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Abstract
Purpose  Heart myxomas have been frequently considered as benign lesions associated with Carney’s complex. However, 
after surgical removal, myxomas re-emerge causing dysfunctional heart.
Methods  To identify whether cardiac myxomas may develop a metastatic phenotype as occurs in malignant cancers, a profile 
of several proteins involved in malignancy such as oncogenes (c-MYC, K-RAS and H-RAS), cancer-associated metabolic 
transcriptional factors (HIF-1α, p53 and PPAR-γ) and epithelial–mesenchymal transition proteins (fibronectin, vimentin, 
β-catenin, SNAIL and MMP-9) were evaluated in seven samples from a cohort of patients with atrial and ventricular myxo-
mas. The analysis was also performed in: (1) cardiac tissue surrounding the area where myxoma was removed; (2) non-cancer 
heart tissue (NCHT); and (3) malignant triple negative breast cancer biopsies for comparative purposes.
Results  Statistical analysis applying univariate (Kruskal–Wallis and Dunn’s tests) and multivariate analyses (PCA, principal 
component analysis) revealed that heart myxomas (7–15 times) and myxoma surrounding tissue (22–99 times) vs. NCHT 
showed high content of c-MYC, p53, vimentin, and HIF-1α, indicating that both myxoma and its surrounding area express 
oncogenes and malignancy-related proteins as occurs in triple negative breast cancer.
Conclusions  Based on ROC (receiver operating characteristics) statistical analysis, c-MYC, HIF-1α, p53, and vimentin may 
be considered potential biomarkers for malignancy detection in myxoma.
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Introduction

Myxomas are the most common benign primary heart 
tumors followed by lipomas and papillary fibroelastomas 
(Singh et al. 2015). They can be developed in the four heart 
chambers (Vargas-Barron et al. 1991), being left atrium 
(80%) the most common site (Tarelo-Saucedo et al. 2016; 
Kothari et al. 2016). The disorder is transmitted within fami-
lies in an autosomal dominant manner with higher occur-
rence in young women (Siltanen et al. 1976). Myxoma is 
also a primary component of the Carney’s complex, a mul-
tiple familial neoplasia/lentiginous syndrome (Carney 1985; 
Vargas-Alarcón et al. 2008).

Although its origin is not clear, it is hypothesized that 
heart myxoma arises from sub-endothelial cells or primitive 
cells residing in the fossa ovalis and surrounding endocar-
dium (Burke et al. 2007). Additionally, it has been proposed 
that Herpes simplex virus DNA infection may be involved 
in the pathogenesis of atrial myxoma (Pateras et al. 2012). 
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It has been documented that after myxoma emerges, it may 
be fragmented, detached and disseminated to other organs 
(spleen, pancreas, liver, and kidney), being the central nerv-
ous system the most affected (> 50% of cases) (Lee et al. 
2007; Pinede et al. 2001; Blackmon et al. 2010; Smith et al. 
2012). Myxoma fragmentation and migration is promoted by 
systemic embolic episodes (Smith et al. 2012) in more than 
30% of patients with left atrial myxoma (Fyke et al. 1985).

Myxoma promotes organ dysfunction (blood flow 
obstruction, embolism) and other heart-related symptoms 
(fever, fatigue, weight loss) (Pérez-Andreu et al. 2013). 
Thus, it should be surgically removed as the first treatment 
option. However, recurrence rate of myxoma is 2–4% (Rey-
nen 1995; Gošev et al. 2013) being more frequent (12–25%) 
in the familial myxoma type, especially in patients with Car-
ney syndrome (Carney 1985). Recurrent myxomas usually 
appear at or near the site of the primary tumor, in other 
cardiac chambers or even at distant locations (Roldan et al. 
2000; Rathore et al. 2008) usually during the 4 years after 
surgical excision, but they can emerge within a few months 
to several years (10–12 years) (Reynen 1995; Roldan et al. 
2000). It has been reported that recurrent myxomas develop 
aggressive phenotypes, switching from a benign to malig-
nant tumor (Hannah et al. 1982; Hou et al. 2001). Myxoma 
recurrence may be related to an inadequate tumor resection 
during the surgical procedure (Mendoza et al. 2007); but 
also, to the development of totipotent multicentricity and/or 
metastatic phenotype (Becker et al. 2008).

