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   Introduction 
 Calcifi c aortic valve disease (CAVD) is the most common form 
of valvular heart disease in the Western world. Milder degrees 
of aortic valve calcifi cation, i.e. aortic sclerosis, can be seen in 
26% of people aged    �    65 years, whereas severe calcifi cation with 
impaired valve leafl et motion (termed aortic stenosis, AS) has 
a prevalence of 2% (1). CAVD leads to a signifi cantly increased 
risk of mortality; currently the only treatment for symptomatic 

CAVD is surgical or transcatheter aortic valve replacement (2). 
Given that the majority of patients are elderly and currently the 
only eff ective treatment to CAVD is valve replacement, there is an 
increasing demand for a pharmacologic intervention. 

 Calcifi cation of the aortic valve was formerly considered to 
be an age-related degenerative process, but emerging evidence 
has revealed it as an actively regulated disease (3) and the out-
come of several overlapping processes, including calcifi cation, 
ossifi cation, neovascularization, and infl ammation (3). Th ese 
processes are also typical determinants of atherosclerosis, 
but despite pathophysiological similarities only about 50% of 
patients with CAVD have clinically signifi cant atherosclerosis 
(4). Although some progress has been made in understand-
ing the factors driving CAVD, the molecular pathogenesis and 
signaling mechanisms underlying the progression of AS are 
poorly understood. 

 MicroRNAs are short, non-coding RNA molecules that gener-
ally function as negative regulators of gene expression by comple-
mentary binding of 3 ’ -UTRs of messenger RNAs (mRNAs). Th is 
can lead to either blockade of protein translation or the complete 
degradation of the miRNA – mRNA complex. It has been estimat-
ed that miRNAs may regulate up to one-third of the human ge-
nome (5). Th e involvement of miRNAs in cardiovascular diseases 
ranges from primary risk factors to pathophysiological processes 
(6). However, the involvement of miRNAs in the pathogenesis of 
AS remains to be uncovered. 

Annals of Medicine, 2015; 47: 423–429
© 2015 Informa UK, Ltd.
ISSN 0785-3890 print/ISSN 1365-2060 online 
DOI: 10.3109/07853890.2015.1059955

   Key messages    

 Calcifi c aortic valve disease is characterized by changes  •
in microRNA and infl ammatory gene expression.   
 Both chemokine CCL4 and miR-125b are upregulated in  •
CAVD, and miR-125b is a potential regulator of CCL4 in 
cultured macrophages.    

  Calcifi c aortic valve disease (CAVD) is a progressive pathologi-
cal condition with no eff ective pharmacological therapy. To 
identify novel molecular pathways as potential targets for phar-
macotherapy, we studied microRNA (miRNA) profi les of heavily 
stenotic aortic valves (AS). One of the most upregulated miRNAs 
in AS valves compared to control valves was miR-125b (1.4-fold; 
 P     �    0.05). To identify CAVD-related changes in gene expression, 
DNA microarray analysis was performed, including an intermedi-
ate fi bro(sclero)tic stage of the disease. This revealed changes es-
pecially in genes related to infl ammation and immune response, 
including chemokine (C-C motif) ligand 3 (CCL3) and 4 (CCL4). 
CCL3 mRNA level was increased 3.9-fold ( P     �    0.05) when AS 
valves were compared to control valves, and a 2.5-fold increase ( P  
 �  0.05) in CCL4 gene expression was observed when fi bro(sclero)
tic valves were compared to control valves. Both CCL3 and CCL4 
localized to macrophages by immunofl uorescence. To identify 
chemokine – miRNA target pairs, data from miRNA target predic-
tion databases were combined with valvular miRNA and mRNA 
expression profi les. MiR-125b was computationally predicted 
to target CCL4, as confi rmed experimentally in cultured human 
THP-1 macrophages. Collectively, miR-125b and CCL4 appear to 
be involved in the progression of CAVD and may off er novel thera-
peutic and diagnostic strategies related to this disease.   

