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Abstract

Rationale.—Calcific Aortic Valve Disease (CAVD) affects more than 5.2 million people in the
US. The only effective treatment is surgery and this comes with complications and no guarantee of
long-term success.

Objective.—Outcomes from pharmacological initiatives remain unsubstantiated and therefore
the aim of this study is to determine if repurposing a selective XPO1 inhibitor drug (KPT-330) is
beneficial in the treatment of CAVD.

Methods and Results.—We show that KPT-330 prevents, attenuates and mitigates calcific
nodule formation in heart valve interstitial cells (VICs) in vitro, and prevents CAVD in Klotho™~
mice. Using RNA-sequencing and Mass Spectrometry we show that KPT-330’s beneficial effect is
mediated by inhibiting nuclear export of the transcription factor C/EBPp in VICs, leading to
repression of canonical Wnt signaling, in part through activation of the Wnt antagonist AxinZ, and
a subsequent decrease in pro-osteogenic markers and cell viability.

Conclusions.—Our findings have met a critical need to discover alterative, pharmacological-
based therapies in the treatment of CAVD.

Graphical Abstract

Address correspondence to: Dr. Joy Lincoln, 8701 Watertown Plank Road, TBRC/CRI ~ ond Floor C2420, Milwaukee, W1 53226,
Phone: 414-955-7471, jlincoln@mcw.edu.

DISCLOSURES

The authors have no perceived conflicts of interest.

Publisher's Disclaimer: This article is published in its accepted form. It has not been copyedited and has not appeared in an issue of
the journal. Preparation for inclusion in an issue of Circulation Research involves copyediting, typesetting, proofreading, and author
review, which may lead to differences between this accepted version of the manuscript and the final, published version.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Dutta et al.

Keywords

Page 2

C/EBPB
[ |

Axin1
|

|
- -

Wnt/B-catenin

l l

1P"°'95te°.99"i° 1Pro|iferation
signaling

Heart valve; calcification; interstitial cells; signaling pathways; signal transduction; cell signaling;
cardiovascular research

Subject Terms:

Translational Studies

INTRODUCTION

Calcific aortic valve disease (CAVD) is a growing public health burden affecting up to 27%
of the aging population, and pediatrics with congenital valve malformations.X CAVD is
characterized by formation of calcific nodules on the surface of the aortic valve leading to
stenosis, secondary myocardial dysfunction and eventual heart failure. Currently, there are
no pharmacological treatments for CAVD, and despite initiatives to target known risk
factors, outcomes of statin therapy remain unsubstantiated.2"15 As a result, transcatheter
aortic valve replacement (TAVR) therapy and surgical intervention remain the most effective
options which comes with complications and no guarantee of long-term success, and
therefore the field continues to explore better alternatives.

Calcification of the aortic valve is characterized by overall thickening of the valve cusp and
the presence of fibrotic and calcium-rich nodules on the aortic valve surface and/or within
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the annulus region, leading to functional stiffening and stenosis.1® The onset of CAVD is
slow and progressive, and in human pathology, early stages are associated with endothelial
dysfunction and infiltration of immune cells.1’20 In contrast, studies of calcified aortic
valves at end-stage disease have shown histological and molecular similarities with
endochondral and heterotopic ossification.2! This includes expression of transcription
factors important for bone development (Runx2), and detection of molecular markers of
mineralized tissue (Matrix Gla Protein, Osteopontin, Bone Sialoprotein).22 As a result of
these observations, recent efforts to develop pharmacotherapies to treat CAVD have taken
the approach of targeting these osteogenic signaling pathways to halt disease progression.
However, to date no suitable therapeutic targets have been identified with clinical potential.

In our previous work, we showed that treatment of porcine aortic VICs (pAVICs) with the
nuclear export inhibitor compound, Leptomycin B prevents calcification under osteogenic
stimulus 77 vitro.23 As a result of these studies, we have drawn our attention to the potential
of targeting protein shuttling for CAVD treatment. However, due to the cytotoxicity of
Leptomycin B, the therapeutic application /7 vivois limited. Therefore, we sought to explore
alternative nuclear export inhibitor drugs that are currently FDA approved or in clinical
trials, and determine their potential in attenuating CAVD phenotypes. Exportin-1 (XPO1),
also known as Chromosome region maintenance 1 (CRM1) is the protein transporter
responsible for the nucleo-cytoplasmic shuttling of ~200 proteins including tumor
suppressors and regulatory growth factors.24 Its inhibition has been a target for therapy, and
as a result, selective inhibitors of nuclear transport (SINE) compounds have been developed
as a novel class of anti-cancer agents. The most well-known SINE agent is KPT-330 which
has been widely tested in phase I and Il clinical trials for the treatment of solid tumors and
hematologic malignancies, and is thought to inhibit the nuclear export of XPO1-dependent
tumor suppressor proteins including p53 and p27 in cancerous cells (reviewed 24). Based on
the efficacy of KPT-330 in humans and mode of action in targeting nuclear export inhibition,
the goal of this current study is to determine the potential of re-purposing KPT-330
(Selinexor) to treat CAVD phenotypes in mice and /n vitro.

METHODS
Data Availability.

RESULTS

The authors declare that all supporting data are available within the article (and its online
supplementary files), or can be made available from the corresponding author upon
reasonable request. Materials included in this study will be made available upon request to
the corresponding author.

See Supplementary Material for more Methods.

In vitro model of VIC-mediated calcific nodule formation.

As a means of stimulating calcification of pAVICs in culture, cells were plated on a glass
(stiff) substrate in complete media (CM) for up to 14 days, until the appearance of calcific
nodules were observed.2> During the progression of this process, three notable stages were
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observed based on distinct cell morphologies. At Stage | (~day 5), pAVICs show their
characteristic fibroblast appearance (elongated with cytoplasmic extensions) (arrows, Figure
1Ai) with undetectable calcium deposition as noted by an absence of Alizarin Red staining
(Figures 1Aiv, B), and minimal Alkaline Phosphatase (ALP) activity (Figure 1C). Based on
these data, Stage | pAVICs are referred to as quiescent and non-calcified. By ~day 8 of
culture, pAVIC confluency increases and ‘swirling’ patterns are first noted to form foci
(arrows, Figure 1Aii) with low levels of Alizarin Red reactivity (Figures 1Av, B) and ALP
activity (Figure 1C). Cells exhibiting this morphology are categorized as being at Stage Il
and termed pre-calcific. By Stage I11 (days 12-14), mineralized lesions referred to as calcific
nodules are present and positive for Alizarin Red and ALP (arrows, Figures 1Aiii, Avi, B,
C). Immunohistochemistry detected expression of known pro-osteogenic proteins including
Runx2 (Figures 1Di, Div), Osteopontin (Opn) (Figures 1Dii, Dv) and Cadherin-11 (Figures
1Diii, Dvi)25: 27 in calcific nodules at Stage 111 (calcified), but not Stage | (non-calcified).
Simultaneously, cell viability as an indirect measure of proliferation was determined using
the MTT assay, and shown to increase in pAVICs cultured on glass and harvested at Stage
I11, compared to Stage | (Figure 1E).

