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ong noncoding RNAs (lncRNAs) are regulators of cell differentiation
and development. The lncRNA transcriptome in human hematopoietic stem and progenitor cells is not comprehensively defined. We
investigated lncRNAs in 979 human bone marrow-derived CD34+ cells by
single cell RNA sequencing followed by de novo transcriptome reconstruction. We identified 3,173 lncRNAs in total, among which 2,365 were previously unknown, and we characterized lncRNA stem, differentiation, and
maturation signatures. lncRNA expression exhibited high cell-to-cell variation, which was only apparent in single cell analysis. lncRNA expression
followed a lineage-specific and highly dynamic pattern during early
hematopoiesis. lncRNAs in hematopoietic cells closely correlated with
protein-coding genes of known functions in the regulation of
hematopoiesis and cell fate decisions, and the potential regulatory roles of
lncRNAs in hematopoiesis were imputed by projection from protein-coding genes with a “guilt-by-association” approach. We characterized
lncRNAs preferentially expressed in hematopoietic stem cells and in various downstream differentiated lineage progenitors. We also profiled
lncRNA expression in single cells from patients with myelodysplastic syndromes and in aneuploid cells in particular. Our study provides a global
view of lncRNAs in human hematopoietic stem and progenitor cells. We
observed a highly ordered pattern of lncRNA expression and participation
in regulation of early hematopoiesis, and coordinate aberrant messenger
RNA and lncRNA transcriptomes in dysplastic hematopoiesis. (Registered at
clinicaltrials.gov with identifiers: 00001620, 00001397)
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Introduction
Long noncoding RNAs (lncRNAs), which are defined as a subclass of noncoding
RNAs, are longer than 200 nucleotides and lack protein coding capacity. lncRNAs
are newly recognized as regulators of gene expression, transcriptionally and posttranscriptionally.1-3 Unlike messenger RNAs (mRNAs), which localize specifically to
the cytoplasm, lncRNAs can occupy various nuclear compartments and/or the cytoplasm. lncRNAs function via RNA-DNA, RNA-RNA, and RNA-protein interactions.2-6 As a result, they affect multiple stages of gene regulation, including placement of chromatin marks, mRNA biogenesis, and signaling pathways.
lncRNA expression is tissue- and cell type-specific5,7-9 but less conserved across
species than is mRNA expression.10,11 lncRNAs have been linked to the development
of several lineages in hematopoiesis and in the immune response. Some lncRNAs
were found to be enriched in hematopoietic stem cells (HSCs)12 or dynamically
expressed during erythropoiesis.13,14 RNA interference studies have revealed that
lncRNAs control HSC self-renewal and differentiation,12 erythroid precursor maturation,14 and granulocytic differentiation of hematopoietic stem and progenitor cells
(HSPCs).15 Intergenic lncRNA signatures exhibit subset-specificity in T and B lymphocytes.16-18 lincR-Ccr2-5’AS, together with GATA3, is essential in the regulation
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of gene expression and migration of Th2 cells.16
Downregulation of linc-MAF-4 skews T-cell differentiation towards the Th2 phenotype.17 TMEVPG1, a Th1-specific intergenic lncRNA, controls the expression of interferon-γ together with the Th1-specific transcription factor
T-bet, and is critical in modulating susceptibility to infection with Theiler virus.19,20 Expression of lncRNAs in pro-B
and mature B cells is regulated by PAX5, a transcriptional
factor required to specify B-cell lineage.18 Despite these
many examples of specific functions for either stem cells
or differentiated lineages, the repertoire of lncRNAs in
human HSPCs has not been fully described.
Whole transcriptome sequencing allows large scale profiling of lncRNAs in tissues and diseases and, therefore,
enables the identification of many putative lncRNAs.5,21,22
lncRNAs in general are expressed at much lower levels3,4,23,24 but are more cell type-specific than are mRNAs.9,25
Until recently, lncRNA expression was assessed by averaging transcriptomes of bulk RNA extracted from mixed cell
populations, which limits the sensitivity to detect lncRNA
expression in small cell populations and thus to resolve
diversity within a cell type. With recent advances in single
cell transcriptome profiling methods, many seemingly
homogeneous cell populations have shown unexpected
variability in gene expression. Recently published studies
profiling lncRNAs at the single cell level have revealed the
cell-specific expression of these RNAs.5,26-30
In the current work, we performed single cell RNA
sequencing (scRNA-seq) of 979 freshly isolated bone marrow-derived human CD34+ cells from both healthy donors
and patients with myelodysplastic syndrome (MDS).
Using de novo transcriptome reconstruction, we identified
a total of 3,173 lncRNAs, including 2,365 potential novel
lncRNAs not reported in public databases. We further
characterized the features and expression patterns of
lncRNAs in CD34+ cells, revealing stage- and lineagespecificity of lncRNA expression and putative functions in
normal hematopoiesis. Expression and lineage-specificity
of almost 40 lncRNAs, including those novel lncRNAs,
were validated by quantitative real-time polymerase chain
reaction (RT-PCR). We also profiled lncRNAs in MDS
cells, and aneuploid cells in particular. Our study provides
a global assessment of lncRNA biology in early human
hematopoiesis.

