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Abstract

Placental growth factor (PlGF) plays an important role in various pathological conditions and 

diseases such as inflammation, cancer, atherosclerosis and sickle cell disease (SCD). Abnormally 

high PlGF levels in SCD patients are associated with increased inflammation and pulmonary 

hypertension (PHT) and reactive airway disease; however, the transcriptional and post-

transcriptional mechanisms regulating PlGF expression are not well defined. Herein, we show that 

treatment of human erythroid cells and colony forming units with erythropoietin (EPO) increased 

PlGF expression. Our studies showed EPO-mediated activation of HIF-1α led to subsequent 

binding of HIF-1α to hypoxia response elements (HREs) within the PlGF promoter, as 

demonstrated by luciferase transcription reporter assays and ChIP analysis of the endogenous 

gene. Additionally, we showed miR-214 post-transcriptionally regulated the expression of PlGF as 

demonstrated by luciferase reporter assays using wild-type (wt) and mutant PlGF-3′-UTR 

constructs. Furthermore, synthesis of miR-214, located in an intron of DNM3 (dynamin 3), was 

transcriptionally regulated by transcription factors, peroxisome proliferator-activated receptor-α 

(PPARα) and hypoxia-inducible factor-1α (HIF-1α). These results were corroborated in vivo 

wherein plasma from SCD patients and lung tissues from sickle mice showed an inverse 

correlation between PlGF and miR-214 levels. Finally, we observed that miR-214 expression could 

be induced by fenofibrate, a Food and Drug Administration (FDA) approved PPARα agonist, thus 

revealing a potential therapeutic approach for reduction in PlGF levels by increasing miR-214 
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transcription. This strategy has potential clinical implications for several pathological conditions 

including SCD.

Keywords

dynamin 3 opposite strand (DNM3os); fenofibrate; hypoxia-inducible factor-1α (HIF-1α); 
microRNA (miRNA); peroxisome proliferator-activated receptor-α (PPARα); placenta growth 
factor

INTRODUCTION

Placental growth factor (PlGF), an angiogenic hormone and a member of the vascular 

endothelial growth factor (VEGF) family, plays an important role in various diseases and 

pathological conditions such as cancer and inflammation[1,2], myocardial angiogenesis and 

atherosclerosis [3,4], sepsis [5], allergic asthma [6,7], diabetic wound healing [8], pre-

eclampsia [9] and sickle cell disease (SCD) [10].

PlGF is produced by placental trophoblasts and umbilical vein endothelial cells [11], non-

placental tissues [12] and erythroid cells [10,13]. Its expression is induced by erythropoietin 

(EPO) in a cluster of differentiation (CD)34+ progenitor cells of bone marrow [10]. The 

human PlGF gene encodes four isoforms, PlGF-1–4 by alternative mRNA splicing [14]. 

PlGF-mediated signalling events begin after binding to its cognate VEGF receptor-1(VEGF-

R1) [15–17]. Plasma levels of PlGF in SCD patients are high, when compared with healthy 

control subjects, which correlates to the frequency of vaso-occlusive pain episodes [10]. 

Thus, the abnormal levels of systemic PlGF, associated with SCD, could be a consequence 

of increased erythropoiesis, hypoxia and higher levels of EPO, all resulting from haemolytic 

anaemia observed in these patients [10,13,18].

PlGF activates endothelial cells and monocytes, increasing the expression of 

cytochemokines, endothelin-1 (ET-1) and endothelin-B receptor (ET-BR) via activation of 

the transcription factor-1, hypoxia-inducible factor-1α (HIF-1α), independently of hypoxia 

[10,19,20]. Moreover, overexpression of PlGF in wild–type (wt) mice, to the levels seen in 

sickle mice, leads to increased ET-1 production and increased right ventricular pressure; 

both are markers of pulmonary hypertension (PHT) [21] and these findings were 

corroborated in SCD patients [21]. Thus, therapeutic strategies that block PlGF-mediated 

signalling or its production may be beneficial to SCA (sickle cell anaemia) patients. 

Previous studies have established the role of transcription factors, metal regulatory 

transcription factor-(MTF-1) [10,12,22,23] and glial cell missing-1 (GCM-1) in the 

expression of PlGF [24,25]. However, processes that regulate PlGF expression at the 

transcriptional and the post-transcriptional levels are poorly understood and may provide an 

alternative approach for therapeutic strategies.

Levels of EPO, a major hormone regulator of erythropoiesis, are elevated in SCD patients 

[25]. EPO is constitutively secreted by the kidneys, but its production can be further 

stimulated by tissue hypoxia or anaemia. For example, any reduction in erythrocytes via 

bleeding or anaemia leads to reduced oxygen delivery to the major organs including the 
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kidneys, thus stimulating EPO production. In SCD, increased EPO secretion [25] occurs 

during augmented erythropoiesis as a compensatory response to the severe haemolytic 

anaemia associated with this condition. Increased levels of serum EPO in mice are 

protective from PHT development in some studies [26], whereas other studies reported 

higher levels of EPO were instead associated with higher tricuspid regurgitation velocity 

(TRV) and development of PHT in SCD patients [27].

Since erythroid cells produce PlGF and increased EPO is needed for stimulating 

compensatory erythropoiesis in severe anaemia associated with SCD, we examined the 

effect of EPO on the expression of PlGF in erythroid cells. In the present report, we show 

that EPO induced expression of PlGF in K562 human erythroleukaemia cell line, used as a 

model for erythroid cells. In this system, PlGF is transcriptionally regulated by HIF-1α and 

post-transcriptionally regulated by miR-214; the latter targets the 3′-UTR of PlGF mRNA. 

Moreover, we show miR-214, intronically located in dynamin- 3 (DNM3) and synthesized 

from the DNM3 opposite strand (DNM3os) transcription unit [28] is also trans-activated by 

peroxisome proliferator receptor-α (PPARα) and HIF-1α. We observed that agonists of 

PPARα induced transcription of DNM3os, premiR-214 and miR-214, culminating in 

reduced expression of PlGF. Indeed, plasma levels of miR214 were reduced in SCD patients 

compared with controls and in lung tissues of Berkeley SS mice (BK-SS) compared with 

C57BL/6NJ control mice. These findings were consistent with the regulatory model 

showing that lowered miR-214 levels were permissive for increased PlGF expression. A 

consequence of higher basal PlGF levels would subsequently lead to increased expression of 

PlGF induced genes such as ET-1 [19] and plasminogen activator inhibitor-1 (PAI-1) [29], 

both of which have been implicated in development of PHT in SCD individuals.

MATERIALS AND METHODS

Cell culture and reagents

K562, a human erythroleukaemia cell line, was cultured in Iscove’s modified DMEM 

(Dulbecco’s Modified Eagle’s medium; IMDM), supplemented with 10 %heat-inactivated 

FBS, 100 μg/ml streptomycin and 100 units/ml penicillin, [30]. Cells were kept in serum-

free medium overnight prior to treatment with EPO (3 units/ml). EPO was a kind gift from 

Dr Vinod Pullarkat (City of Hope, Duarte, California). LY294002, PD98059, SB203580, 

SP600125 and R59949 were purchased from EMD Millipore and used at concentrations as 

previously described [31]. Drugs were used at the indicated final concentrations and were 

obtained from vendors as noted: fenofibrate (100 μM) and GW6471 (5 μM) were purchased 

from Sigma–Aldrich; Ro31 (33 μM) and Ro32 (31 μM) were purchased from Tocris. Cells 

were pre-incubated with drugs for 30 min prior to treatment with EPO. Primary antibodies 

for HIF-1α (1:250) and PPARα (1:250) were purchased from Santa Cruz Biotechnology and 

Abcam respectively. Horseradish peroxidase (HRP)-conjugated antibody for β-actin and 

secondary antibodies for HIF-1α and PPARα were purchased from Sigma–Aldrich. The 

miR-214 mimics, anti-miR-214 inhibitors and appropriate controls were purchased from 

Shanghai GenePharma as well as from Exiqon, designated as miR-214 inhibitor and locked 

nucleic acid (LNA)-miR214 inhibitor respectively.

