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Abstract 

Gestational stressors, including glucocorticoids and protein restriction, can affect kidney 
development and hence final nephron number. As hypoxia is a common insult during pregnancy, 
we investigated the influence of oxygen tension on kidney development. In vivo mouse models of 
moderate, transient, midgestational (12% O2, 48hrs, 12.5dpc) (MTM) or severe, acute, early (5.5-
7.5% O2, 8hrs, 9.5-10.5dpc) (SAE) gestational hypoxia were developed. The embryo itself is known 
to develop under hypoxic conditions with embryonic tissue levels of oxygen estimated to be 5-8% 
(physiological hypoxia) when the mother is exposed to ambient normoxia. Hence, these models 
were designed to represent a pathological hypoxic insult. Both in vivo models generated phenotypes 
seen in patients with congenital anomalies of the kidney and urinary tract (CAKUT). SAE resulted 
in duplex kidney while MTM permanently reduced ureteric branching and nephron formation. Both 
models displayed hypoxia-induced reductions in β-catenin signaling within the ureteric tree and 
suppression of the downstream target gene, Ccnd1. Hence, we show a link between gestational 
hypoxia and CAKUT, the phenotype of which varies with timing, duration and severity of the 
hypoxic insult. 
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Introduction 

Congenital anomalies of the kidney and urinary tract (CAKUT) present in 3-6 in 1000 humans, 
representing one of the most prevalent birth defects in man (1, 2). CAKUT encompasses renal 
agenesis, duplex kidneys, vesicoureteric reflux, ureteropelvic junction obstruction, hypoplasia and 
renal dysplasia, occurring alone or as part of multi-organ syndromes. While the phenotypic 
spectrum is broad, identifiable mutations are only present in approximately 10% of CAKUT 
patients (3-5). Known causative gene mutations appear to occur in genes responsible for the 
formation and interaction of the two key progenitor compartments of the developing kidney, the 
ureteric bud (UB), which forms the collecting duct system and ureter, or the metanephric 
mesenchyme (MM), which gives rise to the nephrogenic cap mesenchyme (CM) and stromal 
elements. Indeed, mutations in genes such as RET, TCF2/HNF1β, PAX2, SIX1, SALL1, and EYA1 
have been identified in CAKUT patients (3-5). In mouse, genetic perturbation of β-catenin 
signaling has also been associated with CAKUT-like phenotypes (6,7). In response to Wnt ligand 
binding, non-phosphorylated/activated β-catenin can translocate into the nucleus and regulate target 
gene transcription via binding with TCF/LEF transcriptional mediators. This canonical Wnt/β-
catenin signaling is critical for a variety of processes during kidney development, including the 
initial outgrowth of the UB, growth and branching of the ureteric epithelium (6-8), CM self-renewal 
and nephron induction (9-11) and nephron elongation (12). Mutation of β-catenin within the nephric 
duct / ureteric bud can result in duplex kidney (6), renal agenesis (7) and reduced UB branching. 
Conversely, overexpression of β-catenin disrupts branching (13) and leads to dysplasia (14, 15), 
suggesting high sensitivity to dose and timing within this pathway. 

 

CAKUT accounts for approximately 50% of all cases of childhood end stage renal disease and 
patients presenting with hypoplasia / dysplasia are likely to have a reduction in nephron number. 
Reduced nephron number in turn associates with hypertension, glomerular hyperfiltration and renal 
disease (16). A number of gestational environmental stressors (maternal low protein diet, maternal 
glucocorticoid exposure) have also been associated with reduced nephron number (17-20), although 
the underlying molecular mechanism is not understood. Given the high proportion of CAKUT 
patients with no discernable genetic mutation, this raises the possibility of environmental 
contributors / modifiers to CAKUT.  

 

Intrauterine hypoxia, either chronic or acute, is one of the more common insults to the developing 
fetus, resulting in fetal growth retardation and specific heart and brain defects (21-27). While the 
fetus normally develops under relative hypoxia (physiological hypoxia), estimated at approximately 
5-8% O2 at the tissue level (28), a further reduction in tissue oxygen tension may place the system 
at greater risk (29). Gestational hypoxia can occur due to smoking (~25% of all pregnancies in the 
USA), exposure to environmental pollutants, maternal anemia, placental insufficiency, cord 
compression, preeclampsia, drug use, heart/ lung diseases and living at high altitude (~140 million 
people worldwide) (22, 29, 30-32).  Although the effects of gestational hypoxia on development 
remain undefined, these are likely to be modified by genetic background. Indeed, while Notch 
pathway mutations cause scoliosis in humans and mice, similar defects arise in response to severe, 
acute gestational hypoxia with the penetrance and severity modified by genetic background (33). 

