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Gain-of-function Notch mutations are recurrent in mature small B-cell lymphomas such as mantle
cell lymphoma (MCL) and chronic lymphocytic leukemia (CLL), but the Notch target genes that
contribute to B-cell oncogenesis are largely unknown. We performed integrative analysis of Notch-
regulated transcripts, genomic binding of Notch transcription complexes, and genome
conformation data to identify direct Notch target genes in MCL cell lines. This unique B-cell
Notch regulome is largely controlled through Notch-bound distal enhancers and includes genes
involved in B-cell receptor and cytokine signaling and the oncogene M YC, which sustains
proliferation of Notch-dependent MCL cell lines via a Notch-regulated lineage-restricted enhancer
complex. Expression of direct Notch target genes is associated with Notch activity in an MCL
xenograft model and in CLL lymph node biopsies. Our findings provide key insights into the role
of Notch in MCL and other B-cell malignancies and have important implications for therapeutic
targeting of Notch-dependent oncogenic pathways.

eTOC blurb

Ryan et al. reveal targets of Notch signaling in B-cell cancers associated with Notch gain-of-
function mutations. Many Notch-responsive genes are part of pathways implicated in B-cell cancer
pathogenesis. These findings provide insights into the role of Notch and a rationale for targeting
Notch in B-cell cancers.

NOTCH1/4 Tra
-rearranged Target gene
pathways:
i ol
. ') NICDT | |
MAML1 |
Notch ligand H3K27ac 1al | = v
-stimulated MYC
Validation:
dCas9-KRAB Mantle cell Chronic lymphocytic
inhibition lymphoma xenograft leukemia biopsies
P
A ke _
E P +/- Notch inhibitor NICD1+ NICD1-

Introduction

Notch signaling controls development and tissue homeostasis in metazoan animals
(reviewed in (Bray, 2016) and when dysregulated contributes to the pathogenesis of several
hematologic malignancies and solid tumors (reviewed in (Aster et al., 2016)). Signaling
relies on ligand-mediated proteolysis of Notch receptors by gamma-secretase, which
releases the Notch intracellular domain (NICD), allowing it to translocate to the nucleus and
form a Notch transcription complex (NTC) with the DNA-binding factor RBPJ and co-
activators of the Mastermind-like (MAML) family. NTCs recruit factors such as p300 and
Mediator and activate Notch target gene expression.
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Outcomes produced by Notch signaling are cell context-specific, presumably because Notch
drives distinct gene expression programs in different cell types. Both gain- and loss-of-
function Notch mutations are observed in various human cancers, indicating that Notch can
be oncogenic or tumor suppressive depending on cell context. However, detailed
descriptions of Notch target genes and linked regulatory elements have been confined to a
single cancer, T-cell acute lymphoblastic leukemia (T-ALL) (Wang et al., 2014), in which
Notch has an oncogenic role.

Notch-mutated cancers include several subtypes of mature small B-cell lymphomas.
NOTCH!1 is the most frequently mutated gene in chronic lymphocytic leukemia (CLL, also
known as small lymphocytic lymphoma) (Puente et al., 2011; Puente et al., 2015), NOTCH1
and NOTCHZ mutations occur in mantle cell lymphoma (MCL) (Bea et al., 2013; Kridel et
al., 2012), and NOTCHZis often mutated in splenic marginal zone B-cell lymphoma (Kiel et
al., 2012; Rossi et al., 2012). Most Notch mutations in B-cell tumors are frameshift or
nonsense mutations in a C-terminal PEST degron domain that increase NICD half-life,
pointing to an oncogenic role for Notch in B-cell tumors. Such mutations are linked to
disease progression and decreased survival in CLL and MCL (Fabbri et al., 2011; Rossi et
al., 2012). /n situ studies detected activated NOTCH1 (NICD1) in >80% of CLL lymph node
biopsies (Kluk et al., 2013), suggesting a broad role for Notch signaling in CLL.

In this study, we used model cell lines and primary tumor samples to identify Notch target
genes and associated regulatory elements in small B-cell lymphomas. The B-cell-specific
Notch regulome revealed by these studies has broad implications for the role of Notch
signaling in B-cell lymphomagenesis and lays the groundwork for developing novel
therapeutic strategies involving the use of Notch pathway inhibitors in these cancers.

Notch-addicted MCL cell lines bear activating Notch gene rearrangements

The growth of the MCL cell lines Rec-1 and SP-49 is suppressed by gamma-secretase
inhibitors (GSI) (Figure S1A) and by dominant-negative MAML1 (Kridel et al., 2012),
features that identify “Notch-addicted” cell lines (Weng et al., 2004). In Rec-1, a NOTCH1
allele with an intragenic deletion (Figures 1A and S1B) encodes a truncated NOTCH1
protein activated by gamma secretase in a ligand-independent fashion (Kluk et al., 2013).
Sequencing of RNA from SP-49 cells identified a transcript consisting of the first exon of
HLA-DMB spliced in-frame to exons 24-30 of NOTCH4 that is predicted to encode a
truncated NOTCHA4 protein (Figure 1A). This transcript is the product of an HLA-DMB—
NOTCH4 fusion gene created by a 740 kb interstitial deletion (Figures S1B and S1C).
Among MCL lines, high levels of NICD1 were seen only in Rec-1 cells and a truncated
form of NOTCH4 was detected only in SP-49 cells (Figure 1B). GSI treatment reduced
NICDL1 in Rec-1 cells and slightly increased the size of the NOTCH4 polypeptide in SP-49
cells (Figure 1B), consistent with it being a gamma-secretase substrate. In line with prior
work showing that MYC expression depends on Notch in Rec-1 cells (Stoeck et al., 2014),
GSI treatment decreased MY C levels in Rec-1 and SP-49 cells but not in cell lines lacking
Notch gene rearrangements (Figure 1B).
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Identification of Notch-activated genes in B-cell lymphoma cell lines