Methods
Subjects and samples
Bone marrow samples from seven healthy donors and five
MDS patients were obtained after written informed consent in
accordance with the Declaration of Helsinki and under protocols
(www.clinicaltrials.gov NCT00001620 and NCT00001397) approved
by the Institutional Review Boards of the National Heart, Lung,
and Blood Institute. Of the five patients with MDS, patients 1, 2,
and 5 had evolved to MDS from aplastic anemia while patients 3
and 4 had de novo MDS. Fluorescence activated cell sorting (FACS)
was performed using the FACSAria II Cell Sorter (BD Biosciences)
after isolation of bone marrow mononuclear cells. The gating
strategies are shown in Online Supplementary Figure S1A.
CD34+CD38- and CD34+CD38+ cells from four healthy donors
and patient 4 were sequenced separately, while only the CD34+
populations of patients 1, 2, 3, and 5 were sequenced due to limited cell numbers (Online Supplementary Figure S1B). The clinical
characteristics of these patients have been published.31 Another
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set of bone marrow cells from a further three healthy donors was
used for quantitative RT-PCR (Online Supplementary Figure S2).

Single cell RNA sequencing
The C1 Single-cell Auto Prep System (Fluidigm) was employed
to perform SMARTer (Clontech) whole transcriptome amplification on as many as 96 individual cells, according to the manufacturer’s protocols (www.fluidigm.com). Whole transcriptome
amplification products were converted to Illumina sequencing
libraries using the Nextera XT DNA Sample Preparation Kit
(Illumina). Final cDNA libraries were quantified using High
Sensitivity DNA Kits (Agilent) and sequenced on a HiSeq 2500 or
3000 (Illumina), using the paired-end 75-bp protocol, as described
previously.31 RNA-seq data from this study have been deposited at
the National Center for Biotechnology Information Gene
Expression Omnibus (accession number GSE99095), and updated
with intermediate and result files from the lncRNA analysis.
Aliquots of whole transcriptome amplification products were
used for quantitative RT-PCR analysis.

Bioinformatic analysis
Total reads were mapped to the reference genome (hg19) with
RSubreader and gene-level read counts were calculated using
featureCounts.32 Only data from high-quality cells with captured
genes were utilized further. The schematic pipeline has been published.31 Aneuploidy was evaluated by three independent methods, including a sliding window analysis of copy number variations, chromosome relative expression value distribution, and
analysis of the degree of loss of heterozygosity.

Identification and classification of long noncoding RNAs
After filtering computationally for quality,31 single cells were
used to define lncRNAs with a pipeline adopted from published
methods of identifying high-confidence gene models.13,14,16,17,28
Fastq files of cells from each subject were merged. Reads were
mapped to human genome hg19 with Tophat2 and assembled
using Cufflinks packages.33 The assembled transcripts from all
subjects were merged with Cuffmerge33 before removing genes
with <200 nucleotides or containing single exons in order to
obtain long transcripts. Assembled genes overlapping with
known protein-coding genes were excluded, and we removed
those with low expression (FPKM<2) to improve the reliability of
the model. We investigated the coding potential of the remaining
genes using three independent algorithms: (i) protein database
homology with BlastX and Pfam 31.0 (hmmer2.0); (ii) codon
potential assessment with CPAT;34 and (iii) presence of long open
reading frames >100 amino acids with EMBOSS GetORF.35
Defined lncRNAs were compared with annotated databases from
Ensembl, University of California Santa Cruz (UCSC) Genome
Browser, and GENCODE:36 overlapping lncRNAs were defined as
“annotated lncRNAs” and the others as putative “novel lncRNAs”.
If supported by cap analysis of gene expression (CAGE) data,37
lncRNA transcripts obtained by the same filtering pipeline, but
with medium expression levels (FPKM 0.1-2) were also defined to
be expressed in human CD34+ cells (Online Supplementary Methods
and Results).

