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ABSTRACT 

Background: Disturbances in metabolic homeostasis, resulting in cardiovascular disease, 

are the major cause of morbidity and mortality in patients with chronic kidney disease 

(CKD). Mineral deposition in the vascular smooth muscle cell (VSMC)-rich medial layer 

of the vessel wall is a prominent driver of mortality in these patients. Vascular calcification 

(VC) is now recognized as  an important predictor and  independent risk factor for all-cause 

and cardiovascular mortality in patients with advanced CKD. Prolonged impairment in 

kidney functions, characteristic of chronic CKD, results in marked changes in blood 

biochemistry, namely elevated circulating levels of inorganic phosphate (Pi) and calcium. 

These changes in circulating mineral content trigger osteogenic transdifferentiation and 

apoptosis of the VSMCs, subsequently leading to VC. In addition to kidney-related 

metabolic changes, chronic inflammation and liver disease are also associated with 

increased VC. T-cell death-associated gene 51 (TDAG51) and growth differentiation factor 

10 (GDF10) have been previously reported to contribute to metabolic regulation in 

conditions of atherogenic VC, osteogenesis, and adipogenesis. However their role in medial 

VC and associated morbidities remains unknown. Methods and Results: Using a 

combination of in vitro, ex vivo and in vivo models findings presented in this thesis 

demonstrate that TDAG51 is an important modulator of VC, and as such is upregulated by 

conditions of hyperphosphatemia. I show that VSMCs from TDAG51-/- mice exhibit 

reduced expression and activity of key driver of osteogenic transdifferentiation, Runt-

related transcription factor 2 (Runx2). To explain these observations, I demonstrate reduced 

expression of type III sodium-dependent Pi transporter, Pit-1, as well as intracellular Pi in 
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these cells. Additionally, GDF10, an established inhibitor of osteogenesis, was identified 

to be significantly upregulated in TDAG51-/- VSMCs and mice. In line with these 

observations, knockdown of human homologue of TDAG51, pleckstrin homology-like 

domain, family A, member 1, resulted in increased expression of GDF10. Consistent with 

the anti-osteogenic role of GDF10, treatment with recombinant human GDF10 reduced Pi-

mediated hydroxyapatite deposition, Runx2 expression and activity in primary mouse 

VSMCs. Interestingly, GDF10-/- mice develop severe adiposity, hepatic lipid accumulation, 

injury and inflammation. To explain this phenotype, a marked increase in the expression 

and activity of established driver of adipogenesis, peroxisome-proliferator-activated 

receptor γ (PPAR γ) in the livers of GDF10-/- mice was demonstrated. Complementary 

experiments in cultured hepatocytes demonstrate that treatment with recombinant human 

GDF10 attenuates nuclear PPAR γ expression and subsequent lipid accumulation, 

inflammation and fibrosis in these cells. Conclusion: This work highlights TDAG51 as an 

important regulator of Pi-mediated VC through downregulation of Pit-1, Runx2, and 

GDF10. Additionally, GDF10 has been described as a novel systemic inhibitor and a 

potential diagnostic marker for VC. Lastly, this work further characterizes GDF10 as an 

adipokine important in the regulation of hepatic lipid levels, which can indirectly affect 

vascular health. 
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1.1 NATURAL HISTORY OF ARTERIAL STIFFNESS DUE TO 

CALCIFICATION 

The large elastic arteries play an important role in buffering the cyclical cardiac flow. In a 

healthy individual, the vasculature maintains low systolic blood pressure by expanding to 

accommodate the stroke volume during systole and subsequently recoiling in order to 

preserve adequate blood pressure to allow for sufficient cardiac perfusion during diastole1,2. 

As stiffening of the vasculature progressively increases with age, it accelerates the 

development of cardiovascular (CV) disease (CVD) and deterioration of major organs3. An 

increase in the arterial stiffening is recognized as an independent predictor of myocardial 

infarction, hypertension, stroke, left ventricular hypertrophy and atherosclerosis as well as 

CV complications in patients with diabetes mellitus (DM) and chronic kidney disease 

(CKD)4-6. Vascular stiffening is further exacerbated by CVD, metabolic syndrome, DM, 

and CKD3. Additionally, the aortic pulse wave velocity – the indicator arterial stiffness – 

is also an important predictor of CV risk in the healthy general population7.  

Extensive pathophysiological studies have elucidated numerous mechanisms 

contributing to the progressive increase in arterial stiffness. Structural and functional 

changes that occur in the vasculature as a result of aging, CVD, and metabolic syndrome 

are thought to drive this process2. In patients with essential hypertension, arterial stiffness 

is elevated in response to persistent arterial pulsatile stress due to the elevated blood 

pressure, which occurs as a result of vascular remodeling8. Studies also demonstrate that 

chronic hyperglycemia, observed in patients with DM, results in persisting activation of the 

renin-angiotensin system leading to vascular smooth muscle cell (VSMC) proliferation, 
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inflammation, advanced glycation end products formation, and collagen crosslinking, 

subsequently leading to structural alterations of the arterial wall and increased vascular 

stiffness6. Activation of the renin-angiotensin system also occurs independent of 

hyperglycemia in patients with CKD9. Emerging evidence demonstrates a link between 

arterial mineral deposition, commonly referred to as vascular calcification (VC), and 

arterial stiffness which accelerates the development of CVD2,10,11.  

A variety of arterial wall cell types contribute to arterial stiffening, including 

endothelial cells, fibroblasts, inflammatory cells, and VSMCs2,3. Among these, VSMCs are 

essential for maintaining vascular elasticity and compliance2,3. Under normal heathy 

condition, VSMCs regulate vascular tone by producing crucial extracellular matrix (ECM) 

components, such as collagens and elastin. The bi-directional cross-talk between the 

VSMCs and the ECM also helps maintain vascular homeostasis2. However, in conditions 

of vascular stress, due to toxicity or elevated blood pressure, ECM remodeling promotes 

arterial stiffness in-part due to VC and overproduction of ECM components. Conversely, 

mineral deposition in the VSMCs drives ECM remodeling further exacerbating this unique 

pathophysiological adaptations that lead to an increase in arterial stiffness and subsequent 

increase in CV risk2,10,12.   

1.1.0 Intimal vs. medial vascular calcification 

VC of the large arteries is a phenomenon dating as far back as >2,000 years. Computed 

tomography scans of mummies from the Egyptian empire show presence of mineral 

deposits in various vessels, including aorta, coronary, carotid, iliac, and femoral arteries13. 
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Abundant evidence now demonstrates that VC is a pathophysiologic condition prevalent 

in aging, DM, dyslipidemia, CKD, and some genetic conditions2,10,14. In a meta-analysis, 

Wang et al.15 conclude that 53-68 % of patients with CKD have coronary artery 

calcification. There are two major types of VC: intimal calcification and medial 

calcification16. As the name suggests, intimal calcification is present within the tunica 

intima, and is associated with hyperlipidemia, macrophage infiltration, and vascular 

inflammation16. Medial VC, also known as MÖnckeberg sclerosis, is found within the 

VSMC-rich tunica media, and occurs independent of atherosclerosis (Figure 1)10. 

Numerous epidemiological studies have linked the prevalence and the extent of VC with 

increased risk of all-cause and CV mortality both in heathy and diseased populations17-19. 

Calcification of the intimal layer of the vessel wall is defined by lipid deposits in a 

form of fatty streaks spanning the large elastic arteries and is prevalent in progressive 

atherosclerotic lesions16. On the other hand, medial VC, which presents as sheet-like 

mineral deposits within the medial layer of the vessel wall, occurs independent of intimal 

calcification10. Medial VC is a unique and prominent type of vascular mineral deposition 

that is almost exclusively associated with mineral metabolism dysregulation observed in 

patients with advanced CKD17,20,21. Significant medial VC of coronary arteries is present 

in the absence of intimal mineral deposition and is associated with an increase in serum 

creatinine – indicative of reduced renal function22. Similarly, Moe et al.23 show an 

increase in medial VC of the epigastric artery in the absence of classical atherosclerosis 

in patient with CKD. Additionally, medial VC is present in vessels of both the central and 

the peripheral circulatory system in patients with CKD24. Autopsy studies reveal an 
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increased hydroxyapatite (HA) mineral deposition within vasculature in patients with 

CKD25,26. In line with these studies, the frequency of calcific atherosclerotic plaque 

formation is increased in patients with CKD compared to age-matched subjects with 

normal renal function26,27. Furthermore, the presence of medial VC is a strong predictor 

of CV and all-cause mortality in patients with CKD17.  

Although morphologically distinct, clinical and pathophysiological studies 

demonstrate that there are many similarities between the pathogenesis of intimal and 

medial VC20. In particular, increased oxidative stress- and hyperglycemia-mediated 

systemic and local inflammation are associated with both intimal and medial VC in 

patients with CKD as well as those presenting with classical atherosclerosis20. The state 

of chronic inflammation is also associated with increased CV mortality, a condition that 

is further exacerbated in patients with CKD28. In line with these findings, there exists a 

positive correlation between systemic inflammation and presence of both intimal and 

medial calcification in hemodialysis patients29,30. Additionally, expression of markers of 

inflammation in calcified arteries from patients with CKD differs from that of non-uremic 

controls31. However, even though patients with CKD frequently present with both types 

of VC, medial VC is more prevalent due to kidney-induced changes in blood 

biochemistry. For this reason, patients with advanced CKD exhibit an additive CVD-

associated risk due to the presence of both types of VC.  
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Figure 1. Intimal vs. medial VC. Healthy large elastic arteries are broadly divided into 

tunica intima, composed of endothelial cells (EC), and tunica media that is rich in vascular 

smooth muscle cell (VSMC). Pathological deposition of hydroxyapatite (HA) mineral 

crystals can occur within both layers of the vessel wall. HA mineral deposition in the 

intimal layer of the vessel wall is associated with atherosclerotic plaques, whereas mineral 

deposition in the medial layer of the vessel wall almost exclusively occurs in patients with 

chronic kidney disease. Figure adapted from Kakani et al21. 
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1.1.1 The link between impaired renal function and cardiovascular death  

CKD is a major cause of morbidity and mortality both nationally and internationally15. The 

prevalence of CKD is 13% worldwide, while approximately 15% of individuals suffer from 

this disease in Canada and USA32. A numbers which are likely to increase with increase in 

aging population. CKD is characterized by the presence of kidney damage or decline of 

kidney function lasting longer than 3 months, and is classified by a degree of renal 

impairment, measured by the estimated glomerular filtration rate (eGFR), urinary albumin-

to-creatinine ratio and presence or absence of kidney damage33. Currently CKD is defined 

by eGFR of less than 60 mL/min per 1.73 m2 or urinary albumin-to-creatinine ration of 

greater than 30 mg/g. CKD can be further classified into 5 stages based on eGFR, as well 

as recently modified 3 stage classification of albuminuria. The newly adopted classification 

system emphasizes the prognostic value of these key drivers of CKD33. The progressive 

decline in renal function results in end-stage renal disease (ESRD) which requires renal 

replacement therapy delivered either in the form of dialysis or renal transplantation34. 

Chronic renal insufficiency is associated with increased risk of all-cause and CVD-

associated mortality35-38.  

Patients with CKD present with a multitude of CVD outcomes, including ischemic 

heart disease, heart failure, arrythmias, and peripheral vascular disease11. The evidence 

from several epidemiological studies conducted in the general population as well as various 

clinical populations demonstrates a strong relationship between renal insufficiency and the 

CVD35-37,39. The Framingham Heart Study assessed the effect of reduced renal function on 

CV death in general population. Over a 15 year follow-up period, the study showed that 
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impaired renal function correlates with an increase in CV events and all-cause mortality in 

men, while no significant association was observed in women39. In a cohort of 1,120,295 

adults, Go et al.35 defined an independent inverse association between renal function – 

assessed by eGFR – and the rate of CV event, death, and hospitalization. Similarly, a meta-

analysis including 266,975 patients showed a correlation between renal disfunction, 

measured by eGFR and albuminuria, and CV mortality36. Consistent with these findings, 

Manjunath et al.37 reported a 5% increase in risk of CV mortality with every 10 mL/min 

per 1.73m2 reduction in eGFR. CVD in turn can exacerbate the progression on CKD, as 

shown by a 29% higher risk of decline in renal function in patients with heart failure40.  

 CV mortality is about 15 to 30 times higher in patients with advanced CKD 

compared to age-adjusted rate of CVD-associated mortality in the general population41. 

Despite the presence of traditional CVD risk factors in patients with CKD, they can only 

partially explain the strikingly high prevalence of CVD mortality in this patient population. 

Thus many studies have now delineated the relationship between non-traditional risk 

factors that are almost exclusively unique to patients with CKD and CV risk. These include, 

but are not limited to, albuminuria, hyperparathyroidism, as well as mineral and bone 

disorders11. Importantly, both traditional and non-traditional risk factors have an additive 

effect in patients with CKD, expediating CVD progression.  

 In addition to low eGFR, renal disease is also defined by the presence of excess 

albumin in the urine, which is now regarded as an independent marker of CV risk42. 

Microalbuminuria, defined as urinary albumin excretion rate of 30 to 300 mg per 24 hours, 

is recognized as a predictor of CV mortality in the general population and patients with 
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DM41. In a cohort of 40,548 adults between ages 28 and 75, the Prevention of Renal and 

Vascular End Stage Disease Study group demonstrated a positive dose-response 

relationship between urinary albumin concentration and all-cause mortality, as well as CV 

mortality43. In a similar manner, the Heart Outcomes Prevention and Evaluation study 

reported that microalbuminuria increased the adjusted relative risk of CV events, 

congestive heart failure, and all-cause mortality in those with and without DM38. In a 

similar population, Zeeuw et al.44 showed that albuminuria was a strong independent 

predictor of CV risk in patients with diabetic nephropathy. Importantly, recent studies have 

established that any degree of rise of albuminuria, even within currently defined normal 

range (< 30 mg per 24 hours), leads to an increase in CV risk41.  

 Similar to albuminuria, hyperthyroidism develops in the early stages of renal 

insufficiency as an adaptive mechanism to maintain calcium homeostasis11. Under normal 

healthy conditions, the parathyroid hormone (PTH) maintains a narrow range of blood 

calcium by regulating calcium resorption in the cortical bone, its absorption in the intestine, 

and excretion by the kidney45. However, disturbances in calcium and vitamin D metabolism 

that occur as a result of CKD lead to secondary hyperthyroidism defined by an increase in 

PTH secretion, synthesis, and parathyroid gland hyperplasia45. It is also important to note 

that abnormalities in phosphate (P) metabolism, observed in patients with progressive 

CKD, can contribute parathyroid gland dysfunction, while PTH abnormalities also 

exacerbate hyperphosphatemia46. Aberrant PTH regulation is related to atherosclerosis, 

endothelial dysfunction, inflammation, elevated blood pressure, VC, and increased risk of 

CV events; conditions that are further heightened in patients with CKD47.  
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Mineral and bone disorders are also prevalent in patients with CKD, and occur as a 

result of persistent mineral and hormonal imbalances described above48. Patients with CKD 

exhibit higher risk of fractures compared to age-adjusted general population49. There also 

exists an inverse relationship between bone mineral density and VC, suggesting that these 

two processes occur in parallel50,51. Pathomorphological studies show presence of 

structures resembling bone, cartilage, and bone marrow elements in calcified 

vasculature23,24,52. Thus, a combination of pre-existing traditional CV risk factors and non-

traditional pathologies that occur as a result of impaired kidney function, lead to increased 

risk of CV mortality in patients with advanced CKD. 

 

1.1.1 The role of phosphate in the development of vascular calcification 

The majority of P in the body is found in the form of organic P, which is essential for 

cellular structure and function, energy production, glucose synthesis, as well as cellular 

signaling53. In humans, 85% of P is found in bone, 14% is in the intracellular space and 1% 

is found in the extracellular fluid54. The free P found in the extracellular space, mainly in 

the form of inorganic P (Pi), functions as a buffering system55. Similar to extracellular 

calcium, maintenance of normal serum Pi depends on absorption in the gut, reabsorption 

and excretion in the kidney, and the flux between blood content and skeletal system53. 

Under healthy conditions, the narrow normal range of extracellular Pi concentration is 

regulated by complex crosstalk between the bone, intestine, kidney, and parathyroid gland. 

At the cellular level, PTH, calcitriol and fibroblast growth factor 23 (FGF23) are the main 

regulators of extracellular Pi content53. Dysregulation of this homeostasis has serious health 
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consequences. Studies show that even a small increase in serum Pi, within or outside of the 

normal range, correlate with increased CV mortality in patients with CKD and those with 

normal renal function56-58.  

In humans, an increase in serum Pi triggers a subsequent increase in the secretion of 

PTH and FGF23 from the parathyroid glad and bone cells respectively53. Both PTH and 

FGF23 inhibit Pi reabsorption in the kidney by decreasing the expression of sodium-

dependent phosphate transporters, NaPi-2a and NaPi-2c. Additionally, FGF23 also 

decreases Pi absorption in the intestine by reducing the expression of NaPi-2b in the gut 

and suppressing circulating calcitriol levels53. There also exists a reciprocal regulatory 

cascade between FGF23 and PTH, where PTH increases FGF23 expression directly and 

indirectly via calcitriol, and FGF23 inhibits PTH expression53. Thus, an increase in renal Pi 

excretion and a decrease of intestinal Pi absorption lower the concentration of free Pi in the 

circulation (Figure 2).   

Chronic renal insufficiency combined with abnormalities in bone-mineral turnover and 

hormonal imbalance lead to a persistent state of hyperphosphatemia and eventually Pi 

toxicity in patients with CKD59. Therefore, hyperphosphatemia is a complication of late 

stage CKD, and as such is an important predictor of CV mortality in these patients56. An 

increase in serum Pi concentrations, even within normal range, can increase both valvular 

and vascular calcification in patients with both normal and impaired renal function58,59. 

Consistently, elevated calcium x Pi product is associated with increased medial VC in 

dialysis patients56. Additionally, high Pi ex vivo culture of arterial rings from patients with 

CKD promotes mineral deposition within the arterial tissue60. Consistent with these 
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findings, El-Abbadi et al.61 reported that high Pi loading is significantly associated with VC 

in uremic mice. Likewise, high Pi levels in VSMC culture leads to an induction of pro-

osteogenic phenotype and mineral deposition in these cells62. Conversely, lowering serum 

Pi slows the progression of VC in patients with ESRD63,64. Collectively, current knowledge 

leads to the conclusion that Pi is a clinically important modulator of vascular function and 

CVD in the general population and patients with renal insufficiency.  
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Figure 2. Pi homeostasis. In a healthy individual Pi homeostasis is maintained by the 

complex crosstalk between the parathyroid gland, bone, intestine, and kidney. An increase 

in serum Pi occurs as a result of (i) Pi reabsorption in the kidney via NaPi-2a/b 

cotransporters, (ii) Pi absorption in the intestine via NaPi-2b cotransporter, and (iii) Pi 

resorption from the bone. An increase in extracellular Pi then triggers secretion of PTH and 

FGF23 from the parathyroid gland and bone, respectively. PTH and FGF23 both inhibit Pi 

reabsorption in the kidney by decreasing the expression of NaPi-2a/c Pi cotransporters. 

Additionally, FGF23 reduces Pi absorption in the gut by decreasing the expression of NaPi-

2b Pi cotransporters, as well as suppressing circulating calcitriol. High circulating levels of 

calcitriol inhibit PTH and stimulate FGF23 secretion, whereas low calcitriol levels 

stimulate PTH secretion. There also exits a reciprocal relationship between FGF23 and 

PTH, whereby PTH increases FGF23, and FGF23 inhibits PTH. Figure adapted from Ritter 

and Slatopolsky53 
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1.2 MOLECULAR MECHANISMS DRIVING MEDIAL VASCULAR 

CALCIFICATION 

Although previously thought of as a passive phenomenon, VC is now recognized as a 

highly regulated process that shares many similarities with bone formation, and is defined 

by osteogenic transdifferentiation, matrix maturation, and mineralization stages12,16. This 

multifaceted process is regulated by a number of intra- and extra-cellular stimuli as well 

as environmental factors16. Osteogenic transdifferentiation of vascular cells, mainly 

VSMCs, is a common feature present in both intimal and medial VC16. The plasticity of 

VSMCs is critical for the phenotypic transition that occurs during osteogenic 

transdifferentiation, as well as transdifferentiation into other cell types of mesenchymal 

lineages, such as chondrocytes and adipocytes65-67. Osteogenic transdifferentiation of 

VSMCs is characterized by the loss of contractile phenotype followed by the transition to 

osteoblast-like phenotype; the process which features an increase in bone markers 

accompanied by a concurrent decrease in smooth muscle markers23,24,65. Similar to 

osteoblast differentiation of bone cells, increased expression of alkaline phosphatase 

(ALP) and type I collagen (Col I) is also observed in the VSMCs undergoing the 

osteogenic switch23. There are a number of intra- and extra-cellular regulators of VC, 

including elevation of oxidative stress, hyperglycemia, dysregulation of mineral 

metabolism, and initiation of pro-osteogenic program in the VSMC20. Additionally, 

multiple genetic regulator of VC have also been identified68. However, broadly speaking, 

apart from the genetic pre-dispositions, external stimuli affect the two main 

pathophysiological processes that facilitate the development of VC, namely pro-
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osteogenic phenotype transition and apoptosis of the VSMCs (Figure 3)2,10,12. 
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Figure 3. Cellular and systemic drivers of VC. The two major pathophysiological 

mechanisms that contribute to VC are apoptotic cell death and osteogenic 

transdifferentiation of VSMCs. Additionally, downregulation of inhibitors of VC, 

including ENPP1, Fetuin-A, OPN, MGP, PPi, exacerbates this process. In a setting of 

CKD, elevated extracellular Pi is one of the major drivers of VC. In VSMCs, Pi transporter 

is regulated by sodium-dependent Pi transporters, Pit-1 and Pit-2. Elevated intracellular 

Pi promotes pro-osteogenic phenotype, characterized by decrease in smooth muscle cell-

specific genes, including ACTA2, MYH11, SMTN, VIM,  and a concurrent increase in 

pro-osteogenic genes, including Runx2, OSX, OCN, MSX2, Col A1. Additionally, Pi 

toxicity promotes apoptosis of VSMCs, which further contributes to vascular 

mineralization. Figure adapted from Li et al. and Shanahan et al10,69. 
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1.2.1 Genetic determinants of vascular calcification  

Genetic studies have established that VC of the large contractile arteries is heavily 

influenced by heritability70,71. The Framingham Heart Study concluded that 49% of 

variability in the abdominal artery calcification can be attributed to genetic variations70. 

