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Abstract

We examined activin receptor type IIA (ActRIIA) activation in chronic kidney disease (CKD) by 

signal analysis and inhibition in mice with Alport syndrome, using the ActRIIA ligand trap 

RAP-011 initiated in 75 day old Alport mice. At 200 days of age there was severe CKD and 

associated Mineral and Bone Disorder (CKD-MBD), consisting of osteodystrophy, vascular 

calcification, cardiac hypertrophy, hyperphosphatemia, hyperparathyroidism, elevated FGF23 and 

reduced klotho. The CKD-induced bone resorption and osteoblast dysfunction was reversed, and 

bone formation was increased by RAP-011. ActRIIA inhibition prevented formation of calcium 

apatite deposits in aortic adventitia and tunica media and significantly decreased mean aortic 

calcium concentration from 0.59 in untreated to 0.36 mg/g in treated Alport mice. Aortic ActRIIA 

stimulation in untreated mice increased p-Smad2 levels and transcription of sm22α and αSMA. 

ActRIIA inhibition reversed aortic expression of the osteoblast transition markers Runx2 and 

osterix. Heart weight was significantly increased by 26% in untreated mice but remained normal 

during RAP-011 treatment. In 150 day old mice, the GFR was significantly reduced by 55%, but 

only by 30% in the RAP-011 treated group. In 200 day old mice, the mean BUN was 100 mg/dl in 

untreated mice compared to 60 mg/dl in the treated group. In the kidneys of 200 day old mice, 

ActRIIA and p-Smad2 were induced and MCP-1, fibronectin and interstitial fibrosis were 
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stimulated; all were attenuated by RAP-011 treatment. Hence, activation of ActRIIA signaling 

during early CKD contributes to the CKD-MBD components of osteodystrophy and 

cardiovascular disease, and to renal fibrosis. Thus, inhibition of ActRIIA signaling is efficacious in 

improving and delaying CKD-MBD in this model of Alports syndrome.
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Chronic kidney disease; vascular calcification; bone; mineral metabolism; fibrosis; cardiovascular 
disease

INTRODUCTION:

The chronic kidney disease – mineral bone disorder (CKD-MBD) is a major contributor to 

the excess mortality associated with the CKD pandemic. (1–5) The CKD-MBD begins early 

in the course of kidney disease,(6–8) and at its inception consists of skeletal,(7, 9) vascular 

(8) and cardiac diseases,(10) elevations of FGF23 (6) and reductions in klotho. (11) (12) The 

early CKD-MBD precedes the development of secondary hyperparathyroidism, calcitriol 

deficiency, and hyperphosphatemia, which are CKD-MBD components associated with 

more advanced CKD. Recent kidney disease progression clinical trials demonstrate that 

cardiovascular morbidity may be worsened at the same time kidney function is improving, 

separating cardiovascular disease progression from efficacy in the progression of CKD, (13, 

14) making coordinate therapy of the CKD-MBD and intrinsic CKD a requisite. Other 

recent studies targeting the CKD-MBD demonstrate that CKD-stimulated atherosclerotic 

vascular calcification (VC) was inhibited by an Activin receptor type IIA (ActRIIA) ligand 

trap. (15) In the ldlr−/− high fat fed atherosclerotic diabetic mice, CKD stimulated VC 

through dedifferentiation of vascular smooth muscle and osteoblastic transition, which was 

reversed by the ligand trap. (15) A putative ligand for the trap, Activin A, was increased in 

the kidney and the circulation, (15) suggesting that ActRIIA signaling might be a critical 

systemic mechanism of both renal disease progression and CKD-MBD production. To 

examine this hypothesis in a murine homologue of human kidney disease, we have used a 

model of Alport Syndrome.

Activins are widely expressed factors involved in cell differentiation, proliferation, and 

inflammation.(16, 17) They belong to the TGFβ superfamily and activate signal transduction 

by forming and ligating receptor heteromultimers. Type II receptors (activin receptor type 

IIA and IIB (ActRIIA and B)) are the ligand binding components, which are active plasma 

membrane serine/threonine kinases that upon ligand binding dimerize, attract and 

phosphorylate type I receptors (the ALK kinases of which there are seven). ActRIIA and B 

are receptors for a diverse group of TGFβ superfamily member ligands. The activated 

receptor complexes attract and phosphorylate regulatory SMADs (portmanteau of C. 

