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Abstract: In chronic kidney disease, systemic inflammation and high serum phosphate (P) promote
the de-differentiation of vascular smooth muscle cells (VSMC) to osteoblast-like cells, increasing the
propensity for medial calcification and cardiovascular mortality. Vascular microRNA-145 (miR-145)
content is essential to maintain VSMC contractile phenotype. Because vitamin D induces aortic miR-
145, uremia and high serum P reduce it and miR-145 directly targets osteogenic osterix in osteo-
blasts, this study evaluated a potential causal link between vascular miR-145 reductions and osterix-
driven osteogenic differentiation and its counter-regulation by vitamin D.

Studies in aortic rings from normal rats and in the rat aortic VSMC line A7r5 exposed to calcifying
conditions corroborated that miR-145 reductions were associated with decreases in contractile
markers and increases in osteogenic differentiation and calcium (Ca) deposition. Furthermore, miR-
145 silencing enhanced Ca deposition in A7r5 cells exposed to calcifying conditions while miR-145
overexpression attenuated it, partly through increasing a-actin levels and reducing osterix-driven
osteogenic differentiation. In mice, 14 weeks after the induction of renal mass reduction, both aortic
miR-145 and a-actin mRNA decreased by 80% without significant elevations in osterix or Ca depo-
sition. Vitamin D treatment from week 8 to 14 fully prevented the reductions in aortic miR-145 and
attenuated by 50% the decreases in a-actin despite uremia-induced hyperphosphatemia.

In conclusion, vitamin D was able to prevent the reductions of aortic miR-145 and a-actin content
induced by uremia reducing the alterations in vascular contractility and osteogenic differentiation

despite hyperphosphatemia.
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1. Introduction

In Chronic Kidney Disease (CKD), the progressive decreases in serum 25-hydroxyvit-
amin Ds (25(OH)Ds) and 1a,25-dihydroxyvitamin Ds (1,25Ds) levels increase the propen-
sity for vascular calcification (VC), arterial stiffness and heart failure, increasing the risk
for cardiovascular mortality [1-6].

One important effect of 1,25Ds is the induction of microRNA-145 (miR-145) gene ex-
pression [7], a prevalent miR of the vascular smooth muscle cells (VSMC) which is the
master regulator of VSMC fate and could provide protection against CKD-induced vas-
cular injury [8].

Reductions in VSMC miR-145 content facilitate the loss of their contractile phenotype
and an inappropriate de-differentiation towards a higher proliferative, migratory or syn-
thetic phenotype, responsible for blunted hypertensive responses to Angiotensin II, arte-
rial thickening, restenosis and atherosclerosis [9-12]. Therefore, in CKD, vitamin D defi-
ciency could aggravate the VSMC injury associated to miR-145 reduction.

Hyperphosphatemia, a recognized risk factor for VC and cardiovascular mortality,
even in individuals with normal renal function [13], also reduces miR-145 content of nor-
mal aortas [14]. Similar to what has been described for miR-125b, the first microRNA
directly associated with human artery calcification, miR-145 down-regulates the expres-
sion of osteogenic genes in osteoblasts [15, 16] and directly targets the transcription fac-
tor kriippel-like factor 4 (KLF4), which also controls osteogenic gene expression [17-19].
Furthermore, miR-145 overexpression increases and its silencing decreases the expression
of a-actin and other markers of the integrity of the arterial elastic layer. Therefore, it is
possible that in CKD, both hyperphosphatemia and 25(OH)Ds/1,25Ds deficiency aggra-
vate the uremia- induced miR-145 reductions favoring VSMC de-differentiation towards
osteogenic-driven medial calcification.

This study was designed a) to evaluate the efficacy of vitamin D in the prevention of
aortic miR-145 reduction and its associated vascular injury; and b) to evaluate the poten-
tial links between the reduction of miR-145, osterix/Runx2-driven osteogenic differentia-
tion and calcium (Ca) deposition in VSMC.

2. Materials and Methods

2.1. General design of the study

To achieve the objectives of the study, two different approaches were followed: A) In
vivo: To investigate, in a mouse model of mild Chronic Renal Failure (CRF), the efficacy
of the vitamin D system in the prevention of aortic miR-145 reduction and its associated
vascular injury. B) Ex vivo and in vitro: To investigate in aortic rings and VSMC, the po-
tential links between the reduction of miR-145, osterix/Runx2-driven osteogenic differen-
tiation and Ca deposition.

