AMCB

Journals.ASM.org

A Feedback Loop Consisting of MicroRNA 23a/27a and the 3-Like
Globin Suppressors KLF3 and SP1 Regulates Globin Gene Expression
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The developmental stage-specific expression of the human (3-like globin genes has been studied for decades, and many transcrip-
tional factors as well as other important cis elements have been identified. However, little is known about the microRNAs that
potentially regulate 3-like globin gene expression directly or indirectly during erythropoiesis. In this study, we show that
microRNA 23a (miR-23a) and miR-27a promote [3-like globin gene expression in K562 cells and primary erythroid cells through
targeting of the transcription factors KLF3 and SP1. Intriguingly, miR-23a and miR-27a further enhance the transcription of
-like globin genes through repression of KLF3 and SP1 binding to the (3-like globin gene locus during erythroid differentiation.
Moreover, KLF3 can bind to the promoter of the miR-23a~27a~24-2 cluster and suppress this microRNA cluster expression.
Hence, a positive feedback loop comprised of KLF3 and miR-23a promotes the expression of 3-like globin genes and the miR-

23a~27a~24-2 cluster during erythropoiesis.

he human B-globin locus consists of five functional globin

genes (g, Gy, Avy, 8, and 3) within a 70-kb domain. The -like
globin genes are regulated through the locus control region
(LCR), which consists of at least five DNase I hypersensitive sites
(HS), HS1 to HS5, located upstream of the e-globin gene (1). The
preferential interactions between the LCR and the individual glo-
bin promoters during distinct developmental stages are pivotal for
the stringent regulation of globin gene expression. These interac-
tions are mediated by various erythroid tissue-restricted and ubiq-
uitous transcription factors. Many transcription factors control-
ling B-like globin gene expression have been identified and
characterized. For example, EKLF is a zinc finger transcription
factor that activates the 3-globin gene promoter by binding with
high affinity to the CACCC element (2, 3). Whereas FKLF inter-
acts with the CACCC box of the y-globin gene to activate its tran-
scription (4, 5), BCL11A functions as a silencer of the y-globin
gene and associates with HS3 and the intergenic region between
Avy- and 8-globin genes to reconfigure the 3-like globin gene clus-
ter (6, 7). Additionally, other transcription factors, such as NF-E2
(8,9), GATA-1 (10), FOG (11), Sox6 (12), NF-E3 (13), SP1 (14,
15), KLF3/BKLF (16, 17), TR2, and TR4 (18), are involved in the
control of B-like globin gene expression. Although these studies
represent significant advances in the understanding of -like
globin gene regulation at the transcriptional level, only a few
microRNAs (miRNAs) have been found to be regulators of the
B-like globin locus (19, 20, 21).

miRNAs are endogenous, approximately 22-nucleotide (nt)
RNAs that play important regulatory roles at the posttranscrip-
tional level in animals and plants by targeting mRNAs for cleavage
or translational repression (22, 23, 24). So far, miRNAs have been
shown to regulate various developmental and cellular processes
and are implicated in human diseases.

To understand the mechanisms of miRNAs regulating 3-like
globin gene expression, we analyzed miRNAs with a gene expres-
sion change correlated with the upregulation of €- and y-globin
during hemin-induced K562 erythroid differentiation. We ob-
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served 63 miRNAs that not only gradually increased or decreased
in expression level but also were in higher abundance during K562
cell erythroid differentiation. None of the miRNAs were predicted
to bind to the 3’ untranslated region (UTR) of €-, y-, or B-globin
mRNA. However, we noticed that miRNA 23a (miR-23a) and
miR-27a, the levels of which increased during K562 erythroid dif-
ferentiation, were potential candidates for binding to the 3" UTR
of two potential B-like globin suppressors, KLF3 and SP1, respec-
tively. KLF3 is highly enriched in erythroid cells and is known to
function as a strong transcriptional repressor (25). Furthermore,
in vitro assays indicated that KLF3 could bind to the promoters of
embryonic and adult B-globin genes as well as the B-globin LCR
(16). The ubiquitously expressed SP1 zinc finger protein is the first
described member of the Kriippel-like factors that bind to the
consensus sequences of the GC and GT boxes (26). Two previous
studies reported that SP1 could repress 3-like globin gene tran-
scription by binding to the LCR and globin promoter during ery-
throid differentiation (14, 15). These data suggest that miR-23a
and miR-27a regulate B-like globin gene expression by targeting
KLF3 and SP1, respectively. The implications of miR-23a and
miR-27a in globin gene regulation remained to be determined,
although the two miRNAs have been extensively studied in the
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context of cell cycle regulation, differentiation, and proliferation
(27).

In this study, we show that miR-23a and miR-27a levels grad-
ually increase during hemin-induced K562 and erythropoietin
(Epo)-induced CD34" HPCs (hematopoietic progenitor cells)
erythroid differentiation. The miRNAs positively regulate (3-like
globin gene expression in K562 cells and primary erythroid cells
by targeting the negative regulators KLF3 and SP1. Meanwhile,
KLF3 interacts with the CACCC sites in the promoter of the miR-
23a~27a~24-2 cluster (termed the miR-23a cluster), forming a
positive feedback loop to upregulate the expression of 3-like glo-
bin genes and the miRNA cluster during erythropoiesis.

MATERIALS AND METHODS

Bioinformatics analysis. miRNA microarray data from K562 erythroid
differentiation were obtained from our previous work, which is registered
in the Gene Expression Omnibus (GEO) database (GSE30380). The
miRNA microarray was carried out with Illumina microRNA expression
bead chips (human V2) and was scanned by an Illumina bead array. Ac-
cording to the criteria, the strongest signal was >1,000, fold change was
>2, the P value was <0.05, and a continuous increase or decrease in
expression from 0 to 72 h was registered. We screened out 63 microRNAs
that consistently and clearly increased or decreased in expression and were
present in higher abundance during K562 cell erythroid differentiation
(see Table S1 in the supplemental material). TargetScan software was used
to predict the miRNA targets. The transcription element search system
(http://www.cbil.upenn.edu/cgi-bin/tess) was used to analyze the miR-
23a promoter sequence and predict the binding site of KLF3.

Cell culture and differentiation. The human chronic myelogenous
leukemia cell line K562 was maintained in RPMI 1640 supplemented with
10% fetal bovine serum (HyClone). Erythroid differentiation of K562
cells was achieved using 30 uM hemin (Sigma-Aldrich, Deisenhofen, Ger-
many) over 24, 48, and 72 h. The degrees of differentiation were deter-
mined by benzidine staining for hemoglobin expression. Briefly, cells
were collected and washed with phosphate-buffered saline (PBS) and
stained with 10% freshly prepared benzidine dye (containing 2% H,0,)
for 5 min, and colored cells were counted with a hemocytometer.
HEK293T cells were obtained from the American Type Culture Collection
(ATCC) and were grown in Dulbecco’s modified Eagle medium (DMEM)
supplemented with 10% fetal bovine serum (FBS).

