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Abstract: Cellular communication network factor 2 (CCN2/CTGF) has been traditionally described
as a downstream mediator of other profibrotic factors including transforming growth factor (TGF)-β
and angiotensin II. However, recent evidence from our group demonstrated the direct role of CCN2
in maintaining aortic wall homeostasis and acute and lethal aortic aneurysm development induced
by angiotensin II in the absence of CCN2 in mice. In order to translate these findings to humans,
we evaluated the potential association between three polymorphisms in the CCN2 gene and the
presence of a thoracic aortic aneurysm (TAA). Patients with and without TAA retrospectively selected
were genotyped for rs6918698, rs9402373 and rs12526196 polymorphisms related to the CCN2 gene.
Multivariable logistic regression models were performed. In our population of 366 patients (69
with TAA), no associations were found between rs6918698 and rs9402373 and TAA. However, the
presence of one C allele from rs12526196 was associated with TAA comparing with the TT genotype,
independently of risk factors such as sex, age, hypertension, type of valvulopathy and the presence of
a bicuspid aortic valve (OR = 3.17; 95% CI = 1.30–7.88; p = 0.011). In conclusion, we demonstrated an
association between the C allele of rs12526196 in the CCN2 gene and the presence of TAA. This study
extrapolates to humans the relevance of CCN2 in aortic aneurysm observed in mice and postulates,
for the first time, a potential protective role to CCN2 in aortic aneurysm pathology. Our results
encourage future research to explore new variants in the CCN2 gene that could be predisposed to
TAA development.

Keywords: aneurysm; CCN2; polymorphism; vascular diseases; ascending aorta

1. Introduction

The cellular communication network factor (CCN) family consists of matricellular
proteins sharing a structural tetramodular organization with an essential role regulating
extracellular matrix (ECM) homeostasis, as well as other cellular functions [1]. The CCN
family is composed of six members (CCN1–6), with CCN2, previously known as connective
tissue growth factor (CTGF) [2], being one of the most studied components [1]. Initially,
CCN2 was described as a downstream mediator of several profibrotic factors, including
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transforming growth factor β (TGF-β), angiotensin II and endothelin-1 [3–5]. However, over
the years, several studies have contributed to modifying this concept by describing CCN2 as
a growth factor that directly regulates intracellular pathways implicated in proinflammatory
and pro-oxidant responses [6]. In the cardiovascular system, CCN2 has been described as
being highly expressed during embryogenesis in branchial arches, the heart and vascular
cells of major blood vessels, decreasing its expression in adult tissues [7,8]. However,
increased levels of CCN2 have been described in experimental and human cardiovascular
diseases, including heart failure, pulmonary hypertension, restenosis, atherosclerosis and
aortic aneurysms [7,9], suggesting CCN2 as a potential therapeutic target. Interestingly, we
have recently demonstrated that the deletion of Ccn2 in adult mice alters vascular integrity
and functions predisposed to aneurysm formation, which suggests a potential protective
role of CCN2 in maintaining the aortic wall homeostasis under pathological conditions [10].

There is a wide range of factors implicated in aneurysm pathophysiology, with abnor-
mal expression or function of key proteins being the leading causes of aneurysm develop-
ment. In this sense, mutations in genes related to the TGF-β pathway activation, one of the
main sources of CCN2 expression, are related to pathologies coursing with aortic aneurysm
formation such as Marfan, Loeys–Dietz and Ehlers–Danlos syndromes [11]. Apart from
gene mutations, protein levels can also be influenced by single nucleotide polymorphisms
(SNPs) in the encoding genes [12]. Previous studies have described the association between
SNPs in genes encoding cytokines (IL-6 and TNF-α) and several extracellular matrix related-
proteins (matrix metalloproteinases, tissue inhibitors of metalloproteinases, TGF-β, elastin
and type III procollagen) and aortic aneurysm susceptibility [13,14]. However, although the
association between CCN2 SNPs and other pathologies such as hepatic fibrosis [15], colon
carcinoma [16], diabetic nephropathy [17], pulmonary fibrosis [18], systemic sclerosis [19]
and in-stent restenosis [20] has been established, the potential association between CCN2
SNPs and aortic aneurysm development still remains unexplored.

Thus, considering our recent and novel results in mice demonstrating the protective
role of CCN2 in aneurysm development after systemic angiotensin II infusion, and aiming
to further decrypt the role of CCN2 in human aneurysms, in this study we wanted to
evaluate the potential association between functional SNPs in the gene encoding CCN2
and susceptibility to aortic aneurysm in patients.

