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Alk1 haploinsufficiency causes
glomerular dysfunction

and microalbuminuria in diabetic
mice
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Endothelial dysfunction has been shown to play an important role in the pathogenesis of glomerular
damage during diabetic kidney disease (DKD). As such, a better understanding of the molecular
mechanisms involved in glomerular endothelial dysfunctions could provide novel therapeutic
strategies for the prevention of DKD. We have previously shown that Alk1/BMP9 signaling plays an
important function to maintain vascular integrity in diabetic animals. As such, we evaluated the
effects of Alk1 suppression on glomerular endothelial function in diabetic mice. In the present study,
we used mice with conditional heterozygote deletion of Alkl in the endothelium (Alk1AEC) to evaluate
the role of Alk1 on kidney function during STZ-induced diabetes. DKD was investigated in diabetic
control and Alk1AEC mice euthanized eight weeks after the onset of diabetes. We showed that Alk1
expression is reduced in the glomeruli of human DKD patients. While renal function was not altered in
AIk1AEC non-diabetic mice, we showed that Alk1 haploinsufficiency in the glomerular endothelium
leads to microalbuminuria, thickening of the glomerular basement membrane, glomerular apoptosis
and podocyte loss in diabetic mice. These data suggest that Alk1l is important for the proper function
of glomerular endothelial cells and that decreased Alkl combined with chronic hyperglycemia can
impair renal function.

Diabetes is the leading cause of end-stage kidney failure in the developed world!. Diabetic kidney disease (DKD)
is characterized by dysfunction and damage to the renal microvasculature® In particular, the glomerulus is
the primary site of diabetic injury in the kidney. Glomerular hypertrophy and loss of podocytes, which are
involved in glomerular filtration and maintenance of healthy kidney function, have been shown to be hallmarks
of progressive DKD, and the degree of podocyte depletion correlates with the stage of the disease®*. In the ear-
lier stages of the disease, glomerular hyperfiltration and hypertrophy, basal glomerular membrane thickening
and microalbuminuria are usually observed and are followed by mesangial matrix expansion and proteinuria’.
Subsequently, nodular glomerulosclerosis and worsening proteinuria develop at an advanced stage, leading to
end-stage kidney disease®. Glomerular endothelial dysfunction, through the involvement of reactive oxygen
species and mitochondrial stress, has been shown to be critical in the early steps of the pathogenesis and pro-
gression of DKD’. New treatments that aim to restore endothelial function could represent an effective strategy
for preventing and treating the early stages of DKD.

In diabetic glomeruli, increased levels of vascular endothelial growth factor (VEGF) leading to new capillary
formation and pre-existing capillary elongation have been reported®. Furthermore, exacerbated activation of
glomerular VEGF signaling in mice has been shown to cause mesangial matrix expansion, which has also been
associated with DKD?. Therefore, anti-angiogenic therapies targeting VEGF signaling have been explored as
options for the prevention and treatment of DKD. Indeed, the renal protective efficacy of anti-VEGF antibodies
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in diabetic mice have previously been reported!’. However, concerns have been raised in regards to anti-VEGF
unwanted effects on the microcirculation, including potential renal thrombotic microangiopathy'!. For these
reasons, the identification of vascular signaling pathways involved in the pathogenesis of DKD could lead to a
better understanding of the molecular events involved in glomerular vascular injury and allow the development
of improved therapeutic strategies while minimizing side-effects.

The Bone Morphogenetic Protein (BMP) receptor Activin receptor-like kinase 1 (Alk1), which is predomi-
nantly expressed in the vascular endothelium, has been shown to play a critical role in angiogenesis'*~'*. Embryos
lacking Alk1 die early during embryonic development due to impaired vascular remodeling and lack of perivas-
cular cell coverage'. In renal physiology, Alkl has been suggested to play an important role in the regulation
of extracellular matrix deposition, including collagen type I and fibronectin, and Alkl heterozygosity has been
associated with increased renal fibrosis in a mouse model of obstructive nephropathy, probably due to the
decrease in the Alkl/Smad] antifibrotic/protective signaling in renal fibroblasts'®.

We have previously shown that chronic hyperglycemia in a model of STZ-induced diabetes in mice leads to
impaired Alkl signaling and contributes to loss of retinal vascular barrier function'’. Given its critical role in the
maintenance of a quiescent, stable endothelium as well as its described effects on perivascular cell recruitment!>!s,
we evaluated the role of Alkl in the kidney during the development of diabetic nephropathy. In the present study,
we show the worsening of kidney function in diabetic mice haploinsufficient for Alk1 solely in the endothelium.
Reduced Alk1 expression was associated with microalbuminuria, increased glomerular apoptosis as well as
podocyte loss. Together, these data suggest that vascular Alkl signaling is protective in glomerular endothelial
cells in diabetic conditions.

Material and methods

Human samples. The study conforms to the tenets of the Declaration of Helsinki, and approval of the
human clinical protocol was obtained from the Maisonneuve-Rosemont Hospital Ethics Committee. All subject
recruitment procedures and informed consent forms, including consent to use renal biopsy samples for research
purposes, were approved by the Maisonneuve-Rosemont Hospital Ethics Committee and written informed con-
sent was obtained from each patient. Renal biopsy specimens with sufficient tissue for immunohistochemical
evaluation after the completion of diagnostic workup were included. Demographic and clinical characteristics of
patients are shown in Supplementary Table 1.

Animals. The Maisonneuve-Rosemont Hospital ethics committee, overseen by the Canadian Council for
Animal Protection, approved all experimental procedures (protocol number: 2014-18). All the animal experi-
ments were conducted according to the Standard Operation Procedures (SOP) of the Maisonneuve-Rosemont
Hospital Animal Ethics Committee. C57BL/6 J mice (Jackson Laboratories) were maintained in the animal
research facility in Maisonneuve-Rosemont Hospital. Tamoxifen-inducible Cdh5-CreErt2 and acvril floxed
mice were kindly provided by Ralf Adams!® and S. Paul Oh respectively®’. To generate Alk1AEC mice, Cdh5-
CreErt2 and acvrll floxed mice were crossed and injected with 50 mg/kg tamoxifen dissolved in corn oil for five
consecutive days. Throughout the studies, Cdh5-CreErt2-Alk1*/* (thereafter referred as C5Cre) mice injected
with tamoxifen as described above were used as controls.

