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Myosin binding protein H-like 
(MYBPHL): a promising biomarker 
to predict atrial damage
Harald Lahm1, Martina Dreßen1, Nicole Beck1, Stefanie Doppler1, Marcus-André Deutsch2, 
Shunsuke Matsushima1, Irina Neb1, Karl Christian König1, Konstantinos Sideris1, 
Stefanie Voss1, Lena Eschenbach1, Nazan Puluca1, Isabel Deisenhofer3, Sophia Doll4, 
Stefan Holdenrieder5, Matthias Mann   4,6, Rüdiger Lange1,7 & Markus Krane1,7

Myosin binding protein H-like (MYBPHL) is a protein associated with myofilament structures in atrial 
tissue. The protein exists in two isoforms that share an identical amino acid sequence except for a 
deletion of 23 amino acids in isoform 2. In this study, MYBPHL was found to be expressed preferentially 
in atrial tissue. The expression of isoform 2 was almost exclusively restricted to the atria and barely 
detectable in the ventricle, arteria mammaria interna, and skeletal muscle. After atrial damage induced 
by cryo- or radiofrequency ablation, MYBPHL was rapidly and specifically released into the peripheral 
circulation in a time-dependent manner. The plasma MYBPHL concentration remained substantially 
elevated up to 24 hours after the arrival of patients at the intensive care unit. In addition, the recorded 
MYBPHL values were strongly correlated with those of the established biomarker CK-MB. In contrast, 
an increase in MYBPHL levels was not evident in patients undergoing aortic valve replacement or 
transcatheter aortic valve implantation. In these patients, the values remained virtually constant and 
never exceeded the concentration in the plasma of healthy controls. Our findings suggest that MYBPHL 
can be used as a precise and reliable biomarker to specifically predict atrial myocardial damage.

The term clinical biomarker is used for any biological substance whose presence and detection support the deci-
sions involving subsequent medical treatment or therapy. Its detection should be rapid, easy, reproducible, and 
relatively cheap. A biomarker for myocardial damage (e.g., myocardial infarction or ablation) should be exclu-
sively expressed in the myocardium and should not be detectable in the peripheral circulation under normal 
physiological conditions. Furthermore, its rapid release into the blood at the time of injury and long-lasting 
detection are necessary for an adequate diagnostic window.

In cardiovascular research, the use of biomarkers dates back to the fifties of the last century when aspartate 
aminotransferase, lactate dehydrogenase, and creatine kinase were first introduced as markers for acute coronary 
syndrome1–3. Since then, the development of more reliable and highly sensitive biomarkers for acute myocardial 
infarction has led to the use of the cardiac troponins4–7.

In our previous work, we analyzed the proteome of sixteen different regions of the healthy human heart8. In 
this study, we defined a subset of proteins that showed a significantly higher expression in the atria compared to 
the ventricles. Myosin binding protein H-like (MYBPHL) showed the strongest tissue specificity. To date, very lit-
tle is known about the biological role of MYBPHL, potential protein-protein interactions, or its exact subcellular 
localization. Recently, Barefield and colleagues showed that MYBPHL localizes to the myofilament in atrial tissue 
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and may be associated with arrhythmia and dilated cardiomyopathy9. In addition, mybphl knock-out mice have 
abnormalities in the heart conduction system and increased arrhythmia9.

Here we show that MYBPHL is tremendously over-expressed in human atrial tissue compared to the ven-
tricle or other non-cardiac tissues. In particular, the mRNA of MYBPHL isoform 2 is exclusively found in the 
atria. Furthermore, we provide evidence that an induced atrial damage by cryo- or radiofrequency ablation pro-
cedures in patients suffering from atrial fibrillation provokes a rapid, time-dependent and long-lasting release 
of MYBPHL into the plasma. In different control groups, no elevated levels of MYBPHL were detected. Thus, 
our data suggest that MYBPHL can serve as a potential new biomarker to assess cardiac injury, especially atrial 
damage.

Results
MYBPHL is selectively expressed in the atria of the human heart.  We previously analyzed the pro-
teome of 16 different regions of the healthy human heart. In a comparison of the atrial and ventricular proteomes, 
we identified 1,220 proteins that were expressed significantly higher in the atria, and 409 proteins had higher 
expression in the ventricles8. To verify the differential gene expression between both locations in the human heart, 
we compared the expression of several candidate genes in left and right atrial tissue (LA and RA, respectively) 
to that in the left ventricle (LV) (Fig. 1A). We found significantly higher MYBPHL expression in both the LA 
(p = 0.032) and RA (p = 0.023) compared to the LV. In contrast, four and a half LIM domains 2 (FHL2) showed 
strong expression in the LV but was barely detected in either atrium. Furthermore, latent transforming growth fac-
tor beta binding protein 2 (LTBP2) was found at significantly higher levels in the LV (p = 0.044) whereas peptidylg-
lycine alpha-amidating monooxygenase (PAM) was expressed at significantly higher levels in the RA (p = 0.044) 
compared to the LV. No apparent differences were observed for myotilin (MYOT), versican (VCAN), or secreted 
frizzled-related protein 2 (SFRP2) between these areas of the heart.

