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A Disintegrin And Metalloprotease 23 (ADAM23), a member of the ADAM family, is 
involved in neuronal differentiation and cancer. ADAM23 is considered a possible 
tumor suppressor gene and is frequently downregulated in various types of malig-
nancies. Its epigenetic silencing through promoter hypermethylation was observed in 
breast cancer (BC). In the present study, we evaluated the prognostic significance of 
ADAM23 promoter methylation for hematogenous spread and disease-free survival 
(DFS). Pyrosequencing was used to quantify ADAM23 methylation in tumors of 203 
BC patients. Presence of circulating tumor cells (CTC) in their peripheral blood was 
detected by quantitative RT-PCR. Expression of epithelial (KRT19) or mesenchymal 
(epithelial-mesenchymal transition [EMT]-inducing transcription factors TWIST1, 
SNAI1, SLUG and ZEB1) mRNA transcripts was examined in CD45-depleted peripheral 
blood mononuclear cells. ADAM23 methylation was significantly lower in tumors of 
patients with the mesenchymal CTC (P = .006). It positively correlated with Ki-67 
proliferation, especially in mesenchymal CTC-negative patients (P = .001). In low-risk 
patients, characterized by low Ki-67 and mesenchymal CTC absence, ADAM23 hy-
permethylation was an independent predictor of DFS (P = .006). Our results indicate 
that ADAM23 is likely involved in BC progression and dissemination of mesenchymal 
CTC. ADAM23 methylation has the potential to function as a novel prognostic marker 
and therapeutic target.
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1  | INTRODUC TION

Breast cancer (BC), accounting for 15.6% of all cancer deaths in the 
European Union (EU), is the most common female malignancy. In 
2015, Slovakia recorded the second highest standardized death rate 
for BC among the EU Member States (40.6 per 100 000 women).1 
Despite relatively effective treatment, metastatic disease is respon-
sible for most patient deaths with distant metastases preferentially 
localized in bone, lung, liver and brain.2,3

It is known that epigenetic deregulation, including aberrant DNA 
methylation, plays an important role in BC development and progres-
sion, mainly by affecting expression of specific genes. Therefore, ab-
errant cancer-specific methylation patterns can serve as diagnostic 
and prognostic markers.4-6

In addition, increased proliferative activity characterized by 
nuclear antigen Ki-67 determination is typical for malignant breast 
tumors.7 Several studies confirmed the prognostic value of Ki-67 
expression when high rates of Ki-67 were associated with reduced 
survival and aggressive tumor features.8,9

One of the key invasive tumor characteristics is the ability to 
release cancer cells from the primary tumor site. Circulating tumor 
cells (CTC) are individual cells or cell clusters that have detached and 
entered the vascular system, although only very few aggressive sub-
populations have the potential to initiate the formation of metas-
tases.10,11 The presence of CTC in peripheral blood of BC patients 
represents a strong prognostic and predictive factor and is associ-
ated with development of distant metastases, decreased survival 
and response to treatment.12-16.

Accumulating evidence points to a critical role of an epithelial-
mesenchymal transition (EMT) in metastatic progression.17,18 During 
EMT, epithelial cancer cells lose epithelial (E-cadherin, desmoplakin, 
cytokeratins etc.) and gain mesenchymal (N-cadherin, vimentin, fi-
bronectin etc.) marker expression. They turn into motile mesenchy-
mal cells with invasive and metastatic properties, and some of them 
also gain cancer stem cell (CSC) characteristics.19-23 Therefore, com-
monly used CTC identification strategies exclusively based on epi-
thelial marker detection omit patients who have the most aggressive 
CTC subpopulations with the mesenchymal phenotype in their pe-
ripheral blood.24 It has been shown in several studies that mesenchy-
mal CTC presence strongly correlates with worse prognosis and risk 
of developing distant metastases compared to epithelial CTC.25,26

A Disintegrin And Metalloprotease (ADAM) proteins, con-
sisting of multiple domains, operate in various processes such as 
ectodomain shedding of growth factors, cytokines or receptors, 
cleavage and remodeling of extracellular matrix proteins and ad-
hesive activities through their disintegrin and cysteine-rich do-
mains.27 Among 21 human ADAM proteins, ADAM23 belongs 
to a non-catalytic group because of its inactive metalloprotease 
domain.28,29 However, ADAM23 has been shown to have specific 
binding affinity for αVβ3 integrin, which is mediated by a short 
amino acid sequence present in its putative disintegrin loop. 
Through its disintegrin-like domain, ADAM23 may function as an 

adhesion molecule involved in αVβ3-mediated cell interactions oc-
curring in normal and pathological processes.30 In addition to αVβ3, 
the disintegrin domain of ADAM23 also ensures specific binding 
to other integrins such as α4β1 and α4β7.31,32 Based on its adhe-
sion function, ADAM23 is considered a possible tumor suppressor 
gene which is frequently downregulated in various types of malig-
nancies including breast, head and neck, lung, gastric, brain and 
ovarian cancers.33-38 Its epigenetic silencing through promoter 
hypermethylation31,33 and association between ADAM23 methyl-
ation and clinical characteristics has been previously observed in 
BC patients.31,33,39,40

In the present study, we evaluated the prognostic significance 
of ADAM23 promoter methylation for hematogenous spread and 
disease-free survival (DFS).

2  | MATERIAL S AND METHODS

2.1 | Patients

All analyses were carried out on samples of 203 invasive BC patients, 
TNM stages I-III, collected between March 2012 and March 2014. 
The Institutional Review Board of the National Cancer Institute of 
Slovakia approved this study, and written informed consent was ob-
tained from all participants before study enrolment. Formalin-fixed 
paraffin-embedded (FFPE) tumor tissue and peripheral blood were 
collected from each patient. Sampling for CTC detection was carried 
out in the morning on the day of surgical procedure. Patients who 
suffered from a concurrent malignancy other than non-melanoma 
skin cancer in the previous 5 years were excluded. Relevant clin-
icopathological data from an identical sample set were recorded 
and described previously.41 Briefly, 76.8% (n = 156) of 203 patients 
were older than 50 years, 32.5% (n = 66) were diagnosed with T-
stage II or III and 40.6% (n = 82) with lymph node positivity. Valid 
percentages are presented for all parameters, missing data are ex-
cluded from calculations. Histological subtypes consisted of 86.2% 
(n = 175) invasive ductal, 11.3% (n = 23) invasive lobular and 2.5% 
(n = 5) tubular or mucinous carcinomas. Histological grade 3 was 
diagnosed in 37.2% (n = 74), hormone receptor negativity in 16.5% 
(n = 33), human epidermal growth factor receptor 2 (HER2) positiv-
ity (HER2+) in 15.8% (n = 32) and high Ki-67 proliferation (cut-off 
20%) in 42.6% (n = 86) of patients. CTC positivity was detected in 
22.9% (n = 44) of patients, of which epithelial CTC were present in 
9.2% (n = 14), mesenchymal CTC in 15.8% (n = 27) and both epithe-
lial and mesenchymal CTC in 1.6% (n = 3) of patients.

