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Abstract

Tissue renin-angiotensin systems (RASs)are involved in tissue growth and
development as they are important regulators of angiogenesis, cell proliferation and
migration. The placental RAS is most highly expressed in early gestation, at a time when
the oxygen tension within the conceptus is reduced, and plays a key role in placental
growth and development. Similar to the placenta, tumour development relies on
proliferation, angiogenesis and invasion in order to grow and metastasize. The RAS is
known to be upregulated in a variety of solid tumours, including ovarian, endometrial,
cervical, breast and prostate. This review explores the roles of oxygen and microRNAs in
regulating the normal expression of the placental RAS providing insight into regulation of
its development as well as the development of disease states in which the RAS is
overexpressed. We propose that the placental RAS is downregulated by microRNAs that
are suppressed during the physiologically normal ‘hypoxic’ phase of early placentation.
Suppression of these miRNAs allows the placental RAS to stimulate placental growth and
angiogenesis. We propose that similar mechanisms may be at play in solid tumours, which

are characterised by hypoxia.

Introduction

The renin-angiotensin system (RAS) is a circulating endocrine system that controls
blood pressure and salt and water homeostasis. However tissue renin-angiotensin
systems also exist; many tissues express some or all components of the RAS and these

systems can act independently of the circulating RAS. Tissue RASs play key roles in both
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physiological and pathological tissue growth, invasion and angiogenesis [1]. Exploration
of the key factors regulating the normal and abnormal expression of these tissues RASs
could provide novel insight into both the normal physiological development and
regeneration of tissues such as the placenta, as well as the pathogenesis of disease states
in which the RAS is over expressed, such as cancer.

The RAS plays a critical role in placental development. It is most highly expressed
in early gestation placentae [2] and expression is altered in pregnancies compromised by
placental insufficiency [3]. Inadequate placentation causes placental insufficiency, and
contributes to pregnancy complications such as preeclampsia, intrauterine growth
restriction (IUGR) and spontaneous abortion [4-6]; major causes of fetal and maternal
morbidity and mortality.

Like the placenta, tumour growth depends on cell proliferation, angiogenesis and
invasion in order to grow and metastasize. The RAS is upregulated in many cancers
including ovarian, endometrial, cervical, breast and prostate and most of this research
focuses only on Angiotensin Il (Ang 11)/Ang Il type 1 receptor (AT1R) signaling mechanisms
[7-11]. The potential roles of tissue RAS pathways in tumour development has been
reviewed by George et al. [12].

The shared attributes of tumour and placental development have been reviewed
by Holtan et al. [13]. The highly proliferative, angiogenic and invasive capacity of tumour
cells are the result of regulatory mechanisms that promote autocrine regulation of
growth, evasion of apoptosis, sustained angiogenesis, vascular mimicry and tissue

invasion which all occur in trophoblast cells [13]. Furthermore, mechanisms regulating



62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

immune evasion are shared between tumour and placental development, highlighting the
potential similarities between cancer and placental biology.

This review examines the regulation of the placental RAS by oxygen and miRNAs as
well as in other tissues where the RAS is known to be important for growth and
vascularisation. We also describe the potential roles for these pathways in regulating the

RAS in tumours.

Tissue renin-angiotensin systems

In many tissues, prorenin, the inactive precursor to renin, is produced; it can be
activated by proteases [14] and by exposure to low pH or low temperature [15]. As well,
non-proteolytic activation of prorenin occurs when prorenin binds to the (pro)renin
receptor ((P)RR) also known as ATPase H(+)-transporting lysosomal accessory protein 2
(ATP6AP2)). This leads to a conformational change in prorenin so that it can now cleave
angiotensin | (Ang I) from angiotensinogen (AGT). Ang | is cleaved by angiotensin
converting enzyme (ACE) to Ang Il, which exerts most of the known actions of the RAS by
binding to one of two receptors, angiotensin Il type 1 and type 2 receptor (AT1R and AT;R)
(Fig. 1) [1]. In rodents, AT1R exists in two forms (AT1a and AT1b, [16]). In tissues, the Ang
[I/AT1R interaction promotes proliferation, angiogenesis, migration, invasion and fibrosis
[17-20]. In addition, Ang II/AT1R can stimulate intracellular signaling pathways including
mitogen activated protein kinase (MAPK)/extracellular signal-related kinase (ERK) and
p85a-phosphoinositol 3-kinase (p85a-PI13K), which promote growth and vascularization

