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Salt-inducible kinase induces cytoplasmic histone
deacetylase 4 to promote vascular calcification
Alon Abend1, Omer Shkedi1, Michal Fertouk1,2, Lilac H Caspi1 & Izhak Kehat1,3,*

Abstract

A pathologic osteochondrogenic differentiation of vascular smooth
muscle cells (VSMCs) promotes arterial calcifications, a process
associated with significant morbidity and mortality. The molecular
pathways promoting this pathology are not completely under-
stood. We studied VSMCs, mouse aortic rings, and human aortic
valves and showed here that histone deacetylase 4 (HDAC4) is
upregulated early in the calcification process. Gain- and loss-of-
function assays demonstrate that HDAC4 is a positive regulator
driving this pathology. HDAC4 can shuttle between the nucleus
and cytoplasm, but in VSMCs, the cytoplasmic rather than the
nuclear activity of HDAC4 promotes calcification, and a nuclear-
localized mutant of HDAC4 fails to promote calcification. The
cytoplasmic location and function of HDAC4 is controlled by the
activity of salt-inducible kinase (SIK). Pharmacologic inhibition of
SIK sends HDAC4 to the nucleus and inhibits the calcification
process in VSMCs, aortic rings, and in vivo. In the cytoplasm,
HDAC4 binds and its activity depends on the adaptor protein
ENIGMA (Pdlim7) to promote vascular calcification. These results
establish a cytoplasmic role for HDAC4 and identify HDAC4, SIK,
and ENIGMA as mediators of vascular calcification.
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Introduction

Vascular and valve calcification is a pathologic deposition of

hydroxyapatite in the extracellular matrix of arterial walls or valve

leaflets [1]. These calcifications can occur in both the intima and the

media layers of the arteries, are characteristic of aging, and are often

related to different arterial diseases. Atherosclerosis is associated

with intimal or neointimal calcification and an inflammatory milieu,

while diabetic vasculopathy and metabolic factors such as

hyperphosphatemia are often associated with medial calcification

and are usually not accompanied by inflammation [1]. Similar calci-

fication can also occur in aortic valve leaflets [2]. The calcifications

reduce the compliance and impair hemodynamics, and a meta-

analysis showed that the presence of calcifications in any arterial

wall is associated with a threefold to fourfold higher risk of mortal-

ity and cardiovascular events [3]. Currently, there is no specific

treatment for vascular or valve calcification.

Vascular calcification is an active process driven by cells in the

artery wall or valve. A lineage tracing study identified vascular

smooth muscle cells (VSMCs) as the predominant drivers in medial

arterial calcification [4]. These cells upregulate the expression of

several osteochondrogenic markers including Runx2, Sox9, Osterix,

Osteopontin, Osteocalcin, and alkaline phosphatase and differentiate

or “transdifferentiate” to osteoblast–chondroblast-like cells [5,6].

Functionally, these osteoblast–chondroblast-like cells generate

nucleating structures in the matrix for calcium hydroxyapatite depo-

sition. Vascular calcification bear resemblance to bone formation,

but there are some notable differences. For example, calcium phos-

phate in the arteries is not predominantly deposited on type I colla-

gen as in bone, but rather on the amorphous elastin that comprises

the elastic lamellae [7]. Interestingly, vascular calcification is more

pronounced in patients with bone loss [8], but it is not clear to

what degree these two processes truly oppose or just coincide with

each other. The molecular signals leading to the initiation and

maintenance of vascular calcification have not been completely

elucidated.

Histone deacetylases (HDACs) are 18 proteins, grouped into four

classes based on their structure and primary homology to Saccharo-

myces cerevisiae HDACs. Among them, HDAC4, 5, 7, and 9 are

classified as class IIa HDACs as they all have a long N-terminal

domain in addition to their C-terminal deacetylase domain [9]. This

N-terminal domain was shown to contain interacting binding sites

to a diverse group of proteins such as the myocyte enhancer factor 2

(MEF2) transcription factors, calmodulin-binding transcription acti-

vator, chaperone protein 14-3-3, and alpha-actinin [10,11]. The

N-terminal domain also contains three conserved serine residues

that can undergo phosphorylation by several kinases including

calcium/calmodulin-dependent kinase II (CamK II) [12], protein

kinase D (PKD) [13], and salt-inducible kinase 1,2 and 3 (SIK1,

SIK2, and SIK3) [14,15]. The phosphorylation of class IIa HDACs at
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these serine residues is a crucial event that determines their nuclear

export and cytoplasmic retention through binding to cytoplasmic

14-3-3 proteins [16]. The currently accepted paradigm for class IIa

HDAC regulation explains function in the nucleus through binding

to transcription factors and a phosphorylation dependent nuclear

export with cytoplasmic retention as a signal-induced inhibitory

mechanism [16]. Despite having a large catalytic domain, class IIa

HDACs exhibit minimal deacetylase activity [11]. It has been

proposed that class IIa HDACs may not be real enzymes and that

they act as adaptors of protein complexes or “readers”.

Class IIa HDACs appear to be expressed in a tissue-specific

manner and have been shown to exert their activity in skeletal,

cardiac and smooth muscle, brain, cartilage, and bone. Among the

class IIa HDACs, HDAC4 was shown to have important function in

bone and cartilage development. Global deletion of HDAC4 in mice

results in precocious and ectopic hypertrophy of chondrocytes [17].

Deletion of HDAC4 in osteoblasts, achieved by crossing Hdac4fl/fl

mice with Runx2-Cre transgenic mice, resulted in low bone mass,

suggesting that HDAC4 may be a positive regulator of bone forma-

tion [18].

Here, we show that the class IIa HDAC4 is upregulated during

vascular and valve calcification and is a positive regulator, promot-

ing the process. While the current paradigm suggests that class IIa

HDACs are shuttled to the cytoplasm to inhibit their nuclear func-

tion, we show that cytoplasmic HDAC4 promotes vascular calcifi-

cation through binding to the cytoplasmic protein ENIGMA

(Pdlim7). The cytoplasmic retention of HDAC4 in VSMCs is medi-

ated by SIK kinase, and inhibition of SIK promotes nuclear accumu-

lation of HDAC4 and blunts the calcification process. These

observations suggest a new role and a new mechanistic paradigm

for HDAC4.

Results

HDAC4 is upregulated during vascular calcification

Hyperphosphatemia promotes vascular calcification, and mouse

aortic VSMCs were shown to reproducibly calcify in the presence of

high phosphate culture medium (HPM) [19]. Under these condi-

tions, cultured VSMCs undergo a profound phenotypic transition

with an upregulation of osteochondrogenic markers and calcifi-

cation of the extracellular matrix, similar to those observed in

pathological vascular calcification in vivo [20]. To assess the

involvement of HDACs, we treated VSMCs with HPM and assessed

calcification. As expected, we observed a significant elevation in

osteochondrogenic genes: alkaline phosphatase (Alkp), Osteocalcin

(Bglap), Sox9, and Osteopontin (Spp1) after 1 week by qRT–PCR

(Fig 1A). We observed only a nonsignificant trend for upregulation

of the transcription factor Runx2 by 1.27-fold. Matrix mineralization

was evident by a significantly increased matrix calcium by

o-cresolphthalein colorimetric assay (Fig 1B). We examined the

expression of different HDACs upon induction of VSMCs calcifi-

cation and observed unchanged expression of HDACs 1, 2, and 7, a

small but significant upregulation of the class I HDAC3 (1.16-fold),

an upregulation of the class I HDAC8, the class IIb HDAC6, and a

twofold upregulation of the class IIa HDAC4 levels (Fig 1C). The

expression of the class IIa HDAC5 and HDAC9 was also significantly

upregulated upon induction, but their absolute level was low

(Fig EV1A and B). We also analyzed HDAC4 protein level and noted

a similar significant twofold increase in its level (Fig 1D). To further

validate our culture findings, we developed an ex vivo aortic calcifi-

cation model based on the mouse aortic ring angiogenesis assays

[21]. In this model, adult mice aortas are dissected, cleaned, and cut

into rings, embedded in collagen, and grown for 2 weeks in osteo-

inductive high phosphate or control culture media. This aortic ring

assay may be more physiologically relevant since the arterial wall

remains intact and the different adult cells in the arterial wall and

their anatomical relations are preserved. The high phosphate

medium stimulated the rings to activate osteogenic pathways and

elevate the expression of osteochondrogenic genes like Runx2 and

Osteopontin (Spp1; Fig 1E). Osteopontin is not found in normal

arteries, but is upregulated at sites of calcification in human

atherosclerotic plaques and in calcified aortic valves [20]. Impor-

tantly, the expression of HDAC4 was also significantly upregulated

in this model by 1.6-fold (Fig 1E). Matrix mineralization in the rings

was evident by Von Kossa stain (Fig 1F). Next, human aortic valves

were collected during valve replacement surgery. Expression analy-

sis using qRT–PCR revealed significant upregulation of the valve

calcification markers RUNX2 and Osteopontin (SPP1) as well as in

HDAC4 by 7.16-fold in severely calcified valves, compared to

controls (Fig 1G).

