
 

 

 

The Erythrocyte Transcriptome: Global Characterization and Therapeutic Implication 

by 

Jennifer Doss 

University Program in Genetics and Genomics 

Duke University 

 

Date:_______________________ 

Approved: 

 

___________________________ 

Jen-Tsan Ashley Chi, Supervisor 

 

___________________________ 

Sandeep Dave 

 

___________________________ 

Jack Keene 

 

___________________________ 

Marilyn Telen 

 

Dissertation submitted in partial fulfillment of 

the requirements for the degree of Doctor of Philosophy  

in the University Program in Genetics and Genomics 

 in the Graduate School 

of Duke University 

 

2015 

 

 

 



 

 

 

 

 

ABSTRACT 

The Erythrocyte Transcriptome: Global Characterization and Therapeutic Implication 

by 

Jennifer Doss 

University Program in Genetics and Genomics 

Duke University 

 

Date:_______________________ 

Approved: 

 

___________________________ 

Jen-Tsan Ashley Chi, Supervisor 

 

___________________________ 

Sandeep Dave 

 

___________________________ 

Jack Keene 

 

___________________________ 

Marilyn Telen 

 

An abstract of a dissertation submitted in partial 

fulfillment of the requirements for the degree of Doctor of Philosophy  

in the University Program in Genetics and Genomics 

 in the Graduate School of 

Duke University 

 

2015 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Copyright by 

Jennifer Doss 

 2015 



 

 

iv

Abstract 

A blood draw is one of the most readily accessible, commonly practiced medical 

procedures with biomarker utility. In particular, transcriptome signatures of blood cells 

provide valuable insights into the developmental history and adaptations of these 

circulating cells. The majority of cells within whole blood consist of erythrocytes, or red 

blood cells (RBCs) that are primarily responsible for the transport of gases throughout the 

bloodstream. Terminally differentiated and anucleate, RBCs were once thought to lack 

most RNAs. However, erythrocytes have been recently shown to contain select 

microRNAs that lend insight into erythrocyte pathophysiology. Erythrocyte RNAs 

possess the ability to both distinguish between erythroid disease subphenotypes, and 

provide insight into mechanisms contributing to these differences. We aim to further 

dissect the events controlling erythroid differentiation and pathophysiology with these 

readily-accessible genetic materials. 

However, the complete repertoire of either small or large erythrocyte RNAs has 

not been determined.  Based on this knowledge gap, my dissertation has two goals: 1) to 

define the comprehensive erythrocyte transcriptome, and 2) to utilize an in vitro erythroid 

differentiation model to elucidate the functions of these newly identified erythrocyte 

RNAs during development. 

Using high-throughput sequencing, we show an extensive, diverse repertoire of 

both small-sized (short, 18-24 nt) and large-sized (long, >200 nt) RNA species in mature 

erythrocytes. Though many erythrocyte RNAs have known functions in erythroid cells, 
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we describe several RNAs with unknown functions; these RNAs provide a wealth of 

genetic loci for further inquiry. 

  Additionally, several newly described, primate-specific RNAs were identified 

within the miR-144/-451 locus formerly involved in erythroid development. I performed 

a functional investigation of a previously uncharacterized microRNA, miR-4732-3p, 

within this locus. My study demonstrates that this microRNA is upregulated during 

erythroid development, represses SMAD2/4-dependent TGF-β signaling, and promotes 

proliferation during erythropoiesis. Thus, miR-4732-3p emphasizes the importance of 

balanced TGF-β signaling during primate erythropoiesis, and represents a key modulator 

with potential therapeutic utility. 

These two studies highlight the advantage of venipuncture to provide a catalog of 

erythrocyte RNAs, both for an in vitro and in vivo understanding of erythrocyte biology. 

This in vitro approach functions as a continuous window into the erythrocyte 

development program, whereas this in vivo approach provides a snapshot of the mature 

erythrocyte population state in real-time. The integration of these two approaches 

provides a broad perspective covering the lifetime of erythroid cells.  
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1. Introduction: The RNA transcriptome of human 
erythrocytes  

1.1 Erythrocyte function and development  

The human circulatory system provides nourishment throughout the body 

by transporting gases, nutrients, and hormones to maintain homeostasis. Tight 

regulation of these dynamic systemic processes is critical, as perturbations 

directly impede human health and often lead to debilitating diseases. One 

common class of diseases directly impacting circulation includes anemias and 

polycythemias, which result from abnormal production or turnover of red blood 

cells. 

  Erythrocytes, also known as red blood cells (RBCs), constitute the majority of 

cells in human blood and are responsible for gas transport throughout the body. 

Biconcave and relatively small, erythrocytes possess considerable deformability, 

maneuvering within tight capillaries to provide gas delivery and clearance. The cellular 

protein population within erythrocytes largely (98%) consists of hemoglobin 

(D'Alessandro, Righetti et al. 2010) which delivers oxygen throughout the body. These 

cells endure various mechanical and chemical stresses while traveling through the 

bloodstream.  

Mature erythrocytes are the end result of a process called erythropoiesis, from 

distinct progenitors usually within the bone marrow niche. Proper red blood cell 

development is highly dependent on cues from several cytokines, most importantly, 
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kidney-derived erythropoietin (Lodish, Flygare et al. 2010), as well as a precise balance 

of other cell types and components within this microenvironment.  

 

  

Figure 1: Erythrocyte development.  (Adapted from Palis 2014) 

 

Maturation of erythrocyte progenitors begins from stem-like hematopoietic cell 

(HSC) populations, whereby a subgroup of these cells commit to erythroid development. 

The first morphologically-distinct erythroid stage is the proerythroblast (ProE), followed 

by three additional nucleated stages to the orthochromatic erythroblast (OrthoE)  as 

shown in Figure 1 (Palis 2014). During these four differentiation stages, there are 

incremental decreases in overall cell size, as well as accumulation of hemoglobin as 

reflected by progressively pinkish cytoplasm. In addition, the nucleus condenses 

dramatically in preparation for macrophage-mediated nuclear exclusion during terminal 

differentiation, and there is an incremental reduction in the overall RNA content.  

Next, during the transition from the orthochromatic erythroblast to the 

reticulocyte, the nucleus is extruded from progenitors and engulfed by macrophages. 
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Reticulocytes are immature erythrocytes that display a network of mesh-like basophilic 

filaments (termed reticulon), and contribute <2% of circulating erythrocytes in healthy 

individuals. During circulation, reticulocytes maturate into red blood cells. With an 

average lifespan of 120 days, erythrocytes are eventually cleared from the bloodstream. 

Aged erythrocytes undergo eryptosis, an erythrocyte cell death cascade activated by 

membrane reorganization that then promotes macrophage-mediated erythrocyte digestion 

(Lang, Lang et al. 2012).  

1.2 Human erythrocytes contain RNAs 

Circulating erythrocytes are anucleate and lack transcriptional machinery. The 

conventional wisdom is that circulating erythrocytes lack most, if not all, RNAs. RNA-

binding dyes such as methylene blue fail to detect RNA in erythrocytes, reflecting a 

dramatic reduction in total RNA after erythrocyte maturation (Hamilton 2010). However, 

many studies have shown the persistence of select small-sized RNAs in erythrocytes. 

First, erythrocytes were shown to contain shorter, noncoding RNAs Y1 and Y4 (O'Brien 

and Harley 1990). These ~100nt RNAs bind to Ro60 and La proteins, forming a complex 

recognized by autoimmune antibodies produced during systemic lupus erythematosus. Y 

RNAs were later shown to be upregulated in tumors and required for DNA replication 

(Christov, Trivier et al. 2008). However, their function in anucleate erythrocytes is 

currently unexplored. 

 We have previously performed several studies to characterize the populations and 

functions of RNAs in mature erythrocytes. Size-fractionation of RNAs via gel 
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electrophoresis revealed that in contrast to most cell types, a majority of mature 

erythrocyte RNAs were relatively small, while a substantially minor fraction of total 

RNA was greater than ~200nt in length (Figure 2). Additionally, erythrocyte RNA lacked 

two ribosomal rRNA bands (28S and 18S) typically found in most nucleated cells such as 

PBMCs. Erythrocytes also contain ~ 3x10-4 pg RNA/cell, which is similar to the RNA 

content of anucleate platelets, but is about half of that present in most cell types (Bahou 

and Gnatenko 2004). 
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Figure 2: RNA content in human erythrocytes and nucleated blood cells.  

(Chen 2008) A) Gel electrophoresis of total RNA content from one PBMC and 

three RBC samples. B) Heat map representation of microRNA populations in 

K562 and RBC samples, and during days of erythroid differentiation (D2-D12). 

C) Heat map representation of microRNA populations in PBMCs, whole blood, 

and RBCs. D) Northern blot of K562 and RBC small RNAs. 
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This atypical size distribution pattern of erythrocyte RNAs warranted future 

investigation. Accordingly, our group utilized microarray technologies to identify a 

plentiful, diverse population of microRNAs within human mature erythrocytes, and these 

observations were confirmed by other groups (Rathjen, Nicol et al. 2006, Chen, Wang et 

al. 2008, Kannan and Atreya 2010).  Additionally, enrichment of particular erythrocyte 

microRNAs contributes to the hemolytic phenotype and malaria resistance of sickle 

erythrocytes (Sangokoya, Telen et al. 2010, LaMonte, Philip et al. 2012). These studies 

emphasize both the utility of microRNAs as biomarkers for erythrocyte diseases, and as 

functional components in immature and mature erythroid cells. However, a 

comprehensive analysis of short (small-sized) RNAs had yet to be performed using high-

throughput sequencing. In addition, it was also not clear whether these erythrocyte long 

(large-sized) RNAs consisted of a heterogeneous population. Both small and long RNA 

populations may yield valuable insights into the development and adaptations of 

circulating erythrocytes.  

During erythropoiesis, dysregulation of particular RNAs leads to several disease 

states such as ineffective erythropoiesis and anemias. Several anemias result from the 

ineffective production, or mutation of hemoglobin transcripts at the mRNA level.  

In addition to mRNAs, noncoding RNAs are essential for proper erythroid development. 