 Key words :  Aortic valve calcifi cation  ,   chemokine  ,   DNA microarray  , 
  infl ammation  ,   microRNA 
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 In this study we compared miRNA profi les of stenotic and 
control aortic valves to determine the miRNAs involved in the 
development of CAVD. To identify the possible miRNA targets, 
a genome-wide gene expression analysis of aortic valves was 
performed. Th is DNA microarray analysis revealed changes in 
valvular gene expression associated especially with infl ammation, 
chemokines and their receptors being the dominant group of 
genes upregulated in calcifi c aortic valves. Next, to identify miR-
NA target pairs with confi dence, we combined data from miRNA 
target prediction databases and expression profi les of miRNA 
and mRNA focusing on infl ammatory response. We found that 
miR-125b was upregulated in stenotic valves, and it was found 
to target chemokine (C-C motif) ligand 4 (CCL4)  in silico ; this 
relationship was further confi rmed  in vitro  in cultured human 
THP-1 macrophages.   

 Materials and methods 
 An expanded Methods section is available in the supplementary 
material online: patient demographics (Supplementary Table 1, 
to be found online at http://informahealthcare.com/doi/abs/10.
3109/07853890.2015.1059955), analysis of miRNA, miRNA array, 
DNA microarray, pathway analysis, analysis of RNA, Bioinfor-
matic microRNA target prediction, miRNA transfection, ELISA, 
histological and immunohistological analysis, and statistical 
analysis.   

 Results 
 Valvular calcifi cation and neovascularization are markedly 
elevated in patients with aortic stenosis. 

 All the valves in the AS group were markedly calcifi ed, the 
proportion of calcifi ed area to the total aortic valve area being 
39.6%    �    3.1% (Figure 1A), while only weak calcifi cation was 
observed in the fi bro(sclero)sis group. Th ere were no macroscopic 
signs of calcifi cation in the control group. Factor VIII immunos-
taining was used to visualize the density of neovascularization in 
aortic valves. Neo-angiogenesis was signifi cantly activated in the 
AS group in comparison to other groups, while only few vascu-
lar structures were found in control and fi bro(sclero)tic valves 
(Figure 1B).  

 Diff erentially expressed miRNAs in CAVD 
 MiRCURY TM  LNA array microRNA expression profi ling 
(Exiqon, Vedbaek, Denmark) by using commercial miRCURY TM  

LNA Arrays (v.10.0) containing 1154 probes of miRBase was con-
ducted to determine diff erentially expressed miRNA molecules 
in stenotic aortic valves when compared to control valves ( n     �    3 
in both groups). Th e analysis showed a total of 19 miRNAs to be 
signifi cantly altered ( P     �    0.05) as shown in the heat map in Figure 
2A. Th e expression levels of the most signifi cantly altered miR-
NAs (-125b, -939, -602, -665, -374b * , and -193b) were further 
validated by quantitative RT-PCR in another larger sample set 
(Ctrl,  n     �    6; AS,  n     �    20) (Figure 2B – G). Th e diff erential expres-
sion of miRNAs -125b, -939, -602, and -374b *  was statistically 
signifi cant ( P     �    0.05).   

 DNA microarray analysis of micro-RNA targets genes in CAVD 
 To identify potential miRNA target genes, we determined diff eren-
tially expressed genes during aortic valve calcifi cation by evaluat-
ing gene expression profi les of control, fi bro(sclero)tic, and stenotic 
valves ( n     �    5 in each group). Selected DNA microarray results were 
confi rmed by comparison with mRNA levels obtained by quantita-
tive RT-PCR; both methods showed changes of equal magnitude 
(Supplementary Table 4, to be found online at http://informahealth-
care.com/doi/abs/10.3109/07853890.2015.1059955). 

 Our analysis identifi ed 302 up- and 248 downregulated 
transcripts (fold-change    �    2-fold) when the AS group was 
compared to the control group (Figure 3A; and Supplementary 
Table 5, to be found online at http://informahealthcare.com/
doi/abs/10.3109/07853890.2015.1059955). Th e majority of up-
regulated genes were genes related to infl ammation and immune 
response, as well as to signal transduction. In contrast, the ma-
jority of downregulated genes with known function were signal 
transduction proteins and regulators of transcription (Figure 3B). 
Th e top 10 most up- and downregulated genes in stenotic ver-
sus control valves are shown in Table I. Several chemokines 
were among the top upregulated genes during development of 
AS (Figure 3B). Importantly, the majority of changes in gene 
expression was seen at the late phase of the disease: 235 genes 
were upregulated and 170 genes downregulated more than 2-fold 
when the AS group was compared with the fi bro(sclero)tic group 
(Figure 3A; and Supplementary Figure 1A, to be found online at 
http://informahealthcare.com/doi/abs/10.3109/07853890.2015.
1059955), whereas altogether only 34 genes showed diff erential 
expression at the early phase of the disease (fi bro(sclero)tic versus 
control group) (Figure 3A; and Supplementary Figure 1B, to be 
found online at http://informahealthcare.com/doi/abs/10.3109/
07853890.2015.1059955). Th e diff erentially expressed genes dur-
ing development of AS are shown in Supplementary Tables 5 – 7 

