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ABSTRACT OF THE DISSERTATION 

 

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

 

by 

 

Norma Iris Rodríguez-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 (lncRNAs), in particular, have deep implications for both 

development and oncogenesis. Dysregulated expression of lncRNAs 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 lncRNA expression in samples with particular cytogenetic 

abnormalities. We determined that lncRNA expression could discriminate between B-ALL with 

specific karyotype abnormalities as well as, predict patient survival. Two promising lncRNAs 

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 

lncRNAs BALR-2 and BALR-6 in MLL translocated B-ALL.  
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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 lncRNA 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 lncRNAs in B-ALL. 
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Abstract 

Recent years have witnessed the discovery of several classes of non-coding RNAs 

(ncRNAs), 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 (lncRNAs) 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 lncRNAs in hematopoietic development. Dysregulation of 

lncRNA expression is a feature of various diseases and cancers, and is also seen in 

hematopoietic malignancies. This article focuses on lncRNAs 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 
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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 (lncRNAs) 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 II or III, 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 lncRNAs 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 lncRNAs can also produce small biologically active peptides, and 

the notation of such loci as “non-coding” can therefore be debated [17]. Nonetheless, a variety 
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of non-coding functions can be ascribed to the majority of lncRNAs; some can serve as sponges 

competing for microRNAs, and some even harbor microRNAs within their transcripts (Figure 1F) 

[35-37]. The fact that lncRNAs are intrinsically involved with a diverse array of cellular 

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

in particular. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Schematic of lncRNA 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 lncRNAs and STAU proteins. C) lncRNAs 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 lncRNAs. E) Alternative 

mRNA splicing modulated by lncRNAs that regulate SR splicing factor phosphorylation. F) lncRNAs can 

act as competitive endogenous RNA (ceRNA) by binding to target microRNAs. 
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Indeed, several recent studies have revealed that lncRNAs 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 lncRNA, H19, is involved in 

maternal imprinting, and was one of the first lncRNAs described to function in adult HSC 

quiescence. H19 is highly expressed in long-term HSCs, with gradual downregulation in short-

term HSCs. This transcript promotes HSC quiescence by regulating the Igf2-Igf1r pathway [38]. 

Thymic (T-lymphocyte) specific lncRNAs 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 lncRNA 

(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, lncRNAs 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 
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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 lncRNAs 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 lncRNAs 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. 
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Table 1: lncRNAs implicated in hematopoietic malignancies 

Disease Name 
Cellular 

function 
Pathways 

Role in hematopoietic 

malignancies 
References 

 XIST Chromatin remodeling, imprinting X chromosome inactivation Tumor suppressor [45, 46] 

MDS MEG3 
Transcriptional regulation, protein 

scaffold 

PRC2 scaffold 

p53 binding enhancer 

Unknown, possibly tumor 

suppressor 

[16, 47, 48] 

 BGL3 Competitive endogenous RNA 
PTEN and γ-globin expression 

regulation 
Tumor suppressor 

[49] 

MPN 

(CML) 
H19 

Transcriptional regulation, miR-

675 precursor 

Maternal imprinting 

Rb regulation 
Tumor suppressor/Oncogene 

[36, 50-53] 

 XIST Chromatin remodeling, imprinting X chromosome inactivation Tumor suppressor [45, 46] 

 ANRIL 
Transcriptional regulation, protein 

scaffold 
PRC1 and PRC2 scaffold Oncogene 

[54-56] 

 MEG3 
Transcriptional regulation, protein 

scaffold 

PRC2 scaffold 

p53 binding enhancer 

Unknown, possibly tumor 

suppressor 

[16, 47, 48] 

 H19 
Transcriptional regulation, miR-

675 precursor 

Maternal imprinting 

HSC quiescence 

Unknown, possibly tumor 

suppressor 

[51] 

 BIC miR-155 precursor 
Interleukin-1 signaling 

B cell activation 
Oncogene 

[46, 57, 58] 

 IRAIN Spatial conformation of chromatin, 
enhancer 

IGF1R expression 
Unknown, possibly tumor 

suppressor 

[59, 60] 

AML UCA1 
mRNA stability, translational 

regulation 
p21kip1 expression Oncogene 

[61-63] 

 CRNDE 
Chromatin remodeling, protein 

scaffold 
PRC2 and COREST scaffold Oncogene 

[64-67] 

 WT1-AS Unknown Possibly WT1 regulation Unknown [61, 68] 

 vtRNA2-1 aka nc886, miR-886 precursor PKR regulator 
Unknown, possibly tumor 

suppressor 

[69, 70] 

 HOTAIR Transcriptional repressor PRC2 scaffold Oncogene [71, 72] 

 PVT-1 
Competitive endogenous RNA, 

protein stability 

miR-200 sponge 

MYC regulator 
Unknown, possibly oncogenic 

[61, 73] 

 MONC 
miR-99a precursor, unknown as 

lncRNA 

Cellular proliferation and 

differentiation 
Oncogene 

[74] 

 MIR100HG 
miR-100 precursor, unknown as 

lncRNA 

Cellular proliferation and 

differentiation 
Oncogene 

[74] 

 ANRIL Transcriptional regulation PRC1 and PRC2 scaffold Oncogene [54-56, 75, 76] 

ALL BALR-2 Unknown 
Glucocorticoid response 

pathway 
Oncogene 

[22] 

 WT1-AS Unknown Possibly WT1 regulation Unknown [68] 
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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 5q- 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 5q- 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 MEG3, 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 
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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 lncRNAs in the normal development of bone marrow progenitors and 

demonstrate, in vivo, the pathological effects of deletion of a lncRNA. 