 

While animal studies suggest that fetal hypoxia can reduce renal blood flow (34), a definitive effect 
of gestational hypoxia on kidney development had not been demonstrated. Here we show in vivo 
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that severe (5.5-6.5% O2), acute (8hrs), early (9.5-10.5dpc) gestational (SAE) hypoxia results in 
duplex kidney formation while moderate (12% O2), transient (48hrs), midgestational (12.5-14.5dpc) 
(MTM) hypoxia results in renal hypoplasia, both phenotypes within the CAKUT spectrum. In both 
models, there was a reduced level of β-catenin signaling, providing a mechanistic link between an 
environmental stressor and kidney development.   
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Results 

To model severe, acute, early (SAE) gestational hypoxia, such as might occur with severe 
vasoconstriction (acute blood loss or cocaine use), we placed pregnant dams at either 9.5 or 10.5dpc 
within an oxygen controlled environment at 5.5%, 6.5%, or 7.5% O2 for 8 hrs. In our previous 
studies on the effect of hypoxia on vertebral development, 5.5% was the lowest O2 concentration 
tolerated, while 7.5% was the highest O2 concentration in which vertebral defects were retained 
(33). The gestational timing was equivalent to gestational days 22-28 in the human (Carnegie stage 
10-12) (35) coinciding with budding of the UB budding from the nephric duct. Pregnancy continued 
after the hypoxic insult to 17.5dpc when embryos were harvested for MRI scanning (Figure 1A). A 
proportion of embryos from each hypoxic litter developed either unilateral or bilateral duplex 
kidney (Figure 1B), with the penetrance varying with gestational age at exposure and degree of 
hypoxia. Wholemount immunofluorescence (IF) of 10.5dpc kidneys after SAE gestational hypoxia 
confirmed the formation of multiple ureters extending from the nephric duct (Figure 1C).  

 

To investigate the in vivo effect of a more moderate, transient, midgestational (MTM) hypoxia, we 
placed pregnant dams at 12.5dpc into the hypoxia chamber at 12% O2 for 48hrs.  This mimics a 
transient period at high altitude (http://www.altitude.org/high_altitude.php) or a mild placental 
insufficiency. Embryos harvested at 14.5dpc showed no apparent developmental delay compared to 
those from normoxic pregnancies (Figure 2A). Placentas were slightly heavier (6%) in the hypoxic 
group resulting in a significant increase in placenta to body weight ratio (PL;BW ratio; Figure 2B; 
Supp. Fig 1A), however both embryo weight and kidney length were lower in the hypoxic group 
(Figure 2CD; Supp. Fig 1A). The increased PL:BW ratio suggests hypoxia-induced placental 
adaptations (36) or increased placental vascularity to maintain placental oxygenation, as has been 
reported at high altitude (37-40). In comparison to pups from unaffected dams, hypoxic kidneys 
showed reductions in ureteric branching and glomerular number (Figure 2EFG; Supp. Fig 1B). The 
placenta can compensate by reducing oxygen consumption to maintain oxygen supply to the fetus 
(41), hence we validated a differential hypoxic insult to the embryo using Hypoxyprobe (42). 
Hypoxyprobe forms piminadazole adducts with proteins at an oxygen tension below 10mmHg (1-
2% O2). Hypoxyprobe adducts were only detected in kidneys from hypoxic dams (Figure 2H), 
indicating that an ambient oxygen tension of 12% results in a tissue level hypoxia of <2% O2. We 
term this pathological hypoxia. Transmission electron microscopy (TEM) revealed cells with 
wrinkled nuclear membranes characteristic of hypoxic stress (43, 44) at a significantly higher rate in 
kidneys from hypoxic dams (62.2% versus 12.0%; p<0.001) (Figure 2I), whereas cell adherens 
junctions remained intact (Figure 2J; black arrows).  

 

In a proportion of mice subjected to MTM gestational hypoxia, pregnancy was allowed to continue 
with dams housed at normoxia (Figure 3). Only a transient minor reduction in maternal weight gain 
was observed in hypoxic dams compared to controls, suggesting no major contribution of 
nutritional deprivation to fetal weight changes (Figure 3A) (45). While pups subjected to hypoxia in 
utero remained smaller than controls, kidney weight was slightly higher relative to body weight 
(Figure 3BC; Supp. Fig 1C) suggesting organ sparing. To determine whether the reduced renal 
branching and nephrogenesis persisted after a return to normoxia, final nephron number was 
assessed at postnatal day 15 (P15). Glomerular number remained only 75% that of controls (Figure 
3D; Supp. Fig 1C), indicating that MTM hypoxia results in hypodysplasia with a permanent 
reduction in nephron number. Taken together, these two in vivo models indicate that CAKUT can 
result from an environmental perturbation with variability in phenotype arising due to differences in 
timing, duration and severity of the environmental insult.  
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qPCR of 14.5dpc control and hypoxic kidneys subjected to MTM was used to investigate changes 
in gene expression resulting from hypoxia (Figure 4A; Supp. Table 2). Hypoxic kidneys displayed 
no change in the expression of several UT, CM and early nephron genes, suggesting that the relative 
proportion of most cellular compartments is largely unchanged (Figure 4A; Supp Table 2). 
However, Ret, Wt1 and Hoxa11 expression was reduced while expression of two markers of CM 
self-renewal, Six1 and Six2, were elevated (Supp. Table 2). Most notably, the expression of Ctnnb1 
(encoding β-catenin) and the β-catenin downstream target, Ccnd1, were significantly reduced in 
hypoxic kidneys. In addition, expression of oxygen-responsive genes including Hif1α and Hif2a 
was reduced in the hypoxic kidneys. Conversely, expression of the marker of cellular stress, 
Hspa1a, was elevated (Supp. Table 2). CAKUT phenotypes including duplex kidney, reduced 
ureteric branching and/or hypoplasia, have been observed in Ctnnb1 mutant mouse models (6, 7, 46, 
47). Hence, a disruption to β-catenin signalling would explain both the SAE and MTM phenotypes. 
To investigate this, BAT-gal reporter mice were subjected to 6.5% O2 at 11dpc for 8 hrs to coincide 
with the first branching of the UB to form a T-shape. The BAT-gal transgene responds to nuclear β-
catenin activation by expressing β-galactosidase (48). Hypoxic embryos showed a statistically 
robust reduction in ß-galactosidase activity in the initial bifurcation of the UB (Figure 4BC; Supp. 
Fig. 2). Similarly, BAT-Gal reporter mice subjected to the MTM model showed reduced β-
galactosidase within the UT tips, although signalling remained present within the trunks (Figure 
4D). Western blotting showed little change in total β-catenin or Tcf4 protein levels in 14.5dpc 
kidney extracts isolated from dams exposed to 12% O2 (MTM model), however there was a clear 
reduction in Cyclin D1 protein, a known target of β-catenin signalling (Figure 5C). 