Knockdown of several erythroid-specific mouse lnc (long noncoding) RNAs results in 

ineffective murine erythropoiesis (Paralkar, Mishra et al. 2014). While human erythroid 

progenitors contain abundant lncRNAs, the roles of these RNAs have yet to be explored 
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(Alvarez-Dominguez, Hu et al. 2014). Effective erythropoiesis also relies on proper 

regulation of microRNAs (miRNAs), a class of small-sized (~22 nt), non-coding RNAs; 

miRNAs typically repress translation and promote degradation of target mRNAs, thereby 

inhibiting protein production. During erythropoiesis, microRNAs actively promote 

proliferation and/or differentiation of erythroid cells during physiological and 

pathological adaptions (Zhao, Yu et al. 2010). By targeting multiple mRNAs, single 

microRNAs may drive substantial changes in phenotypes.  

1.3 MicroRNA biogenesis 

MicroRNAs are critical for almost every cellular process, including proliferation, 

differentiation, apoptosis, and stress response (Bartel 2004). In contrast to other small 

RNAs such as siRNAs (small interfering RNAs) and piRNAs (piwi-interacting RNAs), 

mammalian microRNAs are particularly characterized by their endogenous origination 

from hairpin-like precursors. The majority of known microRNAs develop through a 

canonical biogenesis pathway whereby longer RNA precursors undergo RNAse III 

enzymatic cleavage, and are transported throughout the cell to ultimately target particular 

mRNAs for degradation and/or translational repression (Figure 3) (Barca-Mayo and Lu 

2012, Ha and Kim 2014).  
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Figure 3: MicroRNA biogenesis pathway. (Ha and Kim 2014) 

 

In this pathway, long (>1kb) primary microRNA precursors (pri-miRNAs) are 

transcribed by Polymerase II. These nuclear transcripts contain one or more (~65nt) 

hairpin-like structures (pre-microRNAs) with embedded microRNA sequences. In 

addition, several pri-microRNAs contain multiple microRNAs (polycistronic), providing 

coordinated regulation of several microRNAs. Frequently, these coregulated microRNAs 
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coordinate to modulate a particular biological process. With essential cofactor DGCR8 

(Digeorge syndrome critical region gene 8), Drosha cleaves one or more pre-microRNAs 

from the pri-miRNAs at double-stranded RNA stem sites. The liberated pre-miRNA is 

then exported through the nuclear pore to the cytosol via Exportin-5 and RanGTP (Yi, 

Qin et al. 2003, Lund, Guttinger et al. 2004).  Subsequently, Dicer cleaves and degrades 

the loop of the pre-miRNA hairpin, and the miRNA strands are typically loaded onto 

AGO2 (Argonaute 2) within the RISC (RNA-induced silencing complex). A miRNA 

guide strand targets select mRNA 3’ untranslated regions (UTRs) with partial sequence 

complementarity. Pre-miRNA loci typically produce two microRNAs, one from the 5’ 

strand (-5p) and the other from the 3’ strand (-3p). One of these microRNAs (“guide” 

strand) is far more prevalent than the other (“passenger” strand, or miRNA*), and thus 

likely more biologically active. 

Select microRNA precursors are subject to additional layers of post-transcriptional 

regulation through non-canonical processing mechanisms. For example, ubiquitously-

expressed let-7 pre-miRNAs undergo oligouridylation from TUT4 and TUT7 with 

recruitment of LIN28 to destabilize the pre-miRNA, inhibiting Dicer processing (Heo, 

Joo et al. 2009). One small class of microRNAs, mirtrons, derive from lariat-like introns 

further processed to mature microRNAs, thus bypassing Drosha cleavage (Ruby, Jan et 

al. 2007). Also, the only known dicer-independent microRNA, miR-451, derives from a 

non-canonical region of the pre-miRNA hairpin, depending on AGO2 slicer activity for 
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further pre-miRNA processing (Cifuentes, Xue et al. 2010). Additional co-factors either 

assist or inhibit microRNA processing in a microRNA sequence-dependent manner. 

1.4 MicroRNA function  

MicroRNA sequences load onto one of four Argonaute proteins (1-4), though 

AGO2 is by far the most predominant within human cells (Meister, Landthaler et al. 

2004). AGO binds to additional RISC complex polypeptides, and the entire complex is 

then recruited to specific mRNA sites. Base-pairing of a miRNA with mRNA both guides 

and stabilizes this interaction. MiRNA-mRNA binding occurs with semi 

complementarity, whereas siRNA-mRNA binding occurs with full complementarity that 

results in cleavage of the mRNA at the miRNA binding site. Within the microRNA, bases 

2-8 (termed the “seed” region), and less importantly bases 13-16, provide most of the 

sequence specificity for mRNA targets through base complementarity. MicroRNA target 

binding sites are typically found in the 3’ UTR of an mRNA, though the impact of 

potential microRNA-mediated activities in mRNA coding regions is still under discussion 

(Brummer and Hausser 2014).  MicroRNAs bind to target mRNAs, resulting in 

translational repression coupled with mRNA deadenylation, then subsequent mRNA 

decay (Cech and Steitz 2014). Binding of microRNAs to mRNAs has been shown to 

impede every step within translation, and thus, production of the target mRNA-derived 

proteins. 

As a single microRNA targets multiple mRNAs, and a single mRNA is typically 

regulated by numerous microRNAs, several groups have developed CLIP (cross-linking 
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immunoprecipitation)-based and CLASH (immunoprecipitation and sequencing of 

hybrids)-based approaches to identify the multitude of miRNA-mRNA interactions with 

single base-pair resolution (Hausser and Zavolan 2014). Elucidating these interactions 

provides a comprehensive, dynamic view of microRNA-mediated post-transcriptional 

regulation, yet functional validation is still critical to understanding the complete 

downstream effects of this regulation. 

1.5 MicroRNA activity during erythropoiesis 

MicroRNAs impact a variety of erythroid differentiation processes, often through 

coordinated regulation of target biological processes that are critical at specific stages of 

development (Azzouzi, Schmugge et al. 2012). For example, downregulation of miR-

221/-222 is necessary for an initial transition into erythroid development from 

uncommitted progenitors (Felli, Fontana et al. 2005). In contrast, miR-191 

downregulation is necessary for enucleation during the late stages of terminal 

differentiation (Zhang, Flygare et al. 2011). This temporal regulation is essential during 

the several unique stages of erythroid cell maturation.  

The transcriptional regulation, processing, and target mRNAs of miR-451 and 

miR-144 has been widely investigated. These microRNAs are located within a <1kb 

region of chromosome 17 and are upregulated by GATA-1 during erythroid 

differentiation (Dore, Amigo et al. 2008).  Though miR-451 and miR-144 play key roles 

in regulating erythroid development and homeostasis, (Dore, Amigo et al. 2008, Fu, Du 

et al. 2009, Patrick, Zhang et al. 2010, Rasmussen, Simmini et al. 2010, Sangokoya, 
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Telen et al. 2010, Yu, dos Santos et al. 2010) the genomic deletion of these two 

microRNAs in mice only leads to a mild anemic phenotype (Rasmussen, Simmini et al. 

2010). This is in sharp contrast to more severe anemic phenotypes observed in 

microRNA pathway AGO2 or DICER knockout mice (O'Carroll, Mecklenbrauker et al. 

2007, Byon, Padilla et al. 2014). This discrepancy necessitates identification of other 

microRNAs that are essential for erythrocyte development and homeostasis. 
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2. Defining the human erythrocyte RNA repertoire 

2.1 Isolation of erythrocyte RNA 

To extensively profile the complete transcriptome within mature erythrocytes, we 

purified erythrocytes from the whole blood from five individual healthy (unaffected 

hemoglobin, or HbAA) donors. Erythrocytes were purified from whole blood using a 

published protocol (Sangokoya, LaMonte et al. 2010). First, plasma and a buffy coat 

consisting of leukocytes and platelets were removed from whole blood after 

centrifugations and saline washes. Next, leukocytes were removed using a leukocyte-

binding filter. Finally, the mature erythrocytes (CD71-) in the remaining cells were 

separated from reticulocytes (CD71+) using magnetic beads with antibodies to CD71 

(transferrin receptor).  

As CD71+ reticulocytes typically comprise approximately 2% of the total 

circulating red cell population in healthy individuals, we optimized the sorting for high 

sensitivity to remove positive fraction cells. To evaluate the purity of the erythrocyte 

sample, aliquots of the erythroid cells, before and after magnetic sorting, were stained 

with a CD71-PE antibody to verify the depletion of CD71+ cells via flow cytometry 

(Figure 3). We found that almost all of the CD71+ reticulocytes were removed from the 

purified erythrocytes. The purification of the erythrocyte sample was further validated 

using the RNA-Seq data (detailed below). Total RNA including both long and short 

RNAs was then isolated from the purified erythrocyte population.  
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Figure 4: Confirmation of CD71 sorting. 

 

2.2 Defining the human erythrocyte small RNA repertoire  

2.2.1 The miRDeep pipeline  

Small RNA (~18-24 nt) sequencing libraries were prepared separately from each 

RNA sample using distinct barcodes. The samples were then pooled and applied to the 

Illumina HiSeq 2000 platform to generate a total of 97,144,661 reads.  To discover small-

sized RNAs with microRNA-like characteristics, we employed the miRDeep2 

probabilistic model algorithm based on canonical microRNA dicer-dependent precursor 

processing (Friedlander, Mackowiak et al. 2012) (Figure 4).  
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Briefly, miRDeep2 first aligned small RNA reads containing no mismatches 

within the first 18 bases to the reference genome (hg19), then using these mapped reads 

as a guide, extracted potential microRNA precursors from the reference genome.  The 

predicted precursor RNAs were identified based on loci with distinct (“stacked”) mapped 

reads spanning the typical lengths of a microRNA. Next, the RNAfold module within 

miRDeep2 provides predicted precursor RNA folding structures and free energy 

favorability scores. Combining the scores from these several criteria, the miRDeep2 

algorithm then calculates a single score for each locus to reflect microRNA potential. 

Additionally, the miRDeep2 package also contains a quantifier module which counts 

annotated microRNAs irrespective of computed microRNA potential. Use of the 

quantifier module is especially important to our dataset, as miR-451a and other annotated 

erythrocyte microRNAs may be dicer-independent, and thus not retained in the miRDeep 

output.  