In a different study, Peyser et al.71 examined coronary artery calcification (CAC) in 698 

adults and also concluded that 41.8% of variation in CAC is attributable to genetic factors. 

Although arterial calcification of the aorta, coronary, carotid, and peripheral arteries 

increases with age, DM, CKD, as well as other metabolic disorders, genetic factors play 

a key role in modulating VC14,20. To date many key regulators of VC have been identified 

through genetic studies in human as well as animal models. These include matrix proteins, 

circulating calcium-binding proteins, regulators of Pi and pyrophosphate (PPi) metabolism 

and many others68.  

Matrix-Gla protein (MGP) is a vitamin K-dependent protein secreted 

predominantly by chondrocytes and VSMCs20,68. MGP acts as a powerful endogenous 

inhibitor of VC by binding to calcium in order to prevent the accumulation of mineral 

deposits68. In clinical studies, single-nucleotide polymorphisms (SNPs) in the MGP gene 

have been linked to Keutel syndrome and severe arterial calcification72,73. In line with these 

studies, MGP-/- mice develop severe ectopic mineral deposition in soft tissues, such as 

arteries and cartilage74. MGP deficient ApoE-/- mice develop extensive medial VC when 

compared to ApoE-/-75. Consistently, inhibition of vitamin K metabolism leads to the 

production of functionally-deficient MGP and subsequent VC76. Likewise, SNPs in the 

vitamin K epoxide reductase, a protein essential for vitamin K function, are also associated 
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with aortic calcification77. Osteopontin (OPN) is another matrix protein that acts as an 

inhibitor of VC through adhesion to apatite crystals68. OPN level is associated with CAC 

presence and severity in dialysis patients78. Furthermore, exogenous addition of OPN 

prevents mineral deposition and promotes regression of ectopic calcification79. 

Fetuin-A is a systemic calcification inhibitor, that in a manner similar to MGP and 

OPN, prevents VC by directly interacting with the mineral particles to prevent HA crystal 

precipitation68,80. Variations in fetuin-A allele are associated with reduction in circulating 

fetuin-A and an increase in circulating Pi in healthy individuals81. A decrease in circulating 

fetuin-A levels is also associated with increased VC in patients with atherosclerosis, DM, 

and CKD82-84. In their study, Lehtinen et al.85 identified four different SNPs in fetuin-A 

gene that are associated with the extent of CAC in patients with DM. In line with these 

findings, Fetuin-A knock out (KO) mice develop severe calcification of soft tissues, 

supporting its key role of powerful circulating inhibitor of VC86.   

The homeostasis between Pi and PPi is critical for the maintenance of vascular 

health12,68. Genetic and pathophysiological studies identified three key proteins that work 

in concert to suppress spontaneous arterial calcification by modulating Pi and PPi 

homeostasis68. Ectonucleotide pyrophosphatase/phosphodiesterase 1 (ENPP1) is an 

enzyme that hydrolyzes adenosine triphosphate (ATP) into adenosine monophosphate 

(AMP) and PPi at the cell membrane, where it is thought to be subsequently transported to 

the extracellular matrix via the ANK transporter68,87. PPi is a well-known inhibitor of HA 

formation, and ENPP1 deficiency in humans is associated with severe arterial calcification 

of infancy, characterized by extensive mineral deposition in the soft tissues87. Additionally, 



PhD. Thesis–Khrystyna Platko; McMaster University–Medical Sciences 

 

 19 

polymorphisms in the ENPP1 gene are associated with significantly higher CAC in patients 

with ESRD88. In support of these findings, the ENPP1-/- mice also develop increased 

arterial mineral deposition89. Similarly, mice with mutations in the ANK gene exhibit 

defects in PPi metabolism and as a result increased VC90. The cluster of differentiation 73 

(CD73) is also a cell surface enzyme that hydrolyzes the AMP produced by ENPP1 to 

generate adenosine, which in turn suppresses tissue nonspecific ALP expression, vascular 

inflammation, and Pi production68. In humans, deficiencies in CD73 lead to calcification of 

joints and arteries91. On the other hand the ATP binding cassette subfamily C, member 6 

(ABCC6) is a transmembrane ATP and adenosine transporter though to aid in the 

maintenance of extracellular PPi/Pi homeostasis68. Similar to phenotype observed in ENPP1 

and CD73 deficient mice and humans, ABCC6 deficiencies lead to calcification of the soft 

tissues, such as skin, retina, aorta, and vena-cava92. Thus, monogenic mutations in ENPP1, 

CD73, and ABCC6 are established drivers of molecular changes that subsequently lead to 

prominent arterial calcification.  

 Recent association analyses have identified additional diverse mediators of VC in 

human and mouse studies, including adiponectin, klotho (KL), and carbonicanhydrase-2 

(CA2)93-95. Adiponectin is a systemic an anti-inflammatory hormone produced by 

adipocytes. SNPs in the adiponectin gene are associated with increased prevalence of CAC 

in African American population93. In support of these findings, adiponectin-deficient mice 

develop age-onset aortic calcification96. Similar to adiponectin, KL is a circulating protein 

known to regulate oxidative stress and insulin sensitivity94. Although there currently there 

exists no associations between mutations in the human KL gene and VC, KL-deficient mice 
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develop arterial stiffening, osteoporosis, and ectopic calcification68,94. Consistently, KL 

abundance declines with renal insufficiency94. CA2 is an ion transporter crucial for normal 

bone turnover68. In humans, loss of CA2 function leads to cerebral calcificatio97. Likewise, 

mice deficient in Ca2 develop extensive age-onset medial VC98.  

Additionally, the transforming growth factor-β (TGF-β) superfamily signaling has 

fundamental roles in embryonic skeletal development and postnatal bone homeostasis, as 

well as regulation of soft-tissue calcification99. SMA-related and MAD-related protein 

(SMAD) 6 is a negative regulator of the TGF-β signaling and a known inhibitor of VC100. 

Mice deficient in SMAD6 develop arterial calcification100. On the other hand, bone 

morphogenic protein (BMP) 7 protects against VC and promotes a VSMC-specific 

phenotype by upregulating the expression of α-smooth muscle actin (α-SMA)101. 

Furthermore, SNPs in BMP7 gene are associated with arterial calcification in patients with 

DM102.  

 

1.2.2 Osteogenic transdifferentiation of the VSMCs 

Chronic renal insufficiency promotes changes in both systemic and local stimuli that drive 

the development of VC14,20,23,28. Osteogenic transdifferentiation of VSMCs is a highly 

regulated pathophysiological process that shares many common features with 

differentiation of bone cells10,16,20. In VSMCs, this process is characterized by increased 

expression of bone-specific markers and concurrent decrease in the expression of VSMC-

specific markers24,65. Bone-related transcription factors, including Runt-related 

transcription factor 2 (Runx2), Msh homeobox 2 (MSX2) and osterix (OSX) have been 
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detected in calcified vessels60,103,104. These transcription factors are well-established 

regulators of osteoblast and chondrocyte differentiation, and are now also recognized as 

crucial mediators of VC. Among them, Runx2 is regarded as a specific and indispensable 

regulator of osteogenic differentiation of the VSMCs12,20.  

Various experimental approaches have determined the essential role of Runx2 in 

the development of VC. Clinical studies and animal models highlight an increase in the 

expression of Runx2 and its downstream targets osteocalcin (OCN), ALP, and Col I in 

calcified vessels23,60,105. Overexpression of Runx2 in the VSMCs and adipose-derived stem 

cells is sufficient to induce osteogenic transdifferentiation of these cells106,107. In support of 

these findings, Runx2 expression is necessary for hyperphosphatemia-induced VC in 

mice108. Conversely, VSMC-specific ablation or downregulation of Runx2 expression 

attenuates VC109,110. In addition to its role as a regulator of osteogenic transdifferentiation 

of the VSMCs, Runx2 expression is also associated with calcification of other vascular 

cells, including endothelial cells and vascular progenitor cells20.  

 A diverse abundance of extracellular stimuli are known to regulate the expression 

and transcriptional activation of Runx2 leading to subsequent osteogenic 

transdifferentiation of the VSMCs. In their study, Byon et al.106 show that reactive oxygen 

species induce osteogenic transdifferentiation of the VSMCs by increasing the expression 

of Runx2 and its downstream targets ALP, OCN, and Col I. Similarly, hyperglycemia and 

glucose metabolites increased Runx2 expression and transcriptional activity in vascular 

cells111. Serum from uremic patients with CKD increased Runx2 expression, while 

simultaneously decreasing the expression of α-SMA in human VSMCs112. However, in the 
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context of advanced CKD, high Pi plays a key role in the pro-osteogenic transdifferentiation 

of VSMCs113. An increase in Pi concentration can also induce Runx2 expression and 

transcriptional activity, leading to mineralization of  the VSMCs as well as ex vivo aortic 

ring cultures60,65,114.  

 In VSMCs, Pi transport is mediated by the type III sodium-dependent Pi 

cotransporters Pit-1 and Pit-262. Pit-1 is the predominant Pi cotransporter found in human 

VSMCs, and as such is necessary for Pi-mediated mineralization69. Pit-1 knock-down 

inhibits Pi uptake and HA deposition, while Pit-1 overexpression leads to increased Pi-

mediated calcification69. In their study, Koleganova et al.115 reported that together with 

other well-established drivers of VC, including Runx2, MSX2 and OCN, Pit-1 expression 

was also increased in calcified arteries from patient with CKD. Similar to the master-

regulator of osteogenic transdifferentiation of the VSMCs, Runx2, Pit-1 expression is also 

induced by Pi, calcium, and BMP2114,116,117.  

 Extensive research has identified multiple cellular signaling pathways that regulate 

Runx2-mediated osteogenic transdifferentiation of the VSMCs. Activation of the protein 

kinase B (AKT) signaling pathway by oxidative stress leads to upregulation of Runx2 

expression and transcriptional activity, resulting in osteogenic transdifferentiation of the 

VSMCs106. Additionally, activation of the mitogen-activate- protein kinase (MAPK) 

pathway increases Runx2 phosphorylation resulting in enhanced mineral deposition in vitro 

and in vivo118. Conversely, downregulation of the p38 MAPK expression in the VSMCs 

attenuates Runx2 transcriptional activity and osteogenic transdifrentiation118. In their study, 

Fujuta et al.119 show that intracellular Pi content regulates nuclear shuttling of Runx2 in 
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osteoblast cells. Collectively, the intra- and extra-cellular stimuli that lead to enhanced 

Runx2 expression via the activation of various cellular pathways are exacerbated in 

conditions of oxidative stress, hyperglycemia, and dysregulation of mineral metabolism. 

 Additionally, recent evidence highlights the importance of a reciprocal relationship 

between peroxisome proliferator-activated receptor γ (PPARγ) and osteogenic pathways120-

122. PPARγ-deficient mesenchymal stem cells differentiate into osteoblast-like cells, while 

PPARγ-deficient mice exhibit an increase in bone mass123,124. In mesenchymal bone 

marrow cells, conditions that lead to osteoblast differentiation inhibit adipogenesis, while 

those promoting adipocyte formation supress osteoblast differentiation125. Consistent with 

these observations, MAPK-mediated phosphorylation of Runx2 and PPARγ is necessary 

for osteoblast differentiation120. VSMC-specific deletion of PPARγ accelerates VC in low 

density lipoprotein receptor deficient mice126. Similarly, Pi-mediated inhibition of PPARγ 

expression exacerbated CKD-associated VC127. Together these findings suggest that a fine 

balance between, PPARγ and Runx2 is necessary for the maintenance of vascular 

phenotype.  

 

1.2.3 Apoptotic cell death as a driver of VC  

Accumulating evidence suggests that apoptosis of the VSMCs is another key cellular 

process that mediates VC10,12. In their study, Proudfoot et al.128 report that apoptosis 

precedes mineral deposition in vivo. Additionally, apoptotic bodies released by damaged 

VSMCs are known to contain high mineral content and act as nucleating agents further 

driving VC12. Consistently, increased apoptosis and matrix vesicle release was also 
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observed in calcifying human VSMCs129. Similarly, treatment of ex vivo cultured aortic 

rings from patients with CKD in high Pi-containing calcifying medium lead to an increase 

apoptotic cell death and subsequent calcification of these vessels60. Calcified vessels from 

pediatric patients undergoing dialysis treatment also exhibit severe apoptosis130. 

Conversely, inhibition of apoptotic cell death attenuates the secretion of mineral-rich 

matrix vesicles as well as VC60,128.  

 Experimental studies in a variety of disease models have identified key modulators 

of cell death and VC. Endoplasmic reticulum (ER) stress has long been recognized as a 

critical regulator of vascular health in the context of atherosclerosis131. However, emerging 

evidence has also defined the role of ER stress in the development of VC132. Tumor necrosis 

factor α-mediated activation of C/EBP homologous protein (CHOP) – a known regulator 

of apoptotic cell death – lead to increased VC in a CKD-dependent model of VC133. 

Consistent with these findings, CHOP deficiency attenuated CKD-dependent apoptotic cell 

death and VC134. Studies also demonstrate an increase in the expression of know modulator 

of DNA damage response machinery and markers of apoptosis, poly [ADP-ribose] 

polymerase (PARP) 1 and 2, at the site of VC in human and animal vessels, as well as 

calcified VSMCs135,136. These enzymes are activated in response to calcifying medium, and 

their inhibition can attenuate mineral deposition in VSMCs135.  

Although under normal healthy conditions, apoptotic cell death and osteogenic 

differentiation are two distinct physiological processes, in the state of chronic renal 

insufficiency, changes in systemic stimuli lead to these two processes being tightly 

intertwined. Activation of ER stress-mediated cell death also results in an increase in ALP 
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activity, which is a well-established indicator of increased Runx2 activation133,134. 

Similarly, PARP signaling regulates Runx2 protein levels and osteogenic 

transdifferentiation of the VSMCs137. It has also been previously suggested that osteogenic 

transdifferentiation and apoptosis are both adaptive processes that occur in response to 

elevated extracellular mineral content. In their study, Shroff et al.130 suggest that VSMC 

undergo phenotypic switch in order to avoid mineral overload, where those cells that fail 

to transdifferentiate undergo apoptotic cell death and thus contribute to HA deposition in 

that manner.  

 

1.3 T-CELL DEATH-ASSOCIATED GENE 51 (TDAG51) AND ITS HUMAN 

HOMOLOGUE PLECKSTRIN HOMOLOGY-LIKE DOMAIN FAMILY A, 

MEMBER 1 (PHLDA1) 

1.3.1 Protein structure and homology 

The pleckstrin homology-like domain (PHLD) class of proteins is composed of two 

separate families of multifunctional proteins, including PHLDA and PHLDB138. Both 

PHLDA and PHLDB families are highly evolutionary conserved and consists of three 

structurally-similar proteins, including PHLDA1, PHLDA2, PHLDA3, PHLDB1, 

PHLDB2 and PHLDB3138,139. As their name suggests, all PHLD proteins contain a PHL 

domain that is 100-120 amino acids (aa) in length and has been demonstrated to bind to 

phosphatidylinositol lipids139. Proteins containing the PHL domain have been found to 

participate in cellular signaling, vesicular trafficking, and maintenance of cytoskeletal 

integrity139,140. However, to date majority of the studies have focused on the role of 
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PHLDA, more specifically PHLDA1, in health and disease.  

 PHLDA1 and its mouse homologue TDAG51 were first identified as a 

transcription factor necessary for Fas-mediated apoptosis141,142. TDAG51 and PHLDA1 

share 89% sequence homology, with most variability observed in the N-terminal domain. 

PHLDA1 gene is located on chromosome 12q21.2 and encodes a protein that is 401 aa in 

length containing regions rich in polyglutamine (QQ), proline-glutamine (PQ) and 

proline-histidine (PH) in addition to the PHL domain138,143. Full length TDAG51 and 

PHLDA1 both contain PH and PQ repeats, also known as the death domain, which are 

located in the C-terminus of the protein and are responsible for pro-apoptotic properties 

of PHLDA1144. Similar to the PHL and the PQ domains, the QQ domain is also well-

conserved in a variety of eukaryotic cells and is predominantly found in proteins known 

to regulate transcriptional activation143. The evolutionary conserved PHL domain is 

located in the N-terminal domain of PHLDA1 (Figure 4A)138,143.  
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Figure 4. PHLDA1 structure and function . (A) Schematic representation of PHLDA1 

protein structure. PHL, plecktrin homology-like domain; PQ, proline-glutamine-rich 

region; PH, proline-histidine-rich region; QQ, polyglutamine-rich region. (B) The 

expression of PHLDA1 and its mouse homologue TDAG51 is associated with 

atherosclerotic plaque formation, skeletal muscle repair, tumorigenesis, adipogenesis, 

hepatic lipid accumulation, and renal fibrosis. Figure adapted from Nagai et. al and 

Fuselier et. al138,143. 
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1.3.2 The role of TDAG51/PHLDA1 in health and disease  

TDAG51 was first identified as a transcription factor necessary for T-cell receptor-induced 

Fas-mediated apoptosis141. Since then, the expression of TDAG51 and PHLDA1 was found 

in a variety of tissues, including lung, thymus, liver, VSMCs, and white adipose 

tissue114,143,145. TDAG51 is predominantly found in the cytoplasm, however, it is also 

present in the perinuclear and nuclear cellular compartments114,142,143. Although the exact 

molecular and biological function of TDAG51 remains to be elucidated, diverse 

extracellular stimuli induce TDAG51 expression in a variety of cell types. In their study, 

Kastrati et al.146 demonstrate that PHLDA1 expression is modulated by crosstalk between 

estrogen receptor and the inflammatory nuclear factor kB in breast cancer cells. Similarly, 

insulin-like growth factor 1 upregulates TDAG51 expression in fibroblast cells147. ER 

stress-inducing agents, such as tunicamycin, thapsigargin, cyclosporin A, homocysteine, 

peroxinitrate, and farnesol can also induce TDAG51 expression in a variety of cell types143. 

Additionally, elevated Pi content, common in the state of hyperphosphatemia observed in 

patient with CKD, increases TDAG51 expression114.   

Downregulation PHLDA1 expression is found in a variety of tumors, suggesting 

that it predominantly functions as a tumor suppressor (Figure 4B)143. In melanoma, 

downregulation of PHLDA1 expression is present in metastatic lesions and its expression 

is associated with cell growth and apoptosis142. Similarly, reduced PHLDA1 expression is 

also observed in patients with oral carcinoma148. In lung and breast carcinomas, PHLDA1 

overexpression inhibits cell proliferation, colony formation, and cell migration149. Patients 

with increased PHLDA1 expression in estrogen receptor-negative tumors have a more 
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favorable outcome, whereas, high PHLDA1 expression is associated with metastatic state 

in estrogen receptor positive tumors146,150. An increase in PHLDA1 expression is also 

present in osteosarcoma and colorectal carcinoma150. Thus, suggesting that PHLDA1 may 

have a different function depending on cells type and state.  

In addition to its tumor suppressor role, PHLDA1 is also important in the regulation 

of apoptotic cell death143. In agreement with its proapoptotic role, antibody-mediated 

neutralization of PHLDA1 increases while its overexpression decreases cell survival151. 

Hossain et al.152 reported a significant increase in TDAG51 expression in atherosclerotic 

lesions form ApoE-/- mice, which also correlated with apoptotic cells death. Transient 

overexpression of PHLDA1 results in substantial changes in cellular morphology and 

adhesion, which promotes detachment-mediate cell death of endothelial cells152. Similarly, 

PHLDA1 overexpression attenuates cell growth, and colony formation while increasing 

apoptotic cell death in a variety of melanoma cell lines149. Furthermore, stress-induced 

heat-shock proteins inhibit its pro-apoptotic function by direct binding to the PHL domain 

of PHLDA1 in mouse embryonic fibroblasts144. These findings further supporting its role 

as a robust modulator of apoptosis (Figure 4B).  