Streptozotocin (STZ) induced diabetes. Six to eight-week old male AlkIAEC or C5Cre mice were
individually marked, weighed and their baseline blood glucose levels determined prior to STZ injection. Mice
received daily intraperitoneal (IP) injections of 45 mg/Kg body weight STZ (Sigma-S0130) dissolved in sterile
sodium citrate dehydrate buffer, pH 4.5 for 5 consecutive days. For non-diabetic controls, mice received citrate
buffer injections. Tail blood glucose was monitored (AlphaTrak 2) every week for up to 8 weeks after the final
STZ injection. Mice were considered diabetic if their non-fasted blood glucose levels reached 17 mM (300 mg/
dr).

Urine and blood collection. Urine samples were collected from animals in individual urine collection
cages after acclimatization for 24 h and stored at—80 °C until analysis. Blood was collected from mice through
cardiac punctures into tubes containing EDTA for plasma or allowed to clot for 30 min at room temperature for
serum, and centrifuged at 4 °C for 15 min at 1 000 x g. Serum or plasma were removed and assayed immediately
or stored at -80 °C.

Evaluation of biochemical parameters. Creatinine clearance was used to estimate the glomerular fil-
tration rate (GFR) and was calculated and expressed as milliliters per min per 100 g of body weight*!. Serum
and urine creatinine concentration were determined as previously described (CREP2, Roche Diagnostics, Can-
ada)**?. Briefly, samples were prepared by transferring 50 pl of standard or serum to a 1.5 ml microcentrifuge
tube. Proteins were precipitated and supernatant were lyophilized on a speed vac (LABCONCO freeze Dry
system, VWR, Canada). Lyophilized samples were reconstituted in 25 pl deionised water and vortex-mixed thor-
oughly. After a 30 min incubation at room temperature, samples were vortex-mixed thoroughly again and then
centrifuged at 11,000 x g for 5 min. 8 pul of each supernatant were transferred to a half area plate (Costar #3695),
in duplicate. 62 pl of CREP2 R1 buffer was added to each well. The plate was vortex-mixed (MixMate, Eppendorf,
Canada) at 1,000 rpm 30 s, and incubated 15 min at 37 °C to allow endogenous creatinine degradation. Readings
at 405 nm and 540/630 nm were performed and CREP2 R2 buffer was then added to each well and the plate was
vortex-mixed at 900 rpm for 30 s. Readings were performed on a kinetic mode, each minute for a 30 min period
(ELx808, BioTek, USA). Urinary Creatinine and urine proteins were measured on an Architect c16000 clinical
chemistry analyzer (Abbott Diagnostics, IL, USA), using a kinetic alkaline picrate method and a turbidimetric
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method respectively. Microalbuminuria was assessed using a Mouse Albumin ELISA Kit (ICL LAB, Portland,
OR) according the manufacturer’s instructions.

Isolation of glomeruli. Mouse kidneys were extracted, minced, and digested in 2 mg/ml collagenase I
solution (Gibco) in RPMI-1640 (Invitrogen) at 37 °C for 5 min. Extracts were then filtered through a 70-um
cell strainer and once more through a 40-um cell strainer. The homogenates were centrifuged at 720 g for
10 min. Isolated glomeruli were then collected in RIPA extraction buffer (20 mM Tris-HCI (pH 7.5), 150 mM
NaCl, 1 mM EDTA, 1 mM EGTA 1% NP-40, 1% sodium deoxycholate, 2.5 mM sodium pyrophosphate, 1 mM
B-glycerophosphate, 1X Protease inhibitor cocktail (BioBasic)) for protein extraction and processed for immu-
noblots. Anti-mouse Alkl (R&D systems), anti-beta actin (Santa Cruz Biotechnology) and peroxidase-labeled
secondary antibodies (Vector Laboratories) were used for detection.

Transmission electron microscopy. Glutaraldehyde-fixed kidney cortical sections were mounted on
a copper grid and photographed under a transmission electron microscope (Hitachi H-7500; Tokyo, Japan).
Glomerular basement membrane thickness was determined by a blinded observer by calculating the shortest
distance between the endothelial cytoplasmic membrane and the outer lining of the lamina rara externa under-
neath the cytoplasmic membrane of the epithelial foot processes using Image]. Assessment of GBM thickness
and podocyte foot processes was undertaken on glomerular capillaries (N=7-10 capillaries/glomeruli) from 3
glomeruli per group. The number of podocyte foot processes per 10 um glomerular basement membrane was
determined in 7-10 glomerular capillaries of each glomeruli, as previously described*.

Determination of glomerular surface area.  Kidneys were harvested and fixed in 4% formalin. Paraffin-
embedded Sections (5 pm thick) were stained using Haematoxylin/Eosin to evaluate kidney morphology. Glo-
merular surface area was assessed by a blinded examination of at least 50 glomeruli per Section®. Glomerular
surface area was measured in captured digital images using Image]J by tracing around the perimeter of the glo-
merular capillary tuft using the tracing tool.

Immunofluorescence. Immunofluorescence was performed using frozen Sections (10 um). The follow-
ing antibodies were used as primary antibodies: monoclonal rat anti-CD31 antibody (BD Biosciences); poly-
clonal rabbit anti-type IV collagen antibody (Abcam); anti-mouse Alk1 antibody (R&D systems); anti-Nephrin
antibody (Abcam); anti-WT1 antibody (Abcam); anti-podocin antibody (Abcam); anti-cleaved-caspase 3 (Cell
Signaling); anti-PDGFRB (R&D). Alexa Fluor 488 or 647 conjugated antibodies (ThermoFisher Scientific) were
used as secondary reagents and slides were mounted with Fluoroshield/DAPI (Sigma). Images were obtained
by confocal microscopy (Olympus Fluoview). For quantification of immunofluorescence, staining intensity and
area was quantified using 50 randomly selected glomeruli per kidney section. Brightness and contrast were
adjusted on displayed images (identically for compared image sets) and quantified (identical threshold settings
for compared image sets) using Image]. For patient samples, paraffin-embedded tissues were cut into 4- to 6-pum
sections and processed for immunofluorescence. Antigen retrieval was performed in citrate solution pH = 6. The
sections were then labeled with anti-human Alkl antibody (R&D systems). Slides were subsequently exposed to
specific AF647-conjugated secondary antibody (ThermoFisher).

Terminal deoxynucleotidyl transferase biotin-dUTP nick end labeling (TUNEL). Apoptotic
nuclei were identified using a TUNEL Assay Kit (Abcam) following the manufacturer’s protocol. Detection was
followed by WT1 staining to label podocytes. Apoptotic cells were counted by a blind observer in 35-45 glo-
meruli per section, using 3 sections per kidney.

