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Abstract

Accumulating evidence demonstrated that while a small minority of the human genome encodes
proteins a large portion of the genome encodes non-protein coding transcripts. Thus it has been
suggested that such RNAs, including the recently described family of long non-coding RNASs
(IncRNA) are key regulators of cellular homeostasis and transformation leading to tumorigenesis.
Here we tested this hypothesis focusing on the role of INcCRNAs in T cell leukemia (T-ALL), a
pediatric blood cancer, characterized by Notch pathway activation. Using RNA-Sequencing we
identified and catalogued a large number of T-ALL-specific INCRNAs targeted by the NOTCH
pathway. We further focused on a single such transcript, LUNAR1 (LeUkemia-induced Non-
coding Activator RNA-1), and demonstrated that through chromosomal looping it is able to
control the expression of the IGF1R gene, IGF1 signaling and growth of T-ALL, providing
evidence that suggests that IncRNAs could be used as biomarkers as well as therapy targets in
human cancer.
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INTRODUCTION

T-cell acute lymphoblastic leukemia (T-ALL) is an aggressive hematological neoplasm that
results from the malignant transformation of T-lymphocyte progenitors. T-ALL accounts for
only 15-20% of all acute lymphoblastic leukemia (ALL) cases and is associated with a
disproportionate amount of treatment failures and increased mortality. Although the genetic
events leading to transformation in T-ALL are complex, aberrant NOTCH1 signaling is a
unifying feature, with activating mutations found in more than 50% of cases(Ferrando,
2009; Weng et al., 2004). Previous efforts by our group and others have aimed at dissecting
additional genetic(De Keersmaecker et al., 2013; Ntziachristos et al., 2012; Zhang et al.,
2012) and molecular(Ferrando et al., 2002; Look, 2004) changes that contribute to induction
of T-ALL. Such efforts have yielded important prognostic tools and a more complete
understanding of the molecular basis of ALL, including the identification of T-ALL
oncogenes (NOTCHZ1, MYC), tumor suppressors (FBXW7, CYLD, EZH2, SUZ12) and the
identification and characterization of the leukemia initiating cell(King et al., 2013). To date,
most efforts towards understanding T-ALL have focused on genetic and epigenetic
alterations, which ultimately impact function of protein-coding genes. Additionally, several
groups have investigated the involvement of non-coding micro-RNAs (miRs) in T-
ALL(Fragoso et al., 2012; Li et al., 2011; Yu et al., 2011), however, the requirement of
other classes of non-coding RNA for T cell transformation and maintenance has not been
investigated thus far.

Recent evidence has revealed that a large portion of the human genome is transcriptionally
active despite that fact that only a small portion contains protein-coding genes (Carninci et
al., 2005; Clark et al., 2011; Djebali et al., 2012; Katayama et al., 2005). This observation
has led many to hypothesize that both human and mouse genomes contain thousands of long
non-coding RNA (IncRNA) genes (Cabili et al., 2011; Guttman et al., 2009). Although some
have suggested that a subset of INcCRNAs are the result of divergent transcription at protein-
coding gene promoters(Almada et al., 2013; Seila et al., 2008), this does not explain the
existence of many intergenic IncRNAs which do not originate from bidirectional promoters
(Cabili et al., 2011; Sigova et al., 2013). In general, InCRNAS are a heterogeneous class of
transcripts without any single unifying feature except for an arbitrary minimum length of
200 nucleotides and an apparent lack of protein-coding potential (Guttman et al., 2013; Rinn
and Chang, 2012; Ulitsky and Bartel, 2013). Despite this, IncRNAs have been shown to be
important in development (Boumil and Lee, 2001; Grote et al., 2013; Guttman et al., 2011;
Klattenhoff et al., 2013; Kretz et al., 2013; Loewer et al., 2010; Rinn et al., 2007) and
disease (Gomez et al., 2013; Gupta et al., 2010; Huarte et al., 2010; Lee et al., 2012;
Yildirim et al., 2013) in many different cell types, suggesting a ubiquitous role in regulation
of cellular state. Although the molecular mechanisms by which IncRNAs act are poorly
understood, they have been implicated as regulators of diverse cellular processes including
regulation of cell cycle (Hung et al., 2011), RNA stability (Kretz et al., 2013), and chromatin
structure (Gupta et al., 2010; Lee, 2012; Tsai et al., 2010; Wang et al., 2011b; Yang et al.,
2011). Thus, further efforts towards accurate annotation and functional significance of
IncRNAs will be critical for our understanding of these processes.
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While several groups have investigated possible roles for IncRNAs as players in the TP53
tumor-suppressor transcriptional program (Huarte et al., 2010; Hung et al., 2011) and solid
tumors (Du et al., 2013; Prensner et al., 2011; Prensner et al., 2013; Yang et al., 2013), our
overall knowledge of IncRNAs in cancer, including leukemia, remains extremely limited
(Garding et al., 2013; Lee et al., 2012). Here we have used multiple genome-wide data sets
in order to create the first all-inclusive IncRNA annotation and mapping in human T-ALL.
We have used this annotation to examine IncRNA expression profiles in the context of
oncogenic NOTCHL1 signaling and have identified Notch-dependent INCRNA expression
programs that are deregulated in T-ALL. Finally using functional studies we have identified
a novel T-ALL specific activator INcRNA, which has a key role in promoting tumor
maintenance. Altogether these studies provide evidence to support INCRNAs as key
regulators of the pathogenic state in acute leukemia and may carry important clinical
relevance as biomarkers or future therapeutic targets.

