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Recent genome-wide association and transcriptome-wide
association studies have identified an association between the
PALMD locus, encoding palmdelphin, a protein involved in
myoblast differentiation, and calcific aortic valve disease
(CAVD). Nevertheless, the function and underlying mecha-
nisms of PALMD in CAVD remain unclear. We herein inves-
tigated whether and how PALMD affects the pathogenesis of
CAVD using clinical samples from CAVD patients and a hu-
man valve interstitial cell (hVIC) in vitro calcification model.
We showed that PALMD was upregulated in calcified regions
of human aortic valves and calcified hVICs. Furthermore,
silencing of PALMD reduced hVIC in vitro calcification, oste-
ogenic differentiation, and apoptosis, whereas overexpression
of PALMD had the opposite effect. RNA-Seq of PALMD-
depleted hVICs revealed that silencing of PALMD reduced
glycolysis and nuclear factor-κB (NF-κB)–mediated inflamma-
tion in hVICs and attenuated tumor necrosis factor α–induced
monocyte adhesion to hVICs. Having established the role of
PALMD in hVIC glycolysis, we examined whether glycolysis
itself could regulate hVIC osteogenic differentiation and
inflammation. Intriguingly, the inhibition of PFKFB3-mediated
glycolysis significantly attenuated osteogenic differentiation
and inflammation of hVICs. However, silencing of PFKFB3
inhibited PALMD-induced hVIC inflammation, but not oste-
ogenic differentiation. Finally, we showed that the over-
expression of PALMD enhanced hVIC osteogenic
differentiation and inflammation, as opposed to glycolysis,
through the activation of NF-κB. The present study demon-
strates that the genome-wide association– and transcriptome-
wide association–identified CAVD risk gene PALMD may
promote CAVD development through regulation of glycolysis
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and NF-κB–mediated inflammation. We propose that targeting
PALMD-mediated glycolysis may represent a novel therapeutic
strategy for treating CAVD.

Calcific aortic valve disease (CAVD) is the most common
valvular heart disease, which is characterized by progressive
fibrocalcific valve thickening and ventricular function impair-
ment, followed by aortic stenosis and subsequent heart failure
(1). There are currently no effective medications to slow or
stop the progression of CAVD. Surgical or transcatheter aortic
valve replacement is the most common and widely used
approach for CAVD. However, aortic valve replacement is
risky for elderly adults, which may be associated with signifi-
cant mortality and morbidity due to serious surgical compli-
cations including blood clots, infections, and heart attack (2).
A comprehensive understanding of the pathogenic mecha-
nisms underlying CAVD is crucial for developing novel ther-
apeutic strategies for this disease.

The aortic valve is composed of three valve leaflets, which
can fully open during systole and close during diastole to
maintain unidirectional blood flow. In CAVD, the aortic valve
cannot open to their full extent due to thickened and calcified
valve leaflets. The valve leaflet consists of three distinct
extracellular matrix layers including the fibrosa, spongiosa,
and ventricularis (3). Valve interstitial cells (VICs) are
distributed throughout all of these layers, while the surfaces of
valve leaflets are lined by a monolayer of valve endothelial cells
(VECs). The communication between VICs and VECs regu-
lates the function of each cell type and is critical to maintain
valve homeostasis (4).

CAVD has long been considered as a passive degenerative
process associated with aging. However, accumulating
evidence supports that it is an actively regulated process that
shares many similarities with physiological bone mineraliza-
tion (5). VICs are predominant cellular components in the
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A regulatory role of PALMD in aortic valve calcification
aortic valve leaflet that have a crucial role in the regulation of
healthy valve tissue homeostasis. Under physiological condi-
tions, VICs exhibit a fibroblastic phenotype and can be tran-
siently activated to myofibroblast phenotype to remodel the
microenvironment, thereby maintaining the valve’s structure
(6). During CAVD progression, most VICs are persistently
activated to myofibroblasts, leading to aortic valve fibrosis and
valvular thickening (6). VICs can also differentiate into
osteoblast-like cells, contributing to the mineralization process
associated with CAVD (7). Osteoblastic differentiation of VICs
mirrors physiological osteogenesis and is mainly orchestrated
by runt-related transcription factor 2 (RUNX2) and bone
morphogenetic protein 2 (BMP2) (7, 8). Many other factors
have also been shown to promote osteogenic differentiation of
VICs including Wnt signaling, msh homebox 2 (MSX2), and
the proinflammatory cytokine tumor necrosis factor-α (TNFα)
and interleukin-6 (IL6) (7, 9). VECs have also been reported to
play an important role in CAVD. VEC-derived nitric oxide
regulates Notch signaling in VICs to inhibit calcification (10).
Further studies have demonstrated that nitric oxide activates
Notch signaling in VICs through regulation of S-nitrosylation
of ubiquitin specific peptidase 9, X-linked (11). Valvular
osteoblast-like cells have been suggested as promising targets
for the development of a novel pharmacological intervention
for CAVD. Nevertheless, the molecular mechanisms and cues
that drive osteoblastic differentiation of VICs in CAVD are not
fully understood.

Familial aggregation and genetic epidemiology studies have
demonstrated a strong genetic component being involved in
CAVD (12, 13). Over the past years, genome-wide association
(GWAS) studies have achieved significant progress in identi-
fying common genetic variations that contribute to increased
risk of CAVD. Many of these GWAS genetic variations involve
genes with known or expected roles in the pathogenesis of
CAVD, such as RUNX2 (14), lipoprotein(a) (15), and alkaline
phosphatase (ALPL) (16). In addition, novel genetic variations
near genes without a known functional role in CAVD have also
been reported. For instance, recent GWAS and transcriptome-
wide association (TWAS) studies have simultaneously re-
ported the association of genetic variations at the PALMD
locus with CAVD (17, 18), indicating a potential role of
PALMD in CAVD.