Maternally expressed 3 (MEG3) is a myeloid related lncRNA that has been implicated in 

multiple human malignancies [91]. MEG3 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 
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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 

lncRNA 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 

lncRNAs playing some role in MDS pathogenesis. Global profiling studies of lncRNA 

expression, and/or reanalysis of existing datasets with standardized algorithms designed to 

identify known and novel lncRNAs, 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 lncRNAs 

are a part of the BCR-ABL-driven gene expression program.  

Recently, Guo et al carried out a comprehensive study of lncRNA transcripts in human 

CML cells [49]. Specifically, they used a lncRNA cDNA microarray to identify dysregulated 

transcripts in K562 cell lines transduced with BCR-ABL shRNA or luciferase shRNA. The 

analysis revealed that 338 lncRNAs were upregulated and 108 were downregulated after 

knockdown of BCR-ABL. Among the most significantly dysregulated lncRNAs was Beta Globin 
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Locus 3 (BGL3), which may play a role in regulating γ-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 lncRNA is involved in CML progression [49]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

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 Dlkl 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 Igf1r [53]. Thus H19 acts as a 

lncRNA or a microRNA precursor in different cellular processes [36]. Bock et al examined 

expression levels of this lncRNA 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). qRT-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 lncRNA 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 

lncRNA expression in CN-AML patients to determine any correlations with known mutations. 

Indeed, lncRNA 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) lncRNA. It has been shown that 

PVT1 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 lncRNAs in the CEBPA mutated 

cases was urothelial cancer associated 1 (UCA1), the role of which in AML has been recently 

studied [61, 62].  

UCA1 lncRNA 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 lncRNA can cause chemoresistance in bladder cancer by upregulating the 

Wnt 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 lncRNAs 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. UCA1 maintained 

proliferation in AML cells by repressing p27kip1 (Figure 4). This function appeared to be 

dependent on interfering with the function of hnRNP1, which normally facilitates translation of 

p27kip1. Cases with biallelic CEBPA mutations demonstrated an increase in UCA1 expression, 

further supporting the idea that UCA1 expression depends on mutant CEBPA. Taken together, 

these data suggest that UCA1 acts as an oncogenic lncRNA in CN-AML [62]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: UCA1 represses p27
kip1

 in CN-AML. hnRNP1 normally facilitates the translation of the tumor 

suppressor p27
kip1

. UCA1 interacts with hnRNP1, which results in translational suppression of p27
kip1

.  

Mutation of CEBPA in AML results in elevated UCA1 and decreased p27
kip1

 expression. 
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Another recent addition to the AML-related lncRNA profile is the antisense non-coding 

RNA in the INK4 locus (ANRIL), a polyadenylated cell-cycle related lncRNA 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 lncRNA 

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 lncRNAs is HOX transcript antisense RNA (HOTAIR). This 

lncRNA 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 lncRNA 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 lncRNAs, MONC 

(also known as MIR199AHG) and MIR100HG [123]. The roles of these two lncRNAs 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 lncRNA 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 

miRNA clusters that they harbor [74]. Together, these studies demonstrate functional roles for 

several lncRNAs in AML and highlight a variety of cellular functions for these lncRNAs.  
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Figure 5: ANRIL represses cell cycle inhibitors in B-ALL. ANRIL recruits PRC2 to the p15
INK4b 

locus, 

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

ANRIL is upregulated, exacerbating the repression at the p15
INK4b 

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 lncRNAs 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 lncRNA expression study on MLL-rearranged (MLL-r) ALL patient samples [23]. They 

identified 111 lncRNAs 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 MEIS1. 

Functional studies with siRNAs demonstrated that particular lncRNAs could affect cellular 

proliferation and apoptosis. 

Fernando et al expanded the scope of lncRNAs 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 lncRNA expression correlated with the specific cytogenetic abnormalities. This 

karyotype discrimination was confirmed by qRT-PCR of four transcripts, termed B-ALL 

associated long RNAs (BALRs). Amongst these lncRNAs, 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 lncRNA, 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 lncRNA, in particular, regulating 

the expression of p15INK4b and p16INK4a cell cycle inhibitors (Figure 5) [54, 55]. Iacobucci 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 lncRNA 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 lncRNAs, as well as their involvement in various physiological 

and pathological processes. This review has focused mainly on the importance of a select few 

lncRNAs 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 lncRNA 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 lncRNA alterations 

during malignant hematopoietic development. In this vein, it will be extremely important to 

facilitate the development and implementation of bioinformatics pipelines to standardize lncRNA 

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 lncRNAs 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 lncRNAs 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 lncRNA seems to be an important predictor of function. The 

majority of lncRNAs that function as modifiers of transcriptional and epigenetic mechanisms 

seem to be localized to the nucleus. Cytoplasmic lncRNAs 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 lncRNA expression to a particular dysregulated 

transcription factor will help characterize upstream regulatory mechanisms and help develop an 

integrated picture of lncRNA function. 

