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ABSTRACT 

 

Chromatin modifications play a pivotal role in regulating gene expression.  

The deposition of histone variants by histone chaperones into the nucleosome 

plays a large role in influencing gene expression.  Histone incorporation can be 

separated into two categories: replication-coupled and replication-independent.  

The histone chaperone HIRA deposits the variant histone H3.3 into promoters and 

gene bodies of active genes in a replication-independent manner.  HIRA is also 

responsible for H3.3 deposition into the “bivalent” promoters of regulatory genes 

in embryonic stem cells, required for transcription restart after DNA repair, and 

required for the formation of senescence associated heterochromatin foci.  Hira 

null mutation in mice resulted in embryonic lethality by E11 which largely resulted 

from gastrulation defects including abnormalities in the heart.  Cardio- and skeletal 

myocytes are post mitotic cells and thus the majority of chromatin remodeling 

should be performed in a replication-independent manner.  Additionally, skeletal 

myocytes must alter gene expression in response to physiological signals.  

Because of this we hypothesized that HIRA is likely to play a large role in 

epigenetically regulating gene expression in myocytes.  The objective of this study 

was to determine the consequence of HIRA ablation in cardio- and skeletal 

myocytes in vivo.  We accomplished this by using Myf6-cre to delete Hira from 
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myofibers, and αMHC-cre for cardiomyocytes, both of which remove Hira after 

these cells have terminally differentiated.  Both HIRA CKO cardio- and skeletal 

myocytes exhibited hypertrophy, sarcolemmal damage, upregulation of 

fetal/developmental genes, and downregulation of genes associated with 

responses to cellular stresses and DNA damage.  This resulted in focal 

replacement fibrosis and altered cardiac function in the heart, while mice lacking 

HIRA from myofibers exhibited decreased body weight, increased lean mass, 

increased grip strength and endurance, increased abundance of type I fibers, and 

centralized nuclei.  Comparative analysis of gene expression sets suggest that 

loss of HIRA impaired transcriptional response to cellular stresses.  The major 

discrepancies in these phenotypes can largely be attributed to each tissues mode 

of regeneration in which cardiomyocytes lack regenerative potential while skeletal 

myocytes can rapidly regenerate damage.  Thus HIRA is an important factor in 

epigenetically maintaining myocyte homeostasis. 
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The nucleosome 

Chromatin describes the complex of proteins and DNA that fill the nucleus of 

eukaryotic cells.  While the nucleus provides the scaffolding required to package 

the genome into one centralized location within the cell, before DNA can properly 

fit into the nucleus it must be packaged into its basic functional unit, the 

nucleosome.  The nucleosome consists of 147 base pairs of DNA wrapped 1.65 

times around an octamer comprised of 2 copies each of the 4 core histones H2A, 

H2B, H3, and H4 (Kornberg et al., 1974).  This structure is illustrated by Figure 1.  

Nucleosomes are connected to each other by varying lengths of linker DNA with 

the aid of linker H1 histones.  This nucleosome-linker-nucleosome complex forms 

a repeating unit within the nucleus that, when unwound, is best described using 

the “beads on a string” analogy.   

 

While the nucleosome serves as a packaging mechanism for DNA it also has 

significant effects on gene expression. Past studies have shown that chromatin 

structure is very dynamic due to the modular nature of histones and the post-

translational modifications (PTMs) they can receive.  The histones incorporated 

into the nucleosome have amino-acid tails that do not affect the formation of the 

nucleosome (Luger et al., 1997).  These histone tails can receive PTMs to their 

amino-acid residues which have different effects on chromatin structure and gene 

expression.  There also exists variant histones for each of the core histones H3, 
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H2A, H2B, and linker histone H1 which replace their corresponding core histone 

within the nucleosome and, along with any PTMs they receive, can have 

significant effects on higher-order chromatin structure and gene expression.  

Together histone variants and PTMs alter the biochemical properties of chromatin 

giving rise to many different higher-order chromatin structures, such as the two 

most fundamental higher-order chromatin structures; the repressive-associated 

heterochromatin and the activation-associated euchromatin (Talbert et al., 2010). 
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Figure 1. Nucleosome structure.  The nucleosome contains an octamer of 

histones that is comprised of two of each of the core histones or their variants.  

The DNA double helix (grey) consists of 147 base pairs and wraps around the 

nucleosome 1.65 times. The amino-acid tail of Histone H3 (green) is visible as 

an appendage protruding from the top right (side view) or top (bottom view) of 

the nucleosome.   

Figure 4-24 Molecular Biology of the Cell 5/e (© Garland Science 2008) 
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Heterochromatin was originally defined as highly condensed chromatin that 

physically blocks off access to genomic elements (Schultz et al., 1936).  Since 

then its understanding has evolved to include many different types of 

heterochromatin which are involved in different cellular processes such as 

nuclear organization, chromosomal segregation, and epigenetic regulation but at 

the heart of its function still lies the repression of transcription (Nishibuchi et al., 

2014).  The major two classifications of heterochromatin are constitutive and 

facultative heterochromatin.  Studies have shown that the fundamental 

characteristics of heterochromatin such as the enrichment of HP1, linker histone 

H1, H3K9me, and H3K27me and lack of H3K4me all aid in the repression of 

transcription by promoting condensed chromatin structure, in essence hiding 

gene promoters from the required complexes needed to initiate transcription 

(Heard et al., 2005; Trojer et al., 2007).  Constitutive heterochromatin is very 

tightly condensed chromatin found in all cell types and makes up centromeres, 

telomeres, and pericentric regions (Selker et al., 1990).  This type of tightly bound 

chromatin is made up of mostly repeating sequences such as tandem satellite 

repeats found in pericentric heterochromatin or TTAGGC repeats found in 

telomeres (Eymery et al., 2009; Wicky et al., 1996).  These regions are 

hypoacetylated and contain high levels of DNA methylation and HP1 enrichment 

typical of a repressive state of transcription (Saksouk et al., 2005).   

 



6 
  

Facultative heterochromatin on the other hand is a type of heterochromatin that 

is formed as needed by each cell type.  As cells differentiate to their final cell type 

it becomes essential to turn off entire gene programs that are no longer needed.  

This can be considered a developmentally regulated heterochromatization of the 

nucleus but facultative heterochromatin retains the unique ability to convert itself 

back to euchromatin if need be (Trojer et al., 2007).   Facultative heterochromatin 

contains the same repressive marks as previously mentioned, but there can be 

differences in enrichment of repressive factors between the types of facultative 

heterochromatin.  For example while inactive X chromosome (Xi) contains the 

same repressive marks mentioned earlier, it is also highly enriched with H2A 

histone variant macroH2A and H2AK119 ubiquination while typical local gene 

silencing does not require macroH2A enrichment or even ubiquitination of its 

canonical H2A histone (Trojer et al., 2007).  Facultative heterochromatin is able 

to spread to adjacent regions by polycomb protein-mediated silencing which tri-

methylates histone H3 lysine 27 (Simon et al., 2013).  This is made possible by 

Polycomb Repressive Complex 2’s (PRC2) ability to bind active H3K27me3 

marks and tri-methylate adjacent H3K27 residues which leads to the spreading 

of this highly repressive PTM (Hansen et al., 2008).   

 

Euchromatin is classified as being in the “open” conformation which results from 

the relaxing of tightly wound chromatin.  This open state allows the molecular 
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machinery required for transcription to access DNA regions which are normally 

hidden away by chromosomal dynamics.  Euchromatin is characterized by 

regularly spaced nucleosomes, the inclusion of H3K4me2/3, H3K36me3, 

hyperacetylation, and histone H3.3 enrichment (Berger et al., 2007; Wang et al., 

2014).  The state of higher-order chromatin structure is influenced highly by its 

histone content within its nucleosomes.  PTMs to individual histones and histone 

variants play a large role in the formation and stabilization of these higher-order 

chromatin structures which play such critical roles in many cellular processes.  

 

Canonical histones 

The canonical histones are the histones that normally make up the composition 

of the nucleosome in a dividing eukaryotic cell.  Canonical histone synthesis is 

replication dependent and thus must be synthesized very rapidly and in significant 

volume (108 molecules of each core histone) during S-phase (Marzluff et al, 

2002).  This is made possible due to the special arrangement of canonical histone 

genes.  Replication-dependent canonical histones are transcribed from intron-

less genes arranged in large clusters in order to be synthesized in large numbers 

during S-phase, while replication independent histones are transcribed from 

normal allelic genes (Marzluff et al., 2002). 
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Each of the four core histones share the same structural domain, called a histone 

fold, consisting of three α-helices (α1, α2, α3) separated by two loops (L1 and 

L2).  The histone fold facilitates heterodimerization of histones H2A and H2B and 

histones H3 and H4 (Fig 2).  When two histone fold domains come together they 

form the handshake motif which forms either the H2A-H2B or the H3-H3 

heterodimers.  These heterodimers maintain the collocation of loops L1 and L2 

which is essential for nucleosome-DNA interactions (Luger et al., 1997).  Next the 

alpha-helices of H3-H4 heterodimers associate with each other to form the central 

tetrameric axis of the nucleosome (Luger et al., 1997).  Finally a similar interaction 

occurs between the alpha helices of H2A and H4 on both sides of the H3-H4 

tetramer to complete the octamer (Smith et al., 1989).  This process can only 

happen in a stepwise manner, resulting in a hierarchical structure in which H2A-

H2B exchange can easily occur, but their removal is also required if there is to be 

any H3-H4 exchange.  The dimeric structure of the HFD is an ancient and highly 

conserved modular system which can form dimers, tetramers, hexamers, and 

octamers and thus has evolved many variants throughout the millennia with a 

multitude of functions (Zlatanova et al., 2009).  
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Figure 2. The making of a nucleosome.  The core histones contain the 

evolutionary conserved histone-fold domain which is made up of three alpha 

helices separated by loops.  When two of these domains come together they form 

the handshake motif which is illustrated by the H3-H4 and H2A-H2B 

heterodimers.  After H3-H4 heterodimers form a tetramer two H2A-H2B 

heterodimers associate with H4 to form the core octamer which, along with DNA, 

forms the nucleosome.  Adapted from (Venkatesh et al., 2015). 
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Histone variants 

As previously mentioned, histone variants genes are not arranged in intron-less 

clusters and instead are dispersed throughout the genome as regular intron-

carrying genes (Marzluff et al., 2002).  Some variant histones, such as macroH2A, 

even undergo alternative splicing (Rasmussen et al., 1994).  They are expressed 

and incorporated into the nucleosome in a replication independent manner as 

they are needed for each cell type.  Histone variants sometimes differ from their 

canonical counterparts by only a few amino acids, while some share as little as 

50% sequence similarity or have entirely new domains added (Gurard-Levin et 

al., 2014).  Histone H3.3 only differs from canonical H3.1 by 5 amino acids, while 

macroH2A shares 65% sequence similarity and has an entire new domain 

appended to it.  These differences in sequence induce biochemical changes that 

alter the higher-order chromatin structure to be more conducive to what the cell 

needs.  For instance replacing histone H3.1 with histone H3.3 is associated with 

an open chromatin landscape and higher transcriptional activity, while macroH2A 

incorporation is associated with condensed chromatin structure and 

transcriptional repression (Chakravarthy et al., 2006; Thakar et al, 2009).  Histone 

variants also have roles in cellular processes such as DNA damage signaling, as 

is the case with gammaH2A.X, or the formation of centromeres through the 

incorporation of the H3 variant CENP-A.   The various roles histone variants play 

in modulating chromatin structure and activity can be seen in Table 1.   
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Table 1. Known eukaryotic histone variants 

Histone 
Variant(s) 

Known functions References 

H1.0 Replication independent linker variant expressed 
in many somatic cell types 

(Doenecke and 
Tönjes, 1986) 

H1.1-1.5 Replication dependant linker variant expressed in 
many somatic cell types 

(Eick et al., 1989,  
Carozzi et al., 1984, 
Albig et al., 1991) 

H1.6, H1t Linker variant, germline specific (testis), 
replication dependent 

(Drabent et al., 
1991) 

H1.7, H1T2 Linker variant, germline specific (testis), 
replication independent 

(Martianov et al., 
2005, Tanaka et al., 
2006) 

H1.8, H1oo Linker variant, germline specific (oocyte), 
replication independent 

(Tanaka et al., 2001) 

H1.9, HILS1 Linker variant, germline specific (testis), 
replication independent 

(Yan et al., 2003) 

H1.10, H1.X Linker variant, expressed in many somatic cell 
types, replication independent 

(Yamamoto and 
Horikoshi 1996, 
Happel et al., 2005) 

H2A.X DNA double strand break repair, damage 
signaling, remodeling of sex chromosones 

(Ngata et al., 1991) 

H2A.Z Nucleosome positioning, context dependent gene 
up or downregulation 

(Hatch et al., 1990) 

macroH2A Involved in facultative heterchromatin formation, X 
chromosome inactivation, SAHF formation 

(Rasmussen et al., 
1994) 
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Table 1, cont. 

  

H2A.B, H2A.bbd Epigenetic mark of active chromatin (Eirin-Lopez et al., 
2008) 

H3.3 Enriched in actively transcribed genes, regulatory 
regiones, pericentric heterochromatin, and 
telomeres 

(Banumathy et al., 
2009, Rai et al., 
2011, Ray-Gallet et 
al., 2002) 

H3.4, H3t Germline specific (testis) (Albig et al., 1996) 

CENH3, CENP-A Centromere identity and stability, recruits 
kinetochore complex 

(Barnhart et al., 
2011, Dunleavy et 
al., 2009) 

H3.Z Regulation of cellular response to outside stimuli (Filipescu et al,  
2014) 

H3.Y Regulation of cellular response to outside stimuli (Filipescu et al,  
2014) 
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Histone chaperones 

With such an important role being played by histones and their variants we must 

ask how exactly they find their way in to the nucleosome.  Histones themselves 

carry a high basicity and will form aggregates with other histones if they are not 

properly organized and shuttled to their respective locations in the nucleosome 

(Groth et al., 2005).    Proteins called histone chaperones are responsible for 

depositing histones into the nucleosome and sometimes directly buffer the 

histones negative charge.  Histone chaperones are classified based on their 

selectivity for specific histones (Gurard-Levin et al, 2014).  While some histones 

require just one specific chaperone, some histone chaperones are specific for 

more than one histone (Table 2).  Furthermore separate histone chaperones 

depositing the same histone will place them in functionally different genomic 

locations.  This system is useful for the cell due to the affect PTMs have on gene 

expression or other higher order chromatin structures.  These PTMs, or the 

complexes that create them, are usually coupled to the histone chaperone, either 

physically or up/downstream in the histone deposition network (Allis et al., 2010).  