2.2 | Detection of CTC in peripheral blood

RosetteSep Human CD45 Depletion Cocktail (StemCell Technologies, 
Vancouver, BC, Canada) was used for peripheral blood mononuclear 
cell depletion from peripheral blood samples. RNA was extracted 
from CD45-cell population and mixed with TRIzol® LS Reagent 
(Invitrogen Corporation, Carlsbad, CA, USA). CTC were detected 
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by the presence of mRNA transcripts of epithelial (KRT19) or EMT-
inducing transcription factors TWIST1, SNAI1, SLUG and ZEB1 by 
quantitative real-time PCR (qRT-PCR).42 The following TaqMan as-
says from Life Technologies (Carlsbad, CA, USA) were used for qRT-
PCR: TWIST1: Hs00361186_m1; SNAI1: Hs00195591_m1; SLUG: 
Hs00161904_m1; ZEB1: Hs01566408_m1; GAPDH Hs99999905_
m1; KRT19: Hs00761767_s1. Values of 60 age-matched healthy do-
nors were used as a “cut-off” to determine CTC positivity.42 Patient 
samples with higher epithelial and/or mesenchymal gene transcripts 
than those of healthy donors were considered CTC positive.

2.3 | DNA extraction and sodium bisulfite 
modification

Genomic DNA was extracted from FFPE tumor tissues by the 
MagneSil Genomic Fixed Tissue System (Promega, Madison, WI, 
USA) according to the manufacturer's instructions. DNA yield and 
purity were determined by NanoDrop 1000 spectrophotometer 
(Thermo Fisher Scientific, Bremen, Germany). EpiTect Bisulfite kit 
(Qiagen, Hilden, Germany) was used for sodium bisulfite treatment of 
genomic DNA isolated from the FFPE blocks, following the provided 
protocol. Modified DNA aliquots were stored at −18°C. Sodium bi-
sulfite treatment of genomic DNA converts all unmethylated cyto-
sine to uracil, while methylated cytosines remain unaffected.

2.4 | Pyrosequencing

The ADAM23 promoter methylation level was measured by the quan-
titative pyrosequencing method as published elsewhere.43 In brief, the 
region of interest was amplified from bisulfite-modified DNA using am-
plification primers (Forward Biotin-GCGTCGTTTTAGTATTTTTAGGTT; 
Reverse TCCCCAACCACTACTCCCT) and PyroMark PCR kit (Qiagen). 
After purification and denaturation, the biotinylated PCR product 
(89 bp) was sequenced (Pyrosequencing primer: ACTACTCCCTCCCCC) 
by Pyromark Q24 Pyrosequencing System (Qiagen). Obtained raw 
data were analyzed using PyroMark Q24 2.0.6 software (Qiagen). The 
results are presented as percentage of average methylation in eight 
CpG sites. The cut-off for ADAM23 hypermethylation (9.53%) was es-
tablished in our previous study as the mean methylation level deter-
mined in normal mammary glands plus 2 SD.39

2.5 | Immunohistochemistry

Immunohistochemistry (IHC) analysis was used to detect ADAM23 
protein expression in the FFPE tumor tissues. Representative tumor 
areas were identified by hematoxylin and eosin staining and inserted 
into donor and recipient blocks. The 5-μm sections were trans-
ferred to coated slides and, after deparaffinization and rehydration, 
they were incubated overnight with specific antibody against the 
ADAM23 protein (ab101638; Abcam, Cambridge, UK) and immu-
nostained as described previously.43 Evaluation of IHC results was 
carried out in parallel by two pathologists. In brief, the percentage of 
positive cells was scored according to the following standard: 0 (0%), 

1 (1%-10%), 2 (11%-50%), 3 (51%-80%) and 4 (81%-100%). Staining 
intensity of the cytoplasm was graded as follows: 0 (no staining), 1 
(weakly stained, 1%-30%), 2 (moderately stained, 31%-70%), and 3 
(strongly stained, 71%-100%). The results were obtained by multi-
plying the intensity and proportion scores and are expressed as an 
immunoreactive score (IRS), also known as the German IRS.44 Based 
on this method, the IHC scores (0-12) were finally classified into four 
IRS categories: negative (0); weak (1-4); moderate (5-8); and high (9-
12) protein expression.

2.6 | Statistical analysis

IBM SPSS statistics version 23.0 software for Windows (IBM) was 
used for statistical analyses of the data. Pearson chi-squared or 
Fisher's exact tests were carried out to find association between 
ADAM23 hypermethylation and CTC status. For continuous variables, 
the normality of distribution was tested by the Kolmogorov-Smirnov 
and Shapiro-Wilk tests. Normally distributed data were tested by 
Student's t test or analysis of variance (ANOVA) with Bonferroni's 
corrections. Non-normally distributed data were tested by non-
parametric Mann-Whitney U or Kruskal-Wallis H tests. Pearson's or 
Spearman's correlation tests were used to assess the correlations 
between ADAM23 methylation and continuous data. Multivariate 
analysis methods, logistic regression and Cox proportional hazard 
regression were used to search for predictors independently associ-
ated with adverse outcomes. A multivariate logistic regression was 
applied to determine the effect of the independent variables on the 
presence of CTC in peripheral blood. This determination included 
computation of the risk estimate presented as estimated odds ratio 
(OR) and 95% confidence interval (CI) for the OR. Each model in-
cluded age and clinicopathological characteristics; for example, Ki-
67 proliferation (cut-off 20%), hormone receptor status (negative for 
both or positive for either one with cut-off of 10%), HER2 status 
(negative or overexpressed), tumor grade (1 and 2 vs 3), tumor size 
(T1 vs T2 and higher). A backward model selection was conducted, 
and the final fitted model is presented. Estimates of the cumulative 
survival distributions were calculated by the Kaplan-Meier method, 
and the differences were compared using the log-rank test. DFS was 
defined as the time interval from the date of sampling (usually date 
of surgery) to the date of disease recurrence, death or last follow 
up. A Cox proportional hazard model using stepwise regression pro-
cedure was applied to evaluate the significance of ADAM23 hyper-
methylation and individual clinicopathological variables as defined 
above, including auxiliary lymph node involvement (N0 vs N+) for 
DFS. P value <.05 was considered to indicate statistical significance.