Future areas of clinical development include prospective trials to validate the use of 

lncRNAs 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 

lncRNAs, it may be possible to perform qRT-PCR to characterize expression levels. In addition 

to the diagnostic/prognostic area, it would seem that lncRNAs 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 lncRNAs. Improvements in delivery 

technologies promise to pave the way for lncRNA-interfering therapeutics as a novel method of 

fighting hematopoietic malignancies in the future. 
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Abstract 

Background: A new class of non-coding RNAs, known as long non-coding RNAs 

(lncRNAs), has been recently described. These lncRNAs are implicated to play pivotal roles in 

various molecular processes, including development and oncogenesis. Gene expression 

profiling of human B-ALL samples showed differential lncRNA expression in samples with 

particular cytogenetic abnormalities. One of the most promising lncRNAs 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 lncRNA BALR-6 in promoting cell 

survival in B-ALL. Furthermore, this lncRNA 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 (lncRNAs), which have distinct chromatin 

signatures and epigenetic marks, designating them as unique structures that are conserved in 

mammals [2, 3]. More recently, comparison of lncRNA 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 lncRNAs 

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 lncRNAs, as new functions are being 

discovered in other cellular processes [8, 9]. As might be expected considering their roles in 

critical cellular functions, lncRNAs have been found to be dysregulated in cancer, with functional 

roles in oncogenesis described for a handful of lncRNAs 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 lncRNAs in B-

ALL and analyzed the association of lncRNA expression with clinicopathologic parameters. Our 

study showed differential lncRNA expression in samples with particular cytogenetic 

abnormalities [16]. One of the lncRNAs 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 modifications 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 lncRNA 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, qPCR 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 lncRNA. (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. 



76 
 

Results 

BALR-6 knockdown inhibits proliferation of human B-ALL cell lines 

To comprehensively study the function for this novel lncRNA, 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, siRNAs 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-G0 cells 

and a decrease in all other cell stages, consistent with increased apoptosis and decreased flux 

through the cell cycle (Figure 2I). 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 qRT-PCR. Normalized to ACTIN. 
(B) Quantitation of BALR-6 expression in human B-ALL cell lines by qRT-PCR confirming elevated levels 
in MLL translocated cell lines RS4;11, and MV(411). Normalized to ACTIN. (C) RS4;11 cell lines treated 
with 1µM, and 2µM of I-BET151 inhibitor for 36 hours, presented a decrease in BALR-6 expression levels. 
Normalized to ACTIN. (D) qRT-PCR quantification of BALR-6 in RS4;11 and Reh cell lines transduced 
with vector control, siRNA1, 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. (I) Propidium iodide staining of RS4;11 knockdown cell lines 
showed an increase in Sub-G0 and a decrease in G0-G1, S, and G2-M cells. Representative histogram of 
I 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-G0 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) qRT-PCR quantitation of BALR-6 isoform expression in Nalm-6 human pre B-ALL cell line. 
Normalized to ACTIN. (B) qRT-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-G0 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 CD3ε+ 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, qRT-

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-Sca1+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-Sca1loc-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.   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
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. ISO3, Isoform 3; HSC, hematopoietic stem cell; LMPP, lymphoid primed multipotent 
progenitor; LSK, lineage- Sca1+ 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 lncRNAs 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 

siRNA 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). qRT-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 GLAD4U, 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 CREB1 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.  

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
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 
CREB1 (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 qRT-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 lncRNAs has revolutionized how we think about gene expression. The 

genomic organization of many lncRNAs is indeed complex. Some are found in regions 

overlapping with protein coding genes, while others that are exclusively intergenic [2, 4].  Some 

lncRNAs contain microRNAs within either their exonic or intronic sequence [34, 35]. Here, we 

have characterized several isoforms of a lncRNA 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 lncRNA that was 

discovered as being overexpressed in MLL-translocated B-ALL. In some ways, BALR-6 shows 

some similarities with the other lncRNA we studied, BALR-2 [16]. Indeed, knockdown of both 

lncRNAs 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 lncRNAs may be contributing to the poor clinical behavior 

of an aggressive cytogenetic subtype of B-ALL [17]. However, there are important differences 

between these lncRNAs— 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 lncRNA 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 lncRNA 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 lncRNAs 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]. CREB1 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 lncRNA, 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 XhoI 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 

XhoI sites, as described previously, and into a pHAGE6-UBC-ZsGreen-CMV-LNC (P6UZCL) 

variant of the third generation lentiviral vector system, between the NotI 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 37oC 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 lncRNAs, 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 10^5 cells were spin-infected at 30oC for 

90 minutes in the presence polybrene (4 μg/mL). Transduced cell lines were sorted for high 

green expression using a BD FACSAriaII 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 X106 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 µl 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 (TCI 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 PI 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, Isoform1 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. 