2.2. In vivo study

2.2.1. Experimental design

Nine week old FVB/N mice, a strain chosen for its higher susceptibility to develop
secondary hyperparathyroidism by 2 months after nephrectomy (NX), underwent two
step 75% reduction in renal mass [20]. Briefly, upon de-capsulation of the left kidney, up-
per and lower poles were removed and one week later, the right kidney was removed.
Mice were fed a normal chow diet (Panlab) and two months after NX, mice with a similar
degree of renal damage (measured by blood urea nitrogen (BUN)) were re-grouped to
receive for 6 additional weeks either vehicle (n=10) or 25(OH)Ds (i.p., 80 ng weekly; Sigma-
Aldrich) + 19-nor-1a,25-dihydroxyvitamin D2 (paricalcitol, kindly provided by Abbot
Pharmaceuticals, i.p., 1.6 ng thrice weekly; diluted in 50 pL of propylenglycol (n=10)). The
doses of 25(OH)Ds and paricalcitol used were estimated from a previous study performed
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in a hyperphosphatemic rat CKD model [21] and they were adjusted considering a meta- 92
bolic mouse:rat ratio of 2:1. This combination efficaciously corrects both vitamin D defi- 93
ciency and secondary hyperparathyroidism in uremic rats maintaining unchanged the se- 94
rum Ca and P levels, results not achievable using monotherapy with the same dosage of 95
either vitamin D or paricalcitol [21]. 96
A sham group fed the same diet served as a negative control of renal and aortic dam- 97
age (n=10). At sacrifice (14 weeks later), blood was collected and sections from kidneys 98
and thoraco-abdominal aortas were, either frozen for total RNA and total Ca measure- 99
ments, or processed for immunohistochemical of renal ADAM17 analyses, as a markers 100
of renal and vascular damage [22, 23]. 101
Approval for the animal study was obtained from the Ethics Committee for Animal 102
Experimentation at Lleida University in compliance with current international legislation 103
for animal research. 104

2.2.2. Blood chemistries 105

QuantiChrom™ Urea Assay Kit was used for BUN (DIUR-100, Bioassay Systems), 106
QuantiChrom™ Calcium Assay Kit for plasma Ca (DICA-500, Bioassay Systems), Quan- 107
tiChrom™ Phosphate Assay Kit for plasma P (DIPI-500, BioAssay Systems), mouse intact 108
PTH ELISA Kit for intact parathyroid hormone (PTH, Immutopics) and the mouse C-ter- 109
minal FGF23 ELISA for fibroblast growth factor 23 (FGF23, EMD Millipore). 110

2.2.3. Immunofluorescence 111

Kidney sections (5 pm) were deparaffinized and rehydrated. Tissue autofluorescence =~ 112
was attenuated by 2h-exposure to UV light in PBS, followed by 20 minutes of blocking in 113
0.1% Sudan black solution. Sections were then blocked with 3% BSA in PBS and incubated 114
overnight at 4°C with anti-ADAM17 antibody (1:100, Millipore). Next, anti-rabbit Alexa 115
Fluor 488 was added for 1h at RT. Nuclear counterstaining was performed using Hoescht 116

(1:500, Invitrogen). Image ] software quantified protein content. 117
2.2.4. Alizarin red staining 118
Five um paraffin sections of mouse aortas were deparaffinized and rehydrated and 119
stained with red Alizarin to estimate Ca deposition [24]. 120
121

2.3. Ex vivo and in vitro studies 122
2.3.1. Experimental design 123

For ex-vivo studies, aortic rings (1-2 mm) from normal rats, washed in cold PBS con- 124
taining P/S, were placed in fibronectin pre-coated (100 pg/mL) 6-well plates (8 rings/well) 125
containing growing media. 126

A715 cells (a rat aortic VSMC cell line) (ATCC) were grown in 10% FBS DMEM 127
(Lonza, BE12-707F) containing 2 mM L-glutamine, 1 g/L D-glucose, 3.7 g/L sodium bicar- 128
bonate and 100 U/mL penicillin/100 pug/mL streptomycin (P/S), at 37°C, in a humidified 129
incubator with 5% CO2. 130

A7r5 cells and aortic rings were incubated for 4 days either in a non-calcifying me- 131
dium (Non-CM: DMEM-F12 + 0.1% BSA containing 1 mM Ca, 1 mM phosphorus (P)) or 132
in a calcifying medium (CM: DMEM-F12 + 0.1% BSA containing 2 mM Ca, 3 mM P). 133

2.3.2. Transfection with Antagomirs and Mimics 134

A715 cells, seeded at a concentration of 1x105 cells per well in 6-well plates to reach 135
overnight 60%-70% confluency. Afterwards they were transfected with the DharmaFECT 136
transfection reagent (GE Healthcare Dharmacon) with 500 pmol of miR-145 mimic (for 137
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miR-145 overexpression), an antisense oligonucleotide of miR-145 (antagomir, to inhibit 138
miR-145 expression), or scrambled sequence (as negative miRNA control) from (Thermo- 139
Fisher Scientific), following manufacturer’s instructions. Transfected cells were incubated 140
for 4 days as indicated above. Cells were then collected for total Ca measurement and 141

gene expression analysis. 142

143
2.4. Common analytical and technical procedures used in all the studies 144
2.4.1. Total calcium measurement 145

