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Rationale: With a prevalence of 1 in 200 individuals, hypertrophic cardiomyopathy
(HCM) is thought to be the most common genetic cardiac disease, with potential
outcomes that include severe hypertrophy, heart failure, and sudden cardiac death
(SCD). Though much research has furthered our understanding of how HCM-causing
mutations in genes such as cardiac myosin-binding protein C (MYBPC3) impair
contractile function, it remains unclear how such dysfunction leads to hypertrophy
and/or arrhythmias, which comprise the HCM phenotype. Identification of early
response mediators could provide rational therapeutic targets to reduce disease
severity. Our goal was to differentiate physiologic and pathophysiologic hypertrophic
growth responses and identify early genetic mediators in the development of
cardiomegaly in the cardiac myosin-binding protein C-null (cMyBP-C−/−) mouse model
of HCM.

Methods and Results: We performed microarray analysis on left ventricles of wild-
type (WT) and cMyBPC−/− mice (n = 7 each) at postnatal day (PND) 1 and PND 9,
before and after the appearance of an overt HCM phenotype. Applying the criteria of
>2-fold change, we identified genes whose change was exclusive to pathophysiologic
growth (n = 61), physiologic growth (n = 30), and genes whose expression changed >2-
fold in both WT and cMyBP-C−/− hearts (n = 130). Furthermore, we identified genes
that were dysregulated in PND1 cMyBP-C−/− hearts prior to hypertrophy, including
genes in mechanosensing pathways and potassium channels linked to arrhythmias.
One gene of interest, Xirp2, and its protein product, are regulated during growth but also
show early, robust prehypertrophic upregulation in cMyBP-C−/− hearts. Additionally, the
transcription factor Zbtb16 also shows prehypertrophic upregulation at both gene and
protein levels.

Conclusion: Our transcriptome analysis generated a comprehensive data set
comparing physiologic vs. hypertrophic growth in mice lacking cMyBP-C. It highlights
the importance of extracellular matrix pathways in hypertrophic growth and early
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dysregulation of potassium channels. Prehypertrophic upregulation of Xirp2 in cMyBP-
C−/− hearts supports a growing body of evidence suggesting Xirp2 has the capacity
to elicit both hypertrophy and arrhythmias in HCM. Dysregulation of Xirp2, as well
as Zbtb16, along with other genes associated with mechanosensing regions of the
cardiomyocyte implicate stress-sensing in these regions as a potentially important early
response in HCM.

Keywords: hypertrophic cardiomyopathy, HCM, cardiac myosin-binding protein C, Xirp2, Kcnd2, Kv4.2, Plzf,
Zbtb16

INTRODUCTION

Hypertrophic cardiomyopathy (HCM), now thought to be the
leading genetic cardiovascular disease (Semsarian et al., 2015),
is characterized by hypertrophy of the left ventricular free wall
and septum and can be accompanied by myocardial disarray,
diastolic dysfunction, and fibrosis (Fananapazir and Epstein,
1994; Davies and McKenna, 1995). HCM is also the most
common cause of sudden cardiac death (SCD) (Maron et al.,
2006), which results from lethal arrhythmias. Genes encoding the
sarcomeric proteins β-myosin heavy chain (β-MHC) and cardiac
myosin-binding protein C (cMyBP-C) harbor the majority of
HCM-causing mutations in this autosomal dominant disease
(Richard et al., 2003; Olivotto et al., 2008; Alfares et al., 2015).
The cellular signaling processes that lead from the primary
sarcomeric mutation to the hypertrophic and/or arrhythmic
phenotype remain poorly understood, making disease prognosis
difficult to predict and targeted treatments elusive. Furthermore,
hypertrophy and arrhythmias can occur independently in HCM,
further complicating the ability to uncover the cellular signaling
pathways (Moolman et al., 1997; Christiaans et al., 2009).

Cardiac myosin-binding protein C is an adrenergic-
responsive regulator of cardiac contractility, largely responsible
for modulating cardiac output to meet increased demand. The
majority of mutations in the MYBPC3 gene lead to decreased
levels of functional cMyBP-C and, in animal models, result
in accelerated sarcomere cross-bridge cycling and increased
contractile kinetics. A mouse in which cMyBP-C is genetically
ablated (cMyBP-C−/−) has been widely used as a model of HCM
(Harris et al., 2002; Merkulov et al., 2012; de Lange et al., 2013;
Farrell et al., 2017; Toib et al., 2017). At birth, cMyBP-C−/−

hearts are virtually indistinguishable from hearts of wild-type
(WT) littermates, but by postnatal day (PND) 9, they are overtly
hypertrophic and exhibit systolic and diastolic dysfunction (de
Lange et al., 2013; Farrell et al., 2017). To probe the etiology of
the hypertrophic signaling, we performed microarray analysis
on cMyBP-C−/− left ventricles both prior (PND1) and after
(PND9) the development of hypertrophy. Our initial analysis
of the microarray data focused on global pathway alterations in
the perinatal, pre-hypertrophic cMyBP-C−/− heart and revealed
increased cardiomyocyte cell cycling and proliferation (Farrell
et al., 2017). Indeed, increased cell cycling (Jiang et al., 2015;
Nixon et al., 2017) and cardiomyocyte proliferation (Jiang et al.,
2015) in the early postnatal period has been observed in other
models in which cMyBP-C is ablated. Here, we focus our analysis
on identification of individual genes whose dysregulation

might substantially contribute to early disease progression. In
addition, we distinguished gene expression programs involved in
physiologic vs. pathophysiologic/hypertrophic growth.

The results of this study identify differences in gene expression
between physiologic cardiac growth and pathologic cardiac
growth. The microarray highlights extracellular matrix and
structural pathways as uniquely modulated in hypertrophic
growth, and several potassium channels with pre- and post-
hypertrophic dysregulation. We also identified upregulation of
Xirp2 (aka Cmya5, mXinβ, and Myomaxin) both prior to the
development of the HCM phenotype and also at PND9 in the
cMyBP-C−/− vs. WT left ventricles. Xirp2, encoded by the Xirp2
gene, has been shown to localize to mechanosensing regions
of the cardiomyocyte including the intercalated disc (Wang
et al., 2010), z-disc (Huang et al., 2006; Eulitz et al., 2013), and
costameres (Huang et al., 2006). Dysregulation of Xirp2 is linked
to both cardiomyopathy (Duka et al., 2006; McCalmon et al.,
2010; Wang et al., 2014; Long et al., 2015) and arrhythmogenesis
(Huang et al., 2018). In the current study the upregulation of
Xirp2 and a transcription factor, Zbtb16, in the cMyBP-C−/−

mouse was accompanied by the dysregulation of other genes
whose proteins also localize to mechanosensing regions of the
cardiomyocyte or are involved in mechanosensing pathways.
Together, these data lend additional support for the role of
mechanosensing as an early mediator along the pathway to
hypertrophy in HCM (Cox et al., 2008; Lyon et al., 2015).