HDAC4 is a positive regulator of vascular calcification

The two models and the in vivo data from patients showed that

HDAC4 was significantly upregulated in vascular and valve calcifi-

cation. To assess the significance of this upregulation, we over-

expressed HDAC4, without adding high phosphate media. The

overexpression of human HDAC4 in cultured VSMCs resulted in the

upregulation of osteochondrogenic marker genes and a significant

increase in matrix calcium by o-cresolphthalein colorimetric assay

(Figs 2A and B, and EV2A). Similarly, the overexpression of HDAC4

in aortic rings without the addition of high phosphate media

resulted in upregulation of osteochondrogenic marker genes and a

significant increase in matrix calcium (Figs 2C and D, and EV2B).

These data show that the upregulation of HDAC4 is sufficient to

induce the expression of osteochondrogenic genes and drive matrix

calcification. Overexpression of HDAC4 in HPM treated aortic rings

did not result in additional markers upregulation (Fig EV2C).

Conversely, the knockdown of HDAC4 using two different siRNAs

by 75 and 74% resulted in downregulation of the calcification

marker Osteocalcin (0.21- and 0.3-fold, respectively; Figs 2E and

EV2D). Importantly, the knockdown of HDAC4 significantly blunted

the accumulation of matrix calcification induce by HPM (Fig 2F).

Interestingly, Runx2 showed only a trend for reduction with knock-

down of HDAC4 (Fig 2E). Together, these data identify HDAC4 as a

positive regulator of the vascular calcification process.

Cytoplasmic localization of HDAC4 in VSMCs

Class IIa HDACs are considered nuclear proteins that are exported

out of the nucleus in response to stimulus dependent kinase activa-

tion [16]. However, in certain cell types, in the absence of external

signals, the class IIa HDAC4 can be found in both the nucleus and

the cytoplasm [11]. To track the location of HDAC4 in VSMCs, we
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used green fluorescent protein (GFP)-tagged constructs of HDAC4

(Fig EV3A). Wild-type HDAC4 was almost exclusively cytoplasmic

in VSMCs and remained almost exclusively cytoplasmic even under

treatment with HPM (Fig 3A). The nuclear export signal (NES) in

the C-terminal tail of HDAC4 allows its nuclear export, and the

phosphorylation of three serine residues in the N-terminal tail is

known to mediate cytoplasmic retention through binding to 14-3-3

proteins. To further explore the nucleo-cytoplasmic shuttling of

HDAC4, we used three different constructs: a truncated N-terminal

construct containing only the first 625 amino acids of HDAC4 that

includes the nuclear localization signal (NLS) but not the NES

(HDAC4 3-625), a mutant in which the three serine residues

(Ser246, Ser467, and Ser632) in the N-terminal tail were mutated to

alanine (3SA), or the wild-type HDAC4. We performed a detailed

quantitative analysis of localization in VSMCs and control HeLa

epithelial cells using these constructs (Figs 3B and EV3B). To avoid

any bias, the analysis was performed automatically using CellPro-

filer analysis software [22]. This quantitative analysis showed that

the wild-type HDAC4 was indeed almost exclusively cytoplasmic in

VSMCs (92.3% of cells exclusively cytoplasmic and 7.7% of cells

both nuclear and cytoplasmic distribution), but not in control HeLa

epithelial cells in which wild-type HDAC4 was exclusively cytoplas-

mic only in 23.7% of cells (Figs 3B and EV3B), indicating that shut-

tling of the GFP-tagged constructs is intact and that the localization

of HDAC4 in VSMCs is inherently different from epithelial cells.

Both the truncated N-terminal 3-625 mutant and the 3SA mutants

were predominantly nuclear in both VSMCs and Hela cells (Figs 3B

and EV3B). These data suggest that nucleo-cytoplasmic shuttling

and cytoplasmic retention of HDAC4 is intact in VSMCs and

requires the NES and the phosphorylation of the N-terminal serine

residues, respectively. The ability of HDAC4 to modify the calcifi-

cation process despite its exclusive cytoplasmic localization, both

before and after osteochondral differentiation, strongly suggests

that HDAC4 functions in the cytoplasm to promote VSMCs calcifi-

cation. To further test this point, we examined the ability of the

nuclear 3SA mutant of HDAC4 to drive calcification. In contrast

with the wild-type HDAC4 which is exclusively cytoplasmic in

92.3% of the cells, the 3SA mutant is predominantly nuclear and

can be found in an exclusive cytoplasmic location only in 17% of

the VSMCs (Fig 3B). We further confirmed the cytoplasmic localiza-

tion of wild-type HDAC4 and the nuclear localization of 3SA

HDAC4 using biochemical fractionation (Fig EV3C). When

overexpressed in VSMCs, the wild-type cytoplasmic HDAC4 drove

the upregulation of osteochondrogenic genes and matrix calcifi-

cation, while the overexpression of the 3SA nuclear mutant failed

to induce calcification (Fig 3C and D). Taken together, these data

show that cytoplasmic but not nuclear HDAC4 drives the calcifi-

cation process.

SIK activity controls the cytoplasmic localization of HDAC4

The nuclear localization of the 3SA HDAC4 mutant in VSMCs shows

that the cytoplasmic retention of wild-type HDAC4 depends on the

phosphorylation of the three serine residues in the N-terminal tail of

HDAC4. Several protein kinases, such as CamK, PKD, and SIK, were

reported to phosphorylate the N-terminal tail of HDAC4. We used

chemical blockers of these kinases to investigate their possible role

in the cytoplasmic retention of HDAC4 in VSMCs. We used the cell

permeable pan-PKD inhibitor CID 2011756 that was reported to

block PKD1, PKD2, and PKD3 [23], and the CamK inhibitor KN-93

that inhibits CamK I, II, and IV [24]. Both inhibitors did not signifi-

cantly affect the location of HDAC4, which remained completely

cytoplasmic even at doses as high as 10 lmol/l: 96.8, 99.6, and

91.6% cytoplasmic localization of HDAC4 with vehicle, PKD inhi-

bitor or CamK inhibitor, respectively (Fig 4A and B). In contrast,

the specific pan-SIK inhibitor HG-9-91-01 that can inhibit SIK1,

SIK2, and SIK3 [25] induced nuclear import of HDAC4 in a dose-

dependent manner: 96.8, 97.4, 75.7, and 14.4% cytoplasmic local-

ization of HDAC4 with vehicle, 0.5, 2, or 10 lmol/l of HG-9-91-01,

respectively (Fig 4A and B). We also tested two other SIK inhibitors

—WH-4-023 and MRT67307. Both of these agents induced the shut-

tling of HDAC4 to the nucleus (Fig EV4A). The similar activity of

three independent small molecule inhibitors of SIK on HDAC4 local-

ization strongly indicates that the effects on HDAC4 result specifi-

cally from the inhibition of SIK.

