Lo L

P

1\

BN AN PNAS D

A GATA-1-regulated microRNA locus essential

for erythropoiesis

Louis C. Dore**, Julio D. Amigo*, Camila O. dos Santos*, Zhe Zhang$, Xiaowu Gai$, John W. Tobias", Duonan Yu*,
Alyssa M. Klein*, Christine Dormanl, Weisheng Wul, Ross C. Hardisonl, Barry H. Paw***, and Mitchell J. Weiss***

*Division of Hematology, Children’s Hospital of Philadelphia and The University of Pennsylvania School of Medicine, Philadelphia, PA 19104; *Division of
Hematology, Department of Medicine, Brigham and Women'’s Hospital, Harvard Medical School, Boston, MA 02115; SCenter for Biomedical Informatics,
Children’s Hospital of Philadelphia, Philadelphia, PA 19104; TPenn Bioinformatics Core, University of Pennsylvania, Philadelphia, PA 19104; and |Center
for Comparative Genomics and Bioinformatics, Department of Biochemistry and Molecular Biology, Pennsylvania State University,

University Park, PA 16802

Communicated by David Ginsburg, University of Michigan Medical School, Ann Arbor, MI, January 4, 2008 (received for review October 18, 2007)

MicroRNAs (miRNAs) control tissue development, but their mech-
anism of regulation is not well understood. We used a gene
complementation strategy combined with microarray screening to
identify miRNAs involved in the formation of erythroid (red blood)
cells. Two conserved miRNAs, miR 144 and miR 451, emerged as
direct targets of the critical hematopoietic transcription factor
GATA-1. In vivo, GATA-1 binds a distal upstream regulatory ele-
ment to activate RNA polymerase Ill-mediated transcription of a
single common precursor RNA (pri-miRNA) encoding both mature
miRNAs. Zebrafish embryos depleted of miR 451 by using antisense
morpholinos form erythroid precursors, but their development
into mature circulating red blood cells is strongly and specifically
impaired. These results reveal a miRNA locus that is required for
erythropoiesis and uncover a new regulatory axis through which
GATA-1 controls this process.
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he development of mature tissues from undifferentiated

stem cells and progenitors is regulated by nuclear proteins,
which coordinate lineage-specific programs of gene expression.
GATA-1 is a hematopoietic transcription factor essential for the
formation of platelets, eosinophils, mast cells, and erythrocytes
(red blood cells) (reviewed in ref. 1 and 2). Mice lacking
GATA-1 die of severe anemia during embryonic development
(3). In addition, several human disorders are caused by muta-
tions in the X chromosome-linked GATAI gene (reviewed in ref.
2). For example, germ-line GATAI mutations cause inherited
anemias and thrombocytopenias, and somatic GATA mutations
contribute to the development of acute megakaryoblastic leu-
kemia (M7 AML) in children with trisomy 21 (Down syndrome).
These studies establish roles for GATA-1 in normal and malig-
nant hematopoiesis.

Gene ablation in mice and zebrafish has demonstrated that
GATA-1 acts at unique stages in the development of specific
lineages (4-8). Without GATA-1, lineage-committed erythroid
precursors form but undergo developmental arrest and apopto-
sis. GATA-1 coordinates erythropoiesis by activating and re-
pressing genes involved in cell division, apoptosis, and terminal
maturation (9). Numerous erythroid genes are regulated directly
by GATA-1 in combination with other lineage-specific and
general transcription factors (reviewed in ref. 1). In turn, these
actions initiate indirect genetic cascades that are less well
defined.

One recently discovered mechanism through which lineage-
specific transcription factors regulate tissue development is via
microRNAs (miRNAs), a class of small (=22 bp) noncoding
RNAs that modulate the expression of protein-encoding mR-
NAs (10-12). MiRNAs bind complementary sequences in the 3’
untranslated region (UTR) of target mRNAs to induce nucleo-
lytic degradation and/or inhibit translation. MiRNAs are con-
served in evolution and function in the development of most or
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all vertebrate tissues, including hematopoiesis (13). During
erythropoiesis, numerous miRNAs are induced or repressed, but
little is known about their in vivo function or regulation (14-16).
We discovered a GATA-1-regulated miRNA locus that is es-
sential for erythropoiesis, thereby identifying a new regulatory
hierarchy through which a lineage-specific transcription factor
regulates tissue development.