MATERIALS AND METHODS

Animals
Heterozygous (cMyBP-C+/−) adults were derived from
backcrosses of WT E129X1/SvJ mice (Taconic, Hudson,
NY, United States) with homozygous cMyBP-C−/− animals
previously generated on the E129X1/SvJ background (Harris
et al., 2002). Subsequent breedings of cMyBP-C+/− adults
resulted in expected Mendelian frequencies (1:2:1) of
WT (cMyBP-C+/+), heterozygous (cMyBP-C+/−), and
homozygous knockout (cMyBP-C−/−) animals. Mice used
for immunohistochemistry and neonatal qPCR were derived
from cMyBP-C+/− crossings, with subsequent postmortem
genotyping of pups. Littermate comparisons among genotypes
were performed whenever possible. No statistical differences
in qPCR and western blotting results were found between
hearts from cMyBP-C heterozygote (cMyBP-C+/−) crossings
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and those from WT × WT or cMyBP-C−/−
× cMyBP-C−/−

breedings; thus, the latter were used for adult qPCR and western
blotting experiments. To generate embryonic day (E)18.5 pups,
cMyBP-C+/− dams were bred to cMyBP-C+/− males for 24 h,
after which mice were separated to establish timing of pregnancy.
E18.5 pup hearts were harvested on day 19 after the breeding
date.

Animals were anaesthetized using inhaled isoflurane (adult
mice) or decapitated (embryonic and neonatal pups) and hearts
were harvested. All hearts were rinsed in 1× PBS, and the blood
ejected using blunt forceps. Hearts were then weighed and snap
frozen in liquid nitrogen. A post-mortem tail snip was taken
from each mouse of cMyBP-C+/−

× cMyBP-C+/− breedings,
to allow subsequent genotyping and sex determination by PCR.
This study was approved by the Animal Care and Use Committee
of the School of Medicine and Public Health at the University of
Wisconsin Madison in accordance with the Guide for the Care
and Use of Laboratory Animals (National Institutes of Health
publication no. 85-23, revised 1985).

Microarray Hybridization and Data
Analysis
The left ventricular free wall was extracted from hearts of WT
and cMyBP-C−/− pups at PND1 and PND9 (n = 7 males
for each genotype/age) and snap frozen in liquid nitrogen.
After determination of genotype and sex, RNA was isolated
using Trizol reagent (Invitrogen) and the Qiagen RNeasy kit.
Quantity, quality, and integrity of RNA was determined using
NanoDrop 2000 (Thermo Scientific), Agilent BioAnalyzer, and
Agilent RNA Nano Chip (Agilent Technologies). 400 ng RNA
(and 400 ng of poly-A RNA control) was used for overnight
labeling with GeneChip WT Expression kit (Ambion) according
to the manufacturer’s protocols. Following labeling, samples were
quantified on NanoDrop 2000 and 10 µg of purified cRNA
was used to generate single strand cDNA, 5.5 µg of which
was then fragmented and subjected to end-terminus labeling
using WT Terminal Labeling kit (Affymetrix). Samples were
hybridized to Affymetrix Mouse Gene 1.0 ST whole genome
arrays at 45◦C for 16 h following manufacturer’s protocol.
Arrays were post-processed on the Affymetrix GeneChip Fluidics
Station 450, scanned using GeneChip 3000 7G, and data
extracted and processed using Affymetrix Command Console
(version 3.1.1.1229). Resulting GeneChip.cel files were uploaded
to iReport (Ingenuity Systems) or Genesifter (Geospiza), and
normalized via robust multi-array average (RMA) using default
options of each system. See Section “Statistical Analysis” for
details of statistical analysis.

RT-qPCR
Whole hearts were dissected from WT and cMyBP-C−/− pups
of ages E18.5, PND0, PND1, PND2, PND9, and adult (13-
19 weeks), weighed after removal of great vessels, and snap frozen
in liquid nitrogen. RNA was isolated as described previously
(Farrell et al., 2017) and detailed in Supplementary Methods.
Hearts allocated for RT-qPCR remained with atria intact to avoid
an additional dissection after weighing, which would increase the

risk for RNA degradation. Comparison of qPCR and microarray
data was performed to assess any differences that could be due
to the inclusion of atria. Assays used in qPCR are listed in
Supplementary Methods.

Cryopreservation, Sectioning, and
Immunohistochemistry
Hearts were harvested from WT and cMyBP-C−/− pups at
PND1 and cryopreserved according to standard procedures as
detailed in Supplementary Methods. WT and cMyBP-C−/−

hearts were then sectioned in a coronal plane at 6 µm thickness
(CRYO 03/5800), mounted onto charged slides (TruBond 380),
fixed in 100% acetone for 15 min, and dried. Slides were
rehydrated in TBS, then permeabilized with 20 ng/ml Digitonin
(Sigma) in TBS and blocked in 5% normal goat serum in
TBST for 2 h. Sections were incubated with primary antibodies
overnight at 4◦C with anti-sarcomeric α-actinin (1:1,000, Sigma,
A7811) and either anti-Connexin-43 (1:200, Sigma, C6219),
anti-Xirp2 (1:500, ProteinTech, 11896-1-AP), or anti-N-cadherin
(1:200, ThermoScientific, CDH2 3B9). Slides were incubated
with secondary antibodies (Alexa Fluor 647 and 488; Invitrogen)
at 1:1,000 for 1 h at room temperature. Following labeling,
sections were coverslipped using Prolong Gold Antifade Reagent
(Invitrogen) with 4′,6-diamidino-2-phenylindole (DAPI) to
label nuclei. Imaging was performed using Nikon Eclipse 90i
photomicroscope using the S Fluor 40× objective, and NIS
Elements imaging software (version 4.0; Nikon).

Protein Harvest and Western Blot
Analysis
For western blot analysis of Xirp2 protein expression, hearts were
excised from WT and cMyBP-C−/− mice at PND1, PND9, and
adult time points, rinsed in DPBS (Thermo Fisher Scientific),
atria and aorta removed, blotted dry, and weighed. Ventricles
were minced and homogenized in buffer containing 20 mM
HEPES (pH 7.2) (Sigma), 25 mM NaCl (Sigma), 2 mM EGTA
(Sigma), 1% Triton X-100 (Sigma), 1% protease inhibitor, and
1% phosphatase inhibitor as described (Wang et al., 2010) with
modifications as detailed. Buffer volume was added in proportion
to heart weight such that mg-ventricle weight per volume of
buffer was equal between hearts. Due to the labile nature of
Xirp2, a proportional volume of 3× SDS-PAGE gel sample
buffer was added to the fresh homogenate. Aliquots were then
stored at −80◦C until use. Additional striated and non-striated
muscles, tongue, and spleen were homogenized as described
above and used as positive and negative controls, respectively.
A volume of homogenate equivalent to 300 µg of wet ventricle
weight was fractionated in 4–15% SDS-PAGE gels (Bio-Rad) and
transferred overnight at 15 V in Tris–glycine buffer with 0.02%
SDS (Bio-Rad) and 20% methanol. Immunoblotting for Xirp2
was performed using unpurified BSU2 anti-myomaxin antiserum
(Huang et al., 2006) (1:1,000).