Histone H3.3 is preferentially deposited into either transcriptionally active 

genomics regions, or transcriptionally silent heterochromatric regions by 2 

separate histone chaperones and will be the focus of the next section. 
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Table 2. Known eukaryotic histone chaperones 
 
Histone 
chaperone 

Variant 
selectivity Function(s) Reference 

ASF1 H3.1-H4, 
H3.3-H4 

Histone donor for CAF-1 
and HIRA 

(Tyler et al., 1999, 
Munakata et al., 2000, 
Umehara et al, 2003) 

CAF-1 H3.1-H4 Deposition factor dependent 
on DNA synthesis: 
replication, DNA repair 

(Smith et al., 1989) 

p150 H3.1-H4 Deposition factor dependent 
on DNA synthesis: 
replication, DNA repair 

(Smith et al., 1989) 

p60 H3.1-H4 Deposition factor dependent 
on DNA synthesis: 
replication, DNA repair 

(Smith et al., 1989) 

RbAp48 H3-H4 Deposition factor dependent 
on DNA synthesis: 
replication, DNA repair 

(Smith et al., 1989) 

DAXX H3.3-H4 Deposition factor 
independent of DNA 
synthesis: telomere 
maintenance, pericentric 
heterochromatin, ribosomal 
DNA 

(Goldberg et al., 2010, 
Drane et al., 2010) 

DEK H3.3-H4 Transcriptional coactivator (Sawatsubashi et al., 
2010) 

Hif1 H3-H4 Assists HAT (Ai X. et al., 2004) 

HIRA H3.3-H4 Deposition factor 
independent of DNA 
synthesis, active chromatin 

(Ray-Gallet et al., 2002) 
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Table 2, cont. 

  

Cabin1 H3.3-H4 Deposition factor, part of 
the HIRA complex 

(Ray-Gallet et al., 2002) 

Ubn1 H3.3-H4 Deposition factor, part of 
the HIRA complex, 
implicated in senescence 

(Ray-Gallet et al., 2002) 

HJURP CENP-A-H4 Deposition factor, 
centromere maintenance 

(Dunleavy, 2009, Foltz  
et al., 2009) 

N1/N2 H3-H4 Protects H3-H4 from 
degradation,H3-H4 storage 

(Cook et al., 2011) 

Rsf-1 H3-H4 Assists remodeling complex (Loyola et al., 2001) 

Rtt106 H3-H4 Heterochromatic silencing (Huang et al., 2005) 

Spt6 H3-H4 Transcription initiation and 
elongation 

(Bortvin et al., 1996) 

SSRP1 H3-H4 Transcription elongation, 
chromatin remodeling 

(Belotserkovskaya et 
al., 2003) 

Chz1 H2A.Z-H2B H2AZ incorporation by 
SWR1 

(Luk et al., 2007) 
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Table 2, cont. 

  

Nap1/SET
/TAF1b/CI
NAP/Vps7
5 

H2A-H2B Cytosolic nuclear transport, 
replication, transcription 

(Rougelle et al., 1996, 
Selth et al., 2007) 

Nucleolin macroH2A-
H2B 

Transcription elongation, 
chromatin remodeling 

(Angelov et al., 2006) 

Nucleopla
smin/Nucl
eoplasmin
1 

H2A-H2B Cytosolic nuclear transport, 
replication, transcription 

(Okuwaki et al., 2001) 

Spt16 H2A-H2B Transcription elongation, 
chromatin remodeling 

(Belotserkovskaya et 
al., 2003) 

Arp4 N/A Assists remodeling complex (Harata et al., 1999) 

Arp7, 
Arp9 

N/A Assists remodeling complex (Peterson Et al., 1998) 

Arp8 H3-H4 Assists remodeling complex (Shen et al., 2003) 

Acf1 H2A-H2B, 
H3-H4 

Assists remodeling complex (Ito et al., 1997) 
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Histone H3.3 has two major deposition pathways. 

As previously mentioned, histone H3.3 differs from its canonical counterpart by 

only 5 amino acids yet it is found replacing canonical H3.1 in genomic locations 

critical for many cellular processes.  H3.3 has been found localized to the 

promoters and gene bodies of actively transcribed genes, but strikingly has also 

been found deposited into transcriptionally silent pericentric heterochromatin and 

telomeres (Ray-Gallet et al., 2002; Goldberg et al., 2010).  This is accomplished 

by utilizing two independent histone chaperones and their associated complexes.  

Previous studies have shown that the histone chaperone HIRA is required for the 

replication independent deposition of H3.3 into actively transcribed genomic 

regions while the histone chaperone DAXX, along with Atrx, associates with 

histone H3.3 in a HIRA independent manner and preferentially deposits H3.3 into 

telomeres and pericentric heterochromatin (Figure 3) (Ray-Gallet et al., 2002; 

Goldberg et al., 2010).  DAXX and Atrx have been previously shown forming a 

chromatin remodeling complex in PML bodies, which are sub-nuclear organelles 

that are associated with other heterochromatin factors such as HP1 (Xue et al., 

2003; Zhang et al., 2005).  Although only DAXX has been shown to have histone 

H3.3 deposition properties through nucleosome reconstitution assays, Atrx was 

still required for deposition at telomeres and was additionally found directly bound 

to the telomere (Drane et al., 2010).  Furthermore DAXX bound H3.3 was found 

to lack the H3K9Ac PTM consistent with H3.3 enriched within telomeres (Allis et 
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al., 2010; Michishita et al., 2008).  The next section will discuss the histone 

chaperone HIRA in detail. 
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Figure 3.  H3.3 deposition pathways.  In heterochromatin, DAXX cooperates 

with ATRX to facilitate H3.3 deposition into telomeres and pericentric 

heterochromatin.  In euchromatin, HIRA is primarily responsible for H3.3 

deposition into gene bodies and promoters. 
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HIRA 

The Hira gene was first isolated in humans due to its inclusion within the 

chromosome 22q11.2 deletion region responsible for DiGeorge syndrome (DGS) 

(Lamour et al., 1995).  DGS is a congenital disease characterized by 

cardiovascular defects, craniofacial anomalies, and parathyroidism and is caused 

by defects in the third pharyngeal pouch and the fourth pharyngeal arch (Al-

Tamemi et al., 2005).  These defects were believed to be caused by deficient 

contributions from the cranial neural crest during early embryonic development.  

The number of genes affected by this deletion can vary from 30-50, but Hira was 

selected as an early candidate due to its homology with yeast transcriptional 

regulators (Lamour et al., 1995).  Later it was shown that HIRA is required for 

proper cardiac outflow tract septation, further strengthening Hira as a DGS 

candidate gene (Farrell et al., 1999).  The Hira gene is strongly conserved 

throughout the eukaryotic kingdom.  It acquired its name due to its strong amino 

acid sequence homology with the two S. Cerevisiae proteins, Hir1p and Hir2p 

(Lamour et al., 1995, Lorain et al., 1996).   

 

Past studies have shown that HIRA is the histone chaperone responsible for H3.3 

deposition into gene bodies, promoters of active genes, and “bivalent” promoters 

in ES cells (Banaszynski et al., 2013).  HIRA has also been shown to be required 

for the formation of senescence associated heterochromatin foci (SAHF) and is 
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additionally required for transcription restart after double stranded break repair 

(Zhang et al., 2005; Adam et al., 2013). These seemingly broad and functionally 

diverse roles for a single protein can be explained by understanding HIRA’s 

intrinsic properties.  HIRA’s main function is acting as a histone chaperone for the 

variant histone H3.3 which, depending on where it is deposited and what 

modifications it receives, can have differing effects on gene expression.  
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Figure 4.  Illustration of the HUCA complex using HIRA as a scaffold.  UBN1 

binds the WD40 repeats (yellow) found on HIRA’s N-terminal domain.  ASF1a 

recruits an H3-H4 dimer and binds HIRA’s B-domain.  Finally, CABIN1 binds 

HIRA’s C-domain to form the complete HUCA complex. 
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HUCA complex and yeast analogues.   

In order for HIRA to perform such diverse roles it must interact with a multitude of 

other factors.  HIRA associates with UBN1, CABIN1, and ASF1a to form what is 

called the HUCA complex (Rai et al., 2011).  This complex is illustrated in figure 

4.  If HIRA does play such a ubiquitous and vital role then it would not be 

surprising if it was well conserved throughout the animal kingdom.  Indeed HIRA 

and all the members of this complex have yeast orthologs that stably associate 

with each other in similar fashion (Rai et al., 2011).  In S. cerevisae it is called the 

HIR complex and is made up of HIR1, HIR2, HIR3, and HPC2 which all have 

homology with different elements of the HUCA complex (Green et al., 2005; 

Lorain et al., 1996; Doerks et al., 2002; Banumathy et al., 2009).  Hira, which was 

identified as the human ortholog to yeast Hir1 and Hir2, contains elements of both 

of these factors.  As illustrated in figure 5 HIRA’s N-terminal domain shares 

significant homology with Hir1, both containing seven WD40 repeats and the B-

domain which has been shown to mediate interaction with ASF1a (Tang et al., 

2006).  While Hir2’s C-terminal domain lacks any identifiable protein motif, it does 

share strong sequence similarity with the C-terminal domain of HIRA.  Hir1’s C-

terminal domain directly interacts with Hir2 forming a stable complex similar to 

the complete HIRA protein (DeSilva et al., 1997).  UBN1 and CABIN1 were found 

to be orthologs of the remaining HIR complex subunits Hpc2 and Hir3, 

respectively.  UBN1, and its yeast ortholog Hpc2, both contain a short motif about 
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50 amino acids long called the Hpc2 domain.  This domain binds the WD40 

repeats found on the N-terminal domain of either HIRA or Hir1 (Banumathy et al., 

2009).  Past research has implicated UBN1 in the senescence process, but the 

results have been contradictory and will be discussed in the senescence chapter.  

The latest subunit of the HUCA complex to be characterized, CABIN1, possesses 

N-terminal tetratricopeptide repeats (TPRs) which bind directly to the C-terminal 

domain of HIRA and is believed to be involved in the senescence process. These 

TPRs are found on CABIN1s yeast ortholog HIR3 where they mediate a similar 

binding interaction with the HIR complex (Rai et al., 2011).  The final member of 

the HUCA complex is ASF1a which, as discussed in the previous chapters, has 

histone chaperone capabilities of its own. 
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Figure 5.  Evolutionary conservation of Hira.  Yeast Hir1 (840 aa and 93 kDa) 

consists of an N-terminal domain (1-389 aa) which contains 7 canonical β-

transducin (WD40) repeats, and a C-terminal domain (391-840 aa) which also 

houses the B-domain.  Yeast Hir2 is 875 amino acids long and weighs 98 kDa.    

HIRA (1017 aa and 112 kDa) contains elements from both yeast proteins.  The 

N-terminus of HIRA (1-369 aa) has high sequence similarity with the N-terminus 

of Hir1 (1-397 aa) and both share the same 7 WD40 repeats.  The C-terminus of 

HIRA (433-1017 aa) displays strong sequence similarity with the C-terminus of 

Hir2 (363-875 aa).  HIRA’s C-terminus also houses the B-domain which can be 

found on the C terminus of Hir1 (amino acids 439-475 on both proteins). 
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HIRA is required for H3.3 deposition into active genes.  It has been shown 

that HIRA is required for replication independent incorporation of H3.3 into the 

promoters and gene bodies of active genes and furthermore the level of H3.3 

enrichment found within these gene bodies is directly proportional to 

transcriptional activity.  Further corroborating this data HIRA-deposited H3.3 

enrichment levels were correlated with large quantities of Ser-5 phosphorylated 

RNAPII, consistent with high transcriptional activity (Goldberg et al., 2010).  

Histone H3.3 was also found deposited into repressed genes in a HIRA specific 

manner, but this was seen only within the promoters of these genes and within 

an ES cell environment (Banaszynski et al., 2013; Gal et al., 2015).  Mouse 

embryos lacking HIRA displayed embryonic lethality by embryonic day 11 due to 

lack of expansion from the primitive streak into the amniotic cavity leading to 

major defects during gastrulation (Roberts et al., 2002).  Interestingly lack of HIRA 

does not affect the health and viability of ES cells even though it is critical for early 

embryonic development (Goldberg et al., 2010).  When forced to differentiate ES 

cells lacking H3.3 display altered differentiation potential which can be at least 

partially attributed to the misregulation of developmentally regulated genes 

containing bivalent promoters (Banaszynski et al., 2013).   

 

HIRA is required for proper establishment of bivalent domain in ESCs.  

Promoters of developmentally regulated genes contain both the activation 
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associated H3K27me3 and the repression associated H3K4me3, thus these 

regions were called bivalent domains (Bernstein et al., 2006).   These bivalent 

domains silence developmental genes in ES cells but leave them poised for 

activation.  Maintaining bivalent promoters within the ES cell chromatin landscape 

is vital for proper gene regulation during differentiation.  Recent studies have 

shown that HIRA is both responsible for deposition of H3.3 into these bivalent 

regions, but is also required for recruitment of PRC2, which is the protein complex 

responsible for generating the H3K27me3 repressive modification (Banaszynski 

et al., 2013).  This process is illustrated in figure 6. 
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Figure 6. Graphical summary of bivalent domain establishment.  In normal mouse 

ES cells H3.3 is required for proper establishment of bivalent domains at 

transcription start sites containing both the H3K4me3 active and H3K27me3 

repressive associated modifications.  Cells lacking H3.3 display reduced 

nucleosome turnover and lack HIRA associated PRC2 occupancy required for 

proper bivalent domain establishment leading to misregulation of differentiation. 

Adapted from (Banaszynski et al., 2013). 
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HIRA is required for transcriptional activation in differentiated cell types 

and after DNA damage repair.  Consistent with a role in increasing gene 

expression HIRA has also been shown to be required for transcriptional activation 

in some cases.  It has been show that HIRA-mediated deposition of H3.3 is 

required to activate critical genes required for both angiogenesis and proper 

myocyte differentiation (Dutta et al., 2010; Yang et al., 2011).  Angiogenesis 

requires activation of angiogenic factors in quiescent endothelial cells and is 

important for many physiological processes.  Hira expression is induced in 

endothelial cells receiving angiogenic growth signals and deposits histone H3.3 

containing acetylation on lysine 56 (H3acK56) into Vegfr1.  Furthermore depletion 

of HIRA inhibited H3acK56 incorporation into Vegfr1 and abolishes angiogenesis 

in vivo (Dutta et al., 2010).  Similarly HIRA was seen depositing H3.3 into the 

promoter and critical upstream region of MyoD which is essential for the proper 

differentiation of myotubes.  MyoD is a Helix-loop-helix protein with many gene 

targets and has been identified as a master regulator of myogenesis (25 from 

same paper) (Tapscott et al., 1992).  When HIRA did not incorporate H3.3 into 

the MyoD locus a failure in transcriptional initiation occurs and thus improper 

myocyte differentiation (Yang et al., 2011).  Another instance in which HIRA is 

required for transcriptional activation is after DNA damage repair.  Once DNA 

damage has occurred the DNA damage response (DDR) must quickly act to stop 

any aberrant transcripts from being produced and to restore any genomic 
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instability lost.  HIRA was shown both localizing to sites of UVC damaged 

chromatin and depositing newly synthesized H3.3 into the same sites.  Without 

HIRA mediated H3.3 deposition transcription of the damaged regions would not 

restart, however transcriptional activity would not begin for at least 5 hours post-

HIRA release from the sites of damage indicating that HIRA may only be priming 

the chromatin for transcription restart and hinting that further mechanisms are in 

action (Adam et al., 2013).  These data together indicate HIRA has an important 

role in not only increasing gene expression, but also in activating genes important 

for specialized cell types along with maintaining proper genetic expression when 

the nucleus is under stress.  

