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Abstract

Objective: The development of ectopic vascular calcification is strongly linked with
organismal ageing, which is primarily caused by the accumulation of DNA damage over
time. As Runx2 has been identified as a regulator of vascular smooth muscle cell (VSMC)
osteogenic transition, a key component of vascular calcification, we examined the
relationship between DNA damage and Runx2 activation.

Approach and results: We found genotoxic stress stimulated Runx2 accumulation and
transactivation of its osteogenic target genes, leading to enhanced calcification. Inhibition of
DNA damage signalling attenuated this response. Runx2 localized to sites of DNA damage
and participated in DNA repair by regulating phosphorylation events on histone H2AX, with
exogenous expression of Runx2 resulting in unrepaired DNA damage and increased
apoptosis. Mechanistically, Runx2 was PARylated in response to genotoxic stress and
inhibition of this modification disrupted its localisation at DNA lesions and reduced its
binding to osteogenic gene promoters.

Conclusions: These data identify Runx2 as a novel component of the DNA damage response,
coupling DNA damage signalling to both osteogenic gene transcription and apoptosis and
providing a mechanism for accelerated mineralisation in ageing and chronic disease.
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Non-standard abbreviations used in this study

Phosphorylated serine 139 on H2AX YH2AX
Phosphorylated tyrosine 142 on H2AX pY142-H2AX
Recombinant Flag-tag Runx2 FL-Runx2
Short hairpin RNA against Runx2 shRunx2
Boronate bead pull-down assay BBPDA



Introduction

Ectopic vascular calcification invariably increases with age and is a major risk factor
for cardiovascular mortality. ! %3 It is a cell-mediated process driven by vascular smooth
muscle cells (VSMCs) % that ordinarily are essential for maintaining vascular tone through
their contractile activity. However, in ageing and disease these cells display marked
phenotypic plasticity and can undergo osteochondrogenic differentiation. This transition is
characterised by a loss of contractile markers ¢ and increased expression of osteogenic factors
including the master transcription factor Runt-related transcription factor 2 (Runx2) and its
downstream osteogenic targets Osterix, ’ Osteocalcin (OCN) ® and Bone sialoprotein (BSP).
- Increased secretion of calcifying vesicles '? and a higher incidence of apoptosis ! # are
also recognised features of this osteogenic switch which orchestrates the calcification
process. However, the specific pathways that link these processes with ageing have remained
elusive.

Runx2 is essential for developmental osteogenesis in bone '> !, but it has functions
beyond activation of osteogenic transcriptional programmes and is expressed in a number of
non-mineralizing cell types. !” In the vasculature, Runx2 is upregulated at sites of
calcification and targeted knockout of Runx2 reduces expression of its osteogenic targets and
reduces calcification. '¥2! Notably, however, Runx2 is transiently upregulated in the absence
of calcification at sites of vascular injury >? while targeted over-expression of Runx2 in
VSMCs in vivo is insufficient for calcification to ensue * suggesting that additional factors or
modifications are required to activate its osteogenic capacity.

Runx2 acts as a scaffold to organise enhancers and repressors and its transcriptional
activity is dependent on its localisation to the nuclear matrix. >*2° This proteinaceous
network acts to organise nuclear metabolic events, including transcription and the DNA
damage response (DDR) 228 and emerging evidence suggests that Runx2 may have a direct
function in the DDR 2% %, with its deregulation in a range of cancers further substantiating
this notion. 3°3? Importantly, DDR regulators are also instrumental during normal
physiological bone formation and in ectopic vascular calcification **-° suggesting a link
between Runx2 activity, DNA damage repair and osteogenesis.

A primary event in the DDR is phosphorylation of histone H2AX on serine 139
(YH2AX) by the kinase Ataxia-telangiectasia mutated (ATM) 3¢ and cells positive for yH2AX
are detectable in the bone growth plate and in calcified arteries. *° In addition, ATM and
DDR effector proteins c-Abl, and p53 have been shown to regulate osteoblast activity. 373
Another key DDR component is Poly(ADP-ribose) (PAR) polymerase (PARP) signalling.
This pathway, usually activated by oxidative stress, involves the post-translational addition of
PAR moieties - by PARP enzymes - to target proteins in a process termed PARylation.
PARP1 has been shown to play a role in osteogenic differentiation in bone *° and high levels
of PAR have been detected in the bone growth plate and at sites of vascular calcification. >>
40.41 AR itself can avidly bind calcium and form calcified nanoparticles, suggesting a by-
product of the DDR is also essential for biomineralization. ** Inhibitors of DDR signalling
can block osteogenic differentiation and calcification in both bone and the vasculature,
however the mechanisms behind this remain unclear. 3%

In this study we hypothesised that DDR signalling might activate Runx2-mediated
osteogenesis in the vasculature. Using in vitro and in vivo models of Runx2 depletion and
over-expression we show that Runx2 is a novel component of the DDR that regulates H2AX
phosphorylation in response to DNA damage and promotes apoptosis. PARylation of Runx2
was essential for this activity and for its activation of osteogenic gene expression in VSMCs.
This is the first time a precise role for Runx2 during the DDR has been reported and our data



provides an explanation for the increased incidence of vascular calcification observed with
age and highlights the potential for DDR inhibitors as therapeutics for vascular calcification.

Materials and methods

The authors declare that all supporting data are available within the article [and its online
supplementary files].

Cell culture / treatments - VSMCs were obtained from explants of human aortic tissues from
both male and female donors of various ages as previously described. ** The isolates used in
this study were as follows; 35F (04:35F:11A), 20M (05:20M:18A) and 54M (05:54M:20).
Cells were maintained in M199 medium (Sigma Aldrich) supplemented with 20 % fetal
bovine serum (FBS) at 37 °C and 5 % CO; and used between passages 9 and 20. Control
mouse VSMCs (Runx2”) and Runx2 KO VSMCs (Runx2*™) were cultured in the same
media. To induce calcification, VSMCs were cultured in M199 medium supplemented with
5 % FBS and elevated calcium (Ca?") and phosphate (P;) (2.7 mM and 2.5 mM respectively)
for between 8-15 days until signs of calcification became apparent. Control medium was
M199 with 5 % FBS and no additional Ca?* or P; (1.8 mM and 1 mM respectively). For
short-term DNA damage induction, cells were typically treated for 0.5 - 3 hours with 20 uM
etoposide or 200 mM H>O». For long term treatments performed alongside calcification
experiments (>24 hours) concentrations of 5 uM etoposide or 20 mM H>O» were used.
Inhibitors against PARP, ATM and mitogen-activated protein kinase (MEK), (PJ34
(AdipoGen), KU55933 (Selleckchem), U0126 (Sigma Aldrich) respectively) were used at 10
uM. DMSO was used as a vehicle control.

Generation of conditional Runx2 KO mice - The conditional Runx2 Knock-Out (KO) mouse
model was generated by Taconic-Artemis. The targeting strategy was based on the Ensembl
transcript ENSMUST00000160673 (Runx2-001) which allows conditional KO of the Runx2
gene (Runx2). The Runx?2 targeting vector was created by flanking the Runx2 targeted domain
of exon 4 with /oxP sites and the positive selection marker Puromycin-resistant (PuroR) was
flanked by FRT sites. The targeting vector was generated using bacterial artificial
chromosome (BAC) clones from C56LB/6J RPCIB-731 BAC library. The target vector was
injected into embryonic stem cells from Taconic Artemis C57BL/6N by electroporation and
cells with successful homologous recombination were isolated using positive (PuroR) and
negative (Thymidine Kinase-Tk) selections. These were injected into C57BL/6 mouse
blastocysts to generate chimeric floxed-Runx2 mice which were then bred onto a FLP
recombinase strain to remove the Puromycin cassette. To generate smooth muscle cell
(SMC)-specific Runx2 KO mice (Runx24" ), Runx2” mice were crossed with mice
expressing SMC-specific Cre recombinase which is driven by the SM22-a promoter. The
SM22 Tg(Tagln-cre)1Her/J mice (004746; The Jackson Laboratory). Genotyping was
performed using PCR of DNA extracted from ear biopsy specimens. Primers used for
genotyping were as follows: Runx2 conditional KO; forward 5’
GAGCTAGCCTAGCCTTTCTGC 3’ and reverse 5> CAAGAGGACTCAAGTTCAGATCC
3’. Cre recombinase expression; forward 5> GCGGTCTGGCAGTAAAAACTATC 3’ and
reverse S’GTGAAACAGCATTGCTGTCACTT 3°. Cycling parameters were the following:
initial denaturation 95°C, 5 minute; denaturation 95 °C ,30 seconds (repeated for 35 cycles);
annealing 60 °C, 30 seconds (repeated for 35 cycles); extension 72 °C, 1 minute (repeated for
35 cycles); final extension 72 °C, 10 mins; cooled to 4°C indefinitely. The PCRs produced
amplicons of 197bp (wild-type allele) 354bp (Conditional KO allele) and 100bp (Cre
recombinase). Runx2” and Runx2?*" mice were maintained on a C57BL/6 background. All



mice were kept in individually ventilated cages at the biological services unit at the Maurice
Wohl Clinical Neuroscience Institute, King’s College London. They were maintained on a
normal diet (LabDiet 5053 / PicoLab Rodent Diet 20) and kept on a 12-hour light/dark cycle.
Male and female mice were used in this study. All experiments were carried out in
accordance with the UK Animal (Scientific Procedures) Act 1986 and were covered by a
Home Office project licence.