Membranes were blocked for 1 h using Odyssey Blocking
Buffer in TBS (Licor) prior to primary antibody incubation.
All primary antibodies were incubated overnight at 4◦C, and
secondary antibodies at room temperature for 1 h. Anti-GAPDH
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(1:2,000, Abcam, ab8245) was used as a loading control. Alexa
Fluor secondary antibodies (Invitrogen) were used at 1:10,000.

Enrichment for Nuclear Proteins
Ventricles from PND1 WT and cMyBP-C−/− mouse hearts
were isolated and homogenate was fractionated to enrich for
nuclear proteins using the NE-PER nuclear and cytoplasmic
extraction kit (Thermo Scientific, cat #78833) according to
manufacturer instructions. Total protein in nuclear fractions
was quantified using a standard BCA protein assay (Thermo
Fisher) using BSA protein standards. 25 µg of total protein
homogenate was fractionated in 4–20% SDS-PAGE gels (Bio-
Rad) and transferred overnight at 15 V in Tris–glycine
buffer. Immunoblotting was performed for Zbtb16 (anti-Zbtb16;
1:1,000, Abcam, ab189849) and the nuclear loading control
Histone 3 (anti-H3; 1:1,000, Cell Signaling cat# 9715), as
described above for Xirp2.

Statistical Analysis
Values are reported as means ± SE. For statistical analysis
of microarray data, genes differentially expressed (up or
down greater than twofold at p < 0.05) were identified using
pairwise analysis of means and Student’s t-test (comparing
WT to cMyBP-C−/− and/or comparing PND1 to PND9)
or using two-way ANOVA. For statistical analysis of qPCR
and western blots, Student’s t-test was performed within each
age group between genotypes, and statistical significance
is reported at p < 0.05. All graphs were generated using
GraphPad Prism and sample sizes are listed in figure
legends.

RESULTS

We performed microarray analysis using RNA isolated from
left ventricular free walls from cMyBP-C−/− and WT mice
at PND1 and PND9 to highlight differential RNA expression
before and after the presentation of overt hypertrophy and
dysfunction, and to uncover cell signaling that might influence
the differential pathways leading to physiologic growth vs.
pathologic hypertrophy. As the goal of this study was to
reveal individual genes that may have profound influence
on disease progression and have the strongest potential for
physiological relevance, we restricted our dataset to genes that
were up- or downregulated ≥2-fold, p < 0.05 relative to WT
littermate controls for each selected comparison, unless noted
otherwise. The microarray data were validated using qPCR
performed on PND1 and PND9 hearts (see Supplementary
Figure S1).

Genes Involved in the Differential
Development of Physiologic Versus
Hypertrophic Growth
Microarray analysis revealed that 30 genes were exclusively
regulated during physiologic growth (WT1PND1-PND9;
Supplementary Table S1), 61 genes were exclusively regulated

FIGURE 1 | Venn diagram illustrating genes whose expression is changed
≥2-fold throughout normal, physiologic growth (WT1PND1-PND9; blue
circle), or hypertrophic growth (cMyBP-C−/−1PND1-PND9; yellow circle).
Subsections of the Venn diagram include genes that are (A) exclusively
regulated during physiologic growth, (B) regulated during both physiologic
and hypertrophic growth, and (C) exclusively regulated during hypertrophic
growth. Values listed indicate the number of genes that belong to each
section. The genes which comprise each subsection of the Venn diagram are
available in Supplementary Table S1 [physiologic growth (A)],
Supplementary Table S2 [hypertrophic growth (C)], and Supplementary
Table S3 [common to physiologic and pathophysiologic growth (B)].

during hypertrophic growth (cMyBP-C−/−1PND1-PND9;
Supplementary Table S2), and 130 genes were common to
both physiologic and hypertrophic growth (Supplementary
Table S3), represented by the intersection of two circles of a
Venn diagram (Figure 1). The top-scoring Gene Ontology
(GO) biological processes according to Toppcluster (Kaimal
et al., 2010) (Cincinnati Children’s Biomedical Informatics)
associated with each grouping in Figure 1 are listed in Table 1.
From a list of dysregulated genes in a given model or condition,
the Toppcluster software identifies GO biological processes to
which the dysregulated genes belong. This is extremely useful
for categorizing the myriad of gene changes. However, the
identification of a GO biological process does NOT indicate the
directional change of the gene’s dysregulation, nor consequently
the impact on the process. For example, several identified GO
processes unique to physiologic growth (WT1PND1-PND9,
section A of the Venn diagram) relate to hypertrophy, namely,
“cardiac muscle hypertrophy” and “striated muscle hypertrophy”
(Table 1). These processes are notably absent from the list for
hypertrophic growth (cMyBP-C−/−1PND1-PND9, section C of
the Venn diagram). Upon further investigation, we discovered
that two genes which elicit the identification of the hypertrophic
GO biological processes in physiologic growth are Myh7 and
Nppa. The expression of both of these genes goes down, as
expected, during physiologic growth from PND1, when growth
is high, to PND9, when growth has slowed. These genes are
ascribed to “hypertrophic growth” pathways, regardless of the
fact that their expression is regulated in the opposite direction to
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TABLE 1 | Top-scoring GO biological processes for genes regulated exclusively
during physiologic (WT) or hypertrophic (cMyBP-C−/−) growth (1PND1-PND9), or
genes regulated during all growth.