3  | RESULTS

3.1 | ADAM23 promoter methylation and protein 
expression

Negative ADAM23 protein expression was identified in 24.5% 
(n = 49) of tumor tissues, and weak, moderate or high expression 
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was present in 7.5% (n = 15), 25.5% (n = 51) and 42.5% (n = 85) of 
tumors, respectively. As shown in Figure 1, DNA methylation levels 
were approximately equally distributed across the individual protein 
expression categories (10.6 ± 13.2% for negative, 6.8 ± 7.0% for 
weak, 11.1 ± 13.0% for moderate and 9.5 ± 10.7% for high expres-
sion). Mean ADAM23 promoter methylation was 9.8 ± 11.7%.

3.2 | ADAM23 methylation and hematogenous 
dissemination

Based on the presence of individual CTC subpopulations in pa-
tient peripheral blood, these were stratified into four groups: CTC 

negative (n = 146); epithelial CTC (expression of epithelial marker 
KRT19 in peripheral blood, n = 14); mesenchymal CTC (expression 
of either TWIST1 or SLUG; SNAI1 and ZEB1 mRNA transcripts were 
not expressed, n = 27); and both CTC (expression of both, epithelial 
and EMT markers, n = 3). DNA methylation of ADAM23 significantly 
varied between studied groups (P = .002), with the highest level in 
CTC-negative patients (11.3 ± 12.9%) and decreasing mean methyla-
tion values ranging from 6.5 ± 5.5% for epithelial CTC, 4.4 ± 2.0% 
for mesenchymal CTC, and 4.0 ± 1.0% for both CTC (Figure 2). There 
was strong evidence of a substantial difference between the CTC-
negative and mesenchymal CTC-positive patients (P = .006, adjusted 
using the Bonferroni correction). In the CTC-negative group and in 

F IGURE  1 Distribution of ADAM23 
methylation in different protein 
expression categories in breast 
cancer patient tumors. ADAM23, A 
Disintegrin And Metalloprotease 23; IRS, 
immunoreactive score. The length of the 
boxes is the interquartile range (IQR) 
that represents values between the 75th 
and 25th percentiles. Values more than 
3 IQRs from the end of a box are labeled 
as extreme (*). Values more than 1.5 IQRs 
but less than 3 IQRs from the end of the 
box are labeled as outliers (O). The median 
is depicted by a horizontal line

F IGURE  2 ADAM23 promoter 
methylation stratified by the presence 
of individual circulating tumor cell 
(CTC) subpopulations in peripheral 
blood. ADAM23, A Disintegrin And 
Metalloprotease 23. The length of the 
boxes is the interquartile range (IQR) 
that represents values between the 75th 
and 25th percentiles. Values more than 
3 IQRs from the end of a box are labeled 
as extreme (*). Values more than 1.5 IQRs 
but less than 3 IQRs from the end of the 
box are labeled as outliers (O). The median 
is depicted by a horizontal line
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the epithelial-CTC group, hypermethylation was present in 30.1% 
(n = 44) and in 14.3% (n = 2) of patients, respectively, whereas none 
of the patients positive for mesenchymal CTC or both CTC had a 
hypermethylated ADAM23 gene promoter (P = .004).

Based on these findings, we aimed our attention at unveiling the 
role of ADAM23 promoter methylation in hematogenous spread of 
cancer cells. Logistic regression analysis was used to predict the prob-
ability with which the presence of mesenchymal CTC was affected by 
the level of ADAM23 promoter methylation in primary tumors. For risk 
estimation, patients were divided into two groups: mesenchymal CTC 
negative (n = 160) and mesenchymal CTC positive (n = 30). The pre-
dictor variables were age, ADAM23 methylation, Ki-67 proliferation, 
hormone receptor and HER2 status, tumor size and histological grade. 
The model correctly classified 99.4% of mesenchymal CTC-negative 
and 6.9% of mesenchymal CTC-positive patients, with an overall suc-
cess rate of 84.7%. Table 1 shows OR, P values and 95% CI for each 
of the significant variables. The OR for ADAM23 methylation indicates 
that mesenchymal CTC positivity negatively correlated with ADAM23 
methylation (OR = 0.683; 95% CI, 0.606-0.770; P < .001), whereas it 
was nearly threefold more likely in patients whose Ki-67 proliferation 
was above 20% (OR = 2.995; 95% CI, 1.322-6.784; P = .009; Table 1). 
Because patient stratification by mesenchymal CTC negativity/posi-
tivity versus complete CTC negativity/mesenchymal CTC positivity 
yielded almost the same results (Table S1), stratification by mesenchy-
mal CTC was chosen for the next analyses with the intention not to 
omit patients with epithelial CTC.

DNA methylation of ADAM23 promoter was significantly higher 
in mesenchymal CTC-negative than in mesenchymal CTC-positive pa-
tients (10.9 ± 12.5% vs 4.4 ± 1.9%; P = .001) (Figure 3). This difference 
was even more pronounced in subjects with high Ki-67 (15.9 ± 17.0% 
vs 4.3 ± 1.6%; P = .001). ADAM23 promoter methylation positively 
correlated with Ki-67 proliferation (r = 0.163, P = .020), especially in 
mesenchymal CTC-negative patients (r = 0.272, P = .001).

3.3 | ADAM23 methylation and disease-free survival

At a mean follow-up time of 60.2 ± 16.1 months (range, 0.2-
76.6 months), 21.5% of patients (n = 41) had experienced a DFS event, 
and 10.8% of patients (n = 22) had died. As a result of immaturity of 
overall survival data, only the results of DFS analyses are presented.