Vitamin D induction of calcification in mice - Vitamin D treatment is an established model
used to induce vascular calcification in mice. It causes dysregulation of calcium metabolism,
resulting in increased serum calcium but unchanged phosphate levels.** For this treatment,
Cholecalciferol (C1357; Sigma) was dissolved in 100 % ethanol and diluted to 1.25 pg/ul
containing 5 % ethanol for each injection. Twenty-week-old Runx2” and Runx2*S mice on a
C57BL/6 background received cholecalciferol subcutaneously at a dosage of 500,000
[U/kg/day for 4 consecutive days, and 5 % ethanol in sterile water was used as vehicle
control. '8 The mice were monitored daily and terminated between 7 to 8 days after injection.
Thoracic aortas were collected for calcium quantification, RNA, and histology. Male and
female mice were used to comply with 3R policy to reduce animal use and data was pooled
for analysis.

Rat model with chronic kidney disease (CKD) induced vascular calcification - This study
used a well-characterized rat model with adenine induced CKD. 3% * 7-week-old male Wistar
rats (225-250 g, Charles River, Lille France) were used to avoid interference with hormonal
effects and because they are more vulnerable to the development of CKD. Rats were housed
2 per cage and randomly assigned to different groups. An equilibration period of 3 weeks was
used to ensure a body weight of approximately 320g at the start of the study. CKD was
induced by maintaining the rats on an adenine diet containing 0.75 % adenine (Acros
Organics) with a 0.92 % phosphorous and 1 % calcium content in combination with a low
protein content (2.5 %). A control group (n=6) with normal renal function was included and
maintained on a control diet. The CKD groups were sacrificed weekly starting from week 1
and then 2, 3, 4 and 8 after the diet was introduced. The control group rats with normal diet
were sacrificed at the end of the experiment (week 8).

Adenoviral constructs and transfections - Adenovirus (Cyagen Biosciences) expressing
recombinant FLAG-tag Runx2 (FL-Runx2), a short hairpin RNA against Runx2 mRNA
(shRunx2) or enhanced green fluorescent protein (EGFP) were used to transduce VSMCs at
70 % confluence. Multiplicity of infection was 10 particles per cell, routinely achieving >80
% transduction efficiency as assessed by control EGFP. For Small interfering RNA-mediated
interference of Ku70, sc29383 (Santa Cruz biotech) was transfected into VSMCs using
HiPerfect transfection reagent (Qiagen).

Antibodies - Primary antibodies used were as follows: Runx2 (D130-3) (MBL International);
Runx2 (sc-10758), p53 (sc-126) (Santa Cruz Biotech); FLAG (M2, F3165), H2AX
(PLA0294), 3-actin (AC-74) (Sigma Aldrich); 8-OxodG (N45.1) (JaICA); FLAG (ab1257),
Ku70 (ab83501), ERK 1/2 (ab36991), pERK (ab201015), pY 142 H2AX (ab94602), o
Smooth muscle actin (ab7817), Runx2 (ab23981) (abcam); YH2AX (2577), Lamins A/C
(2032), Chk2 (2662), pChk2 (T68) (2197), Cleaved caspase-3 (Asp175) (9661) (Cell
Signaling Technology, Danvers, Mass); PAR (4336-APC-050) (Novus Biologicals).

TUNEL staining - TUNEL staining assays were carried out using a commercially available
kit according to the manufacturer’s instructions (abcam; ab206386).



Calcification assays - For Alizarin red S staining, VSMCs were washed with PBS and fixed
in 4 % formaldehyde in PBS for 10 mins at 21 °C. VSMCs were then washed with dH,O and
then incubated with 2 % Alizarin red S (Sigma-Aldrich) for 5 mins then briefly rinsed with
water prior to imaging. o-Cresolphthalein assays on VSMCs were performed as previously
described. ** Adenovirus was used to knock-down Runx2 (shRunx2), over-express Runx2
(FL-Runx2) or express EGFP (control). To harvest cells from mouse models, 3 mm of
thoracic aorta for each mouse was collected and washed in HBSS. To extract Ca>’, the aortas
were placed in a Dounce Glass Tissue Homogenizer with 200 ul 0.1 M HCI and
homogenised every 30 mins for 2 hours. The homogenate was centrifuged at 13000 x g for 2
mins and subject to o-Cresolphthalein assay for calcium analysis.

Immunoblotting - Total cell extracts were prepared by washing VSMC:s in ice cold PBS then
scraping into fresh ice cold PBS and centrifugation at 700 x g for 5 mins. Pellets were
resuspended in lysate buffer (10 mM Tris pH 7.5, 150 mM NaCl, 1| mM EDTA, 1% Triton X-
100, protease inhibitors) and sonicated for 10 seconds followed by centrifugation at 700 x g
for 5 min. 0.01 % bromophenol blue, 200 mM DTT , 4 % SDS and 20 % glycerol were added
to lysates prior to boiling for 5 mins and separation by SDS-PAGE, transfer to PVDF
membrane, blocking and primary antibody incubation. Secondary antibodies conjugated to
IRDye 800CW (LI-COR Biosciences) were then used followed by detection and
quantification with an imager (Odyssey; LI-COR Biosciences).

Immunofluorescence - VSMCs were cultured on coverslips and fixed in 4 %
paraformaldehyde in PBS for 10 mins at 21 °C followed by 3 min permeabilisation with 0.5
% NP-40 in PBS. Coverslips were then blocked (3 % BSA in PBS) for 1 hour at 21 °C before
incubation with primary antibodies in blocking solution for 12 hours at 4 °C in a humidifying
chamber. Coverslips were washed in PBS followed by 1 hour 21 °C incubation with
fluorescent dye conjugated secondary antibodies (Invitrogen). Coverslips were washed with
PBS, mounted onto slides with medium containing DAPI, and z-stacks were obtained using a
Nikon A1R confocal microscope with NIS-Elements software. Different channels were
acquired sequentially. For mice thoracic aortas, 10 pm thick cryosections were stained and
imaged using an Olympus IX-81 microscope.

Comet assays - VSMCs were cultured to approximately 70 % confluency then were washed
with ice-cold PBS, trypsinised and resuspended in 0.6 % low melting point agarose then
dispensed in duplicate onto pre-coated slides and allowed to set on ice for 20 mins in the
dark. Slides were then transferred into ice-cold lysis buffer (100 mM EDTA, 2.5 M NaCl, 10
mM Tris pH10, 1% Triton X-100) for 1 hour, washed twice with ice-cold dH>O followed by
electrophoresis in ice cold buffer (300 mM NaOH, 1 mM EDTA) at 20 V for 30 mins. Slides
were then submerged in neutralisation buffer (0.4 M Tris pH 7.5), washed with dH,O and
dried prior to staining with Nancy-520 (Sigma Aldrich) and imaging by confocal microscopy.

Immunohistochemistry - Immunohistochemistry was performed on Wistar rat thoracic aortas.
4 um or 7 um thick sections were paraffinized, rehydrated, restored for immunoreactivity,
blocked for endogenous peroxidase activity and nonspecific binding and then were incubated
with primary antibodies. The biotinylated secondary antibodies, avidin-biotin complex
amplification (PK-6101 & PK-6102; Vector laboratories) and DAB peroxidase substrate kit
(SK-4100; vector laboratories) were used to develop the staining. Sections were then
counterstained with hematoxylin and mounted using DPX following dehydration. Images
were taken using a Leica ICC50 W microscope. Mineral deposition and expression of
YH2AX, 8-0x0dG and Runx2 were quantified using ImagelJ software. Calcification was



quantified using a threshold measure method and expression of YH2Ax, 8-0xodG and Runx2
by enumerating positive (brown) and negative (purple) cells.

RNA isolation and quantitative reverse transcription polymerase chain reaction (RT-qPCR) —
RNA from human VSMCs was isolated from cells using STAT60 (CS-110, AMS
Biotechnology), followed by cDNA synthesis using Mu-MLYV reverse transcriptase (ME-
0125-10, Eurogentec). qPCR was performed in triplicate using qQPCRBIO SyGreen Mix (PCR
Biosystems). Reactions were carried out in a StepOnePlus Real Time PCR System (Applied
Biosystems). Primers used are as follows: Runx2 (Runx2) (QT00020517), CDKNIA (p21)
(QT00062090), GAPDH (GAPDH) (QT00079247), Sp7 (Osterix) (QT00213514), MMP9
(MMP9) (QT00040040) (Qiagen). Other primers used were: BGLAP (Osteocalcin) (5°-
GGCAGCGAGGTAGTGAAGAG-3’ and 5’-CGATAGGCCTCCTGAAAGC-3) and /BSP
(BSP) (5’-AGTTTCGCAGACCTGACATCCAGT-3’ and 5°-
TTCATAACTGTCCTTCCCACGGCT-3"). Expression levels of target genes were all
corrected using GAPDH expression. PCRs were performed in 20 pl reaction volumes at 95
°C for 10 min followed by 40 cycles at 95 °C for 5 seconds and 60°C for 1 min. RNA was
extracted from mouse aorta by homogenising vessels in 1 ml TRIzol (Invitrogen) using
matrix D beads (MP Biomedicals) in a Precellys 24 tissue homogeniser (Bertin
Technologies). cDNA synthesis and qPCR were performed as described above but using the
following primers: Runx2 (QT00102193), GAPDH (QT01658692), IBSP (QT00115304), Sp7
(QT00293181) and BGLAP (QT01744330) (Qiagen).