Comprehensive mapping of IncRNAs in T-ALL

To gain insights into possible functional roles for IncRNAs in T-ALL, we first sought to
create a high quality map of such transcripts for use in subsequent analyses and functional
studies. We have achieved this goal by utilizing the workflow outlined in Figure 1A. Briefly,
ultra-high depth RNA-Seq datasets were generated from multiple human T-ALL cell lines
and primary leukemia samples. These data were then used to generate the most
comprehensive T-ALL transcriptome assembly to date using an “align then assemble”
(Trapnell et al., 2010) approach. To isolate only putative INcRNA genes, we removed all
known protein-coding genes and retained all transcripts previously reported as INcCRNAs or
that have not been identified thus far in other annotation efforts. Single-exon transcripts
were eliminated to focus on products of splicing events. Finally, since INCRNA transcription
has been suggested to occur by a mechanism very similar to that of coding genes (Guttman
et al., 2009), we removed any transcript that did not display enrichment of promoter-
associated histone modifications (H3K4me3, H3K4mel, H3K27ac). These efforts have
yielded a high confidence T-ALL IncRNA annotation comprised of 6,023 isoforms derived
from 1,984 unique gene loci. Out of all of these loci, 46% were identified in the GENCODE
v18 IncRNA annotation(Harrow et al., 2012) (Figure 1B), suggesting the presence of many
novel IncRNAs in T-ALL. Additionally, we have observed that approximately 26% of
IncRNAs detected here were expressed in a divergent orientation with respect to protein-
coding genes, while the remaining 74% were true intergenic gene loci with their own
regulatory elements (Figure 1C) and this ratio of divergent to intergenic INCRNAs is
approximately the same in T-ALL and normal T-cell progenitors (Supplementary Figure
1D). Additionally, 40% of intergenic IncRNAs were identified by GENCODE while the
remaining 60% represent novel InNcRNA loci (Supplementary Figure 1C).

We next examined the expression patterns of our T-ALL IncRNA catalogue over a diverse
panel of cell types including T-ALL, primary T-cells and many other somatic tissues
(Human Body Map data). In agreement with previous reports (Cabili et al., 2011), we have
observed that average IncRNA expression was lower than protein-coding gene expression
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(Figure 1D). Additionally, putative IncRNAs showed very little protein-coding potential as
measured by the PhyloCSF algorithm (Lin et al., 2011) (Supplementary Figure 1A). In
agreement with possible roles in regulating gene expression, many IncRNAs were enriched
in RNA from nuclear extracts compared to total RNA (Supplementary Figure 1B). Finally,
upon examination of the 250 most variable IncRNAs, as measured by quartile coefficient of
dispersion, we observed striking specificity for T-ALL and normal T-cells (Figure 1E),
which is consistent with the notion (Guttman et al., 2009) that InNcRNA expression is highly
tissue specific. However, many IncRNAs were specifically expressed in human T-ALL
when compared to untransformed peripheral T cells (Figure 1E) suggesting that T cell
transformation is dynamically changing the INCRNA landscape in this cell type. Overall, this
effort catalogued T-ALL-specific non-coding RNAs and represented the first comprehensive
mapping of INcRNA expression in this aggressive subtype of ALL.

T-ALL-specific IncRNAs are part of the NOTCH1 oncogenic network

Since oncogenic NOTCH1 activity is one of the key features in T-ALL and NOTCH
pathway activity characterizes the vast majority (>90%) of human T-ALL cases, we
reasoned that the IncRNA expression program in this disease may be influenced by the
NOTCHZ1/RBPJx transcriptional activator complex. Upon examination of InNCRNA
promoters we noticed a high density of NOTCH1/RBPJk ChIP-Seq signal at many of these
regions (Figure 2A, 2B). Additionally, most IncRNA promoters displayed high enrichment
of H3K4me3, H3K27ac and RNA polymerase I (RNAP2) signal proximal to their TSS. We
also observed a subset of INcRNA, which showed co-occupancy of NOTCH1 and ZNF143
(Figure 2A, Supplementary Figure 2C), a protein that has been previously reported to co-
occupy the genome with Notch, although its role in gene regulation is unclear(Wang et al.,
2011a). We therefore hypothesized that expression of a subset of InNcRNA genes may be
dependent on NOTCH1-mediated signaling. To test this hypothesis we used chemical
inhibition of the y—Secretase complex (Kopan and Ilagan, 2009) to perturb NOTCH1
cleavage and nuclear translocation in two prototypical human T-ALL cell lines (CUTLL1
and HPB-ALL) and carried out RNA-Seq to measure IncRNA expression following
treatment and NOTCH inhibition. Such approaches have been extensively used in T-ALL
and are proven to specifically target NOTCH1 signaling (Palomero et al., 2006; Weng et al.,
2004). Indeed, we observed that in addition to protein-coding genes, many IncRNA genes
were differentially expressed upon y—Secretase inhibitor (ySI) treatment compared to vehicle
controls (Figure 2C, Supplementary Figure 2A), suggesting direct regulation and possible
roles downstream of NOTCH1 activation in this disease. In agreement with this notion, we
observed that approximately 55% of IncRNAs whose expression was Notch-dependent were
also directly occupied by NOTCH1 (Figure 2D). In support of our hypothesis that NOTCH1
controls the IncRNA transcriptional program in T-ALL, we observed that IncCRNAs
associated with the top 1000 most enriched NOTCH1 binding sites were significantly down
regulated upon administration of ySl according to gene set enrichment analysis (GSEA)
(Figure 2E). Upon closer examination of many of these INCRNA loci, we observed strong
NOTCH1/RBPJx binding sites (Wang et al., 2011a) both at promoters and intragenic
enhancer elements (Supplementary Figure 2B highlighted yellow), suggesting direct
transcriptional control by Notch signaling. Together these data suggest the presence of a
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Notch-dependent T-ALL IncRNA expression program, members of which, we believe may
carry important biological functions.