Cell culture. Human Umbilical Vein Endothelial Cells (HUVECs) were obtained from PromoCell and cul-
tured in endothelial growth medium ECGM-2 (Lonza) and kept at 37 °C and 5% CO,. For RNAi experiments,
cells were seeded in 6-well plate with complete media till 90% confluency was reached. Cells were then trans-
fected with 75 pmol/well of target or control siRNA for 48 h. mRNA was isolated using RNeasy kit (Qiagen)
and cDNA was synthesized using iScript cDNA synthesis kit. Primers for quantitative PCR were obtained from
QIAGEN (Quantitect primer assays).

Statistical analysis. All values are expressed as the mean + standard error (SEM). Statistical analyses were
performed using the GraphPad Prism software. Quantitative differences between multiple groups were com-
pared by using one-way ANOVA test, once normality and homogeneity was proved with Shapiro-Wilk test.
Non-parametric Mann-Whitney test was used to compare two pair of groups. A level of P <0.05 was considered
statistically significant.

Results

Glomerular expression of Alkl in mice and DKD patients. We have recently shown that chronic
hyperglycemia impairs Alkl signaling in endothelial cells, which in turn impacts retinal barrier function in
diabetic animals'”. Given the importance of the endothelium in glomerular renal filtration and its susceptibil-
ity to dysfunction in diabetes, we evaluated the consequences of Alkl depletion on glomerular endothelial cell
function and renal filtration in diabetic animals. We first assessed physiological Alkl expression in mouse kid-
ney by immunofluorescence. In adult C57BL/6 ] mouse kidneys, immunostaining of glomeruli and small blood
vessels of the renal interstitium using CD31 and Alk1 antibodies showed that both markers co-localized in the
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Figure 1. Expression of Alkl in mouse kidney tissue. (A) Immunofluorescent staining of Alkland CD31 in
kidney sections harvested from eight-week old C57/Bl6 mice. Scale Bars: top row: 150 um; bottom row: 25 pum.
(B) Expression of Alkl in C57/Bl6 mice injected eight weeks previously with citrate buffer (top row) or STZ
(bottom row). Scale bar: 25 pum.

glomerular endothelium (Fig. 1A). No cross-reactivity of either Alkl or CD31 was observed in the tubular epi-
thelium or interstitial cells. Alkl expression was also detected in renal biopsies of control subjects, where it was
present in endothelial cells of glomeruli, arterioles, interlobular arteries and peritubular capillaries (Supplemen-
tary Fig. 1A). Next, as we have previously shown that Alkl expression is reduced in the pulmonary and retinal
endothelium of diabetic mice'’, we also evaluated Alkl expression in the glomerular endothelium in C57BL/6 ]
mice eight weeks after the onset of STZ-induced diabetes and in renal biopsies obtained from diabetic nephropa-
thy patients. In control diabetic mice, Alkl expression, while showing a slight decrease, was not significantly
reduced in glomeruli eight weeks after the onset of diabetes (Fig. 1B). However, histological assessment of Alk1l
expression in the glomeruli of patients with diabetic nephropathy revealed a significant loss of Alkl glomer-
ular immunostaining compared with non-diabetic patients (Supplementary Table 1; Supplementary Fig. 1B).
The observation that Alkl was down-regulated in diabetic patients, which were characterized with long-term
chronic kidney disease, and not in diabetic mice may be reflective of the advanced stage of diabetic nephropathy.

Evidence of urine albumin excretion and hyperfiltration in Alkl-deficient diabetic mice. In
order to characterize the consequences of Alkl deletion in the endothelium of diabetic mice on renal function,
we used mice bred on a C57/Bl6 background with conditional deletion of acvrlI in the endothelium (Alk1AEC)Y.
The C57/BIl6 strain has been reported to be relatively resistant to the development of renal injury in experimental
models of kidney diseases, including DKD?. Indeed, albuminuria and renal pathological changes are less com-
monly observed in diabetic C57/Bl6 mice than in other strains. However, several specific genetically modified
mice with a C57/Bl6 background were shown to progress to diabetic nephropathy when diabetically-induced,
such as the eNOS knockout in STZ-induced diabetic or db/db mice and the ApoE knockout in STZ-induced
mice”. Given that Alkl deficiency has been associated with eNOS uncoupling, reduced NO, and increased reac-
tive oxygen species (ROS) production®, we evaluated the consequences of Alkl deficiency on renal function
and whether diabetic Alkl haploinsufficient mice would be more susceptible to develop renal dysfunction. To
address this, C5Cre and heterozygous Alk1AEC mice, in which Alk1 is specifically deleted in the endothelium,
received tamoxifen followed eight weeks later by STZ injections to induce diabetes (Fig. 2A). Heterozygous
AlkIAEC mice were used for STZ diabetes experiments, as the severity of the vascular phenotype and the short-
term lethality of homozygous Alk1AEC mice® preclude long-term experiments. While heterozygous AlkIAEC
mice develop no detectable blood vascular malformations, we have recently demonstrated that chronic hyper-
glycemia leads to impaired Alkl signaling and vascular permeability defects in these animals'”. Following STZ
or citrate injections, blood glucose levels were measured weekly (Supplementary Fig. 2A) and all mice were
euthanized 8 weeks later. The induction of diabetes in STZ-injected mice was confirmed by measuring blood
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Figure 2. Evaluation of albuminuria in AIk1AEC +/- diabetic mice. (A) Experimental time line for the
generation of diabetic AlkIAEC +/— mice, in which CRE-Ert2 expression was placed under the control of the
VE-Cadherin promoter (Cdh5-CRE). For inactivation of Alkl in the endothelium, Cdh5-CRE-Ert2 (C5Cre)
transgenic mice were crossed with homozygous or heterozygous acvrll floxed allele mice. (B) Measurement
of blood glucose levels in C5Cre and Alk1AEC +/- eight weeks after injection of sodium citrate or STZ. (C)
Measurement of ratio of albumin to creatinine levels in C5Cre and Alk1AEC +/— eight weeks after injection of
sodium citrate or STZ. (D) Measurement of glomerular filtration rate in C5Cre and Alk1AEC +/- eight weeks
after injection of sodium citrate or STZ. *p <0.05, (n =8 mice/group).

glucose levels, which were not significantly different between C5Cre (33 mM) and Alk1AEC (37 mM) mice
(Supplementary Fig. 2A,B). Decreased Alkl expression in glomeruli of AIkIAEC +/— diabetic mice was shown
by immunofluorescence and by western blot analysis of isolated glomeruli eight weeks after the induction of
diabetes (Supplementary Fig. 1B,C). Eight weeks after STZ or citrate injections, mice were monitored for renal
function by measuring creatinine clearance, microalbuminuria and urine electrolytes. In non-diabetic animals,
AlK1 haploinsufficiency had no significant effects on urinary albumin excretion, body weight, daily urine vol-
ume, urine and serum electrolytes and serum creatinine (data not shown). Additionally, the presence of albumi-
nuria, as assessed by the albumin-to-creatinine ratio of 24-h urine albumin excretion at 8 weeks post-diabetes,
was not observed in C5Cre diabetic mice (Fig. 2C), which is consistent with studies showing that mice bred on
a C57/Bl6 background are refractory to diabetes-induced kidney disease?®. However, in contrast to C5Cre mice,
Alk1AEC diabetic mice displayed microalbuminuria, an early sign of DKD (Fig. 2C). Significantly, no changes
in glomerular filtration rate (Fig. 2D) or urine electrolytes were observed (Supplementary Fig. 3) between C5Cre
and AIkIAEC diabetic mice, suggesting that Alkl haploinsufficiency does not affect reabsorption in proximal
tubules. Taken together, these data suggest that reduced Alkl expression in the glomerular endothelium may
predispose the kidney to glomerular dysfunction rather than affecting tubule function in diabetic conditions.

