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ABSTRACT OF THE DISSERTATION 
 
 

Investigations into the role of long intergenic noncoding RNAs  
in early B cell development 

 
by 
 

Martha Flores 
 

  Doctor of Philosophy in Biology 
 

University of California, San Diego, 2015 
 

Professor Cornelis Murre, Chair 
 
 
 

As B cells develop from hematopoietic stem cell to mature-B cell, a large 

network of transcription factors and global chromosomal changes must occur in a 

well-timed manner. If those events fail to progress properly, disease states may occur 

in the form of autoimmune disease, immunodeficiency, leukemia or lymphoma. 

Understanding the individual factors at each developmental stage is critical in 

understanding disease states and, eventually, the best way to treat them. Although we 

have an understanding of transcription factors and chromosomal changes, it has only 

been until recent technological advances that we have been able to identify a new 

type of factor that is involved in B cell development. With next-generation 
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sequencing (NGS), we have been able to identify 403 long noncoding intergenic 

RNAs that are developmentally regulated between the critical stages of B cell 

specification to commitment (i.e.: pre-pro-B to pro-B cell stage).  

We further investigate global disruption to gene patters when twelve 

lincRNAs are reduced in transcript expression through shRNA-mediated silencing 

followed by RNA-Seq. Many of the genes disrupted were critical to pathways 

involving disease states such as B cell Receptor pathway, Antigen Presentation 

pathway, Autoimmune Thyroid Disease pathway, Allograft Rejection pathway, and 

Primary Immunodeficiency. 

We then focus on one transcript, lincRNA-E1, which showed a disruption of 

genes involved in the B Cell Receptor pathway and genes involved in hematopoiesis 

including FOS, CD79a, and CD79b. We confirmed that lincRNA-E1 is 

developmentally regulated and tissue specific, restricted to hematopoietic lineages. In 

an in vitro differentiation, silencing expression of lincRNA-E1 leads to an increase in 

CD19+B220+ pro-B cells.  

Taken together, we have identified a novel lincRNA-E1 that plays a role is 

early B cell development. 
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CHAPTER I:  

General introduction to early B cell development and long 

intergenic noncoding RNAs 
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Early Hematopoiesis 

 The hematopoietic compartment is derived from a small population of cells, 

named hematopoietic stem cells (HSCs). HSCs are localized in the yolk sac, fetal 

liver, or in the bone marrow. They have the ability to self-renew and remain 

multipotent during the lifespan of the organism1. The seeding of HSCs comes in 

distinct waves: primitive hematopoiesis initiated in the yolk sac, definitive fetal 

hematopoiesis initiated in the late fetal stages, and adult hematopoiesis in the bone 

marrow. The lymphoid compartment develops in the fetal liver and bone marrow. 

HSCs generate progeny that become progressively more restricted in the 

developmental potential as they mature into the various immune cell lineages 

including lymphoid, myeloid, and dendritic cells. Although HSCs retain this ability 

throughout the lifespan of an organism, their ability to self-renew weakens and the 

lymphoid versus myeloid cell fate is shifted towards the myeloid lineage during the 

aging process. 

 HSCs lack the expression of genes associated with the lineage commitment 

such as CD19 for B cells or CD3 for T cells (lin-), but express markers such as Sca, c-

kit, or CD150 2,3. Two subsets of HSCs have been described, long-term HSCs and 

short-term HSCs 4. HSCs transition from long-term HSCs to short-term HSCs in the 

adult bone marrow. Long-term HSCs have the ability to self-renew during the life 

span of the organism whereas short-term HSCs self-renew for relatively short periods 

of time 5,6. It has recently been shown that adult hematopoiesis is largely sustained by 

these short-term HSCs 7. The erythroid and megakaryocytic cell lineages develop 
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from HSCs through the myelo-erythroid progenitor (MEP). Short-term HSCs 

differentiate into multipotent progenitors (MPPs), which, in turn, readily transition 

into lympho-myeloid primed progenitors (LMPP). LMPPs give rise to either 

granulocyte/macrophage progenitors (GMPs) or common lymphoid progenitors 

(CLPs). CLPs give rise to natural killer (NK) cells, T cells, or B cells. The CLP 

compartment can be further divided by Ly6D whereby Ly6D-, termed all-lymphoid 

progenitors (ALPs) give rise to NK, T cells, or B cells and Ly6D+ CLPs, termed B 

cell biased lymphoid progenitors (BLPs) give rise to B cells 8-10. 

B-lineage Development 

As described above, B cells arise from CLPs. The CLP compartment can be 

segregated into ALPs or BLPs through the expression of Ly6D. ALPs exhibit T and 

NK potential whereas BLPs are more restricted to differentiating into B-lineage cells. 

BLPs give rise to pre-pro-B cells, which, in turn, readily develop into committed pro-

B cells 11. This commitment relies on a highly regulated and hierarchical gene 

expression program involving at least four transcription factors: E-protein E2A, early 

B-cell factor 1 (EBF1), paired box 5 (Pax5), and forkhead box protein O1 (FoxO1) 

9,12,13. B cell development is arrested upon depletion of E2A or EBF1 expression. In 

absence of E2A, no BLPs are formed, whereas BLPs are increased in the absence of 

EBF1 and pro-B cells are not formed. Nevertheless, multipotent E2A- and EBF-

deficient cells can be maintained in culture and are broadly referred to as pre-pro-B 

cells 14.  
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The developmental progression of B-lineage cells can be best described in 

terms of the recombination status of the immunoglobulin heavy chain and light chain 

loci. At the BLP and/or pro-B cell stage, diversity and joining segments recombine 

germline to generate a Dh-Jh segment 15. The recombination reaction is mediated in 

large part by two components, recombination activating gene 1 (Rag1) and 

recombining activating gene 2 (Rag2). This is then followed by Vh-DhJh 

rearrangement. During this transition, the IgH locus undergoes conformational 

changes including locus contraction that involves the merging of the proximal and 

distal Vh clusters. Once the functional VhDhJh joint has formed, the Ig heavy chain 

will associate with the surrogate light chains lambda-5 and V-pre-B to form the pre-

BCR (B cell Receptor) complex. Pre-BCR mediated signaling, in turn, will promote 

developmental progression towards the small pre-B cell stage. Pre-BCR expression 

also acts to antagonize the expression of the Rag1 and Rag2 16,17. In the small pre-B 

cell stage, Ig kappa and Ig lambda VJ rearrangement will be initiated until a BCR is 

expressed on the cell surface. If the BCR is auto-reactive, B cells will undergo 

secondary Ig light chain rearrangement until a functional and non self-reactive BCR 

is expressed 18-20. Immature B cells further mature in the spleen. Mature B cells 

express both membrane IgM and IgD and recirculate through secondary lymphoid 

organs. Upon encountering antigens, and with the help of follicular T cells, mature B 

cells will differentiate into germinal B cells which, in turn, give rise to either plasma 

cells or memory B cells 21. 
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T-Lineage Development 

 T cell progenitors from the bone marrow or fetal liver seed the thymus, where 

T cell development takes place. These pre-thymic progenitors are thought to be CLPs 

or LMPPs. The developmental progression towards committed T cells involved 

multiple steps that can be characterized based on CD4 and CD8 expression. CD4 and 

CD8 are two cell surface markers that are involved in multiple aspects to the immune 

response and are named co-receptors 22. The earliest progenitors in the thymus lack 

CD4 and CD8 expression and hence are named double-negative (DN) cells. The DN 

population contains multiple subsets that are characterized by the expression of two 

additional markers, CD25 and CD44. The DN1 (CD44+CD25-) compartment 

contains early T cell progenitors (ETPs), B cells, and dendritic cells. At the DN2 

(CD44+CD25+) cell stage, specification to the T cell lineage is established. In the 

DN3 (CD44-CD25+) stage, progenitors become committed to the T cell fate. In the 

DN3 compartment, the T cell Receptor (TCR) beta locus undergoes rearrangement 

until an in-frame TCR beta VDJ locus rearrangement has been generated. This then 

leads association of the TCR beta chain with pre-T alpha leading the expression of a 

pre-TCR complex to promote cellular expansion and developmental progression into 

the double-positive (DP: CD4+CD8+) compartment. Upon productively interacting 

with peptide presented by the major histocompatibility antigens during positive 

selection, DP cells readily differentiate into either CD4 single-positive (CD4SP) or 

CD8 single-positive (CD8SP) thymocytes 22-24. 
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Transcriptional Regulation in Hematopoiesis  

The developmental progression of lineage-restricted cells from hematopoietic 

progenitors is controlled by the combined activities of transcriptional regulators. 

Among the proteins that control HSC homeostasis are the E2A proteins. They belong 

to a subset of helix-loop-helix proteins named E-proteins. Three gene loci, Tcf3, Tcf4, 

and Tcf12, encode the E-proteins E2A, E2-2, and HEB respectively. The E2A 

proteins consist of two isoforms, termed E12 and E47, and are generated through the 

differential splicing of two exons encoding for the helix-loop-helix domain. The HEB 

and E2-2 loci encode two protein products due to independent transcriptional start 

sites and alternative splicing 25,26. The E2A proteins bind as a dimer to the canonical 

E-box sequence located in a wide ensemble of poised and active enhancers. In the 

absence of E2A proteins, the HSC pool is significantly reduced 27. The developmental 

progression of HSCs towards the megakaryocyte or erythroid cell lineages is 

dependent on the dosage of PU.1. High levels of PU.1 favor developmental 

progression towards MEP fate whereas low levels push the cells towards the myeloid-

lymphoid cell fate. Development towards the LMPP cell stage is promoted again by 

the expression of E2A as well as the zinc-finger containing protein named Ikaros. The 

E2A proteins continue to play critical roles at later stages of lymphoid development. 

Thus, E2A plays a pivotal role in B lymphoid progenitor development in addition to 

its important function in maintaining HSCs 28-30. 

The developmental progression of T cell progenitors is regulated by a similar 

set of transcriptional regulators. Prominent among these are the E2A and HEB 
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proteins. E2A and HEB levels are particularly high in the DN2 and DN3 

compartments where they promote the assembly of the TCR beta locus. The E2A 

proteins also initiate a T-lineage specific program of gene expression, including 

activation of expression of genes associated with the Notch and pre-TCR signaling 

cascades. In the DN3 compartment they act together with the zinc-finger proteins 

Bcl11b and GATA3 to orchestrate T cell identity. Likewise, E-proteins exhibit 

similar lineage specification functions in B cells by inducing B cell specific 

transcription factors. EBF and FOXO1 act in a positive feed-forward loop to initiate a 

B-lineage specific program of gene expression including genes encoding for signaling 

components, survival factors, and cell cycle regulators 31,32.   

Noncoding RNAs 

As described above, during the past two decades a wide spectrum of 

transcription factors have been identified that orchestrate early B cell development. 

The description and characterization of these factors has revealed principles and 

mechanisms that underpin the developmental progression of B-lineage cells. However, 

it has remained clear that the additional factors must play essential roles as well as 

promote the developmental progression of B cell progenitors. Prominent candidates 

for such factors are long noncoding RNAs (lncRNAs), which are particularly 

common in mammalian genomes. There are approximately 14,000 lncRNAs in the 

human genome. The nematode genome is predicted to contain 10-fold less lncRNA 

totaling approximately 1,400 lncRNAs. These differences in numbers are intriguing 

and might reflect variation in organismal complexity 33. 
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 LncRNAs have recently been identified using various strategies. Initially, 

noncoding RNAs were identified using histone 3 lysine 4 trimethylation (H3K4me3) 

and histone 3 lysine 36 trimethylation (H3K36me3), which are histone methylation 

marks that denote active promoter and transcription sites, respectively 34. More 

recently, discovery has been facilitated by whole transcriptiome RNA-sequencing 

(RNA-Seq) 35. Despite differences in protein-coding capabilities, lincRNAs and 

mRNAs display many overlapping features. Both species can be mono- or multi-

exonic, are transcribed by RNA Polymerase II, 5’ capped and 3’ polyadenylated. 

How do we then distinguish lncRNAs from mRNAs? As indicated above, they lack 

the potential to encode for protein. The multiple open reading frames (ORFs) present 

in lncRNAs are generally fewer than 100 amino acid residues long and have very 

little if any homology to other mammalian proteins or protein motifs 36.  LncRNAs 

contain fewer exons yet the average length of the exon is greater as compared to 

mRNAs. The genomes of lncRNAs are not well conserved as compared to mRNA 

transcripts, however, upon comparing lncRNAs to intronic and nearby sequences, 

lncRNAs are relatively more conserved. LncRNAs are also generally shorter in length, 

expressed at lower levels – about one-tenth that of protein coding genes – and tend to 

be more restricted in their expression pattern as compared to mRNA species. The 

very low level of lncRNA abundance may reflect the properties of lncRNAs acting 

locally and swiftly rather than across the genome 37,38.  

 Long noncoding RNAs can further be broken down into different classes. 

LncRNAs located across an intron of an annotated coding gene are known as 
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“intronic lncRNAs” and can be transcribed in either sense or antisense orientation. 

Another class involves transcribed pseudogene lncRNAs. They may have been 

generated from coding sequences that during evolution were mutated or subjected to 

insertions and/or deletions. A particularly interesting class of lncRNAs involves 

enhancer RNAs (eRNAs) that are characterized in part by high levels of histone 3 

lysine 4 momomethylation (H3K4me1). For the purpose of this dissertation, we will 

primarily be focusing on long intergenic noncoding RNAs (lincRNAs) that are 

located between other genes 39.  

