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Abstract

Blood microRNA (miRNA) levels have been associated with and shown to participate in disease pathophysiology. However,
the hematopoietic cell of origin of blood miRNAs and the individual blood cell miRNA profiles are poorly understood. We
report the miRNA content of highly purified normal hematopoietic cells from the same individuals. Although T-cells, B-cells
and granulocytes had the highest miRNA content per cell, erythrocytes contributed more cellular miRNA to the blood,
followed by granulocytes and platelets. miRNA profiling revealed different patterns and different expression levels of miRNA
specific for each lineage. miR-30c-5p was determined to be an appropriate reference normalizer for cross-cell qRT-PCR
comparisons. miRNA profiling of 5 hematopoietic cell lines revealed differential expression of miR-125a-5p. We
demonstrated endogenous levels of miR-125a-5p regulate reporter gene expression in Meg-01 and Jurkat cells by (1)
constructs containing binding sites for miR-125a-5p or (2) over-expressing or inhibiting miR-125a-5p. This quantitative
analysis of the miRNA profiles of peripheral blood cells identifies the circulating hematopoietic cellular miRNAs, supports the
use of miRNA profiles for distinguishing different hematopoietic lineages and suggests that endogenously expressed
miRNAs can be exploited to regulate transgene expression in a cell-specific manner.
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Introduction

MicroRNAs (miRNAs) function posttranscriptionally in regu-

lating gene expression by inducing mRNA degradation or

translation inhibition. More than 2000 human miRNAs have

been identified, which are estimated to regulate most (.60%)

coding genes [1,2]. miRNAs regulate genes involved in virtually all

physiologic processes and play a critical role for miRNAs in

normal lymphopoiesis [3], myelopoiesis [4], erythropoiesis [5] and

megakaryocytopoiesis [6]. Dysregulated miRNA expression and

function contribute towards the pathogenesis of numerous

hematologic diseases, including miR-29b in acute myeloid

leukemia [7], miR-145 and miR-146a in the 5q- syndrome

[8,9], mir-125b-2 in acute megakaryoblastic leukemia [10], miR-
28 in myeloproliferative neoplasms [11] and miR-155, miR-21
and miR-210 in B-cell lymphomas [12].

Besides their importance in disease pathogenesis, miRNAs are

increasingly appreciated as a sensitive class of disease biomarkers

[13,14]. miRNAs are relatively easy to measure and are

reproducible over time [15,16]. miRNAs are remarkably stable

to extremes of pH, freezing and thawing, and are much more

resistant to RNase than mRNA or ribosomal RNA [16–18]. These

characteristics most likely contribute to the ability of miRNA levels

to predict disease activity and survival [17,19]. Levels of specific

platelet miRNAs discriminate essential thrombocytosis from

reactive thrombocytosis [20] and mark platelet hyper-responsive-

ness [21]. miR-155 levels in B-cells strongly correlate with

response to therapy [22] and levels of miR-223 and miR-191
vary with the extent of platelet inhibition by thienopyridines and

aspirin [23].

Blood miRNAs circulate within cells, microvessicles, exosomes

and bound to high-density lipoproteins or Argonaute protein

[24,25]. This systemic delivery enables cell-to-cell transfer of

genetic information [26–29] and alteration of gene expression in

the recipient cell, as has been shown for T-cells to recipient

antigen-presenting cells, platelets to endothelial cells, and gut

epithelium to T-cells [30–32]. Although endothelial, epithelial and

perhaps other cells contribute to the extracellular blood miRNA

content, most circulating miRNAs are derived from hematopoietic

blood cells [33]. To better understand the role of circulating
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miRNAs in the molecular pathogenesis of hematologic diseases, it

is critical to know the cellular source of the miRNAs. Although

miRNAs have been profiled for selected hematopoietic lineages

[34–38], absolute quantification of miRNA levels across multiple

blood cell types has not been performed. The goals of our study

were to quantify the miRNA contents of normal human platelets,

T-lymphocytes, B-lymphocytes, granulocytes and erythrocytes on

a per cell and per blood volume basis, to determine whether the

expression of individual miRNAs differed by cell type, and to

explore the potential for exploiting endogenous miRNA levels to

modify exogenous gene expression in a hematopoietic cell-specific

manner. We found that nucleated cells had substantially higher

miRNA content on a per cell basis, but that the hematopoietic

cellular contribution to miRNA content of blood on a volume

basis was highest in erythrocytes, followed by granulocytes,

platelets, T-cells and B-cells. Identification of miRNAs that were

differentially expressed (DE) across hematopoietic cell lines

enabled cell-specific regulation of transgene expression.

Methods

Subjects and peripheral blood cell purification
Donors were 5 healthy males (age 32 years to 56 years), self-

identified as white race/ethnicity (Table S1). The study was

approved by the institutional review board of Thomas Jefferson

University, and written informed consent was obtained from all

subjects in accordance with the Declaration of Helsinki.

Peripheral blood cell purification
Citrated peripheral blood was collected and fractionated over

the Ficoll-Histopaque (Sigma, St. Louis, MO, USA). The platelet

rich plasma (PRP) layer was removed and platelets were pelleted

and resuspended in Beads Buffer (BB; PBS with 0.5% w/v of

bovine serum albumin and 2.5 m Methylenediaminetetraacetic

acid final concentration). Leukocytes were removed with MACS

Human CD45 microbeads reagents (Miltenyi Biotec, Auburn, CA,

USA) [39]. The mononuclear cell layer was recovered, washed

and re-suspended in BB for isolation of T-cells and B-cells using

human CD3 and human CD19 microbeads (MiltenyiBiotec,

Auburn, CA, USA), respectively. The buffy coat atop the red

blood cells was removed, washed with PBS, treated with

Erythrocyte lysis buffer (Qiagen, Hilden, Germany), pelleted and

resuspended in BB. Granulocytes were isolated using MACS

Human CD15 microbeads (MiltenyiBiotec). Lastly, erythrocytes

were isolated from the lowest Ficoll-Histopaque layer by double

immunodepletion of white blood cells and granulocytes using

Human CD45 and CD15 microbeads. Cell purity was assessed on

a FACScan (Becton Dickinson, Franklin Lakes, NJ, USA) using

FlowJo 8.5.3 software (Tree Star Inc., Ashland, OR, USA).