 

In order to assess the effect of hypoxia on β-catenin in the UT, we examined the hypoxic response 
of UB2 cells, a cell line derived from the mouse UB (49). qPCR of UB2 cells showed differential 
upregulation of Wnt11, Wnt9b, and Wnt7b compared with the fibroblast cell line NIH-3T3, 
supporting the UB origin of these cells (Figure 5A). To accurately mimic the conditions 
experienced in vivo, UB2 cells were cultured at 21%, 5% and 1% O2. We regard these conditions as 
normoxia (21% O2), physiological hypoxia (equivalent to the cells of the embryo; 5% O2) (28) and 
pathological hypoxia (equivalent to hypoxia reached in the MTM model (Figure 2H); 1% O2). The 
SuperTOPFlash luciferase reporter (50) was transfected into UB2 cells in order to quantitate β-
catenin signalling (Figure 5B). Reporter activity was highest at physiological hypoxia (5%) and 
lowest at 1% O2 (Figure 5B). These differences did not reflect hypoxia-induced differences in cell 
proliferation (Supp Fig. 3A). As for the in vivo analyses, the levels of nuclear β-catenin and Tcf4 in 
UB2 cells were unaffected by either 5% or 1% O2, however protein levels of the downstream target 
of β-catenin signalling, Cyclin D1, were reduced at 1% O2 (Figure 5D). 

 

Hif1a and Hi1b expression was reduced in response to in vivo hypoxia. Immunoblotting of nuclear 
protein extracts from 14.5dpc kidneys also showed a reduction in Hif1α protein levels in response 
to pathological hypoxia (Figure 5C). In nuclear extracts from UB2 cells, Hif1α protein levels were 
also highest after culture at physiological hypoxia (5% O2) with a significant reduction at 
pathological hypoxia (1% O2) (Figure 5D). Hif1α protein levels were also lower at 21% O2 
compared to 5% O2 physiological hypoxia (Figure 5D). This suggests that the Hif1α oxygen-sensing 
pathway is most active at physiological hypoxia.   
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Given the changes to Hif1α protein levels and β-catenin signalling in response to hypoxia, we 
investigated whether there were direct interactions between Hif1α and β-catenin or β-catenin and 
Tcf4 proteins. Hif1α has previously been shown to directly complex β-catenin, which might repress 
canonical Wnt/β-catenin signalling by preventing Tcf4 binding or result in a Hif1α/β-catenin-
mediated regulation of specific hypoxic targets (51). Using immunoprecipitation (IP) from nuclear 
extracts of UB2 cells, we confirmed that both Hif1α and Tcf4 bind to β-catenin at all oxygen 
tensions (Supp. Fig. 3B), whereas Hif1α did not complex directly with Tcf4 (Supp. Fig 3C). In 
addition, there was less co-IP of β-catenin:Hif1α complexes at 1% O2 compared to 5% O2, 
suggesting a reduced Hif1α/β-catenin interaction at pathological hypoxia. This does not suggest that 
the repression of β-catenin signalling is mediated by Hif1α protein levels but that both pathways are 
affected by pathological hypoxia. 
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Discussion 

 

In this study, we show that kidney development is clearly influenced by oxygen tension, firmly 
establishing gestational hypoxia as a perturbation that can result in CAKUT with the specific 
phenotype depending on the severity and gestational stage. Severe early gestational hypoxia 
resulted in a high penetrance of duplex kidney while a more moderate but transient midgestational 
hypoxia reduced ureteric branching and nephron formation resulting in a permanent reduction in 
nephron number. Each of these phenotypes mirrors defects caused by the suppression of canonical 
Wnt/β-catenin signalling at that particular stage of development (6-14, 46, 47). Indeed, our analyses 
confirmed the presence of a reduction in β-catenin signalling in both in vivo models of gestational 
hypoxia, providing the first clear mechanistic link between an environmental stressor and a specific 
genetic pathway during kidney development.  