PALMD is a predominant cytosolic isoform of the Paral-
emmin families, lipid-anchored proteins implicated in cell
shape control and cell membrane dynamics (19). PALMD is
ubiquitously expressed in several organs, including testis,
heart, and skeletal muscle (20). Previous studies have reported
that PALMD promotes myoblast differentiation and muscle
regeneration (21) and regulates cell death in response to DNA
damage (22). Although these studies increase our current
knowledge of the molecular functions of PALMD, our un-
derstanding of how PALMD regulates the initiation and pro-
gression of CAVD remains largely unknown. Functional and
mechanistic analysis of the role of PALMD in CAVD may shed
new light on the molecular mechanisms underlying CAVD and
provide a novel therapeutic target for pharmacological treat-
ment of CAVD.
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In this study, we performed detailed analyses of clinical
samples from patients with CAVD, as well as hVIC calcifica-
tion studies, to investigate the functional role of PALMD in
CAVD and explore the underlying mechanisms through which
PALMD may regulate CAVD.

Results

PALMD expression is upregulated in calcified hVICs and
calcified regions of human aortic valves

To characterize the role of PALMD in CAVD, we initially
evaluated PALMD expression in calcified aortic valves from
CAVD patients. Calcification of the aortic valve was confirmed
by H&E staining and alizarin red staining (Fig. 1, A and B). Our
immunohistochemistry results showed increased PALMD
expression in calcified regions compared to adjacent non-
calcified regions of the tissue (Fig. 1C). No positive staining
was seen in control sections incubated with IgG (Fig. S1). A
double immunofluorescence staining showed that PALMD
was colocalized with the VIC maker Vimentin in the aortic
valve tissue (Fig. S2). In addition, we compared PALMD
expression in noncalcified and calcified tissue derived from the
same aortic valve. The noncalcified and calcified tissue was
confirmed by alizarin red staining (Fig. 1D). RT-qPCR results
showed that mRNA expression of the osteogenic gene MSX2
and ALPL was significantly increased in calcified tissue (Fig. 1,
E and F). Intriguingly, PALMD mRNA expression was signif-
icantly higher in calcified regions than noncalcified regions of
the aortic valves (Fig. 1G).

Isolated human valve interstitial cells (hVICs) were posi-
tively stained with SM22-α and Vimentin (Fig. S3A). hVICs
cultured under calcifying conditions showed significantly
increased calcium deposition, as revealed by alizarin red
staining (Fig. S3B). This was accompanied by a significant
increase in expression of the osteogenic gene MSX2, RUNX2,
BMP2, and ALPL (Fig. S3, C–F), confirming previous reports
from our laboratory and others (23, 24). Notably, a significant
increase in PALMD mRNA and protein expression was
observed during hVIC calcification (Fig. 1, H–J). Immunoflu-
orescence staining also confirmed upregulated PALMD
protein expression in calcified hVICs during the calcification
process (Fig. 1K). These data demonstrate an increased
expression of PALMD in calcified hVICs and calcified regions
of human aortic valves, thus indicating a potential role of
PALMD in CAVD.

Silencing of PALMD attenuates hVIC calcification and
osteogenic differentiation

To determine the functional role of PALMD in CAVD, gain-
and loss-of-function studies were undertaken using a hVIC
calcification model. siRNA-mediated knockdown and
adenovirus-mediated overexpression of PALMD were used.
The knockdown and overexpression efficiency of PALMD in
hVICs were confirmed by RT-qPCR and Western blotting
(Fig. S4, A–D). Alizarin red staining and calcium quantitative
assay showed that silencing of PALMD expression significantly
reduced calcium deposition in hVICs cultured under calcifying



Figure 1. PALMD expression is upregulated in calcified regions of aortic valves from CAVD patients and calcified hVICs. A, H&E staining and
B, alizarin red staining for calcified human aortic valves from CAVD patients. C, immunohistochemistry for PALMD expression in calcified human aortic
valves from CAVD patients, and the scale bar (left panel) represents 200 μm; enlarged immunohistochemistry images of PALMD expression in calcified
regions (right upper panel) and noncalcified regions (right lower panel), and the scale bar (right panel) represents 80 μm. D, aortic valves from CAVD patients
were dissected into noncalcified and calcified tissue (left panel), and alizarin red staining for noncalcified and calcified regions (right panel). E–G, RT-qPCR
showing MSX2, ALPL, and PALMD mRNA expression between noncalcified and calcified aortic valve tissue, n = 8. Wilcoxon matched-pairs signed rank test.
H, RT-qPCR showing PALMD mRNA expression during hVIC in vitro calcification, n = 6. I, representative Western blotting images for PALMD and β-actin
protein expression during hVIC in vitro calcification, n = 5. J, semi-quantification of PALMD expression using image J software, n = 5. K, PALMD immu-
nofluorescence staining during hVIC in vitro calcification. IgG only served as negative controls (NC), and the scale bar represents 50 μm. Data are presented
as mean ± SEM, and statistical significance was analyzed by a two-tailed unpaired Student’s t test. CAVD, calcific aortic valve disease; hVICs, human valve
interstitial cells.

A regulatory role of PALMD in aortic valve calcification
conditions at day 7 (Fig. 2, A and B). In line with these results,
knockdown of PALMD expression significantly attenuated
mRNA expression of the osteogenic gene MSX2, RUNX2, and
BMP2 in hVICs cultured with calcifying conditions at day 2
(Fig. 2, C–E), while no significant difference in ALPL mRNA
expression was seen in hVICs with a depleted expression of
PALMD (Fig. 2F). Western blotting results confirmed that
silencing of PALMD in hVICs reduced MSX2 and BMP2
protein expression at day 3 and day 7 (Figs. 2G and S5, A–C).
siRNA-mediated knockdown of PALMD expression in hVICs
did not alter RUNX2 protein expression at day 3, but a sig-
nificant reduction in RUNX2 protein expression was seen in
hVICs with depleted PALMD expression at day 7 (Figs. 2G and
S5D). Previous studies have reported that apoptosis is involved
in the pathogenesis of CAVD (25). We evaluated the effects of
PALMD on cleaved-caspase3 expression, a well-established
indicator of apoptosis in hVICs. We observed that PALMD
depletion decreased cleaved-caspase3 expression in hVICs at
day 7 (Figs. 2G and S5E).

