The Journal of Clinical Investigation

COMMENTARY

A molecular target of vascular calcification in chronic

kidney disease

Mohamed G. Atta

Johns Hopkins University School of Medicine, Baltimore, Maryland, USA.

Evolution of vascular
calcification

Vascular calcification (VC) involves the
deposition of calcium phosphate mineral
along with the local expression and deposi-
tion of bone-associated, mineralization-reg-
ulating proteins at two distinct sites of the
blood vessel: the intima and the media (1). In
contrast to the atherosclerotic intimal calci-
fication, medial calcification of the VSMCs,
commonly seen in patients with advanced
chronic kidney disease (CKD), occurs in the
absence of lipids or inflammatory cells. An
increase in extracellular calcium and phos-
phorus from any cause favors VC. In vitro
experiments and animal models demon-
strate that inorganic phosphorus enters the
VSMCs via the sodium-dependent phos-
phate cotransporters PiT-1 and PiT-2 (Figure
1), increasing mineral deposition in a time-
and concentration-dependent manner (2).

Vascular calcification (VC) causes cardiovascular morbidity and mortality
in patients with chronic kidney disease (CKD), particularly those with
end-stage kidney disease (ESKD) on maintenance dialysis treatment.
Although many mechanisms have been proposed, their detailed

effects remain incompletely understood. In this issue of the JCI, Li et

al. examined the molecular mechanism of the protective role of SIRT6

in VC in patients with CKD. Using in vitro and animal models of CKD,

the authors demonstrated that SIRT6 prevents VC by suppressing

the osteogenic transdifferentiation of vascular smooth muscle cells
(VSMCs). Mechanistically, SIRT6 bound and deacetylated the runt-related
transcription factor 2 (Runx2), a key transcription factor for osteogenic
differentiation, promoting its nuclear export for proteasome degradation.
These studies provide a pathway in the pathogenesis of VC and justify
investigating SIRT6 as a potential target in CKD.

A high-phosphate environment is com-
mon in the setting of CKD, with patients
possessing a net positive phosphorus bal-
ance. As kidney function declines, main-
tenance of normal serum phosphate levels
depends on two phosphaturic hormones:
fibroblast growth factor 23 (FGF23), secret-
ed by bone osteocytes, and parathyroid
hormones (PTH), released from the para-
thyroid gland. PTH binds to the PTH type
1 receptor on the basolateral membrane
of the proximal tubular cells, inducing the
retrieval of sodium phosphate transporter
2a (NPT2a) from the brush border. Simi-
larly, FGF23 and its cofactor klotho bind to
the klotho-FGFR1c complex on the baso-
lateral membrane of the proximal tubular
cells, which decreases the expression of
both sodium phosphate cotransporters
NPT2a and NPT2c. The central role of
the FGF23-klotho complex in phosphate
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regulation is shown by the development
of vascular and ectopic calcifications and
the short lifespan in klotho-deficient mice
or double knockout of both klotho and
FGF23 in mice on a high-phosphate diet
(3, 4). Adaptive mechanisms of phosphate
regulation are lost with the progression of
CKD and particularly in end-stage kidney
disease (ESKD) leading to increased extra-
cellular phosphorus and a rise in VSMC
uptake of phosphorus.