Glomerular alterations in Alk1-deficient diabetic mice. As our data suggest changes in glomerular
barrier function in diabetic Alkl-deficient mice, we evaluated glomerular histology in C5Cre and AIk1AEC
non-diabetic and diabetic mice. Diabetes-induced glomerular hypertrophy is an early sign of renal dysfunction
in diabetic patients'”. However, no significant changes in glomerular size could be observed between diabetic
C5Cre and Alkl-haploinsufficient diabetic mice by fluorescence microscopy (Fig. 3A). Loss of glycocalyx, a
complex set of varied EC membrane-associated macromolecules on the endothelial cell surface layer, has been
associated with albuminuria in diabetic nephropathy. To examine whether chronic hyperglycemia combined
with Alk1 haploinsufficiency is associated with damage of the glomerular endothelial surface layer, kidney cry-
ostat sections taken from mice eight weeks after the onset of diabetes were stained with wheat germ agglutinin
(WGA), a lectin that binds to negatively charged sugar residues of glycoproteins, such as sialic acid, and with
heparanase, an endo-beta-D-glucuronidase that specifically cleaves the heparan sulfate chain of negatively-
charged proteoglycans. However, no associations with a reduction in glycocalyx staining, as measured using
lectin or heparanase staining, was observed (Supplementary Fig. 4). While studies suggest that diabetes-induced
glycocalyx alterations as a significant cause of increased albumin excretion, our data may suggest that other
diabetes-related factors, for example podocyte dysfunction or glomerular basement membrane alterations
might better explain how Alkl depletion leads to increased albumin excretion during development of diabetic
nephropathy®®3!,

Glomerular accumulation of mesangial matrix, including type IV collagen is an early hallmark of DKD*.
Eight weeks after the onset of diabetes, no significant changes in collagen IV deposition were observed between
C5Cre diabetic and non-diabetic animals nor between C5Cre and Alk1AEC non-diabetic mice (Fig. 3B).
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Figure 3. Alkl haploinsufficiency exacerbates collagen IV matrix accumulation and podocyte injury

indicator desmin in diabetic mice. (A) Glomerular area analysis in non-diabetic C5Cre and diabetic C5Cre

and Alk1AEC +/— mice eight weeks after the onset of diabetes. Images show representative H&E, along

with quantification of 50 glomeruli from 8 to 10 mice. (B) The glomerular accumulation of type IV collagen

was assessed by immunofluorescence for non-diabetic or diabetic C5Cre and diabetic AIk1IAEC +/— mice.
Immunoreactivity for type IV collagen was enhanced in diabetic Alk1AEC +/— mice compared with non-
diabetic C5Cre mice. (C) Immunofluorescence analysis of desmin and quantification in non-diabetic or diabetic
C5Cre and diabetic AIk1AEC +/— mice. Analysis show quantification of at least 50 glomeruli from 5 mice/group.
*p<0.05, **p<0.01. Scale bars: 25 pm.
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Figure 4. Increased glomerular basement membrane thickness in diabetic AlkIAEC +/— mice. (A)
Representative glomerular electron micrographs from non-diabetic or diabetic C5Cre or AlkIAEC +/— mice. (B)
Diabetic Alk1AEC +/— glomeruli developed an increased GBM width and decreased podocyte foot processes
per pum length compared to diabetic C5Cre glomeruli (*p <0.05). (n=3 mice). Scale bar: 2 pm.

However, compared to diabetic C5Cre mice, AIk1IAEC diabetic mice showed significant increase in glomeru-
lar deposition of type IV collagen (Fig. 3B). These data are in accordance with previous studies showing that
Alk1 heterozygocity is associated with increased matrix deposition by mesangial fibroblasts'®*. Furthermore,
quantitative PCR analysis of ACVRLI siRNA-transfected endothelial cells, also showed a significant increase
in al type IV collagen (COL4A1) expression compared to controls (Supplementary Fig. 5). Other glomerular
basement membrane molecules, including fibronectin, Laminin a4, Laminin f2 or Laminin y1 did not change,
while Laminin 1 levels were decreased following Alkl downregulation. We subsequently investigated podocyte
injury by evaluating the expression of desmin, a biomarker of injured podocytes. Our data show an increase in
desmin-positive cells in diabetic Alkl-deficient mice compared to non-diabetic C5Cre mice (Fig. 3C). Together,
these data suggest that Alkl deficiency may accelerate glomerular extracellular matrix production and glomerular
damage in diabetic mice.

Cross-talk amongst podocytes, endothelial cells and the basement membrane is essential for the maintenance
of the glomerular filtration barrier. We evaluated the consequences of Alkl deletion in endothelial cells on the
glomerular basement membrane. Transmission electron microscopy showed that, while there was no difference
in slit membrane structure between C5Cre and Alk1AEC mice under non-diabetic conditions (upper panels
of Fig. 4A), AIK1AEC diabetic mice displayed significant thickening of the glomerular basement membrane
compared to diabetic C5Cre mice (lower panels of Fig. 4A). In addition, while there were no differences in foot
processes between non-diabetic and diabetic C5Cre mice, an overall decrease in the number of foot processes
was observed in diabetic Alk1AEC mice (Fig. 4B), suggesting that loss of endothelial Alkl can predispose to
glomerular structural changes and podocyte alterations in diabetic animals.