 

HIRA mediates SAHF formation.  Cellular senscence can be triggered by 

shortened telomere length due to aging, as a response to oncogene activity, or 

as a result of cytotoxicity and other cellular stresses such as inadequate growth 

conditions (Campisi et al., 2005; Hayflick et al., 1965; Herbig et al., 2006; Wright 

et al., 1992).  Senescent cells are characterized by large flat morphology,  

expression of senescence-associated β-galactosidase, formation of domains of 

facultative heterochromatin called senscence-associated heterchromatin foci, 

and an irreversible arrest of cellular proliferation (Campisi et al., 2005; Herbig et 

al., 2006; Wright et al., 1992).  It has been shown that in senescent cells 

proliferation promoting genes are incorporated into the transcriptionally silent 
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SAHF (Narita et al., 2003).    SAHF are visible through DNA staining as dense 

foci whithin the nucleus, and possess several molecular markers consistent with 

transcriptional silencing such as hypoacetylation, H3K9me3, HP1, and macroH2A 

enrichment (Ye et al., 2007).  Past studies have shown that SAHF form as a 

response to activation of the tumor supressor pRB pathway, but the factors 

involved in the formation of SAHF still remain poorly understood (Narita et al., 

2003).  Recent studies show that prior to the formation of SAHF, HIRA is recruited 

into a subnuclear organelle called a promyelotic (PML) nuclear body (Zhang et 

al., 2005).  PML bodies are implicated in a wide variety of cellular processes, such 

as senescence and tumor supression, and are believed to be involved in the 

macromolecular assembly of large protein complexes (Ferbeyre et al., 2000; 

Pearson et al., 2000; Guo et al., 2000).  Furthermore the repressive marker HP1 

is recruited to PML bodies at the same time as HIRA where it colocalizes with the 

histone chaperone and later exits the PML to be incorporated into SAHF (Zhang 

et al., 2005).  However HIRA alone is not enough to induce the formation of SAHF 

as it was shown that it must also bind ASF1a (Ye et al., 2007).  These data 

together indicate HIRA as an important driving factor in the formation of SAHF 

and therefore may be a large influence in the repression of proliferation promoting 

genes.  
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Chapter II 

Investigating the histone chaperone HIRA in 

cardiac and skeletal myocytes 
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INTRODUCTION 

Hira was originally isolated due to its inclusion within 22q11.2 deletion syndrome 

(DiGeorge and velocardiofacial syndromes).  This syndrome affects 1 in 4000 

births and afflicts males and females equally (Devriendt et al., 1998).  The size of 

the deleted region varies but patients with this defect will be heterozygous for the 

10-50 genes included within the deleted region.  Hira falls within the smaller 

critical 1.5 Mb region that only affects 10% of cases (Carlson et al., 1997).  Thus 

Hira is a candidate for contributing to the disease state.  Heart defects that result 

from 22q11.2 deletion fall under the Tetralogy of Fallot umbrella of defects.  Hira 

null mutants in mouse embryos led to embryonic lethality by embryonic day 11 

due to large defects during gastrulation (Roberts et al., 2002).  These defects 

included large malformation in heart development and decreased vasculature.  

Although Hira heterozygous mice display no heart defects or any obvious 

phenotype, any defects or cardiomyopathies resulting from the total loss of Hira 

will give insight into the pathways affected by patients afflicted with 22.q11.2 

deletion syndrome.   

 

Previous literature indicates HIRA may be an important factor during myogenesis 

through the epigenetic reprogramming of post-mitotic myocytes.  Not only is HIRA 

required for MyoD1 activation it also epigenetically maintains MyoD1 expression 

after cell cycle exit in skeletal myocytes through H3.3 deposition (Yang et al., 
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2011; Ng and Gurdon et al., 2008).  MyoD1 activation and expression is extremely 

important for establishing skeletal myocyte identity.  Additionally, HIRA 

phosphorylation by AKT is required to preserve the proliferative state of 

myoblasts (Yang et al., 2016).  Curiously, our preliminary data indicates Hira 

expression in mouse cardiomyocytes reaches a peak at post-natal day 5 and then 

is subsequently heavily downregulated by day 7.  It is possible that HIRA is 

playing a similar role in cardiomyocytes by activating genes important to 

cardiomyocyte identity as post-natal day 5 is the critical time-point in mouse heart 

development in which cardiomyocytes largely lose the ability to proliferate 

(Porrello et al., 2011).   

 

Mammalian cardiac muscle tissue loses the ability to regenerate soon after birth 

and thus cannot repair dammage due to heart failure or cardiomyopathies.  

Contrary to this, skeletal muscle tissue maintains regenerative potential due to 

skeletal muscle stem cell populations, but skeletal myocytes themselves are 

unable to proliferate.  Understanding the epigenetic mechanisms underlying 

muscle development and homeostasis is paramount to developing the tools 

required to combat the various problems presented by congenital myopathies, 

muscular dystrophies, and heart failure.  Nucleosome assembly can be achieved 

by either replication-coupled, or replication independent incorporation of histones.  

Replication-coupled nucleosome assembly occurs during S phase and typically 
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makes use of the canonical histones, while replication independent nucleosome 

assembly occurs any time outside of S phase and mostly utilizes histone variants, 

although some exceptions exist.  For recent reviews, see (Burgess and Zhang, 

2013; Gurard-Levin et al., 2014; Venkatesh and Workman, 2015).  Terminally 

differentiated cells, such as skeletal myocytes and cardiomyocytes, have exited 

the cell cycle and thus can only utilize replication independent methods of 

nucleosome assembly.  Due to the absence of replication-coupled nucleosome 

assembly in these cells histone variants will be utilized for the vast majority of 

chromatin remodeling that takes place (Rai and Adams, 2013).   

 

The histone variant H3.3 is the predominant H3 variant utilized in replication 

independent chromatin assembly (Ahmad and Henikoff, 2002).  It has been found 

enriched in actively transcribed genes, regulatory regions, pericentric 

heterochromatin, and telomeres (Ahmad and Henikoff, 2002; Hamiche and 

Shuaib, 2013; Schwartz and Ahmad, 2005).  Its deposition into these functionally 

diverse chromatin regions is facilitated by utilizing separate histone chaperones.  

HIRA is the histone chaperone responsible for replication independent 

incorporation of H3.3 in actively transcribed genes, but not in most regulatory 

regions, pericentric heterochromatin, or telomeres (Goldberg et al., 2010; Tagami 

et al., 2004).  Thus, Hira mutants should specifically affect replication independent 

incorporation of histone H3.3 into genic regions. 
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Skeletal myocytes and cardiomyocytes are terminally differentiated cells that both 

must express unique gene programs that define their cellular identities.  These 

gene programs maintain specific epigenetic modifications comprised of histone 

post-translational modifications and incorporation of histone variants.  Additionally 

any remodeling that must take place within these cells can only utilize replication 

independent methods of nucleosome assembly. For instance skeletal myocytes 

must up- and downregulate specific gene sets in response to nerve evoked 

electrical activity, hypertrophy and atrophy signals, metabolism demands, and 

cellular stresses such as DNA damage and oxidative stress.  Similarly 

cardiomyocytes must respond to hypertrophic signals during times of cellular 

stress such as during cardiomyopathy.  Cardiomyocytes also go through vast and 

complex epigenetic changes soon after birth resulting in mitotic arrest therefore 

leading to a loss of regenerative potential of cardiac tissue (Brodsky et al., 1980; 

Soonpaa et al., 1996; Walsh et al., 2010).  Thus all chromatin remodeling in 

skeletal and cardiomyocytes is replication independent and HIRA should play a 

major role in epigenetically defining the gene programs of these cell types. 

 

The objective of this study was to observe the effects of HIRA ablation in 

important post mitotic cell types.  To this end we conditionally eliminated HIRA 

from skeletal myocytes (myofibers) using Myf6-cre, and similarly eliminated HIRA 
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from mature cardiomyocytes using aMHC-cre.  Conditional knockout of HIRA in 

skeletal myocytes (myofibers) produced hypertrophy and increased the 

abundance of type I fibers, which surprisingly led to increased strength and 

endurance for the mutant specimens. Conditional knockout of HIRA in 

cardiomyocytes resulted in focal replacement fibrosis and, similar to the Myf6-cre 

knockout, hypertrophy.  Both knockouts showed an impaired response to cellular 

stress, downregulation of genes involved in transcription and gene repair, and 

upregulation of their respective fetal gene programs.  Our findings indicate that 

HIRA is critical for both skeletal myocyte and cardiomyocyte homeostasis. 
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Chapter III 

Cardiomyocyte-specific conditional knockout of 

the histone chaperone HIRA in mice results in 

hypertrophy, sarcolemmal damage and focal 

replacement fibrosis. 
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RESULTS 

Confirmation of cardiomyocyte-specific HIRA CKO using αMHC-cre.  Our 

genetic cross included the Rosa26YFP allele.  Thus, cells subjected to cre-induced 

recombination could be monitored by YFP fluorescence.  YFP was absent from 

wild-type (aMHC-cre negative) hearts, but distributed throughout the atria and 

ventricles of control and HIRA CKO hearts, both of which are positive for the 

aMHC-cre transgene (Fig. 7A-C).  The HIRAflox allele contains loxP sites flanking 

exon 4.  Elimination of exon 4 from HIRA mRNA transcripts was tested by reverse 

transcription PCR using primers flanking exon 4.  The wild-type transcript was 

detected in wild-type and HIRA CKO hearts.  Deleted exon 4 transcripts were only 

detected in HIRA CKO hearts (Fig. 7D).  These results confirm correct expression 

of cre and functionality of the HIRA CKO allele.   
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Figure 7.  Confirmation of cardiomyocyte-specific HIRA CKO using αMHC-

cre. (A-C) Stereofluorescence images (overlay of YFP and brightfield channels) 

of whole hearts from control (B) or HIRA CKO (C) mice. An αMHC-cre negative 

mouse was used as a negative control for absence of YFP fluorescence (A). (D) 

Reverse transcription PCR using RNA extracted from 6- week old hearts. HIRA 

primers flanked the floxed exon 4. mRNA lacking exon 4 was only detectable in 

HIRA CKO hearts. Actb (β-actin) was used as a loading control. Band sizes are 

412 bp (WT) and 321 bp (∆ exon 4). Scale bars = 2 mm.  Ctrl, control; CKO, 

conditional knockout; WT, wild type. 
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Table 3.  Loss of HIRA in cardiomyocytes does not result in embryonic or 

neonatal lethality.  Pups were genotyped before postnatal day 10.  All survived 

until euthanized based on experimental design. 

 
Genotype Expected Observed 

HIRAflox/+ 33.5 30 

HIRAflox/- 33.5 33 
αMHC-creTg/+; HIRAflox/+ 
(controls) 33.5 37 

αMHC-creTg/+; HIRAflox/- 
(conditional knockouts) 33.5 34 
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Loss of HIRA results in focal replacement fibrosis.  Based on the critical role 

for HIRA in epigenetically marking active loci by deposition of variant histone 

H3.3, we hypothesized that loss of HIRA would be detrimental to cardiomyocyte 

gene expression and produce congenital heart defects.  To our surprise, heart 

development proceeded normally in HIRA CKO mice.  We found no evidence for 

embryonic or neonatal lethality (Table 3).  However, examination of HIRA CKO 

hearts at six weeks and six months of age revealed striking white surface scars 

(Fig. 8A-F).  These lesions preferentially localized to the subepicardial region of 

the ventricular free walls.  Histological examination of these macroscopic lesions 

showed they contained degenerating cardiomyocytes and a large degree of 

collagen deposition (Fig. 8G-P).  Sparse cardiac troponin T positive 

cardiomyocytes could still be detected within the fibrotic areas (Fig. 8Q-S).  

Collectively, elimination of HIRA produced a pathology consistent with focal 

replacement fibrosis preferentially localized to the subepicardial myocardium. 
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Figure 8.  Loss of HIRA results in focal replacement fibrosis.  (A-F) Stereo 

images of whole hearts from 6-month old mice post-perfusion (A, D-F) or 6-week 

old mice without perfusion (B, C).  Hearts of control mice (αMHC-creTg/+; HIRAflox/+) 

appeared normal (A, D).  Hearts of HIRA CKO mice (αMHC-creTg/+; HIRAflox/-) 

exhibited visible white scarring on the surface at six weeks (B, C) and six months 

(E, F) of age (green arrowheads).  (G-K) Ventricular sections from 6-month old 

mice stained with hematoxylin & eosin.  Loss of cardiomyocytes within the surface 

lesions of HIRA CKOs were obvious.  (L-P) Masson’s trichrome-stained ventricular 

sections from 6-month old mice.  HIRA CKO hearts exhibited collagen deposition 

(fibrosis) within the lesion (blue stain).  Degenerating cardiomyocytes were 

apparent throughout the scar (green arrowheads in K and P).  (Q-S) 

Immunofluorescence against cardiac troponin T (cTnT) in 6-week old hearts 

illustrating the presence of cardiomyocytes within the fibrotic lesions (red, cTnT; 

green, membranes (WGA-488); blue, nuclei (DAPI)).  Scale bars are 2 mm (A-F), 

200 µm (I, N), 100 µm (G, H, L, M, Q, R) and 20 µm (J, K, O, P, S).  Ctrl, control; 

CKO, HIRA conditional knockout.   
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Compromised sarcolemmal integrity.  The focal replacement fibrosis appeared 

to be caused by local degeneration of cardiomyocytes.  Thus, we assayed for 

compromised sarcolemmal integrity as an early sign of potential degeneration by 

uptake of Evans Blue Dye (EBD).  EBD was administered 18 hours prior to 

sacrifice.  At 15 days of age, we found no EBD positive cardiomyocytes in either 

control or HIRA CKO hearts (n ≥ 6 mice/group) (Fig. 9A-F).  By 25 days of age, 

EBD positive cardiomyocytes were detectable in 4 of 5 HIRA CKOs; 3 of which 

exhibited visible surface scars on the right ventricle free wall.  No EBD positive 

cardiomyocytes were detectable in control animals (n = 10) (Fig. 9G-L).  By six 

weeks of age, all (n = 3) HIRA CKOs exhibited regions of EBD positive 

myocardium, which surrounded the surface scars.  Again, no EBD positive 

cardiomyocytes were detected in control animals (Fig. 9M-R).  These data 

indicate that cardiomyocyte sarcolemmal integrity becomes compromised in focal 

subepicardial areas between 15 and 25 days after birth.  Sarcolemmal perforation 

appears to precede cardiomyocyte degeneration and fibrotic scar formation.   
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Figure 9.  Compromised sarcolemmal integrity.  Sarcolemmal damage was 

assayed in vivo by uptake of Evans Blue Dye (EBD).  EBD positive cardiomyocytes 

were visualized by brightfield stereo imaging and by far-red fluorescence in 

ventricular cryosections.  (A-F) At 15 days of age, no EBD was detectable in the 

ventricles of control or HIRA CKO hearts.  (G-L) By 25 days of age, visible surface 

scars were obvious and EBD positive cardiomyocytes were detectable in HIRA 

CKO hearts, but not controls.  (M-R) Six-week-old HIRA CKO mice exhibited EBD 

positive cardiomyocytes surrounding the fibrotic lesions.  Green, membranes 

(WGA-488); Purple, EBD; blue, nuclei (DAPI).  Scale bars are 2 mm (A, D, G, J, 

M, P), 100 µm (B, E, H, K), 50 µm (C, F, I, L, N, Q) and 20 µm (O, R).  Ctrl, control; 

CKO, HIRA conditional knockout. 
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Impaired cardiac function and hypertrophy.  In order to understand whether 

HIRA affects cardiac function in vivo, we performed pressure-volume (P-V) loop 

measurements on both control and HIRA CKO mice at six months of age.  

