www.nature.com/scientificreports

scientific reports

W) Check for updates

BRG1 is a biomarker
of hypertrophic cardiomyopathy
in human heart specimens

Jacob C. Scherba?, Marc K. Halushka?, Nicholas D. Andersen3, Joseph J. Maleszewski*,
Andrew P. Landstrom®, Nenad Bursac' & Carolyn Glass®™*

Hypertrophic cardiomyopathy (HCM) is a genetic disease of the sarcomere that causes otherwise
unexplained cardiac hypertrophy and is associated with sudden death. While previous studies showed
the role of the epigenetic modifier Brgl in mouse models of HCM, additional work is needed to identify
its role in humans. We tested the hypothesis that BRG1 expression is increased in periods of cardiac
remodeling during fetal growth and in development of HCM. We employed immunohistochemical
staining to evaluate protein expression of BRG1 in 796 human cardiac specimens (81 from patients
with HCM) and describe elevated BRG1 expression in human fetal hearts in early development. In
addition, we not only demonstrate increased expression of BRG1 in HCM, but we also show that other
diseases that lead to heart failure have similar BRG1 expression to healthy controls. Inhibition of
BRG1 in human induced pluripotent stem cell-derived cardiomyocytes significantly decreases MYH7
and increases MYH6, suggesting a regulatory role for BRG1 in the pathological imbalance of the two
myosin heavy chain isoforms in human HCM. These data are the first demonstration of BRGl as a
specific biomarker for human HCM and provide foundation for future studies of epigenetics in human
cardiac disease.

Hypertrophic cardiomyopathy (HCM) is a common, heritable form of heart disease that leads to sudden death
in people of all ages’. A variety of mutations for HCM have been identified, most commonly involving genes
which encode the sarcomeric apparatus?; however, studies have reported varied positivity rates of molecular
genetic testing among those clinically diagnosed with HCM*=>. Investigation of aberrant epigenetic biomarkers,
those that alter a gene’s expression without altering the gene itself, remains sparse in HCMS. Landmark animal
studies demonstrated Brgl, a critical subunit of the chromatin modifying SWI/SNF complex, is activated during
normal cardiac development, repressed in the adult mouse heart, and reactivated in the setting of HCM due to
transcriptional reprogramming’®, and Hang and colleagues showed in a small sample of 4 HCM patients that
BRG1 was elevated®. We evaluated nearly 800 total patient samples, 81 of which carried a clinical diagnosis of
HCM using BRG1 immunohistochemistry analysis. We determined that BRG1 expression is increased in HCM
hearts relative to both healthy control hearts and those with other forms of cardiac disease, which may support
the use of BRG1 as a novel biomarker of HCM in the clinical setting. Further, we examined 20 human fetal cardiac
specimens and concluded that BRG1 expression is increased in early gestation and repressed in later gestation,
suggesting BRG1 may play an important role in human heart development. This developmental role of BRG1
was further studied using human induced-pluripotent stem cell-derived cardiomyocytes (hiPSC-CMs) in vitro to
show that BRGI inhibition prevents the normal maturation transcriptional program in immature cardiomyocytes
by changing the transcriptional balance of the alpha and beta myosin heavy chain transcripts, MYH6 and MYH?.
These data lay the foundation for a possible mechanistic role for BRG1 in both normal cardiac development and
HCM and support the idea that BRG1 could be used clinically as a sensitive biomarker for HCM.