 

These observations highlight a number of clinical ramifications. While difficult to prevent, a severe 
ischaemic event in trimester one of pregnancy, such as significant blood loss or drug-induced renal 
vasoconstriction, may well contribute to a presentation of CAKUT without a specific monogenic 
mutation. Although not modelled, a more moderate chronic hypoxia such as may exist with 
maternal cardiac/ respiratory deficiency or anemia could also affect similar processes in this pre-
placental developmental timepoint (52). Certainly, our MTM model would suggest that later, 
milder, but more prolonged gestational hypoxia can result in reduced nephron number, potentially 
contributing to renal disease. In this model, the nephron deficit evident by 14.5dpc improved only 
marginally after the hypoxic event, despite 6-7 days of subsequent normoxic development. This 
suggests that in this model there is no mechanism for catch-up nephrogenesis to deal with such 
midgestational perturbations.  

 

The implications of a hypoxia-related effect on canonical Wnt/β-catenin signalling during 
organogenesis extend beyond those observed in these two in vivo models. While the link with 
hypoxia is novel, the association between suppression of β-catenin signalling and CAKUT is not 
surprising. Interactions between the Ret and β-catenin signalling pathway have previously been 
identified. Ret/β-catenin interactions also promote the formation of β-catenin-CREB-p300 
complexes that are recruited to the Cyclin D1 promoter, thereby increasing cellular proliferation 
(53). As demonstrated here and previously (6-14), canonical Wnt/β-catenin signalling contributes to 
UB outgrowth, branching and nephron induction. β-catenin signalling is also required for normal 
ureter differentiation and, in late gestation, is critical for nephron elongation and medullary 
development, as evidenced by malformation of the renal medulla in Wnt7b knockout mice (6, 12). 
Of interest, we observed a similar renal medullary dysplastic phenotype in mice with hypoxia 
resulting from a late gestational placental insufficiency due to a loss of Cited1 (54). This may also 
represent a hypoxia-induced reduction in β-catenin activity. Hence, the variable expressivity seen in 
CAKUT could easily be mimicked via genetic or environmental suppression of this pathway.  

 

Hypoxia upregulates the Hif pathway in tissue ischemia and solid tumours, driving physiological 
adaptations to maintain survival and improve oxygen availability (55, 56). However, few studies 
have looked at how Hif1α levels vary at O2 concentrations below 9% in vivo (56, 57). We show that 
maximal Hif1α induction occurred in normal developing embryonic kidneys and UB2 cells cultured 
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at 5% O2. Similarly, optimal β-catenin signalling appears to occur at physiological hypoxia. 
However, Hif1α proteins levels and β-catenin signalling both decreased in response to pathological 
hypoxia (1% O2). This reinforces the concept that normal development is a process that occurs at 
low oxygen tension but that this process is still sensitive to further reductions in oxygen levels.  

 

In summary, the data presented here suggests that the timing, duration and severity of any 
gestational hypoxic insult can result in a variety of distinct morphological defects. As renal 
dysplasia is the most common cause of end stage renal failure in children (2), this study highlights 
the need to more broadly investigate the potential association between gestational hypoxia and 
congenital anomalies in kidney development. It also raises the possibility that gene:environment 
interactions are critical in CAKUT. As 90% of CAKUT patients have no identified gene mutations, 
the involvement of gestational factors including hypoxia should also be considered.  
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Methods 
 
Mice and hypoxia studies 

All animal research was carried out in accordance with the Australian Code of Practice for the care 
and use of animals for scientific purposes and certified by an approved Animal Ethics committee 
(IMB/253/10/NHMRC and Garvan/St Vincent's Animal Ethics Commitee 12/33). Pregnant female 
CD1 mice were used for hypoxia studies. BAT-gal transgenic mice (48) were maintained on a CD1 
background and heterozygous males time mated to CD1 females. Mice subjected to hypoxia were 
placed in a hypoxic chamber (Biospherix) at oxygen concentrations and durations indicated. 
Controls were exposed to atmospheric O2.  
 
In vivo whole mount immunofluorescence and OPT 
Embryonic kidneys were harvested at 14.5dpc and processed for OPT according to the published 
protocol (58). Antibodies used were Cytokeratin (ab115959) (Sapphire Bioscience Pty. Ltd.), 
Calbindin 28K (C2724) (Sigma Aldrich) Alexa Fluor® 568 Goat Anti-Rabbit (A-11011) and Alexa 
Fluor® 647 goat anti-mouse (Life Technologies). Kidneys were embedded in 1.5% low melting 
point agarose, dehydrated in 100% methanol overnight, then cleared overnight in 1:2 benzyl alcohol 
to benzyl benzoate (BABB) after which they were scanned using an in-house purpose built OPT 
microscope. Images were captured at every 0.9o rotation and averaged twice. The compiled image 
stack was reconstructed using nRecon (Skyscan) and rendered in Imaris (Bitplane AG). Automated 
skeletonizations and tip number were quantitated using Kidney Analysis Program (58). Statistical 
significance was determined using an unpaired Student’s t-test.   