Although the initial studies have focused on the role of PHLDA1 and TDAG51 as 

mediators of apoptosis and tumorigenesis, our understanding of TDAG51/PHLDA1-

mediated cellular processes have evolved. Findings from our laboratory demonstrate that 

TDAG51 is an important modulator of adipogenesis and as such, its expression is inversely 

correlated with mature-onset obesity, hepatic steatosis and insulin resistance145. More 

specifically, TDAG51 expression is downregulated during adipogenesis, while loss of 
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TDAG51 leads to enhanced lipid accumulation in TDAG51-/- primary preadipocytes. In line 

with these findings, TDAG51-/- mice develop increased adiposity, hepatic steatosis, and 

insulin resistance (Figure 4B). To explain these observations, enhanced expression of key 

drivers of adipogenesis, PPARy and CCAAT/enhancer binding protein α, was observed145.  

Additionally, TDAG51 mediates epithelial to mesenchymal transition (EMT) in 

human proximal epithelial cells (Figure 4B). Carlisle et al.153 found that similar to changes 

observed in endothelial cells, transient TDAG51 overexpression results in changes in cell 

shape and morphology that exacerbate TGF-β mediated EMT. Consistent with these 

observations, TDAG51-/- mice are resistant to TGF-β induced EMT and peritoneal 

fibrosis153. Findings from our laboratory also identify TDAG51 as a key modulator of Pi-

induced VC114. Given that TGF-β superfamily is composed of many well-established 

mediators cellular signaling, tissue fibrosis, VC, and tumorigenesis, processes that are all 

affected by changes in TDAG51 expression, additional studies are necessary to delineate 

the potential crosstalk between TDAG51 and the TGF-β superfamily and their role in 

disease state.  

 

1.4 THE FUNCTION OF TGF-β SUPERFAMILY IN HEALTH AND DISEASE  

1.4.1 TGF-β superfamily overview 

The TGF-β superfamily is comprised of thirty three multifunctional proteins, including 

three TGF-β isoforms, activins, inhibins, nodals, anti-mullerian hormone, BMPs, and 

growth differentiation factors (GDFs)154. Although structurally similar, these ligands elicit 

different responses based on their tissue/cell-specific expression, and unique molecular 
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interactions with a variety of inhibitory molecules and receptor complexes154,155. They all 

elicit their signaling effect via the serine/threonine transmembrane receptors and SMAD 

transcription factors156. The TGF-β superfamily signaling has fundamental roles in 

embryonic development, adult tissue homeostasis, and in pathogenesis of variety of 

diseases, including cancer, fibrosis, and CVD. The TGF-β signaling exerts its control by 

regulating a multitude of cellular processes, such as cell growth, differentiation, migration, 

apoptosis, and ECM production154. 

 All TGF-β superfamily members are encoded as a large precursor polypeptides 

comprised of the amino-terminal signal peptide, pro-segment, and carboxy-terminal active 

polypeptide154. The amino-terminal signal peptide is removed during the translocation of 

the peptide into the lumen of the rough ER154. The inactive precursor protein is then cleaved 

by the furin protein convertase to generate a mature ligand. Although, the majority of the 

studies delineating the activation mechanism have focused on TGF-β1, all TGF-β 

superfamily members contain a pro-segment with putative furin cleavage sites (RXXR, 

RXK, RR)157. The mature protein contains seven to nine cysteine residues that modulate 

inter- and intra-molecular interaction and are conserved in most TGF-β superfamily 

members154.   

 Despite the large number of TGF-β ligands, only a few receptors mediate the 

transduction of intracellular signaling cascades. The ligands that belong to the TGF-β 

superfamily elicit their response via the type I and type II serine/threonine kinase 

transmembrane receptors154,155. To date, seven type I receptors have been identified, known 

as activin receptor-like kinases (ALKs), ALKs1-7. Additionally, five type II receptors have 
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been identified, including activin receptor type IIA and B, BMP type II receptor, TGF-β 

type II receptor, and anti-mullerian hormone type II receptor154. Different ligands can bind 

to different combinations of type I and type II receptors, resulting in different responses. 

Importantly, the abundance of each receptor type varies between tissues, which can explain 

a multitude of signaling responses mediated by TGF-β superfamily155,156.  

 TGF-β and TGF-β-like ligands bind to the constitutively active type II receptor, 

leading to phosphorylation and activation of type I receptor154-156. Upon activation, the type 

I receptor undergoes a conformational change that allows direct binding and 

phosphorylation of the appropriate receptor (R-) SMAD156. SMADs are the canonical 

signaling proteins responsible for eliciting the TGF-β response. TGF-β and activins 

predominantly induce phosphorylation of SMAD2 and SMAD3, whereas BMPs induce 

phosphorylation of SMAD1, SMAD5, and SMAD8154,156,158. Phosphorylation of R-

SMADs leads to its subsequent association with common partner SMAD4 and nuclear 

translocation of the complex, where it can regulate the expression of TGF-β target genes156. 

Additionally, the TGF-β superfamily of proteins are known to elicit their response via 

several non-SMAD signaling pathways155.   

 

1.4.2 The role of TGF-β superfamily in vascular function   

Genetic analyses in mice and humans have identified TGF-β signaling to be essential for 

vascular development and homeostasis159. Using a variety of knockout models, studies 

report that inactivation of various components of TGF-β signaling results in either 

embryonic lethality due to vascular defects or severe abnormalities in the vessel structure 
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and function100,160,161. In humans, dysregulation of TGF-β signaling can lead to a myriad of 

vascular pathologies, such as arteriovenous malformations, aneurysms, hypertension, 

atherosclerosis and CVD159. In endothelial cells, TGF-β signaling regulates proliferation, 

migration and vascular permeability. Additionally, TGF-β signaling plays an important role 

in the regulation of VSMC differentiation and function. The interaction between the 

endothelial cells and VSMCs maintains healthy vessel tone and function154. Consistent with 

this notion, perturbations in the TGF-β signaling cascade result in impaired blood flow due 

to hypertension162. Similarly, loss of BMP receptor II in endothelial cells and VSMCs leads 

to dysregulation in pulmonary arterial hypertension in humans and mice163. Furthermore, 

expression of various TGF-β superfamily members is found in advanced atherosclerotic 

plaques164,165.  

 Arterial calcification is regarded as a hallmark of advanced vascular disease166. 

Several studies provide evidence that TGF-β signaling contributes to mineral deposition in 

both intimal and medial layers of the vessel wall. In particular, BMPs play an important 

role in osteogenic transdifferentiation of vascular cells which leads to VC159. Consistent 

with these findings, exogenous BMP2 treatment leads to VC in the aortas of high fat diet-

fed LRLR-/- mice167. Furthermore, treatment of VSMCs with BMP2 enhances osteogenic 

transdifferentiation and VC by increasing Pi uptake and Runx2 expression117,168,169. 

Activation of the BMP2 and BMP4 signaling promotes osteoblast-like phenotypic switch 

and increases the expression of osteoblast-specific genes, such as ALP, OCN, OSX and 

MSX2117,168-171. In line with these observations, inhibition of BMP2 signaling in ApoE-/- 

mice attenuates arterial calcification75. 
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 Studies also show that in addition to pro-osteogenic BMPs discussed above, there 

also exist BMPs that oppose this process. BMP7 promotes a VSMC-specific phenotype by 

upregulating the expression of α-SMA101. Additionally, BMP3 is another negative 

regulator of osteogenesis, a process similar to VC16,172. Mice lacking the BMP3 gene 

display increased bone mass, whereas transgenic mice overexpressing BMP3 develop 

spontaneous rib fractures due to altered endochondral bone formatio172,173. BMP-3b, also 

known as GDF10, is a divergent member of the TGF-β superfamily that is closely related 

to BMP3 and signals through TGF-β receptors174,175. GDF10 expression correlates with 

osteoblast differentiation and in a manner similar to BMP3, is able to inhibit this 

process176,177. Furthermore, GDF10 acts as an inhibitor of ALP activity and mineralization 

in pre-osteoblast cells178. Given that VC is a highly regulated process that draws many 

similarities with osteoblast differentiation, GDF10 may also play a role in maintaining 

vascular function by regulating osteogenic transdifferentiation of the VSMCs. 

 

1.4.3 The role of TGF-β superfamily in fibrosis and tissue repair 

Under normal healthy conditions, TGF-β signaling regulates wound healing by modulating 

cell proliferation, migration, ECM production, and tissue remodeling. However, chronic 

tissue injury leads to persistent need for healing, thus resulting in excessive scarring or 

fibrogenesis, the process in which TGF-β signaling plays a critical role179. The balance 

between activation of TGF-β and BMP pathways through both canonical and non-canonical 

signaling modulates the fibrotic response in various organ tissues180. In their seminal 

discovery, Roberts et al.181 reported that a subcutaneous injection of TGF-β1 can induce 
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fibrotic lesion formation at the site of the injection. Consistently, administration of TGF-β 

adenoviral vector results in fibrotic response in lung and peritoneum153,182. In hepatocytes, 

activation of TGF-β signaling contributes to hepatocyte cell death and lipid accumulation, 

leading to increased hepatic fibrosis183. Activation of the TGF-β signaling cascade in the 

liver leads to production of Col I, fibronectin as well as other ECM components, 

subsequently resulting in hepatic fibrosis180. In contrast, inhibition of TGF-β signaling 

attenuates liver fibrosis in mice184. Consistent with the crucial role of TGF-β-SMAD 

pathway in fibrogenesis, SMAD3 knockout mice are resistant to bleomycin-induced lung 

fibrosis, and unilateral ureteral obstruction-induced renal fibrosis185,186.  

Several studies demonstrate that other components of the TGF-β signaling cascade 

are also important in mitigating the fibrotic response. Increase in circulating BMP9 levels 

are observed in patients with liver fibrosis, while BMP9 knockout mice develop an increase 

in perivascular hepatic fibrosis187,188. In line with these findings, treatment of primary liver 

sinusoidal endothelial cells with exogenous BMP9 attenuates the fibrotic response188. 

Similarly, BMP7 treatment inhibits tubulointerstitial fibrosis in a rodent model of renal 

injury189. Consistent with these findings, exogenous BMP7 also ameliorates the expression 

of profibrotic genes in the aortas of uremic rats190. GDF15 expression is dramatically 

increased following liver injury, while its overexpression can reduce ischemia reperfusion 

injury in the heart and improve functional recovery following a traumatic spinal cord 

injury191-193. Additionally, treatment with exogenous GDF10 promotes axonal sprouting 

and functional recovery after stroke in rodents194. In line with its potential role as a 

modulator of tissue repair, GDF10-/- mice develop severe hepatic fibrosis and lipid 
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accumulation, whereas mice overexpressing GDF10 are protected against diet-induced 

obesity195,196. Additionally, almost a 12-fold decrease in GDF10 was observed in a model 

of wound healing197.  

The pro-fibrotic activity of TGF-β is also mediated by several members of the 

nuclear receptor superfamily, such as vitamin D receptor and PPAR-γ154. Vitamin D 

treatment attenuates TGF-β-induced EMT in a model of subepithelial fibrosis198. 

Additionally, activation of the vitamin D3 receptor by its ligands inhibits TGF-β-mediated 

hepatic stellate cell activation and fibrosis, while vitamin D receptor knockout mice 

develop severe hepatic fibrosis199. Similarly, PPAR-γ inhibits TGF-β-mediated pro-fibrotic 

response in hepatic stellate cells200. Studies also show that activation of PPAR-γ inhibits 

TGF-β signal transduction and fibrosis in liver, lung, kidney, and heart200-203.   

 

1.4.4 GDF10 is a divergent member of the TGF-β superfamily similar to BMP3 

GDF10, also known as BMP-3b, is a member of the TGF-β superfamily of growth and 

differentiation factors, and is closely related to BMP3 in sequence homology204. BMP3 and 

GDF10 share 82% homology in the mature region, while homology in the pro-region is 

only 37%. The GDF10 gene encodes a protein of 476 aa with a predicted molecular mass 

of approximately 52 kDa174,204. Similar to other TGF-β family members, GDF10 is 

synthesized as a large precursor protein containing a hydrophobic signal sequence, 

carboxyl-terminal domain, and amino-terminal pro-domain174,178. The active/secreted form 

of GDF10 is generated by proteolytic cleavage of the precursor protein at the putative 

RXXR site. Like BMP3, GDF10 also has two potential cleavage sites, which give rise to 
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two different sizes of mature protein (Figure 5A)178,205. Several studies have characterized 

the expression of GDF10 in a variety of rodent and human tissues, such as adipose, brain, 

spleen, uterus and bone174,176,178,204. Our group has also characterized murine GDF10 

mRNA expression using in situ hybridization analysis. Similar to other reports, we observe 

GDF10 mRNA expression in the brain, bone, uterus, aorta as well as lung Additionally, 

GDF10 expression was also detected in spleen, parathyroid, and adrenal glands (Chapter 

2; Fig. 1B &C, Fig. S2).  

Similar to BMP3, GDF10 was originally discovered in bone and thus though to 

have osteogenic activity174,204. GDF10 expression increases upon BMP2-induced 

differentiation of rat calvarial osteoblasts. In contrast, TGF-β1 inhibits osteoblast 

differentiation and GDF10 expression176. Similarly, primate studies show an increase in 

GDF10 expression in a model of ectopic bone formation induced by TGF-β2206. Although 

the expression of GDF10 in the bone is relatively high, treatment with recombinant-purified 

GDF10 does not induce ectopic mineral deposition174. Similar to BMP3, GDF10 is a 

negative regulator of osteogenesis, and as such GDF10 inhibits ALP activity and osteoblast 

differentiation172,178. Additionally, GDF10 is necessary for head formation and acts as an 

antagonist of BMP2 during embryogenesis178,205. Mechanistically GDF10 inhibits 

osteoblast differentiation by inhibiting BMP-2, -5, -6, and -7-induced  expression of Runx2 

and OCN via the SMAD 2/3 pathway177.  

Although initial studies have focused on the role of GDF10 in osteogenesis and 

embryogenesis, our understanding of its function has expanded beyond these roles. Recent 

studies highlight that GDF10 plays an important role in metabolic regulation. GDF10 is 
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highly expressed in adipose tissue and its expression is induced by high fat diet (HFD)207. 

Furthermore,GDF10 is secreted from adipocytes and that its expression is higher in 

preadipocytes than mature adipocytes, suggesting that GDF10 is a regulator of 

adipogenesis207. In support of its role as a regulator of adipogenesis, overexpression of 

GDF10 inhibits adipocyte differentiation, while its inhibition enhances adipogenesis in 

3T3-L1 pre-adipocytes207. Consistent with these findings, adipose-specific overexpression 

of GDF10 in mice reduced adiposity and improved insulin sensitivity in HFD-fed mice 

through downregulation of PPARγ and its target genes196. Likewise, GDF10 knockout mice 

develop severe HFD-induced obesity and hepatic steatosis that occurs as a result of 

increased PPARγ expression and activity195. Taken together these findings suggest that 

there exists a fine balance between GDF10 and PPARγ signaling (Figure 5B). 
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Figure 5. GDF10 structure and function. (A) Schematic representation of GDF10 protein 

structure. Yellow arrows represent glycosylation sites. Black and red arrow represents an 

established and a potential alternative cleavage sites, respectively. (B) The expression of 

GDF10 is associated with tumorigenesis, osteoblast differentiation, hepatic lipid 

accumulation and fibrosis. Structure of GDF10 protein is based on Hino et al. and Takao 

et al174,178. 

A 

B 
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1.5 THE FUNCTION OF PPARs IN HEALTH AND DISEASE  

1.5.1 PPAR superfamily overview 

The PPAR nuclear receptor superfamily is composed of three isoforms, PPARγ, PPARα, 

and PPARδ, which are all encoded by their respective genes208. All PPARs contain the N-

terminal transactivating domain, central DNA-binding domain (DBD), and C-terminal 

ligand-binding domain (LBD)208. The DBD is composed of two zinc-finger domains that 

uniquely bind the PPREs. Additionally, the C-terminal LBD of PPARs is composed of 13 

α-helices and 4 𝛽-sheets, which is known to create a large ligand binding pocket. The large 

ligand binding pocket of PPARs is thought to facilitate the ability of these transcription 

factors to be activated by a large variety of ligands208,209. The DBD and LBD are most 

conserved between the three receptors208,209. Additionally, PPARs also possess two 

activations domains, AF-1 and AF-2, which are responsible for ligand-independent and -

dependent recruitment of coregulatory proteins, respectively208,210. 

Upon ligand-mediated activation, each of the PPAR nuclear receptors binds to its 

respective peroxisome proliferator response elements (PPARE) as a heterodimer with 

retinoid X receptor (RXR), which is then followed by coactivator recruitment211. 

Additionally, phosphorylation of PPARs is critical for their function212. A large variety of 

naturally occurring free fatty acids and synthetic compounds serve as ligands, and PPARs 

possess varying degree of responsiveness dependent on the ligand213. Studies have also 

shown that PPARs are found in a variety of tissues, including adipose, liver, cardiovascular 

system, immune system, and nervous system, where they have distinct function based on 

ligand binding213,214. The PPARs play a crucial role in cell differentiation, development, 
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and metabolism. PPARα function has been predominantly characterized in the liver, where 

it modulates lipid homeostasis by regulating fatty acid transports, β-oxidation, and 

ketogenesis. In contrast, PPARδ is highly expressed in the muscle where regulates fatty 

acid metabolism. Additionally, PPARγ is crucial for adipose differentiation. Various 

studies also highlight the role of PPARs in the regulation of atherosclerotic plaque 

formation, vascular tone, angiogenesis, and variety of cancers208,213,214.  

   

1.5.2 The biological function of PPARγ  

PPARγ expression is crucial for adipocyte differentiation and healthy function215. PPARγ 

expression is highest in adipose tissues, where it mainly regulates the expression of genes 

involved in lipid homeostasis, including aP2, PEPCK, acyl-CoA synthase, FATP-1 and 

CD36215,216. Aberrant PPARγ expression is associated with obesity, insulin resistance, and 

fibrosis208,216. Conversely, PPARγ-deficient mice develop reduced adipose tissue stores217. 

Interestingly, PPARγ activation exerts differential effect based on adipose depot. In white 

adipose tissue, PPARγ is essential for insulin sensitivity, lipogenesis, and adipocyte 

function. On the other hand, PPARγ activation in brown adipose tissue regulates 

thermogenesis and mitochondrial biogenesis218. Overexpression of PPARγ in fibroblast 

cells leads to a pro-adipogenic program in these cells218. Thus, PPARγ is both necessary 

and sufficient to induce adipogenesis.  

 Although under normal healthy conditions PPARγ is most abundantly expressed in 

adipose tissue, its hepatic expression is robustly induced in conditions of hepatic lipid 

accumulation218,219. In the liver, pro-steatotic effect of PPARγ is due to upregulation of 
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genes involved in lipogenesis, triglyceride synthesis, and lipid droplet formation. In 

conditions of metabolic stress, elevated dietary free fatty acids modulate PPARγ 

activity216,218. Conversely, hepatocytes and mice that do not express PPARγ in the liver are 

resistant to HFD-induced hepatic lipid accumulation, but this exacerbates insulin 

resistance220. Similarly, inhibition of PPARγ or RXR using pharmacological agents also 

ameliorates hepatic steatosis221. Taken together, these studies demonstrate that PPARγ 

plays an important role in regulating hepatic lipid metabolism in conditions of metabolic 

stress.  

 Our understanding of PPARγ function has now extended beyond its role in lipid 

metabolism. PPARγ activation in endothelial cells inhibits inflammation and the expression 

cellular adhesion molecules214. Endothelial cell migration and apoptosis are also regulated 

in PPARγ-dependent manner. In VSMCs PPARγ expression is upregulated in hypertensive 

conditions and upon injury. Similar to its role in endothelial cells, PPARγ also regulates 

VSMCs migration, proliferation and apoptosis214. Furthermore, recent studies have 

demonstrated that activation of PPARγ inhibited VC by inhibiting Wnt5a signaling in 

VSMCs126. PPARγ-mediated upregulation of Klotho also inhibited VC222. In their study, 

Liu et al.127 reported that high Pi conditions, downregulated PPARγ expression which 

contributed to increased CKD-associated VC. In line with these findings, PPARγ inhibits 

pro-osteoblastic phenotype by directly biding to Runx2 and preventing its association with 

the osteoblast-specific element-2 promoter223. Similarly, overexpression of PPARγ co-

factor, peroxisome proliferator-activated receptor-γ coactivator-1α, attenuates mineral 

deposition in adenine-induced model of VC224. Thus in addition to its established role in 
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adipogenesis and tissue fibrogenesis, PPARγ is also a modulator of vascular health.    

 

1.6 PROJECT RATIONALE, HYPOTHESIS, OBJECTIVES, AND THESIS 

OUTLINE   

1.6.1 Project rationale and hypothesis  

The overall objective of this thesis is to (i) determine the role of TDAG51 and GDF10 in 

VC, and (ii) identify the mechanism(s) by which these proteins regulate mineral deposition 

in the VSMCs. Additionally, observations during these studies brough to light the 

importance of GDF10 as a regulator of metabolic homeostasis. Thus the focus of the final 

chapter of this thesis is on the mechanism by which GDF10 regulates hepatic lipid 

metabolism. 