Diagnosis of hypertrophic cardiomyopathy often requires a multidisciplinary approach, incorporating clinical,
radiological, and pathological findings, as the differential diagnosis for HCM can be varied and challenging®.
From a histopathologic perspective, it is typically associated with findings such as myocyte hypertrophy, myocyte
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Figure 1. Fetal cardiac tissue expresses BRG1 prior to 24 weeks’ gestation. (a) SMARCA4/BRG1 expression
visualized at 18 weeks and 24 weeks. Top panel shows H&E stained sample, bottom panel shows high power
BRGI1 immunohistochemistry. Scale bar represents 100 um. (b) BRG1 expression is significantly elevated in fetal
heart tissue in the first 17-24 weeks of development. Fetal cardiac tissue beyond 25 weeks’ gestations shows no
significant difference in BRG1 expression relative to healthy adult controls. Data show proportions of subjects
that fell into each BRG1 expression tier. ** denotes p <0.01. Graph generated with GraphPad Prism 9.1.1
(GraphPad, San Diego, CA) by JCS.

disarray, interstitial fibrosis, and abnormal intramural vasculature'*-'2. Given the rather non-specific nature of
the histopathologic findings in HCM, and the lack of a hitherto specific biomarker for a tissue diagnosis, cardiac
biopsy for HCM is a Class IIb recommendation, and generally not performed?. To identify mutations in patients
with a diagnosis of HCM and inform necessary care for relatives, clinical genetic testing is conducted. However,
the mutations in HCM are widely varied®*, and identification of a biomarker of HCM could provide diagnostic
utility as well as possible mechanistic insight into the initiation of pathologic hypertrophy.

The finding in a landmark mouse study that Brgl is implicated in the fetal gene program is consistent with
prevailing understanding of hypertrophic cardiomyopathy, in which a hallmark of disease is the reversion of the
adult heart to a fetal transcriptional program. In humans, this is characterized by an isotype switch from the adult
B-myosin heavy chain (coded for by MYH?) to the fetal a-myosin heavy chain (coded for by MYH®6)". Thus, we
hypothesized that the human BRGI is active in human fetal cardiac development and repressed in adulthood
to favor the adult cardiac transcriptional program. In addition, we hypothesize that BRG1 is subsequently re-
expressed in hypertrophic cardiomyopathy, where it then acts to reactivate the fetal transcriptional program to
cause hypertrophic disease. Thus, BRG1 expression may demonstrate clinical utility as a biomarker of disease.

To test these hypotheses, we employed BRG1 immunohistochemical (IHC) staining to evaluate protein expres-
sion in 796 human cardiac specimens. IHC staining of 20 fetal cardiac tissue from fetuses aged 17-40 weeks
for BRGI protein was performed. Protein expression was semi-quantitatively scored blindly by a single, board-
certified cardiac pathologist (0-1 negative expression, 1-1.5 weak positive, 1.5-2.5 moderate positive, 2.5-3.0
strong positive). BRG1 protein expression was diffusely strong in developing fetal hearts (mean 2.5) up to age
24 weeks (Fig. 1a). Non-linear fit of the protein expression of BRGI in fetal tissue (R?=0.77) suggested a sig-
nificant decrease in expression at approximately 25 weeks’ gestation, a trend that was confirmed by grouping
fetal tissue to pre-and post-25-week groups (Fig. 1b). Analysis of gestationally aged tissues demonstrated a near
complete loss of expression at 25 weeks that was sustained throughout non-diseased adulthood.

IHC for BRG1 in adult cardiac specimens was subsequently performed in a small discovery cohort of 46
patients from a single institution. The cohort (median age 57; 42.3% female) included 39 diseased cardiac speci-
mens [29 HCM, 4 dilated cardiomyopathy (DCM), 3 ischemic heart disease (IHD), 3 restrictive cardiomyopathy]
from patients who underwent cardiac surgery at Duke University Hospital between 2008-2019 and 7 normal
adult hearts procured at autopsy. HCM tissue was obtained from clinically diagnosed patients who under-
went surgical myectomy or heart transplantation. In this discovery cohort, nuclear BRG1/SMARCA4 protein
expression was significantly increased in HCM, but not non-HCM groups, relative to control hearts (p <0.0001)
(Figs. 2a,b). There was no significant effect of sex or age on BRG1/SMARCA4 protein expression (p =0.74 by
unpaired t test and p=0.28, respectively). Protein expression of BRM/SMARCA2, the only other ATPase in the
SWI/SNF complex, was not altered in HCM hearts, but was significantly reduced in DCM relative to controls
(Fig. 2d).