 LincRNAs exert their affects through multiple mechanisms. One mechanism 

involves lncRNAs acting to recruit a chromatin-modifying complex to distinct 

genomic locations. A prominent example involves HOTAIR, which is transcribed 

within the HOXD and homes to the HOXC locus in order to recruit the PRC2 

complex, a chromatin-modifying complex, to its target sites 40. Highly structured 

lncRNAs may act as scaffolds to bring together distinct protein complexes. 

Alternatively, lincRNAs may interact with transcription factors rending it unable to 

interact with the basal transcriptional machinery. A class of lincRNAs has also been 

identified that might act as a miRNA sponge freeing up the corresponding mRNAs. 

LincRNAs might regulate protein translation either by interacting with the mRNA 

template or modulating the activity of the translational machinery. LincRNAs might 

also regulate turnover or modulate splicing patterns 41,42. 

 Finally, recent studies have implicated lincRNAs in modifying nuclear 

organization. LincRNAs may mediate interactions across or within chromosomes to 



 

    
 

10 

modulate chromosomal structure. The lincRNA NEAT1 causes the formation of 

paraspeckles, nuclear bodies found in mammalian cells critical to gene expression 

through nuclear RNA retention 43,44. Likewise, Malat1 lncRNA localization is closely 

associated with nuclear speckles, dynamic nuclear domains enriched in pre-mRNA 

splicing factors 45,46. A well-studied example involves the lincRNA Xist. Xist is 

located on the X-chromosome and coats one of the X-chromosomes in females to 

allow for appropriate gene dosage. Specifically, Xist will reposition the coated 

chromosome from the active to the inactive compartment 47,48. 

 LincRNAs have been implicated in the innate immune response. For example, 

lincRNA-Cox2 is expressed in macrophages and mediates the induction and 

repression of gene expression 49. Neat1 lincRNA is involved in viral infection 43. 

Lethe, found in mouse fibroblasts, blocks NFkB-DNA binding sites leading to an 

inhibition of inflammatory genes while promoting an anti-inflammatory pattern of 

gene expression 50. Collectively, these observations point to a widespread function for 

a novel class of regulatory factors acting at multiple levels during developmental 

progression and gene regulation. In this dissertation, we have initiated studies to 

identify and characterize a novel class of lincRNAs expressed during the transition 

from the pre-pro-B to the pro-B cell stage and how they might function in the in the 

regulatory programs that play a role in early B cell development. 
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Figure 2.1 – Establishment of a Long-Term Culture of Multipotent 
Hematopoietic Progenitors 
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Figure 2.2 – Id2-HPCs Reconstitute Multiple Lineage In Vivo and In Vitro 
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Figure 2.3 – In Vitro Differentiation Potential of Id2-HPCs 
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Figure 2.4 – Establishment of Promoter and Enhancer Marks in Differentiating 
B and Myeloid Cells 
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Figure 2.5 – The Enhancer Repertoires of Multipotent Progenitors are Primed 
for Activation 
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Figure 2.6 – Establishment of Lineage-Specific Enhancer Repertoires 
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Figure 2.7 – Evolving Enhancer Repertoires in Developing Multipotent 
Progenitors 
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This chapter, in full, is a reprint of the material as it appears in Immunity 

(2010). Mercer EM, Lin YC, Benner C, Jhunjhunwala S, Dutkowski J, Flores M, 

Sigvardsson M, Ideker T, Glass CK, Murre C. Multilineage Priming of Enhancer 

Repertoires Precedes Commitment to the B and Myeloid Lineages in Hematopoietic 

Progenitors. Elinore Mercer was the primary author of the work. I contributed to 

experimental design as well as significant portions of the supplement. 
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CHAPTER III:  

Identification of lincRNAs in the pre-pro-B to pro-B 

transition 
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ABSTRACT 

 It is now well established that in a wide variety of cell types, long intergenic 

noncoding RNAs (lincRNAs) play critical roles in cell cycle progression and 

developmental maturation. Here, we have used chromatin immunoprecipitation 

followed by massively parallel sequencing (ChIP-Seq) and global transcriptome RNA 

sequencing (RNA-Seq) analysis to identify novel lincRNAs that are developmentally 

regulated in B cell progenitors. Specifically, we have identified 288 novel lincRNAs 

that differ transcriptionally as cells transition from the pre-pro-B to the pro-B cell 

stage.  

INTRODUCTION 

 The combined activities of an ensemble of transcriptional regulators regulate 

the developmental progression of B cell progenitors. Two isoforms encoded by the 

E2A locus, E12 and E47, initiate B cell development 28. Specification of B cell 

development also requires the expression of EBF1, Ikaros, FOXO1, and Pax5. Loss-

of-function mutations associated with the E2A, EBF1, and FOXO1 genes leads to a 

complete block in early B cell development 51-53. 

 Genome-wide studies in our laboratory have directly linked these and other 

transcriptional regulators into a regulatory network. Our analysis showed that the 

E2A proteins induced the expression of FOXO1, which, in conjunction with E2A, 

activated the expression of EBF1. In turn, EBF1 and FOXO1 acted in a regulatory 

feed-forward loop to specify the B cell fate. Commitment to the B cell fate, however, 

was achieved only when the combined activities of E2A, EBF, FOXO1, IRF4, and 
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IRF8 activated PAX5 expression. Once PAX5 was expressed, induced progenitor 

cells fully committed to the B cell lineage 13,32.  

 These early studies revealed how transcriptional activators establish the B cell 

fate. Whether additional regulators distinct from transcription factors control 

specification and/or commitment to the B cell lineage remain unknown. Potential 

candidates include members of the lincRNA family. As a first approach, we have 

examined the pre-pro-B and pro-B cell compartments for the differential expression 

of lincRNAs. Specifically, we have combined ChIP-Seq and RNA-Seq studies to 

identify and characterize a spectrum of lincRNAs that are differentially regulated 

during early B cell development. We narrowed our search to identify and characterize 

those lincRNAs that are potential candidates to establish B cell fate.  

RESULTS 

Identifying lincRNAs in B cell progenitors 

 To identify if lincRNAs are expressed in early B cell progenitors, we 

compared the epigenetic profiles of pre-pro-B cells and pro-B cells. Pre-pro-B cells 

were derived from EBF1-deficient B cell progenitors. These cells can be grown 

indefinitely in culture and are arrested at the pre-pro-B cell stage. Pro-B cells were 

isolated from the bone marrow cells of Rag1-deficient mice. Cell lysates were 

immunoprecipitated with antibodies against either histone 3 lysine 4 trimethylation 

(H3K4me3) denoting promoter loci, or histone 3 lysine 36 trimethylation 
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(H3K36me3), denoting sites of active transcription and followed by massively 

parallel sequencing (ChIP-Seq).  

 In the pre-pro-B cell compartment, 9,392 peaks were associated with 

H3K4me3 using a resolution of 1 kilobase. Of these, 9,290 peaks could be mapped to 

unique genomic regions. In the pro-B cell compartment, 13,628 genomic regions 

associated with H3K4me3 were identified of which 13,072 could be mapped to 

distinct and unique genomic locations. Most of these regions mapped to intronic 

regions, about 48% and 42% respectively (Figure 3.1). We found that the pre-pro-B 

cell compartment was associated with 669 genomic loci (7%) localized across 

intergenic regions that showed deposition of H3K4me3 (Figure 3.1). Pro-B cells were 

associated with 2,025 intergenic promoter peaks (H3K4me3) entailing approximately 

15% of the total promoter peaks (Figure 3.1).  

 Next, we examined the genome for the presence of regions associated with the 

deposition of H3K36me3. We found 3,513 genomic regions associated with 

H3K36me3 in pre-pro-B cells. Pro-B cells were associated with 7,067 genomic 

regions that showed deposition of H3K36me3 (Table 3.1). Again, the majority of the 

identified genomic regions mapped to introns for both pre-pro-B and pro-B cells 

(Figure 3.1). As expected, fewer intergenic regions were identified with only 63 

genomic loci associated with H3K36me3 in pre-pro-B cells versus 163 in pro-B cells 

(Figure 3.1, Table 3.1). Notably, a substantial fraction of genomic regions associated 

with H3K4me3 and H3k36me3 were not annotated, raising the possibility that they 

encode for lincRNAs (Figure 3.2). Taken together, we used data optained from ChIP-
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Seq analysis to indentify a subset of genomic regions that pontenially associate with 

lincRNAs in the pre-pro-B and pro-B cell compartments.  

Identifying actively transcribed genomic regions in the pre-pro-B and pro-B cell 

compartments. 

 Although ChIP-Seq analysis indicated specific genomic regions associated 

with active transcription sites, it does not provide detailed information about the 

transcripts at the regions of interest. Multiple exons spanning large areas of the 

genome are of particular interest as they relate to lincRNAs. To obtain a more 

detailed understanding of the transcripts that were identified using ChIP-Seq analysis, 

we performed a strand-specific RNA-Seq. Again, we analyzed both pre-pro-B and 

pro-B cell populations. The pre-pro-B cell population was derived from an E2A-/- pre-

pro-B cell line whereas the pro-B cell population was derived from B220+ 

lymphocytes isolated from the bone marrow of Rag1-/- mice that will be referred to as 

Rag1-/- cells. 

 We obtained 30 million 108 base pair reads that were aligned to the genome 

using software named TopHat. As these are mature RNA reads, they have substantial 

probability of aligning across splice sites. TopHat initially maps the reads that reside 

across exons, and then determines over which splice junctions the remaining reads 

should be places. In each data set, the aligned reads were then assembled de novo via 

Cufflinks allowing for the evaluation of all possible transcripts in each cell type 

without relying on previously described transcriptome (Figure 3.3). This approach 

provided us with two datasets for which we have the entire transcriptomes. Those 
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transcriptomes were merged together via Cuffmerge with the reference genome 

refFlat (Figure 3.3) generated from UCSC genome browser. This step allowed us to 

generate a singular Gene Transfer Format (GTF) file containing all possible 

transcripts identified in either pre-pro-B or pro-B cells. The use of the reference 

genome, refFlat, facilitated the annotation of the transcriptome associated with known 

genes as well as sense/anti-sense transcription, repeat regions, and intronic regions. 

This file was used when processing reads using Cuffdiff in concert with the 

assembled reads in pre-pro-B and pro-B cells for which gene differential expression 

testing was generated (Figure 3.3). Simultaneously, a Browser Extensible Data (BED) 

file was created from the above-mentioned GTF Cuffmerge file to identify exonic 

regions. The files were joined along with a GTF file containing the annotated NM or 

NR category from a refSeq file to create a large set transcripts in each transcriptome, 

which was annotated with previously identified coding and noncoding transcripts as 

well as unannotated transcripts. 

Manual curation for the identification of lincRNAs 

 The analysis above allowed us to identify an ensemble of previously 

unidentified transcripts in the pre-pro-B and pro-B cell populations. To narrow our 

search for lincRNAs that play critical roles during the pre-pro-B to pro-B cell 

transition, we employed additional stringent parameters. To remove the possibility of 

DNA contamination, we excluded transcripts that did not span a splice site and/or 

were less than 200 bp in length. To enrich for transcripts potentially associated with 

the pre-pro-B to pro-B cell transition, only transcripts expressing a greater than log2 
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fold change based on Fragments per Kilobase of Exon per Million Fragments Mapped 

(FPKM) values were retained for further analysis.  

 To enrich for noncoding RNAs, we removed genes that were categorized as 

noncoding by refSeq but represented merely transcript variants of known genes. We 

also removed gene duplicates as well as genes that were associated with low 

reconstruction quality. We depleted the pool for transcripts that yielded coding 

sequences greater than 100 amino acid residues regardless of overall transcript size. 

We also analyzed several of these transcripts using Coding Potential Calculator, an 

online tool that assigns a score to each transcript reflecting its coding potential. We 

then manually assessed the evolutionary conservation of the remaining transcripts 

using the UCSC genome browser. Collectively, using these criteria, lncRNAs 

differentially expressed in developing B cell progenitors were identified. Specifically, 

of the total 403 transcripts that were identified, 195 were more abundant in pre-pro-B 

cells versus pro-B cells whereas 208 putative lincRNAs showed higher levels of 

expression in pro-B cells. Of the lincRNAs that were highly expressed in pre-pro-B 

cells, 45 had been previously identified whereas 150 were novel to this study. In pro-

B cells, we identified 70 transcripts that were previously known as well as 138 

putative lincRNAs that were unique to the search. 

Characterization of differentially expressed lincRNAs in B cell progenitors 

 To characterize differential expression in detail, the transcripts were examined 

for genomic location and expression patterns. The transcripts that were identified 

showed an unbiased distribution over the 20 murine chromosomes with, on average, 
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9.75 and 10.40 transcripts per chromosome in both pre-pro-B and pro-B cell 

populations respectively (Figure 3.4, Table 3.3). In both developmental stages, the 

majority of the genes were encoded by two exons (Table 3.3). Transcripts associated 

with three exons were less common than two but more frequent that those associated 

with four exons. We did not identify lincRNAs in pre-pro-B cells associated with 

more than ten exons. Pro-B cells lacked expression of lincRNAs containing more 

than thirteen exons (Table 3.3).  