 

Glomerular counting 

A combined stereological-histochemical approach was used to determine glomerular number as 
previously described (59). Briefly, kidneys were fixed in 4% PFA, processed into paraffin blocks, 
sectioned at 5µm, stained with peanut agglutinin (Arachis Hypogea PNA; Sigma Aldrich) to mark 
glomeruli and scanned using the Aperio slide-scanner using Aperio Imagescope© software 
(Version 11.1.2.752; Aperio Technologies). For embryonic kidneys, all glomeruli were counted 
(~100-120 sections). For the P15 kidneys, 10 evenly-spaced section pairs across the kidney were 
sampled, glomeruli from each section pair counted and total glomerular number (Nglom) 
determined using the equation:Nglom = SSF *(1/2) *(1/2)*Q- , (59). Statistical significance was 
determined by unpaired Students t-test. 

  

Wholemount X-Gal staining and histology 

Embryonic kidneys (14.5dpc) or torsos (11.5dpc) were fixed in 4% PFA, 4°C, 30 minutes, then 
washed in PBS at room temperature. Samples were incubated in LacZ stain (5 mM potassium 
ferricyanide, 5 mM potassium ferrocyanide, 2 mM magnesium chloride, 0.01% sodium 
deoxycholate, 0.02% NP-40, and 1 mg/ml X-gal), 37°C, overnight, washed in PBS and fixed in 4% 
PFA overnight. Images of 11.5dpc wholemounts were captured on an Olympus SZX12 
Stereomicroscope. Tissue was processed into paraffin, sections cut at 7µm, counterstained using 
Nuclear Fast Red (Sigma Aldrich Pty. Ltd) and photographed using an Olympus BX-51 upright 
microscope fitted with an Olympus DP-71 12MP camera.  

 

Assessment of tissue hypoxia  
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Tissue hypoxia within the kidney was assessed using HypoxyprobeTM Kit.  Hypoxyprobe (200 
mg/kg, i.p) was injected into the pregnant mother 2hrs prior to euthanasia. Embryonic kidneys were 
harvested and lysed by sonication in lysis buffer (0.15M NaCl, 1% NP-40, 0.5% sodium 
deoxycholate, 0.1% SDS, 0.05M Tris-HCL pH8.0, complete protease inhibitor (Roche 
Diagnostics)). Protein concentration was determined using a BCA Protein Assay Kit (Thermo-
scientific) and equivalent concentrations were run on SDS-PAGE gels. Immunoblotting was 
performed as described below using the mouse monoclonal antibody to piminadazole adducts 
supplied in the Assay Kit. 

 

qPCR 

For in vivo studies, pregnant dams were euthanized by cervical dislocation directly upon removal 
from the hypoxia chamber and embryonic kidneys were harvested immediately and snap frozen. 
Kidneys from the same litter were pooled for RNA extraction. UB2 cells and NIH3T3 were cultured 
for 48hrs. RNA was extracted using Qiagen RNeasy mini or micro kits as per manufacturer’s 
instructions (Qiagen). RNA concentrations were determined using a Nano-drop 2000c 
spectrophotometer (Thermoscientific). Equal amounts of RNA for each experimental pair were used 
for cDNA synthesis using random priming and an Invitrogen™ SuperScript® III First-Strand 
Synthesis System kit (Invitrogen). Amplification was performed using SYBR® Green PCR Master 
Mix (Applied Biosystems) in a 20µl reaction volume containing cDNA and 10pmol of each primer 
(Applied Biosystems Real-Time PCR 7500 System). Results were normalised to GAPDH. PCR 
primer sequences are listed in Supplementary Table 1. At least three biological replicates were used 
for each condition. Statistical significance was determined using an unpaired Student’s t-test.  

 
Cell culture and Luciferase assays 
UB2 cells (49) cells were maintained in DMEM medium, 1X penicillin/streptomycin, 1X Glutamax 
I, 10% fetal calf serum (Life Technologies). For Luciferase assays, SuperTOPFlash or FOPFlash 
(Addgene (50)), were transfected using Fugene HD (Promega) into UB2 cells seeded at 80% 
confluence. Culture proceeded at 21% O2 for 8 hrs post transfection, then LiCl (15 mM), an 
activator of canonical Wnt signalling, was added and cultures placed at 1% O2, 5% O2 or 21% O2. 
After a further 16hrs, luciferase activity was measured using the Dual-Luciferase® reporter assay 
system (Promega, Alexandria, NSW, Australia), on a Wallac1420 Victor 2TM plate reader 

(Perkinelmer, Waltham, Massachusetts 02451, USA). Protein content was assessed using a BCA 
Protein Assay Kit (Thermo-scientific). 

