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Placenta Growth factor mediated gene regulation in Sickle cell
disease
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aDepartment of Biochemistry and Molecular Medicine, Keck School of Medicine of University of
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¢Department of Molecular Microbiology and Immunology, Keck School of Medicine of University of
Southern California, Los Angeles, CA, USA

Abstract

Sickle cell anemia (SCA) is an autosomal recessive disorder caused by mutation in the p-globin
gene. Pulmonary hypertension (PH), a complication of SCA, results in severe morbidity and
mortality. PH is a multifactorial disease: systemic vasculopathy, pulmonary vasoconstriction, and
endothelial dysfunction and remodeling. Placenta growth factor (PIGF), an angiogenic growth
factor, elaborated from erythroid cells, has been shown to contribute to inflammation, pulmonary
vasoconstriction and airway hyper-responsiveness (AH) in mouse models of sickle cell disease. In
this review, we summarize the cell-signaling mechanism(s) by which PIGF regulates the
expression of genes involved in inflammation, PH and AH in cell culture and corroborate these
findings in mouse models of SCA and in individuals with SCA. The role of microRNASs
(miRNASs) in the post-transcriptional regulation of these genes is presented and how these
miRNAs located in their host genes are transcriptionally regulated. An understanding of the
transcriptional regulation of these miRNASs provides a hew therapeutic approach to ameliorate the
clinical manifestations of SCA.
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1. Sickle Cell Anemia

Sickle cell anemia (SCA) and its variants are genetic disorders of the hemoglobin molecule.
These disorders include sickle cell disease (HbSS), sickle p-thalassemia syndromes (HbS-
thal) and hemoglobin S associated with other hemoglobinopathies. The hemoglobin S (HbS)
molecule contains a mutation in the B-globin chain, wherein the glutamic acid residue at the
6t position is replaced by a non-polar valine residue. At low oxygen tensions
polymerization of HbS occurs forming long fibers, resulting in the sickled morphology of
RBCs and contributing to reduced deformability of sickle RBC (SS RBC). These features of
SS RBCs result in shortened red cell survival, culminating in chronic hemolytic anemia and
vaso-occlusion (1-3). Vaso-occlusion of the microvasculature occurs by trapping of the less
deformable SS RBCs, adhesion of SS RBCs to the vascular endothelium, activation and
adhesion of neutrophils to endothelium, leukocytosis, inflammation and thrombosis (4-9).
The clinical manifestations of SCA include chronic anemia, episodic vaso-occlusive painful
events, acute chest syndrome, splenic sequestration, chronic leg ulcers, stroke, pulmonary
hypertension and asthma/reactive airway disease (3, 6, 7, 10). Recurrent vaso-occlusions
cause ischemia/reperfusion injury that ultimately results in tissue/organ damage and the
chronic morbidity and foreshortened life-span associated with SCA (3). In fact,
cardiopulmonary complications are the most common cause of adult mortality in SCA.

1.1 Pulmonary hypertension in SCA

Pulmonary hypertension (PH), a complication of SCA, results in severe morbidity and
mortality (11). The pathogenesis of PH is likely multi-factorial: including hemolysis-
mediated impaired nitric oxide bioavailability, chronic thromboembolic disease from a pro-
coagulant state, systemic vasculopathy from hypoxia and inflammation, pulmonary
vasoconstriction, and endothelial dysfunction and remodeling (8, 10, 12, 13).

Nitric oxide (NO) and endothelin-1 are opposing vasoactive factors that regulate the
pulmonary vascular tone (14, 15). During the last decade a number of studies, both
experimental and clinical, have focused on the depletion of nitric oxide by elevated levels of
hemoglobin in plasma in the clinical manifestations of PH in SCASCA (10, 12, 16-19).
However, the role of NO in the pathophysiology of PH in SCA has been challenged (13).
Studies show plasma levels of endothelin-1 are significantly higher in SCA patients(20, 21),
and elevated levels of ET-1 are associated with endothelial dysfunction(22). Our studies
show high levels of placenta growth factor (PIGF) in plasma of SCA patients is associated
with elevated plasma ET-1 levels, and elevated pulmonary artery pressure, reflective of
pulmonary hypertension (23). In this article, we will address how placenta growth factor
(PIGF) regulates transcription of ET-1 and the role of microRNAs (miRNAS) in regulating
expression of ET-1. Recent comprehensive reviews summarize the biosynthesis of
endothelin, the structure and function of endothelin receptors, genetic endothelin knockout
mouse models, and the role of endothelin in human pharmacology (24).

1.2 Asthma and Reactive Airway disease in SCA

Asthma is a disease of the airways characterized by airway obstruction, airway hyper-
responsiveness/reactivity, and inflammation leading to intermittent respiratory symptoms
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(25). Leukotrienes (LT) are lipid mediators that play an important role in the
pathophysiology of asthma, allergic inflammation and innate immunity (26). Since
inflammation has an important role in the pathogenesis of vaso-occlusion and asthma
augments the pro-inflammatory state, a vicious cycle of inflammation, asthma and vaso-
occlusion develops in SCA (27). Asthma among children and adults with SCA is associated
with increased incidence of SCA-related morbidity and mortality (27, 28). Studies show
elevated levels of leukotrienes in plasma in SCA individuals, which correlates with increased
vaso-occlusion and acute chest syndrome (ACS) (29, 30).

The biosynthesis of leukotrienes predominantly occurs in leukocytes, and the first step of the
process is activation of membrane phospholipids by phospholipase A2 to yield arachidonic
acid (AA; C20-fatty acid). Next, AA is converted to leukotriene A4 (LTA4) by 5-
lipoxygenase (5-LO) in concert with 5-lipoxygenase activating protein (FLAP) (31, 32).
LTA4 is converted either to leukotriene B4 (LTB4) by LTA4 hydrolase or conjugated with
reduced glutathione by leukotriene C4 (LTC4) synthase to yield LTC4 (33). LTC4 is
subsequently converted to LTD4 and then to LTE4; these three LTs are collectively referred
to as cysteinyl leukotrienes (cyst LTs). Leukotriene B4 is amongst the most potent
inflammatory and chemotactic molecule for neutrophils, while Cyst LTs promote airway
hyper-responsiveness (AHR). We show placenta growth factor induces the synthesis of
leukotrienes in vitro and in mouse models of SCA, and correlates with airway hyper-
responsiveness in SCA (34, 35). We will address how enzymes involved in LT synthesis are
transcriptionally and post-transcriptionally regulated in this article. The biochemical and
clinical aspects of leukotrienes are reviewed elsewhere (36-38).