 We found that in terms of transcript length, transcript sizes for pre-pro-B cells 

(1,144bp) and pro-B cells (1,466bp) were similar. In pre-pro-B cells, the length 

ranged from 306bp to 18.8kb, and in pro-B cells the transcript size varied from 313bp 

to 30.0kb. The mean transcript size was close to the median at 1,805bp and 2,427bp. 

A histogram of the length distribution was generated using 2kb bins for both pre-pro-

B and pro-B cells. This analysis showed that the majority of the transcripts lie within 

the 0-4kb range (Figure 3.5). LincRNAs that are more highly expressed at the pre-

pro-B cell stage displayed a median transcript level of 2.83 FPKM versus 0.5 FPKM 

at the pro-B cell stage. Please note that there is an artificial lower bound in our RNA-

Seq analysis to avoid complication with dividing infinitely small numbers and 

transcriptional noise; an FPKM of 0.5 represents all levels at or below 0.5. The range 

in lincRNA abundance of pre-pro-B associated transcripts in the pre-pro-B population 

was 1.01-231.46 FPKM versus 0.5-95.62 FPKM for the pre-pro-B transcripts in pro-

B population (Table 3.4). Highly expressed pro-B associated transcripts had a wider 
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range in the two cellular subsets with FPKM from 0.5-95.62 in the pre-pro-B 

population to 1.00-1238.86 in the pro-B population.  

 From this enriched and selected list of lincRNAs, twelve transcripts were 

chosen for further analysis – six that were more highly expressed in the pre-pro-B 

subset, and six that were more highly expressed in the pro-B cell subset. Specifically, 

in transcripts that are more highly expressed in pre-pro-B cells (i.e.: E2A-/- cells), all 

of the identified lincRNAs lacked detectable expression in pro-B cells while the 

FPKM values for pre-pro-B cells ranged from 0.95-2.56 with a median of 1.43, mean 

1.58. This set of transcripts contained either two or three exons and showed a coding 

potential less than -0.86 with a mean of -1.12. The size of mature transcripts was 

between 550 and 2,3000 bp. 

 The abundance of the six selected transcripts expressed higher in pro-B cells 

(i.e.: Rag1-/- cells) as compared to pre-pro-B cells showed slightly more variation. The 

FPKM values ranged from 0.98-3.57 and all except for one lacked expression in the 

pre-pro-B cell population. Taken together, we identified and characterized an 

ensemble of lincRNAs that are differentially expressed in the pre-pro-B versus the 

pro-B cell compartment. 

DISCUSSION 

It is increasingly evident that gene regulation involves more than an ensemble 

of transcriptional regulators. Recent studies point to a class of RNA species named 

lincRNAs that play key roles in the control of gene expression. Here we identified 

and characterized a large set of transcripts (403) that may play essential roles in the 
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developmental progression of B-lineage cells. This number likely underestimates the 

total sum of the lincRNA species involved. For example, the cut-off FPKM values are 

arbitrarily chosen, and we excluded mono-exonic transcripts from our analysis. 

Finally, we focused our analysis on those transcripts that did not differ in expression 

levels in the pre-pro-B versus pro-B cell stage. 

 Although we have selected for transcripts that lack obvious coding potential, 

we cannot exclude the possibility that several of these may encode for small peptides. 

We used the Coding Potential Calculator software, a bioinformatics approach that 

accounts for multiple parameters to evaluate the protein coding capability of a given 

transcript. Using this analysis, we found the ensemble of retained transcripts 

demonstrated a low likelihood of protein coding potential. Even reducing the 

stringency searching for open reading frames and protein motifs, the top hits include 

protein motifs that are associated with organisms such as yeast and bacteria with no 

homology to mammalian protein motifs. However, even those displayed very little 

similarity. Hence, we expect that the majority of RNAs identified here are likely to 

function not as protein synthesizers but rather as noncoding regulatory factors. 

 Consistent with the notion that lincRNAs tend to contain fewer exons, the 

majority of the putative lincRNAs identified in this study are comprised of two exons. 

Likewise, the lincRNAs identified here are expressed at levels that are generally 10-

fold lower than coding transcripts, consistent with observations. However, we 

observe a wider range of expression in pro-B cells, possibly reflecting an increase 

necessary for a critical developmental stage such as commitment, or perhaps multiple 
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targets for a subset of lincRNAs. Identifying such targets will be crucial to reveal the 

mechanistic activities of this intriguing new set of potential regulators. 

MATERIALS AND METHODS 

Maintenance of pre-pro-B cells 

EBF-/- and E2A-/- cells were maintained in IMDM + 10% FCS, 2% PSG, and 

2µl β-me on sub-confluent S17 feeder cells in the presence of 1:100 IL-7, 1:100 Flt3L, 

and 1:500 SCF. S17 feeder cells were maintained in a-MEM + 10% FBS and 2% 

PSG. 

Isolation of pro-B cells 

Bone marrow cells were harvested from the femur, tibia, and crista iliac of 

Rag1-/- mice for pro-B cells. Bones were crushed with a mortar and pestle in Opti-

MEM + 10% FCS, 2% PSG, and 2µl β-me to release cells. Red blood cells were lysed 

for 5 minutes in RBC lysis buffer. Cells were then bound to B220 biotin beads, using 

900µl PBS + 2% FCS with 100µl B220 Miltnyi beads, for 15 minutes in 4°C. Cells 

were positively selected through AutoMACS column purification and counted. Pro-B 

cells were then maintained at 2 million cells/ml in a 24-well plate in Opti-MEM + 

10% FCS, 2% PSG, and 2µl β-me in the presence of 1:100 ILF and 1:500 SCF 

ChIP-Seq preparation 

Ten million cells were isolated and cross-linked with 1% formaldehyde at 

room temperature for 10 minutes. Chromatin was then sheared by Covaris sonication 

for 30 minutes. Cellular debris was collected by centrifugation and soluble chromatin 

lysate was incubated with non-specific immunoglobulin (Ig) and Dynabead Protein G 
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Chromatin fragments were incubated with histone-specific antibodies, either 

H3K4me3 or H3K36me3 (Abcam) before precipitation by Protein G Sepharose 

separation. Precipitated fragments were then washed and reverse cross-linked 

overnight at 65°C. Fragments were column purified and analyzed by PCR before 

modification to phosphorylated blunt-ends by End-It™ DNA End-Repair Kit 

(Epicentre). At the 3’ end, an ‘A’ base was added with Klenow Fragment (3’ to 5’ 

exo-). Illumina adapters were added by DNA ligase. Fragments of 150bp to 400bp 

were selected and extracted from an 8% polyacrylamide gel before and after PCR 

amplification for 18 cycles. DNA library was sequenced using Genome Analyzer IIx 

System.   

ChIP-Seq alignment 

Reads of 36 bp were aligned to the mouse reference genome (NCBI build 37, 

mm9) using Bowtie. Regions bound to histone modification marks were identified 

using HOMER. The remaining peaks represent candidate promoter marks and sites of 

active transcription, for H3K4me3 and H3K36me3 respectively. Overlapping region 

for H3K4me3 and H3K36me3 in intergenic regions were considered as putative 

lincRNA gene. The minimum cut-off for regions to be considered was 1kb for 

H3K4me3 and 5kb for H3K36me3. 

RNA-Seq preparation 

Total RNA from cell cultures was isolated via column purification (Qiagen) 

with on-column DNA digestion. Further DNA digestion was completed using 

TURBO DNase. Purification of mRNA was performed using mRNA Dynabeads 
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(Life Technologies). The eluted mRNA was first bound to both random hexamers and 

oligo(dT)s using 300ng of mRNA. The cDNA synthesis was then performed as 

described with the addition of actinomycin D. The dNTPs were removed by Probe 

Quant G50 Column (GE) and second strand synthesis was performed by incubating 

the sample for 2 hours at 16°C in the following mixture: 0.1x RT Buffer, 0.25mM 

MgCl2, 1mM DTT (LifeTechnologies), 0.2mM each dAGCU, 0.75x Second Strand 

Synthesis mix, 5U E. Coli ligase, 20U DNA Polymerase (NEB), 5U RNase H 

(LifeTechnologies). Double stranded cDNA was column purified and sonicated on 

Covaris for 4 cycles of 60 seconds before another column purification. Ends were 

blunted with End-It™ DNA End-Repair Kit and column purified. Addition of ‘A’ 

base to the 3’ end was completed with Klenow Fragment 3’ to 5’ exo- and column 

purified. Illumina sequencing adaptors were incubated with quick Ligase (NEB) at 

20°C for 30 minutes before column purification. Samples were size selected using 8% 

PAGE to 200-450bp. Purified sample was digested with AmpErase Uracil N-

glycosylase at 37°C for 15 minutes. Samples were then PCR amplified with Phusion, 

PCR primer and Index for the following program: 98°C for 30 seconds; 13 cycles of 

98°C for 10s, 65°C for 30s, 72°C for 30; 72°C for 5 minutes. Samples were size 

selected to be 200-450bp and gel extracted from a 1.5% high-resolution agarose gel. 

Purified samples were measured by Qubit Broad Range buffer and submitted for 

sequencing at 2ng/µl. Samples were sequenced using Genome Analyzer IIx System 

for 108bp per read. 
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RNA Seq Analysis 

Samples were analyzed via Galaxy (usegalaxy.org). Specifically, samples 

were converted from fastq files to sanger format then aligned via Tophat to the 

canonical female reference genome (NCBI build 37, mm9).  Mapped reads were then 

assembled into transcripts de novo with Cufflinks and transcript abundance 

determined as fragments per kilobase of exon per million fragments mapped (FPKM) 

values assigned. A set of all identified transcripts was created through Cuffmerge. 

Differential Expression testing was determined through Cuffdiff. Various reference 

genomes were acquired from UCSC Genome Browser. Transcripts identified as 

known coding genes were manually removed. Coding potential for the remaining 

transcripts were assessed via Coding Potential Calculator (http://cpc.cbi.pku.edu.cn/) 

and appropriately removed. Subsequent analysis and removal of unlikely transcripts 

were manually assessed.  
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Figure 3.1 – Genomic Annotation of H3K4me3 and H3K36me3 Methylation 
Marks in Pre-Pro-B and Pro-B cells 
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Table 3.1 – Numerical Representation of Genomic Annotation of H3K4me3 and 

H3K36me3 Methylation Marks in Pre-pro-B and Pro-B Cells 
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Figure 3.2 – Aligned Tracks of H3K4me3 and H3K36me3 

Top two tracks show a genomic region and the H3K4me3 marks associated while the 
subsequent two tracks show the same genomic region and H3K36me3 marks 
associated. The last track indicates location of coding gene annotation. 
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Figure 3.3 – Method Used to Identify Novel Noncoding Transcripts 

A. Reads were initially aligned to the mm9 reference genome using TopHat. 
B. The transcripts were then assembled using Cufflinks de novo so that they can 

be mapped to regions without annotations. 
C. Both the pre-pro-B and the pro-B cell subsets of transcripts were merged into 

one set using CuffMerge. 
D. Using the assembly from CuffMerge, Differential Expression Testing was 

used to identify FPKM values and variance in the two cell subsets. 
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Figure 3.4 – Random Distribution of Identified Novel Noncoding Transcripts 
across the Genome 

Each bar on the x-axis represents a chromosome (1-20), on the y-axis are how many 
transcripts were identified per chromosome. 
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Figure 3.5 – Novel Non-coding Transcripts are Primarily Between 0 – 4 kb 

Each bar on the x-axis represents a bin of size 0 – 2 kb, on the y-axis are the number 
of transcripts identified with that characteristic.  
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Table 3.2 – Characteristics of Noncoding Transcript Lengths  
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Table 3.3 – Genomic and Exonic Characteristics of Identified Noncoding 
Transcripts 

A. Numerical representation of the distribution of non-coding transcripts across 
the genome. 

B. Number of transcripts with a certain number of transcripts. 
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Table 3.4 – FPKM Characteristics of Noncoding Transcripts in Pre-Pro-B and 
Pro-B Subsets 

As transcripts were divided into pre-pro-B and pro-B cell subsets, the FPKMs below 
are listed for the cell type in which they were originally identified. 
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CHAPTER IV:  

The expression of developmental specific lincRNAs in pre-

pro-B and pro-B cells is associated with distinct molecular 

and cellular pathways 
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ABSTRACT 

In the analysis described in the previous sections, we have identified 

ensembles of lincRNAs that are differentially expressed in early B cell progenitors. 

Here we have perturbed the expression of distinct lincRNAs in both pre-pro-B and 

pro-B cells. Pre-pro-B and pro-B cells depleted for the expression of distinct 

lincRNAs were subsequently analyzed using RNA-Seq. We found that distinct 

pathways were associated with the expression of lincRNAs expressed either in pre-

pro-B or pro-B cells. These data reveal that unique molecular and cellular pathways 

are affected by the expression of lincRNAs in B cell progenitors.   

INTRODUCTION 

 It is now well established that elaborate networks of transcription factors act 

in concert to establish B cell fate. B cell development requires the E2A transcription 

factor and, in particular, the E47 splicing isoform whereas the E12 splicing isoform is 

dispensable for B cell initiation. Once E2A protein is activated, they induce the 

expression of other regulators, including FOXO1 and EBF1. Both EBF1 and FOXO1 

play non-redundant and essential roles in promoting the B cell fate. Specifically, B 

cell development in E2A-, EBF-, and FOXO1-deficient mice is halted before the pro-

B cell stage and E2A- and EBF1-deficient cells can be maintained in culture as pre-

pro-B cells. Once EBF1 and FOXO1 expression is induced, they act in a feed-forward 

loop to specify B cell fate 13,32. 