Regarding metastasis, contradictory information has been 
found in the literature. For example, one study revealed low 
or null presence of proliferation, metastatic potential and 
oncogene markers (Ki-67, Bcl-2, and Rb-1 proteins) in a 
cohort of ten cases of cardiac myxoma, indicating a weakly 
proliferative lesion with scarce metastatic potential (Suvarna 
and Royds 1996). Unfortunately, in this last study only three 
proteins were analyzed. Other studies rather point the con-
trary: (a) It has been found that some cardiac myxomas may 
develop a sarcoma-like phenotype inducing brain metastasis 
(Todo et al. 1992); (b) in other benign-type heart tumors as 
papillary fibroelastomas, a high content in the metastatic 
biomarker oncogene K-RAS (mutated isoform) (Wittersheim 
et al. 2017) was found suggesting a malignant phenotype 
acquisition (Becker et al. 2008) and (c) oncogenes as c-MYC 
have been implicated in the switch from myocyte prolifera-
tion to terminal hearth differentiation (Jackson et al. 1990). 
However, there are no available studies showing other malig-
nant profile biomarkers in heart myxomas rather than the 
typical transcription factors K-RAS and c-MYC.

Therefore, in the present study and for first time a targeted 
proteomic profiling of several well-documented proteins (at 
least 11) related to malignancy cancer progression (epi-
thelial–mesenchymal transition, invasiveness, oncogenes, 
tumor metabolism) were analyzed in human myxomas. The 

development of a biomarker panel for malignancy diagnosis 
in human heart myxomas would help to establish a medical 
prevention protocol against myxoma recurrence.

Materials and methods

Tissue collection

The present cross-sectional study (from 2015 to 2017) was 
approved by the Committees of Ethics and Research of 
Instituto Nacional de Cardiología Ignacio Chávez, México 
(INCAR​) (https​://www.cardi​ologi​a.org.mx/comit​e_etica​
_inves​tigac​ion/pdf/const​ancia​_comit​e_bioet​ica.pdf) and 
included the evaluation of seven myxoma samples from 6 
patients (two were obtained from one patient) diagnosed 
with atrial myxoma without previous clinical treatment (Sup-
plementary Table S1). For comparative purposes (a) heart 
tissue samples from the surrounding myxoma area were col-
lected, (b) normal heart tissue derived from 7 patients (age 
from 18 to 66 years, mean 41 ± 17 years) undergoing heart 
surgery not associated to myxoma removal and (c) diagnosed 
human triple negative breast cancer (TNBC) tissue were also 
analyzed (Supplementary Table S1). The medical procedure 
for TNBC handling and patient care was approved by the 
Committees of Ethics and Research of Instituto Nacional 
de Cancerología, México (INCAN) (http://incan​-mexic​o.org/
incan​//pub/inves​tigac​ion/bioet​ica/Anexo​7.pdf). Both INCAR 
and INCAN Committees of Ethics and Research were sup-
ported by a patient’s informed consent prepared according 
to the Declaration of Helsinki. Seven was the minimum sam-
ple size in pilot and prospective studies based on (1) the α 
level = 0.05; (2) low error margin = 3% and (3) low disease 
population frequency = 0.0016, according to the Cochran’s 
formulation (Bartlett et al. 2001). All the biopsy samples 
were stored in liquid nitrogen until their use as described 
before (Pacheco-Velázquez et al. 2014).

Western blot analysis

Biopsies were resuspended and homogenized with a Tef-
lon-pestle in 0.4 mL of 25 mM Tris–HCl buffer, 1 mM 
PMSF, 1 mM EDTA and 5 mM DTT and centrifuged at 
10,000 rpm for 30 min at 4 °C (Pacheco-Velázquez et al. 
2014). The supernatants were collected, and the protein 
concentration was determined by the Lowry assay (Lowry 
et al. 1951). Protein samples (50 µg) were resuspended 
in loading buffer with 10% glycerol, 2% SDS and 5% 
β-mercaptoethanol and they were separated by SDS-
PAGE in 10 or 12.5% polyacrylamide gels. Afterward, 
proteins were blotted into PVDF membranes and incu-
bated overnight with the following antibodies: anti-HIF-1α 
(sc-13515), -c-MYC (sc-70464), -p53 (sc-126), -PPAR-γ 