After confirming differential gene expression in atrial and ventricular tissue, we analyzed the relative pro-
tein expression of these candidate genes in 16 different heart regions based on our previously published data8. 
MYBPHL expression was restricted to the LA, RA, and atrial septum but was virtually absent from all other 
tissues analyzed (Fig. 1B). PAM was also present in increased amounts in both atria and the atrial septum with 
low expression levels in all other cardiac regions (Fig. 1C). Of the other potential atrium-specific candidate genes, 
MYOT was limited to the left atrium and atrial septum while the expression of VCAN, LTBP2, and SFRP2 did 
not display a region-specific pattern (Supplementary Fig. S1). In contrast, FHL2 protein expression was almost 
exclusively restricted to both ventricles and the ventricular septum (Fig. 1D). Thus, our results suggest MYBPHL 
and FHL2 may be useful biomarkers for the atrial and ventricular heart regions, respectively.

Figure 1.  Expression of candidate genes in different tissues of the human heart. (A) Expression of candidate 
genes in left and right atrium (n = 3 each). Values represent the fold-change of gene expression compared to left 
ventricle. (B–D) Determination of the relative protein amount indicated as label-free quantification intensity of 
MYBPHL (B), PAM (C) and FHL2 (D) in 16 different regions of the human heart. Ao: aorta, AV: aortic valve, 
RCA: right coronary artery, LA: left atrium, LCA: left coronary artery, LV: left ventricle, MV: mitral valve, PA: 
pulmonary artery, PV: pulmonary valve, Pve: pulmonary vein, RA: right atrium, RV: right ventricle, SepA: atrial 
septum, SepV: ventricular septum, TV: tricuspid valve, IVC: inferior vena cava.
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MYBPHL is expressed as two different isoforms, which have an identical amino acid sequence except for a 
deletion of 23 amino acids in isoform 2 at positions 121 through 143 (Fig. 2A). We analyzed the tissue-specific 
expression of both MYBPHL isoforms, MYBPH, MYBPC3, and FHL2 in cardiac tissue (LA and LV), arterial tissue 
(arteria mammaria interna), and skeletal muscle (Fig. 2B). MYBPHL transcripts were present in all four tissues 
but at a significantly higher level in the LA (p = 0.00045) (Fig. 2C). Using isoform-specific primers, we investi-
gated whether the MYBPHL isoforms might display tissue-specific differential expression. MYBPHL isoform 1 
transcripts were found throughout all four tissues analyzed, comparable to the results obtained for MYBPHL, and 
most abundant in the LA. In contrast, the MYBPHL isoform 2 was selectively and strongly expressed in 7 of 9 LA 
samples (Fig. 2B). Its expression level in the LA was 160- to 2,500-fold higher than in the LV, arteria mammaria 
interna, and skeletal muscle with absent or very low-level expression (Fig. 2B,C). In addition, we compared the 
expression of the paralog gene MYBPH and that of MYBPC3, which is closely related to MYBPHL. MYBPH 
transcripts were found abundantly in all skeletal muscle samples compared to cardiac muscle (LA and LV) and 
arterial tissue (Fig. 2B,C). MYBPC3 was expressed in all four tissues, but predominantly in the LV (Fig. 2B,C). 
Finally, we analyzed the expression of FHL2, which was detected in all four tissues (Fig. 2B) with the highest 
expression in the LV (Fig. 2B,C). These data were consistent with that of our initial screen (Fig. 1A,D). Our results 
demonstrated that MYBPHL and its isoforms were predominantly expressed in atria, MYBPC3 and FHL2 in the 
ventricles, and MYBPH in skeletal muscle.

MYBPHL concentration is increased in plasma after atrial myocardial injury and correlates 
with known biomarkers.  Having established the specific and abundant expression of MYBPHL in atrial 
tissue, we speculated that atrial damage might be reflected in the blood of such patients. Therefore, we analyzed 
MYBPHL protein concentration in the plasma from 17 patients undergoing surgical cryo- or radiofrequency 
ablation for atrial fibrillation (Supplementary Table S1). The cryoablation was performed following a standard-
ized protocol with ablation lines only in the left and right atrium. Therefore, these patients underwent a selectively 
induced atrial cardiac injury. These provoked atrial cardiac injuries are usually accompanied by strong elevation 
of known biomarkers (e.g., creatine kinase MB (CK-MB) and troponins). CK-MB and troponin levels are robustly 
increased post-operatively but do not differentiate between atrial cardiac damage due to cryoablation or a periop-
erative myocardial infarction. Therefore, a selective and specific biomarker is highly desirable for postoperative 
monitoring and decision-making for further invasive diagnostics (e.g., cardiac catheterization).