To assess the role of ADAM23 methylation in disease recurrence, 
we further stratified patients by Ki-67 proliferation and presence 

of mesenchymal CTC in their peripheral blood (Figure 4). Although 
ADAM23 was hypermethylated in 28.7% (n = 46) of mesenchymal 
CTC-negative, Ki-67-low patients and in 45.0% (n = 27) of mesen-
chymal CTC-negative, Ki-67-high patients, in mesenchymal CTC-
positive patients, ADAM23 hypermethylation did not occur (P = .001). 
Regardless of Ki-67 expression, mesenchymal CTC-negative patients 
with recurrent disease had higher levels of ADAM23 promoter meth-
ylation than those without recurrence (Figure 4A,B) (16.0 ± 15.5% vs 
10.2 ± 11.8%; P = .017). No differences in generally extremely low 
ADAM23 promoter methylations were found in tumors of mesenchy-
mal CTC-positive patients (Figure 4C,D) (4.5 ± 2.0% for patients with 
recurrent disease vs 4.3 ± 2.0% for patients without recurrence).

As expected, high Ki-67 proliferation ([DFS time 60.3 months 
[95% CI: 54.8-65.8] vs 72.7 months [95% CI: 70.6-75.0] in Ki-
67-low patients, P < .001]) and presence of mesenchymal CTC 
([DFS time 52.8 months [95% CI: 44.6-61.1] vs 70.1 months 

Risk factor Variable P value OR 95% CI

Mesenchymal CTC 
positivity

↑ ADAM23 methylation < .001 0.683 0.606-0.770

Ki-67 proliferation 
index (cut-off 20%)

.009 2.995 1.322-6.784

ADAM23, A Disintegrin And Metalloprotease 23; CTC, circulating tumor cells.
−2 Log likelihood 134.03; R squared (Cox & Snell) 0.48; R squared (Nagelkerke) 0.64. Variables entered 
on step 1: age, ADAM23 methylation, Ki-67 proliferation (cut-off 20%), hormone receptor status (neg-
ative for both or positive for either with cut-off 10%), human epidermal growth factor receptor 2 (HER2) 
status (negative vs amplified), tumor size (T1 vs T2 and higher), grade (1 and 2 vs 3).

TABLE  1 Risk estimation of ADAM23 
methylation and clinical status for the 
presence of mesenchymal CTC in 
peripheral blood of breast cancer patients 
(logistic regression adjusted for age)

F IGURE  3 ADAM23 methylation in mesenchymal circulating 
tumor cell (CTC)-negative and -positive breast cancer patients 
irrespective of Ki-67 proliferation index. ADAM23, A Disintegrin 
And Metalloprotease 23. The length of the boxes is the 
interquartile range (IQR) that represents values between the 75th 
and 25th percentiles. Values more than 3 IQRs from the end of a 
box are labeled as extreme (*). Values more than 1.5 IQRs but less 
than 3 IQRs from the end of the box are labeled as outliers (O). The 
median is depicted by a horizontal line
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[95% CI: 67.5-72.7] in mesenchymal CTC-negative patients, 
P < .001]) were the two most significant risk factors affecting 
DFS. Furthermore, we assessed the prognostic significance of 
ADAM23 methylation. Although mean DFS in mesenchymal CTC-
negative, hypermethylation-free patients was 72.5 months (95% 
CI: 70.0-75.0), in high-risk, mesenchymal CTC-positive, Ki-67-high 
patients, we found the shortest mean DFS in all studied groups 
(44.1 months; 95% CI: 33.1-55.2). Surprisingly, in mesenchymal 
CTC-negative patients with hypermethylated ADAM23 promoter, 
we identified nearly identical mean DFS as in mesenchymal CTC-
positive, Ki-67 low patients (64.1; 95% CI: 58.0-70.1 vs 63.6; 
95% CI: 54.0-73.2 months, respectively). Kaplan-Meier DFS esti-
mates for mesenchymal CTC-negative and CTC-positive patients 
are plotted in Figure 5. In mesenchymal CTC-negative patients, 
log-rank test showed a significantly reduced DFS in those with 
ADAM23 hypermethylation in tumors (P = .003) whereas in mesen-
chymal CTC-positive patients, it was high Ki-67 proliferation that 
significantly affected DFS (P = .014). Prognostic value of ADAM23 
hypermethylation was seen mainly in mesenchymal CTC-negative, 
Ki-67-low patients (P = .002) where mean DFS time in patients 
without ADAM23 hypermethylation was 75.0 months (95% CI: 
73.4-76.5), whereas in those with ADAM23 hypermethylation in 
tumors, it was only 66.3 months (95% CI: 58.8-73.8). Differences 
in mesenchymal CTC-negative, Ki-67-high patients did not reach 
statistical significance.

Cox logistic regression was used to predict the recurrence prob-
ability in mesenchymal CTC-negative, Ki-67-low BC patients, with 
the following predictor variables: age, ADAM23 hypermethylation, 
hormone receptor and HER2 status, tumor size and auxiliary lymph 

F IGURE  4 Association of ADAM23 
methylation with disease recurrence, 
stratified by the presence of mesenchymal 
circulating tumor cells (CTC) (A, B vs 
C, D) and Ki-67 proliferation (A, C vs 
B, D). Differences between patients with 
recurrent disease and those without 
recurrence were not significant. ADAM23, 
A Disintegrin And Metalloprotease 
23. The length of the boxes is the 
interquartile range (IQR) that represents 
values between the 75th and 25th 
percentiles. Values more than 3 IQRs from 
the end of a box are labeled as extreme (*). 
Values more than 1.5 IQRs but less than 3 
IQRs from the end of the box are labeled 
as outliers (O). The median is depicted by 
a horizontal line

F IGURE  5 Disease-free survival stratified by ADAM23 
hypermethylation (cut-off 9.53%)39 in mesenchymal circulating 
tumor cell (CTC)-negative and by Ki-67 proliferation in 
mesenchymal CTC-positive patients. ADAM23, A Disintegrin And 
Metalloprotease 23. BC, breast cancer. The length of the boxes is 
the interquartile range (IQR) that represents values between the 
75th and 25th percentiles. Values more than 3 IQRs from the end 
of a box are labeled as extreme (*). Values more than 1.5 IQRs but 
less than 3 IQRs from the end of the box are labeled as outliers (O). 
The median is depicted by a horizontal line
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node involvement (Table 2). Disease recurrence was 6.2-fold more 
likely in patients with ADAM23 hypermethylation in tumor tissue 
than in those with promoter methylation below threshold value 
(OR = 6.220; 95% CI: 1.669-23.181; P = .006).