SIK activity promotes vascular calcification

Our data show that HDAC4 functions in the cytoplasm to promote

the calcification of VSMCs. Therefore, the blockade of SIK kinase

that phosphorylates HDAC4 to promote its association with cyto-

plasmic proteins and controls its cytoplasmic localization is

expected to inhibit HDAC4 activity and blunt the calcification

process. We therefore induced calcification in both cultured VSMCs

◀ Figure 1. Histone deacetylase 4 (HDAC4) is upregulated during vascular and valve calcification.

A qRT–PCR gene expression analysis of osteochondrogenic markers in VSMCs following 7-day treatment with high phosphate media (HPM) (gray) or control media
(white). Data are shown as means � SEM (n = 6), normalized to control. Two-tailed unpaired Student’s t-test, *P < 0.05.

B O-cresolphthalein calcium colorimetric assay, normalized to protein concentration, of VSMCs after 2 weeks in HPM (gray) or control media (white). Data are shown as
means � SEM (n = 9). Two-tailed unpaired Student’s t-test, *P < 0.05.

C qRT–PCR gene expression analysis of HDACs in VSMCs following 7-day treatment with high phosphate media (HPM) (gray) or control media (white). Data are shown
as means � SEM (n = 6), normalized to control. Two-tailed unpaired Student’s t-test, *P < 0.05.

D Western blot analysis and quantification of HDAC4 protein levels in VSMCs after 4 or 6 days of HPM treatment. HDAC4 levels were normalized to GAPDH levels in
arbitrary density units (AU). Data are shown as means � SEM (n = 3). Two-tailed unpaired Student’s t-test, *P < 0.05.

E qRT–PCR gene expression analysis of osteochondrogenic markers and HDAC4 in the mouse aortic rings assay treated for 14 days with (gray) or without (white) HPM.
Data are shown as means � SEM (n = 4), relative to zero. Two-tailed unpaired Student’s t-test, *P < 0.05.

F Representative images of histological sections of aortic rings grown for 14 days in control medium or HPM, stained black for calcium using Von Kossa stain. Scale
bar = 10 lm.

G qRT–PCR gene expression analysis of osteochondrogenic markers and HDAC4 in calcified human aortic valves compared to controls. Data are shown as
means � SEM (n = 3), normalized to control. Two-tailed unpaired Student’s t-test, *P < 0.05.

Source data are available online for this figure.
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and in the aortic ring model with HPM in the presence of the pan-

SIK inhibitor HG-9-91-01 or vehicle. The inhibition of SIK blunted

the upregulation of the osteochondrogenic genes and matrix calcifi-

cation in VSMCs (Fig 5A and B), as well as in aortic rings (Fig 5C

and D). SIK has three isoforms (SIK1, SIK2, and SIK3), and all three

are expressed in VSMCs (Fig EV4B). This redundancy prevented us

from knocking down SIK efficiently. LKB1 is a master kinase that

directly phosphorylates the activation loop of SIK as well as other

50-AMP-activated protein kinase (AMPK)-related kinases [26].

Knockdown of LKB1 with siRNA blunted the upregulation of the
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osteochondrogenic genes (Fig EV4C), further showing the impor-

tance of the SIK pathway in vascular calcification.

Next, we tested the importance of SIK activity for vascular calci-

fication in vivo. ApoE�/� mice were treated with high-dose vitamin

D3 for 6 days as previously described [27]. We concomitantly

treated the animals with the pan-SIK inhibitor HG-9-91-01 or vehicle

for 3 weeks. Von Kossa staining of whole mount aortic slices

(Fig 6A) and Von Kossa and alizarin red staining of fixed and paraf-

fin-embedded thin aortic sections (Fig 6B and C) showed that vita-

min D3 treatment resulted in aortic medial calcification in the mice

within 3 weeks, but concomitant treatment with a pan-SIK inhibitor

markedly blunted the development of these calcifications.

ENIGMA binds HDAC4 in the cytoplasm and promotes
vascular calcification

The cytoplasmic function of HDAC4 likely occurs in the context

of a protein complex. To identify its members, we searched for

HDAC4-binding partners using the Ras Recruitment System (RRS)-

modified yeast-two-hybrid system [28]. In the RRS system, the

interaction between the bait and prey proteins allows the Cdc25-2

temperature-sensitive yeast strain to grow at 36°C. Using the

N-terminal tail of HDAC4 (amino acids 3-666) as bait, we identified

three independent clones of ANKRA2, a known binding partner

of HDAC4 [29], and three independent clones of the protein

ENIGMA (Pdlim7). ENIGMA is a cytoplasmic protein that local-

izes to actin-rich structures in vascular smooth muscle, heart, and

platelets. Structurally, ENIGMA is composed of an N-terminal

PDZ domain, a linker, and three LIM domains. We initially vali-

dated the screen results in yeast with the RRS system using the

N-terminal HDAC4 fragment as bait and different fragments of

ENIGMA or the homologous protein CYPHER (Ldb3) as prey

(Fig 7A). This analysis showed that constructs containing the

three LIM domains of ENIGMA, with or without the linker

domain, interacted with the N-terminal domain of HDAC4 and

conferred yeast growth, while constructs containing the PDZ

domain and linker, linker and first LIM domain, or the PDZ and

LIM domains of the protein CYPHER did not (Fig 7A). We also

validated the results using co-immunoprecipitation in cultured

cells with 3HA-tagged ENIGMA fragments or with 3HA-tagged

ENIGMA family protein Enigma Homologue (ENH, Pdlim5) and

CYPHER (Ldb3), and Flag-tagged full-length HDAC4. In agreement

with the yeast experiments, both the full-length ENIGMA protein

and a fragment containing only the three LIM domains interacted

with full-length Flag-tagged HDAC4 (Fig 7B), while the 3HA-

tagged ENIGMA fragments containing either the PDZ domain and

linker or the linker and first LIM domain did not interact. The

3HA-tagged Enigma Homologue (ENH, Pdlim5) and CYPHER

(Ldb3) showed very little binding (Fig 7B). For more detailed

mapping of the interacting domains in ENIGMA, we co-immuno-

precipitated constructs containing one, two, or three of the LIM

domains and various combination of two LIM domains of

ENIGMA (1 + 2, 2 + 3, or 1 + 3) with the full-length Flag-tagged

HDAC4 (Fig 7C). This analysis showed that two LIM domains of

ENIGMA were required for the interaction with HDAC4, but any

two of the three sufficed. We continued with a more detailed

mapping of the interacting domains of HDAC4. We co-immuno-

precipitated 3HA-tagged full-length ENIGMA and assessed the

interaction with 6xHis-tagged HDAC4 fragments. Initial mapping

showed that both the whole N-terminal fragment of HDAC4 (aa

3-628) and a smaller fragment containing amino acids 3-222 of

HDAC4 were able to bind ENIGMA (Fig 7D). A finer mapping

experiment again showed that an N-terminal fragment of amino

acids 3-222 of HDAC4 was able to bind ENIGMA, but a fragment

of amino acids 3-185 of HDAC4, or smaller fragments, showed

very little binding (Fig 7E). This mapping indicates that the

N-terminal amino acids 185-222 of HDAC4 interact with two of

the three LIM domains of ENIGMA. This domain of HDAC4 does

not include any of the three phosphorylated serine residues and

indicates that the phosphorylation of HDAC4 is not required for

the interaction with ENIGMA.

To assess the location of ENIGMA and its relationship with

HDAC4, we used immunofluorescence staining in VSMCs. The

actin-binding ENIGMA showed cytoplasmic staining, and the distri-

bution of ENIGMA co-localized with that of HDAC4 (Fig 8A). Since

ENIGMA is an actin-interacting cytoplasmic protein that binds

HDAC4, we checked whether the cytoplasmic retention of HDAC4

in VSMCs was dependent on ENIGMA. To this end, we knocked

down ENIGMA expression using siRNAs and assessed the location

of HDAC4. Despite achieving a high degree of ENIGMA knockdown

(Fig EV5A), the location of HDAC4 was unchanged and remained

cytoplasmic (Fig 8B). We also show that overexpression of ENIGMA

cannot force the cytoplasmic localization of HDAC4 3SA mutant

(Fig EV5B). These observations are not surprising since the

◀ Figure 2. Effects of overexpression and knockdown of HDAC4 on calcification.