Gonsalves et al. Page 3

Biochem J. Author manuscript; available in PMC 2015 November 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Luciferase vectors

An ~2.6-kb region of the PlGF promoter, spanning nts − 2622/+ 60 relative to the 

transcription start site, was PCR-amplified from human genomic bacterial artificial 

chromosome (BAC) clone RP11-668 L1 as template (BACPAC Resource Center) and 

inserted into the pGL3-Basic vector (Promega) using the In-Fusion HD cloning kit 

(Clontech Laboratories).

An ~2100-bp segment containing the DNM3os promoter (nts − 2100/+ 10) was PCR-

amplified from human genomic BAC clone RP11-455 O13 as template and inserted into the 

NheI restriction site of pGL3-Basic luciferase reporter plasmid following manufacturer’s 

instructions (Promega). The 3′-UTR region of the PlGF mRNA, fused downstream of the 

luciferase ORF in pMirTarget-luciferase was purchased from Origene. Mutagenesis of the 

HIF-1α-binding sites within the PlGF promoter, the PPARα- and HIF-1α-binding sites 

within the DNM3os promoter and the miR-214-binding sites within the 3′-UTR of PlGF 

were performed using the Q5 mutagenesis kit (New England Biolabs), using corresponding 

templates and PCR primers listed in Table 1. All constructs and subsequent mutations were 

verified by DNA sequencing (Retrogen).

Transient transfections and luciferase assays

K562 cells (106) were transfected with luciferase vectors (1 μg), shRNA constructs (1 μg) or 

miR-214 mimics (90 pmoles), as indicated, using Hi-Perfect transfection reagent (Qiagen), 

as per manufacturer’s protocols. Transfected cells were kept overnight in complete medium, 

followed by replacement with serum-free medium and incubation for 3 h prior to treatment 

with EPO. Cells transfected with luciferase reporter vectors were treated with EPO and 

lysed in 1× Reporter lysis buffer (Promega) followed by luciferase assay with Dual-Glo 

luciferase reagent (Promega). Luciferase values were normalized to Renilla luciferase values 

for transfection efficiency.

Westerns blots

For Western blots, 2 × 106 K562 cells were treated with indicated reagents, lysed using 

radioimmunoprecipitation assay (RIPA) buffer and probed with indicated antibodies [31]. 

Twenty-five micrograms of protein from each lysate was run on a SDS/PAGE (10 %gel) 

followed by transfer to PVDF membrane. Membranes were incubated overnight at 4 °C with 

primary antibodies to either PPARα (1:250) or HIF-1α (1:250). Membranes were washed 

and incubated with the appropriate secondary antibodies (1:10000), followed by 

development using the Clarity chemiluminescent kit (Bio-Rad). The membranes were 

stripped and re-probed with an antibody for β-actin (1:20000), as a loading control. 

Quantification of images was performed using the ImageJ software suite.

RNA extraction and quantitative real-time PCR

Cells following treatment were lysed in TRIzol reagent (Life Technologies) and total RNA 

isolated following the manufacturer’s protocol. 100 ng of RNA were transcribed using the 

One-Step SYBR PrimeTime RT-PCR kit (Clontech Laboratories) and the primers listed in 

Table 1, following the manufacturer’s protocols [31].
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Isolation and quantification of miRNAs

miRNA-binding sites in the 3′-UTR of PlGF were identified using the Microcosm Targets 

web tool (URL: http://www.ebi.ac.uk/enright-srv/microcosm/htdocs/targets/v5/). K562 cells 

were treated with EPO and miRNAs were purified utilizing the mirVana isolation kit (Life 

Technologies) [32]. Individual miRNA expression levels were determined by quantitative 

real-time (qRT)-PCR using TaqMan MicroRNA assay kits for indicated miRNAs 

(Invitrogen), according to the manufacturer’s instructions. miRNA expression levels were 

normalized to the reference gene, RNU6B (U6 snRNA) [32] using the comparative 

threshold cycle method (ΔCt). miRNAs were also quantified by Northern blot analysis. 

Briefly, 35 μg of total RNA from each sample was run on a 15 μ non-denaturing PAGE. The 

RNA was transferred to Biodyne B nylon membrane (Pall Corporation) followed by cross-

linking under UV light and pre-hybridized for 30 min using the UltraHyb hybridization 

buffer (Ambion) at 60°C. The membrane was then incubated with biotin-labelled 

hybridization probes for miR-214 and 5S rRNA, purchased from Valugene in Ultrahyb 

hybridization buffer (Ambion), at 60°C overnight. The membranes were washed twice in 

washing buffer (Thermo Scientific) at 60°C followed by blocking with 5 μ non-fat milk in 

1× PBS at room temperature. Streptavidin-HRP (1:250) was added to the membrane, 

incubated at room temperature for 3 h and followed by two washes with 1× washing buffer 

(LightShift Chemiluminescent EMSA kit, Thermo Scientific/Pierce). The membranes were 

developed and resulting images quantified using the ImageJ analysis software.

ChIP analysis

K562 cells (5 × 106) were incubated in serum-free medium overnight, prior to treatment 

with EPO as described above. Cells were lysed and sonicated as previously described [33]. 

Chromatin was immunoprecipitated with HIF-1α antibody (5 μg; Santa Cruz 

Biotechnology). The DNA was subjected to PCR amplification for 30 cycles under the 

following conditions: 95 °C for 30 s, 60 °C for 1 min, 72 °C for 120 s, using primers listed 

in Table 1. The PCR products were electrophoresed on a 2 %agarose gel. Images were 

quantified using the ImageJ analysis software.

Isolation of erythroid colony forming units from human blood

Five millilitres of blood was obtained from normal volunteers, utilizing informed consent, as 

approved by University of Southern California Institutional Review Board. Samples were 

collected in heparinized tubes and diluted with an equal volume of IMDM/2 μ FBS. Six 

millilitres of the cell suspension was layered on 3 ml of Ficoll–Paque (GE HealthCare) for 

isolation of the mononuclear cell fraction. Cells were carefully removed from the interface 

between the plasma/Ficoll–Paque medium and centrifuged at 400 g for 30 min without 

brake. Cells were washed twice with IMDM/2 μ FBS and re-spun at 300 g for 10 min with 

the brake ‘on’. Cells (106) were suspended in methyl-cellulose (1 %) medium supplemented 

with FBS (30 %), interleukin (IL)-3 (10 ng/ml) and stem cell factor (SCF) [10]. Cells in the 

methyl-cellulose medium were incubated for 15 days in a CO2 incubator at 37 °C [34]. 