Representative P-V loop results are illustrated in Fig. 10A-D and hemodynamic 

parameters are reported in Table 4.  Compared to control mice, HIRA CKO mice 

showed significantly increased arterial elastance (Ea), which is a measure of 

arterial load.  Decreased stroke volume (SV), stroke work (SW) and cardiac 

output (CO) were also observed in HIRA CKO mice.  The slope of the end-

diastolic pressure-volume relationship (EDPVR), which describes diastolic 

function and the passive properties of the ventricle, was elevated in HIRA CKO 

mice with no significant effect to the slope of end-systolic pressure-volume 

relationship (ESPVR; Ees/Emax, end-systolic elastance), which describes the 

maximal developed ventricular pressure at any given ventricular volume.  This 

indicates an increase in diastolic myocardial stiffness in HIRA CKO mice.  HIRA 

CKO mice also exhibited increased dp/dtmax-EDV, which describes ventricular 

contractile performance.  Each of these P-V loop hemodynamic parameters, 

EDPVR, ESPVR and dp/dtmax-EDV, offer the unique advantage of providing 

insights into cardiac function which are independent of inherent variables of 

preload and heart rate; thus providing precise measurements of ventricular 

performance.  Collectively, these data indicate impaired cardiac function in the 

absence of HIRA. 
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HIRA CKO mice also displayed cardiomyocyte hypertrophy as assayed by 

measuring cardiomyocyte minimum Feret diameter.  Hypertrophic 

cardiomyocytes were detectable in the right ventricle free wall as early as 15 days 

after birth (Fig. 10E), which is prior to the appearance of sarcolemmal damage.  

Measurements at 25 days (Fig. 10E), six weeks (Fig. 10F) and six months (Fig. 

10G) of age also revealed hypertrophy.  These data indicate that hypertrophy is 

an early consequence of HIRA deficiency and implicate HIRA in regulation of the 

hypertrophic response.  
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Figure 10.  Impaired cardiac function.  (A-D) In vivo assessment of contractility 

with left ventricular pressure-volume (P-V) relationships.  P-V loops were 

recorded under baseline condition (A, C) and during inferior vena cava occlusions 

(IVC) to decrease the preload (B, D).  Representative P-V loops under baseline 

for control (A) and HIRA CKO (C); and under IVC for control (B) and HIRA CKO 

(D) mice (n = 7 mice/group).  (E-G) Hypertrophic cardiomyocytes in HIRA CKO 

hearts.  Cardiomyocyte size was quantified by minimum Feret diameter 

measurements.  (E, G) ANOVA, *P < 0.001, n ≥ 6 (15 days old) or 5 (25 days and 

six months old).  (F) Student’s t-test, **P < 0.01, n ≥ 5 animals/group.  Ctrl, control; 

CKO, HIRA conditional knockout; EDPVR, end-diastolic pressure-volume 

relationship; ESPVR, end-systolic pressure-volume relationship; IVS, 

interventricular septum; LV, left ventricle; RV, right ventricle. 
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Table 4.  Loss of HIRA in cardiomyocytes impairs cardiac function. 
 
Hemodynamic Parameter Ctrl CKO 
 
Basic Parameters 
Body weight (g) 36.9 ± 1.52 33.5 ± 3.14 
Heart rate (beats/min) 482.6 ± 27.9  477.7 ± 12.4  
ESP (mmHg) 105.4 ± 4.3  106.6 ± 2.3  
EDP (mmHg) 14.77 ± 2.63  18.05 ± 1.50  
ESV (µL) 28.52 ± 9.13  15.40 ± 2.65  
EDV  (µL) 45.92 ± 8.88  23.36 ± 2.45* 
Stroke volume (µL) 20.07 ± 1.43  10.29 ± 1.24*** 
Cardiac output (µL/min) 9,860 ± 1,151  4,925 ± 617** 
Ea (mmHg/µL) 5.43 ± 0.44  11.32 ± 1.46** 
 
Systolic Function 
Ejection fraction (%) 52.80 ± 9.21  49.71 ± 6.03  
dP/dtmax (mmHg/s) 7,634 ± 670 7,847 ± 742 
Efficiency (SW/PV area, %) 52.15 ± 5.17  53.46 ± 5.87 
Stroke work (mmHg*µL) 1,692 ± 156  818 ± 155** 
Ees (Emax) (mmHg/ µL) 5.87 ± 0.66  7.79 ± 1.02  
dP/dtmax - EDV (mmHg/s/mL) 247.6 ± 22.8  448.5 ± 47.9** 
PRSW (mmHg) 71.78 ± 7.37  59.67 ± 8.30   

    
Diastolic Function 
dP/dtmin (-mmHg/s) 7,392 ± 801  6,849 ± 419  
Tau (ms) 10.34 ± 1.03  9.92 ± 0.39  
EDPVR slope 0.68 ± 0.15  1.44 ± 0.24* 

Hemodynamic parameters measured by left-ventricular pressure-volume loop assays in 
anesthetized mice (six-month-old males).  Values are mean ± SEM. The values were calculated 
based on the internal relative volume unit (RVU) calibration of the system. RVU signals were then 
converted to absolute volume values (μl) by using the saline and cuvette calibration method derived 
from the PV loops.  Differences in means were determined by Student’s t-test; *P < 0.05, **P < 
0.01, ***P < 0.001; n = 7 animals/group.  CKO, conditional knockout; Ctrl, control; dP/dtmax, peak 
rate of pressure rise; dP/dtmax - EDV, dP/dtmax - end-diastolic volume relationship; dP/dtmin, peak 
rate of pressure decline; Ea, arterial elastance (measure of ventricular afterload); EDP, end-
diastolic pressure; EDPVR, end-diastolic pressure-volume relationship; EDV, end-diastolic volume; 
Ees (Emax), end-systolic elastance (slope of the end-systolic relationship); ESP, end-systolic 
pressure; ESV, end-systolic volume; PRSW, preload recruited stroke work (slope of stroke work-
EDV relationship); SW, stroke work; Tau, relaxation time constant (regression of dP/dt versus 
pressure) 
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Minor evidence for increased oxidative stress.  Loss of HIRA resulted in 

misregulation of many genes associated with the oxidative stress response (Fig. 

12).  Thus, we tested for signs of increased oxidative stress in HIRA CKO 

cardiomyocytes at six weeks of age.  Mitochondrial content, as assayed by 

NADH-TR oxidative staining, was equivalent throughout the ventricular walls 

and septum of control and HIRA CKO mice (Fig. 11A-D).  However, NADH-TR 

staining was notably absent from scar regions due to degeneration of 

cardiomyocytes and focal replacement fibrosis in these regions (Fig. 11B, D).  

Western blots were performed to test protein levels of manganese superoxide 

dismutase (MnSOD), which is normally upregulated in response to oxidative 

stress.  To our surprise, MnSOD levels were equivalent between control free 

wall right ventricles and non-scarred HIRA CKO left ventricles, but significantly 

reduced in scar-containing HIRA CKO free wall right ventricles (Fig. 11E).  

Reduced MnSOD in scar regions is likely due to cardiomyocyte degeneration 

and focal replacement fibrosis, but could also signal an impaired response to 

oxidative stress. 

 

Next, we assayed accumulation of reactive oxygen species (ROS) by conversion 

of non-fluorescent 2’,7’-dichlorodihydrofluorescin to fluorescent 2’7’-

dichlorofluorescein using whole-cell extracts from non-scarred ventricular 

tissues (right and left combined).  These data revealed no difference in ROS 



53 
  

content between control and HIRA CKO hearts (Fig. 11F).  Next, we indirectly 

tested for elevated ROS by immunolocalization of 3-nitrotyrosine, a stable end-

product of oxidation by reactive nitrogen species.  Nitrotyrosine positive 

cardiomyocytes were completely absent from control hearts (Fig. 11G, I).  A few 

small patches of nitrotyrosine positive cardiomyocytes were detected in 2 of 6 

HIRA CKO hearts, usually in proximity to fibrotic areas (Fig. 11H, J).  

Collectively, these data indicate altered expression of oxidative stress genes in 

the HIRA CKO, but very minor increases in ROS content.  Thus, cardiomyocyte 

degeneration in the HIRA CKO is unlikely due to increased oxidative stress. 
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Figure 11.  Minor evidence for increased oxidative stress.  (A-D) NADH-TR 

staining.  Mitochondrial content was equivalent throughout the free wall of the right 

ventricle and septum for both control and HIRA CKO mice (A, C).  Oxidative 

staining was notably absent from scar regions (red arrow in C, red asterisk in D).  

n = 6 mice/group.  (E) Western blot for manganese superoxide dismutase 

(MnSOD), an indicator of cellular response to oxidative stress.  Each lane contains 

protein extract from an individual animal.  MnSOD protein levels were equivalent 

between control right ventricle and HIRA CKO left ventricle, but reduced in HIRA 

CKO right ventricle, which harbored the scar regions.  (F) No difference in 

ventricular ROS accumulation as determined by conversion of 2’,7’-

dichlorodihydrofluorescin to 2’7’-dichlorofluorescein.  n = 3 mice/group.  (G-J) 

Immunofluorescence for nitrotyrosine.  Nitrotyrosine-positive cardiomyocytes (red) 

were absent from control hearts (G, I).  Two of six HIRA CKO hearts exhibited 

small patches of nitrotyrosine-positive cardiomyocytes (H, J).  n = 6 mice/group.  

Green, membranes (WGA-488); blue, nuclei (DAPI).  Scale bars are 200 µm (A, 

C), 50 µm (B, D, G, H) and 20 µm (I, J).  Ctrl, control; CKO, HIRA conditional 

knockout; Mag, magnification; RLU, relative light units; ROS, reactive oxygen 

species; RV, right ventricle; LV, left ventricle. 
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Figure 12.  Alterations in expression of genes associated with cellular 

responses to oxidative stress. RNA was extracted from non-scarred free wall 

left-ventricular tissues at six weeks of age. n = 4 mice/group, hybridized in 

triplicate. P < 0.05 for all differentially expressed genes. Color key indicates robust 

z-score. Ctrl, control; CKO, conditional knockout. 
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Re-expression of fetal cardiac genes.  The fetal cardiac gene program is 

normally silenced shortly after birth, but is re-expressed during heart failure (Dirkx 

et al., 2013).  Thus, we tested whether loss of HIRA promoted fetal gene 

expression.  As expected, control hearts exhibited little to no smooth muscle α-

actin or β-MyHC positive cardiomyocytes (Fig. 13A, B, F, G).  In contrast, HIRA 

CKO hearts exhibited widespread smooth muscle α-actin positive 

cardiomyocytes (Fig. 13C-E) and focal regions of β-MyHC positive 

cardiomyocytes (Fig. 13H-J).  Quantification of these results is presented in Fig. 

13K, L.  At the mRNA level, HIRA CKO hearts exhibited reduced expression of 

α-MyHC/Myh6 and increased expression of β-MyHC/Myh7 (Fig. 13M, N).  

Microarray results showed expression of most heart failure-associated fetal 

genes to be higher in the HIRA CKO (Fig. 13O).  These results support the idea 

that HIRA is necessary for correct transcriptional regulation in cardiomyocytes, 

perturbation of which results in heart failure. 
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Figure 13.  Re-expression of fetal cardiac genes.  (A-E) Immunofluorescence 

for smooth muscle α-actin.  Smooth muscle α-actin (red) was absent from control 

hearts (A, B), but expressed in HIRA CKO cardiomyocytes (C-E).  (F-J) 

Immunofluorescence for β-myosin heavy chain (β-MyHC).  β-MyHC (red) was 

absent from control hearts (F, G), but expressed in HIRA CKO cardiomyocytes 

(H-J).  Green, membranes (WGA-488); blue, nuclei (DAPI).  (K) 23.5% of HIRA 

CKO cardiomyocytes were positive for smooth muscle α-actin.  (L) 7.4% of HIRA 
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CKO cardiomyocytes were positive for β-myosin heavy chain.  (M, N) Real-time 

PCR gene expression assays.  Myh6 (α-myosin heavy chain) expression was 

reduced and Myh7 (β-myosin heavy chain) expression was increased in HIRA 

CKO hearts.  For all assays, n = 6 mice/group.  Student’s t-test; *P < 0.05, **P < 

0.01, ***P < 0.001.  (O) Upregulation of fetal cardiac genes in HIRA CKO hearts 

as determined by microarray (n = 4 mice/group; P < 0.05).  Color key indicates 

log2 fold-change.  Scale bars are 100 µm (A, C, F, H) and 20 µm (B, D, E, G, I, 

J).  Ctrl, control; CKO, HIRA conditional knockout; SM, smooth muscle; MyHC, 

myosin heavy chain; Mag, magnification 
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Loss of HIRA did not cause aberrant proliferation of cardiomyocytes or 

apoptosis.  Several reports have implicated HIRA in cell cycle arrest, 

senescence and tumor suppression (Hall et al., 2001; Rai et al., 2014; Zhang et 

al., 2005).  For this reason, we tested the idea that loss of HIRA led to aberrant 

activation of the cell cycle in cardiomyocytes.  To this end, we treated six-week-

old mice with BrdU 4 hours prior to sacrifice and assayed cell proliferation by anti-

BrdU immunofluorescence.  The results of this assay revealed zero BrdU positive 

cardiomyocytes in both control and HIRA CKO hearts.  The only BrdU positive 

cells were interstitial cells and cells within the fibrotic lesions (Fig. 14A-C).  

Neonatal (postnatal day 2) ventricular myocardium was used as a positive control 

for proliferating cardiomyocytes (Fig. 14D).    

 

Next, we tested the idea that cardiomyocyte degeneration was the consequence 

of apoptosis.  Apoptosis was assayed by TUNEL in six-week-old mice.  These 

data revealed zero TUNEL positive cardiomyocytes in either control or HIRA CKO 

hearts.  The only TUNEL positive cells were interstitial cells and a few cells within 

the fibrotic scars (Fig. 14E-G).  Thus, loss of HIRA did not promote cardiomyocyte 

apoptosis.  
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Figure 14.  No aberrant cardiomyocyte proliferation, apoptosis or DNA 

damage. (A-D) Immunofluorescence for BrdU (red). No difference was observed 

in the number of BrdU+ cells in control and HIRA CKO hearts. The few BrdU+ 

cells were interstitial cells, not cardiomyocytes. A neonatal (postnatal day 2) heart 

was used as a positive control for proliferating cardiomyocytes (D). (E-G) 

Representative images from TUNEL assays. No difference was observed in the 

number of TUNEL+ (red) cells in control and HIRA CKO hearts. The few TUNEL+ 

cells were interstitial cells, not cardiomyocytes. (H-J) Immunofluorescence for γ-
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H2A.X. No difference was detected in γ-H2A.X staining (red) within 

cardiomyocyte nuclei throughout the ventricular walls (H, I). γ-H2A.X positive 

nuclei were detected in non-cardiomyocyte cells within scar regions (J). n = 6 

mice/group for all experiments. Green, membranes (WGA-488); blue, nuclei 

(DAPI). Scale bars are 20 µm. Ctrl, control; CKO, HIRA conditional knockout. 
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Figure 15.  Alterations in expression of striated muscle genes. RNA was 

extracted from non-scarred free wall left ventricular tissues at six weeks of age. n 

= 4 mice/group, hybridized in triplicate. P < 0.05 for all differentially expressed 

genes. Color key indicates robust z-score. Ctrl, control; CKO, conditional 

knockout. 
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Figure 16.  Alterations in expression of desmosome and intermediate 

filament-associated genes. RNA was extracted from non-scarred free wall left 

ventricular tissues at six weeks of age. n = 4 mice/group, hybridized in triplicate. 