To address whether these Notch-regulated InNcRNA genes might be expressed in primary
NOTCH1-induced T-ALL, we measured their expression across ten patient samples which
harbored activating NOTCH1 mutations as well as 2 primary human thymus samples, as a
matched physiological tissue with low Notch activation (Ntziachristos et al., 2012). These
analyses yielded a subset of IncRNAs, which, displayed differential expression in primary
T-ALL compared to normal thymic T cells (Figure 2F). We also observed that a subset of
IncRNAs are differentially expressed among distinct subtypes of T-ALL as defined by
aberrant expression of TLX1 or TLX3 (Supplementary Figure 2D), suggesting a possible role
in specifying discreet subclasses within this disease.

Since activating mutations on NOTCH1 have been recently discovered in chronic
lymphocytic leukemia (CLL)(Fabbri et al., 2011), a tumor of the B-lymphocyte
compartment, we hypothesized that Notch-dependent INcCRNAs we have described in TALL
might also show similar expression patterns in CLL. To test this hypothesis we cultured
Notch-mutant CLL cells on OP9-DL1 stromal cells, which express the Notch ligand delta-
like 1 (DL1), and added vehicle control (DMSO) or y-SI followed by RNA-Seq (Figure
2G). By comparing our T-ALL and CLL vy-SI treatment experiments, we observed that
Notch-dependent changes in InNCRNA expression in T-ALL are different from those in CLL
(Figure 2G, 2H). To our surprise we observed very little conservation of the Notch-
dependent T-ALL IncRNA expression program in Notch mutant CLL cells, suggesting that
although these two tumor harbor similar oncogenic lesions, the downstream consequences of
Notch activation are distinct.

LUNAR1 is a novel, NOTCH-regulated IncRNA transcript in human T-ALL

Since IncRNAs have been previously shown to enhance expression of nearby genes through
cisregulation(Gomez et al., 2013; Lai et al., 2013; Orom et al., 2010), we next asked
whether any of the IncRNAs identified here display a high Pearson correlation with
neighboring protein-coding genes. By comparing correlation density plots for all coding/
IncRNA and coding/coding gene pairs, we found that in general IncRNAs are no more
correlated with neighboring genes than their coding counterparts (Figure 3A). However,
since enhancer-like activity for INcRNAs has been proposed before, we considered all
IncRNAs, with at least 0.75 correlation (Figure 3A, shaded area) with a coding neighbor as
candidates for further study as cis-regulators. From these candidates we noticed one IncRNA
gene, which we have termed LUNARL (LeUkemia-induced Non-coding Activator RNA)
that showed high correlation with its coding neighbor gene the insulin-like growth factor
receptor 1 (IGF1R) (r = 0.77), a gene which as been previously suggested to play a role in T-
ALL(Medyouf et al., 2011). We noted several other features which made LUNAR1 appear
attractive as a candidate. It was down regulated upon Notch inhibition (Figure 3B), over-
expressed in primary T-ALL (Figure 3C) and expressed significantly higher in T-ALL
samples that harbored a Notch mutation compared to those without mutations (Figure 3D).
Additionally, we also found an enrichment of LUNARL in the nucleus (Figure 3E), to a
degree similar to that of U1, a component of a SnRNP splicing complex which supported our
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hypothesis that this transcript may be involved in gene regulation. By examining the
chromatin state at the LUNARL locus, we observed typical features of RNAP2-dependent
genes in T-ALL (Supplementary Figure 3A), as well as, a transcriptionally active state in
several related hematopoietic cell types, according to the chromHMM algorithm
(Supplementary Figure 3B). While a transcriptionally active chromatin state was restricted
to very few samples, nearly all of the cell types for which chromHMM data was available
showed signs of active promoter-associate chromatin structure proximal to the LUNAR1
TSS, indicating a true transcriptional unit (Supplementary Figure 3B). Although the
LUNARL locus shows signs of promoter activity in diverse tissues, its expression is highly
restricted, suggesting that specific factors are required for its activation. Using standard 5
and 3’ RACE approaches we were able to clone a 491-nucleotide transcript containing 4
exons and a polyA tail (FASTA sequence in supplement). In order to address whether
LUNARL is indeed non-coding, we utilized the PhyloCSF algorithm(Lin et al., 2011), which
yielded a score of —48.12 indicating lack of an ORF with selective pressure for codon
preservation. Additionally we have translated the RNA sequence in three frames and
searched for known protein domains using PFAM, of which we found none (not shown).
These data strongly suggest that the LUNARL transcript is unlikely to encode any protein
product.