in tissues [18]. ATiR is also pro-inflammatory and can increase the expression of pro-
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inflammatory mediators such as NF-kB, IL-6, IL-10 and TNF-a [21]. Ang Il acting via the
AT2R mediates effects that are predominantly antagonistic to those of Ang Il acting via
the AT1R; these include vasodilation and apoptosis (Fig. 1).

Additional RAS pathways exist. One pathway has actions that are opposite to the Ang
[I/AT1R pathway. This pathway includes a homologue of ACE, ACE2, which cleaves a single
amino acid from both Ang | and Ang Il, forming Ang-(1-9) and Ang-(1-7), respectively [22].
Ang-(1-9) is subsequently cleaved by ACE to form Ang-(1-7). Ang-(1-7) acting on the Mas
receptor has actions that antagonize the Ang II/ATiR pathway, similar to Ang II/AT;R.
Another pathway involves the processing of Ang Il by aminopeptidase A (APA) to produce
either Ang lll or Ang IV. Ang IV acting via the AT4R, also known as insulin regulated amino
peptidase (IRAP), induces vascularisation, inflammation, vasodilatation and hypertrophy
(Fig. 1) [23].

The (P)RR contributes to proliferation, invasion, fibrosis and angiogenesis by
stimulating intracellular signaling independent of Ang Il production [24-28]. Additionally,
(P)RR is the m8.9 segment of V-ATPase and is required for V-ATPase activity. The acidic
extracellular environment created by H* secretion by this V-ATPase/(P)RR complex
activates proteases (such as cathepsins) and matrix metalloproteases (MMPs), thus
enhancing cellular invasion of adjacent tissues and stimulating angiogenesis [29]. The
(P)RR/V-ATPase also activates the canonical Wnt/B-catenin signaling pathway which
targets a multitude of genes also involved in proliferation, angiogenesis and invasion [30,

31]. Thus, tissue RASs play a role in tissue growth and remodeling.
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Placental RAS Expression Across Gestation

Expression of the placental RAS changes throughout gestation (Table 1, [32-36]).
The first trimester placenta has very high levels of expression of prorenin (REN), (P)RR
(ATP6AP2), AGT and AGTR1 compared with term placentae. Placental Ang Il acting via the
ATiR has been shown to promote placental development. Ang Il regulates
cytotrophoblast differentiation in vitro, promotes cellular outgrowth (proliferation into
cell columns) of human villous explant cultures [37], and promotes placental angiogenesis
through vascular endothelial growth factor (VEGF) production [38].

Thus Ang Il has been shown to have a number of actions that promote placental
growth and development. There may also be a role for the (P)RR possibly activated by the
extremely high levels of prorenin occurring early in gestation. The spatio-temporal
pattern of the placental RAS, with high levels of prorenin and (P)RR co-localized to the
villous cytotrophoblast and extravillous trophoblast in early gestation suggest
paracrine/autocrine roles in placental growth (Table 1). The mechanisms responsible for
the high levels of expression of the placental RAS in early gestation however, have not

been fully elucidated.

Oxygen Regulation of Tissue RAS Expression
Oxygen Regulation of Placental RAS
An important factor influencing placental growth and development is the oxygen
tension within the conceptus. During the first trimester, when RAS expression is the

