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Long noncoding RNAs (IncRNAs) are differentially ex-
pressed under both normal and pathological conditions,
implying that they may play important biological func-
tions. Here we examined the expression of IncRNAs
during erythropoiesis and identified an erythroid-specific
IncRNA with anti-apoptotic activity. Inhibition of this
IncRNA blocks erythroid differentiation and promotes
apoptosis. Conversely, ectopic expression of this IncRNA
can inhibit apoptosis in mouse erythroid cells. This
IncRNA represses expression of Pycard, a proapoptotic
gene, explaining in part the inhibition of programmed cell
death. These findings reveal a novel layer of regulation of
cell differentiation and apoptosis by a IncRNA.
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Erythropoiesis is highly regulated to ensure the proper
generation of mature red blood cells needed under multi-
ple physiological conditions. Although the regulation of
erythropoiesis by transcription factors and microRNAs is
becoming well understood (Kerenyi and Orkin 2010; Zhao
et al. 2010), the modulation of red blood cell development
by long noncoding RNAs (IncRNAs) is still unknown.
IncRNAs are RNA transcripts that are longer than 200
nucleotides (nt) and do not have functional protein-coding
capacity. Transcriptomic studies indicated that IncRNAs
constitute a significant fraction of the mammalian tran-
scriptome (Carninci et al. 2005; Harrow et al. 2006; Amaral
et al. 2008). Interestingly, many IncRNAs are differentially
expressed in different tissues and under various develop-
mental and pathological conditions (Guttman et al. 2009;
Ponting et al. 2009; Cabili et al. 2011; Wapinski and Chang
2011), suggesting that these RNA transcripts may play
important biological roles. Indeed, IncRNAs are involved
in various biological processes, such as X-chromosome
inactivation (Payer and Lee 2008), genomic imprinting

[Keywords: long noncoding RNA; erythroid terminal differentiation;
apoptosis]

“Present address: Division of Molecular Medicine and Gene Therapy,
Lund University, BMC A12, 221 84 Lund, Sweden.

®Corresponding author.

E-mail lodish@wi.mit.edu.

Article published online ahead of print. Article and publication date are
online at http://www.genesdev.org/cgi/doi/10.1101/gad.178780.111.

(Koerner et al. 2009), p53 signal pathway (Huarte et al.
2010), cancer metastasis (Gupta et al. 2010), development
(Rinn et al. 2007}, maintenance of pluripotency of stem cells
(Guttman et al. 2011), reprogramming of somatic cells
(Loewer et al. 2010), etc. Interestingly, mechanistic studies
revealed that unlike small RNAs, such as microRNAs,
IncRNAs can regulate gene expression via diverse mech-
anisms (for review, see Hung and Chang 2010), such as
chromatin modification, enhancing transcription, and pro-
moting mRNA degradation. Collectively, these observa-
tions revealed that IncRNAs are a novel class of regulatory
factors in modulating gene expression under various bi-
ological processes.

From embryonic day 12 (E12) to E16, mouse fetal liver
serves as the primary erythropoietic site for the embryo:
Cells of the erythroid lineage comprise >90% of total fetal
liver cells. Using murine fetal liver cells, our laboratory
previously developed a series of methods to monitor
erythroid differentiation both in vivo and in vitro and
purify large quantities of primary erythroid progenitors
(burst-forming unit erythroids [BFU-Es| and colony-form-
ing unit erythroids [CFU-Es]) to high purity (Zhang et al.
2003; Ji et al. 2008; Flygare et al. 2011). Furthermore, our
culture system for primary mouse fetal liver cells recapit-
ulates erythroid development in vivo (Zhang et al. 2003; Ji
et al. 2008). Thus, we have an excellent system to identify
and functionally characterize IncRNAs in erythropoiesis.