1.3 Placenta Growth Factor in the pathophysiology of SCA

Placenta growth factor (PIGF), an angiogenic growth factor, belonging to the vascular
endothelial growth factor (VEGF) family, was originally discovered in 1991 (39). The
human PIGF gene (PGF) encodes four isoforms PIGF 1-4, which are generated by
alternative mRNA splicing (40). PIGF was originally identified in the placenta, where it
regulates growth and differentiation of trophoblasts. It is also expressed in umbilical vein
endothelial cells and other non-placental tissues, like the thyroid gland and developing lung
tissue (41, 42). Tordjman et al. discovered erythroid cells produce angiogenic growth factors,
including PIGF (43). Our studies show increased plasma levels of PIGF in SCA individuals
is a consequence of increased erythropoiesis, resulting from hemolytic anemia seen in these
patients (44). The expression of PIGF is enhanced by erythropoietin (Epo) in CD34*
progenitor cells of bone marrow (Figure 1) (44). PIGF binds exclusively to VEGFR-1
receptor, while VEGF binds to both VEGFR-1 and VEGFR-2 receptors. PIGF has
pleiotropic effects on different cell types and regulates various biological activities, e.g. cell
proliferation and migration (41, 45, 46). Studies utilizing PIGF gain of function and loss of
function approaches in mouse models, revealed the roles of PIGF in specific tissues and
cells. These effects contribute to disease pathophysiology as described in the review by
Dewerchin and Carmeliet (41). For example, PIGF-deficient mice show reduced
angiogenesis and inflammation of the infarcted myocardium (47) and delivery of either
PIGF gene or protein in infarcted mice led to cardiac improvement (48). Our studies show
overexpression of PIGF in erythroid cells via lentiviral vector delivery in C57 mice (normal
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mice) to the PIGF levels seen in Berkeley Sickle mouse (BK-SS) resulted in augmented
ET-1 plasma levels. This was manifested by increased right ventricular hypertrophy and
right ventricular pressures, both features of pulmonary hypertension (23). Furthermore,
overexpression of PIGF in normal mice induces PAI-1 levels and promoted a prothrombic
state (49). Thus unregulated PIGF expression is conducive to several pathophysiologic
changes associated with SCA. A brief review summarizes the role of PIGF in the
pathobiology of blood diseases, including hemoglobinopathies and hematologic
malignancies (50).

2. PIGF-mediated transcription of cytochemokines and inflammation in

sickle cell disease

Vascular occlusion leads to recurrent episodes of painful crises and damage to the various
end organs and is the major cause of morbidity and mortality in SCA (4, 51, 52). The
classical studies of Hebbel and his coworkers (53) show that the extent of endothelial cell
adherence by SS RBCs to cultured endothelial cells appears to be comparable to the clinical
severity of vaso-occlusive events in SCA. However, SCA individuals with an identical
alteration in the p-globin genes show distinct variability in the severity and frequency of
vaso-occlusive episodes, suggesting that factors other than sickle RBCs may be playing a
role in the pathophysiology of vaso-occlusion in SCA.

A salient feature of SCA is leukocytosis, which occurs even in the absence of infection or
inflammation. The activation of monocytes, neutrophils, endothelial cells and coagulation
cascade observed in SCA at steady state is presumed to be secondary to the sickling
phenomena (4, 54-56). Although activated leukocytes can promote vaso-occlusion (57), the
mechanistic activation of monocytes and neutrophils, and leukocytosis remained enigmatic.
Studies by Kalra and Malik, and their coworkers (44, 58) show mononuclear cells (MNCs)
from SCA patients at steady state are highly activated as these MNCs exhibit higher mMRNA
levels of cytochemokines (IL-1pB, IL-8, MIP-1p, MCP-1 and VEGF) compared to MNCs
isolated from healthy normal individuals. The MNCs of normal individuals show an absence
or trace MRNA levels of these same cytochemokines (44).

Since SCA patients have higher circulating levels of PIGF, it has been hypothesized that
PIGF may be responsible for activation of MNCs (44). Studies of MNCs isolated from
normal healthy individuals (AA) upon treatment with PIGF show significantly increased
mRNA levels of pro-inflammatory cytochemokines, as observed in MNCs of SCA
individuals (Figure 1)(44). Peripheral blood monocytes isolated from SCA patients are in an
activated state for inflammation as exemplified by increased mRNA levels of
cytochemokines (TNF-a, IL-1f, MIP-1b, MCP-1, IL-8), compared to monocytes isolated
from healthy individuals (58). The activation of monocytes by PIGF is mediated by
VEGFR-1 and occurs via activation of PI-3 kinase/AKT and ERK-1/2 pathways (58). These
studies show mononuclear cells/monocytes from SCA patients are activated for expression
of cytochemokines as these cells are in the milieu of circulating PIGF, thus contributing to
the inflammatory state observed in SCA patients. These cytochemokines released by
monocytes have a potential to augment expression of adhesion molecules (VCAM-1,
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ICAM-1, P-selectin and E-selectin) in the vascular endothelium. These adhesion molecules
are involved in adhesion of sickle RBCs and monocytes via corresponding surface ligands

which lead to vaso-occlusion in small capillaries and ischemia in SCA.

2.2 PIGF-mediated transcription of ET-1, and post-transcriptional regulation of ET-1 by

miRNAs

Since erythropoiesis is expanded in SCA individuals, resulting in elevated plasma PIGF (44),
it has been hypothesized that PIGF may be a key mediator in activation of endothelial cells
to augment expression of ET-1, a potent vasoconstrictor. Studies show PIGF increases
mMRNA and protein expression of ET-1 in cultured human pulmonary microvascular
endothelial cells (HPMVEC) via activation of P1-3 Kinase and NADPH-oxidase, the latter
generates reactive oxygen species (ROS) (59). Other studies show ET-1 expression is
induced by hypoxia via activation of hypoxia inducible factor-1a (HIF-1a) (60, 61). By
contrast the PIGF-mediated expression of ET-1 in HPMVEC involves activation of HIF-1a.,
independent of hypoxia (Figure 1) (59). Similarly in monocytes, PIGF increases mRNA and
protein expression of endothelin-B receptor (ET-BR) via activation of HIF-1a,, independent
of hypoxia (59).