P < 0.05 for all differentially expressed genes. Color key indicates robust z-score. 

Ctrl, control; CKO, conditional knockout 
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Reduced expression of DNA repair genes, but no evidence for increased 

DNA damage.  The results of our gene-expression profiling showed broad 

misregulation of DNA repair genes with 90 downregulated and 45 genes 

upregulated in the HIRA CKO (Fig. 17).  Thus, we tested whether HIRA CKO mice 

exhibited increased DNA damage by immunolocalization of γ-H2A.X.  A low level 

of γ-H2A.X immunoreactivity was detectable in all cardiomyocytes of both control 

and HIRA CKO mice (Fig. 14H, I).  HIRA CKO hearts displayed some γ-H2A.X 

positive nuclei within the scar regions (Fig. 14J).  Based on morphology, these γ-

H2A.X positive cells were not cardiomyocytes.  As mentioned above, we did not 

detect any TUNEL positive cardiomyocyte nuclei in the HIRA CKO either (Suppl. 

Fig. 14E-G).  In summary, although loss of HIRA caused misregulation of many 

genes associated with DNA repair, we found no evidence for increased DNA 

damage in the HIRA CKO.   
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Figure 17.  Alterations in expression of DNA repair-associated genes. RNA 

was extracted from non-scarred free wall left ventricular tissues at six weeks of 

age. n = 4 mice/group, hybridized in triplicate. P < 0.05 for all differentially 

expressed genes. Color key indicates robust z-score. Ctrl, control; CKO, 

conditional knockout. 
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Table 5.  Downregulation of genes associated with cellular responses to 
stress and transcriptional regulation in HIRA CKO hearts.  Listed are the top 
10 and notable other biological process gene ontology (GO) terms ranked by P 
value (P < 0.001).  Gene expression data were obtained by microarray using RNA 
extracted from non-scared left ventricles (n = 4 animals/group). 

Rank GO Term (Biological Processes) P value 
 
Genes downregulated in HIRA CKO hearts 

 

1 Regulation of transcription 4.97 x 10-12 
2 Transcription 7.90 x 10-12 
3 DNA metabolic process 1.26 x 10-8 
4 Chromatin modification 5.51 x 10-8 
5 Chromosome organization 5.60 x 10-8 
6 Response to DNA damage stimulus 4.45 x 10-7 
7 DNA repair 4.99 x 10-7 
8 Phosphate metabolic process 7.25 x 10-7 
9 Phosphorus metabolic process 7.25 x 10-7 
10 Cellular response to stress 1.26 x 10-7 
11 Chromatin organization 2.00 x 10-6 
19 Positive regulation of nucleobase, nucleoside, nucleotide and 

nucleic acid metabolic process 
4.84 x 10-5 

23 Heart development 8.76 x 10-5 
30 Regulation of cellular response to stress 1.91 x 10-4 
32 Regulation of transcription from RNA polymerase II promoter 2.66 x 10-4 
33 Positive regulation of transcription 2.77 x 10-4 
36 Positive regulation of gene expression 3.57 x 10-4 
39 Covalent chromatin modification 5.07 x 10-4 
40 Histone modification 5.32 x 10-4 
47 Regulation of DNA repair 8.27 x 10-4 
 
Genes upregulated in HIRA CKO hearts 

 

1 Translation 4.68 x 10-6 
2 Protein localization 1.11 x 10-4 
3 Cell proliferation 1.41 x 10-4 
4 Neuromuscular process 2.08 x 10-4 
5 Cellular homeostasis 6.33 x 10-4 
6 Actin filament-based process 7.91 x 10-4 
7 Cell adhesion 9.45 x 10-4 
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Effect of HIRA deficiency on the cardiac transcriptome.  HIRA is best known 

for its role in epigenetically marking transcribed genes through replication-

independent assembly of nucleosomes containing variant histone H3.3.  Thus, 

we hypothesized that HIRA plays an important role in defining the cardiac 

transcriptome.  To determine the consequence of HIRA deficiency on cardiac 

gene expression, we compared gene expression in control and HIRA CKO hearts 

at six weeks of age by microarray using mRNA extracted from non-scarred free 

wall left ventricular tissues.  Appropriate grouping of control and HIRA CKO data 

was confirmed by principal component analysis (PCA) and clustering analyses 

(Fig. 18A).  A heat map of all differentially expressed genes is presented in Fig. 

18B.  Loss of HIRA resulted in upregulation of 269 genes and downregulation of 

128 genes.  Gene ontology analysis of downregulated transcripts revealed the 

most significantly affected biological processes to be those related to responses 

to cellular stress, chromatin metabolism and transcriptional regulation.  Many 

fewer significantly affected gene ontology terms were associated with 

upregulated genes, with little in common between the terms (Table 5).  In broad 

terms, the results of our gene expression profiling suggested that cardiomyocyte 

degeneration and cardiomyopathy were either due to impaired stress responses 

or misregulation of transcription.  
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We specifically interrogated the microarray results for genes associated with 

striated muscle (Fig. 15).  Several developmental transcription factors and 

contractile proteins were upregulated, including Nkx2-5, Tbx2 and Myh7/β-MyHC.  

Notable downregulated genes included cardiac transcriptional regulators (Zfpm2, 

Hand2, Taz, Csrp3, Mef2d and Chd7), myofibril assembly factors (Ttn and Tcap), 

and adrenergic α1 receptors (Adra1a and Adra1b). 

 

The HIRA CKO phenotype is similar to that reported for Desmin/Des knockout 

mice, which exhibit subepicardial fibrosis that predominantly localizes to the free 

wall of the right ventricle (Thornell et al., 1997).  For this reason we specifically 

looked for alterations in expression of desmosome- or intermediate filament-

associated genes (Fig. 16).  Expression of Desmin was unaffected.  Upregulated 

genes linked to cardiomyopathy included Pkp2, Dst, Dsg2 and Jup; 

downregulated genes included Pkp1, Dsg1a, Pkp4, Vcl, Gja1 and Ctnna1.   
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Figure 18.  Principal component analysis and clustering analysis of 

microarray data. RNA was extracted from non-scarred free wall left ventricular 

tissues at six weeks of age. n = 4 mice/group, hybridized in triplicate. (A) Principal 

Component Analysis (PCA) was performed to evaluate any differences among 

biological replicates and their treatment conditions. The variable of the first three 

principal components (PC1, PC2, PC3) for this study are 92.12%, 3.40% and 

1.70% respectively. (B) Clustering analysis. Clustering was performed to visualize 

the correlations among the replicates and varying sample conditions. Up- and 

down-regulated genes are represented in red and green colors, respectively. P < 

0.05 for all differentially expressed genes. Color key indicates robust z-score. Ctrl, 

control; CKO, conditional knockout; PCA, Principal component analysis. 
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MATERIALS AND METHODS 

Animals.  HIRAtm1a(EUCOMM)Wtsi (knockout first gene trap) mice were obtained from 

the European Mouse Mutant Archive (EMMA, stock #EM:05901).  Rosa26YFP/YFP 

and αMHC-creTg/+ mice were obtained from the Jackson Laboratory (stock #, 

#7903 and #11038, respectively).  The HIRAflox allele was generated by crossing 

HIRAtm1a(EUCOMM)Wtsi to Rosa26FLP/FLP (Flipper) (Jackson Laboratory, stock 

#9086).  HIRA+/- were generated by crossing HIRAflox/+ to the maternal deleter 

Tg(Sox-2-cre) (Jackson Laboratory, stock #8454).  Experimental animals were 

generated by crossing αMHCcre/+; HIRAflox/- mice to HIRAflox/flox; Rosa26YFP/YFP 

mice.  Controls were αMHCcre/+; HIRAflox/+; Rosa26YFP/+.  HIRA CKOs were 

αMHCcre/+; HIRAflox/-; Rosa26YFP/+.   

The following primers were used for genotyping:  Cre-F: 5’-GCC ACC AGC CAG 

CTA TCA ACT C, Cre-R: 5’-TTG CCC CTG TTT CAC TAT CCA G, HIRA-F: 5’-

CCT TCC TCT GCT TTG TTT GTT C, HIRA-R2: 5’-CCA CCG CAC ACA GTT 

CAC AC, HIRA-R3: 5’-GCC AAG TGA GCA CAG AAG ATG G.  HIRA-F/R2 

identifies wild-type and flox alleles (691 bp and 783 bp, respectively).  HIRA-F/R3 

identifies the null allele (587 bp).  Mice were euthanized by CO2 inhalation 

followed by cervical dislocation or by bilateral thoracotomy following P-V loop 

experiments.  All experimental procedures involving mice were approved by the 

Institutional Animal Care and Use Committee of the University of Houston. 
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Tissue Collections.  Hearts from six-week-old mice were dissected in PBS 

immediately after euthanasia and flushed clean of blood by aortic injection of 

PBS.  For RNA or protein extraction tissues were flash frozen in liquid nitrogen 

immediately after dissection and stored at -80 ºC.  For immunofluorescence, 

Evan’s blue dye fluorescence, TUNEL and NADH-TR staining, tissues were flash 

frozen in liquid-nitrogen-cooled isopentane and stored at -80 ºC for 

cryosectioning.   

Tissues used for H&E and Masson’s Trichrome staining were those collected 

following P-V loop assays.  Briefly, we retrograde perfused the harvested adult 

mouse hearts through the aorta using a Langendorff perfusion apparatus with 

10% formalin for 15 minutes and then immersion fixed overnight with the same 

solution.  Following fixation, tissues were dehydrated through an ethanol gradient 

and embedded in paraffin for histological sections.  

 

Histology and immunofluorescence.  H&E and Masson’s trichrome staining 

were performed by standard methods using 7 µm paraffin sections.  

Immunofluorescence was performed on 7 μm cryosections using antibodies for 

cardiac troponin T (Developmental Studies Hybridoma Bank, clone RV-C2), γ-

H2A.X (Cell Signaling, cat #9718), nitrotyrosine (Santa Cruz Biotech, cat #sc-

32757), smooth muscle α-actin (Sigma, cat #C6198) or β-MyHC (Developmental 

Studies Hybridoma Bank, clone A4.840).  Sections were blocked and antibodies 
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diluted using 1x Casein-10%-normal serum-PBST (10x Casein stock and normal 

serum were from Vector Laboratories, Burlingame, CA).  Primary antibodies were 

incubated overnight at 4ºC.  Secondary antibodies were incubated for 1 hour at 

room temperature.  Slides were stained with DAPI during washing and coverslips 

mounted with VECTASHIELD HardSet mounting medium (Vector Laboratories).   

 

Minimum Feret diameter measurements.  Cardiomyocyte minimum Feret 

diameter was calculated using the analyze particles tool of ImageJ software.  Data 

from six week-old mice were derived from individual 40x WGA-488 fluorescence 

images.  Thirty-three to 181 cardiomyocytes were measured per animal 

depending on image size (n ≥ 6 animals/group).  Data from six month-old mice 

were derived from 20x composite (large scan) H&E images.  One hundred fifteen 

to 457 cardiomyocytes were measured per animal depending on the image size 

(n ≥ 5 animals/group).   

 

NADH-TR staining.  Cryosections (7 μm) were stained for nicotinamide 

dehydrogenase tetrazolium reductase (NADH-TR) by standard methods.  The 

oxidative reaction was performed for 15 minutes at room temperature. 

 

BrdU and TUNEL assays.  To assay cell proliferation, mice were injected with 

10 µl/g BrdU Labeling Reagent (Invitrogen, catalog# 00-0103) 4 h before 



79 
  

sacrifice.  Immunofluorescence was performed as described above with anti-

BrdU monoclonal antibodies (Developmental Studies Hybridoma Bank, clone 

G3G4).  Apoptosis was assayed using the Click-iT® Plus TUNEL Assay kit (Life 

technologies, cat #C10618) according to the manufacturer’s instructions. 

 

Evans blue dye uptake assay.  Mice were given Evans blue dye (5 μl of 1% 

solution in PBS/g body weight) by intraperitoneal (IP) injection and sacrificed 18 

hours later for tissue collection.  Evans blue dye staining was viewed as far-red 

fluorescence in 10 μm cryosections.  

 

Microscopy.  Brightfield and epifluorescence images of tissues sections were 

obtained using a Nikon Ti-E inverted microscope equipped with a DS-Fi1 5-

megapixel color camera (Nikon Instruments), a CoolSNAP HQ2 14-bit 

monochrome camera (Photometrics, Tucson, AZ) and NIS Elements software 

v4.13 (Nikon Instruments).  Stereo images (brightfield and fluorescence) were 

captured with Leica MZ10F stereomicroscope and the extended depth of focus 

feature of LAS v3.7 software (Leica Microsystems, Wetzlar, Germany). 

 

Western blotting.  Protein samples for western blot assays were extracted from 

snap-frozen ventricular tissues by homogenization in T-PER buffer (Life 

Technologies Carlsbad, CA) supplemented with 1 mM PMSF, 1 mM NaVO4, 10 
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mM NaF, 1 mM sodium pyrophosphate and 1X cOmplete protease inhibitors 

(Roche, cat #4693116001) (20 ml buffer/g of tissue).  The suspension was 

centrifuged at 10,000 x g for 5 minutes and the supernatant collected.  Protein 

concentrations were measured by Bradford assay (BioRad Protein Assay, Bio-

Rad Laboratories, Hercules, CA) following standard methods.  30 μg of protein 

was solubilized in Laemmli Buffer, heated at 90ºC for 5 minutes and separated 

by 4-20% SDS-PAGE (Mini Protean II System, Bio-Rad Laboratories).  Proteins 

were transferred onto 0.2 μm nitrocellulose membranes (Bio-Rad Laboratories).  

Membranes were blocked with 5% non-fat milk-TBST for 1 hour at room 

temperature.  Primary antibodies recognizing MnSOD (Santa Cruz Biotech, cat # 

sc-30080) or β-actin (Santa Cruz Biotech, cat #sc-1616) were diluted in 2.5% non-

fat milk-TBST.  Primary antibodies were incubated with the membrane overnight 

at 4ºC, washed with TBST, and then incubated with the appropriate horseradish 

peroxidase-conjugated secondary antibody for 1 hour at room temperature.  

Membranes were washed again, and visualized by chemiluminescence using 

SuperSignal West Pico Chemiluminescent Substrate (Thermo Scientific, 

Rockford, IL). 

 

ROS accumulation assay.  Snap-frozen ventricular tissues were homogenized 

in 50 mM phosphate buffer (pH 7.2) containing 1 mM EDTA, phosphatase 

inhibitors and protease inhibitors.  Homogenates were centrifuged at 900 x g for 
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15 minutes at 4C.  Supernatants were collected and centrifuged again at 16,000 

x g for 15 minutes at 4C.  The resulting supernatants were used for the assay.  

Protein concentrations were determined by Bradford assay.  25 μg of extract was 

diluted in the same buffer used for homogenization containing a final 

concentration of 25 μM 2,7-dichlorodihydrofluorescein diacetate (Cayman 

Chemical, cat #85155).  Samples were incubated for 30 minutes at 37°C.  

Fluorescence (excitation 485 nm, emission 530 nm) was measured using a 

SpectraMax M5 plate reader (Molecular Devices, Sunnyvale, CA). 

 

Real-time PCR.  Total RNA for qPCR was extracted using TRIzol reagent 

according to the manufacturer’s protocol (Life Technologies, Carlsbad, CA).  