 Most recently, a group of genes has been identified that is transiently induced 

in B cell progenitors. Prominent among this set of genes are LY6D, FOS/JUN, 
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BCL2L1, and XBP1 54. The function of this cluster of loci in early B cell development 

remains to be determined. 

 Critical for the function of B-lineage cells is the expression of the B cell 

receptor. Among the earliest events that promote the B cell fate is the dissociation of 

the IgH locus from the nuclear lamina. Release from the nuclear lamina is followed 

by contraction of the IgH locus, merging the distal and proximal Vh region clusters to 

the Dh-Jh segments to permit the generation of a diverse antigen repertoire 55,56. Rag1 

and Rag1 expression is required for Vh, Dh, and Jh segment to recombine to generate 

V(D)J joints. B cell development is halted at the pro-B cell stage in the absence of 

Rag1 or Rag2 57,58. 

 Here we have examined the roles of a spectrum of lincRNAs in specifying the 

B cell fate. We find that differentially expressed lincRNAs play distinct and unique 

roles specifying B cell fate. 

RESULTS 

Characterization of a selected group of differentially expressed lincRNAs 

 As described in Chapter 3, 403 potential lincRNAs were identified that 

displayed expression in either pre-pro-B or pro-B cells. We next focused or analysis 

on twelve lincRNAs that were differentially expressed in either pre-pro-B or pro-B 

cells. Six of these showed higher expression in pre-pro-B cells whereas the other six 

were upregulated in pro-B cells. To validate the expression pattern as revealed by 

RNA-Seq, RNA was derived from either pre-pro-B or pro-B cells and analyzed using 
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real-time qualitative PCR. As predicted, the expression patterns as determined by RT-

qPCR correlated well with those observed using RNA-Seq (Figure 4.1). The 

transcripts associated with higher expression in the pre-pro-B cells or pro-B cells 

were renamed respectively E1-E6, and R1-R6 (Table 4.1). 

 Those chosen lincRNAs all showed negative coding potential scores as 

determined by the Coding Potential Calculator (CPC). The majority of the pre-pro-B 

cell specific transcripts E1, E2, E3, E5, and E6 displayed coverage scores (a score 

that indicates the proportion of the transcript covered by the most likely open reading 

frame) of less than 15% (Table 4.1). The only exception was lincRNA-E4, which was 

associated with a coverage score of 75%. The scores associated with lincRNA R1-R6 

ranged from 4-38%. As a comparison, HOTAIR, a well-characterized lincRNA, 

showed a coverage score of 9% (Table 4.1). 

 The range of potential coding sequence varied among the various lincRNAs 

between 31 and 142 amino acid residues. To determine whether the identified 

lincRNAs displayed sequence homology to previously identified open reading frames, 

the potential coding sequences were analyzed using BLAST. As expected, none of the 

transcripts showed similarity to previously identified coding sequences. Finally, the 

lincRNAs varied in number of exons and were randomly distributed across the 

various chromosomes. Taken together, these observations indicate the presence of an 

ensemble of lincRNAs that predominately appear to be noncoding, multi-exonic, and 

randomly distributed across the genome. 



 

    
 

53 

Depletion of lincRNAs in B cell progenitors 

 As a first approach to determine the roles of the identified lincRNAs in B-

lineage progenitors, lincRNA abundance was reduced using shRNA-mediated 

knockdown. To accomplish this objective, we modified a vector named MSCV-

LTRmiR30-PIG vector (LMP) by replacing the GFP coding sequence with the human 

CD25 gene and renamed it LMT. Subsequently, three shRNAs were generated 

targeting each of the identified lincRNAs by inserting a 22nt sequence into a miR-30 

stem-loop structure containing a destabilized 5’ end region. Each of the shRNA 

constructs was cloned into the LMT vector and verified by sequencing. The retroviral 

LMT constructs were next co-transfected into 293T cells with pCL-eco packaging 

plasmid. Spernatants were isolated two days post transfection and used to infect either 

pre-pro-B cells or pro-B cells. Specifically, lincRNAs that were more highly 

expressed in pre-pro-B cells were targeted in a long-term culture of E2A-deficient 

progenitors, whereas transcripts associated with high abundance in pro-B cells were 

targeted in Rag1-/- cells. Transduced cells were measured for infectivity by 

monitoring the cell-surface expression of hCD25 using flow cytometry. We routinely 

obtained 30-70% infectivity. Infected cells were next enriched with magnetic beads 

against hCD25. RNA was isolated and examined for depletion of the targeted 

lincRNAs using real-time quantitative PCR. The vectors showing the highest 

knockdown efficiency were selected for further analysis (Figure 4.2).  
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Transcriptomes of pre-pro-B cells depleted for the expression of a selected group 

of lincRNAs 

 To identify genes targeted by the lincRNAs in pre-pro-B cells, RNA derived 

from E2A-deficient progenitors transduced with shRNAs was analyzed using RNA-

Seq. As a control, we used cells transduced with empty LMT vector. We note only 

those samples were processed for RNA-Seq that displayed significant depletion upon 

forced shRNA expression, excluding lincRNA-E6 and lincRNA-R4 from further 

inspection. Isolated samples were sequenced at 50bp reads with an average of 20 

million reads. Sequencing reads were analyzed using Galaxy (usegalaxy.org) by 

aligning to the mm9 canonical female reference genome using TopHat2. Transcripts 

were assembled with cufflinks using the reference genome as a guide. We merged the 

assembled transcripts into one GTF file through Cuffmerge and determined 

differential expression through Cuffdiff. Target genes were identified if they 

displayed greater than 2 fold change in gene expression levels. We found that the 

expression of a large spectrum of genes, averaging 1598, was affected upon depletion 

of E1, E2, E3, and E5 expression in pre-pro-B cells. Both lincRNA-E4 and lincRNA-

R6 were excluded from this study due to inefficient library preparations. Only those 

genes that were annotated were selected for GO analysis and pathways were selected 

only for those that were associated with p-values less than 0.05 (Table 4.2). 

 Interestingly, depletion of the pre-pro-B group of lincRNAs affected genes 

associated with autoimmune disease Systemic Lupus Erythematosus (SLE) related 

nucleosomes and histone (Table 4.2) in each of the samples. Nine pathways were 
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affected upon depletion of the selected lincRNAs in pre-pro-B cells, including 

modules associated with chemokine signaling, primary immunodeficiency, and BCR-

mediated signaling. The B Cell Receptor pathway and Chemokine Signaling pathway 

were both perturbed in E1 and E5. Particularly interesting was the decline in CD79 

and Fos expression associated with the depletion of lincRNA-E1, and Mapk1 

expression of lincRNA-E5. LincRNA-E1 expression also seemed to be associated 

with a pathway involving cytosolic DNA sensing whereas lincRNA-E2 and lincRNA-

E3 appeared to affect predominantly ribosome biogenesis. We note that the pathways 

involved in lincRNA-E1-lincRNA-E5 seem to be much more varied with little 

overlap except for the above-mentioned SLE and Ribosome pathways. Finally, we 

note that depletion of lincRNA-E5 appeared to affect genes associated with the 

Hematopoiesis and Chondroitin Sulfate Biosynthesis pathways. 

Transcriptomes of pro-B cells depleted for the expression of a selected group of 

lincRNAs 

 To identify genes targeted by the lincRNAs in pro-B cells, RNA derived from 

Rag-deficient pro-B cells transduced with shRNAs was analyzed using RNA-Seq. 

Again, as a control we used cells transduced with empty LMT vector. Due to an 

inefficient reduction of lincRNA-R4 by shRNA-mediated knockdown, it was not 

included in our further analysis. We note that cells targeted for lincRNA-R6 did not 

display changes in gene expression levels that were greater than 2 fold and 

consequently was omitted from further analysis. We found that an average of 1760 

genetic loci modified with about 943 genes showing a decrease in expression levels 
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versus 817 genes that were associated with elevated abundance (Table 4.7). Again, 

we observed a cluster of genes that were affected and were associated with 

autoimmunity (SLE) and nucleosomes with the exception of lincRNA-R3. Similarly, 

gene expression levels associated with the Ribosome Biogenesis pathway were 

affected upon depletion of the targeted lincRNAs. In addition, a spectrum of 

pathways were affected upon depleting lincRNAs in pro-B cells. Prominent among 

these were genes associated with the Antigen Presentation pathway (lincRNA-R1, 

lincRNA-R3, and lincRNA-R5), Complement Cascade pathway (lincRNA-R1 and 

lincRNA-R2), Chemokine Receptor pathway (lincRNA-R1 and lincRNA-R2), 

Hematopoiesis (lincRNA-R1 and lincRNA-R3), Cell Adhesion pathway (lincRNA-

R2 and lincRNA-R3), Allograft Rejection pathway (lincRNA-R2 and lincRNA-R3), 

Autoimmune Thyroid Disease pathway (lincRNA-R2 and lincRNA-R3), Chemokine 

Signaling pathway (lincRNA-R2 and lincRNA-R5) and Toll-Like Signaling pathway 

(lincRNA-R2) (Tables 4.8-4.11). 

DISCUSSION 

 In this study, we identified a large ensemble of putative lincRNAs that are 

differentially regulated during the pre-pro-B to pro-B transition. Initially we focused 

our analysis on six lincRNAs that were more highly expressed in the pre-pro-B to 

pro-B cell stage (E1-E6) and six lincRNAs that were more highly expressed in the 

pro-B cell stage (R1-R6). E6 and R4 were excluded from further analysis as we were 

not able to deplete either lincRNAs using shRNA strategies and E4 and R6 were 
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excluded due to inefficient library preparations. It will be important to assess their 

function using alternative approaches, including Cas9/CRISPR. 

 Depletion of the selected lincRNAs was associated with striking differences in 

gene expression patterns for both the pre-pro-B and pro-B cell stages. Interestingly, 

we observed broad changes in the expression patterns of genes associated with SLE 

upon depleting the expression of multiple lincRNAs. It is conceivable that this was 

caused by non-specific targeting plausibly caused by retroviral transduction. However, 

we note that the expression of genes that were disrupted was neither all upregulated 

nor all downregulated, nor were they derived from the same genes or gene variants. 

Hence, it will be important to scrutinize the roles of the selected lincRNAs in 

modulating SLE-related genes in future studies. 

 Generally, we found a striking relationship between the depletion of lincRNA 

expression and the expression of genes associated with histone expression and histone 

metabolism. These findings are in line with previous observations indicating a loose 

connection between lincRNAs, histone variants, and chromatin modifications. Of 

particular interest are genes encoding for proteins involved in B cell receptor 

mediated signaling. Conspicuous among the putative target genes are a cluster of 

genes involved in signals emanating from the BCR, including CD19, CD79a, and 

CD79b. Each of these proteins control key signaling events in B cell progenitors and 

mutations in these factors have been demonstrated to severely affect B cell maturation. 

We note that c-fos is a critical target for lincRNA-E1 activity in B cell progenitors. 

We have recently demonstrated that c-fos is transiently induced in early B cell 



 

    
 

58 

progenitors and it will be of interest to determine how lincRNA-E1 and c-fos 

expression act to orchestrate early B-lineage development. Finally, we note that genes 

encoding for factors involved in ribososme biogenesis are affected in B cell 

progenitors depleted for lincRNA expression. Recent observations have indicated that 

pro-B cell growth is controlled, at least in part, by c-Myc and the chromatin 

remodeler Brg1, and it will be interesting to determine whether and how the 

lincRNAs identified here act in concert with c-Myc and Brg1 to control pro-B cell 

growth.  

 Perhaps most intriguing here is our finding that lincRNA-R1 appears to 

control the expression of genes associated with alternative cell lineages. It will be 

important to determine whether and how lincRNA-R1 affects the expression of EBF1 

and PAX5 to repress the expression of genes of the myeloid, T, and innate lymphoid 

cell lineage in developing B cell progenitors. Although still to be investigated, it is 

conceivable that lincRNA-R2 acts in concert with EBF1 and PAX5 to commit 

progenitor cells to the B cell fate. 

 In conclusion, we have characterized a spectrum of lincRNAs that are 

differentially expressed during the pre-pro-B to pro-B transition, acting at a global 

scale to modulate the expression of genes associated with developmental progression, 

B cell specification, and commitment. How the identified lincRNAs and their 

downstream target genes regulate and modulate the establishment of the B cell fate 

will be an intense topic for further investigations. 
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MATERIALS AND METHODS 

Maintenance of pre-pro-B cells 

E2A-/- cells were maintained in IMDM + 10% FCS, 2% PSG, and 2µl β-me on 

subconfluent S17 feeder cells in the presence of 1:100 IL-7, 1:100 Flt3L, and 1:500 

SCF. S17 feeder cells were maintained in a-MEM + 10% FBS and 2% PSG. 

Isolation of pro-B cells 

Bone marrow cells were harvested from the femur, tibia, and crista iliac of 

Rag1-/- mice for pro-B cells. Bones were crushed with a mortar and pestle in Opti-

MEM + 10% FCS, 2% PSG, and 2µl β-me to release cells. Red blood cells were lysed 

for 5 minutes in RBC lysis buffer. Cells were then bound to anti-B220 beads, using 

900µl buffer (PBS + 2% FCS) with 100µl B220 Miltenyi beads, for 15 minutes in 

4°C. Cells were positively selected through AutoMACS column purification and 

counted. Pro-B cells were maintained at 2 million cells/ml in a 24-well plate in Opti-

MEM + 10% FCS, 2% PSG, and 2µl β-me in the presence of 1:100 IL7 and 1:500 

SCF. 