 



92 
 

qRT-PCR and PCR 

RNA from cell lines was reverse transcribed using qScript (Quantas Biosciences). Real Time 

quantitative 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 37oC or 42oC 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/hg19 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 



93 
 

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 AnaLysis 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 

GLAD4U. 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.  

 

 

 

http://bioinfo.vanderbilt.edu/webgestalt/


94 
 

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 30oC for 90 minutes in the presence polybrene (4 μg/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 4oC, 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+lin- (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 lymphoid progenitor; LMPP, lymphoid primed 

multipotent progenitor; LSK, lineage- Sca1+ 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; ISO2, 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) 70Z/3 cells overexpressing BALR-6 Isoform 3 had fewer apoptotic cells at basal 
level, as analyzed by AnnexinV staining. (I) 70Z/3 cells stably transduced with BALR-6 Isoform 3, resulted 
in reduction of apoptosis upon treatment with 250 µg/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 µg/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; ISO3, 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 qRT-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 LSca

lo
c-Kit

lo
 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. ISO3, 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-qPCR primers 

BALR-6 

Set 1 

FOW 5' CGTGTGCTGGGGAAGGCACTG 3' 

REV 5' CCAGGCTCAGAGCAACACAGGGA 3' 

BALR-6 

Set 2 

FOW 5' GATCACTTTGATTGCCATGTGGA 3' 

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' 

Sp1 FOW 5' AGGGTCCGAGTCAGTCAGG 3' 

REV 5' CTCGCTGCCATTGGTACTGTT 3' 

Creb1 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 

NotI site-1 FOW 5'ATGGGCTTAGCTGCGGCCGCTTTCTTCATACTATCCAGAGCTCCA
AA3' 

BamHI site-1 REV 5'ATGGCAATTATCGGATCCTTTTTTTTTTTTCGAAAAAATTTCTTTTA
TTGAGATGCT3' 

NotI site-2 FOW 5'ATGGCA ATTGCGGCCGCCCACGCGTCCGGGACTGAGCA 3' 

BamHI site-2 REV 5'ATGGGCTGATGATCATTTTTTTTTGGTTCATAGAAAGTATTTTCTTC
TAGAGTCTC3' 

Cloning primers for MSCV 

HindIII_eGFP FOW 5'ATGGGCTTAGCTAAGCTTATGGTGAGCAAGGGCGAGGAGC3' 

DraIII_eGFP REV 5'ATGGCAATTATCCACCTGGTGTTTACTTGTACAGCTCGTCCATGC
CGA3' 

BclI_BglII site FOW 5' ATGGGCTGAGGATCTCCACGCGTCCGGGACTGAGCA 3' 

XhoI site-1 REV 5'ATGGCAATTCTCGAGTTTTTTTTTGGTTCATAGAAAGTATTTTCTTC
TAGAGTCTC3' 

BamHI_BglII site FOW 5'ATGGGCTTAGCTGGATCCTTTCTTCATACTATCCAGAGCTCCAAA3
' 

XhoI site-2 REV 5'ATGGCAATTATCCTCGAGTTTTTTTTTTTTCGAAAAAATTTCTTTTA
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 5'TTTCTTCATACTATCCAGAGCTCCAAACTTTGTAGGAAGCCAGAA
GCGTCTCCTTTGTTGAACAGTGCCAAAATAGCAGCTCTATCCTTTC
CTCTCTCCTCTTTCTGATTCCAGTCAATATGTGTTATGGAGTCTGTG
GTCTCCACAAGGCCTTGGGATAGGCATCCAAAGGAAGATCACTTTG
ATTGCCATGTGGAGAGTGAACTGTGGGAGGACCCCAGTGGAGGCA
GGAAGACTAAACCAGAAGACAGTCACAGTAGTCCAGATAAGAGATG
CATATGTTATCAATCGCCATGTGAAGAAGATGCTTGCTTCCCCTTTG
CCTTCTGCCATGATTGTGAGTTTCGCGAGGCCTCCACAGCCATGCT
TCCTGTACTGCAGAACTGTGAGTCAATTAAACCTCTTTTCTTCATAA
ATTACCCAGTCTCTGGTAGTTCTTTATAGCAGTGCAAGATGGACTAA
TACACCACCTAAGTGATGTATTTGTTGCTCCAGCTCTATATATACCT
AATTTGTACATCACCTGGGACCTTGCTTTTCTTTGAGTTAAATGATT
TTATATGTTAACTACTCTACTTTAATGATCACAATTTATCATATACTTT
TTCAGCATCTCAATAAAAGAAATTTTTTCGAAA3' 