We employed the following two cutoffs to identify microRNAs from our small 

RNA-Seq data: 1) a miRDeep score of ≥1, and at least 20 reads in at least one sample 

(Jima, Zhang et al. 2010), or 2) identification of ≥ 20 reads in at least one sample for 

annotated microRNAs from the quantifier module.  Using these criteria, we identified 

359 miRNA precursor loci (Figure 4). 
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Figure 5: MiRDeep2 microRNA identification pipeline. 
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2.2.2 Identification of known microRNAs  

For the top 10 identified microRNAs, similar percentages of reads were found in 

all five samples (Figure 4), indicating reproducible expression. Several of the most 

abundant microRNAs in our dataset were previously shown to be highly expressed in 

human erythrocytes. We also identified several microRNAs with unexpected dominant 

expression in erythrocytes. For example, the majority of microRNA reads mapped to 

miR-486-5p, which was only recently implicated in erythropoiesis. MiR-486-5p is 

upregulated during erythroid differentiation (Wang, Li et al. 2014), and overexpression of 

miR-486-5p is associated with an erythroid-like subtype of megakaryocytic leukemia 

(Shaham, Vendramini et al. 2014). Highly-expressed miR-451 and miR-144 are 

upregulated by GATA-1 during erythroid differentiation. The important roles of these 

two microRNAs are well established in several studies. (Dore, Amigo et al. 2008, Fu, Du 

et al. 2009, Patrick, Zhang et al. 2010, Sangokoya, Telen et al. 2010, Yu, dos Santos et al. 

2010, Byon, Padilla et al. 2014). Additionally, miR-16, miR-92a, and the let-7 family of 

microRNAs are also among the most abundant microRNAs in erythrocytes (Chen, Wang 

et al. 2008, Noh, Miller et al. 2009, Teruel-Montoya, Kong et al. 2014).  
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Figure 6: Top 10 expressed microRNAs in five erythrocyte samples. 

Percentages are averages based on total number of known, mature microRNA 

reads for each sample using the quantifier module. 

 

However, several abundant microRNAs such as miR-182-5p, miR-192-5p, and 

miR-93-5p have not been previously associated with erythroid cells. Importantly, high 

blood plasma levels of miR-486-5p, miR-92a, miR-16 and miR-451 are associated with 

increased red cell lysis in these samples (Kirschner, Kao et al. 2011, Pritchard, Kroh et al. 

2012). These results suggested that these plasma microRNAs may result from the release 

of erythrocyte microRNAs into plasma upon hemolysis. These independent results 

indirectly validate their high abundance in erythrocytes. Together, our sequencing data 

identified a large number of known microRNAs, some of which were not previously 

associated with erythrocytes.  

2.2.3 Identification of novel microRNAs 

To identify putative novel microRNAs, the candidate microRNAs selected by 

miRDeep (Figure 4) were manually annotated and curated using both the UCSC genome 
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browser (hg38) and miRBase (v.21). First, we discarded any candidate microRNAs that 

map to snoRNAs, tRNAs, and other annotated short RNA loci. These filtering criteria 

lead to 72 novel microRNAs (Appendix A). The sequences, folding structures, miRDeep 

scores, and the read number of each sample for two selected novel microRNAs are shown 

in Figure 6.   
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Figure 7: Two representative novel microRNAs. Coordinates of the predicted 

microRNA precursors are listed. Reads listed within purple and red boxes are 

representative of one sample. The most prevalent read sequences for the novel 

mature microRNA and star sequence are boxed in red and purple, respectively. 

MiRDeep2 predicted folding structures for two novel microRNAs display 

canonical microRNA precursor stem-loop folding structure.
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2.2.4 MicroRNA genomic location and conservation across species 

We evaluated several characteristics of both known and novel microRNAs to gain 

an overall understanding of similarities or differences in processing and evolution 

between these two groups. First, we classified both known and novel erythrocyte 

microRNAs based on relative genomic location and sequence conservation. The majority 

of both known (91%) and novel (81%) microRNAs mapped to intergenic or intronic 

regions (Fig 7). Relatively few microRNAs in both groups mapped to coding, 

untranslated, or lncRNA (long noncoding RNA) regions. These results indicate that 

overall, newly identified erythrocyte microRNAs reside in similar genomic regions to 

that of known erythrocyte microRNAs. This similarity implies the novel microRNA 

population possesses general characteristics of known microRNAs, thus lending validity 

to their role as bona fide microRNAs.  
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Figure 8: Relative genomic location of known and novel microRNAs. Genomic 

locations for mature microRNA sequences are listed relative to RefSeq annotated 

transcripts in the UCSC genome browser (hg38). For mature microRNA 

sequences spanning both introns and coding region, or UTR and coding regions 

of alternative transcripts, sequence is listed in coding region.   

 

Next, we examined the sequence conservation of both known and novel 

microRNAs across six species (human, chimp, rhesus monkey, dog, mouse, and 

zebrafish). We compared the number of species in which each full, mature microRNA 

sequence was found (Figure 8).  The known microRNAs were found in 1-6 species. In 

contrast, the novel microRNAs were found in only 1-3 species. Therefore, the novel 

microRNAs were much less well-conserved among species. Interestingly, most novel 

microRNA sequences (71/72) were identified only in primates but no other species. In 
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contrast, only 42% (121/287) known microRNAs were only primate-specific. Therefore, 

these novel microRNAs tend to be poorly conserved and primate-specific microRNAs. 

 

 

Figure 9: Conservation of known and novel microRNAs across species. 

Conservation of mature microRNA sequence indicates exact sequence alignment 

in listed number of species (from human, chimp, rhesus monkey, dog, mouse, 

and zebrafish), allowing for up to one base mismatch outside of the microRNA 

seed sequence (nucleotides 2-8), and no mismatches within the seed sequence. 

 

2.3  Defining the human erythrocyte long RNA repertoire  

2.3.1 Reproducibility and purity of the long RNA-Seq data  

In parallel with small RNA-Seq, we also extensively profiled the complete long 

RNA (>200nt) transcriptome of mature erythrocytes. Five separate long RNA-seq 

libraries were prepared using the same samples that were used for small RNA-Seq 
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(Section 2.1). First, hemoglobin and ribosomal RNAs were depleted, and RNA-

sequencing libraries were generated from the remaining RNA using random primers. The 

libraries were pooled and 50 bp paired-end sequencing was performed using the Illumina 

HiSeq 2000 system. While we did not expect abundant long RNAs in mature 

erythrocytes, sequencing unexpectedly identified a large, diverse repertoire of long RNAs 

in erythrocytes. The top 20 expressed long RNAs are listed in Table 1. 
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Table 1: Top 20 expressed long RNAs in erythrocytes. 

Rank 

Gene 

symbol Description 

Average 

expression 

1 RN7SL2 RNA, 7SL, cytoplasmic 2 323206.8 

2 RN7SL1 RNA, 7SL, cytoplasmic 1 314921.0 

3 RN7SL5P RNA, 7SL, cytoplasmic 5, pseudogene 96459.7 

4 RN7SL4P RNA, 7SL, cytoplasmic 4, pseudogene 71586.4 

5 RN7SL3 RNA, 7SL, cytoplasmic 3 27809.3 

6 RPPH1 ribonuclease P RNA component H1 8277.0 

7 BNIP3L 

BCL2/adenovirus E1B 19kDa interacting protein 

3-like 3980.0 

8 RN7SK RNA, 7SK small nuclear 3959.1 

9 SLC25A37 

solute carrier family 25 (mitochondrial iron 

transporter), member 37 2901.3 

10 RN7SL396P RNA, 7SL, cytoplasmic 396, pseudogene 2870.5 

11 ALAS2 aminolevulinate, delta-, synthase 2 2529.1 

12 FTL ferritin, light polypeptide 2385.4 

13 EPB41 

erythrocyte membrane protein band 4.1 

(elliptocytosis 1, RH-linked) 2254.8 

14 UBA52 

ubiquitin A-52 residue ribosomal protein fusion 

product 1 2175.7 

15 SNCA 

synuclein, alpha (non A4 component of amyloid 

precursor) 2037.3 

16 UBB ubiquitin B 2022.8 

17 ADIPOR1 adiponectin receptor 1 1905.8 

18 FBXO7 F-box protein 7 1853.2 

19 GYPC glycophorin C (Gerbich blood group) 1649.8 

20 MKRN1 makorin ring finger protein 1 1519.3 

 

While poorly expressed genes showed a greater variation in expression, the highly 

expressed genes were consistent among samples (Figure 9). These results indicate the 

reproducible expression of the most abundant long transcripts among different healthy 

donors. 
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Figure 10: Per-gene coefficient of variation across the five erythrocyte long 

RNA-seq samples. 

 

Several of the most highly expressed RNAs are different components of 

ribosomal RNAs that may represent persistent expression after terminal differentiation. 

However, we still identified many highly expressed transcripts that encode proteins 

important for erythrocyte functions as detailed later.  We selected the top 500 erythrocyte 

expressed genes based on an average log CPM (counts per million reads) of at least 5.65 

(Figure 9); this threshold ensures that average expression of these genes is consistent 

among samples. When we analyzed the GO (gene ontology) enrichment of these top 500 

expressed genes, we found significant enrichment in pathways of protein metabolism, 

cellular metabolism, biosynthesis, ubiquitin cycle/dependent protein catabolism, and anti-
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apoptosis. Similar results were also obtained when we examined the entire list of 8477 

expressed genes. Importantly, we did not identify enrichment for inflammatory-related 

gene signatures typically found in leukocytes. CD45 mRNA is present in leukocytes 

(Chen, Wang et al. 2008), yet this gene was not found in the list of erythrocyte expressed 

genes. Additionally, none of the leukocyte markers CD20 (MS4A1) or CD3 mRNAs 

were found in any RBC sample. Together, this sequencing data validates the successful 

depletion of leukocytes in the purified erythrocyte samples.    

2.3.2 Comparison of erythrocyte long RNAs with other datasets 

The erythrocyte transcriptome represents RNAs from an atypical cell type—

anucleate and terminally differentiated. Considering these unique characteristics of 

erythrocytes, we compared our RNA-Seq data with other publicly-available RNA-Seq 

datasets (GEO accession GSE26284) generated using similar random-priming 

preparation methods with RNA from K562 (erythroleukemic) and GM12878 

(lymphoblastoid) cells. Applying a threshold of 10 normalized reads, mature RBCs had 

far fewer expressed genes (~8477 genes) than that of K562 (~24492 genes) and 

GM12878 (~23866 genes) cell lines (Figure 10). Even with fewer expressed transcripts, 

our findings highlight the persistent expression of thousands of transcripts in mature 

erythrocytes. These transcripts may provide unique insights into erythroid biology and 

terminal differentiation. 