Results
Identification and characterization of long noncoding
RNAs in human CD34+ hematopoietic cells
To assess lncRNA expression in human HSPCs, we purified CD34+ cells from the marrow of four healthy donors
and five MDS patients. We then analyzed polyadenylated
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RNA by scRNA-seq. After filtering, 391 cells from healthy
donors and 588 cells from MDS patients were retained for
analysis, with over 9.1 billion 75 bp paired-end mapped
reads in total and 7.7 million reads per cell on average.
Using a published strategy,31 a total of 10,791 protein-coding genes were captured, 3,777 per cell on average.
To obtain reliable models of lncRNA expression, we followed a de novo transcript assembly pipeline (Figure 1A), in
which “high-confidence” transcriptomes13,14,16,17,28 from
CD34+ single cells of all nine subjects were merged in
order to undergo multi-step filtering for: (i) overlap with
known mRNA exon annotations, (ii) size and multiexonic
selection, (iii) known protein domains, (iv) low levels of
expression, and (v) predicted coding potential. Using this
conservative multilayered analysis, we identified a total of
2,892 lncRNAs across 979 single human CD34+ cells. To
assign lncRNAs to specific classes, we examined their
overlap with annotated noncoding genes present in public
databases: 808 lncRNAs were previously annotated and

2,084 were putative novel lncRNAs (Figure 1B and Online
Supplementary File 1). In addition, transcripts that were
expressed at medium levels and supported by CAGE
data37 were also defined to be lncRNAs (n=281) expressed
in human CD34+ cells (Online Supplementary File 2).
Defined lncRNAs exhibited similarly low protein-coding
potential (relative to protein-coding genes) as had previously annotated lncRNAs in the GENCODE database
(Figure 1C). Such defined lncRNAs in single human CD34+
cells were distributed across all chromosomes, at much
lower average abundance than were protein-coding transcripts. Compared with protein-coding genes, lncRNAencoding genes had fewer exons, were shorter and less
well conserved. In general, lncRNA-encoding genes were
enriched in 4-kb regions around the transcriptional start
sites of their neighboring protein-coding genes, in agreement with previous work,38 suggesting that they share
promoter regions [lncRNA-encoding genes show higher
co-expression with protein-coding neighbors than do pro-

A

B
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Figure 1. Identification of long
noncoding RNAs expressed in
single human CD34+ cells. (A)
Bioinformatics pipeline for
identification of long noncoding RNAs (lncRNAs). Single
cell RNA-sequencing (scRNAseq) data from nine subjects
were processed and filtered
before further analysis of
messenger RNA (mRNA) and
lncRNA expression. mRNA
transcriptome analysis including cell clustering, cell type
assignment, and identification
of monosomy 7 cells was
described32 and employed to
analyze gene expression patterns among cell types, functional imputation of lncRNAs,
and differentiation trajectory
analysis in the current study.
scRNA-seq
data
were
processed by de novo
genome-based transcriptome
reconstruction for the quantification of lncRNAs expressed
in human CD34+ cells through
the multi-step filtering bioinformatic pipeline. Numbers of
remaining transcripts after
each filtering step are indicated. (B) By comparing defined
lncRNA transcripts in de novo
transcript assembly with transcripts in the GENCODE database, 808 lncRNAs were previously annotated while 2,084
were classified as potential
novel
lncRNAs.
(C)
Comparison of coding potential among previously annotated lnRNAs, novel lncRNAs,
and mRNAs. x axis, coding
probability calculated with
CPAT; y axis, cumulative distribution function (CDF).
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tein-coding gene pairs (see Online Supplementary Results
“Characterization of lncRNAs defined in human CD34+
hematopoietic cells”; Online Supplementary Figure S3)].

Detection of long noncoding RNAs with single cell
RNA-sequencing
Expression of lncRNAs showed more variation among
single cells than did the expression of coding transcripts
(Figure 2A). Across all percentiles of gene expression levels, lncRNAs were expressed in smaller proportions of
cells than were mRNAs (Figure 2B). Low overall expres-

A

B

sion of lncRNAs in bulk samples was likely partly attributable to limited but high expression of lncRNAs in a
minority of cells or in small cell populations. Seven bulk
samples of the CD34+ population from the nine individuals studied were sequenced in parallel with single cells. We
sought to compare the maximum abundance of mRNAs
or lncRNAs versus housekeeping genes in bulk samples
and individual cells,28 to quantify the power of gene
expression detection by these different technical
approaches. mRNAs were detected at a similar ratio to
housekeeping genes in both bulk samples and single cells,

