant
H2A.Z acts as a repressor of Notch target genes (8). In
line with this, genes in clusters I, II and IV, which are
derepressed upon RBPJ depletion, are strongly upregulated
upon H2A.Z depletion. As expected, this is not the case for
genes of cluster 111 (Supplementary Figure S13J and Tables
S1 and S4).

Together, RBPJ depletion in MT cells correlates with in-
creased H3K27ac and with minor alterations in regard to
other histone marks.

Ectopic expression of KYOT2 results in derepression of
Notch target genes

As an alternative to depletion of transcription factor RBPJ
using CRISPR/Cas9, we aimed to disrupt the RBPJ-
associated corepressor by ectopically expressing RBPJ-
binding cofactor KYOT2, which is harboring a WxP mo-
tif commonly found in RBPJ-interacting proteins (22).
KyoT?2 is also not expressed in our MT cells, whereas other
RBPJ-corepressors like SHARP and L3MBTL2 are ex-
pressed. In order to squelch away RBPJ-associated core-
pressors, we ectopically expressed either KYOT2 WT or the
RBPJ-interacting defective WW192AA mutant (KYOT?2
WW/AA) in MT cells (Figure SA and Supplementary
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Figure 5. Ectopic expression of RBPJ binding protein KYOT2/FHLI results in derepression of a subset of Notch target genes. (A) Western blot showing
the expression of GFP-tagged KYOT?2 wildtype (WT) and of GFP-tagged RBPJ binding defective KYOT2 mutant (KYOT2 WW/AA) in mature T (MT)
cells. (B) Venn diagram representation of the overlap between significantly deregulated genes upon ectopic expression of GFP-tagged KYOT2 WT or GFP-
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analysis based on the KEGG database. The KEGG pathway ‘Notch signaling pathway’ is significantly enriched upon ectopic expression of KYOT2 WT

but not of KYOT2 WW/AA mutant.

Figure S14A). KYOT2 WT and KYOT2 WW/AA are
equally expressed as demonstrated by Western blotting
(Figure 5A). We reasoned that the KYOT2 WT but not the
KYOT2 WW/AA mutant would interfere with the repres-
sive activity of the endogenous RBPJ-associated corepres-
sor (Supplementary Figure S14A). Transcriptomic analysis
showed significant differences in the gene expression lev-
els upon ectopic expression of KYOT2 WT or KYOT2
WW/AA mutant with only 7 genes commonly deregu-
lated by both constructs (Figure 5B, C). We first vali-
dated the results of our RNA-Seq by RT-qPCR looking
at genes that are upregulated by KYOT2 WT but not by
KYOT2 WW/AA mutant (Figure 5D). Among the dereg-
ulated genes, KEGG pathways and GO terms related to
Notch signaling were amongst the most significantly en-
riched functions, confirming the ability of KYOT?2 to in-
teract with RBPJ at Notch target genes (Supplementary
Figure S14B and Table S5). Similarly, GSEA identified
Notch-related terms (Figure SE and Supplementary Fig-
ure S14C and Table S5). Filtering for RBPJ-bound genes
that are differentially deregulated upon ectopic expression
of KYOT2 WT we identified Notch target genes Hes! and

Heyl (Supplementary Table S4). Together, KYOT2 WT
but not KYOT2 WW/AA mutant is able to interfere with
the RBPJ-associated corepressor complex at Notch target
genes.

DISCUSSION

Our study elucidates genome-wide the molecular mecha-
nism of transcription factor RBPJ in the absence and pres-
ence of Notch coactivator. By depleting RBPJ and ex-
pressing activated Notch in presence and absence of RBPJ,
we define gene clusters that are RBPJ- and/or Notch-
dependent. The observed derepression upon RBPJ deple-
tion is widespread, including several known Notch target
genes.

Our study is in line with previously published data show-
ing that the binding of RBPJ is stabilized by active Notch
signal (17,18) and that it occurs on open chromatin (51), in-
dicating Notch-dependence. However, our data also reveals
that RBPJ can also act in a Notch-independent manner.
There are RBPJ-bound genes, that are repressed by RBPJ-
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corepressor but do not respond to Notch activation (cluster
IV genes).