A VSMCs were transduced with two different concentrations of adenoviral vector encoding for Flag-tagged HDAC4 or control beta-gal virus. Gene expression qRT–PCR
analysis of calcification markers was performed. Data are shown as means � SEM (n = 6), relative to zero. Two-tailed unpaired Student’s t-test, *P < 0.05 vs. control.

B O-cresolphthalein calcium colorimetric assay of VSMCs after 2 weeks of control media (white) or HPM (light gray), or VSMCs transfected with HDAC4 in control media
(dark gray). Data are shown as means � SEM (n = 6), normalized to protein concentration. Two-tailed unpaired Student’s t-test, *P < 0.05 vs. control.

C Aortic rings were transduced with adenoviral vector encoding for Flag-tagged HDAC4 or control beta-gal and were grown for 14 days in control media.
Osteochondrogenic markers were analyzed using qRT–PCR gene expression. Data are shown as means � SEM (n = 6), normalized to control. Two-tailed unpaired
Student’s t-test, *P < 0.05.

D Histological sections of control beta-gal or HDAC4 transduced aortic rings in control medium after 14 days, stained black for calcium with Von Kossa stain.
Representative images are shown. Scale bar = 20 lm.

E VSMCs were transfected with two different siRNAs for HDAC4 or with control siRNA. Gene expression qRT–PCR analysis shows similar level of knockdown of HDAC4
for the two siRNAs and inhibition of the osteochondrogenic marker Osteocalcin. Data are shown as means � SEM (n = 5), relative to zero. Two-tailed unpaired
Student’s t-test, *P < 0.05 vs. control.

F O-cresolphthalein calcium colorimetric assay of VSMCs transfected with scrambled siRNA after 2 weeks treatment with control media (white) or HPM (light gray), or
VSMCs transfected with HDAC4 siRNA in HPM (dark gray). Data are shown as means � SEM (n = 8), normalized to protein concentration. Two-tailed unpaired
Student’s t-test, *P < 0.05 vs. control siRNA.
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phosphorylation of HDAC4 is required for its cytoplasmic localiza-

tion, and our mapping suggested that phosphorylation of HDAC4

was not required for its binding to ENIGMA.

ENIGMA was reported to promote bone formation [30], and

ENIGMA knockout mice displayed reduced trabecular bone density

[31]. We therefore tested the role of ENIGMA in VSMCs calcifi-

cation. Indeed, knockdown of ENIGMA significantly impeded the

osteochondral differentiation of VSMCs (Fig 8C). Together these

data indicate that proteins other than ENIGMA are required to retain

HDAC4 in the cytoplasm, but that ENIGMA is required as part of the

cytoplasmic complex that promotes calcification in VSMCs. To

assess whether HDAC4 and ENIGMA not only act in parallel but that

they indeed depend on each other, we initially overexpressed

ENIGMA and assessed the effects on osteochondral genes. The over-

expression of ENIGMA did not result in upregulation of osteochon-

dral markers and in fact resulted in a very modest, yet significant

downregulation of Osteocalcin expression (Fig 8D). This downregu-

lation likely resulted from perturbation of the cytoskeleton-

ENIGMA-HDAC4 cytoplasmic complex stoichiometry by ENIGMA

overexpression. The requirement of ENIGMA together with the

inability of ENIGMA overexpression to promote osteochondral dif-

ferentiation on its own shows that ENIGMA depends on other

proteins for this function. We next overexpressed HDAC4 together

with control or ENIGMA siRNA. While HDAC4 overexpression was

sufficient to induce osteochondral differentiation, the concomitant

knockdown of ENIGMA significantly blunted this ability (Fig 8E).

These data show that HDAC4 and ENIGMA depend on each other to

drive vascular calcification.

To further understand the ENIGMA-HDAC4 cytoplasmic

complex, and to understand how this cytoplasmic complex drives

vascular calcification, we performed a second RRS screen with

ENIGMA PDZ domain. This screen (Fig EV6A–C) identified the

cytoskeletal proteins alpha-actinin and palladin as ENIGMA PDZ

domain binding partners. The a-actinins are a family of spectrin-like

actin-binding proteins with critical roles in cytoskeleton mainte-

nance. Stiff substrates led to increased expression of focal adhesion

components, including a-actinin [32], and a-actinin-3 deficiency is

associated with reduced bone mass in human and mice [33].

Palladin is an actin filament-binding protein that directly crosslinks

actin filaments [34]. Mutations in palladin that interrupt actin-

binding result in disruption of the actin cytoskeleton [35]. Palladin

was shown to be upregulated in response to both cyclic tensile

strain and osteogenic differentiation [36]. These data show that

Enigma binds cytoskeletal proteins with its PDZ domain and HDAC4

with its 3-LIM domain and suggest that this complex in involved in

the cytoskeleton response to mechanical stress.

Multiple lines of evidence show that VSMCs respond to

mechanical signals [2], and it was shown that differentiation of

cells to osteoblasts in response to biochemical cues can be modu-

lated by matrix stiffness [32,37]. Data also suggest that mechanical

stress can be channeled along cytoskeletal filaments and act

directly on the nucleus to regulate gene expression (reviewed in

[38]). The nucleus is physically connected to the cytoskeleton

through the linker of nucleoskeleton and cytoskeleton (LINC)

complex [38], that is composed of SUN and KASH family

members. KASH proteins interact with cytoskeletal elements

through their C-terminal extremity, whereas SUN proteins are

connected to nuclear lamins. The LINC complex was shown to

transfer mechanical stresses from the cytoskeleton to the genome

and control gene expression [39]. To investigate the role of direct

transmission of stress from the cytoskeleton to the nucleus, we

examined the members of the LINC complex. Sun2, a member of

the LINC complex, is an integral membrane protein of the inner

nuclear membrane connecting the nuclear envelope to the

cytoskeleton [40]. The knockdown of Sun2 using siRNA resulted

in blunting of HPM-induced upregulation of Osteocalcin

(Fig EV6D), showing that the integrity of the LINC complex is

required for osteogenic differentiation of VSMCs and that Osteocal-

cin gene expression is controlled by the nuclear mechanosensing

apparatus. We propose that during vascular calcification, HDAC4

is upregulated and accumulates in the cytoplasm in response to

phosphorylation by SIK. Cytoplasmic HDAC4 is recruited to the

cytoskeleton (Fig EV6E) to associate with the protein Enigma. We

speculate that the ENIGMA-HDAC4 is part of the cytoskeletal

mechanosensing apparatus. Enigma-mediated recruitment of

HDAC4 to the cytoskeleton may modify the response of the

cytoskeleton to the extracellular matrix stiffness, and this modified

stress is transmitted directly to the nucleus via the LINC complex

to change gene expression.

In summary, we showed that the expression of HDAC4 is upregu-

lated during vascular calcification in cultured VSMCs, in aortic

rings, and in patient calcifying valves. Using both loss- and gain-of-

function approaches, we further showed that HDAC4 promotes this

calcification process. HDAC4 functions to promote calcification in

the cytoplasm. It is almost exclusively cytoplasmic in VSMCs, and a

nuclear mutant of HDAC4 does not promote calcification. The cyto-

plasmic location of HDAC4 and its role in calcification depends on

the activity of the protein kinase SIK. The inhibition of SIK shuttles

◀ Figure 3. HDAC4 shows exclusive cytoplasmic localization in VSMCs.

A VSMCs were transfected with the indicated HDAC4 constructs (Fig EV3A) to examine their intracellular localization. VSMCs transfected with the wild-type HDAC4
were also grown in HPM to observe its effect on HDAC4 localization. Nuclei were counterstained with DAPI. High magnification representative images are shown,
demonstrating that wild-type HDAC4 was exclusively cytoplasmic in control and HPM media, and the 3SA and 3-625 HDAC4 constructs are entirely nuclear. Scale
bar = 10 lm.

