UCLA

UCLA Electronic Theses and Dissertations

Title
The Role of Long Non-coding RNAs in B-acute Lymphoblastic Leukemia

Permalink
https://escholarship.org/uc/item/7vb1ln704

Author
Rodriguez-Malave, Norma lIris

Publication Date
2015

Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/7vb1n706
https://escholarship.org
http://www.cdlib.org/

UNIVERSITY OF CALIFORNIA

Los Angeles

The Role of Long Non-coding RNAs in B-acute Lymphoblastic Leukemia

A dissertation submitted in partial satisfaction of the requirements for the degree

Doctor of Philosophy in Cellular and Molecular Pathology

by

Norma Iris Rodriguez-Malavé

2015



© Copyright by
Norma Iris Rodriguez-Malavé

2015



ABSTRACT OF THE DISSERTATION

The Role of Long Non-coding RNAs in B-acute Lymphoblastic Leukemia

by

Norma lIris Rodriguez-Malavé
Doctor of Philosophy in Cellular and Molecular Pathology
University of California, Los Angeles, 2015

Professor Dinesh S. Rao, Chair

Non-coding RNAs play pivotal roles in a wide variety of molecular processes. The
functions of long non-coding RNAs (IncRNAs), in particular, have deep implications for both
development and oncogenesis. Dysregulated expression of IncRNAs has been found in various
cancers, but had not been comprehensively described in B lymphoblastic leukemia (B acute
lymphoblastic leukemia; B-ALL). We completed a gene expression profiling study in human B-
ALL samples and found differential IncRNA expression in samples with particular cytogenetic
abnormalities. We determined that INncRNA expression could discriminate between B-ALL with
specific karyotype abnormalities as well as, predict patient survival. Two promising INcRNAs
from our study, designated B-ALL associated long RNAs (BALRs), have the highest expression
in B-ALL samples carrying the MLL rearrangement when compared non-MLL rearranged and
normal CD19+ cells. MLL rearranged B-ALL cases have a very poor prognosis and occur
frequently in infants, making them particularly difficult to treat. This thesis investigates the role of

IncRNAs BALR-2 and BALR-6 in MLL translocated B-ALL.



In the first part of this thesis work, we found that high expression of BALR-2 was
correlated with diminished response to prednisone treatment. Knockdown led to a reduction in
proliferation, increased apoptosis, and increased sensitivity to prednisolone treatment.
Conversely, overexpression of the IncRNA caused increased cell growth and resistance to
prednisone treatment. Remarkably, BALR-2 expression was repressed by prednisolone
treatment and its dysregulation led to changes in the glucocorticoid response pathway in human
and mouse B-cells. These findings indicate an important role for BALR-2 in the pathogenesis of
B-ALL.

Much like BALR-2, siRNA mediated knockdown of BALR-6 in human B-ALL cell lines
caused decreased proliferation and increased apoptosis. Additionally, overexpression of BALR-
6 isoforms caused a significant increase in progenitor populations in mice and increased
proliferation in mammalian cell lines. To understand the functional role of BALR-6, differential
expression analysis from cell lines with knockdown was carried out. The analysis indicated an
enrichment of genes involved in leukemia. Among these genes were SP1 and its known target
genes. Luciferase reporter assays uncovered a positive regulatory role for BALR-6 in SP1
mediated transcription. Together, these data elucidate a role for BALR-6 in transcriptional
regulation.

Thus, this thesis identifies novel non-coding RNA transcripts that regulate gene
expression, and thereby pathogenesis in B-ALL with MLL rearrangement. This work suggests

novel diagnostic, prognostic, and therapeutic utility for IncRNAs in B-ALL.
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CHAPTER I:

Introduction:

“Long Non-Coding RNAs in Hematopoietic Malignancies”



Abstract

Recent years have witnessed the discovery of several classes of non-coding RNAs
(ncRNASs), which are indispensable for the regulation of various cellular processes. Many of
these RNAs are regulatory in nature with functions in gene expression regulation such as
piRNAs, siRNAs and miRNAs. Long non-coding RNAs (IncRNAs) comprise the most recently
characterized class. LncRNAs are involved in transcriptional regulation, chromatin remodeling,
imprinting, splicing, and translation, among other critical functions in the cell. Recent studies
have elucidated the importance of IncRNAs in hematopoietic development. Dysregulation of
INcRNA expression is a feature of various diseases and cancers, and is also seen in
hematopoietic malignancies. This article focuses on INcCRNAs that have been implicated in the

pathogenesis of hematopoietic malignancies.

Introduction

Blood cell development is a complex and highly ordered process that occurs as
successive waves of fetal and embryonic hematopoiesis prior to definitive adult hematopoiesis
in mammals. The bone marrow is the site of adult hematopoiesis in mammals, leading to the
genesis of all the major lineages in the blood including lymphoid cells, myeloid cells, as well as
anucleated red blood cells and platelets. This complex developmental process is intimately
connected with the regulation of gene expression, as hematopoietic stem cells become
successively committed to one or the other developmental lineage [1]. This system has been
extensively studied in model organisms, including mice, with several important insights.
Hierarchical models of development have been established, with loss of developmental potential
characterizing each successive step. Several models of development exist and specify different
relationships between progenitor cells in the bone marrow [1-7]. Most models include separate

hierarchies for developing myeloid and lymphoid cells, with the former giving rise to



erythrocytes, platelets, granulocytes, and monocytes, and the latter giving rise to B- and T-
lymphocytes [2, 6]. Importantly, specific transcriptional regulators, which tightly control gene
expression, are known to function at different branch points in the hematopoietic hierarchy [8-
10]. In addition, changes in chromosomal accessibility and epigenetic regulation play highly
important roles. New discoveries showing that non-coding elements of the genome can also
control gene expression may help us better understand both hematopoietic development and
cancer.

Long non-coding RNAs (IncRNAs) are a recently described class of non-coding
transcripts, the importance of which is still being recognized [11-15]. These RNAs are >200
nucleotides in length, transcribed by RNA polymerase Il or Ill, undergo splicing, and are usually
polyadenylated. They generally lack open reading frames (ORFs) of significant length, although
a few may contain small ORFs within one or more alternative splice forms [16, 17]. These
transcripts show functional and genomic conservation in vertebrates, despite rapid sequence
evolution [18]. Over 10,000 IncRNAs have been identified so far; some of these are well
described, while the majority requires further characterization [15, 18-23]. These transcripts can
be classified by their position relative to neighboring protein coding genes: sense, antisense,
intronic, exonic, or intergenic/intervening [24, 25]. LncRNAs are important regulators of a wide
variety of cellular processes with distinct functions that differ based on the cellular compartment
in which they are found. Nuclear and cytoplasmic transcripts can regulate gene expression at
the transcriptional or translational level, respectively (Figure 1). They can recruit chromatin-
remodeling complexes, regulate transcription, promote mRNA translation, and stabilize mRNA
transcripts to prevent or induce decay (Figure 1A-D) [26-30]. Additionally, they can influence
changes in the spatial conformation of chromosomes, imprinting, and splicing (Figure 1E) [17,
31-34]. A few loci that produce IncRNAs can also produce small biologically active peptides, and

the notation of such loci as “non-coding” can therefore be debated [17]. Nonetheless, a variety



of non-coding functions can be ascribed to the majority of INcRNAs; some can serve as sponges
competing for microRNAs, and some even harbor microRNAs within their transcripts (Figure 1F)
[35-37]. The fact that IncRNAs are intrinsically involved with a diverse array of cellular

mechanisms attests to potentially pivotal roles in development in general, and to hematopoiesis

in particular.
A Recruitment of B 7 FTTT ARAAA
chromatin complexes
mRNA stability
Transcriptional regulation AAAAA
Regulate translation
" & i
ceRNA
Splicing
Nucleus Cytoplasm

Figure 1. Schematic of IncRNA mechanisms of action. A) Epigenetic silencing of target loci by
recruitment of chromatin-remodeling complexes, such as PRC2. B) mRNA stability is regulated by the
interaction of between IncRNAs and STAU proteins. C) IncRNAs can regulate transcription by acting as
decoys for transcription factors, like the glucocorticoid receptor (GR), inhibiting their binding to target
promoter sequences. D) Translation of mRNAs can be inhibited or promoted by IncRNAs. E) Alternative
MRNA splicing modulated by IncRNAs that regulate SR splicing factor phosphorylation. F) IncRNAs can
act as competitive endogenous RNA (ceRNA) by binding to target microRNAs.
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Indeed, several recent studies have revealed that IncRNAs can regulate hematopoietic
development, influencing differentiation, proliferation, and cell survival. They have important
regulatory roles at many developmental stages including, the determination of hematopoietic
stem cell (HSC) fate, and the differentiation of progenitor and precursor blood cells of lymphoid,
myeloid, and erythroid lineages [38-43]. The relatively well-known IncRNA, H19, is involved in
maternal imprinting, and was one of the first IncRNAs described to function in adult HSC
guiescence. H19 is highly expressed in long-term HSCs, with gradual downregulation in short-
term HSCs. This transcript promotes HSC quiescence by regulating the Igf2-Igflr pathway [38].
Thymic (T-lymphocyte) specific INCcRNAs have also been described. One example of this is
thymus specific non-coding RNA (Thy-ncR1), a cytoplasmic riboregulator of MFAP degradation
[39]. BIC, which harbors miR-155-5p and miR-155-3p, is critical in hematopoietic lineage
differentiation and in activation of mature B-cells [40, 44]. In the myeloid lineage, HOX antisense
intergenic RNA myeloid 1 (HOTAIRM1), induces the expression of myeloblast differentiation
genes, including HOXA1 and HOXA4 [41]. Similarly, the Eosinophil Granule Ontogeny IncRNA
(EGO) is involved in stimulating eosinophilic differentiation of CD34+ progenitor cells by
regulating protein expression [42]. During murine erythroid differentiation, the Erythroid Pro-
Survival lincRNA (lincRNA-EPS) promotes terminal differentiation of mature erythrocytes by
inhibiting pro-apoptotic gene Pycard [43]. Hence, IncRNAs play a variety of roles in controlling
different steps in hematopoietic differentiation, including the maintenance of HSCs and the
differentiation of myeloid, erythroid, and lymphoid lineages.

The disruption of the highly ordered differentiation of hematopoietic elements by somatic
mutations leads to cancers of the hematopoietic system. These diseases can broadly be divided
into lymphoid and myeloid diseases. Also, these malignancies can be thought of as diseases
derived from the bone marrow, which occur clinically as a primarily “hematologic” (blood and

bone marrow) presentation, or as diseases of mature lymphoid organs, which present primarily



as solid tumors of lymph nodes and other tissues. In this review we will focus on bone marrow
derived hematopoietic malignancies, which include diseases derived from both lymphoid and
myeloid progenitor cells. These diseases demonstrate many different patient presentations, and
current classification systems for the diseases are based both on clinical background and on
insights gained from analyses of the molecular alterations. Modern studies increasingly
emphasize the role of INCRNAs as important elements in hematopoietic malignant progression
(Table 1). Their modulation of a vast amount of cellular processes, especially those involved in
differentiation and cell fate, ties them closely to the pathogenesis of these diseases. In the
sections below, we will discuss INcRNAs that are involved in myeloid derived diseases, including
myelodysplastic syndromes (MDS), myeloproliferative neoplasms (MPN), and acute myeloid
leukemia (AML). We will also discuss a disease of lymphoid origin in the context of acute
lymphoblastic leukemia (ALL), which constitutes the most important bone marrow-derived

lymphoid malignancy and the most common childhood malignancy.



Table 1: IncRNAs implicated in hematopoietic malignancies

. Cellular Role in hematopoietic
Disease Name . Pathways . . References
function malignancies
XIST Chromatin remodeling, imprinting X chromosome inactivation Tumor suppressor [45, 46]
Transcriptional regulation, protein PRC2 scaffold Unknown, possibly tumor [16, 47, 48]
MDS MEG3 o
scaffold p53 binding enhancer suppressor
» PTEN and y-globin expression [49]
BGL3 Competitive endogenous RNA . Tumor suppressor
regulation
MPN Transcriptional regulation, miR- Matemal imprinting 36, 50-53]
H19 i Tumor suppressor/Oncogene
(CML) 675 precursor Rb regulation
XIST Chromatin remodeling, imprinting X chromosome inactivation Tumor suppressor 45, 46]
Transcriptional regulation, protein [54-56]
ANRIL PRC1 and PRC2 scaffold Oncogene
scaffold
Ve Transcriptional regulation, protein PRC2 scaffold Unknown, possibly tumor [16, 47, 48]
scaffold p53 binding enhancer suppressor
. Transcriptional regulation, miR- Maternal imprinting Unknown, possibly tumor [51]
675 precursor HSC quiescence suppressor
. Interleukin-1 signaling [46, 57, 58]
BIC miR-155 precursor Oncogene
B cell activation
IRAIN  Spatial conformation of chromatin, IGF1R expression Unknown, possibly tumor [59, 601
enhancer suppressor
mRNA stability, translational . [61-63]
AML UCA1 i p21ke! expression Oncogene
regulation
Chromatin remodeling, protein [64-67]
CRNDE PRC2 and COREST scaffold Oncogene
scaffold
WT1-AS Unknown Possibly WT1 regulation Unknown [61, 68]
) Unknown, possibly tumor [69, 70]
ViRNA2-1 aka nc886, miR-886 precursor PKR regulator
suppressor
HOTAIR Transcriptional repressor PRC2 scaffold Oncogene [71,72]
Competitive endogenous RNA, miR-200 sponge . . [61,73]
PVT-1 . » Unknown, possibly oncogenic
protein stability MYC regulator
miR-99a precursor, unknown as Cellular proliferation and [74]
MONC Oncogene
IncRNA differentiation
miR-100 precursor, unknown as Cellular proliferation and [74]
MIR100HG Oncogene
IncRNA differentiation
ANRIL Transcriptional regulation PRC1 and PRC2 scaffold Oncogene [54-56, 75, 76]
Glucocorticoid response [22]
ALL BALR-2 Unknown Oncogene
pathway
WT1-AS Unknown Possibly WT1 regulation Unknown [68]




Myelodysplastic Syndromes

Myelodysplastic syndromes are a heterogeneous group of clonal hematopoietic
disorders that are characterized by decreases in mature peripheral blood cells, or cytopenias.
This is thought to result from a clonal set of somatic mutations that confer a selective advantage
on early progenitor cells, but concurrently inhibit their ability to differentiate into mature blood
cells. This expansion of “immature” cells contrasts with MPN and AML profiles, in which different
stages of myeloid development are observed to be the origin of malignant transformation.
Recent work has implicated a number of pathways that are involved in the pathogenesis of this
group of diseases. Perhaps the best-characterized MDS is 5g- syndrome, which results from the
loss of the long arm of chromosome 5 in humans [77]. It has been determined that several
coding and non-coding genes that are located in this genomic area are important in the
pathogenesis of 5g- syndrome. Indeed, microRNA-146a is downregulated as a consequence of
this deletion, and experimentally induced deficiency of this microRNA results in
myeloproliferative and myelodysplastic phenotypes [78-80]. However, several other forms of
MDS are known to exhibit a variety of mutations based on recent high throughput sequencing
studies. These include mutations in splicing factor genes, raising the idea that MDS results from
global changes in RNA splicing [81, 82]. DNA methylation is also affected, causing global
changes in gene expression regulation, which result in the observed phenotypes of
hematopoietic progenitor cell dysplasia and peripheral cytopenias [83]. This work has now
extended into analysis of long non-coding RNAs in MDS, with a few specific transcripts, such as
XIST and MEGS, involved in disease pathogenesis.

Although X-inactive specific transcript (XIST) was one of the earliest described functional
non-coding transcripts, it is only now beginning to be appreciated in hematopoietic homeostasis.
XIST is located on the X chromosome along with multiple non-coding transcripts, which together

are crucial for regulation of X chromosome inactivation by imprinting [46, 70, 84-86]. Inactivation



of the X chromosome occurs via recruitment of protein complexes for epigenetic modification of
histones, ultimately silencing target loci (Figure 2) [87]. Importantly, several studies have shown
that X chromosome aberrations are involved in human cancers [88-90]. Recently, Yildirim et al
showed that conditional knockout of Xist in hematopoietic stem cells of female mice caused
highly aggressive myeloid neoplasms with 100% penetrance. Features of myelodysplastic
syndrome were observed in the bone marrow, including hypolobated megakaryocytes and
binucleated erythroid precursors. In the myeloid lineage, they observed hypogranularity and
abnormal lobation in neutrophils and myelocytes, reminiscent of additional morphologic changes
in human MDS. Lastly, circulating erythroid precursors were present and showed nuclear
irregularities [45]. However, this likely does not represent a pure MDS phenotype. Rather, mice
presented hyperplasia of all splenic compartments. In the bone marrow, mice had abnormal
mitotic figures including multipolar mitoses, myeloid hyperplasia, and increased fibroblasts. In
the peripheral blood, white blood cell counts were elevated when compared to wild-type
females, including increased numbers of immature myelomonocytic cells, reminiscent of
manifestations seen in chronic myelomonocytic leukemia. Gene expression analyses
demonstrated reactivation of several X-chromosome encoded genes; this abnormal increase in
gene dosage was postulated to explain the formation of myeloid malignancies. These findings
highlight a role for IncRNAs in the normal development of bone marrow progenitors and
demonstrate, in vivo, the pathological effects of deletion of a IncRNA.

Maternally expressed 3 (MEG3) is a myeloid related INncCRNA that has been implicated in
multiple human malignancies [91]. MEGS3 is important for MDM2 down-regulation and for
enhanced p53 binding to promoter regions of genes, such as to the growth differentiation factor
15 (GDF15) promoter [48]. Additionally, it is believed that MEG3 regulates genes by recruiting
Polycomb Repressive Complex 2 (PRC2) for epigenetic silencing of targets [92]. Its locus is

tightly regulated by modifications in its differentially methylated regions (DMRs), and



suppression of MEG3 expression in solid tumors occurs by hypermethylation of the DMRs [93].
In a cohort of 85 patients with MDS or AML, it was shown that 35% of MDS patients had
aberrant hypermethylation of the MEG3 promoter region. These modifications trended with
decreased overall patient survival [47]. These data once again strongly suggest that loss of a

IncRNA can contribute to MDS pathogenesis and/or disease severity.

Figure 2: Xist in normal development of myeloid and erythroid progenitors. Knockout of Xist in the
murine hematopoietic system causes alterations in the development of megakaryocytes and myeloid
cells. Xist functions by directing chromatin remodeling complexes to target loci along the X chromosome.
In the knockout mice, the loss of Xist led to reactivation of many genes on the X chromosome, and this
dysregulated gene expression was thought to lead to cancer. HSC: hematopoietic stem cell, MPP:
multipotent progenitor, MEP: megakaryocyte—erythroid progenitor cell, LMPP: lymphoid-primed

multipotent progenitor, and CMP: common myeloid progenitor.

Although the number of studies is still small, these data provide compelling evidence for
IncRNAs playing some role in MDS pathogenesis. Global profiling studies of IncCRNA
expression, and/or reanalysis of existing datasets with standardized algorithms designed to
identify known and novel IncRNAs, may help us further understand the role of non-coding

elements in this incompletely understood disease.
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Myeloproliferative neoplasms

In contrast to MDS, myeloproliferative neoplasms are characterized by increased mature
peripheral blood cells of one or more lineages, with the clonal proliferative advantage directing
proliferation and differentiation of the erythroid, myeloid, or megakaryocytic lineages. The study
of molecular pathogenesis and therapy in MPNs has been an area of rapid progress.
Myeloproliferative neoplasms are classically divided into several subsets based on the lineage
primarily affected. For example, the MPN Polycythemia Vera (PV) is a disease of red blood cell
overproduction, while the MPN known as essential thrombocythemia (ET) is a disease of
platelet overproduction. Many MPNs arise from mutations in tyrosine kinases, resulting in
constitutive activation of pro-survival and proliferation signaling pathways, within certain
primitive hematopoietic elements. The prime example in this category is chronic myelogenous
leukemia (CML), a chronic form of leukemia in which the understanding of genetic abnormalities
has led to striking new therapies, and improved patient outcome. CML is caused by a
translocation between chromosomes 9 and 22, which results in the production of a chimeric
fusion protein, BCR-ABL, a constitutively activated tyrosine kinase [94]. This fusion protein can
cause a CML-like disease when overexpressed in mouse bone marrow. Remarkably, targeted
therapies against BCR-ABL, such as treatment with the tyrosine kinase inhibitor Imatinib, have
resulted in prolongation of disease free and overall survival in patients [95, 96]. The gene
expression changes in CML are also an area of active investigation, and it is likely that IncRNAs
are a part of the BCR-ABL-driven gene expression program.

Recently, Guo et al carried out a comprehensive study of IncRNA transcripts in human
CML cells [49]. Specifically, they used a IncRNA cDNA microarray to identify dysregulated
transcripts in K562 cell lines transduced with BCR-ABL shRNA or luciferase shRNA. The
analysis revealed that 338 IncRNAs were upregulated and 108 were downregulated after

knockdown of BCR-ABL. Among the most significantly dysregulated IncRNAs was Beta Globin

11



Locus 3 (BGL3), which may play a role in regulating y-globin expression [97]. Expression of
BGL3 was elevated in human cell lines with BCR-ABL inhibition. In the presence of imatinib,
ectopic expression of the transcript reduced cell viability, while shRNA mediated knockdown
increased it. In BGL3 transgenic mice, bone marrow transformation by BCR-ABL was impaired.
Additionally, the transcript acted as a competitive endogenous RNA for binding of microRNAs
that regulate PTEN expression (Figure 3). Hence, it is likely that the dysregulation of this tumor

suppressor INcRNA is involved in CML progression [49].
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Figure 3: CML fusion protein, BCR-ABL, regulates BGL3 ceRNA expression. BGL3 is a competitive
endogenous RNA that binds to several microRNAs known to target tumor suppressor PTEN. By doing so,
it releases miRNA-mediated repression of PTEN. In CML, the BCR-ABL fusion protein represses BGL3

expression, resulting in increased repression of the tumor suppressor by miRNAs.
In addition to its aforementioned role in normal hematopoietic development, recent
studies have shown a role for H19 in myeloid neoplasms. As noted before, H19 regulates the

imprinting of its chromosomally adjacent gene, insulin-like growth factor 2 (IGF2), and regulates

murine genes Igfr2 and DIkl in trans [98, 99]. This transcript has been implicated in various
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cancers as an oncogene or tumor suppressor, depending on the context [52, 100]. Additionally,
H19 harbors miR-675 in its first exon, which is known to regulate Igflr [53]. Thus H19 acts as a
IncRNA or a microRNA precursor in different cellular processes [36]. Bock et al examined
expression levels of this IncRNA in normal bone marrow cells, as well as tissues from patients
with different chronic myeloproliferative disorders, including PV, ET, CML, cellular phase
primary myelofibrosis, fibrotic phase primary myelofibrosis, and chronic myelomonocytic
leukemia (CMML). gRT-PCR revealed that all of these patient samples had reduced expression
of H19 when compared to normal control cases [50]. Similarly, Tessema et al analyzed H19
expression in bone marrow biopsies and peripheral blood samples from normal donors, CMML
patients, CML patients, and AML patients, finding reduced expression when compared to the
healthy controls [51]. Conversely, studies by Guo and colleagues demonstrated that the
expression of H19 is BCR-ABL kinase dependent in a BCR-ABL-positive cell line, and in
primary CML cells derived from patients [101]. Knockdown of H19 in K562 cells induced
apoptosis, and in mice it inhibited xenograft growth. Functional studies revealed that H19
expression is regulated by MYC in CML cell lines. These data suggest that H19 is required for
tumorigenesis induced by BCR-ABL, acting in this context as an oncogene [101]. Further
studies on H19 need to be carried out to fully understand its role in myeloproliferative
neoplasms, and these studies highlight the importance of studying IncRNA function in a cell-

type appropriate context.

Acute myeloid leukemia

In AML, a uniform population of blast cells replaces the normal heterogeneous
population of maturing hematopoietic progenitor cells within the bone marrow. These cells are
myeloid progenitor cells, and are thought to derive from multipotent myeloid-biased progenitor

cells, or from committed myeloid progenitors such as the common myeloid progenitor (CMP).
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AML is characterized by a bimodal incidence in terms of age, and is most common in older
adults. Much work has gone into characterizing the molecular changes that are present in AML,
and recurrent cytogenetic and molecular abnormalities are present in a large portion of AML
patients. Many of these changes result in a dramatic proliferative advantage and/or an arrest in
differentiation, contributing to the massive proliferation of blast cells that is seen in AML. Gene
expression changes in AML are widespread and involve many different pathways. Therefore, it
is likely that coding and non-coding elements play important roles in AML pathogenesis.

As a disease, AML is most devastating in older adults, who have a poor prognosis and
low overall survival rates [102-104]. Although 50-55% of patients have chromosomal
abnormalities, 45-50% of patient cases are cytogenetically normal (CN-AML) [103-105].
Nonetheless, CN-AML carries frequent somatic mutations in several oncogenes. Among these
frequently mutated genes are nucleophosmin 1 (NPM1), Fms-related tyrosine-protein kinase-3
(FLT3), and CCAAT/enhancer-binding protein alpha (CEBPA) [105-107]. Garzon et al examined
INcRNA expression in CN-AML patients to determine any correlations with known mutations.
Indeed, INcRNA expression profiles segregated with mutations in the aforementioned genes.
[61]. In NPM1 mutated cases; they observed upregulation of antisense transcripts of HOX
genes, and of the plasmacytoma variant translocation 1 (PVT1) IncRNA. It has been shown that
PVTL1 is required for high-level expression of MYC in human cancer cells, and hence may play a
pathogenetic role in AML [108]. In addition, the Wilms tumor 1 antisense RNA (WT1-AS) was
found exclusively in FLT3-ITD mutated cases. The WT1-AS transcript is alternatively spliced in
AML, and ALL samples [68]. Lastly, among the upregulated IncRNAs in the CEBPA mutated
cases was urothelial cancer associated 1 (UCA1), the role of which in AML has been recently
studied [61, 62].

UCAL IncRNA was first identified by a comprehensive expressed sequence tag analysis

of candidate markers in patients with transitional cell carcinoma of the bladder [109].
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Interestingly, this INcCRNA can cause chemoresistance in bladder cancer by upregulating the
Whnt signaling pathway [110]. UCA1 has also been implicated in a variety of malignancies, such
as colorectaral cancer, and breast cancer [63, 111]. In AML, Hughes et al studied the effects of
a dominant negative isoform of CEBPA, known as CEBPA-p30 [62, 112]. Genome wide
transcriptome analysis of K562 cells with inducible CEBPA-p30, identified INcCRNAs that are
negatively regulated by the mutant protein [62]. Among the significantly dysregulated transcripts
identified was UCA1. Both CEBPA and CEBPA-p30 bind to the UCA1 promoter; CEBPA
repressed its expression while CEBPA-p30 induced its expression. UCAl1 maintained
proliferation in AML cells by repressing p27“"* (Figure 4). This function appeared to be
dependent on interfering with the function of hnRNP21, which normally facilitates translation of
p27“P!. Cases with biallelic CEBPA mutations demonstrated an increase in UCA1 expression,
further supporting the idea that UCAL expression depends on mutant CEBPA. Taken together,

these data suggest that UCA1 acts as an oncogenic IncRNA in CN-AML [62].
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Figure 4: UCAL1 represses p27

suppressor p27kipl. UCAL interacts with hnRNP1, which results in translational suppression of p27

Mutation of CEBPA in AML results in elevated UCA1 and decreased p27*** expression.
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Another recent addition to the AML-related IncRNA profile is the antisense non-coding
RNA in the INK4 locus (ANRIL), a polyadenylated cell-cycle related IncRNA that is transcribed
antisense to p15INK4b [113]. This transcript has multiple isoforms that are transcribed in an
antisense orientation to the INK4 locus. One variant, p15AS, was isolated from two AML cell
lines. p15AS was up-regulated in 11 of 16 AML and ALL primary samples [54]. This IncRNA
was responsible for silencing of p15INK4b by regulating H3K9me2 and H3K4me2 levels at the
promoter regions, prompting heterochromatin formation. It is likely that p15AS recruits PRC2,
since EZH2 and SUZ12 (components of the PRC2 complex) were required for stable silencing
of the locus. Kotake et al recently demonstrated that ANRIL does in fact recruit PRC2 by binding
to SUZ12 to silence tumor suppressor genes in the p15INK4b locus, indicating its role as an
oncogene (Figure 5) [55].

In addition to being dysregulated in MDS, aberrant hypermethylation of the DMRs in the
MEG3 promoter was seen in 48% of AML patients. These findings correlated significantly with
decreased survival in AML [93]. The finding of hypermethylation of the MEG3 promoter was
confirmed in a second study examining 40 patients with AML [114]. Further study of MEG3 in
AML is imperative for greater understanding of its role in pathogenesis.

One of the best studied INcRNAs is HOX transcript antisense RNA (HOTAIR). This
IncRNA is expressed from the HOXC locus, and is a trans-acting repressor of genes in the
HOXD locus [26]. Specifically, it recruits PRC2 to the target loci, and is required for H3K27me3
of chromatin associated with the HOXD locus. This INncRNA is crucial for homeotic and skeletal
development [115]. In addition, this transcript has been implicated in different cancers and
contributes to breast cancer progression by “reprogramming” the chromatin state [116-119].
Recently, Xing et al showed increased expression of HOTAIR in leukemic cells lines and
primary AML blasts [71]. Patients with high HOTAIR expression showed the worst clinical

outcome. shRNA-mediated knockdown of HOTAIR inhibited cell growth, caused apoptosis, and
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reduced the number of colony formation units. Notably, HOTAIR regulates c-KIT expression by
acting as a competitive endogenous RNA. It binds to miR-193a, which targets c-KIT. These
results suggest an oncogenic role for HOTAIR in AML, in addition to its known role in epithelial
cancers.

While AML is not as common in children as it is in adults, inherited mutations can cause
a predisposition to this malignancy. Particularly, children with Down Syndrome (DS) have an
increased risk of developing acute megakaryoblastic leukemia (AMKL), a type of AML.
Interestingly, patients with DS-AMKL have a much better prognosis than cases of non-DS-
AMKL [120-122]. Klusmann et al reported that an oncogenic microRNA (oncomir), miR-125b-2
located on chromosome 21, is highly expressed in patients with DS-AMKL when compared to
non-DS-AMKL cases. This microRNA is located within the same locus as two IncRNAs, MONC
(also known as MIR199AHG) and MIR100HG [123]. The roles of these two IncCRNAs was
examined in AMKL pathogenesis [74]. These transcripts are mainly nuclear, are highly
expressed in AMKL blasts, and their expression was correlated with their corresponding
microRNA clusters. Knockdown of MONC and MIR100HG resulted in impeded cell growth in
both cell lines and primary patient samples. Using a lentiviral IncRNA vector, which purportedly
conserves RNA secondary structure, MONC was overexpressed in hematopoietic stem and
progenitor cells obtained from cord blood. This resulted in arrested myeloid differentiation, and
enhanced the proliferation of erythroid progenitor cells. Taken together, these data show that
MONC and MIR100HG play important roles in AMKL leukemic growth, independent of the
mMiRNA clusters that they harbor [74]. Together, these studies demonstrate functional roles for

several IncRNAs in AML and highlight a variety of cellular functions for these IncCRNAs.
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Figure 5: ANRIL represses cell cycle inhibitors in B-ALL. ANRIL recruits PRC2 to the p15INK4b locus,

causing transcriptional repression of these cell cycle inhibitors. In B-ALL and AML leukemogenesis,

INK4b

ANRIL is upregulated, exacerbating the repression at the pl5 locus. CLP: common lymphoid

progenitor, Pro-B: pro B cell, and Pre-B: pre B cell.

B-acute lymphoblastic leukemia (B-ALL)

Acute leukemia can be derived from lymphoid and myeloid progenitors, which constitute
the traditional two branches in the hierarchy of hematopoietic development. Acute lymphoblastic
leukemia can be derived from B- or T-cell progenitors, with the former being much more
common. B-acute lymphoblastic leukemia (B lymphoblastic leukemia, B-ALL, ALL) is a disease
with a bimodal distribution and is the most common malignancy in children. Years of research
have identified recurrent cytogenetic abnormalities in B-ALL, including four common
translocations, ETV6-RUNX1, BCR-ABL, MLL rearrangements, and E2A-PBX1, which account
for about 30% of cases [124]. In addition, deletion of genes that are important in B-cell
development, such as PAX5 and IKZF1, have also been noted in many cases [125-128].

Together these findings implicate that abnormal expression of B-cell maturation genes, as well
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as ectopically expressed genes, can contribute to the pathogenesis of B-ALL. Recently, these
gene expression changes have shown to include non-coding RNA. Indeed certain microRNAS,
such as miR-21, have now been recognized as capable of driving ALL in mouse models [129].

Very little is known about the role INcRNAs play in the pathogenesis of ALL. Recently
two important profiling studies have given us insights on how these transcripts are involved in
this important hematopoietic malignancy [22, 23]. Fang and colleagues carried out a genome
wide IncRNA expression study on MLL-rearranged (MLL-r) ALL patient samples [23]. They
identified 111 IncRNAs that were differentially expressed in MLL-r ALL samples when compared
with normal bone marrow samples. Additionally, unique expression patterns between the
different MLL translocations were observed. LncRNA expression correlated with certain broad
categories of genes, including known MLL-fusion target proteins, such as HOXA9 and MEISL1.
Functional studies with siRNAs demonstrated that particular IncRNAs could affect cellular
proliferation and apoptosis.

Fernando et al expanded the scope of IncRNAs in B-ALL by looking at patient samples
with several different translocations (E2A-PBX, TEL-AML1, MLL-r, BCR-ABL, and
cytogenetically normal cases) [22]. Unbiased microarray profiling of human B-ALL samples
revealed that INcCRNA expression correlated with the specific cytogenetic abnormalities. This
karyotype discrimination was confirmed by gRT-PCR of four transcripts, termed B-ALL
associated long RNAs (BALRs). Amongst these IncRNAs, BALR-2 expression correlated
significantly with poor overall survival and reduced patient response to prednisone treatment.
Interestingly, functional studies carried out in human and murine B-ALL cell lines demonstrated
that BALR-2 has an important role in regulating cell proliferation, apoptosis, and sensitivity to
glucocorticoid treatment. Most importantly, a pivotal role for BALR-2 in the glucocorticoid
response pathway was uncovered, with BALR-2 expression negatively regulating the

expression of JUN and its pro-apoptotic target BIM. Notably, a different IncRNA, growth arrest-
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specific 5 (GAS5) has been implicated in lymphoma, and acts as a decoy for the glucorticoid
receptor, causing transcriptional silencing of target genes (Figure 1E) [130-135]. It is possible
that BALR-2 may also downregulate glucocorticoid receptor mediated signaling; however, the
mechanism has not yet been delineated. These results support the importance of BALR-2 in B-
ALL leukemogenesis, prognosis, and treatment.

As mentioned previously, Yu et al showed that ANRIL was upregulated in both AML and
ALL samples. In this study, ANRIL acted as a tumor promoting INncCRNA, in particular, regulating
the expression of p15INK4b and p16INK4a cell cycle inhibitors (Figure 5) [54, 55]. lacobucci et
al carried out a study using ALL peripheral blood cells (PBCs), compared to normal
nonmalignant PBCs, which showed a clear association between ANRIL and a known BCR-ABL-
related ALL nucleotide polymorphism [75]. Similar to what is seen in AML; these data suggest a
role as a tumor promoting INCRNA for ANRIL by epigenetic regulation of cell cycle inhibitor

genes.

Conclusions

In a remarkably short time, there has been much progress into understanding the
molecular and cellular function of IncRNAs, as well as their involvement in various physiological
and pathological processes. This review has focused mainly on the importance of a select few
IncRNAs that have been studied in the pathogenesis of hematopoietic malignancies (Table 1).
For the most part, the data is largely correlative and clinically derived, but there have been a few
important mechanistic studies. It seems fair to say that, like other molecular abnormalities seen
in hematolymphoid malignancies, abnormalities in INncCRNA expression do not seem highly
specific for a particular disease state. Rather, they may contribute to cellular proliferation and/or
quiescence, and these functions may be shared across different cell types. We did not review

the literature on other malignancies derived from the hematolymphoid system, including
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lymphoma and chronic lymphocytic leukemia, but there are a few profiling and functional studies
in these other diseases as well [136-138].