CFU-E (erythroid colony forming units) clusters were isolated and washed with IMDM 

medium supplemented with FBS and kept for 2 days in the absence of EPO, followed by 

serum-free medium for 3 h and EPO treatment.
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Quantification of secreted PlGF from erythroid cells

K562 cells were transfected with miR-214 mimic (90 pmoles) and the negative control 

mimic (NC mimic, 90 pmoles). Transfected cells were incubated in complete medium for 24 

h followed by serum-free medium for 3 h and treated with either EPO (3 units/ml) or 

fenofibrate (0.1 mM) for 18 h. The culture supernatants were collected and an aliquot (100 

μl) was assayed for secreted PlGF by ELISA (Peprotech). The cells were washed with PBS 

and lysed with RIPA buffer and assayed for protein content using the Bradford method.

Human subjects and mice

All blood samples were obtained from children with homozygous SCD at steady state 

(absence of sickle cell related acute event for 3 weeks prior to blood draw) at their elective 

clinical visit for routine check-up and clinical blood draws. Permissions were obtained with 

the informed consent of the patient or parent/legal guardian using Institutional Review 

Board approved protocols through the Repository for Non-Malignant Hematology 

Specimens at Cincinnati Children’s Hospital Medical Center. The plasma from Sickle cell 

homozygous (SS) and their unaffected sibling control subjects were collected and stored at − 

80 °C until assayed. BK-SS mice originally obtained from Jackson Laboratories were bred 

up to the sixth generation against a C57BL/6NJ background [35]. Animal protocols were 

approved by the Institutional Animal Care Use Committee at Cincinnati Children’s Hospital 

Medical Center. In-house bred C57BL/6NJ mice served as controls. Blood and lungs were 

collected after animals were exsanguinated and stored at − 80 °C for assay of miRNAs and 

PlGF levels. Plasma EPO levels were assayed using an ELISA kit (R & D Systems).

Statistical analysis

Data are presented as means ± S.E.M. Control and EPO-treated samples were compared 

using a Student’s t test. One-way ANOVA followed by Tukey–Kramer test were used for 

multiple comparisons using the Instat-2 Software (Graph Pad). P < 0.05 was considered 

statistically significant. *P<0.05, **P < 0.01, ***P < 0.001 and ns (not significant) with P 

> 0.05.

RESULTS

EPO augments expression of PlGF via activation of PI-3 kinase, p38 MAP kinase and MAP 
kinase in K562 erythroid cells

Treatment of K562 cells with EPO showed a time-dependent increase in PlGF mRNA 

expression with a 3-fold increase observed at 2 h (Figure 1A). Similarly, treatment of human 

CFU-E cells with EPO increased expression of PlGF mRNA by ~4-fold (Figure 1B). Since 

EPO treatment of both K562 and CFU-Es behaved similarly with regard to PlGF induction, 

we used K562 cells as the model system for our continued studies.

Next, we examined the cellular signalling pathways required for induction of EPO-mediated 

PlGF expression, utilizing established pharmacological inhibitors for known signalling 

kinases [36]. An inhibitor screen was performed using inhibitors for phosphoinositide (PI)-3 

kinase (LY294002, 15 μM), p38 mitogen-activated protein (MAP) kinase (SB203580, 1 μM) 

and extracellular signal-regulated kinase (ERK)/MAP kinase (PD98059, 10 μM); all drugs 
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completely antagonized EPO-mediated PlGF induction (Figure 1C). An inhibitor of Jun-N-

terminal kinase (JNK), SP600125 (100 nM), was tested and observed to reduce EPO-

induction of PlGF expression by ~40 μ (Figure 1C). An inhibitor for the transcription factor, 

HIF-1α, R59949 (30 μM) also attenuated PlGF mRNA expression (Figure 1C, lane 7). 

Pharmacological inhibitors may have non-specific effects; therefore we validated our results 

by utilizing kinase specific shRNA. As shown in Figure 1(D), shRNAs for PI-3 kinase and 

MAP kinase (ERK-1 and ERK-2) inhibited by >90 μ the EPO-induced expression of PlGF 

mRNA. It is pertinent to note that shRNAs for PI-3 kinase and MAP kinase (ERK-2) were 

effective in attenuating expression of these proteins by 50 μ as shown in the Supplementary 

Figures S1(A) and S1(B). Taken together, these data showed EPO-mediated signalling for 

PlGF expression involved PI3 kinase as well as previously shown p38 MAP kinase, MAP 

kinase and JNK pathways [30].

EPO-mediated expression of PlGF involves activation of HIF-1α

In silico analysis of the PlGF promoter showed the presence of two canonical-binding sites 

for HIF-1α [hypoxia response elements (HREs)], at nt positions − 854/− 850 and − 904/− 

900 as illustrated in the schematic diagram of Figure 2(A). Additionally, the PlGF promoter 

has two binding sites for metal transcription factor, MTF-1 [10], at positions − 639/− 633 

and − 647/− 653 (Figure 2A). We examined whether EPO induction of PlGF required 

participation of HIF-1α.

Knockdown of HIF-1α in K562 cells with transfected shRNA vector was performed prior to 

EPO-treatment for 2 h. This resulted in ~90 μ reduction in PlGF mRNA level relative to 

control (Figure 1E, lane 3 compared with lane 2). Western blot analysis showed HIF-1α 

shRNA was ~80 μ effective in reducing EPO mediated HIF-1α expression (Supplementary 

Figure S1C). To further elucidate the role of HIF-1α in EPO-mediated PlGF expression, we 

utilized a shRNA for prolyl hydroxylase-2 (PHD2). Under basal conditions, in ambient 

oxygen, PHD2 catalyses hydroxylation of specific proline residues of HIF-1α, marking it for 

ubiquitination and subsequent degradation [37]. In the absence of EPO, PHD2 shRNA 

increased expression of PlGF mRNA by ~3.5-fold, when compared with the untreated cells 

(Figure 1E, lane 4 compared with lane 1). PHD-2 shRNA was ~50 μ effective in reducing 

PHD2 protein (Supplementary Figure S1D). Cells transfected with a scrambled non-specific 

shRNA (scRNA) showed no effect on PlGF mRNA levels (Figure 1E, lane 5 compared with 

lane 2).

We further examined HIF-1α expression in order to ascertain whether EPO contributed to 

transcription of HIF-1α itself or regulated it via a post-translational mechanism. As shown 

in Figure 1(F), EPO increased expression of HIF-1α protein from basal levels, which was 

significantly inhibited by the inhibitors of PI-3 Kinase (LY294002), MAP kinase (PD 

98059) and JNK kinase (SP600125). R59949, an inhibitor of HIF-1α, also significantly 

inhibited EPO-mediated HIF-1α protein levels (Figure 1F).

In order to determine whether increased HIF-1α levels mediated by EPO resulted from 

decreased proteasomal turnover, we treated cells with cycloheximide to specifically examine 

its turnover in the presence and absence of EPO.
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Under these conditions, there was measurable HIF-1α turnover in the presence of EPO 

compared with control; however, in both conditions the t1/2 was observed to be considerably 

longer than 6 h (Supplementary Figure S1E). Given the 2 h EPO incubation period used in 

these studies, the amount of protein turnover would be limited. Thus, we concluded that the 

EPO-dependent net increase in HIF-1α was due to increased rates of HIF-1α mRNA 

translation [38,39]. This interpretation is consistent with observed effects of specific protein 

kinase inhibitors on HIF-1α levels in response to EPO described above. Specific and general 

stimulation of mRNA translation is known to be mediated through PI-3 kinase acting 

through mammalian target of rapamycin C (mTORC) [40,41].