To measure Ca concentration in the 3 models, a 20 mm segment of the mouse aortas, 146
rat aortic rings and A7r5 cells were used. They were washed thricely with PBS and decal- 147
cified with 0.6 N HCI. After a 24 hour-shaking at 4°C, the samples were centrifuged. Total 148
Ca was measured in supernatants by o-cresolphthalein-complexone [25] and normalized 149
by total RNA (for aortic tissues) or protein content (for A7r5 cells). 150

2.4.2. Quantitative PCR 151

The total RNA from mouse aortas, rat aortic rings and A7r5 cells, was extracted using 152
TRI reagent (Sigma-Aldrich). After reverse transcription using a High-Capacity cDNA 153
Reverse Transcription Kit (Applied Biosystems), quantitative-real time PCR (qPCR) reac- 154
tions were performed in triplicate using the Stratagene Mx3005P QPCR System (Agilent 155
Technologies), Fast Start Universal Probe Master (Roche) and pre-developed assays 156
(Thermo-Fisher Scientific). Quantification of target genes relative to GAPDH or U6 gene 157
expression was performed by comparing threshold cycles using the AACT method [26]. 158

2.4.3. Statistical Analysis 159

Data are shown as Mean+SD or medians and interquartile ranges according to the 160
normal or non-normal distribution of the examined variable. Accordingly, parametric 161
(Student t-test) or non parametric tests (Mann—-Whitney U test or Dunn test for multiple 162
comparisons) were used to evaluate the statistical differences between groups using SPSS 163

17.0 or R for Windows. 164

165
3. Results 166
3.1. In vivo study 167
3.1.1. Biochemical parameters and kidney fuction. 168

Fourteen weeks after the induction of the 75% nephrectomy (NX group), 2-fold ele- 169
vation in serum BUN and PTH levels with no significant increase in serum Ca, P or C- 170
terminal FGF23 levels were observed (Table 1). The combination of 25(OH)Ds and pari- 171
calcitol during 6 weeks, did not change BUN levels compared to the Sham and NX 172
groups, but the group which received the vitamin D combined therapy, showed signifi- 173
cant increase in serum Ca, P and FGF23 levels and a significant decrease in serum PTH 174
levels (Table 1). In addition, NX mice showed a significant increase in renal ADAM17 175
protein expression which was prevented with the use of the combination of 25(OH)Dsand 176
paricalcitol (Figure 1). 177

178
179
180
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Table 1. Serum biomarkers of bone and mineral metabolism. Values indicate Mean+SD or Median 181
(interquartile range). *p<0.05 and ***p<0.001 vs. Sham; #p<0.05, ##p<0.01 and ###p<0.001 vs. NX 182

group. 183
Sham NX NX+ 25(0OH)D:s+ Paricalcitol
(n=10) (n=10) (n=10)
BUN (mg/dL) 26.20+6.78 51.00+10.27*** 52.00+7.16
Calcium (mg/dL) 13.08+0.89 13.09+0.40 14.81+1.10%##
Phosphate (mg/dL) 9.94+1.16 9.52+2.67 10.28+1.47¢
PTH (pg/mL) 190.00+89.79 399.70+292.21* 50.80+23.98%
FGF23 (ng/mL) 0.66 (0.62-0.71)  0.81 (0.67-0.83) 7.16 (4.21-11.43)##
184
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Figure 1. Vitamin D prevents uremia-induced increases in renal ADAM17 protein. (A) Repre- 188
sentative images of ADAM17 immunofluorescence and (B) Quantification of ADAM17 protein ex- 189
pression in kidneys from mice subjected to 75% NX and exposed to vehicle (NX group, n=10) orto 190
the combination of 25(OH)Ds and paricalcitol (25(OH)Ds: 80 ng/mice i.p. weekly and Paricalcitol: 191
2.6 ng/mice i.p. thrice weekly; NX+25(OH)Ds+Paricalcitol, n=10) for 6 weeks, after 8 weeks of uremia 192
in mice fed a normal diet. A group with normal renal function was used as control (Sham group, 193
n=10). Box plots represent median and interquartile range; **p<0.001 vs. Sham and #p<0.05 vs. NX 194

group. 195
196
3.1.2. Aortic osteogenic differentiation and calcification. 197

In the NX group, no significant changes in aortic Ca content were observed compared 198
with the Sham group and the Alizarin red staining was negative (not shown) (Figure 2A). 199
A 77% reduction in aortic a-actin mRNA and non significant elevation in aortic osterix 200
mRNA levels were observed (Figure 2B and 2C). By contrast, aortic Runx2 mRNA was 201
significantly higher compared to sham (Figure 2D) and aortic miR-145 expression de- 202
creased by 85% (Figure 2E). 203