There are further studies underway that seek to delineate global INCRNA alterations
during malignant hematopoietic development. In this vein, it will be extremely important to
facilitate the development and implementation of bioinformatics pipelines to standardize IncRNA
discovery and profiling in various disease states. As RNA species that are generally expressed
at lower levels than protein-coding mRNAs, highly accurate methods of discovery are called for
[18]. It will also be of great interest to define how dysregulation of certain INncCRNAs seen in two
or more diseases specifically contributes to the pathogenesis of a particular disease. For
example, ANRIL, which is dysregulated in both AML and ALL, may function differently in these
different contexts. The use of appropriate in vitro and in vivo disease models is therefore of
paramount importance.

In terms of molecular mechanisms, additional work remains to be completed. The
diversity of cellular functions ascribed to IncRNAs makes this a daunting task (Figure 1).
However, the studies to date provide important clues as to how to proceed on this front. First,
the subcellular localization of a INcRNA seems to be an important predictor of function. The
majority of IncRNAs that function as madifiers of transcriptional and epigenetic mechanisms
seem to be localized to the nucleus. Cytoplasmic IncRNAs may function in post-transcriptional
gene expression regulation, and mechanistic studies should be guided by such knowledge of
putative functions. In addition, work that relates INcCRNA expression to a particular dysregulated
transcription factor will help characterize upstream regulatory mechanisms and help develop an
integrated picture of INcCRNA function.

Future areas of clinical development include prospective trials to validate the use of
IncRNAs as diagnostic and prognostic aids. Most of the studies to date have been performed on

archival tissues. In this regard, it is important to consider testing platforms and the use of
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appropriate control samples. For example, recent advances in RNA sequencing may render this
a better platform for high-throughput testing than traditional microarrays. For small numbers of
IncRNAs, it may be possible to perform gRT-PCR to characterize expression levels. In addition
to the diagnostic/prognostic area, it would seem that IncRNAs are an excellent area for novel
therapeutic development. Targeting via SIRNAs has been shown in a number of studies to date,
and seems to be a viable method of knocking down IncRNAs. Improvements in delivery
technologies promise to pave the way for IncRNA-interfering therapeutics as a novel method of

fighting hematopoietic malignancies in the future.
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Abstract

Lomgmomcoding RM As [IndtNA) have been found i playa mole
in gene wgulation with dysregulatal expression in vanous @m-
e, The precise role that ncRNA expression plays in the path-
ogenesis of B-acute lymphobles fic lakemia [ BALL) is unknown,
Therekre, unbizsed micoamay profiling wes performed on
human BATL specimens, and it was determined that ncRNA
expremion mirelates with cytogenetic abnormalities, which was
mndirmed by gET-PCR in 2 large set of B-ALL ses. Importandy,
high expression of BALR-2 mmelsted with poor overall survival
amd dirmimis hed response to preadnisone eatment. In Enewith a
funcfion for this IncRMA in regulsting cell survival, BATR-2
knosckdown led i reduced proliferation, increased apoptosis,
amud increased sensitivity i prednisolone tresiment. Comversely,

Introduction

The advent of high-throughput echniques to shudy gens
expression has led to the remgnition that nearly 304 to 50%
of the human genome is mamaibed and noncoding BNA
nepresens 2 significant porfion of this ransaipome (1, 2).
Pearhaps the clearest evample of functional noncoding RMA is
mi RMA, which are dysregulated in @noer [reviewsd inonet 3).
In onmgenesis, individual miBNAs have been found o act as
eithier fumor suppressoT genes o onoogenes, based on our work
amed that of odhers. A new addit om to the repertodne of naomcoding
RMAs is long nononding BNAs [IndENA; net. 4). These RNAs are
frequently found in indergendc regions, lack open resding frames,
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overepression of BALR-2 led to indrezsed oell growth and esis-
tance i preainisone freximent. Interstingly, BALR-2 expresion
was repressal by prednisolone teatment and it knockdiown bed
i upegulation of the glumcontimid respome pathway in bath
humam and mouse B cells. Together, these findings indicxie that
BAIR-2 plys a functional mle in the pathogenesis andfor
dinical respomsiveness of B-ALL, and that aliering the levels
of particular IncRMAs may provide a futune direction for thera-
peutic devel opment.

Implications ncRNA expression has the podential to segregate
the axmmomn subtypes of B-ALL predict the oetogeneticsubtype,
amed inci carte progrecsis. Aal Caser Riep 13(5); 839-51. @2015 AACR.

amd harve been deteded in the tensmipiome by high-theoughs-
put techmod ogies (4. 5). Although several dasses of nonooding
RMA spedes are being desaribed, IncR MNAs are unique in that
thene are epigenetic marks in thein promoder regions [ HAK 4med)
nbd:hu'igtm'uﬂ'lmdw[ﬁﬂﬂmd] identifying them as
unique gene struciunes [(6). At the malemlar level, IncRMAs

megulate gene Expoessinn via tramson pd on, repress i RMA acthe
scription [F=12]. At the cellular and orgamismal level, IncRMAS
harve been impliated in physiologic processes, such 28 mainde-
manee of embryonic sem cdl and erthmid development
during hematopoiesis (15=18). Fxending their putafive moles
i pathologic conditions, poor studies have examined ncRNA
exprssion in ol lines a5 well a5 in epithelial malignandes,
finding dysregulaied expression [19).

Given that many hematopoietic malignances result from
mutations that cause dysregulation of gene eqression. we
reasoned that Inc NAs may play a role in the pathogenesis of
these malignamcies. Recent studies have demonstrated dysnregu-
btion of certain IneBEMAs in hematopoietic malignandes, but
the majority of these studies were relatively imited in their
soope [reviewsd in ref. 20 . Among malignancies arising from

ietic premursors, Bamue hmphoblbstic leukemia
[B-ALL), a malignanoy of premrsor B cells, has previously been
shown to hasor muttions and transloe@tions resulting in
dysregulxied gene expression (21). Much progess has been
made in undes@nding the molecular pathogenesis of B-ALL,
inal i ngg thee mold end chromunsom al tramsl ootions. | i mow well
memgnized thet mmmonly observed recument chromosomal
abmenrmalities have distinct pathogeneticand prognaostic impli
@tions [11, 22). However, i dair, there has been o under-
standing of how IncRN As may participate in the pathogenesis of
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this disease. Henoe, we undenook a comprehensive study exm-
inimg Imck MA expression in B-ALL, examining oprmelations with
dinicopathaol ogic parameers, and querying the functional mmn-
sequenes of IncdRMA expression.

Here, we found that overall IncRMNA expression aprmespaomads
with sped fuc opbogenet ¢ abmormal ites in B-ALL and thet a subset
of IncRMAs could comecthy predic the cytogenetic subtype of B-
AlL amnng the three most common abnormalities. We bermed
these B-ALL-amsociated long RN As [BALR). The four most differ-
entially mgulaied IncRMAs were mapped to their chaom osomal
st e amed tramesoripets orig inating from these genaomic |od wene
sequenced. Interes ingly. high expression of one Incit A, BATR-2,
was coreel xied with a poor pafient response i prednisone amd
worse overall survival . Enockdown of BATR-2 caused an incresse
in apoptosis of B-ALL cell lines alone amd i opmbination with
prainisolone. nterestingly, BALR-2 was repressed when haman
BALLcell Eines were teated with predniselone. Gene expression
analyses of cells with knodadown of BALR-2 mvealed activation
of several genes invodved inthe response of B oells to gluosmr
timid reeptor engagement Finally, the expression of BALR-2 in
BALL ol imes with low hasal expression of this IndRNA led 1o
mesisamce b prednd soldome trextment amd opmecomdamt chamges in
gene expression. Together with our observation that BALR-2 is
represmed by prednisolone trextment, our findings ndicate a
noved mode for & nomading RMA 2 2 modulator of 3 trestment
respaonse. These data represent some of the first insights into long
nanroding RNA expression in B-ALL and reveal that teey play a
roke in pathogenesis, disease severity, and ez e ental e
atiom of their levels may be usetul in progrosis and for extmment
of this disease, respectively.

Materials and Methods

Patients anad samples

The patient ovhont consisied of 160 children consemtheely
i thed o thee Peediia tri c Omemdogi © Department 2t the Tindves ity
of Padua [Fadova, Taly) from AW to 2008 with the diagnosis
of B-ALL Folowing analysis for RNA quality, we had a total of
44 patients for the microarmay sudies [cyingenetic information
only] amd 93 patiens for gRT-PCR sudies | opmprehensive o -
icomthologic inlormation; See Supplementary Methods amd
Supplementary Table 51 ). For the indtial mmooammay studies, we
udfilimed 20 patients |7 patients i 4;11 ) MLL (T2 A) rearranged,
Gt 12;21) TEL-AMLI [ETV&-RUNXT) tmnsbocated and 7 t[1;19)
E2A-PEX1 [TCF3-FEX] ) tramslocaied|. For validation i onoar-
rays, an additional 24 samples wene hybridized (n = 7 patients
for each tramesl ootion ). For independent validation by gRT-PCR,
we ufilimed 95 sam ples of de nowe B-ALL wi thout sel ection aideria.
For each mse, we had data on the following dindoppatheol ogic
parameten: otogenetic markes, Immunophenotype, age. sk
strati fition by minimal residual disesse (25 ] nesponse o poed.-
nisomee, rurence of reoumencerelapse, tme to EowmenCe
relapse, overall survival, and ime to death. Pedphem] blood
mononudear lls derved from anomymizal  donors wene
ohtzinad from the Cender for ATDS Research Vinol ogy Core Lab
at the University of Califomia, Los Angdes [1ICLA, Los Angeles,
A )L amad the Floswy Cytomeetry amad Bomne bammow Labaoratory at the
Department Pathology and Laboratory Medicone [IICLA, Los
Angeles, CA). All pacedures were approved by the local msfi-
il review boaxds, and the study was oonsidered exermpt from
review at [ICLA [Los Angeles, CA).
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Mioroarmay data ana hsis

Agilent SurePrint(a 3 Humam GE 8 » 60K microamays [proo-
duct & C48514; hitpe) fwww ge niormi cs.ag il entoomya rticke. japd
crumbA dion=push&pageld=1516) were hybridioed at the
Calech miooamay core facility. These amays target 27,958
Entrex Gene RNAs, based on RefSeq Build 563, Ensemble
Release 52, Unigene Build 216, GenBank [April 2009), a5 well
2 7,419 IncRNAs, based om the initial discovery set from the
Broad Instituee (Cambridge, MAC ret 4). Data analysis was
implemented in the B statistic package [24). The data from
twn Mmooy experiments [A) in the indtial set and 24 in
the validation set] were analyzed independendly bat fodlomwe
ing the same protoonl. The Agilent feamne enraction raw data
files were loaded indn the B environment amd analyzed using
the B library of Linear bModels for Microammay Data [ LI sA;
ref. 25). The raw data were preprocessed for badeground
omrection and normalized between amays using the quamdtile
method, summarnized by taking the average of replictes for
each gene, amd subsequently logydramstormed. Additional
microaTay data wene generated from 4 different ouliunes of
R54: 11 cells with or prednisodomne treximent and with a siRMA
azainst BAIR-2 [or controd weonr). Samples were hybridized
at the UICTLA Mimoamay Core Faclity using Afhymetrie HG-
133 _Plus_2 microaray. Baw hybridization inensities wene
summarzed and normalized using e BbA method [(26] as
implemented in Matlab [The bMathworks Inc ). Ditferential ex-
pression analysis was performed as previously desoribed [27).
Functional annotfion of differentially expressed genes was
retrieved from www nigenuity.mm. All data from the miomp.
amay studies hawe been deposited in the Gene Expression
Ommmibus [GEDY) respurce [GEC Series TD CEEGS647).

Climd opathen] ogic data analysis

All data amalysis was compleed using SPSS sobwane, Clin-
icopathologic parameters [available for 93 patients] wene mr-
relaied with the ontinems quantitative PCR [(gPCR) data
obained for each of the IncRNAs using 2 Peamon 3”, and
two-miled ¢ tests [for dichotomous variables). Mex, Eaplan=
Mrier anabmes wene perfformed using dichotomized variables
a5 desaibed in Supplementary Materials amd Methods.

Wectors, cell oulture, anad flow ortomeetric analysis

mmu-mik- 155 formatted siRN As wene o oned into Bam HT and
Apal or Xhol sites in the pHAGE2 L4 Vsl reen-W vecior [28],
using the sirategy that we hawve previously described i generate
lauckdowwn wechors aginst probein coding genes (29, 30). The
BALR -2 sequence was Clonesd indo & bddstoond o M50 vechor with
PLCE driving GFF expression. FS4;11 and MV4;11 [MLL-AF4-
trams ko ted; ATOC CRL-187 3 and CRL-9591 |, Reh [TEL-ASL 1=
trams b ied; CRL-S286), 697 [ E2A-PEX] = transl omted |, Malm6,
and O3 [ATOC TE-158) murine pre=Boell levkemmic ol
lime, amed the HEK 293T aell line [ ATCC CRL- 1 1268) wene grown
a5 previously desoribed [30). Lentiviruses and MSOV-based net-
roviral vechors were produced to generaie kauockdown and ower-
ExpreEssion constmuce 2 previously desoribed (28, 500 A otal of
50 = 107 cdls wene spin-infacted at 30°C for 90 minubes in the
presenae podhybrene (4 pg'mL). Tramsduced ol lines wene somied
using 2 BD FACSAGRalT aell sorier.

Apoptosis, proliferation, oell orde, amd dneg response assays
T e sure prod theration, cells wene plated in 96awvell plates
with MTS reagent [Promega CellTier 96) and cells werne



ncubated at 377, 5% OO0, for 4 hours before absorbanoe was
measured at 490 nm. For dmug response assayps, ol wene plated
and treated with comesponding demotherapeufic  agent
[250 pg/ml predniselone disohed in DMS0, 75 pg/ml of
dexamethasomne disoheal in DRSO, and 1040 pgiml of doooe-
mubicin dissolved in water) for 24 hours, then harvested for
RMA isplation or cell proliferation messunement. To messme
apoptmis, chemotherapydrested cells were swined with
APC-mgped Annexin ¥V, propidium iodide i assess the sub-
(o fraction, or hsed for protein Solation, and analyzed by
FACS. For caspase-3 assays, mlorimetnic rezgents wene added 1o
50 pg of protein sates [Biovision] and ahsorbamce was
measured at 405 nm. Stably ransducel cells were symchromnd zed
by serum starvation for 12 hours, replated nvto fresh media
with FES, collected after 24 hours, fized with 7% EtOH, and
stained with 1= propidium icdide [PT) solution in PES. The
DA mmtent of the oells was anal yzed by iow oriometry using
BD FACEDwa software and Flowlo softwame,

qBET-PCE and Western hlot analysis

RHA milleced from humam samples was wverse tramsoribed
using Soipt Rengent ((uamis Boscences). RMA from ozl ines
was neverse trams berd using qSoript [ Quanta Biosdences) . Real-
time guanti e PCRwas performed with the S epOmePhus Real-
Time PCR System [Applied Biosystemns) using PerfellTa SYER
Gareen Fasthdix reagent (Chanta Biosdenes). Primer sequences
used ame listed in Supplementny Table 54. For Western blotting,
ks were lysed in radiod mmumopred pitation assay butier [Bos-
inn BioProducs ] supplemented with Hal Prodesse amd Phos-
phatse hibitor Codetail [Thermo Sdentific), amnd Westem blot
amalysis was perirmed aomaoding o standamd proasdunes. Andi-
hadies were punthased from Cell Signaling Technodogy: clun
[60:A8 ) Rabhit monaclonal antibody (mAb L Bim [(C3405 ) Rab-
hit mAb; c-Fos [9FG) Rabbit mAb. bomnosd omal anti-f-actin (AC-
15]) amtibedy was punchesed from Sigma Aldrich. Fold-chamge
vahves wene quamititated using Imagd sottware amd naorma lixing
i actin levels.

Results

LscRMA expression segregates thoee common cytbgenetic
subtypes of B-ALL amnd can predict the otoge metic subdype
LncRMASs have been asoibed fundions in both canoer @ue-
sation and development of the hematopoietic system. Here, we
underinok 2 microarmay study i defme patterns of IncRMA
expression in different submets of BAIL using the Agilent
SurePrint(: 3 Human GE § = 60K plattorm [res. 4, 7, 31; see
Supplementary Fig. 51 for experimental papeline]). T oaer ind tial
smmple set, we hybridized 20 cames of B-ALL with three dif-
ferent mmmon tramsloetions. Following apmection: for mul -
ple hypothesis esting, we performed insupervised hierachicl
dustering with significantly differentially expresed protemn.
meding genes [Pug < (L1 ), finding that the three ofogenetic
subtypes separated into three subses [Fig. 14). Inerestingly,
wheen we forused exdusivelyon IncBENAs [Py < 0001 ) Inch MAs
were ditherentially expressed aoross the 5 different ofogenetic
subdypes, although M LLtrams bncaied cases appeared to havethe
most distinctive Inck MA expression pattern (Fig. 1B). Invtenest-
ingly. ncRMA expression seemed 1o be highly predicive of the
oyingenetic abnomality in B-AIL Tking mearest shmunken
mentroid anahsis, we determined that IncdiMA expression is at
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least eguivalent to prodsin axding gene expression at di Henen-
tiating these three mmon cytogenetic abmormalities in an
inlependent set of 24 cases of BALL [ Supplementary Fig. 52).
For instance, one case of ALL became misdassihed when 115
i m-aedi gy EeETees weneused i classity the samples, wheness
one coukd use I IncRNAs before the same case was misdamsi-
tied [Supplementary Fig. 520 and 52H see Supplementary
Figure legend for mmplete description of resulis in Supple-
mentary Fig. 52) We then compared epression of these
IncR As between B-ATL and normal COAONCD19" cells [data
mavt showni]. narmowing dosen the st to 10 patative omoogenic
and tumor suppresor IncRNAs. These were designaied 2=
B-AlL-asmsociaied long BNAs [BATLR ] unless they had already
heen assigned [THC designations. Four IncRMAs were subse-
quendly seleced on the basis of higher expression in leulemic
versus naoamal Bood] precursors inthe miooammay, and the fao
that these IncRNAs wer located in wellannotated lod those
that showed muliiple ESTs or mENA fansaipts and wene
mnserved I human and mouse genomes [ Supplementary
Fig. 51). These IncRMNAs were BALR-1, BALR-2, BATR-6, amd
IINCINFA 58, which were also the most diferentially expressed
in the different cytogenetic subtypes [Fig. 10=F). Hence,
IncRNAs are differenfially regulated in B-ALL with specific
trames] ot omes.

LscRMA expression is cormelated with clindopatha] ogic
parameters ina large set of B-ALL cases

qQRT-PCR was used to mnhrm the expresion pattern of
four ndividual IncRNAs in a subset of @ses from the migo-
array avhort 2 well 25 in an independent set of B-ALL samples
[Fig. 2A=D). gPCR primer sets with the most oonsistent
behavior across techmical replicates and serial dilutions wene
chosen [Supplementary Table 54, gPCR primers). LncRMA
expresion was most mnsistently different in the subset of
cases with MLL transloecations, which & associated with a
bad prognosis. For all four IncRMAs, we confirmed thet
MLL-tramisloted cases showed significant]ly difierent expres-
sion levels, mmpared with @ses showing TEL-AMLI, EIXA-
PEX1, or BCR-AEL] translocations. In addition, BATR-2 and
BALR-6 expression was signifimndly upregulated inall subsets
of patient samples when compared with normal CD197 aells
[Fig. 2B amad ).

To examine the possibility that ncRMA expression i pre-
dictive of patient outcomes, we performed statistic] analyses
o v Ll e o i covpearth ol g o« paramn eters. s o ated with these
cases. Interestingly, BALR-2 expression was significant]y highser
in B-ALL pafients that were unnesponsive to predmisone s
opposed to those who had a response to prednisone (Fig.
2E t test, two-tmiled P = (UK)35). We dichotomized BALR-2
EXpTessiOn using a cut point based on duster anabs® [ Supple-
mentary Fig. 538 | amad found that high BALR-2 expression was
amodated with inderior overall survival (Fig. 2F; Kaplan-baer
survival analysis; log-rank test, P = (0L.005). Akthough BALR-2
expression did armel ate with frams locations, it showld be moted
that four of the poor-prognosis cases that had high BALR-2
expression did ot contain a detectabl e trams] oot on, When we
atempted multvariate logistic regression, BALR-2 was not
establBshed a5 an independent progrestic varable [Supple-
mentary Table 53). This may be due to insuthdent numbers
of cames with high BALR-2 expression inour oohsort amd megudnes
further shudy.
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BALE-2 is a nasd encytoplasmic IncBEMN A whose expression is
regulated by glucomoticnid trestment

Given the interesting dinicopathoelogic indings with BALR-2,
we began i study whether the expression of ncRMAs was neg-
ulxted during rextment of B-ALL cells with chemotherapeutic
agents. Interestingly, while the expression of these ncRMAs
showed some variation with reatment, only BALR-2 was spect
ically regulaied by ghicorortimid treatment (Fig. 3A=D). Spedt
ically, BALR- 2 was downmegulated in v differnt B-ALL ol ines,
F54:11 amd NALMG, following treatment with either predniso-
lome or deram ethas one, but niod with doxomubicin [ Fig. 3B). This
finding is in line with the idea thet prednisolone Textment
downregulaies BAIR-2, but in BALL with mnstitutively high

LI LI LI
MLL TEL-AML1 E2A-PBX

BAIR-2, the cells become msistant. Next we characerimed the
suboelhular localization of these four IncRNAs, finding that in
ammtraest b the odhuer three IncBN As, BALR-2 expression wason the
same order of magnitude it nadear amd cytoplasmmic fract ons,
amd was im it higher in the cytoplasm i one setof experi ments
[Fig. 3E=H). This was @nfirmed in mulfiple BALL ol lines,
inchiding B54;1 1, BEH, and 697, which show differing levels of
expression of BALR-2 (Fig. 3F). As expected, GAPDH mRMA is
primarily localized tothe otoplasm [Fig. 31) and the nud ear REA
CFLF4 is primarilyin the nuckear fract on [ Fig. 3T). Hene, BALR-2
expression appears o be regulsted by glucomrtionid textment
amad significamt amounts of BALR-2 ame found in the ortomplesm,
making this IncRMNA amenable to siRNA-medizted knochdown.
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ez B4 gl difarertial espression I human B-ALL symplas and BALR-Z espression comdaios wikh pradeisons meporse. & 0 eapmsdon lands of
BALR-1, BALR-Z, BALR-6, ard LIMOD09E, raspsc Twdy, rormallzed o adin. For Tese amiyses, 118 cmples wam aralyzed on tha eds of tha presanca
of goded qualiTy R, Indwding bod tha disoovwary ard alidafon cobors. gRT-POR was pariommssd wikh soad®ic primars for thas @ Inc @AS showing
differenTal exprsdon bawsan tha thms cyfiogeraic subfymas of B-ALL wmad for the Infdal mioroarmy eopsadmands arnd am Ind apemdant cobort of clindcal
samplas. Mumibar of cises wsad Im s aralysk: T -AML Haraomied, & — I8 E24-PEXT-Tranalooied, & — B MLL-trarsiocabad, & — 16 BCR-A8L -
raralomied, & = I; karotypicaly rormal cEs, & = 53; ard (DS colls Edated from rormral domors, & = L ONET mlls showsad shoniftantly
difiemnTal eprmssion of BALR-Z and BALR-G from al tha sebeds of B-ALL cises depiciod Pam. E, araysk of BALR-Z aapmssion difa ard msponss
o prdnions tmaimart shows Tat BALR-Z eaprasslion s significandy highar In B-4LL pafants ol are nof resporsdve (MR} 0 prednisong comoanad
with Twose wiho do mapond o pradeisons (). Buember of cizes wsad In Bis sralsls maporals, & = B nonreporsla, @ — B gR TPCR assays wan
reomalizad o ac Tn. Companisons mads wing a twoetalads st ", P<005 ", F <0005 """, P LO00S;"""", P < L0001 F, Eaphre-Mder surdal aralysk
fioer Twan pakiant growps shows hat Figh BALR -3 eipmsdon s asol ibad with poor ol serdal [oeerall serdal (05) high — 6259 v — B} OS5 low — 915%
i = B}, logerank fest, P = 0.005]. Thea two groaps wiare didhoionmized on T bask of woestop dislor analyss using SPES s oftwara

Enockdown of BALE-2 results in growth inddbition and diagrams are provided for the other three IncRMAS in Supple-
e ased apaopdosis mentary Fig. 544=540C To map the tamscript, we @med out

Given the comelation of BATR-2 with oveall survival, we first 5'RACE amd 5"RACE using mRENA extracted ftrom B-ALL cell ine
charaderized its chiomosomal location, 7q21.2 The area sur-  BS4:1 1. We confirmed the anmotated mBNA and an albermate
rounding BALR-? & conserved in mammals and mBMA  splice form with a previously unemnotated exon [ Supplemen-
HNE_1100484 i localized to this region [Fig. 4A). Similar gene  tary Fig. 54D). 3" RACE mnhrmed the transcript as being
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BALR-Z showsa furciond roie i haman S-ALL call Ines. A map showing e podiion of BALR-2 In e genomes, Induding e o fons of ndghborhyg oares,
cormspondng annoated MRNA RACE product confirmation, proba st on migoxmy, QPCR primers, and SRNAS Qrpeling the IncRNA. 8 the
Vertebmte PhassCans plot fram the UCSC whole Qeroma algnmants 10 mouse and 2admfthshows concarved mgions wiRhin the temiral axon, induding
a mgion highly corcarved among 91 wertdrans C Chip-seq Nsone modfation map fram ™o ENCO DE/Soad Insstite, fken from UCSC gerome
Drow sar, shows FEKAMS and HIXGE6m3 pattarn X the BALR 2 locus in three diforent cal types Indiceing acSve promoter and Transciplon of T lINCRNA_ D,
SRNA madated knoddown of BALR-Z in RS4]1 coll Iine, shown by gRT-PCR (nommalzed to aah). E, mduction o coll prolifomfion In RS;4T cills sably
racduced with SRNAS against BAUR-Z, maasured by MTS azsy. Abeotance was nommalzed to the O hour timepoirt (P < 005 for Jl nonrzaro hour
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Compansons made using a two-talad $ st *, P2 003 **, P< 0005, """, P < 00005

approximately 500 base pairs in length (Supplementary Table  Vertebrate PhastCons analysis demonstrated significant conser-
$4). This transcript lacked an open reading frame and transla.  vation within the terminal exon in 91 vertebrate species,
tion initiation sit, and was predicted to be nonaoding (32).  suggesting a functional transaript (Fg. 4B). Moreover, analysis
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of HiK4m3 and HIK36m3 revealed that signalk along the
promter and gene baody ame comsistent with 3 trams o piiomal
element [Fig. 40C) [33). To define a fhimdional role for this
transcript in B-ALL siRMNAs against BALR-2 were cloned into a
mpdified lentiviral vedor using miRMA-irmatted Hamlking
amd loaop sequenoes (28, 30). These kentiviral construcs wene
used to transduce the BS4:11 cell line [Fig. 4D). BS4:11 cdls
stably expressing siRMNA against BATR-2 showed signifizmtly
demezsed proliferation, measured by MTS (Fg. 4E). Decnessed
el viahbility amd incressed apoptoss was observed both at
haseline [data not shown) and ather trextment with predndso-
lone [Fig. 4F amad G;refs. 34, 535). In lime with ael] ook fera tiom
data, BS4;11 cells treawed with siRMNAs1 =3, revealed an inoease
in =y phase, 25 well 25 2 decrezse in 5= and Gy=M phase, as
measered by PT staining . & signifucant incresse inapopootic odls
[cells in subals phase)] wes observed in cells treated with
siRMNAs2=3 (Fig. 4H).

BALE-2 regulaies apopinsis by mosdulating the gluwooomeesti ooid
recepinT signaling pathway

To examine the mechanism by which BALR-2 affecs prolifer-
ation and apopiosis it B-ALL cell lines, we examned gene
expression in BS4&11 oell lines stably tramsdwoed with siRMA2
[which showel the grestest degee of knododown against
BALR-2) with and without predniso one treatment. Hieranchicl
dusiering anahsis identified chisters [Fig. 5A and B) of genes that
wene upregulated i the siRNA group, both with amd without
e sodome trexment. Several of these chusters comsist of genes
invndved in the ghumoortimad receptor signaling pathway, mn-
tirmed by functional anmotation esults [2=4-fokd increses in
POS, HSPAG, SGKL, TLA, JUM, SERPINE], CIVEM 1A, amad ICAR 17
sl MA group both with and without prednisomne trestment, Fig.
5B amd C). We oontirmed keockdown of BALR-2 amd upregula-
tion of FOS, UM, 3GK1, and SERFINE] by qRT-PCR [Supple-
mentary Fig. 854=55E). When we tried to validate the fmdings
with multiple siRMAs, expression of TN showed the most aom-
sisient chamges [Fig. S0). We also chaerved upegulation of the
proapaopaotic prodein B, which & a downstream @get of THN
amd am impanrznt mediztor of ghuomoort oid - indwcel. apopiosis
of lymphaocyticcells [ref. 36 Fig. SE). Henoe BATLR2 knocladowm
mirmmed the efecs of prainisolone trextment which also
resutted i induction of apoptosis and increzsed expression of
TN amad BIM [Fig. SF=H).

To confimn our findings, we tested additional oell lines that
show highdevel expression of BALR-2, inchiding Malm-6, Reh,
amad bV 1 1. The ghuoooortimi d signaling pathway is operantin
Malme6 cells, despite this o=l line not @omying an MLL trameslo-
ation [Supplementry Fg. 35F-55H). Consistent with our data
in B54;11 cells, knandodosen of BATR-2 in Malme6 cells resubted in
derrezsed cdl prolifemtion, inoressed apoptosis, and increzsed
expression of POS (siRMAL and 2), N [siRMNAL), and BDd

[siRMAL and 2; Supplementary Fig. S6A-56D). Knodalown of
BALR-2 in Reh cells by targeting of the BAIR-2 splice jundion by
siRMNA [sisplicel ] a5 well a5 with siRMAS, resulted in inoeased
apopiosis, decressed od | prol feration, and signd fiamt upregula-
tioemad POS, U, amd B8 [ Supplementary Fig. S6E-56]; ref. 37).
Moreover, MV-d-11 cells, which cany the o411 ) tramslocation,
showed an increased number of apoptotic oells amd inonezsed
expression of ghuoometionid response genes, FOS, amd JUN,
indlowing knockdown of BATR-2 with siRMAS [ Supplementary
Fig. S6E=56M). Crverall, these findings demonstrated paralld
effects of prednisplone trestment and BATR-2 lmockdown in
multiple cell lines, suggesting that BATR-2 is an important wgu-
It oo thits. pearthnsary.

The fumction of BALR-2 is conserved in human and mousecells

T zemsess. functional mnservation of BATR-2, we mapped amd
characierizal murine Balr-2 to SqAl, and the murine framsoipt
demonstraies 9% homal ogy to the human sequenae [Fig. GA).
RACE was performed amd two producs wee identified at this
lous [Supplementry Fg. 54E). We generated miRNA-fomatied
siEMAs [30) against the murine tanscript and onbrmed
demezsed expression in the munine pre-Baoell line 70Z'3 [Fig.
GE). Similar to what we observed in humam cell lines, Balr2
leuckidomem bed 1o an upregulation of Fos and Jun i all three of
thee ol 1 linees wi th upreguladion of Bim in o ot of thoee cell Hnes
by qET-PCR [Fig. 6C=E). We further oomdfirmed the upregulation
of these protens by Western blot amalysis, finding inonessed
expression Fos, fun, and Bim with all theee lauockdown oomstructs
[Fig. &F). Prednisolone teatment in the murine wll led to
dowmnegul ation of Balr-2 conmmitant with incressed apoptosis,
amd upregulation of Fos, Tun, and Bim | Fg. 6#0=K) . i ng our
observations in the haman aells. Cur data ndicase that BALR-2
Plays a key rode in wegulating the ghumsoort od d reeepaor s ignaling
pathvay, theneby regulating the od hular response i pradni sodone
trextment [ a putstive schematic mechamism is presented in Sups-
plementary Fig. §7).

Entoroed expression of BALR-2 promotes oel] growth amd
im hihits apopdosis

Given that normal and malignant B-hmphoid cells show
markedly di thenential expression of BALR-2, we wanted i inves-
tigate the effecs of gain-of-fundion of BALR-2. We designed and
validaied a MSCVibased twospromoter vedor to oomst iwtivel y
express BATR-2 in EXAPREX-tramslocaied 697 cells, which show
very low hasal levels of BALR-2 (Fig. 7A). In jurtposition to
loupckdamyn, overxpression of BALR2 nesubed in inonessed
growth of the oells, 25 messured by MTS asay (Fig. 7E). Remark-
ahly, overexpression of BALR-2 led do a partial resoue of predns-
adomed nduwoed apoptosis in 697 cells (Fig. 7C). Baselinelevels of
apopiosiswene also somnewhat | ower wi th owenexpoession, but this
finding was not sttsfially signifiant. Alke in line with s

Figara 5

BALR-Z playsa rda In Ths Qeoo: ot ic ofd maponas pafway. A, Rismndical gars dusianing of mic mamray data fom BET calls mated'wikh o without SRMNAT
agairat BAlR-Z and wikh or without pradrizolong. Abbmvii@ons, V, Wedon, &, SRNA T against BALR-I; DME0, dimat hylaelfioads (usad o soubilze
pdnk oiora ) PRED, prednizoiors. 3, two chisters of garas shgnificantly ovamopraszad In SR HAZ-rated oolls IRcinda garss [mecdead [m Qlscooordoohd
maporas (FO5 SUN, BaNT, and SERPWET). T, foncTonal aralysls of garas difarertially edprezad ik s FMAZ-rated cdls shows Sionificant amriduemant
of wanous aronical pathways, Induding glisooc oiticold moepta sigralrg. U ard E, QR TPCR (Top), showing upraguiafion of LM {05, ard 3 [E) In
mridtipda SR M ko kokow i Tre2s, roirmal2ed o actin, with cormaponding 'Wastem blot aralysk (boSoml Fold-cargs valss are as quantiatad by image.d
ared rormralized o adine F-H, pradeisclons maimand of RE4]1 cdls resutad it Rdedion of apoptosk, 35 maasmmd by CEpase-3 ac@dty F) and
wpmguinFon of JUN (2] of BIM H}, = maameed by qFT-P 08, rormalzad o adin Owarall, e afiocdts of the dRMA are dmldar o thess Indecad by
Pk olors: Tmatmand. Dompadsons mads using o two-tallad § st s, P 005 =, P Q005 0, P < L0005
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andicparied humction, the expession of POS, TUN, and BT was
reduced [Fig. 7D<F). These findings suggest that BAIR-2 plays
a similar fundion in primary human BAILL lexding i pre-
dnispme resistanoe and a poor prognosis. Next, we used the
retroviral vecinr system 1o ovenerpress Balr-2 in murine A0S
wells [Fig. 706 ). This led to simmilar changes in gene expression as
olmerval in 697 cells. Moreower, the expression chamges of
Fos, Jun, and Bim were the oppaosite of those seen with knock-
down of Bale2 [Fg. 7H=T). Hence, knockdown amd owveneopres-
sion of BALR-2 led i opposing phenotypes and gene expression
chamges in human and mouse cells, nsistent with the role we
propose here, and onoe again suggesting 2 conserved function
for this nck MA

Dizcuszion

T thiis mepaort, we desoribe how ] ong miomcod'ng B MAs may play
a rode in BALL mathogenesis. We find that patterns of ncRMA
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expression ane marelated with and can predict oeriming @ mon
chromumomal tramslodtions in B-ALL We found thet expression
of one IncRNA, BALR-2, marelated with overall survival and with
response i prednsone. To characerze this funcionally, we
suresshully knodeed down BALR-2, finding increasal apopiosis
with chemotherapy. Most nterstingly, we demonsiraie 3 puts-
tive mechanism for BALR-2 in regulating oell survival in B-ALL
namely, that it & downregulaed by ghucocortiondd mecepine
engagement, and that its downeegulation results in actvation of
the glumcomtimid recepior signaling pathway. These fndings
were mnserved in human and maurine BALL-derived aells and
wene achieved with multiple siRNA sequences @ngeting either the
o ¢ mB A sequenae that we have defined here, orviatangeting
o emon=iniromn boundaries (37).