LUNARL1 expression is controlled by an intronic enhancer in the IGF1R locus

To further study possible functional significance of LUNARL we utilized genome-wide
chromosome conformation capture (Hi-C) in T-ALL cells (CUTLLZY) to examine the higher
order chromatin context in T-ALL (I.A., P.N., A.T. manuscript in preparation). Similar to
other chromosome capture methods, Hi-C utilizes restriction enzyme digestion of cross-
linked chromatin followed by intramolecular ligation to physically link genomic regions that
were in close spatial proximity to one another(Lieberman-Aiden et al., 2009). By coupling
this method to high throughput sequencing, we created a map of 3D chromatin structure in
human T-ALL cells. In doing so we discovered that LUNARL resides in a 500kb
topologically associating domain(Dixon et al., 2012) on chromosome 15, which also
includes neighboring genes IGF1R and PGPEPLL (Figure 4A). Of these two neighboring
genes, only IGF1R is transcriptionally active, therefore we reasoned that LUNAR1 might
play a role in enhancing expression of this gene. Closer examination of the LUNARYIGF1R
locus revealed the presence of a highly active enhancer in the last intron of IGF1R, which
showed a high degree of occupancy by NOTCH1 (previously reported (Medyouf et al.,
2011)), Mediator subunit MED1, histone acetyltransferase P300, RNA Pol2 and the histone
reader BRD4 (Figure 4B, Supplementary Figure 4A), all of which have been suggested to be
hallmarks of active enhancer elements when located outside of promoter regions(Heintzman
et al., 2009; Rada-Iglesias et al., 2011; Whyte et al., 2013). In addition to showing
enrichment for enhancer-associated chromatin factors and a chromatin signature
characteristic of active enhancer elements (high H3K4mel, low H3K4me3, high H3K27ac),
we showed that this element is able to drive expression in a reporter assay in a Notch-
dependent manner (Supplementary Figure 4B, C).

Using chromosome conformation capture (3C) followed by gPCR we validated our Hi-C
findings and identified a peak of high cross-linking frequency at the IGF1R enhancer when
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using a constant Hindll1 fragment located close to the LUNARL promoter, indicating the
presence of a chromatin loop that places these regions in close physical proximity within the
3-D organization of the nucleus (Figure 4C). This finding was verified using a constant
Hindlll fragment in the IGF1R enhancer, suggesting a specific interaction (Figure 4C, lower
panel). These results suggest that this Notch-occupied enhancer element in the IGF1R locus
is able to control LUNAR1 expression through promoter/enhancer contacts.

LUNAR1 controls IGF1R expression and is essential for T-ALL maintenance

To provide evidence further supporting a more causal relationship between LUNAR1 and
IGF1R we used RNAI to attenuate LUNARL expression. In doing so we noticed that
abrogation of LUNARL led to repression of IGF1R, an effect that was observed using two
independent shRNAs targeting distinct regions of the transcript (Figure 5A). Ectopic
expression of LUNARL using retroviral vectors, which integrate randomly into the genome,
did not yield significantly different expression of IGFIR mRNA (Supplementary Figure
5A), supporting our hypothesis of a cis-activation mechanism. Additionally, LUNAR1
depletion resulted in a competitive growth disadvantage phenotype in T-ALL cells
(CUTLLZ1, HPB-ALL) in which the transcript is highly expressed (Figure 5B), but did not
lead to a similar phenotype in myeloid leukemia cells (HL-60) (Supplementary Figure 5B),
in which LUNAR1 expression is limited, suggesting on-target and T-ALL-specific effects
(Figure 5B). Depletion of LUNARL caused a significant decrease in the number of actively
cycling cells as shown by 7AAD staining (Supplementary Figure 5E). These T-ALL growth
effects were similar to the ones noted when the IGF1R gene was silenced ((Medyouf et al.,
2011)and data not shown). In order to further rule out off target effects of RNAI, we utilized
antisense DNA/RNA hybrid oligonucleotide (ASO) gene silencing technology, which
triggers RNase-H-mediated degradation of the target transcript upon ASO binding. ASO-
mediated depletion of LUNARL led to both repression of IGF1R mRNA (Supplementary
Figure 5C) and a growth retardation phenotype similar to what we observed using RNAI
(Supplementary Figure 5D).