 

Immunoprecipitation and Western blot analysis 

UB2 cells at 80% confluence in 10 cm dishes (Nunc) were cultured for 40hrs at varying oxygen 
tensions. For LiCl treated cells, 15mM LiCl was added to the media. Nuclear extraction and 
immunoprecipitation was performed as previously described (60). Antibodies used for 
immunoprecipitation included β-catenin (C2206), Hif1α (6536) (Sigma Aldrich); Mouse and rabbit 
IgG isotype controls, Ccnd1 (Abcam); Tcf4 (Sigma Aldrich); and Gapdh (Bioscientific). Secondary 
antibodies were anti-rabbit or anti-mouse IgG-HRP (Promega). Nuclear extract protein 
concentration was determined using a BCA Protein Assay Kit (Thermo-scientific) and equivalent 
concentrations run on SDS-PAGE gels.  Proteins were transferred onto Nitrocellulose membrane 
(Whatman® Protran, Sigma Aldrich) using a Semi-Phor semi-dry transfer unit (Hoefer Holliston). 
Skim milk powder (5% in PBS) was used for blocking. Visualisation was by chemiluminescence 
(Supersignal West Pico, Thermo Fisher Scientific). 
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Transmission Electron Microscopy 

Tissues were fixed in 2% glutaraldehyde, 0.1 mol/l cacodylate buffer, and then embedded in Epon 
resin. Ultrathin sections were cut on a Leica Ultracut T microtome and images taken using a JEOL 
1011 electron microscope (JEOL) at 80 kV. 

 

Magnetic Resonance Imaging 

Embryos were harvested at 17.5dpc and euthanized by decapitation. Torsos were fixed in 4% PFA 
for 24hrs, washed into PBS then incubated with 0.2% v/v Magnevist for 1 week prior to imaging. 
Samples were placed in 20mm glass containers filled with perfluoroether Fomblin Y06/06 solution 
(Solvay Solexis). MRI equipment was Bruker 16.4Tesla vertical wide-bore spectrometer (Bruker 
Biospin) equipped with Micro2.5 gradient and MicroMouse imaging probe (M2M Imaging). 
Acquisition was performed via Bruker Paravision 5.1 software using 3D gradient echo sequence 
with TR/TE = 50/8 ms, 45 degrees excitation pulse, 8 averages, 50 KHz bandwidth. The field-of-
view = 3.58 x 1.80 x 1.80 cm, matrix size 512 x 256 x 256 with image resolution of 70 µm isotropic 
and 1.5 Fourier acceleration in the phase dimensions. Acquisition time was 3hrs 17 min. Data was 
exported as DICOM files and analysed using Osirix Imaging Software. 

 

 

Disclosure 
MHL has consulted for Organovo Inc. All other the authors declared no competing interests. 
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Figure Legends 

 

Figure 1. In vivo model of severe acute early (SAE) gestational hypoxia induces duplex kidney. 
A-C. Severe acute early gestational (SAE) hypoxia (5.5-6.5% O2, 8hrs, 9.5-10.5dpc) results in 
CAKUT. A. MRI imaging of 17.5dpc mouse embryos at normoxia or subjected to SAE hypoxia 
(6.5%, 10.5dpc) in vivo. SAE hypoxia imaging shows either unilateral (left panel) or bilateral (right 
panel) duplex kidneys. Arrows indicate renal pelvis. Scale bars= 1mm. B. Penetrance of unilateral 
and bilateral duplex kidney with respect to the timing and severity of in vivo hypoxia. For 9.5dpc: 
5.5% n=14, 6.5% n=10, 7.5% n=14. For 10.5dpc:  6.5% n=8, 7.5% n=16, 21% n=2. C. 
Immunofluorescence of 12.5dpc kidney after SAE gestation hypoxia, showing multiple ureters 
(arrows) and a duplex kidney. The nephric duct and ureteric bud are stained for E-cadherin (green) 
while the cap mesenchyme is stained for Six2 (red). Scale bars =100 µm. 

 

Figure 2. In vivo midgestational transient moderate (MTM) gestational hypoxia reduces 
branching and nephron formation in utero. A-J. Moderate transient midgestational (MTM) 
hypoxia (12% O2, 48hrs, 12.5dpc) causes reduced branching and nephron number. A. Embryos 
collected at 14.5dpc after MTM hypoxia. Hypoxic embryo (H, left) and control embryo (C, right) at 
dissection. Scale bar = 2mm. B. Exposure of pregnant mothers to MTM hypoxia resulted in a 
significant difference in placental to bodyweight ratio (PL:BW) compared to control (n=16 litters 
for each condition, totalling 208 control embryos, 185 hypoxic embryos). C. Exposure of pregnant 
mothers to MTM hypoxia reduced embryo weight by 14.5dpc compared to control (n=16 litters for 
each condition, totalling 208 control embryos, 185 hypoxic embryos). D. Exposure of pregnant 
mothers to MTM hypoxia reduced embryo kidney length by 14.5dpc compared to control (n=11 
litters for each condition). E. Volume rendered representations of optical projection tomographs of 
kidneys stained with cytokeratin to mark ureteric tree from control (left) and hypoxic (right) 
kidneys at 14.5dpc. Scale bars = 50 µm. F. Ureteric tip number per kidney (n=9 kidneys from 3 
control and 3 hypoxic litters). G. Number of developing glomeruli in each kidney at 14.5dpc. (n=2 
kidneys from 2 embryos from each of 5 litters for hypoxic group and 4 litters from control group).  
H. Hypoxyprobe analysis of total 14.5dpc kidney whole protein extract collected from control (left 
panel) or MTM hypoxia (right panel) kidneys. I. Transmission electron microscopy (TEM) 
illustrating the presence of crenulated nuclear membranes in the ureteric epithelial cells of hypoxic 
14.5dpc kidneys (12% O2, right), not seen in control kidneys (left). Scale bars = 2 µm. 
Quantification of nuclei across multiple TEM fields of viewed showed nuclear membrane 
crenulation in 62.2% (SEM. 11.47%; 7 fields, n = 78 nuclei) of hypoxic kidneys compared to 12.0% 
(SEM. 5.67%; 9 fields, n = 65 nuclei) of control kidneys. (p<0.001). J. TEM showing the presence 
of adherens junctions (black arrows) between adjacent cells in kidneys from hypoxic (12% O2, 
right) and control (left) 14.5dpc embryos.  Scale bars = 2 µm. Graphs shown as mean±SEM.  * 
p<0.05, **p<0.01, ***p<0.001.     ****p<0.0001. 