EPO-mediated expression of PlGF in erythroid cells involves HRE elements in its promoter

We examined the role of HIF-1α in the transcription of PlGF using a luciferase reporter 

driven by the PlGF promoter. For these studies, the 2.6-kb PlGF-promoter region were used 

to test the response of the luciferase reporter to EPO. As described above, the presumptive 

HRE elements found in the PlGF promoter were individually mutated to establish their 

role(s) in response to EPO treatment. The HRE sites were mutated as follows: HRE-1 

(RCGTG to RCATA, bases − 854/− 850) and HRE-2 (RGCAC to RGATA, bases − 904/− 

900), as illustrated in the gene schematic diagram of Figure 2(A). Transfection of wt PlGF-

luc in K562 cells followed by treatment with EPO for 4 h resulted in ~2.5-fold increase in 

luciferase activity (Figure 2B). Moreover, mutation of either the HRE-1 (Figure 2B, lane 3 

compared with lane 2) or the HRE-2 (Figure 2B, lane 4 compared with lane 2) sites 

completely abrogated EPO induction of the PlGF promoter-luciferase activity. Taken 

together, these data showed that both the HRE-1 and the HRE-2 sites were equally 

functional and therefore together played a role in the EPO-mediated transcription of PlGF in 

erythroid cells.

The requirement for HIF-1α in PlGF induction by EPO was further supported by ChIP 

analysis of the endogenous gene. As shown in Figure 2(C), HIF-1α binding to the PlGF 

promoter was stimulated in EPO treated K562 cells by ~1.5-fold (Figure 2C), compared 

with untreated cells normalized to input DNA. The expected ChIP PCR product size using 

primers listed in Table 1 was 200 bp, corresponding to the PlGF 2.6-kb promoter region 

containing HRE-1 and HRE-2 (Figure 2C). Control ChIP reactions with non-specific 

antibody did not enrich recovery of the promoter segment containing the HRE elements 

(Figure 2C, bottom panel). As an alternative approach to support the requirement for 

HIF-1α, pre-incubation of K562 cells with R59949 (an inhibitor of HIF-1α) was observed to 

attenuate EPO-mediated HIF-1α binding to the PlGF promoter (Figure 2C). HIF-1α bound 

to the PlGF promoter in the chromatin was quantified using qPCR (Figure 2D). As a 

positive control for the ChIP result, we examined the expression of the B-cell lymphoma-

extra large (Bcl-XL) gene, which is regulated by HIF-1α and induced by EPO in erythroid 

cells [42]. The qPCR analysis for Bcl-XL showed an increase of ~2-fold following EPO 

treatment that was abrogated by pre-treatment with HIF-1α inhibitor R59949 (Figure 2E). 

These data supported the participation of HIF-1α in transcription of PlGF. We also 

examined the expression of the glucose-6-phosphate dehydrogenase gene, which is also 

regulated by HIF-1α [43]. The qPCR result for this gene showed an increase of ~2-fold 

following EPO treatment which was also inhibited by R59949 (Figure 2F).
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miR-214 targets the 3′-UTR of PlGF mRNA

In silico analysis of the 3′-UTR of human PlGF mRNA showed the presence of two 

predicted complementary-binding sites for miR-214 at nt + 55/+ 78 and + 99/+ 118, beyond 

the translation stop codon (Figure 3A). These potential miR-214 target sites in PlGF mRNA 

are highly conserved among several mammalian species (result not shown). In order to 

correlate miR-214 expression to PlGF mRNA levels, we first examined EPO-mediated 

regulation of mature miR-214 levels. EPO treatment led to an increase in miR-214 in a time-

dependent manner achieving a maximum by 2 h, which was maintained through 8 h of 

incubation with EPO (Figure 3B).

In order to establish a possible role of miR-214 in the post-transcriptional regulation of 

PlGF, we transfected K562 cells with a miR-214 mimic and observed a complete reduction 

in EPO-mediated PlGF mRNA expression to basal levels (Figure 3C, lane 3 compared with 

lane 2). Transfection with miR-214 mimic inhibitor did not alter expression of PlGF mRNA 

(Figure 3C, lane 4 compared with lane 2). Moreover, transfection with LNA miR-214 

inhibitor also did not significantly change PlGF mRNA levels (Figure 3C, lane 5 compared 

with lane 2). Control transfection with a non-specific mimic (NC) had no effect on PlGF 

mRNA level (Figure 3C, lane 6 and 7 compared with lane 2). We conclude from these 

results that PlGF has functional miR-214-binding sites in its mRNA 3′-UTR.

The effect of miR-214 on PlGF synthesis was further analysed using a luciferase translation 

reporter assay. Transfection of K562 cells with the pMIR–PlGF-3′-UTR-luc (wt) reporter 

followed by treatment with EPO for 4 h resulted in a 2-fold increase in luciferase activity 

(Figure 3D, lane 2 compared with lane 1); this indicated that the PlGF 3′-UTR participated 

in post-transcriptional regulation of PlGF. Co-transfection of the wt-PlGF-3′-UTR with 

miR-214 mimic (Figure 3D, lane 3 compared with lane 2), reduced EPO-induced luciferase 

activity to basal levels; the reporter activity was not affected by the NC miRNA (Figure 3D, 

lane 4 compared with lane 2), demonstrating the specificity of this interaction. Next, the 

specificity of miR-214 interaction with PlGF 3′-UTR in the translation reporter for post-

transcriptional regulation of PlGF mRNA was examined. For this, we introduced three base 

substitutions within both predicted miR-214-binding sites in the PlGF 3′-UTR (from 

CCTGCTGG to CCAAATGG) of the luciferase translation reporter. These base 

substitutions will abolish possible base pairing between miR-214 and the PlGF 3′-UTR 

sequence, as shown in the schematic diagram (Figure 3A). The mutant luciferase translation 

reporters were assayed for luciferase production in EPO-treated K562 cells. The data 

showed mutation of miR-214-binding site 1, (positions + 55/+ 78; denoted 214M1, Figure 

3E, lane 3) or miR-214-binding site 2 (positions + 99/+ 118; denoted 214M2, Figure 3E, 

lane 5) individually were refractory to the effect of elevated endogenous miR-214 at >2 h 

post EPO addition. Furthermore, luciferase expression for 214M1 and 214M2 mutants was 

significantly elevated compared with the activity of wt 3′-UTR (Figure 3E, lanes 5 and 6 

compared with lane 2), which would be expected in the absence of post-transcriptional 

regulation of the mutant reporter mRNA. Thus, we interpreted this result to indicate that 

both miR-214 sites were required for reducing reporter activity and by extension, PlGF 

expression itself in vivo. In addition, co-transfection of the mutant luciferase reporters with 

miR-214 mimic to augment endogenous miR-214 levels had no effect on reporter activity 
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(Figure 3E, lane 4 compared with lane 3 and lane 6 compared with lane 5) consistent with 

the predicted interaction between miR-214 and the PlGF 3′-UTR.

miR-214 located in an intron of host gene DNM3 is co-transcriptionally regulated by 
PPARα

Recent studies from our laboratory [44] and others [45] show that the miR-199a2/214 cluster 

is located within DNM3os (chr1:172109461-172113934), an opposite strand locus, within 

an intron of DNM3 (chr1:171810621-172381856). The former encodes a long non-coding 

transcript, as depicted in the schematic diagram of Figure 4(A). We have shown that 

induction of DNM3os by PlGF takes place in human endothelial cells; furthermore, this 

gene could be independently induced by PPARα in this cell type [44]. Accordingly, we 

examined EPO-mediated transcription of DNM3os RNA and concomitantly miR-214/

miR-199a2 in erythroid cells (K562). We also examined whether PPARα-induced DNM3os 

transcription in these cells. As shown in Figure 4(B), EPO treatment of K562 cells showed a 

time-dependent increase in DNM3os, premiR-199a2 and premiR-214 RNA expression. The 

EPO-mediated expression of premiR-199a2/-214 and DNM3os RNAs increased 

biphasically, showing separate maxima of expression after 2 and 6 h of EPO treatment 

(Figure 4B). However, CFU-E cells treated with EPO showed reduced expression of 

premiR-214 (Figure 1B).