Isolation and culturing of CD34™ hematopoietic progenitor cells.
The hematopoietic progenitor cell isolation system yielded approximately
90% CD34-positive cells. Human umbilical cord blood (UCB) was ob-
tained from normal full-term deliveries after informed consent as ap-
proved by the Research Ethics Committee of the Peking Union Hospital
(Beijing, China). Mononuclear cell (MNC) fractions were isolated from
UCB by Percoll density (d) gradient centrifugation (4 = 1.077 g/ml; Am-
ersham Biotech, Germany). CD347" cells were enriched from MNCs
through positive immunomagnetic selection (CD34 MultiSort kit; Milte-
nyi Biotec, Bergisch Gladbach, Germany). The isolated CD34™" cells were
cultured in Iscove’s modified Dulbecco’s medium (IMDM) supple-
mented with 30% fetal bovine serum (HyClone), 1% bovine serum albu-
min (BSA), 100 uM 2-mercaptoethanol (2-ME), 2 ng/ml recombinant
human interleukin-3 (IL-3), 100 ng/ml recombinant human SCF (Stem
Cell Technologies, Vancouver, British Columbia, Canada), 60 mg/ml
penicillin, and 100 mg/ml streptomycin. For erythroid differentiation, 2
U/ml recombinant human Epo (R&D Systems, Minneapolis, MN) was
added to the medium. Cells were collected and passaged every 3 to 5 days.

Oligonucleotides and transfection. miRNA mimics, inhibitors, and
negative-control molecules were obtained from Dharmacon (Austin, TX)
(CN-001000-01-05 for mimic negative control, C-300494-03 for miR-23a
mimic, C-300502-03 for miR-27a mimic, IN-001005-01-05 for inhibitor
negative control, IH-300494-05 for miR-23a inhibitor, and IH300502-05
for miR-27a inhibitor) and were transfected with DharmaFECT1 (T-
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2001-03; Dharmacon) in K562 cells at a final concentration of 60 nM.
Short interfering RNA (siRNA) smart pools (for KLF3 and SP1) and con-
trol siRNA pools were obtained from Dharmacon (D-001210-01-05 for
nontargeting siRNA, M-006987-03 for siKLF3, and M-026959-00 for
siSP1) and were transfected into K562 cells (100 nM) using Dharma-
FECT1. For erythroid differentiation, the transfected K562 cells were
washed with PBS and plated for hemin induction the next day.

Constructs and lentivirus. The reverse complementary sequence of
miR-23a and miR-27a was inserted into the pMIR-reporter (Promega,
WI) to generate a reporter system (pMIR-23a and pMIR-27a) that can
detect mature miRNA expression in 293T cells. The 3" UTRs of human
KLF3 and SP1 mRNAs were PCR amplified and cloned into pMIR-re-
porter downstream of the firefly luciferase gene to generate the corre-
sponding reporters. Mutations at the microRNA binding site in these
mRNA sequences were created using the QuikChange site-directed mu-
tagenesis kit (Stratagene, CA). For KLF3 and SP1 overexpression,
pCMV6-KLF3 (SC101137) and pCMV6-SP1 (SC114197) were obtained
from OriGene (MD). For expression of 5XHis-tagged KLF3, the KLF3
open reading frame (ORF) was cloned into pcDNA6/V5-His B. The pro-
moter of the miR-23a cluster was PCR amplified and cloned into pGL3-
basic upstream of the firefly luciferase gene to generate the pGL3-23a-
promoter reporter. Mutations at the KLF3 binding site in the promoter
sequence were created using the QuikChange site-directed mutagenesis
kit (Stratagene, CA). The primers are listed in Table S2 in the supplemen-
tal material.

The lentivirus vector expressing miR-23a (PMIRH23aPA-1) from
which miR-24-2 was deleted artificially, miR-27a (PMIRH27a-onlyPA-1),
and the packaging kit were purchased from System Biosciences (SBI; CA)
and operated according to the manufacturer’s instructions. The short
hairpin RNA (shRNA) lentivirus plasmids specific to KLF3 were pur-
chased from Santa Cruz Biotechnology (sc-44963-SH) and operated as
described above. The harvested viral particles were added to K562 cells
and the cultured CD34™ cells. K562 cells were then induced to erythroid
differentiation by hemin after cell expansion for several days. CD34™ cells
were washed with PBS the next day and plated for Epo-induced differen-
tiation.

RNA isolation and qPCR. Total RNA was extracted from the har-
vested cells using TRIzol reagent (Invitrogen, Carlsbad, CA) according to
the manufacturer’s instructions. cDNA was synthesized via Moloney mu-
rine leukemia virus reverse transcriptase (RT; Invitrogen). Oligo(dT)'®
was used as the RT primer for reverse transcription of mRNAs. 18S rRNA-
specific primer was used as the RT primer for reverse transcription of 18S
rRNA. Quantitative reverse transcription-PCR (qPCR) was performed in
a Bio-Rad IQ5 real-time PCR system (Bio-Rad, Foster City, CA) using the
SYBR premix Ex Taq kit (TaKaRa, Dalian, China) according to the man-
ufacturer’s instructions. To measure miR-23a and miR-27a expression,
qPCR was performed using the following TagMan probes according to
the manufacturer’s instructions (Applied Biosystems, Foster City, CA):
pri-miR-23a (Hs03294931_pri), miR-27a (TM408), miR-23a (TM399),
and RNU6B (TM1093). The expression of €- and y-globin genes was also
measured by qPCR using TagMan probes which were synthesized and
labeled by Invitrogen. The comparative threshold cycle (C;) method was
used to quantify the target genes relative to the endogenous control. For
the mRNAs, the data were normalized with the endogenous glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) and 18S rRNA control. For
the miRNAs, U6 snRNA was used as the endogenous control. The oligo-
nucleotides used for PCR are listed in Table S2 in the supplemental ma-
terial. All of the PCRs were performed in triplicate.

Immunoblot analysis. Whole-cell lysates were used for immunoblot
analysis as previously described (28). The following antibodies were used
for Western blot analysis: anti-y-globin (sc-21756; Santa Cruz), anti-e-
globin (12361-1-Ap; Proteintech), anti-KLF3 (PAB6147; Abnova Corpo-
ration), anti-SP1 (17-601; Milipore), and anti-GAPDH (sc-365062; Santa
Cruz). Immunoblots were quantified using Image] software.
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Immunofluorescence and immunohistochemistry. For the immu-
nostaining of y-globin in erythroid cells, cells at different induction time
points were collected and smeared on glass slides. Cells were then fixed in
4% paraformaldehyde at room temperature for 10 min. After washing in
PBS, cells were permeabilized in PBS containing 0.1% Triton X-100 at
room temperature for 30 min and then blocked in 2.5% goat serum for 90
min. Cells were then incubated with human ~-globin antibodies (1:100;
sc-21756) overnight at 4°C. As a negative control, cells were incubated
with normal rabbit IgG. Detection was performed using a tetramethyl
rhodamine isothiocyanate (TRITC)-conjugated goat anti-rabbit 1gG (1:
200; ZF-0316) at room temperature for 1 h.