https://www.cardiologia.org.mx/comite_etica_investigacion/pdf/constancia_comite_bioetica.pdf
https://www.cardiologia.org.mx/comite_etica_investigacion/pdf/constancia_comite_bioetica.pdf
http://incan-mexico.org/incan//pub/investigacion/bioetica/Anexo7.pdf
http://incan-mexico.org/incan//pub/investigacion/bioetica/Anexo7.pdf
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(sc-166731), -fibronectin (sc-8422), -vimentin (sc-7557), 
-β-catenin (sc-7963) and -α-tubulin (sc-5286) (Santa Cruz 
Biotechnology, Santa Cruz, CA, USA) at 1:1000 dilution; 
anti -H-RAS (sc-53958), -K-RAS (sc-30), -SNAIL (sc-
10433), -MMP-9 (sc-12759) (Santa Cruz Biotechnology) 
at 1:500 dilution. Bands of hybridization were detected 
with the corresponding secondary antibodies, and the 
horseradish peroxidase reaction as previously described 
(Gallardo-Pérez et al. 2014). Densitometry analysis was 
carried out using the Scion Image software (Scion; Walk-
ersville, MD, USA). Normalization of all samples was per-
formed against its respective loading control (α-tubulin) 
which was considered as 100% (Pacheco-Velázquez et al. 
2014).

Statistical analyses

Significant differences in the evaluated protein contents 
among the samples were analyzed using the non-parametric 
(NPA), Kruskal–Wallis test followed by Dunn’s multiple 
comparison test (corrected for multiple comparison using 
statistical hypothesis testing) statistical analyses (Pacheco-
Velázquez et al. 2014; Dunn 1964). The NPA, univariate 
analyses and graphical data were carried out using the 
Microsoft SPSS v. 21 (IBM, Chicago, IL, USA), Micro-
soft Origin Pro 8 (OriginLab Corporation, Northampton, 
MA, USA) and Prism 7 (GraphPad Software, La Jolla, CA, 
USA) software, respectively. To validate these results and 
for a comparative visualization of the protein expression pat-
tern among each assayed group, univariate analysis apply-
ing star plots (Ibarra-Coronado et al. 2015), and Z-score 
value’s heatmaps (Diaz et al. 2018) were performed. The 
star plot is a graphical method of displaying multivariate 
data, which allows the direct comparison among groups (i.e., 
myxoma, surrounding, TNBC, and NCHT) of three or more 
quantitative variables (i.e., the expression of each protein) 
represented on axes starting from the same point (Ibarra-
Coronado et al. 2015; Aguirre-Benítez et al. 2017). For the 
identification of the oncogenic pattern in myxoma samples, 
multivariate analysis (principal component analysis) using 
a covariance matrix derived from protein band intensities 
normalized against loading control was performed (Cham-
bers et al. 1983). The PCA and graphical data were car-
ried out using the SAS University Edition (SAS Institute 
Cary, NC, USA) software. Receiver operative characteristic 
(ROC) curves were also determined and analyzed for the 
identification of the cut-off values for each evaluated protein. 
ROC curve analysis was performed with SPSS v. 21 (IBM, 
Chicago, IL, USA) software. All statistical tests were per-
formed at a significance level of 0.05 as reported for human 
biopsy studies (Abba et al. 2010). Values are expressed as 
the mean ± S.D.

Results

This study analyzed 7 samples from a cohort of 6 patients 
diagnosed with atrial myxomas by trans-thoracic echocar-
diography (Fig. 1, Supplementary Table S1). Two patients 
from the same family (siblings) were diagnosed with Car-
ney complex. One of the siblings presented two cardiac 
myxomas at the time of this study with at least one previ-
ous episode documented at 6 years old (samples 1 and 7), 
whereas the other sibling (sample 6) previously presented 
cardiac myxoma whose sample was not analyzed in the 
present study. Before surgery, the patients developed sev-
eral heart diseases as valvular obstruction, mitral disease, 
left heart failure or embolization. The mean age of the 
patients was 32 ± 15 years (range 17–53 years) consisting 
of 57% male and 43% female (Supplementary Table S1). 
Surgical excision was performed right after myxoma diag-
nosis to decrease the risk of valve obstruction or systemic 
embolization. Myxomas (0.1–1  cm width X 1–11  cm 
length) were mainly located in the heart left atrium (5 of 
7 cases, 71%); whereas the rest were located in the left 
ventricle (1 of 7 cases) and right ventricle (1 of 7 cases) 
(Supplementary Table S1). Oncological clinic follow up 
indicated that none of the patients to which myxoma was 
removed developed metastasis to other organs until the 
end of this study.