  Figure 1.     Valvular calcifi cation and neovascularization in aortic valves. A: Th e proportion of calcifi ed area in human aortic valve cusps to total aortic valve 
cusp area. B: Number of vascular structures per square millimeter in human aortic valve cusps. Results are mean  �  SEM.  *  *  *  P     �    0.001 versus control group 
(Ctrl;  n     �    13);  †  †  †  P     �    0.001,  †  †  P     �    0.01 versus fi bro(sclero)sis group (Fibr;  n     �    12). Aortic stenosis group (AS;  n    �     28).  



   MicroRNAs and chemokines in CAVD   425

  Figure 3.     DNA microarray analysis of calcifi c aortic valve disease. A: Th e open bars show the number of downregulated and the solid bars upregulated 
genes in human aortic valve cusps in fi bro(sclero)sis group (Fibr) versus control group (Ctrl), aortic stenosis group (AS) versus Fibr, and AS versus Ctrl. B: 
Functional classifi cation of diff erentially expressed genes in human aortic valve cusps in AS versus Ctrl group revealing upregulation of many chemokines 
(listed and ranked by fold change in the inset table).  

  Figure 2.     Expression of miRNAs in human aortic valves. A: A heat map diagram showing the results of two-way hierarchical clustering of miRNAs. Each row 
represents a miRNA and each column represents a sample. Th e miRNA clustering tree is shown on the left . Th e color scale shown at the bottom illustrates the 
relative expression level of miRNA across the samples: red color, expression level above mean; blue color, expression lower than the mean; gray color, signal 
below background. B – G: Expression levels of miR-125b (B), miR-939 (C), miR-602 (D), miR-374b *  (E), miR-665 (F), and miR-193b (G) in human aortic 
valve cusps in control (Ctrl,  n     �    6) and aortic stenosis group (AS,  n     �    20) as measured by quantitative RT-PCR. Results are expressed as ratios of miRNA to 
SNORA73 (mean  �  SEM).  *  P     �    0.05,  *  *  *  P     �    0.001 versus control group (Student ’ s  t  test or Mann – Whitney  U  test).  
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 Localization of CCL3 and CCL4 in aortic valve cusps was 
evaluated by immunofl uorescence revealing that CCL4 is ex-
pressed in macrophages (Figure 5A). CCL3 is expressed in some 
macrophages as well as myofi broblasts (Figure 5B and C). Th ese 
results were verifi ed using immunohistochemistry (Supplemen-
tary Figure 5, to be found online at http://informahealthcare.
com/doi/abs/10.3109/07853890.2015.1059955).    

 Discussion 
 CAVD is recognized as a complex, actively regulated biological 
process including infl ammation, lipid retention, and calcifi cation 
(3). Th erefore, a better understanding of the molecular mecha-
nisms driving CAVD pathogenesis in aortic valves is needed to 
provide new targets for novel therapeutic interventions. In this 
study we performed miRNA profi ling of normal and calcifi ed 
aortic valves to determine involvement of miRNAs in the patho-
genesis of CAVD. We characterized targets of these miRNAs by 
conducting genome-wide gene expression profi ling of diff erent 
stages of CAVD. Th e most prominent changes were observed in 
genes involved in infl ammatory and immune response including 
chemokines CCL3 and CCL4. We identifi ed the miRNAs regulat-
ing these infl ammatory genes by combining data from miRNA 
target prediction databases and expression profi les of both miR-
NA and mRNA. We found that miR-125b targeted CCL4, and a 
miR-125b mimic decreased expression of CCL4 also in THP-1 
macrophages. Altogether, our results suggest that miR-125b and 
CCL4 are associated with the progression of CAVD. 