To examine differential transcriptomes at Stages I, 1l and 111, RNA-sequencing was
performed. Heat map hierarchical clustering (Figure 1F) and principal component analyses
(Supplementary Figures 1A-C) analyses molecularly distinguishes the three stages, and the
Venn diagram (Figure 1G) indicates common and unique mRNAs at each Stage (see
Supplementary Table | for unique gene lists). Pathway analysis between Stages | and 11
reveals enrichment of biological processes including ‘osteogenic differentiation’, ‘cell
adhesion’, and “cell proliferation” (Supplementary Figures IB-D). Similar analysis
comparing Stages Il and 111 also identifies ‘osteogenic differentiation’-related processes
(Supplementary Figures 11B-D). This includes increased expression of the CAVD biomarker
Sclerostin (Sost),?8 and Osteoglycin (Ogn) present in stenotic aortic valves.?? The analysis
also identified other osteogenic genes including Osteomodulin (Omd) and Osteoclast
Stimulating Factor 1 (Ostf1), that have yet to be extensively explored in human aortic valve
disease. Additional validation shows that Sostis most detectable at Stage 111 (Figures 1Hiv—
Hvi, 11), Omdand Ogn peak at Stage Il and remain high (Figures 1Hi-Hiii, 11), while Ostf1
(Figure 11) is most enriched at Stage 11. These studies highlight the molecular and cellular
profiles of calcific nodule formation in pAVICs /n vitro and show strong enrichment with
osteogenic processes at each stage.

The pharmacological XPO1 inhibitor KPT-330 prevents, attenuates and mitigates calcific
nodule formation in vitro.

As discussed above, our previous work has shown that treatment of pAVICs with
Leptomycin B, a known nuclear export inhibitor compound, prevents calcific nodule
formation when cultured on a stiff (glass) substrate.23 However the known cytotoxicity of
this compound hinders its pharmacological potential in humans. Therefore, we re-purposed
the selective XPO1 inhibitor drug, KPT-330 and determined its ability to have the same
beneficial effects as Leptomycin B in the absence of overt toxicity. To do this, we first
performed a dose-response curve (10nM, 50nM, 100nM) to examine pAVIC survivability in
the presence of increasing KPT-330 doses (10nM, 50nM, 100nM), and determined 100mM
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as the most effective concentration (data not shown). Therefore, as in Figure 1, pAVICs were
plated on glass to stimulate calcification and treated with 100nM KPT-330 (or DMSO as a
vehicle control) at Stage I, and harvested when control-treated cells reached Stage I1l and
calcific nodules were observed (Figure 2A). Compared to DMSO controls that exhibited
calcification, Alizarin Red-positive calcific nodules (Figures 2B, C), ALP activity (Figure
2D), and Sclerostin and Omd expression (Figure 2E) were all reduced following KPT-330
treatment at Stage I.

To examine the potential of KPT-330 in preventing calcification of human aVICs, cells were
cultured in osteogenic media (OM)3C as an alternative to glass-induced calcific nodule
formation, and treated with KPT-330 at the time of plating. Worthy of mention, the onset of
calcification using OM is more rapid, and by ~day 5, positive Alizarin Red staining is
observed, however the developmental Stages of I-111, and the formation of defined calcific
nodules are not distinguishable using this method. For this study, human VICs were obtained
from two healthy donors (Supplementary Figures I11A, B) and two aortic stenosis patients
(Supplementary Figures I1IC, D) and cultured in OM for ~5 days and treated with KPT-330
from day 1. Interestingly, the dose-response curve for human aVIC viability was lower than
that of porcine cells (data not shown), and therefore these cells were treated with 20nM
KPT-330. In parallel, pAVICs were also cultured in OM and treated with 100nM KPT-330
(Supplementary Figures IlIE, F). Similar to glass-induced calcification, KPT-330 prevented
Alizarin Red reactivity in both human and porcine cells cultured under OM conditions.
Furthermore, KPT-330 treatment had similar beneficial effects on pAVICs treated with 6mM
inorganic phosphate to create hyperphosphatemic conditions as an alternative stimulus of
calcification (Supplementary Figures I11G, H).3!

To demonstrate that the beneficial effects of KPT-330 are mediated through XPO1
inhibition, experiments were performed in pAVICs using siRNA against Xpol (Xsi) in the
presence of OM. As shown in Figures 2F and 2G, Xsi treatment significantly reduced Xpol
expression both in the presence of CM and OM. In association with XjpoZ knockdown, like
KPT-330, Xsi significantly attenuated Alizarin Red staining compared to controls (Csi)
(Figures 2H, 1). Therefore supporting the hypothesis that the beneficial effects of KPT-330
in preventing calcification are mediated by Xpo1l.

Important to note, 100nM KPT-330 treatment does not significantly affect apoptosis of
treated pAVICs at Stage I11 (Figure 2J), but significantly reduces cell viability suggestive of
proliferation as indicated by the MTT assay at Stage 111 (Figures 2K-M).

Figure 2 suggests that KPT-330 treatment at Stage | prevents calcific nodule formation. To
further determine if KPT-330 treatment atfenuates progression of calcific nodule formation,
pAVICs were cultured on glass and treated with KPT-330 at Stage 11 (Figure 3A). When
DMSO-controls reached Stage Il as indicated by the presence of calcific nodules, all cells
were harvested and stained for Alizarin Red. As indicated in Figure 3Biv, KPT-330
treatment at Stage 11 reduced Alizarin Red staining compared to DMSO controls, suggesting
attenuated calcific nodule formation. In addition, pAVICs were also treated with KPT-330 at
Stage 111 when calcific nodules were observed (Figure 3C). This approach not only mitigated
existing calcific nodules after 72 hours (Figures 3D, E) but also decreased expression of pro-
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osteogenic markers Sost, Omad, Ognand Ostf1 (Figure 3F) previously identified as being
increased through Stages I-111 by RNA-seq analysis (Figure 1). These data suggest that
KPT-330 has beneficial effects in preventing, attenuating and mitigating calcific nodule
formation, associated with reduced cell viability and expression of pro-osteogenic markers.

