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Abstract  

 

Title of Dissertation: The role of selected microRNAs in hematopoiesis and leukemia 

Yee Sun Tan, Doctor of Philosophy, 2014  

Dissertation Directed by Curt I. Civin, M.D., Associate Dean for Research, University of 
Maryland School of Medicine; Director, Center for Stem Cell Biology & Regenerative 
Medicine; Professor of Pediatrics and Physiology 
 

 MicroRNAs (miRs) are short non-coding RNAs which regulate expression of 

mRNA targets, and are known to modulate many cellular processes including 

hematopoiesis and hematological malignancies. Expression profiling studies have 

routinely been used to identify candidate miRs important in hematopoiesis and leukemia, 

but it is often challenging to identify miRs that regulate a given cellular function because 

differential miR levels may not be indicative of a physiological role. Two strategies to 

address this problem of identifying miRs that are “drivers” of hematopoiesis or leukemias 

are evaluated in this study.  

In the first study, we identified miR-509 via a human genome-wide gain-of-

function screen for miRs that inhibit growth of the NALM6 human B-ALL cell line. 

Growth inhibitory effects of miR-509 were validated in independent assays and two other 

B-ALL cell lines. MiR-509-transduced NALM6 cells had reduced numbers of cells in 

cell cycle S-phase and increased apoptosis. Using miR-target prediction algorithms and a 

filtering strategy, RAB5C mRNA predicted as a relevant target of miR-509. Enforced 

miR-509 expression in NALM6 cells reduced RAB5C levels, and RAB5C was 

demonstrated to be a direct target of miR-509. Knockdown of RAB5C in NALM6 cells 

recapitulated the growth inhibitory effects of miR-509. Co-expression of the RAB5C 



 
 

open reading frame without its 3’ untranslated region blocked the growth-inhibitory 

effect mediated by miR-509. These findings establish RAB5C as a novel target of miR-

509 and an important endogenous regulator of B-ALL cell growth, with potential as a 

therapeutic target. 

 In the second study, the zebrafish, Danio rerio, was used as a model organism to 

evaluate the functional role of hematopoietic stem-progenitor cell (HSPC)-enriched miRs 

that are highly expressed in the earliest subsets of mouse HSPCs compared to progenitor 

cells, starting with miR-10a. Expression profiling of miR-10a levels indicated that this 

miR is expressed during early hematopoiesis in zebrafish. Preliminary findings suggest 

loss-of-function of miR-10a (and miR-10 family members) resulted in reduced numbers 

of hematopoietic stem cells, and future experiments include elucidating the targets of 

miR-10a which may be important in hematopoiesis.  
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Chapter 1 

Introduction 

1.1 Overview of microRNAs 

 Non-coding RNAs are the many RNAs that do not encode proteins. These non-

coding RNAs include microRNAs, which have since been shown to be powerful post-

transcriptional and transcriptional regulators of many cellular processes. These small 

regulatory RNAs were first discovered as lin-4 and let-7 by researchers studying genes 

controlling Caenorhabditis elegans development (1-3). Homologs of let-7 were soon 

found to be conserved in other organisms, including Drosophila and humans; the 

conservation of these RNAs across species strongly suggested small RNAs had important 

biological roles (4). In 2001, this class of small RNAs was collectively named 

microRNAs (miRs) (5-7). Since then, many more miRs have been implicated to play 

roles in regulation of cellular processes, and their dysregulation has been linked to many 

diseases. MiRBase (8), the public repository for miR sequences, began in 2002 with 

merely 218 miR entries, and as of 2014, release 20 of this database includes 24,521 

entries of hairpin precursor sequences giving rise to 30,424 mature miR sequences from 

206 species. Today, two of the key challenges facing researchers working with miRs are 

the identification of functionally relevant miRs and the elucidation of their biological 

roles.   
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1.1.1 Biogenesis of microRNAs  

It is estimated that ~50% of mammalian miR loci are located in close proximity to 

other miRs; these clustered miRs are often transcribed as a single polycistronic 

transcriptional units (9). Based on their genomic location, miRs can be further organized 

into four groups (10). About 40% of miRs are located within introns of non-coding 

transcription unit, for instance miR-15a~16-1 within the non-coding RNA gene DLEU2 

(11). Another ~40% of miR loci are within the introns of protein coding genes, and the 

remainder of the miRs are either within the exonic region of non-coding transcription 

unit, such as for miR-155 (12), or the exons of protein coding transcripts. 

The canonical pathway of miR biogenesis begins with transcription by RNA 

Polymerase II, although there are some miRs which are transcribed by RNA Polymerase 

III, such as miRs within Alu repeats (13) and hsa-miR-886 (14). The resulting products of 

transcription are the primary transcripts known as pri-miRs. These transcripts have a 

stem-loop structure, and are generally several kilobases long.  The pri-miR is then 

subjected to cleavage by the Microprocessor complex that is comprised of RNase III 

enzyme Drosha and the double-stranded-RNA binding protein, DiGeorge critical region 8 

(DGCR8), to give rise to ~70 nucleotide (nt) precursor miR (pre-miR) (9, 15). At this 

point, the pre-miR has a short stem with a 2-nt 3’ overhang. The pre-miR is then exported 

out of the nucleus via Ran GTP-dependent transporter Exportin 5 complex (16). In the 

cytoplasm, the hairpin of the pre-miR is cleaved by the cytoplasmic RNase III Dicer, 

generating a ~22-nt mature miR duplex (17). In human cells, this process requires the 

interaction of Dicer with double-stranded RNA-binding protein (dsRBP) protein, trans-

activation response (TAR) RNA-binding protein (TRBP) (10). The duplex RNAs are then 
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Experiments examining which strand of the RNA duplex gets degraded have 

revealed that the strand with the less stable base pairs at the 5’ end usually remains as the 

guide strand, whereas the passenger strand is cleaved and degraded (18). However, this 

process is believed not to be a stringently regulated; hence for some miRs, both strands 

are produced at comparable frequencies. Guide strand selection has been more 

extensively studied in Drosophila (19, 20). Studies using siRNA duplexes have shown 

that the regulation of strand selection in Drosophila depends on RISC loading complex 

(RLC), which consists of Ago2, Dicer 2 and a protein with two dsRBD known as R2D2. 

R2D2 binds to the more stable end of the siRNA to orientate Ago2 to cleave that strand, 

while Dicer 2 binds the other end with the relatively unstable base pairs. The degradation 

of the passenger strand may also involve another protein known as the C3PO, an 

endoribonuclease (21). In mammals, the complex containing Ago2, Dicer with either 

double-stranded RNA-binding protein (dsRBP), trans-activation response RNA-binding 

protein (TRBP) or protein activator of PKR (PACT) is similar to the Drosophila RLC, 

and has been shown to be the machinery primarily involved in loading of miRs (22). 

More recently, Noland and Doubna defined the components of the machinery involved in 

the selection of the guide strand (23). Perfectly matched siRNA (containing identical 5’ 

nucleotides on both strand) require Ago2/Dicer/dsRBP for guide strand selection. This is 

also true for RNA duplexes with unfavorable 5’ guide nucleotide. However, for duplex 

RNAs with unfavorable 5’ passenger nucleotide, Ago2 itself is sufficient for strand 

selection. In RNA duplexes with seed mismatch (which mimics some miRs), the strand 

selection is enhanced in complexes with Ago/Dicer and PACT, but not TRBP. These 

findings suggests that in humans, the Ago2/Dicer/TRBP complexes may be optimized for 
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guide strand selection for the siRNA pathway, whereas in the miR processing pathway, 

Ago2/Dicer/PACT is the primary machinery involved in guide strand selection. Further 

investigation into these distinct RISC assembly pathways may be useful in understanding 

how miRs function and regulate their targets. 

Several miRs, however, do not undergo the canonical processing pathway 

mentioned above. For instance, miR-451 has been shown to be processed in a Dicer-

independent and Ago2-dependent manner (24). There is also a subclass of miRs known 

as mirtrons, which are independent of Drosha processing (25, 26). Mirtrons are found 

within introns, and are produced from spliced introns and a lariat-debranching enzyme, 

thereby bypassing the need for Drosha cleavage.  

 

1.1.2 Regulation of miR biogenesis 

Regulation of miR biogenesis can occur at the transcriptional or the post-

transcriptional level. Levels of a pri-miR transcript may be regulated via binding of 

transcription factors to the promoter of the miR. For instance, c-Myc oncogenic 

transcription factor (Myc) represses a subset of miRs, including miR-34a and let-7, by 

binding directly to the miR promoter (27). In contrast, during myogenesis, myoblast 

determination 1 (MYOD1) and myogenin have been shown to bind to the promoters of 

miR-1 and miR-133 to induce their expression (28). Transcription of pri-miRs may be 

under epigenetic regulation. For example, DNA methylation of promoter sequences 

regulates miR-200c and miR-141 transcription in mouse and human epithelial cells (29).  

MiRs may also be regulated at the post-transcriptional level. The observations that 

levels of a given pri-miR may not correspond to that of the mature miR suggest that the 
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given miR is regulated post-transcriptionally. For instance, the levels of both pre-miR-21 

and mature miR-21 are induced upon activation of the bone morphogenetic protein 

(BMP) and transforming growth factor- (TGF) signaling pathways, but the levels of 

pri-miR-21 remained unchanged (30). Although the exact mechanisms of this regulation 

have not been elucidated, it is believed that the SMAD proteins (activated by TGF and 

BMP) are recruited to pri-miR-21 together with Drosha and DDX5 (an RNA helicase 

also known as p68), resulting in stimulated Drosha processing of pri-miR-21.  Another 

example of post-transcriptional regulation of miRs is regulation of let-7 by the RNA-

binding protein LIN28. One of the mechanisms by which LIN28 inhibits let-7 is through 

recruiting a poly(U) polymerase terminal (U) transferase (TUT4) to the precursor of let-7, 

resulting in terminal uridylation which facilitates degradation (31).  

MiRs may also be regulated post-transcriptionally by RNA editing, a process 

which includes the editing of adenines to inosines in double-stranded RNA mediated by 

adenine deaminases (ADAR). For pri-miR-142, an average of 6 of the 90 adenines was 

edited, resulting in inhibition of Drosha processing and subsequent degradation of pri-

miR-142 by Tudor-SN, a ribonuclease specific to double-stranded RNAs containing 

inosines (32).  

Less is known about miR turnover. In efforts to examine miR turnover, Gantier et 

al. used mouse embryonic fibroblasts lacking Dicer and observed that miRs had an 

average half-life of 119 hours (33).  However, most miRs are believed to have shorter 

half-lives, especially if they regulate cellular processes such as cell cycle. This is true for 

miR-29b, which is upregulated in mitotic cells. In actively cycling cells, the half-life of 

miR-29b is ~4 hours, but in mitotically arrested cells, it is 12 hours (34). At this point, the 
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regulation of miR turnover remains largely unclear, with many unanswered questions 

such as where degradation occurs or which factors are involved in the regulation. 

 

1.1.3 Seeking miR targets 

Binding of a miR to its target usually occurs with partial complementarity with 

mismatches and nucleotide bulges, with the highest homology typically observed at the 

5’ end of the mature miR. Perfect complementary between nucleotides 2-7 of a miR, also 

known as  the miR ‘seed’ sequence, and the miR target is believed to be an important 

factor in miR-target predictions. Earlier research on miR-target interactions led to the 

conclusions that the perfect seed complementarity (canonical site) is critical to predict 

miR-target interactions, and highly conserved miRs usually have conserved targets (35). 

However, recent data have suggested that there are exceptions to this rule. MiRs may 

regulate some of their targets via ‘seedless’ interactions (36), or targets may be non-

canonical miR binding sites (mismatch within the seed) (37). These miR-target 

interactions usually lack perfect seed complementarity, but are often compensated by 

base-pairing complementarity outside of the seed region.  

Experimental methods, such as pull-down of RISC-associated miRs or high-

throughput sequencing of RNAs isolated by crosslinking immunoprecipitation (HITS-

CLIP) (38) are useful to study the features of miR-target interactions, including the 

location of the seed matches. Using pull-down of a RISC component such as Ago has 

identified mRNAs that contain seed matches in either the 3’UTR or in the coding 

sequence of a transcript (39, 40). However, one key drawback of this method is the 

requirement for overexpression of epitope-tagged component (e.g. Myc-tagged Ago), and 
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since overexpression of Ago has been shown to increase the production of some miRs, 

this may complicate the results of the pulldown (41). A more commonly used method, 

HITS-CLIP, utilizes an Ago antibody to pulldown endogenous Ago along with Ago-

bound miR targets (38). Using HITS-CLIP, ~73% of miR-target interactions were found 

to involve canonical seed interactions, and ~25% of target sites were in the coding region 

of the mRNA. Recently, an improved variation of the HITS-CLIP, known as PAR-CLIP 

(photoactivatable-ribonucleoside-enhanced crosslinking and immunoprecipitation), has 

been used to study miR-target interactions (42). This method which includes culturing 

cells with photoreactive 4-thiouridine, has improved RNA yields over the HITS-CLIP 

method. The PAR-CLIP approach revealed that 50% of the crossed-linked candidates 

were mapped to the coding sequence and confirmed that most interactions involved 

canonical seed interactions. A database is now available with analysis of the many CLIP 

data sets, and is known as StarBase version 2 (http://starbase.sysu.edu.cn/); one can 

utilize the datasets to analyze RNA-RNA (miR-mRNA) interactions or RNA-protein 

networks (43). What we know today about miR-target interactions is likely to evolve as 

methods used for analysis of miR target sites continue to improve. This knowledge will 

be especially useful for prediction of miR targets.  

Currently, computational predictions are usually coupled with experimental 

validations to definitively identify targets that are regulated by miRs. Bioinformatics 

prediction of miR targets using algorithms generally take into account two key factors: 

complementarity of mRNA to miR seed region and conservation of the miR binding site. 

Few algorithms are able to detect recognition sites outside of the seed region of the miR 

or in the coding sequence of the target mRNA; the RNA22 algorithm (44) is one such 
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algorithm. RNA22 is also distinct from most other miR target prediction algorithms in 

that it also does not take into consideration whether a miR-target interaction is 

evolutionarily conserved. For each miR, each of these algorithms may predict hundreds 

to thousands of targets, with an expected high rate of false-positive and false-negative 

target predictions (45). Thus identifying the targets of a miR via prediction algorithm 

alone remains challenging. 

Since miR-target prediction algorithms TargetScan (46) and miRDB (47, 48) are 

used in Chapter 2, they are described here in greater detail. TargetScan predicts mRNA 

targets of miRs by searching for conserved sequences which match the seed region of the 

miR. These sites fall into three categories: (i) 8mer, an exact match to nucleotides 2-8 of 

the mature miR (seed + nucleotide 8) followed by an A, (ii) 7mer-m8, an exact match to 

nucleotides 2-8 of the mature miR (seed + nucleotide 8), and (iii) 7mer-1A, an exact 

match to nucleotides 2-7 (seed) followed by an A. These predictions are ranked based on 

the context scores, which are the sum of four contributing factors: (i) position of the miR 

binding site in the 3’UTR (discussed below), (ii) presence of compensatory 3’ binding 

sites, where additional base pairing to nucleotides 12-17 of the miR enhances miR 

binding, (iii) AU content 30 nucleotides upstream and downstream of miR binding site – 

functional miR target sites often have high local AU content which is believed to result in 

weaker secondary structure and thus increase accessibility to the seed region, and (iv) 

site-type contribution: 8mer, 7mer-m8 or 7mer-1A sites. TargetScan searches only for 

miR binding sites in the 3’UTRs, and uses sequences from the UCSC genome database. 

In contrast to TargetScan, miRDB takes into account predicted targets which do not have 

conserved complementarity to the seed sequence, and the mRNA sequences used by 
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miRDB are from NCBI Genbank. Targets predicted by miRDB are assigned a target 

prediction score, from 50 to 100, and it is believed that scores above 80 suggest a true 

miR-target interaction.  

True targets of miRs often have miR binding sites near the extremities of the 

3’UTR, which are located before the poly(A) tail or sites 15 nucleotides downstream of 

the stop codon (46). A possible explanation for this is that in a circularized mRNA, with 

the 5’ cap interacting with the poly(A) tail, the RISC complex at these two ends of the 

3’UTR may be better able to interact with the translational machinery to mediate 

repression than if the site is in the middle of the 3’UTR. Although most miRs bind to 

sites in the 3’UTR, there have been cases of miRs binding to sites in the 5’UTR or the 

protein coding sequence of transcripts. In addition to binding to mRNAs, a miR may bind 

to a non-coding RNA, such as a pseudogene or the recently discovered circular RNAs 

(circRNA) known as cerebellar degeneration-related protein 1 transcript (49)/ circular 

RNA sponge for miR-7 (ciRS-7) (49, 50), which has ~70 binding sites for miR-7. Hansen 

et al. found that ciRS-7 and miR-7 were expressed in the mouse brain, and that ciRS-7 

suppressed the activity of miR-7, which resulted in an increase in miR-7 targets. They 

also discovered another circular RNA sponge, sex-determining region Y (Sry) RNA, 

which is testis-specific and binds to miR-138.  