Elegans SMA, and Drosphilia Mothers against decaplentaplegic), in the case of activins, 

SMADs 2 and 3 (supplemental Fig. S1) The activated regulatory SMADs associate with co-

SMAD 4 and translocate to the nucleus with other transcription factors, which in the case of 

osteoclasts critically includes cfos (supplemental Fig. S1).
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Alport syndrome is most often caused by mutations in the COL4A5 gene on the X 

chromosome.(18) The syndrome is characterized by progressive kidney disease caused by an 

abnormal glomerular basement membrane unable to withstand the mechanical forces of 

post-natal glomerular perfusion. The disease begins in childhood as hematuria (stage 0), 

progresses through microalbuminuria (stage 1), proteinuria (stage 2), and progressive renal 

impairment and tubulointerstitial nephritis (stage 3) to end stage kidney disease (stage 4) 

during the second to fourth decades depending on the mutation type.(18–20) Autosomal 

recessive and dominant forms of Alport syndrome are less common and are due to mutations 

in the COL4A3 or COL4A4 genes.(21–23)

The murine X-linked Alport syndrome (XLAS) homologue, Col4a5y/- on the C57Bl/6J 

background, is relatively faithful to the human Alport kidney disease.(24) Hematuria (stage 

0) begins early in life and proteinuria is established by day 100 (stage 2), with progression to 

CKD with reductions of GFR to 10–20% of normal by day 200 of life (stage 4).(24)(Fang Y 

and Hruska KA, unpublished observations). Significant mortality begins thereafter. 

Treatment of murine and human Alport syndrome with angiotensin converting enzyme 

inhibitors has delayed progression of CKD, but only if started early in the course of disease.

(20, 25–27)

The CKD-MBD has been studied in murine Alport syndrome using Col4a3 deficiency in the 

background strain 129X1/Sv. (28) The progression to the late stages of the CKD-MBD 

syndrome with hyperphosphatemia, calcitriol deficiency and hyperparathyroidism was rapid 

not allowing for full development of CKD-MBD with its attendant vascular calcification/

cardiac hypertrophy. The shortened lifespan was 8–14 weeks due to kidney failure, and an 

observed early elevation of FGF23 was not attributable to increased osteocyte secretion, 

which only occurred late in the disease course.(28) Here we examine renal osteodystrophy, 

vascular calcification, heart weights and tubulointerstitial nephritis in an Alport model with 

an extended lifespan and demonstrate that ActRIIA signaling was stimulated in the skeleton, 

vasculature and the kidney, and that a ligand trap for the receptor (RAP-011) started early in 

the course of disease was efficacious in preventing osteodystrophy, vascular calcification, 

vascular osteoblastic transition, cardiomegaly and delaying progression of Alport nephritis.

RESULTS:

These studies were performed in a cohort of Alport mice and their wild type littermates as 

described in Methods that were maintained on a standard mouse chow until euthanasia at 

200 days of life (do). Alport mice were treated with vehicle or RAP-011, 10mg/kg, 

subcutaneous twice weekly beginning at day 75 of life and continued until euthanasia.

The Chronic Kidney Disease – Mineral Bone Disorder (CKD-MBD) in Alport mice

Osteodystrophy—A critical component of the CKD-MBD is renal osteodystrophy. 200 

day old Alport mice had an osteodystrophy produced by high resorption, but without change 

in bone formation compared to WT. Alport distal femurs had significantly increased eroded 

trabecular perimeters and increased osteoclast numbers along with osteoclast perimeters 

(Figure 1A–C). Osteoblast numbers and perimeter were also increased. (Figure 1D–E) The 

latter did not lead to increased mineral apposition or bone formation rate (Figure 1F–G) due 

Williams et al. Page 3

Kidney Int. Author manuscript; available in PMC 2019 July 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



to a decrease in the bone formation rate per osteoblast (Figure 1H), produced by a delay in 

mineralization. As a result, there was an increase in osteoid area and osteoid perimeter 

(Figure 1J–K).