To further examine the molecular mechanisms underlying mitigation, or treatment of calcific
nodules following KPT-330 treatment at Stage 111, RNA-seq analysis was performed and
compared to DMSO treated controls. Heat map analysis clustered biological replicates and
showed further variance in the transcriptome of KPT-330 treated cells (Supplementary
Figure 4A). GO pathway analysis of differentially expressed mRNAs associated with
KPT-330 treatment included ‘cell adhesion’, ‘regulation of cell cycle’ and “cell division’
(Supplementary Figures IVC, D). Furthermore, pathways related to ‘in utero embryonic
development” “heart development” and “outflow tract morphogenesis’ were apparent
(Supplementary Figures IVC, D, Table I). To determine the potency of KPT-330 in
preventing the return of calcific nodules, pAVICs were treated with KPT-330 at Stage 111 as
above, but following the mitigation of calcific nodules (following ~72 hours of treatment),
cells were re-plated and further treated with DMSO or KPT-330 for an additional 14 days
(Figure 3G). Interestingly, calcific nodules did not return in cells that were initially treated
with KPT-330 and subsequently DMSO (Figure 3Hii). However, pAVICs that received two
rounds of KPT-330 treatment did not survive this long-term treatment strategy (Figure
3Hiii). These data suggest that short term exposure to KPT-330 prevents the recurrence of
calcific nodule formation.

KPT-330 treatment prevents aortic valve calcification in Klotho™~ mice.

Hyperphosphatemia, as in the setting of chronic kidney disease, is a known risk factor of
cardiovascular calcification affecting both the vasculature and aortic valves.3233 To explore
the therapeutic potential of KPT-330 in hyperphosphatemic-induced calcification, pAVICs
were cultured in ImM (Figure 4Aii, vi), 2.5mM (Figures 4iii, 4vii) and 6mM (Figures 4iv,
viii) concentrations of inorganic phosphate (Pi) (Sodium phosphate dibasic salt) for 4-5
days, with (Figures 4Av-viii) and without (Figures 4Ai-iv) 100nM KPT-330. As shown,
Alizarin Red, indicating calcification is detected under 2.5mM conditions, and increases are
further enhanced at 6mM (Figure 4B). Worthy of mention, Pi treatment alone did not affect
cell viability (Figure 4C), however KPT-330 treatment in the presence of high phosphate,
reduced levels.

To further explore the therapeutic potential of KPT-330 treatment in vivo, we utilized the
Klotho™~ mouse model of aging34 and hyperphosphatemia,3® that have previously been
shown to develop calcification of the vessels and aortic valve annulus similar to humans36
by 6 weeks,34 before dying prematurely at 8 weeks.3” While these mice do not exhibit
significant valve dysfunction prior to premature death limiting recapitulation of human
disease,34 they consistently develop calcific nodules at the base on the aortic valve annulus
making them suitable for prevention studies. Here, K/otho™~ and Klotho™* mice were
treated with vehicle, or 30mg/kg KPT-330 at 4 weeks of age, and then again at 5, and 7
weeks, and tissue was harvested prior to their expected premature lethality by 8 weeks
(Figure 4D). Alizarin Red staining of cardiac tissue at 7 weeks of age did not detect
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calcification in DMSO or KPT-330-treated K/otho** littermates (data not shown). As
expected, the aortic valve annulus (arrows, Figures 4Ei, Eii) and aorta (arrowhead, Figures
4Ei, Eii) were calcified in K/otho™~ mice treated with DMSO. However, annular
calcification was not detected in any K/otho™~ mice administered with KPT-330 (Figures
4Fi, Fii, 4G), while vascular calcification persisted. In our hands, KPT-330 treated K/otho™~
mice did not exhibit any overt phenotypes beyond those expected by the underlying
genotype. This includes no change in body weight with KPT-330 treatment, and cardiac
function was not affected by the K/otho™~ genotype,34 or drug treatment. These
observations suggest that KPT-330 can prevent phosphate-mediated valve calcification in
vitro and in K/otho™~ mice.

KPT-330 prevents the nuclear export of C/EBP in valve interstitial cells under calcific

stimulus.

KPT-330 is a selective XPO1 inhibitor drug, however XPO1-dependent target proteins in the
setting of preventing calcification in VICs are not known. To identify proteins affected by
KPT-330 treatment, Mass Spectrometry was performed on nuclear and whole cell lysates
isolated from pAVICs plated on glass at Stages I, Il and 111, and pAVICs treated with
KPT-330 at Stage | (prevention) and Stage |11 (treatment). Principal component
(Supplementary Figure 1A) and clustering (Supplementary Figure IB) analyses highlight
homogeneity of biological replicates within experimental groups, and heterogeneity between
these groups. Potential target proteins of KPT-330 in nuclear lysates were considered if they
were shown to 1) leave the nuclei of pAVICs during calcific nodule formation (Stages | vs.
[11), and 2) be retained in the nuclei of pAVICs by KPT-330, and 3) harbor an XPO1-
dependent nuclear export signal recognition site. The transcription factor C/EBP fit these
criteria (Figures 5A-C).

Independent studies validating Mass Spectrometry findings show decreased C/EBPp in the
nuclei of pAVICs cultured on glass (Figures 5D, E), and in OM (with no glass) (Figures 5F,
G). In addition, KPT-330 treatment at Stage | prevented nuclear export of C/EBPg (retained
higher levels in the nucleus) under these conditions, in addition to high phosphate treatments
(Figures 5H-I). The addition of the proteasome inhibitor, MG132 under OM culture
conditions supports the notion that reductions in nuclear C/EBP during later stages of
calcific nodule formation is not due to proteosomal degradation in the nucleus or cytoplasm,
as MG132 did not lead to a further increase in protein levels (Figures 5J, K).

C/EBPg overexpression in valve interstitial cells is sufficient to prevent calcification.

To determine if C/EBP is sufficient to prevent calcification similar to KPT-330 treatment,
pAVICs were cultured in OM and transfected with plasmid DNA to overexpress full-length
C/EBPp (pC/EBPB). As expected, pC/EBP led to increased C/EBPP (Figures 6A, B)
predominantly in the nuclear compartment (Figures 6C, D). Similar to KPT-330, pC/EBP-
transfection led to significantly less Alizarin Red staining after 5 days (Figures 6E, F).
Alternative to pC/EBPB, C/EBPP was also overexpressed using recombinant protein (rC/
EBPB) in the presence of OM (Figures 6G, H), which had similar beneficial effects on
calcification (Figures 61, J). Together, these data suggest that KPT-330’s beneficial
mechanism of action is in part via preventing nuclear export of C/EBPf in VICs.
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KPT-330 and C/EBPg repress activated canonical Wnt signaling in pAVICs and Klotho™~

mice.