RNA characterization and quantification in blood cell
type and blood volume

Cell counts were determined using Hemavet 950 CBC System

(The Americas Drew Scientific Inc., CT, USA) prior to RNA

extraction. Total RNA was isolated using Trizol Reagent

(Invitrogen, Carlsbad, CA) and analyzed on an Agilent 2100

Bioanalyzer (Agilent, Santa Clara, CA), which separates nucleic

acid fragments based on their size [40]. The Agilent RNA 6000

Pico Kit was used to assess quantity and integrity of total RNA, as

well as the quantity of small (,150 bp) RNA based on area under

the curve determinations using Bioanalyzer software. The Agilent

Small RNA Pico kit was used for quantification of miRNA by

determining the fraction of small RNA that was less than 40 bp.

To estimate the contribution of each hematopoietic cell type to

miRNA content in blood volume, ‘‘cell number per blood

volume’’ was utilized from CBC count for platelets, granulocytes

and erythrocytes; CD3+ T-cell and CD19+ B-cell counts were

obtained from published reference values [41].

miRNA profiling, data normalization, relative abundance
and cluster analysis

miRNA profiling was performed using the nCounter human

miRNA assay kit v1 and v2 and analyzed with the nCounter

analysis system (NanoString Technologies, Seattle, WA, USA) [42]

and GeneSpring 12.0 GX software (Agilent Technologies, Santa

Clara, CA). A total of 623 probe sets were analyzed for all cell

types.

miRNA expression levels were normalized to the geometric

mean of the 100 highest expressed miRNAs by nSolver software

(NanoString Technologies, Seattle, WA, USA). The probe sets

from platelets, T-cells, B-cells, granulocytes and hematological cell

lines were filtered by calculating the background threshold,

defined as the mean of the negative control probe values plus 2

standard deviations (SD). Because erythrocytes showed anoma-

lously low negative control probe values, in order to not include an

excess of low expressed but biologically irrelevant miRNAs in

erythrocytes, we set the erythrocyte background expression

threshold to be similar to the other 4 cell types. For each sample,

the background was subtracted from the previous normalized

value. Raw data for primary blood cells and hematologic cell lines

has been deposited at Gene Expression Omnibus (GEO) under

accession number GSE57679.

Normalized miRNA expression levels were transformed into

relative abundance data by dividing each individual miRNA count

by the total miRNA counts in each sample. The cell type average

was calculated and ranked to determine which miRNAs were most

abundant. Exploratory cluster analysis and dendrograma were

generated using the Pearson correlation with the pairwise

complete-linkage method, and the heatmap was generated using

the HeatMap Viewer module (GenePattern software; http://www.

broadinstitute.org).

Reporter gene assays
One, two or four miRNA binding site sequences for miR-125a-

5p or a scrambled control sequence were engineered into a

luciferase 39UTR using pMIR-REPORT vector (Applied Biosys-

tem, Carlsbad, CA, USA) followed by sub-cloning into the pCDH-

MSCV-MCS-EF1-GFP vector (System Biosciences). Two million

cells per well of Meg-01, Jurkat, Raji and K562 cells were seeded

in 6-well plate and transfected with the reporter constructs.

Lipofectamine LTX (Invitrogen, Carlsbad, CA, USA) was used to

transfect Meg01 Jurkat and K562 cells; Raji cells were transfected

using Nucleofector Technology (Lonza AG, Basel, Switzerland).

Luciferase assays were performed 24 h post-transfection with the

Luciferase assay System (Promega, Madison, WI, USA) using

Fluostar OPTIMA (BMG Labtech). The GFP intensity was

quantified in a Fluostar OPTIMA (BMG Labtech). Firefly

luciferase activity was normalized to GFP intensity.

Statistical analysis
miRNAs DE among blood cells were identified by comparing

normalized miRNA levels in each cell type with the other 4 cell

types using the Welch ANOVA and post-hoc test (GeneSpring

software, Agilent, Santa Clara, CA, USA). Statistical significance

was determined by the Benjamini-Hochberg (BH) correction for

multiple testing at q-value ,0.05, with Tukey post-hoc analysis

when the miRNAs were present in all 5 cell types and the Student–
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Newman–Keuls post-hoc test when a miRNA was absent in one or

more cell type. Both NormFinder and Coefficient of Variation

methods were used to identify the optimal miRNA for normal-

ization across the five cell types [43]. T-tests and Spearman

correlations were performed using GraphPad Prism (GraphPad

Software, Inc., La Jolla, CA, USA). Data are presented as mean 6

SD and p,0.05 was considered statistically significant.

Results

Contribution of peripheral blood cell types to the miRNA
content of whole blood

We determined RNA estimates for each hematopoietic cell type

in 3 stages: first, total RNA per cell type; second, miRNA per cell

type; and third, cell miRNA per blood volume. We isolated

platelets, T-cells, B-cells, granulocytes and erythrocytes from

whole blood by density centrifugation and immune-selection from

5 healthy donors. The purity of each cell preparation was greater

than 98% (Figure 1).

Total RNA per cell type. Total RNA was extracted and

quantified from 25 cell preparations (5 cell types from 5 donors).

The average total RNA yield on a per cell basis from 5 healthy

donors revealed nucleated cells contained approximately 1,000

times more total RNA than platelets or erythrocytes (fold-

difference range 323 to 3,646) (Figure 2A). On average, T-cells

contained 1.61-fold more total RNA than B cells, while B-cells

contained 2.10-fold more total RNA than granulocytes (Table 1,

row 1). Platelets contained 3.85-fold more total RNA than

erythrocytes.

miRNA per cell type. We next size-profiled the RNA

samples by electrophoretic mobility (Figure S1) and calculated

the average miRNA-to-total RNA ratio for each cell type from all

subjects. The highest miRNA:total RNA ratios were in erythro-

cytes and platelets (Figure 2B); the miRNA:total RNA ratios across

all cell types were erythrocytes.platelets.granulocytes.lympho-

cytes. These ratios, coupled with the average total RNA per cell

from Figure 2A enabled us to estimate the average miRNA mass

per cell type (Figure 2C and Table 1, row 2). T-cells and B-cells

contained similar levels of miRNAs, as did platelets and

erythrocytes; granulocytes had significant higher miRNA content

than other cell types (p values summarized in Figure 2D). On a per

cell basis, T-cells, B-cells and granulocytes contained ,100-fold

more miRNA than platelets and erythrocytes.

miRNA per blood volume. Lastly, we estimated the

contribution of each hematopoietic cell type to the miRNA

content of blood volume using cell miRNA content and cell

number per blood volume. Notably, erythrocytes contributed the

most miRNA to the blood, followed by granulocytes and platelets

(Table 1, row 3).