PIGF-mediated signaling was observed to increase expression of HIF-1a. mRNA and
protein. This hypoxia-independent induction of HIF-1a by PIGF is a distinguishing feature
of SCA. ET-1 gene transcription results from HIF-1a binding to hypoxia response elements
(HRE) in the promoter of ET-1 (Figure 1). This was demonstrated experimentally in
promoter reporter assays by mutation of the HREs which abrogated PIGF induction of the
reporter gene and was further validated by chromatin immunoprecipitation (ChlP) analysis
(59).

When PIGF-treated monocytic cells are treated with ET-1, these cells show an augmentation
of MCP-1 and IL-8 mRNA expression, indicating that PIGF-primed cells are more
responsive to ET-1 with respect to cytochemokines expression (58). This leads to further
inflammation and likely exacerbates vaso-occlusion. Thus, intrinsically raised PIGF levels
due to increased turnover of red cells in SCA and in other chronic hemolytic anemias (e.g.,
thalassemia) may contribute to pulmonary hypertension (PH) and inflammation seen in these
diseases.

To determine whether elevated PIGF in SCA contributes to PH, mouse models of SCA, viz.
Berkeley Sickle mice (BKSS) and the knock in sickle mice (SS mice) were utilized. BKSS
mice carry two copies of a transgene carrying the human a —and sickle g-globin genes (SS)
and are knockouts for the endogenous a and B-globin genes. In the second model, knock-in
sickle (SS) and normal (AA) mice were created where the human a and wt or sickle -
globin loci replace the corresponding murine loci by homologous recombination. These
mice were developed by Dr. Timothy Townes (University of Alabama, Birmingham, AL)
(62). The BKSS mice have significantly elevated levels of PIGF and endothelin-1 and
develop right ventricular hypertrophy and dilation (23), as previously observed for right
ventricular hypertrophy and increased right ventricular pressures associated with high
pulmonary artery pressure in BKSS mice (14). Since anemia, hypoxia and hemolysis are
confounding factors in development of PH in SCA, we used a novel strategy to show the role
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of PIGF in PH in these genetic mouse models (23). We overexpressed PIGF in normal mice
to levels seen in BKSS mice with a lentiviral vector expressing PIGF in erythroid cells; this
led to abnormally elevated ET-1 levels. These mice exhibited signs of PH, as seen in BKSS
mice (23). These results were corroborated in human studies, wherein 123 patients with
SCA were examined for plasma levels of PIGF and ET-1. Patients were stratified into three
groups based on peak pulmonary artery pressure, defined as tricuspid regurgitant jet velocity
(TRV). TRV < 2.5 m/sec was defined as normal, TRV of 2.5-2.9 m/s as mildly elevated
(mild PH) and TRV> 3 m/s as severe PH. SCA patients with the highest TRV have the
highest PIGF and ET-1 levels, and correlate with severity of PH (23). PIGF levels also
correlated with markers of hemolysis, bilirubin, RBC count, hemoglobin and LDH (63).
Furthermore, other work shows hemin upregulates the expression of PIGF in erythroid cells
(64). These studies show markers of hemolysis, erythropoiesis and PIGF release are
intrinsically linked via common pathways, which contribute to PH and inflammation in
SCA. Thus, both in vitro and in vivo studies show PIGF induces the expression of ET-1,
which may play a significant role in development of PH in SCA.

3. miRNAs in post-transcriptional regulation of ET-1

miRNAs are endogenous small (20-25 nt) noncoding RNAs that bind to the 3'-UTR
(untranslated region) of target MRNA sequences and inhibit the expression of target genes
by repressing translation and/or stability of target mRNA (65). The role of miRNAs as
biomarkers and regulators of gene expression and their role in physiological and
pathological processes have been addressed in several reviews (66—70). In the context of
SCA, studies show PIGF attenuates levels of miR-648, with seed sequence complementary
to the 3’-UTR of ET-1, in cultured endothelial cells (71). To examine the transcription of
miR-648, a bioinformatics analysis of the gene encompassing miR-648 was examined in
UCSC browser. miR-648 is located in a 5"-proximal intron of MICAL3 gene (a member of
the MICAL family of flavoprotein monoxygenases) (72). Studies show both MICAL3 and
pre-miR648 are co-transcribed, and PAXS5 transcription factor is involved in the transcription
of MICAL3 (71). Upon synthesis of MICAL3 pre-mRNA, excision of the intron containing
pre-miR648 occurs and concomitantly leads to maturation of miRNA as miR-648. It is
pertinent to note human miR-648 does not have a corresponding ortholog in the mouse.
Thus, this has precluded study in animal models of SCA, e.g. BKSS mice. Since miR-648
post-transcriptionally modulated ET-1 expression, the plasma levels of miR-648 were
examined in SCA patients and healthy matched controls. These data show miR-648 levels
are ~4-times lower in SCA patients compared to unaffected controls (71). These studies in
vivo support the inverse relationship between miR-648 and ET-1 observed in cultured
endothelial cells in response to PIGF (71).

3.1 miRNAs in PIGF-mediated expression of HIF-1a

Since PIGF upregulates hypoxia independent, mRNA and protein expression of HIF-1a, the
stability of HIF-1a was examined. PIGF treatment of cultured endothelial cells shows
significantly reduced levels of miR-199a-5-p, and the predicted miRNA recognition element
(MRE) for miR-199-5p is located at +16 to +38 nts of the 3’-UTR of HIF-1a. mRNA as
depicted in the schematic (73) (Figure. 2). Studies utilizing luciferase reporter for
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HIF-1a-3"UTR show exogenous miR-199a-5p mimic reduces luciferase activity, while anti-
miR-199a-5p antagonized endogenous miR-199a-5p and concomitantly resulted in an
increase in luciferase activity, in the absence or presence of PIGF. Mutation of the MRE site
in the 3"UTR-HIF-1a reporter rendered the reporter unresponsive to change in luciferase
activity upon co-transfection with either miR-199a-5p or anti-miR-199a-5p mimic. This
demonstrated that miR-199a-5p binds to the predicted MRE site in the 3’UTR of HIF-1a
MRNA leading to a reduction of HIF-1a expression (73). Moreover, transfection with
miR-199a-5p mimic reduced basal HIF-1a. mRNA and conversely anti-miR-199a-5p
antagonized endogenous miR-199a, as reflected by increased HIF-1a. mRNA levels. Similar
responses were seen for PIGF induced HIF-1a mRNA expression in response to
miR-199a-5p mimic and anti-miR-199a-5p (73). These results convincingly showed
miR-199a-5p was involved in modulating HIF-1a biosynthesis.