MYBPHL plasma concentrations were measured pre-operatively, upon arrival at the intensive care unit (ICU), 
and 2, 4, 6 and 24 hours thereafter. We observed a more than 3-fold (9.66 ± 1.66 vs. 31.19 ± 8.56 ng/mL) increase 
in MYBPHL concentrations upon arrival at the ICU. Subsequently, the concentration gradually declined until 

Figure 2.  MYPHL isoform 2 is specifically expressed in human atrial tissue. (A) Structure of MYBPHL 
isoforms 1 and 2.  non-coding regions,  deleted in isoform 2. Arrows indicate the location of primers 
used to amplify MYBPHL (black arrows), isoform 1 (green arrows) or isoform 2 (red arrows). (B) Gene 
expression in human LA, LV, arteria mammaria interna and skeletal muscle tissue. In each slot of the gel 20 µL 
of amplified fragments were loaded. (C) Quantification of relative gene expression in LA vs. LV, arteria 
mammaria interna and skeletal muscle tissue. Values are expressed as the mean ± SE. *p < 0.05, **p < 0.01, 
***p < 0.001.
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24 hours post-operation. The levels at this time point (15.11 ± 3.07 ng/mL) were still higher than pre-operative 
levels (Fig. 3A).

Next, we analyzed two different subgroups of ablation therapy. One group underwent endocardial cryoabla-
tion after the opening of the right and left atrium by performing a subset of at least six ablation lines, including 
box-lesions. These box-lesions created a circular isolation of both left and right pulmonary veins. Further lines 
connecting both box-lesions and additional lines were created to the left appendage and the mitral valve annu-
lus10. The endocardial cryoablation was performed in patients undergoing mitral and/or tricuspid valve sur-
gery. The second group underwent epicardial radiofrequency ablation of the pulmonary veins (Supplementary 
Table S1) concomitant with aortic valve replacement or coronary artery bypass grafting. In patients with endo-
cardial cryoablation, MYBPHL values increased more than 3-fold to approximately 35 ng/mL upon arrival at 
the ICU (Fig. 3B). In contrast, MYBPHL levels only increased to 20 ng/mL in patients with epicardial ablation 
(Fig. 3C). This difference could be due to the more aggressive and comprehensive nature of endocardial cryoab-
lation therapy compared to localized epicardial radiofrequency ablation. Thus, MYBPHL values were in good 
agreement with the degree of atrial damage. It is known that cardiac injury induced by ablation therapy also 
leads to elevated plasma levels of CK-MB and troponin T (markers of cardiac damage) released from atrial tissue 
(cardiomyocytes). In the current study, we also found significantly increased levels of both biomarkers over time 
(p < 0.001) (Supplementary Figs S2 and S3). Furthermore, the lower degree of atrial damage induced by radiofre-
quency ablation was also reflected by lower CK-MB values within this group (Supplementary Fig. S2).

Finally, we analyzed the correlation between MYBPHL and CK-MB concentrations at different time points. 
We obtained a good correlation for all MAZE patients and those who received either endocardial or epicardial 
ablation (R2 = 0.9908, 0.9882, and 0.7658, respectively) (Fig. 3D–F). In contrast, there was no correlation between 
the concentrations of MYBPHL and troponin T in these groups of patients (R2 between 0.0675 and 0.1867) 
(Supplementary Fig. S3). Thus, MYBPHL is a newly identified biomarker of cardiac damage that can rapidly 
detect cardiac necrosis upon arrival at the ICU. Furthermore, it is substantially elevated up to 24 hours after the 
procedure and correlates nicely with a known and established biomarker for cardiac damage (CK-MB).

MYBPHL concentration in plasma of patients undergoing cardiac surgery without atrial myo-
cardial injury.  To judge pre-operatively measured values of patients undergoing a MAZE procedure, we 
measured the concentration of MYBPHL in the plasma of 11 healthy volunteers. There was no significant dif-
ference (p = 0.368) in the MYBPHL concentrations of these healthy volunteers and the pre-operative levels of 
patients undergoing the MAZE procedure (Fig. 4A).