Intriguingly, Eric Lai and colleagues (51) have recently shown that some of the 

miR terminal loops generated during processing of pre-miRs by Dicer are functional 

products, rather than nonfunctional by-products of miR processing as previously 

believed. MiR loops, such as those of miR-34a and let-7a, were shown to be efficiently 

loaded onto AGO2 in human cells, and luciferase assays demonstrated that the miR loops 
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were active in repressing targets. Although involvement of miR loop in target regulation 

had been observed for miR-181, this was previously thought to be an exception to the 

rule (52). This expands the class of small regulatory RNA, and strongly suggests that 

there might be more functional effects of miRs than what we currently know. 

  

1.1.4 Target regulation by miRs 

The function of most miRs is to negatively regulate their targets at post-

transcriptional levels (53, 54). The mechanisms by which miRs direct post-transcriptional 

regulation include endonucleolytic cleavage, mRNA destabilization and/or translational 

repression (Figure 1.2) (55). Where there is extensive complementarity between a given 

miR and its mRNA target, RNA endonucleolytic cleavage generally predominates. This 

is particularly so in plants, but is considered rare in mammals since there is rarely 

sufficient complementarity for Ago2 to cleave the target. Note that in humans, mRNA 

target cleavage was found to be specifically associated with AGO2, and not the other 

three AGO proteins (AGO1, AGO3 and AGO4) even though miRs bind to all four AGO 

proteins (56, 57).  

Destabilization of the target mRNA occurs as a result of removal of the poly(A) 

tail and leads to exonucleolytic degradation. mRNA destabilization occurs when the 

RISC complex containing glycine-tryptophan repeat-containing protein GW182 is 

recruited to the 3’UTR of the target mRNA, and other factors such as CCR4-NOT 

complex are recruited as well (58, 59). Repression of translation initiation is also believed 

to involve GW182, which then recruits CCR4-NOT complex to the mRNA, but less is 

known about the actual mechanisms that inhibit protein translation (60, 61).  



 

         

F
P
c
P
a
r
o
r
p
 
 

medi

mRN

transl

demo

decre

intere

miR 

bodie

 

 

            

Figure 1.2. 
Perfect comp
cleavage by 
Partial base-
and degrada
results in rec
of the poly(A
recruitment 
promoting ri

Ribosome

ated repress

NA levels (~

lation level 

onstrated tha

easing trans

esting to lear

repression o

es (P bodies

MiRs regu
plementary 
Argonaute 2

-pairing of m
tion of the m
cruitment of 
A) tail and 
of CCR4-N
bosomes to 

e profiling 

ion of targe

~84%), whi

(62). More

at miRs act to

slational init

rn if these co

of targets oc

s) or glycin

ulate their t
between mi

2 (Ago), and
miR to 3’UT
mRNA. The

f other factor
degradation

NOT by GW
drop-off the

studies in m

et protein lev

ile only 11-

e recently, w

o regulate th

tiation, foll

onclusions e

ccurs within

e-tryptophan

 

12 

targets via 
iR and its t
d leads to the
TR of mRNA
e association
rs, such as C

n. (C) MiRs 
W182 at a ste
e mRNA.   

mammalian 

vels was oft

-16% of tar

work in zeb

heir targets b

owed by m

xtend to mam

n distinct cy

n bodies (G

 

three majo
target results
e degradatio
A often resu
n of GW182
CCR4-NOT 
may also in

ep after tran

cells have 

ten observed

rgets were 

brafish and D

by first block

mRNA deca

ammalian cel

ytoplasmic fo

GW-bodies) 

or mechanis
s in endonu

on of the mR
ults in deade
2 protein wi
to facilitate

nhibit transl
nslation initi

revealed th

d together w

repressed m

Drosophila 

king translat

ay (63, 64)

lls. It is also

foci known a

rather than 

 

sms. (A) 
ucleolytic 
RNA. (B) 
enylation 
ith RISC 
 removal 
ation via 
iation by 

hat that miR

with decrease

mainly at th

S2 cells ha

tion, likely b

). It will b

 believed tha

as processin

freely in th

R-

ed 

he 

as 

by 

be 

at 

ng 

he 



 

13 
 

cytosol (65). In support of this, P bodies have been shown to be enriched in proteins such 

as AGO and GW182, as well as mature miRs and their target mRNAs.  

Methods to study whether a target is regulated by a miR at the mRNA level 

include northern blot or quantitative PCR, or expression profiling methods such as 

microarray to analyze levels of the mRNA in the presence or absence of the miR (45). To 

study mRNA deadenylation, the poly(A) tail length can be assayed using RNase H to 

cleave mRNA, followed by northern blotting. For regulation at the translational level, 

western blots or proteomic analysis such as stable isotope labeling with amino acids in 

cell culture (SILAC) are often used to assay for changes in protein levels. An inverse 

relationship between the mRNA/protein and miR is expected. However, these methods 

do not show that the target is directly regulated by the miR. To do that, reporter assays, 

such as luciferase assays, are often employed by using expression plasmids containing 

the miR binding sites (such as the entire length of the 3’UTR) and co-expressing this 

plasmid with the miR of interest. Mutation or deletion of the miR binding site is then 

used to confirm direct regulation of the target by the miR.  

Recently, an intriguing function of miRs has been proposed whereby miRs are 

linked to gene activation. In one such example, miR-373, has binding sites in the 

promoter of E-cadherin, and miR-373 binding increases E-cadherin gene expression (66). 

However, the precise mechanism is unclear. Of relevance to early hematopoiesis and 

leukemia, miR-10a has been observed to bind to the 5’untranslated region of many 

ribosomal proteins and enhance their translation (67), but the exact mechanism remains 

to be determined. Thus, better understanding of biological functions of miRs is needed. 
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During development in vertebrates, the formation of blood (and immune) cells 

occurs in different sites. For mammals, it is believed that HSCs originate from the ventral 

mesoderm, and the first site of hematopoiesis is the yolk sac, followed by the aorta-gonad 

mesonephros (AGM) region, the fetal liver, and finally the bone marrow (68). There are 

two main waves of hematopoiesis. Primitive hematopoiesis occurs during embryonic 

development. During primitive hematopoiesis, predominantly erythrocytes are produced 

and they carry oxygen to the rapidly growing embryonic tissues. In primitive 

hematopoiesis of mammals, these red blood cells are nucleated and produce embryonic 

hemoglobin. This wave of hematopoiesis is transient, and is replaced by the definitive 

wave of hematopoiesis which persists throughout the lifetime of an individual. During 

definitive hematopoiesis, all blood cell types of the myeloid and lymphoid lineages are 

produced. This process is complex and is regulated by many factors. For example, 

cytokines such as granulocyte-colony stimulating factor (G-CSF) stimulate the 

proliferation and survival of granulocytic progenitor-precursors to produce mature 

granulocytes. For instance, Runx1 is a key regulator in definitive hematopoiesis; its 

expression is detected in vertebrate HSCs, and knockdown of Runx1 results in the 

absence of definitive hematopoiesis (69). Some transcription factors are only expressed in 

certain lineages, such as CCAAT/enhancer-binding protein alpha (C/EBPα) in 

granulocyte-macrophage progenitors (GMPs). Furthermore, miRs are also known to 

regulate aspects of hematopoiesis ranging from the proliferative capacity of HSCs to 

lineage decisions; this will be discussed in greater detail below 

 

1.2.1 Hematopoietic stem and progenitor cell expansion 
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HSCs are routinely used for clinical stem cell transplantation for treatment of 

diseases such as leukemia, other hematologic malignancies, and certain genetic diseases 

(70, 71). The clinical value of transplanted HSCs is based on their two defining 

properties: the ability to self-renew and to generate all blood-immune cells. HSCs and 

hematopoietic progenitor cells (HPCs), collectively termed hematopoietic-progenitor 

cells (HSPCs) are often harvested from the bone marrow or mobilized peripheral blood. 

In practice, the numbers of HSPCs that can be harvested from a single donation are 

sufficient for transplantation of only a single recipient. Usage of HSPCs is dependent on 

matching human leukocyte antigens between donor and recipient. Umbilical cord blood is 

an alternative source of HSPCs, and is attractive since relatively less perfect 

histocompatibility matches between donors and recipients can be tolerated, but its use is 

difficult for adult recipients because the total volume of cord blood is low and thus total 

HSPC numbers are low. Therefore there is great interest in the in vitro expansion of 

HSPCs for therapeutic purposes.  

HoxB4 is one of the first genes found to regulate HSC fate determination. 

Subsequently, several research groups, including Antonchuk et al. reported that 

overexpression of HoxB4 in the bone marrow of mice resulted in expanded numbers of 

transplantable HSC (72). Mice overexpressing Hoxb4 did not develop leukemia. More 

recently, Lee et al. reported that HoxB4 protein is subjected to CUL4-mediated 

degradation, and transduction of human G-CSF mobilized CD34+ cells with degradation-

resistant HoxB4 (which has an increased half-life of 10 hours compared to 1 hour for the 

endogenous protein) increased the numbers of colony-forming cells in vitro as compared 

to wild-type HOXB4 (73). Several conserved pathways which play critical roles in 
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development, including Wnt, FGF and Notch signaling pathways, have been shown to 

regulate the stem cell compartment and HSC self-renewal (70). Hence it is not surprising 

that manipulation of these pathways may present possible options to expand HSPCs. For 

example, the expression of Notch and Notch-ligands, such as Jagged-1 and Delta-1, has 

been detected in HSC and their microenvironment. Varnum-Finney et al. demonstrated 

that Notch signaling induced by an immobilized form of Delta-1 resulted in increased 

mouse and human HSPCs in culture (74). Clinical trials using Delta-1 to expand 

umbilical cord blood are currently ongoing (71). 

In recent years, small molecules and compounds have also been screened in 

efforts to expand HSPCs. Boitano et al. performed a high-throughput screen to identify 

compounds which can stimulate HSC self-renewal, and discovered StemRegenin1 (SR1), 

an acryl hydrocarbon receptor (AhR) antagonist (75). SR1 expanded CD34+ cells from 

both peripheral blood and umbilical cord blood, and transplant of these cells into 

sublethally irradiated mice revealed a 17-fold increase in cells capable of long term 

repopulation. However, the exact mechanism by which SR1 expands HSPCs has yet to be 

determined. In another high-throughput screen for molecules, this being performed using 

zebrafish embryos, chemicals which increase the levels of lipid mediator prostaglandin E2 

(PGE2) were found to regulate HSC numbers (76). Short-term exposure of mouse HSCs 

to PGE2 revealed increased ability to proliferate and home to the bone marrow, as well as 

increased survival via upregulation of survivin (77). PGE2 has since passed a Phase I 

clinical trial to determine its safety, and is currently moving to Phase II trials to 

investigate its efficacy.  
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The molecules above demonstrate that understanding the factors and biochemical 

pathways of HSCs are important in elucidating the factors regulate its properties. Yet 

each of the above molecules has resulted in only minor expansion of the numbers of 

HSPCs, and the effects in clinical trials have been small. Given that miRs regulate many 

cellular processes, it is not surprising that certain miRs have been demonstrated to control 

hematopoiesis. In efforts to understand which miRs might regulate HSPC self-renewal, 

the Civin laboratory identified 25 miRs which are highly expressed in mouse HSPCs as 

compared to more differentiated populations which are no longer capable of self-renewal 

(78). The functional roles of most of these miRs remain unknown. Of miRs they found to 

be expressed in HSPCs, the Scadden laboratory demonstrated that overexpression of 

miR-125a resulted in an 8-fold increase in number of HSCs (79). MiR-29a was also 

found to be expressed in HSPCs and shown to enhance the self-renewal capacity of 

HSPCs, by speeding up the G1 to S cell cycle transition (80). In order to better 

understand the regulatory mechanisms of HSPCs, more research to elucidate the 

functional role of miRs enriched in HSPCs is needed.  

 

1.2.2 MicroRNAs in hematopoiesis 

One of the first evidences of the importance of miRs in the regulation of 

hematopoiesis was observed in 2004 when the Bartel laboratory cloned ~100 miRs from 

mouse bone marrow and found that expression of miR-181 was differentially high in B-

lymphoid cells (81). Overexpression of miR-181 in HSPCs resulted in an increase in the 

numbers of B lymphoid cells. Subsequently, multiple miRs have been shown to play 

important functional roles in hematopoiesis, including miR-223 in regulating granulocyte 
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numbers and function, and the miR-144/miR-451 cluster in controlling terminal erythroid 

differentiation (82, 83). Conditional knockout of miR processing components such as 

Dicer has shown the importance of miRs, as a class of molecules, in hematopoiesis. For 

instance, Koralov et al. conditionally deleted Dicer in mice using the CRE/LOX system 

and the mb1-cre allele, generating a transgenic mouse with deleted Dicer in the earliest 

stages of B cell development (84). B cells were found to be almost completely blocked at 

the pro- to pre-B cell stage. Expression profiling of mRNA from the Dicer-depleted B 

cells revealed that targets of the miR-17~92 cluster were enriched, and Bim, a 

proapoptotic protein, was highly upregulated. Depletion of Bim or expression of Bcl-2, a 

pro-survival gene, partially restored B-cell development, indicating that pro- to pre-B-cell 

progression was mediated by Dicer-dependent miRs.  

Two other miRs identified to play an important role in the development of B cells 

are miR-150 and miR-34a. MiR-150 is upregulated in mature B cells, as compared to 

early B cells, and is believed to regulate mRNAs important in pro- or pre-B cells as its 

overexpression in these cells resulted in blockage of the pro- to pre-B cell transition (85). 

Similarly, overexpression of miR-34a leads to blockage of pro- to pre-B cell transition, 

and this is due to the down regulation of its target forkhead box transcription factor 

Foxp1, a transcription factor involved in B-lymphoid development (86).  

 

1.2.3 Zebrafish as a model organism to study vertebrate hematopoiesis 

Four model organisms are commonly used to study hematopoiesis: Drosophila, 

Xenopus, zebrafish, and mice. In this dissertation I will be focusing on the zebrafish, 

Danio rerio, a powerful model organism to study vertebrate hematopoiesis. Zebrafish and 
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mammals have very similar blood cell lineages, regulatory proteins and pathways. There 

are several advantages of using a zebrafish model over the more commonly used mouse 

model; first, transient loss- and gain-of-function studies can be performed easily as 

compared to mice by microinjection of either miR-morpholinos (MO) (87) or miR-

mimics. Additionally, zebrafish eggs are fertilized externally and the embryos are 

optically clear, facilitating manipulation at the single cell stage and easy visualization of 

the organs of the resulting embryos, respectively. Finally, the high fecundity coupled 

with the fact that definitive hematopoiesis begins by 26 hours post fertilization (hpf) 

allows for rapid examination of HSCs and early hematopoiesis in the embryo. Although 

the 2-3 month generation time of the zebrafish is similar to that of the mouse, the early 

developmental stages of the zebrafish occur more rapidly than in mouse (88). 

Traditionally, the gold standard in studying HSCs is to perform HSC transplants and 

show that all the differentiated cell lineages are present in mice months after transplant. 

This procedure is now also possible in the zebrafish, since Traver et al. showed that 

HSCs can be transplanted into irradiated zebrafish via retro-orbital or intracardiac 

injection (89). In addition, the zebrafish is amenable to large-scale high-throughput 

screens for chemicals which may affect hematopoiesis, as observed by the success of 

identifying PGE2 as a regulator of HSC numbers in Section 1.2.1  

Hematopoietic development in the zebrafish occurs in three distinct waves (Figure 

1.4), with the first generating primitive macrophages and erythrocytes within 24hpf. 

Next, the transient definitive wave of hematopoiesis arises at 26hpf in the posterior blood 

island with formation of erythromyeloid progenitors. Subsequently by ~30hpf, fetal 

HSCs are generated from endothelial cells lining the ventral wall of the dorsal aorta (90, 
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transgenic line, some GFP fluorescence has also been reported in the spinal tubes of 

Tg(cmyb:EGFP) fish, and these GFP+ cells have been shown not to be HSCs. Therefore 

to use this transgenic fish line, it is important to look specifically at the AGM and CHT 

regions. These specifically marked cells may be easily identified and isolated by 

fluorescence activated cell sorting (FACS) and are particularly useful in hematopoietic 

cell transplantation. In addition, anti-sense morpholinos (MO) to knockdown a gene-of-

interest are commonly used in zebrafish. Given that these modified oligos can persist in 

the zebrafish embryos for up to five days, they have been shown to be useful in studying 

primitive and early definitive hematopoiesis, which both occur within 5 days post 

fertilization.  

Several studies have shown that miRs are important in the development of 

zebrafish. For instance, the knockout of Dicer in zebrafish embryos, together with 

depletion of the maternal Dicer contribution, resulted in defects in processes such as 

somitogenesis and brain formation during the first five days of zebrafish development 

(94). Although expression of friend leukemia integration 1 (fli1; endothelial marker) and 

stem cell leukemia (scl; marker for hematopoiesis) were detected in these Dicer-depleted 

embryos, blood circulation was defective in these embryos. This suggested that definitive 

hematopoiesis was absent, since the development of HSCs in zebrafish has been shown to 

be dependent on blood flow (95). Several studies have also shown the feasibility of using 

zebrafish as a model organism to study the role of miRs in hematopoiesis. Pase et al. 

elucidated the role of miR-451 in regulation of erythrocyte maturation via its target gata2 

(96). In addition, the expression of miR-150 and miR-126 in zebrafish was observed to 

modulate cell fate between erythroid and megakaryocytic lineages (97). These results 
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demonstrate that the zebrafish is a robust model to examine hematopoietic functions of 

miRs. 