Crur results present some of the first dindcopatholegic o
relations with IncRMA expression dat in B-ALL along with a
in B-ALL [38). Because of the imitations of the mmorammay
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platform, we may not hawve @mmpletely profiled all ncRRAs,

and future efforts via high throughput RNA sequencing as
well a5 alemaie amay platorms may yield additional nelevamt

IncBEMAs. Honetheless, we found several comelations between
the expression level of a few specific IncRMMAs amd clind apaths
ologic parameiers. These studies validate the idea thet Inci MAs
are important plapers in biologic processes and are tied 1o
onmgenesis. Although BALR-2 expression segregated mainly
with MIL-transkecated cases in the qurated dataset, there were
several cases of BALL without tramslotions that also showed
high level expression of BALR-2. 'We suggest that the expression
level of BALR-2 may represent amather variable for prognaoesti-
@tion i this disese. Although high-rsk oripgenetic abmaor-
malifies characterize the majorty of patients who do not
respond well to therapy. we suggest further study of BATR-2
expression, with a view oward prospectively identifying
patients who will not respond well to standard  therapeutic
interventions. This is parimlarly relevant in the combext of
mespennsiveness to prednisone. Although not addressed i this
study, IncRNA expression in other types of leukemia may also
represent 2 prognostic and therapeutically relevant variable,
amd warmands further shudy.

In addition i the dinical relevamce of our imdings, the func
ti el sl s presenit & com pelling argumeent o the further sudy
of IncRMNA iIn o eusation and theapy. Together with the
dinimpathologic comelation beween high BALR-2 amd poosor
eSS Tvesess b prednd some, oar funchional studies suggest that
BAIR-2 expression plays a nobe in msing wesistanae to apoptosis.
This i supporhed by both loss-of-function and  gain-of-fmction

in hamam and murine B.oells, presenied hewsin.
Although the mechanism is mmpletdy understoad, proedn

Call prod Barmion (% 430
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somee is thaught to cause apopinsis in pmphoid cells by binding
i the ghoemrticoid receptor with subsequent activation of
the intrinsic apoptosis pathway by nepression of antiapopintic
proteins such as BOL2 or adivation of i BLCL2 pon-
wrin fmily membes, such as Bl (3941 ). Here, we find that
launckidiowen of BALR-2 by siRMA @used an inorease in eopres-
sion of the BOL2 family member BIM and incressed cell death.
These fimdings are partimularly nteresting in ight of the panpaos-
ed aifiml role for Bl in the regulation of the glucometicodd
response in B-ALL. Previous work has demonstraied that B is
upegulaed in kukemic blss solaed from pediaric B-ALL
patients undergoing trextment and that @t & downregulaied
in patients who have poor responses ip prednisone (42, 43).
Hemre, BALR-2 may be a deferminant of gluromsrticodd response
in patients, and our study poinds to therapestic inhibiton of
BAIR-2 2 a possible strategy o0 ovenmme nesistance i ghum-
marticodd trextment in B-ALL.

While our data suggest that BALR-2 acks in promoting cell
survival via inhibition of genes downstream of the gluwmoorti
mid remepdor, such as Fos, Jun, and Bim, the moleoular mech-
anism of it adion remains to be defined. Reoent work has
demonstraied that nonasding RMA @n lead to recruiment of

ional regulatory @mplees to cromosomal 1o
[7. 8, 44). Ini additiomn, the expression of certain ndtMNAs affects
the expression of nearby probein ooding genes (37, 45). In
humans and mice, BAIR-2 & locaed in a chromosomally
adjacent region to COEG This presents an aftractive @rget as
CDOE profeins have important moles in cellsopde progression
amd cameer [ 446]. However, altemate modes of action, mchuding
interactions with proteins or other RMAS, hawe heen ascribed to
IncRMAs, and BATR-2 may act via any of the se mechanisms to

qﬁ &‘i
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regulaie the ghoomrtimid response pathwsy (8, 10, 11,
47, 44). To comprehens ve by address the mol emlar mechanism
of BALR-2% funciion, future studies are requined to study its
fundtion as a dsregulstory element of oellapcke regulation in
human oells and in murine mode] spseEms, given conservation
of its fundtion in human and mouse B cdls.

Future directions will inchude emmination of the progmostic
relevanee of BAIR-2 in B-AlL, assessment of BALR-2-mediated
onmgenesis and delineating the therapeutic utility of BAILR-2
knockdown in mouse models of BALL Moreowver, a detailed
exploration of the moleoular mechansms of action of BALR-2
is wamantel. Given some indtial studies reporting the inneohee-
ment of IncRMA in hematopodesis, another i opaortamt gueestion
is whether BAIR-2 and other IncRMNAs that are differentially
regulated i B-ALL also play a roke in normmal development of
E]j'm]i'mi:yi:l[iﬂ Henre, these findings open up 3 new anea

of research o the role of B NAs in Bood] development
and malignamcy, and promise i further rehine prognostication
amd therapeutic indervention in B-ALL
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SUPPLEMENTARY METHODS

Further information on patients and samples

The enrollment entena for the stndy were: newly diagnosed B-ALL age range from 0 to
18 years, and wntten informed consent of the parents following the AIEOP (Italian
Association of Pediatnc Hematology and Omcology) and the BFM (Berlin-Frankfurt-
Muenster) ATLL-2000 tnal. The diagnosis of B-ALL was established by morphology,
mmunophenotyping and molecular genetics. The Philadelphia chromosome t(9;22)BCE-
ABL, t(1221)TEL-AMLI, t(1;19E2A-PBX, and t(4;11)MLL-AF4 were detected by
karyotype, FISH, or RT-gPCR. Of the 160 patients, we had cytogenetic data only for 60
patients, and more comprehensive chmcopathologic information for 100 patients.
Clinicopathologic data analysis

Data analysis was completed using SPS5 software. Inmtially, existing chimcopathologic
parameters (available for approximately 93 patients) were correlated with the contmmous
gPCE. data obtamed for each of the IncENAs using a Pearson’s Chi-square, and two-
tailed T-tests (for dichotomous vanables). We also performed cormrelational and Kaplan-
Meter survival analyses between the vanous chmcopathologic parameters and internally
validated the data set This internal vahidaton consisted of Pearson’s comelational
analyses (Supp Table 2) which showed expected comelations between translocation and
nunimal residual disease (MBD), MBD and predmsone response, MED and recurrence,
MED and death predmsone response and recurrence, predmsone response and death
Moreover, Kaplan-Meier survival analyses showed that all four parameters

(translocation, MED, recurrence, and predmsone response) were significantly correlated
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with overall survival (Log-Rank test, p=-0.01 for all compansons; data not shown). Next,
for survival analyses, we dichotormzed BALF.-2 expression into low and lugh expressors,
based on the finding of two clusters of data within the dismbution. To confirm that there
were fwo clusters m the distnbution, a two-sample, non-parameinc Kolmogorov-Smimov
test was appled to these two clusters which showed that the clusters were stahstically
significant (fwo-talled p-value approaching (). This allowed us to compare overall
survival in these two subsets of patients. Expression levels for BAIR-1, BALR-6, and
LINCO00958 showed a less certamn cut-point based on stahistical considerations; we used a
visually based cut-point to dichotomize these data.

Microarray data analysis for the class prediction

A linear model was fitted to the expression data using ImFit fimetion and the empineal
Bayes (eBayes) method was employed to rank genes, and adjusted p-values were
obtained after the Benjamuni and Hochberg method was apphed to the results from the
eBayes method Supervised class predichon using IncBNA expression profile or coding
gene expression profile was camed using the B Library of prediction amalysis for
microarrays (PAM) *. The expression data from 20 microarrays were used as the training
data and the data from 24 other microarrays were used for the class predichon. In bnef,
evaluated by 10-fold cross-vahdation Misclassification error from the cross-vahdation of
traimmg data was examined and the shnnkage threshold values that gave the least
classification error were chosen and used to classify the data from 24 microarrays.

Rapid Amplification of cDNA Ends (RACE)
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To deternune the 5° and 3° transcript ends of the IncENAs, we performed FACE using
FirstChoice EIM-RACE kit (Ambion). Using the sequence information from 5° and 3°
RACE products, we cloned full length transcnpts into P6CZUL, P6UZCL and P6CZMIL
vectors (vanants of the third generation lentiviral vector system (28)) between the Notl
and BamHI sites. Primer sequences used in EACE and cloning are listed in Supp Table 4.
Cell fractionation for RNA isolation

10 X 106 cells were spun down and wash with PBS. Cell pellet was resuspended in NP-
40 lysis buffer (0.5% NP-40, 10 mM Tns (pH 7.4), 10 mM NaCl, 3 mM MgC12, and 1
mM DTT) and incubated on ice for 5 min. Suspension was spun at 1100 rpm at 4 °C for 3
mimutes. The supemnatant (contamning the cytoplasm) was transfemred to a fresh tube
without disturbing the nuclear pellet. Each fraction was resuspended in Trizol and ENA
extrachions were camed out.

CD19" cell isolation

Peripheral blood and penpheral blood mononuclear cells (PBMCs) were obtained from
healthy donors. Leukocytes from peripheral blood were isolated from ficoll pradient.
CD19" cells were separated using human CD19 Microbeads, LS columns and MACS
separator (MACS Miltenyi Biotec). Punty of the CD1%™ cells was assessed by FACS.
BENA was 1solated as per protocols descnibed m the mam methods sechion.

Data Sources

Human genome assembly GR.Ch37/hgl9, and mouse genome assembly GRCm38/mmi0
was used throughout the study. Chip-seq data from three cell lines was obtained from
UCSC genome browser generated by the BroadMGH ENCODE group. Peak wiewing

range set from 1 to 50 for H3IE4m3 modificaion, and 1 to 15 for H3K36m3
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modifications. Genome ahgnments of RefSeq franscnpts from buman mouse, and other
orgamisms, GenBank mPNAs and ESTs, as well as PhastCons scores were obtained from

the UCSC genome browser.

SUPPLEMENTARY FIGURE LEGENDS

Supplemental Figure 1: 5Schemabc depichon of the pipelne to determune
pathophysiclogically important IncRNAs. Abbreviations used: FC, fold change; adj. p.
adjusted p-value; TS, putative tumor suppressor IncENA; Onc, putative oncogemic
IncENA. For this study we focused on BALR-? because of its unique properties,
mcluding a cytosolic localization and its downregulation with prednisone treatment.
Supplemental Figure 2: LncRNA expression can predict the cytogenetic subtype of
B-ALL. Class prediction of the subtypes of B-ALL using the nearest shrunken centroid
method. (A-D) Using the imitial 20 cases as training data, subsets of protein coding genes
(A, C) or IncPNAs (B, D) can distinguish B-ATL subtypes. The musclassification error
and the number of genes for each threshold were computed using the B library of
prediction analysis for microarrays (PAM). Individual (A-B) and cumulative (C-I)) cross-
vahidation emmor of PAM model are shown as a fimchion of the threshold. Emor bars show
the standard error. (E-F) Scatter plot showing the number of genes as a fimchon of the
threshold. Number of protein-coding genes ranges from 1112 to 4 for the thresholds of
2125 to 9.351 (E) while mumber of IncRNAs was only 27 for the thresholds of 3.939 to
6.401(F). (G-H) Prediction results of the 24 independent samples of B-ALL. One of the
8 MLL samples was musclassified as TEL-AMI.1 when the threshold was set at 4.676 for

protein coding genes or 3969 for IncENAs This analysis showed that the
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musclassification emmors reached a munimum between the thresholds 2125 to 9351
(comresponding to gene numbers of 1112 to 4) for protemn-codng genes and 3.939 to
6.401 (gene numbers of 27 to 4) for IncRNAs, respectively. We then proceeded to
examine the classification of 24 independent samples of B-ALL using the thresholds that
produced the minimum emror rate. When the threshold was set at 4.676 (number of
protemn coding genes=113), one case of ALL became musclassified; whereas one could
use 27 IncENAs at the threshold 3.969 before the same case was misclassified.
Supplemental Figure 3: Two step cluster analvsis identified two clusters of
expressors. (A-D) Histogram showing the distmbution of BALR-1 (A) BAIR-2 (B),
BALR-6 (C) and LINC00958 (D) expression. Two step clustering analysis identified two
clusters (high and low expression) of data within the distnbufion for BALR-2. For
BALR-1, BALR-6 and LINC00958, low and high expressors were defined by wvisual
mspection of the data, which may be somewhat subjective. Bars indicate the frequency
of cases within each bin (n = 90) (E-G) Kaplan Meier survival analysis for the high and
low expression groups of BAIR-1 (E, overall survival (O5) ugh = 100%, OS5 low =
88.5%), BALR-6 (F, OS high = 66.7%, OS5 low = 80.7%) and LINC00958 (G, OS high =
100%, 05 low = 88 4%).

Supplemental Figure 4: LncRNA positional information and molecular
characterization of BALR-2. (A-C) Maps showmg the posithons of BALR-1 (A),
BAIR-6 (B) and LINC0O0958 (C) in the buman genome, including the locations of
neighboring genes (exons shown I green or red), comespondng annotated mBNA,
FACE product confirmation (BAILR-6 and LINC00958 only), probe set on microarray
and gPCE. pnmers. (D-E) Diagrams showing the BALR-2 loci with annotated exons (in
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green) and the RACE sequence products obtained from the human (DY) and mouse
homolog of BAIR-2 (E). 3" and 3" RACE pnmers are shown in blue and yellow,
respectively, with the newly discovered exon shown mn red. RACE gel confirmation 1s
shown on the bottom of the each diagram.

Supplemental Figure 5: BALR-1 has an expression pattern similar to kmown
glucocorticoid genes. The expression of BALR-2 (A), and glococorhcoid response genes
SGK1 (B), SERPINE1 (C), FOS (D), and JUN (E), are shown This data 15 a technical
confirmation of the microarray results in Figure 3 by ET-gPCE. Compansons made using
a two-tailed T-test, p=0.05 (*); p=0.005 (**). (F-H) Expression of glucocorticoid
response genes FOS (F), JUN (G), and BIM (H), as measured by ET-gPCE, shows a
similar pattern to BALR-2, but not the other 3 IncENAs. E54;11 and Nalm-§ cells were
treated for 24 hours with 250 pg/ml. of predmisclone, 100 pg/ml of doxorubicin, 73

peg/ml of dexamethasone, or DMSO as the velucle.

Supplemental Figure 6: Critical glucocorticoid respomnsive genes show altered
expression after knockdown of BALR-2 in lenkemic cell lines, mirroring the effects
of glucocorticoid receptor engagement. (A-D) Knockdown of BALR-2 using all three
siRNAs in Nalm-6 cells (A) resulted in decreased cell proliferaion measured by MTS
assay (B), increased apoptosis when the transduced cell lines were treated with 125
pg/ml, and 250 pg/ml. predmsolene for 24 hrs, as measured by AnnexinV staining (C)
and increased expression of FOS (siRNA1 and 2) | JUN (siRNAL), and BIM (siRNA1
and 2) (D). (E-J) Additionally, Reh cells stably transduced with siRNA against the splice
junction of BALR-2 showed knockdown of the IncENA (E), and mcreased apoptosis

measured by caspase-3 activity (F). Expression of glucocorticoid response genes, FOS,
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JUN, and JUN"s target gene BIM (G), increased upon siRNA mediated knockdown of
BALR-2. Feh cells stably transduced with siRNA3 showed knockdown of BALR-2 (H),
and mcreased apoptosis measured by caspase-3 activity (I). Expression of glucocorticoid
response genes, FOS, and JUN (J), increased upon siRNA mediated knockdown of
BAIR-2. Knockdown with siFINA3 and splice-siRINA are shown separately, as these
represent independent experiments. (K-M) MV-4-11 cells, which contamn t(4;11), stably
transduced with siRNA3 showed knockdown of the IncRNA (K). and mcreased mumber
of apoptotic cells and measure by Annexin V stamung (L), Glucocorticold response
genes, FOS, and JUN (M) show increased expression upon knockdown of BALR-2.
Comparisons made using a two-tailed T-test, p=0.03 (*); p=0.005 (*¥); p=0.0005 (***).

Supplemental Figure 7: Proposed mechanism of action of BALR-1 in the
glucocorticoid response pathway. BALR.-2 mhubits expression of FOS and JUN genes.
Upon prednisone treatment BATR-2 is inhibited, releasing the block on FOS and JUN.
JUN 15 expressed and mn turn activates expression of BIM which 15 a well-known pro-

apoptotic gene.

Reference:

1. Tibshirami B, Hastie T, Narasimhan B, Chm G. Diagnosis of multiple cancer types
by shnunken centroids of gene expression. Proc Natl Acad Sci U 5 A. 2002;99(10):6567-
6572.
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Cohort 3:

Validation Cohort

Pt Age Earyotype Phenotype HED Recurrence | Status (8 | Prednisone
1D (wrs) vyx. FjO) Fesponse
1 2.9 12:21 ND HD HO ALIVE =ER
. 4.8 1-19 ND HD HO ALTVE GE
2 2.8 12;21 B-II 3R HD ALTVE =E
4 9.7 12:21 B-II ME Tes ALTVE =ER
5 4_2 12_21 B-IT ME: Tes ALTVE E
[ 2.4 12-21 B-II 3R HO ALTVE =ER
7 2.9 12:21 B-II ME Tes DEAD =ER
a 6.4 4;11 B-I ME MO ALTVE =ER
9 2.9 4;11 B-I H HO ALTVE EPR
10 2.0 12:21 B-II ME HD D =ER
11 7.1 12:21 B-II 3R HO ALTVE =ER
12 1.1 d4-11 B-I H Tes DEAD EER
13 3.4 12-21 B-IT MR HO ALTVE GER
14 5.4 12;21 B-II 3R HD ALTVE =ER
13 7.9 12;21 B-II 2R HO ALIVE =ER
16 2.4 s11 B-I 3R HO ALTVE GER
17 11.7 = B-II ME: MO ALTVE =ER
18 5.7 12-21 B-II ME: HO ALTVE =ER
19 6.6 12:21 B-II ME HO ALIVE =ER
20 4.1 12;21 B-IT ME MO ALTVE =ER
21 10._6 HE= B-II MR HO ALTVE =ER
22 5.2 HEG B-II ME HO ALTVE =ER
23 11.6 HEG B-II ME HD ALTVE =ER
24 4.4 HEG B-II ME Tes ALIVE =ER
25 12_2 HEG B-IT HI HD ND GER
26 6.6 12;21 B-II ME Tes DEAD =ER
27 2.8 HEZ B-II ME HO ALTVE =ER
28 5.1 HEG B-IT 3R HO ALTVE GER
29 7.9 NEG B-I/B-II H MO ALTVE =ER
20 .42 HEG B-II ME HO ALIVE =ER
1 5.8 HEG B-II MR HO ALTVE =ER
z 2.5 12;21 B-II MR HO ALTVE =ER
a3 2.2 9;22 B-II HE. Tes DEAD EPR
24 2.1 12:21 D ME HO ALTVE =ER
25 5.1 HEG B-II ME HD ALTVE =ER
36 4.9 HEG B-II ME HO ALIVE =ER
7 4.2 HEG B-II MR HO ALTVE =ER
a8 9.1 HE: B-I ME HO ALIVE =ER
a9 2.8 HEG B-IT ME HO ALTVE GER
40 4.5 12-21 B-II ME: MO ALTVE =ER
21 L = PreH ME: HO ALTVE =ER
42 2.1 HEG B-II ME HO ALIVE =ER
43 2.8 = B-IT ME MO ALTVE =ER
a4 2.8 12;21 B-II MR Yes DEAD =ER
45 -3.1 9-22 B-II HD Tes DEAD =ER
26 5.1 HEG B-II ME Tes DEAD =ER
27 2.4 HEZ B-II ME HO ALTVE =ER
48 8.0 9-22 B-IT HI HO DEAD EER
29 2.2 HEG B-II H HD ALTVE EER
50 1.2 12;21 B-II ME HO ALIVE =ER
1 2.7 HEG B-IT ME HO ALTVE GER
2 B.& NEG BD 3R MO ALTVE =ER
53 1.5 HE& B-II ME: HO ALTVE =ER
54 16.4 HEG B-II ME Tes DEAD =ER
55 2.7 HE= B-ITT MR HO ALTVE =ER
56 2.5 HEG B-I/B-II MR HO ALIVE PR
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57 13.5 HEGZ B-I/B-II 3R "o ALIVE EER
58 6.2 HEGZ B-II HE "o ALIVE EER
559 15.9 HEG B-II ME "o ALIVE EEFR
&0 4.4 HEZ HD ME "o ALIVE ZER
Bl 1.6 HEG B-II 3R "o ALIVE ZER
B2 3.5 HEGZ B-II ME "D ALIVE ZER
&3 3.3 HEG B-II 3R "D ALIVE ZER
54 B.4 12;21 B-II ME "D ALIVE ZER
&5 6.0 HEG B-II ME "o ALIVE EEFR
66 4.1 12.21 B-II MR ke ALIVE GER
87 5.4 HEZ B-I/B-II HE ke ALIVE EER
&8 9.8 HEZ B-II ME ke ALIVE GER
£9 8.2 HEG Pre—B ME "o ALIVE ZER
7 3.9 12;21 B-II 3R "o ALIVE ZER
71 2.5 HEG B-III ME "D ALIVE ZER
T2 3.0 HEG B-II KD Tes DEAD ZER
73 2.3 12;21 B-III ME O ALIVE =ER
74 1.0 HEZ= B-II H RO ALIVE E'ER
75 6.9 HEZ MDD KD ke ALIVE GER
TE 3.4 HEZ B-I KD ke ALIVE GER
77 10.4 = B-II MR ke ALIVE GER
78 12.5 1;1 B-II MR "o ALIVE =ER
78 5.4 = B-II MR "o ALIVE =ER
a0 11.5 HEZ= B-II ME RO ALIVE =ER

1 3.8 12:21 B-II ME RO ALIVE =ER

2 3.8 12:21 B-II 2R RO ALIVE =ER
a3 13.1 HEZ: B-II ME "o ALIVE =ER
B4 1.8 HE= B-II ME "o ALIVE =EFR
B85 5.6 HE= B-II 3R "o ALIVE =EFR
86 16.5 HEZ= B-I/B-II ME O ALIVE =ER

7 1.8 HEZ= B-I/B-II ME O ALIVE =ER
88 10.8 12:21 B-I/B-II ME O ALIVE =ER
g8 14.6 HEZ: B-II ME "o ALIVE =ER
90 2.7 HEG B-II H Tes ALIVE FFR

1 a.1 12;21 B-II 3R "o ALIVE EEFR

2 6.4 HEGZ B-I ME "o ALIVE EER
53 7.5 HE= B-II IR "D HD =ER

Supplemental Table 1: Patient characteristics for use in this stuady. Cohorts 1 and 2
only had cytogenetic results available; these were used for the discovery and replication
by microarray. A1]1 three cohorts were used to confirm the expression patterns by gPCR.
Cohort 2 was used to assess clinicopathologic correlations. Abbreviations: HRD, Hinimal
residual disease risk stratification (MR- minimal risk, SB-standard risk, HBE—- high
risk) ;Fhenotype: B-I (CD10-}), B-II (CDl10+}, B-III or B-IV (cytopla=mic Igt); HEG,
FKaryotype normal (does not enclude sub—karyotypic rearrangement; GFR: Good FPrednisone
Response; FFR: Foor Frednisone Response.
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Translocation | MED Prednisone Becurrence Death
Besponse
Translocation | Pearson’ s H.A. .23y 127 =.104 —. 06l
Correlation
Two—tailed -026 .226 (H3) -231 (H3) -ST0 (H3)
p—walue
HED Pearason’ s H.A -215 -a352 -401
Correlation
Two—tailed -002 -001 <_001
p—walue
Predni sone Pearson’ s H.A .234 253
Response Correlation
Two—tailed -0248 -005
p~value
Recurrence Pearson’ s H.A - TE0
Correlation
Two—tailed <_001
p—wvalue
Death Pearson’ s H.A.
Correlation
Two—tailed
p—wvalue
Supplemental Table 2: Correlational bivariate analy=e= between ordinal variable
clinicopathologic characteristics. Parametric and non—parametric tests yielded =imilar
results. Hote that the translocation Sype did not yield significant correlations here,

but was a statistically correlated with death in EKaplan Heier surviwal analyses.

Variable Begression Standard - Hazaxrd 95% Confidence
Comfficient [k} error SH({b) waloe Batio ‘:h] Interval
Lower Uppex
BALR-2 =1.111 Z_63Z2 D.672 0.3z D.DDZ 57.280
Translocation 1.361 D.4D6 D.DD1L 2.901 1.758 8.650
FPredni sone 1.3598 D.BEE 0D.11l6 4.04 D.708 Z23.044
Response

Supplemental Table 3: Besults of Cox Fegression analysis using BALR-2, Translocatiom, and
Prednisone Besponse as co-variates. In this =sample =ae=t, the translocation was the only
sigqnificant predictor of death. MBD was not included in this regression analy=sis because
it i=s highly correlated with prednisone response.
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RET-gPCE primers

GEGACCTGECCCCTCACCRA 370

(1)}

BALR-1 FOW | S
LBEV | 5" AGGACTEGCCCACATGCGARARRCCT 2°
BATR-Z FOW | 5" RARCGCAGCARACCARACCCTGGGRA 3°
EEV | 5" CRCGECGETEECRAGCTTTCAG 3
BALLR-& FOW | &' CGIGTGCTGEECEARACGCACTG 2°
BEV | 5" CCAGGCTCAGAGCAACACAGGEEH 3°'
LINCOO0558 FOW | 5" GCTGCRAGTCETGTETCAGTGRARCCE 3°
BEV | 5" GCTGAGTCTCTCCACTCAGGGEE 2°
BCTIN FOW | &' CATGTRAOGTTGCTATCCAGGC 3°
BEEV | 5" CTCCTTRATGTCACGCACGAT 3°
FOS FOW | 5" GGEEGCARGCTGGERACKRGTTAT 3°
FEV | 5" AGGTCATCRGGGEATCTTGCAG 3°
JUH FOW | 8" TOCARGTGCCGARARMCGARG 3°
BEV | 5" CGAGTTCTGAGCTTTCARGGT 3°'
BIM FOW | 5" TRRGTTCTGRGTGTCACCGAGR 3°
BEV | 5" GCICTGTCTGIRAGCGAGGTAGE 3"
CELF4 FOW | 5" CTGCTCTCTEGEACTCCA 30
(unspliced) BEV | 5" CRGCRCATTRGETGCRAGREC 37
Balr-2 FOW | 5" CECTGETGATGICIGITGIC 3°
BEV | 5" GRAGGCCTTGCTTTCACTGAG 3°
L3Z (mouse) FOW | 5" BRAGCGRARCTGECGERARC 3
FEV | 5" TRACCGATGTTGGGCATCAE 37
Fos FOW | &' CEGETTTCAACGCCGACTA 3°
EEV | 5" TEGCRACTRERGACCGGACRGAT 37
Jun FOW | 5" TTCCTCCAGTCOGAGAGECE 3°
BEV | 5" TGAGARCETCCGAGTTCITIGE 3°
Bim FOW | 5" CGACAGTCTCAGGAGGARCC 3
BEV | 5" CCITCTCCATACCAGROGEA 3°

Cloning primers for P2CEL

TG TGAGTOGACGEATCCCTERRGECTTECTCARGECTETATECTE 30

PZCZL segl

FOW

=

Primerz for sequencing P2CEL

TEECACCTGACCGRAGCACE 3

BamHI site EOW
Hhol site FOW | 5" ATCGGECTGAGTICGACCTCGAGCTCERAGECTTECTRRAAGECTETATGCTE 3

BEV | 5" ATCGCRATTCCTCCAGTGGECCATTTICTICCATCTGASGTCCTACGTRAACACEICTTGTEIC 31
¥bal site FOW | 5" ATCGGECTGAGTCGACTCTAGRCTGERGECITTEGCTCGRAGECTETATECTE 3

EEV | 5" ATCGCARATTCTCTAGATG G CATTTIGCTICCAT G TGAGTCOTACGTRAACACGECCTTGTEIC 31
Hhel site BEV | 5" ATCGCRATTCGECTAGCTGGECCATTICTICCATCTGAGTCCTACGTRAACACECCTTGTEIC 31
Epal site BEV | 5" ATCGCRATTCEGECCCTEEECCATTTICTICCATCTGAGTCCTACGTRACACGCICTTSTEIC 31
linker FOW | 5" GATCCACCTCGRAGTATCTAGRAATCGCTAGCITTGEEECCCACT 3
Seguence EEV | 5" GATCRGTGCECCCOCARGCTACGCATTCTAGATACTCGRAGETE 31

BZCZL segl

EOW

5

TGACCCEOGAGEACCES 3




Cloning primers for P&UECL

Hotl sitel FOW | 5" ACARGCGGCCGCAGTCGCGTCGEGCCTCCCGAG 2
Hotl sitel FOW | 5" ACRRGCGGCCGCAGTCGCGTCGEECCTCCCGA 31
BamHI sitel BEV | 5" ARACGATCCGTGEGTARCARCGCAGRGETRCTT 3°
BamHI sitel BEV | 5" ARMRCGATCCCARACTCGCRAATTTIGCCTITRAATCIC 2°

Primers for sequencing PeTECL

FOW

CAGTGCAGGCGCARAAGARTRACTAGE 3°'

MECV segl

phagee segl 5"

rhageé seg RBEV | 5" CRRARGCECATTARACCAGCETATCC 3¢

prhaget seg3d BEV | 5" GECGTAGCGCTTCATCGGECTTITET 3°

Cloning primers for MSCV wector

BglII site FOW | 5" ATGEECTTAGCTAGATCTEEECCCAGTCELETCEE 30

¥hol sitce BEV | 5" ATGECARTTATCCTCGAGTTITTITITTIGTGETAACARCECAGRETACTTIT 3

Hotl site-si | FOW | 5" ATCGGECTGRAGTCGACGCGECCECCTEEAGECTTCGCTCARGECTETATECTE 3°

¥hol site-si | REV | 5" ATCGCAARTTGCTCGAGTGEGCCATTTGITCCATETCGAGTECTAGTARCAGECCTTETSTIC 31

Primers for sequencimng MSCV wector

FOW ] 5"

CCGRACRRCCACTACCTGAGC 3"

HMECW segZ

FOW ]| 5"

CTTTATCCAGCCCTCACTCCTTCICT 3°

BATLR-Z-siRHAl

BRLE-Z2 3'RACE-1 FOW | 5" RGCRGCRARGCRARGCCTEGER 3°

BRLE-Z2 3'RERCE-2 FOW | 5" GCAGCARRGCARRGCCTGEGR 3°

BRLE-Z2 3'RACE-3 FOW | 5" CATGCCARCCTARTCTGIGTITARARATCC 3°
BALE-Z 3'RACE-4 FOW | 5" GCATATGAARGCTCTTGACCTGAGARARCC 3°
BRLE-Z 5'RACE-1 BEV | 5" CRCOGGCGTRGCAGCTTTCAG 27

BALE-Z2 S5'RACE-Z BEV | 5" TCRACGGOGTGECAGCTTTCAG 3°

BALE-2 5'RACE-3 BEEV | 5" GATCRAATTTAAGGTRAGTGGCAGGE 3°
BRLE-Z 3'RACE-1 FOW | 5" GETRRCCRAGGGECRARGERARTECRAR 37
BRLE-Z 3'RRCE-2 FOW | 5" GCARRCAGTRAGARTCATGCCRACET 3°

mnu-miR-155 formatted siBHA oligos

SRR T T AT T CRCAT TR T T AT AT TC T I TT TG CACTCRCTCRACAGRATC
ATCRRCCTRATCTCRAGGACRCRARGGEOCTEA "

BATR-2-siRHAZ

S ARG TETA TG TG T ITAC T CAR AT CTCCTACGTECT TTTGECCACTGACTCACCACCTA
GEATTTCAGTARACACCACACARCGCCCTES "

BATR-2-s5iRHAJ

5 CRRCGCTCETATECTGTTARTCTCARACT
CCTTTGAGATTRACAGCACACARGECCTGI "

CCTCATCCTTTTGECCACTGACTCGACCATCAG

BRALR-Z-5iRHRE-
splicel

SRR T T AT T e AR T T AT TR C TR TC G T T TG CACT CRCTCRCGERAECR
GEATCRGACTCTCGCRGEACACRRECEOCTEA "

Balr-Z2-siRHAL

S ARG CTCETAT T GARATGETT TCC TCAGCTCARCET TTTEGECCACTGACTCACCTTGAC
CTGEEARRCCATTTCAGCRCRACRAGECCTEI "

Balr-2-siRHAZ

S EARGEC T TA T T G T AR T ARG TG AGECEC T TG T T TGECCACT ACTCACARGCGT
CTCRCTTRCCTTACAGGACACRARGEOCTES!

Balr-2-siRKHA3

SRR T TAT T GARTTT AR T AR T AR EETTTTGEC CACTERCTGRACCECOCTE
CCTTRCCTTARRTCRGEACACRRGECCTEE "




BRCE Seguencs
BRATR-Z

5 AT TG R CTCC ARG TG GAGTETCAGTCEECTCTCCECRCGTETCCECG
GoCTCGCEGAGC AGCAC TR AN CC TATTTGCCATATGARGETCTIGACCTGACGRARA RCCATET
TEEATRAR TR ARG AR M AR R AL T AR CACCTRAGCAGATTTCACTARRCRCTRAGRA
ToATCCC AR T AATCTETETTAR A TCC TTCEARTCTGEGACCCECTGATGATGCCTCTTET
CT T TG T A T ERAT T TTCTTTTC TCAGAGC ACCARRGCARRCCCTGEEARCCRGECC
AR T O TG CACTTACCTTA A TTGATCACCCACTTTGAGATTARARCCCCTCGARRCCTECEC
ACCGCCGTCARARCARCCECCTCCTTCACATTAMACCECARRTTCCGACTTTCARARRARANRANA
ACARARDARARAARARCTACTCTCGCOGTTGTTACCACE"

BRCE Segquence Balr-
2

L RGO AR R O T e GAR O A GG C AR G GO C TGO CAC TTAC C TTARRTTEATCAGCCACTT
TEAGATTARRECCCCTEGRARGCTECC G TCAGT ARG ARGGCCTCTTTCACATTRARRAGHCAAATTEC
BACTeTEEET T T T T AT C e CCTC T TCTCTCTCTCTCC TTTTTTCCCCCTATTTTACCCGTTTTT
TTCAGTETEERCT T TT T T T T T T T TTCCATTTATGC T TCCAT GTAGARAGCCARTAGT TATAGCR
TCTTAGC ARG AT TC AT T ARG T TTAT ARG AR CE R AR TTTATGETTATTTAGARCT TEECACAGRCAT
CAATTGETTECTAGRARARRERRRRCRRRCRRED"

Supplemental Table 4: Primers and BRACE seguence for human and mousse BALE-Z.
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CHAPTER III:

“BALR-6 Regulates Cell Growth and Cell Survival in B-Lymphoblastic Leukemia”
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Abstract

Background: A new class of non-coding RNAs, known as long non-coding RNAs
(IncRNAS), has been recently described. These IncRNAs are implicated to play pivotal roles in
various molecular processes, including development and oncogenesis. Gene expression
profiling of human B-ALL samples showed differential INncCRNA expression in samples with
particular cytogenetic abnormalities. One of the most promising IncRNAs identified, designated
B-ALL associated long RNA-6 (BALR-6), had the highest expression in patient samples carrying
the MLL rearrangement, and is the focus of this study.

Results: Here, we performed a series of experiments to define the function of BALR-6,
including several novel splice forms that we identified. Functionally, SIRNA-mediated knockdown
of BALR-6 in human B-ALL cell lines caused reduced cell proliferation and increased cell death.
Conversely, overexpression of BALR-6 isoforms in both human and mouse cell lines caused
increased proliferation and decreased apoptosis. Overexpression of BALR-6 in murine bone
marrow transplantation experiments caused a significant increase in early hematopoietic
progenitor populations, suggesting that its dysregulation may cause developmental changes.
Notably, the knockdown of BALR-6 resulted in the dysregulated expression of a set of genes
enriched for leukemia-associated genes, as well as the transcriptome regulated by Specificity
Protein 1 (SP1). We confirmed changes in the expression of SP1, as well as its known
interactor and downstream target CREB1. Luciferase reporter assays demonstrated an
enhancement of SP1-mediated transcription in the presence of BALR-6. These data provide a
putative mechanism for regulation by BALR-6 in B-ALL.

Conclusions: Our findings support a role for the novel IncRNA BALR-6 in promoting cell
survival in B-ALL. Furthermore, this IncRNA influences gene expression in B-ALL in a manner

consistent with a function in transcriptional regulation. Specifically, our findings suggest that
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BALR-6 expression regulates the transcriptome downstream of SP1, and that this may underlie

the function of BALR-6 in B-ALL.