In the group which received 25(0OH)Ds and paricalcitol, not significant changes in Ca 204
content were observed (Figures 2A), but both aortic a-actin mRNA and miR-145 expres- 205
sion were significantly higher compared to the NX group . (Figure 2B and 2E). No changes 206
in Osterix (Figure 2C) and significant lower Runx2 mRNA levels (Figure 2D) were ob- 207
served compared to the NX group, with similar values to those observed in the sham 208
group. 209
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Figure 2. Vitamin D prevents uremia-induced aortic osteogenic differentiation and calcification.
(A) Ca content, (B) a—actin, (C) osterix, (D) Runx2 and miR-145 levels in aortas from mice subjected
to 75% NX and exposed to vehicle (NX group, n=10) or to the combination of 25(OH)Ds and parical-
citol (25(OH)Ds: 80 ng/mice i.p. weekly and Paricalcitol: 2.6 ng/mice i.p. thrice weekly;
NX+25(OH)Ds+Paricalcitol, n=10) for 6 weeks, after 8 weeks of uremia in mice fed a normal diet. A
group with normal renal function was used as control (Sham group, n=10). Bars and error bars rep-
resent mean+SD and box plots represent median and interquartile range; R.U.: relative units. *p<0.05
and ***p<0.001 vs. Sham and #p<0.05, ##p<0.01 and ###p<0.001 vs. NX group.
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3.2. Ex vivo and in vitro studies

3.2.1. Effect of calcifying medium on aortic rings and VSMC osteogenic differentiation
and calcification

The exposure of aortic rings from normal rats or A7r5 cells to CM for 4-days increased
total Ca deposition by 3- and 13-fold, respectively (Figures 3A and 3B). The CM signifi-
cantly reduced a-actin mRNA by 51% and miR-145 by 40% in aortic rings and «a-actin
mRNA by 52% and miR-145 by 40% in A7r5 cells (Fig. 3E and 3F). The CM significantly
increased the mRNA levels of osteogenic osterix and Runx2 (Figure 3C and 3D).

AORTIC RINGS i A7r5 CELLS
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Figure 3. Calcification and osteogenic differentiation on aortic rings and VSMC under calcifying
conditions. Ca deposition in aortic rings (A) and A7r5 cells (B) exposed to non-calcifying media
(Non CM: 1 mM Ca; 1 mM P) or calcifying media (CM: 2mM Ca; 3mM P) for 4 days. Gene expression
of a—actin (white bars), osterix (black bars) and Runx2 (gray bars) in aortic rings (C) and A7r5 cells
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(D) treated as described. Levels of miR-145 in aortic rings (E) and in A7r5 cells (F) treated as de- 235
scribed. Bars and error bars represent mean+SD from three independent experiments performed in 236

triplicate per experimental condition. R.U.: relative units. *p<0.05 and **p<0.01 vs. Non CM. 237
238
3.2.2. Effect of the Inhibition or Overexpression of miR-145 on the VSMC phenotype. 239

The antagomir transfection was effective and significantly reduced A7r5 miR-145 240
content by 79% (Scramble (control): 1.00+0.12 R.U.; miR-145-antagomir (silencing): 241
0.21+0.07 R.U.). 242

In A71r5 cells exposed to non-CM significant changes in Ca content were observed 243
between the Scramble and miR-145 antagomir transfection, the miR-145 silencing reduced = 244
a-actin gene expression by 27% (p<0.01) and significantly increased osterix mRNA levels 245
(p<0.05) and Runx2 (p<0.05). Under CM conditions, miR-145 silencing (transfection with 246
antagomir) increased Ca content, despite no significant differences in a-actin, osterix, and 247
Runx2 mRNA compared to VSMCs transfected with Scramble (Table 2). 248

249

Table 2. Reductions of miR-145 in VSMC contribute to osteogenic differentiation and Ca deposition. 250
Ca deposition, a—actin, osterix and Runx2 gene expression in A7r5 cells transfected with scramble 251
or miR-145 antagomir and exposed to either non calcifying media (Non CM; 1 mM Ca, 1 mM P) or 252
calcifying media (CM; 2 mM Ca, 3 mM P) for 4 days. Values indicate Mean+SD or Median (inter- 253
quartile range) from three independent experiments performed in triplicate per experimental con- 254
dition; R.U.: relative units; **p<0.01 vs. Non CM within a transfection group; #p<0.05 and ##p<0.01 255
vs. Scramble+Non CM; d0p<0.05 vs. Scramble+CM. 256

257

Scramble miR-145 antagomir

Non CM CM Non CM CM

Ca content (ug Ca/mg protein) ~ 2.31[2.20-3.02] ~ 33.96[22.05-38.72]"  3.65[3.43-5.56]*  50.90[48.29-57.47]"#2

mRNA «-actin/GAPDH (R.U.) 1.00+0.09 0.64+0.15™ 0.73+0.10% 0.59+0.21
mRNA Osterix/GAPDH (R.U.) 1.00+0.33 2.94+1.34" 1.73+0.74* 2.61+1.07
mRNA Runx2/GAPDH (R.U.) 1.00+0.13 1.60+0.26™ 1.15+0.10¢ 1.76+0.26™

258

259

The transfection with miR-145 mimic caused an 81-fold increase in miR-145 content 260