LMT and viral production 

The MSCV-LTRmiR30-PIG (LMP) was kindly provided by Dr. Anjana Rao 

(LJI, La Jolla, CA) and modified for the knockdown assays. The original plasmid was 

cut using SalI and NcoI to open and release the GFP gene between the 3’LTR and 

IRES. hCD25 was PCR amplified from pCS-Ret/TAC and ligated to create LMT 

(MSCV-LTRmiR30-PIT). 
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For each transcript of interest, 3 shRNA constructs were designed following 

the LMP Technical Manual (Thermo Scientific Catalog #EAV4678, EAV4679): a 

22nt oligo was designed from RNAi Central- RNAi Olige Retriever 

(http://cancan.cshl.edu/RNAi_central/RNAi.cgi?type=shRNA). The 97mers 

containing the unique shRNA sequence were ordered through Sigma-Aldrich as 

0.05umol with a desalted purity. Each 97mer was PCR amplified with Phusion High-

Fidelity polymerase (NEB) according to the manual and digested with EcoRI-HF and 

XhoI at 37°C for 3 hours, then the 114bp product was purified from an agarose gel. 

LMT vector was cut with EcoRI-HF and XhoI at 37°C for 3 hours then gel purified. 

Vector and PCR product were ligated overnight with T4 DNA ligase and buffer 

(NEB) at 16°C overnight. Vector was sequenced to verify the ligation of insert. 

Viral supernatants were produced by transient calcium phosphate mediated 

transfection of LMT with pCL-ecotropic packaging vector (Inder Verma, Salk) into 

293T cells. Briefly, 293T cells were grown to 70% confluency on 10cm dishes.  

Media was changed and 21µg LMT was combined with 9µg pCL-eco, 62µl 2M CaCl2 

and water to reach 500µl. The mixture was then added to 500µl 2x HBS buffer 

(274mM NaCl, 10mM KCl, 1.4mM Na2HPO4 anhydrous, 15mM D-glucose, 42mM 

HEPES (free acid); pH to 7.05-7.06 with NaOH), mixed quickly and administered 

drop-wise to the dish after precipitates formed for about 1 minute. Media was 

changed after 8-24 hours. Viral particles in the supernatant were collected at 36 hours 

and frozen down.  
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Spin-infection of pre-pro-B and pro-B cells 

Cells were cultured as described above. After incubation of freshly thawed 

viral supernatant with polybrene at 4µg/ml (final concentration) on ice for 10 minutes 

and addition of the following cytokines: IL7 1:100, Flt3l 1:100, SCF 1:500, the cells 

were resuspended in viral supernatant at 1 million cells/ml and plated at 1ml per well 

of a 24 well dish. The cells were spun for 90 minutes at 30°C, 2500rpm. The cells 

were left a further 1.5 hours in the incubator before removal of viral supernatant and 

addition of fresh media.  

Visualizing infectivity 

At 48 hours post infection, an aliquot of cells were spun down and 

resuspended in FACS buffer (PBS + 2% FCS) with hCD25-FITC (BD Pharmingen) 

and incubated at 4°C for 20 minutes. Cells were washed once and resuspended in 

FACS buffer. Flow Cytometry was performed on the FACS Calibur (Becton 

Dickinson, Franklin Lakes, NJ) and analyzed with FlowJo (Tree Star, Ashland, OR). 

Positive selection of hCD25+ cells 

Cells were washed once with FACS buffer and positive cells labeled with 

hCD25 microbeads (Miltenyi, San Diego, CA) then positively selected via auto-

MACS.   

Quantitative PCR 

RNA was prepared using RNeasy Column (Qiagen, Valencia, CA) and cDNA 

was prepared using Superscript III (Invitrogen, Carlsbad, CA) as directed by the 

manufacturer using oligo d(T). Real-time quantitative PCR was performed in 20µl 
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reactions using FastStart Universal SYBR Green Master (Rox) (Roche, Oceanside, 

California) on a Stratagene Mx3500p cycler. Primers were designed specifically for 

each transcript of interest to span over an intron and the amplicon to be less than 

200bp. Housekeeping genes HPRT1 (hypoxanthine-guanine 

phosphoribosyltransferase) and RPLP0 (ribosomal protein, large, P0) were used as 

controls.  

RNA Isolation for RNA-Seq 

RNA from positively selected hCD25+ cells was isolated using RNeasy 

Column (Qiagen, Valencia, CA) with DNaseI on-column digest. DNA was further 

digested with TURBO DNase (Life Technologies, Carlsbad, CA) as directed. mRNA 

was purified using the Dynabead mRNA purification kit (Life Technologies, Carlsbad, 

CA) and starting with less than 75µg total RNA in 100µl total volume. Using 100-

500ng mRNA incubated at 70°C for 10 minutes then immediately placed on ice, 

cDNA synthesis was performed as described with the addition of actinomycin D. 

Removal of dNTPs was performed by Probe Quant G50 Columns (GE, Pittsburgh, 

PA). Second strand synthesis was performed by incubating the sample for 2 hours at 

16°C in the following mixture: 0.1x RT Buffer, 0.25mM MgCl2, 1mM DTT 

(LifeTechnologies), 0.2mM each dAGCU, 0.75x Second Strand Synthesis mix [need 

recipe from vc], 5U E Coli ligase, 20U DNA Polymerase (NEB), 5U RNase H 

(LifeTechnologies)with DNA polymerase I, E.Coli ligase and RNase H. Double 

stranded cDNA was column purified by DNA Clean and Concentrator Kit (Zymo 
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Research, Irvine, CA) and Covaris sonicated for 4 cycles of 60 seconds per cycle. 

Sonicated samples were column purified as above. 

Library Preparation of RNA-Seq samples 

Sonicated fragments were blunt ended with End-it DNA End-Repair Kit 

(Epicentre, Madison, WI) and column purified as above. To the 3’ end, “A” base was 

added with 15U Klenow Fragment 3’ to 5’ exo-, 1x NEB buffer 2, 0.2mM dATP and 

purified DNA, incubated at 37°C for 30 minutes before column purified as above. 

Illumina sequencing adaptors were incubated with quick Ligase (NEB) at 20°C for 30 

minutes before column purification. Samples were size selected using 8% PAGE to 

200-450bp. Purified sample was digested with AmpErase Uracil N-glycosylase at 

37°C for 15 minutes. Samples were then PCR amplified with Phusion, PCR primer 

and Index for the following program: 98°C for 30 seconds; 13 cycles of 98°C for 10s, 

65°C for 30s, 72°C for 30; 72°C for 5 minutes. Samples were size selected to be 200-

450bp and gel extracted from a 1.5% high Resolution Agarose gel with SYBR Gold 

(Life Technologies, Carlsbad, CA). Visualized with a transiluminator, a 200-450bp 

band was excised with care to avoid primer dimers. DNA was extracted with a Gel 

Extraction Kit (Zymo Research, Irvine, CA). Concentration was measured by Qubit 

Fluorometric Quantitation (Life Technologies, Carslbad, CA) and samples were 

delivered at 2ng/µl for sequencing which was performed at the UCSD Institute for 

Genomic Medicine on HiSeq2000 (Illumina, San Diego, CA).  
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RNA-Seq Analysis 

Analysis was performed with Galaxy (usegalaxy.org). Fastq files were 

groomed to Sanger format then aligned to the canonical female genome (NCBI build 

37, mm9) with TopHat2. Mapped reads were assembled into transcripts with 

Cufflinks, then Cuffmerge for each condition with LMT to create a full assembly. 

Cuffdiff was performed on aligned transcripts and the full assembly created from 

Cuffmerge using mm9 refFlat as the reference genome to determine fragments per 

kilobase of exon per million fragments mapped (FPKM).  

Gene Ontology Analysis 

Genes that were identified to have a greater than a 2 fold change (i.e.: -1 < 

ln(fold change) < 2) in gene expression by FPKM were submitted to functional 

annotation by Gene Ontology (GO) by looking at Kyoto Encyclopedia of Genes and 

Genomes (KEGG) pathways association through the Database for Annotation, 

Visualization and Integrated Discovery (DAVID) online tool 

(http://david.abcc.ncifcrf.gov/).  
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Figure 4.1 – Expression of Selected lincRNAs are Developmentally Regulated 

Each of the transcripts identified as E1 – E5 show a higher expression in E2A-/- cells 
as compared to Rag1-/- cells with the opposite being true for R1 – R5 transcripts. 
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Table 4.1 – Characteristics of Selected lincRNAs 

CuffID was generated through the Bowtie software. CPC score is a representation of 
the ability for the transcript to code. Hit Num, Hit Score, Frame Score, Coverage, Log 
Odds, Type, and ORF size were all generated from CPC. Location is the genomic 
location in mm9. Length is the length of the mature transcript. Exons are the number 
of identified exons in the major isoform. 
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Figure 4.2 – Knockdown Efficiencies of shRNA Constructs 

Three constructs against each selected lincRNA were tested and compared to the 
LMT empty vector as a control. Subsequent experiments were performed using the 
shRNA construct with the highest knockdown efficiency. 
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Table 4.2 – Disrupted Pathways for Pre-pro-B lincRNA Knockdown 

Results form Gene Ontology analysis was performed using genes with greater than 2-
fold disruption. First column denotes the construct reduced. Second column denotes 
total number of genes disrupted. Third column denotes how many of those disrupted 
genes were down two-fold after knockdown and the fourth column denotes how many 
of those disrupted genes were up two-fold. 
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Table 4.3 – Genes Disrupted in Knockdown of lincRNA-E1 
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Table 4.4 - Genes Disrupted in Knockdown of lincRNA-E2 
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Table 4.5 - Genes Disrupted in Knockdown of lincRNA-E3 
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Table 4.6 - Genes Disrupted in Knockdown of lincRNA-E5 
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Table 4.6 - Genes Disrupted in Knockdown of lincRNA-E5, Continued 
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Table 4.7 – Disrupted Pathways for Pro-B lincRNA Knockdown 
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Table 4.7  – Disrupted Pathways for Pro-B lincRNA Knockdown, Continued 
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Table 4.8 - Genes Disrupted in Knockdown of lincRNA-R1 
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Table 4.8 - Genes Disrupted in Knockdown of lincRNA-R1, Continued 

 
 
 
 
 
 
 
 



 

    
 

78 

Table 4.8 - Genes Disrupted in Knockdown of lincRNA-R1, Continued 
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Table 4.9 - Genes Disrupted in Knockdown of lincRNA-R2 
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Table 4.9 - Genes Disrupted in Knockdown of lincRNA-R2, Continued 
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Table 4.9 - Genes Disrupted in Knockdown of lincRNA-R2, Continued 
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Table 4.10 - Genes Disrupted in Knockdown of lincRNA-R3 
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Table 4.10 - Genes Disrupted in Knockdown of lincRNA-R3, Continued 
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Table 4.10 - Genes Disrupted in Knockdown of lincRNA-R3, Continued 
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Table 4.11 - Genes Disrupted in Knockdown of lincRNA-R5 
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Table 4.11 - Genes Disrupted in Knockdown of lincRNA-R5, Continued 
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CHAPTER V:  

A novel lincRNA, lincRNA-E1, modulates early B cell 

development 
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ABSTRACT 

 In the previous chapters, we describe the identification of an ensemble of 

lncRNAs that are expressed in B cell progenitors.  Here we have examined the 

potential role for a distinct lincRNA-E1.  Analysis by RNA-FISH shows lincRNA-E1 

primarily localized to the nucleus in E2A-/- cells. LincRNA-E1 expression declines in 

developing B cell progenitors. As a first approach to determine its function, we have 

depleted fetal liver progenitors for the expression of lincRNA-E1 using shRNA 

approaches. We found that silencing of lincRNA-E1 leads to an increase in the 

fraction of CD19+ pro-B cells.  These data point to a critical role for lincRNA-E1 in 

early B cell development.  

INTRODUCTION 

Development of early B cell progenitors requires the combined activities of an 

ensemble of transcription factors. Conspicuous among these are EBF, E2A, and 

Foxo1. The E2A proteins, E12 and E47, act upstream of Foxo1, which in turn, 

activates the expression of EBF1.  Foxo1 and EBF1 then act in a positive regulatory 

feed-forward loop to initiate a B-lineage specific program of gene expression 13,32,59. 

Recent findings have implicated lincRNAs in a wide variety of biological processes. 

How they act remains largely unknown. Potential mechanisms that may underpin the 

activities of lincRNAs involve scaffolding, decoy, guide, and transcriptional 

regulation. As a scaffold, lincRNAs may facilitate protein-protein interactions. Acting 

as decoys, they may act as sinks to sequester and silence miRNA activity. In terms of 

acting as a guide, they may recruit chromatin-modifying complex to the appropriate 
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regulatory elements. Finally, it has been suggested that lincRNAs bind transcription 

factors to modulate their transactivation abilities 41. 

As described in the previous chapters we found a spectrum of lincRNAs that 

are differentially expressed in B cell progenitors. Specifically, we have identified 

over 400 novel lincRNAs developmentally regulated in early B cell progenitors. 