Luciferase assay. For the miRNA target analysis, 293T or K562 cells
were cotransfected with 0.4 pg reporter construct, 0.02 g pRL-TK vec-
tor, and 5 pmol miRNA mimic or scramble controls per well of a 24-well
plate. To further confirm the regulation of endogenous microRNAs on
the targets in K562 cells during erythroid differentiation, K562 cells were
cotransfected with 0.4 g reporter construct and 0.02 pg pRL-TK vector
and then were induced to erythroid differentiation by hemin. For the
functional analysis of the miR-23a promoter, 293T cells were cotrans-
fected with 0.5 g pGL3-basic or pGL3-23a promoter constructs, 0.02 pg
PRL-TK vector and 0.5 pg pCMV6-KLF3, or empty pCMV6 vector in
each well of a 24-well plate. K562 cells were also cotransfected with the
reporter constructs described above, as well as 200 pmol si_KLF3 in un-
induced K562 cells and 0.5 pg pCMV6-KLF3 in hemin-induced K562
cells. Cells were harvested 48 h posttransfection and assayed with a dual
luciferase assay (Promega, WI) according to the manufacturer’s instruc-
tions. All transfection assays were performed in triplicate.

Flow cytometry. K562 cells and the cultured primary erythroid cells
were harvested at the indicated times and were washed twice at 4°C in PBS
containing 0.5% BSA. K562 cells were incubated with phycoerythrin
(PE)-conjugated anti-CD71 (12-0719) and fluorescein isothiocyanate
(FITC)-conjugated anti-CD235a (11-9987) antibody (eBioscience, CA).
Cultured primary erythroid cells were incubated with PE-conjugated an-
ti-CD235a (12-9987) and antigen-presenting cell (APC)-conjugated anti-
CD71 (17-0719) antibody (eBioscience, CA). Flow cytometry was per-
formed using a C6 flow cytometer instrument (BD Biosciences, Franklin
Lakes, NJ).

ChIP assay. Anti-KLF3 (PAB6147; Abnova) and anti-SP1 (17-601;
Millipore) were used for chromatin immunoprecipitation (ChIP) exper-
iments. Goat IgG (sc-34665) and rabbit IgG (sc-66931) were used as iso-
type antibody controls of anti-KLF3 and anti-SP1. K562 cells were in-
duced with hemin for 0 and 48 h and then were collected and cross-linked
with 1% formaldehyde for 10 min. The cells were then washed in cold PBS
bulffer, resuspended in lysis buffer (0.1% SDS, 0.5% Triton X-100, 20 mM
Tris-HCI [pH 8.1], 150 mM NaCl, protease inhibitor), and sonicated to
obtain chromatin fragments between 200 and 1,000 bp in size. The soni-
cated chromatin was resuspended in immunoprecipitation buffer and
incubated overnight at 4°C with antibodies conjugated with magnetic
beads (Santa Cruz Biotechnologies). The beads were then washed with
lysis buffer, LiCl buffer (0.25 M LiCl, 1% NP-40, 1% deoxycholate, 1 mM
EDTA, 10 mM Tris-HCI [pH 8.1]), and TE buffer and eluted in elution
buffer (1% SDS, 0.1 M NaHCOj;). The DNA was then recovered by re-
versing the cross-links and was purified using a Qiagen DNA purification
kit. An unenriched sample of DNA was treated in a similar manner to
serve as the input. An HS4 fragment containing SP1 binding sites and
excluding KLF3 binding sites was used as the negative genomic region in
KLF3 ChIP analysis. Similarly, fragment III of the miR-23a cluster pro-
moter containing two KLF3 binding sites but excluding SP1 binding sites
was used as a negative genomic region in SP1 ChIP analysis. The primers
used for the ChIP-PCR are listed in Table S2 in the supplemental material.

EMSA. Nuclear extracts of 293T cells transfected with pCDNAG6-
KLF3-His were prepared using NE-PER nuclear and cytoplasmic extrac-
tion reagents (Thermo Scientific) and stored at —80°C. The electropho-
retic mobility shift assay (EMSA) was operated using a LightShift
chemiluminescent EMSA kit (Thermo Scientific) according to the man-
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ufacturer’s instructions. The DNA-protein binding reaction buffer was
composed of 1 X binding buffer supplemented with 2.5% glycerol, 5 mM
MgCl,, 50 ng/ml poly(dI-dC), 0.5 g/l BSA, and 1 mM EDTA. Three
microliters nuclear extract was used in each binding reaction in a total
volume of 20 pl, and the reaction mixture was incubated at room tem-
perature for 20 min. Wild-type and mutant probes were labeled with
biotin, and 20 fmol of each probe was used per reaction. In competition
experiments, a 200 M excess of unlabeled probe was added to the binding
reaction 15 min before the biotin-labeled probe was added. For supershift
experiments, nuclear extracts were preincubated with 2 pg of anti-His
antibodies (sc-803; Santa Cruz) for 40 min at room temperature. The
probes used for EMSA are listed in Table S2 in the supplemental material.

Statistics. A Student’s ¢ test (two-tailed) was performed to analyze the
data. P values of <0.05 were considered statistically significant.

RESULTS

miR-23a and miR-27a are potential regulators of 3-like globin
gene expression during erythroid differentiation. We previously
profiled the expression of miRNAs in an erythroid differentiation
model using erythroleukemia K562 cells after hemin induction for
0,24,48,and 72 h. Following an analysis of differentially expressed
miRNAs, we found that there were 63 miRNAs that not only grad-
ually increased or decreased but also were in higher abundance
during K562 cell erythroid differentiation (Fig. 1A; also see Table
S1 in the supplemental material). Among them, none was pre-
dicted to bind to the 3" UTR of €-, y-, or B-globin mRNA. How-
ever, miR-23a and miR-27a were predicted to bind to the 3’ UTR
of the mRNA of two potential globin suppressors, KLF3 and SP1,
respectively, suggesting that miR-23a and miR-27a regulate (3-like
globin gene expression through targeting KLF3 and SP1. More-
over, miR-23a and miR-27a are derived from the same miR-
23a~27a~24 cluster, implying that they play synergistic roles in
the regulation of 3-like globin gene expression.

To validate the expression of miR-23a and miR-27a, qQPCR was
used to measure the levels of mature miR-23a and miR-27a in
hemin-induced K562 cells. As expected, levels of mature miR-23a
and miR-27a were markedly upregulated after hemin induction
(Fig. 1B). Additionally, the expression profiles of miR-23a and
miR-27a in human CD34" HPC-derived primary erythroid cul-
tures, which resemble i1 vivo hematopoiesis more closely, were
assessed by qPCR and showed that miR-23a and miR-27a were
also upregulated during Epo-induced erythroid differentiation of
human CD34" HPCs (Fig. 1B).