Results and Discussion

Identification of a GATA-1-Regulated miRNA Locus. To search for
GATA-1-regulated erythroid miRNAs, we used the Gata-1~
erythroblast line G1E (17). These cells proliferate in culture as
immature erythroid precursors and undergo terminal matura-
tion when GATA-1 activity is restored. GIE-ER4 is a subline
stably expressing an estrogen-activated form of GATA-1
(GATA-1 fused to the ligand-binding domain of the estrogen
receptor) (18). Treatment of G1E-ER4 cells with estradiol
induces a GATA-1-regulated program of gene expression with
concomitant cellular maturation (9). We used a microarray to
evaluate the expression of 292 different miRNAs in G1E-ER4
cells at 0 versus 24 h after GATA-1 activation (19). Eleven
miRNAs were altered by at least two-fold during GATA-1-
mediated erythroid maturation [supporting information (SI)
Table 1]. All of these miRNAs were induced, consistent with
findings that miRNA expression is generally higher in differen-
tiated tissues (15). We focused on miR 144 and miR 451, which
exhibited the strongest changes in expression (miRBase acces-
sion numbers MIMAT(0000156 and MIMAT0001632) (20).
Northern blots confirmed that these miRNAs were strongly
induced by GATA-1 in G1E cells (Fig. 14). MiR 144 and miR 451
were up-regulated during induction of erythroid maturation of
human CD347 cells and murine erythroleukemia (MEL) cells
(SI Fig. 6 and data not shown) (14, 16, 21, 22). Analysis of
multiple mouse tissues showed that miR 144 and miR 451 were
most highly expressed in blood (Fig. 1B), consistent with previ-
ous reports that miR 451 is present in human erythrocytes (23)
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Fig. 1. MIiRNAs 144 and 451 are abundant in erythroid tissues and GATA-1-
regulated. (A) Northern blot showing induction of miR 144 (Top) and miR 451
(Middle) after activation of a GATA-1-estrogen receptor fusion protein in
G1E-ER4 murine erythroblasts. Five micrograms of total cellular RNA was
analyzed in each lane. (Bottom) Ethidium bromide staining of 5.85 and 5S
rRNAs used as a loading control. (B) Multitissue Northern blot of miR 144 and
miR 451 expression in mice. MiR 194, which is expressed in nonhematopoietic
tissues, was examined as a control. Five micrograms of total cellular RNAs from
the following murine tissues were analyzed: Bl, whole blood; Br, brain; Ht,
heart; Kn, kidney; Lv, liver; Lg, lung; Mu, muscle; Sp, spleen; Te, testes. (C)
Splenocytes were fractionated according to expression of the erythroid-
specific surface antigen Ter119 and analyzed for miR 451 expression by
Northern blotting. The third lane labeled “’oligo” represents 0.1 pmol of a miR
451"sense’ DNA oligonucleotide used as a hybridization control. (D) Expres-
sion of miR 451 and miR 144 in zebrafish embryos at 26 hpf. Wild-type and
gata-1- (vlad tepes) embryos were analyzed by WISH by using miR 144 and
miR 451 probes. Expression of both miRNAs was observed in the blood island
of the ICM, shown in the boxed regions. Higher-magnification views of the
ICM (arrow) are displayed in the Insets. Expression of miR 451 and miR 144 is
markedly reduced in the ICM of viad tepes embryos.

and in circulating blood of zebrafish (24). In mouse spleen, miR
144 and miR 451 were highly enriched in cells expressing Ter119,
an erythroid-specific maturation marker (Fig. 1C and data not
shown). Cultured megakaryocytes expressed ~20-fold less ma-
ture miR 451 compared with Ter119* erythroid cells (data not
shown). Our findings, combined with the work of others, indicate
that expression of miR 451 is largely restricted to the erythroid
lineage.