Isoform-3 5'TTTCTTCATACTATCCAGAGCTCCAAACTTTGTAGGAAGCCAGAA
GCGTCTCCTTTGTTGAACAGTGCCAAAATAGCAGCTCTGAAGATCA
CTTTGATTGCCATGTGGAGAGTGAACTGTGGGAGGACCCCAGTGG
AGGCAGGAAGACTAAACCAGAAGACAGTCACAGTAGTCCAGATAA
GAGATGCATATGTTATCAATCGCCATGTGAAGAAGATGCTTGCTTC
CCCTTTGCCTTCTGCCATGATTGTGAGTTTCGCGAGGCCTCCACAG
CCATGCTTCCTGTACTGCAGAACTGTGAGTCAATTAAACCTCTTTTC
TTCATAAATTACCCAGTCTCTGGTAGTTCTTTATAGCAGTGCAAGAT
GGACTAATACACCACCTAAGTGATGTATTTGTTGCTCCAGCTCTATA
TATACCTAATTTGTACATCACCTGGGACCTTGCTTTTCTTTGAGTTA
AATGATTTTATATGTTAACTACTCTACTTTAATGATCACAATTTATCA
TATACTTTTTCAGCATCTCAATAAAAGAAATTTTTTCGAAA3' 
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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 

Sca1 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, Ter119, TCR beta, TCR gamma-delta 

Streptavidin eFluor 450 (pacific Blue) 

Population Defined markers 

HSC Lin- CD117 hi Sca1 hi CD150++ 

LMPP  Lin- CD117 hi Sca1 hi CD135+ CD127- 

CLP Lin- CD117 lo Sca1 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- 

E and F B220+ IgM+ 

 

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

 



105 
 

References 

 

1. Kapranov P, Cheng J, Dike S, Nix DA, Duttagupta R, Willingham AT, Stadler PF, Hertel 

J, Hackermuller J, Hofacker IL, et al: RNA maps reveal new RNA classes and a possible 

function for pervasive transcription. Science 2007, 316:1484-1488. 

2. Guttman M, Amit I, Garber M, French C, Lin MF, Feldser D, Huarte M, Zuk O, Carey 

BW, Cassady JP, et al: Chromatin signature reveals over a thousand highly conserved large 

non-coding RNAs in mammals. Nature 2009, 458:223-227. 

3. Niazi F, Valadkhan S: Computational analysis of functional long noncoding RNAs 

reveals lack of peptide-coding capacity and parallels with 3' UTRs. RNA 2012, 18:825-843. 

4. Ulitsky I, Shkumatava A, Jan CH, Sive H, Bartel DP: Conserved function of lincRNAs in 

vertebrate embryonic development despite rapid sequence evolution. Cell 2011, 147:1537-

1550. 

5. Rinn JL, Kertesz M, Wang JK, Squazzo SL, Xu X, Brugmann SA, Goodnough LH, Helms 

JA, Farnham PJ, Segal E, Chang HY: Functional demarcation of active and silent chromatin 

domains in human HOX loci by noncoding RNAs. Cell 2007, 129:1311-1323. 

6. Tripathi V, Ellis JD, Shen Z, Song DY, Pan Q, Watt AT, Freier SM, Bennett CF, Sharma 

A, Bubulya PA, et al: The nuclear-retained noncoding RNA MALAT1 regulates alternative 

splicing by modulating SR splicing factor phosphorylation. Mol Cell 2010, 39:925-938. 

7. Cesana M, Cacchiarelli D, Legnini I, Santini T, Sthandier O, Chinappi M, Tramontano A, 

Bozzoni I: A long noncoding RNA controls muscle differentiation by functioning as a competing 

endogenous RNA. Cell 2011, 147:358-369. 

8. Carrieri C, Cimatti L, Biagioli M, Beugnet A, Zucchelli S, Fedele S, Pesce E, Ferrer I, 

Collavin L, Santoro C, et al: Long non-coding antisense RNA controls Uchl1 translation through 

an embedded SINEB2 repeat. Nature 2012, 491:454-457. 



106 
 

9. Gong C, Maquat LE: lncRNAs transactivate STAU1-mediated mRNA decay by duplexing 

with 3' UTRs via Alu elements. Nature 2011, 470:284-288. 

10. Gupta RA, Shah N, Wang KC, Kim J, Horlings HM, Wong DJ, Tsai MC, Hung T, Argani 

P, Rinn JL, et al: Long non-coding RNA HOTAIR reprograms chromatin state to promote cancer 

metastasis. Nature 2010, 464:1071-1076. 

11. Prensner JR, Iyer MK, Balbin OA, Dhanasekaran SM, Cao Q, Brenner JC, Laxman B, 

Asangani IA, Grasso CS, Kominsky HD, et al: Transcriptome sequencing across a prostate 

cancer cohort identifies PCAT-1, an unannotated lincRNA implicated in disease progression. 

Nat Biotechnol 2011, 29:742-749. 