C

D

Figure 2. Detection of long noncoding RNAs by single cell RNA sequencing. (A) Variance of long noncoding RNA (lncRNA) and messenger RNA (mRNA) expression
among single cells. x axis, Log (TPM+1); y axis, variance. (B) Proportion of CD34+ cells (individual dots) that express individual lncRNAs (blue) and mRNAs (red), separated by expression quantile of the set of all transcripts (lncRNAs and mRNAs combined). x axis, average expression level quantiles; y axis, proportion of cells. (C)
Comparison of single cell and bulk tissue maximum expression levels of mRNAs and lncRNAs. Gray, housekeeping genes; green, mRNAs; red, lncRNAs. Projected
density plots summarized expression levels of scatter plots along the single-cell (horizontal) and bulk tissue (vertical) axes. Short lines noted alongside the histogram
plots represent the difference of the median expression of lncRNAs or mRNAs to the median expression of housekeeping genes in single cell or bulk tissue RNA-seq.
(D) Gene-ontology semantic similarity matrix of protein-coding genes defined by a guilt-by-association approach of lncRNAs in human CD34+ cells. Gene ontology
terms involved in a similar functional matrix were adjacent and formed a block with Pearson R values ranging from -1 to 1. Terms noted on the right side depict common biological processes of the block of gene-ontology terms.
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but the ratio of maximum expression of lncRNAs relative
to housekeeping genes was about 4-fold higher in single
cells than in bulk samples. By scRNA-seq, the maximum
expression of lncRNAs was similar to that of both mRNAs
and housekeeping genes (Figure 2C). Genes with high
variance tended to be captured by the single cell analysis
rather than by the bulk approach (Online Supplementary
Figure S4). Thus, lncRNA expression appeared to be better
detected among single cells due to an expression pattern
of high cell-to-cell variation and cell-specificity.
We then sought to infer putative functions of defined
lncRNAs in hematopoiesis by a comprehensive “guilt by
association” approach (Online Supplementary Methods and
Results), correlating expression of lncRNAs with proteincoding genes of known functions.4,15,39-41 Associated protein-coding genes of defined lncRNAs across CD34+ cells
were enriched in gene ontology (GO) terms related to
myeloid cell differentiation, cell growth, and cellular functions including DNA repair, mRNA splicing, gene expression, and epigenetic regulation (Figure 2D), implicating
lncRNAs in the regulation of human hematopoiesis and
associated cellular functions.

Stage- and lineage-specific expression of long
noncoding RNAs in normal hematopoiesis
To obtain a profile of lncRNA expression in normal
human hematopoiesis, we assessed lncRNA expression in
391 CD34+ cells from healthy donors. We first studied
whether a lncRNA signature separated CD38- and CD38+
cell populations. lncRNAs detected with 20 reads in at least
20 cells were retained, and highly variable lncRNAs were
used for stage-specific analysis (Online Supplementary Figure
S5A). The method of t-distributed stochastic neighbor
embedding (t-SNE) was adopted for non-linear dimension
reduction based solely on batch-corrected (by Combat/SVA)
lncRNA expression (Online Supplementary Figure S5B). In an
unsupervised t-SNE plot, sorted CD38- cells formed a cluster
distinct from CD38+ cells, while CD38+ cells were more dispersed (Figure 3A). To determine stage specificity, we performed pair-wise comparison of lncRNA expression in
CD38- cells relative to expression in CD38+ cells. lncRNA
expression exhibited substantial differences in two stages
(Online Supplementary Table S3); heatmaps of differentially
expressed mRNAs and lncRNAs of CD38- and CD38+ populations are shown in Figure 3B.
We previously assigned single CD34+ cells to a cell type
according to their protein-coding transcriptome profiles,
based on gene expression data from flow cytometricallysorted cell populations.42 The cell types to which the single cells were assigned included HSC, multilymphoid
progenitor (MLP), megakaryocyte-erythroid progenitor
(MEP), granulocyte-monocyte progenitor (GMP), pro-B
cell (ProB), and earliest thymic progenitor (ETP).31 We
applied weighted gene co-expression network analysis43
to assess the potential functions of lncRNAs in CD38+ and
CD38- cells. When protein-coding and lncRNA-encoding
genes were simultaneously analyzed, they clustered into
seven unsupervised modules (Online Supplementary Table
S4), and genes in individual modules were analyzed for
GO term enrichment (Figure 3C). Genes in module 1
showed high enrichment of lymphocyte activation pathway genes, and their expression levels were higher in
ProB and ETP than in other cell types. Genes in module 6
were enriched in the heme metabolic process, and they
showed higher expression in MEP. These data suggest
898