Next we examined the transcriptional regulation of miR-214. Although this study focused on 

expression of miR-214, the DNM3os transcription unit includes the gene for miR-199a2 

[44]. In silico analysis of the ~2-kb 5′-flanking region of DNM3os showed three PPARα-

binding sites (bases − 216/− 206, bases − 317/− 307 and bases − 789/− 779) and one HRE 

site (bases − 68 to − 71) proximal to the transcription start site (Figure 4A).

Thus, we examined these cis elements for their roles in the transcriptional regulation of 

DNM3os as well as premiR-214, in response to EPO treatment. As shown in Figure 4(C), 

transfection of K562 cells with shRNAs for PPARα and HIF-1α reduced expression of 

DNM3os RNA and premiR-199a2/-214 by ~90 μ (Figure 4C, lanes 3 and 4 compared with 

lane 2), whereas a non-specific control (control shRNA) had no significant effect (Figure 

4C, lane 6 compared with lane 2). The activity of these shRNAs on corresponding protein 

synthesis was confirmed by Western blot (Supplementary Figure S1E). PPARα shRNA was 

~40 μ effective in reducing PPARα protein expression (Supplementary Figure S1E). In the 

absence of EPO, PHD-2 shRNA, increased the expression of DNM3os, premiR-199a2 and 

premiR-214 (Figure 4C, lane 5 compared with lane 1). These results demonstrated that 

transcription of DNM3os was dependent on PPARα and HIF-1α.

To further determine the contribution of PPARα and HIF-1α in the expression of miR-214 

and DNM3os, we mutated the PPARα and HIF-1α-binding sites of the DNM3os promoter. 

K562 cells transfected with the wt DNM3os promoter-luciferase reporter showed a ~3-fold 

increase in luciferase activity in response to EPO treatment (Figure 4D, lane 2 compared 

with lane 1). Mutation of PPARα site-1 (Figure 4D, lane 3 compared with lane 2) partially 

reduced the activity of DNM3os promoter in the luciferase reporter in response to EPO. By 

contrast, mutations in PPARα site- 2 (Figure 4D, lane 4 compared with lane 2) and PPARα 

site-3 (Figure 4D, lane 5 compared with lane 2) significantly abrogated reporter activity in 
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response to EPO. Mutation of the single HRE site (nts − 68/− 71) in the DNM3os promoter 

(Figure 4A) exhibited the highest reduction in reporter activity when compared with the wt 

DNM3os promoter (Figure 4D, lane 6 compared with lane 2). These results implicated both 

PPARα and HIF-1α as positive regulators of DNM3os and premiR-214 transcription, with 

the latter providing the largest contribution to DNM3os transcription.

Fenofibrate augments expression of miR-214 and concomitantly attenuates expression of 
PlGF

Since PPARα and HIF-1α were involved in transcription of DNM3os, we examined the 

effect of fenofibrate, a PPARα agonist, on the expression of DNM3os RNA, premiR-199a2 

and pre-miR-214. Fenofibrate is a Food and Drug Administration (FDA) approved drug 

from the fibrate class, which is widely utilized for the treatment of dyslipidemia [46]. As 

shown in Figure 5(A) (lanes 2 and 3 compared with lane 1), both EPO and fenofibrate 

increased by ~3-fold the expression levels of DNM3os, premiR-199a2 and premiR-214 

RNA. A PPARα antagonist (GW6471, 15 μM) attenuated by >80 μ the expression of 

DNM3os RNA, premiR-199a2/premiR-214 (Figure 5A, lane 4 compared with lane 3). These 

results were also reflected in a Northern blot analysis for miR-214, wherein fenofibrate 

treatment of K562 cells, in the absence of EPO, induced mature miR-214 expression by 

~2.3-fold, whereas addition of the PPARα antagonist (GW6417) inhibited the expression of 

miR-214 (Figure 5B). By comparison, treatment with EPO alone resulted in a 2-fold increase 

in the expression of mature miR-214 (Figure 5B). Thus, both EPO and fenofibrate treatment 

augmented miR-214 expression.

To ascertain the role of HIF-1α in the transcription of DNM3os and synthesis of 

premiR-199a2/214, K562 cells were transfected with shRNA for HIF-1α. As shown in 

Figure 5(C), fenofibrate-induced synthesis of DNM3os, premiR-199a2 and premiR-214 

could be reduced to basal levels by HIF-1α shRNA (Figure 5C, lane 3 compared with lane 

2). There was no significant effect on DNM3os RNA levels upon transfection with a non-

specific control shRNA (Figure 5C, lane 4 compared with lane 2). These data indicated that 

both PPARα and HIF-1α co-activated DNM3os transcription.

Next, we examined the effect of EPO and fenofibrate on PlGF synthesis and secretion from 

erythroid cells. EPO treatment resulted in ~2-fold increase in the release of PlGF from K562 

cells (Figure 5D, lane 2 compared with lane 1) and was antagonized by transfection with 

miR-214 mimic, which reduced PlGF secretion to basal level, as expected from its post-

transcriptional effect on PlGF mRNA (Figure 5D, lane 3 compared with lane 2). Under the 

same conditions, transfection with a non-specific mimic did not significantly reduce PlGF 

secretion (Figure 5D, lane 5 compared with lane 2). Moreover, PlGF secretion was also 

significantly reduced by fenofibrate (Figure 5D, lane 4 compared with lane 2). Taken 

together, these data showed that both PPARα and HIF-1α regulated the transcription of 

miR-214 and fenofibrate augmented expression of miR-214 and concomitantly reduced PlGF 

mRNA and protein expression.
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EPO-mediated signalling involves phosphorylation of PPARα

As PPARα increased transcription of DNM3os and miR-214, we examined the mechanisms 

by which PPARα may be activated in response to EPO. We observed EPO treatment did not 

significantly increase PPARα mRNA levels (result not shown), therefore any change in 

PPARα activity could be achieved by a post-translational mechanism. The activity of 

PPARα is known to be modulated by phosphorylation [47]. Thus, we asked if the 

phosphorylation state of PPARα changed during EPO treatment. K562 cells were treated 

with EPO and analysed for the appearance of phosphorylated PPARα over a 30 min time 

course. Under these conditions, we observed that PPARα phosphorylation increased by 

~2.5-fold between 5 and 15 min in both cytosolic and nuclear fractions (Figure 6A). 

Accordingly, whereas the amount of cytosolic PPARα protein did not change between 2 and 

60 min (Figure 6A, middle panel), unphosphorylated PPARα protein was not observed in 

the nuclear fraction of EPO treated cells during the induction time period (result not shown).

In order to gain insight into which protein kinase activities participated in PPARα 

phosphorylation, we utilized selective pharmacological protein kinase inhibitors which have 

been previously shown to modulate PPARα phosphorylation [47]. We observed PI-3 kinase, 

p38 MAP kinase and protein kinase C α (PKCα) inhibitors (Ro31 and Ro32), but not MAP 

kinase inhibitors, were effective in attenuating phosphorylation of PPARα in the nuclear 

fraction of K562 cells (Figure 6B), though the PPARα unphosphorylated levels were 

constant (Figure 6B, middle panel). Taken together, these data showed EPO treatment 

increased phosphorylation of PPARα and the presumptive pathway involved in its activation 

involved PI-3 kinase, p38 MAP kinase and members of PKC-family of activators, but not 

MAP kinase.