12. Gutschner T, Hammerle M, Eissmann M, Hsu J, Kim Y, Hung G, Revenko A, Arun G, 

Stentrup M, Gross M, et al: The noncoding RNA MALAT1 is a critical regulator of the metastasis 

phenotype of lung cancer cells. Cancer Res 2013, 73:1180-1189. 

13. Isin M, Dalay N: LncRNAs and neoplasia. Clin Chim Acta 2015, 444:280-288. 

14. Mullighan CG, Downing JR: Global genomic characterization of acute lymphoblastic 

leukemia. Semin Hematol 2009, 46:3-15. 

15. Mullighan CG: Molecular genetics of B-precursor acute lymphoblastic leukemia. J Clin 

Invest 2012, 122:3407-3415. 

16. Fernando TR, Rodriguez-Malave NI, Waters EV, Yan W, Casero D, Basso G, Pigazzi M, 

Rao DS: LncRNA Expression Discriminates Karyotype and Predicts Survival in B-Lymphoblastic 

Leukemia. Mol Cancer Res 2015, 13:839-851. 

17. Pui CH, Behm FG, Downing JR, Hancock ML, Shurtleff SA, Ribeiro RC, Head DR, 

Mahmoud HH, Sandlund JT, Furman WL, et al.: 11q23/MLL rearrangement confers a poor 

prognosis in infants with acute lymphoblastic leukemia. J Clin Oncol 1994, 12:909-915. 



107 
 

18. Bernstein BE, Kamal M, Lindblad-Toh K, Bekiranov S, Bailey DK, Huebert DJ, McMahon 

S, Karlsson EK, Kulbokas EJ, 3rd, Gingeras TR, et al: Genomic maps and comparative analysis 

of histone modifications in human and mouse. Cell 2005, 120:169-181. 

19. Ernst J, Kheradpour P, Mikkelsen TS, Shoresh N, Ward LD, Epstein CB, Zhang X, Wang 

L, Issner R, Coyne M, et al: Mapping and analysis of chromatin state dynamics in nine human 

cell types. Nature 2011, 473:43-49. 

20. Ram O, Goren A, Amit I, Shoresh N, Yosef N, Ernst J, Kellis M, Gymrek M, Issner R, 

Coyne M, et al: Combinatorial patterning of chromatin regulators uncovered by genome-wide 

location analysis in human cells. Cell 2011, 147:1628-1639. 

21. Benson DA, Karsch-Mizrachi I, Lipman DJ, Ostell J, Wheeler DL: GenBank: update. 

Nucleic Acids Res 2004, 32:D23-26. 

22. Siepel A, Bejerano G, Pedersen JS, Hinrichs AS, Hou M, Rosenbloom K, Clawson H, 

Spieth J, Hillier LW, Richards S, et al: Evolutionarily conserved elements in vertebrate, insect, 

worm, and yeast genomes. Genome Res 2005, 15:1034-1050. 

23. Zhou Y, Zhong Y, Wang Y, Zhang X, Batista DL, Gejman R, Ansell PJ, Zhao J, Weng C, 

Klibanski A: Activation of p53 by MEG3 non-coding RNA. J Biol Chem 2007, 282:24731-24742. 

24. Dawson MA, Prinjha RK, Dittmann A, Giotopoulos G, Bantscheff M, Chan WI, Robson 

SC, Chung CW, Hopf C, Savitski MM, et al: Inhibition of BET recruitment to chromatin as an 

effective treatment for MLL-fusion leukaemia. Nature 2011, 478:529-533. 

25. O'Connell RM, Chaudhuri AA, Rao DS, Baltimore D: Inositol phosphatase SHIP1 is a 

primary target of miR-155. Proc Natl Acad Sci U S A 2009, 106:7113-7118. 

26. Rao DS, O'Connell RM, Chaudhuri AA, Garcia-Flores Y, Geiger TL, Baltimore D: 

MicroRNA-34a perturbs B lymphocyte development by repressing the forkhead box transcription 

factor Foxp1. Immunity 2010, 33:48-59. 



108 
 

27. Hardy RR, Hayakawa K: B cell development pathways. Annu Rev Immunol 2001, 

19:595-621. 

28. Yap KL, Li S, Munoz-Cabello AM, Raguz S, Zeng L, Mujtaba S, Gil J, Walsh MJ, Zhou 

MM: Molecular interplay of the noncoding RNA ANRIL and methylated histone H3 lysine 27 by 

polycomb CBX7 in transcriptional silencing of INK4a. Mol Cell 2010, 38:662-674. 

29. Khalil AM, Guttman M, Huarte M, Garber M, Raj A, Rivea Morales D, Thomas K, Presser 

A, Bernstein BE, van Oudenaarden A, et al: Many human large intergenic noncoding RNAs 

associate with chromatin-modifying complexes and affect gene expression. Proc Natl Acad Sci 

U S A 2009, 106:11667-11672. 

30. Baldi P, Long AD: A Bayesian framework for the analysis of microarray expression data: 

regularized t -test and statistical inferences of gene changes. Bioinformatics 2001, 17:509-519. 