Figure 1. Purity of platelets, granulocytes, T-cells, B-cells and erythrocytes. Cell purity is presented as a histogram of flow cytometric data
generated with antibodies CD42, CD3, CD19, CD15 and CD235a specific for platelets, T-cells, B-cells, granulocytes, and erythrocytes, respectively. X-
axis is log fluorescence and Y-axis is cell count in 6103 scale.
doi:10.1371/journal.pone.0102259.g001
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Peripheral blood miRNA profiles reveal both unique and
common expression patterns

Besides estimating the total quantities of all miRNA per blood

cell type, we quantified levels of individual miRNAs for each cell

type. Considering only the miRNAs expressed above background,

the average number of expressed miRNAs was 544 for platelets,

203 for T-cells, 256 for B-cells, 545 for granulocytes and 571 for

erythrocytes (listed in Table S2). Each cell type displayed a similar

,5 orders of magnitude dynamic range of miRNA expression

(supplemental Figure 2), and relatively few miRNAs accounted for

the majority of the total cellular content. Figure 3A illustrates the

most abundant miRNAs (63%–86% of the total miRNA content,

depending on cell type) and emphasizes differences across

hematopoietic lineages.

To consider similarities and differences among the different cell

types, we performed an unsupervised hierarchical clustering of the

most abundant miRNAs (.90% of the total miRNA content for

each cell type) (Figure 3B). The resulting dendrogram and

heatmap demonstrated that patterns of miRNA expression differ

by cell type. Notably, this unbiased analysis based on miRNA

expression matches the cell types shown at the bottom of

Figure 3B. The similarities and differences in expression patterns

were more readily apparent using the average miRNA content per

cell type (Figure 3C, left heatmap). T-cells and B-cells had similar

miRNA expression patterns that differed from granulocytes,

erythrocytes and platelets, which had unique patterns.

Transformed hematopoietic cell lines are often used as models

for primary cells, and we profiled miRNAs from Jurkat, Raji,

U937, Meg-01 and K562 cells (listed in Table S3). The patterns of

Figure 2. Quantification of total RNA and miRNA in platelets, T-Cells, B-Cells, granulocytes and erythrocytes. (A) Average yield of total
RNA from each cell type. (B) Average of miRNA fraction in the total RNA from each cell type. (C) Average miRNA content of each cell type. In (A–C) the
box represents the 25th to 75th percentiles, the line in the box is the median and the whiskers represent minimum and maximum values. (E)
Summary of comparisons across cell types in panels A–C (one tail t-test). P, platelets; T, T-cells; B, B-cells; G, granulocytes; E, erythrocytes. N = 5 for
each of the 5 cell types.
doi:10.1371/journal.pone.0102259.g002

Table 1. Contribution of hematopoietic cell type to total miRNA content per volume of blood.

Platelet T-Cell B-Cell Granulocyte Erythrocyte

Total RNA mass, femtogram/cell 2.20 2,187.97 1,360.34 646.30 0.57

miRNA mass, femtogram/cell 0.05 3.28 3.16 10.23 0.04

miRNA mass, picogram/ml blood 16.90 3.55 0.64 50.24 184.0

doi:10.1371/journal.pone.0102259.t001
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miRNA expression in transformed cell lines showed little or

modest correlation with primary hematopoietic cells (Table S4A;

in Figure 3C, right set of heatmaps, compare miR-126-3p in the

megakaryocyte/platelet lineage, miR-142-3p in the lymphocytic

lineage, etc.), whereas the cell line expression patterns showed

significant correlations among one another (Table S4B).

Peripheral blood cell source of individual miRNAs
Since different miRNAs may have different biological effects, it

is of interest to know the cellular origin of the most abundant

blood cell miRNAs. Using cell counts per volume of blood, total

miRNA mass per cell and the percentages of individual miRNAs

per cell type, we estimated the contribution of the different

peripheral blood hematopoietic cells to individual miRNAs in the

blood (Table 2). The data indicate that different peripheral blood

cells contribute unequally to the individual miRNA content in

blood. Of note, erythrocytes are the major source for many, but

not all, hematopoietic blood cell miRNAs.

Among the 623 miRNAs queried, 620 were detected in at least

one cell type, 3 miRNAs were not detected in any cell type and

165 miRNAs were detected in all the cell types (Table S5A).

Additionally, we arbitrarily defined a low expression threshold (less

than 10 miRNA counts) and a high expression threshold (greater

than 5,000 miRNA counts) (Figure S2). Using these cutoffs, 1% of

all detected miRNAs were expressed at high levels and 60% were

expressed at low levels. The numbers of miRNAs detected at low

levels were 306 for platelets, 68 for T-cells, 159 for B-cells, 295 for

granulocytes and 337 for erythrocytes. The numbers of miRNAs

detected at high levels were 23 for platelets, 19 for T-cells, 5 for B-

cells, 13 for granulocytes and 29 for erythrocyte. let-7g-5p, miR-
142-3p, miR-16-5p and miR-223-3p were expressed at high levels

in all 5 lineages, whilemiR-134, miR-517c-3p/519a-3p, miR-
518d-3p, miR-520d-5p/518a-5p/527 and miR-562 were ex-

pressed at low levels in all 5 lineages (Table S5B).

Identification of miRNAs differentially expressed (DE)
across human blood cells

miRNAs regulate gene expression and since different hemato-

poietic lineages express different repertoires of genes, it is valuable

to understand whether miRNAs are DE across human blood cells.

To compare across cell lines, miRNA expression values were

normalized, background corrected and analyzed for DE with

correction for multiple testing. We identified 93 miRNAs that

were DE among the 5 blood cell lineages (q-value,0.05 by

ANOVA). The DE miRNAs for each cell type are listed in Tables

S6A–E. Amongst miRNAs exhibiting high expression in at least

two of the hematopoietic cell lineages, we identified miR-142-5p,

miR-29a-3p, miR-150-5p and miR-93-5p as selectively reduced in

one or more primary cell types (Table S7).