4  | DISCUSSION

A Disintegrin And Metalloprotease proteins have been shown to play 
a significant role in tumor growth and metastasis.29 In comparison 
with other family members, the biological role of ADAM23, especially 
in cell adhesion and cell-matrix interactions, largely depends on its 
disintegrin domain, whereas its metalloprotease domain remains in-
active.45 The ADAM23 gene is epigenetically silenced in various can-
cers, including BC, where it correlates with disease progression33,46 
and lower survival rates.31 In our previous study, carried out on 
almost the same set of BC patients (including three metastatic pa-
tients), we analyzed the association of DNA methylation changes in 
11 genes, including ADAM23, with clinicopathological characteristics. 
We identified a twofold higher level of ADAM23 promoter methyla-
tion in BC patient tumors than in normal mammary glands (10.01% vs 
4.89%).39 In primary breast tumors, ADAM23 hypermethylation was 
associated with higher proliferation of cancer cells measured through 
Ki-67 expression (OR 5.23, 95% CI: 2.27-12.05, P < .001). In addi-
tion to high Ki-67 proliferation, significantly higher mean ADAM23 
methylation was also identified in tumors of estrogen receptor (ER) 
and HER2-positive patients (12.24% vs 7.19% in Ki-67-low, P = .008; 
11.25% vs 6.37% in ER-negative, P = .001; and 16.81% vs 8.76% in 
HER2-negative, P = .001, respectively). The presence of ADAM23 
hypermethylation in tumors and lymph nodes was equally com-
mon (24.2% vs 21.6%) and positively correlated (r = 0.442, P = .001). 
Higher ADAM23 promoter methylation in lymph nodes was identi-
fied in histological grade 3, HER2-positive and progesterone receptor 
(PGR)-negative patients (12.64% vs 6.41% in grades 1 and 2, P < .001; 
15.00% vs 7.02% in HER2-negative, P < .001; and 15.00% vs 7.81% 
in PGR-positive, P < .001, respectively). However, we did not find 
any association between ADAM23 methylation and protein expres-
sion.39 In our recent study, we detected an association between low 
ADAM23 promoter methylation and hematogenous spread.40

Based on these findings and given the time that has passed since 
the end of the sampling, we have now focused on identifying the 
factors that have affected DFS. We confirmed positive correlation 
between Ki-67 proliferation and ADAM23 methylation, with the 

most significant impact in the mesenchymal CTC-negative patient 
group. We did not find DNA hypermethylation in tumors of mesen-
chymal CTC-positive patients, in which Ki-67 proliferation was the 
most significant independent predictor of DFS. Epithelial CTC pos-
itivity was neither significantly associated with ADAM23 promoter 
methylation nor DFS. The EMT process, endowing epithelial tumor 
cells with enhanced motility and invasiveness, is an important pre-
requisite for intravasation and release of CTC. EMT is mediated by 
several EMT-inducing transcription factors, including SNAI1, SNAI2 
(also termed SLUG), TWIST1/2 and ZEB1/2. These suppress expres-
sion of key epithelial genes, such as CDH1, coding for adherence 
junction protein E-cadherin.47 CTC with mesenchymal phenotype 
can be detected in the peripheral circulation of BC patients through 
mRNA expression of EMT-inducing transcription factors.42,48,49 
Their presence in BC patient peripheral blood was associated with 
worse prognosis25,26 (Mego et al, in preparation). Herein, we have 
shown an association between ADAM23 promoter methylation and 
mesenchymal CTC, detected by the above-mentioned method. We 
identified lack of ADAM23 methylation in tumors of patients with 
mesenchymal CTC in their peripheral blood. However, we have not 
found correlation between ADAM23 protein expression and DNA 
methylation or hematogenous spread.39,41 One of the possible expla-
nations could be the recently described intratumoral heterogeneity 
of ADAM23 protein expression observed in BC.46 As shown by these 
authors, the topographically distinct invasive tumor areas within un-
differentiated invasive ductal carcinomas are composed of a mosaic 
cluster of ADAM23-positive and ADAM23-negative tumor cells. 
Furthermore, diverse ADAM23 expression in tumor-derived endo-
thelium could be another confounding factor explaining the negative 
findings.50 As DNA methylation is cell type-specific, the results of 
DNA methylation assessment are currently based on bulk analyses of 
heterogeneous cell populations interpreting their mixture averages. 
Moreover, it was shown that a threshold of 40%-60% of methylated 
CpG dinucleotides was required for complete ADAM23 mRNA ex-
pression silencing in BC cell lines, whereas in colorectal cancer cells, 
it was 70%-90%.33,51 However, only 4.4% (n = 9) of our patients had 
a mean level of DNA methylation in tumor above 40% (42%-61%).

Our current findings show that ADAM23 hypermethylation in-
creases the risk of disease recurrence in mesenchymal CTC-negative 
patients with low Ki-67 proliferation. We can only speculate that low 
ADAM23 methylation levels in tumors of mesenchymal CTC-positive 
patients is a result of gradual accumulation of ADAM23 methyl-
ation in distinct tumor cell subclones and subsequent release of 

TABLE  2 Cox regression analysis in the group of low-risk (Ki-67-low and mesenchymal CTC-negative) breast cancer patients