Background

The human genome produces thousands of non-coding transcripts [1]. These include
the recently described class of long non-coding RNAs (IncRNAs), which have distinct chromatin
signatures and epigenetic marks, designating them as unique structures that are conserved in
mammals [2, 3]. More recently, comparison of INCRNA expression in zebrafish to that of
mammals has suggested that although these structures retain limited overall sequence
conservation among vertebrates, they show strong conservation of short stretches of sequence,
chromosomal synteny, and functional conservation [4]. Prior studies have shown that INcCRNAs
play a variety of roles in the regulation of transcription, splicing, and miRNA function [5-7]. This
may not be an exhaustive description of the functions of IncRNAs, as new functions are being
discovered in other cellular processes [8, 9]. As might be expected considering their roles in
critical cellular functions, IncRNAs have been found to be dysregulated in cancer, with functional
roles in oncogenesis described for a handful of IncRNAs so far [10-13].

B-lymphoblastic leukemia (B-acute lymphoblastic leukemia, B-ALL) is a malignancy of
precursor B-cells harboring mutations and translocations that result in dysregulated gene
expression [14, 15]. We have recently completed a comprehensive description of IncCRNAs in B-
ALL and analyzed the association of INcCRNA expression with clinicopathologic parameters. Our
study showed differential IncRNA expression in samples with particular cytogenetic
abnormalities [16]. One of the INcCRNAs from our study, designated B-ALL associated long RNA-
6 (BALR-6), was significantly upregulated in all subsets of patient samples when compared to

normal CD19+ cells. Interestingly, the highest expression of BALR-6 was seen in patient
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samples carrying the MLL rearrangement [16]. MLL rearranged B-ALL cases have a very poor
prognosis and occur in infants, making them particularly hard to treat [17].

Located on chromosome 3p24.3 in humans, BALR-6 exists in a syntenic gene block with
neighboring genes SATB1 and TBC1D5 that is conserved in several vertebrate species (Figure
1A-B, 1D) [16]. Analysis of publically available data from the Broad Institute/ENCODE shows
H3K4m3 and H3K36m3 maodifications along the promoter and gene body at LOC339862, where
BALR-6 resides, indicating that it is a transcriptional element (Figure 1A) [4, 16, 18-20].
Alternative splicing analysis by the Swiss Institute of Bioinformatics predicted multiple
transcripts expressed at this gene locus (Supp Fig 1A) [21]. Moreover, 100 Vertebrate
PhastCons analyses of the BALR-6 locus demonstrated significant conservation of the gene
body, suggesting a functional transcript (Figure 1C) [22].

To further study this IncRNA we undertook loss-of-function analyses in B-ALL cell lines
and gain-of-function analyses in vivo. We found that BALR-6 is a pro-survival factor for B-ALL
cell lines, and that its knockdown led to decreased growth and increased apoptosis of these
cells. In vivo, overexpression of BALR-6 led to an alteration of hematopoiesis with a shift to
more immature progenitor populations. Gene expression analyses of knockdown cell lines
showed a differentially expressed gene set in BALR-6 knockdown cells, with enrichment for SP1
transcriptional targets and leukemogenic genes. Finally, luciferase assays demonstrated and
increase in transcriptional activity when SP1 and BALR-6 were co-expressed. Together, these
findings point to a role for BALR-6 in cellular survival, leukemogenesis, and highlight the role of

novel elements of gene regulation in B-ALL.
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Figure 1: Molecular characterization of BALR-6.
(A) Top: Chromosomal location of BALR-6 in the human genome, surrounding genes, gPCR primers,

SiRNAs, known annotated exons (green boxes), known introns (black lines) are shown. Bottom: Chip-Seq
histone modification map from the ENCODE/Broad institute, taken from UCSC genome browser, shows
H3K4m3 and H3K36m3 patterns at LOC339862 in four different cell types indicating active transcription
of the IncRNA. (B) The 100 Vertebrate PhastCons plot from the UCSC whole-genome shows conserved
regions among 98 vertebrates including mice and zebrafish throughout the locus. (C) RACE discovered
unannotated exons (magenta) depicted with known annotated exons (green) at LOC339862. (D)
Schematic depicting genomic conservation of the syntenic block among multiple vertebrates, as analyzed
by BLAT. Grey box indicates location of homology to BALR-6.
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Results
BALR-6 knockdown inhibits proliferation of human B-ALL cell lines

To comprehensively study the function for this novel IncRNA, we first characterized the
transcripts originating at the genomic locus corresponding to BALR-6. Using RS4;11 cell line
MRNA, Rapid Amplification of cDNA Ends (RACE) uncovered multiple isoforms; from these,
three were cloned and sequenced corresponding to the genomic locus as shown (Supp Fig 1A-
B). Northern Blot analysis of RS4;11 DNAse treated RNA revealed the expression of two
isoforms containing exon 3 and exon 5 sequences, one sized at ~3.8 Kb and the other at ~1.2
Kb (Supp Fig 1C). The annotated mRNA and new alternative splice forms, including
unannotated exons, were confirmed as depicted in Figure 1C. Isoform 1 contains several small
open reading frames (ORFs), however no Kozak sequences are found in their initial ATG
region, and the predicted ORFs do not resemble any known functional proteins or peptide [23].
Isoforms 2 and 3 lacked open reading frames and translation initiation sites as evaluated by
EMBOSS Transeq, predicting them to be non-coding transcripts (Supp Fig 1D).

To map the murine homologous transcript, we carried out 5’RACE and 3’'RACE using
MRNA extracted from murine pre B-ALL cell line 70Z/3. The sequences uncovered match the
human BALR-6 sequence, confirming that there is a murine transcript originating from this same
locus (Supp Fig 1E). Further analysis by BLAT showed genomic conservation of syntenic blocks
in a variety of vertebrates, including Xenopus tropicalis (Figure 1D). Together, these data
demonstrate a highly conserved, functional, and complex gene locus that expresses multiple
non-coding transcripts, some yet to be discovered. During normal B cell development, BALR-6
is dynamically expressed, with high expression in pre-B cells and subsequent downregulation
(Figure 2A). This suggests that the high expression of BALR-6 in B-ALL could represent a
stage-specific expression pattern in leukemia derived from early stages of B-cell development.

To elucidate a cellular function for BALR-6, we first evaluated the expression levels of the
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transcripts in human B-ALL cell lines. BALR-6 expression was highest in RS4;11 cells and
MV(411) cells, which carry the MLL-AF4 rearrangement, when compared to other lines (Figure
2B). Additionally, RS4;11 cells treated with bromodomain and extra-terminal (BET) motif binding
protein inhibitor I-BET151 [24] showed decreased levels of BALR-6 in a dose-dependent
manner (Figure 2C). Given that I-BET151 has previously been shown to inhibit transcription
downstream of MLL, we propose that BALR-6 expression is induced by MLL, although this
effect may not be entirely specific to MLL-AF4.

Using the approach described previously, sSiRNAs against the splice junctions between
exons of BALR-6 were cloned into a mmu-miR-155 expression cassette (Supp Fig 2A) [4, 16,
25, 26]. We observed knockdown of all the identified transcripts in multiple B-ALL cell lines
(Figure 2D and Supp Fig 2B). Transduced B-ALL cells showed a reduction in proliferation as
early as 48 hours after plating, with consistent reduction in proliferation observed over the full
duration of the assay (up to 144 hours) (Figure 2E-F and Supp Fig 2C). siRNA-transduced B-
ALL cells had significantly higher levels of apoptosis, as measured by AnnexinV, when
compared with vector-transduced lines (Figure 2G-H and Supp Fig 2D). Flow cytometry
demonstrated that the siRNA2-transduced RS4;11 cell lines had an increase in Sub-GO cells
and a decrease in all other cell stages, consistent with increased apoptosis and decreased flux
through the cell cycle (Figure 21). Together, these findings suggest a modest yet conserved role

for BALR-6 in the regulation of B-ALL cell survival and proliferation.
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Figure 2: BALR-6 knockdown reduces cell proliferation and increases apoptosis in human B-ALL
cells. (A) BALR-6 expression in human bone marrow B cell subsets by gqRT-PCR. Normalized to ACTIN.
(B) Quantitation of BALR-6 expression in human B-ALL cell lines by gRT-PCR confirming elevated levels
in MLL translocated cell lines RS4;11, and MV(411). Normalized to ACTIN. (C) RS4;11 cell lines treated
with 1uM, and 2uM of I-BET151 inhibitor for 36 hours, presented a decrease in BALR-6 expression levels.
Normalized to ACTIN. (D) gRT-PCR quantification of BALR-6 in RS4;11 and Reh cell lines transduced
with vector control, sSiRNA1, or siRNA2. Normalized to ACTIN. (E-F) Decreased cell proliferation, upon
siRNA mediated knockdown of BALR-6 in RS4;11 cells (E), and Reh cells (F) as measured by MTS. (G-
H) AnnexinV staining showed that siRNA mediated knockdown of BALR-6 in RS4;11 cells (G), and Reh
cells (H) resulted in an increase of apoptosis. (1) Propidium iodide staining of RS4;11 knockdown cell lines
showed an increase in Sub-GO0 and a decrease in G0-G1, S, and G2-M cells. Representative histogram of
| confirms cell cycle changes, shown to the right. HSC, hematopoietic stem cell; CLP, common lymphoid
progenitor; pro-B, progenitor B; pre-B, precursor B; DMSO, dimethyl sulfoxide. Evaluations were made
using a two-tailed T-test, p<0.05 (*); p<0.005 (**); p<0.0005 (***); p<0.0001 (****).
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Constitutively expressed BALR-6 supports cell survival and proliferation

To examine the effects of BALR-6 gain of function, we overexpressed the previously
identified isoforms in the human B-ALL cell line Nalm-6, which has relatively low endogenous
levels of the transcript (Figure 3A, Figure 2B). Gene transfer was conducted via a lentiviral
expression system that has proven successful in our previous studies (Supp Fig 2E) [16].
Constitutive overexpression of BALR-6 Isoforms 2 and 3 led to a significant increase in
proliferation as measured by MTS (Figure 3C). In addition to an observed increase in overall
growth rate, BALR-6 Isoforms 2 and 3 caused an increase in S phase cells and G2-M cells
(Figure 3D). Furthermore, AnnexinV staining showed significantly lower numbers of apoptotic
cells under basal growth conditions in cell lines overexpressing any of the BALR-6 isoforms
(Supp Figure 2G).

To overexpress BALR-6 in mouse cells, we constructed a set of MSCV-based bicistronic
vectors (Figure 3B, Supp Fig 2F). Successful overexpression of these constructs in murine pre
B-ALL 70Z/3 cells led to a modest increase in proliferation (Figure 3E-F). Cell cycle analysis of
these lines showed an increase of S phase cells, G2-M cells (in Isoform 3 overexpressing lines)
and a reduction in Sub-GO0 cells, similar to the effects in Nalm-6 cells (Figure 3G-H). Analysis by
AnnexinV staining confirmed the lower number of apoptotic cells in Isoform 3 expressing cell
lines (Supp Fig 2H). Moreover, these 70Z/3 Isoform 3 overexpression lines were less vulnerable
to prednisolone-induced apoptosis (Supp Fig 2I). Conversely, siRNA-transduced RS4;11 cells
were more prone to prednisolone-induced apoptosis (Supp Fig 2I). Therefore, knockdown and
overexpression of BALR-6 had opposing phenotypes in B-ALL cell lines, and gain of function

phenotypes were conserved in both human and mouse cells.
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Figure 3: BALR-6 overexpression increases proliferation in human Nalm-6 and murine 70Z/3 cells.
(A) gRT-PCR quantitation of BALR-6 isoform expression in Nalm-6 human pre B-ALL cell line.
Normalized to ACTIN. (B) gRT-PCR quantification of BALR-6 isoforms in 70Z/3 mouse pre B-ALL cell
line. Normalized to Actin (ISO1) or L32 (ISO3). (C) Increased cell proliferation in BALR-6 overexpressing
Nalm-6 cell lines, as measured by MTS. (D) Representative histogram of Nalm-6 overexpression lines,
stained with propidium iodide, shows an increase in S phase cells and G2-M cells. (E-F) Increased cell
proliferation in BALR-6 Isoform 1 (E) and Isoform 3 (F) overexpressing 70Z/3 cell lines, as measured by
MTS. (G-H) Propidium iodide staining of 70Z/3 cells overexpressing BALR-6 Isoform 1 (G) and Isoform 3
(H), shows a consistent increase in G2-M cells, and a decrease in Sub-GO cells. Representative
histogram of figures G-H confirmed the increase in cells in the G2-M when compared to the empty vector,
shown to the right. ISO1, Isoform 1; ISO2, Isoform 2; ISO3, Isoform 3. Evaluations were made using a
two-tailed T-test, p<0.05 (*); p<0.005 (**); p<0.0005(***); p<0.0001(****),
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Enforced BALR-6 expression promotes expansion of hematopoietic progenitor
populations in vivo

Since BALR-6 is highly expressed in B-ALL, we tested the effects of constitutive
expression in an in vivo model [16]. 5-FU enriched bone marrow was transduced with retrovirus
expressing the BALR-6 Isoform 3 and transplanted into lethally irradiated hosts (Figure 3 and
Supp Fig 2F, 2H). Mice were followed with peripheral bleeds for 16 weeks and then sacrificed
for analysis. Peripheral white blood cell counts were not statistically different between the
control and experimental groups. However, mice with enforced expression of BALR-6 showed a
trend towards lower red blood cell counts, hematocrit and platelet counts (Supp Fig 3A). Flow
cytometry revealed a lower percentage of CD11b+ myeloid cells and a higher percentage of
B220+ B cells, but no difference in CD3e+ T cell percentage in the eGFP+ population of
experimental mice (Supp Fig. 3B, 3C).

Mice were sacrificed following 4 months of reconstitution. Gross analysis showed no
changes in the thymus, spleen, livers, or kidneys. Microscopic inspection of hematoxylin and
eosin — stained tissues did not reveal any differences (Supp Fig. 3D). In the bone marrow, gRT-
PCR confirmed successful overexpression of BALR-6 (Supp Fig. 4A-B). Analysis by flow
cytometry revealed an increase in precursor cell populations in the GFP+ population of the
experimental mice, when compared to the control group (Figure 4A-B, Supp Fig 5C). After
exclusion of differentiated cells in the bone marrow, we observed increased relative proportion
of Lin-Scal+c-Kit+ (LSK) cells, hematopoietic stem cells (HSCs), and lymphoid-primed
multipotent progenitors (LMPPs) in mice overexpressing BALR-6 (Figure 4B). An increase in the
relative population of Lin-Scalloc-Kitlo cells and a trend towards increased relative population of
common lymphoid progenitors (CLPs) was also observed (Supp Fig 4C). The developmental
pathway of B-cells in the bone marrow was investigated by the method of Hardy et al [27]. Once

again, trends towards higher relative proportions of these B-cell developmental stages were
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observed (fractions A-F, Supp Fig 4D). Taken together, these results suggest that BALR-6
overexpression leads to an enrichment of early developmental stage cells in murine bone
marrow, indicating that its expression confers a survival advantage or increased proliferation for

cells in these earlier stages.
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Figure 4. BALR-6 overexpression causes an increase in hematopoietic precursor cells in vivo.

(A) Representative FACS plots of hematopoietic progenitor populations LSK, HSC, and LMPP in bone
marrow transfer mice. (B) Quantitation of progenitor populations showing a significant increase in
experimental mice when compared to control. Number of mice used in this analysis: VECTOR, n=8;
ISO3, n=6. 1SO3, Isoform 3; HSC, hematopoietic stem cell; LMPP, lymphoid primed multipotent
progenitor; LSK, lineage- Scal+ c-Kit+. Evaluations made using a two-tailed T-test, p<0.05 (*); p<0.005
(**)_
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BALR-6 regulates expression of genes involved in multiple biological processes

At the molecular level, several studies have demonstrated that many IncRNAs act as
transcriptional regulators [5, 11, 23, 28, 29]. To explore whether or not BALR-6 regulates gene
expression, RNA isolated from knockdown cell lines was analyzed by microarray [30, 31]. Upon
SsiRNA mediated knockdown of BALR-6, 2499 probes showed differential expression. Of these,
1862 unambiguously mapped to 1608 unique Entrez Gene IDs. Unsupervised hierarchical
clustering analysis identified differentially expressed genes in the siRNA-expressing cell lines
(Figure 5A).

Further data analysis was carried out using WebGESTALT [32, 33]. Gene Ontology
(GO) slim classification of differentially expressed genes by molecular function was utilized to
provide insight into the pathways in which BALR-6 is involved, with protein binding function
category having the most dysregulated genes (Figure 5B). A number of biological processes, as
annotated in the GO database, were significantly dysregulated in BALR-6 knockdown cell lines,
including cell death and cell proliferation (Figure 5C). Disease associated enrichment analysis,
which was inferred using GLAD4U, showed an enrichment of genes known to be dysregulated
in various disease states (Figure 5E). Of the 38 significantly associated disease states, 14 were
of leukemic origin. Transcription factor enrichment analysis showed a significant enrichment of
genes that are predicted to be targeted by SP1, among other transcription factors (Figure 5D).
Taken together, these data revealed the biological importance of BALR-6. A detailed description

of the microarray analyses can be found in the methods.
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Figure 5. BALR-6 knockdown leads to global differential expression of genes.

(A) Unsupervised hierarchical gene clustering of differentially expressed genes upon BALR-6 siRNA
mediated knockdown in RS4;11 cells (PPDE > 95%, fold change > 1.5). gqRT-PCR confirmation of BALR-
6 knockdown shown below. (B-C) Bar graphs of GO Slim classification enrichment analysis of
differentially expressed genes by molecular function (B), and biological processes (C). (D) Enrichment
analysis of transcription factor targets. Top ten transcription factors with a p value < 0.0001 are shown.
For unknown transcription factors, transcription site sequence is shown. (E) Disease association analysis
by GLADA4U, revealing enrichment of genes associated to various malignancies, in particular,
hematological malignancies (dark red). Diseases with a p value <0.05 are shown. ; PPDE, posterior
probability of differential expression. Evaluations were made using a two-tailed T-test, p<0.005 (**);
p<0.0005(***).
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SP1 transcriptome is modulated by BALR-6

As indicated by the transcription factor enrichment analysis, we confirmed that the
expression SP1 and CREB1, a target and interactor of SP1, were dysregulated upon BALR-6
knockdown (Figure 6A). The strongest phenotype was seen in the siRNA2 mediated
knockdown, which also showed the strongest cellular phenotypes in the majority of pre B-ALL
cell lines (Figure 6A, Supp Fig 5A-B). Conversely, increased levels of SP1 and CREB1
correlated with overexpression of BALR-6 isoforms in both human and murine cell lines (Nalm-6
and 70Z/3) (Figure 6B).

To confirm our findings, a second microarray analysis was carried out with technical
duplicates of RS4;11 cell lines transduced with empty vector or siRNA2. 2756 probes showed
differential expression. Of these, 2280 unambiguously mapped to 2128 Entrez Gene IDs and
were analyzed by hierarchical clustering (Supp Fig 6A). Enrichment analysis in WebGESTALT
revealed similar GO slim classifications (Supp Fig 6B-C), and transcription factor target
enrichment analysis confirmed significant enrichment of SP1 targets (Supp Fig 6D). Additionally,
enrichment of CREBL1 targets was significant (Supp Fig 6D). Notably, leukemic diseases were
the only ones significantly enriched in the disease association analysis (Supp Fig 6E). Together,
these findings indicated a consistent change in the transcriptome, particularly downstream of
SP1, upon knockdown of BALR-6 in MLL rearranged B-ALL.

To further understand the relationship of BALR-6 and SP1, we examined promoter
regions of known SP1 targets (CREB1 and p21) and cloned these sequences into the luciferase
reporter vector, pGL4.11 (Figure 6C). The p21 promoter contained 6 putative SP1 binding sites,
while the CREB1 promoter contained 7 such sites (Supp Fig 5C-D). Luciferase reporter assays
in HEK 293T cells with constitutive expression of SP1, Isoform 1, Isoform 3 or a combination of

these vectors, revealed increased luciferase activity in both promoters (Figure 6D). Notably,
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when SP1 and BALR-6 were co-overexpressed, we noted a strong increase in transcriptional

activity with both the p21 and CREB1 promoter.
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Figure 6: SP1 transcriptome is modulated by BALR-6.

(A) Confirmation of SP1 and CREB1 expression in RS4;11 microarray samples, as well as Reh
knockdown cell lines. Normalized to ACTIN. (B) SP1 and CREB1 transcript level increase correlates with
overexpression of BALR-6 in Nalm-6 cells (top) and 70Z/3 cells (bottom). Quantitation by qRT-PCR,
normalized to ACTIN (Nalm-6 cells) or L32 (70Z/3 cells). (C) Schematic depicting location of cloned
promoter sequences in the pGL4 vector system for luciferase assays. (D) Transcriptional activity at
CREBLI (left) and p21 (right) promoter regions upon SP1 and/or BALR-6 overexpression, as measured by
luciferase activity. (E) Quantitation of overexpression in luciferase assays (as seen in D) by gRT-PCR of
respective transcripts, normalized to ACTIN. Evaluations were made using a two-tailed T-test, p<0.05 (*);
p<0.005 (**); p<0.0005(***). luc2p, synthetic firefly luciferase.
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Discussion

The discovery of IncRNAs has revolutionized how we think about gene expression. The
genomic organization of many IncRNAs is indeed complex. Some are found in regions
overlapping with protein coding genes, while others that are exclusively intergenic [2, 4]. Some
IncRNAs contain microRNAs within either their exonic or intronic sequence [34, 35]. Here, we
have characterized several isoforms of a INCRNA that is overexpressed in leukemia and shows
dynamic expression in hematopoietic development [16]. Expressed from a locus adjacent to
genes important in lymphocyte development, BALR-6 itself is dynamically regulated during
human B-cell development [36-38]. Our work significantly adds to the known repertoire of RNA
molecules that are expressed from this locus, and several of these appear to be functional
within a cellular context.

In this manuscript, we describe the cellular function of a second IncRNA that was
discovered as being overexpressed in MLL-translocated B-ALL. In some ways, BALR-6 shows
some similarities with the other INcCRNA we studied, BALR-2 [16]. Indeed, knockdown of both
IncRNAs led to decreased cell growth and increased apoptosis, and overexpression led to
increased growth and a partial resistance to prednisolone treatment. These findings are not
altogether surprising given that these IncRNAs may be contributing to the poor clinical behavior
of an aggressive cytogenetic subtype of B-ALL [17]. However, there are important differences
between these IncRNAs— the genomic locus for BALR-6 is more complex, there are multiple
isoforms, and no comparable murine transcript is described in publically available databases.
Nonetheless, we have obtained fragments of a low-expression transcript from murine
hematopoietic cell lines that encoded portions homologous to human BALR-6. Further
characterization of the murine transcripts will be the goal of future studies.

Significantly, our study is amongst the few characterizations of INcRNA dysregulation in

the hematopoietic system [16, 39-41]. LncRNAs have been ascribed functions in lymphopoiesis,
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myelopoiesis, and erythropoiesis [42-45]. Additionally, their differential expression has been
described in peripheral T-cell subsets [46]. Here, we discovered the effect of BALR-6
overexpression on early hematopoietic progenitors in the marrow, including LSK cells, HSCs,
and LMPPs. Constitutive expression of BALR-6 isoforms led to increased survival or
proliferation of normally transient bone marrow progenitor cells. Furthermore, Hardy fractions
showed a trend towards being increased when compared to control, particularly those that
developmentally precede the large pre B-cell stage (fraction C’, early pre-B). The relative
percentages of more mature B-lineage cells downstream of these developmental stages are
largely normal. Despite increased proportions of early progenitor cells, passage through a
checkpoint (such as the pre-BCR checkpoint) may reduce cell numbers back to baseline. This
suggests that the function of BALR-6 in vivo may be in directing differentiation and adequate
lymphoid cell development. The upregulation of this IncRNA causes a survival or proliferative
advantage, a hallmark of leukemogenesis. Coupling BALR-6 overexpression with an
appropriate oncogenic co-stimulus may lead to full-blown leukemogenesis or enhancement
thereof, and this is currently an active area of investigation in the laboratory.

In line with a function in promoting the survival of early hematopoietic progenitors,
BALR-6 clearly affects proliferation in cell line experiments. Upon siRNA mediated knockdown,
we saw reduced cell proliferation and increased cell death. We observed the opposite effect
when we constitutively expressed BALR-6 in human and murine B-ALL cell lines. Moreover,
similar mechanisms may be operant in B-ALL with MLL translocations, and loss-of-function
experiments in primary patient samples and mouse models of MLL-driven leukemia are areas
for further investigation.

Given prior reports of INcRNAs serving to regulate transcriptional complexes, our finding
that BALR-6 knockdown causes changes in the SP1 transcriptome is compelling. SP1 is a

transcriptional regulator that is associated with dysregulated cell cycle arrest in multiple
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myeloma [47-49]. CREBL1 is a well-known proto-oncogene that promotes cellular proliferation in
hematopoietic cells [50, 51]. Here we demonstrate that SP1-mediated transcription at the
CREB1 and p21 promoters are positively regulated by BALR-6, providing a putative mechanism

for our observations of BALR-6’s role in B-ALL.

Conclusions

In this study, we demonstrate that the MLL-AF4-dysregulated INcCRNA, BALR-6, plays a
role in cell survival and regulates hematopoietic progenitors. At the molecular level, BALR-6
regulates the transcriptome of B-ALL cell lines, likely through regulating SP1-mediated
transcription. In summary, our study has several novel and unique findings that help uncover a
role for a poorly understood class of molecules in a pathogenetic process. This will undoubtedly

have impacts on our understanding of molecular biology within cancer cells.

Methods

Cloning and Cell culture

mmu-miR-155 formatted siRNAs were cloned into BamHI and Xhol sites in the pHAGE2-CMV-
ZsGreen-WPRE vector using the strategy that we have previously described to generate
knockdown vectors [16, 25, 26, 52]. Using the sequence information from 5 and 3’ RACE
products we cloned full length transcripts into an MSCV viral vector between the BamHI and
Xhol sites, as described previously, and into a pHAGE6-UBC-ZsGreen-CMV-LNC (P6UZCL)
variant of the third generation lentiviral vector system, between the Notl and BamHI sites [16,
52]. Primer sequences used are listed in Supplemental Table 1 or mentioned previously [16].
RS4;11 and MV4;11, (MLL-AF4-translocated; ATCC CRL-1873 and CRL-9591), Reh (TEL-

AML1-translocated; CRL-8286), 697 (E2A-PBX1-translocated), Nalm-6 , 70Z/3 (ATCC TIB-158)
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murine pre B-cell leukemic cell line, and the HEK 293T cell line (ATCC CRL-11268) were grown

in their corresponding media at 370C in a 5% CO2 incubator as previously described [16, 53].

Rapid Amplification of cDNA Ends (RACE)

To determine the 5 and 3’ transcript ends of the IncRNAs, we performed RACE using First
Choice RLM-RACE kit (Ambion). Using the sequence information from 5 and 3° RACE
products, we cloned full length transcripts into P6UZCL, and into the MSCV viral vector. Primer

sequences used and isoform sequences obtained are listed in Supplemental Table 1.

Transduction and sorting of cell lines

Lentiviruses and MSCV-based retroviruses were produced to generate knockdown constructs
as previously described [16, 25, 26, 52]. In brief, 5.0 x 1075 cells were spin-infected at 30°C for
90 minutes in the presence polybrene (4 ug/mL). Transduced cell lines were sorted for high
green expression using a BD FACSAriall cell sorter, and analysis was performed using BD

FACSDiva software.

Biological assays

For pharmaco-induced assays, cells were cultured at a concentration of 1.0 X10° cells per mL
and treated for 36 hours. I-BET151 was dissolved in dimethyl sulfoxide to desired
concentrations. After treatment, cells were harvested for RNA extraction. For MTS proliferation
assays, cells were cultured for at least 5 days before plating. Cells were plated at a density of
2,500 cells per 100 pl of media in each well of a 96 well plate. Reagents were added according
to the manufacturer's instructions (Promega CellTiter 96 Aqueous Non-Radioactive Cell
Proliferation Assay kit) and cells were incubated at 37°C, 5% CO2 for 4 hours before

absorbance was measured at 490 nm. For apoptosis assays, cells were plated at 5.0 X 10"5
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cells/mL for 24 hours with or without prednisolone treatment. Prednisolone (TClI America) was
dissolved in dimethyl sulfoxide to desired concentrations. Cells were harvested after 24 hours
and stained with APC-tagged AnnexinV. For cell cycle analysis, cells were synchronized by
serum starvation for 12 hours (human cell lines) or 4 hours (murine cell lines) then plated at 5.0
X 10”5 cells/mL and incubated at 37°C, 5% CO2 for 24 hours. Cells were harvested, fixed with
EtOH and then stained with propidium iodide. AnnexinV stained and Pl stained samples were
analyzed using a BD FACS HTLSRII flow cytometer and further analysis was performed using

FlowJo.

Luciferase Assays

Promoter sequences for CREB1 and p21 were cloned upstream of synthetic firefly luciferase
(luc2p) in the pGL4.11 vector. Renilla luciferase is expressed in the pGL4.75 vector downstream
of the PGK promoter. HEK 293T cells were transfected with the pGL4.75 and pGL4.11
containing reporter vectors at a 1:20 ratio (5ng: 100ng), along with a combination of MSCV
vector (empty, Isoform-1, or Isoform-3) and pCMV3 (empty or SP1-HA, Sino Biological Inc.)
vector at a 1:1 ratio (200ng:200ng). For the last condition SP1, Isoform1l and Isoform 3 were
transfected together at a ratio of 2:1:1 (200ng:100ng:100ng). Co-transfections were performed
with BioT (Bioland Scientific LLC) in 24 well plates as per the manufacturer’s instructions. Cells
were lysed after 32 hours and supernatant lysate was collected as per manufacturer's
instructions (Promega). The dual luciferase assay kit (Promega) was used as substrates for
Renilla and firefly luciferase activity. Luminescence was measured on a Glomax-Multi Jr
(Promega). The ratio of firefly to Renilla luciferase activity was calculated for all samples. The
luminescence for the MSCV empty vector with pCMV3 empty vector, was used as a

normalization control.
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gRT-PCR and PCR

RNA from cell lines was reverse transcribed using gScript (Quantas Biosciences). Real Time
guantitative PCR was performed with the StepOnePlus Real-Time PCR System (Applied
Biosystems) using PerfeCTa SYBR Green FastMix reagent (Quantas Biosciences). cDNA from
mice samples was amplified using KOD Master Mix (EMD Millipore) and ran on a 1.2% agarose

gel stained with ethidium bromide. Primer sequences used are listed in Supplemental Table 1.

Northern blot

Total RNA was separated on a 1.2 % (w/v) formaldehyde agarose gel and then blotted onto
Hybond N+ nylon membranes (Amersham Biosciences) by semi-dry transfer (Bio-Rad,
Trans-Blot SD Semi-Dry Transfer Cell). DNA probes were ordered from Integrated DNA
Technologies (IDT, San Diego, CA) with digoxigenin incorporated at 3’end. For ACTIN we used
the RNA probe provided in the DIG Northern Starter Kit (Roche). Membranes were hybridized
overnight using ULTRAhyb-Oligo Buffer (Ambion) at 37°C or 42°C with probes. Visualization
was done by X-Ray film using CDP-Star reagents (Roche). X-Ray film was scanned and saved

as jpeg files. Brightness and contrast was increased by 20% for ease of visualization.

Data Sources

Human genome assembly GRCh37/hgl9 and the mouse genome assembly GRCm38/mm10
were used. Methylation patterns for the four cell lines were obtained from Chip-Seq data
available in the UCSC genome browser generated by the Broad/ENCODE group [18-20]. Peak
viewing range set from 1 to 50 for H3K4m3 modifications, and 1 to 15 for H3K36m3
modifications. Alternative splice form information was obtained from the Swiss Institute of

Bioinformatics, via UCSC Genome Browser [21]. Genome alignments of RefSeq transcripts
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from human, mouse, and other vertebrates, GenBank mRNAs and ESTs, as well as PhastCons

scores were obtained from the UCSC Genome Browser [22].

Microarray data analysis

Microarray data was generated from samples of 3 different transduced RS4;11 cell lines with
siRNAs against BALR-6, or the control empty vector. Samples were hybridized at the UCLA
Clinical Microarray Core facility using Affymetrix HG-U133_Plus_2 microarray. The Affymetrix
raw data files (.cel files) were loaded into the R program for quality control analysis. Additionally,
raw hybridization intensities were normalized using the MAS5 method with the affy package in
R. Normalized values were sorted by detection p-value < 0.05. Differential expression analysis
was performed using unpaired Bayesian comparison model (CyberT Website) [30, 31]. Data
was then sorted for genes with a posterior probability of deferential expression (PPDE) > 95%
and a fold change > 1.5. Analysis of differentially expressed genes was carried out using the
WEB-based GEne SeT AnalLysis Toolkit (WebGESTALT,
http://bioinfo.vanderbilt.edu/webgestalt/) [32, 33]. This online tool uses information from different
public data sources for enrichment analysis, including the Gene Ontology data base, and
GLADA4U. A second (validation) microarray was carried out, as described above, with technical
duplicates for RS4;11 cell lines transduced with siRNA2 or the empty vector. For differential
analysis the raw data files were loaded into the R environment and analyzed using the R library
of Linear Models for Microarray Data (LIMMA). Pairwise comparison and eBayes fit was carried
out. Data was then sorted for genes with a p value < 0.05. Further analysis was done as

described above, using WebGESTALT.
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Mice and bone marrow transplantation

Mice were housed under pathogen free conditions at the University of California, Los Angeles
(UCLA). Donor mice were injected intraperitoneally with 200 mg/kg of 5-fluorouracil. After 5
days the mice were sacrificed and the bone marrow was collected under sterile conditions and
plated in media enriched with IL-3, IL-6 and mSCF (Gibco). 24 hours after plating, the bone
marrow was spin infected twice, at 30°C for 90 minutes in the presence polybrene (4 ug/mL),
with retroviruses expressing the empty MSCV vector or BALR-6 Isoform 3. Recipient mice were
lethally irradiated and injected with donor bone marrow 6 hours after irradiation. 8 mice were
used per group. One mouse in the ISO3 group died due to engraftment failure after 2 weeks
post injection. These mice were bled at 8, 12, and 16 weeks post bone marrow injection. At 16
weeks the mice were sacrificed for full analysis. For statistical analysis, one mouse was
excluded due to low eGFP expression. This experiment was repeated, and had similar results.

All animal studies were approved by the UCLA Animal Research Committee (ARC).

Flow cytometry of samples

At 16 weeks post bone marrow transplant, blood, bone marrow, thymus, and spleen were
collected from the mice under sterile conditions [53]. Single cell suspensions were lysed in red
blood cell lysis buffer. Fluorochrome conjugated antibodies were used for staining (antibodies
obtained from eBiosciences, and Biolegend). Cells were stained with surface marker antibodies
for 30 minutes at 4°C, washed twice with PBS, and finally fixed with 1% PFA. Flow cytometry
was performed at the UCLA Jonsson Comprehensive Cancer Center (JCCC) and at the
BROAD Stem Cell Research Flow Core. Analysis was performed using FlowJo software. The
lists of antibodies used and gating schematics are provided in Supplemental Table 2. Normal
adult human bone marrow was obtained commercially from healthy adults (All Cells, Inc) as

previously described [51]. CD34 enrichment from bone marrow was performed using the
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magnetic activated cell sorting (MACS) system (Miltenyi Biotec, San Diego, CA) prior to
isolation of CD34+ subsets by flow cytometry. Bone marrow CD34 selected cells were
incubated with the following antibodies: CD34-APC-Cy7 (581), CD38-APC (HIT2), CD10-PE-
Cy7 (HI10a), CD20-FITC (2H7), CD45RA PerCPCy5.5 (HI-100), IgM Percpcy5.5 (NHM-88) (all
from Biolegend, San Diego, CA), as well as the following FITC-labeled lineage depletion
antibodies: CD3 (UCHT1), CD14 (M2E2), CD15 (HI-95), CD19 (SJ25C1), CD56 (B159), and
CD235a (GA-R2)(Becton Dickinson, San Jose, CA). CD19 was not included in the lineage
depletion cocktail used for sorting the progenitor B population. The following immunophenotypic
definitions were used to isolate progenitors from bone marrow CD34 selected cells:
CD34+CD38-lin- (HSC), CD34+CD10+CD45RA+in- (CLP) and CD34+CD19+lin- (progenitor B);
CD34-CD10+CD19+IgM-CD20- (precursor B), CD34-CD19+IgM+CD20+ (Immature B). All
populations were purified using fluorescence-activated cell sorting on a FACSAria (355, 405,

488, 561 and 633 nm lasers) (BD Immunocytometry Systems).