PremiR-214 levels inversely correlate with PlGF mRNA levels in lung tissue of Berkeley 
sickle mice

The present study showed the existence of a regulatory circuit between miR-214 and PlGF in 

K562 cells. Our previous studies showed significantly elevated levels of circulatory PlGF 

and ET-1 in BK-SS mice, both of which are associated with right ventricular hypertrophy 

and pulmonary changes reflecting what is observed in SCD patients [21]. Therefore, this 

system was revisited to measure plasma levels of EPO in BK-SS mice. As expected, we 

found that EPO levels were ~64-fold higher in BK-SS mice compared with control mice 

(Figure 6C), indicating that sickling correlated with increased expression of EPO.

Since PHT is observed in sickle patients, we hypothesized that lungs of BK-SS mice may 

also express higher levels of PlGF. Indeed, lung tissue from BK-SS mice showed ~4-fold 

increase in PlGF mRNA expression compared with lung tissue derived from C57BL/6NJ 

control mice (Figure 6D). Consistent with the increase in PlGF, premiR-214 levels were 

significantly reduced in BK-SS lung tissue to very low basal expression levels when 

compared with control mice (Figure 6D).

Reduced miR-214 plasma levels correlate with increased PlGF levels in SCD patients

Plasma levels of PlGF are abnormally high in SCD subjects [10]. Consequently the 

correlation of reduced miR-214 expression to high PlGF levels we observed in vitro, led us 
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to measure plasma levels of miR-214 in SCD patients and their sibling(s), as controls. As 

shown in Figure 6(E), this analysis showed miR-214 levels were ~8-fold lower in SCD 

patients compared with healthy sibling controls. Thus these clinical data coupled with the 

animal data above, strongly support the role of miR-214 in the regulation of PlGF levels. 

Lower levels of miR-214, as evident from our data in SCD patients, was probably 

contributory to increased levels of PlGF in SCD subjects, as was shown in vitro.

DISCUSSION

In the present report, we delineated the transcriptional and post-transcriptional mechanisms 

that underlie EPO-mediated induction of PlGF in erythroid cells. Using pharmacological 

inhibitors and RNAi, we showed that the canonical PI-3 kinase pathway, the MAP kinase, 

p38 MAP kinase and the JNK kinase pathways were all participants in EPO-mediated 

induction of PlGF. The PlGF promoter has two HREs that serve as binding sites for the 

transcription factor, HIF-1α, as previously reported [48,49]. A detailed analysis of the PlGF 

promoter showed a functional requirement for both HRE sites in EPO-mediated PlGF 

transcription. Moreover, this result was extended wherein we showed in vivo binding of 

HIF-1α by ChIP analysis to the endogenous PlGF promoter.

miRNAs are known to have an important role in controlling gene expression by affecting the 

stability and translation of mRNA through base-pairing interactions with the 3′-UTRs of 

these translation templates [50–53]. In silico analysis of the 3′-UTR of PlGF predicted two 

potential complementary binding sites for miR-214, at nt positions + 55/+ 78 and + 99/+ 

118. We observed miR-214 levels showed an inverse correlation to the levels of PlGF 

mRNA upon EPO-mediated induction. These results were corroborated wherein 

overexpression of miR-214 showed attenuation of EPO-induced PlGF promoter luciferase 

reporter activity, PlGF mRNA expression and resultant PlGF protein secretion. The 

specificity of miR-214 binding to miRNA response elements (MREs) in the PlGF mRNA 

was established using a luciferase reporter gene containing the PlGF 3′-UTR. Furthermore, 

the functionality of these sequences was established by mutation of the binding sites for 

miR-214 within the 3′-UTR of the luciferase reporter.

The miR-199a2/miR-214 cluster is located within the DNM3os transcription unit and is 

indispensable for skeletal development and body growth in mammals [54,55]. Results from 

RNAi of PPARα and HIF-1α activity in these cells indicated that both transcription factors 

were important for DNM3os transcription and that both PPARα and HIF-1α have major 

roles in transcription of this locus.

The transactivation of the DNM3os promoter by PPARα and HIF-1α was somewhat 

surprising because increased miR-214/miR-199a2 expression would be expected to attenuate 

both the induction of HIF-1α, via regulation through miR-199a2 [44], and subsequently 

PlGF. We propose that this is actually part of a homoeostatic regulatory loop for the return 

of PlGF and HIF-1α to basal levels of expression via a post-transcriptional mechanism 

mediated by miRNAs. Given that PlGF levels are abnormally high in SCD, this implies that 

this homoeostatic regulatory arm is dysregulated in this chronic illness.
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Phosphorylation of PPARα is essential to its function as a transcription factor and is 

preceded by activation of the PKCα pathway [47]. EPO activated PPARα by inducing its 

phosphorylation, required activation of PI-3 kinase and the PKC pathway. This would lead 

to transactivation of the DNM3os promoter, thereby initiating transcription of the DNM3os 

transcription unit including the miR-199a2/miR-214 cluster. Participation of PI-3 kinase and 

MAP kinases may also be important for stimulating translation of HIF-1α mRNA as has 

been previously reported [56,57]. We observed a similar phenomenon based on our 

observation that there was no net change in HIF-1α mRNA levels, yet EPO treatment 

resulted in a 2-fold increase in HIF-1α protein. This occurred despite the observation that 

there was a small increase in HIF-1α turnover during EPO treatment (Supplementary Figure 

S1F). Modulation of protein synthesis rates in the absence of increases in mRNA levels is a 

well-established phenomenon [58].

HIF-1α protein levels are primarily regulated by proteasomal degradation under normoxic 

conditions. Following hypoxia, the proteasomal-dependent pathway is suppressed resulting 

in increased cytoplasmic levels of HIF-1α leading to nuclear translocation and gene 

activation events. However, basal HIF-1α levels are also influenced by increased rates of 

HIF-1α mRNA translation [56]. It has been reported that HIF-1α mRNA is alternatively 

initiated for protein synthesis by a 5′-cap independent process [57] and by positively acting, 

trans-acting RNA-binding proteins, poly pyrimidine tract-binding protein (PTB) and human 

antigen R (HuR) [59,60]. Thus the changes in HIF-1α levels we observed in response to 

EPO could be due to participation of non-canonical translation pathways leading to the net 

increase in this key transcription factor [58]. Such changes in HIF-1α levels, not involving 

the proteasomal pathway, have been reported by others for non-hypoxic stimuli [61].

Plasma levels of PlGF are significantly higher in sickle cell patients compared with healthy 

control subjects, as a part of the compensatory erythroid hyperplasia response. The higher 

levels of PlGF in patients with SCD are significantly associated with haemolysis, baseline 

inflammation and features of PHT [10,21,62]. Recent studies of Kato and co-workers [63] 

also show correlation of markers of iron overload, i.e. ferritin and transferrin, to increased 

plasma levels of PlGF in patients with haemolytic anaemia, compared with healthy controls. 