Proximity ligation assay - Duolink® In Situ Red Starter Kit Mouse/Rabbit (Sigma Aldrich)
was used according to the manufacturer’s instructions. Staining was visualised using a Nikon
A1R confocal microscope.

Active Caspase 3 ELISA - Active Caspase 3 (Asp175) Human ELISA (ab168541) (abcam)
was performed according to the manufacturer’s instructions.

Chromatin immunoprecipitation (ChIP) - ab500 ChIP Kit (abcam) was used according to the
manufacturer’s instructions. Briefly, VSMCs were trypsinised, centrifuged and then washed
in ice-cold PBS. Cells were centrifuged again and then fixed in 1.1 % formaldehyde in PBS.
Reactions were quenched with glycine and cells were washed in ice cold PBS before being
lysed. Chromatin was sheared to approximately 500-1500 bp fragments using a sonicator at 4
°C. Chromatin was diluted and input chromatin was collected. Remaining chromatin was
used for ChIP using 4 pg Runx2 (D130-3) as antibody of interest, 4 pug anti-histone H3 as a
positive control and no antibody as a negative control. Antibodies were added for 12 hours at
4 °C and then Protein A sepharose beads were used to precipitate protein/DNA complexes.
Cross-links were reversed by heating at 98 °C followed by proteinase K addition and DNA
purification. Samples were analysed by pPCR. Primers used are as follows: Runx2 (5°-
TGTGATACAGTCCAAAGATGTGA-3’ and 5’-CCTGTAAGGTTAAGCATTTGTAGAG-
3”), p21 (5’-TGCTAGGAACATGAGCAAACT-3’ and 5’-TCAGCAGTGGCACAATCTC-
3”), BSP (5’-GGGCCACATAAATGGACAATA-3’ and 5’-
TCATTTGATGTTTCCTCCTGAA-3’), Osterix (5’-CCTTGCCTATCTGCTTCTCTTT-3’
and 5’-GTCCTGGATCCAAGCTTCAAA-3’), MMP9 (5’-CCAATCACCACCATCCGTT-
3’ and 5’-ACAGCAGACATGGCTTTACTC-3"), OCN (5°-
AAATACAGAATTAGCCAGGCAT-3’ and 5’-AAGAAGCAAGAGAAACAAAGTG-3).

Biochemical fractionation - VSMCs were incubated in fractionation buffer (10 mM HEPES
pH 7.9, 10 mM KCI, 1.5 mM MgCl, 0.5 mM DTT, 0.05% NP40, protease inhibitors and



phosphatase inhibitors on ice for 30 mins with occasional agitation. Following centrifugation
at 1,500 x g for 5 mins at 4 °C, the supernatant was collected (cytoplasmic) and the pellet was
extracted with ice cold high-salt buffer (20mM Tris-HCL, (pH 8.0), 420 mM NaCl, 0.5 %
NP40, 0.1mM EDTA, 10% glycerol) for 45 mins on ice. Samples were centrifuged at 13,500
x g for 15 mins and the supernatant that contained chromatin-bound proteins was collected
(chromatin fraction). The resultant pellet was resuspended in lysate buffer (above), sonicated
for 10 seconds and centrifuged at 1,500 x g for 5 mins at 4 °C. The supernatant was collected
(nuclear insoluble fraction).

Co-Immunoprecipitation (Co-IP) assays - VSMCs were washed in PBS, harvested and lysed
in 10 % glycerol, 0.5 mM EDTA, 25 mM Tris-HCL (pH 7.5), 1 mM Na;VOs3, 180 mM NaCl,
10 mM B-glycerophosphate, 0.1 mM DTT and 0.1 % NP-40. Lysates were incubated with 4
ug anti-H2AX, rotating at 4 °C, for 12 hours. Protein G agarose beads (Sigma) were then
added to the lysates, washed 3x in lysis buffer and boiled for 10 minutes prior to analysis by
gel electrophoresis and western blot.

Boronate bead pull-down assays (BBPDAs) of PARylated proteins — Beads coated in boronic
acid resins bind to various oligonucleotides via vicinal diols. The chemical nature of
poly(ADP-ribose) means PARylated proteins are a strong substrate for these beads and can
be pulled-down effectively in BBPDAs. *° 6 hours prior to BBPDASs, cells were treated with
Poly(ADP-ribose) glycohydrolase (PARG) inhibitor PDD00017273 (Sigma) to prevent PAR
degradation, and any DNA damage treatments were performed. Nuclear fractions were
collected as described in “Biochemical fractionation protocol” and this fraction was sonicated
in lysate buffer (above) containing PARG inhibitor and mixed with m-aminophenylboronic
acid agarose (# A8312, Sigma) for 1 hour at room temperature. Following this incubation,
beads were washed twice in SDS wash buffer (1 % SDS, 100 mM HEPES (pH 8.5), 150 mM
NaCl) and twice in non-SDS wash buffer (100 mM HEPES (pH 8.5), 150 mM NaCl).
Proteins were eluted from beads by boiling for 10 mins and analysed by western blot. For
BBPDAs using protein from mouse aorta, vessels were homogenised in lysate buffer
containing PARG inhibitor followed by sonication (3 x 10 seconds) and centrifugation at
2600 x g and 4 °C for 5 mins. 950 pg of protein was used in each reaction for as described
above.

Statistical analysis - Results are presented as mean + SEM Statistical analysis was performed
with GraphPad software. All data was tested for normalcy using the Shapiro-Wilk test prior
to comparison analysis. For comparisons of multiple groups; one-way ANOVA with Tukey’s
test was used. For comparison of just two independent samples the parametric Student t-test
was used. On graphs, * = P <0.05, ** = P <(.01 *** = P<0.001, **** = P <(0.0001.
Results were taken from a minimum of 3 independent experiments (technical replicates)
using 3 different VSMC isolates (biological replicates). For histology, all groups were
compared with the control group. The comparison was made using one-way ANOVA test
except for YH2AX where Kruskal Wallis test was used.



Results

DNA damage augments VSMC calcification in a Runx2-dependent manner

Primary human VSMCs cultured in calcifying media containing elevated Ca®" and P;
exhibited visible signs of calcification after 5 days and were highly calcified after 15 days
(Figure 1A and S.IA). Western blot (WB) and immunofluorescence (IF) showed increased
levels of the DNA damage marker yYH2AX (Figure 1B and C and S.IB-G) in calcified
VSMCs after 10 days of calcification treatment, and comet assays confirmed the presence of
increased physical DNA damage in these cells (Figure 1D and S.IH). Increased Runx2
protein levels (Figure 1B and S.IT) and concomitant loss of the smooth muscle marker SMA
mirrored the induction of DNA damage and calcification.

To examine whether genomic stress could promote VSMC calcification, and if this
was dependent on Runx2, o-Cresolphthalein assays were performed on VSMCs cultured in
control or calcifying media in the presence or absence of the DNA damaging agents H>O>
(causes oxidative DNA damage) or etoposide (causes DNA double-strand breaks (DSBs)). In
addition, levels of Runx2 were manipulated using adenoviral vectors (S.1J and K). We found
DNA damage alone did not induce VSMC calcification but both agents augmented
calcification when VSMCs were cultured in calcifying media (Figure 1E and F and S.IL -O).
Knock-down of endogenous Runx2 via shRNA interference (shRunx2) had a minimal effect
on reducing calcification induced by calcification media alone, however the enhanced
calcification caused by H>O» or etoposide was completely abolished (Figure 1E and F).
Conversely, adenovirus mediated over-expression of a FLAG-tagged recombinant form of
Runx2 (FL-Runx2) increased calcification in calcifying media alone and this increase was
further enhanced with additional DNA damage caused by H>O: or etoposide (S.IL and M).
These data suggest that Runx2 is not essential for the initiation of VSMC calcification by
elevated Ca®" and P; over this time-course, but Runx2 is pivotal in exacerbating calcification
when genomic instability is high.

Increased calcification in response to genomic stress corresponded with enhanced
transcription of Runx2 osteogenic targets. RT-qPCR showed expression of /BSP (BSP), Sp7
(Osterix) and BGLAP (OCN) were greatest in VSMCs grown in calcifying media
supplemented with H,O> with a small but significant increase in expression also seen in
response to H,O» treatment alone (Figure 1G-I). Runx2 depletion modestly suppressed
expression of these genes in VSMCs cultured in calcifying media alone but more profoundly
blocked the baseline and synergistic effects of H2O>. We also observed Runx2 dependent
increased expression of /BSP, Sp7 and BGLAP in response to etoposide treatment (S.IP-R),
showing Runx2 activity is also stimulated by DNA DSBs. Additional putative Runx2 target
genes CDKNIA (p21) and MMP9 (MMP9 protein) were also tested (S.IS and T) and although
these genes increased expression in response to DNA damage and calcifying conditions
respectively, these changes were not dependent on Runx2. These data suggest that Runx2
osteogenic activity is most profound when genomic stress is applied to cells and that specific
osteogenic targets may be preferentially expressed in response to genotoxic stress.