3.2 Origin of miR-199a-5p and miR-199a2/miR-214 cluster in the DNM3 opposite strand
(DNM3os) transcription unit

Genome annotation established that the murine miR-199a2/miR-214 cluster is expressed
from the reverse strand of Dynamin 3 (DNM3); thus this locus is referred to as Dynamin 3
opposite strand (DNM30s) (74). The mouse DNM3os gene produces a ~6kb primary
transcript that includes pre-miR-199a2 and pre-miR-214 (74). The orthologous human
DNM3os gene also produces a transcript that includes pre-miR-199a2 and pre-miR-214, as
depicted in the schematic of Figure 3 (73). The PIGF regulation of miR-199a-5p raised the
question as to the origin of this miRNA since an identical miR-199a is expressed from the
miR-199al gene locus in DNM2os (Figure 3) (73). It should be noted that the DNM family
is comprised of three genes: DNM3, DNM2 and DNM1. Each has an intronic opposite
strand locus that encodes a miR-199 homolog. DNM1 encodes miR-199b which is similar
but no identical in nucleotide sequence to miR-199al and miR-199a2; and has a different
seed sequence (73). For these reasons the expression of pre-miR-199b, pre-miR-199al and
pre-miR-199a2 was analyzed in cultured endothelial cells, in response to PIGF (Figure 3).
The data show PIGF reduced pre-miR-199a2 mRNA expression with no change in pre-
miR-199al1 mRNA expression, while expression of pre-miR-199b expression increased (73).
These results show PIGF selectively attenuates pre-miR-199a2 expression, which accounts
for the observed changes in miR-199a-5p(73).

Next, studies were conducted to determine the co-regulation of pre-miR-199a2-5-p (referred
to as miR-199a2) and pre-miR-214 located in DNM3os, and the DNM3os gene by PIGF
(73). PIGF treatment of HMEC cells showed significant reduction in DNM3os RNA with a
concomitant decrease in pre-miR-199a2 and pre-miR-214 expression, indicating those pre-
miR-199a2/pre-miR214 clusters are in the same transcription unit of DNM3os. Furthermore,
hypoxia-mediated signaling affected DNM3os RNA expression in a manner similar to PIGF-
mediated signaling, namely hypoxia attenuated transcription of DNM3os, pre-miR-199a2
and pre-miR-214 in a coordinated manner(73). These studies show pre-miRs or mature miRs
located in the host gene transcription unit are co-regulated.

Blood Rev. Author manuscript; available in PMC 2019 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Kalra et al.

Page 8

3.3. DNM3os transcription is regulated via peroxisome proliferator-activated receptor-a

(PPAR-a)

Bioinformatics analysis of the 2 kb —5’-flanking region of human DNM3os showed the
presence of three PPARa binding sites proximal to the transcription start site. The role of
PPARa in DNM3os transcription was established by use of PPARa shRNA and
pharmacological agonists of PPARa, such as fenofibrate. Studies showed PPARa shRNA
attenuated DNM3os transcription while fenofibrate augmented basal transcription of
DNM3os and mature miR-199a2 and miR-214 in HMEC in endothelial cells (Figure 4) (73).
This effect was specific, as a PPARy agonist was ineffective in increasing DNM3os
transcription. Thus miR-199a2 and miR-214 co-located in DNM3os are indeed co-
transcriptionally regulated by PPARa..

To determine which of three PPARa binding sites in the DNM3os promoter were conducive
to PIGF mediated transcription of DNM3os, two different approaches were utilized for
readout of DNM3os transcription using a luciferase reporter and chromatin
immunoprecipitation (ChIP) analysis. Studies show PPARa sites 1 and 2, among the three
PPARa binding sites, in the DNM3os promoter were regulated by PIGF (Figure 4). These
studies establish PPARa transcription factor binds to proximal PPARa cis-binding elements
of the DNM3os promoter to coregulate transcription of DNM3os and the pre-miR-199a2/
pre-mir-miR-214 cluster (73).

4. PPARa agonists augment miR-199a2, and reduce HIF-1a and ET-1 in vitro

and in vivo

Fenofibrate, an FDA approved drug for cardiovascular disease, was next examined for its
effect on HIF-1a expression as miR-199a2 targets the 3"UTR of HIF-1a. mRNA.
Fenofibrate reduces HIF-1a activity and concomitantly down regulates a target gene
endothelin 1 (SERPINE1) relevant to pulmonary hypertension in SCA (73). The effect of
Fenofibrate primarily occurred by upregulation of mature miR-199a2 culminating in
inhibition of translation or turnover of HIF-1a mRNA (Figure 4). By contrast, studies by
Staels and coworkers (75) have shown Fenofibrate inhibits endothelin-1 expression by a
PPARa dependent induction of Kriippel-like factor 11 (KLF-11) which in turn represses
ET-1 transcription by inhibiting AP-1 and SMAD co-activation of ET-1 transcription in
endothelial cells. Previous studies show fibrates reduce HIF-1a activation in cancer cells in
response to hypoxia (76). From work reported by the Kalra laboratory, both hypoxia and
PIGF mediated expression of HIF-1a. mRNA and protein are attenuated by Fenofibrate,
likely by upregulation of miR-199a2, which targets the 3'UTR of HIF-1a mRNA (Figure 4)
(73). Thus these reports clearly demonstrate that both transcriptional and post-transcriptional
regulatory mechanisms regulate ET-1 expression.

To corroborate the in vitro results, the levels of mature miR-199a2 were examined in the
plasma of SCA patients and unaffected siblings as controls. Plasma levels of miR-199a2
(n=11) was 5-fold lower in SCA compared to controls. Since there is an inverse relationship
between milR-199a2 levels to ET-1 levels, the data also show an increase in ET-1 plasma
levels in SCA individuals vs. controls (73).
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The direct association of plasma levels of miR-199a2 and ET-1 in patients with SCA were
also confirmed in sickle mice. BkSS mice given oral Fenofibrate for 10 weeks showed
increased pre-miR199a2 and concomitant reduction in ET-1 mRNA levels in lung tissues
and plasma(73).