B VSMCs or control HeLa epithelial cells were transfected with the indicated HDAC4-GFP constructs. DAPI staining was used to mark the nucleus. HDAC4 localization
was scored automatically using CellProfiler analysis software as being exclusively cytoplasmic (white), exclusively nuclear (light gray), or as occupying both a
cytoplasmic and nuclear localization (dark gray). Data are shown as means � SD (n = 80 cells at least in each group). Chi-square proportion test, *P < 0.001
between VSMCs and HeLa cells for each construct, †P < 0.001 between indicated construct distribution and wild-type HDAC4 in VSMCs.

C VSMCs were transfected with wild-type HDAC4 or 3SA HDAC4 and grown in normal media for 7 days, or HPM as a positive control. qRT–PCR analysis of
osteochondrogenic markers is shown. Data are shown as means � SEM (n = 9), normalized to control. Two-tailed unpaired Student’s t-test, *P < 0.05 vs. control,
†P < 0.05 vs. 3SA HDAC4.

D O-cresolphthalein calcium colorimetric assay of VSMCs transfected with lacZ in control media (white) or HPM (light gray), or VSMCs transfected with 3SA HDAC4 in
control media (dark gray). Data are shown as means � SEM (n = 8), normalized to protein concentration. Two-tailed unpaired Student’s t-test, *P < 0.05.
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HDAC4 to the nucleus and impedes the calcification process. Mecha-

nistically, we showed that in the cytoplasm, HDAC4 binds the

cytoskeleton-associated protein ENIGMA, which is required for

vascular calcification (Fig 9).

Discussion

Here, we have identified three novel modulators of vascular calcifi-

cation: cytoplasmic class IIa HDAC4, the cytoplasmic adaptor

protein ENIGMA, and the protein kinase SIK.

Our data show that HDAC4 is upregulated early in vascular calci-

fication and promotes the process. Vascular calcification shares

some similarities with early cartilage and bone formation, and

HDAC4 has documented activities in both cartilage and bone devel-

opment. The global deletion of HDAC4 in mice resulted in premature

ossification of developing bones due to early onset chondrocyte

hypertrophy with early death. Conversely, overexpression of HDAC4

in proliferating chondrocytes in transgenic mice inhibited chondro-

cyte hypertrophy [17]. These observations establish the role of

HDAC4 as a suppressor of chondrocyte hypertrophy, a late stage in

chondrocyte development. In developing bone, an osteoblast-specific
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Figure 5. SIK inhibition blunts the calcification process in vitro and ex vivo.

A VSMCs were grown for 7 days in HPM with control (DMSO) or 1 lM HG-9-91-01 (SIKi). Osteochondrogenic marker expression was analyzed using qRT–PCR. Data are
shown as means � SEM (n = 4), normalized to control. Two-tailed unpaired Student’s t-test, *P < 0.05.

B O-cresolphthalein calcium colorimetric assay of VSMCs grown in HPM in the presence of HG-9-91-01 for 14 days. Data are shown as means � SEM (n = 7),
normalized to protein concentration. Two-tailed unpaired Student’s t-test, *P < 0.05 vs. HPM control treatment.

C Aortic rings were grown for 14 days in HPM with control (DMSO) or 1 lM HG-9-91-01 (SIKi). Osteochondrogenic marker expression was analyzed using qRT–PCR.
Data are shown as means � SEM (n = 6), normalized to control. Two-tailed unpaired Student’s t-test, *P < 0.05.

D Representative images of aortic rings histological sections in control, HPM and HPM with HG-9-91-01 media, stained black for calcium with Von Kossa stain. Scale
bar = 30 lm.
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deletion of HDAC4 resulted in bone loss, suggesting that HDAC4 is a

positive regulator of bone formation [18].

The transcription factor Runx2 is a master gene of skeletogenesis.

Reporter assays in cultured cells showed that nuclear HDAC4 can

repress the transcriptional activity of Runx2. In fact, the constitu-

tively nuclear mutant HDAC4-3SA was a more potent inhibitor of

Runx2 activity than the wild-type one [17]. Another study showed

that HDAC4 can bind Runx2 and prevent its acetylation [41]. The

mechanism of this action is unclear, as HDAC4 has very low

deacetylase activity [42]. Despite the ability of HDAC4 to repress

Runx2 activity in promoter assays, the role of HDAC4 as suppressor

of Runx2 in vivo was called into question. The cartilage phenotype

of the HDAC4 knockout mice was initially ascribed to the release of

Runx2 from HDAC4 inhibitory activity [17], but a later study from

the same group showed that the effects were mostly mediated

through the release from inhibition of Mef2 in chondrocytes [43].

Using an osteoblast-specific knockout of HDAC4, it was also shown

that HDAC4 does not inhibit Runx2 function in osteoblasts in vivo

[18]. Since HDAC4 is almost exclusively cytoplasmic in VSMCs and

Runx2 is a nuclear protein, it is not surprising that HDAC4 does not

functionally inhibit Runx2 activity in VSMCs.

Runx2 is necessary but not sufficient for the development of

vascular calcification. The elimination of Runx2 from smooth

muscle cells blunted the development of vascular calcification [44],

but VSMC-specific overexpression of Runx2 in transgenic mice did

not induce aortic calcification [45]. Here, high phosphate medium

induced a robust calcification in VSMCs with significant upregula-

tion of bone and cartilage marker genes and marked accumulation

of matrix calcium. The level of Runx2, however, showed only a

non-significant trend for increase in this system (Fig 1A). In the

aortic ring model, induction with HPM did result in a more

pronounced increase in Runx2 levels (Fig 1E). These data suggest

that the levels of Runx2 are likely higher at baseline in VSMCs than

in aortic rings and show that a significant upregulation of Runx2 is

not required for the development of calcification. Similarly, the

overexpression or knockdown of HDAC4 had only modest non-

significant effects on the expression level of Runx2 in VSMCs

(Fig 2A and E) and more significant effects in the aortic ring model

(Fig 2C), despite having pronounced effects on the development of

calcification in both systems. Together these data imply that other

pathways are needed to work in concert with or downstream of

Runx2 to promote vascular calcification. Our data suggest that the

cytoplasmic HDAC4-ENIGMA containing complex activates such a

pathway.

Osteocalcin is upregulated during VSMCs calcification, and our

data are in agreement with vascular calcification data in patients

and rodents that also showed the presence of Osteocalcin in calci-

fied plaques [46]. We show that Osteocalcin is a major target gene

for the cytoplasmic HDAC4-ENIGMA complex. HDAC4 induces the

upregulation of Osteocalcin in cultured VSMCs and in aortic rings,

and knockdown of HDAC4 suppresses it. This induction depends on

the cytoplasmic protein ENIGMA as overexpression of HDAC4 with

knockdown of ENIGMA does not result in Osteocalcin upregulation.

We also show that the nuclear 3SA mutant of HDAC4 does not

induce the upregulation of Osteocalcin. Finally, we show that

disruption of the nuclear mechanosensing LINC complex prevents

HPM-induced Osteocalcin upregulation and that HDAC4 is localized

to focal adhesion structures. These findings suggest that the

ENIGMA-HDAC4 cytoplasmic complex is involved in a

mechanosensing mechanism that can transmit signals directly to the

nucleus to control the expression of genes such as Osteocalcin. In

agreement with our results, Osteocalcin gene expression in bone

was decreased nearly fourfold in mice with osteoblast-specific

knockout of HDAC4 compared with control mice [47]. This regula-

tion of Osteocalcin expression by class II HDACs appeared to be

specific to HDAC4, as mice lacking HDAC5, did not demonstrate a

decrease in bone Osteocalcin expression [47].

Osteocalcin knockout mice develop bones normally, showing

that Osteocalcin can serve as a marker but is not required for

normal bone formation [48]. Surprisingly, it was shown that when

overexpressed, Osteocalcin functions as a stimulator of VSMCs

calcification, upregulating Sox9, Runx2, ALP, proteoglycans, and

calcium mineral accumulation. Moreover, in vivo administration of

Osteocalcin siRNA prevented vitamin D-induced vascular calcifi-

cation development [27]. This study shows that in contrast with

bone, Osteocalcin is both necessary and sufficient for the induction

of vascular calcification and that the upregulation of Osteocalcin

predates and induces the upregulation of Sox9 and Runx2, rather

than result from it. Together, these data suggest that Osteocalcin

may be the primary target gene of the cytoplasmic HDAC4-ENIGMA

complex in VSMCs.