  

1.3 Overview of acute lymphoblastic leukemia 

The National Cancer Institute defines leukemia as “Cancer that starts in blood-

forming tissue, such as the bone marrow, and causes large numbers of abnormal blood 

cells to be produced and enter the bloodstream”, and the estimated number of new cases 

for 2014 is 52,380, with 24,090 estimated deaths in 2014. Leukemia is subclassified 

according to the following criteria: (i) how fast the leukemia progresses: acute or chronic 

forms, and (ii) the type of white blood cells the leukemia appears to arise from: myeloid 

or lymphoid. Therefore, leukemia has four major types: (i) acute lymphoblastic leukemia 

(ALL) which is most common type of leukemia in children, and also affects adults, (ii) 

acute myeloid leukemia (AML), which is the predominant acute leukemia of adults and 

also occurs in children, (iii) chronic lymphoid leukemia (CLL), the most common form 

of leukemia overall, and (iv) chronic myeloid leukemia (CML). Both CLL and CML 

affect mainly adults. Other types of leukemia fall outside of these classifications, such as 

the hairy cell leukemia, and the myeloproliferative disorders which give rise to AML. In 

this dissertation, the focus will be on ALL, and further narrowed down to precursor B-

cell ALL, both of which will be discussed in greater detail below. 

~ 60% of patients with ALL are below 20 years old. Although the survival rate of 

childhood ALL is approaching 90%, better treatment is needed for subgroups of infants 

and adults with ALL (98). In addition, there is also a need for more effective therapies for 

relapsed childhood ALL, which still ranks as the fifth most common childhood 
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malignancy (99). Finally, although ALL treatment is frequently curative, there are major 

short-term and long-term morbidities. Most patients diagnosed with ALL have one or 

more genetic alterations, including chromosome aberrations, which can be detected by 

methods such as fluorescence in-situ hybridization (FISH) or reverse-transcription PCR. 

The identification of the cytogenetic and molecular genetic findings in patients with ALL 

is important since patients can be assigned to specific targeted therapy based on these 

features of the leukemia, and these findings also have prognostic value. For example, 

11q23/MLL translocations are detected in ~67% of infant ALL cases, and the most 

common translocation associated with MLL is t(4;11)(q21;q23) resulting in the mutation 

MLL-AFF1(AF4), which occurs in ~50% of all cases. Children and adult patients with the 

t(4;11) have a poor prognosis. In adult ALLs, the most frequent translocation detected 

(~20% of ALL cases) is the t(9;22)(q34;q11.2), resulting in the BCR-ABL1 gene fusion. 

This translocation results in what is known as the Philadelphia chromosome, which is 

also common in CML. The prognosis is poor for ALL patients with this translocation. In 

contrast, patients with t(12:21) have a favorable prognosis. The translocation 

t(12;21)(p13;q22), which results in  ETV6-RUNX1(TEL-AML1) gene fusion, is the most 

common translocation in pediatric ALL and occurs in 25% of children with B-ALL, but 

is almost absent in adult patients. In addition, single nucleotide polymorphism (SNP) 

array analyses are now routinely carried out to identify genes commonly mutated in ALL. 

For instance, CDKN2A/2B, which encodes p16INK4a and p14ARF is found to be deleted 

at ~30-70% frequency (100). 

ALL can be subclassified into two types, B-precursor ALL (B-ALL) and T-cell 

ALL (T-ALL), defined diagnostically by the expression of B-lymphoid cell membrane 
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antigens (including CD19, CD22, and HLA-DR) or T-lymphoid cell membrane antigens 

(including CD7, CD5, CD3), respectively. ~90% of all B-ALL cases also express CD10 

antigen.  

Treatment for both B-ALL and T-ALL is made up of three phases: induction (of 

remission), intensification (or consolidation) and continuation. For patients with relapsed 

ALL or at very high risk of relapse (defined by clinical features too detailed to describe in 

this brief overview), allogeneic hematopoietic stem cell transplantation is often carried 

out. Induction chemotherapy is designed to eradicate more than 2-3 logs (99-99.9%) of 

the initial leukemia cell burden. Induction combination chemotherapy typically includes a 

glucocorticoid (prednisone or dexamethasone), vincristine and asparaginase, with or 

without an anthracycline (98). Glucocorticoids bind to glucocorticoid receptors in the 

cell, and these complexes then translocate to the nucleus to either bind to response 

elements within the promoters of glucocorticoid-response genes (usually leading to 

activation of these genes), or bind directly to other transcription factors, including 

activating protein-1 (AP-1). In lymphocytes, both scenarios result in G1 cell-cycle 

blockade and induction of apoptosis (101). Vincristine acts by binding to tubulin dimers, 

resulting in destabilization of microtubule structures during mitosis. Asparaginase is an 

enzyme which acts to decrease cellular asparagine by converting L-asparagine to L-

aspartic acid and ammonia. Asparagine is critical for growth of leukemia cells, and since 

some leukemia cells lack functional asparagine synthase, the depletion of this amino acid 

results in inhibition of protein synthesis, cell cycle arrest at G1 phase, and the induction of 

apoptosis (102). Anthracyclines, such as daunorubicin and doxorubicin, act via several 

mechanisms, including DNA strand breakage, intercalating between DNA base pairs or 
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by inhibiting topoisomerase II, which eventually leads to growth arrest in cell cycle G1 

phase (103).  

After remission is achieved, weeks-months of intensification therapy begins, with 

the goal to progressively reduce leukemia cell numbers. Subsequently, therapy of lower 

intensity is often given for at least a year in maintenance phase. There are many side 

effects of these treatments, with common side effects ranging from diarrhea and hair loss, 

to major complications such as brain, liver and kidney damage. Therefore, more effective 

and less toxic therapies still need to be developed. An additional rationale for therapeutic 

research in ALL is that this has been an important clinical model for subsequent 

development of therapies for more common and more resistant cancers, such as other 

hematologic malignancies and solid neoplasms. 

 

1.3.1 MiRs in acute lymphoblastic leukemia 

Since miRs are known to be involved in many cellular processes, including 

development, differentiation and apoptosis, it is not surprising that the dysregulation of 

miR levels would contribute to diseases such as cancer. There were two key observations 

which suggested that miRs contributed to cancers. First, miRs are frequently found at 

chromosomal sites which have frequent amplification or deletions, or in fragile sites. The 

discovery of the loss of miR-15a and miR-16-1 at 13q14, a chromosomal region 

frequently deleted in CLL, was one of the first indications that miRs may function as 

tumor suppressors (11). 98 of 186 (52.5%) of miRs examined in a study in 2003 were 

located in cancer-associated genomic regions or in fragile sites (104). Secondly, the 

expression of miRs was found to be dysregulated in patient samples as compared to 
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counterpart cells/tissues. Microarray analysis of miRs isolated from six human cancers 

(breast, lung, colon, pancreas, prostate and stomach) performed by Volinia et al. 

indicated that in the solid tumors studied, most miRs were overexpressed and loss of 

expression occurred only in a limited set of miRs (105). Predicted mRNA targets 

reflected the changes in the expression of these miRs, supporting the notion that miRs 

have functional roles in tumorigenesis. Since then, many miRs have been found to be 

tumor suppressor miRs or oncomiRs. MiR-34 is an example of a tumor suppressor miR 

found to be down regulated in liver, breast, pancreatic and lung cancer, and is shown to 

target mRNAs critical in cell cycle regulation, including CCND1 and CDK6 (106, 107). 

In contrast, oncomiR miR-21 is found to be overexpressed in multiple cancer types, 

including breast, colon, lung and pancreas, and has been shown to target multiple genes 

including tumor suppressor gene PTEN, resulting in increased tumorigenesis (105, 108). 

The list of miRs associated with cancers is extensive, and for this dissertation, I will 

instead focus on miRs involved in leukemia, and more specifically B-ALL.  

Expression profiling studies have shown that multiple miRs are dysregulated in 

acute leukemias (109-111). Of these, miR-155 is commonly overexpressed in lymphoma, 

and certain subtypes of ALL, and predominantly acts as an oncomiR. Using the Eμ-MiR-

155 transgenic mice model, miR-155 was found to target two key genes in the regulation 

of IL-6 signaling, CCAAT enhancer-binding protein beta (C/EBP) and Src homology 2 

domain-containing inositol-5-phosphatase (SHIP), thereby resulting in B-ALL and 

lymphoma (112). Another example of an oncomiR in B-ALL is miR-125b, which is 

upregulated in precursor B-ALL with the TEL-AML1 fusion gene as compared to 

precursor B-ALL without the fusion gene. Overexpression of miR-125b in mouse Ba/F3 
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cells facilitated IL-3-independent growth of these cells (113). In addition, xenograft 

models of mice transplanted with fetal liver cells overexpressing miR-125b resulted in 

mice with B-ALL and T-ALL, indicating that miR-125b may contribute to 

leukemogenesis and may therefore be a potential therapeutic target (114). In contrast, few 

tumor suppressor miRs have been identified in B-ALL. MiR-124a and miR-143 are 

examples of miRs with tumor suppressor roles in B-ALL, and their expression was 

repressed by DNA methylation in their promoters (115, 116). The down regulation of 

miR-124a resulted in the increase of its target cyclin-dependent kinase 6 (CDK6), which 

subsequently led to the phosphorylation of retinoblastoma (Rb) and increased cell 

proliferation (115). In contrast, enforced miR-124 expression in mice resulted in reduced 

tumorigenesis, suggesting that new therapeutic strategies could include re-expressing 

miR-124 or modulating levels of its downstream targets CDK6/Rb. MiR-143 was found 

to be down regulated in ALL cases harboring the MLL-AF4 fusion gene (116). 

Overexpression of miR-143 in MLL-AF4-positive cell lines reduced protein levels of the 

fusion gene and induced apoptosis, suggesting that miR-143 functions as a tumor 

suppressor miR in this subtype of B-ALL. Interestingly, miR-196b has been shown to 

function either as an oncomiR or a tumor suppressor miR in B-ALL, likely dependent on 

the cellular genetic context (e.g. fusion gene). In ALL cases with MLL rearrangements, 

miR-196b has been found to be highly overexpressed as compared to cases without the 

MLL rearrangements (117). The overexpression of miR-196b in mouse bone marrow 

cells resulted in increased proliferation and decreased differentiation, suggesting that 

miR-196 may be important in leukemogenesis (118). Contrary to these findings, Bhatia et 

al. found miR-196b to be down regulated in B-ALL patient samples (genetic aberrations 
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not defined in paper) as compared to normal B cells (119). Enforced expression of miR-

196b in EB3 B-ALL cell line resulted in increased apoptosis, suggesting that miR-196 

may play a tumor suppressor role. Li et al. also observed that enforced expression of 

miR-196b reduces known oncogenes HOXA9 and MEIS1 in MLL-rearranged ALL 

(120). Interestingly, miR-196b was also shown to target tumor suppressor gene FAS in 

the same cells, suggesting that a miR may target both oncogenes and tumor suppressors 

in the same cell. 

 

1.3.2 Methods to identify miRs associated with disease 

In order to identify miRs aberrantly expressed in diseases including leukemia, 

expression profiling analysis have often been used. These include techniques such as RT-

qPCR using stem-looped RT primers or locked-nucleic acid primers, microarray and 

high-throughput RNA sequencing (RNA-seq) (121). Each technique has its advantages 

and disadvantages, and all allow for the detection of miRs which may serve as 

biomarkers. MiR microarrays are commonly used in high-throughput analysis to identify 

mature miRs associated with diseases. Typically, the key steps in miR microarray 

analysis include (i) isolation of miR-containing RNA from samples, (ii) fluorescent 

labeling of RNA and hybridization, (iii) washing to remove unhybridized probes, and (iv) 

scanning and analyzing data. For leukemia, miRs are isolated from leukemia patient 

samples and compared to miRs isolated from the appropriate normal counterpart cells. 

For instance, using microarray analysis, Scheibner and colleagues found miR-27a to be 

down regulated in AML patient samples and cell lines as compared to normal CD34+ 
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HSPCs (122). RT-qPCR is often carried out after microarray analysis to validate 

expression levels of miRs.  

However, there are several drawbacks to using miR microarrays. Given that miRs 

have short lengths and varying GC contents, the hybridization of miRs to complementary 

miR probes may be difficult to control, and hence it is difficult to differentiate among 

miR family members. Locked-nucleic acid probes are believed to increase the sensitivity 

and specificity of miR microarrays (123). In addition, there are some technical challenges 

associated with high-throughput microarray analysis, including the need for careful data 

analysis, from quality assessment to normalization of data (124). Several other key 

disadvantages of expression profiling studies include the need for a normal ‘counterpart’ 

sample for comparison, but the perfect counterpart cell is often difficult to identify. For 

instance, should the expression of miRs in a certain subset of precursor B-ALL patient 

samples be compared to the precursor B cells from healthy donors, patient samples with 

B-ALL but lacking the genetic aberrations, or CD34+ HSPCs from healthy donors? As 

the miR expression profile may differ in each cell type, the choice of sample for 

comparison is critical in determining if a miR is associated with disease. Second, the 

possibility that the expression of some miRs may not change, but its function may change 

based on the expression levels of its targets cannot be ruled out. Third, there is a 

possibility that the expression of a miR may be driven by its host gene and the miR 

expression itself is literally a passenger effect. Hence, although expression profiling 

analyses are clearly useful in identifying miRs as biomarkers, these techniques may not 

be able to differentiate between a ‘driver’ miR versus a ‘passenger’ miR.  
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An alternative to expression profiling studies to identify miRs associated with 

leukemia is to perform functional screens (125). Such assays allow identification of miRs 

which play a functional role in cells, and usually comprise three steps: (i) gain- or loss-of-

function of miRs in a relevant cell line, (ii) detection of a cancer-associated phenotype, 

and (iii) detection of miRs which confer the cancer-associated phenotype. Currently, 

there are two approaches to performing a functional screen, either introducing into cells a 

single miR at a time (single-plex format) or introducing at one time a library of pooled 

miRs (125). For a single-plex assay, miRs are individually introduced into cells, 

generally by transfection of miR mimics or inhibitors. A key disadvantage of such single-

plex screens is that these screens are performed in multi-well microplates, and there may 

be major well-to-well variation. The use of a pooled viral vector-based library of miRs or 

miR inhibitors overcomes the problem of well-to-well variation. This approach begins 

with transducing a large number of cells with the pooled library, and after assaying for 

the phenotype of interest, quantifying the abundance of each miR by methods such as 

miR microarray or RT-qPCR. This strategy can be used for positive screening, as 

demonstrated by Voorhoeve et al where they identified miR-372 and miR-373 increased 

the proliferation and tumorigenesis of cells carrying oncogenic RAS and wild-type p53  

(126). In contrast, using the miR-overexpression library and a custom-made microarray, 

Izumiya et al performed a negative screening strategy whereby the cells expressing the 

miR-of-interest decreased in abundance over time (127). Several miRs, including miR-

34a, were identified to inhibit growth of pancreatic cancer cells. As an alternative to 

using microarrays to identify miRs, Cheng et al. developed a RT-qPCR method, which is 

easily accessible to any laboratory with a real-time PCR machine (128). This miR high-
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throughput screen (miR-HTS) strategy is employed in Chapter 2, and is outlined in 

Figure 1.6. Briefly, a pooled library of lenti-viral vectors overexpressing 539 precursor 

miRs and 39 miR clusters was used to infect a cell line at multiplicity of infection (MOI) 

of 0.2. This MOI should result in <5% of infected cells containing more than 1 lentiviral 

insertion, thus avoiding effects of multiple transduced miRs in a single cell. At different 

time points, a fraction of the infected cell line culture was harvested and genomic DNA 

isolated. A nested PCR strategy was used to produce sufficient proviral DNA from a 

small cell sample; integrated lentiviral DNA segments containing the miR cassette and 

GFP transgene were first amplified from genomic DNA samples, using external common 

forward and reverse primers. After removal of the external common primers to prevent 

their further amplification, purified PCR amplicons were used as templates for genome-

representation-qPCR (GRE-qPCR). This method quantified the changes in representation 

of the cells overexpressing each lenti-miR transgene in the transduced cell population 

over multiple passages. Detection of each lenti-miR was based on its own unique miR 

cassette sequence, and the endogenous miR locus of the host genome was not detected in 

this assay. The three components of each GRE-qPCR assay include (i) an internal miR-

specific forward primer for detection of each miR, (ii) an internal common reverse 

primer, and (iii) an internal common probe (Figure 1.6.A).  