roles of lncRNAs in hematopoiesis and lineage specificity
of lncRNA expression.
By t-SNE, cells tended to cluster according to cell types
(Figure 4A, right) and were coincident with the pattern of
hematopoietic differentiation based on mRNA expression
in pseudotime ordering (Figure 4A, middle).31 Thus
lncRNAs appeared as powerful as their protein-coding
counterparts in resolving subtypes of CD34+ cells. We then
analyzed cell-type specificity of gene expression by celltype variance (Figure 4B) and assessed a Jensen-Shannon
score8 (JScore) (Figure 4C). lncRNA expression showed
higher cell-type specificity than did mRNA expression
(JScore, P=1x10-16). There was more cell-to-cell variation in
lncRNA expression than in mRNA expression, even within
the same cell type (Online Supplementary Figure S6). We
investigated our dataset for lncRNA signatures in various
lineages, using difference in expression in a lineage, relative
to expression in all other subsets, by pairwise comparisons,
at a threshold P<0.05 (Figure 4E and Online Supplementary
Table S5). Heatmaps revealed that MLP had signatures of
both mRNAs and lncRNAs similar to those of HSC, in contrast to distinctive gene expression patterns in other lineages. These data were congruent with those of earlier studies,31,42,44 and indicated that HSC and MLP defined by a transcriptome signature were enriched in a phenotypically
characterized CD34+CD38- population, while the other lineages comprised the more heterogeneous CD34+CD38+
population. We examined overlap of lncRNA and mRNA
expression among lineages: 94.8% of mRNAs were shared
by at least five out of six lineages, but only 62.2% of
lncRNAs were so widely expressed (Figure 4D, top panel);
conversely, 81.4% of lineage-signature mRNAs were specific to only one lineage, while 92.2% of lncRNAs were
equivalently specific (Figure 4D, bottom panel). Again,
lncRNA expression appeared more lineage-restricted than
did the counterpart coding gene expression. In summary,
we found lncRNA expression to be highly stage- and lineage-specific during early hematopoiesis.
To confirm our findings of potential novel lncRNAs and
lineage-specific expression patterns of lncRNAs, we compared our results with a publicly available dataset.44 This
scRNA-seq study was conducted with human HSPCs sorted based on cell surface antigens (GSE75478). Lineage-specific lncRNAs (and mRNAs) defined in the current study
were also detected and showed consistent lineage-specific
expression in the two datasets (Online Supplementary
Results and Online Supplementary Figures S7 and S8). We
then assessed 39 lncRNAs and 14 mRNAs by quantitative
RT-PCR of aliquots of whole transcriptome amplification
from those 391 single CD34+ cells and another set of flow
cytometry-sorted bulk samples (Online Supplementary
Methods and Results; Online Supplementary Table S6). All 39
signature lncRNAs, including 20 novel lncRNAs, were
detectable in single cells and bulk samples by quantitative
RT-PCR, indicating expression in human CD34+ cells. We
confirmed cell type assignment of single cells by expression of well-recognized mRNAs (Online Supplementary
Figure S9C) and confirmed lineage-specific expression for
35 out of 39 lineage signature lncRNAs in single cells.
Moreover, their lineage-specific expression patterns in single cells were reproducible in independent sorted bulk
samples (Online Supplementary Figure S9A,B). Expression of
these lineage-specific lncRNAs in hematopoietic differentiation, by scRNA-seq and quantitative RT-PCR, is illustrated in Figure 4F.
haematologica | 2019; 104(5)
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A

B

C

Figure 3. Long noncoding RNA expression exhibited a cell stage-specific pattern. (A) Single cell RNA sequencing (scRNA-seq) data of 391 cells with merely long noncoding RNA (lncRNA) expression were clustered using t-SNE in the Seurate package to obtain nonlinear dimension reduction and visualization in two dimensions (tSNE1 and t-SNE2). scRNA-seq data of two different cell stages (CD34+CD38- and CD34+CD38+) sorted by FACS were plotted in red and blue, respectively. (B)
Heatmaps of messenger RNA (mRNA) (left) and lncRNA (right) expression in CD34+CD38- and CD34+CD38+ cells. (C) Modules of protein-coding and lncRNA-encoding
gene expression across single cells identified through weighted gene co-expression network analysis. Gene co-expression modules including both lncRNAs and
mRNAs based on expression quantity and seven unsupervised modules are distinguished by colors (top panel); gene ontology (GO) terms for each module of genes
identified in the co-expression matrix (middle panel); expression levels of individual modules of genes in different cell types (bottom panel). Detailed information on
individual gene modules is presented in Online Supplementary Table S4.
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E