To validate the findings from the initial discovery cohort, a larger cohort of 730 patients was used. This vali-
dation cohort (median age 52; 31.4% female) consisted of tissue microarray (TMA) cores of heart tissues taken
from 730 patients [17 arrhythmogenic cardiomyopathy (ARVC), 43 DCM, 52 HCM, 34 IHD, 299 sudden cardiac
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Figure 2. Adult cardiomyocytes express elevated protein levels of BRG1/SMARCA4 in hypertrophic
cardiomyopathy. (a) BRG1/SMARCA4 protein expression visualized in healthy adult cardiomyocytes (left)
and adult cardiomyocytes with HCM (right). Top panel shows H&E stained sample, bottom panel shows high
power BRG1/SMARCA4 immunohistochemistry. Scale bars represent 50 pm. (b) HCM tissue in discovery
cohort show increased BRG1/SMARCA4 protein expression relative to healthy controls. Data presented as
mean + SEM. **** denotes p <0.0001. (c) HCM tissue in validation cohort show increased BRG1/SMARCA4
protein expression relative to healthy controls. Data show proportions of subjects that fell into each BRG1/
SMARCA4 protein expression tier. (d) HCM tissue in validation cohort do not show a significant difference
in BRM/SMARCA?2 protein expression compared to controls. However, DCM hearts show reduced BRM/
SMARCA?2 protein expression relative to healthy controls, IHD and SCD hearts. Data presented as mean + SEM.
*** denotes p<0.001, ** denotes p <0.01. Graphs generated with GraphPad Prism 9.1.1 (GraphPad, San Diego,
CA) by JCS.

death (SCD) and 285 control hearts] at three institutions as described previously'®. In this larger validation
cohort, BRG1/SMARCA4 protein expression was significantly greater in HCM tissues compared to other cardiac
disease and control groups (p <0.0001) (Fig. 2¢). Again, there was no significant effect of sex or age (p=0.89 by
unpaired ¢ test and p=0.29, respectively). Interestingly, no significant differences in BRG1/SMARCA4 protein
expression existed between patients that harbored HCM-causing mutations (n=11), and those without genetic
testing (n=63, p=0.33). As a biomarker of clinically diagnosed HCM in this study population, BRG1/SMARCA4
protein expression had a sensitivity of 91.7% and a specificity of 61.9%.

Using hiPSC-CMs, we analyzed mRNA expression of two well-characterized pairs of cardiomyocyte protein
isoforms, cardiac troponin I (TNNI3) and slow skeletal troponin I (TNNII), and a- and p-myosin heavy chain
to quantify typical transcriptional changes of maturing hiPSC-CMs in vitro. During the first 2 weeks post-
cardiac differentiation, MYH7 and TNNI3 significantly increased (Fig. 3a), consistent with the cardiomyocyte
maturation process'®. Intriguingly, inhibition of BRG1 with the small molecule PFI-3 resulted in a significant
decrease in MYH?7 expression in hiPSC-CMs and a concomitant, non-significant increase in MYH6 (Fig. 3b).
This may suggest a direct regulatory role for BRG1 in controlling the balance of MYH6 and MYH? translation
during early human cardiac development. However, more robust investigation is needed to understand how
BRGI exerts this control.