RAP-011 treatment, which suggests the role of ActRIIA signaling in the osteodystrophy of 

the Alport mice, produced a correction of eroded trabecular perimeters (Figure 1A) and 

osteoclast numbers along with osteoclast perimeters (Figure 1B–C). Osteoblast numbers and 

perimeter were not decreased by RAP-011 (Figure 1D–E), and RAP-011 treatment increased 

mineral apposition rate, bone formation rate and corrected bone formation rate per osteoblast 

(Figure 1F–H). As a result, osteoid area and osteoid perimeter were corrected (Figure 1J–K), 

and structurally, bone area was increased (Figure 1M).

Vascular Calcification—One of the critical components of the CKD-MBD is vascular 

calcification. Our Alport model is in the C57Bl/6J strain, which is a resistance strain for 

vascular calcification.(29) However, as shown in (Figure 2A–B), by 200 do Alport mice 

have calcium deposits in the tunica media adjacent to the adventitia of the vessels (Figure 

2B). Tissue calcium levels were increased in the aorta compared to wild-type littermates 

(Figure 2C). In the Alport aortas, RAP-011 treatment blocked the increase in aortic calcium 

levels (Figure 2C).

Serum and Plasma Chemistries—Also, as seen in other murine CKD models different 

from human CKD, there was an increase in the serum calcium in the Alport mice; this was 

not affected by RAP-011 treatment (Table 1). The 200 day old Alport mice were 

hyperphosphatemic, and RAP-011 did not affect the serum phosphate (Pi) levels (Table 1). 

PTH levels were increased in Alport mice to 805±493 pg/ml from 181±39 in wild-type 

littermates (Table 1 and Supplementary Figure S2A). ActRIIA inhibition with RAP-011 had 

no effect on PTH levels. FGF23 levels were increased in Alport mice to 2624±2540 pg/ml 

from 213±88 in wild-type littermates (Table 1 and Supplementary Figure S2B). ActRIIA 

inhibition with RAP-011 had no effect on FGF23 levels. These results were similar to CKD 

produced by renal ablation in C56BL/6J mice (Table 1).

ActRIIA signaling in the aorta—To examine the mechanism of RAP-011’s effect on 

aortic calcium levels, we analyzed ActRIIA signaling in the aortas of the Alport mice. As 

shown in Figure 2D, ActRIIA levels were not decreased in aortas from 200 day old Alport 

mice with severe CKD as they were by induction of CKD in the diabetic ldlr−/− high fat fed 

mouse,(15), and RAP-011 treatment had no effect on ActRIIA levels. The primary ActRIIA 

ligand, activin A (inhibin βA homodimer), which was decreased in the aortas of ldlr−/− high 

fat mice,(15) was induced in the Alport aortas, and decreased by RAP-011 treatment (Figure 

2D and E). Alport mice had increased aortic p-Smad2 levels consistent with increased 

ActRIIA signaling, and they also had increased aortic sm22α and α-smooth muscle actin 

(SMA) levels (Figure 2D). RAP-011 treatment decreased p-Smad2 levels, but total Smad 2/3 

levels were also decreased. RAP-011 treatment did not affect sm22α levels, but it did 

decrease SMA levels (Figure 2D and E). Despite the different distribution of aortic calcium 

deposits in the Alport aortas compared to other models of vascular calcification, and the 

increase not decrease in vascular smooth muscle proteins, CKD (200 do) in Alport mice 

induced osteoblastic transition in the aortas detected by Runx2 and osterix levels (Figure 
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2D). Runx2 and osterix levels were reduced by RAP-011 treatment. The effects of CKD in 

the aortas of Alport mice were similar to the effects of CKD produced by renal ablation in 

C57BL/6J mice (supplemental Figs. S3).

Cardiac Hypertrophy—A third critical component of the CKD-MBD is its effects on the 

heart and cardiac hypertrophy. Left ventricular hypertrophy (LVH) is a near-validated 

surrogate of cardiac outcomes in human CKD, and cardiac hypertrophy develops in our 

Alport mice by 200 days (Figure 3). RAP-011 treatment prevented development of cardiac 

hypertrophy (Figure 3).