In zebrafish whole-mount in situ hybridization (WISH) stud-
ies, miR 451 and miR 144 were detected exclusively in the
developing blood island of the intermediate cell mass (ICM) in
a pattern identical to that of gata-1 (Fig. 1D). The onset of miR
451 and miR 144 expression was first detected at the 18-somite
stage with increasing expression until 26 h postfertilization (hpf),
whereas gata-1 expression was initiated slightly earlier, at the
5-somite stage (SI Fig. 7). Expression of miR 144 and miR 451
was greatly reduced in the gata-1-deficient zebrafish mutant viad
tepes (Fig. 1D and SI Fig. 7) (8). Together, data from multiple
species demonstrate that the miR 144/451 locus is specifically
activated during erythroid maturation in a GATA-1-dependent
manner.

MiR 144 and miR 451 are encoded ~100 bp apart on mouse
chromosome 11 and are highly conserved in evolution (SI Fig.
8A). Prior studies suggest that the two miRNAs are transcribed
on a single precursor RNA (pri-miRNA) (12, 24-26). We
verified this and localized the 5’ end of the common pri-miRNA
using RT-PCR and rapid amplification of cDNA ends (RACE)
(SI Fig. 8 B and C).

The miR 144/451 Gene Is a Direct Transcriptional Target of GATA-1. To

investigate whether the miR 144/451 gene is induced directly by
GATA-1, we searched for active GATA binding motifs. Erythroid
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cis-regulatory modules (CRMs), such as enhancers, can be pre-
dicted in aligned mammalian genomic DNA sequences by the
presence of one or more conserved GATA consensus binding
motifs within regions whose alignment patterns are similar to those
found in a training set of known regulatory regions (27-29). Using
thresholds established from previous work (30), we found two
predicted erythroid CRMs (preCRMs), located 2.8 and 6.6 kb
upstream of the miR 144/451 transcriptional start (Fig. 24).

Chromatin immunoprecipitation (ChIP) showed a strong sig-
nal for GATA-1 occupancy at the —2.8-kb preCRM region in
estradiol-treated G1E-ER4 cells (Fig. 2B), MEL cells, and
embryonic day 14 murine fetal liver, which contains mainly
erythroid precursors (Fig. 2C). Consistent with these findings,
the —2.8 preCRM contains two highly conserved GATA binding
motifs (SI Fig. 9). The GATA-1 cofactor FOG-1 also occupies
the —2.8-kb preCRM in estradiol-treated G1E-ER4 cells, MEL
cells, and fetal liver (Fig. 2 B and C). In parental G1E cells, which
lack GATA-1, the —2.8-kb preCRM is occupied by GATA-2, a
related factor that functions in hematopoietic stem cells, multi-
potential progenitors, and early erythroid precursors (Fig. 2B)
(31-33). Thus, GATA-2 binds the miR 144/451 locus but does not
activate transcription. Restoration of GATA-1 activity in G1E
cells induces an exchange of nuclear factors at the —2.8-kb
preCRM whereby GATA-2 is released and GATA-1/FOG-1
become bound coincident with gene activation. This sequence of
events likely approximates normal erythroid differentiation
where GATA-2 is expressed at relatively high levels in early
precursors and is gradually replaced by GATA-1 during later
stages of maturation. To test the miR 144/451 preCRMs func-
tionally, we linked them to a minimal erythroid promoter and
luciferase reporter and introduced the constructs into MEL and
K562 erythroleukemia cells (Fig. 34). The —2.8-kb preCRM
specifically augmented promoter activity, indicating that this
region represents an erythroid enhancer (Fig. 3B). The —6.6-kb
preCRM was occupied at relatively low levels by GATA-1 and
FOG-1, particularly in MEL and fetal liver cells (Fig. 2C), but
this region did not show enhancer activity (Fig. 3B). In addition,
relatively low-level GATA-1/FOG-1 occupancy was detected at
the miR 144/451 promoter, where a rodent-specific GATA
binding motif resides (Fig. 2 4 and B).