To model ligand-dependent Notch activation, MCL lines were grown on immobilized Notch
ligand (DLL1®*%-IgG), which generated NICD1 in Jeko-1 and Mino cells (Figure S1D);
NICDL1 levels were higher in Mino cells, which harbor a PEST domain mutation (NOTCH1
Q2487*). We selected Mino, Rec-1 and SP-49 cells for study using GSlI-washout, which
permits timed activation of Notch (Figures 1C and 1D). In both Rec-1 and DLL1-stimulated
Mino cells, GSI-washout rapidly increased NICD1 levels. Notch activation increased MYC
in Rec-1 cells but not in Mino cells (Figure 1D), which harbor a rearrangement placing
MY C under the control of heterologous regulatory elements (Table S1; discussed below).
Consistent with this, RNA-seq data revealed that Notch markedly increased MYC target
gene expression only in Rec-1 and SP-49 cells (Figure 1E). Altogether, the transcript levels
of 377 genes were increased and 203 genes were decreased by Notch activation in at least
two MCL lines (Table S2). Most decreases in transcript abundance were modest (mean log2
fold change < 0.5) and we focused further analysis on up-regulated transcripts, which
include potential direct Notch target genes.

To separate Notch and MY C target genes, transcripts increased by GSI-washout were
divided into two groups (Figure 1F). Group 1 includes transcripts increased by Notch in
Mino cells (in which MYC s not activated by Notch) and in one or both Notch-rearranged
MCL lines, while Group 2 includes transcripts increased by Notch in Notch-rearranged
lines, but not Mino cells. RNA-seq data obtained from GSI-washout in Notch-rearranged T-
ALL and breast cancer cell lines also were analyzed to assess the lineage-specificity of
Notch-activated genes (Stoeck et al., 2014). Group 1 genes (n=226) include known Notch
target genes (e.g., HES1, HES4, NRARP, and DTXI) that are also upregulated by Notch in
T-ALL and/or breast cancer cells and a larger number of genes that are only up-regulated in
MCL lines, suggesting that these are B cell-specific Notch target genes. Consistent with this,
Group 1 is enriched for genes associated with B-cell or lymphocyte biology, including B-cell
receptor, interleukin, and interferon signaling, and NF-xB activation (Table S3). By contrast,
Group 2 (n=151) are enriched for known MY C target genes and MY C-regulated biological
processes (Table S3); indeed, MYC is one of the most significantly up-regulated transcripts
in Group 2. Nearly all Group 2 transcripts also are increased by Notch in Notch-rearranged
T-ALL and breast cancer cells (Figure 1F), suggesting that these genes belong to a MY C-
driven expression module common to diverse Notch-related cancers.

Notch activates 5° MYC enhancers in MCL cell lines

We next explored the mechanism by which Notch increases MY C expression in B cells.
Lineage-specific enhancer elements are scattered across a 3 Mb gene desert surrounding the
MYC gene body (Ahmadiyeh et al., 2010; Herranz et al., 2014; Shi et al., 2013; Yashiro-
Ohtani et al., 2014). We previously identified two enhancer clusters on the 5 side of MYC
in primary MCL and CLL cells (Ryan et al., 2015) that are associated with polymorphisms
linked to CLL risk. These candidate enhancers (E1 and E2, Figure 2A) are the most highly
acetylated elements (based on H3K27ac ChIP-Seq) near MYCin SP-49 cells. By contrast, a
Notch-responsive enhancer located ~1.4 Mb 3” of MYCin T-ALL cells (Herranz et al.,
2014; Yashiro-Ohtani et al., 2014) (termed the T-NDME) lacks H3K27ac in primary B-cell
tumors and MCL lines. ChIP-Seq data from nine MCL lines and one CLL line showed that
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E1 and E2 are also acetylated in Rec-1 cells and in three Epstein-Barr virus (EBV)-positive
CLL and MCL lines (Figure 2B). These EBV-positive lines express EBNA2 (Figure 2C), an
EBV-encoded RBPJ-binding factor that mimics Notch activities (Henkel et al., 1994) and
binds RBPJ within E1 and E2 in EBV-positive human B-lymphoblastoid cell lines (LCLs)
(Zhao et al., 2011). We also detected EBNA2 and RBPJ binding to E1 and E2 in EBV-
positive B-cell lymphoma lines (Figures 2D, 2E, S2A, and S2B) as well as binding of RBPJ
to E1 and E2 in Notch-rearranged, EBV-negative MCL lines. Importantly, MYC gene
rearrangements were detected in the five MCL lines that lack EBV and Notch gene
rearrangements (Table S1), explaining why MYC levels are high in these lines (Figure 2C).
Our data therefore suggest that CLL and MCL cell lines with an intact MYC locus require
RBPJ-NICD (or RBPJ-EBNA2) binding to drive MY C expression via the E1/E2 enhancers.

To confirm that E1 and E2 bind all NTC components in Notch-rearranged MCL lines, we
performed ChIP-Seq for NICD1, RBPJ and MAML1, which revealed binding of all three
proteins in Rec-1 cells (Figure 2F) and RBPJ and MAML.1 binding in SP-49 cells (Figure
2G). MAML1 requires NICD to bind RBPJ (Nam et al., 2006), implying that NICD4 is
present in NTCs associated with E1 and E2 in SP-49 cells. NTC loading onto E1 and E2 was
dynamic, as NICD1 and RBPJ signals were increased by GSI washout in Rec-1 cells (Figure
2G) and H3K27ac was increased by GSI washout in both Rec-1 and SP-49 cells. We also
noted increased NTC binding and H3K27ac signals in Mino cells after DLL1 stimulation,
despite decoupling of MYC expression from Notch control, presumably due to the MYC-
/GH rearrangement (Figure 2G). Importantly, RBPJ and NICD1 did not bind to the T-
NDME in MCL lines, nor did RBPJ or NICD1 bind to E1 and E2 sites in T-ALL cells
(Figure S2C), suggesting that access of NTCs to these sites requires additional lineage-
specific factors.

