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Abstract

Mammals develop in a physiologically hypoxic state and the oxygen tension of different tissues in
the embryo is precisely controlled. Deviation from normal oxygenation, such as what occurs in
placental insufficiency, can disrupt development. Several studies demonstrate that intrauterine
hypoxia has a negative effect on kidney development. As nascent nephrons are forming from
nephron progenitors in the nephrogenic zone, they are exposed to varying oxygen tension by virtue
of the development of the renal vasculature. Thus, nephrogenesis may be linked to oxygen tension.
However, the mechanism(s) by which this occurs remains unclear. This review will focus on what
is known about the molecular mechanisms that are active in physiological and pathological
hypoxia, and their effects on kidney development.
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Hypoxia and Mammalian Development

Most tissues reside normally in “physiological hypoxia,” with oxygen tension levels ranging
from 1 to 9%, and oxygen levels below 1% being considered “pathological hypoxia” [1-4].
The mammalian embryo first begins development in a state of hypoxia, the placenta not
developing until several days after fertilization [3, 4]. Portions of the developing embryo are
vascularized and perfused at different rates; so physiological hypoxia varies throughout
development. Tissue oxygen tension levels remain difficult to determine experimentally, so
the relative changes in levels with vascularization remain undetermined.

The importance of appropriate oxygen tension during development is evidenced by culturing
embryonic stem cell lines and early mouse embryos in low oxygen conditions to prevent
spontaneous differentiation [5, 6]. For example, human embryonic stem cells have been used
to show that the cellular main hypoxia responders, the transcription factors known as
hypoxia inducible factors (HIFs), and low oxygen tension direct appropriate differentiation
into neurons or glia [7]. Interestingly, the expansion both of mouse neural progenitors and
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post-natal cardiomyocytes is altered by both hypoxia and hyperoxia [8, 9]. Activation of the
hypoxic stress pathway represses cardiomyocyte cell stress pathways to allow proliferation
of the hypoxic fetal cardiomyocytes [10]. This review will discuss recent advances in
understanding how changes in oxygen tension are critically important during kidney
development.

Intrauterine Hypoxia

Although changes in relative oxygen tension levels are normal during development,
exposure to additional hypoxia is known to negatively impact fetal development. Indeed,
intrauterine hypoxia is a common environmental stressor as a result of maternal (smoking,
environmental pollutants), placental (placental insufficiency) or fetal factors (anemia,
cardiac defects). Of these factors, placental insufficiency is one of the main causes of
intrauterine growth restriction (IUGR) [11-14]. Placental insufficiency increases a fetus’s
risk for adverse health throughout life [11, 15, 16]. Depending on the severity of the hypoxic
insult, affected fetuses will have varying degrees of injury, from alterations in metabolic,
endocrine, and hematological systems [11], to overt tissue necrosis in the most severe
settings. The placenta is responsible for delivering nutrients to the developing fetus;
therefore an immature or abnormal placenta can restrict fetal growth. In response to
decreased nutrient and oxygen availability, the fetus alters blood flow, preferentially
supporting brain, heart, liver and adrenal growth, preventing proper development of other
organs, such as the kidney [15, 16]. Impaired kidney development may reduce the number of
nephrons that develop, increasing the risk for developing disease [17, 18]. Individuals
affected by IUGR and decreased nephron number, have a higher risk for developing
hypertension throughout life [19, 20]. Since IUGR is estimated to occur in 3-5% of
pregnancies, this presents a life-long health risk to a significant portion of the population
[21].