F

Figure 4. Long noncoding RNA expression exhibited cell lineage-specific patterns. (A) The same t-SNE plot as in Figure 3A, highlighted single cells with a CD38
expression level (left); cell types were assigned to single cells using messenger RNA (mRNA) expression information, followed by differentiation tree reconstruction
using a pseudotime ordering method (middle); single cells are colored according to their corresponding cell types, and gray circles indicate clustering of the same
cell type (right). (B) Variance of long noncoding RNA (lncRNA) versus. mRNA expression among different lineages. x axis, Log(TPM+1); y axis, variance. (C) JScore to
assess lineage specificity of lncRNA and mRNA expression. x axis, JScore; y axis, cumulative distribution function (CDF). (D) Percentages of mRNAs and lncRNAs
defined (top) or preferentially expressed (bottom) in various numbers of cell types. HSC: hematopoietic stem cell; MLP: multilymphoid progenitor; MEP: megakaryocyte-erythroid progenitor; GMP: granulocyte-monocyte progenitor, ProB: pro-B cell; ETP: earliest thymic progenitor. (E) Heatmaps of mRNA (left) and lncRNA (right)
expression in different lineages. (F) Expression of a group of lineage-specific lncRNAs for HSC/MLP, MEP, ProB, and ETP along the differentiation tree, measured by
single cell RNA sequencing (scRNA-seq) (left) and quantitative reverse transcriptase polymerase chain reaction (RT-PCR) analysis (right). Expression (shown as a
mean expression level) is presented as a relative quantity in one lineage relative to expression in all the others.
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Coordinated activation and suppression of signature
messenger RNAs and long noncoding RNAs during
hematopoiesis
To systematically assess expression of lncRNAs that
might be activated or suppressed during hematopoiesis,
we focused on dynamic changes of the mRNA and
lncRNA transcriptomes along differentiation trajectories
defined by pseudotime ordering of HSC/MLP into MEP
and GM/L (granulocyte/monocyte/lymphocyte progenitors) (Figure 5 and Online Supplementary Tables S7 and S8).
Sequentially upregulated/downregulated mRNAs and
lncRNAs along the two trajectories were analyzed and
gene expression was visualized in heatmaps (MEP trajectory in Figure 5A and GM/L trajectory in Figure 5B).
Common downregulated mRNAs in MEP and GM/L trajectories (Figure 5C) were involved in signaling pathways
related to stemness, including NRF2, AP-1, ATF-2, CMYB, HIF-1, and IL-6 signaling. Downregulated genes
specifically in the MEP differentiation pathway were
mostly enriched in T cells and for broad immune response;
enrichment in the EPO signaling pathway was observed
only among GM/L downregulated genes. Frequently
upregulated genes were involved in DNA replication, cell
cycle, and cell proliferation; genes specifically upregulated
in GM/L were enriched in B- and T-cell signaling and
immune response (Figure 5D, right); hemoglobin synthesis
and androgen receptors were enriched only among MEP
upregulated genes (Figure 5D, left). lncRNA expression
along the two differentiation trajectories was synchronously coordinated with lineage-specific coding genes and
interrelated in functional pathways of stemness,
megakaryocyte/erythrocyte development, and granulocyte/monocyte/lymphocyte development. Collectively,
these data suggest the ordered expression of lncRNAs in
hematopoietic differentiation and involvement in the regulation of hematopoiesis.

Long noncoding RNAs are bound by lineage-specific
transcription factors and might be regulated by epigenetic mechanisms
Transcription factors are critical in cell fate decisions and
thus in the regulation of lineage-specific gene expression.
Given the observation of highly ordered expression patterns of lncRNAs during hematopoiesis and co-expression
with lineage-specific transcription factors, we investigated
roles of lineage-specific transcription factors in regulating
lncRNA expression during hematopoiesis. The transcription factor GATA1 regulates erythrocyte and megakaryocyte differentiation,45,46 and indeed its expression was
sequentially increased as HSC differentiate into MEP
(Figure 5A). Using data obtained by chromatin immunoprecipitation sequencing (ChIP-seq) for GATA1 binding
(Encode Ref# ENCSR000EFT), we found that GATA1
binding to promoters was higher in lncRNA-encoding
(Figure 6A, top) as well as protein-coding genes (Figure 6A,
bottom) preferentially expressed in MEP than for other
cell types. lncRNA-encoding genes preferentially
expressed in MEP, such as SNHG3 and RP11-620J15.3
(Figure 6B), bound to GATA1 and had high read coverage
of active histone marks (H3K27Ac, H3K79me2, and
H3K4me2) and low coverage of repressive histone marks
(H3K27me3) in erythroid cells. Our analysis, together
with published data,8,13,14,16,18,39,47 indicated that cell fate decisions were controlled by critical lineage-specific transcription factors, as evidenced by expression of both lineagehaematologica | 2019; 104(5)

specific mRNAs and lncRNAs bound and regulated by corresponding transcription factors, probably involving epigenetic modification.

Long noncoding RNAs exhibit aberrant expression
in aneuploid cells from patients with myelodysplastic
syndromes
Gene expression of 588 single CD34+ cells from five
MDS patients was compared with that of cells from four
healthy donors. lncRNAs were differentially expressed in
MDS cells compared with those from healthy donors
(P<0.05): 372 and 590 lncRNAs were upregulated and
downregulated, respectively (Figure 7A and Online
Supplementary Table S10). By guilt-by-association, downregulated lncRNAs were associated with gene sets
involved in immune response, cellular response, and gene
expression and DNA damage response; upregulated
lncRNAs were involved in cell metabolism and cell signaling (Figure 7B,C).
We adopted three bioinformatics methods to distinguish cells with abnormal karyotypes from diploid cells.31
We observed that 200 and 56 lncRNAs were downregulated and upregulated, respectively, in monosomy 7 cells,
compared to diploid cells (P<0.05) (Figure 7D and Online
Supplementary Table S11). By guilt-by-association, downregulated lncRNAs were associated with genes involved in
immune response, cell apoptosis and cell death, and DNA
modification; upregulated lncRNAs displayed involvement in Ras signaling, Wnt signaling, and interleukin-8
production (Figure 7E,F).