To determine whether the large-sized RNA transcriptome of RBCs reflects that of 

late stage erythroid progenitors, we compared our dataset with another previously 
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published transcriptome of orthochromatic erythroblasts (An, Schulz et al. 2014) using 

GSEA (Gene Set Enrichment Analysis) (Subramanian, Tamayo et al. 2005). We noted 

that top 500 erythrocyte expressed genes were highly enriched in the ranked 

orthochromatic erythroblast transcriptome, indicating that most erythrocyte RNAs was 

also transcribed in progenitors (Figure 10).  

 

Figure 11: Comparisons of long RNA-seq populations with other datasets.  

Left: RBCs contain fewer expressed genes than that of other cell types. Right: The 

population of top 500 expressed erythrocyte long RNAs reflects the overall 

composition of nucleated erythrocyte progenitors. Globin and ribosomal RNAs 

were removed from both datasets to account for variation in library preparation. 

 

We also analyzed the distribution of gene mapping regions for erythrocyte long 

RNAs. Compared with other nucleated cells (K562 and G12878), most of (>90%) human 

erythrocyte long RNAs map to annotated exons of coding and noncoding RNAs (Figure 

11). In contrast, relatively fewer reads map to introns and intergenic regions. The relative 

scarcity of intron and intergenic-derived RNAs in erythrocytes may suggest a lack of 
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unprocessed RNAs in these anucleate cells. Together, our data shows selective retention 

of many long RNAs that are processed RNAs previously transcribed in nucleated 

progenitors. 

 

 

Figure 12: Relative genomic location of long RNA reads. Locations represent 

average number of reads for the five RBC, two K562, and two GM12878 

independent samples. Intronic reads are included if proximal to a gene body, 

therefore <10kb upstream of a transcription start site or <10kb downstream of a 

transcription end site. 

 

2.3.3 Highly expressed erythrocyte long RNAs encode proteins 
important for erythroid biology 

Many of the highest expressed genes and pathways are highly relevant to 

erythroid cell biology and differentiation. For example, anti-apoptotic protein Bcl-X(L) is 

essential for erythrocyte survival during terminal differentiation (Walsh, Lutz et al. 

2002). Another anti-apoptotic protein, BNIP3L, mediates mitochondrial clearance during 

reticulocyte terminal differentiation (Zhang, Loyd et al. 2012). Several genes critical for 
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iron storage were also identified such as SLC25A37 (Mitoferrin-1), which acts as an 

essential iron importer, and FLT (ferritin, light polypeptide), a major component of 

intracellular iron storage (Ponka, Beaumont et al. 1998, Shaw, Cope et al. 2006). Another 

top expressed gene, EPB41, encodes band 4.1, which constitutes the main red cell 

membrane cytoskeletal protein and contributes to erythrocyte shape and deformability 

(Conboy, Kan et al. 1986).   

Additionally, several highly expressed transcripts encode proteins with functions 

not expected in erythrocytes. For example, ADIPOR1 encodes a receptor for adiponectin, 

a hormone secreted by adipocytes that regulates fatty acid catabolism and glucose levels. 

Interestingly, Japanese individuals with anemia present significantly higher serum levels 

of adiponectin that that of unaffected individuals (Kohno, Narimatsu et al. 2014). 

Considering this evidence, adiponectin may directly regulate erythropoiesis or mature 

erythrocytes. MKRN1 encodes Makorin1 which functions as an E3 ubiquitin ligase 

promoting the ubiquitination and proteasomal degradation of TERT (telomerase reverse 

transcriptase) (Lee, Kim et al. 2012). Makorin1 has no previous known role in erythroid 

biology, yet telomerase is essential for the proliferation and expansion of erythroid cells 

(Prade-Houdellier, Frebet et al. 2007). The discovery of these unexpected genes delivers 

new insights into erythroid biology and encourages future functional investigation. 

2.4 Joint analysis of large and small erythrocyte RNAs 

Next, we performed a joint analysis of the long and short RNA erythrocyte 

transcriptome. To gain insight into any coordinated regulation of expression or 
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processing, we identified long RNA-Seq reads that span annotated pre-microRNA loci. 

These overlaps of long RNAs and microRNA precursor regions are not expected for 

several reasons. First, pri-microRNAs and pre-microRNAs are rapidly processed after 

formation, thus poorly expressed in most sequencing datasets (Li, You et al. 2013, 

Zaghlool, Ameur et al. 2013). Second, pri-microRNA sequences are exclusively 

expressed within the nucleus, which is not present in mature erythrocytes. In addition, 

mature pre-microRNA sequences are ~70nt in length, and therefore, likely omitted from 

our size-selected library preparation (Zeng, Wagner et al. 2002).  

However, we identified four instances of co-expression of both microRNAs and 

long RNAs spanning pre-microRNA loci. There are two distinct patterns of co-

expression. The first pattern is exemplified by three loci (miR-6087, miR-1336, and miR-

3661) that contain both microRNAs and long RNA transcripts spanning entire pre-

microRNAs, including 5’ and 3’ flanking regions. The second pattern is found for only 

one locus (pre-miR-4732) that contains a long ~250nt lncRNA that extends until the 5’ 

hairpin region of pre-miR-4732 (Figure 12). This locus is proximal to the miR-144/451 

region widely implicated in erythropoiesis. All the expressed long and short non-coding 

RNAs in this locus contain a much higher coverage (>50 reads) than that of RNAs in 

other loci of co-expression. Therefore, we decided to focus on this site for further 

investigation. 
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Figure 13: miR-144/451 locus elements. Sequencing reads are listed in RPM 

(reads per million). Solid lines indicate average expression and dotted lines 

indicate +/- 1 standard deviation. MicroRNAs map to red rectangles, pre-

microRNA precursors map to green rectangles. Conservation is listed according 

to UCSC genome browser (hg38). 

 

When the sequencing reads were mapped to the miR-144/451 locus, we found 

several RNA reads mapped to distinct elements 5’ of pre-miR-144. Among the newly 

identified erythrocyte RNAs, we investigated the functional role of miR-4732-3p because 

it is a previously uncharacterized microRNA in this erythroid-enriched locus. MiR-4732-

3p is also much more highly expressed than that of miR-4732-5p. The proximal 

microRNAs miR-451a and miR-144-3p are both significantly induced during erythroid 

differentiation (Dore, Amigo et al. 2008) and play important roles of erythroid biology. 
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Considering this evidence, we first determined the expression dynamics of other miR-

144/451 locus microRNAs during different time points of in vitro erythropoiesis using 

real-time PCR (Figure 13). MiR-4732-3p, as well as miR-144-5p, were steadily 

upregulated during erythropoiesis; miR-4732-5p levels were upregulated to a lesser 

degree.  Upregulation of miR-4732-3p, as well as its physical proximity to the miR-

144/451 locus suggests this microRNA may be under similar regulatory control during 

erythroid development.  

 

 

Figure 14: Regulation of miR-144/451 locus microRNAs during erythropoiesis. 

Expression during CD34+ erythroid differentiation using progenitors from three 

different individuals. Differentiation is listed from day 6 to day 16. U6 snRNA 

was used as a loading control, with fold difference set relative to day 6. 

 

MirDeep maps miR-4732 to a predicted pre-microRNA canonical stem-loop 

folding structure with distinct 5p- and 3p- mature sequence reads (Figure 14), indicative 

of a bona fide microRNA.  Interestingly, the sequence of human miR-4732-3p is poorly 

conserved among species (Figure 15), with seed sequence identical only to that of 
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primates. There were several seed and non-seed mismatches to the same locus of other 

non-primate species. In contrast, miR-451a, miR-144-3p, and miR-144-5p all share a  

high degree of sequence conservation among the listed species. Together, the significant 

miRDeep score (1.9), predicted pre-microRNA structure, and proximity to the miR-

144/451 locus strongly supports the authenticity and potential relevance of this 

microRNA. Based on this evidence, we performed functional studies of miR-4732-3p 

during erythropoiesis. 

 

 

 

Figure 15: Pre-miR-4732 miRDeep predicted folding structure. 
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Figure 16: Frequency of mature microRNA reads within pre-miR-4732, and 

conservation of miR-4732-3p. The most prevalent mature read sequences for 

miR-4732-3p (red) and miR-4732-5p (blue) are shown from one sample. Sequence 

conservation of miR-4732-3p in listed in several species. Primates are listed 

adjacent to white box, non-primate species are listed adjacent to black box. Seed 

sequence is boxed, and base mismatches with human miR-4732-3p are 

highlighted in red. 
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3. miR-4732-3p regulates TGF-β signaling during 
erythropoiesis 

3.1 miR-4732-3p directly regulates SMAD2/4 

3.1.1 Candidate target prediction and biological relevance 

We then wanted to identify regulatory targets and biological functions of miR-

4732-3p. To determine potential miR-4732-3p targets, we used Targetscan (release 6.2) 

(Lewis, Burge et al. 2005), a free, publicly-available microRNA target prediction tool. 

Targetscan uses the seed sequence of selected microRNAs to identify both conserved and 

non-conserved 8mer (8nt) and 7mer (7nt) complementary microRNA binding sites within 

the 3’UTRs of target transcripts. A total of 556 genes were predicted to be regulated by 

miR-4732-3p. Among the predicted target transcripts, we used Gather to identify 

potential biological pathways with multiple microRNA targets (Chang and Nevins 2006). 

We identified significant enrichment in TGF-  (transforming growth factor beta) 

signaling as well as the protein-binding network of SMAD3. SMAD3-associated SMAD2 

and SMAD4 were both predicted to be regulated by miR-4732-3p.  
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Figure 17: Predicted microRNA binding sites for miR-4732-3p. Sites determined 

by Targetscan (release 6.2). Mutagenized bases for Figure 18 are underlined.                       