Physiologic growth
(“A” on Venn
diagram)

Physiologic and
hypertrophic growth
(“B” on Venn
diagram)

Hypertrophic growth
(“C” on Venn
diagram)

Regulation of cell
growth

Muscle organ
development

EC matrix organization

Cell growth Positive regulation of
cardiac muscle

EC structure
organization

Negative regulation of
cell growth

Cardiovascular system
development

Sclerotome
development

Cardiac muscle
hypertrophy

Circulatory system
development

Regulation of
chemotaxis

Cardiac muscle tissue
morphogenesis

Striated muscle
hypertrophy

Blood vessel
morphogenesis

Muscle hypertrophy Muscle structure
development

Regulation of muscle
system process

Muscle tissue
morphogenesis

Developmental cell
growth

Vasculature
development

Muscle system process Anatomical structure
formation involved in
morphogenesis

Unique biological processes regulated between physiologic (WT1PND1-PND9)
and hypertrophic (cMyBP-C−/−1PND1-PND9) growth. Genes within each
category are listed in Supplementary Tables S1–S3.

what is associated with hypertrophy. The absence of these GO
biological processes from the analysis of hypertrophic growth
reflects the unusual maintenance of gene expression of Myh7 and
Nppa from PND1 to PND9, which is reflective of activation of the
hypertrophic pathway. Therefore, the utility in the identification
of GO processes should be balanced with mindfulness of its
limitations when interpreting results. It is of note that the top
two GO biological processes associated with genes exclusively
regulated during hypertrophic growth are both affiliated with
extracellular matrix/structure. This suggests that extracellular
signaling may be critical in the development of pathophysiologic
hypertrophy. Additionally, the genes exclusively differentially

TABLE 3 | Potential hypertrophy early responder genes.

Gene name Gene ID

Xin actin-binding repeat containing 2∗ Xirp2

Aquaporin 7 Aqp7

Olfactory receptor 608∗ Olfr608

Zinc finger and BTB domain containing 16 Zbtb16

Relaxin/insulin-like family peptide receptor 1 Rxfp1

Uncoupling protein 3 (mitochondrial, proton carrier) Ucp3

All genes listed were dysregulated in the cMyBP-C−/− vs. WT at both PND1
and during growth (1PND1-PND9). ∗Genes that were differentially regulated in the
same direction for both the PND1 WT vs. cMyBP-C−/− analysis AND for analysis
of normal and hypertrophic growth.

expressed in physiologic growth (Supplementary Table S1) are
of interest because they might be aberrantly non-responsive in
cMyBP-C−/− hearts.

The 130 genes showing ≥2-fold changes during both
physiologic and hypertrophic growth (Figure 1, section B
of diagram; Supplementary Table S3) were all either up- or
downregulated in the same direction in both types of growth.
However, only two of these genes, Xirp2 and Bmp10 precursor,
also exhibited a ≥2-fold difference between WT and cMyBP-
C−/− hearts in the magnitude of that growth-related change in
expression. Specifically, we calculated a fold-change ratio (FR)
for each gene, which is the ratio of the fold change in expression
during hypertrophic growth (cMyBP-C−/−1PND1-PND9)
over the fold change in expression during physiologic growth
(WT1PND1-PND9). Xirp2 and Bmp10 were the only genes with
an FR ≥ 2, highlighted in Table 2, an excerpt of Supplementary
Table S3. Thus, these genes are regulated in both types of
growth but show an exacerbated response in hypertrophic
growth.

Identification of Growth-Related Genes
With Early Dysregulation, Prior to
Hypertrophy
To further highlight potential important mediators in the
hypertrophic pathway, we probed the data set of genes that
were changed ≥2-fold during hypertrophic growth (Figure 1;
cMyBP-C−/−1PND1-PND9, yellow circle) for any genes that
were also dysregulated ≥2-fold prior to hypertrophy, at PND1,

TABLE 2 | Genes regulated ≥2-fold during both WT and cMyBP-C−/− growth (1PND1-PND9), and that differ in magnitude of change by ≥2-fold between WT and
cMyBP-C−/− growth.

Gene name Gene ID Physiologic growth Pathophysiologic growth Fold-change ratio

(WT1PND1-PND9) (cMyBP-C 1PND1-PND9) (cMyBP-C−/−/WT)

Fold-change Direction Fold-change Direction

Xin actin-binding repeat containing 2 Xirp2 3.06 Up 6.13 Up 2.0

Bone morphogenetic protein 10 precursor Bmp10 2.06 Down 4.09 Down 2.0

Genes listed in this table are contained within section B of the Venn diagram (Figure 1). Fold-change ratio is the ratio of fold-change expression during cMyBP-C−/−

growth (fifth column) divided by the fold-change expression during WT growth (third column). A fold-change ratio greater than 1 indicates a greater degree of change
(up or down) in the cMyBP-C−/− compared to WT hearts. Both genes are implicated in “circulatory system development” and “cardiovascular system development” by
Toppcluster. Data in this table are an excerpt from Supplementary Table S3, highlighting only genes with a fold-change ratio of ≥2.
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TABLE 4 | Genes upregulated or downregulated ≥2-fold at PND1 in cMyBP-C−/− vs. WT.

Gene name Gene ID Ratio Direction p-value Gene identifier

Xin actin-binding repeat containing 2 Xirp2 2.87 Up 0.0061 NM_001024618

Zinc finger and BTB domain containing 16 Zbtb16 2.40 Up 0.0228 NM_001033324

Neurotensin/neuromedin N Nts 2.20 Up 0.0378 NM_024435

Relaxin/insulin-like family peptide receptor 1 Rxfp1 2.03 Up 0.0398 NM_212452

Myosin-binding protein C, cardiac Mybpc3 17.50 Down 0.0000 NM_008653

Carbonic anhydrase 4 Ca4 2.42 Down 0.0012 NM_007607

Uncoupling protein 3 (mitochondrial, proton carrier) Ucp3 2.26 Down 0.0312 NM_009464

Rho GTPase activating protein 36 Arhgap36 2.20 Down 0.0006 NM_001081123

Olfactory receptor 608 Olfr608 2.10 Down 0.0053 NM_146756

Small nuclear ribonucleoprotein N Snrpn 2.05 Down 0.0106 NM_013670

Aquaporin 7 Aqp7 2.05 Down 0.0114 NM_007473

FIGURE 2 | Sustained upregulation of Xirp2 mRNA and Xirp2 protein in cMyBP-C−/− vs. WT hearts from birth through PND9. (A) Microarray analysis of relative
Xirp2 mRNA expression from left ventricular free wall of WT and cMyBP-C−/− hearts at PND1 and PND9 (n = 7). (B) mRNA expression of Xirp2 from WT and
cMyBP-C−/− hearts relative to the average of housekeeping genes, Gapdh and β-actin, at E18.5, PND0, PND1, PND2, and PND9 using qPCR. Means ± SE are
reported, ∗p < 0.05 (n = 5). (C) Representative western blot of Xirp2 in WT and cMyBP-C−/− (–/–) ventricular homogenate from PND1 and PND9, with tongue
homogenate and spleen homogenate loaded as positive (+) and negative (–) controls, respectively. M; molecular weight markers. (D) Relative Xirp2 protein
expression normalized to WT quantified from Western blots. Horizontal lines represent means, ∗p < 0.05 [n = 10 (PND1); 6 (PND9)].