Relative mRNA levels were measured using TaqMan gene expression assays 

with 6-carboxyfluorescein (FAM)-labelled probes.  Primer probe sets were:  

Mm01319006_g1 for Myh7 (Life Technologies) and custom oligos for Myh6 

(Myh6-F: 5’-GCT GAC AGA TCG GGA GAA TCA G, Myh6-R: 5’-TGC AAT GCT 

GGC AAA GTA CTG, Myh6-Probe: 5’-TCC TGA TCA CCG GAG AAT CCG GAG) 

and Gapdh (Gapdh-F: 5’-ACT GGC ATG GCC TTC CG, Gapdh-R: 5’-CAG GCG 

GCA CGT CAG ATC, Gapdh-Probe: 5’-TTC CTA CCC CCA ATG TGT CCG TCG 

T) (Biosearch Technologies, Petaluma, CA).  Gapdh mRNA expression levels 

were used for normalization.  The PCR was run using an ABI Prism 7900HT 
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thermocycler and SDS2.1 software (Applied Biosystems).  Data were analyzed 

by the comparative ∆∆CT method.   

 

Microarrays.  Total RNA for microarray analysis was extracted from non-scarred 

free wall left ventricular tissues of both control and HIRA CKO mice (n = 4 mice 

per group) using TRIzol reagent (Life Technologies) according to the 

manufacturer’s instructions.  Each sample was hybridized to triplicate arrays.  

Gene expression profiling and data analysis was performed using the MouseOne 

Array Plus v2.1 service from Phalanx Biotech (Palo Alto, CA).  Raw intensity data 

was normalized using the median-scaling-normalization method.  Standard 

selection criteria to identify differentially expressed genes were as follows: (1) 

log2 fold change ≥ 1 and P < 0.05 or (2) log2 fold change not available and the 

absolute intensity difference between the two samples ≥ 1000.  Cluster analysis 

was performed on a subset of differentially expressed genes.  An intensity filter 

was used to select differentially expressed genes where the difference between 

the maximum and minimum intensity values exceeded 700 among all 

microarrays.  This yielded 275 genes.  An unsupervised hierarchical clustering 

analysis on these 275 genes revealed the correlation of expression profiles 

between samples and treatment conditions.  Principal Component Analysis (PCA) 

was also performed on this subset of genes to evaluate any differences among 

biological replicates and their treatment conditions.  Gene ontology (GO) 
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analyses were performed using DAVID (https://david.ncifcrf.gov/).  Enriched GO 

terms were ranked by P-value.  The dataset was deposited to the NCBI Gene 

Expression Omnibus (GEO) database under series accession number 

GSE71833 (http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE71833). 

 

Pressure-volume loop measurements.  In vivo left-ventricular (LV) pressure-

volume (P-V) loops were measured as previously described (Pacher et al., 2008).  

Mice were anesthetized with isoflurane (1.5% to 2% isoflurane mixed with 100% 

oxygen).  Briefly, a pressure-conductance catheter (PVR-1045; Millar 

Instruments) was inserted into the LV through the right carotid artery.  Steady-

state P-V loops were recorded at baseline and during inferior vena cava 

occlusions (IVC) to cause a progressive fall in preload.  Hypertonic saline (15% 

hypertonic saline) injections were performed for the volume signal calibration.  

The heparinized blood was collected and performed in cuvette calibrations. 

 

Statistical analyses.  For experiments with more than two experimental groups, 

quantitative data were subjected to one-way analysis of variance (ANOVA) using 

MedCalc v14.12.0 software (MedCalc Software bvba, Belgium).  If the ANOVA 

was positive (P < 0.05), a post-hoc Student-Newman-Keuls test was performed 

for pairwise comparison of subgroups.  For studies with two experimental groups, 
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an independent samples Student’s t-test was performed.  A P-value of < 0.05 was 

considered significant for all tests. 
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Chapter IV 

HIRA deficiency in muscle fibers causes 

hypertrophy and impairs transcriptional 

responses to cellular stress 
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RESULTS 

Confirmation of muscle-specific HIRA CKO using Myf6-cre.  The HIRAflox 

allele contains loxP sites flanking exon 4.  Elimination of exon 4 from HIRA mRNA 

transcripts was tested by reverse transcription PCR using primers flanking exon 

4.  The wild-type transcript was detected in wild-type and HIRA CKO muscles.  

Deleted exon 4 transcripts were only detected in HIRA CKO muscles (Fig. 19A).   

 

Our genetic cross included the Rosa26YFP allele.  Thus, cells subjected to cre-

induced recombination could be monitored by YFP fluorescence.  YFP was 

absent from wild-type (Myf6-cre negative) muscles, but present throughout the 

muscles of control and HIRA CKO mice, both of which contained the Myf6cre allele 

(Fig. 19B).  These results confirm correct expression of the skeletal muscle-

specific cre driver and functionality of the HIRA CKO allele 
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Figure 19. Confirmation of HIRA CKO in skeletal muscle.  (A) HIRA Δ exon 4 

mRNA transcripts were detected in HIRA CKO muscles but not wild type.  Reverse-

transcription PCR was performed using cDNA from tibialis anterior muscle.  HIRA 

primers flanked exon 4, which is deleted in the CKO.  PCR for Actb/β-actin 

transcripts served as a loading control.  (B) Stereoimages of hind-limb muscles 

from control and HIRA CKO mice.  YFP fluorescence images are overlaid with 

brightfield.  YFP fluorescence was only detected in the muscles of mice harboring 

the Myf6cre allele.  Scale bar, 2 mm.  Ctrl, control; CKO, HIRA conditional knockout; 

EDL, extensor digitorum longus; WT, wild type. 
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Reduced body weight, increased lean mass and decreased fat mass by six 

months of age.  General measurements of body weight, size, lean and fat mass, 

and the mass of individual muscles were obtained at six weeks and six months of 

age for male mice.  At six weeks of age, there was no difference between control 

and HIRA CKO mice for any of these parameters (Fig. 20A-I).  However, by six 

months of age, HIRA CKO mice appeared leaner than control littermates (Fig. 

S21).  Indeed, after measurement, HIRA CKO mice weighed less (Fig. 20J), 

exhibited more lean mass (Fig. 20M) and less fat mass (Fig. 1N) than their control 

littermates.  There was no difference in body length or tibia length (Fig. 20K, L), 

nor were there differences in the wet weights of individual muscles, including the 

EDL, gastrocnemius, soles or tibialis anterior (TA) (Fig. 20O-R).  Because muscle 

weights were not significantly different, we attribute the difference in body mass 

to be due to a reduction in total fat mass. 
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Figure 20. Reduced body weight, increased lean mass and decreased fat 
mass by six months of age.  (A-I) Data from six-week-old male mice.  (J-R) Data 
from six-month-old male mice.  All measurements were obtained at sacrifice.  Body 
length is nasoanal length.  Body composition (% lean and fat mass) was obtained 
by MRI.  Muscle wet weights are the combined weight of left/right pairs.  No 
significant differences were observed at six weeks of age for any of the parameters 
tested (n = 11 Ctrl and 12 CKO animals/group for all experiments).  At six months 
of age, HIRA CKO mice exhibited reduced body weight (n = 11 animals/group) (J), 
increased lean mass (n = 11 animals/group) (M) and decreased fat mass (n = 11 
animals/group) (N).  No difference was observed for body length, tibia length or 
individual muscle weights (n = 8 animals/group for body length and muscle 
weights, n = 7 Ctrl and 6 CKO animals/group for tibia length).  **P < 0.01, ***P < 
0.001, Student’s t-test.  Ctrl, control; CKO, HIRA conditional knockout. 
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Figure 21.  HIRA CKO mice are thinner than their control littermates.  Whole-

body images of male mice were captured at six months of age.  Control and HIRA 

CKO males exhibited similar body length, but HIRA CKO males were noticeably 

thinner. 
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Increased strength and endurance.  Strength was measured by a four-paw grip 

strength test for male mice.  At both six weeks and six months of age, HIRA CKO 

males exhibited greater grip strength (15% greater at six weeks and 18% greater 

at six months) (Fig. 22A, B).  Strength, motor coordination and endurance was 

assayed by a rotarod test.  At six weeks of age, HIRA CKO males outperformed 

control littermates in each of eight trials over two days (Fig. 22C).  The rotarod 

test was not performed at six months of age.  These data suggest loss of HIRA 

in skeletal myofibers improves strength and endurance. 
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Figure 22.  Increased strength and endurance.  (A-B) Results of 4-paw grip 

strength tests.  Data were normalized to body weight.  Grip strength was greater 

for HIRA CKO male at both six weeks (A) and six months (B) of age (*P < 0.05, 

Student’s t-test, n = 11 Ctrl and 12 CKO animals/group at six weeks, n = 11 

animals/group at six months).  (C) Results of accelerating rotarod tests for male 

mice at six weeks of age.  The rotarod test consisted of 4 trials per day for 2 days 

with 15 min rest intervals.  HIRA CKO mice outperformed control littermates across 

all 8 trials (P < 0.001, two-way ANOVA, n = 11 Ctrl and 12 CKO animals/group).  

Ctrl, control; CKO, HIRA conditional knockout. 
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Myofiber hypertrophy and regeneration.  Muscle histology was examined by 

H&E staining.  At six weeks of age, there was no obvious pathology in the fast-

twitch TA muscle (Fig. 23A, B).  However, by six months of age, the HIRA CKO 

TA exhibited what appeared to be a broad variation in fiber sizes and many fibers 

with central nuclei (Fig. 23F, G).  These observations were subsequently 

quantified separately for the medial and lateral regions of the TA.  Generally, the 

lateral TA (lateral to the TA tendon/exterior region) has larger fiber sizes and more 

fast glycolytic (type IIb) fibers than the medial TA (medial to the TA tendon/interior 

region).  At six weeks of age, there was no difference in the percentage of central 

nuclei in the lateral or medial TA (Fig. 23C).  However, by six months of age, 

approximately 15% of fibers in the HIRA CKO TA exhibited central nuclei (Fig. 

23H).  The distribution of fiber sizes was quantified by measuring the minimum 

Feret diameter of individual fibers.  At six weeks of age, there was no difference 

in the distribution of fiber sizes within the medial TA (Fig. 23D); however, myofiber 

hypertrophy was detectable in the lateral TA (Fig. 23E).  At six months of age, 

HIRA CKO mice exhibited a broader distribution of fiber sizes compared to control 

animals, including increased numbers of both hypertrophic and hypotrophic fibers 

in both the medial and lateral TA (Fig. 23I, J).  The increased percentage of small 

fibers in the HIRA CKO at six months of age likely reflects regeneration, as 

evident by the high number of fibers with central nuclei.  Collectively, these data 
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indicate that hypertrophy and regeneration are pathological consequences of 

loss-of-function HIRA mutations in myofibers.   

 

We performed identical experiments using the slow-twitch soleus muscle.  Similar 

to the TA, there were no obvious pathological peculiarities at six weeks of age 

(Fig. 24A, B).  By six months of age, a few fibers with central nuclei were observed 

in the HIRA CKO (Fig. 24E, F).  These visual observations were confirmed after 

counting the percentage of fibers with central nuclei.  There was no significant 

difference at six weeks of age (Fig. 24C); however, by six months of age, 

approximately 3% of the fibers in the HIRA CKO soleus exhibited central nuclei 

(Fig. 24G).  Unlike the TA, we found no difference in myofiber minimum Feret 

diameter at six months (Fig. 24D) or six weeks (Fig. 24H) of age.  Thus, the 

hypertrophic response to loss of HIRA appears to much more profoundly affect 

type II (fast-twitch) myofibers. 
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Figure 23.  Myofiber hypertrophy and regeneration in the tibialis anterior.  

(A-E) Data from six-week-old male mice.  (A, B) Tibialis anterior cryosections 

stained with H&E.  No particularities were noted.  (C) The medial TA contained 

more fibers with central nuclei that the lateral TA, but there was no difference 

between control and HIRA CKO mice (*P < 0.05, Kruskal-Wallis, n = 7 Ctrl and 8 
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CKO animals/group).  (D-E) Quantification of myofiber size by minimum Feret 

diameter measurements for the medial (D) and lateral (E) tibialis anterior.  No 

difference was seen in myofiber size for the medial region (D).  The lateral TA of 

HIRA CKO mice exhibited increased hypertrophic myofibers (E) (*P < 0.05, two-

way ANOVA, n = 7 Ctrl and 8 CKO animals/group).  (F-J) Data from six-month-

old male mice.  (F, G) TA cryosections stained with H&E.  HIRA CKO muscle 

exhibited widespread myofibers with central nuclei (asterisks) (G).  (H) 

Quantification of the percentage of myofibers with central nuclei.  HIRA CKO mice 

exhibited significantly more myofibers with central nuclei in both the lateral and 

medial TA (**P < 0.01, Kruskal-Wallis, n = 6 animals/group).  (I-J) Quantification 

of myofiber size by minimum Feret diameter measurements for the medial (I) and 

lateral (J) TA.  HIRA CKO mice exhibited increased numbers of small and large 

fibers within both the medial and lateral regions (***P < 0.001, two-way ANOVA, 

n = 6 animals/group).  Scale bars are 50 µm.  Ctrl, control; CKO, HIRA conditional 

knockout.   
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Figure 24. Modest pathology in the soleus.  (A-D) Data from six-week-old male 

mice.  (A, B) Soleus cryosections stained with H&E.  No particularities were noted.  

(C) No difference between control and HIRA CKO mice was found in the 

percentage of myofibers with central nuclei (Student’s t-test, n = 7 animals/group).  

(D) Quantification of myofiber size by minimum Feret diameter measurements.  

No difference was found in myofiber size (two-way ANOVA, n = 7 animals/group).  

(E-H) Data from six-month-old male mice.  (E, F) Soleus cryosections stained with 

H&E.  Histologically, HIRA CKOs looked very similar to controls except for higher 

numbers of myofibers with central nuclei (asterisk in F).  (G) Quantification of the 
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percentage of myofibers with central nuclei (*P < 0.05, Student’s t-test, n = 7 Ctrl 

and 6 CKO animals/group).  (H) Quantification of myofiber size by minimum Feret 

diameter measurements.  No difference was found in myofiber size (two-way 

ANOVA, n = 7 Ctrl and 6 CKO animals/group).  Ctrl, control; CKO, HIRA 

conditional knockout.  Scale bars are 50 µm. 
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Few young myofibers, but broad upregulation of muscle genes.  Our 

histological findings led us to test the hypothesis that loss of HIRA promotes 

hypertrophy, but these fibers eventually die leading to increase myofiber 

regeneration.  First, we assayed the percentage of newly-formed embryonic 

myosin heavy chain (eMyHC) positive fibers in the TA.  Zero eMyHC positive 

fibers were observed in control TA sections at either six weeks or six months of 

age (Fig. 25A, C).  In contrast, a few eMyHC were observed in HIRA CKO TA 

sections at six weeks and six months of age (Fig. 25B, D).  These observations 

were quantified and reported as the percentage of eMyHC positive fibers per TA 

section.  The results of this analysis showed no statistical difference between 

controls and HIRA CKOs at six weeks (Fig. 25E) or six months (Fig. 25F) of age.  

This result is likely due to the low numbers of eMyHC positive fibers and several 

CKO sections where no eMyHC positive fibers were detectable.   