 

TGF-β family cytokines bind to their associated membrane receptors and promote 

receptor-mediated phosphorylation of SMAD2 and SMAD3. Upon TGF-β activation, 

SMAD2 and SMAD4 bind to SMAD3 to trigger a transcription cascade implicated in 

erythroid differentiation (Dennler, Itoh et al. 1998). This activated SMAD2/3 complex 

binds to competing effectors SMAD4 or TIFγ to fine-tune a balance between erythroid 

differentiation and proliferation (He, Dorn et al. 2006). Inhibition of SMAD2 or SMAD4 

results in increased proliferation and expansion of erythroid cells (Choi, Moon et al. 

2005, Randrianarison-Huetz, Laurent et al. 2010, Dong, Yin et al. 2014, Dussiot, Maciel 

et al. 2014, Suragani, Cadena et al. 2014). However, their effects on differentiation are 

inconsistent. Much remains unknown about the upstream signals that coordinate and 

regulate these important factors during erythropoiesis.   
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3.1.2 miR-4732-3p directly regulates SMAD2 and SMAD4 3’UTRs 
 

Based on these predictions and potential biological relevance, we investigated the 

potential of miR-4732-3p to regulate SMAD2 and SMAD4 through their predicted target 

sites (Figure 16). First, we inserted portions of each respective 3’UTR, including the 

predicted target sites, into the 3’ UTR region of the Renilla luciferase within dual 

luciferase reporters.  Transfection with a miR-4732-3p mimic significantly repressed 

normalized reporter activities of both SMAD2 and SMAD4 3’UTRs in K562 cells 

(Figure 17, left). These results indicate the ability of miR-4732-3p to regulate both 

SMAD2 and SMAD4 via their 3’ UTRs.  

 

 

Figure 18: SMAD2 and SMAD4 3’ UTRs are directly regulated by miR-4732-3p. 

Left: overexpression of miR-4732-3p represses relative luciferase activity; Right: 

inhibition of miR-4732-3p derepresses relative luciferase activity. Both 

experiments performed in K562s (n=4)  (* p<0.05, ** p>0.01, *** p<0.001). 
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Next, we observed how the 3’ UTR reporter activities were affected when the 

endogenous miR-4732-3p was blocked with an antisense oligonucleotide (ASO). We 

observed that the inhibition of miR-4732-3p leads to an increase in the relative Renilla 

reporter activities of both SMAD2 and SMAD4 (Figure 17, right). This regulation occurs 

through the predicted target miR-4732-3p binding site, as mutations of the predicted 

target sites (Figure 16) significantly abrogated the repression mediated by endogenous 

miR-4732-3p (Figure 18).       

 

 

Figure 19: Mir-4732-3p directly regulates SMAD2/4 through predicted target 

binding sites. Mutation of a portion of the miR-4732-3p binding site results in 

higher relative luciferase values in K562s (n=4) (* p<0.05). 
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3.1.3 miR-4732-3p regulates SMAD2 and SMAD4 protein levels 

To determine the in vivo relevance of the regulatory relationship between miR-

4732-3p and SMAD2/SMAD4, we measured the protein levels of SMAD2 and SMAD4 

in response to the genetic manipulation of miR-4732-3p. Transfection of miR-4732-3p 

mimics in K562s reduced SMAD2 and SMAD4 protein levels (Figure 19, top), whereas 

inhibition of the microRNA resulted in increased levels of SMAD2 and SMAD4 protein 

(Figure 19, bottom). Thus, miR-4732-3p inhibits the protein levels of both SMAD2 and 

SMAD4 through a canonical microRNA-mediated regulation of 3’ UTRs. 
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Figure 20: miR-4732-3p inhibits SMAD2/4 protein production. Western blot of 

SMAD4, SMAD2, and α-tubulin protein 24 hrs after transfection with indicated 

oligonucleotides in K562s. Listed densitometric values are set relative to α-

tubulin loading control.                            

 

3.2 miR-4732-3p regulates TGF-β signaling  

3.2.1 SMAD4-dependent transcription is altered by miR-4732-3p 

Next, we assessed whether miR-4732-3p-mediated downregulation of SMAD2 

and SMAD4 would affect TGF-β signaling. We first determined the TGF-β pathway 
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activities as measured with a Firefly luciferase TGF-β reporter construct driven by the 

SMAD4-dependent CAGA element promoter (CAGA-luc) (Dennler, Itoh et al. 1998). 

Overexpression of miR-4732-3p in K562s significantly reduced the relative reporter 

activities, (Figure 20, left), demonstrating its ability to suppress SMAD4-mediated TGF-

β pathway activities. Additionally, we determined how miR-4732-3p affects the level of 

SMAD4-dependent target genes, such as p21, pai-1, bax, and bim (Chen, Wang et al. 

2007, Dong, Yin et al. 2014). Overexpression of miR-4732-3p significantly reduced the 

expression levels of these four SMAD4-regulated genes and indicated a repressed TGF-β 

pathway (Figure 20, right).  

 

 

Figure 21: Overexpression of miR-4732-3p inhibits SMAD4-dependent 

transcriptional activities. Left: Overexpression of miR-4732-3p results in lower 

SMAD4-dependent promoter activities (n=4) (** p<0.01). Right: Real-time PCR of 

indicated genes 24 hrs post-transfection with indicated microRNA mimics in 

K562s (n=3)( (* p<0.05). 
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3.2.2 miR-4732-3p regulates cell number during erythropoiesis 

Many of the SMAD4 target genes encode proteins that reduce viability and 

cellular proliferation. For example, PAI-1, Bim, and Bax are all activators of apoptosis 

that reduce cell number (Harada and Grant 2003, Balsara and Ploplis 2008). In addition, 

p21 is a potent cell cycle inhibitor that binds to and inhibits the activity of cyclin-CDK2, 

-CDK1, and -CDK4/6 complexes (Ferrandiz, Caraballo et al. 2012). Therefore, the 

induction of these genes by TGF-β is consistent with TGF-β-mediated inhibition of 

proliferation and increased cell death during erythropoiesis (Zermati, Fichelson et al. 

2000). Therefore, we hypothesized that miR-4732-3p promotes proliferation by 

suppressing SMAD2/SMAD4 and antagonizing TGF-β pathway activities. Indeed, 

overexpression of SMAD2/4 in a CD34+ erythroid differentiation model resulted in a 

lower total cell number (Fig 21). Consistent with this hypothesis, the miR-4732-3p-

mediated increase in total cell number was abolished by overexpression of SMAD2 and 

SMAD4 cDNAs lacking miR-4732-3p-responsive 3’UTRs (Figure 21). Together, these 

data are consistent with the possibility that miR-4732-3p modulates TGF-β signaling to 

promote erythroid cell survival and production during erythropoiesis.  
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Figure 22: Overexpression of SMAD2/4 rescues the miR-4732-3p cell number 

phenotype. Cell counts of Day 9 CD34+ erythroid progenitors 24 hrs after equal 

numbers of cells were co-transfected with indicated overexpression constructs 

and microRNA mimics. Dead cells were excluded with Trypan blue staining and 

with no differences in cell viability across treatments (n=3)( * p<0.05, **p<0.01). 
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4. Materials and Methods 

 

Patient sample processing 

Blood samples were obtained from five healthy adults via venipuncture into 

EDTA tubes using a protocol approved by the Institutional Review Board at Duke 

University Medical Center, and informed consent was obtained from each donor. Blood 

was kept on ice after a single draw and was processed within 30 minutes of sample 

acquisition. 

Cell sorting, purification, and RNA isolation 

Blood samples were processed as previously described (Sangokoya, LaMonte et 

al. 2010). Briefly, whole blood was washed three times with PBS, centrifuged, and 

plasma and buffy coat removed. Leukocytes were then depleted from the sample using a 

Purecell® Leukocyte Reduction Filtration System. Reticulocytes (immature red blood 

cells) were removed in the CD71 positive fraction using CD71 microbeads with the 

autoMACS® Separator (Miltenyi Biotec). For confirmation of RBC purity after magnetic 

bead sorting, we used a CD71-PE antibody (Miltenyi Biotec). Flow cytometry was run on 

the BD FACSCantoII system using the FACSDiva software.  All additional flow 

cytometric analyses were performed using the FlowJo (v.7.6.4) software. Total RNA was 

isolated using the mirVANA miRNA isolation kit (Ambion). 
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RNA library preparation and sequence analysis 

To prepare long RNA‐Seq libraries, 1 μg of purified total RBC input was used 

with the TruSeq Stranded Total RNA Sample Prep Kit with Ribo‐Zero Globin (Illumina). 

To prepare small RNA-seq libraries, 100ng of purified total RBC RNA input was used 

with the TruSeq Small RNA Sample Prep Kit (Illumina). Total RNA-seq libraries were 

pooled, then small RNA-seq libraries were pooled, and each library type was run 

separately on a single flowcell with the Illumina HiSeq 2000 sequencing system.  All 

reads for total RNA-seq and small RNA-seq were sorted based on quality, and raw 

sequences with removed 3’ linker sequences were obtained in FASTQ format. All 

primary sequencing data are publicly available through the Gene Expression Omnibus 

(GEO dataset GSE63703). 

The long RNA-seq data was processed using the TrimGalore toolkit to trim low 

quality bases and Illumina sequencing adapters from the 3’ end of the reads.  Only pairs 

where both reads were 20 nt or longer were kept for further analysis.  Reads were 

mapped to the GRCh37r73 version of the human genome and transcriptome (Kersey, 

Staines et al. 2012) using the STAR RNA-seq alignment tool (Dobin, Davis et al. 2013).  

Reads were kept for subsequent analysis if they mapped to ten or fewer genomic 

locations to allow for non-coding sequences. Gene counts were compiled using the 

HTSeq tool.  Only genes that had at least 10 reads in any given library were used in 

subsequent analysis.  Normalization of expression was carried out using the EdgeR 

(Robinson, McCarthy et al. 2010) Bioconductor (Gentleman, Carey et al. 2004) package 
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with the R statistical programming environment. RNA-Seq quality control, genomic 

position summary statistics, and gene body coverage statistics were generated with the 

RSeQC toolkit (Wang, Wang et al. 2012). Small RNA-seq bioinformatic analyses were 

performed using miRDeep2 and in house Perl scripts, with methods similar to that 

previously described (Jima, Zhang et al. 2010). 