Despite tremendous discoveries about the function, nucleo-cyto-

plasmic shuttling, structure, and binding partners of class IIa

HDACs, several key questions about their mechanism of actions

remain unsolved. Depending on the cell type, HDAC4 can be found

either in the nucleus or in the cytoplasm under basal conditions. In

addition to the well-documented actions of HDAC4 in the nucleus,

indirect evidence suggests that HDAC4 may have additional cyto-

plasmic functions. For example, the predominant cytoplasmic local-

ization of HDAC4 in neurons, combined with localization to specific

cytoplasmic regions such as dendritic spines, suggests a non-nuclear

role for HDAC4 in memory formation [49]. The accumulating

evidence indicates that HDAC4 function in memory is not through

global alteration in histone acetylation, nor through a significant

effect on transcription, further suggesting a cytoplasmic role [49].

Here, we conclusively establish a cytoplasmic role for HDAC4.

◀ Figure 6. SIK inhibition blunts the calcification process in vivo.

A Mice aortic cryosections of three groups: (i) control (top, mice #1–3), (ii) vitamin D3 (middle, mice #4–6), and (iii) vitamin D3 and SIK inhibitor (bottom, mice #7–9),
stained black for calcium with Von Kossa stain. Vitamin D3 causes excessive aortic calcification which is blunted by SIK inhibitor treatment. Scale bar = 100 lm.

B Representative mice aortic paraffin thin sections of three groups: (i) control (top, mice #10–11), (ii) vitamin D3 (middle, mice #12–13), and (iii) vitamin D3 and SIK
inhibitor (bottom, mice #14–15), stained black for calcium with Von Kossa stain in low and high magnifications. Scale bars are 100 and 10 lm, respectively.

C Same mice aortic paraffin sections shown in (B) of three groups: (i) control (top, mice #10–11), (ii) vitamin D3 (middle, mice #12–13), and (iii) vitamin D3 and SIK
inhibitor (bottom, mice #14–15), stained red for calcium with alizarin red calcium staining, in low and high magnifications. Scale bars are 100 and 10 lm,
respectively.

Source data are available online for this figure.
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HDAC4 is almost exclusively cytoplasmic in VSMCs at baseline and

following osteochondral differentiation. The ability of HDAC4 to

promote calcification, despite this exclusive cytoplasmic localiza-

tion, strongly indicates that HDAC4 functions in the cytoplasm in

this context. Importantly, the nuclear 3SA mutant of HDAC4 did not

drive calcification. We also show that inhibition of SIK sends

HDAC4 to the nucleus and blocks its ability to promote calcification

and that HDAC4 binds a cytoplasmic protein—ENIGMA that is

required for its function, further supporting a cytoplasmic function

of HDAC4. While a nuclear role for HDAC4 is well established and

is likely the predominant mechanism of action in cardiomyocytes

and maturing chondrocytes, we provide conclusive evidence that in

VSMCs, HDAC4 has a cytoplasmic role.

An evolutionary replacement of a class I HDAC catalytic tyrosine

by histidine in class IIa HDACs catalytic pocket results in almost

complete abolition of their catalytic activity [42]. It is hypothesized

that class IIa HDACs could function as readers of acetylated

proteins, rather than enzymes, acting as molecular scaffolds that

recruit additional enzymes and proteins [50]. We identified the cyto-

plasmic protein ENIGMA as a binding partner of HDAC4. The PDZ

and LIM domains of ENIGMA act as protein-binding interfaces to

facilitate dynamic interactions of signaling molecules [51]. We show

that HDAC4 co-localizes with ENIGMA in the cytoplasm of VSMCs

and that ENIGMA was required for the calcification process. Thou-

sands of proteins are acetylated in different cellular compartments

to mediate a wide variety of biological processes [52]. HDAC4 binds

ENIGMA by its N-terminal tail, and we speculate that it binds or

“reads” cytoplasmic-acetylated proteins with its C-terminal deacety-

lase domain to form the ENIGMA pro-calcification protein complex.

ENIGMA binds alpha-actinin and palladin with its PDZ domain, and

we hypothesize that the ENIGMA-HDAC4 complex controls a

mechanosensing cytoskeletal element that signals the activation of

the osteochondrogenic gene program in VSMCs.

SIK1, SIK2, and SIK3 are members of AMPK family. SIK1 was

shown to phosphorylate HDAC5 and promote its cytoplasmic accu-

mulation [14]. SIK3 expression was observed in the cytoplasm of

prehypertrophic and hypertrophic chondrocytes, and SIK3 knockout

mice showed impaired chondrocyte hypertrophy [53]. Mechanisti-

cally, SIK3 was shown to bind, phosphorylate, and induce the cyto-

plasmic accumulation of HDAC4. We show here that the inhibition

of CaMK or PKD did not induce nuclear accumulation of HDAC4 in

VSMCs. In contrast, the inhibition of SIK activity resulted in a dose-

dependent nuclear accumulation of HDAC4 and blunting of the

calcification process in cultured VSMCs, in aortic rings, and in vivo.

The ability of two other molecules that inhibit SIK or knockdown of

an upstream kinase LKB1 to interfere with the process is further

evidence for the role of SIK in vascular calcification. The phosphory-

lation of HDAC4 is required for its binding to proteins such as 14-3-

3. This binding likely serves more functions than retaining HDAC4

in the cytoplasm and is probably required for HDAC4 cytoplasmic

activity. SIK was shown to bind 14-3-3 following phosphorylation

by LKB1 [54]. It was recently shown that parathyroid hormone inhi-

bition of SOST (sclerostin), a WNT antagonist, requires HDAC4 and

HDAC5 and is dependent on the inhibition of SIK2 to promote bone

growth [55]. In contrast with bone, parathyroid hormone suppresses

vascular calcification [56], and sclerostin is upregulated in the calci-

fication process [57]. The SIKs are expressed in several tissues. The

inhibition of SIK was shown to reprogram macrophages to an anti-

inflammatory phenotype [25]. HG-9-91-01 was shown to

enhance gluconeogenic gene expression and glucose production in

hepatocytes [26]. Once-daily treatment with the small molecule SIK

inhibitor YKL-05-099 was shown to mimic skeletal effects of PTH

◀ Figure 7. HDAC4 N-terminus binds ENIGMA LIM domains.

A The yeast Ras recruitment system (RRS) was used to discover HDAC4-binding partners. Interaction between the bait and prey proteins allows the Cdc25-2
temperature-sensitive yeast strain to grow at 36°C. Cdc25-2 yeast cells were co-transfected with HDAC4 N-terminus (aa 3-625) and the indicated myristoylated
ENIGMA constructs or CYPHER and grown at 36°C. Only constructs containing the three LIM domains of ENIGMA conferred growth.

B, C Cells were co-transfected with Flag-HDAC4 and the indicated 3HA-tagged ENIGMA constructs, 3HA-tagged Enigma Homologue (ENH), or 3HA-tagged CYPHER.
Protein lysate was immunoprecipitated (IP) with an antibody recognizing Flag or IgG (negative control). Proteins were separated on SDS–PAGE gel and
immunoblotted (IB) with an antibody recognizing HA or Flag. Total protein extract (input, 10% of lysate) is also shown. The analysis shows that any combinations
of two of the three LIM domains of ENIGMA, or all three LIM domains are sufficient for the interaction (C). * marks the interacting fragments.

D, E Cells were co-transfected with HA-Enigma and the indicated 6xHIS-tagged HDAC4 N-terminal construct. Protein lysate was immunoprecipitated (IP) with an
antibody recognizing HA. Proteins were separated on SDS–PAGE gel and immunoblotted (IB) with an antibody recognizing HIS. Total protein extract (input, 5% and
7% of lysate) is also shown. The analysis shows that ENIGMA binds the N-terminus of HDAC4, specifically the interaction requires amino acids 185-222. * marks the
interacting fragments.