Here we examined the expression of IncRNAs during
erythropoiesis. We observed that >400 putative IncRNAs
are differentially expressed during this important develop-
mental process. We functionally characterized an erythroid-
specific long intergenic noncoding RNA (lincRNA), which
we named LincRNA erythroid prosurvival (LincRNA-EPS).
LincRNA-EPS is highly induced during the terminal differ-
entiation of erythroid cells. Knocking down this lincRNA
inhibits differentiation and promotes apoptosis. Con-
versely, ectopic expression of this lincRNA can prevent
apoptosis in mouse erythroid cells. We observed that this
lincRNA can repress many apoptotic genes, and among
these genes, Pycard, a proapoptotic gene, has a functional
link to LincRNA-EPS. Altogether, these results revealed
a novel layer of regulation of erythroid cell differentiation
and apoptosis by a lincRNA.

Results and Discussion

Identification of IncRNAs expressed
during erythropoiesis

We identified >400 putative IncRNAs that are expressed
during mouse erythropoiesis through an RNA-seq analy-
sis (Supplemental Fig. S1). Specifically, a list of IncRNAs
was obtained from the NCode noncoding RNA arrays
(Invitrogen) that contain 10,802 putative IncRNAs (Sup-
plemental Table S1). To determine the expression of each
of these putative IncRNAs during erythropoiesis, we ex-
amined the transcriptomic data from next-generation
sequencing on polyadenylated RNAs from purified mouse
fetal liver BFU-Es, CFU-Es, and Ter119" cells; these rep-
resent three key developmental stages of erythropoiesis
(Lodish et al. 2010). IncRNAs with similar expression
patterns in these three types of cells were clustered to-
gether (Supplemental Fig. S1). During erythropoiesis, there
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are 163 putative IncRNAs that have a gradual increase in
expression and 42 putative IncRNAs that have a gradual
decrease in expression. The other lincRNAs had a fluctu-
ating expression pattern. In total, we observed that 427
putative IncRNAs are expressed during this developmen-
tal process (Supplemental Table S2).

Here we focused on the group of IncRNAs that undergo
a large increase in expression from CFU-Es to Ter119*
differentiated erythroblasts, since this expression pattern
suggests that they may regulate the terminal differenti-
ation of erythroid cells. We used several criteria to choose
the IncRNAs for detailed characterization. First, we fo-
cused on IncRNAs that have high absolute expression
levels in Ter1197 cells and that show the greatest increase
in expression during terminal erythropoiesis. Second, we
avoided IncRNAs that overlap with known genes (includ-
ing introns and untranslated regions [UTRs]) in the mouse
genome. Eventually, we focused on one top candidate
intergenic IncRNA, named LincRNA erythroid prosur-
vival (LincRNA-EPS), because it is highly specific to
terminal differentiating erythroid cells and has potent
anti-apoptotic activity (see below).

Molecular and cellular characterization
of LincRNA-EPS

To determine the complete molecular structure of Linc
RNA-EPS, we performed 5’ and 3’ rapid amplification of
cDNA ends (RACE) to characterize the very 5’ and 3’ ends
of this RNA transcript (Supplemental Fig. S2A,B). Using
the sequence information from these two ends, we cloned
the processed full-length LincRNA-EPS transcript. Se-
quence analysis indicated that LincRNA-EPS is a 2531-nt
transcript with four exons and three introns (Supplemen-
tal Fig. S2C). The 5’ end cap structure, as indicated by the
5'RLM-RACE, and the 3’ end poly(A) tail, as implied by
the 3'RACE, indicate that LincRNA-EPS is a Polll tran-
script. To test that the full-length transcript we obtained
is truly a single transcript, we performed RT-PCR using
primer sets targeting its 5’ end and 3’ end (Supplemental
Fig. S2D). Both PCR products were strongly detected in
terminal differentiating erythroid cells (Ter119" cells) and
were barely detectable in erythroid progenitors (Ter119~
cells) (Supplemental Fig. S2D). This result is consistent
with the notion that the cloned full-length lincRNA-EPS is
truly a single transcript.