Overexpression of miR-23a or miR-27a significantly pro-
motes [3-like globin gene expression in K562 cells during ery-
throid differentiation. To investigate the regulation of miR-23a
and miR-27a on B-like globin gene expression, we first examined
the mRNA and protein levels of €- and y-globin, the main B-like
globin products of K562 cells, in miRNA-transfected K562 cells.
The introduction of both miR-23a and miR-27a increased the
mRNA and protein levels of €- and y-globin genes and also aug-
mented the hemoglobin-containing cell percentage compared to
the negative mimic controls at the indicated time points (see Fig.
S1in the supplemental material). These results demonstrated that
miR-23a and miR-27a could promote the expression of €- and
v-globin in K562 cells. To further confirm the regulation of miR-
23a and miR-27a on globin gene expression in K562 cells, we
infected K562 cells with lentiviruses harboring miR-23a or miR-
27a (lenti-23a and lenti-27a, respectively), which could improve
the efficiency of overexpression of microRNAs. Fluorescence-ac-
tivated cell sorter (FACS) analysis showed that 99% of the K562
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FIG 1 miR-23aand miR-27a upregulated 3-like globin genes in K562 cells. (A) Heat map representation of the expression change of 63 miRNAs that consistently
increased or decreased during erythroid differentiation in the miRNA microarray analysis of hemin-induced K562 cells at 0, 24, 48, and 72 h. (B) qPCR validation
of the expression of mature miR-23a and miR-27a in hemin-induced K562 cells and Epo-induced CD34™ HPCs. (C) Fluorescence image merged with phase of
lentivirus-infected K562 cells and FACS analysis of GFP-positive cells. (D) qPCR analysis of €- and y-globin gene expression normalized with GAPDH in
miR-23a- and miR-27a-overexpressing K562 cells at 0, 48, and 72 h of hemin induction. (E) Western blot analysis of €- and y-globin expression in miR-23a- and
miR-27a-overexpressing K562 cells at 0, 48, and 72 h of hemin induction. Student’s ¢ test (two-tailed) was performed to analyze data from the experiments in
triplicate. P values of <0.05 were considered significant, as indicated by the asterisks (*, P < 0.05; **, P < 0.01; ***, P < 0.001).

cells infected with lenti-23a or lenti-27a were GFP positive, indi-
cating remarkable infection efficiency of lentiviruses in K562 cells
(Fig. 1C). Meanwhile, qPCR was performed to measure the levels
of miR-23a or miR-27a and indicated that they were successfully
overexpressed in K562 cells (see Fig. S2A in the supplemental ma-
terial). Further, we examined the mRNA and protein levels of e-
and y-globin through qPCR and immunoblotting in lentivi-
rus-infected K562 cells. As expected, transduction of miR-23a
or miR-27a significantly increased the expression levels of ¢-
and y-globin genes, and the increase was far more than that in
K562 cells transiently transfected with miRNA mimics (Fig. 1D
and E). Thus, our data indicated the important roles of miR-
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23a and miR-27a on €- and y-globin gene expression in K562
cells. It was noteworthy that although the activity of the mi-
croRNAs on €- and y-globin gene expression was still obvious
at both 48 and 72 h after hemin induction, it was not as signif-
icant as that in uninduced K562 cells (Fig. 1D and E). This
might be due to the strong globin expression after K562 cells
were induced to erythroid differentiation by hemin. All of the
relative expression of globin genes detected by qPCR was nor-
malized against both GAPDH and 18S rRNA, and the results
were consistent with each other in principle. The relative ex-
pression normalized with 18S rRNA is shown in Fig. S2B in the
supplemental material.
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FIG 2 miR-23a and miR-27a upregulated B-like globin genes in human primary erythroid cells. (A) qPCR analysis of miR-23a and miR-27a expression in
lentivirus-infected human CD34 " HPCs after Epo induction for 4, 8, and 11 days. (B) qPCR analysis of y-globin gene expression normalized with GAPDH in
lentivirus-infected human CD34 * HPCs at different induction days. (C) Western blot analysis of y-globin expression in miR-23a- and miR-27a-overexpressing
CD34" HPCs after Epo induction. (D) Immunostaining of human y-globin in lentivirus-infected human CD34 " HPCs after Epo induction for 11 days. DAPI,
4',6-diamidino-2-phenylindole. (E) FACS analysis of GFP-positive cells and CD71/CD235a double-positive cells among them at 11 days after Epo induction of
CD34" HPCs. (F) May-Griinwald-Giemsa staining of lentivirus-infected human CD34 " HPCs after Epo induction for 8 and 11 days. Student’s f test (two-tailed)
was performed to analyze the data from the experiments in triplicate. *, P < 0.05; **, P < 0.01; ***, P < 0.001.

Enforced expression of miR-23a or miR-27a markedly pro-
motes B-like globin gene expression during erythroid differen-
tiation of CD34™ HPCs. To further assess the roles of miR-23a
and miR-27a in globin gene expression during normal human
erythroid differentiation, we transduced CD34% HPCs with
lentivirus carrying miR-23a or miR-27a and harvested the cells
after 4, 8, and 11 days of erythroid culture. qPCR was used to
verify the overexpression of miR-23a and miR-27a in the
CD34" HPCs (Fig. 2A). Since y-globin is the main B-like glo-
bin product in the UCB-derived primary erythroid cultures,
qPCR and Western blotting confirmed that y-globin gene ex-
pression was elevated in the lenti-23a- and lenti-27a-infected
CD34™ cells at each time point (Fig. 2B and C; also see Fig. S3
in the supplemental material). The improvement of miR-23a
and miR-27a on globin expression in early stages of induction
was averaged two times, which was biologically significant be-
cause of the high expression background of y-globin in ery-
throid cells. In addition, immunostaining with y-globin anti-
body detected the expression of y-globin in CD34™ HPCs at 11
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days post-Epo induction and showed that y-globin expression
was obviously higher in lenti-23a- or lenti-27a-infected CD34 *
cells than in control cells, consistent with the Western blotting
results (Fig. 2D). Meanwhile, FACS analysis was performed to
measure the percentage of CD71/CD235a double-positive cells
in the GFP-positive cells at day 11 after Epo induction and
showed that the percentage of double-positive cells was also
augmented significantly in lenti-23a (59.3%)- and lenti-27a
(59.4%)-infected cells compared to control cells (30.1%) (Fig.
2E). In addition, May-Griinwald-Giemsa staining was also em-
ployed to observe the cell and nuclear morphology of CD34™"
HPCs during erythroid differentiation. As erythroid differen-
tiation proceeds, erythroblasts display a gradual decrease in cell
size and increase in nuclear condensation; indeed, the miR-
23a- and miR-27a-infected erythroid cells appeared smaller
with more condensed nuclei than control cells (Fig. 2F).