In order to test the effects of LUNAR1 depletion on tumor growth in vivo we performed
xenograft assays in which human T-ALL cells expressing an ShRNA targeting LUNAR1
(GFP) or Renilla (mCherry) control were mixed at a 1:1 ratio and transferred intravenously
into sublethally irradiated immunodeficient hosts (Figure 5C). Four weeks after the
transplantation we harvested peripheral tumors and measured the relative contribution of
cells harboring each shRNA by FACS analysis. Using this assay we observed a significant
loss of representation of cells in which LUNARL was depleted (Figure 5D), which suggested
that this INCRNA is required for efficient tumor growth both in vitro and in vivo.

To test whether IGF1R is the relevant target of LUNARL as we have hypothesized, we
performed ASO-mediated IncRNA depletion in T-ALL cells ectopically expressing IGF1R
using retroviral constructs or empty vector control. Following ASO delivery, we observed
that ectopic expression of IGF1R efficiently rescued the growth defects observed following
LUNARL depletion (Figure 5E), suggesting that IGF1R is indeed a key target of this
IncRNA.
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To characterize the overall cellular response to LUNARL silencing we performed global
gene expression analysis (RNA-Seq) in T-ALL cells following LUNARL depletion with two
independent shRNAs. For comparison, we also performed experiments in which we blocked
IGF1 signaling using pharmacological inhibition (BMS-536924) followed by RNA-Seq. The
outcome of these studies was striking as we noted significant repression of IGFIR mRNA,
in agreement to our gPCR studies (Figure 5A). We also identified a subset of genes, which
were similarly regulated following either IGF1R inhibition or LUNARL depletion (Figure
5F), suggesting that this INcCRNA promotes IGF1 signaling by transcriptional regulation of
IGF1R. Finally, using gene set enrichment analysis (GSEA) we found significant
enrichment for gene-sets containing genes significantly down-regulated upon IGF1
inhibition in T-ALL (Supplementary Figure 5F), and other publicly available gene-sets
containing targets of IGF1/2 (Supplementary Figure 5F).

LUNARL1 is an activator RNA capable of stimulating gene activity

In order to test whether LUNARL displayed intrinsic ability to promote gene activity, we
used the Gal4-AN/BoxB system to tether this InNcRNA to a heterologous reporter
promoter(Li et al., 2013; Wang et al., 2011b). In this system the BoxB RNA stem loop is
fused to a IncRNA, which allows it to bind specifically and with high affinity to the phage A
N-peptide (AN). By fusing AN to the DNA binding domain of the yeast Gal4 protein, a BoxB
tagged IncRNA can be tethered to UAS DNA sequences (Figure 6A). We co-transfected
vector containing the Gal4-AN fusion with either BoxB tagged LUNARL or known activator
IncRNA HOTTIP into HEK 293 cells stably expressing 5 UAS sites upstream of a TK-
Luciferase reporter gene(Vaquero et al., 2004). Upon transfection we could detect binding of
the Gal4-AN fusion at the reporter promoter as expected (Figure 6B). Tethering LUNAR1 to
this reporter gene stimulated transcription of the reporter to a similar degree as HOTTIP
(Figure 6C). Additionally ASO-mediated depletion of LUNARL (Figure 6D) significantly
reduced this stimulatory effect compared to a non-targeting ASO (Figure 6E), suggesting
that molecules of LUNARL are functionally important for the stimulation of transcription
seen here.

In order to investigate the mechanism by which endogenous LUNARL promotes
transcriptional activity of the IGF1R gene, we performed chromatin studies following
depletion of the IncRNA in T-ALL cells. Since we hypothesized that LUNAR1 might be an
important component of the intronic IGF1R enhancer we reasoned that depletion of this
transcript might influence chromatin state or occupancy of one of the activators at that locus.
Following depletion of LUNARL we observed a significant reduction in Mediator complex
(MED1 and MED12) and RNA Pol2 occupancy at both the IGF1R enhancer and the
LUNARL promoter (Figure 7A, 7B). Additionally we observed significant loss of RNA Pol2
binding at the IGF1R promoter (not shown). We did not observe any changes in NOTCH1
binding or levels of histone modifications H3K27ac, H3K4mel or H3K4me3 at these loci
(Figure 7A, 7B), suggesting specific destabilization of Mediator and RNAP2 following
LUNARL depletion. We observed no changes in the status of any of these factors at the
ACTB promoter, again suggesting a locus specific effect. Since depletion of LUNARL1 led to
locus specific loss of Mediator and RNA Pol2 binding, we hypothesized that LUNARL RNA
might co-occupy the chromatin in those loci. Using chromatin isolation by RNA purification
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(ChIRP), we were able to efficiently retrieve LUNARL RNA (Figure 7D) and observed
specific enrichment of LUNARL at the IGF1R enhancer and LUNAR1 promoter (Figure 7E)
which supports a mechanism by which LUNAR1 exploits chromatin configuration to reach
its targets (Figure 7F)(Engreitz et al., 2013). Together these data suggest that the intronic
IGF1R enhancer activates LUNARL, which then co-occupies the element and further recruits
Mediator in order to sustain full activation of the IGF1R promoter.