For this purpose, we performed a retrospective transversal cohort study to evaluate
the prevalence of the different alleles in three SNPs—rs6918698, rs9402373 and rs12526196,
which have been postulated to alter gene transcription or transcript stability [15,19]—and
the possible association with the presence of ascending thoracic aortic aneurysm (TAA).

2. Results
2.1. Genotype and Allele Frequencies from rs6918698, rs9402373 and rs12526196 Polymorphisms
Do Not Differ in Thoracic Aortic Aneurism Patients

Out of the 366 recruited patients, 69 patients presented TAA, and 297 did not; the latter
were used as controls. Characteristics of both groups are summarized in Table 1.

Table 1. Characteristics of the study population.

Variable Controls
N = 297

TAA
N = 69 p-Value

Sex 0.001
Male 177 (59.6) 56 (81.2)

Female 120 (40.4) 13 (18.8)

Age, years 69.0 [60.0, 77.0] 58.0 [44.0, 67.0] <0.001

Smoking status 0.035
Never 196 (66.0) 39 (56.5)

Current 69 (23.2) 26 (37.7)
Former 32 (10.8) 4 (5.8)
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Table 1. Cont.

Variable Controls
N = 297

TAA
N = 69 p-Value

Dyslipidemia 140 (47.1) 26 (37.7) 0.198

Hypertension 183 (61.6) 30 (43.5) 0.009

Diabetes mellitus 89 (30.0) 3 (4.3) <0.001

Aortic valve 0.002
Normal functioning 64 (21.5) 11 (15.9)

Stenosis 183 (61.6) 32 (46.4)
Regurgitation 36 (12.1) 21 (30.4)

Mixed 14 (4.71) 5 (7.25)

Bicuspid aortic valve 72 (24.2) 59 (85.5) <0.001
Categoric variables are frequency (%). Quantitative variable is shown as median [interquartile range]. TAA:
thoracic aortic aneurysm. Mixed: simultaneous presence of both stenosis and regurgitation. Statistically significant
values are shown in bold.

There were more men in the TAA group, which was younger, with more current
smokers; hypertension and diabetes were less frequent, and more aortic valve regurgitation
and bicuspid aortic valve (BAV) were present. The whole population was at the Hardy–
Weinberg equilibrium for the three polymorphisms. The genotype and allele frequencies
of rs6918698, rs9402373 and rs12526196 did not differ in the patient and control groups
(Table 2).

Table 2. Univariable logistic regression models for genotype and allele frequencies of the polymor-
phisms in the study population, according to the presence of thoracic aortic aneurysm.

Polymorphism Total
(nN = 366) †

Controls
(N = 297)

TAA
(N = 69) OR (95% CI) p-Value

CTGF_rs6918698
CC 100 (27.3) 85 (28.6) 15 (21.7) -
CG 172 (47.0) 135 (45.5) 37 (53.6) 1.55 (0.82–3.08) 0.190
GG 94 (25.7) 77 (25.9) 17 (24.6) 1.25 (0.58–2.70) 0.563

C allele 372 (50.8) 305 (51.3) 67 (48.6) -
G allele 360 (49.2) 289 (48.7) 71 (51.4) 1.12 (0.77–1.62) 0.554

CTGF_rs9402373
CC 244 (66.7) 202 (68.9) 42 (62.7) -
CG 104 (28.4) 80 (27.3) 24 (35.8) 1.44 (0.81–2.52) 0.203
GG 12 (3.3) 11 (3.8) 1 (1.5) 0.437 (0.02–2.34) 0.434

C allele 592 (82.2) 484 (82.6) 108 (80.6) -
G allele 128 (17.8) 102 (17.4) 26 (19.4) 1.14 (0.70–1.82) 0.586

CTGF_rs12526196
TT 303 (82.8) 250 (85.3) 53 (79.1) -
TC 53 (14.5) 41 (14.0) 12 (17.9) 1.38 (0.66–2.74) 0.372
CC 4 (1.1) 2 (0.7) 2 (3.0) 4.72 (0.56–40.03) 0.125

T allele 659 (91.5) 541 (92.3) 118 (88.1) -
C allele 61 (8.5) 45 (7.7) 16 (11.9) 1.63 (0.87–2.93) 0.113

Variables are shown as frequency (%). † n = 360 for CTGF_rs9402373 and CTGF_rs12526196 due to missing
genotyping. TAA: thoracic aortic aneurysm; OR: Odds ratio; CI: Confidence interval; OR (95% CI) and p-value for
the comparison between Control and TAA groups. -: Reference.