Previous studies have shown that C/EBP is a negative regulator of Wnt signaling,38-40 and
activated Wnt signaling has previously been shown to be present in excised calcified aortic
valves.#1-46 Here, RNA-seq analysis identified a significant increase in mRNAs associated
with positively regulating Wnt signaling between Stages I-111, while treatment with KPT-330
decreased their expression (Lrp5, Wnt10B, Lefl, Wisp1, Wisp2). Conversely KPT-330
increased levels of Wnt inhibitors (Wi, AxinZ) (Figure 7A). In support of KPT-330
inhibiting Wnt signaling in VICs, nuclear p-catenin expression is reduced in pAVICs plated
on glass and treated with KPT-330 at Stage | (Figures 7B—C). Similar observations are also
made using an antibody to detect the active form (dephosphorylated at Ser37 or Thr41) of -
catenin in pAVICs cultured in OM (Figures 7D, E). LiCl is a Wnt agonist, and activity of the
signaling pathway can be measured in pAVICs treated with 10mM LiCl using the TOP-
FLASH plasmid containing three copies of TCF binding sites. Here we show that KPT-330
treatment reduces LiCl-induced TOP-Flash activity in the presence of OM (Figure 7F), and
this is abolished when TCF sites are mutated (FOP-FLASH). Wnt activity, as indicated by -
catenin expression is also reduced in the annular valve region of K/otho™~ mice treated with
KPT-330 compared to vehicle-treated controls (Figures 7G, H), and 2.5mM Pi-treated
pAVICs (Figures 71, J). These data strongly suggest that KPT-330 treatment suppresses
canonical Wnt signaling in VICs, potentially by inhibiting the nuclear export of C/EBPp.

To further explore the molecular relationship between C/EBPB and Wnt suppression,
pAVICs were cultured in OM and treated with rC/EBP. As indicated, this approach also
reduced active p-catenin expression (Figures 8A, B). Axinl and Wifl are Wnt antagonists,
and by RNA-seq analysis were shown to increase in response to KPT-330 treatment (Figure
7A). Axinl harbors C/EBP binding sites (CCAAT), and has been shown to be
transcriptionally regulated by C/EBPB in 3T3 cells.38 To examine if C/EBPP regulates
Axinl in pAVICs, cells were cultured in OM and treated with pC/EBP. Similar to other cell
types, C/EBP was sufficient to increase Axinl expression in pAVICs under osteogenic
stimulus (Figures 8C, D). However, using this approach, consistent increases in Wifl were
not observed (data not shown) and therefore this candidate was eliminated from our studies.
Next, we sought to explore if Axin1 transcription is regulated by C/EBPB in pAVICs. For
this, luciferase assay was performed using firefly luciferase-tagged Axinl containing a
known C/EBPp binding site (CCAAT), in the presence of pC/EBPf or empty vector, in
addition to either DMSO, or KPT-330. As shown in Figure 8E, pC/EBP is sufficient to
increase the transcriptional activity of Axinl. Furthermore, KPT-330 treatment alone
(without pC/EBP) significantly increases Axini over DMSO controls, suggesting that
KPT-330 promotes endogenous C/EBPB-mediated AxinI activation. While KPT-330 in the
presence of pC/EBP was not able to further increase Axinl, increasing trends were
observed, however saturation of AxinI activity by pC/EBPB may be a limiting factor. To
further examine the beneficial effects of inhibiting Wnt signaling in preventing calcification,
canonical signaling was directly targeted by treating pAVICs in OM with the antagonist
XAV939 (XAV, 10uM). As shown, this approach prevented calcific nodule formation
(Figures 8F, G) and reduced cell proliferation (Figure 8H, 1), as indicated by phospho-
histone H3 expression. Interestingly, direct activation of Wnt signaling using 10mM LiCl or
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50ng/mL Wnt3a for up to 12 days (without additional osteogenic stimuli) was not sufficient
to cause calcific nodule formation (data not shown), suggesting that inhibiting Wnt signaling
prevents calcification, but activating the pathway is not sufficient to cause the process.
Overall, the above data shows that KPT-330-mediated retention of C/EBP in the nuclei of
VICs prevents calcification in part, by repressing Wnt signaling (via Ax/n1 activation) to
reduce pro-osteogenic signaling and cell proliferation.

DISCUSSION

KPT-330 is currently in clinical trials as a promising anti-cancer drug causing cell cycle
arrest resulting in apoptosis and cell death by retaining tumor suppressor and growth
regulator proteins in the nucleus.*”- 48 In this study, we, for the first time demonstrate the
therapeutic value of administrating KPT-330 to treat CAVD, and use high throughput
approaches to define its beneficial mechanism of action in VICs.

Molecular observations emanating from this study are consistent with previous studies?!
showing that VIC-mediated calcification shares similarities with osteogenic-related
processes (Figure 1, Supplementary Figures I, 11). However, this study additionally identifies
temporal mMRNAs profiles that could serve as molecular biomarkers of early (Stage 1), mid
(Stage 1) and late (Stage I11) stages of calcification progression. This includes Omdand
Ogn as indicators of calcific nodule formation progression, and Ostf11 as a marker of pre-
calcific (Stage I1) but not mature (Stage I11) nodules in our system. However, parallel studies
of human pathogenesis are needed to fully determine if these stages align with mild,
moderate and severe calcific aortic valve disease in vivo.

Our data also shows that KPT-330 treatment of pAVICs under osteogenic stimulus is
sufficient to prevent (Figures 2B, 4A, Supplementary Figure 111), attenuate (Figure 3B) and
mitigate (Figure 3D) calcific nodules in vitro. Interestingly, phenotypic changes in VIC fate
towards the osteogenic lineage is thought to underline the pathological development of
CAVD, and we demonstrate that these beneficial effects of KPT-330 are associated with
attenuation of these markers (Figure 2). However, while these data suggest that KPT-330
prevents VIC differentiation towards the osteogenic lineage, the mRNA profile of pAVICs
treated with KPT-330 at Stage 111 (nodule mitigation, Figures 3D, G, H) does not mimic that
of Stages I or 11, at least short-term (72 hours post treatment). Therefore suggesting that
KPT-330 is a promising drug for resolving existing nodules, although treatment is not
reversing cell fate but rather promoting mRNA profiles associated with ‘heart development’
and ‘outflow tract morphogenesis’ and expression of mesoderm markers including GATA4,
GATAS, GATA6, MEF2C and HE'YZ2. However further work is required to determine the
phenotypic effects of KPT-330 treatment on pAVIC phenotypes long-term.

Our analysis indicates that prior to calcific nodule formation, pAVICs undergo proliferation
in vitro (Figure 1, Supplementary Figure 1), similar to previous in vivo findings.4%-1 It is
not clear if an increase in cell number is required for calcification, but preventing
proliferation by KPT-330 (Figure 2) in this study, or HMG-CoA reductase inhibitors
(statins) shown by others,4? does prevent the process. Furthermore, it is considered that
increased proliferation supports the need for cell-cell contact in the formation of calcific

Circ Res. Author manuscript; available in PMC 2022 April 30.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Dutta et al.