In this study we demonstrate that BRG1 is highly expressed in the fetal state during cardiac development,
downregulated during fetal growth, and notably elevated in HCM relative to other heart diseases. These data are
consistent with prior studies that showed a direct correlation of Brgl expression in fetal cardiac tissue and HCM
tissue in mice'’, illustrating that BRG1 is correlated with cardiac remodeling in humans as well. The upregulation
of BRG1 during early cardiac development in human fetuses adds another dimension to our understanding of
the genetics that underpin human cardiac embryology. Previous studies have implicated Brgl in regulating the
microenvironment responsible for endocardial cushion development in mice and zebrafish'®, and the data in
this study substantiate the potential involvement of BRG1 in human fetal cardiac development. Further, our pilot
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Figure 3. BRG1 inhibition reduces gene expression of MYH7 without altering cardiac troponin. (a)
Quantification of TNNI1, TNNI3, MYH6, MYH?7, and BRG1 expression during the first 2 weeks following
cardiac differentiation from human iPSCs demonstrates increased MYH7 and TNNI3, as well as elevated BRG1.
(b) Inhibition of BRGI significantly reduces MYH?7 (p <0.05). Data presented as log, fold change + SEM. Graph
generated with GraphPad Prism 9.1.1 (GraphPad, San Diego, CA) by JCS.

investigation in hiPSC-CMs suggests that BRG1 inhibition by a small molecule inhibitor significantly reduces
MYH? expression and increases MYH6 expression. Interestingly, this alteration in MYH6/MYH?7 expression
was accompanied by a significant increase in NPPB, which codes for brain natriuretic peptide (data not shown).
This might suggest BRG1 plays a role not only in the balance of myosin heavy chain isoforms but may regulate
hypertrophy more generally. While the findings of an in vitro experiment with hiPSC-CMs must be extrapolated
cautiously, it could offer insight into a regulatory role that BRG1 may play in controlling this transcriptional
balance in the development of the HCM transcriptional phenotype, characterized by a pathological increased
in MYH6. Further study of the interaction of BRG1 with MYH?7 expression specifically and the transcriptome
more globally may provide promising therapeutic insights into the aberrant expression of MYH6 and MYH7
in the development of HCM.

One of the strengths of this study is its large patient cohort. The number of tissue specimens from distinct
patients allows for identifying the utility of BRG1 as a biomarker of HCM in the setting of a cohort with differing
comorbidities, level of activity, and BMI, to name a few. Our results also indicate that BRG1 is not a biomarker of
heart failure in general, nor is it a biomarker for all types of ventricular hypertrophy. Indeed, BRG1 expression
was significantly greater in HCM than in DCM, and significantly elevated in HCM relative to other causes of
ventricular hypertrophy. This may suggest that the divergent anatomic changes seen in these disease processes
could be mediated by distinct epigenetic and genetic processes. The utility of our large cohort is borne out in
our own data. In the discovery cohort, only 4 DCM specimens were present, one of which had a score of 3 for
BRG1/SMARCA4 expression. This had a significant effect on the subsequent statistical analysis, which initially
suggested from our discovery cohort data that BRG1 was elevated in both DCM and HCM. In the much larger
validation cohort, 43 DCM specimens provided a clearer picture of typical BRG1 expression in these tissues. We
were thus able to conclude that HCM tissue expression of BRG1 was significantly greater than in DCM, and that
DCM was not significantly different from controls in BRG1 expression. Our large patient cohort thus provides
the significant advantage of being robust to the inherent variability of human clinical data.

While we provide a new understanding of the role of BRG1 in human HCM, our study is not without its
limitations. Tissue samples are obtained from a small number of medical centers, thus providing limited geo-
graphical representation that may distinctly impact epigenetics. Moreover, without genetic information for all
HCM patients, tissues were studied from both genetically confirmed and clinically diagnosed HCM patients
(Table 1). Interestingly, there were 5 patients with a clinical diagnosis of HCM who underwent genetic testing
and were found to have pathogenic mutations in non-sarcomeric HCM genes, specifically LAMP2, LAMA4, FAH,
and TTN. These subjects were not included in the HCM cohort for the sake of integrity of data interpretation,
but it does raise the question of how many patients with a clinical diagnosis of HCM in fact have a heritable,
non-HCM cardiac disease. This invites the exciting opportunity for future studies where more robust genetic
testing of clinically diagnosed HCM patients would be performed. Further, the small number of HCM patients
in our cohort with a negative gene testing panel (n=3) or mutations of unknown significance (n=2) limit our
ability to make inferences about the effect of negative genetic testing on BRG1 expression in HCM.