Enhancers regulate transcription through looping interactions with gene promoters. To
identify interactions between E1, E2 and the MYC promoter in MCL cells, we performed
4C-Seq on Rec-1 cells treated for 3 days with GSI or vehicle control (DMSO). Reproducible
mutual interactions were noted between all three elements in datasets generated from
viewpoints near the MYC promoter (Figures 2H and S2D) and E1 and E2 (Figure 2H and
data not shown) in vehicle-treated cells. MYC-E1 interactions were maintained following
GSI treatment (Figure S2D), albeit with lower contact intensity, while MYC-E2 interactions
were no longer significant in the Notch-off state. Interestingly, interactions between the
MYC promoter and elements 3 of MYC, such as the non-coding RNA gene PV/T1, were
relatively increased in the GSlI-treated cells (Figure S2D).

Direct Notch targets include regulators of B-cell signaling and differentiation

We next sought to identify other Notch target genes of potential importance in B-cell tumors.
In Rec-1 cells, a large fraction of genomic sites bound by NICD1 showed RBPJ and
MAML1 co-binding (Figure 3A), and essentially all were depleted of NICD1 following GSI
treatment, confirming their specificity (Figure 3B). ChIP-Seq studies conducted in Rec-1,
SP-49 and Mino cells identified 1,791 sites (Figure 3B) that were reproducibly bound by at
least two NTC proteins in the same line, or by NICD1 in three independent experiments;
these sites were termed “consensus NTC sites”. De novo analysis of consensus NTC sites
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revealed that the most enriched DNA sequence was the RBPJ binding motif. Motifs bound
by transcription factors with important roles in B-cells were also enriched, including ETS-
IRF composite element, E-box and NF-xB maotifs (Figures 3C and 3D). MAML1 peaks
were less enriched for RBPJ motifs than RBPJ or NICD1 peaks (Figure 3D), possibly
because MAMLSs associate with additional transcription complexes (Shen et al., 2006; Zhao
et al., 2007). In all three MCL lines, the Notch-on state was associated with increased
acetylation of NTC-bound distal elements (Figure 3E), consistent with recruitment of
histone acetyltransferases, such as p300, by NTCs (Skalska et al., 2015).

Only a minority of Notch-activated genes in MCL had high-confidence NTC binding sites
within 5 Kb of their transcriptional start sites, as in T-ALL cells (Wang et al., 2014),
suggesting that most Notch-response elements reside in distal enhancers. Functional
enhancer-promoter interactions occur within topologically isolated domains bounded by the
DNA-binding protein CTCF (Rao et al., 2014; Tang et al., 2015), and we found that 95% of
Group 1 genes contained at least one consensus NTC peak within the same CTCF-defined
chromatin contact domain (CCD, (Tang et al., 2015)), compared to 69% of Notch-insensitive
expressed genes. To more specifically link distal elements to Notch target genes, we used
maps of looping interactions mediated by RNA polymerase 11 (Pol2 ChlA-PET) in
GM12878 lymphoblastoid cells (Tang et al., 2015), revealing NTC binding site interactions
(promoter-proximal or linked enhancer) for 67% of Group 1 genes (Figure 3F), compared to
10% of Notch-insensitive expressed genes. Genes linked to NTC-bound enhancers include
MYC (the E1 and E2 elements, Figure 2F) and numerous genes regulated by EBNAZ2 (e.g.
CRZ, DNASE1L3, ABHD6, RHOH, CDK5R1, RUNXS3, and BATF) (Johansen et al., 2003;
Maier et al., 2006; Spender et al., 2002). By contrast, the sets of genes that appear to be up-
regulated by Notch via its effects on MYC (Group 2) or that are down-regulated followed
Notch activation showed no enrichment for linkage to NTC binding sites (Figure 3F).

Integrative analysis of RNA-seq, ChlP-seq, and ChlA-PET data sets identified 148 NTC-
linked direct Notch target genes in MCL cell lines (Table S4). This list may be incomplete,
as GM12878 LCLs may not fully recapitulate enhancer-promoter interactions in MCL cells.
Approximately 60% of NTC target genes were not responsive (log2 fold change < 0.2) to
Notch in T-ALL or breast cancer cell lines and appear to be B-cell-specific. By contrast,
only 7% of Group 2 (MY C-associated) genes failed to increase upon Notch activation in T-
ALL or breast cancer lines. The positions of Notch response elements in MCL lines are
diverse (Figures 4 and S3). Proximal NTC binding sites are often 5” of the transcriptional
start site or within the proximal first intron. Distal sites can be intergenic or located within
the target gene body or an adjacent gene. Complex multi-enhancer and/or multi-gene
regulatory units also exist.

NTC-linked Notch target genes include genes involved in cytokine/interleukin signaling
(/L6R, IL10RA, IL21R) and B-cell receptor activation (FYN, LYN, BLK, BLNK, PIK3AFP1,
SH2B2, NEDDY), and Ingenuity system analysis of Group 1 genes identified B-cell receptor
signaling as the most enriched pathway (Table S3). Several transcription factor genes also
are NTC-linked Notch target genes, suggesting that Notch activates or reinforces
transcriptional regulatory programs in MCL cell lines. /RF&8and TLE3are of particular
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interest, since these loci (like MYC) are near single nucleotide polymorphisms associated
with risk of CLL (Crowther-Swanepoel et al., 2010).