Thus miR-199a2 has a significant role in modulation of HIF-1a activity, and PPARa
transcription factor is capable of regulating the expression of miR-199a2 via transcription of
its host gene DNM3os (Figure 4). Fibrates are approved by the Food and Drug
Administration for the treatment of dyslipidemia and flow mediated dilation of bronchial
arteries in type 2 diabetic patients (77), and diabetic retinopathy (78). Thus fibrates have a
therapeutic potential in alleviating ET-1 levels observed during pulmonary hypertension in
SCA individuals.

4.1 Mechanism of PIGF-mediated repression of miR-199a2/miR-214 cluster in DNM3os

gene

Since PIGF reduces the expression of miR-199a2 located in the DNM3os transcriptional
unit, studies are warranted to delineate the molecular mechanism of repression of
miR-199a2. PIGF treatment of cultured endothelial cells increased expression of activating
transcription factor-3 (ATF3), a stress inducible gene (79). ATF3 has been shown to play an
important role in the pathophysiology of diseases, including cancer, immunity and sepsis
(80-82). Studies showed ATF3 binds to DNM3os promoter proximal cis-binding elements,
located at —42/-35 nt and —816/-809 nt), as demonstrated by gain and loss of function of
ATF3, DNM3os promoter-luciferase reporter assay and ChiP analysis (Figure 5)(79). Other
studies have shown ATF3 can act either as a repressor or activator of transcription by
recruitment of accessory proteins to the promoter element of genes (83).

Analysis of ATF3 function on the DNM3os promoter was analyzed for association with
other proteins. Following PIGF induction, proteomic analysis of endothelial cell lysates
immunoprecipitated with antibody to ATF3 identified ATF3-interacting proteins (JDP2,
ATF2 and HDACS). Since histone deacetylases (HDACS) are known to participate in gene
repression by chromatin condensation following histone deacetylation (84), studies
examined possible roles of HDACs 1,3,4,6,7,8,9 and 11 in PIGF-mediated repression of
DNM3os utilizing commercially available HDAC shRNAs (79). Both HDAC6 and HDAC7?
bound to the promoter of DNM3os along with JDP2 to cause repression of DNM3os
transcription including pre-miR-199a2 (Figure 5).

The role of HDAC6 in DNM3os repression was validated by utilization of pharmacological
inhibitor selective for HDAC6. Tubacin a selective inhibitor of HDAC6, Mocetonostat a
potent inhibitor of HDAC1 but not HDACSG, and Trichostatin A (TSA) a broad spectrum
class 1 and 2 deacetylase inhibitor were examined. Both Tubacin and TSA reversed PIGF-
mediated repression of DNM3os transcription. The effect of Tubacin on derepression of
DNM3os was locus specific as no effect was observed in transcription of DNM3 (sense
strand) (79). Since histone marks, H3K27Ac and H3K9Ac are associated with chromatin
remodeling at promoter and enhancer sites (85), studies examined the presence of such
marks in the promoter of DNM3os proximal to the identified ATF3 sites. Indeed, PIGF
treatment reduced H3K27Ac and H3K9Ac histone marks at the DNM3os locus, consistent
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with chromatin condensation. Conversely, Tubacin antagonizes this change to maintain an
open chromatin state at the promoter region of DNM3os. Moreover, PIGF induced secretion
of ET-1 is antagonized by Tubacin treatment and HDAC6 shRNA, indicating that chromatin
changes are associated with transcription of DNM3os/miR-199a2(Figure 5)(79).

Tubacin has been shown to be effective in reducing ET-1 and PIGF plasma levels in BKSS
mice (79). Specifically, subcutaneous pump delivery of Tubacin compared to Niltubacin (an
inactive Tubacin congener)(86) to BKSS mice for 30 days significantly reduced plasma
levels of ET-1 and PIGF. ET-1 mRNA levels in lung tissues of BKSS mice were also
significantly reduced. These studies show Tubacin, a selective inhibitor of HDACS, reduces
ET-1 and PIGF levels in BKSS mice by increasing DNM3os/miR-199a2/miR-214
transcription(Figure 5)(79). Tubacin is currently in clinical trials for cancer patients,
therefore its use in SCA patients is conceivable since safety issues have been addressed (87).

4.2 miR-214 targets 3’UTR of PIGF mRNA and its transcriptional regulation

PIGF is produced by erythroid cells and its plasma levels are high in mouse models of SCA
and in SCA individuals. PIGF activates monocytes and endothelial cells leading to increased
expression of cytochemokines and ET-1, respectively. Studies in BKSS mice and SCA
patients support the role of PIGF in increasing plasma ET-1 levels and pulmonary artery
pressure and hypertrophy, indicative of pulmonary hypertension(23). Thus, therapeutic
modalities that block PIGF-mediated signaling can be beneficial to SCA patients.

Erythropoietin (Epo) is required for stimulating erythropoiesis in anemia, including SCA.
Studies show Epo increases expression of PIGF in erythroid cells and K562 cells via
activation of HIF-1a (88). Epo stabilizes the expression of HIF-1a protein, independent of
hypoxia (88). There are two hypoxia response element (HRE) sites in the ~2.6kb PIGF-
promoter region, located at —854 to —850 nt and —904 to —901 nt. PIGF-reporter luciferase
assays and ChlIP analysis validated the role of HIF-1a in Epo mediated induction of PIGF
expression in erythroid cells(88).

In silico analysis of the 3"UTR of human PIGF mRNA show the presence of two
complementary binding sites for miR-214 at +55/+78 nt and +99/+118 nt, and these target
sites are well conserved among several mammalian species (Figure 2). Transfection with
miR-214 mimic reduced Epo-mediated PIGF mRNA expression, indicating miR-214
attenuates PIGF expression. Luciferase translation reporter assays utilizing the 3’-UTR of
PIGF also show reduction in Epo-mediated luciferase activity. Upon mutation of microRNA
recognition elements (MRE) sites located at +55/+78 nt and +99/+118 nt in the PIGF 3'-
UTR, this rendered the reporter refractory to the effect of miR-214 mimic in the reporter
assay, thus showing a role for miR-214 in post-transcriptional regulation of PIGF (88).