Validation of DE miRNAs using qRT-PCR requires normal-

ization with an appropriate reference gene, but we were not aware

of an established appropriate normalizer for human blood cell

miRNAs. As shown in Figure 4A, analysis of our dataset identified

several potential normalizers across blood cells. We selected miR-
30c-5p as a reference normalizer gene because it was moderately

expressed and showed minimal variation across all cell types using

two different methodologies for assessing variation. The common-

ly used normalizer, RNU6B, was expressed at lower levels and

displayed more variability across the 5 blood cell types than miR-
30c-5p (Table S8). Using miR-30c-5p as a normalizer in qRT-

PCR, we validated expression levels of miR-301a-3p (Figure 4B;

r = 0.969, p-value = 0.003). Four additional miRNAs were used to

validate consistent differential expression of miRNAs across the 5

cell types using two different RNA preparations (Figure 4C–D).

Development of a model for exploiting endogenous
miRNAs to modify exogenous gene expression

To test the hypothesis that endogenous miRNA levels could be

exploited to modify transgene expression, we selected miR-125a-
5p, which was expressed at very low levels in the lymphocytic cell

lines, Jurkat and Raji, and high levels in Meg-01 and K562 cells

(Figure 5A). We generated a construct containing a luciferase

reporter with a 39UTR containing 1, 2 or 4 tandem miR-125a-5p
binding sites or scrambled control (Figure 5B). Greater repression

of reporter gene expression was observed with the four binding site

construct than with the one or two binding site constructs

(Figure 5C). Hematological cell lines transfected with only Luc-

4x125a or Luc-4xSCR demonstrated lack of transgene repression

in Raji and Jurkat cells and ,60% repression in Meg01 and K562

cells (Figure 5D), consistent with the endogenous expression shown

in Figure 5A. To assess whether miR-125a-5p directly alters

reporter gene repression, we co-transfected Luc-4x125a with an

inhibitor of miR-125a-5p and observed enhanced expression in

Meg-01 cells, whereas over-expression of miR-125a-5p repressed

reporter gene expression in Jurkat cells (Figure 5E).

Discussion

Circulating blood miRNAs systemically regulate gene expres-

sion and are emerging as important disease biomarkers. We report

an unbiased, genome-wide profiling and cross-lineage comparisons

of 623 miRNAs from highly purified normal primary human

blood platelets, T-cells, B-cells, granulocytes and erythrocytes. The

major findings were (1) miRNA profiles differ by hematopoietic

lineage, (2) the miRNA content of nucleated cells is approximately

100-fold higher than non-nucleated cells, but erythrocytes

contribute the most miRNA mass on a per volume basis (rank

order is erythrocyte.granulocyte.platelet.T-cell.B-cell), and

(3) differential cell miRNA content can be exploited to regulate

exogenous gene expression. We also provide more precise

estimates of blood cell RNAs than have been previously reported,

and identify appropriate miRNAs for normalization when

comparing miRNA measures across hematopoietic cell types.

These findings provide a potential refinement for hematopoietic

lineage classification, a framework for designing and interpreting

miRNA-disease association studies and opportunities to design

gene expression vectors that minimize off-target effects.

Estimates of blood cell total RNA content is of interest for

optimal design and interpretation of gene expression and

biomarker studies. In addition, assessing lineage-specific gene

expression requires isolating RNA from highly purified cells. Most

Figure 3. Peripheral blood cells miRNA profiles. (A) Pie graph representation of the top 10 most abundant miRNAs in each cell type. (B)
Unsupervised hierarchical clustering of miRNA expression profiles. The dendrogram was generated using the union of the 20 most abundant miRNAs
(39 in total) in each cell type. Data from 24 samples was used in these analyses (one granulocyte sample was not analyzed due to technical issues). (C)
The left heatmap is derived from the average of the miRNAs shown in panel B. For ease of comparison, the right set of heatmaps display primary
miRNA profiles adjacent to corresponding profiles from transformed cell lines, Jurkat (T-lymphoblastic), Raji (B-lymphoblastic), U937 (monocytic),
Meg-01 (megakaryoblastic) and K562 (erythroleukemic) cell lines. Each column in the heatmaps indicates the average log-ratio intensity data. *
indicates probes with similar and indistinguishable sequence with the nCounter platform.
doi:10.1371/journal.pone.0102259.g003
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prior estimates of blood cell total RNA or miRNA content used

density centrifugation for cell purification [38,44,45] or could not

make quantitative estimates [46]. Unfortunately, density centrifu-

gation alone results in substantial leukocyte contamination of

platelet and erythrocyte preparations [47], compromising esti-

mates of the RNA content of non-nucleated cells because of the

higher RNA content of nucleated cells. We used density

centrifugation followed by immunoselection with cell-specific

markers to isolate highly purified populations, an approach

considered state-of-the-art for RNA expression analyses

[37,48,49]. The purification procedure used in the current report

yields less than 1 leukocyte per 5 million platelets [21]. In addition,

by using the numbers of cells from which RNA was extracted, we

were able to make quantitative estimates of RNA per cell. We

found the total RNA mass per leukocyte (0.646–2.188 picogram)

and per erythrocyte (0.60 femtogram) were similar to other reports

[37,45]. We estimated a total RNA content of 2.20 femtograms

per platelet. Prior estimates of platelet RNA content were based on

Table 2. miRNA repertoire per blood volume unit.