DNA damage dependent Runx2 accumulation, osteogenic gene expression and VSMC
calcification are reduced by PARP and ATM inhibitors

To determine how Runx2 was influenced by genotoxic stress, VSMCs were exposed
to either H>O: or etoposide and levels of Runx2 protein were quantified using WB (Figure
2A-C and S.ITA-C) and IF (S.IIC). These experiments revealed a significant increase in
Runx2 protein levels following 3 hours of treatment that corresponded to increases in
YH2AX. This was despite there being no change in Runx2 gene expression on qRT-PCR (S.



IID), suggesting a post-transcriptional mechanism was likely increasing Runx2 protein levels
in response to DNA damage.

To identify potential signalling pathways that could post-translationally elevate
Runx?2 protein following genotoxic stress, VSMCs were exposed to the same stressors but
with the inclusion of inhibitors of DDR proteins PARP1/2 (PJ34) and ATM (Ku55933).
These inhibitors were tested alongside inhibitors of ERK signalling (UO126); as this pathway
has previously been implicated in VSMC calcification and Runx2 phosphorylation. 44’ We
observed that PARP and ATM inhibitors effectively blocked the increase in Runx2 protein in
response to DNA damage, however ERK inhibition did not (Figure 2D-F and S.IIE-G).

Consistent with the inhibitory effects of PJ34 and Ku55933 on Runx2 protein levels,
these inhibitors also reduced VSMC calcification in response to calcifying media and
completely blocked the augmented calcification induced by genotoxic stress (Figure 2G).
Again, ERK inhibition had no effect. Reduced calcification also corresponded with reduced
expression of Runx2 osteogenic target genes as evidenced by marked reductions in /BSP, Sp7
and BGLAP expression in VSMCs cultured in calcifying media, with the largest decrease
seen in VSMCs cultured in calcifying media supplemented with H>O».

The DDR causes enhanced Runx2 binding to osteogenic target gene promoters and changes
its nuclear compartmentalisation.

We next assessed Runx2 occupancy at promoter regions of selected targets in VSMCs
in response to genotoxic stress using ChIP assays and observed that Runx2 binding to
osteogenic gene promoters /BSP, Sp7 and BGLAP was significantly increased by exposure to
either H>O» or etoposide (Figure 3A and B and S.IITA). However, Runx2 binding to its own
promoter, CDKNIA or MMP9 promoter regions did not change with either treatment,
consistent with the unresponsiveness of these genes to Runx2 depletion (S.IS and T). Both
DDR inhibitors PJ34 and Ku55933 were effective at attenuating this increased binding
(Figure 3C-E). The DNA repair factor Ku70 has been reported to regulate Runx2 mediated
transactivation of some osteogenic targets ** but we saw no change upon Ku70 depletion
(S.IHIB and C), suggesting it was not regulating increased Runx2 binding to osteogenic
targets in response to genotoxic stress.

To further investigate how genomic stress influenced Runx2 compartmentalisation,
we used cell fractionation on VSMCs treated with H>O» and observed that in response to
oxidative stress there was an increase in Runx2 specifically in the chromatin fraction (Figure
3F and S.IIID). Treatment with PJ34 blocked this shift and resulted in retention of more
Runx2 in the nuclear soluble fraction, showing that DNA damage affects Runx2 positioning
within the nucleus and this is dependent on PARP signalling.

Runx?2 localises to sites of DNA damage induced by both etoposide and H>O>

The dynamic changes in compartmentalisation in response to DNA damage led us to
examine whether Runx2 may also play a functional role within the DDR. Using IF, we
observed that both recombinant FL-Runx2 and endogenous Runx2 accumulated at sites of
oxidative DNA damage caused by H20O2 and at DNA DSBs induced by etoposide (Figure 4A-
C and S.IVA-H), with approximately 40% of YH2AX associated with endogenous Runx2
foci.

Proper regulation and amplification of YH2AX is necessary for the integrity of the
DDR and recruitment of repair factors. An important requirement for this is the
dephosphorylation of an adjacent tyrosine 142 (pY 142-H2AX) that in unstressed cells is
constitutively phosphorylated. 4->! Extensive DNA damage can result in retention of pY 142-
H2AX which suppresses DNA repair pathways and results in apoptosis. ** > IF of Runx2 and
pY142-H2AX revealed a degree of colocalisation (S.IVG). Further analysis using triple



staining to visualise the spatial organisation of Runx2 and pY 142-H2AX together with
YyH2AX (Figure 4C and S.IVH) showed that the Runx2/yH2AX complexes were arranged
such that aggregations of Runx2 spatially separated H2AX histones presenting either the
S139 or Y142 phosphorylated residues. Proximity ligation assays were used to further probe
these arrangements and revealed that endogenous Runx?2 interacted with both yH2AX and
pY142-H2AX (Figure 4D and S.IVI and J) and that following genotoxic stress, significantly
more Runx2/yH2AX interactions were detected (VSMCs with more than 15 observable
interactions increased from approximately 0 % to 70 %) in conjunction with fewer
Runx2/pY142-H2AX interactions (VSMCs with more than 15 observable interactions
decreased from approximately 65 % to 15 %).

DNA damage induced Runx2 accumulation promotes pY142-H2AX and apoptosis

The close association between Runx2 and both yH2AX and pY 142-H2AX led us to
probe whether Runx2 influences either phosphorylated species. WB was used to test how
depletion or over-expression of Runx2 affected YH2AX levels in VSMCs after H>O»
treatment (Figure 5A and S.VA-D). Compared to controls expressing EGFP, VSMCs treated
with shRunx2 exhibited higher yH2AX at baseline and after H,O, treatment. Conversely,
over-expression of Runx2 (FL-Runx2) appeared to repress YH2AX, intimating that either
these cells had less DNA damage or that yH2AX signalling had been attenuated and
uncoupled from actual levels of DNA damage. To delineate this, comet assays were
performed (Figure 5B and S.VE) which demonstrated high levels of DNA damage in all
samples treated with H>O», supporting that elevated Runx2 protein acted to repress YH2AX.
Moreover, both depletion and over-expression of Runx2 caused more DNA damage at
baseline, inferring the DDR had become deregulated in both instances.

Next we explored how Runx2 might affect the relationship between YH2AX and
pY142-H2AX as a potential mechanism that would account for uncoupling of the DDR and
actual DNA damage. Using WB we quantified how both modifications changed in human
VSMC s in response to H2O: treatment and observed that upon application of stress, a
reduction in pY 142-H2AX occurred concurrently with yH2AX accrual (S. VF-H). We then
investigated how Runx2 influenced this switch and observed that VSMCs expressing FL-
Runx2 retained more pY 142-H2AX after HO» (Figure S5C-E and S.VI). Conversely,
depletion of Runx2 resulted in less pY 142-H2AX in both stressed and unstressed conditions.
Analysis of YH2AX and pY 142-H2AX levels in primary VSMCs derived from smooth
muscle specific Runx2 knockout mice revealed similar findings, with unstressed cells
presenting with higher YH2AX and lower pY 142-H2AX compared to controls and markedly
higher YH2AX following H202 (S.VJ-M).

The above data supported a mechanism whereby high levels of Runx2 favoured
pY142-H2AX and repressed YH2AX even when DNA damage was present. As this
configuration is associated with apoptosis via c-Jun N-terminal protein kinase (JNK)
signaling, > we used an active caspase-3 assay to assess levels of apoptosis and found over-
expression of Runx2 led to increased levels of cleaved caspase-3 (CC3) (Figure SF and
S.VN). These levels were amplified further when H2O2 was present. Co-immunoprecipitation
assays showed that over-expression of Runx2 increased the amount of JNK proteins
interacting with H2AX (Figure 5G and S.VO) under genomic stress, which would be
anticipated if Runx2 promotes apoptosis via repression of the DDR and subsequent
recruitment of JNK.>2
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Runx?2 is PARylated in response to genotoxic stress and PARP inhibitors block its
localisation at sites of DNA damage

The marked effect of DDR inhibitors upon Runx2 activity led us to test if localisation
of Runx2 at sites of DNA damage was affected when DDR signalling was impaired. As ATM
inhibitors would directly suppress YH2AX phosphorylation we focused on the effect of PARP
inhibition. In order to mitigate the anticipated lower levels of Runx2 following PARP
inhibition under genotoxic stress, we investigated interactions between yYH2AX and over-
expressed FL-Runx2. We identified significantly fewer cells that contained 15 or more
interactions between YH2AX and FL-Runx2 after etoposide treatment in cells treated with
PJ34 (Figure 6A), implying PARP activity is involved in Runx2 localisation to sites of DNA
damage.