For myxoma malignant biomarker profile, proteins 
involved in (1) epithelial–mesenchymal transition (SNAIL, 
fibronectin, β-catenin) (Thiery and Sleeman 2006; Nieto 
et  al. 2016), (2) invasiveness (MMP-9 and vimentin) 
(Björklund and Koivunen 2005; Kidd et al. 2014); (3) 
oncogenicity (c-MYC, K-RAS and H-RAS) (Wang et al. 
2011); (4) tumor transformation, progression and resist-
ance (HIF-1α, p53) (Iurlaro et al. 2014) and (5) cancer 
metabolic adaptation (PPAR-γ) (Tachibana et al. 2008) 
were analyzed. Furthermore, the myxoma protein profile 
was compared with that of (a) healthy heart tissue derived 
from patients without tumor diagnosis and (b) a triple 
negative breast cancer (TNBC) subtype biopsies as posi-
tive control of metastatic cancer phenotype. The reasons 
to choose the TNBC are that it has been established that 
it develops one of the most aggressive and malignant phe-
notypes in the clinic (Haffty et al. 2006; Anders and Carey 
2009) and also that its malignant biomarker profile has 
been widely used as a comparative parameter for cancer 
metastasis identification (Lehmann et al. 2011) and diag-
nosis (Yadav et al. 2015).
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Univariate (KW and Dunn’s test) and multivariate 
(PCA, ROC curve) analysis for malignancy biomarker 
identification in heart myxomas

The content of oncogenes, transcriptional factors, and met-
astatic-linked proteins was determined in all tissue sam-
ples (Fig. 2a) and normalized against α-tubulin to identify 
their cancer phenotype profile.

Non-parametric approaches as Kruskal–Wallis and 
Dunn tests were used for the identification of proteins 
with significantly different contents in all evaluated groups 
(Table 1). From these analyses, both star plots and heat-
map graphics were generated to facilitate the simultaneous 
comparison between the protein contents inside a single 
group, or the comparison of protein contents between dif-
ferent groups (Fig. 2b, c).

Multivariate approaches as PCA (principal component 
analysis) allowed the identification of (1) those proteins 
that have the highest level in all assayed groups, i.e., pro-
teins with the highest variance value in the group and (2) 
those proteins with the highest variance value in the group 
but associated with malignancy (Fig. 3a). This informa-
tion was useful to determine the patterns of distribution 

of the proteins between assayed groups, accordingly to the 
content of each protein (Fig. 3b).

Once a differential panel of proteins is identified, they 
were analyzed anew but using the ROC curve approach to 
recognize those proteins with potential biomarker use. For 
this, the area under the curve (AUC) and the cut-off point 
(i.e., the percentage of protein level vs. the percentage of 
α-tubulin level) for each protein was calculated. An AUC 
value close to 0.9–1 is indicative that protein may be con-
sidered as a good biomarker (Swets 1988) (Fig. 4; Table 2).

Content of oncogenes, metabolic cancer‑associated 
and metastatic proteins in myxomas vs. non‑cancer 
heart tissue

Kruskal–Wallis and Dunn’s tests correction for multiple 
comparison (Fig. 2b, c; Table 1) analyses, multivariate 
(PCA, Fig. 3) and ROC (Fig. 4; Table 2) analyses revealed 
that the c-MYC oncogene, the p53 transcription factor, the 
metastatic protein vimentin and the cancer metabolic marker 
HIF-1α were significantly higher (85–100 fold) in myxoma 
biopsies compared to non-cancer heart tissue. However, 
only c-MYC, p53 and vimentin could be potential cancer 

Fig. 1   Representative echocardiography of two hearts (upper and 
lower panels) bearing typical myxomas. a, c Show the four cardiac 
chambers and b, d the parasternal long axis of each heart. Myxoma is 

indicated with white arrows. Ao Aorta, LA left atrium, LV left ventri-
cle, RA right atrium, RV right ventricle
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biomarkers because of (1) their area under ROC curves was 
the unit (AUC = 1); (2) their sensitivity and specificity was 
of 100% (Fig. 4a; Table 2) and (3) their cut-off values (30.5, 
2.5 and 3.6, respectively) ensuring 0% of both false posi-
tive and/or negative results. On the contrary, HIF-1α is not 
an acceptable myxoma marker because its AUC is lower 
than unit (AUC = 0.939), its specificity was less than 100% 
(85%), and their cut-off value was around 60%, i.e., statisti-
cal data support that HIF-1α expression may be associated 
with at least 12% of false negative results (Table 2; Fig. 4a).