Notch-dependent MYC enhancer function sustains MCL growth

To show that Notch-dependent enhancers have a role in lymphoma growth and survival, we
generated SP-49 (NOTCH4-rearranged), Granta-519 (EBV+), and Jeko-1 (MY C-rearranged
and amplified) cells stably expressing a KRAB-dCAS9-P2A-mCherry transgene, which
encodes a nuclease-dead Cas9 fusion protein that mediates local epigenetic repression
(Gilbert et al., 2014). To validate this approach, we transduced SP-49 and Granta-519 cells
with sgRNAs targeting the promoter and 5” distal enhancer complex of the Notch target
gene CRZ2. As expected, this decreased levels of CD21 (encoded by CR2) in KRAB-dCAS9-
expressing cells but not control cells (Figures S4A and S4B).

We next designed sgRNA constructs to target the A7YC promoter and RBPJ motifs in the 5’
E1 and E2 elements, the T-NDME, and other intergenic sites near MYC (Figures 5A and
S2C). In Granta-519 and SP-49 cells, sgRNAs targeting the MY C promoter, the E1 RBPJ
motif, or the E2 RBPJ motifs decreased MY C expression, whereas SgRNAS targeting the T-
NDME or intergenic regions had no effect (Figure S4C). E1- and MYC promoter-targeting
sgRNAs also inhibited growth of Granta-519 (Figure S4D) but not SP-49 cells, possibly due
to relatively mild MYC repression by single sgRNAs in that cell line. To test the effect of
co-repressing the E1 and E2 modules, KRAB-dCAS9-P2A-mCherry lines were co-
transduced with E1- and E2-targeting SgRNA lentiviruses. This led to decreased MYC
expression (Figure 5B) and cell proliferation (Figure 5C) in SP-49 and Granta-519 cells, but
not in MYC-rearranged Jeko-1 cells. Thus, Notch stimulates MYC expression in B cells
through the E1 and E2 sites, referred to as the B-cell Notch-dependent A/YC enhancer (B-
NDME).

To test the role of MYC in the Notch-dependency of MCL cell lines, we transduced Rec-1
cells with a doxycycline-inducible MYCtransgene, and observed doxycycline dose-
dependent rescue of cell growth in the presence of GSI (Figures 5D, S5A and S5B). SP-49
cells were sensitive to MY C expression above baseline levels, so we generated single-cell
SP-49 clones bearing the MYCtransgene, which allowed us to identify clone-specific
doxycycline doses that facilitated partial rescue from GSI-mediated growth suppression,
(Figures 5E, S5C and S5D). These data show that the Notch/MY C signaling axis contributes
to the growth of Notch-rearranged MCL lines.

Notch target genes show microenvironment-specific activation in MCL cells in vivo

To determine if Group 1 target genes are activated by Notch in MCL cells in vivo, we
utilized an MCL patient-derived xenograft (PDX) model (PDX-98848, (Townsend et al.,
2016)) that bears a NOTCHI PEST domain mutation and homes to the spleens of NOD-Scid
IL2Rgamma-null (NSG) mice. Immunohistochemistry (IHC) showed strong NICD1 staining
in a subset of splenic MCL cells in PDX-98848-bearing animals, whereas three NOTCH1
wild-type MCL PDX models showed little NICD1 staining (Figure 6A). Analysis of
PDX-98848 mice with high tumor burden treated for 5 days with vehicle or GSI (DBZ)
revealed higher expression of the Notch-regulated proteins CD300A and SEMATA in MCL
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cells from spleen versus blood or bone marrow, and that GSI lowered expression of these
markers (Figure 6B). RNA-Seq analysis of splenic MCL cells revealed inhibition of
additional Notch target genes in DBZ-treated mice (Figures 6C and S6A and Table S5),
including MYC, cytokine receptors (/L21R, IL10RA), genes related to BCR signaling
(FGR, SH2BZ2, FCRL2), and transcriptional regulators (/RF8 POUZAF1, and MYBLZ2)
(FDR < 0.05).

Notch target expression is associated with Notch activation in CLL lymph nodes

We next investigated Notch target genes in CLL by performing RNA-Seq on NOTCH1
mutated and wild-type CLL lymph node biopsies with high and negligible amounts of
NICD1 IHC staining, respectively (Figure 7A). Among the Notch target genes expressed at
higher levels in NOTCHI-mutant CLL were SEMA7A, CD300A, IL6R, and the BCR
signaling pathway genes FYNand NEDDJ (Figure 7B and Table S6). Gene set analysis
using the direct Notch target genes identified in MCL cell lines showed higher expression of
these transcripts in NOTCHI-mutant versus wild-type CLL biopsies (Figures 7C and S6B).
To study Notch response elements in CLL, ChIP-Seq was performed for NICD1 and RBPJ
in a NOTCHI mutant CLL lymph node biopsy (CLL-M13). While the number and
amplitude of NICD1 peaks were lower than in MCL cell lines, motif analysis revealed
enrichment for the RBPJ-binding motif in both data sets (Figure S6C), with the NICD1
ChiIP-seq peaks showing the most specific association with the RBPJ motif (40% of peaks,
p=10749). NICD1 and RBPJ-bound regulatory elements shared between CLL-M13 and
MCL cell lines were associated with H3K27 acetylation in NOTCHI-mutant and wild-type
CLL and primary MCL cells (Figures 7D and S7 and Table S7), while acetylation of most
elements was substantially lower in diffuse large B-cell lymphoma. Sites of RBPJ and
NICDL1 binding in CLL-M13 included elements linked to /L6R, FYN, BLK;, and other B-
cell signaling pathway genes, transcription factor genes, and the E2 element of the B-
NDME.