These studies revealed LUNARL as a novel regulator of IGF1 signaling and T-ALL cell
growth, identifying the first putative IncRNA that could be therapeutically targeted in acute
leukemia. Additionally we provide further evidence for the ubiquitous presence and
functional importance of INcRNAs in human disease and provide evidence that IncRNAs, in
addition to protein-coding genes, are key downstream targets of Notch signaling.

DISCUSSION

The last decades were characterized by an extensive characterization of oncogenic pathways
in different cancer types, focusing on protein-coding transcripts and more recently on non-
coding micro-RNA networks. However, very little was known on expression patterns and
biological significance of INcCRNAs in human tumorigenesis. Also, very little was reported
on the regulation of such INcCRNAs by well-described oncogenic signaling pathways. Here
we map the expression of INCRNAs in acute leukemia, using T-ALL, a disease characterized
by activation of the NOTCH pathway. Using integration of whole transcriptome analysis
and genome-wide chromatin state maps we systematically identified T-ALL-specific
IncRNA genes and characterized non-coding transcripts regulated directly by the binding
and the activation of NOTCHL. To further suggest biological significance we used RNA-
Seq of primary human T-ALL, characterize by NOTCH1 and FBXW?7 mutations (leading to
NOTCH activation) and were able to prove the existence of T-ALL-specific IncRNAs also
regulated by NOTCH1 activity, suggesting that NOTCH signaling is able to shape not only
the protein-coding but also the INCRNA landscape in this disease. These results suggest that
— at least a fraction- of the NOTCH1-triggered oncogenic activity could be due to its ability
to regulate such non-coding transcripts.

To test this assumption we have selected LUNARL, a IncRNA that shows T-ALL-specific
Notch-dependent expression patterns, is localized in the nucleus and displayed high
correlation with IGF1R, a receptor previously suggested to play a role in T-ALL (Medyouf
et al., 2011). Using assays that can map chromosome conformation and looping we were
able to show an interaction between the TSS of LUNARL and an enhancer element located
within the IGF1R locus, characterized by NOTCH1 binding (Figure 4, Supplementary
Figure 4). To prove the connection between LUNARL expression and IGF1R, we were able
to demonstrate that the silencing of this INcRNA led to a significant down-regulation of
IGF1R expression in T-ALL cells and diminished IGF1 pathway activity. Although it is
possible that IGF1R is not the sole target of LUNARL1, we propose that one of its key
functions is to modulate IGF1 signaling in TALL by regulation transcription of the receptor
gene (Figure 5).
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Using various assays (Figures 6 and 7) we have provided evidence that LUNARL1 belongs to
a sub-class of enhancer-like IncRNAs, which have been reported previously(Lai et al., 2013;
Orom et al., 2010; Wang et al., 2011b; Yang et al., 2014). Among enhancer-like INCRNAs
there appear to be two distinct functional mechanisms at play. One mechanism involves
IncRNA-dependent recruitment of WDR5-containing methyltrasferase complexes, which
catalyzed methylation of the tails of histone 3 on lysine 4(Gomez et al., 2013; Wang et al.,
2011b; Yang et al., 2014). A second mechanism involves stabilization of Mediator
complexes and RNA Pol2 at enhancer elements(Lai et al., 2013). Based on chromatin
experiments following LUNARL depletion this InNcRNA is most likely functionally similar to
the non-coding RNA-activators (nc-RNA-a) which have been described previously(Lai et
al., 2013; Orom et al., 2010). Since there are currently no methods for predicting INCRNA
function based on sequence alone we believe our results represent an incremental, yet
important contribution to the overall understanding of IncRNA biology.

Our mapping of IncRNAs in human T-ALL opens the possibility that such previously
uncharacterized transcripts are key modulators of cellular transformation, through their
interaction with oncogenic and tumor suppressor programs in leukemia. Additionally, the
suggested (and reported also here) tissue and cell-type specificity of IncRNA expression
would suggest that such transcripts could be powerful and specific biomarkers used to
categorize cancer subtypes and stratify patients for clinical trials and therapeutic protocols.

MATERIALS AND METHODS

RNA extraction preparation for next generation sequencing

Total RNA was extracted from samples using the RNeasy Plus mini kit (Life Technologies,
Carlsbad, CA). Samples were then subject to PolyA selection (Figures 1E, 5F and 5G only)
using oligo-dT beads (Life Technologies, Carlsbad, CA) or rRNA removal (all other
samples) using the Ribo-Zero kit (Epicentre, Madison, WI) according to the manufacturers
instructions. The resulting RNA samples were then used as input for library construction
using the dUTP method as described(Parkhomchuk et al., 2009). RNA libraries were then
sequenced on the Illumina HiSeq 2000 or 2500 using 50bp paired-end reads.

RNA-Sequencing data analysis

All RNA-Seq data was aligned to hg19 using TopHat (Trapnell et al., 2009) v1.4 with
default parameters. We used Cuffdiff (Parkhomchuk et al., 2009) v1.3 for all differential
expression (DE) analyses with our custom annotation consisting of RefSeq entries plus T-
ALL IncRNAs as described below. In all DE tests, a gene was considered significant if the
g-value was less than 0.05 (Cuffdiff default). Data have been deposited at NCBI Gene
Exprerssion Omnibus accession number XXXXXX.