(Scramble: 1.00+0.12 R.U.; miR-145-mimic: 81.53+33.15 R.U.). 261

In non-CM, a significant reduction in Ca content between the Scramble and miR-145 262
mimic transfection was observed (Figure 4A). Under these conditions (white bars), miR- 263
145 overexpression increased a-actin gene expression above the levels observed in Scram- 264
ble transfected cells and significantly reduced osterix gene expression (Figure 4B and 4C), 265
miR-145 overexpression had no effect on Runx2 mRNA (Figure 4D). 266

Under CM, the overexpression of miR-145 attenuated by 44% the increase in total Ca 267
deposition compared with that in Scramble transfected cells (p<0.05) (Figure 4A). Under 268
these conditions (black bars), the overexpression of miR-145 significantly prevented the 269
decrease of a-actin gene expression and the increase of osterix and Runx2 gene expression 270
(Figure 4B, 4C and 4D). 271

272
273
274
275
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Figure 4. Overexpression of miR-145 in VSMC on calcification and osteogenic differentiation.
(A) Ca deposition in A7r5 cells transfected with Scramble or miR-145 mimic and exposed to either
non calcifying media (CM-) or calcifying media (CM+) for 4 days. Box plots represent median and
interquartile range from three independent experiments performed in triplicate per experimental
condition. (B) a—actin, (C) osterix and (D) Runx2 mRNA levels in A7r5 cells transfected with Scram-
ble or miR-145 mimic and exposed to either non calcifying media (Non CM, white bars) or calcifying
media (CM, black bars) for 4 days. Bars and error bars represent mean+SD from three independent
experiments performed in triplicate per experimental condition; R.U.: relative units. **p<0.01 vs. non
calcifying media (CM-) within a transfection group; #p<0.05 and ##p<0.01 vs. Scramble + non calci-
fying media (Scramble+CM-); 5dp<0.01 vs. Scramble + calcifying media (Scramble+CM+).

4. Discussion

In CKD patients, the prevention of uraemia-induced vascular damage seems to be
critical to attenuate the risk of cardiovascular morbidity and mortality [4]. Several studies
have demonstrated the importance of the vitamin D hormonal system and some miRs to
maintain a healthy and compliance arterial system, which is severely affected in patients
with reduced renal function [27]. miR-145 plays an essential role in fully developed arter-
ies to ensure a healthy differentiated VSMC contractile phenotype [8-10]. Indeed, the
downregulation of miR-145 to almost undetectable levels concurs with proliferative vas-
cular diseases and atherosclerotic lesions [9, 10].

The present experimental in vivo and in vitro study, addresses the importance of urae-
mia in the reduction of miR-145 and its impact on the reduction of VSMC contractile phe-
notype, and explores the likely beneficial effect of the vitamin D hormonal system in the
upregulation of miR-145 at improving the vascular phenotype.

In CKD patients, the increased de-differentiation of VSMC to osteoblast-like cells,
induced directly by high serum P [28] or inflammation-driven oxidative stress [29, 30], is
a major contributor to their higher propensity for Ca deposition in the medial artery layer
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that markedly enhances their risk of cardiovascular mortality [2, 4, 31]. Since uremia and 304
high serum P cause aortic miR-145 reductions [8, 14] and miR-145 is implicated in the 305
regulation of the expression of contractile markers [10, 11] and directly targets the osterix 306
gene in osteoblasts [32], one of the goals of this study was to evaluate whether vascular 307
miR-145 reductions could provide a non-traditional predictor of VSMC osteogenic differ- 308
entiation and vascular calcification. 309

The contribution of uremia-induced reductions in aortic miR-145 content to prompt 310
osteogenic differentiation was evaluated using the FVB/N mouse, a strain that develops 311
secondary hyperparathyroidism after two months of renal mass reduction [33]. 312

In our in vivo study, after 14 weeks of the induction of 75% renal mass reductionand 313
the development of mild uremia with increases in BUN, PTH and renal levels of ADAM17 314
(an enzyme that increases in kidney disease of all etiologies) [23], no changes in serum Ca 315
or P levels were observed. Aortic miR-145 decreased by 80% with a paralleled marked 316
reduction in a-actin mRNA, but not significantly increased aortic Ca deposition. Only 317
aortic Runx2, the earliest marker of VSMC osteogenic differentiation [34, 35], increased 318
significantly compared to sham operated controls. This elevation in aortic Runx2 repro- 319
duced the findings of a previous study [35]. 320

Our ex vivo and in vitro studies in aortic rings from normal rats and the aortic rat 321
VSMC line A7r5 exposed exclusively to calcifying conditions during 4 days, corroborated 322
the association between the increase in osteogenic differentiation genes and Ca deposition 323
with a significant reduction in miR-145 content. The reduction in miR-145 was accompa- 324
nied by a significant reduction in a-actin and increase in osterix and Runx2 gene expres- 325
sion. These results are in agreement with previous studies that demonstrated that miR- 326
145 regulates the expression of contractile phenotype markers in VSMC, such as a-actin =~ 327
among others [10, 11]. Regarding VSMC osteogenic differentiation, miR145 reductionsnot =~ 328
only directly target osterix [36], but also the transcription factor KLF4, which directly con- 329
trols Runx2 [17-19]. 330