Taken together, our data indicate that miR-23a and miR-27a
promote B3-like globin gene expression in K562 cells and CD34 ™"
HPCs during erythroid differentiation.
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FIG 3 KLF3 and SP1 are direct targets of miR-23a and miR-27a, respectively. (A) Computer prediction of the binding of miR-23a and miR-27a on the 3’ UTR
of human KLF3 and SP1, respectively. (B) The relative luciferase (LUC) activity of the reporter constructs cotransfected with scrambled control (Neg-control)
or miR-23a and miR-27a mimics. Firefly luciferase activity was normalized to the activity of coexpressing renilla luciferase. (C) The relative luciferase activity of
the reporter constructs in K562 cells left uninduced or induced with hemin for 48 h. (D) Western blot analysis of KLF3 and SP1 in K562 cells transfected with the
scrambled control (NC) or miR-23a and miR-27a mimics and inhibitors. (E) gPCR analysis of the KLF3 and SP1 mRNA levels in K562 cells transfected with the
scrambled control or miR-23a and miR-27a mimics. (F and G) The expression of KLF3 and SP1 during erythroid differentiation of hemin-induced K562 cells.
(H) Western blot of KLF3 and SP1 in the lentivirus-infected CD34 " HPCs after Epo induction for 4, 8, and 11 days. (I) The mRNA level of KLF3 and SP1 during
erythroid differentiation of Epo-induced CD34 " HPCs. Student’s ¢ test (two-tailed) was performed to analyze the data from the experiments in triplicate. *, P <
0.05; **, P < 0.01.

Two potential 3-like globin suppressors, KLF3 and SP1,
are the direct targets of miR-23a and miR-27a, respectively.
miRNAs perform the biological functions by downregulating ex-
pression of their target genes. Two algorithms, PicTar and Target-
Scan, were employed to predict the targets of miR-23a and miR-
27a and showed they had the potential to bind to the conserved 3’
UTRs of the transcription factors KLF3 and SP1, respectively (Fig.
3A; also see Fig. $4 in the supplemental material). To validate our
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prediction, we cloned the 3" UTR of KLF3 or SP1 into a luciferase
reporter construct (pMIR-reporter). We also constructed it with
the complete nucleotide sequence complementary to the miRNA
sequence as a positive control. Reporter assays in 293T and K562
cells revealed that repression of the two 3" UTRs was miRNA
dependent, and mutation of the miRNA binding sites abrogated
the reduced luciferase activity (Fig. 3B; also see Fig. S5 in the sup-
plemental material). Furthermore, the upregulation of endoge-
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nous miR-23a and miR-27a in hemin-induced K562 cells also
repressed the activity of the two 3" UTRs, and the repression was
partially dependent on the miRNA binding sites (Fig. 3C). Con-
sistent with the reporter assays, we observed an apparent decrease
in KLF3 and SP1 expression in the presence of miRNA mimics
compared to that of the scramble control in K562 cells (Fig. 3D).
However, there was little effect on the mRNA levels of KLF3 and
SP1 in K562 cells transfected with miRNA mimics, suggesting that
miR-23a and miR-27a negatively regulated the expression of their
target genes through inhibiting protein translation (Fig. 3E). Con-
versely, KLF3 and SP1 protein levels were increased after endoge-
nous miR-23a or miR-27a was blocked when using the corre-
sponding miRNA inhibitors in K562 cells (Fig. 3D). Moreover, the
mRNA and protein level of KLF3 and SP1 also declined along with
the erythroid differentiation of K562 cells, consistent with their
negative roles in globin gene expression (Fig. 3F and G). Similar to
K562 cells, overexpression of miR-23a or miR-27a led to a signif-
icant decrease of KLF3 or SP1 at the indicated time points during
Epo-induced CD34" HPC differentiation, although KLF3 and
SP1 levels decreased during the process (Fig. 3H and I).

Repression of KLF3 is required for the miR-23a-mediated
enhancement of globin gene expression during erythropoiesis.
To further investigate whether miR-23a regulation of &- and
v-globin gene expression is dependent on KLF3 targeting, we em-
ployed a rescue experiment with an miR-23a inhibitor and a KLF3
siRNA in differentiating K562 cells. A KLF3 siRNA was transfected
after treatment with miR-23a inhibitor to attenuate the upregula-
tion of KLF3, which was due to miR-23a repression. An increase in
KLF3 after treatment with miR-23a inhibitor confirmed the reg-
ulatory role of miR-23a on the expression of the target. The addi-
tion of KLF3 siRNA led to further downregulation of KLF3 based
on the previously described upregulation (Fig. 4A). Consistent
with the restored expression of KLF3 protein, suppression of e-
and y-globin expression by miR-23a inhibitor was rescued by the
addition of KLF3 siRNA after 48 h of hemin induction (Fig. 4B).
These data confirm the regulatory role of miR-23a on globin levels
through targeting KLF3.

Furthermore, we examined the regulation of KLF3 on ¢- and
v-globin gene expression in K562 cells. We knocked down or
overexpressed KLF3 in K562 cells and detected €- and y-globin
expression, the proportion of hemoglobin-containing cells, and
the percentage of CD71/CD235a double-positive cells after 48 h of
hemin induction. Immunoblot analysis was performed to exam-
ine the effect of KLF3 knockdown or overexpression in K562 cells
(Fig. 4C). We found that knockdown of KLF3 strongly increased
€- and y-globin expression and augmented the percentage of ben-
zidine-positive cells (Fig. 4D). Conversely, overexpression of
KLF3 decreased €- and +y-globin expression and the percentage
of benzidine-positive cells (Fig. 4E). In addition, the percentage of
CD71/CD235a double-positive cells also increased when KLF3
was downregulated but decreased when KLF3 was overexpressed
(Fig. 4F). KLF3 has been shown to act as a strong transcriptional
repressor (25). In vitro assays have also indicated that KLF3 can
bind to the CACCC sites in the HS2 and HS3 regions of the 3-glo-
bin LCR (16) (Fig. 4G). Therefore, we assessed the interaction
between KLF3 and the two CACCC sites during hemin-induced
differentiation of K562 cells through ChIP-PCR. We found that
KLF3 could bind to the CACCC sites in the HS2 and HS3 regions,
and that the binding gradually decreased during K562 erythroid
differentiation while exhibiting no binding with the HS4 fragment
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lacking KLF3 binding sites (Fig. 4H). ChIP-qPCR analysis was
further employed to quantify the binding capacity and showed
that the binding of KLF3 on these two CACCC sites was clearly
decreased in hemin-induced K562 cells (Fig. 41). KLF3 likely binds
to the LCR to further recruit the general corepressor CtBP, which
also associates with other hematopoietic transcriptional repres-
sors, such as Evi-1 and ZEB/AREBS, to suppress €- and y-globin
expression (25). The decrease in KLF3 is partially due to miR-23a
upregulation and erythroid differentiation. The decrease in KLF3
level leads to the removal of the repressors from the globin locus
and facilitates globin gene expression.

Repressed SP1 is required for miR-27a-enhanced globin
gene expression during erythropoiesis. To investigate whether
miR-27a regulation of €- and y-globin gene expression depends on
SP1 targeting, we also employed a rescue experiment as described
above. An increase in SP1 after treatment with miR-27a inhibitor
confirmed the negative regulation of miR-27a on target gene expres-
sion in the process. The addition of SP1 siRNA along with an miR-27a
inhibitor led to further downregulation of SP1 (Fig. 5A). Consistent
with the restored expression of SP1, the suppression of miR-27a in-
hibitor on - and y-globin gene expression was rescued by SP1 siRNA
after 48 h of hemin induction in K562 cells (Fig. 5B). These data
confirm the specific regulatory role of miR-27a on SP1.