Source data are available online for this figure.

Figure 8. ENIGMA co-localizes with HDAC4 in the cytoplasm and promotes calcification in VSMCs.

A VSMCs were transfected with GFP-HDAC4, cells were immunostained with an anti-ENIGMA antibody (red), and nuclei were counterstained with DAPI (blue).
Representative images show cytoplasmic co-localization of ENIGMA and HDAC4. Scale bar = 10 lm.

B VSMCs were transfected with GFP-HDAC4 and ENIGMA siRNA or control scrambled siRNA and immunostained with an antibody recognizing ENIGMA. Nuclei were
counterstained with DAPI. Knockdown of ENGIMA did not change the cytoplasmic localization of HDAC4. Scale bar = 10 lm.

C VSMCs were transfected with ENIGMA siRNA or control scrambled siRNA, and osteochondrogenic markers were analyzed by qRT–PCR. Data are shown as
means � SEM (n = 8), normalized to control. Two-tailed unpaired Student’s t-test, *P < 0.05.

D VSMCs were transfected with an ENIGMA encoding plasmid or control lacZ plasmid and grown in control media. Osteochondrogenic markers were analyzed using
qRT–PCR. Data are shown as means � SEM (n = 4), normalized to control. Two-tailed unpaired Student’s t-test, *P < 0.05.

E VSMCs were transduced with adenoviral vector encoding for Flag-tagged HDAC4 or control beta-gal virus and then transfected with ENIGMA or control scrambled
siRNA. Osteochondrogenic markers were analyzed using qRT–PCR. Data are shown as means � SEM (n = 9), relative to control. Two-tailed unpaired Student’s t-test,
*P < 0.05 vs. control siRNA.
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and increase bone mass [55]. Therefore, any potential use of SIK

inhibitor should include a thorough analysis of off-target effects.

The understanding that vascular calcification is an active process

suggests that therapeutic agents may be able to modify its develop-

ment. However, to date, no such therapies are available. We identi-

fied here three novel modulators—the class IIa HDAC4, the adaptor

protein ENIGMA, and the protein kinase SIK that together positively

regulate this pathological process. We show that inhibition of each

of these proteins can blunt the calcification process. Importantly,

the ability of a small molecule inhibitor of SIK to blunt vascular

calcification in vivo suggests that inhibition of this pathway may be

able to target vascular calcification and prevent disease progression,

although further studies are needed to assess the efficacy of such an

approach.

Materials and Methods

Animal experiments

ApoE�/� mice were purchased from The Jackson Laboratory. All

animals were housed in a temperature-controlled environment with

12-h light/dark cycles with food and water available ad libitum.

Mice were aged 8 weeks when entering the study. Aortic calcifi-

cation was induced via vitamin D3 overload as previously described

[27]. 1a,25-Dihydroxyvitamin D3 (Sigma-Aldrich) was dissolved in

100% ethanol and diluted freshly. Mice received IP injections of

1a,25-dihydroxyvitamin D3 for six consecutive days at a final

concentration of 5 lg/kg in 5% ethanol. SIK inhibition was

achieved by daily administration of HG-9-91-01 (ApexBio #B1052)

in DMSO at a final concentration of 5 mg/kg/day. Littermate

ApoE�/� mice were arbitrarily divided to receive treatment or

control. In the first 4 days, HG-9-91-01 was injected IP, and on day

5, osmotic pumps (Alzet model 1002) were implanted. Animals

were monitored daily and terminated for study at day 18. Specifi-

cally, mice were sacrificed in isoflurane and aortas were collected

for histology. All mice procedures were performed in accordance

with institutional guidelines.

Histochemical staining

Aortas were either fresh-frozen in OCT sliced into section with a

cryostat or fixed in 4% formaldehyde, embedded in paraffin, and

cut into thin sections. Slides were stained to detect calcium deposi-

tions with alizarin red or Von Kossa stains. Alizarin red: Slides were

incubated in 2% alizarin red (Sigma-Aldrich) for 5 min at room

SIK

HDAC4

HDAC4

HDAC4

PP P

Osteochondral 
Differentiation

P PP

ATP

ADP

SIK

Figure 9. Model of vascular calcification induction in VSMCs by cytoplasmic HDAC4.

Extracellular stimuli such as high extracellular phosphate induce the upregulation of HDAC4 expression. HDAC4 can shuttle between the nucleus and cytoplasm, but
phosphorylation by SIK kinase in VSMCs promotes its cytoplasmic accumulation through binding to 14-3-3 proteins. SIK was reported to directly bind 14-3-3 proteins. In the
cytoplasm, HDAC4 binds the actinin-associated protein ENIGMA. All the components of this cytoskeletal complex are required to promote vascular calcification, as knockdown
of either HDAC4 or ENIGMA or the inhibition of SIK results in blunted calcification.
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temperature, and excess stain was washed in DDW. Von Kossa:

Slides were incubated for 20 min in 5% silver nitrate (Sigma-

Aldrich), washed twice in DDW, and immersed in 0.5% hydro-

quinone (Sigma-Aldrich) for 2 min followed by 2 min of 5% sodium

thiosulfate (Alfa Aesar).

Cell culture

Mouse aortic smooth muscle cells were purchased from ATCC

(CRL-2797) and grown in DMEM supplemented with 10% FBS.

10 mmol/l beta-glycerophosphate (Sigma-Aldrich) and 0.2 mmol/l

2-phospho-L-ascorbic acid (Sigma-Aldrich) was added to the growth

media for 3–14 days to induce calcification (HPM). All cultured cells

were maintained at 37°C with 5% CO2.

Calcium quantification assay

After 14 days of growth, cells were washed in PBS and incubated

overnight in 0.6 N HCl. HCl was collected, and calcium content was

measured using o-cresolphthalein Calcium colorimetric assay kit

(Sigma-Aldrich) according to manufacturer’s instructions. Calcium

concentration was then normalized to cells protein concentration.

Aortic rings assay

Aortic rings were prepared as described [21]. In brief, adult C57BL/6

mice were euthanized with isoflurane; thoracic aorta was dissected,

cleaned under a microscope, and cut into rings. Aortic rings were

grown in serum-free DMEM overnight to uniform baseline state,

embedded in collagen the next morning, and grown for 2 weeks.

Viral transduction was performed in the serum-starvation stage.

10 mmol/l beta-glycerophosphate (Sigma-Aldrich) and 0.2 mmol/l

2-phospho-L-ascorbic acid (Sigma-Aldrich) were added to the

growth media for 14 days to induce calcification (HPM).

Human aortic valves

The study was approved by an institutional review committee and

subjects gave informed consent. Human aortic valves samples were

obtained at Rambam Health Care Campus during aortic valve

replacement surgeries. The donors were males and females aged

60–80 with different degrees of aortic valve calcification. Samples

were transported to the laboratory in RNA later (Thermo-Fisher

Scientific); macroscopic healthy parts were used as control.

RNA extraction RT and qRT–PCR

RNA was extracted from cultured cell using the NucleoSpin RNA kit

(MACHEREY-NAGEL). The RNeasy Fibrous Tissue mini and midi

kits (Qiagen) were used to extract RNA from aortic rings and human

tissue (respectively). All kits were used in accordance with manu-

facturer protocol. Reverse transcription was done using iScript

reagent (Bio-Rad). Quantitative real-time PCR was performed with

iTaq universal SYBR green supermix (Bio-Rad) using Bio-Rad CFX96

real-time system. Previous study has shown that Actb was among

the most stably expressed genes in differentiating osteoblasts [58],

and therefore, expression data were normalized to the expression of

Actb. For each expression analysis, we used at least two different

experiments, at least four biological replicates, and two technical

replicates for each biological replicates for each gene. We performed

a standard curve for each primer pair. All primers and probes were

ordered from IDT (see Tables 1 and 2):

Cell transfection + siRNA

Cells were transfected with pEGFP-HDAC4, pEGFP-HDAC4 3SA,

pcDNA HDAC4-Flag that were a gift from Tso-Pang Yao (Addgene

plasmid #45636, #45637, #30485) [59] or pEGFP-HDAC4 3-625 plas-

mid. Mouse ENIGMA (Pdlim7) or truncation mutants were cloned

to pcDNA-3HA backbone plasmid. Transfections were performed

using PolyJet reagent (SignaGen) according to manufacturer’s

instructions. Hdac4 siRNA (IDT), ENIGMA siRNA (GE Healthcare

Life Sciences Dharmacon) LKB1 siRNA (IDT), and Sun2 siRNA

(IDT) were transfected to the cells using Stemfect RNA Transfection

Kit (Stemgent Inc.) according to manufacturer’s instructions.