Increased BRGI expression in humans during periods of cardiac remodeling is an exciting discovery with
potentially significant implications. Numerous questions remain, including understanding why the upregulation
of BRG1 during fetal cardiac development is associated with physiologic remodeling, while upregulation in the
adult is associated with disease. A reasonable hypothesis is that BRG] may play an integral role in important
metabolic, genetic, and structural changes inherent to the cardiomyocyte maturation process. Once the cardio-
myocytes are already mature, reactivation of BRG1-involved pathways may instead lead to the disease phenotypes
described above. The increased use of precision medicine and genetics research tools offer promising opportuni-
ties to study these and other questions to more completely understand the role of BRG1 in cardiac remodeling.
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Mutations identified in clinically diagnosed HCM patients across discovery and validation cohorts
Mutated gene | Mutation BRG1/SMARCA4 protein expression
TNNT2 285-287 GGA deletion (US) 0

TNNT2 GAA ¢-32-13T>G; ¢832C>T (p.Arg278Cys) (US) 2

TNNT2 p-R94H mutation (P) 2

TNNT2 GAA ¢-32-13T>G; c832C>T (p.Arg278Cys) (US) 3

MYBPC3 Trp890Ter mutation (P) 1.5

MYBPC3 p.Glu542GlIn (E542Q), c. 1624 G>C (LP) 25

MYBPC3 ¢.3490+1 G>T, IVS31+1 G>T (LP) 25

MYH7 Lys 1459 Asn, Exon 32 and Val 1323 Ile, Exon 29 (US) |1

MYH7 p-Asn717Asp (P) 1

MYH7 p. Arg 453 Cys, Exon 14 (P) 2

MYH7 c. 2285 A>G (p. Lys 762 Arg), Exon 20 (P) 3

Table 1. Individual HCM-causing gene mutations in clinically diagnosed HCM subjects in the combined
discovery and validation cohorts. Parenthetical annotations indicate a pathogenic (P), likely pathogenic (LP),
non-pathogenic (NP) variant, or a variant of unknown significance (US).

This study provides evidence for a sensitive, novel biomarker expressed in clinically diagnosed HCM hearts
that may ultimately be used for diagnostic purposes. This work lays the foundation for more complete under-
standing of the role of SWI/SNF complex in controlling pathologic cardiac remodeling.

Methods

The data described in this study are available from the corresponding author upon reasonable request. All studies
and experimental protocols were approved by the Duke Health Institutional Review Board. All methods were
carried out in accordance with relevant guidelines and regulations. Informed consent was obtained from all
subjects and/or their legal guardians or relevant legal proxies.

The discovery cohort (median age 57; 42.3% female) included 39 diseased cardiac specimens [29 HCM, 4
dilated cardiomyopathy (DCM), 3 ischemic heart disease (IHD), 3 restrictive cardiomyopathy] from patients who
underwent cardiac surgery at Duke University Hospital between 2008-2019, 7 normal adult hearts procured at
autopsy, and 20 normal fetal hearts. HCM tissue was obtained from clinically diagnosed patients who underwent
surgical myectomy or heart transplantation.

A validation cohort (median age 52; 31.4% female) consisted of tissue microarray (TMA) cores of heart tissues
taken from 730 patients [17 arrhythmogenic cardiomyopathy (ARVC), 43 DCM, 52 HCM, 34 IHD, 299 sudden
cardiac death (SCD) and 285 control hearts] at three institutions as described previously'. All cases of sudden
cardiac death were grossly and microscopically evaluated for diseases such as arrhythmogenic cardiomyopathy
and hypertrophic cardiomyopathy. All cases of SCD in this cohort were negative for these entities.

