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Calcification of the aortic valve is a prevalent cardiovascular pathology in the aging population. Traditionally linked to inflammation,
lipid accumulation, and risk conditions, this disease remains poorly understood, and effective treatments to halt its progression are
not yet available. We hypothesized that calcification of the human valve interstitial cells (VICs) is associated with cellular senescence
and alterations in the epigenetic setup, like in arteries. To verify this hypothesis, we examined the epigenetic marks (DNA
methylation; Histones H3/H4 acetylation/methylation), the senescence and the calcification process in human VICs obtained from
two distinct pathologic settings of the aortic valve (valve insufficiency and valve stenosis), and employed a mouse model of
vascular/valve calcification, based on the administration of Vitamin D. Our findings revealed a link between the senescent
phenotype of human VICs and calcification, characterized by increased DNA methylation and changes in histone epigenetic marks.
To reverse the senescent/calcific VICs phenotype, we used Pentadecylidenemalonate-1b (SPV106), which activates KAT2B/pCAF
histone acetyltransferase. In human VICs, SPV106 restored Histone acetylation marks, modified general chromatin accessibility and
upregulated expression of Notch1, a potent inhibitor of valve calcification. The treatment also prevented the accumulation of
calcific lesions in an ex vivo model of aortic valve calcification. In vivo treatment with SPV106 reduced calcification of the valve
induced by administering Vitamin-D and positively preserved the valve motion compromised by calcification and the overall
cardiac function. Based on these results, we propose the treatment with activators of histone acetylates as a viable option to
prevent senescence/calcification of aortic VICs via restoration of correct chromatin acetylation, with concrete hopes to retard the

progression of valve stenosis, a still largely unmet therapeutic need.
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INTRODUCTION
The progression of calcific aortic valve disease (CAVD) is
associated with pathology markers and risk conditions in common
with other cardiovascular disorders like atherosclerosis and
coronary artery disease.' Calcification of the aortic valve (AoV)
depends primarily on the conversion of the cells enclosed into the
valve leaflets matrix, the valve interstitial cells (VICs), into calcium
depositing cells, causing the cusps to lose their mechanical
integrity and elasticity. Factors such as mechanical stress,> lipid
accumulation® and paracrine/inflammatory signalling,®'® concur
with the pathologic transformation of aortic VICs phenotype.
Despite intense research to clarifying the sequence of cellular and
molecular events determining pathological transformation of the
aortic VICs, there are not yet effective solutions to block or retard
the progression of the pathology.""" This situation leaves no other
options than to replace the valve with prostheses.

Although VICs calcific differentiation involves several molecular
effectors (e.g. transcription factors) in common with the calcific
cells in bones (the osteoblasts), the formation of calcium nodules in

; https://doi.org/10.1038/541392-025-02411-8

the valve tissue has exclusive features resembling the vascular
calcification process,'? characterized by secretion of mineralized
micro-particles progressively altering the mechanics and the
composition of the surrounding matrix.> Given that arterial
calcification involves the accumulation of senescent cells and
concomitant modification of the epigenetic machinery,”*™'> we
were interested in extending this concept to calcification of the
aortic valve. To this aim, we investigated the calcification of the
valve in mice treated with high levels of vitamin D - a model of
senescence-dependent aortic calcification'® - and compared the
senescence/calcification potential of human VICs from valves with
CAVD (sVICs) with that of VICs obtained from patients with
insufficient valves (iVICs), which in general exhibit lower calcifica-
tion levels.” We also found that senescence/calcification of human
sVICs correlated with higher DNA methylation and lower levels of
histone Lysine tails acetylation. An estimation of the epigenetic age
of sVICs and iVICs, as assessed by analyzing the methylation of
ELOVL2 gene promoter CpG islands'” indicated, finally, a trend of
sVICs to be more consistently senescent compared to iVICs.
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To reduce the epigenetic-driven senescence/calcification in
human VICs, we treated sVICs with Pentadecylidenemalonate-1b
(SPV106), a drug known to inhibit KAT3B/p300 and to activate
KAT2B/pCAF histone acetylases'® already validated for reversion of
hyperglycaemia-induced senescence in cardiac stromal cells."
SPV106 reduced the sVICs calcification level, inhibited senescence
markers, restored (at least in part) cell growth, and reverted the
histone acetylation setup similar to that observed in iVICs. In line
with these observations, SPV106 treatment restored expression of
Notch1 (expressed at lower levels in sVICs vs. iVICs), promoted
nuclear translocation of NICD, and reversed expression of Runx2
and Sox9, two crucial Notch1 targets involved in the control of
valve pathologic process.?’ This effect was mediated by a change
in the general chromatin accessibility as revealed by the assay for
transposase-accessible chromatin using sequencing (ATAC-seq)?'
and an increase in chromatin acetylation of the Notch1 and Sox9
proximal promoter regions by chromatin immunoprecipitation
(ChIP)?? assay. The SPV106 effects were finally confirmed in an
ex vivo model of mouse AoV calcification,?®> where addition of the
drug inhibited formation of calcific nodules and expression of
calcification markers,'® and the in vivo model of vitamin
D-mediated AoV calcification, in which SPV106 prevented the
decline in valve and cardiac function.

With this report, we propose a new mechanism for aortic valve
calcification involving increased senescent phenotype of valve
interstitial cells connected to reduction of Notch1 signalling. We
also establish a relationship between senescent VICs phenotype
and variations in epigenetic markers such as DNA methylation at
age-sensitive hotspots and histone post transcriptional modifica-
tions, resulting into different global chromatin accessibility. We
finally propose increasing of Histones acetylation by pCAF histone
acetyl-transferases as a strategy to reduce senescence and
calcification of human VICs and as an in vivo treatment to reduce
the functional impact of calcification on valve motion and
functionality.

RESULTS

High vitamin D doses are related to senescence and calcification
of the aortic valve

Recent clinical evidences showed that patients treated with
vitamin D and calcium supplementation is associated with a
higher propensity of the aortic valve to calcify.>* Furthermore,
previous work in our laboratories showed that treating mice with a
high dose of vitamin D determines a rapid acceleration of an
inflammation-independent calcification in the aorta through a
senescence-dependent mechanism.'® We therefore analysed the
AoV of mice receiving high vitamin D dose. Compared to mice
treated with the mock solution (Fig. 1a), the Vitamin-D treated
animals exhibited evident signs of calcification at the leaflet
commissures, and in the wall of the valve annulus, corresponding
to the Valsalva sinuses (Fig. 1b). The area of calcification exhibited
an elevated number of interstitial cells with nuclear-localized
p21WAFCP1 “one of the Cyclin-CDK inhibitors mediating cell cycle
arrest and cellular senescence®® (Fig. 1b). The expression of p21
was also quantified in the leaflets by computer-assisted image
analysis, revealing a generalized increase in the senescence of
cells in the leaflets (Fig. 1c). These findings establish a direct
correlation between calcification of the valve and cellular
senescence, in analogy to what reported for arteries'®.

Increased senescence and calcification in stenotic vs.

insufficient VICs

In order to find biological differences between human valve cells
with different calcification potential, we employed cells from age-
matched patients admitted to our hospital for substitution of
aortic valves affected by terminal calcific stenosis or insufficiency,
a valve pathology involving fibrosis and a low level of
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calcification” (see Supplementary Table 1 for the main character-
istic of these subjects). Cells were initially compared for their
doubling time from passage 1 (p1) to passage 2 (p2). As shown in
Fig. 2a, VICs from stenotic valves (sVICs) had a more extended
doubling period compared to cells from insufficient valves (iVICs),
and this was associated with a higher level of cellular senescence,
as assessed by B-Galactosidase staining?®?’ at each passage
between p3 and p5 (Fig. 2b-d). The higher propensity of sVICs to
calcify at these passages was confirmed by in vitro calcification
assays (Fig. 2e, Supplementary Fig 1).

sVICs senescence and calcification are epigenetically controlled
As shown in Supplementary Fig. 2, the higher senescence level
and the increased propensity of sVIC to calcify did not depend on
differences in the age of the donor individuals, the so called
‘chronological age’. Hence, we explored the possibility that the
different senescence levels of the cells in the two pathologic
settings are epigenetically programmed,”® such as in vascular
stiffening and calcification,”® and reflect the ‘biological aging’
acceleration.3*' To this aim, we assessed the level of global DNA
methylation and we measured the methylation level of the C5 and
C7 CpG islands within the promoter sequence of ELOVL2 - a gene
associated with biological aging.'” While the analysis of the global
DNA methylation revealed an increase in the 5-Methylcitosine
content in sVICs compared to iVICs (5mC; Fig. 2f), not compen-
sated by variations in the level of the product of the 5mC
oxidation, the 5'-Hydroxymethylcitosine (5hmC; Fig. 29g),>* the
analysis of the hotspots in the ELOVL2 gene promoter revealed a
higher variability of methylation in iVICs vs. sVICs (Fig. 2h, i). To
exclude that the differences in the methylation level in the cells
are due to stochastic variations, we performed linear regression
analyses by plotting the data of C7/C5 methylation in each
individual cell line from the two pathologic setting. As shown in
Fig. 2j, k, the methylation of the two hotspots was consistently
correlated, even if it was not correlated to the age of the donor
individuals (Supplementary Fig. 3), again indicating a patient-
specific programming of the cellular biological aging unrelated to
chronological age.