Conversely, adenovirus-mediated overexpression of
PALMD induced a small but significant increase in calcium
deposition in hVICs cultured with calcifying conditions at day
3 (Fig. 2H). However, the inductive effects of PALMD over-
expression on calcium deposition in hVICs were not observed
at day 7 (Fig. S6). These data suggest that PALMD may act at
the early stage of CAVD. Overexpression of PALMD also
significantly increased mRNA expression of the osteogenic
geneMSX2, BMP2, and ALPL in hVICs cultured under control
and calcifying conditions at day 2 (Fig. 2, I–K). Western
blotting results showed that overexpression of PALMD in
hVICs enhanced MSX2, RUNX2, and BMP2 protein expres-
sion at day 7 (Figs. 2L and S7, A–D). PALMD overexpression
J. Biol. Chem. (2022) 298(5) 101887 3



Figure 2. PALMD accelerates hVIC in vitro calcification, osteogenic differentiation, and apoptosis. hVICs were transfected with 20 nM siScrambled or
siPALMD and treated with control medium (Ctr) or calcifying medium (Cal.) for 48 h or for up to 7 days. A, alizarin red staining for calcium deposition in
hVICs at day 7. Plate view (upper) and microscopic view (lower), and the scale bar represents 500 μm. B, quantitative calcium assay showing calcium
deposition in hVICs at day 7, n = 5. C–F, RT-qPCR showing MSX2, RUNX2, BMP2, and ALPLmRNA expression in hVICs at 48 h, n = 6. G, representative Western
blotting images for PALMD, RUNX2, BMP2, MSX2, Cleaved-caspase3, Caspase3, and β-actin protein expression in hVICs at day 3 and day 7, n = 3 or 5.
H, hVICs were infected with Ad-null (MOI = 100) or Ad-PALMD (MOI = 100) and treated with control medium (Ctr) or calcifying medium (Cal.) for up to
7 days. Quantitative calcium assay showing calcium deposition in hVICs at day 3, n = 5. I–K, RT-qPCR showing MSX2, BMP2, and ALPL mRNA expression in
hVICs for 48 h, n = 6. L, representative Western blotting images for PALMD, RUNX2, BMP2, MSX2, Cleaved-caspase3, Caspase3, and β-actin protein
expression in hVICs at day 3 and day 7, n = 3, 4 or 5. M, hVICs were treated with control medium (Ctr) or calcifying medium (Cal.) in the presence or absence
of 20 μM caspase inhibitor ZVAD, 25 ng/ml IL1β, or 10 μg/ml cycloheximide for up to 7 days. Quantitative calcium assay showing calcium deposition at day
7, n = 4. Data are presented as mean ± SEM, and statistical significance was analyzed by a two-tailed unpaired Student’s t test or one-way ANOVA followed
by Tukey’s multiple comparisons test. hVIC, human valve interstitial cell.

A regulatory role of PALMD in aortic valve calcification
also increased cleaved-caspase3 expression in hVICs at day 7
(Figs. 2L and S7E). Taken together, these data support that
PALMD is a novel regulator of hVIC calcification, osteogenic
differentiation, and apoptosis. In addition, we found that in-
hibition of apoptosis by the caspase inhibitor ZVAD attenu-
ated calcium deposition in hVICs at day 7, whereas induction
of apoptosis by IL1β or cycloheximide promoted hVIC in vitro
calcification (Fig. 2M).

Silencing of PALMD modulates the glycolytic and
inflammatory gene expression profile in hVICs

To gain mechanistic insights into the effects of PALMD on
hVIC calcification, we performed RNA-Seq–based
4 J. Biol. Chem. (2022) 298(5) 101887
transcriptomic profiling in hVICs with depleted PALMD
expression by siRNA. Our RNA-Seq analysis revealed 751
altered genes (1.5 fold change,p< 0.05), ofwhich 380 geneswere
significantly downregulated, and 371 genes were significantly
upregulated in hVICs with depleted PALMD (Fig. 3,A and B). A
complete gene list is provided in Table S1. The RNA-Seq results
were validated by examining the expression of the top ten
upregulated genes including TUBB2B, CRABP2, andTRIB3 and
the top ten downregulated genes including PLOD2, MAGT1,
and RGS4 using RT-qPCR in hVICswith depleted PALMD. The
expression level changes of all these genes except TUBB2B were
consistent with the RNA-Seq results (Fig. 3C). A strong corre-
lation between the log2 fold change of the RNA-Seq results and



Figure 3. PALMD regulates the glycolytic and inflammatory gene expression profile in hVICs. hVICs were transfected with 20 nM siScrambled or
siPALMD for 48 h. RNA-Seq–based transcriptomic profiling was performed. The RNA-seq data is deposited in NCBI Gene Omnibus (http://www.ncbi.nlm.nih.
gov/geo/) with the accession number of GEO: GSE165524. A, volcano plot with green dots representing significantly downregulated protein-coding genes
(n = 380) and red dots representing significantly upregulated protein-coding genes (n = 371) in PALMD-silencing and control hVICs. B, hierarchical clustering
heat map of 751 protein-coding genes differentially expressed between PALMD-silencing and control hVICs (1.5 fold change, p < 0.05), n = 3. C, top ten
upregulated genes and downregulated gene identified by RNA-Seq was validated using RT-qPCR, n = 6. D, correlation between RNA-Seq and RT-qPCR.
Comparison of log2 fold change of 20 genes obtained by RNA-Seq and RT-qPCR. E, gene ontology and F, KEGG pathway analysis of the downregulated
genes in PALMD-depleted hVICs identified by RNA-Seq. hVIC, human valve interstitial cell.