Furthermore, we studied the regulation of SP1 on €- and y-glo-
bin gene expression and the detailed molecular mechanisms in
K562 cells. We knocked down and overexpressed SP1 in K562 cells
and then induced the cells to undergo erythroid differentiation.
Immunoblotting using an SP1 antibody showed that SP1 was suc-
cessfully knocked down or overexpressed in the K562 cells (Fig.
5C). qPCR was used to detect €- and y-globin gene expression,
benzidine staining was used for identification of hemoglobin-con-
taining cells, and FACS was employed to identify the percentage of
CD71/CD235a double-positive cells after 48 h of hemin induc-
tion. Knockdown of SP1 increased €- and y-globin expression and
augmented the percentage of benzidine-positive cells (Fig. 5D).
However, overexpression of SP1 decreased €- and y-globin ex-
pression and the percentage of benzidine-positive cells (Fig. 5E).
Meanwhile, the downregulation of SP1 enlarged the percentage of
CD71/CD235a double-positive cells, and the overexpression of
SP1 decreased the percentage instead (Fig. 5F). SP1 is a ubiqui-
tously expressed zinc finger protein that has been reported to re-
press B-like globin gene transcription through binding to HSI,
HS2, HS3, HS4, HS5, and regions of the €-, y-, and 3-globin gene
promoter during Ay181 cell erythroid differentiation (15) (Fig.
5G). Therefore, we further assessed the interaction between SP1
and the GC or GT box during K562 erythroid differentiation using
ChIP-PCR and found that SP1 could bind to the GC or GT box in
the HS1, HS2, HS4, HS5, and promoter regions of the €- and
v-globin genes but not in the HS3 region. Moreover, these inter-
actions were evidently decreased during erythroid differentiation
of K562 cells (Fig. 5H). A negative control of the genomic region,
fragment I1I of the miR-23a cluster promoter lacking SP1 binding
sites, exhibited no binding with SP1 (Fig. 5H). The binding of SP1
with the B-globin promoter was not studied, as there was very
little B-globin expression in K562 cells. ChIP-qPCR was simulta-
neously employed to quantify the degree of avidity and showed
that the binding of SP1 on the GC or GT box in the same regions
as those described in the legend to Fig. 5H was significantly down-
regulated after hemin induction (Fig. 5I). These results indicate
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FIG 4 Repressed KLF3 is required for miR-23a-enhanced globin gene expression. (A) Western blot analysis of KLF3 in K562 cells cotransfected with miR-23a
inhibitor and/or KLF3 siRNA after 48 h of hemin induction. (B) qPCR analysis of €- and y-globin gene expression in the K562 cells shown in panel A. (C) Western
blot analysis of KLF3 in K562 cells transfected with either KLF3 siRNA or pCMV-KLF3. (D and E) qPCR analysis of €- and +y-globin gene expression and
benzidine staining of hemoglobin-containing cells in K562 cells transfected with KLF3 siRNA (D) or pCMV-KLEF3 (E) after 48 h of hemin induction. (F) FACS
analysis of CD235a/CD71 double-positive cells in K562 cells transfected with KLF3 siRNA or pCMV-KLF3 after 48 h of hemin induction. (G) Schematic of the
{3-like globin gene locus and the KLF3 binding sites in the HS2 and HS3 regions. (H) ChIP-PCR analysis of KLF3 binding on the CACCC sites in the HS2 and HS3
regions during K562 cell erythroid differentiation. (I) ChIP-qPCR analysis of KLF3 binding on the CACCC sites in the HS2 and HS3 regions during K562 cell
erythroid differentiation. Student’s ¢ test (two-tailed) was performed to analyze the data from the experiments in triplicate. *, P < 0.05; **, P < 0.01.

that SP1 is a negative 3-like globin regulator, which is in line with
previous reports.

KLF3 resides in the promoter of the miR-23a cluster and re-
presses its expression. To investigate the regulation of miR-23a
and miR-27a expression during erythroid differentiation, we an-
alyzed the promoter sequences of the miR-23a cluster using a
transcription element search system. The prediction revealed six
putative KLF3 binding sites scattered within the promoter region
of the human miR-23a cluster (Fig. 6A). ChIP-PCR was initially
employed to determine whether KLF3 could bind to these sites in
the miR-23a cluster promoter. Three pairs of primers were de-
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signed to detect the six putative binding sites, because several
KLF3 binding sites were too close to each other to analyze (Fig.
6A). The results showed that KLF3 could bind to all three frag-
ments, and that these interactions decreased significantly after 48
h of hemin induction, but it exhibited no binding to the HS4
region fragment lacking the KLF3 binding site (Fig. 6B). ChIP-
qPCR was also performed and showed that the bindings were
significantly decreased in differentiated K562 cells (Fig. 6C). To
further investigate the regulation of KLF3 on the miR-23a cluster
promoter, we cloned the promoter region of the miR-23a cluster
into a luciferase reporter construct (pGL3-basic). A reporter assay
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in 293T cells showed that overexpression of KLF3 inhibited the
activity of the miR-23a cluster promoter but had no effect on
pGL3-basic vector activity (Fig. 6D). Furthermore, knockdown of
KLF3 in K562 cells promoted the activity of the miR-23a cluster
promoter, whereas overexpression of KLF3 in K562 cells inhibited
the miR-23a cluster promoter activity, indicating the endogenous
KLF3 repression of the activity of the miR-23a cluster promoter
(Fig. 6D). To confirm the activity of each binding site, we cloned a
series of luciferase reporters containing the corresponding mu-
tated promoters. The differential cotransfection of the reporters
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and the promoter (P) of - and y-globin genes during K562 cell erythroid
K562 cell erythroid differentiation. Student’s ¢ test (two-tailed) was performed
P <0.001.

with KLF3 in 293T cells indicated that the —569, —360, and —343
sites were important for the suppression of KLF3 on the miR-23a
promoter. The inhibition was completely rescued when these
three sites were mutated. However, the inhibition was moderately
rescued when the —517, —493, and —463 sites were mutated,
suggesting that these three sites were not as crucial as the other
three sites (Fig. 6E). In the same way, repression of endogenous
KLF3 on the miR-23a cluster promoter was significantly abro-
gated when the —569, —360, and —343 sites were mutated in
K562 cells (Fig. 6F). We deduced that these sites play a coordinate
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FIG 6 KLF3 resides in the promoter of the miR-23a cluster and represses its expression. (A) The six putative KLF3 binding sites scattered within the promoter
region of the human miR-23a cluster gene.(B) ChIP-PCR analysis of KLF3 binding to the six putative sites in the miR-23a cluster promoter during hemin-
induced K562 erythroid differentiation. (C) ChIP-qPCR analysis of KLF3 binding to the six putative sites in the miR-23a cluster promoter during hemin-induced
K562 erythroid differentiation. (D) Relative luciferase activity representing the miR-23a promoter activity in 293T cells cotransfected with KLF3 or negative
control, in K562 cells cotransfected with si_KLF3/si_control, and in hemin-induced K562 cells with KLF3 overexpression. (E and F) Relative luciferase activity
of a series of luciferase reporters containing the corresponding mutated promoter in 293T cells cotransfected with KLF3 (E) and also in K562 (F) cells. (G) EMSA
of the binding of KLF3 with the —569 CACCC sites in vitro. Shift band stands for specific KLF3/probe complex, and SS represents the supershift band. Ab,
antibody. (H) qPCR analysis of the primary transcript and the mature members of the miR-23a cluster in K562 cells transfected with KLF3 siRNA. (I) gPCR
analysis of the primary miR-23a cluster in K562 cells transfected with miR-23a mimic or inhibitor. Student’s ¢ test (two-tailed) was performed to analyze the data
from the experiments in triplicate. *, P < 0.05; **, P < 0.01; ***, P < 0.001.