Our attention was then drawn to histone modifications potentially
characterizing the differences in senescence observed in sVICs vs.
iVICs. In particular, we mapped modifications that are involved in a
generalized increase in transcriptional activation (Acetylation of lysine-
9 on histone H3 and lysine-16 on histone H4), repression (Methylation
of lysine-20 on histone H3), and the so-called ‘poisoning’ for
transcription (tri-methylation or acetylation of lysine-27 on histone
H3).3% Panels I-p in Fig. 2 show the result of this analysis, clearly
indicating an excess of activating modifications in iVICs (e.g., H3K9Ac,
H4K16Ac) and the presence of an elevated level of specific repressor
marks such as H4K20me(3), possibly indicating an enhanced amount
of inactive, but with potential to be activated, chromatin. All these
effects, again, were independent of the donors’ age (Supplementary
Fig 4). To verify whether sVICs differ from iVICs for expression of
epigenetic-active enzymes and chromatin remodelling factors, we
analysed the expression of genes encoding for epigenetic writers/
readers involved in chromatin structure/activity using pathway-
specific RT-qPCR arrays and RNAs extracted from iVICs and sVICs,
both at p3 and age-matched (Supplementary Fig 5). The results of
unsupervised hierarchical clustering evidenced a differential expres-
sion of 29 genes (Supplementary Table 2), encoding for factors
involved in chromatin architecture with specific functions in gene
repression (e.g, RING1, PHC1, and PCGF- members of the PRCI1
Polycomb repressor complexes>¥), histone H3 tails mark reading (e.g.,
PHF1, -2, -6, -7, -21A/8*), and SWI/SNF complex function (eg.,
SMARCA4/BRG1, PBRMT*®) (Fig. 2q). It was important to note that
genes such as MECP2, involved in silencing chromatin containing
methylated CpG islands, or HDAC11 encoding for a protein with
histone and non-histone deacetylase activity>’ were expressed at
lower levels in iVICs compared to sVIC. Conversely, iVICs expressed
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Fig.1 Assessment of aortic valve senescence and calcification in the region of the aortic valve (Ao-V) in control (a) and vitamin D-treated mice
(b) by von Kossa staining and p21 immunohistochemistry. It is evident in panel b the presence of large calcifications in the aortic wall (Ao-W)
and on the leaflets (Le), especially at the level of the commissures (Co). Note in panel (b) the presence of p21" cells in the areas containing
calcifications. ¢ Quantification of nuclear-localized p21in the leaflets of vehicle and Vitamin D injected mice, as performed by image J. The
nuclear staining of p21 was separated from the nuclear staining of Haematoxylin and quantified as number of p21* nuclei in the leaflets (Le).
Data are graphed as mean * SE (individual data are represented by red circles), and statistically compared by unpaired t-test

higher NURD components MBD3 and MTA2 (balanced by a higher
expression of MTAT in sVICs),*® and NSD7 a histone methyltransferase
with specificity for H3K36Met(2) involved in the maintenance of active
chromatin3® Altogether, these results suggest a higher degree of
active chromatin or chromatin poised for transcription in iVICs.

SPV106 reduces sVICs senescence and calcification by remodelling
chromatin accessibility and modulating Notch expression and
function

Previous work showed that cells induced to become senescent by
metabolic stress could be reverted to a pre-senescent status with
recovered growth by employing a drug (Pentadecylidenemalo-
nate-1b; SPV106), inducing genome-wide histone acetylation by
inactivation of p300/CBP and activation of GCN5/pCAF histone

Signal Transduction and Targeted Therapy (2025)10:311

acetylases.'®'® We thus set an in vitro treatment protocol with this
drug to reduce senescence in sVICs. After setting 15uM as the
most effective SPV106 concentration in reducing the level of
B-Gal™ cells at p5 (Supplementary Figs. 6, 7; Fig. 3a—c), the drug was
used to assess expression of PCNA and p16 (Fig. 3d-f), the
expression of p21 (Fig. 3g, h), and the intracellular calcium
accumulation (Fig. 3i; Supplementary Fig 8). As shown in the
figures, the treatment significantly reduced the senescence
markers and the calcification in sVICs. A pulse-chase experiment
performed by treating sVICs with SPV106 at p5 followed by drug
washout until p7 clearly showed that the senescence-inhibiting
function of the drug lasted for at least two passages (Fig. 3j).
Finally, confirming the relevance of histone acetylation for the
control of VICs senescence process, treating cells with 20 uM
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Fig. 2 Comparison of replicative senescence in iVICs vs. sVICs as demonstrated by the increase in the doubling time between p1 and p2 (a)
and p-Gal staining cells at passage numbers (p) between 3 and 6 (b-d). e sVICs also had an increased calcification potential compared to iVICs
as determined by the assessment of intracellular calcium (normalized to cellular protein content), when cultured in a medium containing high
calcium levels (cells all at p4). f, g Analysis of global DNA methylation/hydroxy-methylation in the two cell types showed an increased amount
of methylated DNA (f) but not of 5'-hydroxymethylcytosine (g) (both expressed as percentage of total DNA) in sVICs compared to iVICs.
h, i The methylation level of the C5 and C7 in ELOVL2 promoter CpG islands was assessed by pyrosequencing after bisulfite conversion
indicating a higher heterogeneity in iVICs vs. sVICs.zj, k Linear regression analysis of the C5/C7 methylation ELOVL2 promoter sequences in
VICs from insufficient compared to stenotic valves (r“ and P values of the two regression analyses are indicated in each plot). I-p Differences in
the specific levels of selected Histones H3 and H4 methylation/acetylation marks in iVICS and sVICs, as detected by in-cell western analysis
(representative images in insets). In each panel it is represented the quantification of each Histone modification normalized to the nuclear
fluorescence intensity detected by DRAQ5 staining and representative images of the cells stained with each of the antibodies and DRAQ5
nuclear stain in the analysed culture wells. q Pathway-specific transcriptome arrays were used to assess the differential expression of
transcripts involved in senescence, chromatin-remodelling and epigenetic regulation in iVIC and sVICs. The heatmap represents the results of
an unsupervised clustering analysis of the differentially expressed mRNAs (genes listed in Supplementary Table 2). In all graphs, data are
graphed as mean and SE (individual data are represented by red circles). Data were statistically compared by unpaired t-tests in plots
(a, e f, g, 1-p), and * indicate P < 0.05. Data in (b) were compared by 2-way ANOVA, using a Bonferroni post-hoc analysis of the comparison
between sVICs and iVICs senescence at the indicated passage numbers (* indicate P < 0.05 in the post-hoc). Data in (h) and (i) were analysed
with F-tests to assess the variance of the biological age in sVICs and iVICs (* indicate P < 0.05). Data in panels (j) and (k) are individually
represented as pairs of % methylation for C5 and C7 hotspots in insufficient and stenotic VICs. In each plot, the areas in colour indicate the
95% confidence intervals of the best-fit data interpolation (dotted straight line). The n of biological replicates is represented by the number of
dots overlapped to each of the histogram plots, each indicating an individual cell donor

Garcinol, a broad HAT inhibitor*® and ITSA-1 an HDAC activator®'
increased senescence level in iVICs and, at a lower level, in sVICs
(Fig. 3k, I).

Pathway-specific transcriptomics was performed on RNAs
extracted from sVICs treated or not with SPV106, using low-
density RT-gPCR arrays. The treatment with SPV106 determined a
significant change in the expression of 85 of the 243 profiled

SPRINGERNATURE

genes (~35%; Supplementary Table 3), with a total of 23 genes
upregulated and 62 downregulated, and a clear separation
between genes up/down-modulated by unsupervised clustering
(Fig. 4a). Supplementary Table 4 lists the most significantly
enriched pathways indicating up- and downregulated genes.
Pathways with a functional annotation on chromatin modification,
remodelling, and organization exhibited upregulated genes in
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Fig. 3 Treatment with SPV106 reduces senescence and calcification of sVICs mediated by Histone acetylation. a Reduction of p-Gal in cells
treated for 7days with SPV106. Control treatment was performed using the same dilution of DMSO (the diluent of SPV106). b, ¢ Quantification
of the p-Gal™ cells treated and untreated with SPV106 under normal (NC) or high calcium (HC) concentrations: in both cases the epigenetic
drug reduced the level of cellular senescence. d PCNA (top) and p16 (bottom) immunofluorescence in DMSO and SPV106-treated sVICs. White
and yellow arrows indicate, respectively, cells with cytoplasmic or nuclear localization of the two markers. Note the variation in the localization
of the two antigens in control vs. SPV106-treated cells. Red fluorescence in all panel represents stress fibres as detected by phalloidin-TRITC
staining. e, f Quantification of results indicated the effect of SPV106 in increasing the percentage of cells in active phases of the cell cycle
(PCNA™) and a reduction of the nuclear expression of the senescence marker (p16™). g, h Western analysis and relative quantification of
p21 senescence markers expression in DMSO and SPV106-treated cells. i Assessment of the sVICs normalized calcium concentration when
cultured in the presence of calcification medium, showed a significant reduction in the presence of SPV106. j The effects of SPV106 on
reduction of sVICs senescence was maintained for two passages (p5 — p6 and p6 — p7) after withdrawal of the drug. k Treatment of iVICs
with Garcinol, an inhibitor of HAT, determined a significant elevation of the p-Gal™ cells in the culture, confirming the importance of histone
acetylation activity for senescence process in human VICs. | Similar effects were obtained using ITSA, an HDAC activator. Interestingly, the
effect of the drug was more potent on iVICs (graph on the bottom) than in sVICs (graph on the top). In all graphs, data are represented as
mean + SE. * indicate P < 0.05 by paired t-test. The n of biological replicates is represented by the number of dots overlapped to each of the
histogram plots, each indicating an individual cell donor

Signal Transduction and Targeted Therapy (2025)10:311 SPRINGER NATURE



Reversion of aortic valve cells calcification by activation of Notch...
Garoffolo et al.

* H DMSO *
00107 a7 ] SPV106 2.0
' 4 RUNX2 °
ju
s 3 1.5
62 g .
o
49 ; 1.0+ )
=
2
5 o 0.5+
Notch1 Sox9 Runx2 38 GAPDH
DMSO SPV106
KDa SPV106 DMSO
> 0.06
5
&
=
K<} >
% 0.04 é, °
s k)
:vfo.oz = oot
= 2 4ot
£ 0.00 L e
o
Notch1 Sox9 Runx2 g 0
w
SR
N N

. - - 3 3 *
DMSO  SPV106 &= * -
‘C_D o
g < 2 < 2
E NI
> 404 g <
g g 1 <
25 = <
E3m 1 0
E<o | L, DMSO  SPV106 DMSO  SPV106
g [
SIS Wik, AL
0 11000 22000
Distance (nM)
= 40
£
£%
§ > 20
= |
§ =10 v
5
. .
0 11000 22000

Distance (nM)