To determine the cellular localization of LincRNA-EPS,
we fractionated mouse fetal liver Ter119* cells into nuclear
and cytoplasmic fractions. We can cleanly separate nucleus
from cytoplasm, as indicated by the results showing that
GAPDH protein was exclusively detected in the cytoplas-
mic fraction, while the nucleus-retained 47S pre-rRNA was
predominantly found in the nuclear fraction (Supplemental
Fig. S3BA). RT-PCR analysis revealed that LincRNA-EPS
was predominantly detected in the nuclear fraction (Sup-
plemental Fig. S3A,B).

Expression pattern of LincRNA-EPS

RNA-seq results indicated that LincRNA-EPS is highly
induced in terminally differentiating erythroblasts (Supple-
mental Fig. S6A). Interestingly, real-time RT-PCR analysis
revealed that LincRNA-EPS is enriched in hematopoietic
organs, such as spleen, bone marrow, and fetal liver cells,
among all mouse organs and cells tested (Supplemental Fig.
S6B). In addition, fractionation of total bone marrow cells
or fetal liver cells using different cell lineage surface
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markers followed by real-time RT-PCR revealed that
LincRNA-EPS is highly specific to terminal differentiating
erythroid cells compared with terminally differentiated
cells of other hematopoietic lineages in both bone marrow
and fetal liver cells (Fig. 1A,B). To further determine when
LincRNA-EPS is induced during erythropoiesis, we frac-
tionated total fetal liver cells into five different fractions
(R1-R5) based on expression of CD71 and Ter119 (Fig. 1C).
CFU-E progenitors are predominantly in the R1 and R2
fractions, and differentiating erythroblasts fall in the R3-R5
windows (Zhang et al. 2003). Real-time RT-PCR revealed
that LincRNA-EPS is dramatically induced during the tran-
sition from R2 to R3 (Fig. 1C), which corresponds to the
transition from CFU-Es to Ter119" cells (Zhang et al. 2003;
Flygare et al. 2011); during this transition, hemoglobins
and many other erythroid-important genes are induced
(Hattangadi et al. 2010). This expression pattern strongly
suggests that LincRNA-EPS plays an important role during
the terminal differentiation of erythroid cells.

Inhibition of LincRNA-EPS blocks differentiation
and promotes apoptosis

Loss-of-function studies revealed that inhibition of
LincRNA-EPS induction results in apoptosis and blockage
of proliferation of erythroid progenitors. We employed
lineage-negative (Lin~) fetal liver cells, highly enriched for
erythroid progenitors (Flygare et al. 2011), and inhibited
LincRNA-EPS induction by retroviral transduction of
shRNA-expressing vectors. Progenitors were first cultured
for 24 h in maintenance medium to allow the expression of
shRNAs and then switched to medium containing eryth-
ropoietin (Epo), which induces their differentiation into
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Figure 1. LincRNA-EPS is highly specific to the terminal differen-
tiating erythroid cells. Total nucleated mouse bone marrow cells (A)
or fetal liver cells (B) were fractionated into erythroid cells (Ter119%),
granulocytes (Gr-1*), monocytes (Mac-1%), B cells (B220%), T cells
(CD3*), and lineage-depleted cells (Lin~) using antibodies to cell
surface antigens and magnetic-assisted cell sorting (MACS), followed
by total RNA extraction, reverse transcription, and quantitative PCR.
The level of LincRNA-EPS in each fraction was normalized to that
of 185 rRNA, and the normalized LincRNA-EPS level in Ter119*
erythroid cells was set as 1. (C) Total mouse fetal (E14.5) liver cells
were fractionated into R1-R5 based on the expression levels of Ter119
and CD71; cells in each fraction were collected by fluorescence-
activated cell sorting (FACS). Then, LincRNA-EPS levels were quan-
tified by real-time RT-PCR and normalized to 18S rRNA; the
normalized LincRNA-EPS level in R1 was set as 1. This quantifica-
tion was based on three independent experiments, with the mean and
the standard error of the mean indicated on the panels.
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mature erythrocytes (Lodish et al. 2010). The 24-h incuba- LincRNA-EPS regulates erythroid cell proliferation, we
tion in maintenance medium does not result in changes in performed cell cycle analysis. Compared with the control
the apoptotic states of the transduced cells (Supplemental cells, LincRNA-EPS knockdown cells are enriched in the
Fig. S7). These shRNAs inhibit the induction of LincRNA- G1 phase and, importantly, a significant fraction of these
EPS by 40%-50% (Fig. 2A). Knocking down LincRNA-EPS cells are in the sub-G1 population (Fig. 2C), suggesting that
strongly inhibited the proliferation of erythroid cells during they are undergoing apoptosis and/or necrosis.