Immunohistochemistry. Immunohistochemistry (IHC) for BRG1/SMARCA4 and BRM/SMARCA2 was
performed using clinical validation protocols for monoclonal anti-BRG1/SMARCA4 and anti-BRM/SMARCA2
antibodies (Santa Cruz, #sc-17796; Invitrogen #PA5-34597) (5). BRG1/SMARCA4 protein expression was
scored blindly by a single cardiac pathologist (0-1 negative expression, 1-1.5 weak positive, 1.5-2.5 moderate
positive, 2.5-3.0 strong positive).

Cell culture. BJ fibroblasts from a healthy male newborn (ATCC cell line, CRL-2522) were reprogrammed
episomally into hiPSCs at the Duke University iPSC Core Facility and named DU11 (Duke University clone
#11), as previously described”. iPSCs were maintained in mTeSR media plus mTeSR Supplement (Stem Cell
Technologies). As previously described'®?’, cardiac differentiation was induced with Activin A and ChIR 99021
followed by IWR-1 in RPMI basal media plus B27 Minus Insulin (ThermoFisher). Metabolic selection with
lactate-containing media occurred over 48 h, and cells were thereafter maintained in RPMI basal media plus B27
supplement. Experiments were conducted using three different batches of differentiated hiPSC-CMs to account
for the variability of the differentiation process. Purity of hiPSC-CMs was assessed by FACS analysis of cardiac
troponin T staining. Only differentiation batches with purity >80% were used in this study. The BRG1 inhibi-
tor PFI-3 (Cayman Chemical) was applied 48 h following the transition to insulin-containing media. Drug was
applied for 48 h and removed 24 h prior to RNA isolation.

Reverse-transcription quantitative polymerase chain reaction. RNA was isolated from hiPSC-
CMs using RNEasy MicroKit (Qiagen). cDNA was synthesized with iScript cDNA synthesis kit (BioRad). RT-
qPCR was performed using iScript Reverse Transcription kit (BioRad). Relative expression was determined
using the double delta CT method. HPRT was used as a housekeeping gene. Primers used in these studies are
as follows: HPRT: Forward: 5'-TGACACTGGCAAAACAATGCA-3', Reverse: 5-GGTCCTTTTCACCAGCAA
GCT-3'. MYH6: Forward: 5'-ACCAACCTGTCCAAGTTCCG-3', Reverse: 5-TTGCTTGGCACCAATGTC
AC-3', MYH7: Forward: 5-CACAGCCATGGGAGATTCGG-3', Reverse: 5-CAGGCACGAAGACATCCT
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TCT-3', TNNII: 5-ATGCCCGGAAGTCGAGAGAAAA-3', Reverse: 5'-TCGTATCGCTCCTCATCCAC-3/,
TNNI3: Forward: 5'-CCTCACTGACCCTCCAAACG-3', Reverse: 5'-GAGGTTCCCTAGCCGCATC-3'.

Statistical analysis. Statistical analysis of IHC staining was performed using Kruskal-Wallis test followed
by Dunn’s multiple comparisons, or, where only two independent groups were compared, an unpaired ¢ test with
Welch’s correction. Significance level was set to p <0.05; all results utilize Kruskal-Wallis unless otherwise stated.

Statistical analysis of RT-qPCR data was performed using one-way ANOVA with Sidak’s multiple comparisons
test. Statistical analysis was conducted using GraphPad Prism 9.1.1 (GraphPad, San Diego, CA) and was used
to generate the figures.

Data availability

Raw data will be made available upon reasonable request to the corresponding author. The RT-qPCR and geno-
type data generated and analyzed in this study is publicly available on Mendeley Data through the following
permanent link: https://data.mendeley.com/datasets/9ktgfbvy3j/1.