role, and each of them was necessary for the repression activity of
KLF3 on the promoter of the miR-23a cluster. Thus, disruption of
any of the three sites (—343, —360, and —569) completely can-
celled the inhibitory effect produced by KLF3. Furthermore, an
EMSA using the nuclear extracts from the 293T cells overexpress-
ing KLF3 carrying a 5X His tag and an oligonucleotide probe con-
taining the —569 KLF3 binding site was performed and demon-
strated that KLF3 could bind to the —569 GGGTG site in vitro
(Fig. 6G). However, two shift bands were observed, which might
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be due to the interaction of KLF3 with other nuclear proteins in
the 293T cells. The shift was prevented when competing with an
excess of unlabeled DNA and disappeared when the GGGTG sites
were mutated. In addition, supershift bands were observed behind
the shift bands when the anti-His antibody was added to the bind-
ing system (Fig. 6G).

To determine whether KLF3 could influence the expression of
the miR-23a cluster in vivo, both the primary and mature levels of
the miR-23a cluster were evaluated in K562 cells treated with
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FIG 7 KLF3 negatively regulates the expression of y-globin and miR-23a cluster in human primary erythroid cells. (A) Western blot analysis of KLF3 in CD34™
HPCs infected with lentivirus expressing KLF3 shRNA or negative control. (B) gPCR analysis of KLF3 mRNA normalized with GAPDH in CD34* HPCs infected
with lentivirus during Epo-induced erythroid differentiation. (C) qPCR analysis of y-globin expression normalized with GAPDH in CD34" HPCs shown in
panel B. (D) FACS analysis of CD71/CD235a double-positive cells in CD34 " HPCs infected with lentivirus at 11 days after Epo induction. (Eand F) Western blot
(E) and immunostaining (F) of y-globin expression in lentivirus-infected human CD34* HPCs after 8 and 11 days of Epo induction. (G) May-Griinwald-Giemsa
staining of the lentivirus-infected human CD34" HPCs after 8, 11, and 18 days of Epo induction. (H) qPCR analysis of primary miR-23a cluster in lentivirus-
infected human CD34" HPCs after 4, 8, and 11 days of Epo induction. (I) Schematic of the regulation of miR-23a and miR-27a on B-like globin genes through
targeting of KLF3 and SP1. Student’s t test (two-tailed) was performed to analyze the data from the experiments in triplicate. **, P < 0.01; ***, P < 0.001.

siRNA specific to KLF3. qPCR was conducted and showed that
KLF3 inhibition increased the expression of the miR-23a cluster
(Fig. 6H). Therefore, we hypothesized that miR-23a could pro-
mote the expression of its own primary transcript through inhib-
iting KLF3. To verify the hypothesis, we detected the level of pri-
mary miR-23a cluster in K562 cells treated with miR-23a mimic or
inhibitor and found that the level of the primary miR-23a cluster
was upregulated upon miR-23a overexpression. Conversely, the
primary miR-23a cluster was downregulated when miR-23a was
inhibited in K562 cells (Fig. 61).

KLF3 negatively regulates the expression of y-globin and the
miR-23a cluster in human primary erythroid cells. To confirm
the KLF3-mediated regulation of globin genes and miR-23a clus-
ter expression during normal erythropoiesis, we knocked down
KLFS3 via lentivirus-mediated shRNA in human CD34* HPCs and
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validated the decreased expression of KLF3 through Western blot-
ting and qPCR (Fig. 7A and B). Along with the decreased expres-
sion of KLF3, y-globin was upregulated during Epo-induced ery-
throid differentiation of CD34" HPCs (Fig. 7C). The relative
expression of KLF3 and y-globin detected by qPCR was normal-
ized with both GAPDH and 18S rRNA, and the results were con-
sistent with each other in principle. The relative expression of
KLF3 and vy-globin normalized with 18S rRNA is shown in Fig. S6
in the supplemental material. FACS analysis was conducted to
measure the percentage of CD71/CD235a double-positive cells
and showed that knockdown of KLF3 increased the percentage of
CD71/CD235a double-positive cells (52.3%) compared to 29.1%
in the control cells at 11 days after Epo induction (Fig. 7D). Mean-
while, HPCs at 8 and 11 days of Epo induction were immuno-
blotted and stained with y-globin antibody and clearly showed the
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augmentation of y-globin expression in KLF3 shRNA-transduced
CD34™ cells compared to control cells (Fig. 7E and F). May-Griin-
wald-Giemsa staining also indicated that the KLF3 shRNA-trans-
duced primary erythroid cells appeared smaller with a more con-
densed nucleus than control cells (Fig. 7G). To further verify the
negative regulation of KLF3 on miR-23a cluster expression in pri-
mary erythroid cells, we examined the expression of the primary
miR-23a cluster when KLF3 was knocked down. As expected, the
primary miR-23a cluster was upregulated upon KLF3 knockdown
at 3 different time points (Fig. 7H).

Taken together, these results strongly suggest that miR-23a and
miR-27a can improve B-like globin gene expression through tar-
geting of two negative regulators of the globin gene, KLF3 and
SP1. Meanwhile, KLF3 binds to the miR-23a cluster promoter and
suppresses its expression, forming a positive feedback loop to im-
prove the expression of globin genes and the microRNA cluster,
which further accelerates erythroid differentiation (Fig. 71).