 

Gene expression analyses also supported the idea of increased myofiber 

regeneration activity in HIRA CKO muscle.  Consistent with the presence of 

eMyHC positive fibers only in the HIRA CKO, expression of the eMyHC/Myh3 

gene was significantly higher within the HIRA CKO TA at six months of age as 

determined by real-time PCR (Fig. 5G).  Next, we compared expression of major 

regeneration/developmental genes between control and HIRA CKO TA at six 

months of age by microarray.  The results of this analysis showed upregulation 
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of Myod1, Myog, Myh3 (eMyHC), Myh8 (fetal MyHC), Myh7 (slow MyHC) and 

Smyd1.  No significant difference was found for Myf5 and Myf6 (Fig. 25H).  

Furthermore, all differentially-expressed genes categorized under the gene 

ontology terms ‘sarcomere’ (Fig. 25I), ‘sarcolemma’ (Fig. 25J) or ‘striated muscle 

development’ (Fig. 25K) were upregulated in the HIRA CKO TA at six months of 

age.  Collectively, these data indicate that loss of HIRA activates muscle growth 

and development gene expression.   
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Figure 25.  Few young myofibers, but broad upregulation of muscle genes.  

(A-D) Representative images of tibialis anterior cryosections immunostained with 

anti-embryonic myosin (eMyHC) at six weeks (A, B) or six months (C, D) of age.  
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Red, eMyHC; Green, membranes/wheat germ agglutinin-488 (WGA-488); Blue, 

nuclei/DAPI.  eMyHC+ fibers were absent from control animals, but detectable in 

some HIRA CKO mice.  (E, F) Quantification of the percentage of eMyHC+ 

myofibers in medial and lateral regions of the tibialis anterior at six weeks (n = 7 

Ctrl and 8 CKO animals/group) (E) and six months (n = 6 animals/group) (F) of 

age.  Although eMyHC+ myofibers were only detected in HIRA CKO mice, their 

numbers were very low and there was no statistically significant difference 

between controls and HIRA CKOs (six weeks, P = 0.35; six months, P = 0.21; 

Kruskal-Wallis).  (G) Real-time PCR gene expression assay for Myh3/eMyHC at 

six months of age.  Myh3 expression was upregulated in HIRA CKO muscle (***P 

< 0.001, Student’s t-test, n = 8 Ctrl and 7 CKO animals/group).  (H-K) Results of 

microarray whole genome profiling.  Each column of the heatmaps represent an 

individual animal (n = 4/group).  Genes associated with regeneration or fetal 

development were mostly upregulated in HIRA CKO muscle.  No difference was 

detected for Myf5 and Myf6 (H).  All differentially-expressed genes associated with 

sarcomere (I), sarcolemma (J) or striated muscle development (K) were 

upregulated in HIRA CKO muscle.  Ctrl, control; CKO, HIRA conditional knockout; 

eMyHC, embryonic myosin heavy chain.  Scale bars are 50 µm. 
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Impaired transcriptional response to oxidative stress.  We previously 

determined the physiological consequence of eliminating HIRA from 

cardiomyocytes (Valenzuela et al., 2016).  Similar to skeletal muscle, CKO of 

HIRA from cardiomyocytes using αMHC-cre resulted hypertrophy.  We also found 

that hypertrophic cardiomyocytes in the HIRA CKO became fragile, susceptible 

to sarcolemmal perforation and oxidative stress.  Thus, we tested whether HIRA 

CKO myofibers also exhibited sarcolemmal damage and signs of oxidative stress.  

Sarcolemmal perforation was assayed by uptake of Evans Blue Dye to the TA at 

six months of age.  Unfortunately, we only had two six-month-old male mice 

remaining, one control and one HIRA CKO, with which to do this experiment.   No 

Evans Blue Dye positive myofibers were detectable in the control animal (Fig. 

29B, C).  In contrast, Evans Blue Dye positive myofibers were readily detectable 

in the HIRA CKO either by stereoimaging (Fig. 29A) or by far-red fluorescence in 

cryosections (Fig. 29D, E).  This result is consistent with the impaired 

sarcolemmal integrity observed in cardiomyocytes lacking HIRA. 

 

The relative abundance of reactive oxygen species in the TA muscle of six-month-

old mice was determined by the presence of 3-nitrotyrosine, a stable end-product 

of oxidation by reactive nitrogen species.  Similar to that observed in HIRA CKO 

cardiomyocytes, small numbers of nitrotyrosine positive myofibers were 

detectable in HIRA CKO muscles (Fig. 26A-D).  Nitrotyrosine positive fibers were 
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typically found in the lateral region of the TA (Fig. 26E) and in two varieties—large 

fibers such as illustrated in Fig. 26B or what appeared to be degenerating fibers 

as illustrated in Fig. 6D.  These data support the idea that large hypertrophic fibers 

in the HIRA CKO succumb to oxidative stress and degenerate, thereby 

stimulating regeneration.   

 

Microarray analysis of gene expression within the TA at six months of age 

revealed that most differentially-expressed genes falling under the gene ontology 

term ‘response to oxidative stress’ were downregulated in the HIRA CKO (Fig. 

26F).  This is similar to that observed in HIRA CKO cardiomyocytes and suggests 

impaired response to oxidative stress in the absence of HIRA.   
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Figure 26.  Impaired transcriptional response to oxidative stress.  (A-D) 

Cryosections of tibialis anterior from six-month-old mice immunostained with anti-

nitrotyrosine.  Red, nitrotyrosine; Green, membranes/wheat germ agglutinin-488 

(WGA-488); Blue, nuclei/DAPI.  Nitrotyrosine positive fibers were absent from 

control animals, but detectable in HIRA CKO mice.  (E) Quantification of the 

percentage of nitrotyrosine positive myofibers in the medial and lateral regions of 

the tibialis anterior at six months of age.  Nitrotyrosine positive myofibers were 

more prevalent in muscles from HIRA CKO mice and enriched in the lateral region 

of the tibialis anterior (*P < 0.05, Kruskal-Wallis, n = 6 animals/group).  (F) Results 

of microarray whole genome profiling.  Each column of the heatmap represents an 
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individual animal (n = 4/group).  All differentially-expressed genes associated with 

response to oxidative stress were upregulated in HIRA CKO muscle.  Ctrl, control; 

CKO, HIRA conditional knockout.  Scale bars are 50 µm. 
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More type I fibers.  Because HIRA CKO mice exhibited lower fat mass (Fig. 20N) 

and increased endurance (Fig. 22C) relative to control littermates, we reasoned 

that type I fibers (oxidative, slow twitch) may be more abundant in the HIRA CKO.  

We tested this idea by immunostaining TA and soleus cryosections obtained from 

six-week-old and six-month-old male mice for slow MyHC and determining the 

percentage of type I fibers.  Representative images from TA and soleus sections 

are presented in Fig. 27A-D and Fig. 27G-J, respectively.  For the TA, which in 

mice normally has very few type I fibers, there was no difference in the percentage 

of type I fibers at six weeks of age; however, as expected, there were slightly 

more type I fibers in the medial region than the lateral region (Fig. 27E).  By six 

months of age, HIRA CKO TA exhibited significantly more type I fibers in the 

medial region, but not in the lateral region (Fig. 27F).  Within the soleus, we found 

significantly more type I fibers in HIRA CKOs at both six weeks and six months of 

age.  Similar to wild type, the soleus of control mice consisted of approximately 

40% type I fibers.  The soleus of HIRA CKO mice exhibited approximately 50% 

type I fibers (Fig. 27K, L).     
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Figure 27.  Increased abundance of type I fibers.  (A-J) Cryosections of tibialis 

anterior (A-D) or soleus (G-J) immunostained with anti-Myh7/slow MyHC.  Red, 

slow MyHC; Green, membranes/wheat germ agglutinin-488 (WGA-488); Blue, 

nuclei/DAPI.  (E, F) Quantification of the percentage of type I fibers in the tibialis 

anterior at six weeks (E) or six months (F) of age.  No difference between controls 

and HIRA CKOs was observed in six-week-old mice; however, the medial region 

exhibited more type I fibers than the lateral region (***P < 0.001, Kruskal-Wallis, n 

= 7 animals/group) (E).  HIRA CKO mice exhibited more type I fibers in the medial 

tibialis anterior at six months of age (***P < 0.001, Kruskal-Wallis, n = 6 

animals/group) (F).  (K, L) Quantification of the percentage of type I myofibers in 

the soleus at six weeks (K) or six months (L) of age.  HIRA CKO mice exhibited 
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significantly more type I fibers than control littermates in the soleus at both six 

weeks (K) and six months (L) of age (**P < 0.01, ***P < 0.001; Student’s t-test; six 

weeks, n = 7 animals/group; six months, n = 7 Ctrl and 6 CKO animals/group).  

Scale bars are 50 µm. 
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Similarities in differential gene expression between muscle and heart.  One 

of the goals of this project was to improve our understanding of HIRA-regulated 

muscle gene expression by identifying differentially-expressed genes that were 

common to both our cardiomyocyte and skeletal myocyte HIRA CKOs.  1,304 

genes were commonly upregulated in the two HIRA CKOs (Fig. 28A).  Gene 

ontology analysis showed enrichment of genes involved in translation, protein 

transport and cell proliferation (Fig. 28C).  1,555 genes were commonly 

downregulated in the two HIRA CKOs (Fig. 28B).  Gene-ontology analysis 

showed enrichment of genes involved in DNA repair, transcription and response 

to cellular stress (Fig. 28C).  These data support the conclusion we reached after 

analysis of mice lacking HIRA in cardiomyocytes, which is that loss of HIRA 

impairs transcriptional responses to cellular stresses such as DNA damage and 

reactive oxygen species. 
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Figure 28.  Similarities in differential gene expression between muscle and 

heart.  Identification and analysis of differentially-expressed genes common to 

both HIRA CKO cardiomyocytes and HIRA CKO skeletal myocytes.  Data were 

obtained from microarray analysis of mRNA expression.  Groups were: (1) left 

ventricle of HIRA CKO using αMyHC-cre, (2) left ventricle of control littermates, (3) 

tibialis anterior of HIRA CKO using Myf6-cre, and (4) tibialis anterior of control 

littermates (n = 4 animals/group).  (A, B) Venn diagrams illustrating the number of 

common differentially-expressed genes upregulated (A) or downregulated (B) in 

both HIRA CKO heart and skeletal muscle.  (C) Significantly-enriched gene-

ontology (GO) terms for common differentially-expressed genes ranked by P-
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value.  Only shown are those GO terms with P < 0.001.  This analysis illustrates 

an important role for HIRA in transcriptional responses to cellular stresses such as 

DNA damage and reactive oxygen species.   
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Figure 29.  Evidence for sarcolemmal damage in the absence of HIRA.  (A) 

Stereoimage of the tibialis anterior muscle of a HIRA CKO male mouse at six 

months of age.  Evans blue dye was administered 18 h prior to sacrifice.  

Regions of sarcolemmal damage showed obvious uptake of Evans blue dye 

(black arrow).  (B-E) Cryosections of tibialis anterior muscles from six-month-old 

mice stained with WGA-488 and imaged in green and far-red channels.  Evans 

blue dye positive fibers (purple) were present the HIRA CKO (D, E), but not the 

control animal (B, C).  Ctrl, control; CKO, HIRA conditional knockout.  Scale bars 

are 200 µm (B, D) and 25 µm (C, E). 
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Table 6.  Gene ontology terms associated with differentially-
expressed genes in skeletal muscle 

 
For genes that are up- or downregulated in the HIRA skeletal muscle CKOs, listed 
are the top ten biological process gene ontology (GO) terms ranked by P-value and 
notable others with P < 0.001.  Gene expression data were obtained by microarray 
using RNA extracted from the tibialis anterior of six-month-old mice (n = 4 
animals/group). 
 

Rank GO term (biological processes) P-value 
Genes downregulated in HIRA CKO muscle  
1 tRNA metabolic process 3.59 x 10-7 
2 Cofactor metabolic process 7.35 x 10-7 
3 tRNA processing 1.15 x 10-6 
4 Coenzyme metabolic process 2.16 x 10-6 
5 ncRNA metabolic process 2.93 x 10-6 
6 Oxidation reduction 4.05 x 10-5 
7 Cofactor biosynthetic process 6.80 x 10-5 
8 Nucleoside metabolic process 1.46 x 10-4 
9 ncRNA processing 1.97 x 10-4 
10 Angiogenesis 2.13 x 10-4 
12 DNA metabolic process 2.85 x 10-4 
14 Cellular response to stress 3.42 x 10-4 
18 DNA repair 5.11 x 10-4 
19 Response to DNA damage stimulus 5.65 x 10-4 
25 Chromatin organization 9.13 x 10-4 
Genes upregulated in HIRA CKO muscle  
1 Phosphate metabolic process 4.84 x 10-10 
2 Protein localization 3.01 x 10-8 
3 Modification-dependent protein catabolic process 1.04 x 10-7 
4 Proteolysis involved in cellular protein catabolic process 1.22 x 10-7 
5 Cellular protein catabolic process 1.73 x 10-7 
6 Protein catabolic process 2.69 x 10-7 
7 Cellular macromolecule catabolic process 3.53 x 10-7 
8 Establishment of protein localization 6.59 x 10-7 
9 Protein transport 6.79 x 10-7 
10 Striated muscle cell differentiation 1.64 x 10-6 
19 Muscle cell development 4.42 x 10-5 
20 Striated muscle cell development 5.52 x 10-5 
22 Muscle cell differentiation 6.80 x 10-5 
28 Gene silencing 4.19 x 10-4 
30 Muscle organ development 5.41 x 10-4 
35 Muscle tissue development 8.17 x 10-4 
38 Striated muscle tissue development 8.68 x 10-4 
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MATERIALS AND METHODS 

 

Animals.  HIRAtm1a(EUCOMM)Wtsi (knockout first gene trap) mice were obtained from 

the European Mouse Mutant Archive (EMMA, stock #EM:05901).  Rosa26YFP/YFP 

and Myf6cre/cre mice were obtained from the Jackson Laboratory (stock #7903 and 

#10528, respectively).  The HIRAflox allele was generated by crossing 

HIRAtm1a(EUCOMM)Wtsi to Rosa26FLP/FLP (Flipper) (Jackson Laboratory, stock 

#9086).  HIRA+/- were generated by crossing HIRAflox/+ to the maternal deleter 

Tg(Sox-2-cre) (Jackson Laboratory, stock #8454).  Experimental animals were 

generated by crossing Myf6cre/+; HIRAflox/- mice to HIRAflox/flox; Rosa26YFP/YFP mice.  

Controls were Myf6cre/+; HIRAflox/+; Rosa26YFP/+.  HIRA CKOs were Myf6cre/+; 

HIRAflox/-; Rosa26YFP/+.   

 

The following primers were used for genotyping:  Cre-F: 5’-GCC ACC AGC CAG 

CTA TCA ACT C, Cre-R: 5’-TTG CCC CTG TTT CAC TAT CCA G, HIRA-F: 5’-

CCT TCC TCT GCT TTG TTT GTT C, HIRA-R2: 5’-CCA CCG CAC ACA GTT 

CAC AC, HIRA-R3: 5’-GCC AAG TGA GCA CAG AAG ATG G.  HIRA-F/R2 

identifies wild-type and flox alleles (691 bp and 783 bp, respectively).  HIRA-F/R3 

identifies the null allele (587 bp).  All experimental procedures involving mice were 

approved by the Institutional Animal Care and Use Committee of the University 

of Houston. 
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Body composition.  Body composition (% fat and lean mass) was calculated by 

magnetic resonance imaging (MRI) using an Echo MRI (Echo Medical Systems, 

Houston, TX). 