Many miRNAs are transcribed by RNA polymerase (pol) 11
(34), and this should be the case for a GATA-1-regulated locus.
We used ChIP to examine RNA pol II occupancy at the miR
144/451 gene in G1E cells. In the absence of GATA-1, RNA pol
IT bound the —2.8-kb enhancer and the proximal promoter
region (Fig. 2D). GATA-1-independent recruitment of RNA pol
II to these regions is presumably mediated by other transcription
factors, including GATA-2. Of note, RNA pol II binds tran-
scriptional enhancers at various other loci, including those
expressed in erythroid cells (35). Activation of miR 144/451
transcription by GATA-1 was accompanied by increased RNA
pol II occupancy within the transcribed region. Thus, GATA-1
may activate this locus by facilitating RNA pol II transcriptional
elongation. Together, the ChIP studies demonstrate that
GATA-1 binds the miR 144/451 locus at the promoter and an
upstream enhancer at —2.8 kb, displacing GATA-2 and recruit-
ing the cofactor FOG-1.

In summary, several lines of evidence indicate that the miR
144/451 locus is directly activated by GATA-1. First, miR 144/451
requires GATA-1 expression in G1E cells and zebrafish. Second,
restoration of GATA-1 rapidly induces miR 144/451 expression
in G1E cells. Third, a conserved enhancer in the miRNA locus
binds GATA-1 and FOG-1 in erythroid cells.

The miR 144/451 Locus Is Essential for Erythropoiesis in Zebrafish.

Manipulation of miR 451 expression influences erythroid mat-
uration of MEL cells (16). To investigate the functions of miR
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The miR 144/451 locus is directly activated by GATA-1. (A) Features of the miR 144/451 locus and 5’ flanking DNA. A 10-kb region of mouse chromosome

11 (mm8 assembly) is annotated with the DNA encoding miRNAs (thin black rectangles), the transcription start (bent arrow), and the 3’ end of the adjacent Eral1
gene located telomeric to the miRNA locus. PreCRMs (27) and amplicons used in ChIP assays in B and C are shown as rectangles above and below the line,
respectively, with the positions of the amplicons relative to the transcription start given in kilobases (Sl Table 3). The —2.8-kb preCRM validated in ChIP (B-D)
and enhancer assays (Fig. 3) is shown in black. The positions of GATA consensus binding motifs (WGATAR), either conserved in mammals or present only in
rodents, are indicated as vertical lines. The track labeled “regulatory potential’ plots sequence similarity to alignment patterns in known regulatory regions (28).
(B) Quantitative ChIP analysis of the locus in G1E (no GATA-1) and G1E-ER4 cells treated with estradiol (E2) for 24 h (activated GATA-1). The relative occupancies
of GATA-1, FOG-1, and GATA-2 are indicated as vertical bars. As a negative control, ChIP experiments were performed with isotype-matched preimmune IgG.
The bar graphs show averages of three independent ChIP experiments. Error bars represent standard deviation. (C) Quantitative ChIP analysis for GATA-1 and
FOG-1 in primary fetal liver cells (embryonic day 14) and MEL cells induced to mature with HMBA, performed as in B. (D) Quantitative ChIP analysis of RNA pol
Il binding to the miR 144/451 locus, performed as in B. Amplicons labeled 0.7 and 1.0, not shown in A, extend into the transcribed region and are designated

according to the distance (in kilobases) from the start of transcription.

144/451 in vivo, we used antisense morpholino oligomers (MOs)
to interfere with miRNA function in zebrafish embryos (36).
Embryos injected with miR 451-MO or miR 144-MO exhibited
marked reductions in expression of the corresponding endoge-
nous miRNAs (SI Fig. 10). At 24 hpf, MO-injected embryos
showed no differences in expression of gata-1 or the erythroid
markers Bel-globin and band3 within the ICM (Fig. 44). At this
stage of embryonic development, erythroid precursors are im-
mature (37). Hence, miR 451 deficiency does not affect erythroid
lineage specification or early maturation. However, 24 h later (48
hpf), miR 451 morphant embryos showed markedly decreased
expression of erythroid markers (Fig. 4B and SI Fig. 114). In
normal embryos at this stage, erythroid precursors mature and
enter the circulation, as evidenced by the appearance of hemo-
globin staining cells in the ducts of Cuvier and cardinal vein (Fig.
4C, first and second panels). In contrast, loss of miR 451
expression caused severe anemia, indicated by reduced hemo-
globinized cells throughout the embryo (Fig. 4C, Right). Similar
but more severe effects were caused by MO-induced loss of
gata-1 (Fig. 4C, third panel). Thus, miR 451 is required for
maintenance and/or late-stage maturation of committed ery-
throid precursors in zebrafish. Studies to determine the effects
of miR 144/451 ablation in mice are needed. In murine Gata-1~
GI1E cells, overexpression of miR 144 and miR 451, either
separately or together, failed to induce globin expression or
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other markers of terminal erythroid maturation (data not
shown). These findings support a model in which some important
GATA-1 activities are regulated through miR 144/451. However,
these miRNASs cannot substitute for loss of GATA-1, which has
many additional critical target genes.