Abbreviations

BALR, B-ALL associated long RNA; ORF, open reading frame; chr, chromosome; HSC,
hematopoietic stem cell; CLP, common Ilymphoid progenitor; LMPP, lymphoid primed
multipotent progenitor; LSK, lineage- Scal® c-Kit"; pro-B, progenitor B; pre-B, precursor B;
DMSO, dimethyl sulfoxide; UBC, ubiquitin C promoter; ZsGreen, Zoanthus green fluorescent
protein; CMV, cytomegalovirus promoter; LTR, long terminal repeats; PGK, phosphoglycerate
kinase promoter; eGFP, enhanced green fluorescent protein; ISO1, Isoform 1; 1ISO2, Isoform 2;
ISO3, Isoform 3; PFA, paraformaldehyde; PPDE, posterior probability of differential expression

luc2p, synthetic firefly luciferase.
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Supplemental Figure 1. BALR-6 locus encodes numerous alternative splice forms.

(A) Top: Diagram of RACE products obtained from LOC339862. 5° and 3’ RACE primers are shown in
yellow, with the newly discovered exons shown in magenta, as seen in Figure 1C. Known annotated
exons are shown in green. Middle: Alternative splicing graph from the Swiss Institute of Bioinformatics of
the predicted alternative splicing transcripts shown in the SIB Genes track. Blocks represent exons, lines
indicate introns. Bottom: Schematic depiction of BALR-6 isoforms cloned from RACE sequences.
Annotated exons in green, unannotated in magenta. (B) Gel confirmation of the isoforms cloned,
including the annotated mRNA sequence (Isoform 1). (C) Northern blot of endogenous levels of two
BALR-6 isoforms in RS4;11 cells. (D) EMBOSS analysis of the new isoforms confirmed lack of open
reading frames, and lack of translation initiation sites. (E) Diagram of RACE products obtained from
mouse cell lines with homology to BALR-6. chr, chromosome.
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Supplemental Figure 2. Knockdown and overexpression of full length BALR-6 isoforms in
mammalian cell lines. (A) Schematic representation of mmu-miR-115 knockdown expression cassette.
(B) Successful knockdown of BALR-6 using siRNA2 in MV(411), and Nalm-6 cells. (C) Decreased cell
proliferation in transduced MV(411), and Nalm-6 lines as measured by MTS assay. (D) Increased
apoptosis at basal levels in MV(411), and Nalm-6 stable lines as measured by AnnexinV staining. (E-F)
Schematic representation of dual promoter phage (E) and MSCV (F) expression cassettes. (G) AnnexinV
staining showed that Nalm-6 stably transduced with BALR-6 isoforms, had lower number of apoptotic
cells at basal level. (H) 702/3 cells overexpressing BALR-6 Isoform 3 had fewer apoptotic cells at basal
level, as analyzed by AnnexinV staining. (I) 702/3 cells stably transduced with BALR-6 Isoform 3, resulted
in reduction of apoptosis upon treatment with 250 pg/mL prednisolone for 6 hours. The opposite effect
was seen with RS4;11 cells with siRNA mediated knockdown of BALR-6 and treated with 250 pug/mL
prednisolone for 24 hours. Evaluations were made using a two-tailed T-test, p<0.05 (*); p<0.005 (**);
p<0.0005(***).UBC, ubiquitin C promoter; ZsGreen, Zoanthus green fluorescent protein; CMV,
cytomegalovirus promoter; LTR, long terminal repeats; PGK, phosphoglycerate kinase promoter; eGFP,
enhanced green fluorescent protein.
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Supplemental Figure 3. Constitutive expression of BALR-6 in mice periphery.

(A) Peripheral white and red blood, hematocrit, and platelet cell counts. (B) Levels of B-cells (B220+), T-
cells (CD3e+) and Myeloid cells (CD11b+) in the GFP+ compartment of the peripheral blood at 16 weeks.
(C) Average levels of GFP+ B cells (B220+) and GFP+ Myeloid (CD11b+) cells in the peripheral blood
throughout the experiment. Number of mice used in this analysis: VECTOR, n=8; 1SO3, n=6. (D)
Hematoxylin and eosin stained liver and spleen samples from bone marrow transfer mice. Scale bar, 200
mm. ISO3, Isoform 3. Evaluations made using a two-tailed T-test, p<0.05 (*).
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Supplemental Figure 4. Elevated levels of immature B cell

populations in mice with BALR-6

overexpression. (A) Levels of GFP+ cells in the bone marrow of experimental mice. (B) Expression
levels of BALR-6 Isoform 3 in the experimental mice by gRT-PCR. Normalized to L32. Gel of cDNA PCR,
obtained from bone marrow samples, confirming expression of full length transcript, shown to the right.
(C) Quantitation of LScac-Kit® cells, and CLP cells in the GFP+ compartment of the experimental mice.
Representative FACS plots of the population gating, shown to the right. (D) Percentage of cells in the
Hardy fractions from the GFP+ compartment of experimental mice. Number of mice used in this analysis:
VECTOR, n=8; ISO3, n=6. 1ISO3, Isoform 3. Evaluations made using a two-tailed T-test, p<0.005 (**).
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Supplemental Figure 5. SP1 targets in siRNA mediated knockdown cell lines. (A-B) Transcript levels
of SP1 (A) and CREB1 (B) in MV(411) and Nalm-6 knockdown cells. qRT-PCR quantitation of
expression, normalized with ACTIN. Only expression levels upon siRNA2 mediated knockdown, which
was successful, are shown. (C-D) Schematic representation of CREB1 (C) and p21 (D) promoter
sequences cloned into the pGL4.11 luciferase expression vector. Promoter sequence distance shown in
relation to the luc2p start codon. SP1 binding sites shown as blue boxes. luc2p, synthetic firefly

luciferase.
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Supplemental Figure 6. Confirmation of global differential expression findings seen in initial
microarray. (A) Hierarchical gene clustering of differentially expressed genes in validation microarray
upon siRNA2 mediated knockdown of BALR-6 in RS4;11 cells, p-value <0.05. Technical replicates of
samples shown. (B-C) Bar graphs of GO Slim classification enrichment analysis of differentially
expressed genes by molecular function (B) and biological processes (C) as analyzed by WebGESTALT.
Proportions are highly similar to initial microarray. (D) Enrichment analysis of transcription factor targets.
Top ten transcription factors with a p-value < 0.02 are shown. In addition, CREB1 was shown as a
significantly enriched for its targets with p-value = 0.04. For unknown transcription factors, transcription
site sequence is shown. SP1 (shown in light green) had the most dysregulated targets. (E) Disease
association analysis by GLAD4U, revealed a significant enrichment of genes solely associated to

leukemic diseases, p-value < 0.05.
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Supplemental Table 1: Primers and RACE sequences for BALR-6

RT-gPCR primers

BALR-6 FOW | 5 CGTGTGCTGGGGAAGGCACTG 3'
Setl REV | 5' CCAGGCTCAGAGCAACACAGGGA 3'
BALR-6 FOW | 5 GATCACTTTGATTGCCATGTGGA 3'
Set 2 REV 5"ATCTCTTATCTGGACTACGGTGAC 3'
ACTIN FOW | 5' CATGTACGTTGCTATCCAGGC 3'
REV 5' CTCCTTAATGTCACGCACGAT 3
SP1 FOW | 5 TGGCAGCAGTACCAATGGC 3
REV 5' CCAGGTAGTCCTGTCAGAACTT 3'
CREB1 FOW | 5 TTAACCATGACCAATGCAGCA 3
REV 5' TGGTATGTTTGTACGTCTCCAGA 3'
Spl FOW | 5' AGGGTCCGAGTCAGTCAGG 3'
REV 5' CTCGCTGCCATTGGTACTGTT 3
Crebl FOW | 5' TGTAGTTTGACGCGGTGTGT 3'
REV 5 GCTGGTTGTCTGCTCCAGAT 3'
L32 (mouse) FOW | 5' AAGCGAAACTGGCGGAAAC 3'
REV | 5" TAACCGATGTTGGGCATCAG 3
Actin FOW | 5 GCTACAGCTTCACCACCACA 3'
REV 5' GGGGTGTTGAAGGTCTCAAA 3
Cloning primers for P6UZCL
Notl site-1 FOW | 55ATGGGCTTAGCTGCGGCCGCTTTCTTCATACTATCCAGAGCTCCA
AA3'
BamHI site-1 REV | 5ATGGCAATTATCGGATCCTTTTTTTTTTTTCGAAAAAATTTCTTTTA
TTGAGATGCT3
Notl site-2 FOW | 55ATGGCA ATTGCGGCCGCCCACGCGTCCGGGACTGAGCA 3'
BamHI site-2 REV | 5ATGGGCTGATGATCATTTTTTTTTGGTTCATAGAAAGTATTTTCTTC
TAGAGTCTC3
Cloning primers for MSCV
Hindlll_eGFP FOW | 55ATGGGCTTAGCTAAGCTTATGGTGAGCAAGGGCGAGGAGC3'
Dralll_eGFP REV | 5'’ATGGCAATTATCCACCTGGTGTTTACTTGTACAGCTCGTCCATGC
CGA3'
Bcll_Bglll site FOW | 5' ATGGGCTGAGGATCTCCACGCGTCCGGGACTGAGCA 3'
Xhol site-1 REV | 5ATGGCAATTCTCGAGTTTTTTTTTGGTTCATAGAAAGTATTTTCTTC
TAGAGTCTC3
BamHI_Bglll site | FOW | 5’ATGGGCTTAGCTGGATCCTTTCTTCATACTATCCAGAGCTCCAAA3
Xhol site-2 REV | 5ATGGCAATTATCCTCGAGTTTTTTTTTTTTCGAAAAAATTTCTTTTA
TTGAGATGCT3
Sequencing primers for MSCV
Upstream_Puro FOW | 5'GCTGTTCTCCTCTTCCTCATCTCC 3'
Upstream_eGFP | FOW | 5 CTTTATCCAGCCCTCACTCCTTCTCT 3'
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RACE primers

3-RACE_6 FOW | 5 CCATGTGAAGAAGATGCTGGCTTC 3'
3-RACE_7 FOW | 5 TAGGAAGCCAGAAGCGTCTCCTTT 3
3-RACE_8 FOW | 5' GGAGGCAGGAAGACTAAACCAGAA 3
5-RACE_2 REV | 5 CTCGCGAAACTCACAATCATGGCA 3
5-RACE_4 REV | 5'ATCTTCCATGTGCATGTGGCTGCA 3'

Northern probes

BALR-6 probe 1

5'GGGCACAGAGTGTTGCATGCTCATTTCTGTTGATTTTTAATTAGCA
GTAATTCATTT/3DiG_N/3'

BALR-6 probe 2

5'CTGGAAATCTAGGATCAGGACTAGCCTAAATTAGTAGATCTATGT
GATAGTATATTGGTA/3DIG_N/3'

mmu-miR-155 formatted

siRNA oligos

siRNA1

5'GAAGGCTGTATGCTGGTGAACATACCACTTACCATTGTTTTGGCC
ACTGACTGACAATGGTAAGGTATGTTCACCAGGACACAAGGCCTG3

SiRNA2

5'GAAGGCTGTATGCTGGACTTCTGCACACCATGCCTGGTTTTGGC
CACTGACTGACCAGGCATGGTGCAGAAGTCCAGGACACAAGGCCT
G3'

BALR-6 sequences

Isoform-2

STTTCTTCATACTATCCAGAGCTCCAAACTTTGTAGGAAGCCAGAA
GCGTCTCCTTTGTTGAACAGTGCCAAAATAGCAGCTCTATCCTTTC
CTCTCTCCTCTTTCTGATTCCAGTCAATATGTGTTATGGAGTCTGTG
GTCTCCACAAGGCCTTGGGATAGGCATCCAAAGGAAGATCACTTTG
ATTGCCATGTGGAGAGTGAACTGTGGGAGGACCCCAGTGGAGGCA
GGAAGACTAAACCAGAAGACAGTCACAGTAGTCCAGATAAGAGATG
CATATGTTATCAATCGCCATGTGAAGAAGATGCTTGCTTCCCCTTTG
CCTTCTGCCATGATTGTGAGTTTCGCGAGGCCTCCACAGCCATGCT
TCCTGTACTGCAGAACTGTGAGTCAATTAAACCTCTTTTCTTCATAA
ATTACCCAGTCTCTGGTAGTTCTTTATAGCAGTGCAAGATGGACTAA
TACACCACCTAAGTGATGTATTTGTTGCTCCAGCTCTATATATACCT
AATTTGTACATCACCTGGGACCTTGCTTTTCTTTGAGTTAAATGATT
TTATATGTTAACTACTCTACTTTAATGATCACAATTTATCATATACTTT
TTCAGCATCTCAATAAAAGAAATTTTTTCGAAAZ'

Isoform-3

5TTTCTTCATACTATCCAGAGCTCCAAACTTTGTAGGAAGCCAGAA
GCGTCTCCTTTGTTGAACAGTGCCAAAATAGCAGCTCTGAAGATCA
CTTTGATTGCCATGTGGAGAGTGAACTGTGGGAGGACCCCAGTGG
AGGCAGGAAGACTAAACCAGAAGACAGTCACAGTAGTCCAGATAA
GAGATGCATATGTTATCAATCGCCATGTGAAGAAGATGCTTGCTTC
CCCTTTGCCTTCTGCCATGATTGTGAGTTTCGCGAGGCCTCCACAG
CCATGCTTCCTGTACTGCAGAACTGTGAGTCAATTAAACCTCTTTTC
TTCATAAATTACCCAGTCTCTGGTAGTTCTTTATAGCAGTGCAAGAT
GGACTAATACACCACCTAAGTGATGTATTTGTTGCTCCAGCTCTATA
TATACCTAATTTGTACATCACCTGGGACCTTGCTTTTCTTTGAGTTA
AATGATTTTATATGTTAACTACTCTACTTTAATGATCACAATTTATCA
TATACTTTTTCAGCATCTCAATAAAAGAAATTTTTTCGAAAS
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Supplemental Table 2: Antibodies used for flow cytometry analysis, and population gating

schematics.
Marker Fluorochrome
CD3e PE
CD11b PE-Cy7
B220 PerCP-Cy 5.5
CD117 APC-Cy7
Scal PerCP-Cy 5.5
CD135 APC
CD127 PE-Cy7
CD150 PE
IgM PE
CD43 APC
CD24 PE-Cy7
Ly51 APC-Cy7
For lineage negative staining
Biotin CD3e, CD4, CD8, B220, NK1.1, Terl19, TCR beta, TCR gamma-delta
Streptavidin eFluor 450 (pacific Blue)
Population Defined markers
HSC Lin- CD117 hi Scal hi CD150++
LMPP Lin- CD117 hi Scal hi CD135+ CD127-
CLP Lin- CD117 lo Scal lo CD135+ CD127+
A B220+ IgM- CD43+ CD24- Ly51-
B B220+ IgM- CD43+ CD24+ Ly51-
C B220+ IgM- CD43+ CD24+ Ly51+
D B220+ IgM- CD43-
Eand F B220+ IgM+

All antibodies were procured from eBiosciences (San Diego, CA) or Biolegend (San Diego, CA).
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Conclusions

The human genome produces thousands of non-coding transcripts in addition to those,
which code for proteins®. Once thought as just transcriptional noise, many of these non-coding
RNAs are indispensable for the regulation of cellular processes®?. As our ability to probe the
inner working of the cell has expanded, our understanding of these important regulatory
noncoding roles has continuously grown. The advent of high-throughput techniques to study
gene expression has uncovered that while 70% of the human genome is transcribed, just one
percent codes for protein®®. Significant progress has been made in the field of non-coding
RNAs, elucidating the importance and function of these transcripts. From initial discoveries in C.
elegans of the novel small RNA biogenesis pathway and the identification of RNA interference,
the field has moved rapidly>®. Research continues to uncover their far reaching effects, aiding in
our understanding of the cell and how it skews from the traditional dogma of biology.

One class of these noncoding transcripts, termed microRNA (miRNA), has several
important functional roles, acting as post-transcriptional regulators in diverse processes.
mMiRNAs are about 19 — 23 nucleotides in length and act as post-transcriptional gene regulators
by binding to partially complementary sequences in the 3° UTR on target messenger RNAs,
thereby causing downregulation of the target. Victor Ambros first discovered them in 1993,
during a study of lin-14 in C. elegans®’. These miRNAs have emerged as significant modulators
of gene expression, and regulate diverse physiologic processes. The involvement of miRNAS in
hematopoiesis has now been demonstrated by numerous studies®°. Dysregulation of these
small RNAs can be seen in pathologic conditions of the hematopoietic and immune systems,
including autoimmunity and cancer™™. In addition, these miRNAs have been found to act as
both tumor suppressor genes and oncogenes™*°. In the first appendix, we compiled a review
detailing how they seem to regulate many aspects of hematopoietic development as well as

their roles in hematological malignancies®®.
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Long non-coding RNAs (IncRNAs) comprise a more recently characterized class. They
are unique structures with distinct epigenetic marks in their promoter regions and gene body"’.
This means that they are transcribed in cells and subject to regulation; furthermore, they can be
studied like any other genes. Guttman et al demonstrated their conservation in mammals by
studying their distinctive epigenetic marks in mice. More recently, Ulitsky et al. showed
conservation of these transcripts in vertebrates down to zebrafish. They have functional and
genomic conservation despite rapid sequence evolution’®. LncRNAs are involved in
transcriptional regulation, chromatin remodeling, imprinting, splicing, and translation, among
other critical functions in the cell®*?%. One example is HOTAIR IncRNA, which regulates and
suppresses expression of genes in the HOXD cluster by recruitment of the PRC2 complex?.
Recent studies have elucidated the importance of IncRNAs in hematopoietic development®>22.
Venkatrama et al has shown how H19 imprinting maintains stem cell quiescence®.
Dysregulation of INcCRNA expression is a feature of various diseases and cancers, and is also

seen in hematopoietic malignancies®*®

. In Chapter | we discussed work done to further
understand the role of IncRNAs in hematopoietic malignancies, particularly those derived from
the bone marrow.

Dysregulated expression of IncRNAs has been found in various cancers, but has not
been comprehensively described in B lymphoblastic leukemia (B acute lymphoblastic leukemia;
B-ALL)*!. In our interest to uncover more about these IncRNAs, we completed a gene
expression profiling study in human B-ALL samples, which showed differential INncCRNA
expression in samples with particular cytogenetic abnormalities®. In Chapter II, we found that
INcRNA expression can discriminate B-ALL karyotypes, as well as, predict patient survival. We
discovered four highly dysregulated IncRNAs, which we termed B-ALL associated long RNAs

(BALRS), unless previously annotated. These transcripts were mostly localized to the nucleus,

although BALR-2 did have comparable levels seen in the cytoplasm. Two IncRNAs from our
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study had the highest expression in patient samples carrying the MLL rearrangement when
compared to patients with other known B-ALL karyotypes and normal CD19+ cells. These were
of particular interest since MLL rearranged B-ALL cases have a very poor prognosis and occur
in infants, making them particularly hard to treat®. Our studies revealed that BALR-2 expression
was significantly higher in patients unresponsive to prednisone treatment. Our assays revealed
that knockdown of BALR-2 decreased survival and increased cell death, while overexpression
had the opposing effect. Modulation of BALR-2 expression greatly affects the expression of
glucocorticoid response pathway genes, in particular JUN and its pro-apoptotic partner BIM.
Knockdown of BALR-2 increased the RNA and protein levels of these genes, while
overexpression reduced them. These results demonstrate a potentially pivotal role for BALR-2
in the glucorticoid response pathway. This makes BALR-2 an interesting target in leukemia
cases that are unresponsive to chemotherapeutic treatment, which demands further study.

After our studies on BALR-2 we decided to pursue analysis of BALR-6 to uncover its role
in MLL rearranged B-ALL. In Chapter Ill, we found that sSiRNA mediated knockdown of BALR-6,
in human B-ALL cell lines, caused decreased proliferation and increased apoptosis. Conversely,
overexpression of BALR-6 isoforms in both human and mouse cell lines caused increased
proliferation and decreased apoptosis. Additionally, overexpression of BALR-6 isoforms in mice
showed a significant increase in hematopoietic precursors, specifically HSCs, CLPs, and
LMPPs. We observed that BALR-6 expression was high in cell lines with t(4;11) translocation,
similar to our findings in patients samples seen in Chapter Il. Treatment of B-ALL cell lines with
I-BET151, a bromodomain binding protein inhibitor, caused a reduction in BALR-6 levels,
alluding to MLL-AF4 as a possible upstream regulator®’. Differential expression analysis, from
human knockdown samples, indicated an enrichment of genes involved in leukemia, as well as
enrichment in genes targeted by SP1 transcription factor. Our studies on miR-146a uncovered

how this transcript regulates the expression of Egrl, and in particular its known targets
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(Appendix 1l). This demonstrated how a non-coding RNA can modulate a particular
transcriptome®®. We there for took a similar approach and studied how BALR-6 may regulate the
SP1 transcriptome. Luciferase assays uncovered an enhancement in luciferase activity when
both SP1 and BALR-6 are overexpressed. These data demonstrate that BALR-6 is functionally
important in B-ALL cell survival and in transcriptional regulation of SP1 target genes.

Over the years, research has elucidated the importance of transcriptional regulation in B-
cell development for successful progression through the developmental stages. It has also been
demonstrated that non-coding RNAs have crucial roles in hematopoiesis including pluripotency,

differentiation, and lineage commitment®*

. The developmental process of B-cells can be
interrupted by mutations that effect essential transcriptional regulators, which can lead to B-ALL.
Hence, a global pattern is emerging highlighting the importance of gene expression regulation
by non-coding RNAs. This thesis identifies novel and interesting RNA transcripts with the

potential to regulate gene expression and pathogenesis in B-ALL suggesting diagnostic,

prognostic, and therapeutic implications.

Future Directions

In cis regulation of SATB1 and TBC1D5 by BALR-6

As mentioned previously, Ulitsky and colleagues demonstrated that IncRNAs and their
surrounding genes are in synteny across vertebrates and that the surrounding genes can be
regulated by the neighboring IncRNA'®. BALR-6 is located on chromosome 3p24.3 in humans
and exists in a syntenic gene block with neighboring genes SATB1 and TBC1D5. Although
IncRNAs should theoretically have an intrinsic cis-regulatory capacity, only a few studies have
described this type of regulation*®*?, To explore whether BALR-6 regulates surrounding genes,

we analyzed microarray data of MLL rearranged B-ALL samples (from Chapter Il), finding that
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expression of BALR-6 correlates with expression of surrounding genes SATB1 and TBC1D5 in
MLL translocated cases (Figure 1A). Our preliminary studies show that SATB1 expression
correlates with BALR-6 in human B cell developmental stages (Figure 1B, Chapter III).
Knockdown and overexpression of BALR-6 caused an effect on the expression of surrounding
genes SATB1 and TBC1D5 (Figure 1C-D). Previous findings have shown that dysregulated
SATB1 has been seen in a variety of malignancies***°. Future in vivo and in vitro experiments
could delineate how BALR-6 regulates gene expression of surrounding genes SATB1 and
TBC1D5 (Figure 1E). This information will be important to further understand IncRNA regulation

in cis.
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Figure 1: BALR-6 dysregulation causes changes in SATB1 and TBC1D5 expression. A) Correlation
between BALR-6 expression, SATB1, and TBC1D5 in MLL translocated B-ALL cases, n=15. B)
Quantitation of SATB1 expression in human B-cell subsets by qRT-PCR. C) Knockdown of BALR-6 by
SiRNA causes a decrease in SATB1 and TBC1D5 expression, by qRT-PCR, in B-ALL cell lines RS4;11
and Nalm-6. D) Expression of Satbl and Thcld5 are elevated in stably transduced murine 702/3 cell

lines overexpressing BALR-6 isoforms. E) Schematic of possible in cis mechanism by BALR-6.
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Upstream regulators of BALR-6

BALR-6 is upregulated in patient samples and B-ALL cell lines that have MLL-AF4
translocations (Chapter Il and Ill). Additionally, in Chapter Il we showed that treatment with a
bromodomain binding protein inhibitor (I-BET151) reduced the expression of this INCRNA. It is
possible that BALR-6 is regulated by MLL-AF4, or other MLL genes, since I-BET151 was shown
to inhibit transcription downstream of MLL fusion proteins*’. To define whether BALR-6
expression is dependent upon the MLL-AF4 fusion protein, we will use stable cell lines
transduced with MLL-AF4 translocation-specific ShRNAs and evaluate them for expression of
BALR-6. Furthermore, we will assess whether BALR-6 can rescue MLL-AF4 knockdown cells
from apoptosis. To elucidate other possible regulators, we need to define the promoter region. A
2 kB fragment of the genome upstream of the most proximal 5 transcription start site, as
described by RACE, will be analyzed via biocomputational methods for the presence of various
promoter binding site consensus sequences. Then, we will clone this fragment into the pGL4
luciferase vector and transfect it into HEK293T cells along with a gene from the predicted set
proposed to bind to this region of DNA. We anticipate that MLL-AF4 knockdown will lead to a
decrease in BALR-6 expression. Moreover, we anticipate discovering numerous transcription

factors that regulate BALR-6 expression, including MLL-AF4.

BALR-6 in hematopoiesis

The BALR-6 locus shows homology to the mouse genome as well as chromosomal
synteny between the two species in this region of human chromosome 3/mouse chromosome
17. Using RACE, we have begun to characterize transcripts in murine pre-B-ALL 70Z/3 cells
that originate from this locus. Following sequencing and cloning of 5 m7G-capped and
polyadenylated transcripts that originate at this locus, we will design gRT-PCR primers to detect

these transcripts in normal murine B-cells. Using RNA from murine B-cell developmental
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subsets, we will be able to characterize the expression of BALR-6 at each stage. Subsequently,
we can develop a knockout mouse model to look at changes in hematopoiesis upon BALR-6
deficiency. Alternatively, a siRNA-mediated knockdown can be carried out using an MSCV-
based retrovirus system®*%. Mice will be observed carefully for morbidity and symptomatology.
They will be bled retrorbitally repeatedly for 8 - 12 weeks and complete blood cell counts and
FACS staining can be performed. After 3 months or development of pre-morbid symptoms, mice
can be sacrificed for analysis by histology, FACS staining, and RNA-based studies of
hematolymphoid tissues. We anticipate that BALR-6 will be differentially regulated in murine B-
cell development, as it is in human B-cell progenitors (Chapter II). Furthermore, we anticipate

that it has an important functional role in murine B-cell development.

BALR-6 in B-ALL pathogenesis in vivo

The most common translocation in B-ALL involves MLL being translocated to AF4*°. We
have shown in Chapter Il and Il that BALR-6 is important in MLL rearranged B-ALL and
potentially regulated by the fusion protein. Several murine models have been developed to
study B-ALL. However, a conditional knock-in mouse model has shown faithful recapitulation of
the features of human B-ALL with MLL-AF4 translocations. These mice develop B-ALL and AML
with a mean latency of 4-6 months following crossing with Mx1-Cre transgenic animals and
poly-IC induction in a conditional knockout mouse®. With these mice, we can examine the
expression of BALR-6 in the leukemia that develops. Then, we can use our retroviral
transduction system to introduce siRNAs against murine BALR-6 into the knock-in marrow,
followed by transplant into lethally irradiated wild type recipients. The recipient mice will be
allowed to age (over 4 months) and leukemic transformation will be monitored by peripheral
blood counts and careful observation. When the mice show signs of morbidity, or have aged

enough, they will be sacrificed. A complete necropsy including gross and microscopic
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pathology, FACS based analyses, and isolation of RNA and protein for expression analyses as
described above. We expect that knockdown of BALR-6 will ameliorate the leukemic phenotype

in mice, demonstrating its contribution to the leukemic transformation.

These are the first in vivo, in vitro, and cell culture studies of IncRNA contribution to B-
ALL pathogenesis. Although this thesis has made significant strides to delineate the role of non-
coding RNAs in B-ALL, there is still much to uncover. The story of RNA biology is one of
continued growth. From understanding its simpler roles as messenger of information, to teasing
out complex regulatory interactions with multiple effectors, our knowledge of its far-reaching

influence upon the cell continues to expand.
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MicroRNAs in B cell development and malignancy

Thilini R Femanda'", Norma | Rodiguez-Malave' " and Dineth S Rag'*#45

rﬂm

against B c=ll dissases.

MicroRMAs are small RWA maolecules that regulate gene expresion and play aitical oles in B cdl development and
maligrancy. mikNA expresion i imporant globally, 2 B cell specific knockouts of Dicer show profound defedts in
B cal development; and is ako aitical at the lawel of spedfic miEMAs. In this review, we disouss miRlAs that are
irvnobed in mormal B cell development in the bone mamow and during B cell acivation and tenminal
differentiation in the periphery. Mext, we tum to mikkAs that are dysregulated during diseazes of B cells induding
malignant dizsases and autoimmunity. Further study of miRlAz and their tangets will lsad 1o a better
understanding of B cell development, and should ako lead to the development of novel therapeutic strategies

Introduction

Ina relatively short time period, gene expression regula-
tion by microRMNAs (miRMAs) kas dunged the way that
we view developmental and pathological processes.
From initial discoveres in C. alagans, the identification
of the novel small RNA hiogenesis pathway and the
identification of RMA interference, the field has moved
rapidly [1-6]. The imvolvement of miEMNAs in hemato-
poiesis has now been documented by numerous groups
and they sem to regulate almost every aspect of hema-
topoietic development. In this review we focus on B cell
development, wheme the importance of gene expression
regulation has been apprecisted for many years. miR-
NAs have emerged as cotical mgulators of gene expres-
sion and regulate many aspects of B cell development,
and are dyaregulated in B cell malignancies. Here, we
review many of the studies that have been performed to
delineate the roles of miBMNAs in development and
maligrant transirmation of B cells.

MicroRNA biogemnesis

miRNAz are non-protein coding RNAS of shout 19-13
nuclestides. They are post-transcriptional gene regula-
tors that bind to partially complementary sequences in
the 3" UTR on target messenger RMA transcripts,
thereby causing downregulation of the target [7]. They
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were first discovered in 1993 in C. elagans by Victor
Ambros, during a study of lin-14. They identified a
small BNA product encoded by lin-4 gene that is
responsible for the downregulation of LIN-14 protein
[238]. This central dogma of miBMA action has proven
to stand the test of time, as miRNAS in most organisms
are thought to behave similady.

miENAz can be grouped in to at least thee categordes
depending on their genomic location: exonic miRRNAL in
non-coding genes, intronic miRNAg in non-coding
genes and intronic miBNAs in protein-coding genes [9].
miRMAg are expressed & long primary RNA (pri-
miRMA) as part of BNA polymerase [[-driven transcript
[ 1] . Therefore, it is possible that some miRMAS are oo-
regulated with their host gene as a part of transerip-
tipnal regulation during B cell development. The pri-
miR kA i recogrized by RMNA binding protein DGCRE
and is processed by RNase III-type protein Drosha in
the msclews vielding a pre-mBMNA [11,12]. Pre-miEMA &
then exported to the cytoplasm by Exportin-5 whene it
iz further processed by a second Rhate [[I-4vpe enmyme,
Dicer, to produce a mature miBMNA duplex [13]. The
19-25 mucleotide-long double sranded miRNA duplex i
then unwound and incorporated into RNA-induced
silencing complex (RISC), with strand selection based
on thermodynamic properties. In the RISC, the miRNA
binds to the target sequence in the 3" UTR via &-8
nudeotide seed region and downregulates the expres-
sion of the target either by direct degradation or desta-
bilization and eventually degradation of the target
[14-16]. Since the repression is achieved by
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complementary bage pairing via a relatively short seed
sequence, miRMNAL are predicted to have multiple @ar-
gets. A genome wide statistical analysis has shown that
one miEMA can have hundreds of targets, indicating
their critical role in post translation regulation [17]. It
should be noted that recently, a Dicer-independent
miEMA biogeness pathway has also been meported. This
pathway utilizes the catalytic activity of Argonautel
(Ago2) [18-21]. miR-451 is the best characterized
miEMA that is produced independently of Dicer and i
involved in erythropoiesis. The wnusual short stem
structure of pre miE-451 promotes the binding and pro-
cesging by Agod [19].

miEM Az have already found to influence immune cell
differentiation. Recently, it was found that Dicer and
miEMNA play vital roles in both early and late B cell dif-
ferentiaton [22.23]. Deletions of individual miRMNA
genes are asgocated with several immune defects. In
many instances, dveregulated expresson of miBMAs has
been seen in maligrancies in the immune system, which
we will discus in detad later in the eview.

B cell devel opment

B cells are respongible for adaptive humoral immundty.
B cell development i characterized by complex
sequence of molecular events that is regulated by B -
lineage tramscdption factors. It & evident that miRhAs
plhy a major role in modulating the expression of these
trangcription factors and thereby the normal

development of B cells. Comversely, dysregulation of
mikNA expression & thought to be a key factor to the
pathogenesis of B cell maligrances, incleding progenitor
B cell-malignancies such a8 B-lymphoblastic leukemda
{also meferred to as B-Acute lymphoblastic leukemia or
B-ALL) and mature B cell malignancies induding sv-
eral types of non-Hodgkin lymphona. B cel develop-
ment beging in the fetal liver and continues in the bone
marrow of adult throsghout the life (reviewed in
[24,25]). The process of B cell formation staris in the
bone marrow and ends in the peripheral secondary hm-
phold organs such as the spleen (Figure 1) Here, we
provide a primer on B cell development to orient the
digcusion on the role of miENAs in B cells.

Bone mamow B cell deve opment

[n the bone marrow, cellular stages of development
indude the common lymphold progenitor, pro-B cel,
pre-B cell and immature-B cell stages. These stages of B
cells are defined by the expression and the re-arrange-
ment of functional B cell receptor (BOR) i mumwin ol ol -
lin (Igh genes. Complex and elegant mechanizms have
evolved to generate a diverse repertoire of BCRs against
the vast vadety of antigen that we encounter in our life-
time. This diversity is achieved by WV (D] ecombination
of the immunoglobulin locus, which is a process of
somatic recombination that brings together vadous gene
segments within the heavy and light chain loci. The
heavy chain is assembled from Variable (V) Diversity

B-cell development in the Bone marrow  B-cell development in peripheral lymphoid tissues

Figure 1 mifNAs imeolved in B ol development in the bone mamow and periphery. 8 codls desslopment ss in e bone marnow and
achieres 2 remadable divesty of mmunoglobulin ba by ‘WO mombreson immaue 8 cdls mgre to e ssonday bmphad ogars
where they e actvated by speafic antgers. Once they ane adivated, ey undenga proliferation and further diferemtiation imto phama oels
fat ssoete amtbodies or memory B cells hat con be acivated with a2 secondary infecton. There are 2 least theee different types of matue B
el 81 cels, mmentonal follouar B2 csls and magra-mone B odls mifdes fat ane imiolved in diffrent siages of B ool desslopment e
ndicaed ahoe e aoas Sconday deemifieaon of fhe mmunoglobulin od is acheved by 546 and CR & the gesminal cemen:
Mobrevators, CLF: Comman mphad pogenior; MR mangrzl mone 8 odlls CB Cemmoblsts; OO Cemmcytes; PC: Pasma Cel; Memn: Memory
ool SHAM Somatc Hypesmutatiom; (58 Jams swindh rescombination.
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(D) and Joining (J) gene exons that somatically recom-
bine with the Constant (C) region exons to generate
unigue immunoglobuline of differing antigenic specifi-
city. On the other hand, the light chain variable region
iz composed of only a WV and | segments. The numbems
of these gene segments are highly variable in different
species and the diferent sgments seem to heve evolved
from gene duplications from ancestral V-gene exons.
Each V-, D-, and |- gene segment & fanked by DNA
sequence called recombination signaling sequence,
which iz recognized by RAG] and RAGE enzymes,
which mediate recombination. Random selection of
these segments dudng V(D) recombimation and junc-
tional diversity introduced by addition or subtmctions of
nudestides at the junctions of these segments enakble
the production of vast variety of Ig (reviewed in
[26-32]).