The miR-199a2/miR-214 cluster located within an intron of the DNM3os locus. This locus
encodes a long non-coding transcript that is also induced by Epo to transcribe the DNM3os
gene with and concurrent synthesis of miR-199a2 and miR-214. As previously shown (73),
PPARa binds to the promoter of DNM3os to mediate transcription of DNM3os. Upon
mutation of these cis-binding recognition elements for PPARa Epo-mediated DNM3os
reporter luciferase activity is abrogated. These studies show PPARa regulates transcription
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of DNM3os in erythroid cells as observed for PIGF-induced transcription of DNM3os.
Furthermore, Fenofibrate, a PPARa agonist, induced DNM3os and pre-miR-214/pre-
miR-199a2 expression in erythroid cells (K562). Fenofibrate treatment of erythroid cells
shows a significant increase in expression of mature miR-214, as determined by Northern
Blot analysis; this expression was reduced by PPARa antagonist GW6417 (88). These
studies show Fenofibrate mediated upregulation of miR-214 reduces PIGF expression
(Figure 6).

Next, we examined the plasma levels of erythropoietin (Epo) in BKSS mice and show Epo
levels are ~64-fold higher in BKSS mice compared to control mice. This indicated RBC
sickling correlates with an increase in the expression of Epo. The lungs of BKSS mice
exhibit 4-fold higher PIGF mRNA and significantly low levels of pre-miR-214 compared to
control mice. Thus both in vitro and in vivo studies show miR-214 is inversely correlated to
post-transcriptional expression of PIGF (88). Fenofibrate, a PPARa agonist, has been shown
to upregulate the expression of miR-214 and concomitantly reduce levels of PIGF. These
studies thus provide a novel therapeutic approach for the use of fibrates, an FDA approved
drug, to ameliorate the pathological consequences of dysfunctional PIGF mediated
inflammation and pulmonary hypertension in SCA.

4.3 The roles of miR-30c /miR-301a in PAI-1 induction in endothelial cells

SCA patients have increased levels of activated coagulation factors, including elevated
plasma levels of tissue factor and plasminogen activator inhibitor-1 (PAI-1); this leads to a
prothrombotic state predisposing such individuals to pulmonary hypertension and stroke
(89). Plasma PAI-1 levels are high in SCA patients and mouse models (BKSS) of SCA.
Immunolabeling of lung tissues of BKSS mice shows strong signals in alveolar macrophages
and endothelial cells for PAI-1 (49). Treatment of human pulmonary microvascular
endothelial cells (HPMVEC) with PIGF results in significant induction of PAI-1 mRNA and
protein. PIGF mediated upregulation of PAI-1 involves activation of HIF-1a., as observed for
ET-1 expression (49). This role of PIGF in PAI-1 induction was validated in mouse models
of SCA (BKSS) and PIGF-/- mice, which showed PAI-1 induction and null expression,
respectively. Administration of an adenoviral vector encoding PIGF into control C57BL/6
mice resulted in increased plasma levels of both PIGF and PAI-1, thus showing PIGF is
responsible for increased expression of PAI-1(49).

To examine the post-transcriptional mechanism of PIGF-induced PAI-1 mRNA stability, a
bioinformatics approach showed potential miRNA target sites in the 3’UTR of PAI-1 mRNA
(90). Among several miRNAs, miR-30c and miR-301a targeted the 3" UTR of PAI-1 mRNA
as demonstrated by the effect of respective miRNAs mimics on PIGF-mediated PAI-1
mRNA expression and luciferase translation reporter containing the 3"UTR of PAI-1(90).
These studies show PIGF-mediated induction of PAI-1 is post-transcriptionally regulated by
both miR-30c and miR-301a, which have complementary target sequences in the 3" UTR of
PAI-1 mRNA (Figure 2). Finally, other studies show reduced levels of miR-30c and
miR-301a in plasma of SCA patients compared to normal controls, thus providing
correlation of a post-transcriptional regulatory mechanism explaining the increased levels of
PAI-1 seen in SCA patients and BKSS mouse model(90).
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4.4 miR-301 located in the intron of host gene SKA2 is transcriptionally regulated by

PPARa

Genome sequence information shows miR-301a is located in the first intron of the SKA2
(Spindle and kinetochore associated protein 2) gene, and is co-localized with miR-454
(Figure 6) (91). PIGF treatments of HPMEC show a time dependent increase in SKA2 RNA
expression with a maximum increase at 4 hr post addition, while pre-miR-301a and pre-
miR-454 maximal expression occurs at 2 hr post-addition, followed by a decline, indicating
pre-miR transcription precedes SKA2 synthesis. PIGF-mediated transcription of SKA2
involves PPARa as demonstrated by shRNA knockdown of this transcription factor, by
PPARa agonist effect, and by PPARa.ChIP analysis(91). Both miR-301 and miR-454 target
the 3’UTR of ET-1 and PAI-1 (91). As previously shown, miR-301 levels are significantly
reduced with corresponding higher levels of PAI-1 in SCA patients. We also observed
reduced expression of miR-454 in plasma from these SCA patients. These studies indicate
PIGF-mediated transcription of PAI-1 is post-transcriptionally regulated by miR-301a/
miR-454, and the transcription of these miRNAs located in the host gene SKA2 is regulated
by PPARa (Figure 6)(91).