 Medial VC is the predominant pathophysiological mechanism contributing to 

vascular dysfunction and poor prognosis in patients with CKD17,21,52. In support of these 

findings, VC in patients with CKD has been linked to disturbances in Pi homeostasis, and 

is now recognized as the major risk factor for CVD in these patients35. TDAG51 is most 

frequently characterized as a pro-apoptotic gene involved in both intrinsic and extrinsic 

mechanisms of apoptosis; however, this relationship is variable across different tissues and 

species143. We and others have reported that TDAG51 contributes to vascular disease in the 

setting of atherosclerosis, and is induced by a variety of stimuli. In addition to a reduction 

in atherogenesis, however, a significant reduction in intimal calcification within advanced 

atherosclerotic lesions in mice with global deletion of TDAG51 was also observed152. 

Given that in clinical studies medial and intimal calcification are frequently present at the 
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same time, I hypothesize that TDAG51 also acts as a modulator of CKD-associated medial 

VC. 

 A micro-array analysis identified GDF10 to be significantly upregulated in 

TDAG51-/- VSMCs. Although it’s role in VC is unknown, a recent study has demonstrated 

that GDF10 inhibits osteoblast differentiation, a process that draws many parallels with 

VC176,177. In support of these findings, GDF10 overexpression inhibits ALP activity in 

mouse calvarial pre-osteoblast cells178. Additionally, GDF10 acts as a antagonist of BMP2, 

a well-established driver of osteogenesis, during embryogenesis205. Given these data, I 

hypothesize that GDF10 is a novel systemic inhibitor of VC.  

 During my studies I also observed that GDF10-/- mice develop increased body 

weight, adiposity, and hepatic lipid accumulation when fed normal control diet. Consistent 

with these findings, mice overexpressing GDF10 are protected against HFD-induced 

obesity196. In their studies, Hino et al.196 reported that GDF10 regulates adipogenesis and 

free fatty acid β-oxidation in adipose tissue. Despite the established role of the adipose-

secreted adipokine GDF10 in modulating adipogenesis, its role in hepatic steatosis remains 

to be explored. Given that the preliminary findings showed increased adiposity and severe 

hepatic lipid accumulation in GDF10-/- mice, I hypothesize that GDF10 plays a pivotal role 

in the regulation of hepatic lipid metabolism.  

 In summary, the hypothesis of this PhD thesis consists of several parts: medial VC 

is mediated by (i) TDAG51 and (ii) systemic adipokine GDF10. (iii) GDF10 also acts as 

an inhibitor of non-alcoholic fatty liver disease (NAFLD) progression. Given that in clinical 
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studies there exists a correlation between NAFLD and VC, GDF10 may also regulate VC 

indirectly by modulating other metabolic parameters.   

 

1.6.2 Objectives and experimental approach 

To assess my hypothesis, studies focused on examining the following objectives.  

1. Examine the mechanism(s) by which TDAG51 regulates hyperphosphatemia-

associated VC.  

2. Determine whether GDF10 acts as an inhibitor of VC and the mechanism(s) 

involved in its regulatory action.  

3. Define mechanism(s) by which GDF10 regulates hepatic lipid metabolism.  

 

In order to examine the objectives of this thesis, in vitro, in vivo, and ex vivo approaches 

were used.  

 For experiments examining VC, primary mouse and human VSMCs were used. 

Primary mouse VSMCs were derived using the explant method, while human VSMCs were 

purchased from a commercially available source225. Although biologically relevant, these 

cells have a finite lifespan, and thus were only used up to passage 8. When appropriate and 

permitting, the results were also corroborated in mouse ex vivo aortic rings and in vivo 

models of VC. Additionally, experiments examining the mechanisms by which GDF10 

regulates hepatic lipid homeostasis utilized Huh7 and HepG2 immortalized human 

hepatocyte cell lines, as well as primary human hepatocytes that were acquired from 

commercial source. The results of in vitro studies were also confirmed using in vivo models 
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of HFD-induced hepatic lipid accumulation.  

 Male TDAG51-/- and TDAG51+/+ littermate control mice were used to examine VC 

in a model of hyperphosphatemia-associated vitamin D3-induced model of VC. Similarly, 

in vivo studies examining the role of GDF10 in VC utilized male GDF10-/- and GDF10+/+ 

littermate control mice in a similar setting. For studies examining the role of GDF10 in 

hepatic lipid accumulation, male GDF10 knockout (KO) and wild-type (C67Bl/6J) mice 

were used. Widely-used HFD model of hepatic lipid accumulation was utilized for these 

experiments. All animals were bred in-house or purchased from Jackson Laboratories. 

Experimental procedures were performed with accordance to McMaster University Animal 

Research Ethics Board guidelines. 

 Tissue samples collected from the experiments described above were analyzed 

using a combination of laboratory techniques, including but not limited to, quantitative real-

time polymerase chain reaction, western blotting, immunohistochemistry, 

immunofluorescent staining, morphological staining (H&E, Masson’s Trichrome), mineral 

staining (Von Kossa, Alizarin Red), ELISAs, as well as variety of functional assays.  

 

1.6.3 Thesis outline  

The thesis objectives and experimental results are summarized in three manuscripts 

(Chapter 2-4) that are presented as follows:  

 

Chapter 2: TDAG51 (T-cell death-associated gene 51) is a key modulator of vascular 

calcification and osteogenic transdifferentiation of arterial smooth muscle cells.  
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 This journal article, published in Atherosclerosis, Thrombosis, and Vascular 

Biology (2020), was accepted for publication on May 4, 2020. According to the AHA/ASA 

journal policies, the authors retain the right to include full journal article for print thesis at 

this time and electronic thesis 12 months after the article publication, provided that the 

journal is cited as the original source. Therefore the published article and relevant 

supplemental materials are included as Chapter 2.This journal article demonstrated that 

TDAG51 mediates VC by regulating RUNX2 transcriptional activity and Pit-1 expression. 

To this end, TDAG51-/- mice were protected from hyperphosphatemia-associated VC.  

 

Chapter 3: GDF10 is a negative regulator of vascular calcification of vascular smooth 

muscle cells.  

 This journal article currently being prepared for submission to Journal of Biological 

Chemistry. Findings outlined in the manuscript identified GDF10 as a novel mediator of 

mineral deposition in the VSMCs, and as such a potential novel therapeutic avenue for 

diagnosis and management of this disease.  

 

Chapter 4:GDF10 blocks hepatic PPARγ activity to protect against diet-induced liver 

injury.  

 This journal article, published in Molecular Metabolism (2019), was accepted for 

publication on June 24, 2019. According to the Elsevier publishing group guidelines, the 

authors retain the right to include full journal article as a part of thesis dissertation, provided 

that (i) it is not published commercially, and (ii) the journal is sited as the original source. 
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Therefore the published article and relevant supplemental materials are included as chapter 

4. This journal article demonstrated that GDF10 knock out mice develop severe diet-

induced obesity, hepatic steatosis, and hepatic fibrosis. To explain these observations, 

heightened PPARγ expression and activity was observed in these mice. Additionally, 

GDF10 attenuated lipid accumulation and PPARγ activity in cultured hepatocytes.  
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Chapter link: TDAG51 regulates osteogenic transdifferentiation and subsequent VC of 

the VSMCs. Previous studies demonstrate that TDAG51contributes to vascular disease in 

the setting of atherosclerosis226. In addition to reduction in atherogenesis, a significant 

reduction in intimal calcification was observed in the TDAG51-/- mice152. Although 

morphologically distinct, there are many similarities between the pathogenesis of intimal 

and medial VC, and both are frequently present in patients with advanced CKD20. However, 

medial VC, which mainly occurs as a result of changes in blood biochemistry, almost 

exclusively a feature of CKD-associated vascular impairment58. This journal article 

demonstrated that TDAG51 modulates osteogenic transdifferentiation and subsequent VC 

by regulating (i) transcriptional activity of master-regulator of pro-osteogenic switch in 

VSMCs, Runx2, and (ii) cellular Pi homeostasis via the regulation the expression of 

sodium-dependent phosphate transporter, Pit-1.  
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Materials and Methods  43 

 44 

Immunoblotting  45 

Whole cell and tissue lysates were prepared using RIPA buffer containing protease inhibitors 46 

(Roche). Protein concentrations were measured using a modified Lowry assay (Bio-Rad). The 47 

samples were resolved by SDS-PAGE and subsequently transferred to nitrocellulose membranes 48 

(Bio-Rad). The membranes were then blocked using 5% w/v skimmed milk, incubated with 49 

primary antibodies, followed by horseradish peroxidase-conjugated secondary antibodies. The 50 

signal was detected using a Konica Minolta X-ray film processor or ChemiDoc XRS+ (Bio-Rad). 51 

Band intensity was measured by densitometry analysis using ImageLab software and normalized 52 

to membranes against respective loading control proteins (Bio-Rad). Genotype is indicated as 53 

+/+ and -/- for TDAG51+/+ and TDAG51-/-, respectively. All antibodies and working dilutions are 54 

listed in Supplemental Table IV. 55 

 56 

Immunohistochemical (IHC) staining  57 

4 μm thick sections were deparaffinized, blocked in 5% v/v serum and subsequently incubated in 58 

primary antibodies for 18 h at 4°C. Sections were then exposed to biotin-labeled secondary 59 

antibodies (Vector Laboratories). Streptavidin-labeled HRP solution (Vector Laboratories) and 60 

the developing solution (Vector Laboratories) were used to visualize the staining. Slides were 61 

examined using a Nikon light microscope. All antibodies and working dilutions are listed in 62 

Supplemental Table IV. 63 

 64 

Immunofluorescence (IF) of cells 65 

VSMCs were fixed for 1 h using 4% w/v PFA and then permeabilized with 0.025% v/v Triton X-66 

100 for 15 min. After blocking with 5% v/v bovine serum albumin (BSA), cells were incubated 67 

with primary antibodies for 1 h at room temperature and stained with the appropriate 68 

fluorescently labeled secondary antibodies (Invitrogen) and DAPI. Slides were mounted with 69 

Permafluor (ThermoFisher Scientific) and visualized using a fluorescent microscope (EVOS-FL, 70 

ThermoFisher Scientific). All primary and secondary antibodies and working dilutions are listed 71 

in Supplemental Table IV and Supplemental Table VI, respectively. 72 

 73 

Quantitative real-time (qRT)-PCR  74 

qRT-PCR was performed as described previously 1. Briefly, total RNA was isolated using RNA 75 

purification kits (ThermoFisher Scientific). A total of 2 µg of RNA was reverse transcribed to 76 

produce cDNA using the High-Capacity cDNA Reverse Transcription Kit (ThermoFisher 77 

Scientific). PCR amplification was performed using Fast SYBR Green (ThermoFisher 78 

Scientific). Transcript levels were determined using the ΔΔCT method and normalized to 18S. 79 

All primer sequences are listed in Supplemental Table III. 80 

 81 

Extracellular matrix (ECM) isolation  82 

ECM was isolated from TDAG51+/+ VSMCs following 5 days of 2.6 mM Pi treatment using 83 

sequential extraction with sodium deoxycholate (DOC).2 Briefly, cells were washed three times 84 

with cold PBS and subsequently lysed in DOC lysis buffer (0.5% DOC, 50 mM Tris pH 8.0, 150 85 

mM NaCl, 1% Nonidet P-40) containing protease inhibitors (Roche) for 10 minutes. Lysis buffer 86 

was replaced with fresh DOC lysis buffer for additional 10 minutes followed by three PBS 87 

washes. The ECM isolates were then used for quantification of Ca2+ and HA deposition, which 88 
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were normalized to protein content or cell number, respectively. The quality of ECM preparation 89 

was examined by nuclear staining using DAPI (Sigma-Aldrich). 90 
 91 
LDH Cytotoxicity assay 92 
A Cytotoxicity Detection Kit (Roche) was used to measure cell death by detecting lactate 93 

dehydrogenase (LDH) release into the culture medium, indicating cell membrane permeability. 94 

Media was removed from cells and LDH activity was measured at 492 nm using a microplate 95 

reader (Molecular Devices), where cytotoxicity (%) = [(experimental value−low control)/(high 96 

control−low control)] × 100%.  97 
 98 
Blood pressure and serum biochemistry  99 

Blood pressure was measured by the noninvasive CODA tail-cuff method (Kent Scientific 100 
Corporation). Serum Pi and Ca2+ content was measured by the Core Laboratory Facility at St. 101 

Joseph’s Healthcare Hamilton. 102 
 103 
Fluorescent in situ hybridization (FISH) 104 

FISH for PHLDA1, a human homologue of TDAG51,3 and α-SMA was performed using the 105 

Affymetrix QuantiGene ViewRNA assay (ThermoFisher Scientific). Briefly, 5 μm sections were 106 

deparaffinized, boiled in pre-treatment solution and digested with Proteinase K. Sections were 107 

then incubated with a PHLDA1 probe for 2 h at 40°C. The signal was amplified with Pre-Amp 108 

and Amp solutions (ThermoFisher Scientific) and then developed with Fast-Red and Fast-Blue 109 

Substrates (ThermoFisher Scientific). Slides were counterstained with DAPI (Sigma-Aldrich), 110 

mounted with Fluoromount (ThermoFisher Scientific) and photographed on a Nikon 90i-eclipse 111 

upright fluorescent microscope.   112 

 113 

 114 
 115 

 116 
 117 

 118 
 119 

 120 

 121 

 122 

 123 

 124 

 125 

 126 

 127 

 128 
 129 

 130 
 131 

 132 
 133 

 134 

 135 
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Major Resources Tables  136 

 137 

Table I: Animal (in vivo studies)  138 

 139 

 140 

Table II: Breeding of genetically modified animals  141 

 142 

 143 

 144 
Table III: List of primers used for quantitative real-time PCR  145 

Gene  Specie

s  

Forward  Reverse  

PHLDA

1 

Human  GAAGATGGCCCATTCAAAAGC

G 

GAGGAGGCTAACACGCAGG 

18S Human  GTAACCCGTTGAACCCCATT CCATCCAATCGGTAGTAGCG 

18S Mouse  CTTAGAGGGACAAGTGGCG ACGCTGAGCCAGTCAGTGTA 

Pit-1 Mouse  TTTGACAAACTTCCTCTGTGGG GGACTTTCAGACGGACTAGACT

T 

mGLA Mouse  GGCAACCCTGTGCTACGAAT CCTGGACTCTCTTTTGGGCTTTA 

OPG Mouse  ACCCAGAAACTGGTCATCAGC CTGCAATACACACACTCATCACT 

OPN Mouse  AGCAAGAAACTCTTCCAAGCAA GTGAGATTCGTCAGATTCATCCG 

OCN Mouse  GCAATAAGGTAGTGAACAGACTC

C 

GTTTGTAGGCGGTCTTCAAGC 

ALP Mouse CCAACTCTTTTGTGCCAGAGA GGCTACATTGGTGTTGAGCTTTT 

BMP-2 Mouse TCTTCCGGGAACAGATACAGG TGGTGTCCAATAGTCTGGTCA 

Osx Mouse  ATGGCGTCCTCTCTGCTTG TGAAAGGTCAGCGTATGGCTT 

RUNX2 Mouse ATGCTTCATTCGCCTCACAAA GCACTCACTGACTCGGTTGG 

 146 

 147 

 148 

 149 

 150 

Species  Vendor or Source Background 

Strain  

Sex 

TDAG51+/+ and -/- Mice   Bred in-house  C57BL/6J Male 

 Species  Vendor or 

Source 

Background 

Strain  

Other Information  

Parent – Male    TDAG51+/- Mouse  Bred in-
house  

C57BL/6J TDAG51-/- mice were 

generated as previously 

described. 4  

 
Parent – Female  TDAG51+/- Mouse  Bred in-

house 

C57BL/6J 
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Table IV: List of antibodies used for immunoblotting (IB), immunohistochemistry (IHC) 151 

and  immunofluorescent (IF) staining  152 

 153 

Target 

antigen 

Vendor or 

Source 

Catalog 

# 

Working 

concentration 

Persistent ID / URL 

CD31 R&D Systems AF3628 IF: 1 μg/ml https://www.rndsystems.com/products/mouse-

rat-cd31-pecam-1-antibody_af3628 

GAPDH Cell Signaling 
Technology 

5174 IB: 0.34  
μg/ml 

https://www.cellsignal.com/products/primary-
antibodies/gapdh-d16h11-xp-rabbit-mab/5174 

 

Histone 
H3 

Cell Signaling 
Technology 

4499 IB: 0.12 μg/ml https://www.cellsignal.com/products/primary-
antibodies/histone-h3-d1h2-xp-rabbit-

mab/4499 
 

Lamin 

B1 

Abcam ab16048 IB: 1 μg/ml https://www.abcam.com/lamin-b1-antibody-

nuclear-envelope-marker-ab16048.html 

MSX2 Novus 

Biologicals 

NBP1-

85445 

IB: 0.2 μg/ml 

IF: 0.4 μg/ml 
IHC: 0.4 

μg/ml 

https://www.novusbio.com/products/msx2-

antibody_nbp1-85445 
 

OCN Abcam ab93876 IF: 1.0 μg/ml 

IHC: 1.0 
μg/ml 

https://www.abcam.com/osteocalcin-antibody-

ab93876.html 
 

PHLDA1 Proteintech 18263-

1AP 

IP: 2 μg/ml https://www.ptglab.com/products/PHLDA1-

Antibody-18263-1-AP.htm 

Pit-1 Abcam ab177147 IB: 0.094 

μg/ml 

IF: 0.188 
μg/ml 

IHC: 0.188 

μg/ml 

https://www.abcam.com/slc20a1-antibody-

epr114272-ab177147.html 

Pit-2 Sant Cruz 
Biotechnology 

SC-
377326 

IB:0.2 μg/ml https://www.scbt.com/p/pit2-antibody-b-4 
 

RUNX2 Cell Signaling 
Technology 

8486 IB: 1.82 μg/ml https://www.cellsignal.com/products/primary-
antibodies/runx2-d1h7-rabbit-mab/8486 

RUNX2 Abcam ab192256 IF: 0.548 

μg/ml 

IHC: 0.548 
μg/ml 

https://www.abcam.com/runx2-antibody-

epr14334-ab192256.html 

pSer Abcam ab9332 IB: 0.5 μg/ml https://www.abcam.com/phosphoserine-

antibody-ab9332.html 
 

TDAG51 Sant Cruz 

Biotechnology 

SC-

23866 

IB: 0.4 μg/ml 

IF: 0.2 μg/ml 

https://www.scbt.com/p/tdag51-antibody-rn-

6e2 
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 154 

 155 

Table V: RUNX2 promoter binding assay oligonucleotide sequence and primers used for 156 

PCR  157 

Primer set  Sequence   

RUNX2 promoter 

oligonucleotide sequence 

5’TTCCTCGGGGTGCTCTTTTTAACCACAACCACAACCAC

AACCACAACCACAACCACAACCACAACCACAACCACAA

CCACAACCACAACCACAACCACAACCACAACCACAACC

ACAACCACAACCACAACCACAACCACAACCACACTGGA

ATCAATGCAAGTTCGGT3’ 

PCR Primers  Forward: AAGGAGCCCCACGAGAAAAAT 

Reverse: ACCGAACTTGCATTGATTCCAG 

 158 

 159 

Table VI: List of secondary antibodies used for IF 160 

 161 

Antibody  Vendor Product 

# 

Working 

Concentrati

on 

URL 

Goat anti-Rabbit IgG (H+L) 

Cross-Absorbed Secondary 
Antibody, Alexa Flour 488 

ThermoFisher 

Scientific  

A11008 1 μg/ml https://www.thermofis

her.com/antibody/prod
uct/Goat-anti-Rabbit-

IgG-H-L-Cross-

Adsorbed-Secondary-
Antibody-

Polyclonal/A-11008 

Goat anti-Mouse IgG (H+L) 

Highly Cross-Absorbed 
Secondary Antibody, Alexa 

Flour 647 

ThermoFisher 

Scientific  

A32728 1 μg/ml https://www.thermofis

her.com/antibody/prod
uct/Goat-anti-Mouse-

IgG-H-L-Highly-

Cross-Adsorbed-

Secondary-Antibody-

Polyclonal/A32728 

Donkey anti-Goat IgG (H+L) 

Highly Cross-Absorbed 
Secondary Antibody, Alexa 

Flour 488 

ThermoFisher 

Scientific 

A32814 1 μg/ml https://www.thermofis

her.com/antibody/prod
uct/Donkey-anti-Goat-

IgG-H-L-Highly-

Cross-Adsorbed-
Secondary-Antibody-

Polyclonal/A32814 

Donkey anti-Rabbit IgG 

(H+L) Highly Cross-Absorbed 
Secondary Antibody, Alexa 

Flour 594 

ThermoFisher 

Scientific 

A21207 1 μg/ml https://www.thermofis

her.com/antibody/prod
uct/Donkey-anti-

Rabbit-IgG-H-L-

Highly-Cross-
Adsorbed-Secondary-

α-SMA Abcam ab7817 IB: 1.0 μg/ml 
IF: 1.0 μg/ml 

https://www.abcam.com/alpha-smooth-
muscle-actin-antibody-1a4-ab7817.html 
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Antibody-
Polyclonal/A-21207 

Goat anti-Mouse IgG (H+L) 