VC is actively inhibited in VSMCs (5,
6) but with dysregulated mineral metab-
olism in CKD, calcification begins in
the tunica media, ultimately leading to
concentric thickening of the vessel wall
(7). VSMCs derived from the calcifica-
tion lesions exhibit osteoblastic proper-
ties, with VSMCs expressing markers of
osteogenesis. Among the upregulated
bone morphogenic genes expressed in
VSMCs treated with high phosphorus
are osteocalcin, the bone morphogenetic
proteins (BMPs), and Runx2, previous-
ly called Osf2 or Cbfa-1 (2, 8). BMP pro-
teins extracted from bone are capable of
inducing cartilage and bone formation
when injected subcutaneously, intramus-
cularly, or periosteally into adult rats or
other species (9, 10). Recently, activation
of BMP2 via alkB homolog 1 overexpres-
sion was shown to increase the progres-
sion and severity of VC by increasing the
expression of Runx2 (11). The master reg-
ulator of bone formation is the transcrip-
tion factor Runx2, and haploinsufficien-
cy of Runx2 causes the hereditary bone
disease cleidocranial dysplasia (12, 13).
Moreover, targeted disruption of Runx2
results in a complete lack of bone forma-
tion due to maturational arrest of osteo-
blasts (14). The activity of Runx2 protein
is regulated by various posttranslational
modifications such as phosphorylation,
methylation, acetylation, or ubiquitina-
tion (15). This regulation suggests that
suppression of any of the Runx2 post-
translational modifications may aid in the
prevention of VC.
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Figure 1. Mechanism for osteogenic transdifferentiation of VSMCs in the pathogenesis of VC.
VSMCs uptake phosphorus via the sodium-dependent phosphate cotransporters PiT-1and PiT-2 in
response to increases in extracellular phosphorus of any cause, most commonly in patients with
CKD. This uptake leads to downregulation of SIRT6 expression, upregulation of bone morphogenic
genes, and an increase in the expression of the transcription factor Runx2, the master regulator of
bone formation. In the absence of SIRT6, Runx2 signals osteoblast maturation and matrix mineral-
ization. In contrast, overexpression of SIRT6 marks Runx2 protein for ubiquitination and degradation,
preventing VSMC calcification. The study by Li et al. (16) showed that SIRT6 upregulation in an envi-
ronment of increased extracellular phosphorus leads to SIRT6 binding and deacetylation of Runx2
protein in VSMCs, promoting its nuclear export for proteasome degradation and thus preventing its
downstream signal for osteogenic transdifferentiation.

Ubiquitination of the Runx2
protein

In thisissue of the JCI, Li et al. (16) elegant-
ly unraveled a mechanism of repressing
Runx2 signaling. The authors showed
that SIRT6 played an essential role in the
posttranslational modification of Runx2
suppressing osteogenic transdifferentia-
tion of VSMCs and subsequently inhibited
VC in CKD. The expression of SIRT6 was
decreased in peripheral blood mononucle-
ar cells and calcified arteries from patients
with CKD and CKD animal models (both
adenine-induced CKD and 5/6 nephrecto-
my CKD mouse models). Reversal of VC
was shown in SIRT6-transgenic (SIRT6-
Tg) mice overexpressing SIRT6. In con-
trast, silencing SIRT6 in vitro with small
interfering RNA (siRNA) or the specific
SIRT6 inhibitor OSS-128167 resulted in
VC. Similarly, a mouse model with spe-
cific adeno-associated virus-mediated
(AAV-mediated) SIRT6 knockdown exhib-
ited more severe VC than mice in the con-

trol group. Finally, the role of the SIRT6-
Runx?2 interaction in VC was validated in
series of in vivo and in vitro experiments.
Specifically, the authors demonstrated that
Runx?2 protein expression was decreased
in SIRT6-Tg mice overexpressing SIRT6,
and that enhancing Runx2 expression via
plasmid reversed the protective effect of
SIRT6 in vitro. The authors showed that
decreased protein expression of Runx2
occurs via posttranslational regulation
(decreased Runx2 acetylation marked
the protein for ubiquitination and degra-
dation) and not at the transcription level.
Further, the physical interaction of SIRT6
with Runx2 was demonstrated by coimmu-
noprecipitation assays.

A red berry a day keeps VC
away?