Twelve of this set of lincRNAs was selected for further scrutiny. Of this subset, six 

lincRNAs were more highly expressed in pre-pro-B cells whereas six others were 

more highly expressed in the pro-B cell compartment. Here we have examined the 

function of a singular lincRNA, named lincRNA-E1, in early B cell development. We 

found that depletion of lincRNA-E1 significantly affected early B cell development. 

These data reveal an important function for lncRNAs in establishing B cell identity.  

RESULTS 

In the previous chapters, we have described the identification of an ensemble 

of lincRNAs that are expressed in developing B cells.  Here we focus on a singular 

lncRNA named lincRNA-E1. The lincRNA-E1 genomic region is flanked by the 

deposition of histone 3 lysine 4 trimethylation (H3K4me3) both in E2A-deficient pre-

pro-B and in committed Rag1-deficient pro-B cells (Figure 5.1).  As expected, low 

levels of active transcription as assessed by histone 3 lysine 36 trimethylation 

(H3K36me3) are associated with the lincRNA-E1 genomic region (Figure 5.1). 

Consistent with these results we found expression in both E2A-/- cells and Rag1-/-  

cells, with slightly higher tags in E2A-/- cells than Rag1-/- cells as measured by RNA-

Seq and GRO-Seq (Figure 5.1).  
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Tissue Specificity 

Generally, lincRNAs are not only developmentally regulated, but also display 

a highly tissue specific pattern of gene expression.  As a first approach to examine the 

transcription profile associated with lincRNA-E1, we utilized ENCODE data. The 

deposition of both H3K4me3 and H3K36me3 associated with the lincRNA-E1 

genomic region was detected, albeit in low abundance in ES-E14 and spleen (Figure 

5.2). Interestingly, we found lincRNA-E1 to be transcriptionally active in CH12 and 

MEL cells, but not in lung, mouse embryonic fibroblasts (MEFs), olfactory tissue, 

placenta, brain or small intestine (Figure 5.2). We note that CH12 is derived from a 

murine B cell lymphoma whereas MEL was originally derived from leukemic cells. 

The two genes that flank lincRNA-E1, Tmem2 and Fam108b, have a much broader 

range of active transcription including ES-E14, spleen, thymus, heart, liver and strong 

promoter marks for brain, lung, MEF, olfactory, placenta and small intestine (data not 

shown). These data suggest that lincRNA-E1 displays a restricted pattern of gene 

expression. 

Expression patterns of lincRNA-E1 across development 

To validate the expression pattern of lincRNA-E1, we performed a 

quantitative PCR analysis. E2A-/- and EBF-/- cells are arrested at the pre-pro-B cell 

stage whereas Rag1-/- derived lymphocytes represent the committed pro-B cell 

compartment. We found a higher level of expression in both E2A-/- and EBF-/- cells 

than in the Rag1-/- cells, confirming the expression pattern as revealed using RNA-
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Seq (Figure 5.3a).  We next evaluated the expression pattern of lincRNA-E1 using 

sorted primary hematopoietic progenitors.   

Specifically, lineage-Sca1+Kit+ (LSK), lymphoid primed multipotent 

progenitor (LMPP), common lymphoid progenitor (CLP), pro-B, pre-B, immature B 

and mature B cells were isolated by florescence activated cell sorting. Sorted cell 

samples were normalized to cell numbers and internal quantitative PCR reactions 

were normalized to beta-actin. We found low levels of expression in the early B cell 

progenitors with the highest at the pro-B cell stage, dropping quickly for the pre-B 

and immature B cell compartments then rising levels similar as observed for pro-B 

cells at the mature B stage (Figure 5.2b). We next examined lincRNA-E1 expression 

across the developmental stages through an RNA-Seq paying close attention to the 

two subsets of CLPs, Ly6D+ and Ly6D-, which correspond to all lymphoid 

progenitors (ALPs) and B-cell biased lymphoid progenitors (BLPs), respectively. The 

expression pattern shows low lincRNA-E1 expression in ALP with a slight increase 

in BLPs and then a rise in pro-B cells. Similar to the qPCR results, expression 

decreases and then comes up again for the mature B cell compartment (Figure 5.3c). 

Taken together, these data indicate that lincRNA-E1 is developmentally regulated in 

B cell progenitors with the highest levels of expression in pre-pro-B, pro-B and 

mature-B cells. 

A novel approach to evaluate the roles of lincRNAs in hematopoiesis 

In order to establish a methodology that would permit us to determine the 

roles of lincRNAs in hematopoiesis, we examined the reconstitution capacity of a 
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long-term culture of hematopoietic progenitors transduced with virus expressing 

Hox10a-Nup98.  Briefly, a culture of Ly5.1.2+ hematopoietic progenitors and freshly 

isolated Ly5.1+ HSC cells were injected into lethally irradiated Ly5.2+ C57Bl/6 mice.  

Transplanted mice were supplemented with antibiotics and bled to detect the ability 

of injected cells to reconstitute the hematopoietic compartments. Both the B and T 

cell compartments were efficiently reconstituted (Figure 5.4a) 

Whole blood analysis of the cells showed that 26.8% stained positive for 

B220 expression whereas 4% of the cells expressed CD3e (Figure 5.4a). Gating on 

the B220+ cells, 51.7% of the cells expressed Ly5.2+ demonstrating that about half of 

the cells were derived from the host. The rest of the B220+ cells were split between 

the injected cells with 26.7% derived from the HSC-Hox population (Ly5.1.2+), and 

20.6% from the freshly isolated HSC population (Ly5.1+). In terms of the T cell 

population, of those cells that stained positive for CD3e, 18,4% were derived from the 

HSC-Hox population, and 79.7% were from the freshly isolated HSC population. Of 

the CD3e population, none of the cells were derived from the recipient mouse.  

 Emboldened by this test, hematopoietic progenitors were transduced with a 

vector expressing an shRNA directed against lincRNA-E1 (LMT-E1) or empty vector 

(LMT-O) as well as knockdown against the other identified lincRNAs (i.e.: E2-5, R1-

5). After two subsequent spinfections, cells were purified for the cell surface marker 

hCD25 and then injected into a lethally irradiated mouse in a competitive assay using 

a 1:1 ratio of Ly5.1+hCD25+HSC-Hox cells and Ly5.2+hCD25-HSC-Hox. We found 

that a majority of the recipient mice died prior to analysis. Although hematopoietic 
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progenitors transduced with Hox10a-Nup98 virus were able to reconstitute the entire 

hematopoietic compartment, they did not do so in the appropriate ratios. In the bone 

marrow, when gating on the B220+CD19+ population, it is expected that one-fifth of 

the population express IgM versus a quarter of the population express IgM+IgD+. 

However, recipient mice injected with transduced progenitors showed that only 1% of 

the injected cells express IgM+ and 5% were IgM+IgD+. In the spleen, the majority 

of the cells are expected to express IgM+IgD+ whereas in reconstituted mice only 

65% expressed IgM and IgD.  In the thymus, we found that the double-positive 

population only accounted for 16% of the reconstituted cells while 43% expressed 

CD4 but not CD8 whereas 13% expressed CD8 but not CD4.  In the spleen, 47% of 

injected cells expressed CD4 and 6% displayed CD8 expression (Figure 5.4b).  Taken 

together, these data indicate that hematopoietic progenitors transduced with virus 

expressing Hox10a-Nup98 are compromised in their ability to reconstitute the 

hematopoietic compartment. 

The role of lincRNA-E1 as revealed by in vitro differentiation of B-lineage 

progenitors 

 To examine the role of lincRNA-E1 in early B cell development we utilized 

an in vitro approach as described in Chapter 2.  Briefly, a cell line was utilized that 

overexpressed human Id2 under control of a doxycycline inducible promoter element. 

The hID2-progenitor cell line is able to persist in culture for an indeterminate amount 

of time with a similar phenotype as described for the E2A-/- cell line but once 
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doxycycline was added, hID2 expression was reduced permitting the progenitor cells 

to differentiate into committed B-lineage cells. 

In appropriate culturing conditions, including TST-4 feeder cells and 

cytokines IL7 and SCF, a substantial fraction of the population readily differentiates 

into committed CD19+GFP- pro-B cells. Subsequently, we transduced retroviral 

vectors expressing shRNAs directed against the identified lincRNAs, including 

lincRNA-E1, into hID2-progenitor cells. Two days post infection, cells were 

differentiated in culture and examined for the expression of hCD25 and CD19. By 

day 3, an average of 5.5% of the total cell population expressed hCD25+ and at day 7, 

7.6% expressed hCD25+. On a 2x2 matrix, we next charted the percentages of cells 

that expressed CD19+ in the following 4 conditions: uninfected and undifferentiated, 

uninfected and differentiated, infected and differentiated, infected and 

undifferentiated. Appropriately, uninfected and undifferentiated yielded the fewest 

CD19+ cells, but at day 3, the highest percentage of CD19+ cells in both the LMP 

and shE1 condition were infected and undifferentiated (data not shown). By day 5 

these percentages did not correct themselves where the undifferentiated-infected 

condition yielded nearly 40% CD19+.  

Role of lincRNA-E1 in fetal liver derived B cell progenitors 

 Finally, in order to assess the role of lincRNA-E1 in early B cell development, 

we utilized fetal liver progenitors, which are enriched for hematopoietic stem cells at 

e14.5. Fetal livers were dissected and lineage depleted then infected twice with LMT-

E1, LMT-E2, or LMT-O empty control. Cells were selected for hCD25 cell surface 
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expression and plated on TST-4 feeder cells in the presence of IL7, SCF and Flt3L. 

Interestingly, we found that depletion of lincRNA-E1, but not lincRNA-E2, in fetal 

liver progenitors caused an increase in CD19+ cells by day 5 relative to LMT-O 

(Figure 5.4c). However, we observed substantial variation in the fraction of CD19+ B 

cells that developed in progenitor cells depleted for the expression of lincRNA-E1. 

Over the course of several independent experiments, by day 5, there was a significant 

increase in the number of CD19+ B cells (p= 0.0469) and by day 7 we consistently 

detected a significant increase of CD19+ B cells in HSCs that were infected with 

shE1 versus those infected with empty vector (p=0.0017) (Figure 5.4d). 

 By focusing at one representative experiment in detail, we found that 

transduced cells maintain greater than 75% hCD25+ cell surface expression through 7 

days of differentiation (Figure 5.5a). We first gated on CLPs (or ALPs) as defined by 

Flt3 and IL7ra expression. Comparing empty vector to LMT-E1, we did not detect 

significant differences. Although we have an increase in the positive population from 

day 3 to day 7 both cultures show the presence of approximately 2.5% CLPs in day 3, 

5.7% at day 5 followed by a minor drop to 3.5% at day 7 (Figure 5.5b).   

 However, upon inspecting the fraction of B220+CD19+ pro-B cells, we 

detected significant differences between control vector and shRNA directed against 

lincRNA-E1 expression. At day 3, depletion of E1 did not appear to affect the 

fraction of pro-B cells. By day 5, we found a slight shift where expression of LMT-

E1 displayed a higher fraction of pro-B cells. Interestingly, by day 7, we found 

striking differences upon depletion of lincRNA-E1 in the ability of progenitor cells to 
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differentiate.  Specifically, we found that upon depletion of lincRNA-E1, 24% of the 

progenitor cells showed B220+CD19+ expression whereas in the empty vector 

control only 15% of the cells expressed B220 and CD19, consistent with previous 

observations (Figure 5.5b). These differences, however, were restricted to the pro-B 

cell populations as we failed to detect abnormalities in the pre-B cell compartment 

(Figure 5.5b). Finally, as noted previously in chapter 4, several pathways were 

modified upon depletion of lincRNA-E1 in E2A-deficient progenitor cells. Notably, 

pathways associated with primary immunodeficiency and B cell receptor signaling 

were affected as well as several genes involved in B cell physiology including CD19, 

FOS, BLNK, CD79a and CD79b (Table 5.1).   

Forced lincRNA-E1 expression does not affect the transcription signature of B 

cell progenitors 

 To identify a full-length version of lincRNA-E1, we performed 3’ RACE and 

5’ RLM-RACE. We found that the transcript consists of 2329bp encoded within two 

exons, the first exon being 106bp and the second being 2223bp. Visualization of 

secondary structure for the full-length cDNA was determined by RNA-Fold (Figure 

5.6). Sequence is available upon request.  

Using a method involving PCR and a triple ligation, we inserted lincRNA-E1 

into the pCS-ret vector just upstream of the IRES. Viral supernatant was made as with 

LMT-E1 and infected into Rag1-/- cells to determine whether and how overexpression 

of lincRNA-E1 modulates gene expression at the pro-B cell stage. We found that 

upon forced lincRNA-E1 expression, 881 transcript levels were modified 2 fold, with 
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525 genes down-regulated and 356 upregulated (Table 5.1). The only pathway that 

showed some statistical significance was associated with ribosome biogenesis 

(p=4.5E-4).  

Localization of E1  

To determine the nuclear localization of lincRNA-E1 we created a tandem 

array of RNA probes and hybridized them to E2A-/- cells or Rag1-/- cells. As expected, 

lincRNA-E1 was expressed at low abundance with only a few transcripts detectable 

per cell (Figure 5.7) with an even lower abundance of lincRNA-E1 transcripts in the 

Rag1-/- cells. A majority of the Rag1-/- cells contained zero transcripts, otherwise 

around 2 or 3 whereas the E2A-/- cells contained a wider range of transcript numbers 

per cell. Localization seemed to be primarily nuclear in the E2A-/- progenitor cells but 

in Rag1-/- cells lincRNA-E1 transcripts were also detectable in the cytoplasm (Figure 

5.7).  