One limitation in using these functional screen approaches is dependence on the 

use of either miR microarray or RT-qPCR, which may not be able to differentiate 

between all miR family members that share high sequence similarity. This may be 

overcome by using a miR microarray with locked-nucleic acid probes, or by adding 
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1.3.3 Clinical applications of miRs 

As discussed earlier, a miR might function as an oncogene or tumor suppressor 

gene. Therefore miRs are attractive as therapeutic agents or targets in the various types of 

cancer. For instance, miRs which have oncogenic properties could be inhibited by 

molecules targeting the miR, such as locked nucleic acid (LNA)-anti-miR oligomers. 

Conversely, miR mimics could be delivered into cells to ‘replace’ expression of down 

regulated miRs. 

One of the best examples of miRs as therapeutics is that of miR-122. MiR-122 is 

mainly expressed in the liver cells, and is an essential co-factor for replication of hepatitis 

C virus (HCV). The 5’UTR of HCV has two miR-122 binding sites, and disruption of the 

miR-122 binding sites blocked HCV replication (129). Miravirsen, a 15 nucleotide long 

LNA-anti-miR-122 oligomer, binds to mature miR-122 resulting in formation of  

heteroduplexes, thereby inhibiting the function of miR-122. This oligomer is developed 

by Santaris Pharma, and is delivered into patients via intravenous injections. Recent 

results from Phase 2a of worldwide clinical trial showed that miravirsen is promising in 

patients with chronic HCV genotype 1. A dose-dependent decrease in HCV RNA levels 

was observed in patients, and this continued after active therapy (130).   

Another miR therapeutic currently in clinical trials is miR-34. MiR-34 is the first 

miR mimic to enter clinical trial for liver cancer or metastatic cancer involving the liver, 

and was developed by Mirna Therapeutics (131). Here, the aim is to restore the levels of 

tumor suppressor miR-34 levels in cells, with hopes that the target oncogenes would be 

repressed. MRX34 is a double stranded RNA, and is delivered by a liposomes technology 
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(smarticles). To enhance uptake in tumor cells, these nanoparticles are anionic, and since 

the pH tends to be lower in tumor cells, the uptake into tumor cells is enhanced.  

In leukemia, one of the biggest unsolved challenges in using miRs as therapeutics 

lies in the delivery of miRs to all of the diseased cells, which arise in the bone marrow 

but are mobile and continuously disseminate throughout the body by extravasation from 

the bloodstream. One possibility is the use of viral vectors to express anti-miR oligomers 

driven by a tissue specific promoter; this strategy would be useful to attenuate miR 

levels. Likewise, miR sponges, which consist of multiple binding sites for the miR-of-

interest, decrease the number of free miRs binding to their targets (132). Delivery of the 

miR sponge is often achieved by using adenoviral or lentiviral vectors. In a report by Du 

et al., lentivirus containing miR-326 sponge was successfully delivered into mice using 

intravenous injection. A decrease of miR-326 was observed in CD4+ T cells, and 

consequently mice had decreased severity of autoimmune disease (133). Although this 

approach looks promising, there are still challenges to using miR sponges. Any miR with 

high sequence similarity in the seed sequence to the miR-of-interest is likely to bind to 

the sponge, which may result in non-specific targeting. In addition, it is difficult to 

regulate the number of integrations since these vectors integrate into the genome. 

Another approach to targeted therapy for delivery of miR therapeutics is the use of 

liposome based antibody-mediated delivery systems. An attractive target would be CD19, 

a cell surface marker of B lymphoid cells including B-ALL cells. The conjugation of 

liposome coated miR mimics or anti-miRs to anti-CD19 antibodies may be promising, 

given the recent success from research groups who have delivered antisense to miR-1 

conjugated to anti-cardiac troponin I antibodies to mouse myocardium (134). 
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Another way to modulate the expression of miRs might be through the regulation 

of DNA methylation. The promoters of some miRs are subjected to epigenetic regulation, 

and DNA methylation of the promoter results in the down regulation of miR expression. 

Therefore to enhance the expression of miRs which have tumor suppressor abilities, 

drugs which cause de-methylation might be useful.  

In addition to being targets for therapies, miRs have been shown to be useful as 

prognosis markers of disease. For instance, miR-181b has been shown to be a useful 

biomarker of stable disease or progressive disease in patients with CLL. As miR-181b 

regulates MCL1, patients with decreased miR-181b have higher MCL1 and BCL2 target 

genes, resulting in progressive disease (135). In addition, circulating microRNAs have 

been implicated as biomarkers for various diseases, including cardiovascular diseases. 

Given that the off-target toxicity associated with miR therapeutics is reported to 

be low (136), elucidating the biological function of miRs in hematopoiesis and leukemia 

may contribute to better therapies in the clinic. 

 

1.4 Scope of work  

The aim of this work is to elucidate the biological function of candidate miRs 

previously identified in the Civin lab to be relevant in B-ALL cells or normal HSPCs.  

In Chapter 2, our goal was to develop better understanding of the key molecules 

modulating growth of B-ALL by identifying miRs which inhibit growth of B-ALL. Five 

candidate miRs or miR cluster were isolated from a genome-wide functional screen for 

human miRs that inhibit growth of the NALM6 human B-ALL cell line. MiR-509 was 

validated as a novel miR which inhibits growth of NALM6, and miR-509 similarly 
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inhibited two other B-ALL cell lines REH and RCH-ACV. However, miR-509 did not 

affect the growth of four other acute leukemia cell lines available in the lab, T-ALL cell 

lines Jurkat and KARPAS-45, and AML cell lines K562 and U937. These findings 

suggest that the effects of miR-509 may be specific to B-ALL, although a larger panel of 

cell lines needs to be tested. Using NALM6 cells, we demonstrated that the growth 

inhibitory effect of miR-509 is due to decreased cell cycling and increased apoptosis. 

Next, we utilized miR-target prediction algorithms and a filtering strategy to identify 

predicted mRNA targets of miR-509. Using luciferase assays, we establish RAB5C to be 

a novel direct target of miR-509.  

Finally, we present data indicating that RAB5C mediates the growth inhibitory 

effects of miR-509. Using shRNA, we effectively knockdown RAB5C levels, and 

observed a decrease in cell growth; depletion of RAB5C phenocopies the effects of 

enforced miR-509 expression. Subsequently, a rescue experiment where we co-expressed 

RAB5C lacking miR-509 binding sites with miR-509 revealed that RAB5C rescued cells 

from miR-509 mediated growth inhibitory effects. Our findings from the Oncomine 

cancer microarray database that RAB5C is overexpressed in a subset of B-ALL patients 

samples as compared to healthy B-cells suggest that miR-509 and RAB5C may be viable 

targets for therapeutic treatment of B-ALL. 

In Chapter 3, the zebrafish was used as a model organism of vertebrate 

hematopoiesis to examine the biological role of miRs previously identified by expression 

profiling studies to be enriched in mouse HSPCs with self-renewal properties, starting 

with miR-10a. Expression of miR-10a was examined between 16hpf to 96hpf, and we 

observed a peak in miR-10a expression at 48hpf, suggesting that miR-10a may be 
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important in early hematopoiesis. Loss-of-function of miR-10a in zebrafish embryos was 

achieved by microinjection of a morpholino targeting miR-10a into embryos. Using RT-

qPCR, a decrease in levels of miR-10a and levels of miR-10 family members miR-99 and 

miR-100 was observed. Loss-of-function of miR-10a and family members (collectively 

termed miR-10) mediated by microinjection of morpholino into transgenic zebrafish line 

Tg(CD41:EGFP) resulted in fewer GFP+ cells at 78hpf, and similar results were observed 

in Tg(cmyb:EGFP) fish at 54hpf. As the GFP+ cells are indicative of HSCs, this 

preliminary data suggests that loss-of-function of miR-10 results in fewer HSCs, and 

demonstrates the feasibility of using zebrafish to study miRs in HSCs. 
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Chapter 2 

MiR-509 Inhibits Growth of Human Acute Lymphoblastic Leukemia Cells 

by Regulating RAB5C1 

 

2.1 Introduction 

More effective and less toxic therapies are needed for precursor B-cell acute 

lymphoblastic leukemia (B-ALL), the most common childhood cancer (137-139). In 

order to achieve this, deeper investigation of the mechanisms involved in leukemia cell 

proliferation and survival is necessary to uncover key regulatory targets and pathways, 

including molecules which modulate cell growth.   

MicroRNAs (miRs) are short non-coding RNAs which regulate expression of 

mRNA targets, most commonly by binding to the 3’ untranslated regions (3’UTRs) of 

mRNAs (35, 54, 140). Each miR has many, often hundreds of predicted mRNA targets, 

and reciprocally a single mRNA may be targeted by multiple miRs. MiRs are involved in 

many cellular processes, and dysregulation of miRs has been linked to diseases, including 

cancer (136). For instance, overexpression of miR-155 has been detected in certain 

subtypes of acute myeloid leukemia (AML), chronic lymphoblastic leukemia, and 

lymphomas (141). Transplantation of mouse bone marrow cells overexpressing miR-155 

resulted in myeloproliferative disorders, and transgenic overexpression of miR-155 

                                                            

1 Yee Sun Tan, MinJung Kim, Tami J. Kingsbury, Curt I. Civin, Wen-Chih Cheng.  
In preparation for submission to PLOS ONE.  
In this study, Dr Wen-Chih Cheng performed the miR functional screen which identified 
five miR candidates. I performed the validation studies and identified RAB5C as a 
relevant miR-509 target. I wrote the initial draft of the manuscript, and editorial changes 
have been made based on discussions with Dr Wen-Chih Cheng and Dr Curt Civin. 
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resulted in ALL and lymphoma in mice (112, 142). In contrast, miR-34 is a well-studied 

tumor suppressor miR; its expression is down regulated in a wide range of solid and 

hematologic malignancies, and it targets multiple molecules that promote cancer 

development and progression, including BCL2 and cyclin D1 (107, 143). The 

development of miR-34-based therapy for hepatocellular carcinoma (144, 145) and B-cell 

lymphomas (146) has demonstrated that understanding the functions of miRs can lead to 

novel therapies.  

Expression profiling studies, such as microarray hybridization, real-time PCR, or 

sequencing assays of global miR expression in leukemia cells versus normal counterpart 

cells, have been used to identify miRs associated with acute leukemias (109, 110, 147). 

Although expression profiling studies can implicate miRs as biomarkers, it is often 

difficult to differentiate ‘passenger miRs’ from ‘driver miRs’ (125). Multiple miRs are 

known to be dysregulated in B-ALL (111, 148), but only a handful of miRs, including 

miR-124a (115), miR-143 (116), and miR-196b (119), have been shown to inhibit growth 

of B-ALLs. As an alternative to expression profiling approaches, functional screens for 

miRs that drive hallmark cancer properties have successfully identified miRs involved in 

regulation of cellular processes including growth in melanoma (149), pancreatic cancer 

(127), and colon cancer (150), as well as metastasis in liver cancer (151).  

We previously identified a set of miRs that regulate growth of the human lung 

fibroblast cell line IMR90 by a miR-high throughput functional screen (miR-HTS) (128). 

In this paper, we extend our gain-of-function screening of human miRs to B-ALL cells to 

identify a growth-regulatory miR and a novel downstream target. In this functional screen 

of the B-ALL cell line NALM6, miR-509 inhibited growth, and miR-509 was further 



 

42 
 

shown to inhibit growth of 2 additional B-ALL cell lines. We went on to determine the 

cellular mechanism of miR-509-mediated B-ALL growth inhibition and identified 

RAB5C as a key downstream target molecule of miR-509. 

 

2.2 Experimental procedures 

2.2.1 Functional screen of miRs 

In each miR-HTS, 1.8 million NALM6 cells were infected at a multiplicity of 

infection (MOI) =0.3 with the human Lenti-miR pooled virus library (SBI, Mountain 

View, CA, USA; Cat# PMIRHPLVA-1) to achieve ~30% transduced cells. 4μg/ml 

polybrene (Sigma-Aldrich, St. Louis, MO, USA) was used as the infection vehicle. On 

days 4, 12, 20 and 28 after infection, a fraction of the infected culture (2 million cells) 

was harvested and genomic DNA isolated using the DNeasy Blood & Tissue Kit (Qiagen, 

Valencia, CA, USA). To identify candidate growth-regulatory miRs, nested PCR, 

customized qPCR assays, and candidate selection were conducted as described earlier 

and in (128). 3 independent miR-HTS was conducted.  

 

2.2.2 Cell lines 

NALM6, RCH-ACV, REH, KARPAS-45 were obtained from DSMZ 

(Braunschweig, Germany). Jurkat, K562 and U937 cells were obtained from ATCC 

(Manassas, VA, USA). All cell lines were maintained according to manufacturer’s 

protocol.  
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2.2.3 Plasmids and cloning 

Overexpression of miRs was achieved by cloning each precursor miR sequence 

plus ~200bp of flanking genomic sequence into the pJET1.2 plasmid (Thermo Scientific, 

Waltham, MA, USA) (Primers listed in Table 2.1). The genomic sequence of each miR 

was obtained from the UCSC genome browser. The miR sequences were then subcloned 

into our pWCC52 lentiviral vector (Empty lentiviral vector #1, EV#1) downstream of 

GFP driven by human EF1α promoter. MiR-509 was also subcloned into our pWCC72 

lentiviral vector (empty lentiviral vector #2, EV#2) downstream of DsRed driven by 

human EF1α promoter. Both pWCC52 and pWCC72 were generated in our lab based on 

lentivectors designed to express miRs as described (152).  

3 plasmids, each containing a different shRNA targeting RAB5C [shRNA#1 

(TRCN0000072935), shRNA#2 (TRCN0000072933), shRNA#3 (TRCN0000072937)], 

were purchased from Thermo Scientific. The plasmid containing non-targeting scramble 

control sequence was purchased from Addgene (plasmid 1864) (153). Next, each of the 

shRNA plasmids was digested with BamHI and NdeI to subclone the scramble control 

sequence and the shRNA containing sequences into pLKO.3G lentiviral plasmid 

(Addgene Plasmid 14748).  

For luciferase assays, full length RAB5C 3’UTR was PCR amplified using cDNA 

of NALM6 as template, and cloned into pmirGLO Dual-Luciferase miRNA Target 

Expression vector (Promega, Madison, WI, USA). Site directed mutagenesis of RAB5C-

3’UTR-luciferase deletion construct 1 (1) was carried out using the QuikChange 

Lightning Site-Directed Mutagenesis Kit (Agilent Technologies, Santa Clara, CA, USA) 

according to manufacturer’s protocol. For deletion of the second miR-509-3p binding site 
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in 2 construct and 12 constructs, standard PCR was performed. Primers used to 

create the luciferase constructs are listed in Table 2.1.  

A lentivector overexpressing RAB5C was constructed by PCR amplification of 

the RAB5C open reading frame from NALM6 cDNA (Primers listed in Table 2.1). The 

PCR product was then cloned into the pWCC61 plasmid (Empty lentiviral vector #3; 

EV#3), a dual-promoter lentiviral vector generated by our lab in which the human EF1α 

promoter drives RAB5C and the ubiquitin promoter drives DsRed.  

 

2.2.4 Lentivirus production and transduction 

Lentivector plasmids were co-transfected with purchased packaging plasmids, 

pMD2.G (Addgene plasmid 12259) and pCMVR8.74 (Addgene plasmid 22036), using 

polyethylenimine (1g/L) (Polysciences Inc., Warrington, PA, USA). Viruses were then 

titered in each cell line 3 days after transduction by measuring %GFP+ cells using flow 

cytometry. Cultures transduced between 30-70% GFP+ were used to calculate lentivirus 

titer and MOI. To increase transduction efficiency, the following amounts of polybrene 

was added to each cell line: 0.8g/ml polybrene for RCH-ACV and KARPAS-45 cells, 

1.6g/ml polybrene for Jurkat cells, 2g/ml polybrene for U937 cells, 4g/ml polybrene 

for NALM6, REH and K562 cells. Mock-transduced cells were cells treated with 

polybrene but no virus. In all experiments with transduced cells, cells were transduced 

with each lentivirus to MOI=2. All transduced cells were washed with phosphate 

buffered saline (PBS) at 2 days after transduction to remove the polybrene.  
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Table 2.1: List of PCR primers used for cloning 
Description Primer name Direction  Sequence (5' - 3') 
List of primers used for 
cloning of miR hairpin 
with flanking genomic 
sequences. PCR 
products were first 
cloned into pJET1.2 and 
subcloned into empty 
lentiviral vector #1 
(EV#1; pWCC52) 
downstream of GFP. 
MiR-509 was then 
subcloned from 
pWCC52-miR-509 into 
empty lentiviral vector 
#2 (EV#2; pWCC72) 
downstream of DsRed. 

miR-509-2 Forward ATCGATGATATCAGGACTCA
AAGCGGGAAATA 

Reverse ACGCGTGTTTAAACGGTCAG
GCACCTGAGAGAGT 

miR-432~136 Forward CTCGAGGATATCTCTGCGGT
TGAGTGCTCG 

Reverse GAATTCGGTACCGTCCTTGA
GACCCTGATACT 

miR-873 Forward ATCGATCTCGAGGATATCTG
CCCACAAAACTGTTTGAA 

Reverse ACGCGTGAATTCCGTACGCA
TCCATGTTGAGTGGACAAG 

miR-381 Forward ATCGATCTCGAGGATATCCT
TTGGGATGGAGAGCTGAC 

Reverse ACGCGTGAATTCGGTACCGC
CTTCCCTAAAGTCATCCA 

miR-550a-1 Forward ATCGATCTCGAGCCCGGGCC
TGTGTCATGGAAGTTT 

Reverse ACGCGTGAATTCGGTACCGG
GCAATTCTCCTTAAAACC 

Primers used for PCR 
of RAB5C-3’UTR and 
deletion of miR-509-3p 
binding sites.  For 
deletion of the first miR-
509-3p binding site, 
Del56-72 primers were 
used. For the deletion of 
the second miR-509-3p 
binding site in RAB5C-
3’UTR-luciferase 
deletion construct, 
standard PCR was 
performed using the 
Del758-767 primers. 