Gene Name Platelets T-cells B-cells Granulocytes Erythrocytes

let-7a-5p 5% 1% 0% 3% 91%

let-7b-5p 1% 0% 0% 1% 98%

let-7d-5p 36% 2% 1% 24% 38%

let-7f-5p 27% 3% 0% 14% 56%

let-7g-5p 7% 4% 1% 8% 80%

let-7i-5p 15% 1% 0% 4% 80%

miR-103a-3p 48% 2% 0% 47% 2%

miR-106a-5p/17-5p* 0% 0% 0% 0% 99%

miR-106b-5p 2% 0% 0% 9% 89%

miR-1260a 4% 17% 8% 63% 8%

miR-126-3p 43% 0% 0% 0% 56%

miR-142-3p 13% 5% 1% 58% 23%

miR-142-5p 4% 8% 1% 87% 0%

miR-144-3p 8% 0% 0% 2% 90%

miR-148a-3p 8% 1% 0% 57% 35%

miR-150-5p 0% 84% 10% 5% 1%

miR-15a-5p 4% 0% 0% 13% 83%

miR-15b-5p 4% 0% 0% 7% 89%

miR-16-5p 4% 1% 0% 13% 82%

miR-191-5p 19% 1% 0% 36% 44%

miR-199a/b-3p* 89% 0% 0% 10% 1%

miR-19b-3p 11% 2% 0% 13% 73%

miR-20a/b-5p 8% 1% 0% 9% 81%

miR-21-5p 21% 8% 1% 15% 55%

miR-223-3p 7% 0% 0% 92% 2%

miR-23a-3p 35% 1% 0% 63% 1%

miR-24-3p 46% 2% 0% 47% 5%

miR-25-3p 4% 1% 0% 13% 82%

miR-26a-5p 27% 6% 1% 56% 10%

miR-26b-5p 0% 0% 0% 1% 98%

miR-29a-3p 8% 10% 2% 80% 0%

miR-29c-3p 9% 11% 2% 57% 21%

miR-30b-5p 10% 4% 1% 14% 71%

miR-342-3p 3% 58% 6% 16% 17%

miR-374a-5p 2% 0% 0% 2% 96%

miR-451a 0% 0% 0% 0% 99%

miR-720 12% 9% 2% 75% 1%

miR-92a-3p 18% 3% 1% 11% 67%

miR-93-5p 1% 0% 0% 1% 98%

Note: each row totals 100%
* Probes with similar and indistinguishable sequence in this assay.
doi:10.1371/journal.pone.0102259.t002
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an uncertain number of platelets derived from density centrifuga-

tion of buffy coats [44]. Taken together, we conclude that platelets

have a slightly higher total RNA content than erythrocytes, but

that leukocytes have approximately 1,000 times more RNA than

platelets or erythrocytes.

We also estimated absolute miRNA quantities per hematopoi-

etic cell and per blood volume. As expected, T-cells, B-cells and

granulocytes had higher miRNA contents than platelets and

erythrocytes, most likely because of the greater size and ongoing

transcription in leukocytes. However, compared to nucleated cells,

platelets and erythrocytes had a higher fraction of miRNA

(Figure 2B). Because platelets and erythrocytes have no new

RNA synthesis, this difference may simply reflect greater stability

of miRNA compared to larger RNAs [18]. There is no reason to

expect that platelets and erythrocytes endocytose miRNA to a

greater extent than do T-cells, B-cells and granulocytes. One could

speculate that circulating non-nucleated cells have evolved to

require alternate means of regulating protein translation to

maintain viability during their 10 day (platelets) or 120 day

(erythrocytes) lifespans. Lymphocytes contain abundant miRNAs

and the low miRNA:total RNA ratio (Figure 2B) is likely due to the

high content of total RNA.

Although granulocytes, T-cells and B-cells had a much greater

abundance of miRNA than platelets or erythrocytes on a per cell

basis, erythrocytes, granulocytes and platelets contribute the most

miRNA to the content of blood (contribution to blood volume

erythrocyte.granulocyte.platelet.T-cell.B-cell). The greater

contribution of erythrocytes and platelets to blood volume reflects

the considerably higher numbers of these cells in blood compared

to leukocytes. Considering the relative abundance of microvessi-

cles originating from these cells [50], erythrocytes, granulocytes

Figure 4. miRNAs DE by cell type. (A) The 10 most stable miRNAs across all cell types are shown for both NormFinder (left) and Coefficient of
Variation (CV) methods (right). (B) Validation of NanoString-derived data for miR-301a-3pby qRT-PCR data. The X-axis represents the expression level
of each miRNA normalized to miR-30c-3p using 22DCt method. Each point represents the mean 6 SEM of 5 subjects for each cell type. (C,D) Validation
of microRNAs DE by cell type. The NanoString-derived data for the indicated miRNAs was validated by qRT-PCR using RNA isolated from the 5
hematopoietic cell types from two different preparations of cells and RNA. qRT-PCR data was normalized and presented as in Figure 4B.P, platelets; T,
T-cells; B, B-cells; G, granulocytes; E, erythrocytes.
doi:10.1371/journal.pone.0102259.g004

miRNA Profiling in Human Hematopoietic Cell Lineages

PLOS ONE | www.plosone.org 8 July 2014 | Volume 9 | Issue 7 | e102259



miRNA Profiling in Human Hematopoietic Cell Lineages

PLOS ONE | www.plosone.org 9 July 2014 | Volume 9 | Issue 7 | e102259



and platelets have the potential to have the greatest effect on the

systemic effect of miRNA delivery.

Numerous miRNAs were identified as DE across cell types.

Although we used qRT-PCR to validate selected miRNA

expression levels, we cannot exclude platform-specific miRNA

differences that might affect our results. However, such biases

would not be expected to be cell-specific, and should not affect our

findings of miRNAs DE by cell type. The only hematopoietic cell

miRNA profiling study of a large sample size is the Platelet RNA

And eXpression-1 (PRAX1) [49]. PRAX1 profiled highly purified

platelets and included a heterogeneous population of 154 healthy

subjects. Our platelet miRNA profiles showed a very high

correlation (p = 5.92610-19) with PRAX1 (Figure S3). Larger

studies are needed to address miRNA cell-type dependency and

the effects of disease or other demographic variables. Such

genome-wide screens require validation, and we determined miR-
30c-5p to be an ideal internal normalizer for qRT-PCR

validation. Notably, miR-30c-5p was superior to the commonly

used normalizer RNU6B, and we would discourage the use of the

latter for normalization purposes. Individual miRNAs that were

DE by cell type may be useful for identifying the cell of origin of

biomarkers or microvessicles and for offering a framework for

understanding pathophysiology. In addition, patterns of miRNA

expression were highly correlated with cell lineage defined by

surface antigens (Figure 3B), consistent with work using mRNA

profiles from the Orkin laboratory [51]. Future studies are needed

to evaluate miRNA profiles as markers of hematologic disease

activity and response to treatment, and to assess whether these DE

miRNAs are involved in lineage differentiation.