4.5 PIGF-mediated activation of 5-lipoxygenase activating protein involved in leukotriene
formation in SCA

Patients with SCA exhibit increased inflammation, a high incidence of airway hyper-
responsiveness (AHR) and increased circulating leukotrienes (29, 35, 92, 93). In SCA, the
prevalence of AHR is higher than that seen in clinically symptomatic asthma. Biomarkers of
hemolysis show a strong correlation with AHR in SCA subjects (94). Thus, the etiology of
the high incidence of AHR in SCA may be related to erythroid cells and hemin released
during hemolysis. Erythroid cells generate PIGF which are high in SCA subjects. Studies
show mononuclear cells (MNCs) from SCA individuals are highly activated in steady state
illness compared to MNCs obtained from healthy controls. MNCs from SCA show
significant chronic increases in the expression of 5-lipoxygenase (5-LO) and 5-lipoxygenase
activating protein (FLAP), which are key enzymes involved in leukotriene synthesis (34).
Similarly MNCs from control subjects upon treatment with PIGF show an increase in 5-LO
and FLAP as seen in SCA. As discussed above, the prothrombotic state and vascular
complications associated with PIGF occur in addition to activation of FLAP via activation of
HIF-1a. PIGF increased binding of HIF-1a to the FLAP promoter as demonstrated by
FLAP promoter reporter luciferase assay and ChlP(34). We show PIGF, that is elevated in
SCA, mediates AHR. In allergen-exposed mice, loss of PIGF reduces inflammation and
eisonophilia, and attenuates AHR, and also reduces Th2 cytokine 1L-13 and enzymes i.e. 5-
LO and LTC4 synthase involved in leukotriene synthesis. Conversely, PIGF—/- mice treated
with leukotrienes exhibited similar response as wild type response to allergen exposure.
Thus, the intrinsically elevated levels of PIGF from erythroid cells in SCA contribute to
increased circulating levels of leukotrienes (LTs) which mediate inflammation and
AHR(35). Additionally, Th2 IL-13 activates STAT6, which in turn increases PIGF
production from alveolar macrophages, eosinophils and pulmonary airway epithelial cells.
Thus, intrinsically generated PIGF from erythroid cells in SCA and allergen induced PIGF
via activation of IL-13 pathway are the key effectors of AHR in both SCA mouse models
and in patients with asthma. These studies show PIGF exacerbates AHR and links Th2
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pathways and leukotrienes in asthma. In the SCA mouse model where higher leukotriene
levels and increased AHR are observed, these symptoms can be dampened by 5-LO
inhibitor, Zileuton or by an antibody to PIGF(35).

Hypoxia mediates upregulation of FLAP via activation of HIF-1a and NF-xB(95).
miR-135a and miR-199a-5p, which target the 3"UTR of FLAP mRNA show attenuated
levels in response to hypoxia (95). miR-199a2 has been shown to regulate 5-LO in
macrophages(96), while miR-19a-3p and miR-125b-5p target 5-LO in a cell specific manner
(97). Overall, these studies show that miRNAs play significant roles in the post-
transcriptional regulation of 5-LO and FLAP, the key enzymes involved in LT synthesis.

5. Conclusions and future directions

The pathogenesis of PH is multi-factorial and exhibits: impaired nitric oxide bioavailability,
pulmonary vasoconstriction, and endothelial dysfunction and remodeling. Here, we focus
our studies on the role of placenta growth factor (PIGF), elaborated from erythroblast cells,
in the pathogenesis of inflammation, pulmonary hypertension and airway-hyper responsive
(AH) disease in SCA. Due to increased compensatory erythropoiesis in response to
increased destruction (hemolysis) of sickle RBCs, there are increased levels of circulating
PIGF in SCA individuals compared to healthy controls. This PIGF elaboration by erythroid
precursors causes activation of monocytes to upregulate the expression of inflammatory
cytochemokines in SCA. Moreover, PIGF causes increased expression of endothelin-1, a
potent vasoconstrictor, in cultured endothelial cells via activation of hypoxia inducible
factor-1a, independent of hypoxia. Mouse models of SCA, such as Berkeley sickle mice,
genetic models of PIGF null mice, and mice expressing ectopically high levels of PIGF,
show a correlation between high plasma levels of PIGF to increased levels of ET-1 and
associated clinical features of PH. Results from in vitro and mouse model studies have been
further validated in SCA patients with PH. Moreover, PIGF mediated activation of enzymes
(5-LO and FLAP) in monocytes leading to high levels of leukotrienes, has been validated in
the SCA mouse model culminating in AH. These studies show PIGF plays an important role
in activation of monocytes and endothelial cells in upregulating the expression of genes
involved in PH and leukotriene synthesis.

Non-coding miRNAs have been identified that post-transcriptionally regulate the PIGF-
mediated expression of ET-1, HIF-1a, PAI-1 and FLAP (Figure 6). PIGF mediated signaling
involves activation of HIF-1a., independent of hypoxia, with concomitant upregulation of
target genes, e.g. ET-1, PAI-1 and FLAP. PIGF mediated stability of HIF-1a mRNA is
regulated by repressing levels of miR-199a-5-p (miR-199a2), which targets the 3'UTR of
HIF-1a mRNA. The miR-199a2/miR-214 cluster is located in an intron of host gene
DNM3os. miR-214 has been identified to target the 3'UTR of PIGF mRNA, thus miR-214
post-transcriptionally regulates the expression of PIGF. Since these miRNASs reside in the
introns of host genes, we identified the mode of transcriptional regulation of the host gene
transcription unit and concomitant synthesis of pre-miRNAs. We identified transcription
factors, which regulate the expression of miRNAs and their effect on target genes. In
particular we discovered PPARa binds to the promoters of DNM3os and SKA2 genes, and
regulates the transcription of miR-199a2/miR-214 cluster and miR-301/miR-454,
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respectively (Figure 6). Pharmacological agonists of PPARa such as Fenofibrate were found
to augment the expression of these indicated miRs, which target key genes associated with
clinical manifestations of SCA (i.e., HIF-1a, PIGF, ET-1 and PAI-1). Consequently, agonist
dependent synthesis of these miRNASs reduces their respective mMRNA targets as illustrated in
Figure 6. The identification of transcription factors which regulate the expression of host
genes for miRNAs presents a novel therapeutic approach to modulate the expression of
miRNA-target genes involved in disease pathophysiology. However, there remain concerns
in the safety issues associated with miRNA based therapies as miRNAs can have off-target
effects, unanticipated consequences of viral vectors employed for delivery, and RNA-
mediated immunostimulation. The role of non-coding RNAs (IncRNAs) in regulation of
gene expression is a novel area of investigation, which needs to be addressed in future
studies.
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Practice points

Angiogenic placenta growth factor (PIGF), released from erythroid cells, has
an important role in inflammation, pulmonary hypertension and airway hyper-
responsiveness in sickle cell disease (SCD).

miRNAs bind cognate sequences in the 3" untranslated regions (3" UTR) of
MRNA and post-transcriptionally repress gene expression.