A regulatory role of PALMD in aortic valve calcification
RT-qPCR was observed (Fig. 3D). Gene ontology and pathway
analysis of the downregulated genes indicated that PALMD
regulates multiple biological processes such as responses to
hypoxia and stress, cell apoptosis, and several important path-
ways including glycolysis and TNFα signaling pathway (Fig. 3, E
and F). These data are consistent with our previous results
showing that silencing of PALMD reduces cleaved-caspase3, a
well-known indicator of apoptosis. In addition, gene ontology
and pathway analysis showed that the upregulated genes are
associated with the biological processes such as extracellular
matrix and structure organization and multiple pathways,
including biosynthesis of amino acids and carbon metabolism
(Fig. S8). These data suggest that PALMD may be a novel
regulator of glycolysis and TNFα signaling in hVICs.
PALMD regulates glycolysis in hVICs

Based on our RNA-Seq data, we next performed a series of
experiments to address the functional role of PALMD in the
regulation of hVIC glycolysis. Notably, siRNA-mediated
PALMD depletion in hVICs significantly reduced mRNA
expression of several key glycolytic genes, including ALDOC,
ENO1, HIF1A, HK2, LDHA, TPI1, PFKFB3, PGK1, PGM2,
PKM, and SLC2A1 at day 2 (Fig. 4A). A comparable decrease
in HK1 and PFKFB3 protein expression was observed in hVICs
with PALMD depletion at day 7 (Figs. 4B and S9). Conversely,
adenovirus-mediated overexpression of PALMD in hVICs
significantly increased mRNA expression of key regulators of
glycolysis including ALDOC, ENO1, HIF1A, HK1, HK2, LDHA,
PDK4, TPI1, PFKFB3, PFKP, PGK1, PGM2, and PKM at day 2
(Fig. 4C), while SLC2A1 mRNA expression remained un-
changed (Fig. 4C). Additionally, overexpression of PALMD in
hVICs increased HK1 and PFKFB3 protein expression at day 7
(Figs. 4D and S10). In agreement with these results, silencing
of PALMD expression in hVICs significantly reduced the up-
take of the fluorescent glucose analog 2-NBDG (Fig. 4E).
Seahorse flux analysis corroborated these findings, revealing
that overexpression of PALMD in hVICs significantly
increased both basal and compensatory glycolysis under
calcifying conditions (Fig. 4, F and G). However, PALMD
overexpression had no significant effect on basal respiration,
ATP production-linked respiration, or maximum respiration
in hVICs (Fig. S11). Taken together, these data demonstrate
that PALMD regulates glycolysis in hVICs and indicates a
potential novel role of glycolysis in the regulation of hVIC
calcification.
J. Biol. Chem. (2022) 298(5) 101887 5
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Figure 4. PALMD enhances glycolysis in hVICs. hVICs were transfected with 20 nM siScrambled or siPALMD and treated with control medium (Ctr) or
calcifying medium (Cal.) for 48 h. A, RT-qPCR showing expression of the key glycolytic genes in hVICs with PALMD depletion after 48 h, n = 5. B, repre-
sentative Western blotting images for HK1, PFKFB3, and β-actin protein expression in hVICs with PALMD depletion at day 3 and day 7, n = 4 or 5. C, RT-qPCR
showing expression of the key glycolytic genes in hVICs infected with Ad-null (MOI = 100) or Ad-PALMD (MOI = 100) for 48 h, n = 6. D, representative
Western blotting images for HK1, PFKFB3, and β-actin protein expression in hVICs with PALMD overexpression at day 3 and day 7, n = 3. E, normalized
fluorescence of the glucose analog 2-NBDG (fl/μg protein) determined after 48 h in hVICs with silencing of PALMD, n = 7. F and G, the glycolysis rate assay
using the Seahorse in hVICs with PALMD overexpression after 48 h, n = 9. Data are presented as mean ± SEM, and statistical significance was analyzed by a
two-tailed unpaired Student’s t test or one-way ANOVA followed by Tukey’s multiple comparisons test. hVIC, human valve interstitial cell.

A regulatory role of PALMD in aortic valve calcification
Inhibition of PFKFB3-mediated glycolysis attenuates
osteogenic differentiation and inflammation in hVICs

Having established the key role of PALMD in the regulation
of hVIC glycolysis, we examined whether glycolysis itself could
regulate hVIC osteogenic differentiation and inflammation,
which are key regulators of CAVD. We observed that calcified
hVICs showed increased basal and compensatory glycolysis
(Fig. 4, F and G). This observation is consistent with previous
studies reporting increased aerobic glycolysis during osteo-
genic differentiation and calcification in vascular smooth
muscle cells (26). In line with previous reports (26), calcifying
conditions also significantly increased basal respiration, ATP
production-linked respiration, and maximum respiration in
hVICs cultured in vitro (Fig. S11). These data suggest that
hVICs acquire increased energy demand during the calcifica-
tion process. Further studies were performed to examine the
role of glycolysis in the regulation of hVIC calcification in vitro
using the glycolysis inhibitor 2-deoxyglucose (2-DG) and
dichloroacetate (DCA). We showed that 2-DG increased
6 J. Biol. Chem. (2022) 298(5) 101887
calcium deposition in hVICs under calcifying conditions at day
7, whereas DCA inhibited hVIC calcification in vitro (Fig. S12).

The glycolysis inhibitor 2-DG and DCA produced opposing
effects on hVIC calcification, therefore, we used a more spe-
cific approach to inhibit glycolysis. Since PFKFB3 acts as a key
glycolytic regulator, we depleted PFKFB3 expression in hVICs
using siRNA. The siRNA-mediated knockdown efficiency of
PFKFB3 was validated by RT-qPCR and Western blotting
(Fig. S13). Consistent with these results, knockdown of
PFKFB3 in hVICs significantly reduced both basal and
compensatory glycolysis under control and calcifying condi-
tions at day 2 (Fig. S14, A and B). Silencing of PFKFB3
expression in hVICs significantly reduced mRNA expression of
the osteogenic geneMSX2, BMP2, and ALPL at day 2 (Fig. S14,
C, E and F), but not the expression of RUNX2 mRNA
(Fig. S14D). Decreased MSX2 and BMP2 protein expression
were also observed in hVICs with silencing of PFKFB3 in the
presence of control and calcifying conditions at day 3 and day
7 (Fig. S14G). Silencing of PFKFB3 did not alter RUNX2
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protein expression at day 3 but decreased RUNX2 protein
expression at day 7 (Fig. S14G). We showed that PFKFB3
depletion in hVICs significantly reduced mRNA expression of
inflammation-associated genes such as IL6, IL1B, TNFAIP3,
CXCL2, and CASP3 (Fig. S14H). The hallmark of an early stage
of CAVD is valvular inflammation, which enhances the
expression of cell adhesion molecules such as ICAM1,
VCAM1, and E-SELECTIN to recruit immune cells including
monocytes (27). As expected, we showed that depletion of
PFKFB3 in hVICs significantly reduced mRNA expression of
ICAM1, VCAM1, and E-SELECTIN at day 2 (Fig. S14I).
Reduced ICAM1 protein expression was also seen in hVICs
with the silencing of PFKFB3 cultured with control and
calcifying conditions at day 3 and day 7 (Fig. S14J). These data
demonstrate a crucial role of PFKFB3-mediated glycolysis in
Figure 5. PALMD regulates PFKFB3 and NF-κB–mediated inflammation i
treated with control medium (Ctr) or calcifying medium (Cal.) for 48 h. A, selec
B, validation of NF-κB target genes revealed by RNA-Seq in hVICs with PALM
CASP3, n = 6. C, RT-qPCR showing mRNA expression of the adhesion molecule
D, representative Western blotting images for ICAM1 and β-actin protein expr
showing the TNFα–NF-κB signaling-relevant genes in hVICs with PALMD over
VCAM1, and E-SELECTIN in hVICs with PALMD overexpression at 48 h, n = 6
expression in hVICs with PALMD overexpression at day3 and day 7, n = 3. H and
or IL1β at the indicated time. Representative Western blotting images for p-p6
microscopic images of the calcein-AM labeled THP1 cells that adhered to h
K, quantitative assay of the THP1 cells that adhered to hVICs with depleted PA
significance was analyzed by a two-tailed unpaired Student’s t test. hVIC, hum
the regulation of hVIC osteogenic differentiation and
inflammation.