their terminal differentiation (Fig. 2B). To determine how We used three independent approaches to confirm the
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Figure 2. Inhibition of LincRNA-EPS leads to apoptosis during terminal differentiation of
erythroid cells. (A) LincRNA-EPS was knocked down by shRNAs encoded by retroviral vectors.
Mouse fetal liver Lin~ cells were transduced by retroviral vectors and cultured in maintenance
medium for 24 h to allow shRNA expression and then switched to differentiation medium. The
LincRNA-EPS level was determined on transduced cells (GFP*) at 24 h in differentiation medium
by real-time RT-PCR and normalized to the level of 18S rRNA; the normalized LincRNA-EPS
level in mock-treated cells was set as 1. shRNA1 and shRNA2 target different regions on
LincRNA-EPS, and shRNA targeted to firefly luciferase was used as an shRNA control. (B)
Growth curves of Lin~ cells mock-treated or transduced by vector control, shRNA control,
LincRNA-EPS shRNA1, or LincRNA-EPS shRNA2. The cell number at each time point is the
average of three measurements. The cell cycle status (C) and apoptotic status determined by
Annexin-V staining (D), caspase3 activity measurement (E), and TUNEL assay (F) were measured
by flow cytometry at 24 h in differentiation medium. The DNA content in the cell cycle analysis
(C) and TUNEL assay (F) was determined by Hoechst33342 and propidium iodide staining,
respectively. The apoptosis analyses shown here are representative of three independent
experiments.

increased apoptotic state in LincRNA-
EPS knockdown cells (Supplemental
Fig. S8). First, LincRNA-EPS knock-
down cells have an increased fraction
of Annexin-V-positive cells (Fig. 2D).
Second, caspase 3 activity increased
when LincRNA-EPS induction was
inhibited (Fig. 2E). Third, the level
of an important apoptotic marker,
3'-hydroxyl ends of DNA, was sig-
nificantly higher in LincRNA-EPS
knockdown cells compared with the
controls, as determined by the termi-
nal transferase dUTP nick end-labeling
(TUNEL) assay (Fig. 2F). Thus, inhibi-
tion of LincRNA-EPS results in apopto-
sis of erythroid progenitors (Supplemen-
tal Fig. S8B). Consequently, subsequent
erythroid terminal differentiation and
enucleation were severely blocked in
LincRNA-EPS knockdown cells (Sup-
plemental Fig. S9). Collectively, these
results indicate that LincRNA-EPS plays
an anti-apoptotic role during erythroid
terminal differentiation.

Ectopic expression of LincRNA-EPS
in erythroid progenitor cells can
protect them from apoptosis caused
by Epo deprivation

Epo is an essential cytokine for the
terminal differentiation of erythroid
cells; it prevents erythroid progenitors
from undergoing apoptosis and pro-
motes their proliferation and termi-
nal differentiation (Wojchowski et al.
2010). The time frame of LincRNA-
EPS induction—at the transition from
Ter119~ to Ter119" cells—correlates
well with the time window at which
Epo exerts its biological function, sug-
gesting that LincRNA-EPS’s anti-apo-
ptotic ability could contribute to cell
survival mediated by Epo.