Importantly, the silencing of miR-145 in A7r5 cells exposed to non-calcifying condi- 331
tions was as effective as the exposure to calcifying conditions reducing a-actin and induc- 332
ing osterix gene expression. Accordingly, the marked attenuation of calcification achieved 333
by miR-145 overexpression in A7r5 cells exposed to calcifying conditions associated di- 334
rectly with the prevention of both a-actin reductions and elevations in osterix mRNA. 335

Significantly, the silencing of miR-145 in A7r5 cells under calcifying conditions in- 336
duced a 51% increase in Ca content despite no changes in osterix and a-actin gene expres- 337
sion compared to scramble transfected cells. Forced changes in miR-145 content in VSMC 338
exposed to calcifying conditions support the indirect regulation of Runx2 gene expression 339
by miR-145, probably through via modulation KLF4 expression, as previously demon- 340
strated [17-19]. 341

The reduction in VSMC miR-145 could also promote the release of pro-calcifying ex- 342
osomes, identified mediators for propagating calcification signals [37], through the induc- 343
tion of Rab27a protein expression [38], an essential component of the endosomal sorting 344
complex for exosome transport and release, a possibility that could not be tested herein 345
due to the small size of mice aortas. 346

Vitamin D induction of miR-145 gene expression [7] led us to propose that treatment 347
with vitamin D from week 8 to 14 after the induction of renal mass reduction, could atten- 348
uate uremia-induced reductions in aortic miR-145 and consequently, their effects on 349
VSMC de-differentiation, predisposing to the loss of the contractile phenotype towards 350
osteogenic differentiation and Ca deposition. The pharmacological approach with a com- 351
bination of 25(OH)Ds and the 1,25Ds analog paricalcitol, was based on the efficacy of this 352
combination to simultaneously correct nutritional vitamin D deficiency and synergize in 353
the control of secondary hyperparathyroidism without changes in serum Ca and P levels 354
in a hyperphosphatemic rat model with kidney failure [21]. 355

Treatment of uremic mice with the combination of 25(OH)Ds + paricalcitol resulted 356
in PTH over-suppression, hypercalcemia and hyperphosphatemia, commonly occurring 357
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with excessive vitamin D therapy in advanced human CKD stages. Despite these severe
systemic calcifying conditions, vitamin D therapy prevented aortic miR-145 reductions.
Vitamin D-mediated maintenance of aortic miR-145 content was associated with a 50%
attenuation of uremia-induced reduction of a-actin and prevention of the increase in
Runx2. Consequently, despite having an excess of serum Ca and P, as well as oversup-
pression of PTH, the aortic Ca content did not increase.

Taken together, these findings suggest that the prevention of aortic miR-145 reduc-
tion and their impact on vascular injury could have partly contributed to the improved
survival rates observed in hemodialysis patients receiving paricalcitol, beyond its efficacy
to suppress PTH [39]. The increase of arterial miR-145 by vitamin D treatment suggest
that part of its antiproliferative actions could involve the maintenance of VSMC miR-145
levels.

5. Conclusions

In conclusion, in established CKD, vitamin D treatment attenuates uremia-induced
reductions of aortic microRNA-145 and its associated vascular damage despite hyper-
phosphatemia by attenuating the loss of the contractile phenotype of VSMC and conse-
quently the onset of osteogenic differentiation predisposing to Ca deposition.

Author Contributions: Conceptualization, I.R., JB.C.A., M.N.D. and AS.D.; methodology, N.C.L.,
S.P.,, MV.A,, S.F.,,LM.A., E.O.and C.U.; software, N.C.L., S.P., MP.R.T. and AS.D.; validation, N.C.L,
S.P., M.N.D. and AS.D.; formal analysis, N.C.L, S.P.,, MV.A.,, M.N.D. and AS.D.; investigation, N.C.L,
S.P., MV.A,, JB.C.A. and AS.D.; resources, N.C.L, S.P., ]JB.C.A., M.N.D and AS.D.; data curation,
N.C.L, S.P,, SF. and AS.D.; writing —original draft preparation, N.C.L., S.P. JB.C.A. and AS.D.; writ-
ing—review and editing, N.C.L., S.P. JB.C.A., M.N.D. and AS.D.; visualization, N.C.L., S.P. JB.C.A,,
M.N.D. and AS.D.; supervision, N.C.L., S.P. JB.C.A., M.N.D. and AS.D.; funding acquisition, N.C.L.,
S.P. JB.C.A,, M.N.D. and AS.D. All authors have read and agreed to the published version of the
manuscript.