Several animal models of placental insufficiency have been developed to better understand
the causes and impact of fetal hypoxia on mammalian development [22]. Placental
insufficiency can be induced through gene deletions, such as eNOS, and placental-specific
1912, to cause defects in placental maturation and vasculature [22—24]. A carefully designed
Cited mouse study demonstrates that placental insufficiency results in renal medullary
dysplasia [25]. Since placental Cited1 is only expressed from the maternally inherited X
chromosome, the researchers compared female Cited! heterozygous knockouts with
paternally versus maternally inherited wild type X chromosomes, and found that only the
paternally inherited null allele (null for CitedI in the placenta and heterozygous for Citedl
in the embryo) caused placental defects. In these animals, placental insufficiency resulted in
renal medullary dysplasia. However, most mouse genetic models are inefficient in producing
affected embryos or are embryonic lethal, making them a poor choice to study the life-long
risk associated with placental insufficiency. Furthermore, several of these models involve the
knockout of genes that are expressed in the kidney, making it difficult to use these models to
make observations about kidney development.

Uterine vessel ligation studies have also been used to model placental insufficiency, and its
effects on development, in various animal species [22, 26]. However this method is
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technically challenging in mice due to their small size, so mouse models for placental
insufficiency are typically produced using a hypoxia chamber. Pregnant dams are housed in
an atmospherically controlled chamber, often using 12% O, for several days to reduce
oxygen delivery to embryos. The hypoxia chamber assay may also be performed with mice
harboring a genetic mutation to investigate how the embryo’s hypoxia response is altered
[27].

The Cellular Response to Hypoxia

Cells respond to hypoxic conditions mainly through the activation of hypoxia-inducible
factors (HIFs). The HIFs are a family of transcription factors that bind to hypoxia-responsive
elements (HREs) and mediate the transcription of many genes, including those involved in
energy conservation and generation, angiogenesis, apoptosis, and cell growth and survival
[28-34]. For example, HIF increases transcription of several genes involved in anaerobic
glycolysis—such as hexokinase and phosphoglycerate kinase—which is the primary
metabolic pathway of stem cells [35]. Furthermore, several microRNAs (miRNAs) have
been shown to be hypoxia-responsive, aiding in the regulation of the cellular hypoxic
response expression [36-38].

HIF is composed of an oxygen-sensitive a-subunit and a constitutively expressed B-subunit,
known as HIF-B or arylhydrocarbon receptor nuclear translocator (ARNT). There are three
known HIF a-subunits—HIF-1a, HIF-2a and HIF-3a—and two known HIF B-subunits—
HIF-1B/ARNT and HIF-2B/ARNT2. As shown in Figure 1, when oxygen levels drop below
5%, prolyl-4-hydroxylases can no longer target HIF-a for degradation, resulting in the
accumulation of HIF-a, which binds HIF-p. The HIF-ap heterodimer binds the
transcriptional co-activator CBP/p300 and then translocates to the nucleus, binding HREs to
alter expression of the numerous HIF target genes. For a more detailed explanation of the
HIF pathway, see these recent reviews [39-41].