To determine whether LincRNA-
EPS is involved in the cell survival
pathway mediated by Epo, we expressed
LincRNA-EPS in fetal liver Lin~ cells by
retroviral transduction (Fig. 3A), and
then cultured these transduced cells in
maintenance medium that does not
contain Epo. The level of the expressed
LincRNA-EPS was less than that in
normal Ter-119* erythroblasts and thus
is within a physiological range (Fig. 3A).
As expected, most erythroid progenitors
undergo apoptosis after 40-48 h of Epo
starvation (Fig. 3C-E, top panels),

GENES & DEVELOPMENT 2575



Hu et al.

>
w

B3 Ter119+
B Vector
M LincRNA-EPS

g 8
g

]
2
5 =
@ 2
4 g
u a0 <
< 2
. 60| E 1
g o
= 2
o k-4
2 ]
£ e
]
& o 0.1
Vector  LincRNA-EPS  Ter119+ alpha-hemoglobin  beta-hemoglobin
C D E
Vector Vector Vector
L fesen | ssev| . (0.00% 0.00%]
'y 1
1 &

Annexin-V
T

Autofluorescence
TUNEL

e ] =
L 1 N (i | Sl 31

I w0 oW W wt ot 2408
7-AAD Caspase 3 activity

DNA Amount
LincRNA-EPS

LincRNA-EPS LincRNA-EPS

0.97% . {0.00% 0.00%

Annexin-V/

|
Autofluorescence
TUNEL

0.00% * s A7.79%

7-AAD Caspase 3 activity DNA Amount

Figure 3. Ectopic expression of LincRNA-EPS protects mouse ery-
throid progenitors from apoptosis induced by Epo deprivation. Lin~
mouse fetal liver cells were transduced by retroviral vectors and
maintained in maintenance medium for 40-48 h. The LincRNA-EPS
levels (A) and hemoglobin mRNAs level (B) in transduced (GFP?) cells
were quantified by real-time RT-PCR and normalized to 18S rRNA;
the RNA level in the empty vector transduced cells was set as 1.
Ter119* cells were isolated by MACS from total nucleated fetal liver
cells. Cell apoptosis was assayed by flow cytometry using Annexin-V
staining (C), caspase 3 activity staining (D), and TUNEL assay (E). The
top panels indicate the apoptotic state in the empty vector transduced
Lin~ cells, and the bottom panels indicate the apoptotic state in Lin~
cells ectopically expressing LincRNA-EPS. The apoptosis analyses
shown here are representative of three independent experiments.

as measured by Annexin-V binding, caspase 3 activation,
and TUNEL assay, respectively. Dramatically, ectopic
expression of LincRNA-EPS protects erythroid progenitor
cells from apoptosis (Supplemental Fig. S10), as evidenced
by the decreased percentage of Annexin-V-positive cells
(Fig. 3C), lower caspase 3 activity (Fig. 3D), and a dramat-
ically reduced TUNEL signal (Fig. 3E) compared with cells
transduced by an empty retroviral vector (Supplemental
Fig. S10B). Annexin-V and 7-aminoactinomycin D (7-AAD)
double-positive cells represent those in a late apoptotic
state, and their level was significantly reduced following
LincRNA-EPS ectopic expression (Supplemental Fig. S10B).
Consistent with the anti-apoptosis phenotype conferred
by LincRNA-EPS, following LincRNA-EPS ectopic expres-
sion, more cells become localized in the S and G2/M phases
of the cell cycle (Supplemental Fig. S11A) and undergo some
proliferation (Supplemental Fig. S11B). Ectopic expression
of LincRNA-EPS did not induce terminal differentiation
of erythroid cells, as determined by the low hemoglobin
mRNA levels in the transduced cells compared with ter-
minal differentiating Ter119" erythroblast cells (Fig. 3B).
Taken together, these data demonstrate that LincRNA-
EPS possesses a potent anti-apoptotic activity.