highest [33], the placenta develops in a low oxygen environment [39]. This occurs because
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from about two weeks after implantation, extravillous trophoblast (EVT) cells proliferate
and invade the maternal decidua and form trophoblastic plugs within the maternal spiral
arterioles, preventing maternal blood flow to the conceptus [40]. At 8 weeks the oxygen
tension within the intervillous space is 17.9 mmHg (~2.5%) with a range of 5-30 mmHg
(~0.7-4.3%) while the oxygen tension in the decidua is higher at 39.6 mmHg (~5.7%) with
a range of 25-70 mmHg (~3.5-10%) [39]. This low oxygen environment stimulates
proliferation and angiogenesis [41, 42]. Insufficient plugging of the maternal arterioles,
resulting in early onset of maternal blood flow and early re-oxygenation of the placenta,
results in the production of reactive oxygen species (ROS) [43] which are thought to cause
abnormal placental development. Hypoxia is known to stabilize hypoxia inducible factors
(HIFs), which promote angiogenesis and cell proliferation by stimulating the production
of VEGF and angiopoietins. Ang Il acting via the AT;R also stabilizes HIFs and stimulates
VEGF and angiopoietin expression [44, 45]. Thus a low oxygen environment is therefore
critical for early placentation.

Alternatively, poor remodeling of the spiral arterioles in preeclampsia leads to
ischemia-reperfusion events within placental lobules. These ischemia-reperfusion events
lead to upregulation of the placental RAS later in gestation [46, 47] and are thought to be
more detrimental in the pathogenesis of preeclampsia than the global ischemia induced
in animal models [48].

The interaction between a low oxygen environment and the placental RAS has
only recently been investigated. In a recent study on women at high altitude, placental

levels of prorenin, (P)RR, AT1R and AT,R proteins were significantly higher in placentae
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from normotensive women at altitude, despite their mRNA levels being unaffected [49].
In mice, maternal hypoxia in mid to late term pregnancy leads to decreased AGT, ACE,
and ACE2 levels within the placenta and increased AT1R expression [50]. Further studies
demonstrated that mid to late term maternal hypoxia led to increased placental vascular
density indicating that alterations in placental RAS expression may influence the placental
vasculature [51]. In models of reduced utero-placental perfusion (RUPP) in rats and
maternal hypoxia in mice, there were significant alterations in placental RAS expression
indicating that the RAS may be one pathway by which the placenta adapts to compensate
for inefficient placental perfusion [47, 52]. Similarly, models of placental insufficiency in
sheep were associated with reduced expression of AGT and REN in late gestation fetal
sheep kidneys. Interestingly, renal renin mRNA abundance was positively correlated to
arterial pO2 [53].

Incubation of HTR-8/SVneo cells (an immortalized primary trophoblast cell line) in
low oxygen (1% O;) increased AGTR1 and VEGF expression, as well as ACE and VEGF
protein levels, suggesting that there was activation of the pro-angiogenic RAS pathway
[54]. Ang Il treatment of first trimester explants (7-9 weeks) has also been shown to mimic
the effects of low oxygen. Culture of explants in 3% O, promoted trophoblast outgrowth
by stimulating trophoblast proliferation (as indicated by an increase in Ki67 staining) and
inhibited trophoblast differentiation into an invasive phenotype, which was mimicked by
Ang Il treatment [37]. Placental explants incubated in a low oxygen environment or with
Ang Il remained positive for integrin a5, had increased matrix-metalloprotease-2 (MMP-

2) activity and increased plasminogen activator inhibitor-1 (PAI-1) expression [37]. This
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research highlights a potential role for the placental RAS in mediating the pro-angiogenic

effects of low oxygen in placental development [54].

Oxygen Regulation of Tissue RAS

In other tissues compromised by hypoxic/ischaemic episodes such as the heart
and kidney, losartan (an ATiR antagonist) has been shown to reduce the deleterious
effects of ischaemic injury. Local upregulation of the RAS in response to hypoxic events is
deleterious, potentially because it causes increased inflammatory and/or pro-fibrotic
activity through AT1R signaling [55, 56]. Rats exposed to altered oxygen levels display
altered renal, pulmonary and pancreatic RAS expression. Chronic intermittent hypoxia in
rats (6-8% 0O3) increased renal and pulmonary arterial ACE expression, decreased renal
arteriole ACE2 and increased pulmonary arteriole ACE2 [57]. Furthermore, kidney and
pulmonary Ang Il was increased while Ang-(1-7) levels were decreased, demonstrating
that oxygen altered the balance between the pro-inflammatory and anti-inflammatory
RAS axes. These changes were also associated with increases in arterial thickness
indicating that hypoxia driven dysregulation of tissue RASs may be driving vascular
remodeling and disease severity [57]. Chronic hypoxia in rats is also associated with
increased pancreatic AGT, AT1b and AT2R [58]. The pancreatic RAS is thought to regulate
insulin release [59], thus in diseases such as diabetes alterations in pancreatic RAS may
exacerbate disease. Therefore, there is reasonable evidence that oxygen regulates tissue

RASs in both physiological and pathophysiological states, including placentation and
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chronic kidney disease however its role in regulating the RAS in tumours is not well

defined.