Recent evidence has emerged that PARylation of Runx3 is necessary for its
involvement in repair of cross-links in DNA. °* The two sites within the Runx3 protein that
were previously identified as being subject to PARylation ** are conserved within Runx2
(Figure 6B) leading us to test whether PARylation of Runx2 was responsible for its increased
stability in response to DNA damage. For this, boronate bead pull-down assays (BBPDAs)
using beads that attach to covalently bound PARylated residues ** were performed. These
experiments showed that significantly more endogenous Runx2 was pulled-down from
VSMC:s cultured in calcifying media, H>O» or etoposide compared to controls (Figure 6C and
S.VIA) and that PJ34 abolished this increase in all instances. As late passage presenescent
VSMCs exhibit more DNA damage and endogenous Runx2 accumulation, as well as
osteogenic differentiation, 3* we also tested if there was more PARylated Runx2 in these cells
and BBPDAs confirmed this was the case (S.VIB and C).

To further confirm that genomic stress directly induced PARylation of Runx2 we
repeated BBPDAs in VSMCs expressing FL-Runx2. This allayed the possibility that the
higher incidence of endogenous PARylated Runx2 pull-down that was observed was caused
by differences in total Runx2 protein levels resulting from different treatments. As the total
input of FL-Runx2 was the same in stressed or non-stressed cells, any increase in Runx2
pulled-down would be evidence of Runx2 PARylation. As shown in Figure 6D-E and S.VID-
E, induction of DNA damage by H20: or etoposide resulted in increased PARylated Runx2
and this was abolished in the presence of the PARP inhibitor PJ34. Inhibition of ATM also
lowered levels of PARylated FL-Runx?2 after genotoxic stress (Figure 6F and S.VIF),
suggesting ATM activity is upstream of this modification.

Runx2 localizes with yH2AX in calcified arteries and is essential for osteogenic gene
expression in vivo

To analyse the relationship between Runx2 and DNA damage during calcification in
vivo, immunohistochemistry was performed on the aorta of rats using a model where
calcification is induced by dysregulated mineral metabolism caused by chronic renal failure.
Calcification occurred at week 4 after induction and at this timepoint levels of DNA damage,
shown by increased YH2AX and 8-oxodG staining, peaked, as did the accumulation of
nuclear Runx2 (S.VIIA). Moreover, VSMCs positive for these markers were in close
proximity to calcified regions. At week 8 there was a reduction in cells positive for Runx2
and DNA damage markers, which may be explained by apoptosis of Runx2 positive VSMCs
at sites of calcification.

To examine this further in a more dynamic model of vascular calcification, wild-type
(Runx2”’) and smooth muscle-specific Runx2 Knock-Out mice (Runx245™) were treated with
vitamin D (VitD) to induce mineral dysregulation and aortic calcification. As anticipated,
VitD treatment increased levels of Runx2 in the aorta of Runx2”/ mice but this was greatly
attenuated in Runx2*¥ mice (Figure 7A and S.VIIB). Using immunohistochemistry, we
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found that VitD treatment induced elevated levels of DNA damage as shown by increased
yH2AX staining in the aorta of both Runx2” and Runx2*S™ (Figure 7B and S.VIID), however
we were unable to detect significant alterations in pY 142-H2AX as levels were highly
variable (data not shown).

Runx2?M mice were resistant to calcification as shown by the absence of von Kossa
positive staining in the aorta after VitD treatment (Figure 7B) and also reduced calcium
accumulation in o-Cresolphthalein assays (S.VIIC). Consistent with Runx2 driving apoptosis
in response to higher levels of DNA damage, quantification of CC3 (which gives a snapshot
of apoptosis) showed that VitD caused a significant increase in apoptotic cells in Runx2”
animals but not in Runx24" mice (S.7E). Conversely TUNEL staining revealed high staining
in Runx24 mice after VitD treatment (S.VIIF) most likely indicative of DNA breaks which
is consistent with sustained and elevated DNA damage due to destabilisation of the DDR * in
Runx2*" mice.

RT-gPCR for Runx2 and its targets in mice with or without VitD treatment showed
Runx2 expression was low in Runx2*S™ mice and modestly increased in Runx2” mice in
response to VitD. Increased expression of Runx2 targets including Runx?2 itself, IBSP, Sp7
and BGLAP was induced in control animals in response to VitD but not in Runx24" mice
(Figure 7C-F). However, as seen during in vitro studies, other Runx2 targets CDKNIA and
MMP9 showed no difference in expression between Runx2” or Runx24™ mice (S.VIIG). To
ascertain if increased osteogenic differentiation was associated with increased PARylation of
Runx2 BBPDAs were again employed (Figure 7G). These showed higher levels of PARylated
Runx2 in VitD treated Runx2” mice that was not observed in Runx2*5™ mice, supporting the
notion that genomic stress induced PARylation of Runx2 leads to activation of a subset of
specific osteogenic targets to enhance calcification.

Discussion

Runx2 in the DDR and biomineralization

This study has delineated for the first time how Runx2 governs VSMC phenotype in
response to genomic stress and identifies ATM and PARP signalling as key drivers of
calcification. Runx2 was identified as a component of the DDR where it localised to sites of
DNA damage where its role in regulating H2AX phosphorylation events was tightly coupled
to VSMC osteogenic reprogramming and JNK mediated apoptosis. Previous studies have
robustly demonstrated that a combination of VSMC phenotypic switching and apoptosis
work in concert to drive calcification '3 but this study is the first to implicate Runx2 in
driving both these processes with these activities dependent on activation of the DDR.

Runx?2 regulates the DDR and couples it to transcriptional reprogramming

In vitro, agents that caused genotoxic stress accelerated VSMC calcification and this
correlated with Runx2 accumulation and increased osteogenic activity both of which were
blocked by DDR inhibitors. Similarly in vivo, calcification induced by dysregulated mineral
metabolism due to CKD or vitamin D overload was associated with DNA damage and Runx2
accumulation at calcified sites. This was temporally associated with activation of osteogenic
genes and apoptosis. In the absence of Runx2, osteogenic differentiation, apoptosis and
calcification were ameliorated.

The accumulation of Runx2 in response to genotoxic stress correlated with its
PARylation both in vitro and in vivo in calcified arteries. In vitro studies showed that this
modification was required for its localisation to sites of DNA damage, increased promoter
occupancy and activation of specific osteogenic targets. Inhibition of the DDR using either
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ATM or PARP inhibition blocked Runx?2 localization to sites of DNA damage, osteogenic
responses and calcification.

Genomic stress led to increased chromatin association of Runx2 and specific
activation of osteogenic targets, however the mechanisms linking Runx2 function in the DDR
with osteogenic cell fate are unknown. We ruled out a role for the DDR-dependent
transcriptional co-factor Ku70 *® although it is possible that other Runx2 binding partners
may regulate target specificity. >’ Another plausible explanation could be linked to its
association with the nuclear matrix. This scaffold can regulate chromatin organisation and
histone modifications °® > which are important for both transcription and the DDR. Previous
studies have shown that Runx2 can recruit chromatin-modifying proteins including BAZ1B
protein to sites of DNA damage in cancer cells. 2* In addition, Runx2 can regulate expression
of a number of epigenetic modifiers including EZH2 ® that modulate gene expression at
multiple sites across the genome. A combination of these functions might allow global
epigenetic modifications to drive changes in gene expression in response to DNA damage.
Further analysis of Runx2 targets in VSMC:s is required to confirm these mechanisms and
target specificity.

Runx2, DDR signalling and apoptosis

Until now, understanding of the involvement of Runx2 in the DDR has been limited.
24,29.61.62 Conversely, more precise functions for Runx1 and 3 have been documented. Both
are PARylated in response to genome damage > % and bind to DNA repair structures. Runx3
has a recognised role in DNA cross-link repair and interacts with the RecQ helicase BLM to
recruit FANCD?2, * with this function being blocked by PARP inhibitors. We observed that
Runx2 is also PARylated following DNA damage and this was necessary for its localization
to DNA repair sites. Here it led to retention of pY 142-H2AX and suppression of YH2AX
levels even after DNA damage induction. The co-phosphorylation of both YH2AX and
pY142-H2AX is associated with DNA repair repression and initiation of apoptosis through
recruitment of the pro-apoptotic factor INK to H2AX. *° It is thought that duel
phosphorylation of both residues prevents binding of key DNA repair scaffold protein MDC1
64 and inhibition of DNA repair. In this scenario, unrepaired DNA damage will accumulate
and this stimulates JNK translocation into the nucleus and subsequent phosphorylation of
substrates involved in caspase-activated DNase degradation of DNA, including H2AX. ¢
This process is mediated by PTB-domain protein Fe65 which binds to pY 142-H2AX under
conditions of stress and recruits JNK. >* How Runx2 promotes pY 142-H2AX under
genotoxic stress conditions and induces this apoptotic pathway remains to be elucidated,
however it would be important to investigate if Runx2 influences the activities of the
phosphatase Eya >° or WSTF kinase, *° both of which determine Y142-H2AX
phosphorylation. Our data suggested that elevated levels of Runx2 were required to drive this
apoptotic process suggesting that chronically elevated genotoxic stress - as observed in
ageing and disease - might be requisite to induce this activity.