To determine which region of LincRNA-EPS mediates
the anti-apoptotic activity, we performed a structure-func-
tion analysis. Specifically, we made a series of LincRNA-
EPS truncations from either its 5’ end or 3’ end (Supple-
mental Fig. S12A) and then transduced each of them into
Lin~ fetal liver cells. The apoptotic state of the transduced
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cells was determined by Annexin-V and 7-AAD staining
after Epo starvation for 40 h. All of the LincRNA-EPS 5’
end truncations retained anti-apoptotic activity at the
wild-type level (Supplemental Fig. S12B-E J-L), while trun-
cations from the 3’ end of LincRNA-EPS severely abol-
ished this activity (Supplementl Fig. S12F-1J-L). Thus, the
500 nt at the 3’ end of LincRNA-EPS, which lacks any
OREF, is sufficient for the anti-apoptotic activity.

There is a functional link between
LincRNA-EPS and Pycard

To obtain mechanistic insights on how LincRNA-EPS
inhibits apoptosis, we used microarray analysis to profile
gene expression in Lin~ cells ectopically expressing
LincRNA-EPS. Many genes involved in apoptosis, as de-
fined by gene ontology (see the Supplemental Material),
were repressed when LincRNA-EPS was ectopically ex-
pressed (Supplemental Fig. S13). This observation was
further verified by real-time RT-PCR on 27 selected
apoptotic genes that are expressed during erythropoiesis
(Supplemental Fig. S14). Among these genes, Cideb and
Pycard have the most dramatic repression upon LincRNA-
EPS expression. We focused on Pycard because it has much
higher absolute expression level than does Cideb (Supple-
mental Fig. S14B). Pycard is a proapoptotic gene encoding
an adaptor protein that can activate caspase in apoptosis
(Ohtsuka et al. 2004). Several lines of evidence suggest that
Pycard is one target of LincRNA-EPS. First, Pycard was
dramatically repressed following LincRNA-EPS ectopic
expression (Fig. 4A; Supplemental Fig. S14). Second, the
expression of Pycard during normal erythropoiesis is in-
versely correlated with that of LincRNA-EPS (Fig. 1C vs.
Fig. 4B). Third, Pycard overexpression results in similar
phenotypes on erythroid terminal differentiation, as does
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Figure 4. Pycard is one functional target of LincRNA-EPS. (A)
Relative Pycard mRNA level in Lin~ cells transduced by the empty
vector or the vector with LincRNA-EPS and cultured in maintenance
medium. (B) Expression pattern of Pycard mRNA in R1-R5 fetal liver
cells. The mRNA level was normalized to 18S rRNA, and the
normalized mRNA level in R1 was set as 1. (C-E) Apoptotic state
of 40-h Epo-starved Lin~ cells doubly transduced with LincRNA-EPS
ectopically expressed from a GFP-containing vector and Pycard over-
expressed from a DsRed-expressing vector. The apoptosis analyses
shown here are representative of three independent experiments.