To further investigate the hypothesis that MYBPHL release into circulation could be used as a specific bio-
marker for myocardial injury, we analyzed two additional groups of surgical patients. The first group underwent 
aortic valve replacement (AVR) using a conventional surgical procedure with median sternotomy and cardio-
pulmonary bypass (Supplementary Table S2). During the whole period, the plasma MYBPHL concentrations 
did not deviate significantly from the pre-operative values for this group. In addition, the values did not exceed 
the concentrations measured in healthy volunteers at any of the time points evaluated (Fig. 4B). The second 
group underwent a transcatheter aortic valve implantation (TAVI). These patients routinely present with a higher 
age and more concomitant disease (Supplementary Table S2). The TAVI procedure does not need sternotomy, 

Figure 3.  MYBPHL protein in plasma is increased after atrial damage. (A) Time course of MYBPHL in patients 
with atrial fibrillation receiving cryo-ablation (n = 17). (B,C) Time course of MYBPHL expression in atrial 
fibrillation patients with endo- (B) (n = 12) or epicardial (C) (n = 5) cryo-ablation. (D–F) Correlation between 
MYBPHL and CK-MB. Values are presented as the mean ± SEM. *p < 0.05, **p < 0.01.
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cardiopulmonary bypass, or cardioplegic arrest and is, therefore, a less invasive procedure compared to AVR. We 
found that MYBPHL concentrations in this patient group also remained similar to the pre-operative concentra-
tions and never exceeded the levels in the plasma of healthy volunteers, except for a minor increase (p > 0.1) at the 
time of arrival at the ICU and two hours later (Fig. 4C). Furthermore, the MYBPHL concentrations measured in 
TAVI and AVR patients never reached the levels found in patients undergoing artificially induced atrial damage 
either by endo- or epicardial ablation (see Fig. 3).

Thus, our data strongly suggest that serum MYBPHL concentrations are only elevated in the case of myo-
cardial damage. Furthermore, serum MYBPHL levels are similar between healthy volunteers and pre-operative 
values from patients suffering from cardiovascular disease.

MYBPHL concentration in patients with atrioventricular node ablation.  Recently, Barefield et al. 
described – beside the atrial expression – specific expression of MYBPHL in the cells of the conduction system of 
the heart9. Therefore, we aimed to quantify the release of MYBPHL in patient plasma after atrioventricular node 
(AVN) ablation (Supplementary Table S3). To this end, samples from a different study using a slightly differing 
protocol for blood sample withdrawal (Supplementary Fig. S4A) were analyzed for the plasma MYBPHL concen-
tration. Pre-operative MYBPHL levels were higher in patients undergoing AVN ablation compared to all other 
groups, but the differences did not reach significance (p > 0.081). Furthermore, no significant differences in the 
plasma MYBPHL concentrations were observed between the pre- and post-procedural time points (up to 24 h 
post-procedure) (Supplementary Fig. S4B).

Discussion
In our present work, we identified MYBPHL as a gene that is preferentially and most abundantly (up to 300-fold) 
expressed in human atria compared to the ventricles, arteria mammaria interna, or skeletal muscle. These results 
are similar to those of comparative microarray analyses11,12. In addition, these results are consistent with our pre-
vious work, which demonstrated that MYBPHL protein was strongly enriched in the atrial tissue of the human 
heart8. Additional examination of the distribution of MYBPHL protein in 16 cardiac tissues confirmed that it was 
absent or barely detectable in all but atrial tissue in the heart. Though MYBPHL is processed into two isoforms, 

Figure 4.  MYBPHL is not increased in plasma of patients without atrial damage. (A) Comparison of MYBPHL 
concentration in plasma of healthy volunteers (n = 11) with pre-OP values of patients with myocardial injury 
(n = 17). (B,C) Time course of MYBPHL in patients with AVR (B) (n = 5) or TAVI (C) (n = 5). The red line 
represents the mean concentration of MYBPHL in plasma of healthy controls. Values are presented as the 
mean ± SEM. n.s.: not significant.
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their tissue specificity had not been previously evaluated. We detected isoform 1 transcripts in all four tissues 
examined. However, it was expressed predominantly in the left atrial tissue. With the exception of atrial tissue, 
isoform 2 transcripts were only detectable at negligible levels in a few samples. The closely related MYBPC3 gene, 
which shares a fibronectin-3 and an immunoglobulin C-2 type domain at the C terminus with MYBPHL, was 
predominantly expressed in ventricular tissue while MYBPH, a paralog of MYBPHL, appeared to be a marker of 
skeletal muscle. Therefore, MYBPHL and, in particular, isoform 2 appeared to be expressed very selectively in the 
atria of the human heart, suggesting its potential use as an atrium-specific biomarker.