Using WT1 staining, which stains the nuclei of glomerular podocytes, we observed that Alkl conditional
deletion in endothelial cells resulted in significant podocyte loss in diabetic mice (Fig. 5A). The decrease of
WT1-expressing cells in AIkIAEC diabetic mice was also accompanied by a reduction in the expression of
nephrin, which encodes a member of the immunoglobulin family of cell adhesion molecules implicated in the
glomerular filtration barrier in the kidney (Fig. 5B). Furthermore, a similar reduction was observed in podocin,
a membrane protein that oligomerizes in lipid rafts together with nephrin to form filtration slits (Fig. 5C). To
evaluate the consequences of Alkl deficiency in glomerular endothelial cells, ERG staining, which specifically
labels endothelial nuclei, was performed. However, we did not observe significant losses of ERG-positive endothe-
lial cells between non-diabetic and diabetic C5Cre and Alk1AEC diabetic mice (Fig. 5D). Together, these data
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Figure 5. Effects of Alkl haploinsufficiency on podocytes and endothelial cells in non-diabetic or diabetic
C5Cre and diabetic Alk1AEC +/— mice Immunofluorescence analysis of WT1 (A), nephrin (B), podocin (C)
and ERG (D). Quantification was performed by evaluating the number of positive cells per glomerular nuclei for
WT1 and ERG staining, or by assessing glomerular staining intensity for nephrin and podocin. Analysis show
quantification of at least 50 glomeruli from 5 mice/group. *p <0.05. Scale bars: 25 um.

suggest that Alkl deletion in diabetic glomerular endothelial cells causes glomerular injury through the loss of
podocytes rather than endothelial cells.

To quantify the rate of glomerular apoptosis, cleaved caspase 3 staining was performed (Fig. 6). Positive
cells in 50 glomeruli of at least five animals of each group were counted. No significant changes in glomerular
apoptosis was detected in C5Cre mice, both in non-diabetic or diabetic conditions. However, the number of
glomerular cells undergoing apoptosis was significantly increased in Alk1AEC diabetic mice compared to non-
diabetic C5Cre or Alk1AEC animals (Fig. 6A,B). It is noteworthy that apoptosis appeared to be restricted mostly
to the glomeruli. To identify which glomerular cell type underwent apoptosis, double labeling of TUNEL-positive
nuclei with WT1 was performed. Surprisingly, we observed that while there was a small increase in podocyte
apoptosis (Fig. 6C,E), the majority of apoptotic glomerular cells were not podocytes. Instead, double labeling of
cleaved caspase 3 with PDGFRB showed that most glomerular apoptotic cells were mesangial cells (Fig. 6D,E). As
a multidirectional cross-talk between podocytes, mesangial cells and endothelial cells is required for the proper
function of the glomerulus, our data suggest that disruption of Alkl signaling in hyperglycemic endothelial
cells can cause thickening of the glomerular basement membrane and adversely affect how endothelial cells
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Figure 6. Increased number of glomerular apoptotic cells in diabetic AlklIAEC +/— mice. (A)
Immunofluorescence analysis of cleaved caspase 3 (green) in non-diabetic or diabetic C5Cre and diabetic
AIK1AEC +/- mice. (B) Quantification was performed by evaluating the number of positive cells per
glomerular nuclei. (C) TUNEL and WT1 immunofluorescent staining of non-diabetic or diabetic C5Cre or
AIk1AEC +/- mice. (D) Cleaved-caspase 3 and PDGFRB immunostaining of non-diabetic or diabetic C5Cre
and Alk1AEC +/- mice. (E) Quantification was performed by evaluating the number of double-positive cells
per glomerular nuclei. Analysis show quantification of at least 50 glomeruli from 5 mice/group. **p <0.01. Scale
bars: 60 um.

communicate with non-vascular glomerular cells and ultimately lead to podocyte and mesangial cell dysfunc-
tion and apoptosis.
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Alkl homozygosity leads to glomerular apoptosis. We have previously shown that chronic hyper-
glycemia results in impaired Alk1 signaling'’. The effects observed in heterozygous Alk1AEC diabetic mice may
therefore be a combination of Alkl haploinsufficiency which, combined with hyperglycemia, further inhibits
AlKk1 signaling leading to glomerular endothelial cell dysfunction. To evaluate whether complete loss of Alkl
was sufficient to induce glomerular dysfunction, we evaluated glomerular filtration in non-diabetic homozygote
AIkIAEC mice. As homozygote AlIkIAEC mice display high lethality after tamoxifen injections, we evaluated
renal function 7 days after the onset of Alkl deletion. Loss of Alkl expression in glomeruli of homozygote
Alk1AEC mice was confirmed by immunofluorescence (Fig. 7A) and by immunoblotting performed on isolated
glomeruli (Fig. 7B). Five days following tamoxifen-induced deletion of Alkl, mice were placed in collection
cages and serum and 24 h urine were collected. C5Cre mice injected with tamoxifen were used as controls.
Contrary to what was observed in diabetic heterozygote AIk1AEC mice, no albuminuria was observed in non-
diabetic homozygote AIk1AEC mice (Fig. 7C). Furthermore, no significant changes were detected in serum
creatinine (Fig. 7D), glomerular filtration rate (Fig. 7E) urine or serum glucose (Fig. 7F). Serum and urine
electrolytes levels were also measured in C5Cre and AlklAEC—/— mice (Supplementary Fig. 6), and showed
decreased levels of urine sodium and chloride levels in AlkIAEC—/— mice. Since urine albuminuria and serum
electrolytes did not vary between C5Cre and AlklAEC—-/— mice, changes in sodium and chloride levels in urine
may be indicative of vascular hyperpermeability or early cardiac failure, which have been associated with Alkl
loss-of-function!”*-%.

Even though complete Alkl deletion did not result in glomerular filtration defects within the time-frame of
these experiments, we evaluated whether it could result in early glomerular alterations which could predispose to
the development of glomerular dysfunction. While immunofluorescence staining did not reveal changes in WT1-
positive glomerular podocytes (Fig. 8A) or ERG-positive endothelial cells in homozygote AlklAEC—/— mice
compared to C5Cre mice (Fig. 8B), we did observe increased number of apoptotic cells in the glomeruli of
Alk1AEC—/- mice compared with C5Cre mice, which may be a sign of early glomerular damage (Fig. 8C).
Double immunolabeling of apoptotic cells with WT1 (Fig. 8D) or PDGFRB (Fig. 8E) showed no changes in the
number of apoptotic podocytes but revealed that most of the apoptotic glomerular cells were mesangial cells
(Fig. 8F). Taken together, these data suggest that lack of Alkl signaling can lead to early glomerular apoptosis,
which may precede podocyte loss. While we did not observe microalbuminuria in AlklAEC—/— mice, the lack of
effects on glomerular filtration may be resultant from the relative short time-frame of the experimental settings.