 As a major fi nding, we detected a signifi cant downregulation 
of miRNAs -939, -602, and -374b *  as well as increased expres-
sion of miR-125b in calcifi ed aortic valves. In further analysis 
we focused on miR-125b, previously linked to infl ammation (7) 
and calcifi cation (8), the two key processes of CAVD. Other miR-
NAs identifi ed by our array may also have important regulatory 
potential. For example, miR-939 was recently shown to regulate 
nitric oxide synthase, an important factor in endothelial function 
(9). MiR-374b may be a regulator of CCTTA enhancer binding 
protein- β  (C/EBP- β ) (10), a key factor in macrophage polariza-
tion (11). Also, miR-602 could be a regulator of Ras association 
domain-containing protein 1 (RASSF1) (12), which has been 

(to be found online at http://informahealthcare.com/doi/abs/
10.3109/07853890.2015.1059955). 

 Th e complete list of signifi cantly up- or downregulated genes 
in stenotic versus control valves was loaded into the STRING 
database to identify potential interactions between diff erentially 
expressed genes. Of those genes, 103 had confi rmed regulatory 
connections with biological evidence in databases (list of genes 
in Supplementary Table 8, to be found online at http://informa
healthcare.com/doi/abs/10.3109/07853890.2015.1059955). Th e 
main interaction network of CAVD is shown in Supplementary 
Figure 2 (to be found online at http://informahealthcare.com/
doi/abs/10.3109/07853890.2015.1059955). Central signaling 
molecules in this pathway are chemokines and their receptors, 
including C-X-C chemokine ligand 3 (CXCL3), C-C chemokine 
receptor 5 (CCR5), and T-cell antigen receptor CD247, impli-
cating the importance of infl ammatory and T-cell responses in 
CAVD.   

 MiRNA-125b modulates chemokine CCL4 
 To identify miRNA target pairs with confi dence, we combined 
data from miRNA target prediction databases and expression 
profi les of both miRNA and mRNA with focus on infl amma-
tory response. DNA microarray analysis showed that especially 
many chemokines such as CCL3 and CCL4 were signifi cantly 
upregulated in CAVD. Interestingly, one of the most prominent 
dysregulated miRNAs was miR-125b, which has previously been 
linked to regulation of infl ammatory genes in vascular smooth 
muscle cells (VSMCs) of diabetic mice (7). 

 Quantitative RT-PCR analysis confi rmed that CCL3 and CCL4 
mRNA levels were signifi cantly increased in the diff erent stages of 
CAVD (Figure 4A and B). According to MicroCosm targets, CCL4 
may be regulated by miR-125b (Figure 4C). To test this hypoth-
esis, we transfected human THP-1 macrophages with a mimic for 
miR-125b and measured the corresponding mRNA and protein 
levels of CCL4. As shown in Figure 4D, a statistically signifi cant 
decrease in CCL4 protein secretion was seen in response to 
miRNA-125b transfection as measured by ELISA, which corre-
sponded to changes in the CCL4 mRNA levels (Supplementary 
Figure 3, to be found online at http://informahealthcare.com/doi/
abs/10.3109/07853890.2015.1059955). 

  Table I. Th e 10 most up- and downregulated genes in stenotic valves compared to control valves.  
Aff ymetrix ID Gene name Fold change
Upregulated:

204580_at Matrix metallopeptidase 12 92.0
215121_x_at Immunoglobulin lambda constant 1 32.3
214974_x_at Chemokine (C-X-C motif) ligand 5 30.6
209875_s_at Secreted phosphoprotein 1 (osteopontin) 21.6
214146_s_at Chemokine (C-X-C motif) ligand 7 17.3
214768_x_at Immunoglobulin kappa constant 16.3
205943_at Tryptophan 2,3-dioxygenase 15.7
202917_s_at S100 calcium binding protein A8 12.6
205242_at Chemokine (C-X-C motif) ligand 13 12.4
204320_at Collagen, type XI α 1 11.5

Downregulated:
227725_at ST6 (alpha-N-acetyl-neuraminyl-2,3-beta-galactosyl-1,3)-