Discussion
In the current study, we profiled the repertoire of
lncRNAs in human bone marrow-derived CD34+ cells,
with the goal of understanding lncRNA biology in early
human hematopoiesis. The majority of the human
genome is transcribed but only a small proportion of transcripts encode proteins,4,48,49 and thus the number of
lncRNA genes is predicted to be very large. Deep RNA
sequencing followed by de novo transcriptome reconstruction was adopted for genome-wide annotation and functional characterization of novel lncRNAs.12-14,16-18 Moreover,
by scRNA-seq, we and others observed higher cell-to-cell
variation of lncRNA expression compared to mRNA
expression.26,28,30,50 The validation of defined lncRNAs,
including potential novel ones, with quantitative RT-PCR
in single cells and a new set of sorted bulk samples proved
the validity of scRNA-seq and bioinformatic analysis in
defining lncRNAs in the current study. Our strategy of single cell deep sequencing in combination with de novo transcript assembly could be adopted to further facilitate
annotation of the complete lncRNA repertoire.
The very large number of both annotated and novel
lncRNAs presents a challenge to functional validation.
Based on earlier studies,4,15,39-41 we adopted a systematic,
computational guilt-by-association method, from which
we could confirm defined lncRNAs in human HSPCs to be
likely involved in hematopoietic differentiation and anticipated cell functions. Conventional functional validation
of the many hundreds of known and new lncRNAs would
not only be prohibitively costly and time-consuming, but
the choice of assays and conditions of testing is not obvious, nor is there an established statistic by which to judge
901
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Figure 5. Dynamically expressed long noncoding RNAs in differentiation. Expression of sequentially upregulated/downregulated messenger RNAs (mRNAs) (left) and
long noncoding RNAs (lncRNAs) (right) from HSC to MEP (A), and to GMP/ProB/ETP (B). MEP downregulated genes (red), MEP upregulated genes (pink), GM/L downregulated genes (orange), and GM/L upregulated genes (blue). (C) A network of commonly downregulated mRNAs and lncRNAs in NRF2, IL-6, HIF1, ATF2, and AP1
signaling pathways. (D) A network of mRNAs and lncRNAs specifically upregulated in MEP in hemoglobin synthesis and androgen signaling pathways (left); and a network of mRNAs and lncRNAs specifically upregulated in GM/L in B-cell, T-cell, and integrin signaling pathways (right). HSC: hematopoietic stem cell; MLP: multilymphoid progenitor; MEP: megakaryocyte-erythroid progenitor; GMP: granulocyte-monocyte progenitor, ProB: pro-B cell; ETP: earliest thymic progenitor; GM/L: granulocyte/monocyte/lymphocyte progenitor.
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A

B

Figure 6. Transcription factor occupancy and epigenetic modification of long noncoding RNAs during hematopoietic differentiation. (A) Cumulative distribution of
genes [long noncoding RNA (lncRNA)-encoding, up; protein-coding, down] with or without GATA1 binding at promoters. x axis, log10(P value), indicating the significance
of gene expression in MEP versus non-MEP cells; y axis, a cumulative distribution function (CDF) of lncRNAs (%) or messenger RNAs (mRNAs) (%). For both lncRNAs
and mRNAs, the lower log10(P value), which means the higher significance of preferential gene expression in MEP cells versus non-MEP cells, indicated the higher
GATA1 binding CDF. (B) Distribution of single cell RNA sequencing (scRNA-seq) reads across two MEP-specific lncRNAs (SHG3 and RP11-620J15.3) in MEP and other
cell types, and the histone modification marks in the same region. Top tracks are images from the IGV Browser depicting scRNA-seq signals as the density of mapped
scRNA-seq reads, and chromatin immunoprecipitation sequencing (ChIP-seq) signals as the density of processed signal enrichment of GATA1. Track 2 shows a lncRNA
transcript model. Tracks 3 to 7 represent scRNA-seq signals of two MEP-specific lncRNAs (SHG3 and RP11-620J15.3) in two single cells of each cell type including
MEP and others. Tracks 8 to 11 depict the ChIP-sequ signal for active histone modification marks (H3K79me2, H3K27Ac, and H3K4me2) and repressive histone
modification mark H3K27me3 in a human erythroleukemia cell line, K562. MEP: megakaryocyte-erythroid progenitor; ETP: earliest thymic progenitor; GMP: granulocyte-monocyte progenitor, ProB: pro-B cell; MLP: multilymphoid progenitor.