Cluster I and cluster 11T genes immediately respond to
Notch, whereas cluster II genes respond weaker and later.
Cluster I is characterized by genes induced upon RBPJ de-
pletion as well as by Notch-induction, cluster III genes are
induced by Notch but not upon RBPJ depletion. Cluster 1T
are late-responsive genes that are induced upon RBPJ de-
pletion or NICD1 expression but not upon 24 h of NICD1-
ER induction. The reason for these kinetic differences re-
mains unclear. One possible scenario is that additional tran-
scription factors stabilize the RBPJ/NICDI1 coactivator
complex at genes of cluster I and III, whereas this is not
the case for cluster II genes. Another option is that possi-
bly tandemly repeated RBPJ sites allow cooperative binding
of two RBPJ/coactivator complexes as previously reported
for cluster I gene Hes! (35). Interestingly, genes in cluster
IV are not induced by Notch but repressed by RBPJ. This
could be explained by a scenario in which the RBPJ core-
pressor can form a repressive structure, possibly supported
by other transcription factors or chromatin marks, that no
longer allows activation by Notch. It remains to be seen,
whether cluster IV genes are truly Notch-independent or
whether they are Notch-induced in other cell types.

Interestingly, clusters I and II include several known
Notch targets such as Hesl, Heyl and II2ra (52) while neg-
ative feedback regulators of the Notch response, such as
Nrarp and Dtx1 (53-56), are members of cluster III. In ad-
dition, clusters I and II include Socs! and Socs3 that en-
code for regulators of cytokine signaling that have been
previously linked to the Notch signaling pathway (57,58).
Our data provide a molecular explanation of the differenti-
ation block observed at early stages of T cells differentiation
upon loss-of-function of Socs/ and Socs3 (59) which we
identify as downstream targets of the Notch signaling path-
way that is well known to be essential for the early stages
of T cells development (60,61). Interestingly, cluster III in-
cludes Lrpl which encodes for a positive regulator of the
Notch response (62,63) furthermore marking the point that
genes in cluster III may be required to ensure the control
of the Notch response. The observation that genes in clus-
ter IV, such as Ccl5, KIf7 and Padi2, have been previously
described to correlate positively or negatively with Notch
activation (64-66) would suggest that those genes are reg-
ulated by Notch in a cell-type and/or tissue-specific fash-
ion. However, why these genes are insensitive to Notch ac-
tivation remains unclear and this aspect needs to be fur-
ther investigated. One scenario is that RBPJ regulates gene
expression in conjunction with an additional transcription
factor and/or RBPJ requires an additional cofactor, ex-
pressed later on, to become Notch-responsive again. Pro-
moter architecture, for example distance of the enhancer
to the TSS, or chromatin context could also contribute to
Notch-responsiveness.

Our data reveal in a genome-wide approach that RBPJ
not only binds but also represses transcription in the ab-
sence of Notch. Previously, it was shown that RBPJ to-
gether with HDAC-containing corepressors is able to medi-
ate transcriptional repression, terminating NICD/EP300-
mediated transcriptional activation (9).

Our study is in line with previous data that have shown
the dependence on different Notch receptors during T-cell
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development (33): Early response genes (clusters I and III)
are significantly downregulated upon Notchl/Notch2 de-
pletion compared to genes in clusters Il and IV and this
downregulation is stronger in Phase 1 T-cells (DN1 and
DN2a stages) compared to Phase 2 T cells (DN2b and DN3
stages). There are studies that RBPJ is only needed as part
of the NICD-associated coactivator complex (18). In addi-
tion, conditional knockout of RBPJ and Notch also dis-
played very similar phenotypes in regard to T-cell devel-
opment (61,67). On the other hand, biochemically, several
transcriptional corepressors have been described to directly
interact with RBPJ. Their in vivo significance as well as their
Notch-related phenotypes have been confirmed by several
different groups including ours. The interactions between
RBPJ and corepressors are further supported by unbiased
proteomic screens (14). Only in the last few years, several
studies appeared demonstrating a Notch-independent in
vivo function of RBPJ in angiogenesis (68,69) and vascu-
lar permeability (38) and a tumor suppressive role of RBPJ
has been postulated in certain cancers such as breast cancer
(70).

Our genome-wide study supports the notion, that the
Notch-independent function of RBPJ is more widespread
than previously thought affecting many genes. In future,
this Notch-independent in vivo functions of RBPJ need to
be further elucidated.
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