Highly Cross-Absorbed 

Secondary Antibody, Alexa 
Flour 488 

ThermoFisher 

Scientific 

A32723 1 μg/ml https://www.thermofis

her.com/antibody/prod

uct/Goat-anti-Mouse-
IgG-H-L-Highly-

Cross-Adsorbed-

Secondary-Antibody-

Polyclonal/A32723 

 162 

 163 

 164 

 165 

 166 

 167 

 168 

 169 

 170 

 171 

 172 

 173 

 174 

 175 

 176 

 177 

 178 

 179 

 180 

 181 

 182 

 183 

 184 

 185 

 186 

 187 
 188 

 189 
 190 

 191 
 192 

 193 
 194 

 195 
 196 

 197 
 198 

 199 
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1

Supplemental Fig. 1 Platko et al. 2020 

A

B

C

TDAG51 in-situ Von Kossa

SUPPLEMENTAL FIGURES AND FIGURE LEGENDS 246 

 247 

Supplemental Figure I 248 

Supplemental Figure I. TDAG51 expression in human temporal arteries and FISH probe 249 

validation. (A) Representative micrograph of PHLDA1 (human homologue) FISH and von 250 

Kossa staining in serial sections of a human temporal artery. (B) TDAG51 and α-SMA  in situ 251 

hybridization in human scalp tissue. (C) IHC staining of TDAG51 in human scalp tissue.  252 

 253 

 254 

 255 
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Supplemental Figure IV 293 

Supplemental Figure IV. TDAG51-/- VSMCs exhibit reduced Pi-mediated apoptotic cell 294 

death. TDAG51+/+ and TDAG51-/- VSMCs were treated with 2.6 mM phosphate for 3 days. (A) 295 

Detection of DNA fragmentation indicative of apoptotic cell death using the TUNEL labeling 296 

method. (B) Lactase Dehydrogenase (LDH) cytotoxicity assay in cells treated with Pi. * p<0.05 297 

(n=4 per group). 298 

 299 
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5

Supplemental Fig. 5 Platko et al. 2020 

DAPI Pit-1 CD31 DAPI+Pit-1+CD31

DAPI Pit-1 α-SMA DAPI+Pit-1+α-SMA

A

B

1 0  μ m

1 0  μ m

Supplemental Figure V 300 

 301 

Supplemental Figure V. Colocalization of Pit-1 with endothelial and VSMC markers. (A) 302 

Immunofluorecence co-staining of Pit-1 (red), endothelial cell marker CD31 (green) and nuclei 303 

using DAPI (blue). (B) Immunofluorecence co-staining of Pit-1 (green), smooth muscle cell 304 

marker α-SMA (red) and nuclei using DAPI (blue). 305 
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Supplemental Figure VI 327 

 328 
 329 

 330 

Supplemental Figure VI. Quantitative real-time PCR analysis of Pit-1 and RUNX2 mRNA in 331 

cultured mouse VSMCs. * p<0.05, n=5 per group   332 

 333 
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Supplemental Fig. 6 Platko et al. 2020 
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Supplemental Figure VII 358 

 359 
Supplemental Figure VII. Staining of mineral deposition as well as colocalization IF of 360 

drivers of osteogenesis with markers of cellular lineage (A) Immunofluorecence co-staining 361 

of RUNX2/OCN/MSX2 (red), endothelial cell marker CD31 (green) and nuclei using DAPI 362 

(blue). (B) Immunofluorecence co-staining of α-SMA (red), RUNX2/OCN/MSX2 (green) and 363 

nuclei using DAPI (blue). 364 

Supplemental Fig. 7 Platko et al. 2020 
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Chapter link: GDF10 is a novel systemic inhibitor of vascular mineralization. Follow-up 

studies aimed at elucidating additional mechanisms by which TDAG51 regulates VC 

identified GDF10 to be significantly up-regulated in TDAG51-/- VSMCs. Although its role 

in VC has been previously unknown, GDF10 inhibits osteoblast differentiation, a process 

that is very similar to osteogenic transdifferentiation of VSMCs. This manuscript 

demonstrates that similar to its anti-osteogenic role in rat calvarial osteoblasts, recombinant 

human (rh)GDF10 inhibits mineralization of VSMCs and ex vivo aortic ring cultures. 

Mechanistically, treatment with rhGDF10 inhibits Pi-induced Runx2 transcriptional 

activity and expression in VSMCs.  

 

Author’s contribution: K. Platko, G. Gyulay, R. C.  Austin, and J.C. Krepinsky designed 

the study. K. Platko and G. Gyulay performed cell culture experiments, western blotting, 

immunofluorescence staining, alizarin red staining and ALP activity assay, as well as 

related analysis with help of P.F. Lebeau and J. Hyun Byun. Analysis of hydroxyapatite 

deposition in the ex vivo aortic rings and VSMCs were performed by G. Gyulay. Anna 

Roubtsova performed GDF10 in situ hybridazation analysis. Human serum samples for 
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Abstract 

Due to the negative impact of vascular calcification (VC) on vascular compliance, the 

occurrence of cardiovascular mortality in patients with end-stage renal disease is steadily 

on the rise. VC is a highly regulated biological process similar to bone formation involving 

osteogenic transdifferentiation of vascular smooth muscle cells (VSMCs). We have 

previously demonstrated that loss of T-cell death associated gene 51 (Tdag51) expression 

leads to an attenuation of medial VC. We now show a significant induction of circulating 

levels of growth differentiation factor 10 (Gdf10) in Tdag51-/- mice, which was of interest 

due to its established role as an inhibitor osteoblast differentiation. The objective of this 

study was to examine the role of Gdf10 in the osteogenic transdifferentiation of VSMCs. 

Using primary mouse and human VSMCs, as well as ex vivo aortic ring cultures, we 

demonstrated that treatment with recombinant human (rh) GDF10 reduced phosphate-

mediated hydroxyapatite (HA) mineral deposition. Furthermore, ex vivo aortic rings from 

Gdf10-/- mice exhibited increased HA deposition compared to C57BL/6J controls. To 

explain our observations, we identified that rhGDF10 treatment reduced protein expression 

of runt-related transcription factor 2, a well-established driver of osteogenic 

transdifferentiation of VSMCs and VC. Furthermore, we demonstrated an increase in 

circulating GDF10 in patients with chronic kidney disease with clinically defined severe 

VC, as assessed by coronary artery calcium score. Thus, our studies identify Gdf10 as a 

novel inhibitor of mineral deposition and as such, may represent a potential novel 

biomarker and a therapeutic avenue for detection and management of VC.  
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Abbreviations  

ALP, alkaline phosphatase; α-SMA, α-smooth muscle actin; CVD, cardiovascular disease; 

CKD, chronic kidney disease; CAC, coronary artery calcium; BMP, bone morphogenic 

protein; BSA, bovine serum albumin; FBS, fetal bovine serum; Gdf10, mouse growth 

differentiation factor 10; GDF10, human growth differentiation factor 10; HA, 

hydroxyapatite; HRP, horseradish peroxidase; IHC, immunohistochemistry; Runx2, runt-

related transcription factor 2; rh, recombinant human; Tdag51,T-cell death associated gene 

51; Pi, inorganic phosphate; PFA, paraformaldehyde; T-cell death associated gene 51; 

TGF-𝛽, transforming growth factor-𝛽; VC, vascular calcification; VSMCs, vascular 

smooth muscle cells; VD3, vitamin D3 

Introduction  

Cardiovascular disease (CVD) is the leading cause of mortality in patients with chronic 

kidney disease (CKD) (1). Vascular calcification (VC) in the medial layer of the vessel wall 

due to hydroxyapatite (HA) mineral deposition, which subsequently leads to reduced 

vascular elasticity, is the predominant driver of this mortality (2). The prevalence of VC in 

patients with CKD ranges from 40% in those with stage 3 CKD to 80-90% in patients with 

stage 5 CKD (3). Furthermore, VC has been found to be an independent risk factor for 

sudden cardiac death in patients with CKD (4–6). Despite the growing prevalence of CKD 

in the aging population (7), there is limited understanding of the molecular mechanisms 

that modulate the development of VC.  

 Although previously considered to be passive, VC is now recognized as a highly 

regulated pathological process that shares many features with bone formation (8). Bone 
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morphogenic proteins (BMPs) are members of the transforming growth factor-𝛽 (TGF-𝛽) 

superfamily that have long been shown to be crucial modulators of bone formation and are 

now recognized as drivers of VC (8, 9). Studies demonstrate that BMP2 and Bmp4 are 

inducers of osteogenic differentiation and HA deposition in osteoblasts and vascular 

smooth muscle cells (VSMCs) (10–12). In contrast, BMP7 promotes a VSMC-specific 

phenotype by upregulating the expression of α-smooth muscle actin (α-SMA). BMP3 is 

another negative regulator of osteoblast differentiation (13). Mice lacking the Bmp3 gene 

display increased bone mass (13), whereas transgenic mice overexpressing BMP3 develop 

spontaneous rib fractures due to altered endochondral bone formation (14). BMP-3b, also 

known as growth differentiation factor 10 (GDF10), is a divergent member of the TGF-𝛽 

superfamily that is closely related to BMP3 (15) and signals through TGF-𝛽 receptors (16–

18). Gdf10 expression correlates with osteoblast differentiation (19) and in a manner 

similar to BMP3, is able to inhibit this process (20). 

 Runt-related transcription factor 2 (Runx2) is a key transcription factor necessary 

for osteoblast development and maturation (21). Transcriptional regulation of Runx2 by 

BMPs plays an important role in osteoblast differentiation, as well as mineralization of soft 

tissues (22–28) Combined treatment of fibroblast-like ligamentum flavum cells and 

primary skeletal myoblasts with adenoviruses to overexpress Runx2 and Bmp2 revealed a 

synergistic effect on the expression of osteogenic genes (28). Furthermore, overexpression 

of Runx2 in VSMCs and adipose-derived stem cells promoted the expression of drivers of 

osteogenesis and a subsequent phenotypic switch (29–31). In VSMCs, phosphate-mediated 

increase in Runx2 expression and activation lead to an increase in the expression of type 
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III sodium-dependent phosphate transporter, Pit-1 (32), a well-established mediator of VC 

(33–35). Additionally, an increase in Runx2 and Pit-1 expression was observed in calcified 

aortas (29, 36). Interestingly, Tandon and colleagues (37) demonstrated that there also 

exists an inverse relationship between Runx2 and Gdf10 expression in lung cancer cells 

and mesenchymal stem cells from functionally deficient Runx2  mice. Runx2 

overexpression and knockdown studies show that Runx2 downregulates Gdf10 expression 

by increasing its methylation status (37).  

We have recently demonstrated that loss of T-cell death-associated gene 51 

(Tdag51) expression reduced Runx2 transcriptional activity, Pit-1 expression and 

subsequently blocked the development of VC (32). Interestingly, our recent microarray 

analysis revealed that Gdf10 expression in VSMCs from Tdag51-/- mice was significantly 

upregulated compared to the VSMCs from littermate controls. To shed light on this critical 

observation, we now demonstrate that treatment with recombinant human (rh) GDF10 

decreases phosphate (Pi)-mediated Runx2 expression and mineral deposition in VSMCs 

and ex vivo aortic ring cultures. Furthermore, we also demonstrate an increase in circulating 

GDF10 in patients with CKD and clinically defined VC. Therefore, our studies identify 

Gdf10 as a novel regulator of VC, serving as a potential therapeutic target for the 

management of VC and as a potential marker for its detection.  

Methods  

Animals  

Tdag51-/- mice were generated as previously described (38) and backcrossed to C57BL/6J 

(Tdag51+/+) mice for at least 9 generations. Gdf10-/- mice were generously provided by Dr. 
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Se-Jin Lee (39) and were also backcrossed onto the C57BL/6J background for at least 9 

generations. Wild-type (C57BL/6J) mice were purchased from Jackson Laboratory (Stock 

No: 000664). All mice were housed in a 12h light-dark cycle with free access to regular 

control diet. For studies examining VC using a vitamin D3 (VD3) model of 

hyperphosphatemia-induced rapid VC, 8-week-old male Gdf10-/- mice and Gdf10+/+ 

littermate controls were used. Mice were subcutaneously injected with 5.55 X 105 

IU/kg/day of active VD3 (Sigma-Aldrich) daily for 3 consecutive days (40) and were 

sacrificed 4 days posttreatment. All animal procedures were approved by the McMaster 

University Animal Research Ethics Board.  

 

VSMC and ex vivo aortic rings cultures 

All VSMCs were isolated from the aortas of 6 to 10-week-old male mice by the explant 

method (41) and cultured in Dulbecco’s Modified Eagle’s Medium (GIBCO GlutaMAX 

10567-014 + 1 g/L D-glucose + 110 mg/mL Sodium Pyruvate) supplemented with 10% v/v 

fetal bovine serum (FBS) (Sigma-Aldrich), 100 IU/ml penicillin and 100 μg/ml 

streptomycin (Gibco). Primary human aortic VSMCs were purchased from Lonza (CC-

2571) and cultured in SmGM-2 BulletKit medium (Lonza). Cells were plated at a 

confluence of 50-70% and used at passage 4-8. Aortic rings for ex vivo studies were isolated 

in a similar manner. Briefly, thoracic aortas were removed, washed in PBS-antibiotic-

antimycotic solution (Gibco) 6 times while the adventitia and adipose layers were carefully 

removed. Clean aortas were cut into 5-10 mm segments (~4-5 per animal) and cultured in 

suspension (42). All VSMCs and ex vivo aortic rings were maintained in 5% CO2 at 37°C. 
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To induce osteogenic transdifferentiation and calcification of the VSMCs, medium was 

supplemented with additional Pi to achieve a concentration of 2.6 mM. The addition of 

cleaved or full length (FL) rhGDF10 (R&D and AbNova) at increasing doses (100-1000 

ng/ml) was added to calcification medium.  

Calcium quantification assay 

After decalcification of cells or tissue with 0.6N HCl for 48-72 hours, calcium deposition 

was quantified using a colorimetric calcium kit using the o-cresolphthalein method 

according to the manufacturer’s instructions (Sigma-Aldrich). Measurements were 

normalized to protein content or dry tissue weight. 

OsteoImage HA crystal quantification assay 

HA deposition was quantified using the OsteoImage fluorescent assay kit (Lonza) 

according to the manufacturer’s instructions. Briefly, cells were plated in a black clear 

bottom 96-well plate and cultured in calcification medium for 5-6 days. Cells were washed, 

fixed with 3.7% w/v paraformaldehyde (PFA) and stained with the fluorescent reagent. HA 

deposition was quantitatively assessed using a fluorescent microplate reader (Molecular 

Devices) at 492/520 nm wavelengths (32).  

Immunoblotting  

Immunoblot analysis was performed as previously described (43). Briefly, whole cell and 

tissue lysates were prepared using RIPA lysis buffer containing a protease inhibitor cocktail 
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(Roche). Protein concentrations were determined using a modified Lowry assay (Bio-Rad). 

Equal amount of protein samples were resolved by SDS-PAGE and subsequently 

transferred to nitrocellulose membranes (Bio-Rad). The membranes were then blocked in 

5% w/v skimmed milk, incubated with primary antibodies for 18 h at 4°C, followed by 

horseradish peroxidase (HRP)-conjugates secondary antibodies. Secondary antibodies 

were detected using enhanced chemiluminescence reagent (Amersham) and exposed using 

Konica Minolta X-ray film processor. Band intensity was measured by densitometry 

analysis using ImageLab software (Bio-Rad) and normalized to membranes reported 

loading control. All antibodies and working dilutions are listed in Supplemental Table 1.  

Immunohistochemical (IHC) and histological staining 

Paraffin blocks were cut into 4 μm thick sections, deparaffinized and dehydrated in 3 

changes of xylene and 100% v/v ethanol respectively. Following an endogenous peroxidase 

block, sections were then blocked in 5% v/v serum and subsequently incubated in primary 

antibodies for 18 h at 4 °C. Sections were then exposed to biotin-labeled secondary 

antibodies (Vector Laboratories). Streptavidin-labeled HRP solution (Vector Laboratories) 

and the developing solution (Vector Laboratories) were used to visualize the staining. 

Calcium deposition in mouse tissue sections was visualized using Alizarin Red S stain. 

Following deparaffinization, sections were stained with 2% w/v Alizarin Red (Sigma-

Aldrich) solution at a pH of 4.2 for 2 min, dehydrated and mounted in synthetic mounting 

medium. Slides were examined using a Nikon light microscope. All antibodies and working 

dilutions are listed in Supplemental Table 1. 
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In situ hybridization 

Glass slides containing 12 μm thick frozen sections of whole body mice at embryonic day 

12 (E12) and postnatal day 5 (p5) mice, as well as 30 tissues of adult mice were fixed using 

4% formaldehyde. The [35S]-labeled (PerkinElmer) cRNA probes were synthesized in vitro 

and corresponded to mouse while coding region of Gdf10. RNA sense and antisense probes 

were synthesized and tested by in situ hybridization as reported.  

Immunofluorescence (IF) 

IF staining was performed as described previously (44). Briefly, 10 μm thick cryosections 

of thoracic aortas were fixed for 1 h using 4% w/v PFA, permeabilized for 15 min with 

0.025% v/v Triton X-100 and subsequently blocked with 5% w/v bovine serum albumin 

(BSA). Slides were then incubated with primary antibody overnight at 4ºC and stained with 

appropriate Alexa Fluor-labeled (ThermoFisher Scientific) secondary antibodies and DAPI 

(Sigma-Aldrich). Slides were mounted with Permafluor (ThermoFisher Scientific) and 

visualized using a fluorescent microscope (EVOS-FL, ThermoFisher Scientific). All 

antibodies and working dilutions are listed in Supplemental Table 1.    

ELISAs 

Commercially available ELISA kits were used to measure serum levels of mouse Gdf10 

(Elabscience) and Bmp3 (MyBioSource) according to the manufacturer’s instructions.    
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Microarray analysis  

Total RNA was isolated from Tdag51+/+ and Tdag51-/- VSMCs (n=3 per group) using the 

RNA purification kit (Qiagen) according to the manufacturer’s instructions. 300 ng of total 

RNA for each sample was used as input RNA in Ambion® WT Expression Kit 

(ThermoFisher Scientific) and 2.75 µg of cDNA for each sample was fragmented and 

labelled according to Affymetrix WT labeling and fragmentation protocol. Mouse 1.0 ST 

Gene Arrays v1 arrays were hybridized for 18hrs at 45ºC at 60 RPM. Arrays were washed 

using GeneChip Fluidics Station P450 and were scanned with Affymetrix GeneChip 

Scanner 7G. The relevant data are represented as the log fold change relative to Tdag51+/+ 

VSMCs. 

siRNA transfection 

To block pleckstrin homology-like domain family A, member 1 (PHLDA1) expression in 

human VSMCs, targeting siRNA (M-012389-01-0005) and non-targeting control siRNA 

(D-001210-01-05) were purchased from Dharmacon. Dharmafect 1 (GE Dharmacon) 

transfection reagent was used according to the manufacturer’s instructions (32).  

Quantitative real-time (qRT)-PCR 

Total RNA was isolated using RNA purification kit (ThermoFisher Scientific) according 

to the manufacturer’s instructions. A total of 2 μg of RNA was reverse transcribed using a 

High-Capacity cDNA Reverse Transcription Kit (ThermoFisher Scientific). PCR 

amplification was performed using fast SYBR Green (Applied Biosystems). Relative 
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transcript expression levels were calculated using the ΔΔCT method and normalized to 

18S. All primer sequences are listed in Supplemental Table 2.  

 

Human serum samples  

Serum from nondiabetic patients with CKD (eGFR 8-45ml/min) and associated severe VC, 

or no significant calcification as assessed by coronary artery calcium (CAC) score (45) as 

described in (46) were assessed for GDF10 by ELISA. The study cohort included both 

males and females and was not stratified by other co-morbidities or biochemical or clinical 

parameters.  

 

Statistical analysis  

Data were analyzed using the unpaired Student’s t-test and are presented as mean ± standard 

deviation, with p<0.05 considered significant between two groups. Details of biological 

replicates are listed in figure legends.  

 

Results  

Tdag51-/- VSMCs and mice exhibit increased expression of the inhibitor of 

osteogenesis, Gdf10 

Osteogenic transdifferentiation of VSMCs is a major contributor to the development of VC 

in conditions of hyperphosphatemia (8). Our previous findings demonstrated that Tdag51-

/- VSMCs and mice exhibit an attenuation of HA deposition due to (i) reduced expression 

of type III sodium-dependent Pi transporter and (ii) diminished Runx2 activity (32). To 

further define additional modulators of VC, microarray analysis of Tdag51+/+ and Tdag51-
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/- VSMCs identified 622 up-regulated and 363 down-regulated genes in Tdag51-/- VSMCs. 

Identified genes were classified according to their molecular function, biological process, 

cellular component and protein class (Fig. S1 A-D). Further analysis determined 49 genes, 

with log-fold change cut-off of +/- 1.5 compared to Tdag51+/+ VSMCs, that have 

previously been demonstrated to be involved in the regulation of mineral deposition in 

either soft tissues or bone (Fig. 1A). Among the identified genes was Gdf10, which was of 

interest because it is a circulating factor that is easily detected in the medium from primary 

mouse VSMCs (data not shown) and has previously been shown to inhibit osteoblast 

differentiation, a process that draws many parallels with VC (8, 20). Consistent with the 

notion that Gdf10 plays a role in bone formation and vascular mineral deposition (19, 20), 

in situ hybridization studies reveal that at embryonic day 12 (E12) and post-natal day 5 

(p5), Gdf10 mRNA was abundantly expressed in the vasculature such as the aorta, as well 

as in bone, such as the vertebrae, skull and cartilage (Fig 1B,C and S2).  