Fig. 4 Variation in the expression of epigenetic regulators in response to treatment of sVICs with SPV106. a Heatmap from an unsupervised
clustering analysis of the genes significantly modulated by SPV106 in sVICs (gene listed in Supplementary Table 3) showing extensive
expression changing of transcripts encoding for epigenetic modulatory and chromatin-associated factors caused by the drug. b, ¢ Expression
of Notch1 and the key genes (Runx2/Sox9) controlled by Notch pathway in sVICs (£SPV106 treatment, (b) and in sVICs vs. iVICs (c). In stenotic
VICs, (black bars), high levels of Runx2 pro-osteogenic transcription factor correlated with low levels of Notch1 and Sox9, while in iVICs (white
bars) the situation was opposite, with elevated expression levels of Notch1/Sox9 and low levels of Runx2 transcripts. Treatment of sVICs with
SPV106 reverted the expression of these genes at a level similar to that observed in iVICs, consistent with a lower propensity to calcify.
d, e The decrease of Runx2 by SPV106 was in effect also at a protein level as shown by Western analysis and the relative quantification. f Sox9
upregulation was also observed at protein level with an increase in nuclear localization, as quantified by integration of nuclear fluorescence
(see graphs overlapped to individual nuclei). g SPV106 increases the overall level of lysine acetylation in chromatin and of NICD in the nuclei
of the treated sVICs. The images on the top of the panel show the high resolution confocal microscopy images of the cells stained with anti-
pan-acetyl-Lysine (red fluorescence) or anti-NICD (green fluorescence) antibodies (plus DAPI - blue fluorescence - as a staining of the nuclei),
and the fluorescence profile of a typical control (top right) or SPV106-treated cell (bottom right; note the difference in the red and green
fluorescence intensity in the CTRL vs. SPV106-treated cells). h, i Quantification of the fluorescence data, from which it emerges a positive effect
of SPV106 on increase in acetylation of nuclear proteins and NICD nuclear accumulation. In all graphs data are represented as mean + SE. *
indicate P < 0.05 by paired t-test. The n of biological replicates is represented by the number of dots overlapped to each of the histogram
plots, each indicating an individual cell donor

common such as EED, KAT8, and KMT2E, encoding, respectively, for PF1, BRPF3, CHD4, DOTIL, ING5, SUV39H1).*’=>' Another set of

a component of the PRC2 complex engaged in H3K27 mono-di-tri- enriched pathways suggested implication of SUMOylation in
methylation,”? for a Lysine-acetylase important for H4K16 chromatin remodelling and cellular senescence. These pathways
acetylation,”® and H3K4 methylation reader important in cell were characterized by downregulation of CBX4, encoding for

cycle progression and chromatin stability.** They included series SUMO E3 ligase, and various Polycomb PRC1 repressor complex
of downregulated genes involved in DNA methylation (DNMTT, (CBX6, CBX8, PCGF2, PHC2, RING1)>? In these pathways, it was
DNMT3A),* histone deacetylation (HDACT, HDAC10),*® and other interesting to note the upregulation of BMI1, establishing a
classes of chromatin remodelling factors, mostly associated with possible link between a possible reversion of chromatin silencing
chromatin reading, accessibility, and remodelling factors (i.e., BR, by SPV106 and reduction of cellular senescence due to DNA
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damage response characterized by CBX4-mediated BMIT SUMOy-
lation.>® The functional genomics analysis also clearly indicated
the involvement of pro-survival pathways such as those relative to
PI3K/AKT/PTEN and P53 expression, with concomitant upregulation
of PIK3CA (the gene encoding for the 110 kDa catalytic subunit of
PI3K) and the PIP3 signalling antagonist PTEN.>***> They were also
characterized by regulation of CARM1, GADD45A, E2F1 and ING2/5,
all involved in modulating the TP53-dependent senescence
pathway.>®>” It was also interesting to observe the enrichment
of two senescence-related pathways characterized by concomi-
tant upre'gulation of BMIT and CDKN2A gene (encoding for
p16™NARF) Given the direct function of BMI-1 in repression of the
p16 promoter,®® these results are consistent with an increase in
cellular self-renewal in cells treated with SPV106.°%%° Finally, six
pathways emerging from the informatics search indicated the
implication of the Notch1 signalling in the possible regulation of
sVICs phenotype after treatment with SPV106. These pathways
were characterized by downregulation of histone deacetylase
HDAC1/7/10 genes and Lysine Acetyl-transferase 2A (KAT2A),
suggesting a de-repression of Notch1 activity potentially inhibit-
ing sVICs osteogenic programming®®? (Supplementary Fig. 9).
This hypothesis was verified by investigating the expression of
Notch1 and of Runx2 and SOX9, two Notch1-dependent regulatory
master genes directly involved in AoV calcification.’® Data
validation by RT-qPCR, western analysis and immunofluorescence
showed an evident upregulation of Notch1 and Sox9 mirrored by
Runx2 downregulation in the total RNA of sVICs treated with
SPV106 (Fig. 4b). This expression pathway characterized by high
levels of Notch1 and Sox9 and low levels of Runx2 also emerged in
the sVICs vs. iVICs comparison (Fig. 4c), suggesting, in line with
data in the literature,5®* that repression of senescent/calcific
phenotype in human VICs by SPV106, is associated to elevated
levels of Notch1 and Sox9 transcripts and inhibition of Runx2, a
phenotype reminiscent of iVICs. Finally, treatment of sVICs with
SPV106 induced a reduction in Runx2 protein expression (Fig. 4d,
e), and an increase in nuclear localization of Sox9 (Fig. 4f), and of
the transcriptionally active portion of Notch protein (the so-called
Notch intracellular domain, NICD) whose transcriptional effects are
enhanced by HAT-dependent acetylation®® (Fig. 4g-i). This
evidence suggests a multilevel control of the valve calcification
process, involving transcriptional upregulation of Notchl and
transcriptional activation of NICD.

The variation in the expression of chromatin remodelling factors
observed in cells treated with the pCAF/KAT2B activator,
suggested significant effects on chromatin accessibility and global
genes expression. To substantiate this hypothesis mechanistically,
we analysed the Histones epigenetic marks discriminating iVICS
and sVICs (Fig. 2l-p) in sVICs treated with SPV106. The results of in-
cell Western analyses (Fig. 5a—e) showed, except for H3K27me(3),
an apparent increase in the amount of the Histones H3 and H4
epigenetic marks. Interestingly, the increase in Histone epigenetic
marks was not paralleled by a reduction of the DNA methylation
or the methylation of the ELOVL2 hotspots (Supplementary Fig 10).
This result shows that the senomorphic action®' of SPV106 in
restoring sVICs growth and inhibiting sVICs calcification occurs
through a net increase in the histone epigenetic marks, but it does
not involve DNA de-methylation.

We next investigated whether the increased epigenetic marks in
the chromatin of sVICs treated with SPV106 were associated with
variations in the general chromatin accessibility in regions associated
with pathways connected to valve disease. To this aim, we performed
ATAC-seq® on chromatin extracted from sVICs treated or not with
SPV106. After performing alignment of the reads to the GRCh38
human genome by BWA-mem,®® genomic regions with high levels of
transposition/tagging events (i.e, those with high chromatin acces-
sibility) were determined using the MACS3 peak calling algorithm.%
Then, we analysed the loci with significantly higher or lower
chromatin accessibility in a pairwise DMSO- vs. SPV106-treated cells
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comparison, performing a differential analysis with the DaMiRseq®’
(peak filtering and normalization) and LIMMA®® (statistical analysis) R
packages, in which a paired test has been implemented. Of the
128,862 loci identified by ATACseq (Supplementary Data 1) a), 32,439
passed stringent quality filtering, namely more than 20 reads in all
samples (Supplementary Data 1) b) Of them, 771 bore higher
accessible, and 1060 lower accessible chromatin (Supplementary Data
1, ©). Unsupervised clustering of the data showed a clear separation
between genes with higher or lower chromatin accessibility due to
treatment (Fig. 5f), with a percentage of 58.7 gene promoter/
enhancers, 7.5 insulators and 7.9 intergenic regions (Supplementary
Fig 11) In order to derive insights on the transcriptional pathways
potentially affected by the epigenetic treatment, we next analysed
the dataset of the genes with significantly different chromatin
accessibility with Reactome.®® By this, we were able to identify 60
pathways containing genes with significantly increased chromatin
accessibility and 74 pathways encompassing genes with less
accessible chromatin conformation, suggesting, respectively, activated
or repressed conditions. These pathways, listed in Supplementary
Tables 5 and 6 are graphically represented in Fig. 5g, h. As shown,
they include Notch1- and Rho-related pathways among those with a
potentially positive or negative activation, respectively.

The increase in the opening of the chromatin in the promoter
region of Notch1 and Sox9, but not of Runx2, was evident by the
analysis of the reads distribution (Fig. 5i and data not shown), thus
providing a rationale for the higher mRNA levels observed for the
two genes in SPV106-treated cells. To confirm that treatment with
the epigenetic drug determined structural modifications in the
promoters of these genes, we performed Chromatin Immunopre-
cipitation assay (ChIP) in sVICs treated with DMSO or SPV106 using
specific antibodies recognizing acetylated lysine-16 and three-
methylated lysine-20 on histone H4 (two of the significant histone
marks restored by the treatment, Fig. 5d, e), followed by PCR-based
quantification of enriched promoter sequences of the three genes.
To do this we chose primers encompassing the region 1000 base
pairs (bp) upstream (—1000) of the described transcriptional start
site (TSS), as indicated by the ATACseq (Fig. 5i). The results of ChIP-
qPCR indicated a positive enrichment of the H4K16Ac (but not of
the H4K20me(3)) onto Notch1 and Sox9 promoters at —1000bp
(Fig. 5j). Given that the highest H4K16Ac chromatin enrichment
occurred on Notchl, we also analysed a wider portion of the
promoter using PCR primers pairs encompassing the —1500 to
0 bp (TSS) genomic region. As shown in Supplementary Fig 12, the
—1000 region was the only one that resulted significantly enriched
by ChIP with H4K16Ac-specific antibody, identifying this site as the
most sensitive to the histone H4 hyperacetylation resulting from
SPV106 treatment. To finally validate the involvement of Notch
signalling in reducing the sVICs senescence mediated by SPV106,
we used DAPT, a specific inhibitor of the Notch pathway,”® alone or
in combination with the epigenetic drug. Results showed that
DAPT reverted the positive effect of SPV106 on sVICs senescence,
suggesting a direct involvement of Notch in suppressing the sVICs
pathologic phenotype. Furthermore, treatment with SPV106
inhibited the transcription of at least one of the tested Notch
direct transcriptional targets (HES-5)"" (Fig. 5k) and reduced the
secretion of two of the tested SASP cytokines IL8 and GM-CSF (Fig.
51, m). By contrast, the drug did not affect the expression of the
genes encoding for fibrotic genes TGFB1 and its receptor TGF(3-R1
(Supplementary Fig 13), or of genes relevant for oxidative stress
NQO1, TXNRD1 and PRDX4”? (Supplementary Fig 14), showing the
specificity of the treatment with SPV106 to reduce sVICs pathologic
phenotype by targeting senescence/calcification and, at least in
part, SASP phenotype, but not progression toward fibrosis.