Discussion

Global endothelial dysfunction has been closely associated with diabetes. Some evidence suggests that endothe-
lial dysfunction is present in the early stages of renal insufficiency and that it plays a role in the progression of
renal disease. Thus, the glomerular endothelium, which has been linked to the development of proteinuria as a
hallmark of diabetic nephropathy, may be a prominent target for damage in longstanding diabetes. Indeed, gene
expression analysis of experimental DKD, as well as biopsies of patients with advanced diabetic nephropathy, has
shown significant changes in endothelial gene expression consistent with glomerular endothelial cell dysfunc-
tion. Specifically, several genes of the TGF-P family, which play a prominent role in renal cell hypertrophy and
extracellular matrix accumulation, have been shown to be dysregulated in the diabetic glomerular endothelium?”.
For example, TGF-P1 expression has been found to be increased in diabetic mice presenting glomerulosclerosis
and albuminuria, and contributes to disease progression through its effects on extracellular matrix deposition,
including collagen IV, fibrosis and angiogenesis®***. Dysregulation of other factors involved in TGF-p signaling,
including BAMBI*, TGFBR2 and TGFBR3*! have also been shown to be predisposing factors for the develop-
ment of nephropathy in diabetic individuals.

AlKl1 is a vascular-specific receptor of the TGF-f family and binds the circulating factors BMP9 and
BMP10%**3, Extensive work has been performed in the vascular field on Alkl, demonstrating its capacity to
regulate morphogenesis, and its role as a quiescence receptor for endothelial cells*. Alk1 signaling is critical for
the development of mature, functional vessels, as is made evident by Alk1-deficient homozygous mice displaying
severe vascular developmental defects, including fusion of major arteries and veins, impaired placental vascular
development and deficient perivascular cell coverage, and consequently die by mid-gestation'®. In adults, Alkl
helps prevent the formation of vascular lesions and plays a crucial role in endothelial quiescence, as demonstrated
by the inducible-deletion of Alk1 in the endothelium at the post-natal stage, which results in rapid lethality'”*’.

We have recently shown that in a model of STZ-induced diabetes, there is a significant impairment of Alkl
signaling in the retinal endothelium’. Inhibition of Alk1 signaling in hyperglycemic endothelial cells resulted
in the destabilization of vascular junctions, leading to fluid and protein leakage in the diabetic retina. Given
the critical role of Alkl in the maintenance of a mature, functional endothelium, we evaluated how long-term
hyperglycemia affects Alkl signaling, and the consequences of Alk1 haploinsufficiency on renal function. Under
diabetic conditions, we revealed the worsening of urine albumin excretion and glomerular alterations within
diabetic mice that were Alkl-haplodeficient in kidney endothelial cells. The data we collected provide evidence
that genetic elimination of Alkl renders mice on a C57BL/6 background more susceptible to the development of
diabetic glomerular abnormalities, as determined by proteinuria and increased glomerular extracellular matrix
production. The observation that non-diabetic Alk1AEC haploinsufficient mice did not present urine albumin
excretion and glomerular alterations suggest that an additional detrimental signal, such as chronic high glucose
levels, is necessary to trigger vascular dysfunction in endothelial cells haploinsufficient for Alkl. Because Alkl
expression is also downregulated in glomeruli from biopsies of patients with diabetic nephropathy, these con-
siderations may also apply to human diabetic glomerulopathy, where therapeutic intervention using strategies
to modulate BMP signaling may be of therapeutic interest.
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Figure 7. Effects of AlklAEC homozygote deletion on renal function. (A) Immunofluorescent staining of
AlKl in kidney sections of C5Cre and AlklAEC—/— mice seven days after tamoxifen delivery. (B) Immunoblot
of Alkl expression in isolated glomeruli of C5Cre and Alk1AEC—-/— mice after tamoxifen injections. Urine
albumin (C), serum creatinine (D), glomerular filtration rate (E), serum and urine glucose (F) in C5Cre and
Alk1AEC—/- mice 7 days following tamoxifen injections. (n=_8 mice/group). Scale bar: 50 um.

Some of the main hallmarks of the inhibition of Alkl signaling in the diabetic glomerular endothelium were
the increased deposition of collagen IV basement membrane and the significant loss of podocytes. Collagen IV
basement membrane thickness increased significantly in diabetic AlklAEC mice. These changes are consistent
with a previous study showing that heterozygous Alk1 expression increased expression of ECM proteins in fibro-
blasts due to an alteration of TGF-p signaling, leading to an increase in Smad2 and Smad3 phosphorylation®. Our
data show that Alkl expression in the endothelium can also play an important role in building and maintaining
the glomerular basement membrane and that its inhibition can lead to increased thickness and alter its composi-
tion by increasing type IV collagen production in the glomerular endothelium, which has been associated with
the progression of diabetic nephropathy**.
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Figure 8. Effects of Alkl homozygous deletion on podocytes and endothelial cells in C5Cre and AIkIAEC—-/-
mice. Immunofluorescence analysis of WT1 (A), ERG (B), and cleaved caspase-3 (C). (D) TUNEL and WT1
immunofluorescent staining of non-diabetic C5Cre and Alk1AEC—/— mice. (E) Cleaved-caspase 3 and PDGFRB
immunostaining of non-diabetic C5Cre or AlklAEC—/— mice. (F) Quantification was performed by evaluating
the number of double-positive cells per glomerular nuclei. Analysis show quantification of at least 50 glomeruli
from 5 mice/group. *p < 0.05. Scale bars: 25 pum.
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The loss of podocytes in AlIk1AEC diabetic mice was associated with increased albuminuria. The reason for
the increased proteinuria and decreased podocyte numbers in diabetic AlkIAEC mice is unclear but could be
due to altered endothelial and podocyte cross-talk. Indeed, in the vascular endothelium, Alkl signaling has
been shown to play a role in the recruitment and function of perivascular cells such as pericytes, which occurs
in part through the regulation of factors such as PDGF-B and Jaggedl by Alkl signaling, which are essential
in endothelial/perivascular cell interactions'*!8, Therefore, heterozygous loss of Alkl, combined with chronic
hyperglycemia and changes in basement membrane composition, could lead to the destabilization of endothelial/
podocyte cross-talk, which could accentuate podocyte apoptosis and result in glomerular filtration defects. This is
in agreement with previous studies showing that disruption of glomerular endothelial cells can lead to podocyte
apoptosis*>*. While a significant increase in WT1 + podocyte apoptosis was observed in diabetic Alk1AEC, the
majority of apoptotic cells were PDGFRB + mesangial cells. While it is unclear how Alk1 deletion in the endothe-
lium results in mesangial cell apoptosis, the importance of the endothelium in mesangial cell function is well
described?. Indeed, it is likely that Alk1 inhibition alters the expression of several paracrine factors involved in
mesangial cell survival. One such paracrine factor may be Angiopoietin-2 (Angpt2), which has been shown to
induce mesangial cell apoptosis under hyperglycemia®. Several studies have indeed shown that Alk1 inhibition
does result in increased levels of Angpt2#°°. In contrast to diabetic Alk1AEC haploinsufficient mice, we did not
observe significant podocyte loss in non-diabetic Alkl1AEC—/— mice, as experiments could only be performed
over 7 days due to the lethality of these mice. However, we did observe a significant increase in mesangial cell
apoptosis, which may be precursor to podocyte loss.