Page 10

nodules as suggested by published work showing sufficiency of Cadherin-11; a known
regulator of cell-cell and cell-matrix interactions, to promote calcification in mice.52 This
study identifies several KPT-330 responsive cell cycle (and osteogenic) proteins in pAVICs,
but it is not yet known if these are XPO1-dependent, or effectors of C/EBP nuclear
retention and subsequent Whnt inhibition.53-56

KPT-330’s ability to prevent calcification is largely mediated by Xpo1 as direct silencing has
similar beneficial effects (Figure 2), and Mass Spectrometry analysis suggests that C/EBPB
is a likely downstream target, consistent to a report in kidney cell lines.>” In Figure 5, we
show that C/EBP abundance is reduced in the nuclei of pAVICs under osteogenic stimulus,
which is likely independent of proteosomal degradation. Interestingly it is noted that while
nuclear C/EBP is reduced, cytoplasmic localization is not significantly increased, and the
reasons for this are unclear but may be related to the poor stability of the protein outside of
the nucleus. In contrast, increased nuclear abundance, or export inhibition by KPT-330
prevents, attenuates and treats calcific nodule formation. However worthy of mention, &/
EBPBmMRNA is increased x2.3-fold in KPT-330-treated nodules versus DMSO-treatments
(data not shown but included in RNA-seq analysis), and therefore it cannot be ruled out that
C/EBPg protein abundance may in part by a result of increased transcript levels.

C/EBP overexpression had similar beneficial effects to KPT-330, and its high nuclear
expression in Stage | VICs suggests an anti-osteogenic role to maintain homeostasis of
healthy valves. This is in contrast to studies showing that inflammatory signaling promotes
bone regeneration during fracture repair via C/EBP, suggesting a more pro-osteogenic role.
58 It is recognized that C/EBP is likely not the only target of KPT-330 in this system and
the utilization of KPT compounds has received mixed results largely related to off-target
effects in non-pathological cell types that express XPO1-dependent proteins. However, our
high throughout analysis has provided mechanistic insights for the development of more
specific molecular mechanism to promote C/EBP nuclear retention to treat CAVD by
inhibiting the previously predicted putative NES sequence,® or preventing phosphorylation
at Serine 240.50

In VICs treated with KPT-330 or C/EBP overexpression, the resulting increase in nuclear
C/EBP leads to decreased canonical Wnt activity (Figure 7) associated with a notable
increase in expression and transactivation of the Wnt antagonist, Ax/nZ, and attenuated
calcification. This is particularly relevant as increased canonical Wnt signaling has been
reported in calcified valves from human patients, mouse models and cultured VICs.41-46 |n
our hands and other studies, direct activation of Wnt by LiCl or Wnt3a treatment is not
sufficient to promote calcification of VICs (data not shown),®2 but inhibition is necessary to
reduce calcific nodule formation and cell proliferation of pAVICs under calcific stimulus
(Figure 7). In contrast to VICs, activated Wnt can induce calcification of vascular smooth
muscle cells (VSMCs),%5: 56 suggesting potentially divergent mechanisms of calcification
between these two cell types.62 This is further supported by the inability of KPT-330 to
attenuate vascular calcification in K/otho™~ mice, despite 100% prevention in aortic valves.
This discrepancy may also be dependent on the differential pool of XPO1-dependent cargo
proteins located in the nuclei of VICs versus VSMCs at the time of treatment and
differences in mechanisms involved in vascular v/s valve calcification.53
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From the data generated in this study, we postulate that C/EBP nuclear retention mediated
by KPT-330 treatment benefits calcification by suppressing canonical Wnt signaling. More
specifically, we show that KPT-330 treatment and C/EBPf overexpression increases
expression, and in part, transactivation of the Wnt antagonist AxinZ (Figure 8), consistent
with previous studies showing the same molecular interaction in other cell types.38-40
However, it is also considered that similar to hepatic cells, C/EBPP may also mediate
increases in Axinl by enhancing its molecular interaction with p-catenin to promote its
degradation.38 While we propose here that KPT-330 exerts its beneficial effects on
calcification by suppressing Wnt signaling by increasing Axinz, it is also known in other
systems that Axinl interacts with glycogen synthase kinase 3 (Gsk3) and casein kinase-1
(CK-1) at the plasma membrane to conversely promote B-catenin stabilization and propagate
Wnt signaling.54 However, our studies indicating decreased active -catenin signaling in the
presence of KPT-330 or C/EBP overexpression favor Axinl as a negative regulator of Wnt
signaling in preventing calcification mediated by VICs.

To our knowledge, this is the first study to report inhibition of aortic valve calcification
using a pharmacological nuclear export inhibitor, and define the molecular mechanisms
underlying this beneficial effect, however we recognize limitations to the study and the
translational perspective. Experimentally, our study utilized pAVICs from otherwise healthy
pigs in our study and initiated the calcification response by exposing to a variety of stimuli
(glass, osteogenic media, phosphate); however this process of calcification may not
represent the pathobiology of acquired CAVD seen in humans, which furthermore may be
different again from calcification in the setting of a primary congenital malformation (BAV).
In addition, KPT-330 (Karyopharm) is currently seeking FDA approval as a
chemotherapeutic compound (Selinexor) to treat relapsed refractory multiple myeloma
(RRMM). Given the widespread distribution of XPO1-dependent proteins throughout most
tissues, it is interesting that reported side effects to date, are limited to the gastrointestinal
(nausea) and hematological (thrombocytopenia) systems of these immunocompromised
patients and most are reversible and without evidence of major organ toxicities not
cumulative toxicity.55 While these observations have been made in RRMM patients, the
pathogenesis of CAVD is different, and any new medical therapy would need to be chronic
with a low risk to benefit ratio. As the effects of chronic administration of KPT-330 have not
yet been tested in cardiovascular disease, the integrated safety profile in this patient
population is uncertain, and it is likely that the effects of KPT-330 are disease- and even cell-
dependent. Future studies specifically targeting C/EBP nuclear export may circumvent
potential off-target effects of using a global XPO1 inhibitor.

We show here that in VICs under osteogenic stimulus, KPT-330 inhibits the nuclear export
of several XPO1-dependent (and -independent) proteins including the transcription factor C/
EBPB which we demonstrate is important for this process. This study further contributes to
emerging discoveries highlighting the pre-clinical application of KPT-based compounds in
the treatment of several pathological disorders by targeting biological processes including
cell proliferation, inflammation and fibrosis.56-68 Findings from this current study pave the
foundation for future mechanistic-based therapeutic interventions in the treatment of CAVD.
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Nonstandard Abbreviations and Acronyms:

ALP Alkaline Phosphatase

CAVD Calcific aortic valve disease

Ogn Osteoglycin

Omd Osteomodulin

Osftl Osteogenic stimulating factor-1

PAVICs Porcine aortic valve interstitial cells

Sost Sclerostin

SINE Selective inhibitors of nuclear transport

TAVR Transcatheter aortic valve replacement

VICs Valve interstitial cells
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NOVELTY AND SIGNIFICANCE
What Is Known?