Discussion

Using integrated, genome-wide approaches, we identified a B-cell-specific Notch regulome
in Notch-mutant MCL cell lines that is broadly associated with Notch activity in MCL cells
in the splenic microenvironment of a PDX model and in NOTCHI-mutated CLL cells in
lymph nodes. Our findings may be relevant to B-lymphoid cancers that show Notch
activation in the absence of a Notch gene mutation, as has been observed in CLL (Fabbri et
al., 2017; Kluk et al., 2013). Genomic profiling has identified CLL subgroups defined by
mutations in specific pathways, including Notch, BCR signaling, RNA metabolism, and
chromatin/transcriptional regulation (Puente et al., 2015). Our findings link Notch signaling
to each of these pathways, either directly or secondarily via MYC, providing a potential
basis for the selective drive for Notch gain-of-function mutations in small B cell lymphomas.

Target gene identification via GSI-washout and ligand-mediated activation of endogenous
Notch genes offers an alternative approach to other recent work that relied on induction of
an NICD1 transgene in an EBV-positive CLL cell line to identify Notch target genes (Fabbri
etal., 2017). Only 41 target genes were shared between this signature (14% of 291 genes)
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and our signature (28% of 148 genes, Table S4), but these included many of the most
strongly up-regulated direct target genes in our models, as well as the signaling component
genes BLK, FGR, BLNK and /L10RA. Evaluation of NICD1 binding and activity in EBV+
systems are likely confounded in part by competition with EBNA2, which also activates
transcription via RBPJ-bound regulatory elements (Henkel et al., 1994; Zhao et al., 2011).
This may explain why many direct Notch target genes identified in our models, including
MYC, FYN, IL6R, NEDD9, SH2B2, KL F13and others, were not identified as functional
Notch targets in EBNA2-expressing CLL cells. While our direct Notch target signature was
identified in MCL cell lines, it showed greater enrichment for genes associated with Notch
activity in MCL xenografts and CLL lymph nodes than did the NICD1-induced gene set
from M01043 cells (Figures S6A and S6B). This result highlights the specificity of our
signature and its generality across multiple Notch-driven B-cell lymphoma subtypes.
Importantly, use of cell lines that are “addicted” to constitutive Notch signaling allowed us
to show that MY C mediates the growth-sustaining effects of oncogenic Notch signaling in a
B-cell cancer.

Direct Notch target genes identified in this study include transcription factor genes
implicated in B-cell activation and proliferation (RUNX3, POU2AFI) (Brady et al., 2009;
Kim et al., 1996), differentiation (PAX5) (Usui et al., 1997), or both (/RF8) (Carotta et al.,
2014; Xu et al., 2015). Our identification of MYBL2as a direct Notch target is intriguing,
given the established role of MYB family transcription factors in cycle progression and
oncogenesis in diverse cancer types (Gonda and Ramsay, 2016; Martinez and Dimaio, 2011;
Ramsay and Gonda, 2008). Also notable is Notch-dependent regulation of ZM/Z1, which
encodes a transcriptional co-regulator of Notch target genes in T-ALL (Pinnell et al., 2015).
Notch also directly up-regulates cytokine receptors and regulators of B-cell receptor
signaling. These include Src-family kinases (BLK, FYN, FGR, LYN), adaptor proteins
(PIK3AP, BLNK, NEDD?9, SH2B?2), BCR signaling modulators (CD21, CD300A) and
members of the Fc-receptor-like family (FCRL3, FCRL4, and FCRLS5). Further study is
needed to determine the possible functional and therapeutic significance of Notch/BCR
signaling interactions in B cell malignancies.

Finally, our studies show that Notch-mediated up-regulation of MYC, a pivotal regulator of
cellular growth that is frequently dysregulated in a wide spectrum of B-cell neoplasms,
occurs through lineage-restricted enhancers lying 5” of the MYC gene body. We previously
suggested that these enhancers might contribute to the development of CLL (Ryan et al.,
2015), based on recurrent genomic amplifications in CLL (Edelmann et al., 2012; Fabbri et
al., 2017) and association with germline polymorphisms linked to CLL risk (Crowther-
Swanepoel et al., 2010). MYC expression within CLL cells in lymph nodes is dynamic and
high levels of MYC protein are restricted to a subset of cycling cells found mainly in
“proliferation centers” (Gibson et al., 2016; Krysov et al., 2012). Study of this sub-
population of cells may be necessary to fully define the factors that interact with Notch to
regulate MYC expression in CLL. Our identification of MYCas a direct target of Notch also
lends support to recent work linking Notch to MY C-dependent metabolic and ribosomal
alterations in CLL (Jitschin et al., 2015; Pozzo et al., 2017).

Cell Rep. Author manuscript; available in PMC 2017 November 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Ryan et al.

Page 10

MCL cell lines are highly proliferative, and resemble blastoid MCL, an aggressive variant
associated with higher MY C protein levels and MYC gene rearrangements (Choe et al.,
2016). MY C rearrangements in CLL are also associated with histological progression or
large cell transformation (Richter syndrome) (Fabbri et al., 2011; Li et al., 2016; Rossi et al.,
2011). NOTCHI mutations and MYC rearrangements tend to be mutually exclusive in
Richter syndrome (Fabbri et al., 2011), suggesting that both may serve to produce sustained
MYC expression. Our finding that AMYC rearrangements are associated with B-NDME- and
Notch-independent MYC expression and growth suggests that A/ YC rearrangement status
should be considered in the design of clinical trials targeting Notch in transformed CLL or
MCL. Ligand-dependent Notch activation is thought to predominate in B-cell cancers, but
the identity of the relevant ligand-presenting cell is unclear, and the cryptic nature of the
Notch gene rearrangements we detected in MCL cell lines suggest that such lesions may be
more common than currently appreciated. Understanding the mechanism of Notch activation
in B-cell cancers will be critical for optimal testing of new Notch inhibitors, such as ligand-
or receptor-blocking antibodies (Kuhnert et al., 2011; Wu et al., 2010) that may have a more
favorable toxicity profile than GSI.