Risk factor Variable Risk value P value Odds ratio
95% Confidence 
interval

Disease recurrence ADAM23 hypermethylation >9.53% .006 6.220 1.669-23.181

ADAM23, A Disintegrin And Metalloprotease 23; CTC, circulating tumor cells.
−2 Log likelihood 74.42. Variables entered in step 1: age, ADAM23 hypermethylation, hormone receptor status (negative for both or positive for either 
with cut-off 10%), human epidermal growth factor receptor 2 (HER2) status (negative vs amplified), tumor size (T1 vs T2 and higher), auxiliary lymph 
node involvement (N0 vs N+).
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ADAM23-negative cells into circulation. We assume that the effect 
of ADAM23 hypermethylation is overlapped by the action of other 
significant prognostic risk factors such as high Ki-67 proliferation 
rate or presence of mesenchymal CTC alone. Consequently, we are 
able to detect the prognostic role of ADAM23 methylation only in 
low-risk patients. Because we were unable to address ADAM23 
methylation in the mesenchymal CTC subpopulation, we cannot 
exclude the possibility that differences in ADAM23 methylation in 
tumors of mesenchymal CTC-positive and CTC-negative patients 
could be associated with additional factors. In agreement with our 
hypothesis, Costa and coauthors showed in vitro and in vivo that 
ADAM23 intra-allelic and intratumoral heterogeneity is critical for 
tumor growth and metastasis.33,46 They suppose that during met-
astatic progression, epigenetic instability may provide tumor cells 
with a growth advantage, leading to selection of clones with the 
densest methylation profiles.33 They also showed that ADAM23 
silencing can elicit a phenotypic switch from a proliferative to an 
invasive phenotype of tumor cells. Moreover, they showed that in 
ADAM23 heterotypic environments, cells without ADAM23 expres-
sion promote tumor growth and metastasis by enhancing the prolif-
eration and invasivity of adjacent ADAM23-positive cells.46

This type of epigenetic plasticity was recently also observed in 
one of the EMT hallmarks – E-cadherin loss.52 It was shown that  
E-cadherin loss may promote invasion, allowing cells with the high-
est methylation density and the most diminished protein expression 
to dissociate from the primary tumor and disseminate through the 
vascular system to a distal, secondary organ site. In contrast, partial 
restoration of E-cadherin expression mediated by the evolution of 
cells with reduced methylation increases intercellular adhesion and 
may facilitate cell survival within metastatic deposits.52 The intratu-
moral heterogeneity described for ADAM23 expression,46 as well as 
the dynamic epigenetic heterogeneity during metastatic progression 
described for CDH1,52 highlights the importance of DNA methylation 
changes and fine-tuning of the methylome leading to corresponding 
alterations in individual steps of the metastatic cascade.

Although direct association between ADAM23 and EMT has not 
yet been published, ADAM23 has been shown to be a key suppressor 
for cardiac hypertrophy and fibrosis by blocking the focal adhesion 
kinase-protein kinase B (FAK-AKT) signaling cascade.53 The authors 
hypothesize that ADAM23 can directly affect the pathogenesis of 
fibrosis through the same downstream target. FAK, identified as one 
of the first integrin signaling molecules, is a non-receptor tyrosine 
kinase, required for the transcriptional regulation of several mesen-
chymal markers and for the delocalization of E-cadherin.54 The αVβ3 
integrin is an β3 integrin subtype that was associated with EMT in 
cancer cells and shows the widest range of functions, including FAK-
induced actin cytoskeleton remodeling and FAK-dependent cyto-
kine activation, affecting cell migration and invasion.55 Activation of 
αVβ3 has been reported to upregulate Slug and facilitate anchorage-
independent growth in pregnant and neoplastic mammary glands56 
whereas ADAM23 knockdown cells showed increased migration and 
adhesion to classic αVβ3 integrin ligands.

31 Additionally, downregula-
tion of ADAM23 in a side population of lung adenocarcinoma cells 

contributed to the CSC phenotype, supposedly by promoting activ-
ity of αVβ3 integrin.

57 These findings support the hypothesis that by 
binding to integrins, namely αVβ3 and α4 and/or other cell-surface 
molecules, ADAM23 can act as a mediator of intercellular associa-
tion and participate in facilitating EMT in cancer cells.31,32

To the best of our knowledge, this is the first study showing 
strong association of ADAM23 hypermethylation with DFS in sup-
posedly low-risk, mesenchymal CTC-negative and Ki-67-low BC pa-
tients. In tumors of mesenchymal CTC-positive patients, ADAM23 
methylation was extremely low, suggesting involvement of this 
protein in EMT. ADAM23 may represent a new therapeutic target, 
enabling dissemination of the most aggressive mesenchymal CTC 
subpopulations. However, as a result of the complexity of this pro-
cess, future studies are warranted to verify the role of ADAM23 in 
EMT and hematogenous spread.

ACKNOWLEDG MENTS

This study was supported by the Slovak Research and Development 
Agency (APVV) under contract nos. APVV-0076-10, APVV-
16-0010, APVV-16-0178; European Regional Development Fund 
grant no. 26240220058 (call code OPVaV-2009/4.2/04-SORO), 
ERA-NET EuroNanoMed II INNOCENT project and the Scientific 
Grant Agency (VEGA), contract nos. 1/0724/11, 1/0044/15, 
2/0102/17, 1/0271/17 and 2/0092/15.

We would like to acknowledge our collaborators: Daniel Pindak, 
Gabriela Sieberova, Jan Macuch, Michal Majercik, Peter Jani and Dusan 
Macak as well as Gabriela Gasajova, Denisa Manasova, Emilia Klincova 
and Ludovit Gaspar for their excellent technical assistance. We are 
grateful to all patients and controls for their participation in the study.

CONFLIC TS OF INTERE S T

Authors declare no conflicts of interest for this article.

ORCID

Bozena Smolkova   https://orcid.org/0000-0002-4906-5652 

R E FE R E N C E S

	 1.	 Bray F, Ferlay J, Soerjomataram I, Siegel RL, Torre LA, Jemal A. Global 
cancer statistics 2018: GLOBOCAN estimates of incidence and mor-
tality worldwide for 36 cancers in 185 countries. CA Cancer J Clin. 
2018;68:394‐424.

	 2.	 Redig AJ, McAllister SS. Breast cancer as a systemic disease: a view 
of metastasis. J Intern Med. 2013;274(2):113‐126.

	 3.	 Wu Q, Li J, Zhu S, et al. Breast cancer subtypes predict the prefer-
ential site of distant metastases: a SEER based study. Oncotarget. 
2017;8(17):27990‐27996.

	 4.	 van Hoesel AQ, Sato Y, Elashoff DA, et  al. Assessment of DNA 
methylation status in early stages of breast cancer development. Br 
J Cancer. 2013;108(10):2033‐2038.

	 5.	 Fleischer T, Frigessi A, Johnson KC, et al. Genome-wide DNA meth-
ylation profiles in progression to in situ and invasive carcinoma 

https://orcid.org/0000-0002-4906-5652
https://orcid.org/0000-0002-4906-5652


     |  1703ZMETAKOVA et al.

of the breast with impact on gene transcription and prognosis. 
Genome Biol. 2014;15(8):435.