N-acetylgalactosaminide alpha-2,6-sialyltransferase 1
0.2

224400_s_at Carbohydrate (N-acetylgalactosamine 4-0) 
sulfotransferase 9

0.2

235118_at Cell adhesion molecule 2 0.2
237802_at X Kell blood group precursor-related family, member 4 0.2
206423_at Angiopoietin-like 7 0.2
222953_at G protein-coupled receptor 83 0.2
228504_at Sodium channel, voltage-gated, type VII, alpha 0.1
207717_s_at Plakophilin-2 0.1
243582_at SH3 domain containing ring fi nger 2 0.1
230867_at Collagen, type VI α 6 0.1
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further shown to regulate apoptosis (13). Th ese fi ndings suggest 
that miR-dysregulation during CAVD may have multifactorial 
impact on the underlying pathological processes. 

 In search of possible miRNA targets, our genome-wide gene 
expression analysis demonstrated that the majority of upregu-
lated genes were involved in activation of infl ammatory and im-
mune response in each phase of the disease process, chemokines 
and immunoglobulins being the largest functional families. Th is 
supports previous studies emphasizing the importance of chronic 
infl ammation in AS. For example, infl ammatory infi ltrates within 
stenotic valve leafl ets have been associated with an active remod-
eling process (14). Our pathway analysis further highlighted the 
biological relevance of infl ammatory response in CAVD since 
chemokines and their receptors as well as mediators of the T-
cell response such as CD247 were central signaling molecules in 
this network. To our knowledge, there is only one earlier large-
scale gene expression study of CAVD (15). Intriguingly, matrix 
metallopeptidase 12, CXCL5, tryptophan 2,3-dioxygenase, and 
collagen XI α 1 were among the top 10 upregulated genes in both 
the earlier and our study. We also identifi ed other well-known 
regulators of CAVD including cathepsin S (16), tryptase (17), 
as well as osteopontin, bone sialoprotein II, and osteoprotegerin 
(18), in agreement with the established role of extracellular matrix 
modulation in the pathophysiology of CAVD (15). Of note, in the 
study of Bosse et   al. (15) only heavily stenotic and control valves 
were compared, while in our study an intermediate fi bro(sclero)
tic group enabled studying earlier stages of CAVD. Th erefore, 
the important fi nding of our study is that there were only minor 
changes at the gene expression level in the early phase of the dis-
ease. Th is implies that the irreversible pathological changes occur 

in the later stages of the disease progression, underscoring the 
importance of early intervention and prevention of CAVD. 

 Most of the genes we uncovered have not previously been 
known to be associated with CAVD, although they are linked to 
the key processes of atherosclerosis, e.g. angiopoietin-1 to angio-
genesis (19) and BCL2-related protein A1 to apoptosis (20). In 
addition, we identifi ed several transcription factors, including 
runt-related transcription factor 3 (Runx3), activation transcrip-
tion factor-3 (ATF-3), and interferon regulatory factor 8 (IRF-8), 
which could be of importance for the development of CAVD. 
Runx3 is an osteogenic gene regulating e.g. expression of osteo-
pontin (21), ATF-3 has been linked to macrophage activation 
(22), and IRF-8 is a transcription factor that aff ects infl ammatory 
cell populations in atherosclerosis (23). Clearly, further studies 
are needed to clarify their role in pathogenesis of CAVD. 

 In this study we detected an increased expression of the infl am-
matory chemokines CCL3 and CCL4. Although the expression of 
several chemokines such as CCL18 (24) and CCL23 (25) has been 
linked to the development of atherosclerotic lesions in humans, 
the role of chemokines in CAVD is largely unknown and limited 
to expression studies (15,26). In addition, there is evidence that 
CCL4 could also function as a heterodimer with CCL3 (27), 
which was also upregulated in stenotic valves. Similarly, the ex-
pression of ATF-3 and CCR5 was upregulated in our array. ATF-3 
has been shown to regulate CCL4 expression (28), and CCR5 is 
also a receptor for CCL4 (29). Our immunofl uorescence studies 
of CCL3 and CCL4 support the evidence that these chemokines 
localize in macrophage-rich microenvironments, possibly being 
secreted by the macrophages in order to attract more infl am-
matory cells into the infl amed valve (30). We also demonstrate 
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  Figure 4.     A – B: Gene expression of chemokine (C-C motif) ligand 3 (CCL3) (A) and CCL4 (B) in control valves and in the diff erent stages of calcifi c aortic 
valve disease. Results are expressed as ratios of respective mRNA to 18S (mean  �  SEM).  *  P     �    0.05 versus control group. Ctrl,  n     �    9; Fibr,  n     �    7; AS,  n     �    25. 
C: Correlation of CCL4 mRNA 3 ’ -UTR seed region and miR-125b sequence indicating a potential regulatory relationship, as predicted by MicroCosm 
soft ware. D: Production of CCL4 protein by human THP-1 macrophages 24 hours aft er transfection with transfection agent alone (mock), scrambled miRNA 
(negative miRNA control), or miRNA-125b. Results from three independent experiments are presented as mean  �  SEM.  