in cMyBP-C−/− vs. WT left ventricles. At PND1, the hearts
of the cMyBP-C−/− pups are virtually indistinguishable from
WT littermates, both morphologically and functionally (de Lange
et al., 2013; Farrell et al., 2017). This gene subset might include
growth-related genes with an early, pre-hypertrophic response
that may be involved in phenotype progression and may thus
represent potential therapeutic targets. Only six genes fit these
criteria: Xirp2, Aqp7, Zbtb16, Rxfp1, Ucp3, and Olfr608 (Table 3).
Xirp2, Aqp7, and Olfr608 are regulated during both physiologic
and pathophysiologic growth, and thus are represented within
section B of the Venn diagram in Figure 1, and Zbtb16, Rxfp1,
Ucp3 are differentially regulated during hypertrophic but not
physiologic growth (section C of the Venn diagram). Because
Aqp7, Zbtb16, Rxfp1, and Ucp3 are regulated at PND1 in the
opposite directions to that of hypertrophic growth, we did not

initially further pursue these genes as potential early response
genes of hypertrophy. Olfr608 encodes for a protein in the
olfactory receptor superfamily, which recently has been shown
to include some members with expression in the heart (Flegel
et al., 2013), one of which is reported to affect cardiac function
(Jovancevic et al., 2017). However, to the best of our knowledge,
the function of Olfr608 in cardiomyocytes is unknown. Xirp2
is a sarcomere-related protein whose expression is confined
to striated muscle with reported localization to intercalated
discs (Wang et al., 2010; Wang Q. et al., 2012), costameres
(Huang et al., 2006), and/or z-discs (Huang et al., 2006; Eulitz
et al., 2013). Xirp2 has been shown to be upregulated in some
cardiomyopathies (Jung-Ching Lin et al., 2005; Duka et al., 2006;
Wang et al., 2014) and mice engineered to express reduced
levels of Xirp2 are partly protected from angiotensin-II-induced
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FIGURE 3 | Enhanced localization of Xirp2 to cell-to-cell junctions in cMyBP-C−/− mouse hearts at PND1. Immunohistochemistry showing α-actinin (red), nuclei
(DAPI, blue), and Xirp2 (green) in WT (A,C) and cMyBP-C−/− (B,D) mouse heart cryosections at PND1. Magnified images are shown in (C,D).

cardiomyopathic remodeling (McCalmon et al., 2010). In the
current study, Xirp2 was the most dysregulated gene in our
cMyBP-C−/− hearts at PND1, with 2.87-fold elevated RNA
expression vs. WT (Table 4), and the fourth most differentially
regulated gene at PND9, when overt hypertrophy is evident
(Supplementary Table S4). Given that Xirp2 was also one of
only two genes to have ≥ 2-fold differential growth regulation
in hypertrophic growth relative to physiologic growth (illustrated
by FR≥ 2, Table 2), as mentioned previously, we chose to pursue
Xirp2 as a gene of interest for its potential as an early-response
gene mediating hypertrophic signaling prior to the onset of
hypertrophy.

Elevated Xirp2 Gene and Protein
Expression in cMyBP-C−/− Hearts From
Birth to Hypertrophy
As stated, microarray analysis revealed elevated Xirp2 gene
expression in cMyBP-C−/− left ventricles relative to WT at
PND1 and PND9 (Table 4 and Figure 2A). Using qPCR, we
confirmed that Xirp2 expression is higher than WT at these day
points and further assessed time points of embryonic day 18.5
(E18.5), PND0 (day of birth), and PND2, to better understand

the time course of Xirp2 gene expression (Figure 2B). Xirp2
expression was found to be elevated with respect to WT at each
time point from PND0 through PND9, and trended toward being
increased, although not significantly, at E18.5. Protein levels
of Xirp2 were correspondingly increased at the assessed time
points of PND1 (7.9 ± 1.49-fold increase over WT) and PND9
(4.4± 0.35-fold increase over WT; Figures 2C,D).

Increased Localization of Xirp2 to End
Terminals of Cardiomyocytes in
cMyBP-C−/− Hearts Prior to Hypertrophy
Xirp2 is required for relocating intercalated disc proteins from
the lateral edges of cardiomyocytes, where they reside until
after birth, to their final destination at the end termini of
cardiomyocytes (Wang et al., 2010, 2014; Wang Q. et al., 2012).
Mice lacking Xirp2 fail to develop mature intercalated discs,
exhibit cardiac myopathy and diastolic dysfunction, and die prior
to weaning (Wang et al., 2010). Immunolabeling of cMyBP-C−/−

and WT PND1 cryogenic heart sections revealed intensified
protein localization of Xirp2 to end-terminals of cMyBP-C−/−

cardiomyocytes compared to WT (Figure 3). This is consistent
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FIGURE 4 | Upregulation of Zbtb16 mRNA and nuclear protein in cMyBP-C−/− vs. WT hearts at PND1. (A) Microarray analysis of relative Zbtb16 mRNA expression
from left ventricular free wall of WT and cMyBP-C−/− hearts at PND1 (n = 7 per genotype). (B) mRNA expression of Zbtb16 from WT and cMyBP-C−/− hearts
relative to the average of housekeeping genes, Gapdh and β-actin, at PND1 using qPCR. Means ± SE are reported, ∗p < 0.05 [n = 8 (WT), 5 (–/–)]. (C) Western blot
of Zbtb16 in WT and cMyBP-C−/− (−/−) ventricular homogenate from PND1 with Histone 3 (H3) run as a nuclear loading control. M; molecular weight markers.
(D) Relative Zbtb16 nuclear protein expression normalized to WT quantified from Western blots. Means ± SE are graphed, ∗p < 0.05 (n = 5 per genotype).

with the reporting of Xirp2 localization at intercalated discs
of mature cardiomyocytes (Wang et al., 2010; Wang Q. et al.,
2012).

Early Upregulation of RNA and Nuclear
Localized Protein of the Transcription
Factor Zbtb16 in cMyBP-C−/− Hearts
As previously shown in Table 3, the gene Zinc finger and
BTB domain containing 16 (Zbtb16; aka Plzf ), is categorized
as a potential early responder gene because its expression
is significantly higher than WT at PND1 (2.4-fold, Table 4
and Figure 4A) and because it shows growth-related changes
in expression. However, Zbtb16 RNA in cMyBP-C−/− hearts
returns to near WT levels by PND9. Despite Zbtb16’s unsustained
upregulation, its robust early elevation at PND1 combined with
its role as a transcription factor prompted us to further evaluate
its expression. We hypothesized that a transient, but marked
upregulation of a transcription factor may indeed have lasting
effects on the proteome. Notably, after Xirp2, Zbtb16 was the
second most dysregulated gene at PND1 in the cMyBP-C−/−

hearts (Table 4). Thus, we first verified upregulation of RNA
expression at PND1 through qPCR (4.33 ± 1.72 fold vs. WT;
Figure 4B). Next, we determined protein expression through
western blotting of Zbtb16 in a nuclear-enriched fraction of
WT and cMyBP-C−/− hearts at PND1 and similarly found
increased nuclear Zbtb16 protein expression relative to the
nuclear marker histone 3 (H3) (2.15 ± 0.41 fold vs. WT;
Figures 4C,D).