SPV106 prevents the formation of calcium deposits in the aortic
valve preserving cardiac function

To validate the effects of SPV106 on valve calcification, we
employed two complementary models. In an ex vivo model, we
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Fig. 5 SPV106 restores at least in part the Histones H3/H4 epigenetic setup in sVICs. Panels a-e show the levels of each histones H3/H4
modifications (normalized to the total cell number by DRAQ5 nuclear staining) in control sVICs and sVICs treated with SPV106, as detected by
in-cell Western analysis. With the exception of the tri-methylation on the Lysine 27 on histone H3, SPV106 increased the histones H3/H4
acetylation and the tri-methylation on Lysine 20 on histone H3. f Heatmap representing the unsupervised clusterization of the genes with
more open (red) or more closed (green) chromatin emerging from ATACseq of DMSO or SPV106-treated sVICs (normalized data in Online XLS
file ¢ and category of genomic sequences described in Supplementary Fig 11). g, h Bubble plot representation of Reactome Pathways
encompassing genes with more open or more closed chromatin configuration, and therefore potentially more transcriptionally active or
repressed, respectively. Pathways are vertically represented in order of decreasing significance (-Log P-value indicated along the x axis) and
bubbles dimension is proportional to the amount (%) of the genes represented in each pathway with the indicated functional annotation.
Note in (g) (encircled) the presence of 5 pathways with more open chromatin configuration related to Notch signalling. i Graphic
representation of the reads distribution in the region of the Notch? and Sox9 promoters as detected by ATACseq. Note the presence of peaks
with a higher number of reads in the region close to the transcription start site (TSS) in a representative distribution in chromatin from DMSO
vs. SPV106-treated cells. j Chromatin immunoprecipitation was performed using antibodies specific for human H4K16Ac or H4K20(me)3
followed by qPCR. The representation on the left shows the positioning of the primers on the Notchl, Sox9 and Runx2 gene promoters at
-1000bp upstream of the TSS. The graph on the right shows the quantification and the statistical analysis of the enrichment experiment by
qPCR. From these results, it is possible to conclude that H4K16Ac (but not H4K20me(3)) modification determines a significant increase of the
chromatin accessibility in the Notch1 and Sox9 promoter, justifying the increased expression observed in SPV106-treated cells. The dotted bar
in the graph indicates the relative enrichment of the chromatin in DMSO-treated cells equalized to 1 for a comparison with the level observed
in SPV106-treated cells, represented by the bars in the histogram plots. k The activity of the Notch pathway in rescuing the senescent
phenotype of sVICs was validated using DAPT, a specific inhibitor. As shown, DAPT inhibited the effect of SPV106 when added to cells in
combination. I, m The treatment with SPV106 was finally validated by monitoring the transcriptional effect on Notch-reported transcriptional
targets HES-5, HES-1, HEY-1 and MYC, as well as on secretion of SASP cytokines. In all graphs data are represented as mean + SE. * indicate
P < 0.05 by paired t-test. The n of biological replicates is represented by the number of dots overlapped to the histogram plots, each indicating
an individual cell donor

used a miniature tissue culture system (MTCS), designed to culture the treatment protocol with Vitamin-D to assess the effects of
the aortic valve in its natural position in the heart, and expose it to SVP106 in vivo. To this aim, in line with our previous studies’® we
pathologic hemodynamic conditions in the presence of inorganic used SPV106 at a 20 mg/kg concentration for three days after
phosphates, with DMSO or SPV106 used at the same concentra- vitamin D injection (Fig. 6b). The results of the ex vivo model
tion as in cell culture.>®>”377% In the second model, we employed  (Supplementary Fig. 15, Fig. 6a) showed a significant reduction of
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valves with detectable calcifications in the cusps and the aortic
ring in the SPV treatment. In addition, quantifying immunofluor-
escence staining with antibodies specific for Alkaline Phosphatase
(ALP) and RUNX1/2/3 showed a reduction of the osteogenic
commitment in the valves treated with SPV106, even though
reduction of calcification was not associated to variations in the
level of p16" and p21* cells (Supplementary Fig. 16). An
improvement of the aortic valve calcification was clearly observed
in the in vivo model, in which the administration of the epigenetic
drug reduced the presence of calcium deposits and of Osteo-
pontin (OPN) a matricellular protein involved in bone deposition
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in the cusps and the aortic ring (Supplementary Fig. 17). By
contrast, SPV106 did not affect the serum concentration of OPN,
considered a clinical marker of aortic valve stenosis’’ (data not
shown), suggesting a tissue-specific and not a systemic effect.
Apart from the reduction of calcifications, SPV106 also had a
beneficial effect on the overall cardiac function and valve motion,
as detected by echocardiographic assessment. For example, the
administration of Vitamin D caused a decrease in the ejection
fraction, and this decline was prevented by administration of
SPV106 (Fig. 6¢). More directly on the valve function it was the
effect of the drug on the cusp separation’® that was decreased by
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Fig. 6 a Representative pictures of Alizarin Red, alkaline phosphatase (ALP) and Runx1/2/3 staining of mouse aortic valves cultured for one
week in the MTCS under calcifying conditions in the presence of SPV106 or DMSO (control) showing the significant reduction in the number
of calcified valves, the ALP-positive area and the percentage of RUNX1/2/3-expressing cells with SPV106 treatment. As shown in the bar
graphs on the right, treatment with SPV106 reduced significantly the number of calcified valves and the percentage of cells expressing
calcification markers compared to controls. Please refer to Supplementary Fig. 15 for a high magnification and an immunophenotype staining
of cells of the valve region represented in the top left panel. b On the top of the panel the experimental scheme adopted to administer
SPV106 to mice receiving high doses of Vitamin D is represented. After the initial administration of the Vit-D for three days, the mice were
injected intraperitoneally with vehicle (DMSO) or SPV106 for three day before echo analyses and sacrifice (this image was realized with
Biorender licensed to Centro Cardiologico Monzino, IRCCS). In the lower part of the panel are represented images of von Kossa staining of the
aortic valves of the mice, in which it is evident the presence of large calcifications in the areas of the aortic wall (Ao-W) and the leaftets (Le), as
indicated by arrows. SPV106 treated samples were free of large lesions, indicating the ability of the drug to reduce calcification. Quantification
of the anti-calcific effect of SPV106 expressed as % of calcification areas in the control vs. treatment groups. ¢ Echocardiogram sequences
showing the opening/closing cycles of the heart in the Mock-treated, Vit-D/DMSO and Vit-D/SPV106 treated mice. As shown from the analysis
of the aortic cusps separation (ACS) and the ejection fraction (EF), treatment with the drug reverted the detrimental effects of Vitamin D on
valve motion and the overall function. Note in the histogram on the right that administration of the epigenetic drug prevented deterioration
of the cardiac function as assessed by the pre- vs. the post-treatment indicated by the black and the open bars, respectively. d Analysis of time
to peak (Tp), the time necessary to reach the max transvalvular flow at valve opening confirmed the restoration of valve motion by SPV106
compared to Vit-D/DMSO treatment. e Analysis of the echocardiographic aortic back scatter (AVBS) using a parasternal long-axis view. The
valves are captured at diastole (valve closed). Note the difference between the echo sound in the MOCK and the Vit-D/SPV106-treated vs. the
Vit-D/DMSO-treated animals. The AVBS quantification graph shows that treatment with SPV106 reduced valve calcification. * indicate P < 0.05
by Fisher exact test, unpaired/paired t-test or 1-way Anova with Bonferroni post-hoc. The n of biological replicates is represented by the

number of dots overlapped to the histogram plots, each indicating an individual heart/animal

<

the Vit-D treatment (consistently with a more rigid structure) and
preserved in mice receiving SPV106 (Fig. 6¢), and the time-to-peak
velocity”® that was delayed by the Vitamin-D and restored at the
control level by the epigenetic drug (Fig. 6d). Interestingly,
another parameter linked to aortic valve calcification, the so-called
echocardiographic aortic valve back scatter (AVBS), directly
referable to calcification,®° was also reduced by SPV106 treatment
(Fig. 6e). Other clinically relevant valve functional parameters such
as, e.g. the Vmax were not affected by the vitamin-D and the
vitamin-D/SPV106 treatments, likely due to the early phases of
valve calcification detectable by our protocol.

DISCUSSION

The search for novel treatments to retard or block the progression
of CAVD is an intense research area addressing a critical and
continuously growing clinical need. As outlined in various
contributions focused on CAVD, until now the disease can be
effectively treated only with valve replacement. At the same time,
mechanistic studies have just begun to provide a picture of the
integrated contribution of extrinsic (risk) conditions (i.e., altered
metabolism, dyslipidaemia), intrinsic/extrinsic cellular components
(valve endothelial/interstitial cells, inflammatory cells) and biome-
chanical factors (e.g., shear stress and stiffness sensing) involved in
the onset and progression of the pathology.'’'#? This uncer-
tainty limits the availability of pharmacological treatments to
retard or block this progression.®®

Stenotic and insufficient VICs exhibit crucial differences in the
extent of epigenetically set senescence independently of donor
chronological age
Mechanistically, valve interstitial cells calcification process has
been for a long time assimilated to osteoblast-like differentiation,
with the identification of common molecular pathways (e.g. the
Runx2/BMP pathway).®* More recently, new results have high-
lighted the relevance of mechanical factors such as the cellular
stress consequent to strain, and the response to pro-inflammatory
signalling.38>%% In keeping with this evidence, nano-analytical
methods have established peculiar differences between the
mineralization in the bones vs. that of the valves, characterized
by secretion of mineralized microparticles and similarities with the
vascular calcification.>'?

Given the implication of senescence in vascular calcification, we
hypothesized that VICs obtained from patients with different AoV
pathologic settings (insufficiency and stenosis) may differ for the
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level of cellular senescence and epigenetic setups.®”~?° Data
presented in Figs. 1 and 2 support the hypothesis that sVICs
calcification is associated with a reduced capacity of the cells to
grow (the so called proliferative arrest’') related to a pre-
established senescent status programmed before the beginning
of the in vitro cell culture independently of the patient
chronological age. This condition was absent in iVICs, which
exhibited a consistently shorter doubling time and a reduced
[-Gal expression. The higher expression of senescence markers in
sVICs of subjects with comparable chronological age to that of
iVICs donors, led us to test the possibility that differences in the
epigenetic ‘clock’®® between the two populations may determine
the variation in the calcification potential of the cells from the two
pathologic settings. A first evidence supporting this conclusion
emerged from the differences in the content of methylated DNA,
showing around a double level of 5mC in sVICs vs. iVICs
independently of donor ages (Fig. 2). Interestingly, the content
of 5hmC, the first intermediate generated by TET enzymes during
DNA demethylation process,” was not different in sVICs vs. iVICs.
This suggests that the increase in the 5mC in the two pathologic
settings might derive from an imbalance in DNA demethylation
due to differences in the availability of TCA cycle intermediates
such as aKG/succinate, known to function as cofactors in TET-
dependent DNA demethylation.®* A second indication that the
epigenetic clock could be shifted in sVICs compared to iVICs was
the difference in the extent of ELOVL2 CpG islands methylation in
the two cell types (Fig. 2). Although there was not a significant
difference in the absolute amount of the C5 and C7 ELOVL2 CpG
methylation sites, we observed a more variable level of CpG
methylation in iVICs and a more consistent and less variable
epigenetic senescence in sVICs, with lower inter-individual
variations. Whether differences in the general DNA methylation
of the sVICs vs. iVICs reflects the presence of somatic mutations in
epigenetically active enzymes such as DNMT3A and/or TET2, the
determinants of the so-called clonal hematopoiesis of indetermi-
nate potential (CHIP) strongly related to calcification of the aortic
valve,”® is for now only a matter for speculation even though it
may establish a rationale for an imbalance in the DNA methylation
setting observed in the two classes of valve-resident cells.