. Calcific Aortic Valve Disease affects more than 5.2 million Americans and
has limited treatment options.

. Calcific Aortic Valve Disease shares molecular phenotypes with endochondral
and heterotopic ossification.

. Previous studies have shown that nuclear export inhibition by Leptomycin B
treatment prevents calcific nodule formation in heart valve interstitial cells in
vitro.

What New Information Does This Article Contribute?

. KPT-330, a pharmacological XPOL1 inhibitor, prevents, attenuates and
mitigates calcific nodule formation in vitro, in the absence of cell toxicity, by
reducing cell proliferation and attenuating osteogenic gene expression.

. KPT-330 prevents aortic valve annular calcification in K/otho™~ mice.

. Under calcific stimulus, KPT-330 prevents the nuclear export of C/EBPR
which in turn reduces Whnt activity by activating the antagonist, Axin1.

. Direct overexpression of C/EBP has similar beneficial effects in preventing
calcific nodule formation in culture valve interstitial cells

Calcific Aortic Valve Disease (CAVD) is highly prevalent affecting up to 27% of the
population, particularly those over the age of 65, and young adults born with congenital
valve malformations. At present, there are no pharmacological treatments for CAVD, and
therefore transcatheter aortic valve replacement (TAVR) therapy and surgical intervention
remain the most effective options, but these have limitations, and therefore there is a need
to discover alternatives. Here we re-purpose the selective XPOL1 inhibitor drug, KPT-330
and show that it has beneficial effects in preventing and treating CAVD in vitro and in
vivo using an established mouse model. We further illustrate that the beneficial effects of
KPT-330 is due to nuclear export inhibition of the transcription factor C/EBP, which
consequently leads to activation of the Wnt antagonist Axin1, to repress signaling, and
shut down pro-osteogenic signaling associated with calcification. Our novel findings have
met a critical need to discover alterative, pharmacological-based therapies in the
treatment of CAVD.

Circ Res. Author manuscript; available in PMC 2022 April 30.




1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Dutta et al.

Page 18
Stage Il Stage Il B 50000~
AT =
= € 40000 .
= [
€ ~
£ | &2 30000 *
£ <&
m
_ 2 220000
= =2 Cc
iv . 88
L an
-
©
[+]
g
<

O  Alizarin Red

D
20000
£ o
= 150004
0
]
25 *
a. "3 100004
&l ..“—_’ ole
s
© 5000 =
g =
<
0- it
SN v
4 4
(539 g@‘? 6}49
E 180 * F _Stage | Stagell Stagelll
5 .
o
o 160
S g
E 2 140
=3
£% 120
[
228
S8 100
£
[Z)
2 80
Stage | Stage Ill

I

Stage Il

Sost 4 Osteomodulin

*

S o
I 1]

Osteomodulin
I
q

ta‘e |

Figure 1. In vitro model of VIC calcific nodule formation.
(A) pAVICs were plated on glass to stimulate the formation of calcific nodules. Brightfield

(7-iii) and Alizarin Red stained images (/v-vi) of pAVICs at Stage | (~5 days), Stage Il (~8-9
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calcific nodules (Stage I11) (n=3). (B) Graph showing quantification of the area positive for
Alizarin Red staining/microscopic field. The Y axis indicates calibrated arbitrary units of
area based on selected montages in Image J. Quantification was performed using 3
biological replicates, with 3 different field of views from each replicate. P-value by one-way
ANOVA = 6.3E-08. Adjusted p-values using post-hoc pairwise analysis: *Stage | vs Stage Il
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area of positive Alkaline Phosphatase (ALP) reactivity/field at Stages I-111 (n=3). P-value by
one-way ANOVA = 0.0003. Adjusted p-values using post-hoc pairwise analysis: *Stage | vs
Stage 11 0.004, *Stage | vs Stage 111 0.0003, #Stage 11 vs Stage 111 0.02. (D)
Immunofluorescence images to detect Runx2 (green), Osteopontin (red), and Cadherin-11
(red) protein expression at Stages | and I11. DAPI highlight nuclei in blue (n=3). (£) Percent
change in MTT assay (absorbance) of pAVICs harvested at Stages | and 111 (n=3). *P-value
using corrected Mann-Whitney: 0.03. (F) Heat map and (G) Venn diagram of RNA-Seq
analysis (n=3). (H) Immunofluorescence images to detect Osteomodulin (red) and Sclerostin
(green) protein expression in pAVICs fixed at Stages I, Il and 111 (n=3). (/) qPCR analysis of
osteogenic markers: Sclerostin (Sost), Osteomodulin, Osteoglycin, and Osteoclast
Stimulating Factor 1 (Ostf1) (n=3). P-values for datasets by one-way ANOVA: Sc/lerostin
n/s, Osteomodulin0.008, Osteoglycin0.004, Ostf10.027. Adjusted p-values using post-hoc
pairwise analysis: Sclerostin: Stage | vs Stage 11 0.6, Stage | vs Stage 111 0.2, #Stage 11 vs
Stage 111 0.03. Osteomodulin. *Stage | vs Stage 11 0.0006, *Stage | vs Stage 111 0.01, Stage
Il vs Stage 111 0.09. Osteoglycin: *Stage | vs Stage 11 9.4E-05, *Stage | vs Stage 111 0.001,
Stage Il vs Stage 111 0.2,. OstfI: *Stage | vs Stage 11 0.004, Stage | vs Stage 111 0.5, Stage Il
vs Stage 111 0.09.
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Figure 2. KPT-330 prevents calcific nodule formation and reduces proliferation.