Cell culture 

Mobilized Peripheral Blood CD34+ Cells (AllCells) were grown in StemLine II 

media containing Glutamine (Sigma) with 20% BIT (StemCell Technologies) and 1% 

Penicillin/Streptomycin (Gibco). On Days 0-7, cells were supplemented with growth 

factors IL-3 at 20ng/mL (Invitrogen), SCF at 50ng/mL (Invitrogen), and Erythropoietin 

(Epo) at 3U/mL (Calbiochem). On days 8-12 cells were only supplemented with IL-3 and 

Epo, and on days 13-16 cells were only supplemented with Epo. K562 cells (ATCC) 

were maintained in RPMI containing glutamine (Gibco), with 10% Fetal Bovine Serum 

(Hyclone) and 1% Penicillin/Streptomycin (Gibco). All cell counts were performed using 

a standard hemocytometer. 

Transfection and luciferase assays 

K562 and CD34 erythroid progenitor cells were transfected with indicated 

plasmids and/or oligos using Lipofectamine LTX (Invitrogen), HiPerfect (Qiagen), or 

Attractene (Qiagen) reagents. For luciferase values, all assays were performed in 

biological quadruplicate, and Firefly and Renilla luciferase activities were measured 

using the Dual-Glo Luciferase assay (Promega) and luminometer (Tecan Infinate F200).  
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Western blot analysis  

Cells were lysed with RIPA buffer supplemented with protease inhibitor cocktail 

(Sigma). Denaturing sample buffer was added to protein samples, and samples were 

boiled and resolved on Tris-HCl polyacrylamide gels. Resolved proteins were then 

transferred onto polyvinylidene fluoride (PVDF) membranes (GE Healthcare) and probed 

with the following primary antibodies: anti-rabbit Smad2 and anti-rabbit Smad4 (Cell 

Signaling Technology, Inc.), and anti-mouse α-Tubulin (Sigma). The following 

secondary antibodies were used: goat anti-rabbit IgG-HRP (Santa Cruz) and anti-mouse 

IgG-HRP (R&D Systems). The western blot was visualized by enhanced 

chemiluminescence (Western Lightning-ECL Plus, PerkinElmer) and exposed to film. 

Densitometric measurements were performed with ImageJ software 

(http://rsb.info.nih.gov/ij/). 

Quantitative PCR 

To quantify relative microRNA expression, 200 ng of total RNA was reverse-

transcribed using the Taqman microRNA reverse transcription kit (ABI). The resulting 

cDNA was used to assess RNA expression by qPCR with TaqMan miRNA real-time 

assays and Taqman universal master mix (ABI). Results were calculated using the 

comparative CT method. We compared relative levels of microRNAs with probes 

specific for the indicated mature microRNA and normalized by U6 snRNA expression. 

To quantify relative mRNA expression, RNA was reverse-transcribed with SuperScript II 

following the manufacturer’s protocol (Invitrogen). The resulting cDNA was used to 
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assess RNA expression by qPCR with Power SYBRGreen PCR mix (ABI) and primers 

specific for targets, with GAPDH for normalization. All qPCR reactions were performed 

in technical triplicate using the StepOnePlus system (ABI). Primers for qPCR were 

previously described (Chen, Wang et al. 2007, Dong, Yin et al. 2014). 

Transfection of oligonucleotides 

MiR-4732-3p microRNA mimic or non-targeting (NT) microRNA mimic #1 

(Dharmacon) were used for microRNA overexpression. For microRNA inhibition, miR-

4732-3p antisense 2’-O-Methyl oligonucleotide (AMO) or non-targeting (NT) antisense 

2’-O-Methyl oligonucleotide  (Dharmacon) were used.  

Plasmid constructs 

For luciferase reporter constructs, a portion of the 3' untranslated region (UTR) of 

SMAD2 and SMAD4 flanking the predicted miR-4732-3p binding site was amplified and 

cloned into the XhoI and NotI sites downstream of Renilla luciferase in the psiCheck-2 

vector (Promega). The 3’UTR mutated reporters were constructed using the QuikChange 

II Site-Directed Mutagenesis kit (Stratagene, CA) to mutate the predicted targets of the 

miR-4732-3p seed sequence. The CAGA-luc SMAD-responsive Firefly construct was 

kindly provided by the Dr. Gerard Blobe lab. An empty control Renilla construct was 

obtained from Promega. The SMAD4 cDNA overexpression construct was obtained from 

Origene, and the SMAD2 cDNA (HsCD00001922) overexpression construct (Witt, Hines 

et al. 2006) was obtained from DNASU.  
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Data analysis 

With the exception of the GSEA analysis, all statistical analyses were performed 

using the GraphPad Prism4 software package, and represent unpaired Student t-tests.  All 

graphs were drawn with either GraphPad Prism4 or Microsoft Excel 2014 software 

packages. 
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5. Discussion  

5.1 Conclusions 

The discovery of abundant and diverse erythrocyte RNAs opens the possibility of 

using these readily accessible genetic materials as biomarkers to monitor various human 

diseases and treatments that involve erythroid cells. Anucleate in nature, erythrocytes 

were thought to lack RNAs. However, diverse RNA species also exist in anucleate 

platelets (Rowley et al., 2011). Through the use of high-throughput sequencing, we have 

extensively profiled both the long and short RNA species present in human erythrocytes. 

To the best of our knowledge, this is the first study that has employed high-throughput 

sequencing to identify either long or short RNA species in mature erythrocytes. 

Sequencing allows for characterization and quantification of not only annotated RNAs, 

but also novel mRNA isoforms and noncoding RNAs.  

Through these studies, we have made several important observations. First, in 

addition to microRNAs, mature erythrocytes also contain a diverse population of longer 

RNA transcripts. Although this number of transcripts is smaller than that of other 

nucleated cells, erythrocyte transcripts encode many proteins that play critical roles in 

differentiation and functions of mature erythrocytes. Therefore, the quantitative analysis 

of erythrocyte transcriptomes should reflect their development history and pathological 

adaptations during human diseases. Second, joint analysis of long and short transcripts 

identified a unique microRNA locus, miR-144/451, containing a longer noncoding RNA 

and previously uncharacterized microRNAs miR-4732-5p and miR-4732-3p. Dissection 
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of the function and processing of these RNAs may provide additional insight into 

regulatory events dictating erythropoiesis. Third, miR-4732-3p regulates primate 

erythropoiesis, highlighting the importance of balanced TGF-β signaling during this 

process. Together, these data present the first comprehensive analysis of the human 

erythrocyte transcriptome. 

 

5.2 Future Directions 

5.2.1 Erythrocyte RNAs as biomarkers 

The population of erythrocyte RNAs that these studies uncovered provides a 

wealth of potential biomarkers that lend insight into erythropoietic diseases. Several 

groups have used microRNA profiling of erythroid progenitors to gain a better 

understanding of mechanisms contributing to complex erythroid diseases such as 

polycythemia vera (overproduction of erythrocytes) (Azzouzi, Schmugge et al. 2012) and 

myelodysplastic disorders (ineffective production of blood cells) (Kumar, Narla et al. 

2011, Bhagat, Zhou et al. 2013). Both long and short RNA profiling of plentiful 

erythrocytes may provide additional insight in these heterogeneous disease states.  

Using mature erythrocytes, our group found miR-144 distinguishes between two 

sickle cell disease sub-phenotypes and contributes to disease severity (Sangokoya, Telen 

et al. 2010).  MiR-144 targets transcription factor NRF2  (Nuclear factor (erythroid-

derived 2)-like 2, also known as NFE2L2). Now that it is known that erythrocytes contain 

long RNAs, it may prove advantageous to assess whether NRF2 mRNA targets may be 
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differentially expressed in sickle cell erythrocyte samples; this would lend additional 

validity to the observed dysregulation of NRF2 in sickle cell disease subphenotypes. A 

global assessment of RNAs differentially expressed across these groups may also lend 

insight into differential regulation of such RNAs at the transcriptional level, with 

coregulated RNAs differentially expressed between subphenotypes. This systematic 

approach may identify particular pathways that are dysregulated and associated with 

subphenotypes. These pathways may provide potential therapeutic targets, as well as 

reflect genetic variants influencing the heterogeneous disease presentation. However, 

persistence of particular RNAs reflect both transcriptional (production), as well as 

degradation (decay) kinetics, adding another layer of complexity to such systematic 

assessments. The current study provides an important framework for the introduction of 

high-throughput sequencing to understand erythrocyte states through the use of their 

genetic materials.  

These transcriptomic analyses may lend insight into not only disease 

heterogeneity, but treatment responses, and other factors that may indirectly alter red 

blood cells. Venipuncture provides a window for ongoing assessment of these 

transcriptomes within the same individual; this is especially useful, as the general state of 

erythrocytes may vary widely within the same individual over time. For example, patients 

with sickle cell disease may experience acute complications. The transient erythrocyte 

transcriptome of a patient may reflect a particular complication and provide insight into 

complication source and severity at a single time point.  Isolating erythrocytes from 
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mixed erythrocyte/reticulocyte populations is essential as reticulocyte counts may vary 

widely, especially in individuals with erythroid disorders; as the microRNA composition 

of reticulocytes differs from that of mature RBCs, the varying RNA populations from 

reticulocytes may skew interpretations of erythrocyte transcriptomic analyses. 

Additionally, the transcriptome may reflect treatment response for these patients before 

other biomarkers of response are within detection. In these ways, readily-available 

erythrocyte RNAs present incredible potential utility as transient markers to the medical 

community. 

5.2.2 Identification of small and intermediate-sized RNAs and their 
functions 

Our current investigation focuses on the identification of long (>200 nt) and short 

(~18-24 nt) RNAs. We omitted intermediate-sized (24-200 nt) RNAs from our analysis 

as the majority of intermediate-sized RNAs map to nucleus-specific snoRNAs (small 

nucleolar RNAs) (Li, You et al. 2013). Additionally, the miRDeep pipeline discards 

small RNAs lacking microRNA-like processing characteristics. Other non-microRNA 

small RNAs have other features that may explain their absence in erythrocytes. For 

example, piRNAs (piwi-interacting RNAs) are germline-specific, and snRNA (small 

nuclear RNAs) and snoRNAs are nucleus-specific (Kim, Han, & Siomi, 2009). These 

RNAs are likely not functional in mature erythrocytes or have known functions during 

erythropoiesis. With this in mind, we focused most of our efforts on potential known and 

novel microRNAs within the small RNA population.   
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However, we performed a brief analysis of small RNAs not captured by miRDeep 

and identified abundant (>100000 reads/sample), distinct sequences mapping to regions 

of Ro-associated Y4 RNA (hY4) and Y5 RNA (hY4). This is not surprising, as full Y4 

and Y5 sequences are highly expressed in erythrocytes (O'Brien and Harley 1990). 