31. Kayala MA, Baldi P: Cyber-T web server: differential analysis of high-throughput data. 

Nucleic Acids Res 2012, 40:W553-559. 

32. Zhang B, Kirov S, Snoddy J: WebGestalt: an integrated system for exploring gene sets 

in various biological contexts. Nucleic Acids Res 2005, 33:W741-748. 

33. Wang J, Duncan D, Shi Z, Zhang B: WEB-based GEne SeT AnaLysis Toolkit 

(WebGestalt): update 2013. Nucleic Acids Res 2013, 41:W77-83. 

34. Lerner M, Harada M, Loven J, Castro J, Davis Z, Oscier D, Henriksson M, Sangfelt O, 

Grander D, Corcoran MM: DLEU2, frequently deleted in malignancy, functions as a critical host 

gene of the cell cycle inhibitory microRNAs miR-15a and miR-16-1. Exp Cell Res 2009, 

315:2941-2952. 

35. Cai X, Cullen BR: The imprinted H19 noncoding RNA is a primary microRNA precursor. 

RNA 2007, 13:313-316. 

36. Dickinson LA, Joh T, Kohwi Y, Kohwi-Shigematsu T: A tissue-specific MAR/SAR DNA-

binding protein with unusual binding site recognition. Cell 1992, 70:631-645. 



109 
 

37. Will B, Vogler TO, Bartholdy B, Garrett-Bakelman F, Mayer J, Barreyro L, Pandolfi A, 

Todorova TI, Okoye-Okafor UC, Stanley RF, et al: Satb1 regulates the self-renewal of 

hematopoietic stem cells by promoting quiescence and repressing differentiation commitment. 

Nat Immunol 2013, 14:437-445. 

38. Kohwi-Shigematsu T, Poterlowicz K, Ordinario E, Han HJ, Botchkarev VA, Kohwi Y: 

Genome organizing function of SATB1 in tumor progression. Semin Cancer Biol 2013, 23:72-

79. 

39. Fang K, Han BW, Chen ZH, Lin KY, Zeng CW, Li XJ, Li JH, Luo XQ, Chen YQ: A distinct 

set of long non-coding RNAs in childhood MLL-rearranged acute lymphoblastic leukemia: 

biology and epigenetic target. Hum Mol Genet 2014, 23:3278-3288. 

40. Garitano-Trojaola A, Agirre X, Prosper F, Fortes P: Long non-coding RNAs in 

haematological malignancies. Int J Mol Sci 2013, 14:15386-15422. 

41. Alvarez-Dominguez JR, Hu W, Gromatzky AA, Lodish HF: Long noncoding RNAs during 

normal and malignant hematopoiesis. International Journal of Hematology 2014, 99:531-541. 

42. Venkatraman A, He XC, Thorvaldsen JL, Sugimura R, Perry JM, Tao F, Zhao M, 

Christenson MK, Sanchez R, Yu JY, et al: Maternal imprinting at the H19-Igf2 locus maintains 

adult haematopoietic stem cell quiescence. Nature 2013, 500:345-349. 

43. Aoki K, Harashima A, Sano M, Yokoi T, Nakamura S, Kibata M, Hirose T: A thymus-

specific noncoding RNA, Thy-ncR1, is a cytoplasmic riboregulator of MFAP4 mRNA in immature 

T-cell lines. BMC Mol Biol 2010, 11:99. 

44. Zhang X, Lian Z, Padden C, Gerstein MB, Rozowsky J, Snyder M, Gingeras TR, 

Kapranov P, Weissman SM, Newburger PE: A myelopoiesis-associated regulatory intergenic 

noncoding RNA transcript within the human HOXA cluster. Blood 2009, 113:2526-2534. 

45. Hu W, Yuan B, Flygare J, Lodish HF: Long noncoding RNA-mediated anti-apoptotic 

activity in murine erythroid terminal differentiation. Genes Dev 2011, 25:2573-2578. 



110 
 

46. Xia F, Dong F, Yang Y, Huang A, Chen S, Sun D, Xiong S, Zhang J: Dynamic 

transcription of long non-coding RNA genes during CD4+ T cell development and activation. 

PLoS ONE 2014, 9:e101588. 

47. Fulciniti M, Amin S, Nanjappa P, Rodig S, Prabhala R, Li C, Minvielle S, Tai YT, 

Tassone P, Avet-Loiseau H, et al: Significant biological role of sp1 transactivation in multiple 

myeloma. Clin Cancer Res 2011, 17:6500-6509. 

48. Amodio N, Di Martino MT, Foresta U, Leone E, Lionetti M, Leotta M, Gulla AM, Pitari 

MR, Conforti F, Rossi M, et al: miR-29b sensitizes multiple myeloma cells to bortezomib-

induced apoptosis through the activation of a feedback loop with the transcription factor Sp1. 

Cell Death Dis 2012, 3:e436. 