Renal Klotho—A fourth critical component of the CKD-MBD is renal klotho expression, 

as most of systemic klotho derives from the kidney.(30) Loss of klotho in CKD is associated 

with vascular calcification, cardiac hypertrophy and osteodystrophy, and its replacement has 

been shown to be efficacious.(11, 31, 32) Homogenates of Alport kidneys demonstrated 

major reductions in klotho expression (Figure 4). Treatment of Alport mice with RAP-011 

did not significantly increase klotho expression. Thus, increasing klotho was not the 

mechanism of RAP-011 effects on the skeleton, vasculature or heart.

Alport Nephritis

Renal Function—The BUN of 150 day old (do) Alport mice was 43±22 mg/dl (n=8) 

compared to 30±2 mg/dl in 150 do wild type (WT) littermates. Inulin clearances in 150 do 

Alport mice revealed that RAP-011 treatment preserved renal function compared to the 

Alport vehicle-treated mice whose GFR was significantly depressed (46% of WT) (Figure 

5A). By day of life 200, serum BUN of the three groups of mice (Figure 5B), revealed 

severe azotemia in the 200 do Alport mice, BUN 99±39 mg/dl, p<0.05, consistent with 

severe CKD and GFR ≤ 10–15% of WT (stage 4 Alport Syndrome). There was a 40% 

reduction in the BUN as a result of RAP-011 treatment, (Stage 3 Alport syndrome). The 

urinary albumin-to-creatinine ratio (UACR) at 200 days was threefold elevated in the Alport 

mice compared to wild type littermates (Figure 5C), and RAP-011 did not significantly 

decrease the UACR at this time point consistent with no change in proteinuria between 

stages 3 and 4 in Alport syndrome.

Renal Pathology—The kidneys from 200 day old Alport mice revealed a consistent 

severe interstitial fibrosis (Figure 6B) producing a major increase in interstitial volume from 

12 to 59% (Figure 6D). There was a significant reduction in interstitial fibrosis at 200 do in 

the kidneys from RAP-011 treated mice compared to Alport mice vehicle-treated (Figure 6C 

and D).

ActRIIA signaling in the kidney—To examine the mechanism of RAP-011’s effect on 

kidney function, and tubulointerstitial fibrosis, we analyzed ActRIIA signaling in kidney 

homogenates of the Alport mice. As shown in Figure 7A and B, p-Smad 2 and total smad 

2/3 levels (the transcription regulators traveling to the nucleus produced by the activated 

ActRIIA receptor complex) were increased in renal homogenates from vehicle-treated 

Alport mice compared to WT littermates. (Figure 7A and B). ActRIIA expression was 

higher in Alport kidneys, and fibronectin and MCP-1 expression were stimulated. The 
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primary ActRIIA ligand, activin A, was decreased by RAP-011 treatment along with smad 

2/3 expression. RAP-011 treatment also decreased fibronectin and MCP-1 levels (Figure 7 A 

and B).

DISCUSSION:

The results of the studies presented here establish that ActRIIA signaling is activated by 

CKD throughout the body in the murine homologue of X-linked Alport syndrome. CKD 

activation of ActRIIA signaling was observed in two other models of CKD, thus, we do not 

think these findings are specific to Alport syndrome. We analyzed the skeleton, the 

vasculature, the heart and the kidney. The indicators of ActRIIA activation were the studies 

of signal transduction in the vasculature and the kidney, and in addition, the effects of its 

inhibition in all four tissues by RAP-011. Although TGFβ and bone morphogenetic protein 

7 have been extensively studied in CKD, (33–39) other members of the TGFβ superfamily 

have not. The studies reported here and our recent studies are the first to examine ActRIIA 

activation in CKD. (15) They are indicated from the results of translational profiles of 

myofibroblasts during renal fibrosis, a common pathway of many kidney diseases, which 

demonstrate that inhibin βA is one of the major proteins expressed. (40) Inhibin βA 

homodimers form activin A, a known hormone, raising the possibility that renal fibrosis may 

produce direct systemic effects through activation of its receptors, type II activin receptors 

(ActRII) and type I activin receptor-like kinase (ALK) receptors.