Several cell-preferentially expressed miRNAs are worth noting.

Nearly half the total erythrocyte miRNA content was represented

by miR-451a (Figure 3A), a finding consistent with its established

critical function in erythroid differentiation [52–54] and in

erythrocyte susceptibility to oxidative stress viamiR-451a-induced

repression of 14-3-3j [52,54]. Similarly, we observed high levels of

miR-150 in both T-cell and B-cells, consistent with the role of this

miRNA in lymphoid cell differentiation via its regulation of the c-

Myb transcription factor [55]. Older literature refers to miR-223
as myeloid-specific, but the high level we observed in platelets is

consistent with other reports [56,57], and high levels were also

found in Meg-01 cells that display megakaryocytic properties. We

found miR-223 to be the most abundant granulocyte miRNA,

consistent with another report using peripheral blood [58] and

with the increased expression of miR-223 that occurs during

granulocyte differentiation [59,60]. It is well-accepted that miR-
223 regulates granulocyte differentiation and function, although

the exact molecular mechanism appears complex since ectopic

expression of miR-223 in leukemic cells enhanced myeloid

differentiation [59], whereas deletion of miR-223 in a murine

model supported a negative regulatory effect on granulocyte

differentiation [60].

Even when tissue-preferential promoters are used to direct

transgene expression, off-target and deleterious effects have been

observed [61,62]. The tissue-preferential expression of miRNAs

has been exploited to prevent off-target effects in gene therapy

studies of mouse models of hemophilia [63]. Brown et al.

demonstrated that mir-142-3p effectively suppressed transgene

expression in hematopoietic lineages in mice, whereas expression

was maintained in non-hematopoietic cells [64]. This data is

consistent with the identification of mir-142-3p as one of 5 highly

expressed miRNAs among human peripheral blood cells in our

current study. Such a gene therapy approach for hematologic

diseases requires knowledge of miRNA levels in different

hematopoietic lineages. In the current study, we provide potential

miRNAs that could be used to restrict transgene expression to a

particular blood cell type (Tables S6 and S7), and demonstrated

reporter gene expression could be regulated by endogenous levels

of miR-125a-5p; high levels of miR-125a-5p suppressed expres-

sion in a megakaryocytic cell line (Meg-01), whereas low levels of

miR-125a-5p permitted expression in the lymphocytic-like cell

lines (Raji and Jurkat). Unfortunately, the levels of miRNAs

identified in primary cells did not correlate well with those

detected in the different hematopoietic cell lines (Table S4). Thus,

we cannot extrapolate that miR-125a-5p would be a useful target

for restricting transgene expression in primary cells. But for the

purpose of testing the hypothesis of exploiting endogenous levels,

our data using this miRNA established the potential for developing

gene therapy vectors that exploit hematopoietic lineage-preferential
miRNA expression.

In summary, we have quantified the total RNA and miRNA

contents of normal blood hematopoietic cells and identified

miRNAs that are DE in a cell-preferential manner. These data

can be utilized as a basis for interpretation of miRNA-disease

association studies. For example, if a particular miRNA is

elevated in acute myelogenous leukemia (AML), but absent or

very low in normal granulocytes (our data), this would suggest

this miRNA may participate in the pathogenesis of AML.

Knowledge of miRNAs DE by blood cell type is also relevant for

understanding the systemic effects of blood cell delivered

miRNAs. Since all hematopoietic blood cells release microves-

sicles upon activation, knowledge of these DE miRNAs is

expected to be helpful in understanding systemic effects in

response to inflammatory and thrombotic stimuli. Lastly, the

demonstration that endogenous miRNA levels can be utilized to

regulate transgene expression in hematopoietic cell lines suggests

an in vitro approach for improving the assessment of gene effects

in heterogeneous populations of cultured cells. Considerably

more work would be needed to evaluate the value of altering

expression vector design for gene therapy of hematological

diseases.

Supporting Information

Figure S1 Characterization of the small RNA quantities
in the total RNA. (A–E) Representative total RNA integrity

profiles for each of 5 cell lines using a total eukaryote RNA chip in

the Agilent 2100 Bioanalyzer. (F) Mean in percentages of small

RNA in the total RNA. The fraction of small RNA in the total

RNA was calculated from the area under the curve method using

image J software (Agilent 2100 Bioanalyzer). The box represents

Figure 5. Exploiting endogenous miRNAs to modify exogenous gene expression. (A) Illustration that miR-125a-5p was selectively reduced
in the lymphocytic cell lines, Jurkat and Raji. (B) Schematic of reporter constructs used to assess effect of endogenous levels of miR-125a-5p.
Constructs were engineered to contain 1, 2 or 4 miR-125a-5p binding sites or scrambled sequence controls. (C) Meg-01 cells were transfected with the
indicated constructs. Luciferase repression was enhanced with more miR-125a-5p binding sites. (D) Meg-01, Raji, Jurkat and K562 cells were
transfected with the 4xSC and 4x125 constructs. Luciferase was quantified and normalized to GFP for transfection efficiency. Data plotted as fold-
expression compared to constructs with scrambled sequence. (E) Meg-01 cells were co-transfected with Luc-4x125 construct and control locked
nucleic acid (LNA) or LNA that specifically inhibits miR-125a-5p. Jurkat cells were co-transfected with Luc-4x125 construct and control pre-miRNA or
pre-miR-125a-5p. Data in panels C-E are mean 6 SD of at least three independent experiments with two replicates each.
doi:10.1371/journal.pone.0102259.g005
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the 25th to 75th percentiles, the line in the box is the median and

the whiskers represent minimum and maximum values. Data from

5 subjects (n = 25 samples) was used in these analyses.

(TIF)

Figure S2 Human peripheral blood cell miRNA expres-
sion distribution. All miRNAs expressed above background are

represented on this plot. The individual miRNAs are arbitrarily

ordered on x-axis from lowest to highest expressed, and for clarity

are represented as a line for each cell type (a bar graph would be

visually difficult to present in a single plot). Y-axis is miRNA

expression levels in log10 scale and demonstrates a similar ,5

orders of magnitude dynamic range of miRNA expression for all

cell types. Horizontal dashed lines indicate arbitrary high and low

expression thresholds.