(A) Experimental timeline. (B) Brightfield (/) and Alizarin Red (/if,/v) images from
pAVICs cultured on glass and treated with DMSO or 100nM KPT-330 at Stage I. Arrows,
Alizarin Red positive nodules (n=3). (C) Quantification of positive Alizarin Red stained
area/field in pAVICs treated with 100nM KPT-330 at Stage | (n=3). *P-value using corrected
Mann-Whitney: 0.03. The Y axis indicates calibrated arbitrary units of area based on
selected montages in Image J. (D) Area of positive ALP reactivity in pAVICs cultured in
complete media (CM), osteogenic media (OM), or treated with KPT-330 in the presence of
OM (n=3). The Y axis indicates calibrated arbitrary units of area based on selected montages
in Image J. P-values using corrected Mann-Whitney: *CM vs OM 0.03, “OM vs OM+KPT
0.03, CM vs OM+KPT 0.3. (£) Immunofluorescence of pAVICs to detect Sclerostin (green)
or Osteomodulin (red) protein expression (arrows showing calcified nodules) after DMSO
treatment (n=3). (F) Western Blot analysis and densitometric quantitation (G) to confirm
Xpol knockdown by Xsi compared to Csi (n=3). P-values using corrected Mann-Whitney:
*CM+Csi vs OM+Csi 0.03, *CM+Csi vs CM+Xsi 0.03, “OM+Csi vs OM+Xsi 0.03. (H)
Alizarin Red staining of pAVICs cultured in CM or OM, and transfected with control (Csi)
or siRNA against XpoZ (Xsi) (n=3). (/) Quantification of Alizarin Red stained area/field
from H (n=3). The Y axis indicates calibrated arbitrary units of area based on selected
montages in Image J. P-values using corrected Mann-Whitney: *CM+Csi vs OM+Csi 0.03,
*CM+Xsi vs OM+Xsi 0.03, *CM+Csi vs CM+Xsi 0.03, *OM+Csi vs OM+Xsi 0.03. (J)
Percent change in Caspase-glo 3/7 luminosity (cell death) in pAVICs treated with DMSO or
100nM KPT-330 plated on glass (n=3). P-value using corrected Mann-Whitney 0.1. (K)
Percent change in MTT assay performed in pAVICs treated with DMSO or 100nM KPT-330
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plated on glass (n=3). *P-value using corrected Mann-Whitney 0.03. (L)
Immunofluorescence of pHH3 expression in pAVICs cultured in OM and treated with
DMSO or 100nM KPT-330 (n=3). (M) Quantification of data presented in U, V. *P-value
using corrected Mann-Whitney: 0.03.
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Figure 3. KPT-330 attenuates and mitigates nodule formation in vitro.
(A) Schematic of the experimental timeline to show pAVICs plated on glass and treated with

KPT-330 at Stage Il. (B) Brightfield (/,7/) and Alizarin Red (/ii,/v) images from DMSO or
100nM KPT-330 treated cells at Stage 11, plated on glass. Arrows indicate calcific nodules
(n=3). (O) Schematic of the experimental timeline utilized in Dto show pAVICs plated on
glass and treated with KPT-330 at Stage Il1. (D) Brightfield (/,7/) and Alizarin Red (/ii,iv)
images from DMSO or KPT-330 treated cells at Stage 111, plated on glass (n=6). (£)
Quantification of Alizarin red positive area/field in pAVICs before and after KPT-330
treatment (post 72 hours) (n=6). *P-value using corrected Mann-Whitney: 0.0004. (F) qPCR
data to show changes in expression of osteogenic markers (Sost, Osteomodulin, Osteoglycin,
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and OstfI) between Stage 111 and Stage I11+KPT-330 (n=3). *P-value using corrected Mann-
Whitney: Sost0.03, Osteomodulin 0.03, Osteoglycin0.03, Osteoclast Stimulating Factor 1
0.03. (G) Schematic of the experimental timeline and accompanying Alizarin Red staining H
(n=1). (H) Alizarin Red images of pAVICs from KPT-330 added at Stage Il (7)and replated
after 72 hours with DMSO treatment (77) or KPT-330 treatment (7).
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Figure 4. KPT-330 prevents aortic valve calcification in Klotho™~ mice.
(A) Alizarin Red staining of pAVICs treated with no phosphate (Pi) (4 v), ImM Pi (/i,vi)

2.5mM Pi (/ii,vii) and 6mM Pi (/v,viii) in the absence (/-iv) and presence of 100nM KPT-330
(v-viii) for 4-5 days. (B) Quantification of positive Alizarin Red stained area/field in
untreated and treated pAVICs, *indicates comparison to indicated Pi concentration, #
indicates comparison to DMSO-treated at the same Pi concentration (n=3). The Y axis
indicates calibrated arbitrary units of area based on selected montages in Image J. P-values
using corrected Mann-Whitney: *No Pi vs 2.5 mM Pi 0.03, *No Pi vs 6 mM Pi 0.03, *1 mM
Pi vs 2.5 mM Pi 0.03, *2.5 mM Pi vs 6 mM Pi 0.03, #2.5 mM Pi vs 2.5 mM Pi+KPT 0.03,
#6 mM Pi vs 6 mM Pi+KPT 0.03. (C) Percent change in MTT assay of untreated and treated
PAVICs, *indicates comparison to indicated Pi concentration, #indicates comparison to
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DMSO-treated at the same Pi concentration (n=3). *P-values using corrected Mann-
Whitney: No Pi vs No Pi+KPT 0.03, 1 mM Pi vs 1 mM Pi+KPT 0.03, 2.5 mM Pi vs 2.5 mM
Pi+KPT 0.03, 6 mM Pi vs 6 mM Pi+KPT 0.03, No Pi+KPT vs 2.5 mM Pi+KPT 0.03, No Pi
+KPT vs 6 mM Pi+KPT 0.03. (D) Schematic showing experimental treatment design in
Klotho™~ mice. (£) Low and high magnification of Alizarin Red stained tissue sections from
Klotho™~ mice treated with vehicle. Arrows show presence of annular calcification and
arrow heads show vascular calcification. (£) Low and high magnification of Alizarin Red
tissue sections from K/fotho™~ mice treated with 30 mg/kg KPT-330. Arrows show absence
of annular calcification and arrow heads show vascular calcification (n=6). (G)
Quantification of positive Alizarin Red stained area/field within the aortic valve annular
region of vehicle and KPT-330 treated K/otho™~ mice (n=5). *P-value using corrected
Mann-Whitney: 0.002. The Y axis indicates calibrated arbitrary units of area based on
selected montages in Image J.
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Figure 5. KPT-330 prevents the nuclear export of C/EBPp in VICs.
C/EBP protein intensity from Mass Spectrometry at Stages | vs Il (A), Stages 111 vs Stage