Our results demonstrate that CKD in the Alport mice produces an osteodystrophy due to 

bone resorption by osteoclast stimulation (Fig. 1A–C) and a decrease in osteoblast function 

(Fig. 1H) and mineralization (Fig 1I–K). ActRIIA inhibition prevented osteoclast 

stimulation and increased osteoblast function and bone formation (Fig. 1G). These results 

demonstrate the surprising finding that ActRIIA signaling is able to cause features of renal 

osteodystrophy heretofore considered to be due only to secondary hyperparathyroidism. 

They are consistent with the effects of activin A on osteoclastogenesis and function (41, 42) 

and on osteoblast function. (43) They are also consistent with the effects of RAP-011 on 

CKD-stimulated osteoclast function in the high fat fed diabetic ldlr−/− mice.(44) Also 

consistent with the high fat fed diabetic ldlr−/− mice.(44) was the correction of the BFR per 

osteoblast by RAP-011. This implies that osteoblast ActRIIA signaling delays 

mineralization in agreement with the effects of activin A described by Chantry et al. (43) 

The effects of ActRIIA inhibition were despite no change in the elevated PTH and FGF23 

levels of the 200 day old Alport mice. The effect of PTH to stimulate remodeling and 

osteoclastogenesis is through RANK ligand (RANKL) production by osteoblasts and 

osteocytes (supplemental Fig. 1). (45, 46) The role of activin A in osteoclastogenesis is 

distal to RANKL and thus, ActRIIA inhibition blocked osteoclast stimulation in the 

presence of PTH. The effects of ActRIIA inhibition in the skeleton are the strongest 

indication that the ligand responsible for its stimulation during CKD is activin A, since the 

other potential ligands, GDF11, BMP9 and 10, and myostatin are not likely critical in 

osteoclastogenesis. Myostatin does stimulate osteoclastogenesis but through the activin A/

ActRII pathway, (47) and myostatin is not produced in the kidney stimulated by CKD. 

Whereas, activin A is produced by renal myofibroblasts and is elevated in the circulation of 

Alport mice. (15)
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In the vasculature, ActRIIA activation by CKD surprisingly stimulated vascular smooth 

muscle specific protein expression. Although ActRIIA function in the vasculature has not 

been extensively studied, this result is consistent with the effects of Smad 2/3 transcription 

regulators on vascular differentiation and vascular smooth muscle function.(48, 49) 

However, in CKD the thought is that vascular smooth muscle cell (VSMC) dedifferentiation 

contributes to osteoblastic transition leading to vascular calcification. (50–52) In diabetic 

atherosclerotic ldlr−/− high fat fed mice, we have shown that CKD indeed decreases VSMC 

specific protein expression, and also decreases expression and signaling of ActRIIA, (8, 15) 

and Lin et al have shown that Runx2 deletion in VSMC of ldlr−/− mice prevents high fat 

induced vascular calcification. (53) Yet here in the context absent diabetes and 

atherosclerosis, ActRIIA signaling is stimulated by CKD leading to increased expression of 

smooth muscle proteins, sm22α and αSMA. This is in agreement with studies showing that 

activin A promotes the contractile phenotype of smooth muscle cells. (54) Despite its effects 

on VSMC biomarkers, CKD stimulated osteoblastic transition in the aorta (Figure 2D). This 

could be consistent with a second cell source contributing to the osteoblastic phenotype. 

This concept is consistent with recent findings of aortic adventitial mesenchymal stem cell 

like progenitors differentiating towards vascular smooth muscle cells and migrating to the 

arterial neointima, but expressing osteoblastic transcription factors. (55) Our finding of 

patchy aortic calcification mainly in the aortic arch adventitia and media adjacent to the 

adventitia is consistent with a precursor state to diffuse medial VC, and is distinct from CKD 

stimulated atherosclerotic vascular calcification where it resides mainly in atheroma 

deposits,(8) and from the diffuse medial calcification induced by MGP deficiency, 

osteoprotegerin deficiency, adenine feeding or high phosphorus diet. (56–59) Thus, the data 

are consistent with recent reports in ldlr−/− high fat fed mice with CKD in which elevated 

activin A produced by renal myofibroblasts stimulated osteoblastic transition and VC, which 

was inhibited by administration of a ActRIIA ligand trap. (15) They are also consistent with 

recent studies in vascular smooth muscle cells implicating ALK1 in CKD-stimulated 

vascular calcification. (60) ALK1 is a type 1 TGFβ family receptor that is a binding partner 

with ActRIIA, and recently implicated in cardiovascular remodeling and fibrosis. (61) They 

are also consistent with the effect of the fibrodysplasia ossificans progressive mutation in 