Consistent with the microarray data, quantitative real-time PCR and immunoblot 

analysis demonstrated an increase in Gdf10 mRNA and protein expression in Tdag51-/- 

VSMCs (Fig. 2A). Similarly, IHC staining of Gdf10 (Fig. 2B) as well as circulating levels 

of Gdf10 (Fig. 1C) were increased in Tdag51-/- mice compared to controls. In support of 

these findings, siRNA-mediated knockdown of PHLDA1 (human homologue of Tdag51) 

in human VSMCs resulted in increased GDF10 expression (Fig. 2D), thus suggesting that 

Tdag51 regulates Gdf10 expression. Given that Tdag51-/- leads to (i) elevated expression 

of Gdf10 as well as (ii) an attenuation of HA deposition, our findings suggest that similar 
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to its role in osteoblast differentiation, Gdf10 is likely an inhibitor of mineral deposition in 

VSMCs.  

Recombinant human GDF10 treatment attenuates Pi-mediated mineral deposition 

Given that GDF10 signals through TGF𝛽 receptors (16–18), we first confirmed that 

treatment with rhGDF10 induces Smad3 phosphorylation in a TGF𝛽 receptor-dependent 

manner (Fig. S3A). We next examined the effect of rhGDF10 on mineral deposition in 

primary mouse VSMCs (Fig. 3A) and ex vivo aortic ring cultures (Fig. 3B), as well as 

primary human VSMCs (Fig. 3C). The effect of rhGDF10 treatment on alkaline 

phosphatase (ALP) activity in VSMCs (Fig. 3D) and the pattern of mineral accumulation 

in ex vivo aortic rings (Fig. 3E) was also examined. Consistent with its previously 

established role as an inhibitor of osteoblast differentiation (20), rhGDF10 attenuated Pi-

mediated mineral deposition in VSMCs and ex vivo aortic ring cultures, as well as ALP 

activity. Furthermore, ex vivo aortic rings from Gdf10-/- mice exhibited increased mineral 

deposition compared to C57BL/6J controls (Fig. 3F). Collectively, these data indicate that 

Gdf10 is a negative regulator of Pi-mediated mineral deposition in VSMCs.  

Similar to other TGF𝛽 family members, active Gdf10 is generated by proteolytic 

cleavage of the precursor protein at the putative furin cleavage site (RXXR)(47–49). In 

order to confirm that active Gdf10 is necessary for the observed anti-osteogenic phenotype, 

human and mouse VSMCs were treated with either cleaved/active (Gln369-Arg478) or FL 

rhGDF10 in the presence or absence of an established furin inhibitor, decanoyl-RVKR-

CMK (Fig. S3A and S3B) (50). Both FL and active peptide forms of rhGDF10 significantly 
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reduced calcification, while decanoyl blocked the inhibitory effect of the FL rhGDF10. A 

control peptide was also used as an additional control and had no effect on HA deposition. 

Thus, suggesting that only active GDF10 acts as an inhibitor of HA deposition and VC. 

Given that the decanoyl-RVKR-CMK inhibited the anti-calcific effect of GDF10, these 

observations also suggest that Gdf10 is processed at the cell surface by furin.  

 To investigate the role of Gdf10 in VC, a model of VD3-induced VC was employed. 

Mineral deposition within the vessel wall was examined by quantification of Ca2+ content 

(Fig. S4A) and Alizarin Red calcium stain (Fig. S4B). To our surprise, no difference in 

mineral deposition was observed between Gdf10-/- and Gdf10+/+ littermate controls. To 

interrogate the possibility of compensatory increase in a closely related family member and 

a known negative regulator of osteogenesis, Bmp3 (13, 14), its circulating levels were 

measured using ELISAs (Fig. S4C). These data revealed a substantial increase in 

circulating Bmp3 in Gdf10-/- mice, likely compensating for the absence of Gdf10, which 

may explain inconsistencies between our in vivo and in vitro observations.   

 

Recombinant human GDF10 treatment inhibits Runx2 expression and activity 

Osteogenic transdifferentiation of the medial layer of the vessel wall leading to VC draws 

many similarities to growth and maturation of osteoblasts (8). We next examined the effect 

of rhGDF10 on the expression of well-established drivers of osteogenic transdifferention 

of VSMCs (24, 25, 31, 34). Immunoblot analysis demonstrated that rhGDF10 attenuated Pi 

and TGF-𝛽-mediated upregulation of Runx2 and its transcriptional cofactor Msh 

homeobox 2 (Msx2), while Pit-1 levels remained unchanged (Fig. 4A). Because the 
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expression of Runx2 and its co-factor Msx2 is associated with Runx2-mediated 

transcriptional activity and pro-osteogenic phenotype (24, 51), Runx2 transciptional 

activation was also examined using 6XOSE2-Luc.  Runx2-dependent activation was 

inhibited by rhGDF10 (Fig. 4B). In line with these findings, the mRNA expression of 

established markers of osteogenesis, including Runx2, Msx2, and ALP were also reduced 

(Fig. 4C). Additionally, rhGDF10 treatment decreased the expression of Runx2 and its 

downstream target osteocalcin (OCN) in the ex vivo aortic ring cultures following 7 days 

of treatment (Fig. 4D). Thus, these observations reveal that GDF10 may in part inhibit 

arterial mineral deposition by regulating the expression of key drivers of VC, such as Runx2 

and its downstream targets.  

Circulating GDF10 levels are elevated in patients with coronary artery calcification  

Given the established role of circulating osteogenic proteins in the development of arterial 

calcification (52–54), we next examined circulating GDF10 levels in a cohort of patients 

with CKD who were also determined to have severe VC, as assessed by CAC score of >200 

(Fig. 5). Similar to other established inhibitors of medial arterial mineral deposition (8, 52–

54), we observed an increase in serum GDF10 in patients with severe VC. These data 

suggest that circulating levels of GDF10 increase in response to vascular injury in calcified 

regions, likely in an attempt to prevent this process.  

Discussion 

The relationship between TGF-𝛽 signaling and VC has been known for decades, and has 

predominantly focused on the effect of well-characterized members of this diverse 
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superfamily, such as TGF-𝛽, BMP-2 and BMP-7 (22–26, 28). Our studies begin to 

characterize the relationship between a divergent member of the of the TGF-𝛽 superfamily, 

GDF10, and osteogenic transdifferentiation of VSMCs. Using a combination of in vivo and 

ex vivo studies, we demonstrated that rhGDF10 attenuated VC. To explain these 

observations, we also demonstrated that rhGDF10 reduced the expression of well-

established drivers of osteogenic transdifferentiation in VSMCs.  

Osteogenic transdifferentiaiton of VSMCs is a highly regulated process that shares 

many similarities with osteoblast differentiation and bone mineralization (8). Runx2 is an 

indispensable transcription factor necessary for both of these processes to occur (55, 56). 

Studies demonstrate that Runx2 is essential for osteogenic transdifferentiation of VSMCs 

and adipose-derived mesenchymal stem cells (30, 56). Importantly, accumulating evidence 

demonstrates that several members of the BMP family are key regulators of Runx2 

transcriptional activity and expression in the context of osteoblast differentiation, as well 

as mineralization of soft tissues (25–28, 57). We have recently demonstrated that VSMCs 

derived from Tdag51-/- mice exhibit reduced expression of the type III sodium-dependent 

Pi transporter and Runx2 transcriptional activity, leading to diminished VC (32). Here we 

illustrate that reduced VC in Tdag51-/- mice is also accompanied by an increase in Gdf10 

expression. Evidence also suggests that there exists an inverse relationship whereby Runx2 

can regulate a divergent member of the BMP family, Gdf10, in lung carcinoma, and 

mesenchymal stem cells (37). These findings provide a potential additional mechanism to 

explain the protective phenotype observed in Tdag51-/- mice (32) In the present study, we 

demonstrate that rhGDF10 treatment inhibits Pi-mediate HA mineral deposition in cultured 
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mouse and human VSMCs, as well as ex vivo aortic ring cultures. Additionally, rhGDF10 

treatment attenuated Runx2 expression and transcriptional activity in wild-type VSMCs. 

Thus, our findings support a role for Gdf10 as a novel negative modulator of Runx2 thus 

of VC.  

GDF10 is a member of the TGF-𝛽 superfamily that also shares an 83% amino acid 

sequence homology with BMP3 (15). Daluiski and colleagues (13) have demonstrated that 

BMP3 is a powerful negative modulator of osteogenic differentiation and mineralization in 

mouse myoblast cells, however no skeletal defects were observed in Bmp3-/- embryos and 

newborns. Additionally, the authors observed no obvious skeletal phenotype in adult Bmp3-

/- mice other than an increase in total trabecular bone volume, which was accompanied by 

a considerable amount of variation between mice (13). Consistent with the role of BMP3 

as an inhibitor of osteogenesis, transgenic mice overexpressing BMP3 develop spontaneous 

rib fractures due to defects in bone formation (14). Due to the homology between these two 

proteins, in a manner similar to BMP3, Gdf10 expression also correlates with periods of 

osteoblast differentiation in rat calvarial osteoblasts (19, 20). To our surprise, however, we 

observed no difference in HA mineral deposition between VD3-treated Gdf10-/- and 

Gdf10+/+ mice. Similar to the studies conducted in Bmp3-/- mice (13), the absence of a VC 

phenotype observed in Gdf10-/- mice from our study may be due to its functional 

redundancy with its closely related family member, Bmp3.  

Our understanding of BMPs is expanding beyond that of bone growth and cartilage 

formation. Several studies have now demonstrated that BMPs act as response to injury 

factors, mitigating disease progression (17, 18, 58–62). Clinical and pre-clinical studies 
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demonstrate an increase in circulating BMP9 levels in patients with liver fibrosis as well as 

an increase in perivascular hepatic fibrosis in Bmp9 knockout mice (58, 59). Exposure of 

primary liver sinusoidal endothelial cells to exogenous BMP9 led to an attenuation of the 

fibrotic response (59). In a similar manner, BMP7 treatment can prevent tubulointerstitial 

fibrosis and preserve renal function in a rodent model of renal injury (61, 62). Consistent 

with these findings, exogenous BMP7 also ameliorates the expression of profibrotic genes 

in the aortas of uremic rats (60). On the other hand, Gdf15 expression dramatically 

increases following liver injury (63), while its overexpression ameliorates ischemia 

reperfusion injury (64) and leads to improved functional recovery following a traumatic 

spinal cord injury (65). Recent evidence also suggests that GDF10 plays a role in injury 

prevention and wound healing, as Li and colleagues (18) demonstrate an increase in GDF10 

expression in rodent and non-human primate models of stroke, as well as in autopsy 

samples from patients who presented with a clinically diagnosed stroke event. Furthermore, 

exogenous treatment with rhGDF10 promoted axonal sprouting and functional recovery 

after stroke in rodents (18). In line with these findings, we and others demonstrated that 

Gdf10-/- mice develop severe hepatic fibrosis and lipid accumulation, whereas mice with 

adipose-specific overexpression of BMP-3b were protected against diet-induced obesity 

(17, 66). In our present study, we demonstrate an increase in serum GDF10 in CKD patients 

with established VC. Similar to other BMP family members, GDF10 may potentially act 

as an inhibitor of VC and a circulating response to injury protective factor.   

The present study identifies GDF10 as a novel mediator of osteogenic 

transdifferentiation of the VSMCs and HA mineral deposition. Mechanistically, rhGDF10 
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treatment inhibited Pi-induced Runx2 expression and activity. Our results also show that 

patients with CKD and established severe VC exhibit elevated circulating levels of GDF10. 

Thus our findings identify GDF10 as an important circulating factor regulating osteogenic 

transdifferentiation and subsequent VC of VSMCs and that patients with CKD may benefit 

from increased circulating levels of this protein.  
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Figures and figure legends 

Figure 1. Gdf10 is highly expressed in the vasculature, bone and cartilage, and is 

upregulated in Tdag51-/- mice. (A) Representation of the log fold change of genes that  

have previously been demonstrated to be involved in the regulation of mineral deposition  

in either soft tissues or bone in VSMCs from Tdag51-/- mice compared to littermate 

controls. (B and C). Gdf10 mRNA distribution in whole body sections of mice at embryonic 

day 12 (E12) and postnatal day 5 (p5). All data are shown as mean and error bars as S.D. 

*, p<0.05 by unpaired two-tailed Student’s t-test. As, antisense; Ao, aorta; Bn, bone; CV, 

thionin staining; Cr, cartilage; NS, non-specific staining; S, control sense; Tdag51, T-cell 

death associated gene 51; VB, vertebrae.  
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Figure 2. Tdag51-/- VSMCs and mice exhibit increased expression of Gdf10. (A) 

Quantitative real-time PCR and immunoblot analysis of Gdf10 expression in Tdag51+/+ 

and Tdag51-/- VSMCs (n=3). (B) IHC staining of Gdf10 in Tdag51+/+ and Tdag51-/- 

mouse aortas. (C) Plasma levels of Gdf10 protein in male Tdag51+/+ and Tdag51-/- mice 

(n=5). (D) Quantitative real-time PCR analysis of PHLDA1 and GDF10 expression in 

human VSMCs transfected with either control siRNA or siRNA targeted against 

PHLDA1 (n=3). All data are shown as mean and error bars as S.D. *, p<0.05 by unpaired 

two-tailed Student’s t-test. GAPDH, Glyceraldehyde 3-phosphate dehydrogenase; Gdf10, 

growth differentiation factor 10; PHLDA1, pleckstrin homology like domain family A 

member 1; Tdag51, T-cell death associated gene 51; VSMCs, vascular smooth muscle 

cells. 
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Figure 3. rhGDF10 treatment inhibits Pi-mediated mineral deposition. (A, B) 

Quantification of Pi-induced HA crystal formation and calcium deposition in wild-type 

(C57BL/6J) mouse VSMCs (n=5-10) and ex vivo aortic ring cultures (n=4) following Pi 

(2.6 mM) treatment for 5 and 7 days, respectively, in the presence or absence of rhGDF10 

(100 ng/ml or 1000 ng/ml). (C) Quantification of Pi-induced HA crystal formation in 

human VSMCs following 5 days of Pi (2.6 mM) treatment in the presence or absence of 

rhGDF10 (100 ng/ml; n=8-11). (D) Quantification of alkaline phosphatase activity in wild-

type VSMCs following 4 days of Pi (2.6 mM) and rhGDF10 (250 ng/ml) treatment. (E) 

Alizarin red calcium stain in wild-type ex vivo aortic rings following 7 days of Pi (2.6 mM) 

and rhGDF10 (1000 ng/ml) treatment. (F) Quantification of calcium deposition in 

C57BL/6J and Gdf10-/- mouse ex vivo aortic ring cultures following 7 days of Pi (2.6 mM) 

treatment (n=4). All data are shown as means and error bars as S.D. *, p<0.05 by unpaired 

two-tailed Student’s t-test. ALP, alkaline phosphatase; Gdf10, growth differentiation factor 

10; HA, hydroxyapatite; Pi, inorganic phosphate; rh, recombinant human.  
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Figure 4. rhGDF10 treatment inhibits Pi-induced Runx2 protein expression in 

C57BL/6J VSMCs. (A) Immunoblot analysis of Runx2, Msx2, Pit-1 and GAPDH 

expression in VSMCs from C57BL/6J mice following 4 day treatment of Pi (2.6 mM) in 

the presence or absence rhGDF10 (250 ng/ml). (B) Runx2 luciferase reporter assay 

following 2 days of 2.6 mM Pi treatment (n=6-13 per group). (C) Quantitative real time 

polymerase chain reaction of Runx2, Msx2, and ALP mRNA expression (n=3). (D) 

Representative micrograph of immunofluorescence staining in wild-type ex vivo aortic 

rings following 7 days of Pi (2.6 mM) and rhGDF10 (1000 ng/ml) treatment, OCN (green), 

α-SMA (red) and DAPI (blue). All data are shown as means and error bars as S.D. *, p<0.05 

by 1-way ANOVA with Tukey multiple comparison testing. ALP, alkaline phosphatase; 

GAPDH, Glyceraldehyde 3-phosphate dehydrogenase; Msx2, Msh homeobox 2; rh, 

recombinant human; Pit-1, type III sodium-dependent phosphate transporter; Runx2, runt-

related transcription factor 2. 
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Figure 5. Serum GDF10 levels are elevated in patients with CKD and established VC. 

(A) Quantification of serum GDF10 levels in patients with CKD (n=8-9). All data are

shown as means and error bars as S.D. *, p<0.05 by unpaired two-tailed Student’s t-test.

CAC, coronary artery calcium; CKD, chronic kidney disease; GDF10, growth

differentiation factor 10.

A

Figure 5. 

*, p<0.01, vs. CAC score=0 
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Supplemental Table 1: List of antibodies used for immunoblotting (IB), 

immunohistochemistry (IHC) and immunofluorescence (IF) 

Target 

antigen 

Vendor or 

Source 

Catalog 

# 

Working 

concentrati

on 

Persistent ID / URL 

GAPD

H 

Cell 

Signaling 

Technology 

5174 IB: 0.34  

μg/ml 

https://www.cellsignal.com/products/pri

mary-antibodies/gapdh-d16h11-xp-

rabbit-mab/5174 

OCN Abcam ab93876 IF: 1.0 

μg/ml 

https://www.abcam.com/osteocalcin-

antibody-ab93876.html 

RUNX

2 

Cell 

Signaling 

Technology 

8486 IB: 1.82 

μg/ml 

https://www.cellsignal.com/products/pri

mary-antibodies/runx2-d1h7-rabbit-

mab/8486 

Msx2 Novus 

Biologicals 

NBP1-

85445 

IB: 0.548 

μg/ml 

https://www.novusbio.com/products/ms

x2-antibody_nbp1-85445 

TDAG5

1 

Sant Cruz 

Biotechnolog

y 

SC-

23866 

IB: 0.4 

μg/ml 

https://www.scbt.com/p/tdag51-

antibody-rn-6e2 

GDF10 Novus 

Biologicals 

H000026

62-B01P

IB:0.5 μg/ml 

IHC: 2 

μg/ml 

https://www.novusbio.com/products/bm

p-3b-gdf-10-antibody_h00002662-b01p

https://www.cellsignal.com/products/primary-antibodies/gapdh-d16h11-xp-rabbit-mab/5174
https://www.cellsignal.com/products/primary-antibodies/gapdh-d16h11-xp-rabbit-mab/5174
https://www.cellsignal.com/products/primary-antibodies/gapdh-d16h11-xp-rabbit-mab/5174
https://www.abcam.com/osteocalcin-antibody-ab93876.html
https://www.abcam.com/osteocalcin-antibody-ab93876.html
https://www.cellsignal.com/products/primary-antibodies/runx2-d1h7-rabbit-mab/8486
https://www.cellsignal.com/products/primary-antibodies/runx2-d1h7-rabbit-mab/8486
https://www.cellsignal.com/products/primary-antibodies/runx2-d1h7-rabbit-mab/8486
https://www.novusbio.com/products/msx2-antibody_nbp1-85445
https://www.novusbio.com/products/msx2-antibody_nbp1-85445
https://www.scbt.com/p/tdag51-antibody-rn-6e2
https://www.scbt.com/p/tdag51-antibody-rn-6e2
https://www.novusbio.com/products/bmp-3b-gdf-10-antibody_h00002662-b01p
https://www.novusbio.com/products/bmp-3b-gdf-10-antibody_h00002662-b01p
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Supplemental Table 2: List of Primers Used for Quantitative Real-Time PCR 

Gene Species Forward Reverse 

PHLDA1 Human GAAGATGGCCCATTCAAA

AGCG 

GAGGAGGCTAACACGCAG

G 

18S Human GTAACCCGTTGAACCCCA

TT 

CCATCCAATCGGTAGTAG

CG 

18s Mouse CTTAGAGGGACAAGTGGC

G 

ACGCTGAGCCAGTCAGTG

TA 

Gdf10 Mouse AATGATCGACCAAAAGCC

TGT 

CTTGCAGAATACCTCACG

AGC 

Runx2 Mouse ATGCTTCATTCGCCTCACA

AA 

GCACTCACTGACTCGGTT

GG 

ALP Mouse CCAACTCTTTTGTGCCAG

AGA 

GGCTACATTGGTGTTGAG

CTTTT 

Msx2 Mouse GGCAACCCTGTGCTACGA

AT 

CCTGGACTCTCTTTTGGGC

TTTA 
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Supplemental figures and figure legends 

Figure S1. Gene ontology classification of targets identified by the microarray 

analysis. (A) Molecular function. (B) Biological process. (C) Cellular component. (D) 

Protein class.  