428 P. Ohukainen et al.   

 Study limitations 
 In addition to the chemokine regulation presented here, the 
eff ects of miRNAs in aortic valve surely extend to hundreds of 
genes. Mapping these interactions further will provide a more 
comprehensive understanding of CAVD progression. To our 
knowledge, the only previous study on miRNAs in aortic valve 
leafl ets was limited to a small population of congenitally bicuspid 
aortic valves, and the authors were unable to detect any genes tar-
geted by the identifi ed miRNAs (35). It should also be noted that 
there was some heterogeneity between patient groups, including 
age. Nevertheless, for both miRNA and mRNA arrays, the valves 
were matched for age, sex, and treatments. Finally, the miRNA-
targeted transcription was studied only in THP-1 macrophages. 
Based on our immunofl uorescence-based localization studies, 
macrophages were the likely source of CCL4, although we cannot 
rule out the contribution of other cell types at tissue level.    

 Conclusions 
 In human stenotic aortic valves miR-125b is upregulated, whereas 
miR-939, miR-602, and miR-374b *  are downregulated, revealing 
that miRNAs are associated with the progression of CAVD. We 
showed that chemokines are among the most upregulated infl am-
matory genes in CAVD, and experimental evidence demonstrated 
that miR-125b is one of the regulators of CCL4 in THP-1 mac-
rophages. Altogether, our data suggest a novel miRNA-mediated 

that CCL3 is in part expressed by myofi broblasts as a part of the 
infl ammatory response. Interestingly, it has recently been shown 
that modulation of the chemokine system may be an eff ective way 
to reduce atherosclerosis and infl ammation (31 – 33), suggesting 
that pharmacological modulation of the chemokine system could 
be an eff ective treatment strategy in the development of CAVD. 

 We discovered that CCL4 could be a potential target for miR-
125b regulation, since the transfection of miR-125b into THP-1 
macrophages signifi cantly reduced both CCL4 mRNA and pro-
tein levels. Interestingly, we discovered a concomitant increase 
of expression of both miR-125b and CCL4 in the valves, which 
could be due to the overall infl ammatory condition in the valvular 
tissue. In VSMCs, miR-125b has been shown to regulate infl am-
matory genes (7) as well as vascular calcifi cation (8). Th erefore, 
it is likely that the tissue-level increase of miR-125b is related to 
the infl ammatory and osteogenic response of valvular cells, al-
though it is a negative regulator of CCL4 in macrophages. Con-
sequently, the upregulation of miR-125b may occur in cells other 
than macrophages. It has also been shown that under certain cir-
cumstances miRNAs may also induce the upregulation of target 
genes (34). Th is would provide an alternative explanation for the 
simultaneous upregulation of both miR-125b and CCL4. It is also 
very likely that CCL4 is regulated by a network of several factors 
which remain beyond the scope of this study. Further research 
is needed to determine the mechanism of this miRNA-mediated 
regulation in CAVD.  

  Figure 5.     Chemokine localization in aortic valves. A: CCL4 is expressed in macrophages. In this area, there is a strand of subendothelial macrophages as well 
as some scattered macrophages (arrows), in which the co-localization of CCL4 and CD68 is seen. Detailed image of a single macrophage is shown in the 
inset. B: CCL3 is expressed in some macrophages (arrow) and CD68-negative spindle cells (double arrows). Detailed image of a single macrophage is shown 
in the inset. C: In this focus, there are several  α -SMA-positive myofi broblasts. Some of these co-express CCL3 (arrows).  
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