NheI-WT-
RAB5C 3’UTR 

Forward gccGCTAGCgccccccttgcctgcccg 

WT-RAB5C 
3’UTR-SbfI 

Reverse ggcCCTGCAGGgaggtcgatcgatcgg
ct 

Deletion of miR-
509-3p binding 
site (Del56-72) 

Sense tgaatgacccgactggagcacttaacgactcg 

Deletion of miR-
509-3p binding 
site (Del56-72) 

Antisense cgagtcgttaagtgctccagtcgggtcattca 

Deletion of miR-
509-3p binding 
site (Del 758-
767) 

Forward gccGCTAGCgccccccttgcctgcccg 

Deletion of miR-
509-3p binding 
site (Del 758-
767)-SbfI 

Reverse ggccctgcagggaggtcgatcgatcggctgac
tatattgacaagataacatgttgaagaaaacata
caa 

Primers used in cloning 
of RAB5C lacking its 
3’UTR. The PCR 
product was cloned into 
pWCC61 lentiviral 
vector (Empty lentiviral 
vector #3, EV#3). 

NheI-RAB5C-no 
3’UTR 

Forward GCCGCTAGCATGGAACTGAG
TTGGAGGTCCCCCTCC 

RAB5C-no 
3’UTR-BamHI 

Reverse GGCGGATCCTCAGTTGCTGC
AGCACTGGCTCC 

   

2.2.5 GFP competition assay 



 

46 
 

3 days after transduction, >80% of NALM6 cells were GFP+. 7 days after 

transduction, the transduced cells were mixed with mock-transduced cells to obtain a cell 

mixture containing ~50% GFP+ cells, and this time point was set as day 0 for the GFP 

competition assay. This cell mixture was cultured for 5 weeks, and the %GFP+ cells was 

measured weekly by flow cytometry (Accuri C6, Becton Dickinson, New Jersey, USA), 

after gating on only the viable cell population based on the FSC and SSC parameters. 

Analysis was performed using the FlowJo software (Tree Star Inc, Ashland, OR, USA). 

 

2.2.6 Cell growth assays 

For alamarBlue (Life Technologies, Grand Island, NY, USA) dye-based cell 

growth assays, cells were seeded at 5x103 cells/100µl media in triplicates in 96-well 

plates at 3 days after transduction. At 7 days after transduction, 10µl alamarBlue was 

added to each well and plates incubated (37°C, 4 h) before reading using a VictorX3 

(PerkinElmer, Waltham, MA, USA; 530/580nm excitation/emission filters). For trypan 

blue exclusion cell counts, 2.5x105 cells/ml were seeded in each well of a 96-well plate 

day on day 3 after transduction. 10µl of cells were removed at each time point and 

counted using a hemocytometer.  

 

2.2.7 RNA isolation and measurement of miR and mRNA expression levels by RT-qPCR 

For RT-qPCR of mature miRs, cell lysates were made using Cell Lysis Buffer 

(Signosis, Santa Clara, CA, USA) and reverse transcription performed using TaqMan 

microRNA reverse transcription kit (Life Technologies) according to manufacturers’ 

protocols. For mRNA levels, SYBRGreen RT-qPCR assays were conducted with total 
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RNA isolated using the miRNeasy kit (Qiagen) according to the manufacturer’s protocol, 

and reverse transcription performed using the High-capacity-RNA-to-cDNA kit (Life 

Technologies) according to manufacturer’s protocol. Primers for RT-qPCR for mRNAs 

were obtained from PrimerBank (154) (Table 2.2). The TaqMan microRNA assay IDs 

were 002235 for miR-509-5p, 002236 for miR-509-3p and 001204 for U18 (Life 

Technologies). All SYBRGreen and TaqMan RT-qPCR assays were performed using the 

7900HT Real-Time PCR system (Life Technologies). All Ct values >35 were assigned a 

value of 35 for calculation of fold expression level change. For RT-qPCR of mature 

miRs, U18 was used as endogenous control. For SYBRGreen RT-qPCR of mRNAs, 

GAPDH was used as endogenous control. DNA oligonucleotides (synthesized by 

Integrated DNA Technologies, Coralville, IA, USA) of mature miR sequences 

(miRBase.org) were used to create standard curves for absolute miR quantitation, which 

were performed as described (78, 155).  

 

2.2.8 Microarray data 

All microarray data has been previously deposited in NCBI Gene Expression 

Omnibus (156) (GEO Series accession number GSE51908; 

http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE51908). 

 

 

 

 

 



 

48 
 

 

Table 2.2: List of primers used for SYBRGreen RT-qPCR. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.2.9 Apoptosis and cell cycle analysis 

For apoptosis assays, 105 NALM6 cells were stained with APC Annexin V and 7-

AAD (Biolegend, San Diego, CA, USA) 4 days after transduction according to 

manufacturer’s protocol and analyzed by flow cytometry (Accuri C6, Becton Dickinson). 

For cell cycle analysis, at 3 days after transduction, NALM6 cells (0.5x106 cells/ml) were 

Gene Sequence (5'- 3') 

ERLIN2 Forward TCCACCACGAACTGAACCAG 

ERLIN2 Reverse AACAGCTCAATGTAGACCTCTTG 

FLI1 Forward CAGCCCCACAAGATCAACCC 

FLI1 Reverse CACCGGAGACTCCCTGGAT 

FOXP1 Forward GAAGGCCACAAAAGATCAGTG 

FOXP1 Reverse TGGAAGCGGTAGTGTATAGAGG 

GADPH Forward ACATCGCTCAGACACCATG 

GADPH Reverse TGTAGTTGAGGTCAATGAAGGG 

MAML1 Forward GACTCTCTCAACAAAAAGCGTCT 

MAML1 Reverse AGGAAATGACTCACTGGGGTTA 

PGRMC1 Forward GGGCTGCTGCATGAGATTTTC 

PGRMC1 Reverse CCGCGCACGATCTTGTAGA 

RAB5C Forward CCGCTTTGTCAAGGGACAGTT 

RAB5C Reverse AGGCTGTGATACCGCTCCT 

RAC1 Forward ATGTCCGTGCAAAGTGGTATC 

RAC1 Reverse CTCGGATCGCTTCGTCAAACA 

TFDP2 Forward CTGCCTACCAATTCTGCTCAG 

TFDP2 Reverse CGCTTCTGCTTTATCCGTTCT 

UHMK1 Forward ACGCTGTCTGTTGCTTGAACT 

UHMK1 Reverse GGCACAATGCTGTATCATCCAC 

USP9X Forward TCGGAGGGAATGACAACCAG 

USP9X Reverse GGAGTTGCCGGGGAATTTTCA 

YWHAB Forward CATGAAGGCAGTCACAGAACA 

YWHAB Reverse CTCACGGTACTCTTTGCCCAT 

YWHAG Forward AGCCACTGTCGAATGAGGAAC 

YWHAG Reverse CTGCTCAATGCTACTGATGACC 
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cultured for 24 h in fresh medium, then 106 cells were labeled with BrdU (Becton 

Dickinson) for 1 h. Cells were then washed twice in ice cold PBS and the pellet 

suspended in 500µl PBS. Cells were fixed in 5ml ice cold 70% ethanol overnight at -

20°C. 2M hydrochloric acid was then used to denature the DNA for 30 min at room 

temperature, and the washed pellet resuspended in 1ml 0.1M Na2B4O7, pH8.5 (Sigma-

Aldrich) to neutralize the acid for 10 min. Cells were stained with 1l APC anti-BrdU 

antibody (BioLegend) in 20µl volume for 30 min at room temperature, followed by 20l 

7-AAD for 15 min at room temperature. APC BrdU and 7-AAD signal was then assessed 

by flow cytometry (Accuri C6, Becton Dickinson). FlowJo software (Tree Star Inc) was 

used to determine the cell cycle profile of each sample. 

 

2.2.10 Caspase-3/7 assay 

Transduced NALM6 cells were seeded at 500 cells/well in a 384-well plate on 

day 3 after transduction. On day 7 after transduction, caspase activity was measured 

using the Apo-ONE homogenous caspase-3/7 assay (Promega) according to 

manufacturer’s instructions at 4 h after addition of reagent to cells, using a VictorX3 

(PerkinElmer, 485/535nm excitation/emission filters). 

 

2.2.11 Luciferase assay 

HEK293T cells were cultured overnight at 105 cells/450l in each well of a 24-

well plate. 300ng of plasmid was co-transfected with 50nM of miR mimic using 2.5l of 

Lipofectamine2000 (Life Technologies) according to manufacturer’s protocol. Lysates 

were harvested 48 h after transfection and processed using Dual luciferase reporter assay 
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system (Promega) according to manufacturer’s protocol. Lysates were diluted 400-fold in 

Passive Lysis Buffer Assay before plating and read using VictorX3 (PerkinElmer). 

Renilla luciferase values were used to normalize for transfection efficiency; the ratio of 

firefly/renilla luciferase is designated as relative luciferase activity.  

 

2.2.12 Western blotting 

Lysates of transduced NALM6, RCH-ACV and REH cells were harvested 7 days 

after transduction and lysed in RIPA buffer (Sigma-Aldrich) containing 1mM 

phenylmethanesulfonyl fluoride (Sigma-Aldrich) and 1x complete protease inhibitor 

cocktail tablet (Roche Applied Science, Indianapolis, USA). Protein concentration was 

determined by Bio-Rad Protein assay (Bio-Rad, Hercules, CA, USA) according to 

manufacturer’s protocol and lysates containing 30-40g protein loaded onto a pre-made 

4-12% Bis-Tris NuPAGE gel (Life Technologies) and transferred to a PVDF membrane 

using an iBlot Dry Blotting system (Life Technologies). RAB5C (ab137919, Abcam, 

Cambridge, MA, USA) and α-tubulin (T6074, Sigma-Aldrich) antibodies were used 

according to manufacturer’s protocol and signal detected using an ECL detection kit 

(Thermo Scientific) imaged by the ChemiDOCTM XRS+ System (Bio-Rad). The RAC1 

antibody aliquot was a gift from Dr Steve Zhan, University of Maryland, Baltimore. 

Bands were analyzed and quantified using ImageLab software (Bio-Rad). 

 

2.2.13 Mice 

All experiments were performed in accordance with IACUC-approved protocols. 

8-12 week-old NOD-SCID IL2rg-/- (NSG) mice were injected with transduced NALM6 
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cells via tail vein injection. Mice were monitored daily for clinical signs suggestive of 

leukemia including pallor, bleeding, weight and hair loss, hunched posture and rear limb 

paralysis, at which point mice were euthanized. Spleen and bone marrow were harvested 

from each mouse, and processed into single cell suspension for flow cytometry in order 

to analyze the percent GFP+ cells of hCD10+ cells (NALM6 cells express hCD10). 

 

2.2.14 Analysis of mitochondria membrane potential  

MiR-509 was subcloned into Cherrypicker vector, which expresses membrane-

tagged mCherry fluorescent protein. NALM6 cells were transduced to MOI 0.5 with 

lentivirus, and on day 7 after transduction, 105 transduced cells were stained with 

MitoProbe DilC1(5) (Thermo Scientific) for 30 min at 37°C. Cells were also stained with 

MitoTracker Green FM (Thermo Scientific) as a control to ensure that total number of 

mitochondria was not affected. As a positive control, cells were pre-treated with CCCP (5 

min, 37°C) to disrupt mitochondrial membrane potential. All stained cells were then 

analyzed by flow cytometry (Accuri C6, Becton Dickinson) and analyzed using the 

FlowJo software (Tree Star Inc). 

 

2.3 Results  

2.3.1 Functional screen identified miRs that inhibited growth of B-ALL cells 

We applied our miR-HTS functional screen (128) to screen a pooled lentivirus 

library of 578 human miRs or miR clusters for their growth-regulatory properties in 

human NALM6 B-ALL cells. 4 miRs (miR-381, miR-509, miR-550a, and miR-873) and 
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1 miR cluster (miR-432~136) inhibited NALM6 growth in at least 2 of 3 replicate 

screens performed.  

2.3.2 Enforced miR-509 expression inhibited growth of NALM6 cells 

In order to confirm the growth inhibitory effects of the candidate miRs identified 

from the functional screen, each of the 5 miR or miR cluster candidates was cloned into a 

lentiviral expression vector downstream of green fluorescent protein (GFP) (Figure. 

2.1.A). We expressed the miR-432~136 cluster as a single unit rather than as 2 individual 

miRs, to recapitulate the way they were screened and because the two miRs may 

cooperate. The growth inhibitory potential of each candidate miR or miR cluster was then 

tested, first by performing multiple growth competition assays (157, 158). NALM6 cells 

were transduced with each of the 5 miR lentiviruses (>80% GFP+ cells), and each culture 

was then mixed with GFP– cells to obtain an initial culture with ~50% GFP+ cells. If 

enforced expression of a given miR or miR cluster inhibited NALM6 growth, the %GFP+ 

cells in culture would decrease over time. For NALM6 cells transduced with the control 

empty vector, the %GFP+ cells remained stable at ~50% over the 5-week GFP 

competition assay (Figure. 2.1.B). In contrast, NALM6 cells transduced with miR-509 

lentivirus were out-grown by the GFP– cells; the %GFP+ cells decreased from 46% at 

assay day 0 to 10% 35 days later (Figure. 2.1.B). As expected, miR-509-5p and miR-509-

3p were strongly overexpressed in miR-509-transduced NALM6 cells as assayed by RT-

qPCR (Figure. 2.1.C).  

Similarly, overexpression of miR-381, miR-550a, miR-873, and miR-432 was 

achieved by lentiviral transduction, although no change in %GFP+ cells was observed 

over 35 days in the GFP competition assays for miR-381, miR-550a, miR-873 and miR-
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432~136 (Figure. 2.2). These results indicate that miR-381, miR-432, miR-550a, and 

miR-873 do not inhibit growth of NALM6. However, no expression of miR-136 was 

detected in miR-432~136 cluster-transduced NALM6 cells. This lack of miR-136 

expression could be due to lack of necessary cis-regulatory elements or trans-regulatory 

factors required for miR-136 biogenesis; we did not investigate the possibility that an 

alternative approach to successfully express miR-136 in NALM6 would validate a 

growth inhibitory role for this miR. Instead, we decided to focus on miR-509 for further 

studies. 

 

               

Figure 2.1. Enforced miR-509 expression inhibits growth of NALM6 cells. 
(A) Schematic of lentiviral vector used to express miRs. Direction of arrow 
depicts the direction of human EF1α promoter. LTR: long terminal repeat; GFP: 
green fluorescent protein; WPRE: woodchuck hepatitis virus post-transcriptional 
regulatory element. The parental plasmid without miR is denoted as empty 
vector #1 (EV#1). The miR sequence consists of the native miR hairpin with 
~200 bp of its flanking genomic sequences. (B) Assessment of %GFP+ cells by 
flow cytometry in the GFP competition assay. NALM6 cells were transduced 
with miR-509 lentivirus or empty vector (EV#1) at MOI=2, and transduced 
GFP+ cells were mixed with an equal number of mock-transduced cells (GFP-) 7 
days later to achieve an initial culture of ~50%GFP+ cells; this was designated 
Day 0 and the %GFP+ cells (pre-gated on viable cells) was assessed weekly by 
flow cytometry for 35 days. (C) Enforced expression of mature miR-509-5p and 
miR-509-3p NALM6 cells, as assayed by RT-qPCR. NALM6 cells were 
transduced with miR-509 lentivirus to MOI=2, and total RNA was collected at 7 
days after transduction. U18 was used as the loading control. Values shown were 
calculated as fold overexpression relative to EV#1-transduced NALM6 cells. (B 
and C) Means ± SEMs are shown for 3 independent experiments.  
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2.3.3 Quantitation of miR-509 expression via miR microarray and absolute quantification 

Our miR microarray expression analyses (156) (GEO Series accession number 

GSE51908) revealed undetectable endogenous levels of mature miR-509-5p and miR-

509-3p in NALM6 and other acute leukemia cell lines (Figure 2.3), as well as in primary 

leukemia cases and CD34+ hematopoietic stem-progenitor cells (HSPCs) and several 

blood cell types from normal human donors (Figure 2.3). In absolute quantifications, 

miR-509-transduced NALM6 cells expressed 1814 ± 95 copies (mean ± SEM) per  

 

      
Figure 2.2. No growth defects were observed for four growth inhibitory 
miR candidates in NALM6 cells using the GFP competition assay. NALM6 
cells were individually transduced with lentivirus of (A) miR-381; (B) miR-
550a; (C) miR-873 and (D) miR-432~136 and empty vector (EV#1) to MOI=2. 
At 7 days after transduction, cells were mixed with mock-transduced cells to 
50% GFP+ cells and this was set as Day 0. The %GFP+ cells (pre-gated on 
viable cells) of each culture were assessed weekly by flow cytometry for 35 
days. Means ± SEMs are shown for three independent experiments. (E) 
Overexpression of miR candidates in NALM6 cells, as assayed by RT-qPCR. 
NALM6 cells were transduced with each miR lentivirus to MOI of 2, and total 
RNA was collected at 7 days after transduction. U18 was used as the loading 
control. Values shown were calculated as fold overexpression relative to EV#1-
transduced NALM6 cells. Means ± SEMs are shown for 3 independent 
experiments. 
 