In cultured endothelial cells and monocytes, PlGF induces HIF-1α-dependent expression of 

ET-1, PAI-1 and 5-lipoxygenase activating protein [19,29]. The role of miR-214 in 

regulating expression of PlGF levels in vivo was supported by our findings wherein miR-214 

levels were significantly reduced in plasma of SCD patients and lung tissues of BK-SS mice 

compared with normal subjects and control animals respectively. Thus, the correspondingly 

high levels of PlGF observed in SCD patients and the sickle mouse model corroborated the 

in vitro results, further buttressing this novel mechanistic link between PlGF and miR-214. 

Our studies additionally showed that the miR-199a2/miR-214 cluster, co-synthesized with 

the non-coding DNM3os transcript, could be induced by the PPARα agonist, fenofibrate. 

Recent studies show increased expression of miR-199/miR-214 along with DNM3os RNA in 

biopsies of cardiac tissue from patients with heart failure compared with human control 

heart tissues [45]. This was accompanied by reduced PPARδ protein levels in cardiac 

biopsies of heart failure patients due to repression of PPARδ by miR-214 [45].
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In conclusion, our data provide evidence for the involvement of PPARα and HIF-1α in 

EPO-mediated PlGF expression and the role of miR-214 as a post-transcriptional regulator 

of PlGF mRNA, as illustrated in the schematic diagram shown in Figure 6(F). Moreover, 

PPARα agonists were shown to augment the expression of miR-214 and concomitantly 

reduced the expression of PlGF. These studies provide a rational therapeutic approach of 

utilizing FDA approved fibrates [64] as a potential therapeutic agent for ameliorating the 

pathological consequences of dysregulated PlGF production in SCD.
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Abbreviations

BAC bacterial artificial chromosome

BK-SS Berkeley sickle mice

CFU-E erythroid colony forming units

DNM3 dynamin 3

DNM3os dynamin 3 opposite strand

EPO erythropoietin

ERK extracellular signal-regulated kinase

ET-1 endothelin-1

FDA Food and Drug Administration

HIF-1α hypoxia-inducible factor-1α

HRE hypoxia response element

HRP horseradish peroxidase

HuR Human antigen R

IMDM Iscove’s modified DMEM

JNK c-Jun N-terminal kinase

LNA locked nucleic acid

MAP mitogen-activated protein

MTF-1 metal regulatory transcription factor-1

NC negative control

ns not significant
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PAI-1 plasminogen activator inhibitor-1

PHD2 prolyl hydroxylase 2

PHT pulmonary hypertension

PI phosphoinositide

PKC protein kinase C

PlGF placental growth factor

PPARα peroxisome proliferator-activated receptor-α

PTB polypyrimidine tract-binding protein

qRT quantitative real-time

RIPA radioimmunoprecipitation assay

SCD sickle cell disease

SS plasma samples from SCD patients

VEGF vascular endothelial growth factor

wt wild-type
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Figure 1. EPO-induced PlGF mRNA expression involved signalling via the PI3 kinase, MAP 
kinase, JNK and HIF-1α pathways
(A) K562 cells were treated with EPO for indicated time periods followed by isolation of 

total RNA for qRT-PCR analysis of PlGF mRNA. (B) CFU-E cells were treated with EPO 

for 2 h followed by isolation of RNA and qRT-PCR analysis. (C) K562 cells were pre-

treated for 30 min with the indicated inhibitors followed by EPO-treatment for 2 h. (D) 

K562 cells were transfected, as indicated, with 1 μg of shRNAs for PI-3 kinase, MAP kinase 

and scRNA followed by EPO treatment for 2 h. (E) Cells were transfected, as indicated, 

with 1 μg of shRNAs for the transcription factor HIF-1α, scRNA and PHD2 followed by 

treatment with EPO for 2 h. In panels (A–D) total RNA was subjected to quantitative qRT-

PCR for PlGF mRNA. PlGF mRNA expression was normalized to GAPDH mRNA levels. 

Data are expressed as means ± S.D. of three independent experiments. (F) Western Blot 

analysis of HIF-1α protein in K562 cells treated with the indicated pharmacological 

inhibitors followed by EPO treatment for 2 h. All Western blots were stripped and reprobed 
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with β-actin to normalize protein loading. Data are representative of three independent 

experiments. ***P < 0.001, **P < 0.005, *P < 0.01, ns, P > 0.05.
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Figure 2. PlGF promoter activity requires the activity of HIF-1α-binding sites (HREs)
(A) Schematic diagram of the PlGF promoter (nt positions − 2622/+ 10, relative to 

transcription start site) showing two HRE and two MTF-1-binding sites. (B) K562 cells 

were transfected with the wt PlGF promoter-luc, PlGF promoter with mutations in the HRE 

site at positions − 854/− 850 (HRE1M) and at positions − 904/− 901 (HRE2M). K562 cells 

were co-transfected with Renilla luciferase plasmid for 24 h. Cells were treated with EPO 

for 4 h. Luciferase activity was normalized to Renilla luciferase activity to correct for 

transfection efficiency and the data are expressed as relative expression compared with 

either the luciferase activity of untreated cells or the wt construct, as indicated in the figure. 
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Data are means ± S.D. of three independent experiments. (C) ChIP analysis of K562 cells 

treated without and with EPO for 2 h, for assay of HIF-1α binding to the PlGF promoter. 

HIF-1α antibody (top row) or control rabbit IgG (bottom row) were used for immuno-

precipitation of soluble chromatin. The middle panel represents the amplification of input 

DNA before immunoprecipitation. (D–F) Quantitative analysis of PlGF (D) (ChIP, panel C), 

the Bcl-XL (E) and the G6PD (F) promoters by qPCR of CHIP utilizing HIF-1α antibody. 

Primers used to amplify the PCR products in the PlGF, Bcl-XL and the G6PD promoter are 

indicated in Table 1. Data are representative of three independent experiments. ***P < 0.01, 

**P < 0.01, *P < 0.05, ns, P > 0.05.
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Figure 3. miR-214 post-transcriptionally regulates EPO-mediated PlGF expression
(A) Schematic diagram of the PlGF 3′-UTR, depicting two binding sites for miR-214. 

Mutations in the miR-214-binding sites are indicated by asterisks. (B) K562 cells were 

treated with EPO for indicated time periods followed by qRT-PCR for miR-214 expression. 

miR-214 levels were normalized to RNU6 RNA levels. Data are represented as relative 

expression of miR-214, following EPO treatment, compared with untreated samples. (C) 

K562 cells were transfected with indicated oligonucleotide miR-214 mimic, miR-214 

inhibitor (antagomir) or LNA miR-214 inhibitor, followed by EPO treatment for 2 h. (D) 

Cells were co-transfected with a PlGF 3′-UTR luciferase plasmid and the miR-214 mimic 

followed by treatment with EPO for 4 h. (E) K562 cells were transfected with either the wt 

PlGF 3′-UTR luciferase plasmid or the PlGF 3′-UTR plasmid with miR-214-binding site 

mutations at positions + 55/+ 78 (214M1) or at positions + 99/+ 118 (214M2), as indicated, 

along with Renilla luciferase plasmid. Data are means ± S.D. of three independent 

experiments. ***P < 0.001, **P < 0.01, *P < 0.05, ns, P > 0.05.
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Figure 4. EPO-induced expression of DNM3os RNA, premiR-214 and premiR-199a2 requires the 
activity of HIF-1α and PPARα

(A) Schematic diagram of the DNM3os promoter, depicting three binding sites for PPARα 

and one site for HIF-1α (HRE). Base positions are indicated relative to transcription start 

site. (B) K562 cells were treated with EPO for the indicated time periods. (C) Cells were 

transfected with shRNAs for PPARα and HIF-1α followed by EPO treatment for 2 h or 

transfected with shRNA for PHD2. For (B and C) RNA was subjected to quantitative qRT-