	 6.	 Gyorffy B, Bottai G, Fleischer T, et al. Aberrant DNA methylation 
impacts gene expression and prognosis in breast cancer subtypes. 
Int J Cancer. 2016;138(1):87‐97.

	 7.	 Denkert C, Budczies J, von Minckwitz G, Wienert S, Loibl S, 
Klauschen F. Strategies for developing Ki67 as a useful biomarker 
in breast cancer. Breast. 2015;24(Suppl 2):S67‐S72.

	 8.	 Stuart-Harris R, Caldas C, Pinder SE, Pharoah P. Proliferation markers 
and survival in early breast cancer: a systematic review and meta-
analysis of 85 studies in 32,825 patients. Breast. 2008;17(4):323‐334.

	 9.	 Knutsvik G, Stefansson IM, Aziz S, et  al. Evaluation of Ki67 ex-
pression across distinct categories of breast cancer specimens: a 
population-based study of matched surgical specimens, core needle 
biopsies and tissue microarrays. PLoS One. 2014;9(11):e112121.

	10.	 Joosse SA, Gorges TM, Pantel K. Biology, detection, and clinical im-
plications of circulating tumor cells. EMBO Mol Med. 2015;7(1):1‐11.

	11.	 Chambers AF, Groom AC, MacDonald IC. Dissemination and growth 
of cancer cells in metastatic sites. Nat Rev Cancer. 2002;2(8):563‐572.

	12.	 Hall CS, Karhade MG, Bowman Bauldry JB, et al. Prognostic value 
of circulating tumor cells identified before surgical resection in non-
metastatic breast cancer patients. J Am Coll Surg. 2016;223(1):20‐29.

	13.	 Mu Z, Wang C, Ye Z, et  al. Prospective assessment of the prog-
nostic value of circulating tumor cells and their clusters in pa-
tients with advanced-stage breast cancer. Breast Cancer Res Treat. 
2015;154(3):563‐571.

	14.	 Bidard FC, Peeters DJ, Fehm T, et al. Clinical validity of circulating tu-
mour cells in patients with metastatic breast cancer: a pooled analy-
sis of individual patient data. Lancet Oncol. 2014;15(4):406‐414.

	15.	 Giuliano M, Giordano A, Jackson S, et al. Circulating tumor cells as 
early predictors of metastatic spread in breast cancer patients with 
limited metastatic dissemination. Breast Cancer Res. 2014;16(5):440.

	16.	 Giuliano M, Giordano A, Jackson S, et  al. Circulating tumor cells 
as prognostic and predictive markers in metastatic breast cancer 
patients receiving first-line systemic treatment. Breast Cancer Res. 
2011;13(3):R67.

	17.	 Banyard J, Bielenberg DR. The role of EMT and MET in cancer dis-
semination. Connect Tissue Res. 2015;56(5):403‐413.

	18.	 Felipe Lima J, Nofech-Mozes S, Bayani J, Bartlett JM. EMT in breast 
carcinoma-A review. J Clin Med. 2016;5(7):65.

	19.	 Aktas B, Tewes M, Fehm T, Hauch S, Kimmig R, Kasimir-Bauer S. 
Stem cell and epithelial-mesenchymal transition markers are fre-
quently overexpressed in circulating tumor cells of metastatic 
breast cancer patients. Breast Cancer Res. 2009;11(4):R46.

	20.	 Kallergi G, Papadaki MA, Politaki E, Mavroudis D, Georgoulias V, 
Agelaki S. Epithelial to mesenchymal transition markers expressed 
in circulating tumour cells of early and metastatic breast cancer pa-
tients. Breast Cancer Res. 2011;13(3):R59.

	21.	 Raimondi C, Gradilone A, Naso G, et al. Epithelial-mesenchymal tran-
sition and stemness features in circulating tumor cells from breast 
cancer patients. Breast Cancer Res Treat. 2011;130(2):449‐455.

	22.	 Yu M, Bardia A, Wittner BS, et al. Circulating breast tumor cells ex-
hibit dynamic changes in epithelial and mesenchymal composition. 
Science. 2013;339(6119):580‐584.

	23.	 Zeisberg M, Neilson EG. Biomarkers for epithelial-mesenchymal 
transitions. J Clin Invest. 2009;119(6):1429‐1437.

	24.	 Gorges TM, Tinhofer I, Drosch M, et  al. Circulating tumour 
cells escape from EpCAM-based detection due to epithelial-to-
mesenchymal transition. BMC Cancer. 2012;12:178.

	25.	 Gradilone A, Raimondi C, Nicolazzo C, et al. Circulating tumour cells 
lacking cytokeratin in breast cancer: the importance of being mes-
enchymal. J Cell Mol Med. 2011;15(5):1066‐1070.

	26.	 Zhang S, Wu T, Peng X, et al. Mesenchymal phenotype of circulating 
tumor cells is associated with distant metastasis in breast cancer 
patients. Cancer Manag Res. 2017;9:691‐700.

	27.	 White JM. ADAMs: modulators of cell-cell and cell-matrix interac-
tions. Curr Opin Cell Biol. 2003;15(5):598‐606.

	28.	 Edwards DR, Handsley MM, Pennington CJ. The ADAM metallo-
proteinases. Mol Aspects Med. 2008;29(5):258‐289.

	29.	 Duffy MJ, Mullooly M, O'Donovan N, et al. The ADAMs family of 
proteases: new biomarkers and therapeutic targets for cancer? Clin 
Proteomics. 2011;8(1):9.

	30.	 Cal S, Freije JM, Lopez JM, Takada Y, Lopez-Otin C. ADAM 23/
MDC3, a human disintegrin that promotes cell adhesion via inter-
action with the alphavbeta3 integrin through an RGD-independent 
mechanism. Mol Biol Cell. 2000;11(4):1457‐1469.

	31.	 Verbisck NV, Costa ET, Costa FF, et al. ADAM23 negatively modu-
lates alpha(v)beta(3) integrin activation during metastasis. Cancer 
Res. 2009;69(13):5546‐5552.

	32.	 Wang L, Hoggard JA, Korleski ED, et  al. Multiple non-catalytic 
ADAMs are novel integrin alpha4 ligands. Mol Cell Biochem. 
2018;442(1–2):29‐38.