Received: 16 February 2022; Accepted: 18 April 2022
Published online: 17 May 2022

References

1. Maron, B.]. Clinical course and management of hypertrophic cardiomyopathy. N. Engl. J. Med. 379, 655-668. https://doi.org/10.
1056/NEJMral710575 (2018).

2. Ho, C. Y. et al. Genotype and lifetime burden of disease in hypertrophic cardiomyopathy: Insights from the Sarcomeric Human
Cardiomyopathy Registry (SHaRe). Circulation 138, 1387-1398. https://doi.org/10.1161/circulationaha.117.033200 (2018).

3. Van Driest, S. L., Ommen, S. R,, Tajik, A. J., Gersh, B. J. & Ackerman, M. J. Sarcomeric genotyping in hypertrophic cardiomyopathy.
Mayo Clin. Proc. 80, 463-469. https://doi.org/10.1016/s0025-6196(11)63196-0 (2005).

4. van Velzen, H. G. et al. Outcomes of contemporary family screening in hypertrophic cardiomyopathy. Circ. Genom. Precis. Med.
11, e001896. https://doi.org/10.1161/circgen.117.001896 (2018).

5. Ingles, J. et al. Evaluating the clinical validity of hypertrophic cardiomyopathy genes. Circ. Genom. Precis. Med. 12, €002460 (2019).

6. Geske, J. B.,, Ommen, S. R. & Gersh, B. J. Hypertrophic cardiomyopathy: Clinical update. JACC Heart Fail. 6, 364-375. https://doi.
0rg/10.1016/j.jchf.2018.02.010 (2018).

7. Vieira, J. M. et al. BRG1-SWI/SNF-dependent regulation of the Wt1 transcriptional landscape mediates epicardial activity during
heart development and disease. Nat. Commun. 8, 16034 (2017).

8. Hang, C. T. et al. Chromatin regulation by Brgl underlies heart muscle development and disease. Nature 466, 62-67 (2010).

9. Elliott, P. M. et al. 2014 ESC Guidelines on diagnosis and management of hypertrophic cardiomyopathy: The Task Force for the
Diagnosis and Management of Hypertrophic Cardiomyopathy of the European Society of Cardiology (ESC). Eur. Heart J. 35,
2733-2779 (2014).

10. Cui, H. et al. Myocardial histopathology in patients with obstructive hypertrophic cardiomyopathy. J. Am. Coll. Cardiol. 77,
2159-2170. https://doi.org/10.1016/j.jacc.2021.03.008 (2021).

11. Rowin, E. ]. & Fifer, M. A. Evaluating histopathology to improve our understanding of hypertrophic cardiomyopathy. J. Am. Coll.
Cardiol. 77, 2171-2173. https://doi.org/10.1016/j.jacc.2021.03.292 (2021).

12. Teare, D. Asymmetrical hypertrophy of the heart in young adults. Br. Heart J. 20, 1-8. https://doi.org/10.1136/hrt.20.1.1 (1958).

13. Cooper, L. T. et al. The role of endomyocardial biopsy in the management of cardiovascular disease: A scientific statement from
the American Heart Association, the American College of Cardiology, and the European Society of Cardiology. Circulation 116,
2216-2233 (2007).

14. Marian, A. J. Molecular genetic basis of hypertrophic cardiomyopathy. Circ. Res. 128, 1533-1553. https://doi.org/10.1161/circr
esaha.121.318346 (2021).

15. Wang, T. Y. et al. Human cardiac myosin light chain 4 (MYL4) mosaic expression patterns vary by sex. Sci. Rep. 9, 12681. https://
doi.org/10.1038/541598-019-49191-0 (2019).

16. Karbassi, E. et al. Cardiomyocyte maturation: Advances in knowledge and implications for regenerative medicine. Nat. Rev. Cardiol.
17, 341-359. https://doi.org/10.1038/s41569-019-0331-x (2020).