2.2. rs12526196 SNP Is Associated with Thoracic Aortic Aneurism Independently of Risk Factors

The multivariable analysis, including several risk factors for the presence of TAA,
showed that rs6918698 and rs9402373 polymorphisms were not significantly associated
with TAA (Figure 1A,B). However, the TC genotype from the rs12526196 polymorphism
was associated with the presence of TAA, compared to patients with the TT genotype
(OR = 2.90; 95% CI = 1.14–7.45; p = 0.024). This statistically significant association was
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independent of sex, age, hypertension and type of valvulopathy, and even independent of
the presence of BAV, which was the main contributor to the TAA risk (Figure 1C).

Figure 1. Forest plots showing the multivariable logistic regression models for the association be-
tween CCN2 rs6918698 (A), rs9402373 (B) and rs12526196 (C) polymorphisms and the presence
of thoracic aortic aneurysm, adjusted for potential confounders. Reference for CCN2_rs6918698
polymorphism: CC genotype. Reference for CCN2_rs9402373 polymorphism: CC genotype. Refer-
ence for CCN2_rs12526196 polymorphism: TT genotype. Reference for sex: female. Reference for
valvulopathy: normal functioning valve. Reference for bicuspid aortic valve: tricuspid aortic valve.
N = number of patients. OR (95% CI): Odds ratio (95% confidence interval).
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The association between the TC genotype and the presence of TAA was found even
when controlling for the other two polymorphisms (OR = 2.93; 95% CI = 1.10–7.86; p = 0.031)
(Figure 2).

Figure 2. Forest plot showing the multivariable logistic regression model for the association be-
tween CCN2 rs12526196 polymorphism and the presence of thoracic aortic aneurysm, adjusted for
rs6918698 and rs9402373 polymorphisms and other potential confounders selected with the Akaike
information criterion. Reference for CCN2_rs6918698 polymorphism: CC genotype. Reference for
CCN2_rs9402373 polymorphism: CC genotype. Reference for CCN2_rs12526196 polymorphism:
TT genotype. Reference for sex: female. Reference for bicuspid aortic valve: tricuspid aortic valve.
N = number of patients. OR (95% CI): Odds ratio (95% confidence interval).

Considering the low prevalence of the homozygous CC genotype from rs12526196
in our cohort and the same effect direction (OR > 1) in both CC and CT genotypes, we
performed an additional multivariable analysis according to a dominant model of inheri-
tance, including TC and CC patients in one group. Adjusting by the same confounding
variables, this new analysis revealed that the presence of at least one C allele (found in
20.9% of TAA patients, Table 2) was a risk factor for TAA, compared with patients carrying
the TT genotype of the CCN2 rs12526196 polymorphism (OR = 3.17; 95% CI = 1.30–7.88;
p = 0.011) (Figure 3).

Figure 3. Forest plot showing the multivariable logistic regression model for the association between
CCN2 rs12526196 polymorphism, under a dominant model of inheritance, and the presence of thoracic
aortic aneurysm, adjusted for potential confounders. Reference for CCN2_rs12526196 polymorphism:
TT genotype. Reference for sex: female. Reference for valvulopathy: normal functioning valve.
Reference for bicuspid aortic valve: tricuspid aortic valve. N = number of patients. OR (95% CI):
Odds ratio (95% confidence interval).



Int. J. Mol. Sci. 2022, 23, 15406 6 of 11

3. Discussion

Our study demonstrates, for the first time, an association between the presence of the
C allele in the rs12526196 SNP in CCN2 and the occurrence of TAA in patients. On the one
hand, this result provides a new genetic variant potentially involved in the susceptibility
to aortic aneurysms apart from those already known related to other HCTD. Thus, this
variant could be taken into account as a tool in the assessment of patients at risk of TAA,
such as patients with BAV. On the other hand, these results reinforce the concept of CCN2
as an essential protein maintaining the aortic wall homeostasis, and encourages future
studies to search for the relation of other SNPs or mutations in the gene encoding CCN2
that may help to design new tools to predict and/or manage aortic aneurysms.