The stages of B cell development heve been defined by
the steps in V(D) mcombimation. The Pro-B cell stage
iz characterized by rearrangement of Ig heavy chain,
which sccurs first. D] joining occurs first, following
which the D] segment iz joined to a V segment [-]
rearmngement starts in the common lymphoid progend-
tor and occus mainly in early pro-B celk. V-DJ rearran-
gement oocurs in late pro-B cells. The asmembled heavy
chain i then expresed on the aurface of the pre-B cells
along with a surrogate light chain. The pro-B cell to
pre-B cell transition & accompanied by cell proliferation
Rearrangement of the light chain by V to | joining
oocurs during the pre-B cell stage. Successful sssembly
of light chain leads to the expression of complete Ighd
maolecule at the surface and if the rearrangement is suc-
cessful, signal transduction from IgM binding allows for
differentiation into an immature B cell. Immature B
cellk that are not sef-eactive leave the bone marrow a8
trangitional B cells. Self-reactive immature B cells will
either undergo apoptosiz (domal deetion), generate a
new B cell receptor by receptor editing, or become
unresponsive to antigen (eviewed in [26-29.3133]L

Several tramscription factors including PULL, STATS,
E2A (E12 and E47), EBF, Pax-5, IKZFl and FOXP1
together with cytokines (IL-7, 5CF) and chemokines
(CXCL12), which are provided by the stromal celk, reg-
ulate the commitment and maintemance of B cells
(reviewed in [34,35]). Absence of [L-7 signaling leads to
developmental arrest at the pre-pro-B cell stage, show-
ing the essential mle of IL-7 dgmaling in B cell develop-
ment in mice [38]. Downstream of [L-7, deletion of
both STATS and STATI lead to developmental amest at
the pro-B stage [3738]. Transcriptional regubtion of B
cell development & complex and involres the interplay
of several transcription factors, including E2A, EBF,
PAXS, FOXP1 and IKZF1. E2A-null mutant mice were
unable to generate mature B cells [39], while Pax-5 i

required for commitment to the B cell lineage [40].
Deletion of EBF blodked the pro-B to pre-B transition
[41]. It has also been shown that Ebf”' hematopoletic
cells do not express Pax-5 indicating that EBF acts
upstream of Pax-5 This finding was further supported
by the finding of an EBF-binding site in the Pax-5 pmo-
moter region [42]. Foxpl & also an essential transcrip-
tion factor for B cell development that is induced by
E2A and in turn induces expression of the Rag enrymes.
Dedetion or knockdown of Foxpl resulied in a reduction
of B cell specific gene expression and interrupted the
transition from pro-B cell to pre-B cell [35,43]. Other
tramscAptional regulators of B cell development include
Ikzfl, which seems to play an important role in early
Iymuphoid com mitnent.

These repeated cydles of DA damage and repaic may
explain the resson for Pro-B and pre-B stages being
more susceptible to oncogenic transformation. Ao of
interest, almst every transcriptional regulator of B cell
development is disrupted in B-lineage maligrancy. EXA
has found in chromosomal translocations associated
with B-ALL and Pax-5 deletions are common in B-ALL
[44-48]. Also in genome wide amalysis, Pax-5 and EBF
have been shown to be ssociated with B ALL [46].
Foxpl translocation and overexpression is noted in
mature B cell neoplams, while [KZF1 is disrupied in
pre-B-ALL [49-60]. Hence, the study of B cell develop-
ment also informs the understanding of B cell malig-
nancy pathogenesic

B cell devel opment in the periphery
Mature B cells in the periphery are generally divided

into Bl and B2 celk. B2 cells are comventional B cells
that are derived from the bone marrow, undergo VD]
recombination, and are part of the adaptve immune
response (reviewed in [26]). A second set of recenty
described B cells, called Bl celk, are characterized by a
limited immunoglobulin epertoire, and are part of the
innate immune system (reviewed in [61]). These are
best described in the mouse lymphoid system, where
they express distinct sets of markers and are located
mainly in the peritoneum and in the spleen. The lineage
ofgin and relationship with comventional B2 cells & mot
entirely dear. The rest of our discussion will focus on
B2 cells.

The majodty of the cek in the gpleen and in the dr-
cubstion are thought to be B2 cells, and we focus the
rest of the discusszion in this section of such cels. B
cells that have not encountered their specific antigen are
called naive B cells (CD 27-, IgD+). When a B cell binds
to an antigen, it enters the germinal center of peripheml
Iymphoid tissues and eventually differentistes into
phama cells and memaory cells. Plasma cells are a term-
inally differentiated. highly specialized B cell that
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secretes massive guantities of Ig, and whose differentia-
tion & medisted by activation of plasma cell tramserip-
tion factos such a2 Blimpl and Xbpl [62]. Memory B
celk are long-lived and can be re-activated dunng a sec-
ondary infction. The entry of the activated B cells into
primary lymphoid follides results in the formation of
germimal centers (GCs) Follicles with germinal centers
have three distine zones, namely dad, light and mantle
zone Rapidly dividing B cells which are called centro-
blasts form the dark zone of the GC. CBs eventually dif-
ferentiate into non cycling centrocytes which make wp
the light zone of the GC. In the GC, scondary diversifi-
cation of the immunoglobulin repertoire is achieved
through somatic hypemutstion and clas switch recom-
bination [63]. Dudng this memadable process, CHe can
refine the specificity of their antigen receptor by somatic
hypemutation of [gV gene, via the introduction of podnt
mutations. [f this process resulis in enbancement of the
binding affinity for antigen, the B cell is selected for,
and it survives to differentiate further. Also dudng the
germinal center reaction, dass switching from [gh to
amy other immunoglobulin can occur. Here, the variable
portion of the heavy chain (WVH exon) is brought adja-
cent to with diferent immunoglobulin consgant regions
(CH exons). This process allows making antibodies with
different effector function. Remarkably, both of these
proceises-somatic hypermutation and dass-switch
recombination-are under the control of the same
enzyne, adenosine-induced deamiraze (AID) [64]. CC
expressing Igs with enhanced affinity may eventually be
releaged = memary B cells (CD 27+) from the GC.
These memory cells are long lved and have potential to
beco e antbody secreting cells during secondary infec-

tion (reviewed in [29,32,65-67]).

MicraRMAs in bone mamow B edl devels pment

Ag can be seen from the preceding discussion, bone
marrow B cell development is carefully orchestrated, as
only one gene locus iz rearranged at a given time in a
fixed sequence. Ig rearrangement is mediated by the
sequential action of a gene regulatory network com-
posed of transeription factors and growth factor recep-
tors. miBMAL are known o act a8 post-transeriptiomal
regubitors of gene expresion and it therefore stands to
reason that they play a critical role in this network The
importance of miRNAs was first established by a sem-
nal study that delineated a role for miENAs in hemato-
poietic lineage chaice zelection. In this study, the
authors determined that miR-181 (pow known a8 mill-
181a) was expressed most highly in B celk and that its
overexpression in hematopoletic stem and progenitor
cells led to increased ouwtput of B cells [68,69]. Further
studies have shown additional miRMAs of imporance in
B cell development; in this section, we will focus on the

role of mik-150, miR-34a and the miR-17-92 duster in
antigen independent B cell development at the bone
TAFAW.

A general role for miRNAz in B cell dewelopment has
ako been established (Figure 1) The conditional knock-
out of Dicer in early B cells led to a developmental
arpest at the pro-B cell o pre-B cell tmmsition, and aleo
caused an effect on antibody divemification [F0]. Gene-
expression profiling from Dicer-deficient cells indicated
that Bim, a known miR-17-92 duster target, was upre-
gulated in the mice Functonally, B cell development
was partially rescued by concurrent Bim ablation in
Dicer-deficient mice. The implication of these studies
wag that miR-17-92, via repression of Bim, was the key
phyer that was missing in Dicer-deficient B cell dewel-
opment The miR-17-92 duster iz located on chromo-
some 13 and encodes six different mdRMNAL The duster
iz highly expressed in progenitor B cells and expression
diminishes sz cells matire. Ectopic expression of the
clugter in mice msulied in expangon and actvation of
all ymphocyte populations in the periphery [T1]. Com-
pound heterozygous mutations of two target genes of
miR-17-92, Bim and Plen, resulted in an accumulation
of activated lymphocytes, indicating that partial repres-
sion of two tagets may explain the majodty of the miR-
17-92-induced phenotype [71]. Taken together these
data indicate that the miR-17-92 cluster plays a critical
role in proliferation control in B cellk, in B cell develop-
ment and Ig reacrangement.

A gecond B cell-relevant miRNA, miR-150, iz highly
expressed in progenitor B cells and levek decrease at
the pro-B cell to pre-B cell trangition. miR-150 targets
the c-Myb tramcription factor in B cell development
[72]. Confirming targeting. B cellk that are deficient in
miR-150 showed higher levels of c-Myb, while over-
expression of miR-150 in transgenic mice caused
reduced levels of o-Mybh Owver-expression of mil-150 in
mouse HSC led to a defect at the pro-B cell to pre-B
cell transition [72]. Mice with targeted deletion of miR-
150 had more B-1 cells in the spleen and peritoneal cav-
ity and fewer B-2 cells, although they appeared phenoty-
pically normal [73]. Knock-out mice for miR-150 at
baseline contained higher serum concentrations of Ig
chsws, epecially [gA, likely due to an expangion of B-1
cells [72]. Similarly, mice that were haploinsuficient for
c-Myb had Ewer mature B cells in the spleen and fewer
B-1 cells, consigent with what was seen with the miR-
150 tramsgenic mice [74] These data indicate a critical
role for miR-150 during B cell development.

Along with miR-150, miR-34a is highly expressed in
progenitor celk and downregulated and the pro-B cell
to pre-B cell transition. Ig rearrangement has multiple
chedk points dependent on TP53 [75]. TP53 targets
miR-34a which in turn targets genes involved in cell

131



cycle regulation, cell proliferation and apoptosis [76,77].
Among its targets are the anti-apoptotic protein, BCL2,
and the ranscription Bactor Foxpl [43.78]. Mice with
constitutive expression of miR-3a showed a block at
the pro-B cell o pre-B cell ransition with a reduction
in mature B cells [43]. This arrest resulted from the
inhibition of Foxpl which iz required for early B cell
development. These findings elucidate a crudal role for
mik-3a regulation at early B cell development.

MicroRMAs in spleen and periphery B cell development
Agin bone marrow B cell development, miRMAS a5 a
whaole, as well as specific miRMNAs, hawe now been
appreciated to play important roles in periphel or anti-
gen-dependent B cell dewlopment (Figure 1) At the
global level Dicer shlation in mature B cells (25 opposed
to eady precursor B cells) using CD21-Cre resulted in
an increase in marginal zone B cells and a decrease in
follicular B cells [23]. Mice deficient for Dicer in mature
B cells had an increased tter of aubol momu ne | o 6o -
globuline with frank sutcimmune dizeate in a propor-
tion of the female mice. The mechanistic basis of these
findings remaing to be determined, but this study sug-
gested that a miRNA may be mapomible of regulating
Bruton's tyrosine kinase. However, there are certainly
some miRNAs that play major roles in B cell develop-
ment; here we will focus on the role of miR-155 miR-
146a and mik-181a in B cll development in the spleen
and periphery.

In normal lymphopaiesis, miR-155 is expressed in
moderate level in HS5Cs, at high levels in the gemuinal
center and at much lower levels in mature B cells
[T9-81]. Expression of miR-155 is rapidly induced in B
celk after engagement of the antigen eceptor and expo-
sure to inflammatory medistors [82.83]. Mice lacking
miR-155 showed normal steady state immune cell popu-
lationg however, mice had a defective humoral response
when immunized [84]. This response imvolved impaired
germimal center formation and led to low antibody clhs
switching to IgG in a B cell-intringic manner. The tar-
gets respongble for this appear to be multiple but likely
include PULL, SHIP1, and possibly AID [85-87]) The
inhibition of the ltter target iz interesting, because the
phenotype that iz cbserved in the miR-155 deficient
mice & one of decreased dass-switching, wheress dere-
pression of AID might be expected to cause increased
class switching. The tageting of AID by mil-155 was
extensively studied by mutating the binding site for
miR-155 in the AID 3'UTR and these studies deter-
mined that disruption of the interaction did indeed lead
to increased chss-switching, and hence the overnll effect
of miR-155 likely includes additional targets [86.87].
Owverall, these data ame consistent with mil-155 phyving
an important role in regulbiting antigen-dependent B cell

development. More recently, a second miRMNA has been
identified to regulate (SR- mil-181b overexpression in
B celk wa found to reduce the (SR rates, possibly by
ako downregulating ATD [88].

The miR-146 family has distinct expression patterns
amongs variows hematopoletic ineages and & involved
in maintaining lineage identity in lymphocytes. Verte-
brates have two genomic copies of the miRMA, miR-
1462 and miR-146b, slthough the latter iz ikely a poeu-
dogene [89]. miR-146a is induced by Toll-like receptor
4 and latent membrane protein 1 activaton, and is NF-
kB dependent [83.90]. miR-146a targets [RAK] and
TRAFS, two adapter proteins imohied in Toll like mecep-
tor and interleukin 1 meceptor sigraling [91]. The role of
miR-146a in B celk remainsg to be definitively deter-
mined, but overall B cell numbers are lower in miR-
l4ba-deficient mice a5 the mice have a myeloprolifera-
tive disorder. Curiowsly however, many mice show dra-
matic follicular hyperplasa and active germinal centers
with increased B cell function [92].

Some other miRNAs, including miR-125a, miR-125h,
miR-%9b and let-Te tramscripts are preferentially
expressed by the actively dividing centroblasts in germ-
inal centers. In functonal assays, miRNA-125b over-
expression inhibited the differentiation of primary B
cells [93]. Hence, it can be seen that several miBMAs
show important roles dudng antigen-dependent B cell
dleve Jop st

MicroRMAs in B cal lymphoma and |eulemia

The expression of miRNAs in a particular cell type
(mdRMome) can vary between normal and diseaced tis-
sues, The relationship between miBMAs and cancer was
firgt appredated when loss of miR-15a/16-1 was discov-
ered in chronic lymphooytic leukemia (CLL) [94]. Also,
the discovery that miRNAs were located in cancer-asso-
ciated genomic regions (CAGRs) furthered studies of
the milMome in a vast number of cancers, from solid
tumsors to hematological malignances [95.96]. The fune-
tion of miRNAs depends greatly on the cellular contect
for they can act as tumor SUppressor genes or onon-
genes depending on the genes that are expressed in a
given cell. In this sdion we will focs on miEMAs that
have been implicated in B cell lymphoma and leukemia
{Figure 2). We will focus our discussion on those mil -
MAs that have some functiomal role in B cell develop-
ment or lymphon; it is beyond the scope of this review
to list the plethom of profiling studies that exist in the
lit erature.

Dysregulation of miR-155 and the miR-15a/16 and
mik-17-92 dusters has been implicated in B-ALL [97].
miR-155 overexpression has been observed in certain
subtypes of ALL and its over-expression in mice gives
rige to B cell lymphoproliferative disease by targeting
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Figure 2 miNA dysregulation lesds to B cell malignancies.
Dymeguiaton of ey mifds 2 diferent stages in B cdl
delopment @n @uss maignent rasformaton and eermon
ML B-ipmphoblasic pmphoma; (UL Chronic mphocyac leuemia;
HL: Hodgen lpmphoma; MHL: MorHadgkn lgmphama; DLBCL:
Difuse large B o=l lgmphoma 2 type of MHLE A Folioular
rmphoma (2 type of MHLL MMt Mukple AMyeloma

the SHIP1 incsitol phosphatase [ 98- 100]. miR- 16 targets
anti-apoptotic genes BCL-2, MCL1 and CDESS, therely
acting as a putative tumor suppressor [101]. The miR-
17-92 duster is upregulated in ALL due to copy number
amplification and direct upregulation, and transgenic
overexpression of this duster leads to a hrmphop polifers -
thve diseate in mice, a5 we have prevously discssed (se
preceding section on miEMNAL and bone marrow B cell
development [T197]). Interestingly, overexpression of a
single miRMNA, miB-21, can lead to a high-grade B-ALL
in mice and similar to protein-coding oncogenes,
demomstrates the phenomenon of "oncogene addiction™
[ 0]

[n CLL miR-15a/16-1 dysregubtion & observed along
with dysregulbition of miR-34a, mdR-34b, mill-3e miR-
181b, miR-181a and miR-155. [n fact miR-34a expres-
sion has recenty been validsted &5 a prognostic marker
in CLL in a fairly large clinical study [103,104]. It iz
interesting to note that one of the most frequent
abnormalities in CLL & 13g14 deletion, and the seamch
for candidate tumor suppressor genes in the deleted
region had not been successful in the pre-miBEMA era
[105]. The minimal deleted region (MDE) within 13q14
containg a long non-coding EMA (IncEMA) named
DLELZ [106,107]. Carlo Croce and his colleagues found
that the mil-15a/16- cluster was located within intron 4
of DLEUZ [95]. This identification of the first tumor
suppressor miEMA was followed by extensive study and
delineation of multiple targets [103]. However, the for-
mal ssesmment of Dumor Suppressor function was oom-
pleted much more recently. In an exacting study, Dalla-
Favera and colleagues created conditional knodkout
mice with deletions of the minimal deleted region
(MDE), deleting both DLEU2 and the miENA, or of the

miBMA cluster only [108]. Remarkably, the mice with
deletion of the miRNA only showed a pre-leukemic
expangdon of B cells, while the mice with deletion of the
MDE developed a CLL-like disease. In this study, the
authors showed that there were likely multiple miRRA
targets responsible for the phenotypes observed, incud-
ing some that had been previowsly identified.
Dysregulation of miEMNAs has ako been described in
Hodgkin's Lymphoma (HL) and Non-Hodgkin's Lym-
phoma (MHL). In NWHL miR-155, miB-21, mil-34a and
the mil-17-92 dusters have been implicated miR-155

carries prognostic implications a5 high expression of the
miBMA iz typical of ABC-DLBCL which has a 5 year

survival rate [104]. In viw studies demonsimie an onco-
genic role for miR-21 in B-lymphomagenesis [1002].
Mice expresing miR-21 showed a pre-B maligrant hm-
phoid-like phenotype and inactivating mik-21 caused
regression of the maligrancy. The miR-17-92 cluster is
upregulated in approximately 65% of lymphomas [110].
Furthermore, let-Ya, miB-150 and miR-155 are found
dysregulated in HL. Let-Ya & upregulated causing low
expression of PRDM 1/Blimp, presumably interrupting
plazma cell differentation [111]. Downregulation of
miR-150 and upregulation of miR-155 is common in
HL. In normal lymphopolesis there are high levels of
mil-155 in the germinal center, where HL has its origin,
suggesting that miR-155 upregulation in HL is due to an
abnormal block of lymphocyte differentiation at the
germinal center stage [24].

Lastly, p53-mediated miRNA regulation has been
found to be important in multiple myeloma (Mb), a
neosplasm of mature plasma cells. In an effort to under-
stand the miBMNA effectors of p53 in this context,
Pichiord and colleagues defined a set of p53-regulated
miBNAs, which include miR-192, miR-19%4, and miR-
215 that are downmegulated in a subset of newly diag-
nosed MM. Thete miRNAs target and downregulate
MDM2, a negative regulator of p53. Hence, the expres-
slon of these miRNAs minforces the activity of p53, and
the authors found that enforced expression of these
miBMNAs had a negative effect on the growth of MM
cells. Therapeutic possibilities are suggested by the
effects of miRkMNA moomstitution in tempering MM cell
growth [112].

The preceding digcussion should establish the contri-
bution of miEMAs in lymphoid tumorigenesis. Although
some maolecular effectors of the miBNnome are known,
msch remaing to be discovered. miBMAs are likely to be
of use a5 diagnostic biomaders for cancer and as prog-
nogtic indicators. Additonal work to uncover the roles
of miENAs & thempeutic agents remaing to be com-
pleted, where a major limitation remaing delivery of
small BMAs into rmphoid cells.
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MicroRMAS in autoimmumnity

Strong responses to self-antigens are thought to be the
basiz of autoimmune diseases. Many autoimmune dis-
eazes are heavily dependent on T cells, but B cells are
almost certainly imvolved, for example, in the secretion
of autcant bodies. Indeed mice with a conditional dele-
tion of Dicer in mature B cells develop abnormal B cell
subsets, have high autcantibody tters, and female mice
develop autaimmune disease with end-organ damage.
Several specific miRNAs have been found to be dysmeg-
lated in variety of sutoimmune disease, and many have 2
role in T-cell fanction [113].

It has been found that mil-146a null mice develop a
severe autoimmune disorder characterzed by enlarged
spleen and lymph nodes. These null mice produced
about &0 fold higher amounts of sutcantibodies against
double standard DNA than wild type mice. Autoim-
mune phenotype in mik-146a null mice is congistent
with the finding of elevated amount of activated T celk
in the periphery, but may also be dependent on
increased activation of B cell [89]. miR-146a ako plays
a role in the pathogenesis of Systemic lupus erythemato-
sus (SLE). It represses the function of [FN (type one
interferon), a factor that & important in SLE, by repres-
sing the target genes such az TRAFS/IRAK]L, STAT1
and TLET or TLES [114-117].

It has been found out that the genertion and function
of regulatory T-cells (T reg) in autoimmunity & depen-
dent on Dicer dependent miRNA bicsynthesis pathway.
Mice that have conditional deletion of Dicer in T reg
celk showed early onset of autcimmunity which & smi-
lar to the observed phenotype in Foxpd mutant mice
that completely lack T reg cells [118119]. Later study
showed that Foxpd megulate the expression of mil-155
in T reg cells and deficiency of miR-155 results in
decreased number, proliferation and fitness of T reg
cells compared to wild type [120]. In a similar set of
experiments, mik-146a-deficient hematopoietic cells
falled to rescue Foxpd-deficient T-cell-mediated auwtboim -
mendty [121].

Although the role of miRNAS in B cell-mediated auto-
immunity is less firmly established, it is likely that
further discoveries in B cells are forthcoming. Finally, it
has been shown in a pillot study that miRMA can be
potentially used as biomarkers for diagnosis and prog-
noxk of autolmmune diseases such as rheunwatic dis-
eages [122].

Conclusions

The advances in understanding the biclogical and
pathological roles of miRMNAs in B cellk have been tre-
mendous in the last few years. Despite this progress,
there are many questions that remain. The first & how
extensive are the networks that are controlled by

mikNAz in B cells? Although some studies, induding
our own, kave shown that a single or few targets may
be critical at a given developmental stage, it remaing to
be delineated whether this is generally true or if there
are multiple targets that a miRNA regulates. A second
major question, which remains largely unexplored in
mammalian systems, iz how miRNA degradation is
regulated. This will help define how gene expresion
programs may be regulated at one stage but not another
by a given miRNA. Lastly, the utilization of miRMNA-
bazed thempeutics in B cell maligrancies and inflamms-
tory conditions is an area of active resanh There are
several svenues of promiging work that suggests that we
will be able to leverage milMNA-based pathways in trest-
ing these diseases but current challenges include deliv-
ery into specfic cell-types [123]. Research into viral
vertor-based delivery and into chemically modified sl

EMA sequences are particularly promising, and are likely
to be the next Fontiers.

Moo vl an &

I this review vee fooused o thoee mIEMAS Sar have wome funclonal mole
In B oal oeveio@ement OF PyEmpinoma, s Wil acmoaTisdge San we ey not
Fave Induded mary papers desalbing profling stdies on mFSES. We
would I oo Sank Jorge Cormere for bis help and appon In S
compiedon of s ade TF s a redpiers of Desdopmenal Hern aology
Trinireg Grant T3HL0SR45-05 fron the Mamoral Iresiose of Hie B (NIHDL
MR k3 redipiens of the Bugens ¢ Com-Robies Falowship from UOLA ard
of S Gaduae Reemch Felowshin Frogam fom S Matonal Sdenoe
Fonctadon (NEF)L [BR s a Ermeme Soholar leEl:I"-_fHCI'TﬂII
Foundathon for Cancer Reseanch and received 2 ciresr developiment aveard
frorn e MIH (5 FOE-CAI3TISI)

At o etails

'Deparment of Pathology and Lahoraony Medidre; UCLS, 10833 Le Coe
Averie; Los Angees; CA SO0, LSA “Callular and Molecuar Pashalogy PR
. Frogram, Depansn e of Parhoingy and Laboraaoey Medidne, UCLA,
10683 Le Corve Muerue; Los Angeles, CA 90095, USA. “Iaeon
Compreheraie Cancer Cerer, UCLA, &0 Charles E Wourg Drive Scurh,
Facior 24654, Lo Angeles, CA 90085, USA. Stem Cel Bespanch Cerver,
UCL#, S0 Charies E ¥oung Drive Soush, Facaor 12-372, Los Angeles, CA
SO06S, USA. "Divition of Bloiogy, Calfomia Irese of Technoiogy, 1200 E
Calfoemia By, Pasadera, CA 9110, L5A

Marthenars” ¢ oyl T £

TF ared MEM pamicipatad I 1z dedgn and coTdraton ard drfted S
mmm.mmd"rﬂﬂﬂ?ﬂmd:—ﬂhhlﬂgﬁﬂ
coondraton and dafed S maresoipr Al ko read and apoeoved e
firal FrareecHpe.

Coampating Inbarecs
The aushors dacire o Sy Fave no compedng Inmemses.

Repived 16 Felbmmary 012 Accapied: 8 Masch 20012
Pl gt & Maach 20012

Rafemnc e

1. Fine & B 5, Monogomeny MK, Koee 58, Driver SE, Mallo OO Polent and
spadiic gareic Inderfaranoe by double-sranded FNA In Casrorinbdi
ehagard. N 1998 39180EaE1 L

1. Lee AL, Feimkboum BL, Amirce W The C dagare hateacadhaonic Qe Bned
enmdes small BN with anicercs comnplemaen ity o e M. G 1993,
TEE3E4

134



i

2L

1

21

4

5

1E

i

a2

1%

Fasdan G GLsm & The Casnodahdi sisgars heaadhwonic gene line
14 anecocdes 3 radiear peoiedn Sat fomns 2 emponl deeloperental
i e 1988 338313319

Barensn E, Caudy A8, Hammord SM, Harron G: Role for 2 bidentate
ribordiea s in e Inkafon sep of ENA Indedenanoe. M 20010,
405353356,

Harmmorad 56, Bome her 5, Caady AR, Fobaya sl F, Hanmon G
Amoranie?, 3 Ink betwaen ganedc amd blodtamical analyees of EMAL
Sofence (Naw Too, NT 2000, 7930 460 150

Kemirg FF, Fcrer 5, Baramain E, 3en T, Harron G| Aazerk RH Dioer
fumctions in BMA Intederence and In synieds of small BMA Irched In
dewiopmentl timing in C degans. Gres Doy 2001, 15265425
Ambroe Y, Lew B, Lavarway A, Willame FT, Jowal| O Miorofils ard
=) A i C g, Ciry Ficd 2003, BEF-318.
‘Wighirran B, Ha |, Fardam & mguaton of de
hetpmchecnic gane liee M by lind mreeciates teeporal patiern fomna fion
Im O elgare. G 1993, 75855360

KIm WM, Ham || Somi M Bingeneck o sralll FMAs In anlralk S Ao
Mo Caf Sl 2008, 101 25-13%

L %, Mirm M, Ham | Weorn KH, Lae 5 Baek SH, Mm W BLooRMA. gere
am mraoibed by FMA polymencs I SWED 12004, BADE] 4060

L Le ', Ahn C Ham L Chad H, K L, im | L || Frovoen F, Rademank: O,

Fim 5, Elm W Tt macchaa r FMasae: 1 Dacainag iniiaes mic ioiA
precestng. Nedre X008, 5415419

Gregony R, Yar K, Amuthan G, Chendrimac T, Domeos) B, Coodh B
SHakhamar F: The Mimopaooecos comples madiaies the gemes of
mhoeEMAL. Nave 1004, 432335,

Lurd E, Gumirger 5, Calado A, Dublbeng E, Kuray L: Mudear expost of
EiPeRMA pReOueort. Soivnce (New T, (N 2004, 30825598,

Barne| DF: Wi sofAs Tagat secognlion and meguiioey furdliors "ol
2008, 136315-33

Grrraan &, Farh B honranon WK, GamertErga e F, Lim LF, Barmel OF:
MIooEMNA Tameng Speciidey In Mamemals: Detrmirants beyond Seed
Fairireg. Mo’ Cafl 2007, 2751105,

Lawk BF, (E, Barel DF Corcpved smad oftan flarkad
Imm.hi tat thasand o mmw am l'm.h;
e, Gy 7005, DN 1520

Brerraacr || Smrk A, Fsmall FB, Coker SA Frimdiples off mic mfbA-taget
recoonition. Alod bivbagy 1005, 3085,

Crech B Harron Gl: Smmall BNA. sarfing: matcheraling for Argoractes.
N R Gt J00 0, TEIS-31.

Ofiertes O Xue H, Tador DW, Famode H, Mhima ¥, Cheboafi 5, Ma E,
Marer 5, Hanron G Lawean MO, o o A meov srllRBA.

pafway indeperdent of Dicar mouines Argorae? catyic arfdn
Sofence (Naw Toot, NT 200 0 328 18641 538,

Carrredl MA, Nuan T, Trarg MO, Harmon G Thee Angonoeie family
temiades that mmdh inio EMAL dewibperentl coniml, siem ol
nm,:dmwﬁmum:m 1&T7 13- T2

Samk T, Shicharma &, Mincehirm 5, Shimio N: idertflication of dight
mraiminers of e Argora e family In e homan genome small sar,
filled. Gvcvics 203, 33N

Eu 5, G K, Fereg (), Huo || Lam KP Thet RMe 1 aneyers: Dhoer i
exmndal for garmiral conier Bl fomration. Sood' 2002, METTTE
Balver L, e Vet W0 Rarming AR mmnmd
auimanive andbodles fmmondy 2000 BT 370

Fabiri M, Croce C0: Role of mboe3iss in mphoid biskegy and disase.

Covrerst O b Hermaiodgy 200 1, B2E5370.

Shaffier AL, Lin M, Kun TC, Yu X, Hut B, Rserwald A, Girare M, Yarg L,

Trao H, Calarme K, Soaadt LM: Bllnp-1 orcdrciraies placera ol

differeraiaman by e ot B cell Qe eqression

pregram. immdy 200, 175142

Hardly FF, Hayalaa K B ol dessioperent padways. Ao fae s

2000, 19S95ET1

Ferez-iera F, FisyesLeon A, Fuenes-Farara BM: Signaling proteing and
facioes in noemal and malgrant sy B call devdopmment.

Bone waamow e 2000, 215275 L

Baltrmone 0, Boldin MF, OCorra FM, Rao O, Tagurow KOt MlooESAs

rew raguinioes o e ool deselioperant and fonclion. Nave

immanohgy 2008 9835 545,

Mageeawa T: Wi oy ircreme il mhches in S Do ramew sl

fiowr Beoell deveinpere . Nawve edess mrmonodgy 2008, &0 051 16,

£l

L

E ¥}

3

E

&

Ers

iz

kL

4L

47

50

5L

135

Brwaea 5, Wada M, oo 5, Rrube H, Saamonn M, Ren CH, Koyama 5
Magmawa H, Kimura H, Kasararmi T, o ol The mbe of & protein-ooaplhed
ranepice Mrase 5 in pathoganesk of sporadic Paridreon's diseame. The
S of mesroanienre: e affical jpormeof the Sody for Neovoedenne
200E PEAT-TEE

Musmerweig B3 Husran tials of malara vacdne. Sience (New Took, Y
I'ET, 2387,

Murhy K reways Immunobinlogy. S Aaneways Immunabiigy. §
e, Chy: Garbnd Scence, Taylor & Frands Group, LLG, 2002
Mermaree O, Buerkd K Oonal deleticn of asicesactioe B lynphooges in
[l VRO IRl o N Ao 50 ILPSA 19986 BEE0ESAE0.
Fum AL, Kee B.: The tersoipfonal regubfon of B call Inmge
ComnEriTnL. Ity 007, PR TS5

Hu H, 'Warg B Boncke M, Marcorer | Malka 5, Mled L, Tucker FW, Rao &
Foopl & an esendal mguiaioe of B cell deweinpement.
Natuve immoraagy J00E, 781 B85,

Klasch K, Fordo M Dessbperenil swinch of moss: bemraiopoletic sem
colls froen fedal o adelt Ty conoes In bors: mmamow afer biskh, foc
W' Aoan 5o LS 200 1030 7852 17857,

¥ao F, Cul ¥, Watford 'WT, Brearmn H, Yamaoka K, Hesomg BO LI O
DCunum %, Jang (), Brardooh A, o & SGSadh ae exendal for rormal
Iyl devaopmant and difemndafion. Froc e Acod 5o LGA 006,
1031 D00 1005

Hoall & Fosadic B, Kereryd MA, Smima () Warch W Cul ¥ Brug H,
Herrighausen L, Monigol R Sead W Chiifying e mole of Stats in
Iympioid devalopmant and Abssorn nduckd Tarafomation. Sbod 1006,
1074 25845105,

Baim G, Moot EC, 1on D, Arreen D), Knd ek A8, ‘Weinraub BC,
Krop |, Schilzael M5, Feerey AJ, van Foon M, o ot EIA proteing am:
raquined for proper B ool deelopenent and indation of
Immereghckuln gene remngEmants. Caf 195, 79835852

Cokalec ©, Schebesa A, Delogu A, Businger M: Paxs the guardan of B
call idendty and fondtion. M imeoobgy 207, 3484070

Lirn ¥C, Jrurfrursaia 5 Berrer O, Helmz 5, Wellrder E Maresm R,
sn;-.u:umuHa;wnJ.aprchn.MJnuAgnu
retwcel of traipSon fooes, Ioling E2A, EBFT ard oo, S
o hecraies B ol e Newve imrmonobgy 2000 1185643

ORlordan M, Groesched R Coordinaie mguiation of B ol difeserthfon
by the Faraaiption facioes EFF and ETA inmonly 1959, 112131
Rao D, (O orrall FM, Crasdrud A, Garda-Fones ¥, Gager TL,
Baldmaone O MIcoRNA-I4 perbe B lymphocyie desiopment by
repe-cong the foridwead ey mararipien facine Fopl immondy 100
3385

Lok AT: Dmeocaeric 2 rar iption facors in e haemn 3o pokembs
Sofence 1997, TME10E% 1064

Smith E, Sgvandson b The miss o mrsolpson Gt in B
Iyeripihocyte comerimment, devdoperan, ard T rafomraon. i ekor
Bind 2004, 75573531

Mullighan 05, Goora 5, Rackhe |, Miller (B, CoussarSith E, Dalkon 10
Girrran K, Mathew 5, Ma || Fourds SE, & o Gereme-wice: analysls of
genatic dwations in acue mphoblxtc buiosmi. N 2007,
4457536,

Familackes J, Bousouet M, L afage Forhisiof M, Bere: MC, Beidjad K, O
Vs | Dmasgue N, Coyasd E, Snusid 5, Gueen ©, o of PAXS mutalions
oorer fequerdy in adult B-oell progendine 3o Benphobi cir lakema
amd FAXS haplorcufidenoy & acooc ied with BIE-AEL 1 and TOF3-
FEX fuxsion gemes 3 GRAALL shady. Sevshers 2005, 231 B85 1998,
EBhojwani O Howard 50, Ful CH: Highviish childiheod 2o lwmphobbaic
hewkamia. Ciiy Lymphama Mysbma 205 SSuppl $5I0-30
Mullighan O, Miler (B, Radte |, FHlIpS LA, Cakon J, Ma 1, Whie O,
Hugres TF, L Beaas MM, Pul CH, & o BCR-ABL 1 ik s
Is dhamcheried by the ddedon of o Sewre 2008, 4530100 14
Sum L, Hamerma N, Cromy L, W X, M G Waslew B Serael M,
Ferrar GH, Lidar Fv: Expression of ard @t
iy of e arvleukernic facior e In indant anute
Pymnpinendl i hauioamnia. Froc WAoo’ SIS 199, SeEal-EES
Moo K, ERrmany F, Aol M, Do H, Matao K, Rl K, Semed M,
Nakanarma H, Yano T, Fubada 5, o od Dominant regatie Eofom of e
Hams gane In pafenis with adult Bell aoute lymphobistc lakemia.
Coney Fes 000, S 05 4065



52

53

54

55

5&

5%

58

5%

EL

ET.