PALMD regulates inflammation in hVICs through PFKFB3 and
NF-κB signaling

Our RNA-Seq–based transcriptomic profiling and subse-
quent pathway analysis of hVICs with PALMD depletion
revealed that PALMD regulates a cluster of genes involved in
the TNFα signaling pathway (Figs. 3F and 5A). Our RT-qPCR
results confirmed that PALMD depletion in hVICs signifi-
cantly decreased mRNA expression of IL6, IL1B, TNFAIP3,
CXCL2, and CASP3 at day 2 (Fig. 5B). A significant decrease in
mRNA expression of the adhesion molecules, including
ICAM1 and VCAM1, was also observed in hVICs with
PALMD depletion at day 2 (Fig. 5C). The adhesion molecule
n hVICs. hVICs were transfected with 20 nM siScrambled or siPALMD and
ted NF-κB target genes regulated by PALMD in hVICs revealed by RNA-Seq.
D depletion at 48 h using RT-qPCR including IL6, IL1B, TNFAIP3, CXCL2, and
ICAM1, VCAM1, and E-SELECTIN in hVICs with depleted PALMD at 48 h, n = 6.
ession in hVICs with depleted PALMD at day3 and day 7, n = 5. E, RT-qPCR
expression at 48 h, n = 6. F, RT-qPCR showing mRNA expression of ICAM1,
. G, representative Western blotting images for ICAM1 and β-actin protein
I, hVICs with depleted PALMD expression were treated with 10 ng/ml TNFα
5, p65, and β-actin protein expression, n = 4. J, representative fluorescence
VICs with depleted PALMD expression. The scale bar represents 100 μm.
LMD expression, n = 12. Data are presented as mean ± SEM, and statistical
an valve interstitial cell; NF-κB, nuclear factor-κB.
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E-SELECTIN remained unchanged (Fig. 5C). A comparable
decrease in ICAM1 protein expression was also seen in hVICs
with PALMD depletion at day 3 and day 7 (Figs. 5D and S15A).
Conversely, overexpression of PALMD in hVICs dramatically
increased mRNA expression of IL6, IL1B, TNFAIP3, CXCL2,
and CASP3 at day 2 (Fig. 5E). Overexpression of PALMD in
hVICs also significantly increased the expression of adhesion
molecules, including ICAM1, VCAM1, and E-SELECTIN at
day 2 (Fig. 5F). Moreover, a comparable increase in ICAM1
protein expression was seen in hVICs with PALMD over-
expression at day 3 and day 7 (Figs. 5G and S15B). As nuclear
factor-κB (NF-κB) is the major downstream effector of the
TNFα signaling pathway, we next investigated whether
silencing of PALMD could alter the activation of NF-κB. We
observed that PALMD depletion attenuated the phosphoryla-
tion of p65 in hVICs treated with 10 ng/ml TNFα and IL1β
(Figs. 5, H and I and S15, C and D). Having demonstrated that
PALMD regulates ICAM1 protein expression in hVICs, we
next examined whether knockdown of PALMD could reduce
monocyte adhesion to hVICs. As expected, we observed that
Figure 6. Role of PFKFB3 and NF-κB in PALMD-induced hVIC inflammation
100) or Ad-PALMD (MOI = 100) and transfected with 20 nM siScrambled or siP
B, RT-qPCR showing mRNA expression of IL1B and CXCL2, n = 10. C–F, RT-qP
G, RT-qPCR showing mRNA expression of ICAM1, n = 4. H and I, RT-qPCR showi
expression of MSX2, BMP2, and ALPL, n = 4. Data are presented as mean ± SEM
Tukey’s multiple comparisons test. hVIC, human valve interstitial cell; NF-κB, n
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siRNA-mediated knockdown of PALMD significantly reduced
TNFα-induced monocyte adhesion to hVICs (Fig. 5, J and K).
Taken together, these data suggest that PALMD accelerates
NF-κB signaling–mediated inflammation within hVICs.

We next evaluated whether PALMD promotes hVIC
inflammation through regulation of PFKFB3 and NF-κB. Our
RT-qPCR results revealed that silencing of PFKFB3 expression
in hVICs significantly decreased PALMD-induced mRNA
expression of the inflammatory gene IL1B and CXCL2 at day 2
(Fig. 6, A and B). In addition, PALMD-induced mRNA
expression of the inflammation-associated genes IL1B,
TNAIP3, CXCL2, and CASP3 was significantly abolished in
hVICs treated with the NF-κB inhibitor SC75741 at day 2
(Fig. 6, C–F). Consistent with these results, the NF-κB inhib-
itor SC75741 significantly attenuated PALMD-induced mRNA
expression of the adhesion molecule ICAM1 in hVICs at day 2
(Fig. 6G). These data suggest that PFKFB3 and NF-κB play
important roles in PALMD-induced hVIC inflammation.
Interestingly, PALMD-induced mRNA expression of the
glycolytic gene HK1, PFKFB3, and PGM2 was not significantly
and osteogenic differentiation. hVICs were infected with Ad-null (MOI =
FKFB3 or treated with 1 μM of the NF-κB inhibitor SC75741 for 48 h. A and
CR showing mRNA expression of IL1B, TNFAIP3, CXCL2, and CASP3, n = 4.
ng mRNA expression of MSX2 and ALPL, n = 10. J–L, RT-qPCR showing mRNA
, and statistical significance was analyzed by one-way ANOVA followed by
uclear factor-κB.
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altered in hVICs treated with the NF-κB inhibitor SC75741 at
day 2 (Fig. S16).