Does oxygen regulate the RAS in cancer?

While hypoxia in solid tumours is known to drive tumour proliferation and
angiogenesis, only one study has investigated the role of hypoxia in RAS-mediated tumour
development. Fan et al. showed that hypoxia caused upregulation of Ang Il levels [60],
ACE and AT4R levels, in murine Lewis lung carcinoma cells, similar to that seen in the
placenta [54], and decreased ACE2 levels. However, g Given the evidence that hypoxia
regulates the expression of the RAS in the placenta, lung and heart [54, 61, 62], it may
also play an important role in regulating the expression of the RAS in solid tumours. This

requires further investigation.

Regulation of the placental RAS by MicroRNAs

MicroRNAs are small non-coding nucleotides that bind to specific sites in the
3’untranslated region (UTR) of mRNA, destabilizing the mRNA or impeding its translation,
so that less encoded protein is synthesized. MicroRNAs are known to be important in both
physiological and pathological regulation of molecular and hence cellular function.
Although there are very few studies examining the role of miRNAs in regulating the
placental RAS, miRNAs have been shown to be important in trophoblast invasion and as
potential modulators of maternal immune tolerance [63, 64]. Goyal et al. demonstrated

that several miRNAs that are predicted to target REN, ACE and AT:R (miR-199b, miR-27a

10
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and miR-468, respectively), are down regulated in the mouse placenta in response to
maternal hypoxia and are associated with altered post-transcriptional regulation of their
RAS targets [52]. Further studies have shown similar post-transciptional regulation of fetal
brain RAS mRNAs following maternal protein restriction [65]. Goyal et al. demonstrated
that a maternal low protein diet increased expression of AGT and ACE1 mRNA and
decreased AT;R mRNA expression. AGT protein levels were unchanged while both ACE1
and AT;R proteins were significantly reduced in fetal brains from protein restricted dams.
These changes were associated with altered expression of miRNAs known to target both
ACE1 and AT,R (mir-27a and b and mir-330, respectively) [65].

One study has shown that over expression of miR-155 significantly reduced AT:R
protein expression in human vascular adventitial fibroblasts [66]. miR-155 is was
significantly lower in human umbilical vein endothelial cells (HUVECs) from women with
preeclampsia [67] which is characterised by increased placental expression of ATiR [46].
Since both miRNAs and the RAS regulate placental development and may regulate the
maternal response to pregnancy, it is imperative that further research be focused on the
interaction between them. Placental miRNA profiles are significantly altered with both
gestational age and pregnancy complications including preeclampsia [68-72] and we are
currently exploring the potential role of miRNAs in regulating the placental RAS in these

settings.

Do miRNAs and oxygen act together to regulate the placental RAS?

11
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As outlined above, the placenta contains its own RAS that is expressed from at
least 7 weeks gestation [2, 32, 34, 73-75], at a time when the oxygen tension within the
placenta is at its lowest [39]. There is evidence that the low oxygen milieu stimulates the
expression of some components of the placental RAS [54]. Ang Il, acting through the AT:1R
stimulates placental angiogenesis and trophoblast invasion [34, 74, 76] and may be
mediating some of the effects of low oxygen. Thus regulation of the RAS by oxygen with
its downstream effects are likely to be important in placental development.

Conversely, expression of some microRNAs that target key genes of the RAS are
suppressed by hypoxia, leading to increased protein expression [52, 77]. MicroRNAs that
target the placental RAS could therefore mediate the effects of low oxygen on RAS
expression. In this way, oxygen and miRNAs may work together to alter placental
development and might contribute to the abnormal placentation characteristic of
preeclampsia and IUGR.