	33.	 Costa FF, Verbisck NV, Salim AC, et al. Epigenetic silencing of the 
adhesion molecule ADAM23 is highly frequent in breast tumors. 
Oncogene. 2004;23(7):1481‐1488.

	34.	 Calmon MF, Colombo J, Carvalho F, et  al. Methylation profile of 
genes CDKN2A (p14 and p16), DAPK1, CDH1, and ADAM23 in 
head and neck cancer. Cancer Genet Cytogenet. 2007;173(1):31‐37.

	35.	 Hu C, Lv H, Pan G, et al. The expression of ADAM23 and its correla-
tion with promoter methylation in non-small-cell lung carcinoma. 
Int J Exp Pathol. 2011;92(5):333‐339.

	36.	 Takada H, Imoto I, Tsuda H, et al. ADAM23, a possible tumor sup-
pressor gene, is frequently silenced in gastric cancers by homozy-
gous deletion or aberrant promoter hypermethylation. Oncogene. 
2005;24(54):8051‐8060.

	37.	 Costa FF, Colin C, Shinjo SM, et  al. ADAM23 methylation 
and expression analysis in brain tumors. Neurosci Lett. 
2005;380(3):260‐264.

	38.	 Ma R, Tang Z, Sun K, et  al. Low levels of ADAM23 expression in 
epithelial ovarian cancer are associated with poor survival. Pathol 
Res Pract. 2018;214(8):1115‐1122.

	39.	 Fridrichova I, Smolkova B, Kajabova V, et al. CXCL12 and ADAM23 
hypermethylation are associated with advanced breast cancers. 
Transl Res. 2015;165(6):717‐730.

	40.	 Kalinkova L, Zmetakova I, Smolkova B, et al. Decreased methylation 
in the SNAI2 and ADAM23 genes associated with de-differentiation 
and haematogenous dissemination in breast cancers. BMC Cancer. 
2018;18(1):875.

	41.	 Smolkova B, Mego M, Horvathova Kajabova V, et al. Expression of 
SOCS1 and CXCL12 proteins in primary breast cancer are associ-
ated with presence of circulating tumor cells in peripheral blood. 
Transl Oncol. 2016;9(3):184‐190.

	42.	 Cierna Z, Mego M, Janega P, et  al. Matrix metalloproteinase 1 
and circulating tumor cells in early breast cancer. BMC Cancer. 
2014;14:472.

	43.	 Zmetakova I, Danihel L, Smolkova B, et al. Evaluation of protein ex-
pression and DNA methylation profiles detected by pyrosequenc-
ing in invasive breast cancer. Neoplasma. 2013;60(6):635‐646.

	44.	 Remmele W, Schicketanz KH. Immunohistochemical determination 
of estrogen and progesterone receptor content in human breast 
cancer. Computer-assisted image analysis (QIC score) vs. subjective 
grading (IRS). Pathol Res Pract. 1993;189(8):862‐866.

	45.	 Rawlings ND, Barrett AJ. Evolutionary families of metallopepti-
dases. Methods Enzymol. 1995;248:183‐228.

	46.	 Costa ET, Barnabe GF, Li M, et  al. Intratumoral heterogeneity of 
ADAM23 promotes tumor growth and metastasis through LGI4 and 
nitric oxide signals. Oncogene. 2015;34(10):1270‐1279.

	47.	 van Staalduinen J, Baker D, ten Dijke P, van Dam H. Epithelial–
mesenchymal-transition-inducing transcription factors: new targets for 
tackling chemoresistance in cancer? Oncogene. 2018;37:6195‐6211.



1704  |     ZMETAKOVA et al.

	48.	 Mego M, Mani SA, Lee BN, et  al. Expression of epithelial-
mesenchymal transition-inducing transcription factors in primary 
breast cancer: the effect of neoadjuvant therapy. Int J Cancer. 
2012;130(4):808‐816.

	49.	 Mego M, Karaba M, Minarik G, et al. Relationship between circulating 
tumor cells, blood coagulation, and urokinase-plasminogen-activator 
system in early breast cancer patients. Breast J. 2015;21(2):155‐160.

	50.	 Ghilardi C, Chiorino G, Dossi R, Nagy Z, Giavazzi R, Bani M. 
Identification of novel vascular markers through gene expres-
sion profiling of tumor-derived endothelium. BMC Genomics. 
2008;9:201.

	51.	 Choi JS, Kim KH, Jeon YK, et al. Promoter hypermethylation of the 
ADAM23 gene in colorectal cancer cell lines and cancer tissues. Int 
J Cancer. 2009;124(6):1258‐1262.

	52.	 Graff JR, Gabrielson E, Fujii H, Baylin SB, Herman JG. Methylation 
patterns of the E-cadherin 5′ CpG island are unstable and 
reflect the dynamic, heterogeneous loss of E-cadherin ex-
pression during metastatic progression. J Biol Chem. 2000 
275(4):2727‐2732.

	53.	 Xiang M, Luo H, Wu J, et al. ADAM23 in cardiomyocyte inhibits car-
diac hypertrophy by targeting FAK-AKT signaling. J Am Heart Assoc. 
2018;7(18):e008604.

	54.	 Harburger DS, Calderwood DA. Integrin signalling at a glance. J Cell 
Sci. 2009;122(Pt 2):159‐163.

	55.	 Pan B, Guo J, Liao Q, Zhao Y. β1 and β3 integrins in breast, pros-
tate and pancreatic cancer: a novel implication. Oncol Lett. 
2018;15(4):5412‐5416.

	56.	 Desgrosellier JS, Lesperance J, Seguin L, et al. Integrin αvβ3 drives 
slug activation and stemness in the pregnant and neoplastic mam-
mary gland. Dev Cell. 2014;30(3):295‐308.

	57.	 Ota M, Mochizuki S, Shimoda M, et al. ADAM23 is downregulated 
in side population and suppresses lung metastasis of lung carci-
noma cells. Cancer Sci. 2016;107(4):433‐443.

SUPPORTING INFORMATION

Additional supporting information may be found online in the 
Supporting Information section at the end of the article. 

How to cite this article: Zmetakova I, Kalinkova L, Smolkova B, 
et al. A disintegrin and metalloprotease 23 hypermethylation 
predicts decreased disease-free survival in low-risk breast 
cancer patients. Cancer Sci. 2019;110:1695–1704.  
https://doi.org/10.1111/cas.13985

https://doi.org/10.1111/cas.13985