HIF Function During Kidney Development

Metanephric kidney development begins with the outgrowth of the ureteric bud (UB) from
the mesonephric duct into the adjacent metanephric mesenchyme (MM). The UB undergoes
a series of branching events to form the collecting system of the kidney. Meanwhile, the MM
condenses to form a “cap” of nephron progenitors around the ureteric tips. These progenitors
possess the ability to self-renew during kidney development and are multipotent, giving rise
to the multiple cell types required to form a functional nephron (from the glomerular
epithelial cells to the distal tubule). The progenitors differentiate by undergoing a
mesenchymal to epithelial transition followed by a series of proximal-distal patterning
events to form the mature nephron. This process of nephrogenesis occurs in the relatively
avascular nephrogenic zone of the developing kidney. Thus, it is believed that the MM is
maintained in a hypoxic environment. However, measuring tissue oxygen tension in
developing tissues remains technically challenging, and there is no clear data regarding the
true oxygen tension of the nephrogenic zone or other parts of the developing kidney.
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Given the relatively hypoxic niche in which nephron progenitors are likely to reside, this
would predict a role for HIFs during nephrogenesis. Human and rat kidney HIF-1a co-
localize with vascular endothelial growth factor (VEGF) in medullary collecting ducts and
early glomeruli during Kidney development, suggesting that HIF-1a plays a role in
tubulogenesis and glomerulogenesis [42]. The same study demonstrated a distinct HIF-2a,
expression pattern—podocytes of more mature glomeruli, interstitial and peritubular cells—
and co-localization with the endothelium-associated angiogenic factor endoglin [42].
Together, this suggests that HIF-2a is involved in renal vasculogenesis, likely in later stages
of kidney development. Similar expression patterns were found in mice, with the
nephrogenic zone of newborn kidney cortex and the medulla showing high HIF-1a and
HIF-2a expression [43]. Genetic knockout of HIF-1a in mice leads to death by E9.5 from
vascular and neural tube defects [44, 45]. HIF-2a knockout mice exhibit varying phenotypes
—Tlethality from different causes at mid-gestational to post-gestational ages—based on the
genetic background of the mouse. The mice that survive long enough for a metanephric
kidney to develop had no nephrogenic or renal vasculature defects, suggesting that HIF-1a
is the critical HIF during kidney development [41]. At present, there is no data regarding the
potential developmental effects of a kidney-specific HIF-1a conditional knockout, although
it is clear that HIF-1a is essential for normal vascular and organ development.

The expression of the HIF B-subunits during kidney development has also recently been
investigated. HIF-2p was highly expressed in newborn mouse kidney, but expression
decreased with age. In contrast, HIF-1p levels remained constant in the developing and
mature kidney [46]. The authors suggest that high HIF-2p levels are needed in distal tubules
during nephrogenesis, but later only needed in thick ascending limb. Metanephric
development cannot be studied in global HIF-1p knockout mice, since the embryos do not
survive past E10.5 from defects in both branchial arches and yolk sac angiogenesis [47]. To
date, there are no kidney-specific HIF-B knockouts. Further studies of specific target genes
for each subunit—and heterodimer pair—would prove useful in determining their roles
during mammalian development.

Oxygen Tension and Ureteric Branching

HIFs have been shown to be important during development, but the role oxygen tension
plays during kidney development has only recently been more thoroughly investigated. A
2005 study demonstrated that cultured E12 mouse kidney explants grown in 5% O had
more extensive ureteric branching than those cultured in 20% O, [48] (Table 1).
Furthermore, E13 rat kidney explants cultured in 5% O, for 96 hours had significantly more
UB branching than kidneys cultured in 21% O, [49]. In contrast, a 2015 study found that
E12 and E13 mouse kidney explants cultured in 21% O, had improved kidney growth and
ureteric branching, while kidneys cultured in 5% and 1% O, were significantly smaller and
had fewer ureteric branches [50]. This disparity may be attributed to different culturing
conditions, since the same mouse strains were used. The 2015 study cultured dissected E12
or E13 kidneys at 21% O, for 24 hours and then exposed contralateral kidneys to different
conditions for 48 hours, while the explants in the 2005 study were dissected and
immediately cultured in different oxygen tensions for 48 hours. Together, this suggests that
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the timing of exposure to different oxygen tensions may be critical for proper kidney
development.

The observed oxygen-dependent effects on kidney development has prompted further
research into the molecular signaling mediated by changes in oxygen tension. The
previously described 2005 study showed that VEGF and FGF2 played a role in UB
branching in both oxygen tension conditions [48]. The 2015 study furthered this,
demonstrating that hypoxic HIF activation increases paracrine VEGFA signaling to inhibit
nephrogenesis but enhance tubulogenesis [50]. The rat kidney explants mentioned earlier
were also treated with the HIF-1a inhibitor digoxin, showing that HIF-1a regulates mMRNA
levels of Gadnfand its receptor while also regulating Fgf7 levels to play a role in regulating
UB branching morphogenesis [49]. Several studies of pancreatic development—which
occurs much like ureteric branching—reveal that the branching epithelium recruits blood
vessels via VEGFA, which then signal to maintain trunk epithelium and inhibit acinar cell
differentiation [51]. VEGFA and the vascular endothelium likely play similar roles in kidney
development, but more studies are needed to more precisely define the molecular
mechanism through which these hypoxia-responsive proteins are altering ureteric branching.