Whilst the precise cue that dictates whether Runx2 favours VSMC osteogenic
transition or induction of apoptosis is not certain, we propose that the amount and persistence
of DNA damage is likely an important factor, with more and prolonged damage favouring
cell death (S. VIII). Interestingly, JNK mediated apoptosis has been documented to be
associated with development, °® so whether pro-apoptotic activity of Runx2 is also present in
the bone growth plate - where YH2AX positive cells have been recorded *° - would be
important to investigate as this would suggest that the coupling of DNA damage, osteogenic
transcription and apoptosis via Runx2 are also key to bone development.
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The DDR as a therapeutic target for calcification

In this study we have underlined a key role for the activation of Runx2 by genomic
stress during vascular biomineralization. We observed that arresting DDR signalling via
either ATM or PARP inhibition blocked DNA-damage dependent Runx2 PARylation and
VSMC calcification, and our data supports a model whereby ATM activity is upstream of the
PARPs responsible for PARylation of Runx2. Previous studies have shown synergistic
activity of these enzymes, in the case of recruitment of Kif2C to DNA damage ®’ and also in
the formation of ATM and PARP1 complexes that influence cross-talk between DDR
signalling pathways. % Although further work is required to determine how these pathways
might intersect during VSMC calcification and regulate Runx2 activity, our data does
highlight the potential of inhibitors of the DDR as therapeutics for vascular calcification. In
addition, we speculate that DDR activation of Runx2 may also be important in a number of
other contexts where DNA damage and senescence have been linked to ectopic calcification
including atherosclerosis, *° diabetic vasculopathy, ® age and radiation-induced aortic
stenosis "* as well as senescence associated mineralization of skeletal muscle ! and
connective tissues. 2> 2> We also speculate that activation of Runx2 by the DDR may be
important for normal bone formation but further exploration into these possibilities is now
required. Taken together our data indicate that Runx2 exhibits characteristics of an
antagonistic pleiotropic gene, with its important role during bone development outweighing a
detrimental function as a promoter of ectopic mineralization.
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Highlights

DNA damage accelerates calcification of VSMCs and this is dependent on Runx2.

DNA damage induces PARylation of Runx2 and this requires both ATM and PARP activity.
PARylation of Runx2 results in its accumulation and subsequent increase in expression of
osteogenic target genes, as well as localisation to sites of DNA damage.

At DNA lesions, Runx2 plays a direct role in the DDR by promoting retention of pY142-H2AX
and promoting apoptosis in favour of DNA repair.

Osteogenic transition and apoptosis of VSMCs work in concert to drive vascular calcification
during ageing.
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Fig. 1. DNA damage augments VSMC calcification in a Runx2-dependent manner (A)
Alizarin red staining of three human VSMC isolates grown in control or calcifying media for
5 or 15 days (B) Western blot (WB) of protein lysate from VSMCs grown in control or
calcifying media for 10 days (n = 3 (35F isolate). (C) Representative immunofluorescence (IF)
of yYH2AX in 35F VSMCs grown in control or calcifying media (10 days), DAPI is shown
(blue), scale bar is 20 um. (D) Representative comet assay, scale bar is 40 um. (E-F) o-
Cresolphthalein assay analysis showing calcification of 35F VSMCs depleted of Runx2
(shRunx2) and cultured in calcifying media, H,O,, etoposide or combination treatment.
Treatments were for 8-12 days (n = 3). (G-I) RT-qPCR analysis of gene expression changes of
Runx?2 target genes /BSP (BSP), Sp7 (Osterix) and BGLAP (OCN) in 35F VSMCs treated with
EGFP (control) or shRunx?2 that were grown in control or calcifying media and with or

without H,O, treatment for 9-14 days. GAPDH was used as control gene (n = 5).
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Fig. 2. DNA damage-dependent Runx2 accumulation, VSMC calcification and
osteogenic gene expression are reduced by PARP and ATM inhibitors (A) WB
demonstrating Runx2 and YH2AX increases in 35F VSMCs treated with H,O, or
etoposide and (B-C) Quantification relative to B actin (n = 3). (D-F) WBs showing
PJ34 and Ku55933 suppress H,0O, (3 hour treatment) dependent Runx2 accumulation
in 35F VSMCs but U0126 does not (n = minimum of 3). (G) o-Cresolphthalein assay
analysis showing 35F VSMC calcification following culture in calcifying media and
H,0, treatment (8-10 days) with additional PARP (PJ34), ATM (Ku55933) or ERK
(U0126) inhibition (n = 3). (H) RT-qPCR analysis investigating the effect of PARP,
ATM and ERK inhibition on Runx2 (Runx2), IBSP (BSP), Sp7 (Osterix) and BGLAP
(OCN) gene expression in 35F VSMCs grown in control or calcifying media and
treated with H,O,. Treatments were for 8-11 days. DMSO was used as a negative

control (n = 3).
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Fig. 3. The DDR causes enhanced Runx2 binding to osteogenic target gene promoters
and changes in nuclear compartmentalization. (A) PCR analysis of Runx2 target
promoter chromatin immunoprecipitation (ChIP) assays performed in control (EGFP) or
shRunx2 treated 35F VSMCs that were further treated with DMSO, etoposide or H,O, for 8
days. Anti-Runx2 (abRunx2) (D130-3) was used to precipitate Runx2 and bound chromatin.
abH3 was a positive control and abFLAG was negative control. (B) gPCR analysis of
chromatin precipitated from control 35F VSMCs that were further treated with etoposide or
H,0, (5-8 days) (n = 3). (C-E) qPCR analysis from ChIP assays investigating the effect of
PARP (PJ34) and ATM (Ku55933) inhibition on Runx2 binding to /BSP (BSP), Sp7
(Osterix) and BGLAP (OCN) promoter regions in 35F VSMCs treated with etoposide or
H,0, for 5-10 days. DMSO was used as a no inhibitor control (n = 3). (F) WB of
biochemical fractionation of 35F VSMCs following 3 hour H,O, treatment with or without

PJ34. Cells were fractioned into cytosolic, nuclear soluble and chromatin fractions.
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Fig. 4. Runx2 forms distinct nucleoplasmic structures that are spatially
associated with YH2AX and pY142-H2AX (A) IF showing FL-Runx2 (Flag) and
YH2AX in 35F VSMC:s treated with H,O, (3 hours). White arrows indicate
colocalisation. DNA is stained with DAPI (blue). Scale bar is 10 pm. (B) IF
showing endogenous Runx2 and YH2AX in 35F VSMCs treated with DMSO,
etoposide or H,O, (3 hours). DNA is stained with DAPI (blue). White arrows
indicate colocalisation. Scale bar is 10 pm. (C) Triple staining IF image showing
FL-Runx2, pY142-H2AX and YH2AX in a 35F VSMC treated with etoposide (3
hours). DNA is stained with DAPI (blue). Yellow arrows indicate colocalisation of
FL-Runx2 and yH2AX in pockets devoid of pY 142-H2AX. Scale bar is 10 um.
(D) Quantification proximity ligation assays (means from 3 independent
experiments with n > 100 cells per experiment) is also shown. Cells were grouped
into 0-5 (low genomic damage), 5-15 (moderate genomic damage) and > 15 foci

(high genomic damage) / cell groups. Comparisons were performed on the > 15

groups.
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Fig. 5. Runx2 represses YH2AX following genotoxic stress and promotes
retention of pY142-H2AX causing increased VSMC apoptosis (A) WB
showing dysregulated YH2AX caused by Runx2 over-expression or depletion in
35F VSMC:s at both baseline and after H,0, (3 hour treatment). Lamins AC and
p53 were unaffected by Runx2 (B) Representative comet assay raw data showing
35F VSMC:s expressing either EGFP (control), FL-Runx2 or shRunx2 and treated
for 3 hours with DMSO or H,0,. DNA is stained with Nancy-520. Scale bar is 40
um. (E) WB of YH2AX and pY142-H2AX in 35F VSMCs expressing EGFP,
shRunx2 or FL-Runx2 and treated with H,O, for 3 hours. Total H2AX is shown as
a control. (F and G) Quantification of band intensities of both YH2AX and pY 142-
H2AX from experiments shown in E (n = 3). (F) Data from active Caspase 3
ELISA. 35F VSMCs expressing EGFP, shRunx2 or FL-Runx2 were treated for 3
hours with H,0, to determine sensitivity to apoptosis. Absorbance at 600 nm
represents levels of cleaved Caspase 3. Staurosporine was used as a positive
control for apoptosis (n = 3). (G) WB of co-immunoprecipitation assay
investigating JNK binding to H2AX. 35F VSMCs expressing either EGFP or FL-
Runx2 were treated for 3 hours with etoposide prior to using H2AX as bait to pull-