Currently, there are no existing biomarkers that can be used to specifically monitor damage to atrial tissue. 
Different cardiac-specific biomarkers (e.g., CK-MB, troponin T, and troponin I) have been evaluated follow-
ing surgical- or catheter-based ablation procedures. All of these markers are significantly increased after abla-
tion13,14. However, none of these have significant prognostic value, most probably due to their lack of specificity 
for the atrial myocardium. Nevertheless, monitoring the extent of atrial damage could be of paramount interest, 
especially after surgical- or catheter-based ablation procedures. A potential marker could indicate the short- or 
long-term success of a procedure by reflecting the specific degree of ablated atrial myocardium. Furthermore, 
an atrium-specific biomarker could be a valuable tool to differentiate between atrial and ventricular damage. 
Iatrogenic ventricular damage could occur, for example, during concomitant surgical procedures, such as mitral 
valve surgery by occlusion of a coronary vessel. Our results clearly show that MYBPHL can serve as a marker to 
detect such an injury. After cryo- or radiofrequency ablation, the concentration of MYBPHL in the plasma of 
these patients increased substantially after the operation and then gradually declined to almost pre-operative val-
ues 24 hours after the procedure. After the more intensive endocardial ablation, MYBPHL increased to higher val-
ues compared to the less extensive epicardial therapy. These results were in good agreement with the hypothesis 
that more severe damage in the atrium would induce a greater release of MYBPHL into the peripheral circulation.

To evaluate cardiac injury, highly sensitive assays have been established that measure the release of cardiac 
troponin T and I, especially upon acute myocardial infarction7,15. However, the increase in troponin can also 
be the result of conditions other than myocardial infarction (e.g., myocarditis and non-cardiac pathology, such 
as renal failure)16,17. To confirm the specificity of MYBPHL increase after atrial damage, we included additional 
control groups in our study. Firstly, we analyzed the time-course in patients with AVR, who needed the support of 
a heart-lung machine during the operation. Secondly, we investigated TAVI patients, who underwent a minimally 
invasive intervention. In both groups, the plasma concentration of MYBPHL did not change significantly from 
pre-operative levels and never went above the concentrations in the plasma of healthy individuals. Thus, our data 
demonstrate that MYBPHL plasma concentrations increase specifically after an atrial injury. Given the fact that 
MYBPHL isoform 2 has an expression pattern that is almost exclusively restricted to the atria, it would be most 
desirable to use discriminating antibodies against this isoform to further enhance the specificity. However, such 
an antibody is not currently available.

It is most desirable to detect any potential cardiac damage as early as possible. The time to obtain a positive and 
meaningful result after cardiac damage for the troponins or CK-MB levels ranges from one to three hours7,18. Our 
data demonstrated that MYBPC3, also known as cMyBP-C, is predominantly expressed in ventricular tissue. In a 
pig model, cMyBP-C was released quite early after ligation of the left anterior descending coronary artery (LAD), 
which induced a sizeable infarction. At this early time point (30 minutes after LAD ligation), the established 
biomarkers for myocardial infarction (cardiac troponin I and T) still remained at basal levels19. This time point is 
comparable to the period between the release of cross-clamping and start of reperfusion after ablation in patients 
in whom a modified MAZE procedure has been performed and their arrival at the ICU (60–90 min). Even after 
this short period, MYBPHL concentrations in the plasma were significantly increased over the pre-operative val-
ues. MYBPHL is closely related to MYBPC3 structurally. The latter is quite susceptible to proteolysis upon cardiac 
stress20. Due to their structural relationship, this proteolytic susceptibility may also be the case for MYBPHL and 
contribute to its early release into the periphery. The concentration of MYBPHL remained markedly elevated up 
to twenty-four hours post-operation. Therefore, plasma MYBPHL appears to be a biomarker for atrial damage 
that can be measured rather early and continuously for up to twenty-four hours.

The understanding of the potential role of MYBPHL in cardiac disease is very limited. The MYBPHL gene is 
located on human chromosome 1p13.3. This locus has been identified as one of the most significant risk factors 
for coronary artery disease (CAD)21,22. In addition, the same chromosomal locus is strongly associated with the 
concentration of LDL cholesterol23,24, a causal risk factor for CAD. MYBPHL is present in the myofilament frac-
tion of the atria, which is abolished in a truncated form harboring a premature stop codon. This mutation has 
been discovered in a family where carriers suffered from cardiomyopathy and conduction system abnormalities9. 
The reported expression of MYBPHL in conduction system cells prompted us to measure MYBPHL concentra-
tion in patients undergoing selective AVN ablation. However, we were not able to show a significant increase in 
the MYBPHL concentration in the plasma over 24 hours in this patient population, which could be due to the 
low release of MYBPHL in the circulation by selective AVN ablation that causes only a small degree of damage. 
In addition, higher pre-procedural levels in this patient population may mask significantly increased levels due 
to the ablation.