Experimental Procedures

Cell culture and GSI washout assay

Cell lines were grown in RPMI 1640 with 10% fetal calf serum, penicillin/streptomycin,
nonessential amino acids, 1mM sodium pyruvate and 5uM 2-mercaptoethanol. For GSI
washout studies, Rec-1 and SP-49 cells were treated with the GSI compound E (1uM) for 72
h, washed, and then cultured for 4 h in media containing GSI (mock washout) or DMSO
(washout) as described (Weng et al., 2006). Mino cells were cultured on DLL18X-1gG or
control 1gG for 48 h in the presence of 1uM compound E and then subjected to GSI washout
or mock washout for 4 h. Following washout, cells were harvested from culture and either
cross-linked for ChIP-Seq, frozen in liquid nitrogen for RNA extraction, or processed for
protein extraction and Western blotting. ChIP-Seq of cell lines and biopsies was performed
as described (Ryan et al., 2015) with antibodies recognizing NICD1 (Val1744 epitope, CST;
#4147), RBPJ (CST, #5313), MAML1 (CST; #12166), and H3K27ac (Active Matif,
#39133). RNA-Seq and ChlP-Seq protocols are provided in the Supplemental Experimental
methods.

Western Blotting

Western blotting of whole-cell or nuclear extracts was performed by standard methods using
antibodies specific for NICD1 (Val1744, CST; #4147), NOTCH4 (Cell Signaling, #2423),
MYC (abcam, ab32072), TBP (Abcam, 1TBP18), a-tubulin (Abcam, ab7291) and p-actin
(Sigma, A5316).

dCas9-KRAB analysis of MYC regulatory elements

SP-49, Granta-519 and Jeko-1 cells stably expressing SFFV-KRAB-dCas9-P2A-mCherry or
pLX-304-GFP were used in these studies rather than Rec-1 cells, which suffered from a high
rate of transgene inactivation and poor lentiviral transduction efficiency. To perform dual

SgRNA targeting, SFFV-KRAB-dCas9-P2A-mCherry+ cells or LentiCas9-Blast+ cells were
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transduced with lentivirus produced with pLKO5.sgRNA.EFS.tRFP (Addgene #57823)
encoding sgRNA g005 or g015 (non-targeting control) and/or with lentivirus produced with
pLKOS5.sgRNA.EFS.GFP (Addgene #57822) encoding sgRNA g009 or g015. Cells were
sorted for expression of GFP, RFP and mCherry on d4 and harvested for RNA extraction or
re-plated at equal density in 24-well plates. To measure growth, cells were counted every 3 d
and re-plated at equal density for a total of 12 d. Details of sgRNA design and single-guide
targeting of the CRZand MYC loci are given in the Supplemental Experimental methods.

MYC transgene rescue of GSl-treated cell lines

Rec-1 cells stably transduced with pINDUCER-20-MYC were plated in 96-well plates in
media containing 1pM Compound E or DMSO, with or without a range of doxycycline
concentrations (three replicates per treatment). Cell growth was assessed by CellTiterGlo
(Promega) on d7. To assess MYC protein levels, selected clones or parental Rec-1 cells were
grown in the presence of DMSO, 1uM Compound E, or 1uM Compound E plus 3.3ug/mL
doxycycline and harvested on d3. SP-49 cells were stably transduced with pINDUCER-22-
MYC, sorted for GFP-positivity, and grown as single cell clones generated by limiting
dilution in 96-well plates. Growth response to GSI and doxycycline treatment or MYC
protein expression was studied as in Rec-1 cells.

Patient-derived xenograft (PDX) models

Murine studies were performed with approval of the Dana-Faber Cancer Institute IACUC.
PDX DFBL-98848 was established through the Public Repository of Xenografts (PRoXe)
program (Townsend et al., 2016). DFBL-98848 xenografts were established in NOD -scic
gamma mice via tail vein injection of 1.5x108 cells. Treatment was initiated upon
appearance of MCL cells in the peripheral blood at d32 and consisted of IP injection of DBZ
(10pMol/kg) in 0.5% CMC + 1% Tween 80 or vehicle alone every other day for 5 d. Details
of xenograft treatment with DBZ are given in the Supplemental Experimental methods.

Human specimen collection

Studies on patient samples were conducted with approval of the Dana-Farber/Harvard
Cancer Center IRB. Biopsy samples were obtained as excess surgical tissue from the
Departments of Pathology at the Massachusetts General Hospital and Brigham and
Women’s Hospital.

RNA-Seq, ChIP-Seq, and 4C-Seq data analysis

RNA-Seq data was aligned to the hg19 genome reference. Differential expression analysis
was performed with DESeq2. For GSI-washout experiments, differentially expressed genes
were defined as log2 fold change > 0.2 or < -0.2 and FDR-adjusted p-value <0.05. ChIP-
Seq data was aligned to hg19 with BWA, filtered, and analyzed for significant peaks with
Homer findPeaks for transcription factors (“factor” style, FDR 1E-3) or MACS?2 for
H3K27ac (FDR 1E-6). 4C-seq data was analyzed with the 4CSeq Pipe and FourCSeq
pipelines. Additional details, including ChlA-PET linkage analysis, are described in the
Supplemental Methods.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights

Genome-wide identification of Notch target enhancers and genes in B-cell
lymphomas