inhibition of LincRNA-EPS induction (Supplemental Fig.
S15). Specially, overexpression of Pycard inhibits the pro-
liferation of erythroid cells (Supplemental Fig. S15B),
promotes their apoptosis (Supplemental Fig. S15C), and
interferes with their terminal differentiation and enucle-
ation (Supplemental Fig. S15D,E). Moreover, knocking
down Pycard in Epo-deprived erythroid progenitors by
shRNA mimics the anti-apoptotic phenotype conferred
by LincRNA-EPS ectopic expression, as indicated by the
reduction of late apoptotic cells (Supplemental Fig. S16).
Conversely, overexpression of Pycard suppresses the anti-
apoptotic phenotype mediated by ectopic expression of
LincRNA-EPS (Fig. 4C-E; Supplemental Fig. S17). In this
experiment, we transduced erythroid progenitors with
two retroviral vectors, which express LincRNA-EPS and
Pycard, respectively, and then cultured them in mainte-
nance medium without Epo. The double-transduced cells
could be identified by the GFP and the DsRed marker
proteins expressed by these vectors, and their apoptotic
state was monitored by flow cytometry using Annexin-V
and 7-AAD staining. The GFP and DsRed double-positive
cells are biased toward live cells, as indicated by the
different percentage of apoptotic cells in the two empty
vector controls compared with the single GFP transduced
cells (Fig. 4, D vs. C). Nonetheless, ectopic expression of
LincRNA-EPS along with an empty DsRed vector clearly
reduced the number of Annexin-V*/7-AAD™ apoptotic
cells. In contrast, ectopic expression of LincRNA-EPS
along with Pycard restored the apoptotic state to the level
of that of the control cells (two empty vectors) (Fig. 4, E
vs. C). Thus, there is a functional link between LincRNA-
EPS and Pycard in regulating apoptosis of Epo-deprived
progenitor cells. Collectively, these results indicate that
LincRNA-EPS modulates apoptosis at least in part
through repressing Pycard expression.

In sum, we identified a bona fide long noncoding
transcript highly specific to terminal differentiating ery-
throid cells. Functional characterization indicates that the
LincRNA-EPS is required for the terminal differentiation
of erythroid cells by inhibiting apoptosis. Mechanistic
studies suggest that the anti-death ability of LincRNA-
EPS is mediated in part through repressing Pycard.

Regulation of apoptosis is essential for erythropoiesis and
many other developmental processes (Testa 2004). Our
finding of an anti-apoptotic IncRNA reveals a novel layer
of modulation of the tightly controlled cell death program
that is required for the proper generation of mature red
blood cells in response to various physiological and patho-
logical stimuli. It will be of great interest to explore how
this IncRNA-mediated anti-apoptotic activity is integrated
into other regulatory networks that are essential for eryth-
ropoiesis. Unlike small noncoding RNAs, IncRNAs regu-
late gene expression via diverse mechanisms (Hung and
Chang 2010). The nuclear localization of LincRNA-EPS
suggests that it regulates gene expression via modulating
certain nuclear events, such as epigenetic modifications,
transcription, or mRNA splicing. One hypothesis is that,
like other IncRNAs (Guttman et al. 2011), LincRNA-EPS
associates with chromatin modifiers to repress the tran-
scription of Pycard and perhaps other genes whose
encoded proteins promote cell apoptosis. Future identi-
fication of protein factors associated with LincRNA-EPS
will test this hypothesis. In addition, it will be of great
interest to identify the LincRNA-EPS homolog in humans.
Although some IncRNAs are evolutionarily conserved,

IncRNA in erythropoiesis

unlike most protein-coding genes, many IncRNA homo-
logs, such as Xist, are not conserved in primary sequences
in different species (Pang et al. 2006). Thus, poorly con-
served sequence information cannot guarantee the ab-
sence of homologs in different species. Although it may
not be surprising that humans may have a LincRNA-EPS
homolog, improved computational methods and/or exper-
imental approaches are needed to identify it. Finally, our
studies revealed that in addition to transcriptional fac-
tors and microRNAs, IncRNAs also play an important
role during erythropoiesis.

Materials and methods

Plasmids and oligonucleotides

The plasmids and oligonucleotides used in this study are listed in Sup-
plemental Table S3.

Cell culture

293T cells for retroviral packing were maintained in Dulbecco’s modified
Eagle medium containing 10% fetal bovine serum (FBS) (Invitrogen). The
maintenance medium for primary mouse fetal liver erythroid progenitors
was StemSpan-SFEM (StemCell Technologies) medium containing 100ng/
mL recombinant mouse stem cell factor (Amgen), and the maintenance
medium for 40 ng/mL recombinant liver erythroid progenitors was Iscove
modified Dulbecco’s medium containing 15% FBS (StemCell Technolo-
gies), 1% detoxified bovine serum albumin (BSA) (StemCell Technolo-
gies), 250 pg/mL holo-transferrin (Sigma-Aldrich), 2 U/mL Epo (Amgen),
10 pg/mL recombinant human insulin (Sigma-Aldrich), and 2 mM
L-glutamine (Invitrogen). All of the cells used in this study were cultured
at 37°C with 5% CO,. Jurkat cells were maintained in RPMI-1640 medium
supplemented with 10% FBS.