DISCUSSION

The regulation of 3-like globin genes has been studied for decades
and is an excellent model to study eukaryotic gene regulation.
However, miRNA regulation of -like globin genes is underex-
plored, in part due to the short 3" UTRs of globin genes. Very few
miRNAs targeting globin have identified, except for miR-96,
which was shown to directly suppress the y-globin gene by bind-
ing to its CDS region (19). In addition, a few reports focus on
miRNAs indirectly regulating globin genes through targeting of
known transcription factors. For example, miR-144 was found to
negatively control the embryonic a-globin by targeting klfd, an
erythroid-specific Kriippel-like transcription factor (29). miR-15a
and miR-16-1 also have been reported to elevate fetal hemoglobin
expression in human trisomy 13 via MYB (20). In addition, the kit
receptor/miR-221-222 complex may be involved in human he-
moglobin switching (30). miR-210 has also been identified to be
involved with the increased expression of the y-globin genes in
differentiating erythroid cells (21). In this study, we showed that
miR-23a and miR-27a can increase the expression of B-like globin
genes in human erythroid cells through targeting KLF3 and SP1.
Our study provides new insights into miRNA-mediated globin
gene regulation and extended the regulatory network of globin
genes. However, miR-23a and miR-27a are not involved in the
embryonic-to-fetal globin switching, because they promote the
expression of both embryonic and fetal 3-like globin genes. We
also noticed that miR-23a and miR-27a not only upregulate B-like
globin gene expression but also increase the percentage of benzi-
dine-positive cells, indicating their roles in increasing the number
of hemoglobin (tetramer)-containing cells. Since miR-23a and
miR-27a are demonstrated to promote erythroid differentiation,
there should be other mechanisms and targets of miR-23a and
miR-27a in the regulation of erythroid differentiation or a-like
globin gene expression. Of them, miR-23a was recently reported
to promote erythroid differentiation through targeting SHIP2 by
our laboratory (31). Although the miR-23a~27a~24-2 cluster
was known to be involved in cell cycle regulation, proliferation,
differentiation, and cardiac hypertrophy and showed deregulated
expression in many diseases (27), to our knowledge, this is the first
time the effects of miR-23a and miR-27a on the regulation of
globin gene expression have been examined.

Globin gene expression is regulated by the LCR at two levels:
the formation of an active chromatin structure and the activation

October 2013 Volume 33 Number 20

miR-23a/27a Promote B-Like Globin Gene Expression

of transcription. KLF3 and SP1 were previously reported to be
potential globin gene suppressors through the recruitment of
corepressors to block the formation of an active structure and
result in the repression of globin gene transcription. KLF3 is al-
ready known to function as a strong transcriptional repressor
(25). In vitro assays showed that KLF3 could bind to the B-globin
locus control region (16). Reporter assays in COS-7 cells also sug-
gested that KLF3 was able to repress the activity of the e- and
v-globin gene promoters (17). A recent in vivo study found that
KLF3 was critical during the later stages of erythroid maturation,
and that KIf3 /" erythrocytes contained less mean cell hemoglo-
bin (32). Notably, these results should be separately appreciated
from the previously identified negative role for KLF3 on (3-globin
gene expression. We hypothesized that the difference was due to
the distinct systems that were used in the studies. The study from
the Crossley laboratory (32) focused on erythroid maturation but
not on globin gene expression. They found that KLE3 ™/~ eryth-
rocytes did not cause any erythropoietic disruption until cells
transitioned from CD71™ TER119" to CD71™** TER119™ in
mice. The erythroid maturation mainly represents the biological
process at the later stage of erythroid differentiation. However,
our study on human erythropoiesis did not distinguish CD71'
CD235aM cells from total CD71/CD235a double-positive cells, be-
cause our aim was to investigate the role of KLF3 on globin gene
expression in all differentiated erythroid cells. Moreover, the ef-
fect of KLF3 knockout in the study of Crossley et al. was wholly
due to the nonerythroid-specific knockout in mice. In addition,
because of the species difference between humans and mice, it is
possible that KLF3 exhibits a distinct expression pattern and plays
different roles in human and mouse erythropoiesis. In our study,
we found that KLF3 repressed human B-like globin gene expres-
sion during erythroid differentiation of hemin-induced K562 cells
and Epo-induced CD34" HPCs. We also showed the binding of
KLF3 on HS2 and HS3 of the LCR in vivo. During erythroid dif-
ferentiation, the decrease in the levels of KLF3 originating from
the miR-23a upregulation prevented the recruitment of the CtBP
corepressor and blocked KLF3 association with chromatin-mod-
ifying enzymes (25), which are required to further activate the
expression of 3-like globin genes.

There have been some reports elaborating the roles of SP1 in
erythropoiesis. The ubiquitously expressed SP1 can bind to the
consensus sequences of the GC and GT boxes (26). In A181+y cells,
SP1 is found to be an inhibitor of B-like globin gene transcription
through binding to the GC and GT boxes located throughout the
B-locus (15). Moreover, silencing SP1 in K562 cells also resulted
in the upregulation of y-globin expression (14). Consistent with
these reports, we found that SP1 levels were decreased in hemin-
induced K562 cells and Epo-induced CD34" HPCs during ery-
throid differentiation, and that SP1 negatively regulated €- and
v-globin genes through binding to the GC and GT boxes in the
B-locus. When SP1 was at high levels, the GC and GT boxes in the
B-locus were occupied by SP1, which recruits HDACI to deacety-
late histones and maintains the chromatin structure in a closed
status (15). In our study, the downregulation of SP1 resulting
from the increase in miR-27a levels led to the displacement of SP1
from the motifs. This displacement might allow other factors to
recruit PCAF to acetylate histones and activate 3-like globin gene
transcription. The phosphorylation of SP1, which can influence
its transcriptional activity and stability in regulating globin gene
expression, was not addressed here and will be explored further. In
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conclusion, our study confirmed the negative regulation of KLF3
and SP1 on B-like globin gene expression in erythroid cells. More-
over, KLF3 and SP1 binding sites in the B-globin locus do not
overlap. Thus, cointroduction of two miRNAs would additively or
even synergistically increase 3-like goblin gene expression, which
warrants further validation.

In addition, we found that KLF3 negatively regulated not only
the expression of globin genes but also that of the miR-23a cluster,
forming a positive feedback loop, which might be a ubiquitous
phenomenon in miRNA-mediated gene regulation. For example,
in human cancers, miR-152 downregulates DNMT1 expression
by targeting the 3" UTR of its transcript. Meanwhile, depletion of
DNMT1 leads to an increase in miR-152 expression via the rever-
sion of promoter hypermethylation (33). Biological networks of
similar architecture can also be found in the asymmetric differen-
tiation of the left-right neurons in Caenorhabditis elegans (34), in
granulocytic differentiation in humans (35), and in cellular trans-
formation (36). Likewise, many negative feedback loops also oc-
cur in miRNA-mediated gene regulation to maintain a balanced
state and to fine-tune gene expression, such as in the elaborate
regulation of a-globin by miR-144 and KLFD (29); in the negative
feedback loop between miR-200 and Sox2/E2F3 in neural progen-
itor cells (37); and in the case of miR-92b, which regulates dro-
sophila muscle development (38).

In our study, miR-23a and miR-27a repress the translation of
two transcription factors, KLF3 and SP1. At the initiation of ery-
throid differentiation, miR-23a and miR-27a are upregulated,
which is partly due to the release of KLF3 from their promoter.
Upregulation of miR-23a and miR-27a leads to the translational
repression of KLF3 and SP1. Furthermore, the suppression of
KLF3 and SP1 on B-like globin genes and the miR-23a cluster is
alleviated, and the elevated expression of 3-like globins and miR-
23a cluster members then further accelerate erythroid differenti-
ation.
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