Although the fibronectin level was visually higher in 
myxomas vs. non-cancer heart tissue (Fig. 2), Kruskal–Wal-
lis and ROC analyses showed no significant differences 
(Tables 1, 2). For PPAR-γ and β-catenin, the levels were 
very similar among all the groups (Table 1; Fig. 2).

Intriguingly, several well-known metastatic proteins such 
as H- and K-RAS, SNAIL, or MMP-9 whose expression is 
10-fold higher in malignant cancers, breast cancer biopsies 
(H-and K-RAS) vs. non-cancer tissue (Pacheco-Velázquez 
et al. 2014; Köhrmann et al. 2009; Wu et al. 2016; Hong 
et al. 2017) have low expression or were absent in almost all 
myxoma samples. To rule out failures in all these antibod-
ies, they were tested in MCF-7, MDA-MB-231, and MDA-
MB-468 breast cancer cells. A positive signal was observed 
in the cancer lines assayed (Supplementary Figure S1). An 
interesting finding was the presence of c-MYC, a cancer 
progression marker (Chen and Olopade 2008) and p53 in 
two of the seven non-cancer heart tissue samples (Fig. 2a) 
suggesting that in these patients cancer development may 
be possible.

Content of oncogenes, metabolic cancer‑associated 
and metastatic proteins in myxomas and its 
surrounding tissue

One characteristic found in heart myxomas is their high 
recurrence after surgery suggesting that the area close to 
myxoma removal may acquire a cancer phenotype. There-
fore, samples from surrounding tissue were collected 
approximately at 4 mm from the heart zone where myxoma 
was removed and the proteins analyzed (Fig. 2a). The onco-
genic c-MYC and the cancer metabolic biomarker HIF-1α 
were present in all the myxoma surrounding zones (7 of 7 
samples), whereas PPAR-γ and p53 were found in 6 of 7 
samples. Kruskal–Wallis test and Dunn’s test correction for 
multiple comparison analyses revealed that the surrounding 
tissue is significantly different to non-cancer heart tissue; but 
highly similar to the oncogenic and metastatic protein pat-
tern HIF-1α, c-MYC, and vimentin found in myxoma biop-
sies (Fig. 2; Table 1). Fibronectin was significantly higher 
(Table 1) in myxoma vs. surrounding tissue and vs. non-
cancer hearth tissue. ROC analysis (AUC = 0.918) revealed 
that fibronectin might be considered as a potential marker 

for identification between myxoma and its surrounding tis-
sue (Table 2; Fig. 4b). All these results correlate with the 
high recurrence of myxoma after surgical removal (Singhal 
et al. 2014).

Content of oncogenes, metabolic cancer‑associated 
and metastatic proteins in myxomas compared 
to malignant breast carcinoma

One of the most malignant cancer types in the world is the 
triple negative breast cancer subtype (TNBC) (Foulkes et al. 
2010; Collignon et al. 2016). To compare the myxoma vs. 
TNBC, the oncogenic pattern of the latter was also analyzed. 
All TNBC (Fig. 2) showed several over-expressed oncogenic 
proteins and transcriptional factors such as c-MYC, HIF-1α, 
H-RAS, K-RAS, p53, PPAR-γ and vimentin as expected. 
On the contrary, fibronectin, MMP-9 and β-catenin were 
remarkably absent in most of TNBC biopsies. The KW, PCA 
and ROC analyses revealed that TNBC and myxoma showed 
similar c-MYC, HIF-1α, vimentin, p53 and PPAR-γ pro-
tein contents. However, H- and K-RAS levels were signifi-
cantly higher in TNBC vs. myxomas. Interestingly, the low 
content of MMP-9 found in TNBC was consistent with the 
decreased level found in 5 of 7 myxoma samples. Regard-
ing β-catenin, its content was remarkably different between 
TNBC (null expression) and myxoma (significantly high vs. 
TNBC) (Fig. 2; Table 1). The overall analysis of metastatic 
proteins found in TNBC vs. myxoma suggests that myxoma 
over-express the typical TNBC oncogenic pattern (p val-
ues > 0.05, Table 1).