 

Figure 3. In vivo MTM gestational hypoxia results in renal hypoplasia and reduced nephron 
number. A. Maternal body weight (BW) throughout the gestational period illustrating no apparent 
nutritional deficit in the mothers (n=8 dams from each condition). B. Pup body weight at postnatal 
day 15 (P15) (n=20). C. Kidney weight (K) at P15 normalised to individual body weight (BW) 
(n=20). D. Final glomerular number at P15 (n=20). Graphs shown as mean±SEM.  * p<0.05, 
***p<0.001, ****p<0.0001.  
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Figure 4. Both MTM and SAE hypoxia-induced CAKUT involves a suppression of ββ-catenin 
signalling. A. qPCR of 14.5dpc whole kidneys after MTM hypoxia with expression normalised to 
control 14.5dpc kidneys (n=6 litters; kidneys from each litter combined). Means with SEM are 
shown, *p<0.05. B. Wholemount β-galactosidase staining of 11.5dpc kidneys isolated from BAT-
gal embryos from control (left panel) or after exposure of the pregnant mothers to 6.5% O2, 8hrs 
from 10.5dpc (SAE hypoxia, right panel). β-catenin activity can be seen as β-galactosidase activity 
(blue). This was performed in 5 examples of each condition. Scale bars = 200 µm. C. Histological 
sections of the 11.5dpc wholemount BAT-gal kidneys seen in B, showing the ureteric tree of 
control (left panel) or after SAE hypoxia (6.5% O2, right panel). Scale bars = 100 µm. D. Sections 
of 14.5dpc kidneys isolated from BAT-gal control embryos (left panels) or after exposure of the 
pregnant mothers to MTM hypoxia (12% O2, right panels). Magnified views of the boxed regions 
are shown to highlight the ureteric tips.  

 

Figure 5. Evidence for altered ββ-catenin signalling activity and reduced HIF1αα  protein in 
response to pathological hypoxia. A. qPCR showing higher expression of Wnt11, Wnt9b and 
Wnt7b in UB2 cells compared with NIH-3T3, validating this cell line as a valid model for the 
ureteric bud. Mean ± SEM are shown. *** p<0.001, ****p<0.0001  B. Relative SuperTopflash 
reporter activity (luciferase activity) in UB2  cells cultured at 21%, 5% or 1% oxygen in the 
presence of LiCl (15 mM). **p<0.01, ***p<0.001 C. Representative Western blotting of nuclear 
extracts from 14.5dpc kidneys after normoxic or MTM hypoxic conditions in vivo. This shows the 
presence of abundant HIF1α protein under normal developmental conditions (21% O2) with a 
reduction in response to pathological hypoxia (12% O2). D. Representative Western blotting of 
nuclear extracts of UB2 cells after 40hrs culture at 21%, 5% or 1% O2, in comparison to treatment 
with LiCl. Maximal HIF1α protein was observed at 5% O2 with reductions in Ccnd1 (Cyclin D1) 
and HIF1α protein in response to pathological hypoxia (1%).   

 

 

Supplementary data 

Supplementary Figure 1. Dot plots of data presented in Figures 2 and 3. A, B. Dot plots of data 
relating to the exposure of pregnant mothers to MTM hypoxia. A. Dotplots of placental weight, 
embryo weight, kidney length and placenta to bodyweight ratio (PL:BW) compared to control 
(n=16 litters for each condition, totalling 208 control embryos, 185 hypoxic embryos). B. Dotplots 
for data relating to ureteric tip number per kidney (n=9 kidneys from 3 control and 3 hypoxic litters) 
and number of developing glomeruli in each kidney at 14.5dpc. (n=2 kidneys from 2 embryos from 
each of 5 litters for hypoxic group and 4 litters from control group). C. Dotplots relating to pup 
body weight (P15) (n=20), kidney weight (K) at P15 normalised to individual body weight (BW) 
(n=20) and final glomerular number at P15 (n=20). Graphs shown as mean±SEM.  * p<0.05, 
***p<0.001, ****p<0.0001.  