The relevance of CCN2 regulating the fibrotic response has already been clearly
demonstrated in several preclinical studies where the blockage of this protein has shown
promising results in improving fibrosis in liver, lung and renal pathologies. Furthermore,
there are clinical trials in phase 2 or 3 using anti-CCN2 therapies in Duchenne muscu-
lar dystrophy (NCT02606136), pancreatic adenocarcinoma (NCT04229004) and idiopathic
pulmonary fibrosis (NCT03955146). However, the role of CCN2 in the cardiovascular
system has recently been questioned by several works. Thus, despite the increased levels
of CCN2 observed in experimental and human cardiovascular diseases, including heart
failure, pulmonary hypertension, restenosis, atherosclerosis or aortic aneurysms [9], the
preclinical attempts to regulate CCN2 levels have led into mixed results. In this sense,
while CCN2 inhibition using a monoclonal antibody attenuates left ventricular remodeling
and dysfunction in pressure overload-induced heart failure [21], CCN2 knockout does not
affect cardiac hypertrophy and fibrosis formation upon chronic pressure overload [22],
and cardiac-restricted overexpression of CCN2 attenuates left ventricular remodeling after
myocardial infarction [23]. Concordantly, the post-ischemic administration of recombi-
nant human CCN2 increased the tolerance of ex vivo-perfused murine hearts to ischemia
reperfusion injury [24]. Focusing on blood vessels, our group has recently demonstrated
that CCN2 plays an essential role as a protective factor in the angiotensin-induced aortic
aneurysm model. In addition, other authors have highlighted the relevance of CCN2 in the
regulation of vascular stiffness [25].

CCN2 protein levels can be influenced by SNPs in the encoding gene. Some SNPs in
CCN2 have been associated with an increased risk of developing several human patholo-
gies, mainly related to fibrotic disorders, including systemic sclerosis [19], pulmonary
fibrosis [18], colon carcinoma [16], diabetic nephropathy [17] and hepatic fibrosis [15]. In
the latter, authors analyzed 15.3 kb of upstream sequence and 14.1 kb of downstream
sequence of CCN2 gene, where 61 SNPs were found. Among them, rs9402373 was asso-
ciated with severe hepatic fibrosis in four patient cohorts evaluated, rs12526196 in two,
and rs6918698 in one of them [15]. In the subsequent analyses, authors demonstrated, by
both in silico and in vitro studies, that rs9402373 and rs12526196 polymorphisms affect
nuclear factor binding and may alter CCN2 gene transcription or transcript stability. In this
sense, in silico studies predicted that the presence of the T allele in the rs12526196 SNP may
specifically bind FOXQ1, FOXL1, SRY and several SOX factors (SOX9, SOX5 and SOX17),
while C allele may not specifically bind one transcription factor [15]. Supporting these
data, in vitro studies have demonstrated that the rs12526196T allele has a greater binding
affinity for nuclear factors than C allele [15]. Remarkably, it has been also described that
SOX9 directly induces CCN2 transcription in chondrocytes and nucleus pulposus cells [26],
and FOXL1 deletion decreases CCN2 expression in lung fibroblast [27]. Coming back
with fibrotic disorders, increased levels of SOX9 have been observed in lung and kidney
fibrosis, postulating SOX9 inhibition as a therapeutic target [28,29]. By contrast, reduced
SOX9 levels associated with fibulin-5 downregulation have been found in human aortic
aneurysms [30], highlighting the different role of this factor depending on the pathology.
Altogether, these results suggest that the presence of the C allele in the rs12526196 SNP
could be predisposed to TAA development by, at least in part, reducing nuclear factors
binding and, therefore, downregulating gene transcription.
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This study presents several limitations. First, the limited number of cases analyzed
in our study, derived from its retrospective nature that also did not allow us to have all
the desirable variables, constitutes one of the main limitations. Second, since we have
included only patients with European ancestry, variants could be population-specific and,
therefore, validation of these results in other populations is needed in order to confirm
this association, and to define this variant as a valuable clinical marker. Third, we cannot
rule out confounding from unmeasured variables or other major pathologies that could
be associated with this variant, although other severe diseases are unlikely to affect a
significant number of patients. Last, the effect of CCN2 SNPs in the circulating levels of the
protein has not been evaluated. In this sense, as it has been recently described in an elegant
and well conducted study, CCN2 is synthesized and secreted as an inactive preprotein and
requires proteolytic processing to become a factor able to elicit cell signaling responses [31].
These results further strengthen the dual role of CCN2 acting not only as a matricellular
protein, but also as a growth factor with autocrine and paracrine actions [31]. Therefore,
an exhaustive analysis would be necessary to clearly define whether the effect of SNPs
on CCN2 expression levels are correlated with increased levels of circulating CCN2 and
whether these, in turn, correlated with changes in CCN2 activity.

4. Conclusions

Our study enhances the idea of the dual role of CCN2 depending on the pathology.
Firstly, we had described that CCN2 deletion led to aortic homeostasis disruption pre-
disposed to aneurysm development. Now, we have supported this predisposition by the
finding of an association between the C allele of the rs12526196 functional SNP and the
presence of TAA in humans. Although further research into the precise mechanisms regu-
lating CCN2 expression by rs12526196C allele and its role in aortic aneurysm development
and progression is needed, these results strength the main role of CCN2 as an essential
factor in the aortic wall. Altogether, our study encourages future research to explore new
variants in the CCN2 gene that could be predisposed to TAA development.