PALMD promotes osteogenic differentiation of hVICs through
the activation of NF-κB rather than PFKFB3

We showed that both TNFα and IL1β treatment signifi-
cantly increased mRNA expression of the osteogenic gene
MSX2 and BMP2 expression in hVICs at day 2 (Fig. S17).
These data suggest an important role of inflammation in the
regulation of hVIC osteogenic differentiation. Having estab-
lished that PALMD promotes hVIC inflammation through
PFKFB3 and NF-κB, we next examined whether inhibition of
PFKFB3 or NF-κB could attenuate PALMD-induced hVIC
osteogenic differentiation. Our RT-qPCR results revealed that
siRNA-mediated knockdown of PFKFB3 did not alter the
PALMD-induced osteogenic gene MSX2 or ALPL mRNA
expression in hVICs at day 2 (Fig. 6, H and I). Interestingly, the
NF-κB inhibitor SC75741 significantly attenuated PALMD-
induced osteogenic gene MSX2, BMP2, and ALPL mRNA
expression in hVICs at day 2 (Fig. 6, J–L). Taken together, our
data demonstrate that PALMD regulates osteogenic differen-
tiation at least in part through the activation of NF-κB in
hVICs.

Discussion

Understanding the function and mechanisms of GWAS-
identified CAVD associated genes advances our knowledge
Figure 7. Scheme illustrating the role of PALMD in CAVD. The working mod
shown. PALMD enhances glycolysis and NF-κB–mediated inflammation in hVIC
hVICs. On the other hand, PALMD may promote hVIC calcification at least in p
human valve interstitial cell; NF-κB, nuclear factor-κB.
of the pathogenesis of CAVD and may yield novel therapeutic
strategies. Previous GWAS and TWAS studies have identified
PALMD as a novel CAVD risk gene (17, 18). Herein, by using
hVIC in vitro calcification model and by analyzing clinical
samples from CAVD patients, we provided direct evidence that
PALMD regulates hVIC calcification and CAVD. Our
genome-wide RNA-Seq profiling data and subsequent
experiments showed that PALMD regulates hVIC calcification
and osteogenic differentiation by altered glycolysis and
NF-κB–mediated inflammation (Fig. 7). This study explained
the functional role and the underlying mechanisms of PALMD
in the regulation of hVIC calcification and CAVD.

Previous GWAS and TWAS studies have reported that the
lead CAVD risk variant rs6702619 at the PALMD locus is
strongly associated with decreased mRNA expression levels of
PALMD in human aortic valve tissues (17, 18). Intriguingly,
our immunohistochemistry and RT-qPCR results showed that
PALMD expression was significantly higher in calcified regions
than adjacent noncalcified regions of the aortic valve tissues.
Using a well-established hVIC in vitro calcification model of
CAVD, we confirmed that PALMD mRNA and protein
expression were significantly upregulated during the calcifi-
cation process. These contrasting findings may be due to
ethnic differences. In fact, the minor allele frequency of
rs6702619 at the PALMD locus varies significantly between
different ethnic groups. In the 1000 Genomes Project, the risk
allele “G” of rs6702619 has a frequency of 48% in Europeans,
8% in Africans, 7% in East Asians, and 25% in South Asians,
els of the potential mechanisms through which PALMD regulates CAVD are
s, thereby leading to increased osteogenic differentiation and calcification of
art through regulation of apoptosis. CAVD, calcific aortic valve disease; hVIC,
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thus suggesting that the genetic architecture at this locus is
notably different between Europeans (where the association
has been discovered) and East Asians. Our data may also
explain some of the discrepancies in the risk of CAVD among
ethnic groups (28). Future GWAS studies in East Asians are
required to confirm whether rs6702619 is associated with
CAVD and may identify novel DNA variants at the PALMD
locus associated with CAVD. However, it should be noted that
noncalcified and calcified tissues used in this study were
isolated from diseased aortic valves with established calcifica-
tion, we therefore cannot exclude the possibility of some
nonspecific effects exist due to the secondary pathologic
changes. Moreover, noncalcified and calcified tissues used in
this study may contain different leaflet layers including fibrosa,
spongiosa, and ventricularis. It has been reported that distinct
aortic valve microlayers exhibit unique proteome profiles in
CAVD (29). Further studies would be interesting to establish
expression profile of PALMD in each of the three leaflet layers
during CAVD. This study also included bicuspid aortic valves,
which are subjected to higher mechanical stress and may
develop calcification at an earlier age (30). This could be the
possible reason that the mean age of CAVD patients in this
study is lower than a European population with typical calcific
valve disease without bicuspid valve.