Funding: The authors wish to thank the support of Instituto de Salud Carlos III (FIS PI11/00259,
PI13/00497, P114/01452, PI16/00637, PI17/02181, P119/00532, P120/00753), the ISCIII Retic REDinREN
(RD16/0009/0017) and RICORS2040 (Kidney Disease), Fondo Europeo de Desarrollo Regional (FE-
DER), Plan de Ciencia, Tecnologia e Innovacién 2013-2017 y 2018-2022 del Principado de Asturias
(GRUPIN14-028, IDI-2018-000152, IDI-2021-000080), Fundacién Renal Iiigo Alvarez de Toledo
(FRIAT). NC-L was supported by IDI-2018-000152 and IDI-2021-000080, SP by IDI-2018-000152 and
Fundacion para la Investigacion Biosanitaria de Asturias (FINBA)- Instituto de Investigacion Sani-
taria del Principado de Asturias (ISPA), MVA was supported by Educational Grant from the ERA-
EDTA CKD-MBD Working Group, LM-A by ISCII-FINBA (PI16/00637) and IDI-2021-000080 and
ASD by Asociacion Investigacion de Fisiologia Aplicada.

Institutional Review Board Statement: Approval for the animal study was obtained from the Ethics
Committee for Animal Experimentation at Lleida University in compliance with current interna-
tional legislation for animal research.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data underlying this article will be shared upon reason- able re-
quest to the corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

1.  Blacher, ], et al., Arterial calcifications, arterial stiffness, and cardiovascular risk in end-stage renal disease. Hypertension,

2001. 38(4): p. 938-42.

2. Raggi, P, et al., Cardiac calcification in adult hemodialysis patients. A link between end-stage renal disease and cardiovas-
cular disease? ] Am Coll Cardiol, 2002. 39(4): p. 695-701.
3. Wang, TJ, etal., Vitamin D deficiency and risk of cardiovascular disease. Circulation, 2008. 117(4): p. 503-11.

358
359
360
361
362
363
364
365
366
367
368
369

370

371
372
373
374
375

376
377
378
379
380
381
382
383
384

385
386
387
388
389
390
391
392
393
394

395
396
397

398
399
400
401
402
403

404

405
406
407
408
409
410



Nutrients 2022, 14, x FOR PEER REVIEW 12 of 13

10.

11.

12.

13.

14.

15.
16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.
29.

30.

31.

32.
33.

34.
35.

Vervloet, M. and M. Cozzolino, Vascular calcification in chronic kidney disease: different bricks in the wall? Kidney Int,
2017.91(4): p. 808-817.

Bouillon, R, et al.,, Vitamin D and human health: lessons from vitamin D receptor null mice. Endocr Rev, 2008. 29(6): p.
726-76.

Slatopolsky, E., A. Brown, and A. Dusso, Role of phosphorus in the pathogenesis of secondary hyperparathyroidism. Am
J Kidney Dis, 2001. 37(1 Suppl 2): p. S54-7.

Chang, S., et al., miR-145 mediates the antiproliferative and gene regulatory effects of vitamin D3 by directly targeting E2F3
in gastric cancer cells. Oncotarget, 2015. 6(10): p. 7675-85.

Taibi, F., et al., Possible involvement of microRNAs in vascular damage in experimental chronic kidney disease. Biochim
Biophys Acta, 2014. 1842(1): p. 88-98.

Cordes, KR, et al., miR-145 and miR-143 regulate smooth muscle cell fate and plasticity. Nature, 2009. 460(7256): p. 705-
10.

Zhang, C., MicroRNA-145 in vascular smooth muscle cell biology: a new therapeutic target for vascular disease. Cell Cycle,
2009. 8(21): p. 3469-73.

Cheng, Y., et al., MicroRNA-145, a novel smooth muscle cell phenotypic marker and modulator, controls vascular neointi-
mal lesion formation. Circ Res, 2009. 105(2): p. 158-66.

Ji, R, et al., MicroRNA expression signature and antisense-mediated depletion reveal an essential role of MicroRNA in
vascular neointimal lesion formation. Circ Res, 2007. 100(11): p. 1579-88.

Ellam, T.J. and T.J. Chico, Phosphate: the new cholesterol? The role of the phosphate axis in non-uremic vascular disease.
Atherosclerosis, 2012. 220(2): p. 310-8.

Rangrez, A\Y,, et al., Inorganic phosphate accelerates the migration of vascular smooth muscle cells: evidence for the in-
volvement of miR-223. PLoS One, 2012. 7(10): p. e47807.

Jia, J., et al., miR-145 suppresses osteogenic differentiation by targeting Sp7. FEBS Lett, 2013. 587(18): p. 3027-31.
Nakashima, K,, et al., The novel zinc finger-containing transcription factor osterix is required for osteoblast differentiation
and bone formation. Cell, 2002. 108(1): p. 17-29.