(TIF)

Figure S3 Platelet miRNA expression correlations. The

50 highest expressed platelet miRNAs were considered from the

current study and the PRAX1 study (Edelstein et al. Nat Med

2013). (A) Venn-diagram showing 47 of 50 miRNAs were shared

between both studies. (B) Pearson correlation between miRNAs in

both studies. Points represent the mean of 5 subjects in the current

study and the mean of 154 subjects in the PRAX1 study.

(TIF)

Table S1 Demographic table.
(DOCX)

Table S2 miRNA profile in peripheral blood cells.
(XLS)

Table S3 miRNA profile in hematopoietic cell lines.

(XLS)

Table S4 A: Correlations between hematopoietic cell line and

primary cell miRNA profiles. B: Correlations between hemato-

poietic cell line miRNA profiles.

(DOCX)

Table S5 A: Number of miRNA non-detected and detected. B:

Number of miRNAs with low or high expression levels.

(DOCX)

Table S6 A: miRNAs DE in platelets compared with all other

cell types. B: miRNAs DE in T-cells compared with all other cell

types. C: miRNAs DE in B-cells compared with all other cell types.

D: miRNAs DE in granulocytes compared with all other cell types.

E: miRNAs DE in erythrocytes compared with all other cell types.

(DOCX)

Table S7 Selectively reduced miRNAs amongst abun-
dantly expressed miRNAs.

(DOCX)

Table S8 miR-30c-5p validation.

(DOCX)

Author Contributions

Conceived and designed the experiments: RTM XK LCE PFB. Performed

the experiments: RTM XK LM. Analyzed the data: RTM XK SA SPK

MH CAS SEM LCE PFB. Wrote the paper: RTM XK SA SPK MH CAS

SEM LCE PFB.

References

1. Esteller M (2011) Non-coding RNAs in human disease. Nat Rev Genet 12: 861–

874.

2. Friedman RC, Farh KK, Burge CB, Bartel DP (2009) Most mammalian

mRNAs are conserved targets of microRNAs. Genome Res 19: 92–105.

3. Zhang Q, Iida R, Yokota T, Kincade PW (2013) Early events in lymphopoiesis:

an update. Current opinion in hematology 20: 265–272.

4. O’Connell RM, Zhao JL, Rao DS (2011) MicroRNA function in myeloid

biology. Blood 118: 2960–2969.

5. Hattangadi SM, Wong P, Zhang L, Flygare J, Lodish HF (2011) From stem cell

to red cell: regulation of erythropoiesis at multiple levels by multiple proteins,

RNAs, and chromatin modifications. Blood 118: 6258–6268.

6. Edelstein LC, McKenzie SE, Shaw C, Holinstat MA, Kunapuli SP, et al. (2013)

MicroRNAs in platelet production and activation. Journal of thrombosis and

haemostasis: JTH 11 Suppl 1: 340–350.

7. Garzon R, Heaphy CE, Havelange V, Fabbri M, Volinia S, et al. (2009)

MicroRNA 29b functions in acute myeloid leukemia. Blood 114: 5331–5341.

8. Starczynowski DT, Kuchenbauer F, Argiropoulos B, Sung S, Morin R, et al.

(2010) Identification of miR-145 and miR-146a as mediators of the 5q-

syndrome phenotype. Nature Medicine 16: 49–58.

9. Kumar MS, Narla A, Nonami A, Mullally A, Dimitrova N, et al. (2011)

Coordinate loss of a microRNA and protein-coding gene cooperate in the

pathogenesis of 5q- syndrome. Blood 118: 4666–4673.

10. Klusmann JH, Li Z, Bohmer K, Maroz A, Koch ML, et al. (2010) miR-125b-2 is

a potential oncomiR on human chromosome 21 in megakaryoblastic leukemia.

Genes and Development 24: 478–490.

11. Girardot M, Pecquet C, Boukour S, Knoops L, Ferrant A, et al. (2010) miR-28 is

a thrombopoietin receptor targeting microRNA detected in a fraction of

myeloproliferative neoplasm patient platelets. Blood 116: 437–445.

12. Lawrie CH, Soneji S, Marafioti T, Cooper CD, Palazzo S, et al. (2007)

MicroRNA expression distinguishes between germinal center B cell-like and

activated B cell-like subtypes of diffuse large B cell lymphoma. Int J Cancer 121:

1156–1161.

13. Reid G, Kirschner MB, van Zandwijk N (2011) Circulating microRNAs:

Association with disease and potential use as biomarkers. Crit Rev Oncol

Hematol 80: 193–208.

14. Weiland M, Gao XH, Zhou L, Mi QS (2012) Small RNAs have a large impact:

circulating microRNAs as biomarkers for human diseases. RNA Biol 9: 850–

859.

15. Stratz C, Nuhrenberg TG, Binder H, Valina CM, Trenk D, et al. (2012) Micro-

array profiling exhibits remarkable intra-individual stability of human platelet

micro-RNA. Thrombosis and haemostasis 107: 634–641.

16. Mitchell PS, Parkin RK, Kroh EM, Fritz BR, Wyman SK, et al. (2008)

Circulating microRNAs as stable blood-based markers for cancer detection. Proc

Natl Acad Sci U S A 105: 10513–10518.

17. Kai ZS, Pasquinelli AE (2010) MicroRNA assassins: factors that regulate the

disappearance of miRNAs. NatStructMolBiol 17: 5–10.

18. Chen X, Ba Y, Ma L, Cai X, Yin Y, et al. (2008) Characterization of

microRNAs in serum: a novel class of biomarkers for diagnosis of cancer and

other diseases. Cell Res 18: 997–1006.

19. Lu J, Guo S, Ebert BL, Zhang H, Peng X, et al. (2008) MicroRNA-mediated

control of cell fate in megakaryocyte-erythrocyte progenitors. DevCell 14: 843–

853.

20. Xu X, Gnatenko DV, Ju J, Hitchcock IS, Martin DW, et al. (2012) Systematic

analysis of microRNA fingerprints in thrombocythemic platelets using integrated

platforms. Blood 120: 3575–3585.

21. Nagalla S, Shaw C, Kong X, Kondkar AA, Edelstein LC, et al. (2011) Platelet

microRNA-mRNA coexpression profiles correlate with platelet reactivity. Blood

117: 5189–5197.