Overall, our results point to a role for Alkl in protecting the glomerular endothelium during chronic hyper-
glycemia. Alk1 is downmodulated in a model of diabetes in mice and in biopsies from patients with established
diabetic nephropathy. Decreased AlkI signaling in diabetes may be an early step in the development of glomeru-
lar endothelial dysfunction, leading to podocyte loss. This novel mechanism of Alk1 action in the glomerulus
may be of significance not only for diabetic proteinuria but also for other diseases leading to glomerulosclerosis.

Received: 18 September 2019; Accepted: 16 June 2020
Published online: 04 August 2020

References
1. Jha, V. et al. Chronic kidney disease: Global dimension and perspectives. Lancet 382, 260-272 (2013).
2. Kang, D.-H. et al. Role of the microvascular endothelium in progressive renal disease. J. Am. Soc. Nephrol. 13, 806-816 (2002).
3. Daehn, L. S. Glomerular endothelial cells stress and cross-talk with podocytes in the development of diabetic kidney disease. Front.
Med. 5,76 (2018).
4. Lin, J. S. & Susztak, K. Podocytes: The weakest link in diabetic kidney disease?. Curr. Diab. Rep. 16, 45 (2016).
5. Reidy, K., Kang, H. M., Hostetter, T. & Susztak, K. Molecular mechanisms of diabetic kidney disease. J. Clin. Invest 124, 2333-2340
(2014).
6. Toth-Manikowski, S. & Atta, M. G. Diabetic kidney disease: Pathophysiology and therapeutic targets. J. Diabetes Res 2015, 697010
(2015).
7. Cheng, H. & Harris, R. C. Renal endothelial dysfunction in diabetic nephropathy. Cardiovasc. Hematol. Disord. Drug Targets 14,
22-33 (2014).
8. Khamaisi, M., Schrijvers, B. E, De Vriese, A. S., Raz, I. & Flyvbjerg, A. The emerging role of VEGF in diabetic kidney disease.
Nephrol. Dial. Transplant. 18, 1427-1430 (2003).
9. Schrijvers, B. E, Flyvbjerg, A. & De Vriese, A. S. The role of vascular endothelial growth factor (VEGF) in renal pathophysiology.
Kidney Int. 65, 2003-2017 (2004).
10. Tanabe, K., Maeshima, Y., Sato, Y. & Wada, J. Antiangiogenic Therapy for Diabetic Nephropathy. Biomed Res Int 2017, 5724069
(2017).
11. Eremina, V. et al. VEGF inhibition and renal thrombotic microangiopathy. N. Engl. J. Med. 358, 1129-1136 (2008).
12. Benn, A. et al. Role of bone morphogenetic proteins in sprouting angiogenesis: differential BMP receptor-dependent signaling
pathways balance stalk vs. tip cell competence. FASEB J. 31, 4720-4733 (2017).
13. Larrivee, B. et al. ALK1 signaling inhibits angiogenesis by cooperating with the Notch pathway. Dev. Cell 22, 489-500 (2012).
14. Scharpfenecker, M. et al. BMP-9 signals via ALK1 and inhibits bFGF-induced endothelial cell proliferation and VEGF-stimulated
angiogenesis. J. Cell Sci. 120, 964-972 (2007).
15. Urness, L. D., Sorensen, L. K. & Li, D. Y. Arteriovenous malformations in mice lacking activin receptor-like kinase-1. Nat. Genet.
26, 328-331 (2000).
16. Munoz-Felix, J. M., Lopez-Novoa, J. M. & Martinez-Salgado, C. Heterozygous disruption of activin receptor-like kinase 1 is associ-
ated with increased renal fibrosis in a mouse model of obstructive nephropathy. Kidney Int. 85, 319-332 (2014).
17. Akla, N. et al. BMP (bone morphogenetic protein) 9/AlklI (activin-like kinase receptor type I) signaling prevents hyperglycemia-
induced vascular permeability. Arterioscler. Thromb. Vasc. Biol. https://doi.org/10.1161/ATVBAHA.118.310733 (2018).
18. Baeyens, N. et al. Defective fluid shear stress mechanotransduction mediates hereditary hemorrhagic telangiectasia. J. Cell Biol.
214, 807-816 (2016).
19. Sorensen, I., Adams, R. H. & Gossler, A. DLL1-mediated Notch activation regulates endothelial identity in mouse fetal arteries.
Blood 113, 5680-5688 (2009).
20. Park, S. O. et al. Real-time imaging of de novo arteriovenous malformation in a mouse model of hereditary hemorrhagic telangi-
ectasia. J Clin Invest 119, 3487-3496 (2009).
21. Dunn, S. R, Qi, Z., Bottinger, E. P, Breyer, M. D. & Sharma, K. Utility of endogenous creatinine clearance as a measure of renal
function in mice. Kidney Int. 65, 1959-1967 (2004).
22. Keppler, A. et al. Plasma creatinine determination in mice and rats: An enzymatic method compares favorably with a high-
performance liquid chromatography assay. Kidney Int. 71, 74-78 (2007).
23. Feng, D., Ngov, C., Henley, N., Boufaied, N. & Gerarduzzi, C. Characterization of matricellular protein expression signatures in
mechanistically diverse mouse models of kidney injury. Sci. Rep. 9, 16736 (2019).
24. Lindskog Jonsson, A. et al. Effects of melanocortin 1 receptor agonists in experimental nephropathies. PLoS ONE 9, 87816 (2014).
25. Rangan, G. K. & Tesch, G. H. Quantification of renal pathology by image analysis. Nephrology (Carlton) 12, 553-558 (2007).
26. Kitada, M., Ogura, Y. & Koya, D. Rodent models of diabetic nephropathy: their utility and limitations. Int. J. Nephrol. Renovasc.
Dis. 9, 279-290 (2016).

SCIENTIFIC REPORTS |

(2020) 10:13136 | https://doi.org/10.1038/s41598-020-68515-z


https://doi.org/10.1161/ATVBAHA.118.310733

www.nature.com/scientificreports/

27. Nakagawa, T. et al. Diabetic endothelial nitric oxide synthase knockout mice develop advanced diabetic nephropathy. J. Am. Soc.
Nephrol. 18, 539-550 (2007).