DISCUSSION 

Here we have identified a noncoding RNA, named lincRNA-E1, which is 

differentially expressed in developing B cell progenitors. We found that the 

expression pattern of lincRNA-E1 is restricted to hematopoietic lineages. Using 

RNA-Seq and qPCR, we identified that lincRNA-E1 is expressed at higher levels in 

E2A-/- and EBF-/- progenitor as compared to Rag1-/- cells. Data obtained from sorted 

primary cells shows an opposite trend. Specifically, we found higher lincRNA-E1 

expression in pro-B cells as compared to the CLPs – both ALPs and BLPs. Perhaps 
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this reflects the fact that development is not a series of discrete events but rather a 

continuum. The E2A-/- cells and Rag1-/- cells are artificial developmental arrests 

within this continuum that we have defined as pre-pro-B or pro-B cells, but those 

stages may not entirely line up with the way we define the stages for primary cells. It 

may additionally hint to the regulation of lincRNA-E1 involving a complicated 

regulatory network that is disrupted when EBF or E2A expression are silenced. 

Hence, it would be of interest to perform GRO-Seq on cell-sorted samples to 

determine active and ongoing transcription at distinct developmental stages. We also 

note that we detected a small increase in lincRNA-E1 abundance at the LMPP stage 

using both qPCR and RNA-Seq, and a higher increase in mature B cells. It will be of 

interest using conditional knockout mice to determine the role of lincRNA-E1 at these 

specific developmental stages. 

Although we have identified and tested multiple lncRNAs for function in 

early hematopoiesis, we found that only depletion of lincRNA-E1 showed a 

significant difference in developmental potential, indicating that the observed defects 

are inherent to depletion of lincRNA-E1 expression and do not relate to the shRNA of 

experimental procedures as such. There was substantial variation in the number of 

CD19+ B cells upon depletion of lincRNA-E1 in fetal liver progenitors, but 

consistently we found increased numbers of CD19+ pro-B cells when compared to 

the empty control. Interestingly, the defect in developmental progression appears to 

be specific to the pro-B cell compartment. We note that further analysis in which 

lincRNA-E1 expression is depleted at specific developmental stages should further 
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reveal the potential roles of lincRNA-E1 in the wide spectrum of hematopoietic 

compartments. 

Surprisingly, we found that forced expression of lincRNA-E1 caused no 

striking changes to transcription signatures. There are several possibilities that may 

underpin this apparent discrepancy: 1. If lincRNA-E1 works in cis, ectopic forced 

exogenous expression might not allow for the appropriate function. 2. The construct 

we used was fused to IRES-hCD25 and it is conceivable that the formation of a 

hybrid transcript alters its structure to render it inactive. 3. Upon further inspection, 

we found that 200bp of the 3’ end of the transcript was lacking, again potentially 

changing its function.  

A critical question that remains to be address is as to how lincRNA-E1 

modulates early B cell development. Among the various targets identified, we found 

that depletion of lincRNA-E1 modulates the expression of Fos. Fos is of particular 

interest since we found that Fos is differentially regulated in developing B cell 

progenitors (Chapter 2).  Likewise, data acquired from Gene Expression Commons 

(Weissman, Stanford University), a meta-analysis of publicly available microarray 

data, shows fos expression peaking at Fraction A, subsiding, then again peaking at 

Fraction E, correlating well with the expression pattern of lincRNA-E1.  How 

lincRNA-E1 and members of the Fos/Jun family act to modulate B cell development 

will be an important focus for future studies. 
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MATERIALS AND METHODS 

shRNA Vector Production 

The MSCV-LTRmiR30-PIG (LMP) was kindly provided by Dr. Anjana Rao 

(LJI, La Jolla, CA) and modified for the knockdown assays. LMP was digested with 

SalI and NcoI to open and release the GFP gene between the 3’LTR and IRES. 

hCD25 was PCR amplified from pCS-Ret/TAC and ligated in to create LMT 

(MSCV-LTRmiR30-PIT). An oligo of 97 nucleotides in length containing a 22nt 

homology sequence to the lincRNA-E1 was ligated into the MCS to create shE1. 

Hox10a-Nup98 Cell Culture  

Hox-HSCs were generously provided by the Nemazee lab. They were 

maintained in RPMI with 2% FCS, 0.03% Primatone, 2% PSG + β-me in the 

presence of 1:20 SCF, 1:40 IL-6, 50ng IL-3 (R&D, Minneapolis, MN).  

hID2-HSC Cell Culture 

hID2-HSCs were maintained in IMDM + 10% FCS, 2% PSG and 2µl β-me in 

subconfluent S17 feeder cells in the presence of 1:100 IL-7, 1:100 Flt3L, and 1:200 

SCF.  

S17 and TST-4 Cell Culture 

The TST-4 stromal cell line was maintained subconfluently in MEMa + 10% 

FCS, 2% PSG, β-me. 

Isolation of pro-B cells 

Bone marrow cells were harvested from the femur, tibia, and crista iliac of 

Rag1-/- mice for pro-B cells. Bones were crushed with a mortar and pestle in Opti-
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MEM + 10% FCS, 2% PSG, and 2µl β-me to release cells. Red blood cells were lysed 

for 5 minutes in RBC lysis buffer. Cells were then bound to B220 biotin beads, using 

900µl buffer (PBS + 2%FCS) with 100µl B220 Miltnyi beads, for 15 minutes in 4°C. 

Cells were positively selected through AutoMACS column purification and counted. 

Pro B cells were then maintained at 2 million cells/ml in a 24-well plate in Opti-

MEM + 10% FCS, 2% PSG, and 2µl β-me in the presence of 1:100 ILF and 1:500 

SCF home-made cytokines. 

Viral Vector Production 

Viral supernatant were produced by transient calcium phosphate mediated 

transfection of LMT with pCL-ecotropic packaging vector into 293T cells. The 

packaging plasmids were kindly provided by Dr. Inder Verma. Briefly, 293T cells 

were grown to 70% confluency on 10cm dishes.  Media was changed and 21µg LMT 

was mixed with 9µg pCL-eco, 62µl 2M CaCl2 and water to reach 500µl. The mixture 

was then added to 500µl 2x HBS buffer (274mM NaCl, 10mM KCl, 1.4mM 

Na2HPO4 anhydrous, 15mM D-glucose, 42mM HEPES (free acid); pH to 7.05-7.06 

with NaOH), mixed quickly and administered dropwise to the dish after precipitates 

formed for about 1 minute. Media was changed after 8-24 hours. Viral particles in the 

supernatant were collected at 36 hours and frozen down.  

Bone Marrow Reconstitution 

Donor C57bl/6 mice expressing CD45.1 or CD45.2 were injected with 200µl 

of 25mg/ml 5-fluorouracil in PBS on d-4. On d0, bone marrow cells were harvested 

from the femur, tibia and crista ilac by flushing the bones with DMEM + 15% FCS, 
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1% PSG using a syringe and needle. Cells were plated at 6 million cells per well in 

24-well plate and stimulated overnight in 100ng IL3 (R&D, Minneapolis, MN), 1:20 

WEHI, 1:40 IL6, and 1:200 SCF. On d1 and d2, cells were spinfected with viral 

supernatant in the presence of 4µg/ml polybrene an the above cytokines for 1.5 hours 

at 2500rpm, 30°C and the media replaced after 1 hour.   

On d3, 8-10 week old C57bl/6 CD45.2 congenic recipients were lethally 

irradiated (1000 rads from a Cesium source). They were injected with 0.2 million 

cells through retro-orbital injection. Mice were caged with antibiotics introduced 

through water. Mice were sacrificed at 9 weeks after injection and assessed for any 

defects in various lymphocyte compartments through flow cytometry.  

Hox10-Nup98 Reconstitution 

Hox10-HSC CD45.1 were maintained as above and spinfected with viral 

supernatant in the presence of 4µg/ml polybrene in the presence of 1:20 SCF, 1:40 

IL-6, 50ng IL-3 (R&D, Minneapolis, MN) for 1.5 hours at 2500rpm, 30°C twice with 

a 18-24 hour rest in between spin infections. Cells were labeled with anti-hCD25 

microbeads (Miltenyi Biotec, San Diego, CA) then positively selected via auto-

MACS. At 8-10 weeks, C57bl/6 CD45.2 mice were lethally irradiated with 1000 rads 

and 0.1 million Hox10-HSC CD45.1 hCD25+ cells were tail-vein injected in a 1:1 

competitive assay with 0.1 million Hox10-HSC CD45.2 cells. Antibiotics were 

administered through water. Mice were sacrificed at 5 weeks after injection and 

assayed for various lymphocyte compartments through flow cytometry. 
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In vitro differentiation 

Expanded hID2-HSCs were maintained and depleted of CD19, CD25, and 

CD11b positive cells by auto-MACS. Cells were spinfected with viral supernatant in 

the presence of 4µg/ml polybrene in the presence of 1:100 IL-7, 1:100 Flt3L, and 

1:200 SCF for 1.5 hours at 2500rpm, 30°C twice with an 18-24 hour rest in between 

spin infections. Media was replaced after 1 hour of each spin and plated on 

subconfluent S17s with the appropriate cytokines. Cells positively selected for 

hCD25 by autoMACS microbead purification were plated on subconfluent S17s with 

IMDM + 10% FCS and bME in the presence of 1:100 IL-7, 1:200 SCF and 1µg/ml 

doxycycline. Cytokines and doxycycline were replenished every 2 days.  

Fetal Liver Differentiation 

On d0, fetal livers were extracted from uterine horns at e14.5 in FACS buffer 

(PBS + 2% FCS). Livers were manually dislodged into a single cell suspension by 

pipetting up and down with a P1000. Sample was passed through a filter, centrifuged 

and resupsended in RBC Lysis buffer. After a 5 minute incubation, cells were washed 

and counted. For every 10 million cells, sample is resuspended in 100µl FACS buffer 

and labeled with 1:200 each biotin labeled microbeads (Miltenyi Biotec): B220, 

Ter119, Gr1, Mac1, Thy1.2, and IL7ra. Sample is incubated for 20 minutes at 4°C 

then washed. For every 10 million cells, 7µl anti-Biotin beads (Milteni Biotec) 

quantum satis 100µl FACS. Sample is incubated for 15 minutes at 4°C and then 

washed with FACS buffer before depleting sample of labeled cells via auto-MACS. 

Cells are again counted and per 1 million cells, 1ml of viral supernatant plus 4µg/ml 
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polybrene and cytokines 1:100 IL-7, 1:100 Flt3L, 1:500 SCF are spun for 90 minutes 

at 30C, 2500rpm. Media is changed after 1 hour and cells are plated on subconfluent 

TST-4s. After 18-24 hour rest, cells are spinfected again as mentioned. On d2, cells 

are positively selected for hCD25 via microbeads and plated on TST4s and cytokines 

as mentioned. Cytokines were replenished every 2 days.  

RNA-FISH 

A set of probes averaging 20nt against control mRNA or lincRNA of interest 

was created through biosearch.com. Probes were conjugated to Cy5 and HPLC 

purified. Cells were resuspended in PBS at 3 million cells per ml and 40µl were 

aliquoted to the center of poly-l-lysine coated slides and incubated at 37°C for 10-30 

minutes to attach. Cells were washed with 3ml PBS, shaking at 80rpm for 5 minutes, 

then PBS was discarded. Cells were fixed for 10 minutes with freshly made fixation 

buffer (3.7% Formaldehyde, 1xPBS) then washed twice with PBS. Cells were either 

stored in 70% ethanol for up to a week at 4°C or immediately permeabilized by 

immersing the slide in 1ml of 70% ethanol overnight in 4°C. Ethanol was aspirated 

and incubated with wash buffer (2xSSC, 10% formamide) for 5 minutes. Wash buffer 

was removed and 10µl of 125uM probes were added to coverslip. Slide was sealed 

with rubber cement and incubated in the dark at 37°C overnight in a humidifying 

chamber. Coverslip was removed and placed in a new well with fresh wash buffer #2 

(4xSSC, 15% formamide) and incubated at 37°C for 30 minutes in the dark. Slide 

was then wash with PBS for 5 minutes, shaking at 80rpm. Slides were mounted with 
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ProLong Gold + DAPI (Life Technologies, Carlsbad, CA). Coverslip was sealed with 

nail polish and visualized on DeltaVision. 

RNA-Fish Quantification 

Foci were identified using Star Search (Raj lab) and manually curated for 

appropriate size and intensity. 

RLM-RACE 

Full-length sequence of lincRNA-E1 was obtained through RLM-RACE. 

RNA was column purified and DNA digested (Qiagen) from E2A-/- cells. To 

determine the terminal end, reverse transcription was performed with 3’ RACE 

adapter. Subsequently, cDNA was PCR amplified with primers against adapter and 

upstream of the tail end according to manufacturer’s instructions. PCR product was 

gel purified (Zymo) and cloned into pGEM-T easy (Promega) for sequencing (Eton 

Biosciences, San Diego, CA). To determine the start of the transcript, purified RNA 

was CIP and subsequently TAP treated to remove degraded RNAs and remove 5’-cap 

respectively. A 5’ RACE Adapter is ligated to remaining mRNA and reverse 

transcribed with primer downstream to known sequence. Transcripts are PCR 

amplified using primers to RACE adapter and known sequence of interest. PCR 

product is gel purified and cloned into pGEM-T for sequencing.  