Oxygen Tension and Nephron Progenitors

As noted above, many stem cells are maintained in hypoxic niches and the same appears to
hold true for nephron progenitors. Mouse kidney explant studies demonstrate that the
nephrogenic zone of the developing kidney does not receive blood flow, and that the
differentiation of nephron progenitors appears to be induced by vascular perfusion and the
accompanying increase in oxygen tension [52]. However, how this process is regulated by
hypoxia is poorly understood.

In other developing and adult organs, such as the intestine and liver, canonical
developmental pathways are used for stem cell maintenance and differentiation. Similar
mechanisms are found in the kidney with Wnt/B-catenin and Notch pathways regulating
nephron progenitor expansion and differentiation [53, 54]. It is possible that these
developmental pathways are hypoxia-responsive as part of their regulatory role in nephron
progenitor maintenance and differentiation. In fact, ureteric Wnt/B-catenin signaling is
suppressed during /n uterohypoxia in mice [55] (Table 1). However, the specific hypoxia-
responsive mechanism that results in altered Wnt signaling is unclear.

Looking at the canonical Notch pathway, Notch and HIF-1a interact under hypoxic
conditions to inhibit myogenic and neuronal differentiation [56]. Nephron progenitor-
specific Notch2 activation results in their depletion, ectopic Wnt4 expression, and premature
tubule formation [57]. However, more studies are required to define the mechanism(s) by
which hypoxia affects nephron progenitor biology.

Placental Insufficiency Effects on Nephrogenesis

Animal models of placental insufficiency demonstrate the various effects that in utero
hypoxia can have on developing embryos. However, placental insufficiency also affects
metabolite exchange, and separating pathological hypoxia from reduced nutrient availability
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is difficult. Adolescent guinea pigs that suffered from placental insufficiency had low birth
weights, exhibited increased fibrosis in the heart and kidney, and decreased nephron number
[58]. Further studies of how disease manifests in these guinea pigs will be useful in
understanding similar cases in humans.

As mentioned earlier, reduced nephron number in humans can increase the risk for
development of kidney disease. Several animal models show that placental insufficiency can
reduce the number of nephrons that form. A rat model of placental insufficiency resulted in a
nephron deficit and modest renal insufficiency [59]. Even though these rats did not develop
hypertension, they may still be useful in determining the mechanism by which kidney
development is altered by hypoxia. Similarly, IUGR rabbit fetuses from placental
insufficiency pregnancies showed altered hypoxia-responsive gene expression and developed
fewer nephrons [60]. Importantly, this study was able to show a direct link between placental
insufficiency and nephrogenesis, although further studies are required to elucidate the
mechanism of its effect on development.

Another rat study revealed that placental insufficiency reduced the kidney-to-body weight
ratio and caused histological changes to the glomeruli—specifically, an enlarged Bowman
space, flattened and decreased podocyte foot processes, and swelling and deformed
mitochondria—and a wider interstitium in hypoxic fetuses [61]. The researchers
demonstrated that the fetal kidneys had increased apoptosis and Beclin | signaling-mediated
autophagy, but it remains unclear whether there were direct effects of hypoxia on nephron
progenitors.

Mouse embryos exposed to severe acute early gestational hypoxia exhibited congenital
anomalies of the kidney and urinary tract (commonly known as CAKUT) [55]. Interestingly,
milder, prolonged hypoxia initiated a few days later in gestation resulted in a milder
phenotype characterized by a smaller body size and reduced nephron number. These
differences suggest that the degree of hypoxia is tightly controlled during nephrogenesis and
that abnormalities in nephron development occur in a dose-dependent fashion.