Sirtuins are NAD*-dependent enzymes
and among the sirtuins family 1 to 7, SIRT6
has been implicated in protecting against
diverse conditions such as aging, age-
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related diseases, and metabolic disease
(17-19). Flavonoids and specifically antho-
cyanidins modulate SIRT6 activity (20).
Cyanidin (present to a high degree in red
berries) is the most potent compound that
substantially increases the deacetylation
activity of SIRT6. The study by Li et al. (16)
showed that SIRT6 enhances RUNX2 ubig-
uitination and degradation, inhibiting VC
(Figure 1). However, the study also reflects
on the complexity of osteogenic transdif-
ferentiation of VSMCs and the multitude
of signaling pathways involved in this pro-
cess. Many therapeutic attempts to counter
the process of VC focused on the upstream
pathway signals by targeting phosphorus
and mineral metabolism dysregulation as
an initiator of vascular toxicity. None has
unequivocally shown promising results
in reversing VC or reducing cardiovascu-
lar events in patients with ESKD (21-24).
A large clinical trial (PHOSPHATE) is
currently underway to test the impact of
intensive versus liberal phosphate target
on composite cardiovascular outcome
in ESKD on dialysis (NCT03573089).
SNF472, the hexasodium salt of phytate,
is being developed as an intravenously
administered form of phytate to prevent
phosphate and calcium aggregate into
hydroxyapatite crystals into VSMCs, and
has been shown to reduce the progression
of coronary artery calcium and aortic valve
calcification in patients with ESKD receiv-
ing hemodialysis (25). One may argue
that interventions in ESKD are too late to
reverse VC and that interventions in earli-
er stages of CKD are difficult to implement
since these patients have normal-looking
mineral homeostasis. Interventions at the
downstream signals of the VC process-
es have inherent complications. There
are many osteogenic signaling pathways
that ultimately result in Runx2 activation.
Selection of the appropriate pathway, tim-
ing of intervention, and avoiding off tar-
get effects are challenging tasks. Would
suppressing Runx2 result in osteoporosis?
Would SIRT6 upregulation to enhance
Runx2 ubiquitination and degradation
serve better than directly inhibiting Runx2
expression in reversing VC? Would eating
a red berry a day keep VC away? Despite
the many questions, the study by Li et al.
(16) provides a pathway in the pathogene-
sis of VC that warrants further testing. The
study was well executed with an impactful
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finding and lays the foundation for SIRT6
as a potential druggable target.

Acknowledgments

MGA receives funding from The Nation-
al Institute of Diabetes and Digestive and
Kidney Diseases (grant PO1 DK056492).

Address correspondence to: Mohamed
G. Atta, Department of Medicine, Johns
Hopkins University, School of Medicine,
1830 E. Monument Street, Suite 416, Bal-
timore, Maryland 21287, USA. Phone:
410.955.5268; Email: mattal@jhmi.edu.

—_

. Proudfoot D, Shanahan CM. Biology of calcifica-
tion in vascular cells: intima versus media. Herz.
2001;26(4):245-251.

2.Jono S, et al. Phosphate regulation of vascular

smooth muscle cell calcification. Circ Res.

2000;87(7):E10-E17.

Kuro-o M, et al. Mutation of the mouse klotho

gene leads to a syndrome resembling ageing.

Nature.1997;390(6655):45-51.

4. Ohnishi M, Razzaque MS. Dietary and genetic evi-
dence for phosphate toxicity accelerating mam-
malian aging. FASEB J. 2010;24(9):3562-3571.

5. Bucay N, et al. Osteoprotegerin-deficient mice
develop early onset osteoporosis and arterial
calcification. Genes Dev. 1998;12(9):1260-1268.

6. Luo G, et al. Spontaneous calcification of arteries

and cartilage in mice lacking matrix GLA pro-

tein. Nature. 1997;386(6620):78-81.

w

J Clin Invest. 2022;132(1):e156257 https://doi.org/10.1172/|CI156257

7. Shanahan CM, et al. Medial localization of
mineralization-regulating proteins in associa-
tion with Monckeberg'’s sclerosis: evidence for
smooth muscle cell-mediated vascular calcifica-
tion. Circulation. 1999;100(21):2168-2176.