We propose that the placental RAS is regulated by microRNAs that are normally
suppressed during the physiologically normal ‘hypoxic’ phase of early placentation.
Suppression of these miRNAs stabilizes RAS components allowing the Ang II/AT1R
pathway to stimulate expression of genes controlling angiogenesis as well as trophoblast
growth, invasion and transformation to an endovascular phenotype (Figure 2, [78]). If
placentation is poor, as in IUGR and preeclampsia, and there is reduced uteroplacental
perfusion, then there will be abnormal expression of the placental RAS and the microRNAs

that target the RAS in late gestation (Figure 2).

12
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Regulation of Tissue RASs by MicroRNAs

Chronic kidney diseases including hypertension and glomerulosclerosis which are
associated with increased intrarenal renin mRNA, are shown to express significantly lower
levels of miR-663 [79, 80]. Marques et al. found increased renal cortical expression of
REN mRNA was associated with a downregulation of miR-663 and miR-181a.
Furthermore, they found both miR-181a and miR-663 directly bind to 3’"UTR constructs of
REN [79]. Ramezani et al. also showed urinary miR-663 was downregulated in patients
with focal segmental glomerulosclerosis (FSGS) when compared to patients with minimal
change disease (MCD) [80]. Urinary miR-155, known to target AT:R in human vascular
adventitial fibroblasts [66], was also was significantly downregulated. Glomerulosclerosis
is associated with increased both plasma renin and Ang Il as well as increase renal ACE
and AT:R [81]. Interestingly, miRNA expression levels also correlated with clinical
parameters including proteinuria and glomerular filtration rate. miR-663 inversely
correlated with GFR and positively correlated with proteinuria whereas miR-155
positively correlated with proteinuria [80]. Thus miRNAs that target the RAS may play a
role in the pathogenesis of renal disease and may provide insight into the regulation of

the placental RAS by miRNAs in physiological and pathophysiological states.

Regulation of the RAS by microRNAs in cancer
There is an increasing body of evidence implicating a role for miRNAs in
tumourigenesis [82, 83], however there are very few studies exploring the relationship

between miRNAs and the RAS in cancer. miR-155 is one of the miRNAs most consistently

13
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involved in neoplastic disease, being overexpressed in several solid tumours [84, 85] and
as mentioned above, is known to repress AGTR1 expression [66]. In endometrial
carcinoma cells, abolishing the function of miR-155 or AGTR1 inhibited cell survival and
the combined treatment showed synergistic effects [86]. This data is somewhat
conflicting since inhibition of both miR-155 or AGTR1 would suggest that both miR-155
and AGTR1 overexpression were contributing to tumourigenesis but miR-155 is a negative
regulator of AGTR1. Furthermore a more recent study has demonstrated that miR-410
suppresses pancreatic cancer growth, cell invasion, migration, and angiogenesis via the
downregulation of AGTR1, acting as a tumor-suppressive miRNA [86]. Thus it appears that
miRNAs and may be involved in regulating tissue RAS and that this could contribute to

cancer progression, however further investigation is required.

Conclusion

Current research shows that tissue RASs play essential roles in promoting tissue
growth, angiogenesis, migration, invasion and fibrosis, all important features of both
placental and cancer growth. We don’t fully understand how the activity and expression
of these various RASs are regulated. There is good evidence that factors such as oxygen
tension and miRNAs regulate the expression of tissue RASs such as those within the
placenta as well as those in the kidney, heart, lung and pancreas. We hypothesise that
oxygen and miRNAs act to together to regulate the placental RAS and that similar
mechanisms might be at play in the regulation of the RAS in tumours. Since the RAS is

overexpressed in many cancers [12], identifying these molecular pathways that regulate

14



302 the placenta RAS may allow us to gain further insight into the mechanisms of cancer onset
303 and progression.
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Tables

Table 1. Localisation of the Placental Renin Angiotensin System in early and late