ALK2 (ACVR1), another ActRIIA binding partner, which imparts responsiveness to activin 

A, which then stimulates resident muscle satellite cells to undergo osteoblastic 

differentiation.(62)

Treatment with RAP-011 was effective in blocking the CKD stimulation of cardiac 

hypertrophy despite no change in FGF23 levels suggesting another mechanism of left 

ventricular hypertrophy stimulation in CKD was inhibited by the ligand trap or improved 

kidney function limited cardiac hypertrophy. The role of ActRIIA in cardiac development is 

related to the roles of bone morphogenetic proteins (BMPs), see Morrell et al (63) for 

review. Recent studies of cardiac hypertrophy during aging further implicate ActRIIA 

signaling as having an important role in cardiac function. (64, 65) Further study is required 

to distinguish the mechanism of ActRIIA stimulation by CKD and the cardiac effects of 

RAP-011.

Our results demonstrate that the progressive kidney disease of Alport syndrome in the 

Col4a5 deficient mouse was delayed by inhibition of ActRII signaling through treatment 
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with RAP-011, such that while vehicle-treated mice reached the equivalent of stage 4 Alport 

syndrome (severe CKD), the RAP-011 treated mice were in the equivalent of stage 3 Alport 

syndrome (proteinuria and early to moderate decrease in GFR). (66) The treatment regimen 

utilized a design that began therapy in early kidney disease (75 do) when the mice manifest 

only hematuria. This treatment plan was devised for two reasons. The first was that our 

experience using BMP-7 as a therapeutic for Alport was not successful when began at day of 

life 125, but was effective when begun earlier in the course of disease (unpublished 

observations of Yifu Fang and Keith Hruska). These results are consistent with the salutary 

effects of knocking down a BMP antagonist, USAG-1 or Wise, during development and 

post-natal life. (67) Secondly, this strategy mirrors the human experience with angiotensin 

converting enzyme inhibition in Alport, wherein, late institution of therapy when fibrosis is 

most active was not effective in delaying disease progression, but institution early in the 

course of disease was more effective (EARLY PRO-TECT Alport trial of early ACEI, 

NCT01485978). Our results with ActRIIA inhibition in Alport nephritis are in agreement 

with recent studies implicating activin in cyst formation in murine PKD models and 

decrease of PKD progression with a ligand trap for the ActRIIB receptor.(68) Activin A 

binds both ActRIIA and ActRIIB and in the kidney the receptors may be redundant though 

they are not in the skeleton.

The efficacy of RAP-011 treatment in the skeletal, vascular, and cardiac components of the 

CKD-MBD in the Alport mice could have derived from direct tissue inhibition of ActRIIA 

or from less stimulation of ActRIIA due to improved kidney function. We favor both 

possibilities, and our previous studies (15, 44) favor direct tissue inhibition of ActRIIA, 

because the CKD in the ldlr−/− high fat fed mice was ablative and RAP-011 could not have 

improved kidney function preventing development of the CKD-MBD. To further investigate 

this issue more directly related to the Alport findings, we performed renal ablation produced 

CKD in C57BL/6J mice, the background strain of our Alport mice. As shown in 

supplemental Fig. 3, CKD increased aortic Ca levels in C57BL/6J mice, stimulated 

osteoblastic transition in the aorta shown by expression of Runx2, and increased activin A 

and pSmad2. These findings are similar to the results in Alport mice shown in Fig. 2. 

RAP-011 decreased aortic Ca, pSmad2, and Runx2, again without affecting the elevated 

PTH and FGF23 levels (supplemental Fig. 4) This data also suggests that the findings in 200 

do Alport mice with CKD were due to CKD and not specific to Alport syndrome, since the 

CKD-MBD phenotype is similar in C57BL/6J and Alport mice.

In conclusion, the study of murine Alport syndrome demonstrates activation of ActRIIA 

signaling in the kidney, skeleton, vasculature and the heart during CKD. The studies support 

the concept that an endocrine factor produced in the kidney during disease disrupts organ 

homeostasis outside of the kidney and participates in the pathogenesis of the CKD-MBD. 