8. LiX, et al. BMP-2 promotes phosphate uptake,
phenotypic modulation, and calcification of
human vascular smooth muscle cells. Atheroscle-
rosis. 2008;199(2):271-277.

9. Reddi AH. Bone morphogenetic proteins: an
unconventional approach to isolation of first
mammalian morphogens. Cytokine Growth Fac-
tor Rev.1997;8(1):11-20.

10. Sampath TK, Reddi AH. Dissociative extraction

and reconstitution of extracellular matrix com-
ponents involved in local bone differentiation.
Proc Natl Acad Sci U S A.1981;78(12):7599-7603.

11. Ouyang L, et al. ALKBH1-demethylated DNA

N6-methyladenine modification triggers vas-
cular calcification via osteogenic reprogram-
ming in chronic kidney disease. J Clin Invest.
2021;131(14):e146985.

12. Mundlos S. Cleidocranial dysplasia: clin-

ical and molecular genetics. ] Med Genet.
1999;36(3):177-182.

13. Wysokinski D, et al. RUNX2: a master bone growth

regulator that may be involved in the DNA damage
response. DNA Cell Biol. 2015;34(5):305-315.

14. Komori T, et al. Targeted disruption of Cbfal

results in a complete lack of bone formation
owing to maturational arrest of osteoblasts. Cell.
1997;89(5):755-764.

15. Kim W], et al. RUNX2-modifying enzymes: ther-

apeutic targets for bone diseases. Exp Mol Med.
2020;52(8):1178-1184.

16. LiW, et al. SIRT6 protects vascular smooth mus-

17.

1

(o]

19.

20.

2

-

2

N

23.

24.

25.

COMMENTARY

cle cells from osteogenic transdifferentiation via
Runx2 in chronic kidney disease. J Clin Invest.
2022;132(1):e150051.

KanfiY, et al. The sirtuin SIRT6 regulates lifespan
in male mice. Nature. 2012;483(7388):218-221.

. Mostoslavsky R, et al. Genomic instability and

aging-like phenotype in the absence of mamma-
lian SIRT®. Cell. 2006;124(2):315-329.
Chalkiadaki A, Guarente L. The multifaceted
functions of sirtuins in cancer. Nat Rev Cancer.
2015;15(10):608-624.

Rahnasto-Rilla M, et al. Natural polyphenols as
sirtuin 6 modulators. Sci Rep. 2018;8(1):4163.

. Habbous S, et al. The efficacy and safety of

sevelamer and lanthanum versus calcium-con-
taining and iron-based binders in treating hyper-
phosphatemia in patients with chronic kidney
disease: a systematic review and meta-analysis.
Nephrol Dial Transplant. 2017;32(1):111-125.

. Investigators ET, et al. Effect of cinacalcet on

cardiovascular disease in patients undergoing
dialysis. N Engl ] Med. 2012;367(26):2482-2494.
Jamal SA, et al. The effects of calcium-based
versus non-calcium-based phosphate binders on
mortality among patients with chronic kidney
disease: a meta-analysis. Nephrol Dial Trans-
plant.2009;24(10):3168-3174.

Jamal SA, et al. Effect of calcium-based versus
non-calcium-based phosphate binders on mor-
tality in patients with chronic kidney disease: an
updated systematic review and meta-analysis.
Lancet. 2013;382(9900):1268-1277.