17. Barry, S. P, Davidson, S. M. & Townsend, P. A. Molecular regulation of cardiac hypertrophy. Int. J. Biochem. Cell Biol. 40, 2023
2039. https://doi.org/10.1016/j.biocel.2008.02.020 (2008).

18. Moore-Morris, T., van Vliet, P. P., Andelfinger, G. & Puceat, M. Role of epigenetics in cardiac development and congenital diseases.
Physiol. Rev. 98, 2453-2475. https://doi.org/10.1152/physrev.00048.2017 (2018).

19. Shadrin, I. Y. et al. Cardiopatch platform enables maturation and scale-up of human pluripotent stem cell-derived engineered
heart tissues. Nat. Commun. 8, 1825. https://doi.org/10.1038/s41467-017-01946-x (2017).

20. Zhan, R.Z, Rao, L., Chen, Z., Strash, N. & Bursac, N. Loss of sarcomeric proteins via upregulation of JAK/STAT signaling underlies
interferon-y-induced contractile deficit in engineered human myocardium. Acta Biomater. 126, 144-153. https://doi.org/10.1016/j.
actbio.2021.03.007 (2021).

Acknowledgements
The authors wish to thank and acknowledge Dr. Renu Virmani for her expertise and assistance in preparing the
TMA slides for analysis in this project.

Author contributions

J.C.S. analyzed the data, drafted the initial manuscript, and made substantive revisions to the manuscript. M.K.H.
prepared samples, collected the data, and reviewed and made substantive revisions to the manuscript. N.D.A.
reviewed and made substantive revisions to the manuscript. J.J.M. prepared samples and reviewed and made
substantive revisions to the manuscript. A.P.L. and N.B. made substantive revisions to the manuscript. C.G.
prepared samples, analyzed the I.H.C. stains, and reviewed and made substantive revisions to the manuscript.

Funding
A portion of this work was funded by an NIH (Bethesda, MD) grant U01HL134764 to NB.

Scientific Reports |

(2022) 12:7996 | https://doi.org/10.1038/s41598-022-11829-x nature portfolio


https://data.mendeley.com/datasets/9ktgfbvy3j/1
https://doi.org/10.1056/NEJMra1710575
https://doi.org/10.1056/NEJMra1710575
https://doi.org/10.1161/circulationaha.117.033200
https://doi.org/10.1016/s0025-6196(11)63196-0
https://doi.org/10.1161/circgen.117.001896
https://doi.org/10.1016/j.jchf.2018.02.010
https://doi.org/10.1016/j.jchf.2018.02.010
https://doi.org/10.1016/j.jacc.2021.03.008
https://doi.org/10.1016/j.jacc.2021.03.292
https://doi.org/10.1136/hrt.20.1.1
https://doi.org/10.1161/circresaha.121.318346
https://doi.org/10.1161/circresaha.121.318346
https://doi.org/10.1038/s41598-019-49191-0
https://doi.org/10.1038/s41598-019-49191-0
https://doi.org/10.1038/s41569-019-0331-x
https://doi.org/10.1016/j.biocel.2008.02.020
https://doi.org/10.1152/physrev.00048.2017
https://doi.org/10.1038/s41467-017-01946-x
https://doi.org/10.1016/j.actbio.2021.03.007
https://doi.org/10.1016/j.actbio.2021.03.007

www.nature.com/scientificreports/

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to C.G.

Reprints and permissions information is available at www.nature.com/reprints.

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
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted 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 licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

Scientific Reports|  (2022) 12:7996 | https://doi.org/10.1038/s41598-022-11829-x nature portfolio


www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	BRG1 is a biomarker of hypertrophic cardiomyopathy in human heart specimens
	Methods
	Immunohistochemistry. 
	Cell culture. 
	Reverse-transcription quantitative polymerase chain reaction. 
	Statistical analysis. 

	References
	Acknowledgements