Senescence and calcification of human VICs is epigenetically
established

The levels of histones post-translational modifications have been
correlated to vascular aging and calcific disease. For example, it
was found that an age-dependent increase in miR-34a determines
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the downregulation of SIRT1, a class IV HDAC,*® and this is crucially
involved in vascular aging and calcification.'® However, the
connection between histones post-translational modifications
and valve calcific disease is less clear. In fact, from the relatively
few available reports, it emerges that treatment of VICs with
inhibitors of different HDAC classes may have beneficial, but also
detrimental effects on VICs calcification.®® At the same time, in
animal settings, the inhibition of p300 histone acetyltransferase
was found to reduce VICs calcification by reducing the level of
H3K9Ac in VICs derived from healthy valves.®®

Because of these contrasting results, we decided to profile some
histones post-translational modifications controlling active and
repressed chromatin. By this approach, we found several
differences in these marks, including higher levels of histones
H3/H4 acetylation (H3K9Ac, H3K27Ac, and H4K16Ac), and a
reciprocally inverted abundance of H3/H4 methylation
(H3K27Met(3) and H4K20Me(3)) in iVICs vs. sVICs (Fig. 2). These
results are at least in part conflicting with the existing literature
produced using animal AoV-derived VICs,®”#8 probably reflecting
a different balance of chromatin remodelling enzymes and
variations in the expression levels of the genes encoding for the
various histone variants in the two human cell types compared
with animal-derived VICs often employed in molecular studies.”®
The existence of a clear difference in the expression of chromatin
interacting/remodelling factors was confirmed by the analysis of
specific transcripts presented in Fig. 2, whose results revealed
variations in the expression level of several components of the
PRC1/2 complexes,** and DNA meth7ylation readers connected
with histone methylation/acetylation.’

SPV106 inhibits the calcific evolution of stenotic VICs by reducing
the senescent phenotype and modifying the epigenetic setup
promoting histone acetylation

The increased cellular senescence in sVICs was reminiscent of
what observed by Vecellio et al. in cardiac fibroblasts from
diabetic vs. non-diabetic patients.' In particular, in that study, it
was found that the prolonged exposure to hyperglycaemia in vivo
determined a senescent status of the cells determining a reduced
ability to grow, an elevated DNA methylation, and a variation of
crucial histone H3 marks, such as H3K9Ac (decreased), H3K9me(3)
and H3K27met(3) (increased). Interestingly, in the present study,
the reduced levels of histone acetylation coincided with a
reduction in GCN5/pCAF histone acetyl-transferase activity, and
treating cells with SPV106 reversed the senescent phenotype. In
analogy with these findings, treating sVICs with the drug reduced,
i) the level of senescence detected by the B-Gal staining in
normal/high calcium-containing culture media, ii) the level of
calcification, iii) the percentage of cells with nuclear p16, iv) the
expression of p21 and, v) the percentage of cells expressing PCNA
(Fig. 3). Importantly, the senescence-retarding effects of SPV106
lasted even after the drug withdrawal, suggesting, at least for the
culture passages considered, the permanence of an epigenetic
memory of the treatment in sVICs (Fig. 3). Conversely, treatment
with garcinol, a HAT inhibitor, and ITSA, an HDAC activator,
increased the senescence level of iVICs (Fig. 3). Altogether, these
results show that altering the level of histone acetylation can
accelerate or reduce senescence and consequent calcification in
human VICs.

Relevance of Notch pathway epigenetic control in reduction of
VICs pathologic phenotype

Indications about possible epigenetically-controlled transcrip-
tional pathways affected by SPV106 emerged from the analysis
of transcripts differentially expressed in control vs. treated sVICs
(Fig. 4). As expected, the pathways that were enriched with the
highest significance described functions relative to chromatin
modification/remodelling, and were characterized by a general
downregulation of genes encoding for components of the
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chromatin modification and reading machinery. Given the
absence of data on genomic regions that could be affected by
different occupancy by some of these gene products (i.e., by ChiIP-
Seq), it is impossible to conclude what the transcriptional targets
potentially interested in these changes are. On the other hand, it
was interesting to note the implication of survival pathways
including PI3K and PTEN genes and p53 activity involving
acetylation®® and TP538P1,°° and of pathways involved in
SUMOylation and cellular senescence with concomitant upregula-
tion of BMIT and CDKN2A (p16). This collectively suggests that
treatment with SPV106 reduces cellular senescence and calcifica-
tion by increasing cellular longevity,®* improving the repair of
DNA double-strand breaks,”> or increasing self-renewal.’®° A final
important prediction emerging from the functional genomics
analysis of the transcriptional signatures in SPV106-treated vs.
control sVICs was the upregulation of pathways connected to
Notch signalling, an essential effector of valve morphogenesis and
disease.”’ This prediction was validated by RT-qPCR using RNA
extracted from cells treated with SPV106 in which an evident
upregulation of Notch1 and Sox9 mRNAs and a decrease of Runx2,
either at mRNA or protein/localization levels were observed.
Furthermore, SPV106 enhanced nuclear transfer of the Notch
intracellular domain with potentially wider transcriptional
effects®*'%° (Fig. 4). These results are in agreement with the
transcriptional level of these genes observed in iVICs, in which
expression of Notch1 and Sox9 was higher, and that of Runx2 was
lower than in sVICs, confirming the role of Notch in repression of
VICs phenotype.®® In summary, activation of pCAF/KAT2B by
SPV106 elicits a multilevel response in human VICs determining
direct transcriptional effects on the control of master genes of VICs
calcification under Notch-signalling control.

Upregulation of Notch signalling by SPV106 occurs through
genome-wide chromatin remodelling related to Histone
acetylation

The transcriptional changes observed in sVICs treated with SPV106
(Fig. 4) were accompanied by an apparent reversion of histones
H3/H4 acetylation and methylation marks to levels typical of iVICs
(Figs. 2 and 5). Remarkably, these changes were neither associated
to a reduction in general DNA methylation nor a specific
demethylation of ELOVL2 C2/C7 age-sensitive CpGs (Supplemen-
tary Fig. 10). Thus, even if SPV106 did not function as a canonical
senolytic drug able to eliminate senescent cells from cultures and
tissues'®" and/or shifting back the epigenetic clock based on DNA
methylation status,®® in our experiments it had a senomophic
effect in retarding the sVICs senescence/calcification process by
promoting a change in the transcriptionally active chromatin
status related to H3K9Ac, H4K16Ac and H4K20me(3) histone
marks.'®> The genome-wide effects determined by the treatment
on chromatin accessibility were confirmed by the ATACseq
analysis performed on chromatin of DMSO- and SPV106-treated
sVICs (Fig. 5). Apart from modifying chromatin accessibility in
almost two thousand loci, the GO analysis of the genes with more
open or more closed configurations, and thus bona fide more
transcriptionally active or inactive, led to the identification of
numerous pathways that were coherently regulated with the
pathological status of the cells. For example, several networks
encompassing genes with more open chromatin structure in
SPV106-treated cells were related to the control of cell cycle/
survival (e.g. by TP53 and PTEN) or, again, activation of the Notch-
dependent pathway, confirming the transcriptional activation
found by the transcriptomic profiling. By contrast, several
networks encompassing genes with more closed chromatin
configuration were related to Rho-signalling, a positive regulator
of valve calcification.'® The experimental validation of ATACseq
data by ChlIP assays confirmed that the proximal promoter regions
of Notchl and Sox9 were associated with chromatin containing
the activating H4K16Ac, but not the gene silencing H4K20Me(3),

SPRINGER NATURE

11



Reversion of aortic valve cells calcification by activation of Notch...
Garoffolo et al.

12

modification.®® This result is in line with previous evidences
showing the relevance of the epigenetic control of Notchl for
valve pathology,'® and clearly points to a direct engagement of
the Histone H4 acetylation by pCAF/KAT2B activators in suppres-
sing the senescence and the calcification of VICs via activation of
NICD. At the moment, it is impossible to conclude on the
functional significance of the other histone marks, e.g. the
variation in the three-methylation and acetylation of H3K27, two
histone modifications with antithetic function on Notch pathway
regulation'® - detected by our analyses, as well as on the negative
control of Runx2 by SPV106 treatment. To address this will require
specific experiments, such as targeted histone proteomics,'®® and/
or evaluation of complementary epigenetically-regulated path-
ways in control of valve calcification.'”’

Histone acetylation maintains the structural integrity and protects
the heart from valve disease-related functional deterioration

The ex vivo and in vivo results obtained, respectively, using a
bioreactor-based and the Vitamin D-dependent calcification
models®® (Fig. 6) shed light on the ability of the epigenetic
treatment to reduce the deterioration of the valve due to
hypercalcaemic conditions. In keeping with what reported for
other anti-calcification treatments in genetic models of valve
disease, e.g. the Klotho knockout mice,'*® the employment of the
drug reduced the occurrence of histologically-detectable calcifica-
tions and prevented the functional deterioration of the valve.
Interestingly, in the ex vivo model, calcification in the valve leaflets
was not characterized by abundance of cells with senescence
markers such as p16 and p21 (Supplementary Fig. 15). This was
expected, considering that the model has been designed to assess
the effect of hemodynamic forces on valve calcification, likely
occurring through endothelial to mesenchyme transition and not
cellular senescence.?® On the other hand, even in this system,
SPV106 determined a reduction of calcification and of cells
expressing calcification markers, witnessing the role of epigenetics
in control of VICs calcification, also independently of VICs
senescent phenotype.