28. Jerkic, M., Sotov, V. & Letarte, M. Oxidative stress contributes to endothelial dysfunction in mouse models of hereditary hemor-
rhagic telangiectasia. Oxid. Med. Cell Longev. 2012, 686972 (2012).

29. Ola, R. et al. PI3 kinase inhibition improves vascular malformations in mouse models of hereditary haemorrhagic telangiectasia.
Nat. Commun. 7, 13650 (2016).

30. Deckert, T., Feldt-Rasmussen, B., Borch-Johnsen, K., Jensen, T. & Kofoed-Enevoldsen, A. Albuminuria reflects widespread vascular
damage. The Steno hypothesis. Diabetologia 32, 219-226 (1989).

31. van den Born, J. et al. No change in glomerular heparan sulfate structure in early human and experimental diabetic nephropathy.
J. Biol. Chem. 281, 29606-29613 (2006).

32. Tsilibary, E. C. Microvascular basement membranes in diabetes mellitus. J. Pathol. 200, 537-546 (2003).

33. Munoz-Felix, ]. M., Perretta-Tejedor, N., Eleno, N., Lopez-Novoa, J. M. & Martinez-Salgado, C. ALK1 heterozygosity increases
extracellular matrix protein expression, proliferation and migration in fibroblasts. Biochim. Biophys. Acta 1843, 1111-1122 (2014).

34. Morine, K. J. et al. Reduced activin receptor-like kinase 1 activity promotes cardiac fibrosis in heart failure. Cardiovasc. Pathol. 31,
26-33 (2017).

35. Morine, K. J. et al. Conditional knockout of activin like kinase-1 (ALK-1) leads to heart failure without maladaptive remodeling.
Heart Vessels 32, 628-636 (2017).

36. Abou-Alfa, G. K. et al. A phase Ib, open-label study of dalantercept, an activin receptor-like kinase 1 ligand trap, plus sorafenib in
advanced hepatocellular carcinoma. Oncologist 24, 161-¢70 (2019).

37. Schnaper, H. W. et al. TGF-beta signal transduction in chronic kidney disease. Front. Biosci. (Landmark Ed) 14, 2448-2465 (2009).

38. Murakami, K., Takemura, T., Hino, S. & Yoshioka, K. Urinary transforming growth factor-beta in patients with glomerular diseases.
Pediatr. Nephrol. 11, 334-336 (1997).

39. Lam, S., van der Geest, R. N., Verhagen, N. A. M., Daha, M. R. & van Kooten, C. Secretion of collagen type IV by human renal
fibroblasts is increased by high glucose via a TGF-beta-independent pathway. Nephrol. Dial. Transplant 19, 1694-1701 (2004).

40. Fan, Y. et al. BAMBI elimination enhances alternative TGF-beta signaling and glomerular dysfunction in diabetic mice. Diabetes
64,2220-2233 (2015).

41. Ewens, K. G, George, R. A., Sharma, K., Ziyadeh, E N. & Spielman, R. S. Assessment of 115 candidate genes for diabetic nephropa-
thy by transmission/disequilibrium test. Diabetes 54, 3305-3318 (2005).

42. David, L. et al. Bone morphogenetic protein-9 is a circulating vascular quiescence factor. Circ. Res. 102, 914-922 (2008).

43. David, L., Mallet, C., Mazerbourg, S., Feige, J.-]. & Bailly, S. Identification of BMP9 and BMP10 as functional activators of the
orphan activin receptor-like kinase 1 (ALK1) in endothelial cells. Blood 109, 1953-1961 (2007).

44. Adler, S. G. et al. Glomerular type IV collagen in patients with diabetic nephropathy with and without additional glomerular
disease. Kidney Int. 57, 2084-2092 (2000).

45. Fu,]J, Lee, K., Chuang, P. Y., Liu, Z. & He, J. C. Glomerular endothelial cell injury and cross talk in diabetic kidney disease. Am. J.
Physiol. Renal Physiol. 308, F287-297 (2015).

46. Fogo, A. B. Talking back: the podocytes and endothelial cells duke it out. Kidney Int. 90, 1157-1159 (2016).

47. Vaughan, M. R. & Quaggin, S. E. How do mesangial and endothelial cells form the glomerular tuft?. J. Am. Soc. Nephrol. 19, 24-33
(2008).

48. Tsai, Y.-C. et al. Angpt2 induces mesangial cell apoptosis through the microRNA-33-5p-SOCS5 loop in diabetic nephropathy. Mol.
Ther. Nucleic Acids 13, 543-555 (2018).

49. Ruiz, S. et al. A mouse model of hereditary hemorrhagic telangiectasia generated by transmammary-delivered immunoblocking
of BMP9 and BMP10. Sci. Rep. 5, 37366 (2016).

50. Roman, B. L. & Hinck, A. P. ALK1 signaling in development and disease: new paradigms. Cell Mol. Life Sci. 74, 4539-4560 (2017).

Acknowledgements

This work was supported by a grant-in-aid from the Heart and Stroke Foundation of Canada. B.L. was a recipient
of a New Investigator Award from the Heart and Stroke Foundation of Canada. L.P.L is a Fonds de recherche du
Québec—Santé Junior 1 Scholar.

Author contributions

C.L.G,N.H,,FEAL,N.A. and B.L. performed experiments, and analyzed data. L-P. L and V.R. provided human
kidney samples. C.L.G. and B.L. designed the experiments, reviewed all the data and wrote the manuscript.
C.L.G,, C.G,, V.P. and B.L. reviewed and edited the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-68515-z.

Correspondence and requests for materials should be addressed to B.L.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

= License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

SCIENTIFIC REPORTS |

(2020) 10:13136 | https://doi.org/10.1038/s41598-020-68515-z


https://doi.org/10.1038/s41598-020-68515-z
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Alk1 haploinsufficiency causes glomerular dysfunction and microalbuminuria in diabetic mice
	Anchor 2
	Anchor 3
	Material and methods
	Human samples. 
	Animals. 
	Streptozotocin (STZ) induced diabetes. 
	Urine and blood collection. 
	Evaluation of biochemical parameters. 
	Isolation of glomeruli. 
	Transmission electron microscopy. 
	Determination of glomerular surface area. 
	Immunofluorescence. 
	Terminal deoxynucleotidyl transferase biotin-dUTP nick end labeling (TUNEL). 
	Cell culture. 
	Statistical analysis. 

	Results
	Glomerular expression of Alk1 in mice and DKD patients. 
	Evidence of urine albumin excretion and hyperfiltration in Alk1-deficient diabetic mice. 
	Glomerular alterations in Alk1-deficient diabetic mice. 
	Alk1 homozygosity leads to glomerular apoptosis. 

	Discussion
	References
	Acknowledgements