I+KPT-330 (prevention) (B) and Stages I11 vs Stage 111+KPT-330 (treatment) (C) n=3. *P-
value using corrected Mann-Whitney: Stage | vs Stage 111 0.03, Stage 111 vs Stage 1 0.03,
Stage 111 vs Stage 111+ KPT 0.03. (D) Western Blot analysis and quantitation (£) of C/EBPB
in cytoplasmic and nuclear lysates from pAVICs cultured on glass and harvested at Stages |
(n=3), Il (n=5), and I11+KPT (n=5). *P-value using corrected Mann-Whitney: 0.08. (F)
Western Blot analysis and quantitation (G) of C/EBP in cytoplasmic and nuclear lysates
from pAVICs cultured in complete media (CM), osteogenic media (OM) or OM + 100nM
KPT-330 (n=5). *P-value using corrected Mann-Whitney: 0.006. (+) Western Blot analysis
and quantitation (/) of C/EBP in nuclear lysates from pAVICs cultured in 2.5mM
Phosphate (Pi) in the absence and presence of 100nM KPT-330 (n=3). *P-value using
corrected Mann-Whitney: 0.03. (J) Western Blot of nuclear/cytoplasmic fractions of pAVICs
in OM, or OM + 100nM KPT-330 with DMSO or MG132 (n=3). (K) Quantification of data
presented in (J). P-value using corrected Mann-Whitney: DMSO vs KPT 0.13, DMSO
+MG132 vs KPT+MG132 0.2, DMSO vs DMSO+MG132 0.03, KPT vs KPT+MG132 0.3.
Molecular weights (MW) are indicated in kDa.
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Figure 6. C/EBPP overexpression prevents calcification of VICs.

(A) Western Blot analysis and densitometric analysis (B) of Western Blot from pAVICs
transfected with pcDNA3-C/EBPP (pC/EBP) or empty pcDNA3 (pEmpty) (n=3). *P-value
using corrected Mann-Whitney: 0.03. (C) Immunofluorescence and quantitation (D) of
nuclear/cytoplasmic localization of C/EBPp in pAVICs following transfection with pC/
EBPp or empty pcDNA3 in complete media (CM), (n=3). *P-value using corrected Mann-
Whitney: empty pcDNA3 vs pC/EBP cytoplasmic 0.03, empty pcDNA3 vs pC/EBPR
nuclear 0.03, empty pcDNA3 vs pC/EBP cytoplasmic+nuclear 0.03. (£) Alizarin Red
stained images and quantification (F) from pAVICs cultured in OM and transfected with
pEmpty or pC/EBPB (n=3). *P-value using corrected Mann-Whitney: 0.03. The Y axis
indicates calibrated arbitrary units of area based on selected montages in Image J. (G)
Western Blot and densitometric analysis (H) of C/EBP levels from pAVICs treated with
recombinant C/EBP protein (rC/EBPp) (n=3). *P-value using corrected Mann-Whitney:
CM vs 50 0.03, CM vs 100 0.03, CM vs 200 0.03. (/) Alizarin Red images and
quantification (J) of positive Alizarin red stained area/field of pAVICs cultured in OM alone,
or OM + rC/EBPp (n=3). *P-value using corrected Mann-Whitney: 0.03. The Y axis
indicates calibrated arbitrary units of area based on selected montages in Image J. Molecular
weights (MW) are indicated in kDa.
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Figure 7. KPT-330 represses canonical Wnt signaling in pAVICs.
(A) RPKM values obtained from RNA-Seq data for Wnt signaling mediator and regulatory

genes, *indicates comparison to previous time point, *indicates comparison to Stage I11
(Whnt activators or downstream effectors — Lrp5, Wnt10b, Lef1, Wispl, WispZ, Wnt
inhibitors- Wif1, AxinI) (n=3). P-values: < 0.01-0.05. (B) Western Blot analysis and
quantitation (C) of B-catenin expression in pAVICs harvested at Stage |, or Stage |11 in the
presence and absence of 100nM KPT-330 (n=3). P-value using corrected Mann-Whitney:
*Stage | vs Stage 111 0.03, #Stage 111 vs Stage I11+KPT 0.03, *Stage | vs Stage Il + KPT
0.03. (D) Western Blot to show active p-catenin expression in whole pAVIC lysates cultured
in complete media (CM), osteogenic media (OM), or OM in the presence of KPT-330. (£)
Quantitation of Western Blot shown in (D) (n=3). *P-value using corrected Mann-Whitney:
0.07. (F) Luminescence as %RLU/mg in pAVICs transfected with TOP/FOP Flash plasmids
and Renilla plasmid treated with DMSO or 100nM KPT-330 in OM. LiCl treatment was
performed for 24 hours to activate Wnt signaling, *indicates comparison to TOP-Flash,
#indicates comparison to DMSO (n=3). *P-value using corrected Mann-Whitney: OM vs
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OM+KPT (TOP-Flash) 0.03, OM (FOP-Flash) vs OM (TOP-Flash) 0.03, OM+KPT (FOP-
Flash) vs OM+KPT (TOP-Flash) 0.03. (G) Immunofluorescent images of aortic valve
annulus (highlighted) stained with B-catenin (red) and DAPI (blue) from K/otho™~ mice
treated with vehicle or KPT-330. (A) Quantitation of p-catenin immunoreactivity (CTCF
unit) in the annulus region of K/otho™~ mice treated with vehicle or KPT-330 (n=3). *P-
value using corrected Mann-Whitney: 0.03. The Y axis indicates calibrated arbitrary units of
area based on selected montages in Image J. (/) Western blot and densitometric analysis (J)
of nuclear p-catenin expression in pAVICS treated with 2.5mM Pi in the absence and
presence of 100nM KPT-330 (n=3). *P-value using corrected Mann-Whitney: 0.03.
Molecular weights (MW) are indicated in kDa.
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Figure 8. C/EBPP overexpression represses canonical Wnt signaling in pAVICs.
(A) Western Blot to show active p-catenin expression in whole pAVIC lysates cultured in

OM, and in the presence of 400ng/ul rC/EBPB (n=2). (B) Quantitation of Western Blot
shown in (A). (C) Western blot and densitometric analysis (D) of Axinl from pAVICs
transfected with pcDNA3-C/EBPP (pC/EBP) or empty pcDNA3 (n=3). *P-value using
corrected Mann-Whitney: 0.03. (£) Luminescence as %RLU/mg in pAVICs transfected with
pC/EBPB or empty pcDNA controls, along with Axinl-Luciferase plasmid, in presence of
DMSO or 100nM KPT-330 (n=3). *P-value using corrected Mann-Whitney: empty
pcDNA3+DMSO vs empty pcDNA3+KPT 0.03, empty pcDNA3+DMSO vs pC/EBPB
+DMSO 0.03, empty pcDNA3+KPT vs pC/EBPB+KPT 0.03, pcDNA3+DMSO vs pC/EBPR
+KPT 0.2. (F) Alizarin Red images and quantification (G) of positive Alizarin Red stained
area/field in pAVICs cultured in OM or OM with XAV-939 (XAV) (n=3). *P-value using
corrected Mann-Whitney: 0.03. (H) Immunofluorescence staining images and quantitation
(1) of pHH3 positive pAVICs cultured in OM or OM with XAV-939 (n=3). *P-value using
corrected Mann-Whitney: 0.03.
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