Fig. S1 
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Figure S2. Local distribution of Gdf10 mRNA expression in 30 tissues of adult mice, 

following antisense and sense hybridization. (A) Frozen tissue cryostat sections in 30 

mouse tissues array after thionin staining. (B) X-ray film autoradiography with frozen 

tissue cryostat sections following antisense hybridization and 5 days exposure (same slide 

as in A). (C) Control (sense) hybridization in adjacent cryostat sections showing a level of 

non-specific labelling (same slide as in A). As, antisense; CV, thionin staining; Gdf10, 

growth differentiation factor 10; S, control sense.  
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Figure S3. rhGDF10 treatment induces SMAD3 phosphorylation in TGF𝛽 receptor-

dependent manner. (A) Immunoblot analysis of P-SMAD3 and T-SMAD3 expression in 

VSMCs from C57BL6/J mice treated with rhGDF10 (100 ng/ml) in the presence or absence 

of TGF𝛽 receptor inhibitor (5 μm). Recombinant TGF𝛽 used as a positive control (5 ng/ml). 

(B and C) Quantification of Pi-induced HA crystal formation and calcium deposition in 

mouse and human ex vivo aortic ring cultures (n=8) following 5 days of Pi (2.6 mM) 

treatment in the presence or absence of cleaved/active or full length rhGDF10 (100 ng/ml) 

as well as decanoyl (5 μm) and control peptide (100 ng/ml). All data are shown as means 

and error bars as S.D. *, p<0.05 by 1-way ANOVA with Tukey multiple comparison 

testing. GDF10, growth differentiation factor 10; TGF𝛽, transforming growth factor beta.  

Fig. S3 
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Figure S4. Gdf10-/- mice develop similar degree of VD3-induced mineral deposition 

compared to Gdf10+/+ littermate controls. (A, B) Calcium quantification and Alizarin 

Red calcium stain in the abdominal aortas (n=5-8). (C) BMP3 ELISAs (n=6). All data are 

shown as mean and error bars as S.D. *, p<0.05 by unpaired two-tailed Student’s t-test. 

BMP3, bone morphogenic protein 3; Gdf10 growth differentiation factor 10; VD3, vitamin 

G3.  
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CHAPTER 4: MANUSCRIPT 3 

GDF10 blocks hepatic PPARγ activation to protect against diet-induced liver 

injury. 

Khrystyna Platko*, Paul F. Lebeau*, Jae Hyun Byun, Samantha V. Poon, Emily A. 

Day, Melissa E. MacDonald, Nicholas Holzapfel, Aurora Mejia-Benitez, Kenneth N. 

Maclean, Joan C. Krepinsky, Richard C. Austin 

* Authors contributed equally to this work.

Molecular Metabolism (2019). 27(9):62-74. doi: 10.1016/j.molmet.2019.06.021 

. 
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Chapter link: GDF10 blocks hepatic lipid accumulation and injury. While examining the 

role of GDF10 in VC, we observed that GDF10 KO mice develop increased body weight, 

adiposity, and hepatic lipid accumulation when fed normal control diet. In line with our 

preliminary observations, mice overexpressing GDF10 are protected against HFD-induced 

obesity196. This journal article further characterizes GDF10 as modulator of metabolic 

homeostasis. More specifically, recombinant human GDF10 attenuated hepatic lipid 

accumulation and subsequent injury by antagonizing PPARγ activation and expression in 

cultured hepatocyte cells and liver tissue. Consistent with these observations, GDF10 KO 

developed severe diet-induced hepatic steatosis and fibrosis.  

Author’s contribution: K. Platko, P.F. Lebeau and R. C. Austin designed the study. K. 

Platko and P.F. Lebeau performed cell culture experiments, western blotting, 

immunohistochemistry staining, immunofluorescence staining, morphological staining 

(H&E, Masson’s Trichrome), as well as related analysis with help of, J. Hyun Byun, S. V. 

Poon, and N. Holzapfel. Analysis of fatty acid oxidation was performed by E.A. Day.  

Animal experiments were conducted by K. Platko with help of M.E. MacDonald. K. Platko 

and P.F. Lebeau curated the data and wrote the manuscript. K. Platko, P.F. Lebeau, R.C. 

Austin, J.C. Krepinsky, K.N. Maclean and A. Mejia-Benitez reviewed and edited the 

manuscript. All authors approved the final submission 
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Figure legends  

Fig. S1 GDF10 treatment reduces cytotoxicity in response to TG and TM. (A) ORO staining 

and isopropanol extract quantification of HepG2 cells treated with TG (100 nM), PA (200 μM ) 

and rhGDF10 (250 ng/mL) for 24 hours. (B) LDH release assay in the medium from Huh7 cells 

treated with TG (100 nM) and TM (2 µg/mL). Scale bar, 50 µm. All data are shown as the mean 

± S.D. *, p<0.05 by unpaired two-tailed Student’s t-test or one-way ANOVA. 

Fig. S2 GDF10-/- exhibit a reduction in plasma Leptin. Plasma content of circulating Leptin in 

wild type and GDF10-/- mice fed NCD (n=5). All data are shown as the mean ± S.D. *, p<0.05 by 

unpaired two-tailed Student’s t-test. 

Fig. S3 GDF10 modulates PPARγ and C/EBPα nuclear abundance. Immunofluorescent 

staining of PPARγ and C/EBPα in (A) HepG2 cells and (B) primary human hepatocytes treated 

with rhGDF10 or CGTZ. Scale bars, 50 µm. 

Fig. S4 TGFβR1 inhibition reduces CGTZ-mediated lipid droplet accumulation in HepG2 

cells. ORO staining in HepG2 cells treated with CGTZ (10 µM),  rhGDF10 (250 ng/mL) and 

IN1130 (100 nM). Scale bar, 50 µm. 

IRE1a Mouse TGAAACACCCCTTCTTCTGG CCTCCTTTTCTATTCGGTCACTT

Il1b Mouse GCACTACAGGCTCCGAGATGAAC TTGTCGTTGCTTGGTTCTCCTTGT

LPL Mouse GGGCTCTGCCTGAGTTGTAG AGAAATTTCGAAGGCCTGGT

PPARa Mouse
GAAGGGCACACGCGTGCGAGTTTT
CAG

GAAGGGCACACGCGTGCGAGTTTT
CAG

Perilipin Mouse
CTGTGTGCAATGCCTATGAG

A

CTGGAGGGTATTGAAGAGCC

G

PGC1b Mouse
TCCTGTAAAAGCCCGGAGTA

T
GCTCTGGTAGGGGCAGTGA

PDK4 Mouse AGGGAGGTCGAGCTGTTCTC GGAGTGTTCACTAAGCGGTCA

PARP1 Mouse GGAAAGGGATCTACTTTGCCG TCGGGTCTCCCTGAGATGTG

PCK1 Mouse CTGCATAACGGTCTGGACTTC CAGCAACTGCCCGTACTCC

sXBP1 Mouse GAGTCCGCAGCAGGTG GTGTCAGAGTCCATGGGA

STAT3 Mouse CACCTTGGATTGAGAGTCAAGAC AGGAATCGGCTATATTGCTGGT

TNFa Mouse CATGAGCACAGAAAGCATGATCCG AAGCAGGAATGAGAAGAGGCTGAG

TGF	beta	 Mouse CAACAATTCCTGGCGTTACCTTGG GAAAGCCCTGTATTCCGTCTCCTT



PhD. Thesis–Khrystyna Platko; McMaster University–Medical Sciences 

141 

Fig. S5 GDF10-/- mice exhibit increased hepatic fibrosis, apoptosis and gluconeogenesis. (A) 

PSR staining in the livers of mice fed NCD or HFD. Real time PCR analysis of hepatic mRNA 

abundance of indicated genes involved in (B) apoptosis and (C) gluconeogenesis (n=5). Scale 

bars, 200 µm. All data are shown as the mean ± S.D. *, p<0.05 by one-way ANOVA. 

Fig. S6. ER stress-inducing agent TM induces the expression of GDF10 in 3T3-L1 

adipocytes. Real time PCR analysis of GDF10 mRNA transcript levels in 3T3-L1 adipocytes 

treated with TM (2 µg/ml) for 24 hours. All data are shown as the mean ± S.D. *, p<0.05 by 

unpaired two-tailed Student’s t-test. 
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Figure S4.

Vehicle CGTZ

CGTZ + GDF10 CGTZ + GDF 

+ IN1130

Platko & Lebeau et al., 2019
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Figure S6. Platko & Lebeau et al., 2019
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CHAPTER 5: GENERAL DISCUSSION 

CVD is the primary cause of mortality in patients with advanced CKD11,35-37. Increased 

arterial stiffness, occurring as a result of VC, is an established predictor and independent 

risk factor of CVD-associated mortality in patients with impaired renal function15,17-19. The 

data shown in this thesis demonstrate that TDAG51 modulates VC by regulating the 

expression of Runx2, Pit-1 (Chapter 2), as well as GDF10 in the VSMCs (Chapter 3). 

Findings summarized in Chapter 3 also identify GDF10 as a novel systemic inhibitor of 

VC, and as such, a potential therapeutic avenue for the management and diagnosis of this 

disease. In addition to its role as an inhibitor of VC, the results indicated in this thesis also 

report that GDF10 is a crucial modulator of hepatic lipid homeostasis, and therefore may 

indirectly affect vascular heath by regulating other metabolic parameters (Chapter 4).  

5.1 The pathogenesis of VC 

The appropriate diagnosis and management of VC among patients with CKD 

represents a significant unmet need227. There are currently no clinically-applicable methods 

that reliably detect and quantify CKD-associated VC. As a result, most VC is detected 

unintentionally through imaging that was designed to assess other indications227. In the 

academic setting, however, several imaging-based quantitative methods have been 

developed and are thought to have prognostic value. Among these, the computed 

tomography-based quantification of arterial mineral deposition, reflected as CAC score, is 

the most widely used227,228. The ability of imaging-based quantification tools to accurately 

distinguish between intimal and medial VC, represents a limitation of this technology227. 



PhD. Thesis–Khrystyna Platko; McMaster University–Medical Sciences 

149 

In recent years however, this area of research has focused on the identification of systemic 

biomarkers of VC. These include serum calcioprotein particles and extracellular vesicle-

associated mineral quantification approaches229,230. Increasing evidence suggests that 

circulating levels of microRNAs also have a potential prognostic value231. Additionally, 

elevated circulating levels of calcification inhibitors, OPN and OPG, have been associated 

with VC in DM, and hemodialysis patients, respectively232,233. In line with these studies, 

we report that a novel inhibitor of VC, GDF10, may serve as a potential biomarker of VC. 

These findings are supported by the observed increase in circulating GDF10 levels in 

patients with established CAC (Chapter 3). Thus similar to other well-established inhibitors 

of the mineralization process, GDF10 may possess a dual role as an inhibitor and a marker 

of this disease232,233.  

Although our understanding of biomarkers of VC is rapidly improving, there are 

currently no established therapeutic intervention for the prevention and reversal of this 

process. In clinical studies, several lines of evidence demonstrate that lowering of serum Pi 

can decrease mineral and bone disorder and CV risk in patients with CKD64. As a result, Pi 

binders are regularly used as a treatment modality for the management of 

hyperphosphatemia in these patients227. Additionally, vitamin K and magnesium 

supplementation both show potential for the management of VC234,235. Given that pro-

osteogenic differentiation and apoptosis are the two main mechanisms that drive VC of 

VSMCs, novel therapies aimed directly at these processes in the vasculature are necessary 

to effectively target VC12. In support of this notion, evidence from in vitro studies show 

that inhibition of apoptotic cell death can attenuate VC128. To our knowledge, however, no 
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evidence of reversal of osteogenic transdifferentiation of VSMCs has been documented. 

Interestingly, one study reports that mature osteoblast can dedifferentiate to osteogenic 

precursor cells, suggesting that similar to VSMCs, osteoblasts possess some degrees of 

plasticity236. Because mesenchymal stem cells give rise to both osteoblast and VSMCs, 

these data also suggest that dedifferentiating osteoblast may in some circumstances commit 

to a VSMC lineage2. Given that previous studies from our laboratory, in accordance with 

the data presented in this thesis, highlight TDAG51 as regulator of cellular differentiation 

and apoptosis, TDAG51 may serve as an important molecular link for delineating the exact 

cellular mechanisms involved in the development of VC114,145,152,226.   

 Another important consideration for scientists in the field of VC is the question of 

whether it is safe to reverse/remove VC. VC is a pathophysiological adaptation of the 

VSMCs that occurs at every spectrum of renal dysfunction and only reaches its maximal 

size potential after chronic exposure to circulating toxins12,60. As a result, substantial VC 

that is readily detectable using currently available techniques is predominantly present in 

patients with advanced CKD. The calcified areas in the vasculature consist of HA crystals 

and osteoblast-like transdifferentiated VSMCs60,227. Given the current knowledge of 

disease aetiology, in the early stages of the disease, dissolution of micro calcification within 

the arterial wall may have a beneficial effect on vascular compliance and CV risk, with 

minimal adverse side effects. Importantly, it is well-accepted that dissolution of large HA 

crystals present in patients with advanced CKD would potentially lead to empty spaces or 

gaps in the large arteries, likely resulting in serious health consequences primarily affecting 

the hemodynamic balance and arterial wall integrity in these patients.  
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5.1.1 TDAG51 is a key modulator of vascular calcification and osteogenic 

transdifferentiation of arterial smooth muscle cells  

In humans, chronic renal insufficiency leads to a persistent state of hyperphosphatemia, 

which is associated with increased risk of CV mortality due to changes in vessel wall 

elasticity17-19. Consistently, presence of medial VC is a strong predictor of CV and all-cause 

mortality in patients with CKD15,17-19. Experimental studies have identified Runx2 as a 

crucial mediator of VC, as its expression is upregulated in conditions of 

hyperphosphatemia103,104,108. Pit-1 is the predominant Pi cotransporter found in VSMCs, 

and is necessary for Pi-mediated mineralization of the VSMCs69. Using in vitro, in vivo, 

and ex vivo models of VC, Chapter 2 illustrates that TDAG51 modulates 

hyperphosphatemia-induced VC by regulating (i) Runx2 transcriptional activity and (ii) 

Pit-1 expression. In line with the regulatory role of TDAG51, its expression is also 

increased in calcified human arteries and mouse VSMCs, while TDAG51 deficiency 

confers a protective phenotype.  

Although Chapter 2 predominantly focused on the Pit-1-Runx2-mediated 

mechanism of TDAG51 regulatory action, other molecular mechanisms may also 

contribute to the protective phenotype observes in TDAG51-/- mice and VSMCs. TDAG51 

is traditionally regarded as a transcription factor with pro-apoptotic activity143. In line with 

this notion, antibody-mediated neutralization of its human homologue, PHLDA1, increases 

while its overexpression decreases cell survival151. TDAG51 expression also correlates 

with apoptotic cell death in atherosclerotic lesions from ApoE-/- mice152. Cell membrane 

distortion, resulting in increased permeability of VSMCs, can lead to apoptotic cell death. 
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We have reported that overexpression of PHLDA1 leads to substantial changes in cellular 

morphology and adhesion, and promotes detachment-mediate cell death of endothelial 

cells152. Similarly, Carlisle et. al153 found that transient overexpression of TDAG51 

promoted changes in cell shape and morphology that exacerbate TGF-β mediated EMT. 

Given these findings, apoptosis is one of the major mechanisms contributing to VC, the 

phenotype observed in TDAG51-/- may partially occur due to their resistance to apoptotic 

cell death.  

Accumulating evidence also demonstrates that ER stress plays an important role in 

the development of VC. A variety of well-established inducers of VC, such as BMP2, 

advanced glycation end products, TGF-β, vitamin D3, as well as calcium and Pi, are also 

know to induce ER stress132,169. Activation of ER stress signaling promotes pro-osteogenic 

ALP activity in primary human VSMCs237. Conversely, inhibition of ER stress attenuates 

Pi-mediated pro-osteogenic differentiation of fibroblast cells238. ER stress also mediates 

TDAG51 induction and detachment-mediated cell death, while TDAG51-/- mice are 

protected from ER stress-mediated pathological processes in the context of atherosclerosis, 

and renal disease153,226. To this end, additional unpublished observations shown in this 

thesis demonstrate that aortas from TDAG51-/- mice display attenuation of ER chaperones, 

GRP78 and GRP94 (Appendix 1). These data suggest that the phenotype observed in 

TDAG51-/- may partially occur due to an attenuation in ER stress response.  

Studies from our laboratory also highlight the existing relationship between 

TDAG51 and well-established inhibitor of osteogenic transdifferentiation of VSMCs, 

PPARγ145. TDAG51 negatively regulates the expression of PPARγ and its downstream 
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targets, whereas TDAG51 deficiency enhanced PPARγ activity145. Recent evidence also 

found that PPARγ inhibits Runx2 expression and transcriptional activity by preventing 

Runx2 interaction with osteoblast-specific element-2 promoter in osteoblasts223. There 

exists a reciprocal relationship between Runx2 and PPARγ via the MAPK pathway120-122. 

Specifically, MAPK-mediated phosphorylation of Runx2 and PPARγ is necessary for the 

initiation of osteogenic and inhibition of adipogenic program in mouse embryonic 

fibroblast cells120. To this end, reduced VC in TDAG51-/- mice may also be observed due 

to enhanced PPARγ expression that works to oppose Runx2-mediated pro-osteogenic 

phenotype.  

Although the major hypothesis is supported by ample evidence in this thesis, there 

remains certain key limitations. One of the most evident limitations is the use of the global 

TDAG51-/- mouse model. It is well-established that TDAG51 plays a role in the 

development of diabetes, obesity, atherosclerosis, and renal impairment, conditions that 

have all been previously correlated to development of VC145,152,153. Thus, the use of smooth 

muscle cell-specific TDAG51-/- would provide a better understanding of the role of 

TDAG51 in VC. A second limitation of the studies included in this thesis is the use of a 

non-CKD model of VC. Although the vitamin D3 overload model leads to VC as a result 

of Pi overload, this model is very rapid and thus may not be representative of the changes 

in vasculature that occur as a result of chronic hyperphosphatemia observed in patients with 

advanced CKD. This model was chosen due to the lack of reliable and easily reproducible 

mouse models of CKD-associated VC. Although studies demonstrate that adenine feeding 

combined with high Pi feeding is able to induce VC, we were not able to replicate these 
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studies due to high mortality rate (Appendix 2)239,240. The last limitation of this study is that 

only male mice were used for the in vivo experiments. Recent studies have found that there 

may be sex differences associated with development of VC241,242. Thus, examining VC in 

female mice would determine whether the role of TDAG51 as a regulator of VC is 

dependent on sex.  

5.1.2 GDF10 is a negative regulator of vascular calcification of vascular smooth 

muscle cells  

Osteogenic transdifferentiation of VSMCs is a highly regulated process that shares many 

similarities with osteoblast differentiation and bone mineralization12,16. The relationship 

between TGF-β signaling and pro-osteogenic differentiation of the VSMCs is well-

established, and has predominantly focused on the effect of well-characterized members of 

the superfamily, including TGF-β, BMP2 and BMP7243-246. Chapter 2 of this thesis 

demonstrates that VSMCs derived from TDAG51-/- mice exhibit reduced expression of the 

type III sodium-dependent Pi transporter and Runx2 transcriptional activity, leading to 

diminished VC114. Building on these observations, Chapter 3 also shows that reduced VC 

in TDAG51-/- mice is accompanied by an increase in the expression of known inhibitor of 

osteogenesis, GDF10176-178. In line with its anti-osteogenic role, recombinant human 

GDF10 treatment attenuated VC by reducing the expression and activity of Runx2. These 

findings provide potential additional mechanism to explain the protective phenotype 

observed in the TDAG51-/- mice.  
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Similar to TGF-β, GDF10 exerts its effect by activating the TGF-β receptor-

SMAD2/3 signaling pathway175,195. However, TGF-β and GDF10 have opposing effect on 

VC. While TGF-β promotes pro-osteogenic phenotype in vascular cells, our observations 

show that GDF10 inhibits this process247. The various biological functions controlled by 

the TGF-β signaling cascade are mediated by the combinations of ligands and type I/II 

receptors that differ based on the cell type and state154,248. For example, BMP2 and BMP4 

preferentially bind to ALK3 or ALK6, while BMP6 and BMP7 are more likely to exert 

their effect through ALK2 or ALK6249-251. The closely related family member BMP3 was 

reported to exert its effect via the ALK4/Actr-IIB-mediated pathway activation172,252,253. 