Identification of oncogenic biomarkers in atrial 
myxoma

The univariate (KW and star plots, Fig. 2b; Table 1) and 
multivariate (ROC and PCA, Figs. 3, 4; Table 2) analyses 
between myxoma and non-cancer heart samples revealed 
significant differences in the contents of some oncogenes, 
transcription factors, and metastatic proteins. The PCA anal-
ysis (Fig. 3a) provided a differentiated and selective panel 
of cancer biomarkers constituted by c-MYC = p53 = vimen-
tin > HIF-1α for atrial myxoma vs. non-cancer heart tissue; 
whereas the same proteins did not show significant differ-
ences in myxoma vs. surrounding tissue or TNBC. The rest 
of the proteins assayed (H-RAS, K-RAS, MMP-9, β-catenin) 
have been identified as malignant markers in several cancer 
cells (Lin et al. 2000; Kalia 2015) even all these proteins 
where highly expressed in TNBC (Pacheco-Velázquez et al. 
2014); however, KW and ROC analyses revealed non-sig-
nificant changes between myxomas and non-cancer heart 
tissue (Tables 1, 2). Thus these proteins would not be useful 
for malignity prognostic.
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Discussion

Myxomas have been classified as the most common 
benign primary heart tumors with a high rate of recur-
rence (Reynen 1996; Hoffmeier et al. 2014). However, the 
molecular mechanisms underlying neoplasic transforma-
tion from heart normal cells to myxoma remain unclear. 
Because of its apparent benign nature, there are not onco-
logic medical treatments proposed against heart myxoma 
(Hoffmeier et al. 2014); thus, once it recurs, surgery is 
newly programmed and executed with all the risks that 
it involves.

Recurrence of heart myxoma can be attributable 
to malignant transformation

After surgical resection, the frequency in unprompted 
myxomas recurrence is < 5%, however, this frequency 
increases (> 20%) in familial-type myxomas (Becker 
et al. 2008; Singhal et al. 2014; Villalpando-Mendoza 

et al. 2006). Without anti-oncologic treatment, myxoma 
recurrence is becoming more common, which has been 
attributed to: (1) incomplete tumor excision (Mendoza 
et al. 2007); (2) intracardiac implantation from the pri-
mary tumor; or (3) malignant transformation (Becker 
et al. 2008; Pinede et al. 2001). Although cardiac myx-
omas are usually considered as benign-type tumors, it 
has been demonstrated that a subpopulation develops an 
intrinsic malignant potential including: (1) more aggres-
sive patterns of recurrence (Mendoza et al. 2007); (2) 
similar histological changes to that observed in malig-
nant heart sarcomas (Singhal et al. 2014; Hasegawa et al. 
2002); (3) abnormal DNA ploidy pattern (McCarthy et al. 
1989), and (4) in some cases distant metastases (Wada 
et al. 1993; Hou et al. 2001). Additionally, it has been 
suggested that the multiple recurrences of myxomas cor-
respond to a multifocal disease (Mendoza et al. 2007) 
and several others factors including dissemination of neo-
plastic cells after surgery in embolic fragments (Singhal 
et al. 2014).

Myxoma and surrounding myxoma tissue show 
similarity with the malignant protein profile found 
in malignant cancers

There is scarce literature showing a cancer biomarker pro-
file in hearth myxoma for its better diagnosis and treatment. 
Malignant cancers as breast, glioma, prostate, colorectal, 
and lung carcinomas over-express specific biomarker pro-
teins of malignancy and metastasis properties (Locker 
et al. 2006; Henry and Hayes 2012; Goossens et al. 2015). 
Notably, in triple negative breast cancer (TNBC), onco-
genes (c-MYC, H-RAS, K-RAS, p53), proteins related with 

Fig. 2   Oncogene, metastatic, and metabolic proteins expression in 
heart myxoma, surrounding cardiac tissue, non-cancer heart tissue 
(NCHT) and triple negative breast cancer (TNBC). a Representative 
western blots showing analyzed protein contents; b star plots and 
c Heat map of Z scores and dendrogram analysis. Lower or higher 
proteins are indicated with green or red color, respectively. Assayed 
proteins of each group were compared with their respective load con-
trol α-tubulin in each analysis. n = 7 for all biopsy samples. HIF-1α 
hypoxia-inducible factor 1 alpha, H-RAS Harvey rat sarcoma viral 
oncogene homolog, K-RAS Kirsten rat sarcoma viral oncogene 
homolog, c-MYC avian myelocytomatosis viral oncogene homolog, 
PPAR-γ peroxisome proliferator-activated receptor gamma, SNAIL 
zinc finger protein SNAI1, MMP-9 matrix metallopeptidase 9