 



 

55 
 

 
cell of miR-509-5p (Table 2.3), comparable to levels of miR-18a, which for reference is 

expressed at the 70th percentile of all miRs in NALM6 cells based on our miR 

microarray data (Figure. 2.3). MiR-509-3p was expressed at 3656 ± 117 copies per cell in 

miR-509-transduced NALM6 cells, also within the physiological range of miR copy 

numbers per cell for mammalian cells reported (range: <10 to >30,000 copies per cell). 

 
 
 
        

 
 
Figure 2.3. Microarray expression profiles of miR-509 and miR-18a in acute 
leukemia cell lines and primary samples. (A) Expression of mature miR-509-
5p was determined by miR microarray analysis in B-ALL cell lines (n=27, 
replicates of 9 cell lines), primary B-ALL samples (n=16), T-ALL cell lines 
(n=15, replicates of 5 cell lines), primary T-ALL samples (n=8), AML cell lines 
(n=21, replicates of 7 cell lines), primary AML samples (n=15), B cells (n=11), 
CD34+ HSPCs (n=4), granulocytes (n=14), monocytes (n=5) and T cells (n=20). 
Dotted line represents normalized microarray intensity of 2 whereby any value < 
2 denotes undetectable expression. Expression of endogenous miR-18a levels in 
NALM6 cells (at 70th percentile of miRs expressed in NALM6 cells) is shown 
for comparison. Data points shown are means ± SEMs. Expression data is 
accessible through GEO Series accession number GSE51908 (35). (B) 
Expression of mature miR-509-3p and miR-18a as determined by miR 
microarray analysis similar to (A). (A) and (B), Data shown for miR-18a is only 
for the NALM6 cell line. 
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TABLE 2.3. Absolute copy number of mature miR-509-5p, miR-509-3p and miR-
18a RNA per cell at 7 days after transduction of NALM6 cells with the indicated 
lentivirus. Copy number per cell was estimated based on standard curves of miR-509-
5p, miR-509-3p and miR-18a using DNA oligonucleotides. For reverse transcription, 
10 ng RNA (equivalent to ~800 cells, i.e. ~12.5 pg of total RNA per cell) was used in 
each reaction. Means ± SEMs of 3 independent experiments. 

 
 

                                                                  

 

 

2.3.4 MiR-509 reduced NALM6 cell growth by 2 additional independent assays 

To further confirm the effect of miR-509 on NALM6 cell growth, we performed 

trypan blue dye exclusion cell counts and alamarBlue assays to assess the effect of miR- 

509 on NALM6 growth. At 8 days after transduction, cultures of miR-509-transduced 

NALM6 cells contained 43% fewer viable cells than empty vector-transduced cells by 

trypan blue counts (Figure. 2.4.A). Similarly, miR-509-transduced NALM6 cells had 

48% reduced (p<0.05) cell growth, as compared to empty vector-transduced cells using 

the alamarBlue assay (Figure. 2.4.B).  

Since the alamarBlue dye-based assay measures the reducing environment of 

cells, which is linked to mitochondria metabolism (159), we examined whether miR-509 

affected mitochondrial membrane potential by staining with MitoProbe DilC1(5). As this 

dye accumulates in mitochondria with an active membrane potential, the staining 

intensity would decrease in cells with disrupted mitochondrial membrane potential. The 

staining intensity of NALM6 cells overexpressing miR-509 did not show a decrease as 

compared to mock-transduced cells, as evidenced by the overlap in the two geometric 

MiR Empty vector #1 miR-509 

miR-509-5p <10 1814 ± 95 

miR-509-3p <10 3656 ± 117 

miR-18a 1591 ± 105 1415 ± 53 
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A and B). In addition, miR-509-transduced REH cells had 23% (p<0.05) reduced growth 

in the alamarBlue assay (Figure. 2.5.C). In contrast, enforced miR-509 expression in 

Jurkat, KARPAS-45 did not inhibit their growth in alamarBlue assays (Figure 2.5, D and 

E). Similar results were obtained for K562 and U937. Thus, miR-509 inhibited the 

growth of at least the 3 tested human B-ALL cell lines, NALM6, RCH-ACV and REH. 

 

                  

Figure 2.5. Enforced miR-509 expression resulted in inhibition of growth of 
REH and RCH-ACV, but not Jurkat and KARPAS-45. (A)Viable cell counts 
of transduced RCH-ACV cells based on trypan blue exclusion counts, initial 
plating of 25,000 cells for both samples on 3 days after transduction. (B) Cell 
growth of RCH-ACV transduced with either EV#1 or miR-509 overexpressing 
lentivirus using alamarBlue cell growth assay conducted on day 7 after 
transduction. Values for miR-509 were normalized to EV#1. (C) MiR-509-
transduced REH cells reduced growth compared to EV#1 in an alamarBlue cell 
growth assay. Cells were transduced 7 days prior to addition of alamarBlue. (D) 
MiR-509-transduced Jurkat cells did not show reduced growth as compared to 
EV#1 in an alamarBlue cell growth assay. Cells were transduced 7 days prior to 
addition of alamarBlue. (E) KARPAS-45 cells transduced with miR-509 did not 
have reduced cell growth as compared to EV#1 on day 7 after transduction. For 
all experiments, means ± SEMs, 3 independent experiments done in triplicates. 
Statistical analysis was done by Student’s t test. *p<0.05, **p<0.01. 

 
  

2.3.6 In vivo effects of miR-509 
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 To examine the effects of miR-509 in vivo, we performed an in vivo GFP 

competition assay by transplanting a culture of transduced NALM6 cells that was 60% 

GFP+ into NOD-SCID IL2rg-/- (NSG) mice. Mice were euthanized when clinical signs of 

leukemia were detected, and the %GFP+ cells in the bone marrow and spleen were 

analyzed by flow cytometry. No significant change in %GFP+ cells were observed in the 

bone marrow and spleen samples between mice transplanted with miR-509-transduced as 

compared to empty vector-transduced NALM6 cells (Figure 2.6, A and B).  

Alternatively, the in vivo effects of miR-509 can be examined by studying time-

to-leukemia. Here, NOD-SCID IL2rg-/- (NSG) mice were transplanted with NALM6 cells 

transduced with miR-509 or empty vector. The median survival for mice transplanted 

with 105 NALM6 cells transduced with empty vector was 27 days; in contrast, the 

median survival of mice transplanted with miR-509 averaged 31 days [Figure. 2.6.C.; p = 

0.0016, log-rank (Mantel-Cox) test; n = 5 in each group]. In order to correlate the time-

to-leukemia and number of cells transplanted, we performed an experiment using a 

second group of mice, which were transplanted with 2x105 NALM6 cells transduced with 

either empty vector or miR-509, as well as a third set of mice transduced with 2x104 

NALM6 cells transduced with empty vector. In concept, this allowed us to intrapolate the 

data to estimate the number of “effective” cells in the miR-509-transduced set. However, 

no statistical difference was observed in the median survival for mice transplanted with 

2x105 NALM6 cells transduced with empty vector or miR-509 (Figure. 2.6.D, 28 days 

for both 2x105 sets, 31.5 days for 2x104 set).  
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these differences were not statistically significant. To further investigate if miR-509 

promotes apoptosis, Annexin V/7-AAD staining was performed. 4 days after 

transduction, miR-509-transduced NALM6 cells had 1.6-fold (p<0.05) higher numbers of 

Annexin V+/7-AAD– apoptotic cells (Figure. 2.7, C and D) and 1.5-fold higher numbers 

of Annexin V+ dying/dead cells (p<0.05), as compared to empty vector-transduced cells. 

Consistent with these findings, we detected a 1.5-fold increase (p<0.05) in activated 

capase-3/7 activity in miR-509-transduced NALM6 cells as compared to empty vector-

transduced cells (Figure. 2.7.E). 

 

2.3.8 Informatics prediction of RAB5C and RAC1 as a target of miR-509 

To identify the targets of miR-509 that might mediate growth of B-ALL cells, we 

used the following filtering strategy to prioritize the many predicted targets of miR-509 

(Figure. 2.8.A). First, we downloaded the sets of predicted mRNA targets of miR-509-5p 

and miR-509-3p (Set 1), as well as those of the 4 miRs that we had shown not to inhibit 

NALM6 growth (i.e. miR-381, miR-432, miR-550a and miR-873; Set 2) from the 

TargetScan6.2 (46) and/or miRDB (47, 48) miR target prediction databases. Since 

NALM6 cells transduced with miR-432~136 did not result in miR-136 overexpression, 

we did not include miR-136 targets in Set 2 (Figure. 2.8.A). Next, we downloaded the 

gene expression profile of NALM6, as determined by genome-wide microarray profiling 

listed in the Cancer Cell Line Encyclopedia (CCLE) (160) and focused on genes which 

have detectable expression in NALM6 (i.e. annotated as “marginal” or “present” in 

CCLE; Set 3). 
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Figure 2.7. Enforced miR-509 expression in NALM6 decreased the 
proportion of cells in S phase, induced apoptosis and activated caspase-3/7. 
(A) Representative flow cytometric plots showing cell cycle distribution of 
NALM6 cells transduced with empty vector lentivirus (EV#1) or miR-509 
overexpressing lentivirus. On day 3 after transduction, cells were labeled with 
BrdU for 1 h. Cells were then fixed overnight and stained on the next day with 
both BrdU and 7-AAD before analysis by flow cytometry. Percent of cells at 
each phase of cell cycle are boxed as indicated. (B) Frequencies of cells at the 
different phases of cell cycle are plotted. (C) Representative flow cytometric 
plots of cell death distribution of NALM6 cells transduced with EV#1 or miR-
509 overexpressing lentivirus. Cells were stained with both Annexin V and 7-
AAD before analysis by flow cytometry on day 4 after transduction. Numbers 
represent the frequency in each quadrant. (D) Frequencies of apoptotic cells 
which are Annexin V-positive (Annexin V+) and 7-AAD negative (7-AAD–), as 
well as total Annexin V+. (E) NALM6 cells were transduced with empty 
lentiviral vector #2 (EV#2) or miR-509 overexpressing lentivirus. On day 7 after 
transduction, caspase-3/7 activity was measured and fold-change in caspase 
activity was normalized to EV#2. (B, D and E) Means ± SEMs of 3 independent 
experiments done in triplicates, with statistical analysis by Student’s t test. 
*p<0.05. 

 
 
 
Then, we intersected the 3 sets (161) of mRNAs to identify those genes which are 

expressed in NALM6 and targeted by miR-509 but not targeted by the 4 miRs which did 

not inhibit NALM6 growth. This resulted in a set of 395 genes, from which we chose a  
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set of predicted miR-509 targets that are known to participate in growth regulation based 

on annotations at NCBI’s “Gene” database, DAVID bioinformatics resources (162, 163), 

as well as our own literature searches. This reduced the list to 74 targets, of which 12 

genes were selected subjectively by us for RT-qPCR analyses.  

3 of the 12 genes tested, RAB5C, RAC1 and UMHK1 showed a reduction at the 

mRNA level in NALM6 cells transduced with miR-509 as compared to empty vector. 

RAB5C mRNA levels were 40% lower (p<0.05) in miR-509-transduced than in empty 

vector-transduced NALM6 cells, while RAC1 mRNA levels were reduced by 25% 

(p<0.05) in miR-509 transduced NALM6 cells as compared to empty vector (Figure. 

2.8.B). UMHK1 mRNA was 13% lower in NALM6 cells overexpressing miR-509 

(Figure. 2.8.B). Next, we decided to focus on RAB5C and RAC1 for further studies as 

their mRNA levels showed the greatest reduction.  

Correspondingly, RAB5C protein was 85% (p<0.001) lower in miR-509-

transduced NALM6 cells by western blotting (Figure. 2.8.C), and we also observed a 

decrease in RAB5C protein levels in the two other B-ALL cell lines, RCH-ACV and 

REH. As for RAC1, its protein was decreased by 32% (p<0.05) in miR-509 transduced 

NALM6 cells as compared to empty vector (Figure. 2.9). We did not test if miR-509 

overexpression in RCH-ACV or REH also affected RAC1 protein levels. Since RAB5C 

mRNA and protein levels are potently repressed by miR-509, we narrowed our focus 

onto RAB5C for subsequent studies.  
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transfected with only the indicated RAB5C-3’UTR deletion constructs. Co-transfection 

of 12 construct (in which both predicted miR-509-3p binding sites were deleted) with 

miR-509-3p mimic abolished the reduction in luciferase signal. This indicated that miR-

509 directly targets the 3’UTR of RAB5C via both predicted miR-509-3p binding sites. 

 

                   

Figure 2.10. RAB5C is a direct target of miR-509. (A) Sequence alignment of 
RAB5C to miR-509-3p predicted by TargetScan6.2. The full length 3’UTR of 
RAB5C is 803 bases. Sequences shown in bold refer to position 66-72 and 759-
766 of RAB5C 3’UTR where miR-509-3p is predicted to target. The underlined 
sequences were deleted in the RAB5C-3’UTR deletion constructs listed in B for 
the luciferase assay. (B) Schematic representation of luciferase vector constructs 
used in luciferase assay. Full length RAB5C 3’UTR was cloned downstream of 
the firefly luciferase gene (luc2) in the pmirGLO luciferase vector. Wild type 
RAB5C 3’UTR is listed as WT. Grey boxes indicate the 2 predicted miR-509-3p 
target sites (66-72 and 759-766), and the “X” indicates the deletion sites present 
in the deletion () constructs. (C) Luciferase assay demonstrates that RAB5C 
3’UTR is targeted by miR-509-3p via 2 binding sites. 293T cells were 
transfected with the 300ng of the indicated luciferase plasmids and 50nM of 
miR mimics, and harvested for luciferase assay 48 h after transfection. All 
values were first normalized to Renilla luciferase. Relative luciferase activity 
was then calculated by normalizing co-transfection of miR mimics plus 
luciferase constructs to cells transfected with only the respective luciferase 
construct. MiR-551b was used as a non-targeting miR negative control. Data 
shown represent means ± SEMs of 3 independent experiments, with statistical 
analysis by Student’s t test. **p<0.01, ***p<0.001.  
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2.3.10 Knockdown of RAB5C inhibited NALM6 cell growth 

We then examined if RAB5C is the target responsible for the functional effects of 

miR-509. To determine if repression of RAB5C would phenocopy the growth 

suppressive effect of miR-509, NALM6 cells were transduced with 3 different 

lentiviruses, each containing a distinct shRNA against RAB5C. In alamarBlue assays, all 

3 shRNAs inhibited NALM6 cell growth by >42% (p<0.01) as compared to cells 

transduced with the scrambled control (Figure. 2.11.A). We verified that all 3 shRNAs 

resulted in >80% decreased RAB5C protein levels (p<0.01) in NALM6 cells (Figure. 

2.11.B and C) using western blotting.  

 

2.3.11 Enforced expression of RAB5C without its 3’UTR prevented miR-509-mediated 

inhibition of NALM6 cell growth 

In order to determine whether RAB5C mediates miR-509 induced growth 

inhibition in NALM6 cells, we performed a rescue experiment. We cloned the RAB5C 

open reading frame (ORF) without its 3’UTR into a lentiviral vector. In alamarBlue 

assays, NALM6 cells co-transduced with miR-509 plus empty vector had 50.8% lower 

growth (p<0.001) than cells co-transduced with the 2 control empty lentiviral vectors 

(Figure. 2.11.D). In contrast, NALM6 cells co-transduced with miR-509 plus RAB5C 

lentiviruses had more growth than cells co-transduced with miR-509 plus the empty 

vector (miR-509: 84.4% versus EV#1: 49.1%; p<0.05). Overexpression of RAB5C ORF 

in NALM6 cells co-transduced with miR-509 was confirmed by western blotting (Figure. 