TL

FL ]

Civero 5 Maroc G, Ballard E, Gabert || Mierild W, Chabarron

Torrale © Dedaclon of differant kano ksofomrs in busran bk semiz
mal-Sme qEnTte plymeccs daln mcon. S Hemein

200G 11aEE-330

NERI K, Fatwyarma N, Mwa H, Srikarmi M, Uad E Maosya M, Arad H,

Lorereo F, Ogawa T, Kyo T, o o iz o o gane

peeced in adull B-pReoarser 3o Iyenphobi i e, Lecibera

2003, 11285 152

Taarasri M, Yagi T, Imamura T, Tabat ¥, Modrmooo &, HEB 5 56T E,

Irmapusas 5 Bpression of fhe lors geee family In dhiidihocd 300

Iyripeol st haukasenia. S J Heeata! 2000, TIPS 25530,

Maleshio AN Mowtan LY, Blevoey MY, Srdshaln TV Relative aqiecdan

of diferent liams Bpdomns in cHbdhond aoue hakemia. Sond Gk Mod

D 008, 41T78-283

Mulighan 05, Cownirg IR Ghokal gencrc dham cedzasion of aome

Iyrpeol st haukamnia. S Hemaod 004G 483415

Geongopnulos K, Bighy M, Warg JH, Molrar &, Wu F, Wirandy 5, 5hme &

T s gene k& raguimed for the dewslopement of all npidd

lirzages. Con' | 994, TRI43158

Morgum B Sun L, Aitand N, Ao kopooice K, keda T, Gonaakes E WU F,

Mot 5, Georgopoules K- Mo, 3 mpiold ressioted tarsoription

facior ot Inderacs with liares io naguiie lnpihooye diffesnthSon

EMED J TS, WE2004-20013.

Smaukel B Viracer L, Larmprechs A, Raderer M, Chom & TRALQMI3N

Irvciving IGH and FORF] & anovel mosment dhaomosnena l a banation

I MAALT Iyerpecira. Lockarmiy J006, 19458

Wicriarsia |, Wyt E, Oe Fagpe F, Wanderkenghe F, Nodjen F, Theatel,

Michauz L, Sagaert X, Maryren F, Hagemeljer A, Do Wi Feeters © FONFI,

a gare hiighly expremed In 3 suknet of difece laage B-oell yephoema, s

g by Qeromnic abaTation. ke 005,

renaTardy
19129% 1304
Mortedro-Roddgues E, Dorskdrd K B-1 B ool dewsibpement in the el

amd adult. Iy 2002, 36:13-21.
ShapinoShaof M, Calame K Fegubfon of placma-cell development.
NG PR 05, 53034
Kleir U, Tia ¥, Saokedizhy GA, Kaeller 1L, Hackad 1r, Miljlodc ¥, Cationesd G,
Calfaro A, DalaFavera R TRrcoipsoal sy of the B ol garminal
o nE oo Froc Na Acen 57 USA 2003, 100355354,
Cecard WH, Schar DG: Tangeding of somalic byparmatasion. Maune
A imTmoiodgy 2006, B5 7355,
MoHeymerAillams L McHeyzerAlams MG Anfger-spedic memoey B
el Arrw R Imened 2005, 23487513,
Klein U, G 5, Camone| G, Shem O, Lia M, Mo T, Ludvio T, Rapwey K
CallaFaera R Trancoiption factor IRF controlks placra ol
difemriiafion and chs-owitch mooehiration. Mo inrnohgy X006
TIT3TE.
Carrinlier I, Gandd SE, Memal| KT, Wien BJ: B-oell anergye froen rarsgenic
ezl o romwrally conuwing arengc B cells? bnt Ane immonal 2007,
TiE3E43.
EBamel DF, Chen (7 Mioomaragers of gene aqesiore the poendally
widespread infiseroe of metaroan mircRMAs. M Aev G 004,
S3G400.
Cher CF, U L, Lodsh HF, Bardl DF MoncRMAs sl ie: e iopoleSic
lirzage difemntinton. Soince (Naw Kok, WY 2004, 3@E3EE.
Koralcer 5B, Muljo 54, Galler GF, kel A, Chalaabomy T, Karel opoulon ©,
Jeraer K, Cob B, Mererachiager M, Ragwely N, Fajow sy K Diosr
abhion affecs andbody dhersity and ool sl in e B lymphooyie
lirzage. o M08 DIAEMET4
Eao C srkvaan L Calbdo DF, Famerson HC, Trarg B ¥Warg |
Herderson I, Kuok JL, Rajessky K Lymphoprolfentive dieace and
auicdmarany In mice with inmecsed misk ] 70 expression in
e M0E 45414

¥lao €, Cakado DF, Galler G, Thal TH, Famerson HE, Wang J, Raigwsly B
Beroier TF, Rajewedy K. MIE-150 conarls B coll differeniation by

L] factor c- Myl Caf 2007, 1311 46-159.
Troul B Warg 5 Mayr C Bamal OF, Locksh HF: milR-150, 3 SnbooEA.
expmeced In makee B ard T calls, blods eary B ool desloperent
when xpresed prematondy. Foc Na Acad 57 US4 2007, 1047 ORDTES.
Xlao ©, Rajewesky K: MicrsA, contol in dhe Imnmane: system: basic
principies. Gl 2005, BEIE-3E

BL

T

136

Meffre E, Casels F, Meseroweig MO Anshody mgubson o B cell
Mone fmrmonsdagy 7000 1375385,

Hel,He & Lim LF, de5Scndnira E, Zuan I, Lorg ¥, Eue W Terader L,

Magras |, Ridron O f o A snhooRMA. of the p53 oo

SUDDALD Pl ST 2007, 449001 30-1134

Chareg T-C, 'Werirel EA, Kt O, Rarmachandran K, Mulercbne M, Lee:

Kwargh H, Feldmann G armluchd M, Ferliio M, Lowersoein CF o ol

T oivation of mE-34 by p= Brandy Inflences Gene Bxpression

amd Promotes Apopicak. Modeo'a Col 2007, 26745 730

Borrrrar GT, Gin |, Fareg ¥, Kaczonowsd Al Kulck R, Love RE, Zhal ¥,

Glordaro T1, Gin 75, Moone BB, o ot p53-Mediated Acihation of

mriEMA 3. Careclicha e Tommor-Suppmecoor Gemes. (v Sind 2007,

LIFHIFL A FrS

OCorral RN, Chaudhur A%, Rao DS, Gimon WS, Balazs A BaHrrone Ot

MIoENAS enviched In hemmiopoieS: sem cdls diferendally moua i

IOy utper. Froc N Ao 5o LGA 200

10712351 040

Geongaras B Hidreth F Morsoo 5, Alder || L OG, Helrrfield 5, Calin GA,

Croce (M, Clvin C1: (D34 hemaiopoidc semm-progeriion ol mbooRNA

expesion and foncfiorea deoult dagam o A eerdafon condrol. foc

W Aacan 5o LS 2007, 10407502755,

Gl H, Tan LF, Harme G, Scdakel AN, de lorg D), Blokafl T, Moler F,

Foppema 5, Boesen B, van cen Beng A Hodgin lengpihoena, call lines are

cramoeized by a spadfhc miFMA apeecton peoflie. Sagsirss Now

Tork, NY 2005 TLIE-17E.

Otonnel M, Tagarow KD Bddin MF, Cheng G, Eammone: D Mic e

155 k induned durirg e maoropiage inflamernaioey msporce. Foc Na

Ara 5 US4 X0F, W0k 1E0d- 1 55

Tagaraw KD\, Boldin MP, Charg K, Ealdmone: O Mo proB-dependent

Ireducion of mcoEMA. miFk M4, an irhibitoe tageed Io Sgraling

proteirs of Ineaie Ienemares nesporces. o M Ansd 5754 2008,

10301 4811 486

Riccrigues A, Wioko E, Cane 5, 'Wamen My, Coumet F, Soord DR, van

Dorgen 5, Groood B O PR, Mska EA, o o Reguirment of bic

mhIoRMA-1 5 for momral Ienenare fundion. Soivnce (ew Tod, NY 20007,

FNSEmE-El.

Wigoro E, Ferks KL, Abneu-Gooder ©, Buning 5, Mlang Z, Kchibms 5

Ok FF, Mida EA, Roorigues A, Bracley A, o o mnirofMA-155 mguiahe

Tereg 5, Hakdrrpour F, Lancraf F, Aice &, Tuschl T, Gasel& F,

Fapanaed iou FY: MveRMA-155 s 2 ragaie megulater of anivafor:

Trediscad deamirase. mwwnsy 2008, 2881 2%

Doreix ¥, MocBrice B, larkovic M, Ganumgan A, Thal TH, Roobind OF, D

Wirgilo M, SarvMardn BR, Heldarmp G, Schwidken TA, & &l METoRMA-155

suppReEs Aot iorrinduced opfdire dermiraue-meadianed Mycigh

Trrcdhor o Ty 2008, I3 E0-E8

e el WG, Beber L, Amiro DG, Gorcaler 5, Wlasirme &, Croce C Hel,

Farmiro AR miE-181h regaively regulates ac Svatioevinder ad cySding

deamirase In B cels. The bwwma’ of Sperimenda’ Seciohe 2008,

0ED 1905

Bodkdin MF, Tagarcy HD, Rao D5, Yarg L, Zmo L, Fakarl M, Gorda-

Flones ¥, Luorg M, Cesnelard] &, X ), & o mil-ME8a i 2 sigriflcant bl

O 3 LRGN Ty, amd cano In mice The bamal of

Evparimartod Masike 2001, J0&1 13% 1200,

Carmercn E, Mn Q) Fewall C Lacey M, MdEnde | Wang X Lin 7,

Schaefer B, Hermingmon B Epstein-Ear vins fent mamkrars prodein 1

irecduces cllelar MCRoENA 1453, 3 modulaior of imphocye

shyraling paghwmays. | Vind 2008, B 15451958

Kol T, Mdra S Sgraling i MFkapgas by Tol-ike meepines. Trend Mo

Mg X0T, D045,

Irao L, Fao DS, BEoadlin MR, Tagaray KDY, OCorral| BN, Balirme: O NIF
iappal dereguiation in mbooEMA- 1 Eadefident mine dives the

mdwwmm M Acer 5 LS4 2000,

1025 124591 55,

Gunurajan M, Haga (1, Ons 5 Las OM, Hooeon O oo 5, Tormer b,

Cooper MO MicmEMA. 1255 inhibigon of B cell difemndafion in

gemniral e AT ea 2000 32553-550

Caln GA, Famadn M, drmiro & D6 Lva G, Shimmiou M, Wogdk 5E, [aio MY,

Whore B, Sever M, Fabbr M, &gt A MicofMA Sgrasare Aondated with



Frgresk ard Progeesson in Cheonic Lymphooysc Laokamia. The Mes
wmdwmnnulml.

95 Calin GA, Durming (D, Shiming M, BiR R Zupo 5, Noch E, Mdler H,
Faman 5 Keatirg M, Ral K, o i Frequent deetions and downrmegubfon
of micre: EMA ganes miFlS and mETS 2t Bgl4 In chronic imphooysc
hmkania. Aoc e Aced! 5 UGS 00D, 99 155 M-15505.

& Calin GA Saigrar O Durnitng OO Hyslop T, Nioch B, Tencamun 5
SHmina M, Raman 5 Bulldch F, Negrind M, Croce O Husran sbocEMA
geras ane fequandy ioated & fagle shes ard geroenic raghons
Irvcived In cnc s, Foceedngs of the Naiondg! Acadlery of Soienres of she
Ui S e off Armenic 2004, 10029953004,

7 MISLIZ, Crer P, He ©, Cao Oy Elabbour &, Lu J) Feloos LA,
Worckch M, Huarg H, & ot Abemant onenegeression and fundtion of
it - 1752 dustar In -.lmd e ke Froc Nay Acon!
5 U5 J0Ig WRINeITE

58 Cosdremn 5 Zred N, Palarsky ¥, THEE, ¥odria 5, Heererma N, Crooe O

Fre-E cell ared Iympiciingic baukemia higrgrEde
Iympkecera In EfmalmiB1 S traragenic mioe. Froc M Ao S US4 2006,
1037047035,

9% 99 Codrean 5, Sanchas 3 Facersan [M, TITE, Troma R, Femoad O
Oararielo 0 Mesiarl F, Harb 1, Kauffman LR, @ o Sec hamaology 2
domairrooe@ inireg Ircdind-5 phoapaiacs and OCAAT enfanoerbirding
protein bet e tangeted by mE1S In B cdk of Emboo-MIR 155
TEraganic o, Soos 2005 1141374135,

100, Garaan R, ‘el 5, L OG, Ferardez-Cyrrarineg O, Falumioo T, FicHom F,
Faboerl M, Coommies K, Mder H, Naamua T, of o MhGOaeRMA thoraies
amodated with cfageratics and progredds In o mydol] okeeia.
Bibag! 2008, 1113 1E83-31 86,

IO Orrmire A, Calin GA, Fabtrl M, oo MY, Femadn M, Shimias M, Woick SE,
Aoelan A, Tupo 5, Dono M, ool mB15 and mB-15 induce apaptos
by Cagating BOLT Ao e Acan! 507 US4 7005, 1021 35441 548

1@ Medira AP, Molde &, Sadk FI: OncoenlR addiclion i an I W modal of
PR A2 Hinduoad INivore 00 () 45T EE-90

IE Faoiml M, Bamorl & Shimiza M, Spmo R Modoan M5, RFoed 5 Brbar o E,
Orriro &, Adair B, Woick SE, & ot Asodation of 3 micoEMNATFS
fewdiady droulivy with ot begeneds and oo of B-call dhacnic
Iymphaotic ukemi, JAMA 2011, 3ESHE.

10d TFere T, Marr | Boerireg E Fater AF, Bubler A, Herie D, 'Wirkder [ Durig |
van Cers MH, Meers O o o miB-34a ac part of the resisanoe neaod
I rirami. Pyenpiey i bauarini. Sooa' 70049 1133800-3308.

105 Chioraom M, Ral K, Femanirl b Cheonic Ivenpiooytic baukeenia. W Sogi
M 1005, 352304315

108 L ¥, Concoran M, Raecaod O, Ivarova G, |Bootson R Grarder O ergar A,
Bararova A, Kashua ¥, Menup M, & gt Ooring of e cndidate fmer
SEERESTS QoS within 3 10 kb mgion on deemocore 1314,

fraquertly deleted In dheonic Ivmphoogtic polemi. Onrogene 1957,

108 107 Miglazm A, Boedh F, Fomasu H, Cyank E, Mardrod 5, Torboo E,
Gurdore E, (X, Chier B, Murgy W, @ ot Nadeode sequenos,
tarsmipdon map, and mettion anaysk o S 1314 deomecoral
region ddated In B ol chaomic Iynplhocytic ukemi, Sibad 200,

97 20537 104

I0E Klein U, Lia M, Creqoo M, Siegel R Shen 0 Mo T, Ambechl mplomtan A,
Calfara A, Miglara A, Bragat G, Colla-Favera R The DLEU2eniE-152/1&1
duster conirok B ool prolferation and i deleion s ds o chronic
Iympihaoytic ukemi. Concer Ga 2000 172840,

108 Lawrie (H, Sorejl 5, Maraficd T, Cooper (D), Falarn 5, Fateron 0,
Cantan H, Erwer T, Mager F, Boulnwood || of ol MaoESA xpmedon
distnguithe between gamniral cervier B call-lie and adtivaied B call-
e guvrypes of diffies E call Iyenpieoem. hoemivas! bomal of
Conoar J00F, T RN 1560 16,

12 O A, Tagewa H, Kaman 5, Toaumok 5, Kepee A, Mm 5, Yoshida 7, Seio M

Iderdfiation and damceraton of 3 nowl gene, C13aflS, = a et

fior B3 32 amplificafion in maligrar ynpioma. Caneer A 2004,
&4 AET-I05.

1TL Me K, Gomes M, Lardgraf F, Garda IF, L ¥, Tan LH, Chadkam &,
Tischl T, Kroades DM, Tam W MocEMA-medated down-megeiaton of
FROM Elimgr-1 In Hiocgin/Fead: Semibeng cell: 2 potendal
pafgereds hehon In Hodghin ienphomras. The Amevm boma of
Futhalagy 2008, 173343253

VIZ 112 Fichiom F, Suh 535 Roccl &, DeLuca L, Tacdod G Sandmrmm R
Thious ', Bereon DM I, Hofrmalrezer ©, Aloer H, o &t Dowssegalation of
P53 Indudbie mbooEMA 152, 194, and 205 iImpaies the pS3M0M0
atomgulatary hoop in maliple mysioma. dedopement. Cancer Call 2000,
18321

113 |bgra M, Barusd F, irvemid F, Dorese 5 MAoRMAS In aicdenenundly
ard irflammanoey bovel disease Crsdal reguia o I T
TEgpocl. ALTodmrny evines 2000, 11306-314

114 Rormblom L, Baran ML, Alm G The type | intedenn system in
systrmic bupes arpihemaioaus, Akl ond dheomatim 06, $H408-420,

115 Pamoml W, Faries L, Barcher o | Sysiemnic lopes erythematcass all madk
lead o fpe | Intedlerors. Cuv Cpdy imrmonod 2006, 18557665

T1E Croaw MK Ty | inderfencn in systemic lupes aryiom o, Commnd
foies i oY G 07T, A FIBE

17 Targ ¥ Luo X, Cul H, M E, Yuan M, Guo ¥, Huorg X, Zhow H, de ‘e N,
Tak FF, & ol MhooEMA-1 464 conivibanes to dbroamal actviashon of the
e | Inieefiemnn oy In bamran lopes by tageting e ey signaling
[Pt Aty avd! Mienmeiinm X005, 8 0551075

112 Ruclersky &' Reguiiey T cells and Foepd. immoved A 2001,

241 JENTEE.
11 Lisom A&, L LF, OCarrd| O Tarakdnowsky &, Rackerely A7 Dior-dependent

mioeEMNA. pavway sieguork regulaicey T el fondtion. The boma of
TRy masie 2008, 2051 32004,

120 LuLF, Thal TH, Caldo DF, Chasdmy &, Fubo M, Toraka K, Loab GB, Lae H,
Yishirmara &, Fajpweey K, Fuderaky A7 Fospd deperdent microfMALS
confiers comnpedine e to mgulatory T ol by Ggedng 50051
et Aoty 2005, 303051

121 Lu LF, Bodim WP, Chausdiy A, Lin LL, Tagaraoy KDY, Harada T, Vosrimun &,
Baitimone O, Rudersdy AF Fundtion of mE-145a In conimoling Teg call-
maclaied mgulation o Thi msporaes. Gaf 2000 M2 94-29

122 Aledz |, e GG MIOoEMNA: X hioerarkars In g S e
TR e eormadonagy 2000 5391-358

123 Knrsfeldt |, Rajessky N, Brach R, Fajeey KG, Tischl T, Maroharan M,
Socffiel B Shercing of mimofMbs In vivo with "anigomis”. Nawe 2005,
4BEIGEE.

ol O N SN TRE-ET 20 -5-T
i it anbche a4 Romanco o g MEmRMAL in B ol develogending

and mraligrancy. bow! of Hemaniagy & Oreobgy 112 57,

137



APPENDIX II:

MicroRNA-146a Modulates B-cell Oncogenesis by Regulating Egrl

(reprint)

138



www.impactjournals.com/oncotarget Oncotarget, Advance Publications 2015

MicroRNA-146a modulates B-cell oncogenesis by regulating
Egrl

Jorge R. Contreras'?, Jayanth Kumar Palanichamy?, Tiffany M. Tran?, Thilini R.
Fernando!, Norma I. Rodriguez-Malave®*, Neha Goswami!, Valerie A. Arboleda?,
David Casero!, Dinesh S. Rao!+

TDepartment of Pathology and Laboratory Medicine, UCLA
“Callular and Molecular Pathalogy Ph.D. Program, UCLA
*lansssn Comprehensive Cancer Center, UOLA

“Broad Stem Cell Research Center, UCLA

Correspondence Lo:
Dinesh 5. Rao, e-mail: drao@mednet, ecla.edu

Keywords: microfHA, B-cell hmphoma, leukemia, o-hlyc
Recelved: lanuvary 24, 20015 Mccephed: February 24, 2015 Publizhed: Apni 13, 20015

ABSTRACT

miR=-146a is a NF-xB induced microRMNA that serves as a feedback regulator of
this critical pathway. In mice, deficiency of miR-146a results in hematolymphoid
cancer at advancad ages as a consequence of constitutive NF-kB activity. In this study,
we queriad whether the deficiancy of miR-146a contributes to B-cell oncogenasis.
Combining miR-146a deficiency with transgenic expression of c-Myc led to the
development of highly aggressive B-call malignancies. Mice transgenic for c-Myc
and deficiant for miR-146a wera characterized by significantly shortenad survival,
incraasad lymph node involvement, differential involvement of the splean and a matura
B-cell phenotype. High-throughput sequencing of the tumors revealed significant
dysregulation of approximately 250 genes. Amongst these, the transcription factor
Egrl was consistently upregulated in mice deficient for miR-146a. Interastingly,
transcriptional targets of Egrl wera enriched in both the high-throughput dataset
and in a larger set of miR-146a-deficient tumors. miR-146a overaxpression led to
downragulation of Egrl and downstream targets with concomitant decrease in cell
growth. Direct targeting of the human EGR1 by miR-146a was seen by luciferase
assay. Togethar our findings illuminate a bona fide role for miR=-146a in the modulation
of B-cell oncogeneasis and reveal the importance of understanding microRMNA function
in a cell- and disease-specific context.

INTRODUCTION respectively [3-8]. It s important to note, however, that
miRMA regulation of gene expression is highly context-
MicroRMAs (miRMAs) are a class of small non- dependent: they regulate a cell type-specific franscriptome
coding RMAs, 21-22 mcleotides in length, which have generated by 8 set of oncogenmic or developmental
physiological roles in many developmental systems transcriptional regulators. Hence, imcovering the onco-
[1]. miFWAs primarily act through post-transcriptional genic role of 3 mdRMA requires the smdy of lineage
repression of target mPWAs via shormt complementary specific ranscriptional dysregulation.
sequences in the 3 uniranslated region (UTE) of mEINA miF-146a was discovered as a transcriptional target
transcripts [2, 3]. It has been reported that nearhy 2000 of the MF-«B pathway acting as a negatve feedback
miFM A exist in the uman genome and more than half regulator of this patway snd repressing some key
of protein~coding genes are potential tarzets for miFMAs components, such as Thy® and frakl [9-13]. In line with
[4]. Boih oncogenic and mmor suppressive miFMNAs its fimction in the NF-xB pathway, milt-146a deficiency in
have besn described in oncogensesis, acing via repression mice results in the developrment of a hyper inflanumatory
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hyperplasia, T-cell byper activation and antoantibody
produciion [9, 11, 14, 15]. Subsequenily, aged knockout
mice develop mrveloidd and lymphoid malisnancies
[2, 11] These phenotypes are characterized by a dependence
on constimive WF-xEB activity, a5 demonstrated by the
comection of many phenotypes by deletion of elements of
NF-E signaling or downsiream mediators [11, 16].

Constituiive MF-xB activity is a hallmark of mamy
different types of cancer including B-cell maliznanciss
[17]. The activated B-cell type of diffuse large B-cell
bmphoma (ABC-DLBCL), which demonsoates
constifutive WF-xB activation, s more ageressive and
leads o worse oufcomss in patents. Currently, several
components of the WF-«B pathway have besn foumd
mutated in DLBCL, producing actvation of WNFE-xB
[18, 19]. The role of miF-148a as a negafive regulator
of this critical pathworay, along with the development of
B-cell malipnancies in knockout mice, suggest that loss
of miF-146a via undefined mechanizms may represent a
pathogenetic event in B-cell malisnancies that confribuates
to constitutive WNF-«B activity.

In addition to being regulzted by WF-EBE, miR-
146ia has been shown to be positively regulated by
the potent ocncogens, o-Mye, in A melanoma cell lins
[20]. In contrast, primary samples of B-cell hymphoma
with high levels of c-Myc expression show dramatic
dewnregnlation of miR-144a expression, and sdditional
smdies demonsoate pegative regulaton of miF-146a
by c-Myc [21-23]. This led us to question the role that
miR-146a plays in ¢-Myc-mediated oncogensesic in the
B-cell lmeage. Since c-Myc is 2 powerful transcriptional
regulator with a specific manscripiome, we hypothesized
that miF-148a mediated effects on the c-Myc gens
expression program would reveal unique cancer relevant
pattrvays. To test our bypothesss, we mtercrossed the
Ep-Myc mounse with muR-144a-deficient animals. We
found that miF-14&a deficiency accelerates oncogenesis,
decreases survival, and alters the differemtiation stage
of the tumors that are formed in the resulting mice.
Histopathologic and flow cytometric analyses revealed a
distinctive pattern of involvement in miF-148a-deficient
animals. Mechanistically, few genes were significanty
differentally regnlated berween wild-type and miF.-14863
deficient, c-Wjr driven mmors. Of these, Egrl and ifs
downstream mediators were identified 25 a powvel pathwray
regnlated by miF-1448a in B-cells. Char findings promise o
open up 8 new area of research and demonstrate 3 tumor
suppressive fimction for miF-144a in B-cell oncopenesis.

RESULTS
miR-146a deficiency decreaszes survival of
Ep-Myc transgenic mice

Given the proposed roles for miF-148a in fomoor

snppression and negatve feedback regulation of the NF-B
pativray, we exanined whether miR-148a deficiency would
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synerpize with o-Mie during B-cell oncogenesis. mik-1448a
deficient and Ep-Myc transgenic mice were bred 1o yield
cohorts of mice that cammied the Ep-Myc tanszens with
wild-type, beterozyeous or homozyzous knockont alleles
of miF-146a (Figure 13-1b). Most tumors that formed in
Ep-Myc mice showed 3 lymphoblastic morphology with
munerons mitotic figures and spoptotic bodies on HEE
sections (Figure le—le). Comversely, tumors from the nukt-
146a-deficient mice demonstrated 8 more heteTogenesms
appearance. hMany umors had bymphoblastic morphology,
bt others showed a plasmacytoid appearance, mchuding
epsinophilic  cytoplasouc  concretions, suggestive of
munmnoglobulin deposits (Figure le inset shows cells
with immnmoglobulin concretions). Eu-Myc miF-14862%
mice did pot have a significant redoction i their sureival
(Figure 1f). Om the oter hand, bomozygous deficiency
caused a decrease m survival fromn 1045 days to 825
days (Figure 1f). Gender differences were noted, with
female miR-1463" mice showing signifirane differences in
survival, while males only showed a mend towards reduced
surviwval (Supplementary Figure la—1d). Finally, virtually
all mortality m bot sets of mice was atmibutable to tumar
formation (data not shown).

miR-146a deficient tumor: demonstrate
differential anatomic patterns of involvement

Anztormically, umors in both sets of mice showed
differential patterns of invelvemsnt of hematopoieic and
Iymophoid orzans, with vireally all mice showing thymic
mvolvement. 31% of Ey-Myc miF-1462"" did not showor
any lymph node imvolvement, wheress all of the miF-
1463~ did show inwvolvement (Figure 2a). Whils the

majority of mice in both groups showed small pumbers of
circunlating tmor cells in the peripheral blood, &10 Ep-
Bfve miR-146a~ mice examined showed frank leukemia
(defined as a white blood cell count of greater than 30,000/
pL) (Fignre 2b—2d). This was in contrast to the lower
munbers of Ep-Myc miB-14862** mice that demonstrated
lenkemia by blood coumts (4/14). Amongst mice with
predominznily solid tomors, miB-148a deficiency cansed
a statistically sigmificant mcrease in peripheral blood
CD11b+ myeloid cells but ot in B220+ B-cells, CD3e+
T-cells, bemoglobin or platelsts (Supplementary Figure
2a—2f) This may represent the propensity of miR.-144a-
deficient hematopoietic progenitors o produce increased
munbers of myeloid cells. Bone mamow analysis of these
mice found similar proportdons of meyeloid cells, erythroid
cells, and B- lymphocytes (Supplementary Figure 2z-21).

Mice in both groups demonsoated enlarged
splesns, with average weights of approximately 400 mg
(SupplementaryFizure 3a). In Ep-MMyc miB-1462** mice
there was mvolvement of the white palp with contigwons
spread betwesn the lymphoid follicles (Figure 2, domed
arex). High power views showed the malisnant cells in
both the white and red pulp (Supplementary Figure 3b—
3c). On the other band, Ep-Myc miF-148a~ mice shoaed
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Figure 1: miR-146a deficiency causes increased mortality in Ep-Myc mice. (a) RT-qPCR for c-Myc was performed on splenic
B-cells from WT and miR-146a* mice or tumor samples from Ep-Myc miR-146a"and Ep-Myc miR-146a~ apimals (x = 3, 3, 12, 11
respectively) (nc: non-camier; tg: transgens). (b) RT-gPCR for miR-1462 was performed from the same samples as for c-Myc. (c—e)
Hematoxylin and Eosin (H&E) stained sections of lymph node tumors derived from Ep-Myc miR-146a", Ep-Myc miR-146a*and Ey-
Myc miR-146a“mice, respectively. The inset in (&) shows a subsat of cells with imrumoglobulin concretions. Scale bar for Figures 1c-e, 40
um (f) Kaplan Meier survival curve of mice with Ey-Myc oncogens and wild-type, heterozygous, or homozygous deficiency of miR-146a
(n =26 for Ey-Myc miR-1462*"(Solid line m graph), # = 23 for Ey-Myc miR-1462" (Dotted line on graph), » = 22 for Ey-Myc miR-
146a (Dashed line on graph);w.t. vs. het comparison, Log-Rank Test, p=0.6725; w.t. vs. k.o. companson, Log-Rank Test, p = 0.0027).
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Figure 2: miR-146a deficient tumors show a differential pattern of anatomic invelvement. (2) Macroscopic lymph node
involvement is significantly increased in miR-146a* deficient mice (r = 39 for Ep-Myc miR-146a** and » = 24 for Eu-Myc miR-146a;
Fisher's exact test, p = 0.002). (b) Quantitation of the incidence of leukemia, defined as a peripheral white blood cell count of greater than
30, 0O0VpL, in these puce, shows a trend towards statistical significance between the groups (= 14 for Ey-Myc miR-146a* and n =10 for
Ep-Myc miR-146a Fisher's exact test, p = 0.21). (c—d) Wright stained peripheral blood smears from mice with miR-146a-sufficient and
deficient Ey-Myc driven tumors. Scale bar, 40 ym. (e) H&E stained section of Ey-Myc miR-14§**spleen, low power image. Dottad lines
delineate expanded white pulp. Scale bar, 400 pm (f) Low power view of an H&E stained section showing relative sparing of the white
pulp (dotted lines) in Ey-Myc miR-146a~ mice. Scale bar, 400 pm. (g) Quantitation of splenic white pulp involvement in Ey-Myc nuR-
146a**and Ep-Myc miR-146a~ mice on an ordinal 4-point scale going from no involvement to subtotal involvement of the spleen (n =24
for Ep-Myc miR-1462*"n = 17 for Ep-Myc miR-146a+; Chi Square Test, p = 0.004). (b) Quantitation of splenic red pulp involvement in
Ep-Myc nmiR-1462"*and Ep-Myc miR-1462* mice on an ordinal 4-point scale going from no involvement to subtotal imvoivement of the
spleen (= 24 for By-Myc miR-146a"n = 17 for Ey-Myc miR-146a~; Chi Square Test, p = 0.671).
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extensive involvement of the red pulp with relative sparing
of the white pulp (Figure 2f). Using a semi-guantitative
4-point scale to grade involvemment, we found that white
pulp imolvement was significantly higher in Bp-Myc
miR-146a* mice compared to knockowt mice (Figure
225, Fed pulp imvolvement was not different betwesn the
oo groups (Figure k). Despite these differential pattemns
of involverment, the relamve mumbers of B-cells, T-cells
znd myeloid cells in the spleen were equivalent betwesn
the two groups of mice (Supplementary Figure 3d-3k).
Together, the data suggest similar overall infiliration of the
spleen (given similar weights and celhilar composition),
but a predilection for the red pulp when miR-148a is
deficient, suggesting that the deficiency of miF- 1483 may
change the homing properties of the malignant B-cells.
The patterns of involvement are somewhat renviniscent of
certzin subtypes of B-cell lymphomaleukemia that show
peripheral blpod mvelvement and red pulp invobeement in
the spleen, but are not correlated with WF-B activity or
histologic subiype n homans.

miR-146a deficient tumors demonsirate a
mature B-cell phenotype

To further characterize the mcreased mortality
seen in the miF-146a-deficient mice, we undertook
immnophenatypic analyses. The mumors in both sets of
mice were predominantly of B-cell phenotype (Figure
3a-3b). Smnilarly, Ep-Myc mice with a beterozygous
deficiency for miR-146a also developed B-cell mmors
(Supplementary Figure 4a—4d). To exzamine the stage of
differentiation, we exsmined expression of Ighd, finding
that grester than 70% of tamors from BEp-Myve mil-1462""
mice were [zhd-. In confrast, only 42% of mmors from
Ep-Myc miP-148a~" mice were Ighi- (Figure 3c-3d).
Amomgst Ighd- tonors, several were plasmacytic, shown
by morpholosy and staining for CD13E (Figure 3e).
Next, we dichotomized the data by mean fluorescent
intensity (MFEIL), finding that CD1 38+ tumors were more
frequently sesn in the mil-148s-deficient backgroumd
(Fizure 3f). When we combined positivity for CDN 38 and
Izhd, most mik-148a-deficient tamors showed a matre
EB-cell phemotype (atther Ighi+ or CDN3E8+) whereas miF.-
146a-sufficient numors were negative for both Igbd and
CD 38 (Figure 3}, Tomor cells from mil- 146a-deficient
mice showed lower expression of memory B-cell’
activation related antigen, CDED (Supplementary Figure
da—4f). but similar expression of COM4 (Supplementary
Figure 4g—4h). To farther characterize the stage of B-cell
differenfiation in these tumors, we perfonmed ETqFCE
to quantitate the expression of gene: mvolved i B-cell
differenfistion. We found that transcripts for Blimpl,
CD43, Beld and Ishh were all more highly expressed in
mmors from miF-14&a-deficient mice (Figure 3b—3k).
Interestingly, female mice, which showed a statistically
significant difference in survival, showed similar rends in
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their immmumophenotypic profiles (Supplementary Figure
5a—5f) as well as in gene expressicn of matmration-related
B-cell transcripts (Supplementary Figure 52—5)) when
compared to the group overall Together these findings
mdicate that mdB-148a deficient numors are composed
of maliznant B-cells that derive from a different stage of
differentiation than funors sufficient for miR-148a.

miR-146a-deficient tumors show a lmited
difference in franseriptome expression, incloding
many putative targets of miR-146a

To define a mechanistic basis for miR-146a deficient
B-lvmphomagenesis, we performed FNA-sequencing on
four miF-146a safficient sand two miF-l146a deficient
fumors. Based on this comparison, we armved at a list
of 249 zenes that were differentially regulated with an
adjusted p-value of 0.05 or lower (Figure 4z). We then
searched the dataset for miF-146a targets predicred by
TargetScan [2, 3]. Of the differentially regulated genss,
53 zenes are predicted to be miF-144a targeds (Figure 4b).
When we exanuned the genes that wers upregulated, 29
ot of 140 zenes were predicted miF.-1448a targets (Figure
4c), and thiz did not represent 3 statistical enrichment.
Mext, we confirmed some of the findings by RET-gPCE
in the larger sof of nowor samples that we had collected.
Four of the top fen gemes from BINA sequencing had
sipnificantly different expression lewels in the mmmors
when assayed by gPCE. These genes include Jhy and
Camk2b (Figare 44 and 4f). Jhy is a recently described
novel gens with no known function in oncogenesis or
hematopoissis; while CamE2b has a previously described
putative role in epithelial cancer [24]. The gens Dixd,
which showed differential repulation by BIA-zsequencing,
was not differentially expressed in the larger set of tumor
samples (Figure 4h). Criher genes that were differentially
expressed inclnded the putatve target Egrd, with
Nrpl showing a mend towards differential expression
(Figure 4e and 4g). A third predicted target, i, failed
to show differential regolation by qPCER in this largsr
set of samples (Figure 4i). Hence, the manscriptome
data prowided ns with a starting point for umderstanding
Tumorigenssis, uncovering putative mif-148a targets in
the sarting of B-cell oncogenesis.