In vivo, the effect of SPV106 was demonstrated by an
echocardiographic assessment of the heart function taking as a
reference parameters describing the valve's motion (the cusp
separation), the transvalvular flow (time to peak)’®’® and the
echocardiographic aortic valve scatter (Fig. 6). Interestingly,
treatment with the epigenetic drug also protected the heart from
the vitamin-D induced systolic dysfunction as assessed by the
recovery of the ejection fraction. Although is not possible to
exclude a direct cardioprotective effect of histone hyperacetyla-
tion, as observed in myocardial infarction models,'® we remark
on the clinically exciting opportunity to maintain intact the
systolic function by preserving the valve structural integrity."°

Study limitations and concluding remarks

To our knowledge, the present study is the first establishing a
direct relationship between cellular senescence and the calcifica-
tion potential of the human aortic VICs, linked by alterations in the
histone epigenetic landscape (see model in Fig. 7). Compared to
other studies performed with animal-derived cells, our work is
realized with clinically-characterized human VICs. We recognize,
however, that the lack of proper control cells to perform the
cellular and molecular comparisons may represent a first
limitation. Indeed, although they are biologically different from
calcific valves cells, iVICs could still be affected by some
predetermined pathologic programming resulting from modifica-
tions of the epigenetic setup compared to truly naive cells. In
support of this is the evidence that even if treatment with SPV106
restored the histone marks found in iVICs, it did not reduce DNA
methylation globally, nor at the level of the age-sensitive CpGs in
the ELOVL-2 gene promoter.

SPRINGERNATURE

A second limitation of the study could be represented by our
choice to exclude cells from the oldest donors, to match the
chronological ages of the two-donor groups and exclude the
chronological age as a confounding factor. While this might have
caused an under-representation of the most extreme cell
phenotypes, reducing the biological differences between the
two groups, it helped us to delineate, for the first time and with a
higher precision the epigenetic setup of the two pathologies and
to find a possible treatment for aortic stenosis, the most prevalent
of the two diseases and the one with a higher impact in elderly
people.’"" Given the lack of treatment specificity, direct valve
targeting strategies (e.g. cell specific nanoparticle drug delivery)
will have, however, to be adopted to avoid side effects of future
treatments.

It is finally important to highlight that, while our results are
coherent with the reported effect of the SPV106 on inhibition of
the cellular senescence in diabetic cardiac fibroblasts and
acceleration of cutaneous wounds closure,'®''? it also contrasts
with numerous evidences showing that reduction of histone
acetylation has a positive readout on VICs calcific program-
ming.8”#% A second possibility to explain this contradiction is that
the activation of KAT2B/pCAF might have a different readout on
histone acetylation/methylation than that of treatment with
histone deacetylase inhibitors employed in other reports, and
that additional epigenetic modifications, in additions to those
revealed in the present study, concur to reduce the senescent/
calcific phenotype of sVICs treated with SPV106. More conclusive
experiments using chromatin profiling techniques such as, eg.,
ChiP-Seq or chromatin proteomics should be done to resolve this
relevant issue. A third is that most of the HDACi studies have been
performed with animal-derived cells, particularly porcine VICs.2” In
this regard, a difference in the response of sVICs to treatment with
SPV106 compared to HDACi could be contemplated. A final
possibility is that the activation of KAT2B/pCAF by SPV106 has a
direct effect on the expression or function of relevant genes
involved in calcium homeostasis like Klotho or FGF23, as in part
demonstrated in other cell types and in vivo in the literature.''>'*
Studies are underway using reference models of valve calcific
disease and naturally aged animals to discriminate between these
possibilities.

MATERIALS AND METHODS

Human aortic valves collection and VICs isolation

The stenotic and insufficient aortic valves were collected during
routine open chest aortic valve replacement procedures. The use
of this material was approved by the ethical committee at Centro
Cardiologico Monzino, IRCCS (first approval date June 19, 2012)
and upon agreement on an informed consent. It also conformed
to the Declaration of Helsinki. Primary human VICs (sVICs and
iVICs) were isolated as previously described.” The methods
employed to perform specific analyses on cellular senescence
and DNA/RNA material are specified in the supplementary
information.

Animal model of vascular/valve calcification by vitamin D
administration

Animal procedures were performed in conformity with the
guidelines from the Directive 2010/63/EU of the European
Parliament on protecting animals used for scientific purposes
and following experimental protocols approved by the Committee
on Animal Resources of Cogentech (#824-2020). Male C57BL/6)
mice were used as already described.*'® Further information
about the model and the treatment of mice with SPV106, as well
as the immunohistochemical and echocardiography methods that
were employed to analyse the expression of markers and the
valve function are epcficied in the online supplement.
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Fig. 7 Proposed model of epigenetic-controlled senescence/calcification program of valve interstitial cells. The data presented in this study
suggest that calcification of the aortic valve is associated to senescence of VICs due to decrease in histone acetylation and increase in histone
methylation in chromatin. This situation can be reverted by SPV106, a drug with a genome-wide ability to restore histone acetylation, through
upregulation of Notch-1 signalling and repression of osteogenic master genes (i.e. Runx-2). Other than inhibiting calcification, treatment with
the drug also reduced the senescence level of the cells. This treatment could be amenable to establish treatment protocols to block/retard the
progression of calcific disease in the human aortic valve based on KAT2B/pCAF activation. This image has been created with Servier

Medical ART

Ex-vivo model of aortic valve calcification

Experiments were performed with hearts of 3-6 months old mice
(C57BL/6JR)) according to established protocols.”>”* The study was
approved by the animal welfare committee of the Leiden University
Medical Center and conformed with the guidelines from Directive
2010/63/EU of the European Parliament on the protection of animals
used for scientific purposes. Details about the experimental procedure
to induce valve calcification are provided in the online supplement.

In vitro methods

Aortic valve interstitial cells were derived from pathologic aortic valves
with insufficiency or stenosis. Cells were extracted following a simple
digestion method as already described by us.” Evaluation of cellular
senescence was performed according to beta-Gal staining and
doubling time while other parameters like expression of senescence
markers, calcification, epigenetic status, chromatin accessibility, RNA
profiling and bioinformatics are specified in the online supplement.

Statistical analysis

Data analyses and graphing were performed using GraphPad
Prism software (version 9.1.2). The general criteria adopted in the
cell biology data analyses was to use unpaired t-test/ANOVA when
comparing cells from different donors (e.g., typically the iVICs vs.
sVICs comparisons), and to employ pairwise methods to assess the
effects of treatments on cells (e.g., the effects of drugs on sVICs vs.
DMSO-treated sVICs). The circles overlapped to each plot and bar
graphs represent the individual values of independent samples
(cells from different donors) and their sum indicates the n of the
samples included in the analyses.

Signal Transduction and Targeted Therapy (2025)10:311

DATA AVAILABILITY

The quantitative data supporting this article are publicly available at Zenodo data
repository. The corresponding DOIs are as it follows: https://doi.org/10.5281/
zeno0do.16895587; https://doi.org/10.5281/zenodo.16874826; https://doi.org/
10.5281/zenodo.16872541; https://doi.org/10.5281/zenodo.16874842; https:/
doi.org/10.5281/zenodo.16900932.

ACKNOWLEDGEMENTS

The present work was funded by Ricerca Corrente and Ricerca 5 per 1000 program
grants (MP). The authors thank Dr. Paolo Poggio at Centro Cardiologico Monzino,
IRCCS, for kindly providing advice on the protocol for intracellular calcium
determination.

AUTHOR CONTRIBUTIONS

All Authors have read and approved the article. G.G,, S.F,, SD.M, EP., V.C, LC, F.M,,
B.PTK, AM, MG, N.F, PF, MC. and AAla performed experiments and analysed
data. M.A,, FK. and AAls collected biological material to derive VICs. G.I.C. and M.C.
performed bioinformatics/functional genomics analyses. NAM., AF., CG. and AR.
analysed data. M.P. conceived the study, handled funding and wrote the manuscript.

ADDITIONAL INFORMATION

Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/541392-025-02411-8.

Competing interests: The authors declare no competing interests.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

SPRINGER NATURE

13


https://doi.org/10.5281/zenodo.16895587
https://doi.org/10.5281/zenodo.16895587
https://doi.org/10.5281/zenodo.16874826
https://doi.org/10.5281/zenodo.16872541
https://doi.org/10.5281/zenodo.16872541
https://doi.org/10.5281/zenodo.16874842
https://doi.org/10.5281/zenodo.16900932
https://doi.org/10.5281/zenodo.16900932
https://doi.org/10.1038/s41392-025-02411-8

Reversion of aortic valve cells calcification by activation of Notch...
Garoffolo et al.

14

REFERENCES

1.

14.

18.

19.

20.

21

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

Small, A. et al. Biomarkers of calcific aortic valve disease. Arterioscler. Thromb.
Vasc. Biol. 37, 623-632 (2017).

. Taylor, P. M,, Batten, P, Brand, N. J,, Thomas, P. S. & Yacoub, M. H. The cardiac

valve interstitial cell. Int. J. Biochem. Cell Biol. 35, 113-118 (2003).

. Yip, C. Y., Chen, J. H., Zhao, R. & Simmons, C. A. Calcification by valve interstitial

cells is regulated by the stiffness of the extracellular matrix. Arterioscler. Thromb.
Vasc. Biol. 29, 936-942 (2009).

. Fisher, C. 1, Chen, J. & Merryman, W. D. Calcific nodule morphogenesis by heart valve

interstitial cells is strain dependent. Biomech. Model Mechanobiol. 12, 5-17 (2013).

. Bouchareb, R. et al. Mechanical strain induces the production of spheroid

mineralized microparticles in the aortic valve through a RhoA/ROCK-dependent
mechanism. J. Mol. Cell Cardiol. 67, 49-59 (2014).

. Ma, H. Killaars, A. R, DelRio, F. W., Yang, C. & Anseth, K. S. Myofibroblastic

activation of valvular interstitial cells is modulated by spatial variations in matrix
elasticity and its organization. Biomaterials 131, 131-144 (2017).

. Santoro, R. et al. Activation of human aortic valve interstitial cells by local stiffness

involves YAP-dependent transcriptional signaling. Biomaterials 181, 268-279 (2018).

. Boffa, M. B. & Koschinsky, M. L. Oxidized phospholipids as a unifying theory for

lipoprotein(a) and cardiovascular disease. Nat. Rev. Cardiol. 16, 305-318 (2019).

. Merryman, W. D. et al. Synergistic effects of cyclic tension and transforming

growth factor-betal on the aortic valve myofibroblast. Cardiovasc. Pathol. 16,
268-276 (2007).

. Wakitani, S., Saito, T. & Caplan, A. I. Myogenic cells derived from rat bone

marrow mesenchymal stem cells exposed to 5-azacytidine. Muscle Nerve 18,
1417-1426 (1995).

. Goody, P. R. et al. Aortic valve stenosis: from basic mechanisms to novel ther-

apeutic targets. Arterioscler. Thromb. Vasc. Biol. 40, 885-900 (2020).

. Bertazzo, S. et al. Nano-analytical electron microscopy reveals fundamental insights

into human cardiovascular tissue calcification. Nat. Mater. 12, 576-583 (2013).

. Burton, D. G. A, Matsubara, H. & lkeda, K. Pathophysiology of vascular calcifi-

cation Pivotal role of cellular senescence in vascular smooth muscle cells. Exp.
Gerontol. 45, 819-824 (2010).