◂

Table 1   Median (Interquartile 
range) values of protein 
expression according to the 
percentage of band intensity 
with respect to α-tubulin in 
myxoma, surrounding tissue, 
non-cancer heart tissue (NCHT) 
and triple negative breast cancer 
(TNBC)

Groups were compared by means of non-parametric Kruskal–Wallis test was used followed by Dunn’s test 
protected for multiple comparisons (Dunn 1964) using p < 0.05 as statically significant for the family of 
comparisons. Differences between groups are indicated as amyxoma vs. surrounding, bmyxoma vs. NCHT, 
csurrounding tissue vs. NCHT, dsurrounding tissue vs. TNBC, and ebetween NCHT vs. TNBC. No differ-
ences were found between myxoma vs. TNBC

Function Protein Group (n = 7)

Myxoma Surrounding NCHT TNBC

Oncogenes H-RAS 0 (0–5) 0 (0–0)d 0 (0–0)e 23 (0-109)
K-RAS 0 (0–9) 0 (0–0)d 0 (0–0)e 20 (0–69)
c-MYC 102 (33–104)b 99 (24–105)c 0 (0–7)e 91 (0-119)

Transcriptional factors HIF-1α 101 (14–105)b 99 (23–102)c 1 (0–17)e 46 (34–68)
p53 87 (4-256)b 22 (0–82) 0 (0–0)e 118 (16–139)
PPAR-γ 81 (30–91) 30 (0–63) 21 (7–26) 32 (0–70)

Metastasis markers Fibronectin 22 (0–77)a,b 0 (0–0) 12 (0–16) 0 (0–18)
MMP-9 0 (0–36) 0 (0–0) 0 (0–5) 0 (0–0)
Vimentin 85 (7-127)b 2 (0–34) 0 (0–0)e 82 (31–96)
β-catenin 7 (0–45) 0 (0–0) 40 (0–47) 0 (0–6)
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specific metabolic and growth functions (COX-2, 2OGDH, 
E-cadherin, EGFR, VEGF) have been identified as reli-
able biomarkers for cancer detection (Pacheco-Velázquez 
et al. 2014; Yadav et al. 2015; Wang et al. 2016). In this 
study, analysis of heart myxoma biopsies showed a protein 
biomarker pattern of c-MYC = p53 = vimentin > HIF-1α 
which was very close to that found in well-characterized 
malignant TNBC HIF-1α = p53 = vimentin > c-MYC. This 
finding strongly suggests that myxomas have the potential 
to developing a malignant phenotype and they should be 
considered as malignant tumors.

Although HIF-1α has been considered as a cancer bio-
marker in solid tumors (Talks et al. 2000; Zhong et al. 1999), 
this protein can be stabilized under ischemic events in heart 
(Goswami and Das 2010; Loor and Schumacker 2008) or in 
other illnesses such as atherosclerosis, inflammatory disor-
ders, and pre-eclampsia (Gao et al. 2012; Tal 2012; Biddle-
stone et al. 2015). Thus, the observed changes in the content 
of this protein in myxomas may not necessarily be associated 
with cancer development. To circumvent this matter, HIF-1α 
protein level should be analyzed in parallel to well-known 
oncogenic markers (Rodríguez-Enríquez et al. 2011).

Interestingly, the oncogenic pattern found in myxomas 
was also present in the surrounding tissue, suggesting that 
surgery may not be sufficient to remove all cancer tissue. 
In this regard, It has been demonstrated that several tumor 
cells (breast, lung, prostate carcinomas) may migrate to the 
adjacent lymph nodes (i.e., showing micrometastasis) for 
de novo tumor generation (Mohajeri et al. 2012; Porcaro 
et al. 2017). There is scarce information regarding possible 
molecular mechanisms involved in cellular spreading and 
metastasis activation in heart myxomas thus far. Several 
tumors as colorectal and neck carcinomas develop filiform 
projections that correlate with their infiltrative capacity to 
impels metastasis (Tomifuji et al. 2011; Kim et al. 2016). 
Although, there are not studies indicating that myxomas 
develop these projections or have infiltrative potential, both 
of them may be considered as potential markers of metas-
tasis progression.