Our gain- and loss-of-function studies clearly showed that
PALMD regulates hVIC calcification and osteogenic
differentiation. Previous studies have reported that osteogenic
differentiation of hVICs plays a critical role in the pathogenesis
of CAVD (7). We observed that knockdown or overexpression
of PALMD significantly decreased or increased the osteogenic
gene MSX2, RUNX2, and BMP2 expression in hVICs,
respectively. To the best of our knowledge, this is the first
report showing that PALMD directly regulates the osteogenic
differentiation of hVICs. In this study, we showed that
adenovirus-mediated overexpression of PALMD induced a
small significant increase in calcium deposition in hVICs at
day 3, and this inductive effect was not seen at day 7. A pre-
vious TWAS study has reported that the CAVD risk alleles at
the PALMD locus conferred susceptibility by lowering the
mRNA expression levels of PALMD in valve tissues (17).
However, a large GWAS study including 6942 individuals of
European ancestry did not observe the association between the
variant rs6702619 at the PALMD locus and aortic valve
calcification, which appear only in later stages of CAVD (15).
Moreover, a recent study has reported that PALMD regulates
the fibrogenic activity of VICs, an early step in the develop-
ment of CAVD (31). These studies together with our results
support that PALMD may regulate CAVD at early stages.
However, it should be noted that the hVICs used in this study
were isolated from calcified human aortic valves, which may be
more sensitive to calcification and osteogenic differentiation
in vitro. This may attenuate the inductive effects of
adenovirus-mediated overexpression of PALMD on calcium
deposition and osteogenic gene expression in these cells.
Apoptosis of hVICs also contributes to the initiation and
progression of CAVD. This is consistent with our findings
showing that inhibition of apoptosis by ZVAD attenuated
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hVIC calcification, whereas induction of apoptosis by IL1β or
Cycloheximide promoted hVIC calcification. Apoptotic bodies
expose phosphatidylserine on the outer membranes and
generate a potential calcium-binding site suitable for
hydroxyapatite deposition (32, 33). We found that knockdown
of PALMD reduced the expression of cleaved-caspase3 in
hVICs, a well-known indicator of apoptosis, whereas over-
expression of PALMD promoted the expression of cleaved-
caspase3. These data confirm and extend previous studies
showing that PALMD is a proapoptotic gene induced by p53 in
response to DNA damage in osteosarcoma cell lines (22).
Taken together, our data suggest that PALMD may promote
hVIC calcification through the direct regulation of osteogenic
differentiation and apoptosis.

In the present study, we observed that glycolysis is increased
during the hVIC calcification process. Osteocalcin, an impor-
tant energy metabolism-regulating hormone, has been
reported to be upregulated in calcified human aortic valves
(34). Moreover, previous studies have shown that osteocalcin
locally shifts vascular smooth muscle cells and chondrocytes
toward the glycolytic breakdown of glucose and promotes
calcification (35). It is therefore plausible that the metabolic
shift toward glycolytic breakdown of glucose during hVIC
in vitro calcification may be regulated by osteocalcin.
Intriguingly, we found that the glycolysis inhibitor 2-DG and
DCA generated contrasting effects on hVIC in vitro calcifica-
tion. 2-DG is a glucose analog that competitively inhibits
hexokinase, the critical enzyme for the first step of glucose
metabolism. Although it is commonly used as a glycolysis
inhibitor, 2-DG actually disrupts both glycolysis and mito-
chondrial oxidative phosphorylation (36). In addition, 2-DG is
well characterized as an inducer of endoplasmic reticulum
stress (37), which has previously been reported to promote
vascular calcification (38). DCA is an inhibitor of pyruvate
dehydrogenase kinase, which promotes a shift from glycolysis
to oxidative phosphorylation, leading to indirect inhibition of
glycolysis (39). The possible reasons for this discrepancy may
be explained by their nonspecific inhibitory effects on
glycolysis.

To specifically investigate the direct causal link between
glycolysis and hVIC calcification, we suppressed PFKFB3
expression using siRNA in hVICs. PFKFB3 generates fructose-
2,6-bisphosphate, which in turn activates 6-phosphofructo-1-
kinase to enhance glycolysis (40). PFKFB3-mediated glycolysis
has been well documented in pathogenesis of cardiovascular
disease, including atherosclerosis (41) and pulmonary hyper-
tension (42). Interestingly, we showed that inhibition of
PFKFB3-mediated glycolysis reduced the expression of the
osteogenic gene MSX2, BMP2, and ALPL in hVICs. Our data
extend on these previous reports and report for the first time
that PFKFB3-mediated glycolysis may play a critical role in
cardiovascular calcification. Furthermore, we found that inhi-
bition of PFKFB3-mediated glycolysis attenuated the expres-
sion of the inflammatory gene, such as IL6 and IL1β, and the
adhesion molecule, ICAM1, VCAM1, and E-SELECTIN. These
results are consistent with previous reports showing that
PFKFB3-mediated glycolysis drives vascular endothelial
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inflammation (43). Inflammation is the hallmark at the early
stage of CAVD, characterized by the leaflet endothelium’s
activation via enhanced expression of cell adhesion molecules
such as ICAM1 and VCAM1 (44). These cell adhesion mole-
cules function to recruit inflammatory cells, such as monocytes
and macrophages, into the valve tissue, which in turn produce
proinflammatory mediators to regulate hVIC osteogenic dif-
ferentiation and calcification (45). The presence of leukocytes in
pathologic samples from CAVD patients has been previously
reported, thus suggesting that an active inflammatory process is
involved in the initiation and progression of CAVD (46).
Interestingly, our genome-wide RNA-Seq and subsequent
pathway analysis revealed that PALMD regulated a cluster of
genes involved in glycolysis. We showed that adenovirus-
mediated overexpression of PALMD in hVICs significantly
increased the expression of several key glycolytic genes
including HK1 and PFKFB3. Moreover, our Seahorse analysis
confirmed that overexpression of PALMD significantly
enhanced basal and compensatory glycolysis in hVICs. Taken
together, our data indicate that PALMD is a novel regulator of
glycolysis in hVICs and highlight the crucial role of PFKFB3-
mediated glycolysis in the regulation of hVIC osteogenic
differentiation and inflammation. Intriguingly, silencing of
PFKFB3 attenuated the inductive effects of PALMD on mRNA
expression of the inflammatory gene IL1B and CXCL2 but did
not alter PALMD-induced mRNA expression of the osteogenic
geneMSX2 or ALPL in hVICs. These data suggest that PFKFB3
may not be the key regulator of PALMD-induced hVIC
osteogenic differentiation.