Zuccolo, E. et al. The microRNA-34a-induced senescence-associated secretory
phenotype (SASP) favors vascular smooth muscle cells calcification. Int. J. Mol.
Sci. 21, 4454 (2020).

. Boraldi, F., Bartolomeo, A., Di Bari, C,, Cocconi, A. & Quaglino, D. Donor’s age and

replicative senescence favour the in-vitro mineralization potential of human
fibroblasts. Exp. Gerontol. 72, 218-226 (2015).

. Badi, I. et al. miR-34a promotes vascular smooth muscle cell calcification by

downregulating SIRT1 (Sirtuin 1) and Axl (AXL receptor tyrosine kinase). Arter-
ioscler Thromb. Vasc. Biol. 38, 2079-2090 (2018).

. Garagnani, P. et al. Methylation of ELOVL2 gene as a new epigenetic marker of

age. Aging Cell 11, 1132-1134 (2012).

Castellano, S. et al. Identification of structural features of 2-alkylidene-1,3-dicarbonyl
derivatives that induce inhibition and/or activation of histone acetyltransferases
KAT3B/p300 and KAT2B/PCAF. ChemMedChem 10, 144-157 (2015).

Vecellio, M. et al. The histone acetylase activator pentadecylidenemalonate 1b
rescues proliferation and differentiation in the human cardiac mesenchymal
cells of type 2 diabetic patients. Diabetes 63, 2132-2147 (2014).

Wang, Y., Fang, Y., Lu, P,, Wu, B. & Zhou, B. NOTCH signaling in aortic valve devel-
opment and calcific aortic valve disease. Front. Cardiovasc. Med. 8, 682298 (2021).

. Grandi, F. C, Modi, H., Kampman, L. & Corces, M. R. Chromatin accessibility

profiling by ATAC-seq. Nat. Protoc. 17, 1518-1552 (2022).

Rodriguez-Ubreva, J. & Ballestar, E. Chromatin immunoprecipitation. Methods
Mol. Biol. 1094, 309-318 (2014).

Kruithof, B. P. T. et al. New calcification model for intact murine aortic valves. J.
Mol. Cell Cardiol. 156, 95-104 (2021).

Kassis, N. et al. Supplemental calcium and vitamin D and long-term mortality in
aortic stenosis. Heart 108, 964-972 (2022).

Georgakilas, A. G, Martin, O. A. & Bonner, W. M. p21: a two-faced genome
guardian. Trends Mol. Med. 23, 310-319 (2017).

Dimri, G. P. et al. A biomarker that identifies senescent human cells in culture
and in aging skin in vivo. Proc. Natl. Acad. Sci. USA 92, 9363-9367 (1995).
Dimri, G. P. & Campisi, J. Molecular and cell biology of replicative senescence.
Cold Spring Harb. Symp. Quant. Biol. 59, 67-73 (1994).

Vinci, M. C, Polvani, G. & Pesce, M. Epigenetic programming and risk: the
birthplace of cardiovascular disease?. Stem Cell Rev. Rep. 9, 241-253 (2013).
Lacolley, P., Regnault, V. & Laurent, S. Mechanisms of arterial stiffening: from
mechanotransduction to epigenetics. Arterioscler Thromb. Vasc. Biol. 40,
1055-1062 (2020).

Mongelli, A. et al. Distinguishable DNA methylation defines a cardiac-specific
epigenetic clock. Clin. Epigenet.15, 53 (2023).

Lopez-Otin, C,, Blasco, M. A,, Partridge, L., Serrano, M. & Kroemer, G. Hallmarks of
aging: an expanding universe. Cell 186, 243-278 (2023).

SPRINGERNATURE

32.

33.

34.

35.

36.

37.

38.

39.

40.

41,

42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Lopez, V., Fernandez, A. F. & Fraga, M. F. The role of 5-hydroxymethylcytosine in
development, aging and age-related diseases. Ageing Res. Rev. 37, 28-38 (2017).
Zhang, Y. et al. in Histone mutations and cancer (eds Dong, F. & Junhong, H.)
1-16 (Springer, 2021).

Piunti, A. & Shilatifard, A. The roles of Polycomb repressive complexes in mammalian
development and cancer. Nat. Rev. Mol. Cell Biol. 22, 326-345 (2021).

Sanchez, R. & Zhou, M. M. The PHD finger: a versatile epigenome reader. Trends
Biochem. Sci. 36, 364-372 (2011).

Wilson, B. G. & Roberts, C. W. SWI/SNF nucleosome remodellers and cancer. Nat.
Rev. Cancer 11, 481-492 (2011).

Nunez-Alvarez, Y. & Suelves, M. HDAC11: a multifaceted histone deacetylase
with proficient fatty deacylase activity and its roles in physiological processes.
FEBS J. 289, 2771-2792 (2021).

Leighton, G. & Williams, D. C. Jr The methyl-CpG-binding domain 2 and 3 pro-
teins and formation of the nucleosome remodeling and deacetylase complex. J.
Mol. Biol. 432, 1624-1639 (2019).

Fang, Y. et al. The H3K36me2 methyltransferase NSD1 modulates H3K27ac at active
enhancers to safeguard gene expression. Nucleic Acids Res. 49, 6281-6295 (2021).
Dekker, F. J. & Haisma, H. J. Histone acetyl transferases as emerging drug targets.
Drug Discov. Today 14, 942-948 (2009).

Wang, T. Y. et al. Maintenance of HDACs and H3K9me3 prevents arterial flow-
induced venous endothelial damage. Front. Cell Dev. Biol. 9, 642150 (2021).
Chammas, P., Mocavini, |. & Di Croce, L. Engaging chromatin: PRC2 structure
meets function. Brit J. Cancer 122, 315-328 (2020).

Voss, A. K. & Thomas, T. Histone lysine and genomic targets of histone acetyl-
transferases in mammals. Bioessays 40, e1800078 (2018).

Zhang, X., Novera, W., Zhang, Y. & Deng, L. W. MLL5 (KMT2E): structure, function,
and clinical relevance. Cell Mol. Life Sci. 74, 2333-2344 (2017).

Lyko, F. The DNA methyltransferase family: a versatile toolkit for epigenetic
regulation. Nat. Rev. Genet. 19, 81-92 (2018).

Li, P., Ge, J. & Li, H. Lysine acetyltransferases and lysine deacetylases as targets
for cardiovascular disease. Nat. Rev. Cardiol. 17, 96-115 (2020).

Klein, B. J. et al. Bivalent interaction of the PZP domain of BRPF1 with the
nucleosome impacts chromatin dynamics and acetylation. Nucleic Acids Res. 44,
472-484 (2016).

Yan, K. et al. The chromatin regulator BRPF3 preferentially activates the HBO1
acetyltransferase but is dispensable for mouse development and survival. J. Biol.
Chem. 291, 2647-2663 (2016).

Watson, A. A. et al. The PHD and chromo domains regulate the ATPase activity
of the human chromatin remodeler CHD4. J. Mol. Biol. 422, 3-17 (2012).
Mandemaker, I. K., Vermeulen, W. & Marteijn, J. A. Gearing up chromatin: a role
for chromatin remodeling during the transcriptional restart upon DNA damage.
Nucleus 5, 203-210 (2014).

Liu, B. et al. Depleting the methyltransferase Suv39h1 improves DNA repair and
extends lifespan in a progeria mouse model. Nat. Commun. 4, 1868 (2013).
Geng, Z. & Gao, Z. Mammalian PRC1 complexes: compositional complexity and
diverse molecular mechanisms. Int. J. Mol. Sci. 21, 8594 (2020).

Ismail, I. H. et al. CBX4-mediated SUMO modification regulates BMI1 recruitment
at sites of DNA damage. Nucleic Acids Res. 40, 5497-5510 (2012).

Tait, I. S., Li, Y. & Lu, J. PTEN, longevity and age-related diseases. Biomedicines 1,
17-48 (2013).

Fruman, D. A. et al. The PI3K Pathway in Human Disease. Cell 170, 605-635 (2017).
Archambeau, J., Blondel, A. & Pedeux, R. Focus-ING on DNA integrity: implication
of ING proteins in cell cycle regulation and DNA repair modulation. Cancers12,
58 (2019).

Lee, Y. H., Bedford, M. T. & Stallcup, M. R. Regulated recruitment of tumor
suppressor BRCA1 to the p21 gene by coactivator methylation. Genes Dev. 25,
176-188 (2011).

Meng, S. et al. Identification and characterization of Bmi-1-responding element
within the human p16 promoter. J. Biol. Chem. 285, 33219-33229 (2010).
Molofsky, A. V. et al. Bmi-1 dependence distinguishes neural stem cell self-
renewal from progenitor proliferation. Nature 425, 962-967 (2003).

Park, I. K. et al. Bmi-1 is required for maintenance of adult self-renewing hae-
matopoietic stem cells. Nature 423, 302-305 (2003).

Nigam, V. & Srivastava, D. Notch1 represses osteogenic pathways in aortic valve
cells. J. Mol. Cell Cardiol. 47, 828-834 (2009).

Garg, V. et al. Mutations in NOTCH1 cause aortic valve disease. Nature 437,
270-274 (2005).

Zeng, Q. et al. Notch1 promotes the pro-osteogenic response of human aortic
valve interstitial cells via modulation of ERK1/2 and nuclear factor-«B activation.
Arterioscler Thromb. Vasc. Biol. 33, 1580-1590 (2013).

Wallberg, A. E., Pedersen, K., Lendahl, U. & Roeder, R. G. p300 and PCAF act
cooperatively to mediate transcriptional activation from chromatin tem-
plates by notch intracellular domains in vitro. Mol. Cell Biol. 22, 7812-7819
(2002).

Signal Transduction and Targeted Therapy (2025)10:311



65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

Li, H. & Durbin, R. Fast and accurate short read alignment with Burrows-Wheeler
transform. Bioinformatics 25, 1754-1760 (2009).

Zhang, Y. et al. Model-based analysis of ChIP-Seq (MACS). Genome Biol. 9, R137
(2008).

Chiesa, M., Colombo, G. I. & Piacentini, L. DaMiRseg-an R/Bioconductor package
for data mining of RNA-Seq data: normalization, feature selection and classifi-
cation. Bioinformatics 34, 1416-1418 (2018).

Ritchie, M. E. et al. limma powers differential expression analyses for RNA-
sequencing and microarray studies. Nucleic Acids Res. 43, e47 (2015).

Milacic, M. et al. The Reactome Pathway Knowledgebase 2024. Nucleic Acids Res.
52, D672-D678 (2024).