22. Ferrajoli A, Shanafelt TD, Ivan C, Shimizu M, Rabe KG, et al. (2013)

Prognostic value of miR-155 in individuals with monoclonal B-cell lymphocy-

tosis and patients with B chronic lymphocytic leukemia. Blood 122: 1891–1899.

23. Willeit P, Zampetaki A, Dudek K, Kaudewitz D, King AS, et al. (2013)

Circulating MicroRNAs as Novel Biomarkers for Platelet Activation. Circulation

research.

24. Boon RA, Vickers KC (2013) Intercellular transport of microRNAs. Arterio-

sclerosis, thrombosis, and vascular biology 33: 186–192.

25. Vickers KC, Palmisano BT, Shoucri BM, Shamburek RD and Remaley AT

(2011) MicroRNAs are transported in plasma and delivered to recipient cells by

high-density lipoproteins. Nat Cell Biol 13: 423–433.

26. Risitano A, Beaulieu LM, Vitseva O, Freedman JE (2012) Platelets and platelet-

like particles mediate intercellular RNA transfer. Blood 119: 6288–6295.

27. Montecalvo A, Larregina AT, Shufesky WJ, Stolz DB, Sullivan ML, et al. (2012)

Mechanism of transfer of functional microRNAs between mouse dendritic cells

via exosomes. Blood 119: 756–766.

28. Yuan A, Farber EL, Rapoport AL, Tejada D, Deniskin R, et al. (2009) Transfer

of microRNAs by embryonic stem cell microvesicles. PloS one 4: e4722–e4722.

29. Diehl P, Fricke A, Sander L, Stamm J, Bassler N, et al Microparticles: major

transport vehicles for distinct microRNAs in circulation. Cardiovascular

research 93: 633–644.

30. Mittelbrunn M, Gutierrez-Vazquez C, Villarroya-Beltri C, Gonzalez S,

Sanchez-Cabo F, et al. (2011) Unidirectional transfer of microRNA-loaded

exosomes from T cells to antigen-presenting cells. Nature communications 2:

282.

miRNA Profiling in Human Hematopoietic Cell Lineages

PLOS ONE | www.plosone.org 11 July 2014 | Volume 9 | Issue 7 | e102259



31. Laffont B, Corduan A, Ple H, Duchez AC, Cloutier N, et al. (2013) Activated

platelets can deliver mRNA regulatory Ago2*microRNA complexes to
endothelial cells via microparticles. Blood 122: 253–261.

32. Biton M, Levin A, Slyper M, Alkalay I, Horwitz E, et al. (2011) Epithelial

microRNAs regulate gut mucosal immunity via epithelium-T cell crosstalk. Nat
Immunol 12: 239–246.

33. Wang K, Yuan Y, Cho JH, McClarty S, Baxter D, et al. (2012) Comparing the
MicroRNA spectrum between serum and plasma. PloS one 7: e41561.

34. Basso K, Sumazin P, Morozov P, Schneider C, Maute RL, et al. (2009)

Identification of the human mature B cell miRNome. Immunity 30: 744–752.
35. Rossi RL, Rossetti G, Wenandy L, Curti S, Ripamonti A, et al. (2011) Distinct

microRNA signatures in human lymphocyte subsets and enforcement of the
naive state in CD4+ T cells by the microRNA miR-125b. Nat Immunol 12:

796–803.
36. Ramkissoon SH, Mainwaring La, Ogasawara Y, Keyvanfar K, McCoy JP, et al.

(2006) Hematopoietic-specific microRNA expression in human cells. Leukemia

research 30: 643–647.
37. Chen SY, Wang Y, Telen MJ, Chi JT (2008) The genomic analysis of

erythrocyte microRNA expression in sickle cell diseases. PloS one 3: e2360.
38. Duttagupta R, Jiang R, Gollub J, Getts RC, Jones KW (2011) Impact of cellular

miRNAs on circulating miRNA biomarker signatures. PloS one 6: e20769.

39. Edelstein LC, Simon LM, Montoya RT, Holinstat M, Chen ES, et al. Racial
differences in human platelet PAR4 reactivity reflect expression of PCTP and

miR-376c. Nat Med.
40. Ricicova M, Palkova Z (2003) Comparative analyses of Saccharomyces

cerevisiae RNAs using Agilent RNA 6000 Nano Assay and agarose gel
electrophoresis. FEMS yeast research 4: 119–122.

41. Bisset LR, Lung TL, Kaelin M, Ludwig E, Dubs RW (2004) Reference values

for peripheral blood lymphocyte phenotypes applicable to the healthy adult
population in Switzerland. Eur J Haematol 72: 203–212.

42. Geiss GK, Bumgarner RE, Birditt B, Dahl T, Dowidar N, et al. (2008) Direct
multiplexed measurement of gene expression with color-coded probe pairs. Nat

Biotechnol 26: 317–325.

43. Andersen CL, Jensen JL, Orntoft TF (2004) Normalization of real-time
quantitative reverse transcription-PCR data: a model-based variance estimation

approach to identify genes suited for normalization, applied to bladder and
colon cancer data sets. Cancer Res 64: 5245–5250.

44. Wicki AN, Walz A, Gerber-Huber SN, Wenger RH, Vornhagen R, et al. (1989)
Isolation and characterization of human blood platelet mRNA and construction

of a cDNA library in lambda gt11. Confirmation of the platelet derivation by

identification of GPIb coding mRNA and cloning of a GPIb coding cDNA
insert. Thrombosis and haemostasis 61: 448–453.

45. Eikmans M, Rekers NV, Anholts JD, Heidt S, Claas FH (2013) Blood cell
mRNAs and microRNAs: optimized protocols for extraction and preservation.

Blood 121: e81–89.

46. Pritchard CC, Kroh E, Wood B, Arroyo JD, Dougherty KJ, et al. (2012) Blood
cell origin of circulating microRNAs: a cautionary note for cancer biomarker

studies. Cancer Prev Res (Phila) 5: 492–497.
47. Khetawat G, Faraday N, Nealen ML, Vijayan KV, Bolton E, et al. (2000)

Human megakaryocytes and platelets contain the estrogen receptor á and
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