2.11, E and F). Thus, RAB5C, in large part, rescued the growth inhibitory effects of miR-

509.  
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Figure 2.11. RAB5C mediates the growth-inhibitory effect of miR-509. (A) 
AlamarBlue assay of NALM6 cells transduced with either lentivirus of 
scrambled control (Scr Ctrl), shRNA#1, shRNA#2 or shRNA#3 for RAB5C on 
7 days after transduction. (B) Representative western blot of NALM6 cells 
transduced with lentivirus of scrambled control (Scr Ctrl), shRNA#1, shRNA#2 
or shRNA#3 for RAB5C. Protein lysates were harvested 7 days after 
transduction and α-tubulin was used as a loading control. (C) Quantitation of 
western blots shown in (B) and 2 other independent experiments. Relative 
densitometry values were calculated relative to Scr Ctrl. (D) Enforced 
expression of RAB5C without its 3’UTR rescues miR-509 mediated growth 
inhibition. NALM6 cells were co-transduced with the indicated plasmids, and 
alamarBlue assay was read at 7 days after transduction. The empty lentiviral 
vector in this experiment is EV#3, which does not have RAB5C cloned in. (E) 
Representative western blot of NALM6 cells co-transduced with lentivirus of 
the indicated plasmids. Protein lysates were harvested 7 days after transduction 
and α-tubulin was used as a loading control. (F) Quantitation of western blots 
shown in (E) and 2 other independent experiments. Relative densitometry values 
were calculated relative to EV#1 and EV#3. (A, C, D, E) Results show means ± 
SEMs with statistical analysis by Student’s t test. *p<0.05, **p<0.01 and 
***p<0.001. 
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2.4 Discussion 

In this study, we sought to identify miRs that could inhibit human B-ALL cell 

growth. 5 candidate miRs appeared to inhibit NALM6 growth in our miR-HTS functional 

screen. However, of these 5 candidates, only miR-509 was validated using the GFP 

competition assay, an assay similar in principle to the functional screen. We also 

observed that the growth inhibitory effect of miR-509 was similar to that of miR-34c in a 

GFP competition assay in NALM6 cells (data not shown). Since miR-34 is known to be a 

potent tumor suppressor in multiple cancers, this suggests that the effect of miR-509 in 

NALM6 cells is comparable to a known tumor suppressor miR. We confirmed via two 

additional cell growth assays that enforced miR-509 expression inhibits growth of 

NALM6 cells.  

Examining the cellular mechanisms by which miR-509 inhibits NALM6 growth, 

we observed that enforced miR-509 expression resulted in a reduction in actively 

proliferating and an increase in apoptotic and dead NALM6 cells. Our observations in 

NALM6 are consistent with previous reports that both miR-509-5p (164) and miR-509-

3p (165) suppressed cell growth and induced apoptosis in a human renal cancer cell line. 

However, there remains the possibility that the miR-509-mediated growth inhibition is 

also due in part to other cellular mechanisms that we did not test. 

MiR-509 has previously been reported to be a down regulated in renal cell 

carcinoma as compared to normal tissue counterparts (164, 165). We found that miR-

509-5p and miR-509-3p are undetectable in NALM6 cells and all other acute leukemia 

cell lines and primary cases that we tested, as well as in healthy donor blood cell types 

and CD34+ HSPCs (156). Since endogenous levels of miR-509 are undetectable in 
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normal counterpart cells, miR-509 does not qualify as a tumor suppressor miR for 

leukemias. This also indicates that an expression profiling study comparing acute 

leukemia cases versus healthy donor samples would not have identified miR-509 as a 

miR that may offer therapeutic potential for inhibiting leukemia cell growth.  

Enforced miR-509 expression inhibited the growth of all 3 tested B-ALL cell 

lines (NALM6, RCH-ACV and REH). However, enforced miR-509 expression in 2 T-

ALL (Jurkat and KARPAS-45) and 2 AML (K562 and U937) cell lines did not result in 

growth inhibition. Possibly, in different cell lines, miR-509 might have different targets 

available (104). Since we tested only a small number of leukemia cell lines, more 

extensive testing will be necessary to determine if the growth inhibitory effects of miR-

509 might be specific to B-ALL cells or some molecularly-defined subset of leukemias or 

shared with other cancer types.  

The data from the in vivo GFP competition assay and survival curves suggests 

that the effect of miR-509 in vivo may be small. There are two possible alternative 

explanations for this. First, other factors such as the microenvironment of the bone 

marrow may play a role regulating growth of NALM6 cells in mice. Second, for the time-

to-leukemia experiments, the differences between the two sets of mice may be attributed 

to factors such as consistency of tail-vein injections and accuracy of number of cells 

transplanted. Nevertheless, the possibility of using miR-509 for combination therapy as a 

sensitizing agent remains. In order to assess this, we would first need to test the effects of 

miR-509 on normal cells from healthy donors (e.g. CD34+ HSPCs) to determine the 

therapeutic window.  
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To find the downstream target(s) of miR-509 which mediates growth, we 

employed a novel strategy to narrow the list of 944 predicted miR-509 targets in which 

we excluded all the targets of any of the 4 miRs which we showed via our GFP 

competition assay not to inhibit growth. One drawback of this exclusion is the possibility 

of excluding a molecule that was not an actual target of one of these 4 miRs, since the 

current miR target prediction algorithms still include false-positive predictions (45). 

Additionally, we reasoned that, for enforced expression of miR-509 to inhibit growth in 

NALM6, its target must be expressed in NALM6 cells. Using these criteria in 

combination, we then focused on the 395 remaining predicted targets of miR-509. Of 

these 395 targets, we were interested in those which might mediate the growth inhibitory 

effects of enforced miR-509 expression in NALM6 cells. Therefore, we identified those 

targets known to be involved in cellular processes that regulate growth (e.g. proliferation, 

cell cycle, cell death, oncogenes), and identified a set of 74 growth-related, predicted 

targets of miR-509. Using RT-qPCR to test 12 of these 74 predicted targets, we found 3 

(RAB5C, RAC1, and UHMK1) predicted targets to be down regulated by miR-509 at the 

mRNA level. Although the mRNAs of 9 of the 12 tested predicted miR-509 targets were 

not reduced in miR-509-transduced NALM 6 cells, some of these may still be targets of 

miR-509 as they might be inhibited mainly at the translational level; however, most miR 

targets are regulated significantly at the mRNA level (62). We decided to focus on 

RAB5C as it is one of the top predicted targets of miR-509-3p by both TargetScan6.2 

(Total context+ score=-0.65) and miRDB (Target score=91) and has been implicated in 

cell cycling (166, 167). In addition, RAB5C mRNA levels showed the greatest reduction 

among the 12 predicted targets tested by RT-qPCR.  
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Our data demonstrates that RAB5C is a novel target of miR-509, with miR-509 

binding to the 3’UTR of RAB5C via the two thermodynamically predicted sites. Upon 

effective depletion of RAB5C using each of 3 shRNA constructs, NALM6 cell growth 

was reduced; thus, RAB5C knockdown phenocopied the growth inhibition observed by 

enforced miR-509 expression. Our observations that co-transduction of RAB5C lacking 

its 3’UTR (therefore no longer regulated by miR-509) rescues miR-509-mediated growth 

inhibition indicates that reduction of RAB5C is a major mechanism of miR-509-mediated 

NALM6 growth inhibition. Our results suggest that RAB5C may be an important 

molecular driver of the growth of human B-ALL cells. If RAB5C is important for human 

B-ALL cell growth, we might expect RAB5C to be overexpressed in B-ALL leukemia 

cells as compared to normal counterpart cells. Therefore, we queried RAB5C expression 

in leukemia using the Oncomine cancer microarray database (168), comparing 

specifically the ‘cancer versus normal’ analysis with a threshold of p-value ≤ 0.001 and 

1.5-fold over-expression. Using these criteria to assess the 14 ‘cancer versus normal’ 

datasets and focusing solely on leukemia in Oncomine, RAB5C was overexpressed in 

only one dataset comparing 17 childhood B-ALL patient samples harboring the t(12;21) 

chromosomal translocation (producing the TEL/AML-1 fusion protein oncogene) 

compared to B-cell precursors (pro/pre–B cells and immature B cells) from healthy 

donors (169). In this dataset, there was an average 1.8-fold elevated (Student’s t test, p = 

3.67-6) RAB5C expression. The over-expression of RAB5C in this B-ALL patient subset, 

along with our findings that RAB5C supports growth of B-ALL cells, suggests that 

RAB5C might be a viable target for therapeutic treatment of B-ALL, particularly in the 

TEL/AML-1 subset. Therefore, we suggest testing to determine if primary B-ALL cases 
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harboring TEL/AML-1 are highly dependent on RAB5C. If so, the TEL/AML-1 subset of 

B-ALL cases might be an appropriate focus for development of novel therapeutic 

approaches targeting miR-509 and/or RAB5C. 

As members of the Rab family of small monomeric GTPases, RAB5 molecules 

are central in coordinating vesicle trafficking, particularly in the early stages of 

endocytosis (170-172). In addition to cell cycling, RAB5 has been reported to play a role 

in other cellular pathways including autophagy (173, 174) and mTOR signaling (175, 

176). In humans, the RAB5 subfamily has 3 isoforms (177); protein alignment of 

RAB5A and RAB5B revealed 83% and 86% sequence similarity to RAB5C protein, 

respectively. While neither miR-509-5p nor miR-509-3p is predicted to target RAB5A, 

Targetscan6.2 predicts that the 3’UTR of RAB5B has a miR-509-5p binding site (total 

context+ score=-0.04). However, using RT-qPCR, we did not detect RAB5B expression 

in NALM6 cells. Despite high sequence similarity and overlapping localization (178), 

several reports indicate that the RAB5 isoforms may have distinct functions (179, 180), 

with RAB5C being the isoform associated with cell migration during zebrafish 

gastrulation (181), cell invasion via regulation of growth factor-stimulated recycling of 

integrin (182), and cell motility through RAC1 (183). Knockdown of all 3 isoforms of 

RAB5, but not knockdown of individual isoforms, in human cells resulted in defective 

alignment of chromosomes, delayed progression though mitosis and defective 

chromosome segregation (167). Our cell cycle analysis did not detect a significant 

increase in G2/M phase in miR-509 transduced NALM6 cells, and is hampered by the 

fact we could not synchronize NALM6 cells. In addition, the lack of significantly 

elevated numbers of miR-509-transduced NALM6 cells in cell cycle phase G2/M could 
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be due to expression of the compensatory isoform RAB5A. The possibility that growth 

inhibition mediated by enforced miR-509 expression might also involve additional targets 

of miR-509-5p and/or miR-509-3p beyond RAB5C cannot be ruled out, but our results 

implicate RAB5C as a major direct growth inhibitory target of miR-509. We have not yet 

investigated the downstream mechanisms by which RAB5C regulates B-ALL cell 

growth. Possibly, impaired cell growth in miR-509-transduced or RAB5C knockdown 

NALM6 cells might be due to aberrant trafficking and degradation of growth receptors, 

since RAB5 is a key regulator of the endosome pathway.  

In summary, our findings demonstrate a productive strategy to identify cell 

growth inhibitory miRs and their molecular targets. Our observation that enforced miR-

509 expression inhibits growth of B-ALL cell lines has given us greater insight into how 

its target–RAB5C–may be important in the growth of B-ALL cells. To our knowledge, 

this is the first report of RAB5C as a regulator of B-ALL cell growth. Elucidating the 

downstream mechanistic roles of RAB5C in growth of human B-ALL cells might suggest 

novel therapeutic strategies to employ against B-ALL.  
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Chapter 3 

Cellular and molecular role of miR-10a in zebrafish hematopoiesis 

 

3.1 Introduction 

Hematopoietic stem cells (HSCs) play a crucial role in the formation and 

maintenance of blood cells throughout the lifetime of the organism. Due to their unique 

intrinsic properties of self-renewal and ability to differentiate into all of the blood 

(including immune) cell lineages, HSCs are the essential ingredient of bone marrow 

transplants (70, 71). As HSPCs are present in relative low numbers (<1% of bone marrow 

cells), there is increased interest in the ex vivo expansion of HSCs for transplantation. To 

achieve this, better understanding of the regulation of HSPCs by intrinsic factors is 

needed.  

 MicroRNAs (miRs) have recently been discovered as a critical class of regulators 

that control a broad range of cellular functions, including hematopoiesis (35, 81). In order 

to understand the role of miRs in governing ‘stemness’ of HSPCs, the Civin laboratory 

has profiled miR expression in subsets of mouse HSPCs. The next step toward shedding 

light on how HSCs are regulated is to study the functional role of those miRs that are 

highly expressed in the earliest subsets of mouse HSPCs compared to later progenitor 

cells (78). Previously, the Scadden group found that miR-125a regulates the number of 

mouse HSPCs by reducing apoptosis of the HSPCs (79). The roles of many other specific 

miRs enriched in HSPCs, however, remain unclear. The zebrafish (Danio rerio) has been 

widely used as a model organism to study vertebrate hematopoiesis, including the roles of 

miRs in lineage-specific differentiation. One key advantage of using zebrafish over mice 
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is that transient genetic approaches can be quickly performed by microinjections of 

morpholinos and miR mimics respectively. In addition, zebrafish embryos are optically 

transparent and develop ex vivo, allowing for the visualization of development from a 

single cell stage. Zebrafish and mammals are very similar in hematopoietic development 

and blood cell types, with many highly conserved molecular regulators and pathways (88, 

184). Recently, zebrafish has also been shown to be useful in studying the functional 

roles of miRs in hematopoiesis. Knockdown of miR-451 by morpholinos resulted in 

embryos with increased immature erythrocytes, and gata2 mRNA was validated as a 

target of miR-451involved in the miR-451 regulation of erythrocyte maturation (96). In 

addition, miR-126 and miR-150 has shown to regulate megakaryocytic and erythroid 

lineage decisions in zebrafish (97). The Civin lab has previously profiled miRs expressed 

in mouse HSPCs, and found some miRs to be enriched in HSPCs as compared to 

progenitor cells. Four of these HSPC-enriched miRs (miR-10a, miR-26a and miR-125b 

and miR-126) are fully conserved between zebrafish and mouse. Therefore the zebrafish 

appeared to be an attractive model organism to examine the functional role of these miRs.  

In this study, miR-10a was picked as a top candidate miR for loss-of-function 

studies for several reasons. First, miR-10a is expressed in rat artery, swine aorta and 

cultured human aortic endothelial cells (185, 186). Since HSCs are generated from the 

aortic endothelium during development (90, 91), miR-10a could be a key factor 

regulating the emergence of HSCs. Second, the sequence of miR-10a is conserved in 

orthologs in the fly, zebrafish and mammals. In addition, the location of the miR-10a 

genes within the Hox clusters is also conserved in vertebrates. MiR-10a and its paralogs 

(collectively termed miR-10) are found upstream of the Hox4 paralogs, and this is 
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intriguing because Hoxb4 is a key regulator of hematopoietic differentiation that is being 

tested in preclinical approaches to expand human HSPCs (72, 187, 188). Therefore in this 

preliminary study, the functional effect of miR-10a is studied using a loss-of-function 

approach in zebrafish.  

 

3.2 Experimental procedures 

3.2.1 Microinjection of morpholinos  

MiR-10a activity was inhibited transiently using miR-morpholinos (miR-MOs) (MO-

miR-10a-guide: cacacaattcggatctacagggta; MO-miR-10a-loop: atttggactgtatattcacacaaa; 

Gene Tools, LLC, Philomath, OR). Control-MO (cgagcatgacactaagtaccgagta; Gene 

Tools, LLC) of the same length and base composition was used as a negative control. 

Fish were set up the night before microinjection in breeding tanks with dividers in place. 

The dividers were removed when the lights were turned on the next morning, and 

embryos were collected and washed twice, and unfertilized eggs were removed using a 

Pasteur pipette. Needles for the microinjector were made with a microinjector puller, and 

embryos used for injection between 1 to 8-cell stages. 

 

3.2.2 RNA isolation from embryos and RT-qPCR 

~ 50 embryos were collected at each time point and washed with RNase-free water. 1ml 

Trizol was then added and the embryos were homogenized using a 23G needle and 

syringe. The sample was then centrifuged at 12,000g for 5 minutes, following which the 

supernatant was used for isolation of total RNA and miRs were isolated using miRNeasy 

mini kit (Qiagen) according to manufacturers’ protocol. 18S rRNA was used as the 
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endogenous control and results were normalized to uninjected embryos at the same stage 

of development. The miR IDs used in RT-qPCR are 008115_mat for dre-miR-10a-5p, 

000450 for miR-126, 000435 for miR-99 and 000437 for miR-100.  

 

3.2.3 Genotyping of zebrafish lines 

Two lineage tagged transgenic zebrafish that express EGFP from promoters active in 

hematopoietic lineages were obtained from 2 research labs: the Tg(CD41:EGFP) line was 

obtained from Dr David Traver, while the Tg(cmyb:EGFP) line was obtained from Dr 

Paul Liu. Adult zebrafish were placed in 1:15 diluted Tricane in system water, and 

genomic DNA was isolated from claudal fin clip. Primers used for genotyping 

Tg(CD41:EGFP) fish were as follows: the forward primer was: 5’-

GCTCCTATGTTGCTATCTATTGCCA-3’ and the reverse primer in EGFP was: 5’-

TACGTCGCCGTCCAGCT-3’. As for Tg(cmyb:EGFP), the forward primer used was 5’-

ACAGCAGCTTCAGTACCGCA-3’ and reverse primer in EGFP was 5’- 

TACGTCGCCGTCCAGCT-3’. As a positive control for PCR, primers detecting 

zebrafish shh genes were used: Forward primer: 5’-ATGCGGCTTTTGACGAGAGT-3’ 

and reverse primer 5’-GTGTCATGAGCCTGTCCGCTC-3’. 