Barbaro, V. et al. Analysis and pharmacological modulation of senescence in
human epithelial stem cells. J. Cell Mol. Med. 26, 3977-3994 (2022).

Yousefi, H. et al. Notch signaling pathway: a comprehensive prognostic and
gene expression profile analysis in breast cancer. BMC Cancer 22, 1282 (2022).
Zhao, Y., Feng, H. M., Yan, W. J. & Qin, Y. Identification of the signature genes
and network of reactive oxygen species related genes and DNA repair genes in
lung adenocarcinoma. Front. Med. 9, 833829 (2022).

Kruithof, B.P., Lieber, S.C., Kruithof-de Julio, M., Gaussin, V. & Goumans, M. J.
Culturing mouse cardiac valves in the miniature tissue culture system. J. Vis. Exp.
105, e52750 (2015).

Kruithof, B. P. T. et al. Stress-induced remodelling of the mitral valve: a model for
leaflet thickening and superimposed tissue formation in mitral valve disease.
Cardiovasc. Res. 116, 931-943 (2020).

Lieber, S. C., Kruithof, B. P., Aubry, N., Vatner, S. F. & Gaussin, V. Design of a
miniature tissue culture system to culture mouse heart valves. Ann. Biomed. Eng.
38, 674-682 (2010).

Colussi, C. et al. Ne-lysine acetylation determines dissociation from GAP junc-
tions and lateralization of connexin 43 in normal and dystrophic heart. Proc.
Natl. Acad. Sci. USA 108, 2795-2800 (2011).

Kapelouzou, A. et al. Serum and tissue biomarkers in aortic stenosis. Glob.
Cardiol. Sci. Pr. 2015, 49 (2015).

Ho, Y. C. et al. PROX1 inhibits PDGF-B expression to prevent myxomatous
degeneration of heart valves. Circ. Res. 133, 463-480 (2023).

Kamimura, D. et al. Delayed time to peak velocity is useful for detecting severe
aortic stenosis. J. Am. Heart Assoc. 5, €003907 (2016).

Ngo, D. T. et al. Vitamin D(2) supplementation induces the development of
aortic stenosis in rabbits: interactions with endothelial function and thioredoxin-
interacting protein. Eur. J. Pharm. 590, 290-296 (2008).

Peeters, F. et al. Calcific aortic valve stenosis: hard disease in the heart: a bio-
molecular approach towards diagnosis and treatment. Eur. Heart J. 39,
2618-2624 (2018).

Pesce, M. & Santoro, R. Feeling the right force: How to contextualize the cell
mechanical behavior in physiologic turnover and pathologic evolution of the
cardiovascular system. Pharm. Ther. 171, 75-82 (2017).

Alushi, B. et al. Calcific aortic valve disease-natural history and future therapeutic
strategies. Front. Pharm. 11, 685 (2020).

Liu, A. C, Joag, V. R. & Gotlieb, A. I. The emerging role of valve interstitial cell
phenotypes in regulating heart valve pathobiology. Am. J. Pathol. 171,
1407-1418 (2007).

Yang, X. et al. Pro-osteogenic phenotype of human aortic valve interstitial cells is
associated with higher levels of Toll-like receptors 2 and 4 and enhanced expression
of bone morphogenetic protein 2. J. Am. Coll. Cardiol. 53, 491-500 (2009).
Balachandran, K., Sucosky, P., Jo, H. & Yoganathan, A. P. Elevated cyclic stretch
induces aortic valve calcification in a bone morphogenic protein-dependent
manner. Am. J. Pathol. 177, 49-57 (2010).

Gu, J. et al. Inhibition of acetylation of histones 3 and 4 attenuates aortic valve
calcification. Exp. Mol. Med. 51, 1-14 (2019).

Li, S. J, Kao, Y. H., Chung, C. C,, Cheng, W. L. & Chen, Y. J. HDAC | inhibitor
regulates RUNX2 transactivation through canonical and non-canonical Wnt
signaling in aortic valvular interstitial cells. Am. J. Transl. Res. 11, 744-754 (2019).
Li, S. J. et al. Activated p300 acetyltransferase activity modulates aortic valvular
calcification with osteogenic transdifferentiation and downregulation of Klotho.
Int. J. Cardiol. 232, 271-279 (2017).

Schiattarella, G. G. et al. Epigenetic modulation of vascular diseases: assessing
the evidence and exploring the opportunities. Vasc. Pharm. 107, 43-52 (2018).
Di Micco, R, Krizhanovsky, V. Baker, D. & d'Adda di Fagagna, F. Cellular
senescence in ageing: from mechanisms to therapeutic opportunities. Nat. Rev.
Mol. Cell Biol. 22, 75-95 (2021).

Signal Transduction and Targeted Therapy (2025)10:311

Reversion of aortic valve cells calcification by activation of Notch...
Garoffolo et al.

92.
93.

94,
95.

96.
97.
98.
99.
100.
101.
102.

103.
104.

105.
106.

107.

108.
109.
110.
111,
112.
113.

114.

Horvath, S. & Raj, K. DNA methylation-based biomarkers and the epigenetic
clock theory of ageing. Nat. Rev. Genet. 19, 371-384 (2018).

Wu, X. & Zhang, Y. TET-mediated active DNA demethylation: mechanism,
function and beyond. Nat. Rev. Genet. 18, 517-534 (2017).

Carey, B. W,, Finley, L. W., Cross, J. R, Allis, C. D. & Thompson, C. B. Intracellular
alpha-ketoglutarate maintains the pluripotency of embryonic stem cells. Nature
518, 413-416 (2015).

Mas-Peiro, S. et al. Clonal haematopoiesis in patients with degenerative aortic
valve stenosis undergoing transcatheter aortic valve implantation. Eur. Heart J.
41, 933-939 (2020).

Paluvai, H., Di Giorgio, E. & Brancolini, C. The histone code of senescence. Cells 9,
466 (2020).

Du, Q, Luuy, P. L, Stirzaker, C. & Clark, S. J. Methyl-CpG-binding domain proteins:
readers of the epigenome. Epigenomics 7, 1051-1073 (2015).

Brooks, C. L. & Gu, W. The impact of acetylation and deacetylation on the p53
pathway. Protein Cell 2, 456-462 (2011).

Panier, S. & Boulton, S. J. Double-strand break repair: 53BP1 comes into focus.
Nat. Rev. Mol. Cell Biol. 15, 7-18 (2014).

Guarani, V. et al. Acetylation-dependent regulation of endothelial Notch sig-
nalling by the SIRT1 deacetylase. Nature 473, 234-238 (2011).

Robbins, P. D. et al. Senolytic Drugs: Reducing Senescent Cell Viability to Extend
Health Span. Annu Rev. Pharm. Toxicol. 61, 779-803 (2021).

Zhang, W., Qu, J,, Liu, G. H. & Belmonte, J. C. |. The ageing epigenome and its
rejuvenation. Nat. Rev. Mol. Cell Biol. 21, 137-150 (2020).

Gu, X. & Masters, K. S. Role of the Rho pathway in regulating valvular interstitial
cell phenotype and nodule formation. Am. J. Physiol. Heart Circ. Physiol. 300,
H448-H458 (2011).

Zhou, Y. et al. The methylation of Notch1 promoter mediates the osteogenesis
differentiation in human aortic valve interstitial cells through Wnt/beta-catenin
signaling. J. Cell Physiol. 234, 20366-20376 (2019).

Theodoris, C. V. et al. Human disease modeling reveals integrated transcriptional and
epigenetic mechanisms of NOTCH1 haploinsufficiency. Cell 160, 1072-1086 (2015).
Sidoli, S. & Garcia, B. A. Middle-down proteomics: a still unexploited resource for
chromatin biology. Expert Rev. Proteom. 14, 617-626 (2017).

Xiong, J. et al. SIRT6-mediated Runx2 downregulation inhibits osteogenic dif-
ferentiation of human aortic valve interstitial cells in calcific aortic valve disease.
Eur. J. Pharm. 968, 176423 (2024).

Dutta, P. et al. KPT-330 prevents aortic valve calcification via a novel C/EBPbeta
signaling pathway. Circ. Res. 128, 1300-1316 (2021).

Tian, S. et al. HDAC inhibitor valproic acid protects heart function through Foxm1
pathway after acute myocardial infarction. EBioMedicine 39, 83-94 (2019).

Weisell, J. et al. Characterizing valve dynamics in mice by high-resolution cine-
MRI. NMR Biomed. 32, e4108 (2019).

lung, B. & Vahanian, A. Epidemiology of valvular heart disease in the adult. Nat.
Rev. Cardiol. 8, 162-172 (2011).

Spallotta, F. et al. Enhancement of lysine acetylation accelerates wound repair.
Commun. Integr. Biol. 6, e25466 (2013).

Lin, W. et al. Klotho preservation via histone deacetylase inhibition attenuates
chronic kidney disease-associated bone injury in mice. Sci. Rep. 7, 46195 (2017).
Prud’homme, G. J,, Kurt, M. & Wang, Q. Pathobiology of the Klotho antiaging
protein and therapeutic considerations. Front. Aging 3, 931331 (2022).

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly

from the copyright holder. To view a copy of this

licence, visit http://

creativecommons.org/licenses/by/4.0/.

© The Author(s) 2025

SPRINGER NATURE

15


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Reversion of aortic valve cells calcification by activation of Notch signalling via histone acetylation induction
	Introduction
	Results
	High vitamin D doses are related to senescence and calcification of the aortic valve
	Increased senescence and calcification in stenotic vs. insufficient VICs
	sVICs senescence and calcification are epigenetically controlled
	SPV106 reduces sVICs senescence and calcification by remodelling chromatin accessibility and modulating Notch expression and function
	SPV106 prevents the formation of calcium deposits in the aortic valve preserving cardiac function

	Discussion
	Stenotic and insufficient VICs exhibit crucial differences in the extent of epigenetically set senescence independently of donor chronological age
	Senescence and calcification of human VICs is epigenetically established
	SPV106 inhibits the calcific evolution of stenotic VICs by reducing the senescent phenotype and modifying the epigenetic setup promoting histone acetylation
	Relevance of Notch pathway epigenetic control in reduction of VICs pathologic phenotype
	Upregulation of Notch signalling by SPV106 occurs through genome-wide chromatin remodelling related to Histone acetylation
	Histone acetylation maintains the structural integrity and protects the heart from valve disease-related functional deterioration
	Study limitations and concluding remarks

	Materials and methods
	Human aortic valves collection and VICs isolation
	Animal model of vascular/valve calcification by vitamin D administration
	Ex-vivo model of aortic valve calcification
	In vitro methods
	Statistical analysis

	Supplementary information
	Acknowledgements
	Author contributions
	ADDITIONAL INFORMATION
	References