Target genes regulate critical B-cell pathways

B-cell cancer growth relies on lineage-restricted Notch-activated MYC
enhancers

Provides a rationale for targeting Notch in lymphoma
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Figure 1. Identification of Notch-regulated transcripts in MCL cell lines. See also Figure S1
(A) Wild-type NOTCH1 protein and Notch mutants in MCL cell lines. ‘S1” indicates furin

cleavage site. "TM’ indicates transmembrane domain. Other abbreviations as in (Aster et al.,
2016). (B) Western blot for Notch and MY C proteins in MCL cell lines treated for 3 d with
GSI or DMSO. The NOTCHL1 antibody recognizes NICD1, while the NOTCH4 antibody
recognizes an epitope near the NOTCH4 C-terminus. Cell lines with Notch gene or MYC
rearrangements are noted. (C) GSl-washout experiments in MCL lines with ligand-
independent (top) and -dependent (bottom) Notch signaling. (D) Western blot showing
modulation of NICD1 and MYC levels by GSI-washout in Mino and Rec-1 cells. (E) GSEA
of genes ranked by differential expression following GSI-washout (WO) or mock washout
Rec-1, SP-49, and DLL1¢*-1gG-stimulated Mino cells for the Hallmark MY C targets V2
gene set. (F) Heatmaps showing transcripts significantly increased in GSI-washout versus
mock-washout experiments in at least 2 of 3 MCL lines (Mino, Rec-1, SP-49). Heatmap
clusters are defined and numbered as in the Venn diagram and sorted within clusters such

Cell Rep. Author manuscript; available in PMC 2017 November 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Ryan et al.

Page 18

that genes showing Notch-dependent activation in multiple cell types are at the top of each
cluster and B-cell specific Notch targets are at bottom. Canonical Notch target genes are
labeled in red, while other genes of interest are labeled in black.
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Figure 2. Identification of B cell-restricted Notch-dependent 5” MYC enhancers. See also Figure

S2

(A) H3K27ac ChlIP-Seq data showing acetylation of 5° A7YC enhancer regions in a Notch-
dependent MCL cell line and 3° MY C enhancer regions in a Notch-dependent T-ALL cell
line. Arrows indicate looping interactions with the AMYC promoter in MCL (Ryan et al.,
2015) and T-ALL (Herranz et al., 2014; Yashiro-Ohtani et al., 2014). (B) H3K27ac ChIP-
Seq data for 5° MYCenhancers (E1 and E2) and CD79A promoter (control) regions in CLL
(blue) and MCL (green) cell lines. Cell lines are as follows: Me, Mec-1; Jv, IVM2; Gr,
Granta-519; Re, Rec-1; Sp, SP-49; Mi, Mino; Je, Jeko-1; Z1, Z138; Ma, MAVER1; Hb,
HBL-2. (C) Western blotting for EBNA2 and MY C in nuclear extracts from CLL and MCL
lines. (D) ChIP-gPCR showing RBPJ binding at site E2 in CLL and MCL cell lines. Data
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represent mean + SD. (E) ChIP-gPCR showing binding of EBNAZ2 at site E2 in CLL and
MCL cell lines. Data represent mean + SD. (F) ChIP-Seq in Rec-1 shows binding of ICN1,
MAML1, and RBPJ at the E1 and E2 sites. Long-distance interactions involving the MYC
promoter in EBV-transformed B cells are at top, with looping to E1 and E2 shown in red and
other interactions shown in black. Loop thickness is proportional to the number of
supporting paired-end tags. Position of SNPs associated with CLL and others in linkage
disequilibrium are noted. (G) ChlP-Seq showing NTC factor binding and H3K27ac
modification dynamics in MCL cell lines. Top: NICD1 and RBPJ binding and H3K27ac
modification at the E1 and E2 sites in Rec-1 cells. ChIP-Seq data are shown after GSI-
washout (“Washout”) and mock-washout (‘GSI’, black overlay). Middle: Binding of
MAML1 and RBPJ at the 5" E1 and E2 sites in SP-49 cells. H3K27ac ChlIP-Seq data is
shown following 4 h GSI-washout (purple) or mock washout (black overlay). Bottom:
Binding of NICD1 and RBPJ at the 5" E1 and E2 sites in Mino cells stimulated for 48 h
with DLL1extlgG. H3K27ac ChlP-Seq data is shown following 48 h of growth on
DLL1extlgG (purple) or control IgG (black overlay). (H) 4C-Seq data for Rec-1 cells
showing interactions between E1, E2, and the MYC promoter. Plots are aligned to genomic
elements shown in Fig. 4F. A dotted red line marks the viewpoint for each experiment. The
heatmap at bottom displays median normalized contact intensities at resolutions of 1kB to
50 kB, while the black trace at top shows median normalized contact intensity at a single,
selected resolution. Top: MYC promoter viewpoint (15 kb resolution, y-axis scale 0-0.5)
Middle: E1 viewpoint (15 kb resolution, y-axis scale 0-1). Bottom: E2 viewpoint (15 kb
resolution, y-axis scale 0-0.3).
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Figure 3. Direct Notch target genes involved in signaling and transcriptional regulation
(A) Euler diagram showing overlap between genome-wide binding peaks for NTC proteins

in Rec-1 cells (FDR = 1073). NICD1 GSl-washout data (wo; Notch-on state) is shown. (B)
Heatmaps for the indicated ChlP-Seq datasets in a 2 kb window around each consensus NTC
peak. Each peak achieved genome-wide significance (FDR = 0.001) for at least two NTC
proteins in the same cell line, or in three independent NICD1 ChIP-Seq datasets produced in
Rec-1 cells (two replicates) and DLL1-stimuated Mino cells (one dataset). Note the absence
of NICDL1 signal in mock washout (gsi) conditions in Rec-1 cells. (C) DNA sequence motifs
detected in de novo analysis of consensus NTC binding peaks from three MCL cell lines
(Rec-1, SP-49, and DL L1ext-IgG-stimulated Mino). (D) Significance of enrichment for
transcription factor binding motifs (HOMER library) most closely matching the de novo
motifs shown in (C). (E) Box plots showing differential H3K27ac signal at distal enhancers
in GSl-washout (‘notch on”) versus mock washout (‘notch off’) experiments in MCL cell
lines. Mino cells were stimulated with DLL18¥-1gG. Genome-wide distal enhancers were
divided into two groups according whether they overlapped a consensus NTC binding site
detected in any cell line (NTC+) or not (NTC-). (F) Linkage of Notch-activated genes
identified in MCL cell lines to consensus NTC binding sites. Proximal, distal, and CTCF-
defined chromatin contact domain (CCD) linkages were defined by proximity, GM12878
Pol2 ChIA-PET data, and GM12878 CTCF ChIA-PET data, respectively. Notch-activated
genes were sub-grouped as in Fig. 1F (G1 = Group 1, G2 = Group 2).
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Figure 4. Examples of Notch target genes involved in signaling and transcriptional regulation.
See also Figure S3