In conclusion, we have identified MYBPHL as a gene that is predominantly expressed in atrial tissue, espe-
cially MYBPHL isoform 2, which is barely detectable in the ventricles or non-cardiac tissues. Upon artificially 
induced atrial damage, MYBPHL is released into the blood with peak levels reached approximately two hours 
post-operation and can easily be detected in the plasma. Interestingly, the increase in MYBPHL levels in circula-
tion is correlated with the extent of the atrial damage (endocardial versus epicardial) and matches the kinetics of 
the well-established marker CK-MB. Patients without atrial damage, regardless of whether they are connected to a 
heart-lung machine or not, never had detectable MYBPHL levels in their plasma which exceeded those measured 
in healthy individuals. Taken together, our data suggest that MYBPHL may be a useful biomarker for monitoring 
atrial damage.
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Materials and Methods
Patients and biopsies.  Human tissue biopsies and blood samples were obtained from the cardiovascular 
biobank (KaBi-DHM) at the German Heart Center Munich. All samples in the KaBi-DHM were obtained with 
informed consent signed by all participants or their legal guardians. All procedures and sampling were approved 
by the local ethics committee of the medical faculty at the Technical University of Munich (Project nos. 5943/13 
and 223/18S). All study procedures were performed in accordance with relevant guidelines and regulations.

Assessment of gene expression by qRT-PCR.  Frozen human left and right atria, left ventricles, arteria 
mammaria interna, and skeletal muscle samples were minced in 1 mL peqGOLD TriFastTM (Peqlab, Erlangen, 
Germany) for 30 sec using an Ultraturrax MICCRA D-8 (ART Moderne Labortechnik, Müllheim, Germany). 
Total RNA was extracted according to the manufacturer’s protocol and reverse-transcribed into cDNA using 
M-MLV reverse transcriptase (150 U, Invitrogen, Carlsbad, CA), random hexamer primers (375 ng), dNTPs 
(10 mM each), 10 mM DTT, and 1× first strand buffer in a final volume of 30 µL. Amplification was performed 
using a QuantStudio 3 (ThermoFisher, Dreieich, Germany) with 5 µM of each primer and Power SYBR green 
master mix (ThermoFisher). To specifically detect the MYBPHL isoforms, we selected primers located in the 
junction site of the deletion in isoform 2 (Supplementary Table S4). The following conditions were used: 95 °C 
for 10 min to activate Taq polymerase followed by 40 cycles of 95 °C for 15 sec and 60 °C for 1 min. Relative gene 
expression was normalized to β-ACTIN expression as a reference.

Protein expression in different heart regions.  The relative amounts of proteins in different regions of 
the human heart were quantified using the label-free quantification (LFQ) method from the mass spectrometry 
data of our previous publication8.

Measurement of MYBPHL in plasma by ELISA.  Blood samples were collected in K3-EDTA tubes prior 
to the operation (Sarstedt, Nürmbrecht, Germany), upon arrival at the intensive care unit (0 h), and then 2, 4, 6, 
and 24 hours later. Samples were centrifuged for 10 min at 2,000 × g. For patients undergoing atrioventricular 
ablation, blood was drawn prior to the operation and then 6 and 24 hours post-surgery. Plasma was aliquoted 
(200 µL/aliquot) and frozen immediately at −80 °C. A commercially available ELISA kit (Cat.no. MBS9334464, 
Mybiosource.com, San Diego, CA) was used to determine the concentration of MYBPHL according to the man-
ufacturer’s instructions. In brief, all reagents were brought to room temperature and 50 µL of undiluted plasma or 
standards and 100 µL HRP-conjugate were directly pipetted into the ELISA plates and incubated for 1 h at 37 °C. 
After washing the plates four times, the chromogen solutions were added, and the plates incubated for 15 min at 
37 °C in the dark. After the addition of the stop solution, the OD at 450 nm was measured. For each assay, a stand-
ard curve was included to calculate the values for individual samples. There was a highly linear correlation up 
to concentrations of 100 ng/mL, and a lower detection limit of approximately 3 ng/mL (Supplementary Fig. S5). 
In addition, both intra- and inter-assay variation and the differences between plasma and serum are satisfying 
(Supplementary Figs S6, S7 and S8).

Statistical analysis.  Relative gene expression of candidate genes was calculated with the relative expression 
software tool (REST©)25 using β-ACTIN as a reference. For the expression of MYBPHL, MYBPHL isoform 1 and 2, 
MYBPH, MYBPC3, and FHL2 in tissues, standard curves were established to determine the arbitrary units of gene 
expression with β-ACTIN as a reference. The two-sided t-test was used to determine significant differences. To 
assess the significance between plasma concentrations at different time points, the one-sided t-test was applied, 
except for the difference between healthy controls and MAZE patients (Fig. 4A), where a two-sided t-test was 
used. In all cases, a p-value of <0.05 was considered to be significant.

References
	 1.	 Ladue, J. S., Wroblewski, F. & Karmen, A. Serum glutamic oxaloacetic transaminase activity in human acute transmural myocardial 

infarction. Science 120, 497–499 (1954).
	 2.	 Wroblewski, F., Ruegsegger, P. & LaDue, J. S. Serum lactic dehydrogenase activity in acute transmural infarction. Science 123, 

1122–1123 (1956).
	 3.	 Oliver, I. T. A spectrophotometric method for the detection of creatin phosphokinase and myoldnase. Biochem. J. 61, 116–122 

(1955).
	 4.	 Katus, H. A. et al. Influence of reperfusion on serum concentrations of cytosolic creatinin kinase and structural myosin light chain 

in acute myocardial infarction. Am. J. Cardiol. 60, 440–445 (1987).
	 5.	 Katus, H. A. et al. Enzyme linked immune assay of cardiac troponin T for the detection of acute myocardial infarction in patients. J. 