correlation. We attempted to computationally distinguish
lncRNA roles as primary and possibly regulatory from secondary and “epiphenomonal”. To this end, we first determined whether lncRNAs were preferentially expressed in
specific cell types; if so, their functions were postulated to
relate to lineage-specific protein-coding genes. We then
applied pseudotime ordering to reconstruct hematopoietic
differentiation in order to examine dynamic gene expression. HSCs are assumed to lose “stemness” and to progressively gain restricted lineage commitment gene expression
during differentiation. Indeed, we observed repression of
stemness genes and activation of the cell
proliferation/metabolism gene program, accompanied by
activation of specific-lineage genes and repression of alternative pathway of differentiation genes. By this analysis,
we defined lncRNAs that are coordinately expressed in
those gene modules and thus have a greater probability of
regulatory roles in lineage specification. Our data should
assist in narrowing the scope of future efforts including in
vitro perturbation and in vivo experiments to study functions of individual lncRNAs in hematopoiesis.
The highly ordered expression pattern of lncRNAs during hematopoiesis implies regulatory constraint. Our
analysis and earlier studies8,39,47 indicated that lncRNAs are
likely regulated by cell-type specific transcription factors.13,14,16 The observation that lncRNAs exhibited higher
expression variability than did mRNAs in the same regulatory program suggests more diverse and active expreshaematologica | 2019; 104(5)

sion of lncRNAs. lncRNAs exert regulatory roles transcriptionally and post-transcriptionally by a variety of mechanisms.1-6 These features of lncRNAs would make them
more dynamic participants in cell states and biological
processes, facilitating prompt adaptive responses to stimuli or perturbations, and add another layer of complexity
in gene expression regulation and cell fate decision.
Our data indicated considerable stage- and lineagespecificity of lncRNAs in human HSPCs and potential
engagement in early priming of cell fate, consistent with
tissue- and cell type-specificity observed in previous studies.5,7-9, 13-18 This conclusion was confirmed by extension to
an external independent scRNA-seq study of 1,034 sorted
single human HSPCs,45 and the reproducible lineage-specificity of 35 lncRNAs in both single cells and sorted bulk
samples by quantitative RT-PCR. lncRNAs often form secondary structures and there are sensitive, rapid, low-cost
methods readily available for lncRNA quantification, all of
which make lncRNAs promising biomarkers for disease
detection, diagnosis, and prognosis. One study based on
microarray assay of bone marrow mononuclear cells from
176 adult patients with MDS established a four-lncRNA
risk-scoring system that correlated with distinctive clinical
features, and was an independent prognostic factor for
survival and leukemia transformation.51 We also found
lncRNAs to be dysregulated in MDS cells, but due to the
limited number of patients, lncRNA signatures of MDS
patients in the current study should be interpreted with
903
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Figure 7. Long noncoding RNAs are differentially expressed in myelodysplastic syndrome cells and aneuploid cells. (A) A heatmap of long noncoding RNAs (lncRNAs)
differentially expressed in myelodysplastic syndrome (MDS) and healthy cells. (B) Pathway analysis of downregulated and upregulated lncRNAs. (C) A network of
downregulated lncRNAs with associated messenger RNAs (mRNAs) in different pathways. (D) A heatmap of lncRNAs differentially expressed in aneuploid cells compared with diploid cells. (E) Pathway analysis of downregulated and upregulated lncRNAs in aneuploid cells. (F) A network of downregulated lncRNAs with associated
mRNAs in immune-related and DNA damage response pathways. Mono7: monosomy 7.
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caution. Nevertheless, our results were in agreement with
reported microarray data from 183 MDS patients, which
related abnormal lncRNAs with gene expression, cancer,
and malignancy.52 Also, differentially expressed lncRNAs
in monosomy 7 cells were involved in similar pathways as
their mRNA counterparts in our previous study.31
Our results are not a complete profile of lncRNAs due to
several limitations, especially the use of only polyAenriched RNAs,8 and the limited cell numbers from a few
individuals due to the high cost of scRNA-seq.
Additionally, annotation of novel lncRNAs is context
dependent. We adopted commonly used pipelines,12-14,16-18
but annotation might vary using different algorithms.
Nevertheless, our work creates a model for future profiling of the repertoire of lncRNAs in other cell types.
Lineage signatures of lncRNAs are comparison-based, and
thus may vary when such comparisons are made among
different subsets. Others have categorized HSCs versus
cells of specific lineages and among differentiated cells or
distinct subsets.12-18 In contrast, we defined lncRNA signatures by making comparisons among subsets within a relatively homogeneous HSPC population, which may compromise our power to detect differences. Furthermore,
pseudotime ordering reconstructs the hematopoietic hierarchy based on bioinformatic analysis of transcriptome
similarity, and it has demonstrated high agreement with
purified cell compartments;44 however, dynamic gene
expression in hematopoiesis might be preferably assessed
in purified cell populations obtained after physical sorting
based on membrane proteins, including after induction of
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