NF-κB is a key transcription factor that has a critical role in
many cardiovascular pathologies. Activated NF-κB subunits,
including p65, translocate into the nucleus and directly regu-
late gene transcription, thus controlling cell proliferation,
differentiation, and inflammation (47). Recent studies have
demonstrated that activation of NF-κB promotes hVIC
inflammation, osteogenic differentiation, and calcification in
the pathogenesis of CAVD (48). Our RNA-Seq data and
subsequent experiments showed that silencing of PALMD
inhibited the NF-κB signaling pathway and reduced NF-κB
target gene expression including IL6, IL1β, ICAM1, and
VCAM1 in hVICs. To the best of our knowledge, this is the
first report demonstrating that PALMD directly regulates
NF-κB–mediated inflammation in hVICs. It has been previ-
ously reported that inflammation enhances the expression of
cell adhesion molecules such as ICAM1 to recruit inflamma-
tory cells into the valve tissue (44). Consistent with these
results, we found that knockdown of PALMD expression in
hVICs significantly reduced TNFα-induced monocyte adhe-
sion to hVICs. We further showed that inhibition of NF-κB
using the chemical inhibitor SC75741 abolished PALMD-
induced osteogenic differentiation and inflammation of
hVICs. These data suggest that PALMD promotes hVIC
inflammation and osteogenic differentiation through the acti-
vation of the NF-κB. Intriguingly, inhibition of NF-κB did not
alter PALMD-induced glycolysis in hVICs. Further studies are
needed to identify the underlying mechanisms through which
PALMD regulates glycolysis in hVICs.
It should be noted that the inductive effects of PALMD on
the osteogenic gene expression, glycolysis, and inflammation
was seen based on the robust overexpression of PALMD in
hVICs transduced with Ad-PALMD at an multiplicity of
infection (MOI) of 100. To further confirm the physiological
relevance of PALMD in these processes, we transduced hVICs
at a lower MOI. Our results showed that adenovirus-mediated
overexpression of PALMD at an MOI of 50 also significantly
increased mRNA expression of the osteogenic gene MSX2, the
glycolytic gene ALDOC, HK1, PFKFB3, and PGM2, and the
inflammatory gene CXCL2 and VCAM1 at day 2 (Fig. S18).
These data support our findings showing that PALMD has an
important role in CAVD.

Limitations of the study

This work was performed with hVIC in vitro calcification
model to investigate the functional role and the underlying
mechanisms of PALMD in CAVD. Whether PALMD pro-
motes the development of CAVD in preclinical animal models
remains to be established. Nonetheless, the present findings in
human aortic valve tissues and hVICs generate novel hy-
potheses about the role and mechanisms of PALMD in CAVD.
The inclusion of bicuspid aortic valves may be another limi-
tation of the present study. CAVD patients with bicuspid
aortic valves may be driven by distinct mechanisms compared
to those patients with tricuspid aortic valves. Bicuspid CAVD
has a strong genetic basis, while tricuspid CAVD is largely
determined by nongenetic factors (49). Indeed, mutations in
the transcriptional regulator NOTCH1 have been identified to
be associated with human bicuspid aortic valves (50).

Conclusions

This study demonstrates a functional role of GWAS- and
TWAS-identified CAVD risk gene PALMD in the pathogen-
esis of CAVD. We show that PALMD promotes hVIC
inflammation, osteogenic differentiation, and calcification.
Mechanistically, PALMD enhances hVIC glycolysis and
induces NF-κB–mediated inflammation, thereby promoting
the osteogenic differentiation and calcification of hVICs.
Interestingly, inhibition of PFKFB3-mediated glycolysis atten-
uates hVIC inflammation and osteogenic differentiation. These
findings suggest that PALMD- or PFKFB3-mediated glycolysis
may be used as a novel potential therapeutic target for the
inhibition of CAVD.

Experimental procedures

Human samples

This study was approved by the Research Ethics Committee
of Guangdong Provincial People’s Hospital and Guangzhou
Medical University (Ref No: KY-2020-503-01) and was per-
formed in accordance with the Declaration of Helsinki. Thirty-
eight aortic valve leaflets were anonymously collected from
patients with CAVD undergoing valve replacement surgery at
Guangdong Provincial People’s Hospital. Patients with a
history of rheumatic disease, congenital valve disease, and
infective endocarditis were excluded from the study. Bicuspid
J. Biol. Chem. (2022) 298(5) 101887 11
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valves were also included in this study due to the limited
numbers of human samples available. Clinical characteristics
of the patients used in the present study are summarized in
Table S2. Informed consent was obtained from all patients.
hVIC in vitro calcification

hVIC in vitro calcification was induced and detected as
previously described (51).
Adenovirus-mediated overexpression of PALMD

Recombinant adenoviruses expressing flag-tagged PALMD
(Ad-PALMD) and adenoviruses containing empty plasmids
(Ad-null) that served as negative controls were constructed
and purchased from Hanheng Bioscience Incorporation. The
schematic of plasmid construction for Ad-PALMD are shown
in Fig. S19. Western blotting was performed to confirm the
overexpression efficiency of PALMD. hVICs transduced with
Ad-PALMD at an MOI of 100 after 3 days resulted in 3.71 fold
increase in PALMD protein expression, as shown in Fig. S7A.
Gene expression analysis

RT-qPCR and Western blotting were used to analyze gene
expression as previously described (23). The primer sequences
for the gene of interest examined are listed in Table S3. The
primary antibodies used in the present study are summarized
in Table S4.
Seahorse analysis

hVICs were seeded into Seahorse XFe96 FluxPak cell
culture microplates (102601-100, Agilent Technologies) at a
density of 1.0 × 104 cells/well. Cells were then infected with
Ad-null and Ad-PALMD at an MOI of 100 for 48 h. Glycolytic
function or oxidative phosphorylation was examined as
previously reported (26). N stands for the number of replicates
per treatment used for the Seahorse assay from one hVIC
isolation.
RNA sequencing

hVICs were transfected with 20 nM siScrambled or
siPALMD for 48 h. The sequences of siRNAs used in this study
are outlined in Table S5. The cell samples were then sent to
KangChen Biotech for RNA sequencing and subsequent bio-
informatical analysis.
Statistical analysis

All values are expressed as mean ± SEM. Statistical analysis
was performed using GraphPad Prism 6 software. After con-
firming a normal distribution using the Shapiro-Wilk test, data
were analyzed using unpaired Student’s t test for comparison
of two groups or one-way ANOVA followed by Tukey’s
multiple comparisons test for comparison of multiple groups
or a suitable nonparametric test. p value < 0.05 was considered
to be statistically significant.
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