While, Matsumoto et al.177 demonstrated that GDF10 facilitates its anti-osteogenic effect 

via ALK4/Actr-IIA. In line with differential effect of TGF-β and GDF10 on VC, TGF-β 

induces VC via the ALK5-mediated pathway254. Additionally, activation of the same 

ALK receptors may produce differential physiological response dependent on cell type. For 

instance, activation of ALK3 induced osteogenesis in mesenchymal stem cell, while its 

downregulation in osteoblast cells can also lead to ectopic mineralization via the 

upregulation of bone-specific markers, including Runx2 and ALP255,256. The observed 

differential effect may also occur as a result of differences in receptor innervation achieved 

by the two ligands, occurring because of differences in their structure. GDF10 is a divergent 

member of the TGF-β superfamily, and as such shares only 40 to 50% sequence homology 

with TGF-β in the active domain (Appendix 3). Because of these differences in protein 

structure, GDF10 and TGF-β may differentially affect the same receptor, thus resulting in 

the recruitment of distinct coregulatory partners and contrasting actions of its two ligands.  
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Chapter 3 of this thesis identifies GDF10 as a novel inhibitor of Pi-mediated Runx2 

expression and transcriptional activity, as well as HA deposition in the VSMCs. The work 

described in Chapter 2 of thesis showed that there exists a reciprocal relationship between 

Runx2 and Pit-1, suggesting that Pit-1 may be a downstream target of Runx2 transcriptional 

activity in the VSMCs. However, no change in Pit-1 expression upon GDF10-mediated 

downregulation of Runx2 expression and transcriptional activation was observed. Although 

inconsistent with previous studies, it is not uncharacteristic of a complex transcription 

factor like Runx2 to promote or repress the expression of varying genes dependent on 

cellular type and state, as well as stimulus type and duration257. In line with this notion, a 

regulator of Runx2 activity, DLX3 exerts both positive and negative regulation of gene 

transcription258. During proliferation stages, DLX3 directly interacts with Runx2, thorough 

protein-protein interaction to inhibit Runx2 activation. While during the maturation of 

osteoblasts, DLX3 acts as an induced of Runx2 transcriptional activity via DNA-protein 

interaction which stimulates OCN transcription258. Runx2 transcriptional activation is also 

regulated by a variety of post-translational modifications and/or protein-protein 

interactions257,259-261. Moreover, Runx2 contains two activation domains that facilitate 

coactivator or repressor recruitment and transcriptional activation. As such, its promoter 

regions are either surrounded by or overlapped with binding sites for a variety of 

coregulatory molecules, including SMADS259,262. Given that GDF10 exerts its effect in 

SMAD3-dependent manner and that Runx2 activation is also regulated by SMAD3, GDF10 

and Runx2 may compete for SMAD3 and well as the co-receptor SMAD4 in 

VSMCs175,195,263. Given that regulation of Runx2 transcriptional activity occurs in multiple 



PhD. Thesis–Khrystyna Platko; McMaster University–Medical Sciences 

157 

regions, GDF10-mediated downregulation or Runx2 expression may occur through one of 

several potential mechanisms described above, and thus may only affect some genes.  

While this thesis provides considerable evidence in support of an anti-osteogenic 

role of GDF10 in vitro, one of the most evident limitations is that no difference in HA 

deposition was observed in the GDF10-/- mice. Thus, additional studies using GDF10 

supplementation in vivo are necessary to confirm its role as a novel inhibitor of VC. The 

data presented in Chapter 3 also demonstrate a substantial increase in circulating levels of 

closely related BMP3 in GDF10-/- mice, which likely occurred in a compensatory manner 

due to the absence of GDF10, and may explain inconsistencies between in vivo and in vitro 

experiments. For this reason, additional studies using GDF10 and BMP3 double KO mice 

would further elucidate the role of GDF10 in ectopic mineralization. Future studies are also 

necessary to examine the mechanisms by which GDF10-mediated downregulation of 

Runx2 transcriptional activity occurs. Given that hyperphosphatemia-mediated 

development of osteogenic phenotype in VSMCs is similar to osteoblast differentiation, the 

potential mechanisms underlying GDF10-mediated inhibition of Runx2 are also likely 

closely related to inhibitory mechanisms observed in osteoblast. Activation of the TGF-β-

SMAD pathway results in the recruitment of histone deacetylases that antagonize Runx2 

activity and as such inhibit osteogenesis99. Given that TDAG51-/- VSMCs exhibit reduced 

Runx2 activity (Chapter 2), coupled with an increase in GDF10 and HDAC3 expression 

(Appendix 4), GDF10 may exert its effect in an HDAC-dependent manner. 
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5.2 The relationship between CKD and NAFLD  

Mounting evidence demonstrates the increased prevalence of metabolic syndrome (MS), 

characterized by presence of obesity, hypertension, and DM in patients with CKD264-266. 

Epidemiological studies show that NAFLD is an independent risk factor for CKD, where 

presence and severity of NAFLD correlates with increased risk and severity of CKD267,268. 

Approximately 20% to 50% of patients with NAFLD have impaired renal function269. 

Likewise the prevalence of CKD is increased in patients with NAFLD270. Given that 

NAFLD and CKD are both progressive chronic conditions that occur as feature of MS, they 

have an independent and likely additive effect on CV risk in patients with impaired renal 

function.  

Similar to the association between CKD and VC, there also exists an association 

between NAFLD and CAC in patients with and without previous history of CVD271. A 

relationship between presence the of NAFLD and abdominal aortic calcification has been 

highlighted previsously272. In line with these observations the Multi-Ethnic Study of 

Atherosclerosis defined an association between NAFLD and arterial stiffness–which is 

frequently used as a surrogate measure of VC273. A cross-sectional study of 4123 patients 

and controls also determined that presence of NAFLD is predictive of an increase in CAC 

score independent of other CV risk factors274. Similarly, in the Framingham Heart Study, 

hepatic lipid accumulation was associated with increase in the CAC score275. Recent 

epidemiological studies have also reported lower bone mineral density in patients with 

NAFLD; a condition which is also highly prevalent in patients with advanced CKD and 

VC48,276.  
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Limited mechanistic insight exists to link these symptomatically distinct diseases 

that occur as a result of MS. In one study, an increase in circulating leptin and metabolic 

oxidative stress, as a result of NAFLD, was shown to increase renal inflammation and 

fibrosis in a mouse model of hepatic steatosis and acute renal toxicity277. In line with these 

studies, NAFLD-associated increase in circulating leptin was also demonstrated to cause 

renal mesangial cell activation and inflammation, subsequently leading to renal fibrosis278. 

However, to date no mechanistic evidence exists to delineate the relationship between 

NAFLD and an increase in CAC observed in epidemiological studies. Thus, vascular 

manifestations may occur either as a direct result of NAFLD, or indirectly as a result of 

renal disease.  

5.2.1 GDF10 blocks hepatic PPARγ activation to protect against diet-induced liver 

injury 

The prevalence of MS is quickly rising worldwide279. NAFLD is a feature of a MS that 

affects  approximately 25% of the global population, and contributes to other comorbidities 

associated with MS, such as DM, hypertension, heart disease, and ischemic stroke280. 

Chapter 4 of this thesis demonstrates that GDF10-/- mice develop increased HFD-induced 

obesity, hepatic steatosis, and liver fibrosis. Using in vitro models the data presented in 

Chapter 4 show that recombinant human GDF10 can prevent excessive lipid accumulation 

in hepatocytes by attenuating PPARγ transcriptional activity. These findings are consistent 

with the previously reported role of GDF10 in adipocyte differentiation196,207.  

While the study described in Chapter 4 provides insight into the hepatoprotective 

role of GDF10 via the regulation of de novo lipogenesis, the role of GDF10 on liver injury 
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has not been fully elucidated. A substantial increase in hepatic fibrosis was found in the 

GDF10-/- mice, which is of interest because the observed degree of liver damage does not 

normally occur as a result of HFD-feeding in mice with C57BL/6J genetic background, and 

is comparable to established models of hepatic fibrosis281,282. This suggests that GDF10-/- 

mice may represent a novel model of diet-induced hepatic injury. However, additional 

studies using established models of liver injury are necessary to fully elucidate the potential 

protective effect of GDF10.  

Although antagonistic activity of GDF10 against PPARγ in hepatocytes confers a 

protective phenotype, these findings are in conflict with a previously demonstrated 

protective effect of GDF10 in other PPARγ-rich cell types, like VSMCs126. Given that an 

increase PPARγ activation in the VSMCs confers a protective phenotype against VC, there 

exists a possibility that in a manner similar to TGF-β, GDF10-mediated regulation of 

PPARγ function can occur in a cell- and context-dependent manner126. These findings 

suggest that in contrast to hepatocytes, GDF10 may function as a PPARγ agonist in 

VSMCs. If this holds true, GDF10-induced downregulation of Runx2 transcriptional 

activity in VSMCs may occur as a result of heightened PPARγ activation120,125. 

Additionally, the GDF10-mediated response in VSMCs may occur through an alternative 

regulatory signaling cascade, which could also result in differential response. However, 

additional studies are necessary to test this hypothesis.  
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5.3 Conclusion and future directions 

One of main findings of this thesis demonstrates that TDAG51 modulates VC by 

regulating Runx2 transcriptional activity and Pit-1 expression. To this end, TDAG51-/- mice 

and VSMCs exhibit an attenuation of VC114. The second main findings is that in addition 

to the regulatory action of TDAG51 on Runx2 and Pit-1, TDAG51 also modulates the 

expression of the novel systemic inhibitor of VC, GDF10. This finding provides additional 

and alternative mechanism to explain diminished mineral deposition that was observed in 

TDAG51-/- . Lastly, the results shown in this thesis also demonstrate that GDF10 is a 

powerful circulating inhibitor of PPARγ activation in hepatocytes, and as such an important 

modulator of hepatic lipid accumulation195. These last two observations are especially 

exciting because as a circulating protein, GDF10 holds great potential as a therapeutic 

treatment for VC and NAFLD.  

Give that we have previously demonstrated that TDAG51-/- mice exhibit a 

predisposition to conditions that affect renal insufficiency, as well as VC, future studies 

should focus on examining VSMC-specific role of TDAG51145,152,153,226. Studies utilizing 

VSMC-specific knockout and overexpression of TDAG51 would allow to determine the 

role TDAG51 in VC independent of other modulators of this disease. This is of interest 

because TDAG51-/- mice exhibit an increase in circulating levels of novel inhibitor of VC, 

GDF10 (Chapter 3). Importantly, GDF10 is predominantly expressed in adipose tissue and 

is also involved in the regulation of adipocyte differentiation196,207. Consistent with these 

findings, TDAG51-/- mice develop increased adiposity characterized by enlarged 

adipocytes145. Because adipose tissue is known to secrete a variety of factors involved in 
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both paracrine and autocrine regulation, increase in circulating GDF10 in TDAG51-/- mice 

likely occurs as a result of increased GDF10 secretion from adipose tissue as opposed to 

VSMCs283. In turn, adipose-secreted GDF10 in TDAG51-/- mice may affect vascular 

homeostasis. 

Despite the fact that Chapter 3 of this thesis highlights GDF10 as a novel inhibitor 

of VC, additional animal studies are necessary to confirm these findings. Future 

experiments should investigate whether exogenous GDF10 treatment can inhibit VC in 

wild-type mice using either a CKD-associated or proof-of-principle vitamin D3 overload 

model of VC. Because there exists a compensatory increase in BMP3 in GDF10-/- mice, 

experiments utilizing GDF10-BMP3 double knockout mice are also necessary to 

unequivocally validate GDF10 as an important regulator of mineralization. Given that 

similar to Bmp3, GDF10 is a negative regulator of osteoblast differentiation and 

mineralization future experiments examining skeletal health status in GDF10-/- and 

GDF10-BMP3 double knockout mice are also of interest172,173.  

Identification of GDF10 as a novel systemic modulator of VC and hepatic lipid 

accumulation are particularly exciting. Previous findings demonstrate the vital role of 

circulating proteins in the regulation of conditions associated with MS. In clinical studies 

expression of another divergent member of the TGF-β superfamily, GDF15, has been 

correlated with obesity, insulin resistance, and risk of CVD284. Studies have also reported 

that plasma levels of KL, OPN, and fetuin-A are associated with CAC68. Similarly, 

systemic levels of proprotein convertase subtilisin/kexin type 9 (PCSK9) correlate with 

presence of calcific aortic valve stenosis, while patients treated with anti-PCSK9 antibodies 
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exhibit an attenuation of aortic stenosis progression285,286. Hence, identification of 

molecules that can effectively regulate GDF10 activity and expression are of great interest. 
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APPENDIX 1-ER stress in response to vitamin D3  
 

Supplemental Figure 1                                                     

 
 

Supplemental Figure S1: Aortas from TDAG51-/- mice exhibit an attenuation of ER 

stress in response to vitamin D3 treatment. Eight week old TDAG51+/+ and TDAG51-/- 

male mice were randomly selected to either treatment or vehicle control groups. The 

treatment group was injected with 555000 IU/kg/day of active vitamin D3 for 3 consecutive 

days1. Mice were sacrificed on day 7 of the study. Abdominal aortas were harvested, fixed 

in formalin, embedded in paraffin and sectioned at a thickness of 4 μm. Sections were 

deparaffinized in three changes of xylene and dehydrated in 3 changes of ethanol. Sections 

were then blocked for 30 minutes and incubated with primary antibody overnight. 

Following the incubation with primary antibody, sections were washed and subsequently 

incubated with secondary antibody. Nuclei were counterstained using Gill’s Hematoxylin. 

Staining was detected using Nova Red Solution.  
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APPENDIX 2-Adenine model of VC pilot  

Various animal models have been developed to examine CKD-associated VC. The large 

majority of available models are dependent on surgical or genetic manipulation. The most 

commonly used method to induce renal dysfunction is surgical reduction of kidney mass 

by 2/3, 3/4 or 5/6, which eventually leads to uremia and other CKD-related complication2. 

However, surgical models pose a substantial risk of mortality. Induction of CKD using 

dietary administration of adenine is an alternative model in which renal impairment occurs 

as a result of nephrotoxicity due to an accumulation of precipitated adenine crystals in the 

renal tubules and urinary track2. Adenine-based models of VC are predominantly used in 

rat studies and have been demonstrated to produce somewhat inconsistent results in mice 

on a C57BL/6J genetic background due to resistance to ectopic mineral accumulation2.  

 In recent years, two separate groups have successfully demonstrated an induction 

adenine-mediated kidney injury in mice3,4. In their study, Jia et al.3 carried out an 8-week 

experiment in which mice were fed either a casein-based control diet or casein-based diet 

supplemented with varying concentrations of adenine. Schematic view of study design 

adapted from the original manuscript is shown in Supplemental Figure S2A below. This 

study demonstrated a reliable non-surgical method of inducing CKD-like renal damage in 

mice, however VC was not examined. Even though a substantial increase in circulating 

serum Pi was observed in the adenine group, it is unclear whether VC would be present in 

these animals given that no additional Pi supplementation was provided. In a separate study, 

Tani et al.4 demonstrated that although adenine feeding leads to renal impairment similar 

to that observed previously, adenine alone is not sufficient to lead to VC in the absence of 
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additional Pi supplementation. Based on these observations, we adopted the protocol for 

CKD induction and Pi loading developed by Tani and colleagues4. Schematic view of our 

study design is shown in Supplemental Figure S2B below. Other components of the diet, 

such as calcium, magnesium, and vitamin D3 were comparable to Jia et al.3 because the 

experimental procedure in the study described by Tani et al.4 did not disclose the exact 

proportions. The exact proportions of micro and macro nutrients are outlined in 

Supplemental Table 1.  

 The designed study was not carried out to completion because of substantial weight 

loss, which occurred as a result of reduced food consumption, and increased mortality rates 

in the adenine and adenine+Pi groups (Figure S3A). Weight loss further increased when a 

combination of high Pi and adenine was introduced, leading to termination of the 

experiment (Figure S3A). The limited data from this study demonstrate that in line with 

previous observations adenine feeding results in renal tubular inflammation and increased 

adipocyte content in the femurs of mice fed diet containing 0.2% adenine (Figure S3B and 

C)3,4. Additionally, an increase in serum phosphate and creatinine was also observed in 

adenine fed mice (Figure S3D). No significant increase in aortic mineral content was 

observed in the adenine+Pi or adenine alone groups (Figure S3E). Given that mice were 

only fed high Pi containing diet for approximately one week, and that Tani et al.4 

demonstrated that adenine alone does not induce VC, it is not surprising that no increase in 

mineral content in the aortas was observed.  

 To overcome the limitations of the study described above, experimental approach 

was modified to incrementally increase Pi content in the diet util it reached 1.8%. Schematic 
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view of modified study design is shown in Supplemental Figure S4A. Additionally, to help 

maintain body weight, diet was supplemented with a high calorie dietary supplement 

recommended by the animal facility staff. Given that vehicle control samples were 

available from previous experiment, this pilot study only included the adenine and adenine+ 

Pi groups. Although, the study was carried out to completion with minimal weight loss, no 

difference in aortic mineral content between adenine+Pi group and previously tested 

vehicle control group was observed (Figure S4B and C). Lack of expected phenotype was 

attributed to high concentration of vitamin K in the dietary supplement (Ensure).  
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Supplemental Figure S2 (1/1) 

 

 

 

 

Supplemental Figure S2: A schematic representation of adenine-mediated CKD 

models. (A) Adenine model of renal damage employed by Jia et al3. (B) Study design for 

induction of CKD-associated VC based on Tani et al4.  
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Supplemental Figure S3 (1/2)  
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Supplemental Figure S3 (2/2)                                                                              
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Supplemental Figure S3: Assessment of adenine-mediated model of renal damage and 

VC . (A) Percent body weight change (n=3-5 per group). (B) Representative H&E and 

Trichrome staining in the kidney tissue. (C) Representative H&E staining in the femur 

tissue. (D) Quantification of serum phosphate, creatinine, and calcium (n=3 per group). (E) 

Quantification of calcium deposition in the aortas (n=3-5 per group). All data represented 

as mean and error bars as standard deviation.  
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Supplemental Figure S4                                                       

 

 

 

 

 

Supplemental Figure S4: Assessment of adapted adenine model of renal damage and 

VC . (A) A schematic representation of adapted experimental design. (B) Percent body 

weight change (n=5-7 per group; control groups from previous experiment). (C) 

Quantification of calcium deposition in the aortas (n=5-7 per group; control groups from 

previous experiment). All data represented as mean and error bars as standard deviation.  
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Supplemental Table 1: Diet compositions                                                                                                                            

  Diets  

Diet Formula  Control 0.2% 

Adenine 

0.2% 

Adenine 

+ 1.8% 

Pi 

Adenine (%) 0 0.2 0 

Phosphate (%) 0.8 0.8 0.8 

Calcium (%) 1.07 1.07 1.07 

Magnesium (%) 0.24 0.24 0.24 

Vitamin D3 (IU) 1.37 1.37 1.37 

Casein (g/kg) 200.0 200.0 200.0 

L-Cystine (g/kg) 3.0 3.0 3.0 

Corn Starch (g/kg) 367.4366 365.4366 340.9368 

Maltodextrin (g/kg) 132.0 132.0 132.0 

Sucrose (g/kg)  100.0 100.0 100.0 

Soybean Oil (g/kg) 70.0 70.0 70.0 

Cellulose (g/kg) 50.0 50.0 50.0 

Mineral Mix (g/kg) 13.39 13.39 13.39 

Calcium Phosphate, monobasic, monohydrate (g/kg) 26.42 26.42 67.07 

Calcium Carbonate (g/kg) 16.15 16.15  

Potassium Phosphate, monobasic (g/kg) 0.44 0.44 0.44 

Magnesium Oxide (g/kg) 3.123 3.123 3.123 

Vitamin Mix (g/kg) 15.0 15.0 15.0 

Vitamin A Palmitate (500, 000 IU/g) (g/kg) 0.012 0.012 0.012 

Vitamin D3 in (50, 000 IU/g in sucrose ) (g/kg) 0.0274 0.0274 0.0274 

Vitamin E, DL-alpha tocopheryl acetate (500 IU/g) (g/kg) 0.225 0.225 0.225 

Choline Bitartrate  (g/kg) 2.75 2.75 2.75 

Thiamine (81%) (g/kg) 0.01 0.01 0.01 

Vitamin K, phylloquinone (g/kg) 0.002 0.002 0.002 

TBHQ antioxidant (g/kg) 0.014 0.014 0.014 

 

Nutrient information 

   

  % kcal 

from 

 

Protein  19.5 19.5 20 

Carbohydrate  62.7 62.7 61.7 

Fat  17.8 17.8 18.3 

    

Kcal/g 3.6 3.6 3.5 
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APPENDIX 3-Structural similarity between mouse TGF-β and GDF10 active 

ligands 

Protein sequence of mouse TGF-β1 and GDF10 were compared using the NCBI Protein 

Blast online tool. Query input is summarized in Supplemental Table 2. Graphical summary 

of comparison of protein sequences demonstrates only 40-50% similarity in the carboxy 

terminal domain between TGF-β1 and GDF10 (Figure S5).  

Supplemental Table 2: NCBI protein blast input summary 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 TGF-β GDF10 

Species  Mouse Mouse 

Peptide length (amino acids)  390 476 

Predicted Molecular Mass (Da) 44,310 52,575 

UniProt Sequence Identifier  Q3UNK5 P97797 
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Supplemental Figure S5                                                             

 

 

 

Supplemental Figure S5: Comparison of Gdf10 and TGF-β protein sequences. (A) 

Graphical summary. (B) Dot plot summary.   
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APPENDIX 4-HDAC3 expression in VSMCs from TDAG51+/+ and TDAG51-/- 

mice 

Supplemental Figure 6 

 

 

 

 

 

 

 

 

 

Supplemental Figure 6: TDAG51-/- VSMCs exhibit increase expression of HDAC3.  

TDAG51+/+ and TDAG51-/- VSMCs were either untreated or treated with 2.6 mM Pi for 3 

days. Protein concentrations of whole cell lysates were measured using a modified Lowry 

assay. The samples were resolved by SDS-PAGE and subsequently transferred to 

nitrocellulose membranes. The membranes were then blocked using 5% w/v skimmed milk 

and subsequently incubated with respective primary antibodies overnight. Following the 

incubation with primary antibody, membranes were incubated with respective secondary 

antibodies and the signal was detected using a Konica Minolta X-ray film processor or 

ChemiDoc XRS+.  
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