Altered Gene Expression in
Mechanosensing Regions of
Cardiomyocyte in cMyBP-C−/− Hearts
In addition to the localization of Xirp2 to junctions of
cardiomyocytes that we (Figure 3) and others have shown (Wang
et al., 2010; Wang Q. et al., 2012), localization to costameres
and/or z-discs has also been reported (Huang et al., 2006;
Eulitz et al., 2013). Indeed, several known binding partners of
Xirp2 [e.g., γ-filamin (Kley et al., 2013), nebulette (Eulitz et al.,
2013), and α-actinin (Huang et al., 2018)] reside in costameres
and/or z-discs. This localization of Xirp2 places this essential
protein in known mechanosensing regions of the cardiomyocyte,
suggesting that Xirp2 might play a role in sensing and/or
responding to mechanical stress placed on the cardiomyocytes
due to the primary sarcomeric mutation in cMyBP-C. To further
probe this possibility, we examined the microarray data to
determine whether the genes of other proteins located in these
mechanosensing regions were also dysregulated in the cMyBP-
C−/− hearts. For this analysis, we lowered the fold change
threshold to 1.5 (p < 0.05) in order to highlight genes that
may be more modestly altered, but together might indicate
a common pathway of dysregulation leading to hypertrophy.
Figure 5 diagrams the purported locations of Xirp2 in the
mechanosensing regions of the intercalated disc, costamere, and
z-discs, and highlights those proteins whose genes were found
to be dysregulated in cMyBP-C−/− left ventricles. Zbtb16 is also
depicted in Figure 5 because the translocation of this upregulated
transcription factor to the nucleus can be induced by mechanical
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FIGURE 5 | Altered gene expression in cMyBP-C−/− hearts in cardiomyocyte mechanosensing regions of the intercalated discs, z-disks, and costameres. Circled
are proteins whose genes were found to be dysregulated ≥1.5-fold in the cMyBP-C−/− mouse by microarray. Note that some protein products are repeated in the
figure as they have been shown to localize to multiple areas. This figure is modified from Hoshijima (2006) and printed with permission. Xirp2, xin actin-binding repeat
containing 2; Zbtb16, zinc finger and BTB domain containing 16; Marp3, ankyrin repeat domain 23/Ankrd23/DARP; PDZ-1LIM, PDZ, and LIM domain 3/Pdlim3;
Cmya5, cardiomyopathy-associated 5/Myopryn; Cn, calcineurin; MYOZ2, myozenin 2; FHL2, four and a half LIM domains 2; MinK, MINK1/misshapen-like kinase 1;
MLP/CRP3, cysteine and glycine-rich protein 3/CSRP3/muscle LIM protein; Ang II, angiotensin II; p94, calpain 3/CAPN3; PDZ-3LIM, enigma gene family; Mef2a,
myocyte enhancer factor 2A.

stress. Supplementary Table S5 lists the specific dysregulation of
the genes encoded by proteins circled in Figure 5. To further
validate the early dysregulation reported in the microarray
of genes in mechanosensing regions, qPCR was performed at
PND1 on Ankrd23, Itgb6, and Cmya5 (Figure 6A–C). Zbtb16
(Figure 4) and Xirp2 (Figure 2) were previously verified.
Although expression of Cmya5 was not statistically different
from WT in qPCR, the direction and magnitude of change was
comparable to the microarray (Figure 6).

Early Alterations in Gene Expression of
Potassium Channels in cMyBP-C−/−

Hearts
A recent study using the cMyBP-C−/− mouse model focused
on the remodeling of action potential repolarization. Based on
their data, the authors suggested that remodeled potassium (K+)
currents in adult cMyBP-C−/− hearts are the result of altered
expression of K+ channels and contribute to the incidence
of SCD in HCM (Toib et al., 2017). Thus, we probed our
microarray data and found that many K+ channel genes as well
as one gene encoding a K+ channel interacting protein, were
dysregulated either at PND1 or PND9, or both, at a fold change
threshold set at 1.5 (Table 5). These data corroborate the report
that K+ channel dysregulation is present in HCM, and further
suggest that the dysregulation is not a product of a hypertrophic
heart, but precedes it. We further investigated this early, pre-
hypertrophic K+ channel dysregulation by performing qPCR on
the K+ channel subunit Kv4.2 (Kcnd2) at PND1, as Kcnd2 was the

most robustly downregulated gene reported in the adult cMyBP-
C−/− hearts according to Toib et al. (2017). qPCR supported
the microarray results, showing a 2.2 ± 0.44-fold lower RNA
expression of Kcnd2 in cMyBP-C−/− hearts compared to WT at
PND1 (Figure 6D).

DISCUSSION

Through microarray analysis of an HCM mouse model in
which cMyBP-C is genetically ablated, we revealed a gene of
interest, Xirp2, which is upregulated almost threefold in the
cMyBP-C−/− heart starting prior to any overt hypertrophy
or signs of dysfunction (Table 4 and Figure 2A). Xirp2, also
known as cardiomyopathy-associated protein 3 (Cmya3), was
first identified in cardiac tissue of humans with cardiomyopathy
(Duka et al., 2006) and has been shown to be upregulated
in other forms of cardiac disease, including pressure-overload
hypertrophy (Wang Q. et al., 2012) and during angiotensin-II
remodeling (Duka et al., 2006; McCalmon et al., 2010), yet it is
decreased in heart failure and idiopathic dilated cardiomyopathy
(Wang et al., 2014). Additionally, Xirp2 has been implicated
as a genetic modifier in a childhood case of severe dilated
cardiomyopathy (Long et al., 2015). In this case, compound
heterozygous truncation mutations in Xirp2 were found in
conjunction with a troponin T mutation. Interestingly, the
heart demonstrated severe, biventricular hypertrophy, along with
abnormal and mislocalized intercalated discs. Xirp2 is required
for the formation and proper localization of mature intercalated
discs, and mice completely deficient in Xirp2 exhibit diastolic
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FIGURE 6 | RNA expression of genes in mechanosensing regions of the intercalated discs, z-disks, and costameres in cMyBP-C−/− vs. WT hearts at PND1. mRNA
expression of Itgb6 (A), Cmya5 (B), Andkrd23 (C), and Kcnd2 (D) from WT and cMyBP-C−/− hearts relative to the average of housekeeping genes, Gapdh and
β-actin, at PND1 using qPCR. Means ± SE are reported, ∗p < 0.05 [n = 7 (WT), 6 (−/−)].