Xu, N,, et al., MicroRNA-145 regulates OCT4, SOX2, and KLF4 and represses pluripotency in human embryonic stem cells.
Cell, 2009. 137(4): p. 647-58.

Zhu, L., et al.,, Hyperhomocysteinemia induces vascular calcification by activating the transcription factor RUNX2 via
Kriippel-like factor 4 up-regulation in mice. ] Biol Chem, 2019. 294(51): p. 19465-19474.

Yoshida, T., M. Yamashita, and M. Hayashi, Kruppel-like factor 4 contributes to high phosphate-induced phenotypic
switching of vascular smooth muscle cells into osteogenic cells. ] Biol Chem, 2012. 287(31): p. 25706-14.

Terzi, F., et al., Targeted expression of a dominant-negative EGF-R in the kidney reduces tubulo-interstitial lesions after
renal injury. ] Clin Invest, 2000. 106(2): p. 225-34.

Arcidiacono, M.V,, et al., The induction of C/EBPbeta contributes to vitamin D inhibition of ADAM17 expression and par-
athyroid hyperplasia in kidney disease. Nephrol Dial Transplant, 2015. 30(3): p. 423-33.

Lautrette, A., et al., Angiotensin Il and EGF receptor cross-talk in chronic kidney diseases: a new therapeutic approach. Nat
Med, 2005. 11(8): p. 867-74.

Melenhorst, W.B., et al., ADAM17 upregulation in human renal disease: a role in modulating TGF-alpha availability? Am
J Physiol Renal Physiol, 2009. 297(3): p. F781-90.

Gregory, C.A,, etal.,, An Alizarin red-based assay of mineralization by adherent cells in culture: comparison with cetylpyr-
idinium chloride extraction. Anal Biochem, 2004. 329(1): p. 77-84.

Torremade, N., et al., Vascular Calcification Induced by Chronic Kidney Disease Is Mediated by an Increase of lalpha-
Hydroxylase Expression in Vascular Smooth Muscle Cells. ] Bone Miner Res, 2016. 31(10): p. 1865-1876.

Livak, K.J. and T.D. Schmittgen, Analysis of relative gene expression data using real-time quantitative PCR and the 2(-
Delta Delta C(T)) Method. Methods, 2001. 25(4): p. 402-8.

London, G.M,, et al., Mineral metabolism and arterial functions in end-stage renal disease: potential role of 25-hydroxyvit-
amin D deficiency. ] Am Soc Nephrol, 2007. 18(2): p. 613-20.

Jono, S,, et al., Phosphate regulation of vascular smooth muscle cell calcification. Circ Res, 2000. 87(7): p. E10-7.

Zhao, M.M.,, et al., Mitochondrial reactive oxygen species promote p65 nuclear translocation mediating high-phosphate-
induced vascular calcification in vitro and in vivo. Kidney Int, 2011. 79(10): p. 1071-9.

Byon, C.H.,, et al., Oxidative stress induces vascular calcification through modulation of the osteogenic transcription factor
Runx2 by AKT signaling. ] Biol Chem, 2008. 283(22): p. 15319-27.

Paloian, N.J. and C.M. Giachelli, A current understanding of vascular calcification in CKD. Am ] Physiol Renal Physiol,
2014. 307(8): p. F891-900.

Goettsch, C., et al., miR-125b regulates calcification of vascular smooth muscle cells. Am J Pathol, 2011. 179(4): p. 1594-600.
Arcidiacono, M.V, et al., Parathyroid-specific epidermal growth factor-receptor inactivation prevents uremia-induced par-
athyroid hyperplasia in mice. Nephrol Dial Transplant, 2015. 30(3): p. 434-40.

Ducy, P., et al.,, Osf2/Cbfal: a transcriptional activator of osteoblast differentiation. Cell, 1997. 89(5): p. 747-54.

Graciolli, F.G,, et al., Phosphorus overload and PTH induce aortic expression of Runx2 in experimental uraemia. Nephrol
Dial Transplant, 2009. 24(5): p. 1416-21.

411
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439
440
441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470



Nutrients 2022, 14, x FOR PEER REVIEW 13 of 13

36.

37.

38.

39.

Liu, H., et al., miR-145 and miR-143 regulate odontoblast differentiation through targeting K1f4 and Osx genes in a feedback
loop. ] Biol Chem, 2013. 288(13): p. 9261-71.

Kapustin, A.N.,, et al., Vascular smooth muscle cell calcification is mediated by regulated exosome secretion. Circ Res, 2015.
116(8): p. 1312-23.

Tang, L., D. Wei, and F. Yan, MicroRNA-145 functions as a tumor suppressor by targeting matrix metalloproteinase 11 and
Rab GTPase family 27a in triple-negative breast cancer. Cancer Gene Ther, 2016. 23(8): p. 258-65.

Teng, M., et al., Survival of patients undergoing hemodialysis with paricalcitol or calcitriol therapy. N Engl ] Med, 2003.
349(5): p. 446-56.

471
472
473
474
475
476
477
478
479