Mol. Cell. Cardiol. 21, 1349–1353 (1989).
	 6.	 Cummins, B., Auckland, M. L. & Cummins, P. Cardiac-specific troponin-I radioimmunassay in the diagnosis of acute myocardial 

infarction. Am. Heart J. 113, 1333–1344 (1987).
	 7.	 Giannitsis, E. et al. Analytical validation of a high-sensitivity cardiac troponin assay. Clin. Chem. 56, 254–261, https://doi.

org/10.1373/clinchem.2009.132654 (2010).
	 8.	 Doll, S. et al. Region and cell-type resolved quantitative proteomic map of the human heart. Nat. Commun. 8, 1469, https://doi.

org/10.1038/s41467-017-01747-2 (2017).
	 9.	 Barefield, D. Y. et al. Experimental modeling supports a role for MyBP-HL as a novel myofilament component in arrhythmia and 

dilated cardiomyopathy. Circulation 136, 1477–1491, https://doi.org/10.1161/CIRCULATIONAHA.117.028585 (2017).
	10.	 Badhwar, V. et al. The Society of Thoracic Surgeons 2017 clinical practice guidelines for the surgical treatment of atrial fibrillation. 

Ann. Thorac. Surg. 103, 329–341, https://doi.org/10.1016/j.athoracsur.2016.10.076 (2017).
	11.	 Asp, J., Synnergren, J., Jonsson, M., Dellgren, G. & Jeppsson, A. Comparison of human cardiac gene expression profiles in paired 

samples of right atrium and left ventricle collected in vivo. Physiol. Genomics 44, 89–98, https://doi.org/10.1152/
physiolgenomics.00137.2011 (2012).

	12.	 Piccini, I., Rao, J., Seebohm, G. & Greber, B. Human pluripotent stem cell-derived cardiomyocytes: Genome-wide expression 
profiling of long-term in vitro maturation in comparison to human heart tissue. Genom. Data 4, 69–72, https://doi.org/10.1016/j.
gdata.2015.03.008 (2015).

https://doi.org/10.1038/s41598-019-46123-w
https://doi.org/10.1373/clinchem.2009.132654
https://doi.org/10.1373/clinchem.2009.132654
https://doi.org/10.1038/s41467-017-01747-2
https://doi.org/10.1038/s41467-017-01747-2
https://doi.org/10.1161/CIRCULATIONAHA.117.028585
https://doi.org/10.1016/j.athoracsur.2016.10.076
https://doi.org/10.1152/physiolgenomics.00137.2011
https://doi.org/10.1152/physiolgenomics.00137.2011
https://doi.org/10.1016/j.gdata.2015.03.008
https://doi.org/10.1016/j.gdata.2015.03.008


8Scientific Reports |          (2019) 9:9986  | https://doi.org/10.1038/s41598-019-46123-w

www.nature.com/scientificreportswww.nature.com/scientificreports/

	13.	 Kizilirmark, F. et al. Myocardial injury biomarkers after radiofrequency catheter and cryoballoon ablation for atrial fibrillation and 
their impact on recurrence. Kardiol. Pol. 75, 126–134, https://doi.org/10.5603/KP.a2016.0089 (2017).

	14.	 Martinez-Comendador, J. et al. Cryoablation of atrial fibrillation in cardiac surgery: outcomes and myocardial injury biomarkers. J. 
Cardiothorac. Vasc. Anesth. 25, 1030–1035, https://doi.org/10.1053/j.jvca.2011.06.011 (2011).

	15.	 Gale, C. P. et al. An assessment of the concentration-related prognostic value of cardiac troponin I following acute coronary 
syndrome. Am. J. Cardiol. 108, 1259–1265, https://doi.org/10.1016/j.amjcard.2011.06.041 (2011).

	16.	 Jaffe, A. S. Chasing troponin: how long can you go if you can see the rise? J. Am. Coll. Cardiol. 48, 1763–1764 (2006).
	17.	 Le, E. H., Klootwijk, P. J., Weimar, W. & Zietse, R. Significance of acute versus chronic troponin T elevation in dialysis patients. 