The studies provide support for the hypothesis that inhibition of ActRIIA signaling will be 

efficacious in the CKD-MBD and CKD related to the upregulation of activin in the kidney 

during disease and its effects to stimulate fibrosis and systemic ActRIIA.
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CONCISE METHODS:

Animal Model:

The model of CKD we used was the murine homolog of X-linked Alport syndrome, which is 

a deficiency in the gene for the α5 chain of type IV collagen, Col4a5.(24) The mice develop 

spontaneous kidney disease, and they were used to confirm the effects of renal ablation 

induced CKD on circulating activin levels, the CKD-MBD and renal fibrosis. Breeding pairs 

were obtained from Yoav Segal, Univ. of Minnesota and were bred for experiments. All 

mice received a standard chow diet throughout. Hemizygote males spontaneously developed 

kidney disease comparable with human CKD stage 3–4 at 150 days after birth, stage 4–5 

equivalent disease by 200 days and developed hematuria by day 75 of life.

The study design utilizes three groups of mice, wild type littermates, Alport mice treated 

with vehicle, and Alport mice receiving subcutaneous injections of RAP-011, a ligand trap 

for the ActRIIA receptor (Celgene, Summit, NJ) given 10 mg/kg twice a week beginning at 

day 75 of life until euthanasia at 200 days. The dose used was previously shown in PK/PD 

studies to be an efficacious dose for stimulation of bone formation,(69) and in Agapova et al. 

(15). The rest of the methods are in the supplemental materials.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure one. 
Bone histomorphometry in the groups of mice: Wild-type (white bars), Alport vehicle-

treated (black bars), Alport RAP-011 treated (gray bars). A, Eroded perimeter/bone 

perimeter (E.Pm/B.Pm). B, Osteoclast number (N. Oc/BL(100 mm)). C, Osteoclast 

perimeter/bone perimeter (Oc.Pm/B.Pm). D, Osteoblast number (N.Ob/BL (110mm)). E, 

Osteoblast perimeter/bone perimeter (Ob.Pm/B.Pm). F, Mineral apposition rate (MAR). G, 

Bone formation rate/bone perimeter (BFR/B.Pm). H, Bone formation rate/osteoblast (BFR/

Ob). I, Mineralization lag time (MLT). J, Osteoid area/bone area (O.Ar/B.Ar). K, Osteoid 

perimeter/bone perimeter (O.Pm/B.Pm). L, Osteoid width (OW). M, Bone Area (B.Ar.). N, 

Double label perimeter (dL.Pm). Alport mice had increased bone resorption and osteoclasts 

prevented by RAP-011 treatment. Alport mice had increased osteoblast number and surface 

but MAR and BFR/B.Pm were not increased. RAP-011 did not further increase osteoblast 

number but increased MAR and BFR/B.Pm. Alport mice had increased osteoid perimeter 
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which was corrected by RAP-011 treatment. N.D., not different. n=13 for WT, 8 for Alport 

and 12 for RAP-01, see Methods for histomorphometry techniques. Data are mean ± SEM.
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Figure two. 
Vascular calcification in Alport mice and aortic ActRIIA signaling. A, Deposits of calcium 

phosphate (black patches) were detected by micro-CT in the aortic adventitia and media 

adjacent to the adventitia of Alport mice. B, Deposits of calcium phosphate were detected by 

von Kossa staining in the aortic adventitia and media adjacent to the adventitia of Alport 

mice (scale bar 20µm). C, Aortic calcium levels in the groups of mice. Alport mice had 

significantly elevated aortic Ca levels, which were reduced by RAP-011 treatment. D, 

Analysis of ActRIIA signaling in aortic homogenates. Westerns of aortic homogenates from 

3 WT, 3 Alport vehicle-treated, and 3 Alport RAP-011 treated mice. E, quantitation of the 

Westerns in D. Activin A and p-Smad2 levels were increased in homogenates from Alport 

vehicle-treated mice, and they were reduced in homogenates from Alport RAP-011 treated 

mice. SM22α (Transgelin) and SMA (smooth muscle actin) were increased in the 

homogenates from the Alport vehicle-treated mice aortas. SMA was decreased in the 
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homogenates from the Alport RAP-011 treated mice aortas compared to vehicle-treated 