Overexpression Generation 

RNA was column purified (Qiagen) and cDNA produced (Life Technologies) 

from E2A-/- cells. Primer sequences are available upon request. Briefly, lincRNA-E1 

was PCR amplified from genomic DNA in two pieces, cloned into pGEM-T easy. 
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Colony PCR was performed to screen for correct orientation; positive colonies were 

sequenced. Clones were digested and ligated in an overnight triple ligation for 48 

hours at 16°C into pCS-ret.  

RNA-Seq Overexpression Preparation 

Pro-B cells were isolated as described and spinfected with either pCS-ret-

lincE1 or pCS-ret-empty twice as previously described. Cells were positively selected 

for hCD25+ and RNA was immediately isolated through column purification with 

DNaseI digest according to manufacturer’s instructions. Samples were subjected to 

TURBO DNase Digestion and mRNA isolated through DynaBeads 

(LifeTechnologies). 100-500ng mRNA was incubated with 0.5µl Oligo(dT), 0.8µl 

Random Hexamers, 1µl dNTP, q.s. water to 9.5µl at 70°C for 10 minutes then 

immediately placed on ice. 10.5µl cDNA synthesis mix (1xRT Buffer, 1.25mM 

MgCl2, 5mM DTT, 60ng Actinomycin D, 5U RNase OUT, 5U SSIII RT) was added 

to the sample and the following program was run on a thermocycler: 25°C for 10 

minutes, 42°C for 45 minutes, 50°C for 20 minutes, 75°C for 15 minutes. dNTPs 

were removed from the sample with Probe Quant G50 Column (GE Healthcare, 

SOMEPLACE). Second strand synthesis was performed by adding 0.1xRT Buffer, 

0.5mM MgCl2, 1mM DTT, 0.2mM each dAGCU, 0.75x SSS, 5U E. coli ligase 

(NEB), 20U DNA polymerase (NEB), 2.5U RNaseH and incubating at 16°C for 2 

hours. Sample was purified with DNA Clean and Concentrator Kit (Zymo), eluting in 

100µl total, and sonicated for 23 cycles, 30 seconds per cycle with 30 seconds rest. 

Purify as above, eluting in 12µl EB.  
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Library Preparation 

Sonicated and purified samples were blunt ended with EndIt (Epicentre), 

purified to 32µl total. “A” bases were added to the 3’ end with 1x NEB Buffer 2, 

0.2mM dATP, 15U Klenow 3’-5’ exo- and incubated at 37°C for 30 minutes and 

purified to 10µl. NEB NEXT adaptors were added as follows: 1x Ligase Buffer, 2µM 

adaptor mix, 5U T4 DNA Ligase (Fermentas) and incubated at 20°C for 30 minutes. 

Samples were purified to 16µl. UNG digest was performed by incubating sample with 

2µl USER enzyme for 15 minutes at 37°C the stopping the reaction at 75°C for 10 

minutes. Half (9µl) of the sample was added to 1x Phusion buffer with MgCl2, 

0.3mM dNTPs, 2µM PCR primer, 2µM index, 5U Phusion with the following 

program: 1x 98°C for 30s; 13-18x 98°C for 10s, 65°C for 30s, 72°C for 30s; 5 

minutes at 72°C. Samples were size selected on a 2% High Resolution Agarose Gel, 

visualized with SybrGold (LifeTechnologies). Samples run at 200-450bp were gel 

extracted (Zymo), quantitated by Qubit DS High Sensitivity Reagent. Samples were 

submitted to UCSD Institute for Genomic Medicine Genomics Center per their 

specifications for sequencing on HiSeq2500 from Illumina.      

Tissue Specificity 

Genomic locations were identified through UCSC Genome Browser and 

peaks of various tissues were identified from Encode data. 

qPCR 

RNA was isolated and DNA digested on-column (Qiagen). cDNA was 

prepared through SuperScriptIII (LifeTechnologies), qPCR prepared with 
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SYBRGreen (Roche) per manufacturer’s protocol were run on MxPro3000 Primer 

sequences are available upon request. 
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Figure 5.1 – Histone and Transcription Profile of lincRNA-E1  

All tracks are aligned to the chromosomal location of lincRNA-E1, mm9. Tracks are 
centered on lincRNA-E1.  
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Figure 5.2 – LincRNA-E1 Expression across Various Tissues 

Tracks were downloaded from ENCODE data and zoomed in on the lincRNA-E1 
chromosomal location in various tissue types. 
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Figure 5.3 – LincRNA-E1 Expression across Development 

A. Quantitative PCR assessment of lincRNA-E1 expression in two pre-pro-B cell 
lines (E2A-/- and EBF-/-) and in pro-B cells (Rag1-/- lymphocytes).  

B. Quantitative PCR assessment of lincRNA-E1 expression across fluorescent 
activated cell sorted cDNA in across B cell developmental stages. 

C. RNA-Seq results of lincRNA-E1 in fluorescent activated cell sorted cDNA 
across B cell developmental stages from Mansson lab (Karolinska Institute). 
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Figure 5.4 – Phenotypic Characterization of lincRNA-E1 in Development 

A. Hox-HSCs reconstitute B cell and T cell lineages after lethally irradiated mice 
were injected with 20,000 cells of 1:1 ratio of Ly5.1 Hox-HSC to Ly5.2 HSCs 
and bled at 4 weeks then analyzed by flow cytometry. 

B. Hox-HSCs reconstitute lymphoid compartments to inappropriate ratios. The 
compartments from A were further analyzed. B220+GFP+ cells were 
analyzed for IgM and IgD expressionby flow cytometry. CD3e+GFP+ cells 
were analyzed for CD8 and CD4 expression by flow cytometry. 

C. ShE1 but not shE2 increases the percentage of CD19+ cells in vitro. After 5 
days of in vitro differentiation, uninfected, LMT-empty control, shE1, and 
shE2 are analyzed by flow cytometry for hCD25 expression. Those that are 
hCD25+ were then analyzed by flow cytometry for CD19 expression. 

D. ShE1 increases the percentage of CD19+ cells in vitro. A representation of 5 
experiments differentiating fetal liver hematopoietic stem cells infected with 
either LMT-empty control or shE1 in vitro. p=0.047 on day 5 and p=0.002 on 
day 7.  
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Figure 5.5 – Knockdown of lincRNA-E1 During In Vitro Differentiation 

A. Flow cytometry analysis of uninfected cells, LMT-empty control and shE1 
across three differentiation timepoints: day 3, day 5, and day 7. 

B. Fetal liver differentiated hematopoietic stem cells infected with either LMT-
empty control or shE1 across three timpoints: day 3, day5, and day 7. Far left: 
analysis of CLPs by IL7r/Flt3L expression. Middle left: analysis of BLPs by 
Ly6D/Flt3L expression of CLP+ cells. Middle right: analysis of pro-B cells by 
B220/CD19 expression. Far right: analysis of pre-B cells by B220/Ly6D 
expression of pro-B+ cells. 
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Table 5.1 – Pathways Modified by Silencing and Overexpression of lincRNA-E1 

Pathways were determined through DAVID gene ontology analysis.   
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Figure 5.6 – Structure of lincRNA-E1 

Full-length lincRNA-E1 was run through RNA-Fold and secondary structure 
determined for MFE (top) and centroid (bottom) models. 
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Table 5.2  - Genes Modified After lincRNA-E1 Silencing 

Genes associated with disrupted pathways from DAVID gene ontology analysis are 
listed with FPKM values in both LMP (LMT-empty control) and shE1 along with 
fold difference listed as log2 change. 
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Table 5.3 – Genes Modified after lincRNA-E1 Overexpression 

Genes associated with disrupted pathways from DAVID gene ontology analysis are 
listed with FPKM values in both pCS-O empty control and OE-E1 along with fold 
difference listed as log2 change. 
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Figure 5.7 – RNA-FISH Analysis of lincRNA-E1 in Pre-pro-B and Pro-B cells 

RNA-Cy5 probes against lincRNA-E1 in E2A-/- cells (left) and Rag1-/- lymphocytes 
(right). Top represents counts of individual lincRNA-E1 molecules per cell in 75 cells 
counted. Bottom is a representative photo of lincRNA-E1 molecule visualization. 
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CHAPTER VI:  

Insights and future directions 
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 Next-generation sequencing has only been available to the scientific enterprise 

for about a decade but has revolutionized our understanding of genome topology and 

gene regulation. Utilizing these next-generation sequencing strategies, we have 

identified over four hundred putative lincRNAs that are multi-exonic, 

developmentally regulated, and in intergenic regions. Of these 403 identified 

transcripts, 288 had not yet been identified, with 150 lincRNAs more highly 

expressed at the multipotent progenitor cell stage, and 138 lincRNAs high expressed 

in committed pro-B cells. 

 Among this set of transcripts, six lincRNAs were more highly expressed in 

multipotent progenitors, named lincRNA-E1 – lincRNA-E6, and 6 were more highly 

expressed in the Rag1-/- committed pro-B cells, named lincRNA-R1 – lincRNA-R6. 

LincRNA-E1 and lincRNA-E5 were the most promising in terms of their potential 

regulatory roles in B cell development since their expression was associated with 

modules characterized by the expression of genes linked with signaling and 

hematopoiesis. We note that in future studies, lincRNA-E5 should play a prominent 

role since it is an excelled candidate in modulating early B-cell development and 

hematopoiesis.  

 The subset of lincRNAs associated with relatively high levels of expression in 

pro-B cells showed a potential tendency to modulate the activities of multiple 

pathways. Although most of the pathways fall within the realm of immunology, we 

found a few that involve rather different modules, including Renin-Angiotensin 

System and the PPAR Signaling pathway.  
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 Initially, lincRNA-E1 was identified because it was more highly transcribed in 

multipotent progenitors as compared to the committed pro-B cells. Depleting 

lincRNA-E1 in multipotent progenitors pointed to potential roles in B cell receptor 

and chemokine mediated signaling, primary immunodeficiency, and cytosolic DNA-

sensing. Notably, BLNK, CD19, CD79a, CD79b, RFX5, and FOS all showed a 

decrease in expression levels in response to depletion of lincRNA-E1. The 

overexpression of lincRNA-E1 in the Rag1-/- pro-B cells yielded no important 

differences in specific gene expressed or pathways. 

 Using primary cells, we found higher expression levels in pro-B cells as 

compared to BLPs and ALPs and detect tissue specificity with lincRNA-E1 restricted 

to hematopoietic lineages. We also observed that silencing lincRNA-E1 in progenitor 

cells gave rise to a higher percentage of CD19+ pro-B cells than the empty vector 

control. Taking this data together, we suggest that abundant lincRNA-E1 is necessary 

to proceed beyond he pro-B cell stage. Our data also points to a potential mechanism. 

Specifically, we found that lincRNA-E1 may regulate the expression of FOS, a 

member of the AP-1 family of transcription factors. Although AP-1 is expressed in 

early B cell progenitors, it is not yet known what role it plays. We suggest that future 

studies on lincRNA-E1 may be need to focus on its relationship with AP-1. Such 

studies would need to involve mice strains in which lincRNA-E1 can be conditionally 

excised from the genome. Utilizing CRISPR/Cas9 technologies, this should be readily 

feasible. Finally, it will be essential to determine how lincRNA-E1 interacts with 

components of the transcriptional machinery using biochemical approaches. 
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 Attempting to understand biological complexity in multicellular organisms 

has confronted us with interesting paradoxes. Initially, it was assumed that as the 

amount of DNA increased, so would the complexity of the organism. However, this is 

clearly not so as is demonstrated by the c-value paradox where more complex 

organisms do not necessarily have larger genomes60. Subsequently, it was thought 

that the complexity of an organism would correlate not with size, but with the number 

of genes in said organism. With our newly found capacity to sequence entire genomes, 

we have clearly seen that this is also not the case. For example, there are a similar 

number of genes in the nematode genome as in the human genome, yet the nematode, 

with only 1,000 cells, appears significantly less complex than humans containing on 

the order of 1014 cells. In a continual attempt to reconcile these paradoxes, it is 

interesting to note that the complexity of an organism tends to correlate with the 

amount of noncoding DNA or the ratio of noncoding DNA relative to total genomic 

DNA. Although noncoding DNA also takes into account regulatory regions like 

enhancers and promoters, one could extrapolate that the complexity of an organism 

shows a similar correlation to noncoding RNA transcripts. 

 DNA is specialized in storing genetic information and proteins are focused in 

biocatalysis. RNA is unique in that tit is able to perform both as holder of genetic 

information and acting as a component with enzymatic activity. I would speculate 

that, similar to the RNA world, these lincRNAs are important in organismal evolution. 

Unlike lower organisms that tend to be highly specialized in biological tasks, higher 

organisms tend to display broader phenotypes. That is not to say that we would be on 
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the brink of a next-wave evolutionary boom, but rather lincRNAs serve a purpose in 

buffering the system in higher organisms giving more leeway to make smaller 

changes in developmental systems while not disrupting the organism as a whole. 

 In the end, it will be interesting to see what diverse functions lincRNAs will 

have in all organisms, including humans. It is important to be able to add a level of 

refinement to our current understanding of transcriptional regulation and signaling 

pathways. It is my hope that as we uncover more understanding on the roles and 

mechanisms involving lincRNAs, we will gain further insight into their roles in 

normal development as well as disease states.   
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