(A) Representative Notch target genes with NTC binding to promoter-proximal sites. ChlP-
Seq data are shown for the indicated factors in Rec-1 cells and for H3K27ac in lymph node
biopsies MCL-003 and CLL-007. (B—C) Representative Notch target genes (red gene
symbols) encoding signaling regulators (B) or transcription factors (C) associated with distal
NTC-binding enhancers. GM12878 Pol2 ChlA-PET anchors are indicated by small green
loops at top. Black or red loops indicate the presence of paired-end tags that connect the
promoter of a Notch-regulated gene to a distal anchor containing (red) or lacking (black) a
consensus NTC binding site. Loop thickness is proportional to the number of supporting
paired-end tags for each interaction within each displayed region.
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Figure 5. B-NDME elements associated with NTC-binding drive MYC expression and growth in
Notch-addicted MCL lines. See also Figures S4 and S5

(A) NICD1 and RBPJ binding at the E1 and E2 sites after GSI-washout in Rec-1 cells and
Phastcons 46-vertebrate conservation score (‘conservation’). Consensus RBPJ logos are
aligned with conserved RBPJ motifs in each enhancer. Positions of SgRNAs are indicated;
sgRNAs used for dual guide experiments are labeled in red. (B) gRT-PCR measurement of
MYC transcripts after transduction of KRAB-dCAS9-P2A-mCherry-expressing Granta-519
(EBV+), SP-49 (NOTCH4-rearranged), and Jeko-1 (MY C-rearranged/amplified) MCL cell
lines with sgRNAs targeting the E1 and E2 sites (g005 and g009). CCND1 expression is the
negative control. Data represent mean + SEM of “n” independent experiments, as indicated.
Significance calculated by t-test: * p < 0.05, *** p< 0.001. (C) Growth of KRAB-dCAS9-
P2A-mCherry-expressing MCL cell lines after transduction with sgRNAs as in (B). Data
represent mean = SEM of “n” biological replicates, as indicated. Significance calculated by
t-test on data from d 12; ** p < 0.01, *** p< 0.001. (D) Growth of pINDUCER-20-MYC
transduced Rec-1 cells treated with vehicle, GSI, or GSI + doxycycline (3.3 ug/ml). Data
represent mean = SEM of 3 biological replicates. Significance calculated by t-test: * p <
0.05. (E) Growth of parental SP-49 and pINDUCER-22- MY C-transduced single-cell SP-49
clones treated with vehicle, GSI or GSI + doxycycline. Doxycycline doses shown produced
optimal rescues in individual clones: Clones 3 & 7 — 33.6 ng/ml, Clone 4 (and parental) —
100 ng/ml. Data represent mean + SEM of 3 biological replicates. Significance calculated by
t-test: * p < 0.05, ** p< 0.01.
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Figure 6. Notch-dependent activation of target genes in an MCL xenograft system. See also
Figure S6

(A) IHC for NICD1 in the spleens of NOTCHI wild-type MCL xenografts and an MCL
xenograft with a NOTCHI PEST truncating mutation (PDX 98848). NICD1 staining of
endothelial cells (elongated nuclei, marked by arrows) is an internal control. (B) Flow
cytometric analysis of Notch target gene products CD300A and SEMATA in PDX 98848
MCL cells harvested from the indicated tissues in mice treated for five days with vehicle
(n=5) or the GSI DBZ (n=4). Significance calculated by t-test. (C) Gene set enrichment
analysis of RNA-seq data from PDX 98848 MCL cells harvested from the spleens of
vehicle- or DBZ-treated mice, using the direct Notch target gene set. Genes were ranked
according to fold-change in vehicle versus DBZ-treated mice.
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Figure 7. Notch-dependent activation of target genes in CLL lymph node biopsies. See also
Figures S6 and S7

(A) IHC staining for NICD1 in representative lymph node biopsies involved by NOTCH1-
mutant/NICD1-high or NOTCHI-wild-type/NICD1-low CLL. (B) Heatmap of RNA-Seq
data showing relative transcript abundance in NOTCHI-mutant versus NOTCHI-wild-type
CLL of genes identified as Notch-regulated in MCL cell lines. Genes marked by the red bar
(names in bold) showed significantly higher transcript abundance in the NOTCHI-mutant
group at an FDR-adjusted p-value < 0.05. Other genes were significant by individual (non-
FDR-adjusted) analysis at p < 0.05. (C) GSEA of CLL biopsy RNA-Seq data using the
direct Notch target gene set. Genes were ranked according to fold-change in NOTCH1
mutant versus NOTCHI wild-type CLL lymph node biopsies. (D) ChIP-Seq data showing
NTC protein binding and H3K27 acetylation at enhancers linked to direct Notch target genes
in Rec-1 cells and a NOTCHI-mutant CLL lymph node biopsy (CLL-M13). Where
indicated, overlays demonstrate dynamic NICD1 factor binding and/or H3K27 acetylation in
the GSl-washout versus the mock washout state (Rec-1 cells). All enhancers shown had
significant NICD1 and RBPJ binding in Rec-1 cells and CLL-M13 at FDR < 0.001.
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