dysfunction and die prior to weaning age (Wang et al., 2010,
2014; Wang Q. et al., 2012). Underexpression of Xirp2 leads to
cardiac hypertrophy in mice, yet mitigates the cardiac fibrosis
and apoptosis induced by angiotensin II (McCalmon et al., 2010),
suggesting that tight control of Xirp2 protein levels is required
for a healthy myocardium. Xirp2 appears to be under the direct
control of the transcription factor Mef2a, which binds to the
Xirp2 promoter and regulates transcription of Xirp2 (Huang
et al., 2006; Wang Q. et al., 2012). The Xirp2 gene also harbors
a nuclear localization sequence, a nuclear export sequence, and
a DNA-binding region (Wang Q. et al., 2012). Although their
functions remain unknown, these regions of DNA suggest that
Xirp2 may have the capacity to regulate transcription.

Xirp2 was not only the most dysregulated gene at PND1,
but maintained this differential upregulation with respect to
WT through PND9, although a growth-related increase in Xirp2
was observed in both physiologic and hypertrophic growth
(Table 2 and Figure 2A). We show that the upregulation
in Xirp2 gene expression translates to an increase in protein
product in cMyBP-C−/− over WT of almost eightfold at
PND1 and 4.4-fold at PND9 (Figures 2C,D), with intensified
localization at the intercalated disc (Figure 3), a previously
identified subcellular location of the protein and a region
capable of sensing mechanical stress (Hoshijima, 2006; Lyon
et al., 2015). It is of note that we did not observe identifiable

labeling of Xirp2 at other purported sites of localization,
namely, at costameres and/or z-discs in these neonatal mouse
cardiomyocytes. It is possible that with different potential binding
partners in the multiple locations, different epitopes are exposed,
allowing for certain antibodies to bind in one location and not
another. Furthermore, development/condition may also play a
role in Xirp2 localization. Indeed, immunohistochemistry using
neonatal mouse myocardium shows localization of Xirp2 to
intercalated discs (Wang et al., 2010) while in adult hearts it is
found at the z-disc/costamere (Huang et al., 2006).

Further examination of the microarray revealed four
additional genes (Cmya5, Darp/Ankrd23, Pdz-1lim/Pdlim3,
and Itgb6) which were dysregulated ≥1.5-fold in cMyBP-C−/−

hearts and whose protein products reside in the mechanosensing
regions of the costamere, z-disc, and/or intercalated disc
(Figure 5 and Supplementary Table S5). Additionally, Zbtb16,
which was the second most dysregulated gene at PND1 according
to microarray analysis (Table 4), showed mRNA upregulation
relative to WT using qPCR, and upregulated protein expression
in the nucleus (Figure 4). Zbtb16 is a transcription factor that
translocates to the nucleus upon stimulation of the angiotensin
II type 2 receptor (Senbonmatsu et al., 2003), which itself
can be directly activated by mechanical stress (Zou et al.,
2004). Furthermore, Zbtb16 is known to regulate GATA4
transcription (Wang N. et al., 2012) and has a proposed role
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TABLE 5 | Genes encoding potassium channels or their interacting proteins, regulated ≥1.5 fold in cMyBP-C−/− hearts at PND1 or PND9.

Gene name Gene ID PND1 PND9

Ratio Direction Ratio Direction

Potassium voltage-gated channel subfamily E regulatory subunit 3 Kcne3 1.71 Up 1.96 Up

Hyperpolarization activated cyclic nucleotide gated potassium channel 1 Hcn1 1.61 Up

Potassium voltage-gated channel subfamily D member 2 Kcnd2 1.59 Down 2.93 Down

Potassium voltage-gated channel subfamily B member 1 Kcnb1 1.60 Down

Potassium calcium-activated channel subfamily N member 2 Kcnn2 1.61 Down

Potassium voltage-gated channel subfamily J member 3 Kcnj3 1.74 Down 2.08 Down

Potassium voltage-gated channel interacting protein 2 Kcnip2 1.52 Down

ATPase Na+/K+ transporting subunit alpha 2 Atp1a2 1.87 Down

Ratio and direction are relative to WT at the same age.

in cardiac hypertrophy (Senbonmatsu et al., 2003; Wang
N. et al., 2012). This early transcriptional activation in the
cMyBP-C−/− hearts suggests that the contractile changes related
to absence of cMyBP-C induce a mechanical perturbation
at the level of the sarcomere that may be transduced to the
intercalated disc, z-disc, and/or costamere, triggering the
observed alterations in gene expression in these regions.
While further studies are required to validate this hypothesis,
the idea that these regions are involved in mechanical stress
sensing is well-reported (Hoshijima, 2006; Cox et al., 2008;
Frank and Frey, 2011; Granados-Riveron and Brook, 2012;
Lyon et al., 2015). Intercalated discs have also been shown
to remodel during cardiac stress induced by transverse
aortic constriction-mediated pressure overload (Kebir et al.,
2016).

This study also indicates additional genes and biological
processes that are dysregulated throughout hypertrophic growth
and/or prior to hypertrophy. The identification of extracellular
matrix organization and extracellular structure organization
as the top two GO biological processes resulting from genes
exclusively dysregulated in hypertrophic growth (Table 1)
implicates early extracellular matrix remodeling as a primary
response to the loss of cMyBP-C. The structural continuity
between the extracellular matrix and intracellular cytoskeletal
elements through costameric and intercalated disc proteins
further suggests a role for mechanical stress in triggering the
HCM phenotype in cMyBP-C−/−. One limitation of the study
is that microarray, the technique available to us at the time of
the study, is less sensitive than newer methods such as RNA Seq.
Although the lower sensitivity of microarray does not minimize
our ability to identify robust changes in gene expression, there
may be pathway dysregulation that microarray analysis fails to
detect.

Myosin-binding protein C has three main isoforms, slow
skeletal (sMyBP-C; Mybpc1), fast skeletal (fMyBP-C; Mybpc2),
and cardiac (cMyBP-C; Mybpc3), each encoded by different
genes, as listed. Although the cardiac isoform, cMyBP-C, is
the only one found in healthy hearts, fMyBP-C protein has
been shown to be expressed in a dilated cardiomyopathy-
induced heart failure mouse model [cMyBP-C(t/t)] (Lin et al.,
2013). Similarly, we observed an upregulation of Mybpc2 RNA

expression in the cMyBP-C−/− ventricles relative to WT,
both in the microarray and in targeted qPCR (Supplementary
Figure S1). Given that expression was elevated at PND1 as
well as at PND9, Mybpc2 upregulation was not a result of
hypertrophy or cardiac dysfunction, as it preceded both. WT
hearts also showed low levels of RNA expression; however,
protein levels were not determined in hearts of either genotype.
It is therefore not known whether fMyBP-C protein is produced
and/or incorporated into the sarcomere of the cMyBP-C−/−

cardiomyocytes. Future studies will be aimed at addressing this
question.