Distinct fragments of Y RNAs have been identified in deep sequencing datasets (Meiri et 

al., 2010). These reads are dicer-independent with unknown functions (Nicolas, Hall et 

al. 2012); this highlights the utility of miRDeep to identify dicer-dependent RNAs.  

Furthermore, the miRDeep pipeline discards candidate novel microRNAs located 

within tRNAs, snoRNAs, and other shorter noncoding RNAs. These RNAs are usually 

regarded as RNA degradation fragments. However, they may possess microRNA 

functions during erythropoiesis. For example, a single tRNA-derived, dicer-dependent, 

functional microRNA has been identified in B cells (Maute, Schneider et al. 2013). The 

miRDeep pipeline successfully identified hundreds of microRNAs, though the biogenesis 

and function of these additional excluded small and intermediate-sized RNAs has yet to 

be fully explored and warrants future investigation. 

With the completion of our studies, we now have a diverse catalog of entirely 

novel miRNAs identified in human erythrocytes. While the novel microRNA population 

is expressed at modest levels (<2500 reads in any one sample), these RNAs may be much 

more highly expressed in erythroid progenitors or other cell types, and may contribute to 

other biological processes. This largely primate-specific population may also lend further 

insight into primate-specific production and retention of select RNAs. 
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5.2.3 Additional functions and processing of miR-144/451 locus 
elements 

Through long RNA-seq we identified a primate-specific lncRNA within the miR-

144/451 locus. Selective persistence of this lncRNA may be indicative of several 

biological processes. First, this lncRNA may exist as a residual fragment of a microRNA 

precursor selectively truncated for processing of the adjacent miR-4732 microRNAs. 

Second, this lncRNA may be transcribed from a different transcription start site than that 

of the microRNA precursors and may possess a function entirely independent of 

microRNA processing. We suggest further investigation into the potential RNA 

processing mechanisms and functions of these miR-144/451 locus RNAs in erythroid 

cells. This goal may be partially achieved through RACE (rapid amplification of cDNA 

ends) to determine the actual lncRNA fragment length, and qPCR to determine relative 

expression during erythroid differentiation. Additionally, CRISPR gene editing, 

overexpression, or RNAi-mediated knockdown of this lncRNA may lend insights into 

whether dysregulation of this RNA affects miR-144/451 locus microRNA expression, 

and particular phenotypes during erythropoiesis. 

5.3 Perspectives 

5.3.1 Erythrocyte RNAs as biomarker contaminants  

Given the relative stability of microRNAs, plasma microRNAs have been 

proposed as valuable biomarkers (Pritchard et al., 2012). Several studies have suggested 

that certain plasma microRNAs are highly associated with hemolysis. These 
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“contaminating” microRNAs are highly expressed in our profiling and indicate red cell 

microRNAs as an important source of plasma microRNA contamination that occurs 

either in vivo (hemolysis) or in vitro (during sample collection and handling).  Many 

erythrocyte-enriched microRNAs, including miR-92a and miR-486, have been proposed 

as candidate plasma biomarkers for human diseases, yet red cell lysis may contribute to 

this association. We suggest discontinuation of the most abundant erythrocyte 

microRNAs as plasma biomarkers for any potentially hemolysed or erythrocyte-

contaminated samples.  

5.3.2 The stability of select RNAs in an anucleate cell 

Why do RNAs persist in these terminally-differentiated, anucleate cells? Several 

factors may influence the selective retention of RNAs in erythrocytes. These RNAs may 

simply be passengers, remnants of transcription that are stabilized by particular folding 

structures and RNA-binding proteins such as AGO2. Considering erythrocytes lack 

transcriptional activities, our dataset may lend insight into RNA stability and decay 

kinetics. Additionally, retention of select RNAs may reflect another layer of post-

transcriptional regulation that alters erythrocytes during their development and 

environmental adaptations in circulation.  

  In order for microRNA retention to provide a level of post-transcriptional 

regulation, functional microRNA processing pathway elements would be necessary. 

Currently, it is unknown if mature erythrocytes possess an active microRNA pathway, 

and yet, human erythrocytes do express the essential microRNA processing protein 
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AGO2. While we have found AGO2 associates with microRNAs such as miR-451a in 

erythrocytes (unpublished data, Chi lab), the presence of functional ribosomal complexes 

or Dicer in erythrocytes has yet to be determined (Azzouzi, Schmugge et al. 2012).  

The erythrocyte total RNA size distribution suggests an atypical stoichiometry 

between microRNAs and mRNAs, with a much higher concentration of microRNAs than 

in other cells. If a microRNA pathway does exist in erythrocytes, mRNAs may be 

oversaturated with competing microRNAs. Considering that microRNA targeting results 

in mRNA degradation, a majority of the total long RNA population may be subject to this 

regulation; the sparse long RNA population may reflect this prolonged RNA-degrading 

activity during the life span of circulating erythrocytes.  

Additionally, RBC microRNAs may possess additional unexplored functions with 

unknown processing machinery. For instance, erythrocytic miR-451 mediates cell-

intrinsic resistance to malaria infection through non-canonical microRNA-mediated 

activities (LaMonte et al., 2012). Persistence of other RNA species within erythrocytes 

may provide additional advantages. Considering erythrocytes are not only susceptible to 

pathogen invasion, but ongoing biochemical and mechanical stresses, RNA retention may 

serve as an additional mechanism for erythrocytes to thrive in their ever-changing 

environments.  

5.3.3 Conservation and evolution of miR-4732-3p 

As most microRNAs are highly conserved between species (He and Hannon 

2004), few primate-specific microRNAs have been characterized (Lin, Cheung et al. 
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2010, Lopez, Lim et al. 2014). Primate-specific microRNAs are generally associated with 

brain function, immune response, or cancer progression. Our study is the first to identify 

the role of a primate-specific microRNA in hematopoiesis. This microRNA, miR-4732-

3p, provides another layer of primate-specific regulation for the highly conserved and 

regulated process of erythropoiesis during primate lifespans. Additionally, both mRNA 

and miRNA expression in nucleated blood cells is correlated with exposure to high 

altitude in climbers (Chen, Zhang et al. 2012). We hypothesize that modulation of miR-

4732-3p in erythropoietic stress situations may prove advantageous for primates.  

Although genetic manipulation of mouse models has provided valuable insight 

into human physiology and disease, considerable divergence exists between human and 

mouse erythropoiesis (Pishesha, Thiru et al. 2014). Notably, several studies have 

observed mild anemic phenotypes with deletion of the abbreviated miR-144/451 locus in 

mice, yet these studies did not delete potential regulatory factors flanking this site 

(Rasmussen, Simmini et al. 2010, Yu, dos Santos et al. 2010). We are currently unable to 

recapitulate modulation of miR-4732-3p at the human systemic level, and in vitro human 

models fail to simulate complex environmental changes within the bone marrow niche, 

including physiologically-relevant stress conditions. However, our study further 

illustrates the discrepancy between the regulatory mechanisms of human and mouse 

erythropoiesis and supports investigation specifically using human models.  
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5.3.4 The role of miR-4732-3p in SMAD signaling during 
erythropoiesis  

In this work, we demonstrate that miR-4732-3p inhibits TGF-β signaling to 

promote erythroid cell expansion during differentiation. Mir-4732-3p overexpression 

reflects phenotypes similar to that of SMAD2/4 RNAi-mediated knockdown during 

erythropoiesis (He, Dorn et al. 2006, Dong, Yin et al. 2014). Our data further supports 

that inhibition of the TGF-β pathway is important to allow for the expansion of erythroid 

progenitors. 

As dysregulation of the TGF-β pathway has been implicated in a number of 

human erythroid diseases, in vitro erythroid differentiation models are useful tools to 

further elucidate the role of this signaling pathway in erythropoiesis. Overactivation of 

TGF-β signaling has been extensively reported in β-thalassemia and MDS 

(myelodysplastic syndrome), which both result in anemia via ineffective erythropoiesis. 

Downregulation of SMAD2/4-inhibiting SMAD7 has been documented in MDS patient 

samples (Zhou, McMahon et al. 2011, Bhagat, Zhou et al. 2013). Additionally, in murine 

β-thalassemia and MDS models, inherent overproduction of the TGF-β signaling 

cytokine GDF11 (growth differentiation factor 11) promotes overactivated TGF-β 

signaling, resulting in similar phenotypes (Attie et al., 2014; Dussiot et al., 2014; 

Suragani et al., 2014). Overactivation of TGF-β signaling is both inherent to several 

erythroid disorders, and contributes to the disease phenotype; therefore, inhibition of this 

signaling may be therapeutic. 
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To correct severe anemia, several groups have recently utilized activin receptor 

IIA (RAP-011) or IIB traps (ACE-536) to inhibit GDF11 and TGF-β signaling; this 

inhibition successfully mitigated ineffective erythropoiesis through increased production 

of terminally differentiated erythrocytes in both humans and mice. In addition to these 

TGF-β pathway components, miR-4732-3p may act as a potential biomarker, with 

dysregulation contributing to ineffective erythropoiesis.  To best target this pathway in 

vivo, a more thorough understanding of the other mRNA targets and phenotypes 

associated with miR-4732-3p should be elucidated. MiR-4732-3p represents a unique, 

endogenous TGF-β signaling inhibitor that promotes erythroid expansion, and has the 

potential to be manipulated as a novel therapeutic and biomarker for various anemia 

disorders.  
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6. Final Remarks 

Here I describe for the first time an abundance of erythrocyte RNAs through high-

throughput sequencing. These materials possess considerable utility for the medical 

community. In addition to opening up insights into erythroid differentiation, they provide 

biomarkers for other applications related to red blood cells.  In particular, the blood  

transfusion community may benefit from using these materials to observe the effects of 

blood storage on erythrocyte RNA composition. Differences in these populations during 

storage may provide profiles that correlate with general red cell viability. As some 

individuals donate blood that is more effective than blood of other donors, these markers 

may provide insight into transfusion outcomes.   