Alport mice. Runx2 and osterix (Osx) were induced in the aortic homogenates from the 

Alport vehicle-treated mice and reduced by RAP-011 treatment. n = 6 for each group in E.
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Figure three. 
Cardiac weights in the groups of mice. Cardiac hypertrophy developed in the Alport vehicle-

treated mice, and this was prevented in the Alport mice treated with RAP-011.
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Figure four. 
Western analysis of renal klotho. A, Klotho levels in renal homogenates from 6 wild-type 

mice, 5 Alport vehicle-treated mice, and 6 Alport RAP-011 treated mice. B, quantitation of 

the klotho levels in A. Data are reported as mean ± SEM.
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Figure five. 
Kidney function in Alport mice. A, Inulin clearances in 150 day old groups of mice. The 150 

do Alport vehicle-treated mice had significantly reduced GFR compared to WT littermates. 

RAP-011 had better preserved GFR than the vehicle-treated mice. B, Serum BUN in 200 

day old groups of mice. The BUN of 200 do Alport mice were consistent with severe CKD 

and GFR ≤ 10–15% of WT. RAP-011 treatment decreased the BUN at 200 do. C, Urine 

albumin-to-creatinine ratios in the groups of mice. Consistent with delayed progression of 

the RAP-011 treated Alport mice compared to vehicle-treated Alport, the UACR was not 

different between the two groups of mice. The “n” for the groups in A-C were as follows: 

WT = 6, Alport vehicle = 7, and Alport RAP-011 = 7; p<0.05.
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Figure six. 
Photomicrographs of trichrome stained cortical sections (scale bars 50µm) from: A, 200 do 

wild-type littermate mouse; B, 200 do vehicle-treated Alport mouse showing severe 

interstitial fibrosis and glomerulosclerosis; C, 200 do RAP-011 treated mouse showing less 

interstitial fibrosis than in the vehicle-treated mice and retention of more normal glomerular 

morphology; D, Quantification of interstitial inflammation and fibrosis: The results are mean 

±SD, n=6 kidneys per group. Five fields from each kidney were measured to get the 

interstitial volume of that kidney. The line through the bars is the upper limit of normal 

interstitial volume.
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Figure seven. 
Analysis of ActRIIA signaling in renal homogenates. A, Westerns of kidney homogenates 

from 6 WT, 5 Alport vehicle-treated, and 6 Alport RAP-011 treated mice. p-Smad2 and 

Smad 2/3 levels were increased in homogenates from Alport vehicle-treated mice, and they 

were reduced in homogenates from Alport RAP-011 treated mice. ActRIIA was induced in 

Alport mice, and the targets fibronectin and MCP-1 were also induced in Alport mice. 

RAP-011 treatment lowered fibronectin and MCP-1 levels. B, quantitation of the Westerns 

in A. Data are reported as mean ± SEM.
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Table 1.

Serum biochemical parameters in the various groups of animals

Group 1 Group 2 Group 3

Mouse wildtype Alport Alport

Sex Male Male Male

Days postnatal 200 200 200

Treatment None Vehicle RAP-011

N 15 21 10

Ca (mg/dl) 8.5 ± .5 9.62 ± 1.0 * 9.8 ± 0.8 *

Phosphorus (mg/dl) 9.2 ± 0.9 10.5 ± 2.9 10.8 ± 2.0

Parathyroid Hormone (pg/ml) 181 ± 39 805 ± 493 * 700 ± 750

FGF 23 (pg/ml) 213 ± 88 2624 ± 2540 * 1639 ± 1050

Mouse C57Bl6J 
# Sham operated Ablative CKD Ablative CKD

Sex Male Male Male

Weeks postnatal 28 28 28

Treatment None Vehicle RAP-011

N 6 6 6

Ca (mg/dl) 7.9 9.0 7.5

Phosphorus (mg/dl) 11.1 10.4 10.9

Parathyroid Hormone (pg/ml) 181 382 392

FGF23 (pg/ml) 221 561 1745

*
P < 0.05, groups 2 and 3 compared to group 1

#
see supplemental figure 4
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