Given the close inter-relationship between vertebrate erythroid
and megakaryocytic developmental programs, we evaluated the
function of miR 451 on thrombocyte (platelet-equivalent) devel-
opment in zebrafish. We injected miR 451-MO into transgenic
embryos that express green fluorescent protein (GFP) regulated by
the megakaryocyte/thrombocyte-specific CD41 promoter
[T3(CD41:GFP)] (38). No differences in GFP* thrombocytes were
observed between control embryos and morphants injected with
miR 451-MO, indicating that miR 451 is dispensable for zebrafish
thrombopoiesis (SI Fig. 11B). In addition, miR 451 knockdown does
not reduce granulocytic (myeloperoxidase-positive) cells in ze-
brafish embryos (SI Fig. 11C). Thus, the deleterious effects of miR
451-MO are restricted to the erythroid lineage and not caused by
generalized toxicity. Aside from anemia and mild pericardial edema
(probably attributable to anemia), no other morphological abnor-
malities were detected in miR 451 morphant embryos (Fig. 4 and
data not shown). Injection with miR 144-MO failed to elicit any
detectable abnormalities in embryo morphology, erythropoiesis, or
thrombopoiesis (data not shown); further studies are required to
elucidate the function of this miRNA.
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Fig.3. Enhancer activity of miR 144/451 preCRM:s. (A) Design of the reporter
construct. PreCRMs were positioned upstream of a y-globin gene promoter
linked to a firefly luciferase cDNA. The bent arrow indicates the start of the
luciferase open reading frame. (B) Luciferase activities, reported as the fold
increase over that of the parent plasmid, are shown from three separate
transient transfection experiments, represented as separate bars. Error bars
indicate standard deviation from quadruplicate luciferase determinations
from a single experiment. Reporter assays were performed in human K562
erythroleukemia cells and in MEL cells treated with HMBA to induce erythroid
maturation. Firefly luciferase activities are normalized to Renilla luciferase
activities expressed from a cotransfected control plasmid. The DNA segment
Zfpm1R13 is a positive control for a known enhancer (30).