The ras recruitment system

The RRS screen was performed as described previously [28]. The

bait was a hybrid protein with the mammalian activated Ras protein

lacking its farnesylation CAAX box fused to the human HDAC4

N-terminus (aa 3–666). The bait plasmid was co-transfected into

Cdc25-2 yeast cells with prey plasmids of different myristoylated

ENIGMA constructs. The prey plasmids were designed under the

control of the Gal1-inducible promoter, while the expression of the

bait was controlled by a Met-off inducible promoter. Plates were

incubated for 7 days at the permissive temperature of 24°C and

were subsequently replica plated onto inductive medium and incu-

bated at the restrictive temperature of 36°C.

Immunoprecipitation and Western blot

Cultured cells were washed with ice-cold phosphate-buffered saline

(PBS) buffer and lysed in buffer containing 50 mM Tris, pH 7.5,

150 mM NaCl, 1 mM EDTA, and 1% NP-40. 400 lg of protein was

immunoprecipitated with anti-Flag (Sigma-Aldrich), or IgG antibod-

ies (negative control) and protein A/G agarose beads (Santa Cruz

Biotechnology, Inc.) as described previously [60]. Beads were

washed three times with buffer and suspended in 30 ll of Laemmli

buffer. Proteins were separated on an SDS gel, blotted, and detected

with primary antibody recognizing HA (Santa Cruz Biotechnology,

Inc. sc-805) or Flag (Sigma-Aldrich).

Western blot and protein fractionation

Cultured cells were washed with ice-cold phosphate-buffered saline

(PBS) buffer and lysed in buffer containing 50 mM Tris, pH 7.5,

150 mM NaCl, 1 mM EDTA, and 1% NP-40. Proteins were sepa-

rated on an SDS gel, blotted, and detected with primary antibodies

recognizing HDAC4 (cell signaling 7,628 s) or Pdlim7 (ProteinTech

#10221-1-AP).

For cytoplasmic and nuclear fractionation, we used lysis buffer

containing 10 mM HEPES, pH 7.9, 10 mM KCl, 1 mM EDTA, 1 mM

DTT, and 1% NP-40 for the cytoplasmic fraction and lysis buffer

containing 20 mM HEPES, pH 7.9, 400 mM NaCl, 1 mM EDTA and

1 mM DTT for the nuclear fraction. Proteins were separated on an
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SDS gel, blotted, and detected with primary anti-Flag antibody

(Sigma-Aldrich).

Chemicals (inhibitors)

The pan-SIK inhibitors: HG-9-91-01 (ApexBio #B1052), WH-4-023

(Sigma-Aldrich), MRT67307 (Sigma-Aldrich), and the pan-PKD and

CamK inhibitors: CID-2011756 (Cayman #15317), KN-93 (Sigma-

Aldrich K1285), were added to the HPM at final concentrations of

0.5, 1, 2, 5, and 10 lmol/l.

Immunofluorescence and image analysis

For localization and co-localization assays, cells were transfected

with pEGFP-HDAC4 plasmids, fixed with 4% formaldehyde in PBS,

and blocked in 5% FBS in PBS. Staining for ENIGMA was done with

overnight incubation of an antibody recognizing Pdlim7 (Protein-

Tech #10221-1-AP) in 2% FBS. Cy3-conjugated AffiniPure Donkey

Anti-Rabbit IgG secondary antibody (Jackson ImmunoResearch)

was used for detection. Nuclei were counterstained with DAPI

1 lg/ml. Cells were imaged using Zeiss Axio observer fluorescent

microscope. Cytoplasmic and nuclear localization analysis was

performed automatically on acquired images using CellProfiler cell

image and analysis software [22].

Adenoviral vectors

The Gateway system (Invitrogen) was used to generate pEntry

clones for adenoviral vector production. Adenoviral vectors were

generated as described previously [60].

Statistical analysis

Data were expressed as mean � SEM or mean � SD where indi-

cated. Sample size was chosen based on the size of similar studies

in the literature. Comparisons between groups were performed

using the Student’s t-test where indicated. The chi-square propor-

tion test was used to compare percentages where indicated. At least

two independent sets of experiments containing at least two biologi-

cal replicated each were performed.

Expanded View for this article is available online.

Table 1. Primers used in this study.

Species Gene Forward Backward

Human HDAC4 GGC CCA CCG GAA TCT GAA C GAA CTC TGG TCA AGG GAA CTG

Mouse Actb CTC TGG CTC CTA GCA CCA TGA AGA GTA AAA CGC AGC TCA GTA ACA GTC CG

Mouse Runx2 CGG CCC TCC CTG AAC TCT TGC CTG CCT GGG ATC TGT A

Mouse Osteocalcin GCA ATA AGG TAG TGA ACA GAC TCC GTT TGT AGG CGG TCT TCA AGC

Mouse Sox9 CGA CCC ATG AAC GCC TT GTC TCT TCT CGC TCT CGT TC

Mouse Alkp GGC TGG AGA TGG ACA AAT TCC CCG AGT GGT AGT CAC AAT GCC

Mouse Spp1 ATC TCA CCA TTC GGA TGA GTC T TGT AGG GAC GAT TGG AGT GAA A

Mouse Enigma TGC AAG AAG AAG ATC ACT GGA G CAT TGA AGT CCT TGC CCC CT

Mouse Hdac1 AGT CTG TTA CTA CTA CGA CGG G TGA GCA GCA AAT TGT GAG TCA T

Mouse Hdac2 GGA GGA GGC TAC ACA ATC CG TCT GGA GTG TTC TGG TTT GTC A

Mouse Hdac3 ACC GTG GCG TAT TTC TAC GAC CAG GCG ATG AGG TTT CAT TGG

Mouse Hdac4 CAC TGC ATT TCC AGC GAT CC AAG ACG GGG TGG TTG TAG GA

Mouse Hdac5 TGC AGC ACG TTT TGC TCC T GAC AGC TCC CCA GTT TTG GT

Mouse Hdac6 TCC ACC GGC CAA GAT TCT TC CAG CAC ACT TCT TTC CAC CAC

Mouse Hdac7 GAA CTC TTG AGC CCT TGG ACA GGT GTG CTG CTA CTA CTG GG

Mouse Hdac8 ACT ATT GC GGA GAT CCA ATG T CCT CCT AAA ATC AGA GTT GCC AG

Mouse Hdac9 CAG AAG CAG CAC GAG AAT TTG A CTC TCT GCG ATG CCT CTC TAC

Mouse Sik1 TCA TGT CGG AGT TCA GTG CG ACC TGC GTT TTG GTG ACT CG

Mouse Sik2 CTG CTG GCA ACA TGG TGT G GGG AGA GTT GGT CCA TCA AAA G

Mouse Sik3 GCC ATC CAC ACA TCA TCA GAC CCA AGT GGT CAA ATA TCT CCC C

Mouse Lkb1 TTG GGC CTT TTC TCC GAG G CAG GTC CCC CAT CAG GTA CT

Mouse Sun2 ATC CAG ACC TTC TAT TTC CAG GC CCC GGA AGC GGT AGA TAC AC

Table 2. Probes used in this study.

Species Gene Probe

Human ACTB Hs.PT.39a.22214847

Human RUNX2 Hs.PT.58.19252426

Human SPP1 Hs.PT.53a.19568141

Human HDAC4 Hs.PT.58.19252426
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