49. Wang X, Yan Z, Fulciniti M, Li Y, Gkotzamanidou M, Amin SB, Shah PK, Zhang Y, 

Munshi NC, Li C: Transcription factor-pathway coexpression analysis reveals cooperation 

between SP1 and ESR1 on dysregulating cell cycle arrest in non-hyperdiploid multiple 

myeloma. Leukemia 2014, 28:894-903. 

50. Shankar DB, Cheng JC, Kinjo K, Federman N, Moore TB, Gill A, Rao NP, Landaw EM, 

Sakamoto KM: The role of CREB as a proto-oncogene in hematopoiesis and in acute myeloid 

leukemia. Cancer Cell 2005, 7:351-362. 

51. Esparza SD, Chang J, Shankar DB, Zhang B, Nelson SF, Sakamoto KM: CREB 

regulates Meis1 expression in normal and malignant hematopoietic cells. Leukemia 2008, 

22:665-667. 

52. O'Connell RM, Balazs AB, Rao DS, Kivork C, Yang L, Baltimore D: Lentiviral vector 

delivery of human interleukin-7 (hIL-7) to human immune system (HIS) mice expands T 

lymphocyte populations. PLoS ONE 2010, 5:e12009. 



111 
 

53. Contreras JR, Palanichamy JK, Tran TM, Fernando TR, Rodriguez-Malave NI, Goswami 

N, Arboleda VA, Casero D, Rao DS: MicroRNA-146a modulates B-cell oncogenesis by 

regulating Egr1. Oncotarget 2015, 6:11023-11037. 

 



 

112 
 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER IV: 

 

Conclusions and Future Directions 

  



 

113 
 

Conclusions 

The human genome produces thousands of non-coding transcripts in addition to those, 

which code for proteins1. Once thought as just transcriptional noise, many of these non-coding 

RNAs are indispensable for the regulation of cellular processes2,3. 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 protein4,5. 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 rapidly3,6. 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. 

miRNAs 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. elegans6,7. 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 studies8-10. Dysregulation of these 

small RNAs can be seen in pathologic conditions of the hematopoietic and immune systems, 

including autoimmunity and cancer11-13. In addition, these miRNAs have been found to act as 

both tumor suppressor genes and oncogenes14,15. 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 malignancies16. 



 

114 
 

Long non-coding RNAs (lncRNAs) comprise a more recently characterized class. They 

are unique structures with distinct epigenetic marks in their promoter regions and gene body17. 

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 evolution18. LncRNAs are involved in 

transcriptional regulation, chromatin remodeling, imprinting, splicing, and translation, among 

other critical functions in the cell19-23. One example is HOTAIR lncRNA, which regulates and 

suppresses expression of genes in the HOXD cluster by recruitment of the PRC2 complex24. 

Recent studies have elucidated the importance of lncRNAs in hematopoietic development25-28. 

Venkatrama et al has shown how H19 imprinting maintains stem cell quiescence29. 

Dysregulation of lncRNA expression is a feature of various diseases and cancers, and is also 

seen in hematopoietic malignancies30-35. In Chapter I we discussed work done to further 

understand the role of lncRNAs in hematopoietic malignancies, particularly those derived from 

the bone marrow. 

Dysregulated expression of lncRNAs has been found in various cancers, but has not 

been comprehensively described in B lymphoblastic leukemia (B acute lymphoblastic leukemia; 

B-ALL)31. In our interest to uncover more about these lncRNAs, we completed a gene 

expression profiling study in human B-ALL samples, which showed differential lncRNA 

expression in samples with particular cytogenetic abnormalities35. In Chapter II, we found that 

lncRNA expression can discriminate B-ALL karyotypes, as well as, predict patient survival. We 

discovered four highly dysregulated lncRNAs, 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 lncRNAs 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 treat36. 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 III, we found that siRNA 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 II. 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 regulator37. 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 Egr1, and in particular its known targets 
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(Appendix II). This demonstrated how a non-coding RNA can modulate a particular 

transcriptome13. 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 commitment38,39. 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 lncRNAs and their 

surrounding genes are in synteny across vertebrates and that the surrounding genes can be 

regulated by the neighboring lncRNA18. BALR-6 is located on chromosome 3p24.3 in humans 

and exists in a syntenic gene block with neighboring genes SATB1 and TBC1D5. Although 

lncRNAs should theoretically have an intrinsic cis-regulatory capacity, only a few studies have 

described this type of regulation40-42. To explore whether BALR-6 regulates surrounding genes, 

we analyzed microarray data of MLL rearranged B-ALL samples (from Chapter II), 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 malignancies43-46. 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 lncRNA regulation 

in cis. 

 

 

 

 

 

 

 

 

 

 

 

 

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 Satb1 and Tbc1d5 are elevated in stably transduced murine 70Z/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 II and III). Additionally, in Chapter III we showed that treatment with a 

bromodomain binding protein inhibitor (I-BET151) reduced the expression of this lncRNA. 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 proteins47. 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 qRT-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 system10,48. 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 AF449. We 

have shown in Chapter II and II 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 mouse50. 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 lncRNA 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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