down JNK. The two bands represent JNK1 and 2.
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Fig. 6. Runx2 is PARylated in response to genotoxic stress. (A) Representative image
and quantification of PLAs investigating FL-Runx?2 interactions with YH2AX in 35F
VSMC:s treated for 3 hours with etoposide and additional PJ34 treatment (means from 3
independent experiments with n > 100 cells. Scale bar is 20 pm. Cells were grouped into
0-5 (low genomic damage), 5-15 (moderate genomic damage) and > 15 foci (high
genomic damage) / cell groups. Comparisons were performed on the > 15 groups. (B)
Amino acid sequence analysis showing hypothesised PARylated regions within Runx3
are conversed within Runx2. (C) WB and quantification from boronate bead pull-down
assays (BBPDAs) of endogenous Runx?2 from 3 VSMCs isolates treated with calcifying
media, H,O, or etoposide for 11-14 days. PJ34 treatment was used to assess PARP
inhibition. B-actin shows lysate input. For quantification, fold change of Runx2 was
normalised to B-actin input (n = 7). (D) WB from BBPDAs of FL-Runx2 expressed in
35F VSMC:s treated with or without H,0, and PJ34 PARP inhibitor (3 hour treatments) (n
=4). (E) WB from BBPDAs of FL-Runx2 expressed in 35F VSMCs treated with or
without etoposide and PJ34 PARP inhibitor (3 hour treatments) (n = 5). (F)
Representative WB from BBPDAs of FL-Runx2 expressed in 35F VSMCs treated with or
without H,0, and Ku55933 ATM inhibitor (3 hour treatments) (n = 4).
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Fig. 7. Runx2 localizes with YH2AX in calcified arteries, is essential for osteogenic gene
expression and is PARylated in response to vitamin D treatment in vivo. (A) IF of
Runx2 staining (green) in control (Runx2f) and smooth muscle-specific Runx2 knock-out
(Runx2*M)mice aortas treated with or without vitamin D (VitD). White arrows show
enlarged area, scale bar is 30 um. (B) Immunohistochemistry of aorta from the same mice
stained for von Kossa (calcified regions), yH2AX (DNA damage), CC3 (cleaved caspase-3
(apoptosis)) and TUNEL staining (fragmented DNA (C-F) RT-qPCR of Runx2 (Runx2),
IBSP (BSP), Sp7 (Osterix) and BGLAP (OCN) in Runx2’f and Runx2*5™ mice aorta treated
with or without VitD (n = 5). (G) BBPDA data showing PARylation of Runx2 in Runx2//
and Runx2*5™ mice aorta. Representative WB (left) and quantification (right) is shown (n =

5).
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Supplementary Fig. I. DNA damage augments VSMC calcification in a Runx2-
dependent manner (A) o-Cresolphthalein data of VSMCs from 3 isolates grown in
calcifying media for 0-15 days (n = 3 per isolate). (B) Quantification of yYH2AX levels in 3
VSMC isolates grown in control or calcifying media for 10-15 days (n=9). (C) WB
showing levels of yH2AX in 20M and 54M VSMC:s cultured in normal or calcifying
media for 12 days. All isolates were harvested at passage 13. a-Tubulin is used as a
loading control. (D) IF image showing YH2AX in 20M and 54M VSMC isolates following
culture in control or calcifying media for 10 days. DNA is stained with DAPI (blue). Scale
bar is 20 um. (E) Quantification of YH2AX foci from 3 VSMC isolates grown in the same
conditions. Cells with > 5 yH2AX foci considered to have significant genetic damage
(means of 3 independent experiments per isolate with n > 100 cells in each experiment). (F
and G) IF quantification of YH2AX in 20M and 54M isolates grown in normal or
calcifying media for 8-12 days (means of 3 independent experiments with n > 100 cells).
(H) Comet assay quantification -35F VSMCs grown in control or calcifying media for 10-
12 days. (means of 3 independent experiments with n = 100). (I) Quantification of Runx2
levels in 3 VSMC isolates grown in control or calcifying media for 10-15 days (n=9). (J)
RT-qPCR analysis of Runx2 gene expression in 35F VSMCs following short-hairpin RNA
interference (shRunx2) or over-expression of recombinant FLAG-tagged Runx2 (FL-
Runx2) (n = 4). (K) Representative IF of 35F VSMCs treated with EGFP (control),
shRunx2 or FL-Runx2. Runx?2 is stained green. DNA is stained with DAPI (blue). Scale
bar is 40 um. ). (L-M) o-Cresolphthalein assay analysis showing calcification of 35F
VSMCs over-expressing Runx2 (FL-Runx?2) and cultured in calcifying media, H,O,,
etoposide or combination treatment. Treatments were for 8-12 days (n = 3). (N-O) o-
Cresolphthalein assay analysis showing 20M and 54M VSMC calcification following
culture in calcifying media and treated with H,O,for 9-13 days. (n = 3). (P-R) RT-qPCR
data showing the effect of etoposide (8-12 days) upon expression of a subset of Runx2
regulated genes Sp7 (Osterix) (P), IBSP (BSP) (Q) and BGLAP (OCN) (R). Cells were
expressing either EGFP or shRunx2 to assess the impact of Runx2 on expression. DMSO
was used as a control (n = 5-7). (S-T) RT-qPCR data showing gene expression changes of
Runx2 target genes CDKNI1A4 (p21) and MMP9 (MMP9) in 35F VSMCs treated with
EGFP (control) or shRunx2 that were grown in control or calcifying media and with or

without H,O, treatment for 9-14 days. GAPDH was used as the control gene (n = 3).
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Supplementary Fig. II. DNA damage-dependent Runx2 accumulation, VSMC
calcification and osteogenic gene expression are reduced by PARP and ATM
inhibitors (A) Representative WBs showing increases in Runx2 and YH2AX in
20M and 54M VSMCs treated with H,O, for 3 hours. (B) Quantification of Runx2
fold change normalised to total H2AX (n = 3). (C) IF representative image of
Runx2 staining in 35F VSMCs treated with DMSO, H,0, or etoposide for 3 hours,
DNA is stained with DAPI (blue). Scale bar is 20 um. Quantification of Runx2
intensity changes (means of 3 independent experiments with n = 156 cells). (D) RT-
gPCR data showing Runx2 (Runx2) and CDKNIA (p21) gene expression in 35F
VSMCs treated with H,O, for 3 hours (n = 6). (E-G) Quantification of WBs shown
in Fig 2. D-F.
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Supplementary Fig. III. The DDR causes enhanced Runx2 binding to osteogenic target gene
promoters and changes in nuclear compartmentalization. (A) qPCR analysis of chromatin
precipitated from shRunx2 treated 35F VSMCs that were further treated with etoposide or H,0O,
(5-8 days) (n = 3). (B) Representative WB showing siRNA treatment against Ku70. (C) ChIP
assay investigating Runx2 binding to target promoter regions in 35F VSMCs depleted of Ku70.
qPCR analysis showing promoter region precipitation using anti-Runx2 antibody in 35F VSMCs
treated with control (DMSO), etoposide or H,O, for 8 days (n = 3). (D) Quantification of Runx2
localisation from biochemical fractionation experiments. Upon H,O, treatment, Runx2
associated with chromatin increases by approximately 15%, however this is attenuated by PJ34

(n=73).
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S. Figure IV
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Supplementary Fig. IV. Runx2 forms distinct nucleoplasmic structures that are
spatially associated with YH2AX and pY142-H2AX (A and B) Quantification of [F
data from Fig. 4A showing percentage of 35F VSMC:s that displayed FL-Runx2 and
YH2AX colocalisation (A) and also the percentage of YH2AX that colocalised with
FL-Runx2 (B) following 3 hour treatments of DMSO, H,0, or etoposide (means from
3 independent experiments with n > 100 35F VSMCs). (C and D) IF representative
image of YH2AX and endogenous Runx2 staining in 20M and 54M VSMCs following
H,0O, treatment for 3 hours. White arrows indicate colocalisation. DNA is stained with
DAPI (blue). Scale bars are 10 um. (E) Quantification of IF showing percentage of
cells presenting with Runx2 and YH2AX colocalisation (means from 3 independent
experiments with n =276 35F VSMC:s. (F) IF data showing the percentage of yYH2AX
foci that colocalised with Runx2 (means from 3 independent experiments with n =
300 35F VSMC:s. (G) Representative IF image showing endogenous Runx2 and
pY142-H2AX in an unstressed 35F VSMC. White arrows highlight close associations
between both proteins. DNA is stained with DAPI (blue). Scale bar is 10 um. (H)
Additional IF example showing FL-Runx2 (FLAG) forms distinct nucleoplasmic
structures that are spatially associated with yYH2AX and pY 142-H2AX in VSMCs
treated with DMSO (control) or genotoxic agents etoposide and H,O, (3 hours). DNA
is stained with DAPI (blue). Interactions are shown with yellow arrows. Scale bar is
10 um. (I) Representative proximity ligation (PLA) image showing endogenous
Runx?2 interactions with YH2AX and pY 142-H2AX in 35F VSMC:s (red foci) treated
with DMSO, etoposide or H,O, (all 3-hour treatments). Scale bar is 20 pm. (J)
Representative IF images from negative control PLAs performed in 35F VSMCs
treated with DMSO, etoposide or H,0, (3 hours). Only one antibody was used in each