Kidney development relies on physiological hypoxia for proper nephrogenesis, while
pathological hypoxia inhibits the process and can result in a range of adverse effects. More
research on the effect of fetal hypoxia on nephrogenesis needs to be conducted so that we
can better understand how human health is affected in IUGR and placental insufficiency.
While technically challenging, it will be important to define oxygen tension levels in
developing tissues exposed physiological and pathological hypoxia, and link this
information to the expression of hypoxia-responsive genes. Fetal hypoxia can restrict renal
blood flow, causing the kidney to be pathologically hypoxic. While outside the scope of this
review, the effects of hypoxia on the development of the renal vasculature also remains
unclear.

HIFs are active during normal kidney development, and likely has increased activity during
pathological hypoxia. The role that HIFs play should be further investigated by examining
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the gene expression profiles of nephron progenitors and nascent nephron structures (renal
vesicle, comma-shaped body, s-shaped body, etc.) in both physiological and pathological
hypoxia to identify the hypoxia-response signature of these lineages. This information will
lead to a better mechanistic understanding of the pathologies resulting from intrauterine
hypoxia and placental defects and deficiencies, and their consequent effects on human
health.
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Figure 1.
The hypoxia inducible factor 1 a-subunit (HIF-1a) is constitutively expressed. When the

cellular oxygen tension is above 5%, HIF-1a is degraded. This is initiated when prolyl-4-
hydroxylases (PHD) add hydroxyl (-OH) groups to HIF-1a.. The von-Hippel Lindau protein
(pVHL) binds hydroxylated HIF-1a and recruits other proteins to aid in the ubiquitinylation
of HIF-1a, targeting it for degradation by the 26S proteasome. When the oxygen tension
drops below 5%, PHDs can no longer hydroxylate HIF-1a, preventing pVHL from binding.
HIF-1a accumulates in the cytosol and binds the HIF-18/ARNT subunit. This heterodimeric
transcription factor complex binds the CBP/p300 coactivator and this complex then
translocates to the nucleus where it binds hypoxia-responsive elements (HRE) throughout
the genome to up-regulate transcription of many genes involved in various processes.
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Summary of studies evaluating the effect of hypoxia on kidney development.
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10.5% O2 from 4-21 days

Hypoxia Model Result Citation
. E12 mouse kidney explants . More extensive branching in 5% O2 compared to [48]
cultured 48hr 20% 02
. Improved branching with addition of FGF2 and
VEGF (decreased with neutralizing antibodies)
. E13 rat kidney explants . More extensive branching in 5% O2 compared to [49]
cultured 96hr 21% 02 (appeared to be HIF-1a dependent)
. 5% 02 inhibited apoptosis in the ureteric bud and
increased expression of GDNF and FGF7 mRNA
in the metanephric mesenchyme
. E12 and E13 mouse kidney . More extensive branching in explants grown in [50]
explants cultured 24hr in 21% 02 than in 1% and 5% O2
21% O2 then 48hr in i o
1/5/21% 02 . Decreased branching and glomerulogenesis with
loss of HIF-1a in the ureteric bud
. Ksp-cre driven deletion of i .
PHD2 (HIF stabilization) or . Increased branching and number of glomeruli
HIF-1a; grown as explants formed with HIF stabilization in the ureteric bud
. Pregnant mice exposed to . Reduced ureteric branching and nephron [55]
12% O2 for 48hr at E12 or formation
5.5-7.5% for 8 hr o o i
. Reduced B-catenin signaling in the ureteric tree of
hypoxia-exposed embryonic mouse kidneys
. E12 mouse kidney explants . Fewer differentiated structures in 1% and 5% O2 [52]
cultured 7 days compared to 21% 02
. Associated with an unperfused nephrogenic zone
. Pregnant rats exposed to . Fewer glomeruli with enlarged Bowman space [61]

Increased apoptosis and autophagy

VEGF= vascular endothelial growth factor
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