Predicted miR 144/451 Targets Are Overrepresented Among GATA-1-
Repressed Transcripts. GATA-1 controls an extensive program of
mRNA repression, most likely via multiple mechanisms (9).
Messenger RNAs that are rapidly repressed after restoration of
GATA-1 in GIE cells are more likely to represent direct
transcriptional targets, as shown for the Gata2 gene (39). In
contrast, transcripts down-regulated with delayed kinetics are
candidates for repression by GATA-1-induced miRNAs, which
likely promote degradation of some targets (40). We identified
GI1E cell mRNAs that are repressed between 7 and 21 h after
GATA-1 function is restored (9). During this time interval, miR
144 and miR 451 become induced and accumulate to maximal
levels (see Fig. 14). We extracted potential miR 144/451 target
mRNAs from miRBase (http://microrna.sanger.ac.uk/targets/
v4), which identifies sequence complementarity between the 5’
end of the miRNA (“seed sequence”) and the 3" UTR of cognate
mRNAs (20, 41, 42). Among transcripts repressed between 7 and
21 h, predicted targets for both miR 144 and miR 451 were
preferentially enriched compared with non-target mRNAs (Fig.
5). Between 0 and 3 h, when miR 144 and miR 451 are not
expressed (see Fig. 14), we found no evidence for overrepre-
sentation of predicted targets among repressed transcripts (data
not shown). Therefore, once miR 144 and miR 451 become
expressed, their predicted target mRNAs become preferentially
repressed. One biological implication is that there are likely to
be numerous miR 144/451 targets during erythroid development,
in accord with findings that some other tissue-specific miRNAs,
such as miR 124 (brain) and miR I (muscle), each repress many
target mRNAs (40). However, functional annotation of pre-
dicted targets for miR 144 and miR 451 showed significant
enrichment for genes classified to encode “nuclear proteins”
(http://david.abce.nciferf.gov/). Accordingly, one function of
miR 144/451 may be to promote terminal maturation by clearing
cells of proteins that regulate gene expression, similar to what
has been postulated for miRNAs in plants (43). Predicted miR
144 and miR 451 target genes that are down-regulated during
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Fig.4. MIiRNA 451 isrequired for maintenance of erythroid cells in zebrafish.
(A) WISH analysis for expression of erythroid markers in wild-type and miR 451
morphant embryos at ~24 hpf. At this stage, committed erythroid cells are
relatively immature and blood circulation is not yet established. The expres-
sion of erythroid markers in morphant embryos is unchanged, indicating
normal specification of primitive erythropoiesis. The morphant embryos
showed strongly reduced expression of miR 451 (Sl Fig. 10). (B) WISH analysis
for expression of Be1-globin in wild-type and miR 451 morphant embryos at
~48 hpf. At thisstage, mature erythroid cells have entered the circulation. The
ducts of Cuvier on the yolk (square bracket, 1) and the cardinal vein (arrow, 2)
are indicated, and higher-magnification views are shown in Lower. (C) o-
dianisidine staining for hemoglobin in morphant embryos at 48 hpf.

GATA-1-induced erythroid maturation of G1E cells are shown
in SI Tables 4 and 5, respectively. It is likely that these groups
contain numerous genes whose down-regulation is critical for
erythropoiesis. For example, overexpressed Myc, a predicted
miR 451 target, inhibits erythroid development (44-46). We are
investigating whether Myc and other predicted targets are
directly repressed by miR 451 and miR 144.

MiRNAs play important roles in normal and malignant he-
matopoiesis (13). Our discoveries that miR 451 is essential for
zebrafish erythropoiesis in vivo and regulated directly by
GATA-1 are consistent with the emerging concept that “master”
transcriptional regulators control tissue development and phys-
iology in part by modulating the expression of miRNAs (47-53).
The kinetics of miR 451 induction during mammalian and
zebrafish erythropoiesis and the phenotype of morphant em-
bryos demonstrate that this miRNA is dispensable for establish-
ment of the erythroid lineage but required for subsequent
survival and/or maturation, similar to what has been observed
for GATA-1 (7, 54). These findings predict that the miR 144/451
locus is a major downstream effector of GATA-1 in erythroid
cells. Accordingly, it is possible that altered levels of these
miRNAs, either through naturally occurring genetic changes or
through pharmacologic manipulation, could impact red blood
cell production in various diseases.

Materials and Methods

Cell Culture. MEL cells were cultured in Iscove’s modified Dulbecco’s medium
with 10% FCS. Erythroid maturation was induced by addition of 5 mM N,N'-
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Fig. 5. Predicted miR 144/451 mRNA targets are overrepresented among
repressed genes during later stages of GATA-1-induced erythroid maturation.
Messenger RNAs that are repressed during GATA-1-induced erythroid matu-
ration of G1E cells were identified from a previously described dataset (9). We
focused on repression between 7 and 21 h after GATA-1 activation, when miR
144/451 becomes induced and reaches maximal levels (see Fig. 1A). The
repressed transcripts were examined for expression of predicted miR 144 and
451 targets identified by miRBase (http:/microrna.sanger.ac.uk/targets/v4).
Fisher’s exact test was used to evaluate whether predicted miRNA targets are
overrepresented among repressed mRNAs relative to nonrepressed ones.
One-sided P values indicating the significance of differences between poten-
tial targets and nontargets are shown. An odds ratio of 1.0 indicates that
targets are more likely to be repressed within the tested time interval.

hexamethylene-bis-acetamide (HMBA). G1E and G1E-ER4 cells were cultured
as described (17, 18).

miRNA Northern Blots. Five micrograms of total RNA was electrophoresed on
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