Several studies have been focused in the recognition of 
malignant proteins in various benign heart tumors. In papil-
lary fibroelastomas and dedifferentiated hearth cells, over-
expression of the malignant oncogenes K-RAS (mutated 
isoform) and c-MYC, respectively (Wittersheim et  al. 
2017; Jackson et al. 1990) have been found. Additionally, 
it has been demonstrated that myxomas produce numerous 
growth factors and cytokines, including vascular endothelial 
growth factor, resulting in angiogenesis and tumor growth 
and increased expression of interleukin-6 (Wada et  al. 
1993). Additionally, metastatic proteins such as PDGF A-B, 

Fig. 3   Patterns of association of behavior of protein expression in 
myxoma, surrounding cardiac tissue, non-cancer heart tissue and tri-
ple negative breast cancer. a Evaluated outcomes loadings for each 
protein form the two first principal components, which in conjunc-
tion explained 51.7% of the total variation, and b individual scores for 
each myxoma, surrounding tissue, non-cancer heart tissue (NCHT) 
and triple negative breast cancer (TNBC) according to principal 
component axes 1 and 2. Also note that the main factors that sepa-
rated myxoma and NCHT were an increased expression of proteins 
involved in tumor transformation, progression, and invasiveness, as 
well as higher metabolic adaptation. In contrast, an increased onco-
genicity separates the TNBC group from the rest. Arbitrary ellip-
ses were drawn to assist interpretation of the pattern of association 
among groups. Abbreviations as in Fig. 2
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PDGFR, TYMP, VEGF-A, VEGFR 1–2, MMPs (1–3, 9 and 
14), vimentin, IL-6, FGFβ, FGFR (Singhal et al. 2014; Wada 
et al. 1993; Barh et al. 2009). are found in heart myxoma, 
reinforcing the proposal that myxoma develops a malignant 
phenotype (Singh et al. 2015; Villalpando-Mendoza et al. 
2006).

Prognostic value of the expression of malignant 
protein biomarkers in hearth myxomas: Clinical 
implication

Myxomas are not considered a health issue problem because 
(a) their prevalence is approximately 0.02–0.05% (200–500 
tumors per million autopsies) (Becker et al. 2008; Isobe and 
Murohara 2015); (b) sudden death only occurs in 15% of the 
patients with atrial myxoma; and (c) > 95% of the patients 
have a survival prognosis of 10 years. However, these epi-
demiological analyses have not considered myxomas recur-
rence, in which a metastatic phenotype progresses without 
specific oncologic treatment. Furthermore, several recur-
rent myxomas have been associated with distant metastasis 
in brain (Hou et al. 2001; Altundag et al. 2005); adrenal 
glands (Kaul et al. 2013) and superior limbs and inguinal 
region (Kaynak et al. 2001). In this last case, malignancy of 
myxomas was identified solely by histological examination. 
Therefore, it is necessary the implementation of specific 
heart myxoma malignancy biomarkers.

In conclusion, this pilot study reveals that all analyzed 
heart myxoma samples exhibited high levels of oncogene, 
metastatic, and tumor-associated metabolic proteins. There-
fore, heart myxoma should not be considered as a benign 
tumor and once heart myxoma is surgically removed its 
oncogenic pattern should be determined as potential of 
malignancy. Further prospective studies should still be per-
formed to associate these findings with local or global tumor 
progression. However, the results derived from this study 
may help clinicians to define the adequate chemotherapy 
treatment schemes to avoid myxoma recurrence. For exam-
ple, if the oncogenic pattern is positive, then chemotherapy 
treatment directed to TNBC tamoxifen, 5-fluorouracil, dox-
orubicin, cyclophosphamide, trastuzumab (Cardoso et al. 
2012) could be applied to post-operated patients as an alter-
native therapeutic strategy against recurrent myxoma.

Fig. 4   Identification of biomarker proteins in myxoma. ROC analy-
sis shows the performance of several proteins significantly different 
between a myxomas vs. non-cancer heart tissue, b myxomas vs. sur-
rounding cardiac tissue and c surrounding cardiac tissue vs. non-can-
cer heart tissue. Abbreviations as in Fig. 2

▸
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