Raggi P, et al. Slowing progression of cardiovas-
cular calcification with SNF472 in patients on
hemodialysis: results of a randomized phase 2b
study. Circulation. 2020;141(9):728-739.



https://www.jci.org
https://doi.org/10.1172/JCI156257
https://doi.org/10.1038/nature10815
https://doi.org/10.1038/nature10815
https://doi.org/10.1016/j.cell.2005.11.044
https://doi.org/10.1016/j.cell.2005.11.044
https://doi.org/10.1016/j.cell.2005.11.044
https://doi.org/10.1038/nrc3985
https://doi.org/10.1038/nrc3985
https://doi.org/10.1038/nrc3985
https://doi.org/10.1038/s41598-018-22388-5
https://doi.org/10.1038/s41598-018-22388-5
https://doi.org/10.1056/NEJMoa1205624
https://doi.org/10.1056/NEJMoa1205624
https://doi.org/10.1056/NEJMoa1205624
https://doi.org/10.1093/ndt/gfp350
https://doi.org/10.1093/ndt/gfp350
https://doi.org/10.1093/ndt/gfp350
https://doi.org/10.1093/ndt/gfp350
https://doi.org/10.1093/ndt/gfp350
https://doi.org/10.1016/S0140-6736(13)60897-1
https://doi.org/10.1016/S0140-6736(13)60897-1
https://doi.org/10.1016/S0140-6736(13)60897-1
https://doi.org/10.1016/S0140-6736(13)60897-1
https://doi.org/10.1016/S0140-6736(13)60897-1
https://doi.org/10.1161/CIRCULATIONAHA.119.044195
https://doi.org/10.1161/CIRCULATIONAHA.119.044195
https://doi.org/10.1161/CIRCULATIONAHA.119.044195
https://doi.org/10.1161/CIRCULATIONAHA.119.044195
https://doi.org/10.1161/01.CIR.100.21.2168
https://doi.org/10.1161/01.CIR.100.21.2168
https://doi.org/10.1161/01.CIR.100.21.2168
https://doi.org/10.1161/01.CIR.100.21.2168
https://doi.org/10.1161/01.CIR.100.21.2168
https://doi.org/10.1016/j.atherosclerosis.2007.11.031
https://doi.org/10.1016/j.atherosclerosis.2007.11.031
https://doi.org/10.1016/j.atherosclerosis.2007.11.031
https://doi.org/10.1016/j.atherosclerosis.2007.11.031
https://doi.org/10.1016/S1359-6101(96)00049-4
https://doi.org/10.1016/S1359-6101(96)00049-4
https://doi.org/10.1016/S1359-6101(96)00049-4
https://doi.org/10.1016/S1359-6101(96)00049-4
https://doi.org/10.1073/pnas.78.12.7599
https://doi.org/10.1073/pnas.78.12.7599
https://doi.org/10.1073/pnas.78.12.7599
https://doi.org/10.1073/pnas.78.12.7599
https://doi.org/10.1172/JCI146985
https://doi.org/10.1172/JCI146985
https://doi.org/10.1172/JCI146985
https://doi.org/10.1172/JCI146985
https://doi.org/10.1172/JCI146985
https://doi.org/10.1089/dna.2014.2688
https://doi.org/10.1089/dna.2014.2688
https://doi.org/10.1089/dna.2014.2688
https://doi.org/10.1016/S0092-8674(00)80258-5
https://doi.org/10.1016/S0092-8674(00)80258-5
https://doi.org/10.1016/S0092-8674(00)80258-5
https://doi.org/10.1016/S0092-8674(00)80258-5
https://doi.org/10.1038/s12276-020-0471-4
https://doi.org/10.1038/s12276-020-0471-4
https://doi.org/10.1038/s12276-020-0471-4
mailto://matta1@jhmi.edu
https://doi.org/10.1007/PL00002027
https://doi.org/10.1007/PL00002027
https://doi.org/10.1007/PL00002027
https://doi.org/10.1038/36285
https://doi.org/10.1038/36285
https://doi.org/10.1038/36285
https://doi.org/10.1096/fj.09-152488
https://doi.org/10.1096/fj.09-152488
https://doi.org/10.1096/fj.09-152488
https://doi.org/10.1101/gad.12.9.1260
https://doi.org/10.1101/gad.12.9.1260
https://doi.org/10.1101/gad.12.9.1260
https://doi.org/10.1038/386078a0
https://doi.org/10.1038/386078a0
https://doi.org/10.1038/386078a0