Additionally, a blood draw consists of varying cell types, and the relative 

composition of these cell types would skew any relative expression of markers. In 

addition to RNAs from plasma, leukocytes, and platelets, the erythrocyte transcriptome 

consists of varying cell types. Erythrocytes are constantly being produced and degraded. 

This red cell transcriptome reflects cells of varying ages and transcriptomes. With the 

recent advances in single cell technologies, I propose further investigation into the 

transcriptome at the single cell level to understand the entire erythrocyte population. As 

the most prevalent blood cell type, these materials are readily available for clinical utility. 

With this in mind, I hope that this study builds a transcriptome framework to translate 

into both laboratory and clinical environments to guide new therapeutic approaches for 

our community.  
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Appendix A 

Summary of novel miRNAs. Rank based on total reads across samples, precursor 

coordinates, relative genomic location, miRDeep score, number of reads per sample, total 

number of reads, and species conservation are listed. Listed genomic locations for mature 

microRNA sequences are relative to RefSeq annotated transcripts in UCSC genome 

browser (hg38). For mature microRNA sequences spanning both introns and coding 

region, or UTR or coding of alternative transcripts, sequence is listed in coding region. 

Conservation to human (H), chimp (C), rhesus monkey (R), dog (D), and mouse (M) are 

listed. Conservation of mature microRNA sequence indicates exact sequence alignment 

in listed species, allowing for up to one base mismatch outside of the microRNA seed 

sequence (nucleotides 2-8), and no mismatches within the seed sequence. 
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Mature Sequence Reads for Sample Number 

Rank Precursor coordinate Genomic Location 
miRDeep 

Score 1 2 3 4 5 
Total 
reads Conservation 

1 chr8:124056896..124056975:+ Intergenic 3.8 2258 0 0 0 0 2258 H, C 

2 chr22:20012651..20012708:- Intron, TANGO2  660 0 1269 0 0 403 1672 H, C, R 

3 chr5:64018318..64018367:- Coding, SREK1IP1 4.7 336 487 489 0 243 1555 H, C, R 

4 chr3:98327181..98327252:+ Intergenic 5.3 617 707 0 0 0 1324 H 

5 chr8:114817355..114817418:+ Intergenic 1.5 236 388 254 47 277 1202 H, C 

6 chr13:35449841..35449892:+ Intergenic 4.9 0 682 0 0 0 682 H 

7 chr19:58024383..58024432:- Intergenic 1.6 129 390 65 0 64 648 H, C, R 

8 chr19:13063444..13063504:+ Intron, RAD23A 1.6 135 198 89 54 149 625 H, C, R 

9 chr1:40254265..40254337:+ Coding, BMP8B 2.2 236 259 28 25 68 616 H 

10 chr18:27063306..27063364:- Intergenic 5.8 208 0 198 0 176 582 H, C 

11 chr22:41352708..41352772:- Intron, RBX1 5.8 87 118 93 41 133 472 H, C, R 

12 chr7:7092955..7093016:- Intergenic 79 0 168 61 0 169 398 H, C 

13 chr19:3201464..3201521:+ Intron, NCLN 1.7 39 78 200 17 53 387 H, C 

14 chr1:208042452..208042505:- Intergenic 2.1 51 91 46 13 109 310 H, C 

15 chr18:3448118..3448159:- Intron, TGIF1 63 38 115 53 0 94 300 H, C, R 

16 chr22:41353709..41353767:- Intron, RBX1 46 28 85 84 33 49 279 H, C 

17 chr1:33907640..33907698:- Intergenic 5 0 269 0 0 0 269 H, C 

18 chr19:57950479..57950542:+ Intron, ZNF749 2.2 53 95 41 0 73 262 H, C, R 

19 chr17:40761517..40761572:- 5' UTR, TUBG1 51 42 98 24 0 96 260 H, C 

20 chr8:41059078..41059153:- Intergenic 4.9 60 74 42 7 53 236 H, C, R 
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Mature Sequence Reads for Sample Number 

Rank Precursor coordinate Genomic Location 
miRDeep 

Score 1 2 3 4 5 
Total 
reads Conservation 

21 chr5:134130967..134131050:+ Intergenic 1 0 0 0 56 179 235 H 

22 chr4:15850852..15850915:- Intergenic 1.4 0 0 230 0 0 230 H, C 

23 chr6:144329356..144329400:+ 
5' UTR, PLAGL1, 

HYMAI 1.3 78 148 0 0 0 226 H 

24 chr1:78426078..78426139:- Coding, FUBP1 1.7 29 44 54 12 81 220 
H, C, R, D, 

M 

25 chr3:195636663..195636735:+ Intron, TNK2 6 45 123 34 11 0 213 H 

26 chr6_dbb_hap3:3087371..3087431:- Intergenic 5.2 41 0 83 0 89 213 H, C 

27 chr10:31840034..31840080:+ Intergenic 5 18 52 43 0 95 208 H, C 

28 chr14:102543721..102543797:- Intergenic 1.9 0 199 0 0 0 199 H 

29 chr11:56063553..56063636:- Intergenic 5 0 0 196 0 0 196 H, C, R 

30 chr1:70859277..70859323:+ Intergenic 3.8 22 111 0 0 59 192 H, C, R 

31 chr7:100240316..100240371:- Intergenic 1.7 45 54 33 17 37 186 H, C, R 

32 chr16:13524700..13524748:- Intergenic 3.8 0 84 48 11 39 182 H, C 

33 chr1:182360850..182360925:- 5' UTR, GLUL  41 47 69 24 9 33 182 H 

34 chr9:139565938..139565993:+ Intron, EGFL7 1.6 0 112 17 0 49 178 H 

35 chr3:4587087..4587132:+ Intron, ITPR1 4.9 0 0 0 0 173 173 H, C, R 

36 chr6:85677725..85677809:+ Intergenic 1.1 65 82 22 0 0 169 H, C, R 

37 chr1:95620396..95620451:+ Intron, TMEM56 6.1 31 90 0 0 48 169 H, C, R 

38 chr2:43417763..43417825:- Intergenic 1.7 58 0 41 16 28 143 H, C, R 

39 chr10:1102581..1102637:- Intergenic 2.1 23 32 33 10 41 139 H 

40 chr1:16010968..16011022:+ 5' UTR, PLEKHM2 2.1 59 74 0 0 0 133 H 
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Mature Sequence Reads for Sample Number 

Rank Precursor coordinate 
Genomic 
Location 

miRDeep 
Score 1 2 3 4 5 

Total 
reads Conservation 

41 chrUn_gl000229:19085..19142:+ Intergenic 1.3 39 93 0 0 0 132 H, C 

42 chr5:53509285..53509329:- Intron, ARL15 2.9 0 59 69 0 0 128 H, C, R 

43 chr17:42357768..42357831:+ Intergenic 24 0 0 56 0 72 128 H, C 

44 chr17:76136835..76136896:+ Intron, TMC8 5.4 37 0 31 0 51 119 H, C 

45 chr15:56657482..56657536:- Intergenic 2 13 31 15 0 52 111 H, C 

46 chr9:7151543..7151627:+ Intron, KDM4C 1.4 0 68 26 0 0 94 H, C 

47 chr3:43758007..43758064:+ Intron, ABHD5 1.8 19 29 22 0 23 93 H, C, R 

48 chr19:1253359..1253424:- Intron, MIDN 2.2 40 0 9 19 23 91 H 

49 chr12:58388745..58388825:- Intergenic 1.2 14 26 20 0 30 90 H, C, R 

50 chr7:100836333..100836424:+ Intergenic 1.8 27 62 0 0 0 89 H, C 

51 chr18:43491125..43491180:- Intron, EPG5 5.4 18 20 21 0 28 87 H, C 

52 chr8:54935558..54935630:+ Intergenic 2.4 0 33 0 0 50 83 H 

53 chr12:51747571..51747629:- 
3' UTR, 
GALNT6 26 21 41 0 17 0 79 H, C, R 

54 chr1:11586568..11586642:- 
Intron, 

PTCHD2 5.5 14 25 11 3 22 75 H, C, R 

55 chr16:30582936..30582998:- 
3' UTR, 
ZNF688 2.8 20 19 9 0 27 75 H, C 

56 chr11:65686479..65686575:- Intergenic 5.9 40 35 0 0 0 75 H, C 

57 chr1:156864612..156864673:- Intron, PEAR1 1.8 16 22 12 0 23 73 H, C, R 

58 chr6:56954989..56955048:- 
5' UTR, 

KIAA1586 1.1 14 26 12 0 20 72 H 

59 chr6_mcf_hap5:1325791..1325866:+ ncRNA, HCG9 1.3 21 25 22 0 0 68 H, C 

60 chr20:47730585..47730648:- 3' UTR, STAU1 14 8 24 17 0 15 64 H, C, R 
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Mature Sequence Reads for Sample Number 

Rank Precursor coordinate 
Genomic 
Location 

miRDeep 
Score 1 2 3 4 5 

Total 
reads Conservation 

61 chr21:43741398..43741477:+ Intergenic 5.4 0 49 12 0 0 61 H, C, R 

62 chr6:10723077..10723134:- Intergenic 1.8 0 33 23 0 0 56 H, C, R 

63 chr12:1914341..1914404:+ 
Intron, 

CACNA2D4 5.1 0 0 26 8 20 54 H, C 

64 chr22:40390801..40390857:- Intergenic 6.4 10 22 5 0 16 53 H, C 

65 chr10:75888465..75888531:- Intron, AP3M1 2.3 0 29 11 0 11 51 H, C 

66 chr14:65252343..65252402:- Intron, SPTB 5.2 0 21 0 0 27 48 H, C 

67 chr11:17298036..17298090:- Intron, NUCB2 1.7 15 12 0 0 21 48 H, C, R 

68 chr11:76156409..76156473:+ Intron, C11orf30 2.2 13 29 0 0 0 42 H, C, R 

69 chr10:129906026..129906090:- Coding, MKI67 4.8 6 23 6 5 0 40 H 

70 chr1:29214888..29214945:+ Intron, EPB41 2.1 0 18 0 0 20 38 H, C 

71 chr2:97482253..97482301:+ Coding, CNNM3 2.2 0 0 0 0 35 35 H, C 

72 chr17:65453313..65453387:- Intron, PTPNC1 1.2 22 0 0 0 0 22 H, C, R 
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