Isolation of erythroid progenitors from primary
mouse fetal liver cells

Total fetal liver cells were obtained from E14.5 C57BL/6 mouse embryos.
The procedure for isolating mouse erythroid progenitor cells was de-
scribed previously (Zhang et al. 2003; Hattangadi et al. 2010).

Retroviral transduction

Isolated erythroid progenitors were transduced by MSCV-based retrovi-
ruses using the protocols described in Hattangadi et al. (2010).

RNA analysis

Total RNA was extracted from cells using the miRNeasy kit (Qiagen),
including the DNase I (Qiagen) on-column digestion, and then cDNAs were
synthesized using the SuperScript II reverse transcriptase (Invitrogen) with
random primers. Real-time PCR was performed on an ABI Prism 7900
sequence detection system using SYBR Green PCR Master Mix (Applied
Biosystems). The 18S rRNA level was used for normalization. 5’ RLM-RACE
and 3'RACE were performed using the protocols provided in the FirstChoice
RLM-RACE kit (Ambion). The nucleus and cytoplasm fractionation was
performed using the protocols detailed in the PARIS kit from Ambion.

Codon usage frequency analysis

The codon usage frequencies of the four putative ORFs on LincRNA-EPS
were calculated and compared with those of all known mouse protein-coding
genes by the Graphical Codon Usage Analyzer (http://gcua.schoedl.de).

Flow cytometry analysis of erythroid differentiation
and enucleation

In all of the flow cytometry experiments, we gated on transduced cells,
defined as GFP* and/or RFP* population, for phenotypic analysis. Pro-
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cedures for immunostaining and flow cytometry analysis of erythroid
differentiation and enucleation were described previously (Ji et al. 2008;
Hattangadi et al. 2010).

Apoptosis assays

All apoptosis assays were performed using flow cytometry on a BD LSRII
flow cytometer. Annexin-V and 7-AAD/PI staining was performed using
the Annexin-V Apoptosis Detection kit I (BD Pharmingen). Annexin-V
was conjugated with either phycoerythrin (PE) or Pacific Blue. Caspase 3
activity was detected using the Caspase-3 Detection kit (Red-DEVD-FMK)
(EMD4Biosciences). TUNEL assay was performed using the FlowTACS
Flow Cytometry Apoptosis Detection kit (R&D Systems).

Cell cycle analysis

Cell cycle analysis was performed following Hoechest 33342 staining in
living cells. Specifically, Hoechst 33342 was added to the cell culture
medium at a final concentration of 10 ug/mL. Cells were incubated for 30
min at 37°C, and then the cellular DNA amount was determined by flow
cytometry (Belloc et al. 1994).

Microarray analysis

Total RNA was extracted from vector and LincRNA-EPS transduced
erythroid progenitor cells (sorted as GFP-positive cells), respectively.
The quality of the RNA sample was determined by a 2100 Bioanalyzer
(Agilent Technologies). The Aligent 8X66K multiplex array was used for
the analysis. Reverse transcription, labeling, and hybridization were
performed by the Genome Technology Core at the Whitehead Institute
using the protocols as detailed in Hattangadi et al. (2010).

Microarray data were analyzed using the limma package from Bio-
conductor. A loess method was used to make intensities consistent within
each array, and a quantile method was applied to achieve consistency
between arrays. Differential expression was determined by a moderated
t-test with limma and corrected for false discovery rate. The microarray
analysis data have been deposited at the National Center for Biotechnology
Information Gene Expression Omnibus (repository number GSE30279).
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