LncRNA discovery

We sequenced two samples from T-ALL cell lines (CUTLL1 and HPBALL), two primary
human thymus samples to ultra high depth (>200 million million mate pairs each), ten
primary pediatric T-ALL samples (60-80 million mate pairs each) and data generated by the
Roadmap Epigenomics project for Naive CD4+ and CD8+ T-cells to be used for ab initio
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transcirptome assembly with Cufflinks v1.3. Briefly, Cufflinks was run with the following
options: -u, -N, -g (RefSeq GTF file provided as guide), -M (rRNA and 7SK RNA mask file
provided). We generated transcriptome assemblies for each of these samples separately and
then used Cuffmerge to combine all annotations. For all subsequent filtering and processing
steps please se Supplementary Methods.

Chromatin immunoprecipitation (ChIP)

The following antibodies were used for chromatin immunoprecipitation experiments:
Notchl C-20 (Santa Cruz sc-6014), Med1 (Bethyl, A300-793A), Med12 (Bethyl,
A300-774A), RNA Polll N-20 (Santa Cruz, sc-899), H3K4mel (Abcam, ab8895),
H3K4me3 (Active Motif, 39159), H3K27ac (Abcam, ab4729). ChlP assays were performed
essentially as described previously(Whyte et al., 2013). See supplementary methods for
detailed description of ChIP assay.

Chromatin isolation by RNA purification (ChIRP)

ChIRP assays were performed as described (Chu et al., 2011) with the following
modifications. Cells were double crosslinked first with 2mM EGS for 45 minutes at room
temperature and washed twice with ice cold PBS. Cells were then further cross liked with
3% formaldehyde for 30 minutes at room temperature and reaction was stopped by the
addition of 0.125M glycine followed by two more washes in PBS. Crosslinked cells were
then lysed in sonication buffer (see ChIP method) supplemented with SUPERaseln (Life
technologies) and chromatin was sheared exactly as for ChlP assays. Chromatin was cleared
by centrifugation and supernatant was used for ChIRP reactions. All following steps were
performed exactly as described by Chu et al. with the following exceptions: in the
hybridization buffer 1% Triton with 0.1% SDS was used instead of 1% SDS, in the wash
buffer SDS concentration was lowered from 0.5% to 0.1%. Probes used for ChIRP assays
are listed in supplemental table.

Chromosome conformation capture (3C)

3C experiments were performed essentially as described previously(Hagege et al., 2007).
Please see Supplementary methods for detailed description of this method.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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SUMMARY

Notch signaling is a key developmental pathway, which is subject to frequent genetic and
epigenetic perturbations in many different human tumors. Here we investigate whether
IncRNA genes, in addition to mRNAs are key downstream targets of oncogenic Notchl
in human T-ALL. By integrating transcriptome profiles with chromatin state maps we
have uncovered many previously unreported T-ALL-specific IncRNA genes, a fraction of
which are directly controlled by the Notch1/Rpbjx activator complex. Finally we have
shown that one specific Notch-regulated INcRNA, LUNARL, is required for efficient T-
ALL growth in vitro and in vivo due to its ability to enhance IGF1IR mRNA expression
and sustain IGF1 signaling. These results confirm that IncRNAs are important
downstream targets of the Notch signaling pathway and additionally they are key
regulators of the oncogenic state in T-ALL.
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(A) A schematic illustration of the procedure used to discover and define INCRNAs in
TALL. (B) Venn diagram depicting the overlap between our catalogue of T-ALL associated
IncRNAs and those in the Gencode v18 IncRNA collection. (C) Pie chart representation
showing the proportion of T-ALL associate INcRNAs that are transcribed in a divergent
orientation (red) or intergenic (blue) with respect to protein-coding genes (green, diagram
left). (D) Violin plot of logo maximum expression values (FPKM) for protein coding (red)
and T-ALL IncRNA (blue) genes. Boxes represent first and third quartile. Whiskers are 1.5
times the interquartile range. (E) A heat map representation of the 250 IncRNAs with the
most variable (IQR/median) expression across T-ALL, normal T-cells and various other

somatic tissues.
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Figure 2. LncRNAs are a component of the Notchl transcriptional network
(A) Heat map representation of ChlP-Seq signal density for H3K27ac, H3K4me3, RNAP2,