The tranzcriptome regulated by EGR] s
differentially regulated in miR-146a-deficient
tomors

The early growth respomse-1 gens (Egril,
has previously described functons m hematopoietic
differentiation [25, 26]. Given that Egrl is overexpressed
n miF-148a deficient numors, we undertook an analysis to
determine whether the Egrl mansoriptome is differenaally
regulated Using a publically available ChiP-5eq dataset,
we gatherad a list of EGR] transcription factor binding
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sites (TFBS) aromnd known protein coding genes in
three different baman cell imes (B362, GMI2ETE, and
HI-hESC) [27]. This dataset was compared o the hist of
differentially regulatad genes in miF-144a deficient umors
that have nman bomologs (Supplementary Figure Sa—
&), Femarkably, zenes that show TFBS for EGE.] wers
statistically overrepresented in the differentially regulatad
gene set from miR-148a deficient umors (Figure 3a).
We then confirmed several targets of EGE that (i) were
differentially regmlated in the BN A-ssquencing dataset and
(1ijhad been previonsly showmn in the Htersture to bs EGERL
targeds or had EGR] binding sites based on the ChIP-Sag
datasets. Several genes that are important in bematopoiesis
and'or cancer were profiled in the larger set of fummors
and showed 2 sigmficantly differentis] regulation. These
memes inchided Mgf® (Figure 5b), Mrdal (Figure 5c), Clga
(Figure 5d), Cacnal k (Figure 5e), Epkbd (Figure 5f) and
Pirgl (Figure 5g and Supplementary Figure &) Changes
in gene expression m Egzrl and a subset of is targets wers
conserved in the subset of nmmors derived from femals
mice, hinfing that these molecular changes may nnderlie the
increased lethality in the knockont mice (Supplementary
Figure 5k—5n). Together, these findmgs indicate that mif-
14fa-regulated Egr] may represent a critical farget that
leads fo the elaboraton of 3 gene expression signammre and
the mare aggressive phenotvpe ohserved dunne mik-144a-
deficient, Ey-hyc-mediated oncogenesis.

Egrl iz regulated by miR-146a and
overexpression of miR-146a has an anti-growth
effect on B-cell lymphoma cell lines

To elucidase whether miF-146a targets Egrl, we
examined the 3" oniranslated region (UTTE) of the cDA
transcript. In the buman EGR] sequence, there is a miR-
144a T-mer binding site located af posidon 111-117 of the 3°
UTE (Figure 8a). The DA sequence surmounding this ares
is somewhat conserved between the human and the mouse,
but the complete T-mer site is not present in the mounse
(Supplementary Figure §d). To exsmins direct targefing,
we cloned a 994 bp sepment of the unan EGRI 3'UTE
intn the pouBGlo vector. Co-mansfection of 3 mult-148a
over- expression vector along with the huciferase-EGE]
FTUTE. fusion construct showed significant repression of
Inciferase activity, compared to the emply vector, similar
to that observed for Irgft. Mufanon of the binding site
for miR-146a in the BGE.]1 3" UTE. derepressed bociferase
expression. A simdlsr repression was not consistenthy
observed for the morine Egrl 3'UTE (Figure §b). Stsble
overexpression of miF-146a nsing a refroviral vector in
the murine leukenua cell lines, TOE3 and WEHI-231 led
to & repression of Egrl at both the wanscrips and protein
levels (Figure fc—fe, fi—f), §1). In additon overegpression
of miF-148a led to decreased growih of both cell lmes at
baseline and following senun starvation (Figure &8z, fm—
G, Moreover, we ohserved repression of the EGR] targst,
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Npdal (Figure dh, 8k, implicaring the same sequence of
regulation with miF-146a overexpression as that obsarved
with mif-146a deficiency m the mmors. Moreover, miF-
146a oversxpressing cells showed 3 downregnlation of
Blimpl and Beld (Supplementary Figure §i—6l), in line
with the observations made in the honors. In the human
DILBCL cell ins, SUDHL2, mif-148a oversxpression
led to repression of EGED as well as the expectad target
of mif-146a, TRAFS (Figure So). MNrp? was validated as
an additional target of muR-146a (Supplementary Figure
fe—fh). These findings imply a role for miR-148a i the
regulation of B-cell leokemiatymphoma cell growth and
demonsirate that in the buman, miF-146a directly targets
EGE] wvia canonical 3° UTE-mediated fargeting. Hence,
miF-148a oversypression and knockout results m significant
effects on Egrl and dovmstresm gene expression, suggesting
a comserved regulstory module m the lnmsn and monse.

DISCUSSION

In this mammscript we describe the modolation of
Tumorizenesis by the MF-«E mduced fuonor suppressor
microBEMA, miF-148a. miB-1448a plays a very important
rle in inmoune cells and sesms to be aitdcal n modnlating
fepdback inhibition of the NF-xB pathway. Irs role in
T-cells, myeloid cells and hematopoiefic stem cells is
well-established, with deletion of this miF™A leading to
T-cell hyper activation, myeloid byperplasia and tomors,
and stem cell exhanston [2, 11, 14, 16). The role of miF-
1486z in the developmental sequence of B-cells is less
undersiood. In young miF-146a deficient mice, B-cell
development appears to proceed normally, but by the
age of six months, lymphoid follicles in the spleen and
other lymphoid tssue demonstrate hyperplasia [9, 28].
Following this phase myeloproliferative disease becomes
the dominant phenotyps and B-cell oumbers drop as the
mice age. Monetheless, aged miF-146a deficient mice
show an increased incidence of B-cell maliznancies.
Interestingly, these tumors show a predilection for the
Iymph nodes, sirndlar to what we have observed here with
Ep-Myc doven tumors.

miF-l48a-deficient Ep-Myc iransgemic mice
develop mature B-cell neoplasms with Ighd andor CD138
expraszion, lesding to 3 higher proportion of ph node
umors and lenkemia in the peripheral blood. There is some
heterogeneity in the proportion of Ep-Myc mice repored
o develop Ighd+ tumors in the literanure [29, 30], bt our
resnles have been consistently in the 20-30% range The
mmmnophenotypic differences, along with concordsnt
gene expressicn changes (ez., Blimpl and Belf), indicate
that miF-1486a deficiency may aler the smge of B-cell
development that is most susceptible to transfonmation
by c-Afye. This is an interesting observation as B-cell
neoplasms in bomans that have increased levels of o-Mje
can also derive from different stages of development (for
example, B-lymphoblastic leukemia, Burkitt's hymphoma,
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Inazal prowth and srowth following 2 hours of semom starvation (o) mdF.- 1482 overexprassion in a nmam DLBCL cell line, SUDHL? resalis
in the repression of TEAFS and EGER]. All comparnisons were mads with T-test for Figure Sc-p, with the following legend: *p < 0.05;
**p < 0005, ***p < 00005, **+*p < L0001,
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DLECL, and plasma cell mysloma) [31-35]. Here, the
expression of 3 miFENA I an experimental model of
Myc-mediated oncogenesis does aler the staze of B-cell
oncogenesis. Although the relevince to bumsn disease
remains fo be established it is interesting to speculate that
miFMA expression may heve an important role in defining
the cellnlar comiposition of lymphoma fom a given driver
fiaii v ler il

Amn important gquestion raised by this sady is whether
the obsemved phenotypes oocur as a consequence of call-
infrinsic or cell-extrinsic mechanizms. The primary furnor
sites showed primanly B-cells, and histologically, the
mmors appearad to be goite bomogeneons. In miF-148a
deficient mice, T-cell activation is thought to ocour as a
comsequence of repeated bouts of subclmical infectfion and
inflammation withont the “recalibrating™ effects of nuk-
1446a expression. We do not think this is a likely cause for
the anzmentation of oncogenesis, since the development
of tumors under specific pathegen free condifions do not
ocour early in life in miR-146a simghy-deficient mice.
Heterozygotes did not show mcreased mortality in the
presence of Ep-Myc, whereas miF-148a heterozyzosity
alome canses inflammatory changes [9]. Hence, it is likely
that increased hunorigenesis n our mice oocurs primarily
a5 4 consequence of B-cell mirinsic mechanisms, However,
we cannot entirely exchade a cell-extminsic process driven
by benign but hyperactivated T-cells. Fonare studies to
address this izsue will include producing B-cell specific
knockonts and knock-ins of miF-144a to study disease
progression, but are beyvond the scope of the owment smdy.

In an affort to forther characterize honorigenesis
in these mice, we undertook gene expression analysis
by high-throughpat sequencing. We have found that a
small set of genes are significantly differentially regulated
berween miF-146a sufficient and deficient Ep-Myc
overall pattern to the differentially regulated gems sef,
the mdividual genes do seem to be important m various
aspects of nrnoripenssis (Supplementary Table 2) [36, 37].
Amongst the differentially regulated genes, many have
roles in oncogenssis and B-cell development. Perhaps
the most mferesting gene to be identified by our analysis
is Egrl a factor Known to promote differentiation in the
hematoppietic lineage. BGR] franscriptionally induces a
range of genes, and the differentially regulated gene sat in
miF-146a deficient mice was enriched for these targets.
Indeed, some of the most differentially regulated genss in
our dataset were previously described targets of EGEL or
putative targets as defined by the presence of ranscription
factor binding sites. Crifically, mil-148a regulates Egrl,
and provides s explanation for the observed phenotypic
differences in the mmors from these mice. However,
we mnst note that direct targeting was only seen with
the buman EGEL 3'UTE, and bence the mechanism of
this regnlation in the mouse may be ndirect. This could
include npon-canonical mechanisms of mBMNA targsting
{such as in the 5 UTE) and/or indirect regulation.
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miF-148a overexpression changes the growth of
mnrine BE-cell lines, snggesting the importance of the
EGE]1-medizted trapscription program in manfaining

growth of thess cells. Notsbly, miR-148a overexpression
also led o the repression of cerfain mBMAs that are

moportant in B-cell differentiztion including Blimp] and
Belf, once apain supporting the notion of miF-146a
playing 3 role in the matration stags of the mmor cells.
of an Egrl mansgens supported the development of
progenitor cells inte mature, Igbd-expressing B-cells
[26]. Interestingly, some of the genes that confain TFBS
for EGE] are also regulated by miF-146a (for example,
Nrpl), suggesting that miF-148a may target several
points in the same pathway dorng B-cell oncogenesis.
Downsream, genes without 3 defined role in B-cell
neoplasms were also identified Prigl is overexpressed
m & wide varety of endocrme and non-endocrine humors,
madnlates fummor invasiveness and recumence in several
gystems, and has fumctions in chromatid separation
and cell cycle progression [38]. Jhy is another gene we
m mice [39]. It will be of zreat interest to study how
mik-14fa deficiency canses differential regulation of
thess novel genes and what their roles are in nommual and
malignant B-lymphopotesis,

Chnar findings also point to the cell-type specific
nature of miFMNA medisted regolation. The targets
uncovered in @ malignant B-cell are different than those
fonnd m an scireated T-cell or & myeloid cell For example,
our findings snggest thar Trgft and frakt, which are highly
imporiant in the elsboration of myeleid phenotypes, may
not be as important in B-cell oncogenesis, partionlarly that
miduced by ¢-Mye, as these genes weare not differentially
regulated in the tomors that we examined (data oot
work in carefully defined phy=sielogical and pathological
gystems fo comprebensively understand nuB A function.

In smmmary, we show that conoarent c-Mje
overexpression coupled with the absence of a bona fide
Tummnor suppressor miBMA leads to more agzressive mmaor
due to a smazll sef of zenes that are regulatsd directly
or indirectly by miB-146a. . Our novel sat of targets
may indicate that miR-148a regulates components of
signaling networks other than the NF-xE inflammatory
pathwsay. Hence, our work opens the door to new areas of
nvestigation in B-cell oncopenecis and miF M A biology.

MATERIALS AND METHODS

Mice

miF-146a-deficient (miR-146a7) mice were
developed as previounsly described [2, 11, 16]. Ep-Myc
mice were purchased from Jackson laboratories and
housed under pathogen free conditions at the University of
California. Los Anzeles [40]. Ep-Myve and milt-1 482 mice



were bred o obtain Ep-Ayrc mik-148a" mice with further
miF-148a~ infercross proeducing Ep-Myc miR-148a~
mice. Mice were monifored for fumors and sacrificed when
they became pre-moribund indicaed by the following
criteria; fmeers larger than 1. 5cm emacistion or sy other
zigms of distress. All mouse smdies were approved by the
UCLA Office of Amimal Besearch Owersight.

Flow cytometry

Elood, bone marmow, splesn, and bymph node tomors
were collected fom the mics under sterile conditions.
Simgle cell suspensions were Iysed n red blood cell Iysis
buffer. Fluorochrome conjugated antbodies against B220,
CD3e, CD11b, Terll9, CD19, Ishi CDED, CD138, CD44,
CO21, CD23, and CDF were nsed for staining (311 antbodies
obiained from Biolegend). Flow cytometry was perfommed
on a4 FACSAna and apalysis performed using FlowTo
sofiware. Dichotomization of fow oytometric measumements
was accomplished by visual inspection of the data and
identification of clusters within the data. These were then
validated by comparison of the mesns and averages of
the two clusters. For CDN 38, this was accomplished by
enpamining the Rean Fluorescence Intensity and determining
that the low expression cluster had 3 mean MFL 1540 £
1306 (W = 30) and 557.6 = TLE7 (N = T) for the high
CDV 38 samples (p <2000001 for this comparison).

Histopathology

Organs were collected after necropsy and fixed in
10#4 neuiral boffered formalin. These were then embedded
in paraffin, processed for hematoxylin and eosin staiming
by the Translational Pathology Core Laboratory at
UCLA Histopathologic analysis was performed by a
board certified bematopathologist (D5 R). The degree of
splenic involvement was scored on a 4-point scale for red
and white polp invelvement. Analysis of dichotomized or
ordinal-type histopathologic data was scoomplished by the
uze of Fisher's Exact Test

Statistical analyzes

Figures are grapbed as mean with the standard
deviztion of the mean (50 for contimicus munerical dam.
Bar graphs are employed to show dichotomized or ordinal-
type histopathologic data. Student’s f~test, Fisher's exact
test, Chi sqnare test, and Faplan-Meier survival analysis
were performed wiing GraphPad Prism software, applied
to each experiment as descrbed in the fizure legends.

ENA-sequencing and analysiz

Total FINA was exfracted from fuoors osing
additional on cohmn DMAse [ digeston Following
isolaton of FINA, cDMNA librares wers boilf using the
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Mnmina{San Diegn, CA) TrueSeq BN A Sample Preparation
kit W2 (BS-122-2001). An Azilent Bioanalyzer was nsed
o determine FIMA quality (RIM = ) prior to sequencing.
FIMA-5Seq libraries were seguenced on an Dhoning HiSeq
2000 (single-end 100bp). Baw sequence files were obtained
nusing Ibomina’s proprietary softwrare and are available at
MICBEI's Gene Bxpression Comibus resource (GEQ Series
accession number GSESTILS; bopo'wnawnchinbm nib
o zea'queryacc .2l Tacc=EFEEAT113) rescumce. BN A-Seq
reads were alipned using STAR v2.3.0[41]. The GRCm3E
assembly (nunl) of the monse senome and the umetion
damabaze fom Ensembl’s gene snnotstion (relesse T1)
were nsed as reference for STAF. The coumt matrix for
genes in Ensembl's zenome annotation (excluding rRMNAs,
Mt rBMAs and Mt tF1As) was generated with HTSeq-
comnt v 54p3 (hiapyiwerw-hober embl defusers/anders/
HT5eq") and nomualized wsing the gepmmeic mean across
samples [42]. DESeq v1.14.0 [42] was used to classify
genes 3z differentially expressed (Benjanumi-Hochberg
adjusted p-vahie < 0.05). Moderate fold changes between
condifions were obtained from varance-stabilized data [42].
Functional anmotation of differentdally expressed genes was
generated fhrough te use of DAVID [36, 37). Hierarchical
gene chistering was performed with GEME-E (hitpo/fwoms.
broadinstinate. org/cancer’sofiware GENE-E. To display
the hexmap, the expression levels were re-scaled so that,
for each gene. the limits of the color scale comespond to

samples.
ECGE] tranzcription factor binding site analy=sis

Publically availsble EMCODE data for EGRIL
Transcripnion Factor Bmding Site ChiP-Seq Unifonm Peak
anaty=is was dovwnleaded from the UCSC Genome Browser
fior the F562, H1-hESC, and GM12ETE cell lines [27]. For
each line, the locations for all BGE.] Transcription Factor
Binding Sites (TFBES) were grouped based on the closest
known gene based using the TESC Main (hg19) cods gene
list The zenes with one or more TFBS wers compared to
the monse (mon ] 0) BMNASeq data set to identify genes that
were differentially expressed in the miF-148a deficient
fumors and alse had at lesst ons EGRI TFBS I close
proximity to the gens (defined &= 3 kb). A Chi-Square test
was performed with one degree of freedom to compare
the relative frequency of EGRI TFBS i the differentially
exprassed dataset (Observed) with the frequency across the
genome (Expected). Only the mouse genes with a lnuman
homolog (tofal of 16288 zenes) were used.

ET-qPCE

FIMA collected from the niarine humnors was Teverse
manscribed nsing gScripr reagent and PerfalCTa SYBER
Green Fasthdix reagent (Cuanta Biosciences) or Taghdan
DblicroPM A Aszzay (Life Technologies). Primer saquences
nused are listed in Supplementary Tabla 1.



Western blot

Tumeor cell suspensions were lysed m BIPA boffer
{Boston BioProducts) supplemented with Halt Protease
and Phosphatase Inhibitor Cocktail (Therme Scientfic).
Egual smoumts of protem lysate {as gquantified by
using bicinchoninic acid prowein asszy, BCA (Thermo
Scentfic)) were elecirophoresed om a 3-12% 505
PAGE and electroblotted onto 3 nirocelluloss membrane.
Antibodies used were c-3WYC Babbit polyclonal (#3402),
EGR1 (44D5) Fabbit monoclonal (all antibodies
from Cell Signaling), and B-Acon [(ACLS) mouwse
monoclonal antibody (Sigma Aldrich). Secondary HEP-
conugated antibodies were paorchased from Santa Cmz

Biotechnology.
MTS azsay

Cell proliferation was measured using the Promess
Cell Titer 86 Aqueous Mon-Fadioactve Cell Proliferation
Aszzay kir. After addition of reagent according to the
mamfaciurer’s protecol, cells were incubated at 37, 5%
C0, for 4 hours and absorbance was measured at 290 mm.

Luciferase assays

A 996-bp sepment of the buman EGRI 3'UTE
containing the mif-146a site was cloned into the pouPGlo
dinal haciferase vector (Promegs). A simnilar cloning strategy
was used to clone marine Egrl 3"UTE. and the Mip2 UTE
{zee Supplementary Table 1. For mutation of the mil-
as previously described usmg the primers shown
Supplementary Table 1 [43]. Co-ransfections wers
performed with Lipofectamime 2000 (Life Technologies)
as per the mamifactrer’s instmactions. Cells were Iysed
afier 24 bours, snbstrate was added and honinescence was
measured on 3 Glomax-bdult Jr (Promega).

Genotyping for miR-146a mice and c-Myc mice

Mice were penotyped for miF-146a deletion and
Ep-Myr presence nsing DNA exmacted from tail samples.
Genotyping for mik-146a deletion was done as described
previoushy [11] Primers are listed in Supplementary Table 1.
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Supplementary Figure 51: miE-146a deficiency camses increased mortality in female Ep-Ayc mice. (a) Tumor-free sumival
omrve of male mice with Ep-Myc oncopene and efther wild-type or homozyveons deficiency of miB-148a (n = 14 for Ep-Myc mif-148a*
n = 1 for Ep-Myc mil-1482: Log-Rank Test, p= 0. 18200 (b} Tumer-free survival curve of female mice with Ey-Myc aoncogens and
either wild-fype or homozygous deficiency of miF-148a {n = 13 for Ep-Myc miB- 1482+, = 12 for Ep-Myr miF-146a~; Lop-rank Test,
p=0.0135). () Tumer-fee sorvival corve of male mice with Ey-Myc oncopene and sither wild-type ar heterozyzous deficeency of miR-
145a (r= 14 for Ep-Myc miR-145a**, n =11 for Ep-Myc miR-146a*; Log-Fank Test, p=10.4218). () Tumor free sarvival curve of femals
mice with Ep-Myc oncogene and either wild-type or beterozygous deficiency of miR-148a (7 = 15 for Ey-Myr miR-146a~, n =15 for
Ep-Myc miR-146x; Log-Fank Test, p = 0.3163).
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Supplementary Figure 52: Blood and bone marrow composition in Ep-Myc animals at the time of death (a—<)
Chanfifation of absolyie mmber of B-cells (a), T-cells (), ad Myeloid cells {c) bazed on CBC and FACS analysic of blood at iime of death
{n=10 Ep-MycmiF-148a**, and n = 10 Ep-Myc miR-146a r-test p = 02719, 00804 and 0.0052 respectively). (d-) Hemoglobin levels,
red blood cell, and platelet counts at time of death (r = 11 Ep-MycmiB-1486a°, and n = & Ep-Myc miB- 1488~ ftest, p=0.5563, 03150
and 016521 respeciively). Percentage of B-cells (), Myeloid (), and Erythredd (i) cells in the hene mamow of mice at time of death {n =
16 Ep-Myve miRt-146a~, and n = 17 Ep-Myc miR-146a- t-test, p=0.1250, 0.5520 and 0.0635 respectiwely).
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Figure S3: Analysis of spleens from Ep-Myc animals deficient for miR-146a. (a) Spleen weights at the
time of death for all animals where data was available (n = 19 Eg-Myc miR-1462% and n = 10 Ey-Myc 1462 r-test, p = 0.7662). (b—<)
Representative hizh power images of paraffin embedded H&E stained tumor samples showing red (top panels), and white (bottom panels)
pulp of splemic tumaors from Ep-Myc animals sufficient or deficient for miR-146a. (d—e, b—i) Representative FACS plots from Ep-Myc
miR-146** and Ey-MycmiR-146a~ spleens stained with B220 and CD3e, or CD11b and Ter119, respectively. (Fg, j-k) Quantitation
of the percentage of B-lymphocytes, T-lymphocytes, Myeloid or Erythroid cells in the spleens of Ep-Myc miR-146a~ and Ep-MycmiR-
1462 mice, based on FACS (n =28, Ey-Myc miR-146a**, and n =19, Eyp-Myc miR-146a~ r-test, p=0.9505, 0.2568, 0.7114, and 0.0600
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Supplementary Fizure 54: Immunophenotypic properties of fumers in mice with heterozveons and homozyzoms
deficiency of miR-146a. (3-d) B-, T-, myeloid, and erythredd cells, respectively, quantitated by FACS in tomers from mice camying
the Eu-Myc oncogens and wild-type or heterozygous for miF-148a (n = M4 for Ey-Myc miF-146a* and n = 28 for Ep-Myc miB- 1442~

rest p= 000704, 05164 and 0.2368, 0.0417 respectively). (&) Fepresentative FACS plots from Ep-Myr 146+~ or Ep-Myc 1462~ homars
stained with CO4 and B220. (f) Quantitation of all mice where data was available for the percent of CD44 positive cells i homars from
Ep-Myc 1462~ or Ep-Myc 1482~ (m=27 Ep-Myc 1462~ and m =17 Ep-Myc 148a; T-Test, p=0.0927). (g) Representative FACS plots
from Ep-Myc 1462~ or Ep-Myc 1462 tumors stamed with CDE0 and B220. (h) Coantstation of all mice where data was available for
the percent of CTM4 positive cells in tomors. from Ep-Myc 1482~ ar Ep-Myc 1442~ (a =17 Ep-Myc 1462 and m = 17 Ep-Myc 1462
T-Teest, p = 000657,
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5 55: i of i ic amd expression features of tomors from female Ep-
up EEmE EXPT

Myc 146a™ mice_ (3-f) Quantitrtion of B22+ (1), CD3e+ (b), IeM+ (<), COEM (d), CD44+ (=) and CD138+ {f) calls from female mica
that camry the Eyp-Myc transgene and are either sufficient or deficient for miR-146a. Omly CDE0 expression is significantly different (T-test,
p=0.0457). Thiz may be due to the redured mmmbers of amimals available for the anahysis (p = 12 Ep-Myc 1462 and m = 12 Ep-Myc
148a+). (g—) FT-gPCE. amalyses of B-cell mafuration asspciated transcmpts from female mice that camy the Ep-Myc transzene and are
gither sufficient or deficient for miR-145a. All compansons showed a stabistically signficant diffevence (p < (05 for all comparnisons
betwean the mice; m = 7 Ep-Myc 1462 and » = @ Ep-Myc 1462, fh—lJRI—qPCRmJyBEungrlmdmmEgrlmhmi
transeTipts from femals mice that carmy the Ep-Myc transgene and are either sufficient or deficient for mil-146a. All c

a statisfically siznificant difference (p < .05 for all conparisons betwesn the mice; n = 7 Ep-Myc 1462 and m= PE_LLH)':HEE"']
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Suopplementary Fipare 56: High thronghput analyses for EGE1 TFBES and demonstration of a novel miR-146a tarzet,
MNrp2. (a) Plot showing the mumbers of genes that were differentially regulated in miR-146a deficient tumors that hawe EGR] binding sites
in the three different cell lines. Worte that the K542 cell line had the highest number of binding sites. The cell lines displayed a wide range
in the tetal mumber of EGR] mansoiption factor binding sites (TFBS). The K562 cell line had a fofal of 35,367 sites representing 12,741
genes, the GMI2ETE line had 16,530 sites representing 9,170 genes, and the H1-hESC line had only 8, 818 sites representing §,349 penes.
There exists a wide mnge in the total nomber of EGR] TFBS sites as well as the total genes with EGR binding sites. In the F562 call line,
2% of total profein coding penes are putatively regolated by EGR]. In the H1-hESC line 31% of genes hawe EGRI TFBS and in GMI287E
line 45% of zenes have EGER] TFBS sites. When all thres cell lines are combined, there are a tofal of 61071 sies representing 13 044
nmigue genes. (b} Intersection of differentially regulated genss from the BNA-Seq datasset overlaid with the genes contaiming EGER1 TFBS
obiained from ChIP-52q data of the thres different cell lines. {c) Prgd is a differentially repulated gens m milt-146a deficient tomors.
is found on chromosome 5 and has EGR transcription factor binding sites based on the reanalyzed ChiP-Seq data presented abowe. (d)
Schematic representation of homan and meouse Egrl pene showing the miB-148a binding site in the 3TTE () Schematic represenfation
of buman and mouse Nrp? gene showing the mif-148a binding site in the 3TITE. (f) FT-gPCE anatysiz of Nrp in T0Z/3 cell lines esther
expressing MGP or MGP-miR-144a vector {*test, p = 0.0148). (g) Westem blot amalysis for NEPD affer mif-148a shows reduction in
the profein levels in 70Z3 cells when compared fo the reference pene actin (opper pansl: Mrp2 and lower panel, B-actin). Shown below
are fold repression compated using Imaze] software. (k) Lociferase assays showing repression seen with MGP/mil-144a co-tansfection
relative to MGP alone for sach of the UTEs depicted Each measurement is representative of firefly Ioriferase normalized to renilla
haciferaze, and was performed n duplicate, with the experiment was repeated at least three times (T-test; Taf§ v Vecter, p < 0.0001; Mipl
ﬁmp 0.0005; Nrp2 vs. nutant Nrpl, p=0.033). (). ET-qPCR analyses of Blinp] and Bel6 in 70273 and WEHI-231 cells that

miF-146a All compansons showed statistically significant downregulation of these genes in miR- 145 overexpressmz
cﬂthE["‘_r{i}.DS g = 0005).
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Supplementary Table 51: RT-gPCR primers and genotyping primers used. Listed are the pnmers
used for ENAseq data validation, genotyping nuR.-146a and Ep-Myc allele, and cloning. 5’ P* indicates
phosphorylated 5" end

ET-qPFCE primers Dhirection Sequence
Thy FOW 5 GETGCCGGCAGGATGAATA S 3
BEEW 5 AAGTTGGTGTGATGGACGEHS 3
Cacmalh FOW S ATGCTIGGEAACGTGCTTCTT 3
BREWV 5 GICTGGTAGTATGCCGCAA 3°
CamkTh FOW 5 TGGTGGAACAAGCCAAGAGTTIT 3'
BREWV 5 GAGGGAGAGATCCTTTGGES 3
hfyol8h FOW 5 AGAACAATGGAGTCCGCTGS 3°
BEEW 5 GCTGGCTGTGGATCTTICTGT 37
Pit=l FOW S COCTCCAACCAAAACAGCC 3
BREW 5 TCCCTTACCAGATTCCCATGAT 3°
Axl FOW 5 GTGGTTTCCAGACAACCTACS 3
BREWV 5 CGGATGTGATACGGGGTGTG 3
Ezrl FOW 5 TIGTGGCCTGAACCCCTTTIT 3
EEW 5 AGATGGEACTGCTGTOGTTG 3°
Deaf FOW 5 GAAGGGGCAGAGTCAGTTICC 3
BREW 5 GITITICTGOCGGEAGCTTGS 3
Hap2 FOW 5 GCTGGCTACATCACTICCCC 3°
BREWV 5 CAATCCACTCACAGTTICTGGTG 3"
Dax3 FOW 5 ACCCAATGTCATCACTTGGAAC 3
EEW 5 CCTCTTGCACCCTAGTCAGET 3
hfafh FOW STGEATGGOGAGCAACTACCY'
BEEW SOCAGETCATCGTGAGTCACAS
Hrda FOW STIGAGTTCGGCAAGOCTACCS!
BEEW SGETGTACCCGTOCATGAAGGETGS”
Clga FOW SAMAAGGCAATCCAGGCAATATCAS
BREWV STGGETICTGGTATGEACTCTC "
Bl FOW SOCGGCACGCTAGTGATGTTY”
BEEW STGTCTTATGGGCTCTAAACTGETS”
=D FOW SCTTAGCTGOOGAGAGGGATGS!
BEEW SACACTGTGCTCGAAGETGTTS
L= FOW S AACATTGCTGGCAGGGGTAGS”
BREWV SACCAGAGGTIGTCCCTCCTTS
CoH3 FOW S'GACCCACTTCCTTTCOCCCCTS!
BREWV S'CGTACCCAGCAAGATCATACCCS
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ET-gPFCE primers Drirection Seqoence
Bl FOW S'CCGGCACGCTAGTGATGTTI”
REW STGTCTTATGEFGCTCTAAACTGOTS”
Blimpl FOW STICTCTIGGEAAAAACGTETGHE3"
BREW S'GEAGCCGEAGCTAGACTTGS!
Traft FOW S'GCACAAGTGCCCAGTTGACS
BREW STECAAAATTGTCGHAA ACAGTS”
EGE.1 FOW S'GETCAGTGGUCTAGTGAGTS'
BREW SGTGOOGCTGAGTAAATGHEAS
- - 1446 5 UGAGAACTIGA ATNICCAUGEEIT 3°
Cloning primers
Ezrl CDS FOW S AGCTAGA-AGATCT-TTCTOCAGCTCGCTGETOCS”
BREW SAGCATCT-CTOGAG-TTCCTGCCTCTCOCCTT TG TS
Ezrl-3-UTR FOW STAATCTGGT TTAAACGAGCTCTGEAAGATCTCAGAGOCAAGS!
BEV STCEHAE['EGCTGCAGGLTCGAGGAACTTCATGTI[WEAIAC
AJAAMAS
Ezrl-3"UTE-Muotamt | FOW SP*ATGTCCACTGEACTGTCACCTCY'
REW SPGECTGTTTCAGGCAGCTGA AGS”
EGE.1-3-UTE. FOW STAATCTGET TTAAACGAGCTOGAGGAGATGECOCATAGHAGA 3"
BREW STOGAATC-CCTGCAGGCTOGAGTACAA A AATCGOCGOCTACTS!
EGE1-3-UTE-Mutant | FOW SP*CATGEAGCTGEACTGEAGOCAAS
BEEW SP*TGACCTAAGAGEAACCCTCCS”
HMip2-3"-UTR FOW STAATCTGGTTTAAACGAGCTCACTGTGGTGGOCA AGTGA AT
REW STOGAATCOCTGCAGGCTCGAGCAGCACTGAGTCCCACGTTAS
Hip2-3"-UTR-Mutant | FOW SP*ACCCTTGCTGGACTGTGTATCTS'
BREW SPGUGACACACACACACACACAT”
Traf§-3-UTE FOW STAATCTGGTTTAAAGAGCTCTGAA AATCACCACTGCCTGTY
REW STOGAATCOCTGCAGECTOGAGGEATCCCOCTCTGCTTCOCTTAS”
Traf§-3-UTE-Mutant | FOW SP*GETGTTIGCTGEACTGTTTAGTTS”
BEEW SP*AGAGOGGTAACTTICTCTACTGS'
Bcls-3"-UTE FOW STAATCTG- GTTTAAAC-GAGCTC-CCAGOCCCTTCTCAGAATCS”
REW STOGAATC-CCTGCAGG-CTCOGAG CAACGCACTAATGCAGTTTAGAY”
Genofyping primers
miF-146a WT FOW 5 CTTGEACCAGCAGTCCTCTIGATGCACCTT 3
mif-146a KO FOW 5 ATOGOGGOCGCTTTAAGTGTAGAGAGEGGETCAAGTA 3°
BREW S ATTGCTCAGOGGTGCTGTCCATCTGCACGA 3°
Ep-Myc FOW 5 ACCCAGGCTAAGAAGGCAAT 3
BREW 5 GCTCOGEGGTGTAAACAGTA S

161



www.impactjournals. com f oncotarget/ Oncotarget, Supplementary Materials 2015

Supplementary Table 52: Functional annotation results for gene expression data from miR-146a
deficient tumors. Genes that were differentially expressed between tumors from Ep-Mye 146a™ and
for Ep-Myc 146a~ were used as the mput in the DAVID Functional Annotation Tool for Functional
Amnnotation Analysis. Listed are keywords associated with subgroups of genes.

Term Count L P-Value
disulfide bomd a7 28 51063483 4.68E-11
sigmal T4 31 4893617 1 45E-10
Secreted 47 20 2 36E-10
glycoprotein 79 3361702128 1.03E-D8
inmate IMmnnity 11 4 680851064 1. E2E-08
complement patraray 7 20T7ETI304 4 B0E-O7
ImIIme Fespomse 12 5.106382079 1 23E03
collagen 8 3404255319 6.11E-03
ransmembrane protein 15 G.3B20TETII 1 35E44
inflammatory response 7 20TETIHS JIIE4
Growth factor binding 4 1. 702 12 Tt G.6TE-04
chemaotatis 1] 2553101480 B 23E04
Immmmoglobulin domsin 15 6382078723 B 25E04
inflammation 4 1. 70212766 Q_TOE04
exiracellulsr matrix 10 42355319140 O 00E-04
gpi-anchor 7 20TETIHS 0003568206
cell adhesion 12 5.106382070 0005673807
bydroxylation 5 2127630574 0.O0G0ZE0TE
thislester bomd 3 1276305745 0007127014
immumeglobuolin ¢ region 3 1276305745 0007127014
sulfatiom 4 1.702 12Tt 0007435723
phosphoprotein 03 39 57446800 0007720082
ATP 7 20TETI304 0009174195
membrane &1 34446808511 001549583
Fatty acid biosynthesis 4 1. 702 12 Tt 001701409
cell membrane 31 1319148036 0018684046
UMY SOPpTessor 5 2127650574 0020455856
calmodulin-binding 5 2127630574 0.033800063
th3 domain T 20T7ETI3404 0.034520031
uhl conjugzation 12 5.106382079 0047435024
lipoprotein 13 5.531014804 0047618200
duplicaticn 5 2127650574 0054000645
cxidoreductase 12 5. 106382070 0.O77770078
(Continued)
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Animal  Genotype Gender Bclf Blimpl CD43 IeM I=D
2772 ko £ 6.066195 1.687667 | 2903511 0311407 1.574364
1958 ko f 0.133845 | 0609388 | 0570343 | 0496057 | 0051101
2320 ko m 0043995 | 0332472 | 0113839 | 0673455 | 0321443
2581 ko m 0044904 | 0251925 | 0063658 | 0500618 | 0180218
2590 ko £ 0.002365 | 0496068 | 0.172707 0.88351 0.284531
2843 ko m 0203623 | 0472634 | 0582602 1.103613 | 0227785
2049 ko £ 1158255 | 0482188 | 0521204 0.36023 0.031063
2589 ko m 0070043 | 0372083 | 0223328 | 0789975 | 0.045540
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