Gestation
Component | Protein/Peptide Localisation MRNA Expression Across Gestation
Prorenin Early | STB, CTB, EVT [2] mRNA abundance is highest in early
- gestation (6-9 weeks) [33]
Term | STB, Vascular Endothelium [87]
(P)RR Early | EVT, Vascular Endothelium, STB [2] | mRNA abundance is highest in early
gestation (8-14 weeks) [33]
Term | STB, Vascular Endothelium[87]
AGT STB, CTB, Villous Stroma [33] [87] mRNA abundance is highest in early
gestation (6-16 weeks) [33]
Protein abundant at term [87]
ACE1 Fetal Vascular Endothelium [33, 87, 88] mRNA abundance is higher at term
than in early gestation [33]
ACE2 Early | STB, CTB, Villous Stroma [33] mRNA abundance is highest in early
gestation placentae (6-16 weeks)
Term | STB, CTB, Fetal Endothelium & | [33]
Vascular Smooth Muscle [87]
Angiotensin | Placental bed and chorionic villi at term | Ang Il is the dominant peptide in
land Il [89, 90] pregnancy, its expression decreases
towards term
Ang-(1-7) STB, CTB, Fetal Endothelium, EVT [89, 91] | Unknown
AT1R Chorionic Villi, STB, CTB, EVT, Fetal | mRNA expression is highest in early
Endothelium [74, 87] gestation (6-13 weeks) [33, 34]
AT;R CTB, EVT [35, 87] Expression is typically low but
highest in early gestation [33, 34, 74,
89, 92]
AT4R STB, EVT [35] Highest in early gestation decrease
towards term
MasR Chorionic Villi [89] Typically undetectable [33, 87]

CTB, cytotrophoblast; EVT, extravillous trophoblast; STB, syncytiotrophoblast; (P)RR,

(pro)renin receptor;

AGT, angiotensinogen; ACE1l, angiotensin converting enzyme 1,

ACE2, angiotensin converting enzyme 2; ATiR, angiotensin Il type 1 receptor; AT:R,

angiotensin Il type 2 receptor; AT4R, angiotensin Il type 4 receptor; MasR, Mas Receptor
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Figure Legends

Angiotensinogen

(P)RR _+“ Prorenin/Renin l

ACE2
Angiotensin 1-9 | «— Angiotensin | Angiotensin IlI
l - ACE2 l
Angiotensin 1-7 | € Angiotensin Il — Angiotensin IV
| MasR | AT,R AT,R AT,R

Figure 1. The renin-angiotensin system cascade. Prorenin is activated by binding
to the (pro)renin receptor ((P)RR) and possibly by proteolysis to cleave Angiotensin (Ang)
| from Angiotensinogen (AGT). Angiotensin converting enzyme (ACE) then converts Ang |
to the biologically active Ang Il. Ang Il can bind to angiotensin Il type 1 receptor (AT1R) to
promote proliferation, angiogenesis, fibrosis, migration and invasion through stimulation
of intracellular signaling pathways. Furthermore, Angiotensin (Ang) Il binds to angiotensin
| type 2 receptor (AT2R) and antagonizes ATiR activation. Aminopeptidase A (APA) allows
conversion of Ang Il to Ang Il or Ang IV, which act on the AT4R and can induce
vascularisation, inflammation, vasodilation and hypertrophy. Ang | can also be further
converted by angiotensin converting enzyme 2 (ACE2) to Ang-(1-7). Ang-(1-7) acts upon
its receptor Mas. This results in antagonism of Ang II/AT:iR stimulation thus inhibiting

proliferation, angiogenesis, fibrosis, migration and invasion.
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Figure 2. Proposed model of placental RAS regulation in physiological and
pathological pregnancies. In normal pregnancy (blue box), low oxygen in early gestation
inhibits expression of miRNAs that target renin-angiotensin system components,
promoting increased expression and appropriate placental development. At term, higher
oxygen tensions result in higher expression of miRNAs and a subsequent inhibition of RAS
components, resulting in high uteroplacental blood flow and normal fetal growth. In
pathological pregnancies (red box), failure to plug spiral arterioles and a higher placental
O; concentration in early pregnancy causes higher miRNA expression and thus lower
expression of RAS components resulting in abnormal placentation. In late gestation, lower
uterine blood flow causes lower expression of miRNAs and a higher expression of RAS
components resulting in a lower uteroplacental blood flow and the onset of pregnancy

complications.
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