The role of the intercalated disc and Xirp2 in the etiology
of HCM may extend beyond hypertrophic signaling to include
arrhythmogenesis, an important hypertrophy-independent
manifestation of HCM. The intercalated disc contains many
ion channels and proteins known to regulate the production
and localization of ion channels involved in formation of the
action potential and conduction of the electrical signal (Chan
et al., 2011; Swope et al., 2012; Wang and Lin, 2013; Vermij
et al., 2017). Mutations in intercalated disc ion channels and in
non-conducting intercalated disc proteins are known to result
in arrhythmias, including SCD (Swope et al., 2012; Wang et al.,
2014; Vermij et al., 2017). Recently, mutations in Xirp2 itself
were shown to be responsible for some cases of arrhythmias
in sudden unexplained nocturnal cardiac death (Huang et al.,
2018). Furthermore, a recent study using the same cMyBP-C−/−

mouse model as used in our study, suggests that remodeled K+
currents in adult cMyBP-C−/− hearts are the result of altered
expression of K+ channels and contribute to the incidence of
SCD in HCM (Toib et al., 2017). Our microarray data provide
additional support for this hypothesis as there was important
dysregulation of several K+ channels at PND1 and/or PND9
in the cMyBP-C−/− hearts. Interestingly, the K+ channel gene
shown to be most downregulated in the adult cMyBP-C−/−

heart, Kcnd2, coding for Kv4.2, also localizes to intercalated
discs (as well as peripheral sarcolemma) along with Kcnb1/Kv2.1
(Barry et al., 1995; Takeuchi et al., 2000). Our data show
downregulation of Kv4.2 mRNA (at PND1, prior to hypertrophic
remodeling and cardiac dysfunction, and at PND9) (Table 5
and Figure 6D). This finding not only supports the work of
Toib et al., but additionally suggests that the onset of alterations
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of several potassium channels, including Kcnd2/Kv4.2, is not
secondary to the hypertrophic remodeling of the heart, but
may substantially precede it, similar to Xirp2. Indeed, SCD can
be unrelated to the degree of hypertrophic remodeling and
can occur in the complete absence of hypertrophy (Moolman
et al., 1997; Christiaans et al., 2009). Xirp1, encoded by the
Xirp1 gene, is a xin protein related to Xirp2 that also localizes
to the intercalated discs. Interestingly, Xirp1 has been shown
to directly influence the activity of Kv4.2 (Chan et al., 2011;
Wang Q. et al., 2012), which can prolong action potentials and
induce arrhythmias, further supporting the postulate that the
proteins in the intercalated disc play a role in modulating the
electrical activity of the cardiomyocyte and may contribute to
HCM-related arrhythmogenesis.

The intercalated disc is a region where mechanical sensing
and transduction, cell signaling (e.g., hypertrophic), and electrical
signaling converge. It is also intimately and directly connected
to the active sarcomere at the transitional junction of the
intercalated disc (Bennett et al., 2006; Vermij et al., 2017). The
intercalated disc may well be a control tower responding directly
to the mechanical stress resulting from the basic HCM-causing
sarcomeric mutation through the transitional junction. The
early, pre-hypertrophic upregulation of Xirp2 at the intercalated
disc suggests that it may occupy a unique position in the
cascade of cellular responses that result in the morphological
and electrical phenotypes of HCM. It is not known whether
Xirp2 plays a role in the early postnatal increase in cell cycling
(Jiang et al., 2015; Farrell et al., 2017; Nixon et al., 2017)
and/or cardiomyocyte proliferation (Jiang et al., 2015; Farrell
et al., 2017) that we and others have observed in cMyBP-C-
disrupted models, or if its role is entirely independent. We
hypothesize that the homeostasis of Xirp2, and potentially its
temporal expression, are important for normal cardiac function
and that either elimination or overexpression of the protein
are disruptive. It is also possible that Xirp2 is involved in an
initial compensatory response to cardiac stress that triggers cell
signaling pathways.

The data presented here support a need for further studies into
the roles of Xirp2, Zbtb16, and Kcnd2 in HCM. Manipulation of
Xirp2 expression in cardiomyocytes would be an important next
step in delineating its role in HCM signaling. The large transcript
size (11,955 bp encoding 3,283 amino acids) imposes significant
challenges for manipulating gene expression. Although viral-
mediated knockdown of Xirp2 in cultured cardiomyocytes would
be feasible, the failure of hypertrophic remodeling in cultured
neonatal mouse cardiomyocytes makes assessment of the impact
of gene manipulation difficult. Adenoviral-associated viruses
(AAVs) injected into whole animals have become very effective
in tissue-specific gene targeting; however, as the onset of Xirp2
dysregulation begins in the cMyBP-C−/− heart on or before
the day of birth, the timing required for effective targeting may
be unattainable. Future studies in human induced pluripotent
stem cell cardiomyocytes may prove the most revealing, as they
demonstrate the capacity to hypertrophy in culture (Eschenhagen
et al., 2015; Kamdar et al., 2015; Tzatzalos et al., 2016), and have
the additional advantage of reflecting an entirely human genetic
context.

CONCLUSION

Microarray analysis of cMyBP-C−/− left ventricles both prior
to and after the onset of the HCM phenotype generated
a transcriptome profile comparing normal physiologic vs.
hypertrophic growth. cMyBP-C−/− induces hypertrophic
growth that uniquely dysregulates pathways associated with
the organization of extracellular matrix and extracellular
structure. Microarray and qPCR evidence also highlighted
the pre-hypertrophic dysregulation of potassium channel
gene expression, including that of Kcnd2, encoding Kv4.2,
which has been recently linked to arrhythmias in HCM
(Toib et al., 2017). Our data further identified the early
dysregulation of Xirp2, a cardiomyopathy-associated gene
whose protein product localizes to mechanosensing regions
of the sarcomere, as well as dysregulation of a transcription
factor, Zbtb16. Upregulation of Xirp2 and Zbtb16 is coincident
with the dysregulation of several genes in the cMyBP-C−/−

mice that are involved in intercalated disc formation and/or
mechanosensing. Future work will investigate the relationships
between mechanical stress caused by sarcomere mutations,
early dysregulation of the mechanosensing pathways, and the
development of the hypertrophic and arrhythmogenic HCM
phenotype.
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