Specific miRNAs regulate expression of PIGF and effector target genes, i.e.,
endothelin-1 (ET-1), hypoxia inducible factor-1a (HIF-1a), plasminogen
activator inhibitor-1 (PAI-1) and 5-lipoxygenase activating protein (FLAP).
These genes promote pulmonary hypertension (PH), hyper coagulation, and
airway hyper-responsiveness in SCD.

The expression of miRNAs is transcriptionally regulated. Insight into miRNA
regulation provides novel ways to modulate miRNA expression, thereby
altering expression of miRNA target genes: e.g., attenuation of ET-1 and
PAI-1 expression to ameliorate PH in SCD.

PPAR-a agonist, Fenofibrate, an FDA approved drug, upregulates expression
of miR-199a2 and miR-214, which target the 3’ UTRs of HIF-1a and PIGF
MRNAs, and decreases ET-1 (a HIF1a regulated gene) and PIGF, attenuating
PH in mice with SCD. These agents have therapeutic potential in SCD
patients with PH.
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Research Agenda

Since miRNAs target mRNAs of several genes, they can have off-target
effects. However, long non coding RNAs (IncRNAS), > 200 nts in length, with
no capacity to be translated to proteins, have recently emerged as important
regulators of gene expression.

Endogenous anti-sense transcripts (AST), transcribed from the opposite DNA
strand, have also emerged as modulators of sense RNA. For example,
BC036851 (ET-1AS) within and adjacent to the ET-1 locus has the potential
to regulate ET-1 expression and thus PH in SCD.

An understanding of transcriptional regulation of endogenous AST has
potential for developing IncRNA-based treatments.

The identification of SNPs in AST alleles of patients with SCA and
correlation with susceptibility to or severity of PH will pave a pathway for
personalized medicine.
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Figure 1. PIGF-mediated activation of HiF-1a and downstream activation of target genes in
monocytes and endothelial cells

Due to increased erythropoiesis in SCD as a compensatory response to severe hemolytic
anemia, Erythropoietin (Epo) is released at high levels which targets erythroid cells to
secrete PIGF. Released PIGF in circulation can target blood cells, e.g. MNCs and vascular
endothelium (endothelial cells). PIGF causes activation of HIF-1a., independent of hypoxia
and stimulates expression of cytochemokines, leukotriene formation via activation of
lipoxygenase enzymes, and expression of ET-1 and PAI-1, the latter is involved in
pulmonary hypertension in SCD.

Blood Rev. Author manuscript; available in PMC 2019 January 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Kalra et al. Page 23

!
A
50 o
?\\gg?;}:gb%’?. ,-5()'21 ?‘,b:\‘\ ?‘ﬁrfx’, ,\%'2;1 659
& & o« A\
s [ J[riF-to]f B i fif |
“0 50
25 o2 N oA gt
&7 L 962\2’1\?-6& & d\\?ﬂl@‘?ﬁ@ﬁ@
v * V_ VY VY VY
5 || ET-1 ’ 3
.?\’6’\16 . ’\%"\6
(v;\\ ,;{\\?‘
o P K
& e «
o | — E
oR Q
B W @ o)
P° ,Q_r;_fggﬂ VP g Q¥ & s
S &E & E & &

f
5 [/ PiGF ! 3

Figure 2. Schematic representation of microRNA (miR) targets in the 3’untranslated (UTR)
region of HIF-1a, ET-1, PAI-1 and PIGF mRNAs

miRs highlighted in color have been characterized in response to PIGF and Epo treatment of
cells.
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Figure 3. Origin and processing of miR-199-5-p (miR-199a2)/miR-214 located in the host gene
DNM3os

miR-199b, miR-199al and miR-199a2 are located in the introns of host genes DNM1,
DNM2 and DNM3, respectively. These miRNAs are transcribed from the opposite strand of
their respective host gene loci. Both miR-199al and miR-199a2 are identical in sequence
and recognize the same mRNA target sites. The miRNA encoded by miR-199b is similar in
nucleotide sequence to those encoded by miR-199al and miR-199a2, but has a different
seed sequence. Upon PIGF treatment only expression of pre-miR-199a2 was reduced
without affecting pre-miR-199al expression, the former major precursor of miR-199a2 is in
the host gene DNM3os. Adapted and modified(73).
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Figure 4. Transcriptional regulation of miR-199a2 located in the intron of DNM3os gene by
PPARa. transcription factor and its pharmacological agonist Fenofibrate

miR-199a2, which targets HIF-1a mRNA, is localized in an intron of DNM3os.
Transcription factor, PPARa, which regulates DNM3os transcription concordantly regulates
miR-199a2 expression as miR-199a2 is located in the DNM3os transcription unit. In the
schematic, Fenofibrate, a PPARa agonist, augments the transcription of DNM3os and
miR-199a2. As a result of increased expression of miR-199a2, there is a decrease in HIF-1a
levels and concomitantly of ET-1, indicating therapeutic potential of Fenofibrate in PH.
Adapted and modified (73).
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Figure 5. Schematic of PIGF-induced ATF3 expression and its role in DNM3os/miR-199a2
repression

Due to increased erythropoiesis in SCD, hemin is released which induces the expression of
PIGF in erythroid cells. Epo can also induce expression of PIGF from erythroid cells. PIGF
increases expression of ATF3, which acts as repressor in association with JDP2 and HDAC6
on the promoter of the DNM3os/miR-199a2 transcription unit. Tubacin, a selective inhibitor
of HDACS, is permissive for expression of DNM3os/miR-199a2 both in vitro and in vivo.
Increased levels of miR-199a2 attenuate HIF-1a with concomitant attenuation of
downstream expression of target gene ET-1. Adapted and modified (79).
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Figure 6. Transcriptional regulation of miRNAs targeting HIF-1a, ET-1, PAI-1 and PIGF
MRNAS

PIGF activates HIF-1a and upregulates expression of ET-1 and PAI-1. Fenofibrate activates
PPARa sites located in host genes DNM3os and SKA2. As a result, there is increased
expression of miRs, which target PIGF, HIF-1a and ET-1 mRNAs, thus attenuating their
expression in cells and tissues. miR-30c and miR-301a target PAl-1 mRNA expression; the
latter is located within and intron of its SKA2 host gene. PAXS5 transcription factor regulates
transcription of MICAL3 host gene wherein miR-648 is located. miR-648 targets directly
the 3’UTR of ET-1 mRNA.
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