5. Materials and Methods
5.1. Study Population

The present retrospective and transversal study included unrelated individuals with
self-reported European ancestry referred for study and follow-up or after surgery for
aortic valve replacement, ascending aneurysm repair, or both, in a specific consultation
of aortic pathology at Hospital Universitario Central de Asturias (HUCA). They were
recruited between May 2010 and April 2014. The study was conducted in accordance
with the Declaration of Helsinki and the human sample collection protocol was approved
by the Ethics Committee for Investigation of the Principality of Asturias (84/13). All
patients signed an informed consent form to participate in the study. The selection included
patients diagnosed with TAA defined as a permanent localized dilatation of the artery
having at least a 50% increase in diameter compared with the expected normal diameter
following the current guidelines at that time [32,33]. Aortic diameter was measured by
echocardiography and, if any doubt, by computed tomography. As controls, patients
referred for an echocardiographic study due to ischemic heart disease, with no previous
diagnosis of aortic disease, no family history and no disease predisposed to aortic aneurysm,
who showed no evidence of aortic dilatation on the echocardiography, were included. In
both cases and controls, diagnoses of aortic valve regurgitation or stenosis and normal
functioning aortic valve were recorded [34,35]. Aortic valve morphology was defined by
two experimented observers through an echocardiography as having two or three separate
functional leaflets or after valve replacement, once valve morphology was confirmed by
the surgeon. Excluding criteria comprised patients with suboptimal echocardiographic
images and with any doubt in the number of aortic valve leaflets. In addition, patients with
previous or a suspicious diagnosis of genetic syndromes such as Marfan syndrome [36],
Ehlers–Danlos syndrome [37] or other hereditary connective tissue disorders (HCTD)
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associated with aortic disease were excluded as well to avoid confusion with the association
with other phenotypic features of the syndromes.

Hypertension was defined as the fulfillment of any of the following criteria: clinical
history of hypertension; systolic blood pressure ≥ 140 mmHg or diastolic blood pressure
≥ 90 mmHg, in at least two determinations; or antihypertensive treatment that was not
administered as therapy to pathology other than arterial hypertension [38]. Hyperlipidemia
was defined according to the fulfillment of one of the following criteria: clinical history
of hyperlipidemia, total cholesterol levels > 200 mg/dL, LDL cholesterol ≥ 130 mg/dL,
HDL cholesterol < 40 mg/dL or lipid lowering therapy [39]. The existence of diabetes
mellitus was considered based on the presence of any of the following premises: history of
diabetes mellitus accredited in a medical report, fasting blood glucose ≥200 mg/dL in any
situation, symptoms of diabetes mellitus, at least two fasting blood glucose determinations
≥ 126 mg/dL or current use of oral hypoglycemic treatments and/or insulin [40].

5.2. Genotyping

Genomic DNA was purified from peripheral blood samples obtained in EDTA tubes,
following standard procedures, and was stored at −20 ◦C. Samples were genotyped by
quantitative PCR using Taqman probes (ThermoFisher Scientific, Waltham, MA, USA) for
the following CCN2 polymorphisms: rs6918698 (C_27443107_10), rs9402373 (C_30110249_10),
and rs12526196 (C_1764938_10). Genotypes were assigned with StepOne Software v2.3.
Around 5% of the samples were randomly selected and re-genotyped in order to confirm
the accuracy of the genotyping procedure, and no discrepancies were found.

5.3. Statistical Analyses

Descriptive statistics was reported as median and interquartile range for continuous
variables and absolute numbers and percentages for categorical variables. The Mann–
Whitney test and Chi-squared or Fisher’s exact test were performed to compare the dis-
tribution of continuous and categorical variables, respectively. Chi-squared test was also
used for the assessment of the Hardy–Weinberg equilibrium. The association between each
polymorphism and TAA was evaluated using univariable and multivariable logistic regres-
sion models to adjust for TAA risk factors (sex, age, hypertension, type of valvulopathy
and aortic valve morphology). A multivariable logistic regression model was also per-
formed to analyze by controlling for the other two polymorphisms. Possible confounders
among traditional TAA risk factors were identified with a backward selection based on the
Akaike information criterion (AIC) in order to avoid overfitting. Results were reported as
odds ratio (OR), 95% confidence interval (CI) and p-value. p-values <0.05 were considered
statistically significant. The analyses were performed using R software (version 4.1.3) [41].
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