Nephron Clin. Pract. 98, c87–c92 (2004).
	18.	 Danese, E. & Montagnana, M. An historical approach to the diagnostic biomarkers of coronary syndrome. Ann. Transl. Med. 4, 194, 

https://doi.org/10.21037/atm.2016.05.19 (2016).
	19.	 Kuster, D. W. D. et al. Release kinetics of circulating cardiac myosin binding protein-C following cardiac injury. Am. J. Physiol. Heart 

Circ. Physiol 306, H547–H556, https://doi.org/10.1152/ajpheart.00846.2013 (2014).
	20.	 Decker, R. S. et al. The dynamic role of cardiac myosin binding protein-C during ischemia. J. Mol. Cell. Cardiol. 52, 1145–1154, 

https://doi.org/10.1016/j.yjmcc.2012.01.006 (2012).
	21.	 Coronary Artery Disease Consortium. Large scale association analysis of novel genetic loci for coronary artery disease. Arterioscler. 

Thromb. Vasc. Biol. 29, 774–780, https://doi.org/10.1161/ATVBAHA.108.181388 (2009).
	22.	 Schunkert, H., Erdmann, J. & Samani, N. J. Genetics of myocardial infarction: a progress report. Eur. Heart J. 31, 918–925, https://

doi.org/10.1093/eurheartj/ehq038 (2010).
	23.	 Kathiresan, S. et al. Six new loci associated with blood low-density lipoprotein cholesterol, high-density lipoprotein cholesterol or 

triglycerides in humans. Nat. Genet. 40, 189–97, https://doi.org/10.1038/ng.75 (2008).
	24.	 Sandhu, M. S. et al. LDL-cholesterol concentrations: a genome-wide association study. Lancet 371, 483–491, https://doi.org/10.1016/

S0140-6736(08)60208-1 (2008).
	25.	 Pfaffl, M. W., Horgan, G. W. & Dempfle, L. Relative expression software tool (REST©) for group-wise comparison and statistical 

analysis of relative expression results in real-time PCR. Nucl. Acid Res. 30, e36 (2002).

Acknowledgements
M.K. is supported by the Deutsches Zentrum für Herz Kreislauf Forschung (grant no. DZHK B 15-005, DZHK B  
15-039SE, 16-006 SE) and the Deutsche Forschungsgemeinschaft (Grant No. KR3770/7-1, KR3770/9-1, 
KR3770/11-1). This manuscript has been copyedited by native English speakers with a related biomedical 
background in BioMed Proofreading® LLC.

Author Contributions
Acquisition of data and material: H.L., M.D., N.B., St.D., M.-A.D., M.S., K.C.K., S.V., L.E., N.P., I.D., So.D., S.H. 
and M.M. Experimental work; H.L., M.D., N.B. and I.N. Analysis and interpretation of data: H.L., M.D. and M.K. 
Writing, editing and reviewing the manuscript: H.L., M.D., M.K. and R.L. Supervision of study: M.K.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-019-46123-w.
Competing Interests: H.L., M.D., St.D., R.L. and M.K. are holders of a patent (No. 18 164 958.3) for MYBPHL 
as a biomarker for heart muscle damage. All other authors declare no competing interests.
Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2019

https://doi.org/10.1038/s41598-019-46123-w
https://doi.org/10.5603/KP.a2016.0089
https://doi.org/10.1053/j.jvca.2011.06.011
https://doi.org/10.1016/j.amjcard.2011.06.041
https://doi.org/10.21037/atm.2016.05.19
https://doi.org/10.1152/ajpheart.00846.2013
https://doi.org/10.1016/j.yjmcc.2012.01.006
https://doi.org/10.1161/ATVBAHA.108.181388
https://doi.org/10.1093/eurheartj/ehq038
https://doi.org/10.1093/eurheartj/ehq038
https://doi.org/10.1038/ng.75
https://doi.org/10.1016/S0140-6736(08)60208-1
https://doi.org/10.1016/S0140-6736(08)60208-1
https://doi.org/10.1038/s41598-019-46123-w
http://creativecommons.org/licenses/by/4.0/

	Myosin binding protein H-like (MYBPHL): a promising biomarker to predict atrial damage

	Results

	MYBPHL is selectively expressed in the atria of the human heart. 
	MYBPHL concentration is increased in plasma after atrial myocardial injury and correlates with known biomarkers. 
	MYBPHL concentration in plasma of patients undergoing cardiac surgery without atrial myocardial injury. 
	MYBPHL concentration in patients with atrioventricular node ablation. 

	Discussion

	Materials and Methods

	Patients and biopsies. 
	Assessment of gene expression by qRT-PCR. 
	Protein expression in different heart regions. 
	Measurement of MYBPHL in plasma by ELISA. 
	Statistical analysis. 

	Acknowledgements

	﻿Figure 1 Expression of candidate genes in different tissues of the human heart.
	Figure 2 MYPHL isoform 2 is specifically expressed in human atrial tissue.
	﻿Figure 3 MYBPHL protein in plasma is increased after atrial damage.
	Figure 4 MYBPHL is not increased in plasma of patients without atrial damage.