PCR utilizing primers listed in Table 1. DNM3os, premiR-199a2 and premiR-214 RNA 

expression was normalized to GAPDH mRNA levels. qRT-PCR data represent relative 

levels of DNM3os RNA and premiR-199a2/-214 expression following treatment with EPO 

compared with untreated cells. (D) Cells were transfected with either the wt DNM3os 

promoter luciferase construct or the DNM3os promoter constructs with mutations in the 

PPARα-binding sites at positions − 216/− 206 (PPAR1M), − 317/− 307 (PPAR2M) and − 

Gonsalves et al. Page 26

Biochem J. Author manuscript; available in PMC 2015 November 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



789/− 779 (PPAR3M) or the HRE site at positions − 71/− 68 (HRE Mut) and treated with 

EPO for 4 h. Data are expressed as means ± S.D. of three independent experiments. ***P < 

0.001, **P < 0.01, *P < 0.05, ns, P>0.05.
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Figure 5. Fenofibrate-induced expression of DNM3os RNA, premir-199a2 and premir-214 and 
PlGF secretion
(A) K562 cells were pre-treated with GW6471 (15 μM) for 30 min, where indicated, 

followed by treatment with either fenofibrate (100 μM) or EPO for 2 h. (B) Northern blot for 

expression of miR-214. Cells were treated with EPO, fenofibrate or GW6471 for 2 h. Total 

RNA was isolated and subjected to electrophoresis for Northern blots as described in 

Materials and Methods. miR-214 levels were normalized to that of 5S RNA levels. (C) K562 

cells were transfected with shRNA for HIF-1α prior to treatment with fenofibrate for 2 h. In 

(A and C) total RNA was used for qRT-PCR. qRT-PCR data represent relative expression 

levels of DNM3os, premiR-199a2 and premiR-214 RNA following treatment compared with 

untreated cells. (D) Secretion of PlGF protein from K562 cells in response to overnight 

transfection with miR-214 mimic, followed by treatment with either EPO or fenofibrate for 

24 h. Cell culture supernatants were harvested and secreted PlGF protein was assayed by 

ELISA; data are normalized to total protein content. Data are representative of three 

independent experiments. ***P < 0.001, **P < 0.01, *P < 0.05, ns, P>0.05.
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Figure 6. EPO-induced miR-214 expression required the phosphorylation of PPARα

(A) Time course of PPARα phosphorylation. Cells were treated with EPO for indicated time 

periods and cell lysates were fractionated into cytosolic and nuclear fractions. Each cell 

fraction was subjected to Western blot analysis utilizing antibodies to phosphorylated 

PPARα and unphosphorylated PPARα (middle panel). (B) Effect of pharmacologic 

inhibitors on PPARα phosphorylation and total PPARα levels. Blots were stripped and 

reprobed for β-actin to demonstrate equal loading. The data are representative of three 

independent experiments. (C) The concentrations of EPO in the plasma of sickle mice (SS, n 

= 4) and control mice (C57, n = 4) were quantified using ELISA. (D) Total RNA was 

isolated from the lungs of sickle (SS; n = 4) and control mice (C57; n = 4) and subjected to 

qRT-PCR. PlGF and premiR-214 levels were normalized to GAPDH mRNA levels. (E) The 

plasma concentrations of miR-214 from sickle patients (SS; n = 13) and corresponding 

sibling controls (n = 8) were quantified using the TaqMan miRNA assay. Levels of miR-214 

were normalized to levels of miR-16 in patient plasma. (F) Schematic diagram of the 

proposed signalling and regulatory pathways involved in EPO-mediated expression of PlGF 

mRNA and miR-214. EPO leads to HIF-1α activation and up-regulates the expression of 
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PlGF. EPO signals phosphorylation of PPARα, which transactivates the DNM3os promoter 

leading to increased expression of miR-199a2 and miR-214. miR-199a2 targets the 3′-UTR 

of HIF-1α whereas miR-214 targets the 3′-UTR of PlGF. Fenofibrate (agonist) activates 

PPARα, which in turn increases transcription of DNM3os RNA, co-expressing 

premiR-199a2 and premiR-214. Increased levels of miR-214 attenuate PlGF levels. ***P < 

0.001, **P < 0.01, *P < 0.05, ns, P > 0.05.
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Table 1

Primers used in the present study

Gene Method Forward primer Reverse primer

PlGF mRNA qRT-PCR TGTTCAGCCCATCCTGTGTC ACAGTGCAGATTCTCATCGCC

GAPDH mRNA qRT-PCR AACCTGCCAAGTACGATGACATC GTAGCCCAGGATGCCCTTGA

DNM3os RNA qRT-PCR GCCACAGCCGAACTGTACATC CAGTCATTTCATCTTCAGCCCA

premiR-199a2 qRT-PCR AGGAAGCTTCTGGAGATCC TGCTCTCCCTTGCCCAG

premiR-214 qRT-PCR GGCCTGGCTGGACAGAG GGCTGGGTTGTCATGTGAC

mPlGF qRT-PCR AGGTCCTTTGTCCCTCTCTG TGTATCGGTCAAAGTCCACGG

mpremiR-214 qRT-PCR GCTGGACAGAGTTGTCATGTGTC TGTGACTGCCTGTCTGTGCC

mGAPDH qRT-PCR TTGCAGTGGCAAAGTGGAGA GTCTCGCTCCTGGAAGATGG

PlGF promoter (HRE 
at − 937/− 933)

ChIP GGACACAGAAGGCAG TCTGTCCGCTGTGTAT

Bcl-XL promoter ChIP CCGGGTCGCATGATCCCTC CCACCTACATTCAAATCCGCCT

G6PD promoter ChIP GGACAGTAGGGGCGGGG GCTCTGCATCCCCAATTCCG

DNM3OS HRE mutant SDM CTCTCCAGCGgtatAGCGCATACC ACCGCTAGAATCGCCTGC

DNM3OS PP1 mutant SDM CTTTTCCATAtgaatGCCCACTTCCTGCC CTGTAAAAAAAAAAGAGTCAAGATG

DNM3OS PP2 mutant SDM CTTCTCTAGCtgaatTCAGACAGTAAATTTGTACTTCTAC TAATTTGAAGATAGAGGGTAGATG

DNm3OS PP3 mutant SDM AGCATTCAGAtgaatAGCCAAAATAGCTGAGGG GTGCTATAGTTTGACCTAAAG

PlGF HRE1 mutant SDM ACAGGCAGGCataCAGACTCACAG CTCTGCGTGTGTGTGTCTG

PlGF HRE2 Mutant SDM GAGAGAGAGGataAGTCTTCACCCACAGAGACAGACAC TGCGTTTGTGTGTGCCCT

PlGF–miR-214-
binding site 1 mutant

SDM CAGTGACTCCaaaTGGTACCTGC AAGAGTGTGACGGTAATAAATAC

PlGF–miR-214-
binding site 2 mutant

SDM ACTGTTTCCCaaaTGAATGCCTCG TGGCTAATAAATAGAGGGC

miR-214 mimic ACAGCAGGCACAGACAGGCAGU

miR-214 inhibitor ACUGCCUGUCGUGCCUGCUGU

miR-214 probe Northern ACTGCCTGTCTGTGCCTGCTGT

5S rRNA probe Northern CAGGCCCGACCCTGCTTAGCTTCC GAGATCAGACGAGAT

SDM, site-directed mutagenesis.
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