 

3.2.4 Imaging of GFP in zebrafish embryos 

Embryos were dechorionated using fine-tip tweezers at ~24hpf, and GFP fluorescence 

was monitored in live embryos using fluorescence microscopy at the developmental time 

points and locations indicated.  
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3.3: Results and discussion 

3.3.1: Expression profile of miR-10a in zebrafish. 

In zebrafish, there are four miR-10 isoforms which are encoded by five 

transcripts, and sequence alignments of these transcripts is shown in Figure 3.1.A. We 

first examined the expression profile of miR-10a in whole fish embryos using RT-qPCR 

with primers specific for the mature sequence of zebrafish miR-10a (dre-miR-10a). 

Relative to expression levels at 16hpf, the expression levels of dre-miR-10a levels peaked 

at 48hpf, and expression decreased by 72hpf and 96hpf. (Figure 3.1.B). At 48hpf, the 

expression of miR-10a levels was 3.5-fold higher than at 16hpf (p < 0.05). Given that 

HSCs arise during definitive hematopoiesis, which begins at ~26hpf in zebrafish, this 

data suggests that the expression of miR-10a correlates with the appearance of HSCs in 

zebrafish. 

        However, in contrast to my data, recent work by Hassel et al. demonstrated that dre-

miR-10a expression peaked at 20hpf and decreased by 24hpf and 48hpf, relative to levels 

at 14hpf (189). This discrepancy might be due to the different housekeeping gene control 

used for normalization. In our study, 18S rRNA was used as an internal housekeeping 

gene control, whereas miR-16 was the internal control used by Hassel and colleagues.  
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can be isolated as the GFPlow population by fluorescence activated cell sorting (FACS), 

and assay for miR-10a levels via RT-qPCR.  

 

3.3.2: Analysis of specificity of morpholinos by RT-qPCR 

Next, to investigate the miR-10a loss-of-function in early hematopoiesis, we first 

designed morpholinos targeting miR-10a. One of the morpholinos targets the 

mature/guide sequence of dre-miR-10a-5p (MO-miR-10a-guide), and alignment of the 

morpholino to the miR-10a sequence is shown in Figure 3.2.A. Next, we tested the 

specificity of these morpholinos by microinjecting each individually into wild-type 

zebrafish embryos. Using RT-qPCR, a 79% reduction in miR-10a levels was observed in 

MO-miR-10a-guide-injected embryos as compared to age matched uninjected embryos at 

76hpf in 2 independent experiments (Figure 3.2.B).  

To examine the specificity of MO-miR-10a-guide, we examined if the 

morpholinos would affect the levels of miR-126, which does not share high sequence 

similarity to miR-10a. As expected, the levels of dre-miR-126 were not decreased in 

embryos injected with MO-miR-10a-guide as compared to uninjected age-matched 

embryos at 76hpf (Figure 3.2.C). However, more samples would need to be tested for 

statistical significance. Next, we also asked if the two morpholinos would target miR-10 

family members, miR-99 and miR-100, which share high sequence similarity across the 

whole hairpin to miR-10 family. MiR-99 and miR-100 levels decreased >45% in 

embryos injected with MO-miR-10a-guide with as compared to uninjected controls 

(Figure 3.2, D and E). Taken together, these results suggested that MO-miR-10a-guide is 

not specific to miR-10a, and also targets miR-10 family members, miR-99 and miR-100 
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(zebrafish miR-10 family also includes miR-125a, miR-125b and miR-125c). Therefore, 

any effects of MO-miR-10a-guide are likely attributed to the overall decrease in miR-10 

family members (referred to collectively as miR-10), rather than miR-10a itself. Future 

work would include testing if these morpholinos would affect the levels of miR-10a 

paralogs (miR-10b, miR-10c, miR-10d), which given their high sequence similarity to 

miR-10a seed sequence would likely be knockdown by the morpholino as well.  

To overcome this lack of specificity of MO-miR-10a-guide for miR-10a, an 

alternative was to use a morpholino targeting the loop sequence of miR-10a. A second 

morpholino, MO-miR-10a-loop, was designed complementary to the stem loop region of 

dre-miR-10a (Figure 3.2.A). RT-qPCR of embryos injected with MO-miR-10a-loop 

resulted in a 60% decrease in miR-10a levels (Figure 3.2.B), while having <10% effect 

on miR-126, miR-99 and miR-100 levels as compared to uninjected embryos at 76hpf 

(Figure 3.2, C to E). Although at least one more biological replicate is needed before we 

draw any definitive conclusions from these data, these preliminary data suggested that the 

morpholino against the miR-10a-loop is more specific in targeting miR-10a than the 

morpholino against the miR-10a-guide. 

 

3.3.3: Knockdown of miR-10 in Tg(CD41:EGFP) and Tg(cmyb:EGFP) zebrafish 

embryos using the MO-miR-10a-guide 

In order to determine if knockdown of miR-10 affects HSCs, zebrafish embryos 

of the two transgenic zebrafish lines Tg(CD41:EGFP) or Tg(cmyb:EGFP) were each 

injected with MO-miR-10a-guide. At 76hpf, injection of MO-miR10a-guide into 

Tg(CD41:EGFP) heterozygous embryos (with GFP+ cells marking both the HSCs and 
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as well), and that the knockdown of miR-10 does not interfere with developmental 

processes such as somite formation. To confirm that miR-10 loss-of-function affected 

HSCs, we used another transgenic fish line, Tg(cmyb:EGFP) lineage (with GFP+ cells 

marking the HSCs). Tg(cmyb:EGFP) embryos injected with MO-miR-10a-guide resulted 

in a reduction in GFP+ cells at 54hpf when compared with the MO-control injected 

embryos (Figure 3.3.B; two independent experiments, each with ≥4 embryos). Taken 

together, these preliminary data indicated that the knockdown of miR-10a and family 

members as mediated by MO-miR-10a-guide resulted in fewer GFP+ cells, suggesting 

that the number of HSCs was reduced. However, these data should be taken with caution 

as the number of embryos tested was small; more biological replicates are necessary for 

any statistical analysis, and quantification of these fluorescent microscopy images should 

be carried out using programs such as ImageJ. 
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miR-10 loss-of-function. This can be accomplished by WISH, using riboprobes specific 

for markers in specification of HSCs at 16hpf (e.g. stem cell leukemia (scl)), primitive 

hematopoiesis (e.g. gata1) at 24hpf. 

Recently, the knockdown of miR-10 was shown to result in reduction of 

endothelial cell migration, resulting in reduced intersegmental vessel (ISV) formation in 

zebrafish embryos at 72hpf (189). This was reported to be due in part to miR-10 targeting 

fms-related tyrosine kinase 1 (flt1), which encodes for the vascular endothelial growth 

factor receptor. Given that ISVs sprout from the dorsal aorta, this might suggest that the 

reduction in GFP+ cells observed in our transgenic fish lines upon miR-10 knockdown 

may possibly be due to defects in the endothelial cells forming the dorsal aorta.  

Taken together, these preliminary data suggests that the knockdown of miR-10a 

and its family members in zebrafish embryos results in decreased HSCs. However, 

several other factors, which may affect the formation of HSCs, need to be considered and 

may complicate our findings. Zebrafish silent heart (sih) embryos which do not have 

heartbeat due to mutation in cardiac troponin T had failures in definitive hematopoiesis 

and lacked HSCs (191). In addition, HSC formation was demonstrated to be linked to 

blood flow and nitric oxide. Although no gross morphological deformities were observed 

in miR-10 knockdown embryos, some embryos had reduced blood flow and/or mild 

pericardial edema (data not shown), which may make comparisons difficult. In addition, 

since HSCs arise from the ventral wall of the dorsal aorta, it would be important to 

examine if knockdown of the miR affects the arteries and blood vessels, to rule out an 

indirect effect. This can be examined by using microinjection of morpholinos into 

transgenic zebrafish line Tg(kdrl:EGFP), which marks the vasculature. Alternatively, 
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WISH may be performed with antisense riboprobes for fms-related tyrosine kinase-1 

(flt1) and ephrinB2a (efnb2a), which mark the vessels and arteries respectively. Although 

the zebrafish remains an attractive model to study the functional role of miRs in 

hematopoiesis, optimization of this system to address the concerns raised above are 

needed to ensure that this strategy is productive before testing other candidate miRs.  
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Chapter 4 

Summary and Perspective 

 
4.1 The role of miR-509 and RAB5C in B-ALL  

The data presented in Chapter 2 identified miR-509 as a novel growth inhibitory 

miR of three B-ALL cell lines, NALM6, REH and RCH-ACV. We observed that miR-

509 induced apoptosis and decreased proportion of cells in cell cycle S-phase. These data 

suggest that miR-509 may be a useful therapeutic option for B-ALL. Therefore, it would 

be important to test if miR-509 affects growth of primary B-ALL samples and normal 

cells (such as CD34+ HSPCs) from healthy donors to assess the therapeutic window. In 

addition, miR-509 may be used to sensitize leukemia cells and tested in combination 

therapies with other current leukemia drugs. It would also be interesting to test if the 

growth inhibitory effects of miR-509 may extend to solid tumors, with the exception of 

renal cell carcinoma and ovarian carcinoma as overexpression of miR-509 has been 

detected in those cancers [Endogenous levels of miR-509 are low across 15 human tissue 

samples except for kidney, ovaries and testes (192)].  

To better understand the role of miRs in B-ALL, we may need to start looking at 

the miRs specifically expressed in the B-ALL cells. To date, most miRs have been 

discovered in non-leukemia tissues, and microarray chips or RT-qPCR reagents have 

been based on miRs expressed in the miRBase Sanger database. Given that the function 

of a miR may be dependent on its cellular and genetic context, it is possible that we are 

missing some miRs that are important in leukemia. In support of this, Zhang et al. 

performed high throughput sequencing of three pediatric ALL samples and found 42 
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novel miRs, 22 of which were expressed only in bone marrow cells from healthy donors 

(193). Therefore, it might be interesting to elucidate the functional effects of this subset 

of miRs, including if these miRs may inhibit leukemia cell growth.  

For treatment of cancers, there has been a gradual shift from chemotherapy to 

targeted therapy within the last few years, and this is also true for B-ALL with the novel 

cellular therapy involving chimeric antigen receptors T cells targeting B-cell antigen 

CD19 (194). While the challenge remains to how to deliver miR therapeutics to B-ALL 

cells, the current two miR clinical trials (miR-122 and miR-34) demonstrate that miRs 

can be effective as targeted therapies. 

We also demonstrated that RAB5C is a novel target of miR-509, and that RAB5C 

may be an important regulator of B-ALL cell growth. The next big question is how does 

RAB5C regulate B-ALL growth? Which is the mechanistic pathway downstream of 

RAB5C that exerts this effect? As a member of the Rab family of proteins known to 

regulate vesicle trafficking and early endosomes (170-172), RAB5C could be involved in 

the internalization and trafficking of surface growth receptors. For instance, RAB5 is 

known to regulate the degradation of EGFR receptors (180). However, this may not be 

applicable to B-ALL cells since they do not express EGFR. RAB5 has also been shown 

to regulate transferrin receptors, which binds transferrin to allow for the uptake of 

transferrin-bound iron into cells and is critical for the proliferation of cells. This receptor 

is frequently overexpressed on the cell surface of cancer cells (195). To examine if 

RAB5C regulates transferrin receptor, one strategy is to knockdown RAB5C with shRNA 

in NALM6 cells and perform staining for transferrin receptor 1 (CD71), followed by flow 

cytometry to analyze surface CD71 expression. Given that knockdown of RAB5 has been 
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demonstrated to delay degradation of EGFR receptors in HeLa cells, we should also test 

if CD71 internalization or degradation is altered in cells transduced with RAB5C shRNA 

as compared to scrambled control treated samples.  This can be examined by immuno-

staining of NALM6 cells transduced with either RAB5C shRNA or scrambled control 

with a fluorochrome-labeled anti-CD71 antibody and analyzing its localization using 

confocal microscope. Alternatively, cell surface biotinylation could be carried out by 

tagging all surface proteins with biotin, and streptavidin purified before assaying the 

expression of CD71 on cell surface using immunoblot with anti-CD71 antibodies.  

Interestingly, RAB5 has also been shown in HeLa cells to function downstream of 

activated growth factor receptor such as EGFR, via interaction with RAB5 effectors 

adaptor protein containing PH domain, PTB domain, and leucine zipper motif 1 (APPL1) 

and APPL2 (196). APPL1 and APPL2 are found on a subset of endosomes, and both 

proteins are able to translocate to the nucleus upon activation. Consequently, APPL1 and 

APPL2 were found to regulate cell proliferation through the NuRD histone deacetylase 

complex. It would be interesting to test if the knockdown of RAB5C may disrupt the 

activation of APPL1 and its subsequent translocation to the nucleus. This can be done by 

knocking down RAB5C, and isolating cell nuclei for immunoblot using anti-APPL1 

antibodies. In zebrafish, APPL1 has also been shown to regulate cell survival via its 

regulation of AKT1 kinase (197). To test if RAB5C affects this pathway, we could 

examine whether AKT1 signaling is active in cells with decreased RAB5C by performing 

western blots to examine for phosphorylation of downstream targets of the AKT1 

pathway, such as GSK3.   
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Future work would also include examining the other targets of miR-509, 

especially RAC1 as our RT-qPCR data shows that its mRNA is decreased in NALM6 

cells transduced with miR-509 as compared to empty vector (Figure 2.9), and that RAC1 

has been shown to have a cooperative role with RAB5C in regulation of cell motility 

(183). As most leukemia cell lines are non-adherent cell lines and assays to measure cell 

motility such as the wound scratch assay cannot be applied, an alternative is to examine 

rate of migration of NALM6 cells through bone marrow stromal cells (198). The 

migration of NALM6 cells through the stromal layer can be detected by light or 

fluorescent microscopy since miR-509-transduced cells are GFP+, or cells can be stained 

for the CD19 marker.  As B-ALL is thought to arise from malignant transformation of 

developing B cells, these findings may help us understand binding and migration of 

normal B-lymphoid cells and B-ALL cells.   

The RAB5 subfamily of Rab GTPase family has not been linked to cancer, 

although some Rab proteins have been implicated in cancer. For example, RAB25 

overexpression has been associated with decreased survival in breast and ovarian cancer 

(199). If RAB5C is shown to be an important regulator of cell growth in B-ALL cells, 

how can we inhibit this protein? One strategy to inhibit RAB GTPase is to block protein 

prenylation, therefore disrupting its recruitment to the membrane. Mevastatin, a non-

specific inhibitor of HMG-CoA reductase, has been shown to inhibit RAB5A localization 

to early endosomes in HeLa cells (200). However, this strategy affects the prenylation of 

all proteins, and is likely to have off-target effects. More selective inhibitors are currently 

being developed (201).  
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4.2 The potential role of miR-10 in regulation of zebrafish HSCs 

The preliminary results in Chapter 3 suggest that loss-of-function of miR-10 

results in reduced HSCs. The next big question is what are the potential targets of miR-10 

that regulate the HSCs and early definitive hematopoiesis? These potential targets of 

miR-10 may include molecules that positively regulate apoptosis or negatively regulate 

the endothelial cells. One way to identify these targets is to perform a microarray analysis 

using mRNA isolated from zebrafish embryos injected with miR morpholino compared 

to embryos injected with scrambled morpholino sequence. Next, the targets will need to 

be validated using a reporter assay in the zebrafish (202).  

Recently, targeted genome editing tools such as the type II clustered regularly 

interspaced short palindromic repeats (CRISPR) system (203, 204) or transcription 

activator-like effector nuclease (TALEN) (205) have been successful to manipulate the 

genome of zebrafish. This ease of this technology to generate knockouts, coupled with 

the valuable zebrafish resources available to study hematopoiesis, may be useful to 

examine the other candidate miRs on our list of miRs enriched in highly expressed in the 

HSPCs with self-renewal properties.  

 

4.3 Perspective on miRs  

2013 marked the twentieth anniversary since the discovery of microRNAs, and 

our knowledge of these small regulatory RNAs has expanded within this time. As 

targeted genome editing tools become readily available, the way researchers study the 

functional role of miRs is likely to change. Given the availability of a TALEN-based 

knockout library for human miRs (206) and that it may take only 2-4 weeks to generate 
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null clones, it may be now be easy and quick to generate cells with miR knockouts. This 

technology will allow us not only to elucidate the roles of individual miRs, but also those 

of miR families (or to study the links between two or more miRs). Knockouts can also be 

made in mouse embryonic stem cells, which can lead to the rapid generation of mice with 

multiple miR knockouts. Taken together, these approaches are likely to give us a larger 

picture of the biological function of miRs, which may then lead to potentially better 

therapeutic options. 
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