NOTCH1, RBPJx and ZNF143 centered on INcRNA TSSs +/- 5kb. All ChlP experiments
are from CUTLL1 cells. (B) Histogram depicting ChIP-Seq signal density on all T-ALL
IncRNA promoters for H3K4me3, RNAP2 and NOTCH1 (C) Scatterplots showing both
IncRNA (green) and protein coding (orange) genes whose expression is significantly altered
following addition of ySI in CUTLL1 (left) and HPBALL (right) cells. (D) Venn diagram
showing the proportion of Notch-occupied IncRNAs whose expression is significantly down
regulated in response to ySI treatment. (E) GSEA enrichment plot showing significant down
regulation of INcRNAs associated with the top 1000 NOTCH1 peaks upon ySI treatment. (F)
Heat maps showing top differentially expressed protein coding (left) and IncRNA (right)
genes in primary T-ALL compared to thymic progenitors. (G) Expression profiles of
IncRNAs that are differentially expressed in response to y-Sl treatment in T-ALL are shown
in heat map either in T-ALL (left) or CLL (right). Gray indicates no detectable expression.
(H) Expression fold change (DMSO/y-SI) in T-ALL (CUTLL1 And HPBALL) and CLL of
all IncRNAs consistently regulated upon Notch inhibition in T-ALL.
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Figure 3. LUNARL1 is a novel IncRNA gene controlled by NOTCH1 in T-ALL
(A) Correlation density plot showing expression correlation of protein coding (red) or

IncRNA (blue) genes with the nearest coding neighbor. (B) RNA-Seq expression values for
LUNARL in primary T-ALL and thymic progenitors (left). Over expression was validated by
gPCR (right, top) and over activation of Notch signaling was verified by measuring HESL
expression (bottom, right). (C) gPCR for LUNAR1 following treatment with vehicle (blue)
or ySl (red) in CUTLL1 (left) and HPBALL (right) cells. (D) gPCR for LUNAR1 in Notch
WT vs. Notch mutant tumors. (E) Immunoblot (left) for Lamin-B and Tubulin on
cytoplasmic and nuclear fractions from CUTLL1 cells. gPCR (right) for LUNAR1, U1 and
GAPDH from RNA extracted from cytoplasmic and nuclear fractions. * indicates p-value <
0.05.
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Figure 4. LUNARL1 is physically associated with a nearby Notch-occupied enhancer
(A) Gene track of a 2Mb region surrounding the LUNARL locus including Hi-C interaction

density heat map (red upper panel), ChIP-Seq tracks for H3K27ac, H3K4mel, H3K4me3,
MED1, BRD4, P300, NOTCH1, RBPJx, RNAP2 and RNA-Seq track. (B) Gene track view
of an approximately 150kb region which contains LUNARL (highlighted yellow, right and a
Notch-occupied enhancer in the last intron of IGF1R (highlighted yellow, left). (C) Relative
cross-linking frequency as measured by 3C-qPCR using a constant primer in a HindllI
fragment at the LUNARL TSS (top) or at the Notch-occupied enhancer (bottom).
Crosslinking frequency is relative to a negative region (green). Error bars indicate the +/—
SEM of three experiments.
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Figure 5. LUNARL1 regulates T-ALL proliferation by enhancing IGF1R expression
(A) gPCR showing expression of LUNARL (blue) and IGF1R (yellow) in the presence of

shRNAs targeting Renilla or LUNARL. (B) Line graphs showing relative contribution from
T-ALL cells expressing shRNAs against LUNARL grown in competition with cells
expressing a non-targeting shRNA. (C) Illustration describing in vivo xenograft competition
assay. (D) Ratio of MFI on day 28:day 0. (E) Line graphs showing relative cell number
(targeting/Scr) for cells expressing exogenous IGF1R (blue) or empty vector (red) treated
with ASO. (F) Genome-wide measurement of differentially expressed genes following
pharmacological inhibition of IGF1R or LUNAR1 knockdown. Error bars represent +/—
SEM of at least 3 experiments. * indicates p-value < 0.05. ** indicates p-value < 0.01.
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Figure 6. LUNARL is able to stimulate transcription of a reporter gene
(A) llustration describing the BoxB Gal4-AN RNA tethering system used. (B) ChIP assay

for Gal4-DBD at the reporter gene promoter. (C) Luciferase reporter activity in experiments
where BoxB tagged LUNARL (blue) or HOTTIP (yellow) were co-transfected with Gal4-AN.
(D) gPCR following ASO knockdown of LUNAR1 in luciferase assay. (E) Reporter assay
showing relative reporter gene activity when BoxB-LUNARL was co-transfected with either
non-targeting (blue) or LUNAR1-specific (yellow) ASOs. Error bars represent SEM of at
least 3 experiments. * indicates p-value < 0.05. ** indicates p-value < 0.01.
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Figure 7. LUNAR1 modulates Mediator and RNA Polll binding at the IGF1R enhancer
ChIP assays for MED1, MED12, RNAP2, NOTCH1, H3K27ac, H3K4mel and H3K4me3

in T-ALL cells harboring non-targeting (blue) or LUNAR1-specific sShRNAs followed by
locus-specific gPCR at (A) IGF1R enhancer, (B) LUNARL promoter or (C) ACTB promoter.
(D) Percent recovery of LUNAR1 following ChIRP. (E)ChIRP assay using probes targeting
LUNARL (blue) or LacZ (yellow) followed by gPCR at the IGF1R enhancer, LUNARL
promoter and ACTB promoter. (F) A model for cis-regulation of gene expression by
LUNARIL. Error bars represent SEM of at least 3 experiments. * indicates p-value < 0.05. **
indicates p-value < 0.01.
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