condition (no positive signal detected).
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Supplementary Fig. V. Runx2 represses YH2AX following genotoxic stress and
promotes retention of pY142-H2AX causing increased VSMC apoptosis (A)
Quantification of YH2AX band intensities from Fig.5A (n = 3). (B) Representative WB
showing YH2AX in 20M and 54M VSMCs over-expressing FL-Runx2 and treated with
H,0, (3 hours). (C and D) Quantification of YH2AX band intensities relative to total
H2AX (n = 3). (E) Quantification of comet assays shown in Fig. 5B (means from 3
independent experiments with n > 100 35F VSMC:s. (F-H) Representative WB and
quantification of yYH2AX and pY142-H2AX in 35F VSMC:s treated with H,O, for 0-4
hours (n = 4). (I) Representative WB showing endogenous Runx2 in VSMCs expressing
EGFP, shRunx2 or FL-Runx2 and with or without 3 hour H,O, treatment. (J) WB showing
elevated yH2AX and reduced pY142-H2AX in Runx2 KO mice (Runx2M) VSMCs. (K-
M) Quantification of Runx2, yH2AX and pY 142-H2AX in control (Runx2"/) and
Runx2*" mice VSMCs before and after H,O, (3 hour) treatment (n = 5). (N) End point
readings from active Caspase 3 assay shown in Fig. SF. (O) WB from co-
immunoprecipitation assay using H2AX as bait protein to pull-down JNK in 35F, 20M and
54M VSMCs expressing either EGFP or FL-Runx2 and treated for 3 hours with etoposide.
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Supplementary Fig. VI. Runx2 is PARylated in response to genotoxic stress (A)
Representative WBs from BBPDAs investigating PARylation of Runx2 in 20M and 54M
VSMC:s cultured in calcifying media, H,O, or etoposide and with or without PARP
inhibitor PJ34 (10 days). B-actin is shown as lysate input control. (B) Representative WB
and quantification of Runx2 and yH2AX in 35F VSMCs that have been aged in vitro by
serial passaging (n = 3). (C) Representative WB and quantification of BBPDA comparing
pull-down of Runx2 in early and late passage 35F VSMCs (n = 3). (D) Quantification of
BBPDAs shown in Fig. 6D. (E) Quantification of BBPDAs shown in Fig. 6E. (F)
Quantification of BBPDAs shown in Fig. 6F.
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Supplementary Fig. VII. Runx2 localizes with YH2AX in calcified arteries, is
essential for osteogenic gene expression and is PARylated in response to vitamin D
treatment in vivo. (A) Immunohistochemistry investigating arrangement of YH2AX,
oxidised DNA lesions (8-Oxod(G) and Runx2 in calcified aortas taken from Wistar rats
grown on a high Adenine diet for 4 or 8 weeks. VK = von Kossa staining. Black arrows
indicate areas that have been enlarged. Scale bar is 2000 pm. Lower graphs show
quantification of percentage of cells positive for yH2AX, calcification, 8-OxodG or
Runx2. For controls n =6, for IWn=3, for 2Wn=4, for S3Wn=4, for4Wn =
minimum of 3 and for §W n = minimum of 3. (B) IF quantification of Runx2 in and
Runx2 KO aorta taken from Runx2// or Runx2*SM mice treated with or without vitamin
D (n = 3-4). (C) o-Cresolphthalein assay data comparing calcification between Runx2//
and Runx2*5" mice upon VitD treatment (n = minimum of 7). (D — F) Quantification of
immunohistochemistry shown in Fig. 7B (n = minimum of 4). (G) RT-qPCR data
showing MMP9 (MMP9) and CDKN1A (p21) gene expression in the aorta of Runx2'/ or

Runx25M mice treated with or without vitamin D (n = 5).
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Supplementary Fig. VIII Schematic illustrating the role of Runx2 in augmenting
VSMC calcification in the presence of DNA damage VSMCs that have received a
calcification stimulus will slowly calcify over time. However, in the presence of
elevated DNA damage (for example in aged VSMCs or VSMCs exposed to genotoxic
stressors) the DNA damage response is activated and ATM induces PARP mediated
PARylation of Runx2 to cause its accumulation. This augments calcification in two
ways: Firstly, we propose lower levels of DNA damage will result in expression of
osteogenic Runx?2 target genes due to increased occupancy of Runx?2 at these promoter
sites. Higher levels of DNA damage results in Runx2 promoting retention of pY 142-
H2AX and stimulation of JNK-mediated apoptosis which will promote vascular

calcification through apoptotic body release.



Major Resources Table

In order to allow validation and replication of experiments, all essential research materials listed in the Methods should be included
in the Major Resources Table below. Authors are encouraged to use public repositories for protocols, data, code, and other
materials and provide persistent identifiers and/or links to repositories when available. Authors may add or delete rows as needed.

Animals (in vivo studies)

Species Vendor or Source Background Strain Sex Persistent ID / URL

Mouse Taconic-Artemis C57BL/6 M/F | Tac-Runx2tm2891.1Arte -Tg(CAG-
Flpe)2Arte

Mouse Professor Bennett lab, | C57BL/6 M/F Tg(Tagln-cre)1Her/)

Cambridge.

Rat Charles River Wistar rats M https://www.criver.com/products-
services/find-model/wistar-igs-
rat?region=3671

Genetically Modified Animals

Species | Vendor or | Background Other Information Persistent ID / URL
Source Strain
Parent | Mouse | Taconic- C57BL/6 Tac-Runx2tm2891.1Arte -
Artemis Tg(CAG-Flpe)2Arte
Parent Mouse | Professor C57BL/6 https://www.jax.org/strain/004746 | Tg(Tagln-cre)1Her/)
Bennett lab,
Cambridge.
Antibodies
Target | Vendor or | Catalog # Working Lot # Persistent ID / URL
antigen | Source concentration | (preferred
but not
required)
Runx2 | Santa sc-10758 | 1ug/ ml https://www.scbt.com/p/runx2-antibody-m-70
Cruz
Biotech
p53 Santa sc-126 0.2ug/ ml https://www.scbt.com/p/p53-antibody-do-1
Cruz
Biotech
DDDDK | Sigma F3165 0.5ug/ml https://www.sigmaaldrich.com/catalog/
(Flag) product/SIGMA/F3165?lang=en&region=GB
H2AX Sigma PLA0294 0.4 ug/ml https://www.sigmaaldrich.com/
catalog/product/sigma/pla0294?lang=en&region=GB
Beta Sigma AC-74 0.2ug/ ml https://www.sigmaaldrich.com/catalog
actin /product/sigma/a2228?lang=en&region=GB
8oxodG | JalCA N45.1 1.5ug/ ml https://www.jaica.com/e/products_dna_8ohdg_ab.html
DDDDK | Abcam ab1257 0.5ug/ ml https://www.abcam.com/ddddk-tag-binds-to-flag-
(Flag) tag-sequence-antibody-ab1257.html
Ku70 Abcam ab83501 | 1ug/ml https://www.abcam.com/ku70-antibody-ab83501.html
ERK1/2 | Abcam ab36991 | 0.5 ug/ml https://www.abcam.com/
erkl--erk2-antibody-9b3-ab36991.html

DOI [to be added]




pERK Abcam ab201015 | 0.8 ug /ml https://www.abcam.com/
erk1l-phospho-t202--erk2-phospho-t185-antibody-
epr19401-ab201015.html
pY142- | Abcam ab94602 | 1ug/ml https://www.abcam.com/
H2AX Histone-H2AX-phospho-Y142-antibody-
ab94602.html?utm_source=biocompare&utm
_medium=paid_referral&utm_campaign=editorial&utm_
term=Primaries%20-%20Non-Recombinant_ab94602
aSMA Abcam ab7817 0.4 ug /ml https://www.abcam.com/alpha-smooth-
muscle-actin-antibody-1a4-ab7817.html
Runx2 | Abcam ab23981 | 1ug/ml https://www.abcam.com/runx2-antibody-ab23981.html
YH2AX | Cell 2577 0.5ug/ ml https://www.cellsignal.co.uk/products/primary-
signaling antibodies/phospho-histone-h2a-x-ser139-
antibody/2577?Ntk=Products&Ntt=2577
Lamins | Cell 2032 0.5ug/ ml https://www.cellsignal.co.uk/products/primary-
AC signaling antibodies/lamin-a-c-antibody/2032?Ntk=Products
&Ntt=2032
Chk2 Cell 2662 1ug/ml https://www.cellsignal.co.uk/products/primary-
signaling antibodies/chk2-
antibody/2662?Ntk=Products&Ntt=2662
pChk2 | Cell 2197 1ug/ml https://www.cellsignal.co.uk/products/primary-
(T68) signaling antibodies/phospho-chk2-thr68-c13c1-rabbit-
mab/2197?Ntk=Products& =1601909014218&Ntt=
2197&tahead=true
Cleaved | Cell 9661 0.6 ug /ml https://www.cellsignhal.co.uk/products/primary-
caspase | signaling antibodies/cleaved-caspase-3-asp175-
3 antibody/9661?Ntk=Products&Ntt=9661
PAR Novus 4336~ 2 ug/ ml https://www.rndsystems.com/products/par-padpr-
Biologicals | APC-050 antibody_4336-apc-050
DNA/cDNA Clones
Clone Name Sequence Source / Repository Persistent ID / URL

Cultured Cells

Name Vendor or Source Sex (F, M, or unknown) Persistent ID / URL
04:35F:11A Department of F N/A
Medicine,
Addenbrooke’s Hospital,
Cambridge
05:20M:18A Department of M N/A

Medicine,
Addenbrooke’s Hospital,
Cambridge

DOI [to be added]




05:54M:20 Department of M N/A
Medicine,
Addenbrooke’s Hospital,
Cambridge
Mouse VSMC Runx2"® | This study N/A
Mouse VSMC Runx2*3M | This study N/A

Data & Code Availability

Description

Source / Repository

Persistent ID / URL

Other

Description

Source / Repository

Persistent ID / URL

DOI [to be added]