 

Supplementary Figure 2. Image quantification of relative lacZ staining in wholemount E11.5 
metanephroi. The initial T-shaped region of the ureteric bud was outlined and ImageJ used to 
measure gray value with black = 0 and white = 255 = white. Mean SEM. A statistically reliable 
elevation of gray value (less signal) was detected in ureteric buds exposed to SAE hypoxia (n=5) 
compared to control (n=4, p<0.05). Error bars = SEM. 
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Supplementary Figure 3. A. Protein content for each of the conditions shown in Figure 5B.  Mean 
of three independent experiments ± SEM are shown. **p<0.01, NS, not significant.  B. 
Immunoprecipitation (IP) of HIF1α (top panel) or Tcf4 (bottom panel) protein and immunoblotting 
for β-catenin from nuclear extracts of UB2 cells after 40hrs culture at 21%, 1%, 5% O2, or with 
LiCl treatment. C. IP of HIF1α (top panel) or Tcf4 (bottom panel) protein and immunoblotting for 
HIF1α from nuclear extracts of UB2 cells after 40hrs culture at 21%, 1% or 5% O2, or with LiCl 
treatment. Western blots were repeated at least twice and the blot presented is representative of 
those experiments.  

 

Supplementary Table 1: Primers used for qPCR 

Supplementary Table 2: qPCR results for all genes examined in the MTM model displayed as fold 
change with respect to normal 14.5dpc embryonic kidneys. P values are also displayed with all 
genes for which there was a statistically significant change in expression asterisked.  

 

	  













Gene Primer Forward (5'-3') Primer Reverse (5'-3')

Ctnnb1 TAAGCAGGAAGGGATGGAAGG AGATGGCAGGCTCAGTGATGT
Ccnd1 ACCTGGGCAGCCCCAACAAC CCTGGCGCAGGCTTGACTCC
Cdh4 GTGTGCGGCGGGTGGATGAA GGGGTGCGGTGGGGTCATTG
Epo AGATGGGGGTGCCCGAACGT GTCGCAGATGAGGCGTGGGG
Eya1 GAAAGGAAAGCTGTTTTGAGAG GAAGGGCATAGCATGCTTTT
Gapdh CCCCAATGTGTCCGTCGTG GCCTGCTTCACCACCTTCT
Gdnf AAAGGTCACCAGATAAACAAG CATAGCCCAAACCCAAGTCAG
Hif1 ACCCATGACGTGCTTGGTGCTG CGGCCCAAAAGTTCTTCCGGCT
Hif2 CAGGTGCTCCGGGTCTCGGA CTCCGTCTCCTTGCTGCGCC
Hoxa11 GGCTCCGGTGGCCAACGCAC TTTGTTGATGTAGACGCTGA
Lhx1 ACGCCAGTGGACCTACCCTTTG TGTGCCAGGATGTCAGTAAATCGC
Pax2 AAGCGACAGAACCCGACTATGT ACTCCTGTCCCTGCCCCAT
Pax8 TGACATCTTCCAATACACCTCTGGG GGGGTTTCCTGCTTTATGGCG
Ren1 ATGAAGGGGGTGTCTGTGGGGTC ATGTCGGGGAGGGTGGGCACCTG
Ret AGGGAGAACAGGCCTCCTGGC GCGAGTGCTCACCTCCAGGC
Six2 GCCGAGGCCAAGGAAAGGGAG TCCCCGACGGCGTCTTCTCA
Vegfa GTCCGATTGAGACCCTGGTGG TGCTGGCTTTGGTGAGGTTTG
Wnt4 AGTGGAGAACTGGAGAAGTGT CAAAGGACTGTGAGAAGGCTA
Wnt7b GCTGGAACTGCTCCGCCCTG GCAGGCAGCGGTGACAGCAT
Wnt9b GCAGGAGCGCTGGAACTGCA CCAGTGCATGCGTGAGGGCA
Wt1 AAAGGGAATGGCTGCTGGGAG TACTGGGCACCACAGAGGATG



In vivo 12%O2
Fold Change P < n

Atf4* 0.71 1.91E-‐09
Atf6* 0.83 1.18E-‐03
Bmp2 1.10 7.45E-‐01
Bnip3 1.21 1.14E-‐01
Ccnd1* 0.77 2.33E-‐06
Cdh4 1.01 6.66E-‐01

Ctnnb1* 0.73 3.41E-‐09
Ddit3/Chop 1.58 9.09E-‐02
Cdh1/Ecad* 0.90 4.68E-‐02

Epo* 0.67 1.10E-‐08
Etv4 1.06 6.06E-‐01
Etv5 0.93 1.56E-‐01
Eya1 1.04 6.61E-‐01
Gdnf 1.06 4.41E-‐01
Hif1α* 0.77 2.27E-‐06
Hif2α* 0.75 5.31E-‐03
Hoxa11* 0.91 3.45E-‐02
Hspa1a* 1.89 3.04E-‐05
Hspa5* 0.83 3.39E-‐03
Lhx1 1.10 7.11E-‐01
Pax2 1.21 2.55E-‐01
Pax8 1.07 8.98E-‐01
Ren1* 0.56 8.36E-‐05
Ret* 0.89 1.51E-‐02
Six1* 2.19 1.00E-‐04
Six2 1.87 6.42E-‐01
Vegfa 1.02 9.45E-‐01
Wnt4 0.93 7.40E-‐02
Wnt7b 1.13 5.98E-‐01
Wnt9b 1.15 6.01E-‐01
WT1* 0.87 1.11E-‐02

*	  p<0.05	  
	  n=6	  litters
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