 

Strength and motor coordination tests.  Strength was assayed by a grip 

strength test.  The device consisted of a scale attached to a wire mesh.  The scale 

was immobilized and grip strength was measured by allowing the mouse to grasp 

the wire mesh with all four paws and then pulling the tail with increasing force until 

it releases its grip.  The test was repeated 3 times per mouse with a 15 s interval 

between tests.  Data reported is the maximum pull of the 3 trials. 

 

Strength, endurance and motor coordination was assayed by an accelerating 

rotarod test.  The test consisted of four trials per day for two consecutive days 

with 15 min intervals.  The rotarod apparatus (Med Associates Inc. ENV-577M) 

was programmed for continual acceleration from 4 to 40 rpm over 5 min.  Data 

recorded were either time elapsed when the animal fell from the rotarod or when 

the animal completed two 360° rotations, whichever occurred first. 

 

Tissue Collections.  Body weight and length were measured at sacrifice.  

Muscles were dissected in PBS immediately after euthanasia.  Excess PBS was 

removed by blotting on a paper towel.  Muscles were then weighed in pairs using 
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an analytical scale (Denver Instrument, model# SI-114).  For RNA extraction, 

tissues were snap frozen in liquid nitrogen and stored at -80°C.  For H&E staining, 

immunofluorescence and Evans blue dye fluorescence tissues were snap frozen 

in liquid nitrogen-cooled isopentane and stored at -80°C until preparation of 

cryosections.    

 

Histology and immunofluorescence.  H&E staining were performed by 

standard methods using 7 µm cryosections.  Immunofluorescence was performed 

on 7 μm cryosections using antibodies for embryonic MyHC (Developmental 

Studies Hybridoma Bank, clone F1.652), nitrotyrosine (Santa Cruz Biotech, cat 

#sc-32757) or slow/beta MyHC (clone A4.840, deposited to the Developmental 

Studies Hybridoma Bank by H. M. Blau).  Sections were blocked and antibodies 

diluted using 1x casein-2%-normal serum-PBST (10x casein stock and normal 

serum were from Vector Laboratories, Burlingame, CA).  Primary antibodies were 

incubated overnight at 4ºC.  Secondary antibodies were incubated for 1 hour at 

room temperature.  Slides were stained with DAPI during washing and coverslips 

mounted with VECTASHIELD HardSet mounting medium (Vector Laboratories).   

 

Central nuclei and minimum Feret diameter measurements.  The percentage 

of myofibers with centralized nuclei was determined by manual counting.  Data 

were derived from 20x composite (large scan) WGA-488 fluorescence images.  
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The number of fibers exhibiting centralized (internal) nuclei was divided by the 

total number of fibers in each image (Soleus: 153-716 and 190-537 fibers/animal 

at six weeks and six months, respectively; TA medial: 314-1115 and 384-876 

fibers/animal at six weeks and six months, respectively; TA lateral: 293-1108 and 

302-468 fibers/animal at six weeks and six months, respectively). 

 

Myofiber minimum Feret diameter was calculated using the analyze particles tool 

of ImageJ software.  Data were derived from 20x composite WGA-488 

fluorescence images.  Soleus: 117-370 and 137-430 fibers/animal at six weeks 

and six months, respectively; TA medial: 205-653 and 323-775 fibers/animal at 

six weeks and six months, respectively; TA lateral: 100-600 and 213-380 

fibers/animal at six weeks and six months, respectively.     

 

Evans blue dye uptake assay.  To assay sarcolemmal integrity, mice were given 

Evans blue dye (5 μl of 1% solution in PBS/g body weight) by intraperitoneal (IP) 

injection and sacrificed 18 hours later for tissue collection.  Evans blue dye 

staining was viewed as far-red fluorescence in 7 μm cryosections.  

 

Microscopy.  Brightfield and epifluorescence images of tissues sections were 

obtained using a Nikon Ti-E inverted microscope equipped with a DS-Fi1 5-

megapixel color camera (Nikon Instruments), a CoolSNAP HQ2 14-bit 
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monochrome camera (Photometrics, Tucson, AZ) and NIS Elements software 

v4.13 (Nikon Instruments).  Stereoimages (brightfield and fluorescence) were 

captured with a Leica MZ10F stereomicroscope and the extended depth of focus 

feature of LAS v3.7 software (Leica Microsystems, Wetzlar, Germany). 

 

Reverse transcription PCR.  Total RNA was extracted from TA muscle using 

TRIzol reagent (ThermoFisher Scientific).  Complimentary DNA was prepared 

from this RNA using a SuperScript II reverse transcription kit (ThermoFisher) 

according to the manufacturer’s recommendations.  Primers that flanked exon 4 

of the HIRA cDNA were:  5’-TTC CCA AGA TGC TTT GCC AG and 5’-CGA TCA 

TCA GCT TGA GAG GC.  Expected product sizes were 412 bp for wild type and 

321 bp for the deleted allele.  Primers for Actb (β-actin) were: 5’-AAA GAC CTC 

TAT GCC AAC ACA GTG C and 5’-GTA CTC CTG CTT GCT GAT CCA CAT C.  

Expected product size was 216 bp. 

 

Real-time PCR.  Total RNA for qPCR was extracted using TRIzol reagent 

according to the manufacturer’s protocol (ThermoFisher Scientific, Waltham, 

MA).  Relative mRNA levels were measured using TaqMan gene expression 

assays with 6-carboxyfluorescein (FAM)-labelled probes.  Primer probe sets 

were:  Mm01332463_m1 for Myh3 (ThermoFisher Scientific) and Gapdh (Gapdh-

F: 5’-ACT GGC ATG GCC TTC CG, Gapdh-R: 5’-CAG GCG GCA CGT CAG 
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ATC, Gapdh-Probe: 5’-TTC CTA CCC CCA ATG TGT CCG TCG T) (Biosearch 

Technologies, Petaluma, CA).  Gapdh mRNA expression levels were used for 

normalization.  The PCR was run using an ABI Prism 7900HT thermocycler and 

SDS2.1 software (Applied Biosystems).  Data were analyzed by the comparative 

∆∆CT method.   

 

Microarrays.  Total RNA for microarray analysis was extracted from the tibialis 

anterior muscle of six-month-old mice (n = 4 mice per group) using TRIzol reagent 

(Life Technologies) according to the manufacturer’s instructions.  Each sample 

was hybridized to triplicate arrays.  Gene expression profiling and data analysis 

was performed using the MouseOne Array Plus v2.1 service from Phalanx 

Biotech (Palo Alto, CA).  Raw intensity data was normalized using the median 

scaling normalization method. Normalized spot intensities were transformed to 

gene expression log2 ratios.  A p-value less than 0.05 was used to identify 

differentially expressed genes.  Based on log2 fold change, we selected 1000 

differentially expressed genes (500 from upregulated and 500 from 

downregulated sets).  Clustering analysis was performed using this 1000 

differentially expressed genes.  An unsupervised hierarchical clustering analysis 

on these 1000 genes revealed that samples representing the treatment and 

control conditions grouped together.  Principal Component Analysis (PCA) was 

also performed on this subset of genes to evaluate any differences among 
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biological replicates and their treatment conditions. Gene ontology (GO) analyses 

were performed using DAVID (https://david.ncifcrf.gov/).  Enriched GO terms 

were ranked by P-value.  The dataset was deposited to the NCBI Gene 

Expression Omnibus (GEO) database under series accession number 

GSE_____ (http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE_____ ). 

 

Statistical analyses.  Statistical tests were conducted using MedCalc v14.12.0 

software (MedCalc Software bvba, Belgium).  For studies with two experimental 

groups, an independent samples Student’s t-test was performed.  For 

experiments with more than two experimental groups, quantitative data were 

subjected to one-way analysis of variance (ANOVA).  If the ANOVA was positive 

(P < 0.05), a post-hoc Student-Newman-Keuls test was performed for pairwise 

comparison of subgroups.  Prior to the ANOVA test, Levene's test for equality of 

variances was performed.  If the Levene test was positive (P < 0.05) then a 

logarithmic transformation was applied and the test was repeated.  If Levene’s 

test was still positive after logarithmic transformation, the non-parametric Kruskal-

Wallis test was used in place of the ANOVA.  Two-way ANOVA was used for 

rotarod and minimum Feret diameter data.  A P-value of < 0.05 was considered 

significant for all tests. 

 

 

http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE_____
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DISCUSSION 

In this study we investigate the effect of HIRA ablation in terminally differentiated 

cardiac and skeletal myocytes.  We were able to identify elements common to 

each CKO in an attempt to elucidate the effect of HIRA deficiency on these cell 

types.  Both HIRA CKO cardiomyocytes and skeletal myofibers exhibited 

hypertrophy, sarcolemmal damage, upregulation of fetal/developmental genes 

and downregulation of genes associated with responses to cellular stresses and 

DNA damage.   

 

Stress induced right ventricular degeneration.  Loss of HIRA in 

cardiomyocytes results in subepicardial focal replacement fibrosis which favors, 

but is not limited to, formation on the right ventricle.  Adult HIRA CKO hearts 

exhibited compromised systolic function (Fig. 10).  Strangely our knockout only 

removes HIRA from the myocardium, indicating secondary effects contribute to 

the formation of this phenotype.  In an attempt to elucidate mechanism behind 

these phenotypes we investigated mouse models with similar heart defects.  

Desmin null mice exhibit subepicardial fibrosis strongly favoring the right ventricle 

free wall and further shares other similarities with our knockout.  Similar to the 

Desmin CKO, cardiac fetal genes were upregulated in our HIRA cardiomyocyte 

CKO.  Investigating a possible link between these two models we found that 

Desmin expression is unaltered in our CKO.  Dystrophin deficient mdx mice also 
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display subepicardial fibrosis favoring the right ventricular wall.  Our data along 

with observations of similar phenotypes in other mouse models suggest 

cardiomyocytes in the right ventricle free wall are more susceptible to stress 

induced degeneration than other cardiac regions.   

 

While Desmin expression was unaltered we discovered other intermediate 

filament genes were affected by loss of HIRA.  In particular Vinculin was found 

to be downregulated in HIRA CKOs.  Vinculin conditional knockout in mice 

results in dilated cardiomyopathy, and vinculin mutation in humans causes 

dilated cardiomyopathy type 1W which results in impaired systolic function 

(Maeda et al., 1997; Olson et al., 2002; Vasile et al., 2006).  Although Vinculin 

mouse CKOs did not display any fibrosis even a modest Vinculin deficiency 

causes cardiomyocyte necrosis and increased incidence of stress-induced 

cardiomyopathy.  This action is likely due to disruption of the linkage between 

the sarcolemma and the actin cytoskeleton (Zemljic-Harpf et al., 2014; Zemljic-

Harpf et al., 2004).  Thus, Vinculin deficiency can contribute to loss of 

cardiomyocyte sarcolemmal integrity. 

 

Skeletal myocyte fiber switching.  Mice lacking HIRA in skeletal muscle 

exhibited decreased body weight, less fat mass, and increased lean mass (Fig. 

20).  Individual muscles showed no significant difference in weight so the 
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majority of weight difference can be attributed to fat loss.  Although our CKO 

does not remove HIRA from these fat cells it must have an indirect effect on the 

metabolics surrounding skeletal muscle.  Interestingly, we observed an increase 

in type I myofibers in the absence of HIRA in skeletal muscle which could alter 

the metabolics of skeletal muscle tissue enough to cause the decrease in body 

weight and increase in lean mass observed.  Alternatively this could be the result 

of hypertrophic fibers increased energy demands.    

 

Mice lacking HIRA in skeletal muscle also exhibited greater grip strength, 

outperformed control littermates in a rotarod test, and the only CKO tested on a 

treadmill severely outperformed its control littermate.  Elevated grip-strength test 

results may be due to hypertrophy of skeletal myocytes which favors type II 

fibers, and essentially resembles the same effects as resistance training.  

Increased rotarod performance may be due to either increased strength or 

increased endurance resulting from the increase in type I fibers.  This increase 

was notable in the soleus as type I fibers increased by 25% in mice lacking HIRA 

in skeletal muscle.  This data was puzzling since our CKO only affected 

myocytes in the myofibers stage, not myoblasts.  Thus our data points to HIRA 

ablation in myofibers having an effect on myofiber energy metabolism.   
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Hypertrophy and regeneration.  Both the αMHC-cre and Myf6-cre HIRA CKOs 

caused myocyte hypertrophy.  It was the earliest detectable phenotype in 

cardiomyocytes, which we found by post-natal day 15 (Fig. 10E).  In contrast, 

hypertrophy in skeletal myocytes was not easily detectable until six weeks of 

age, with the effect growing more pronounced as the mice aged further (Fig. 23).  

Hypertrophy in skeletal myocytes lacking HIRA appears to favor type II fibers 

which our data indicates are also more susceptible to centralized nuclei (Fig. 23 

and 24).  While the soleus showed only a modest increase of centralized nuclei 

in the absence of HIRA, the tibialis anterior exhibited a 15% increase in 

centralized nuclei.  These observations support a link between hypertrophy and 

centralized nuclei in skeletal myocytes, the latter of which is associated with 

myopathies resulting in degeneration.  These data suggests that hypertrophic 

fibers in skeletal myocytes lacking HIRA ultimately degenerate and stimulate the 

regeneration of neighboring fibers.  While expression of regeneration associated 

genes was upregulated in the HIRA CKO TA muscle, newly formed embryonic 

MyHC fibers were rare (Fig 25 E, F).  These data indicates that myoblast fusion 

with existing fibers serves as the dominant repair method versus de novo fiber 

formation.  Expression of the muscle transcription factor RUNX1 was found to 

be upregulated in skeletal myocytes lacking HIRA.  RUNX1 is directly mediated 

by H3.3 deposition and promotes muscle growth, preserves myofibrillar stability 

and prevents muscle wasting/atrophy (Wang et al., 2005).  Thus overexpression 
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of RUNX1 may play a role in inducing hypertrophy in skeletal myocytes.  

Additionally expression of growth/fetal/developmental genes were upregulated 

in both HIRA CKO skeletal and cardiac muscle.  Interestingly, all genes related 

to sarcomeres, the sarcolemma, and striated muscle development were 

upregulated (Fig. 25) in the HIRA skeletal myocyte CKO (many were 

upregulated in the cardiomyocyte specific CKO as well).  Overexpression of 

these genes can lead to hypertrophy but it is unknown if there expression came 

before or after the hypertrophic response in each respective CKO.   

 

The early appearance of hypertrophy in HIRA CKO cardiomyocytes suggests 

that HIRA may inhibit the hypertrophic response, thus patients with 22q11.2 

deletion syndrome may be more susceptible to cardiac hypertrophy due to Hira 

deletion.  However, after searching public gene expression datasets we found 

no evidence of Hira expression being reduced in hypertrophic or heart failure 

conditions.  Although a recent study found that HIRA protein levels can vary 

independently of Hira mRNA levels (Majumder et al., 2015) so these data sets 

must be scrutinized.  The hypertrophic response in HIRA CKO cardiomyocytes 

preceded the sarcolemmal damage, which was seen earliest at postnatal day 25 

(Fig. 9).  It is possible that hypertrophic cardiomyocytes in the HIRA CKO 

eventually degenerate as the next detectable defect is sarcolemmal damage 

which just precedes focal replacement fibrosis.  However, unlike skeletal 
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muscle, cardiac tissue does not retain the ability to regenerate and repair its own 

tissue.   

 

Oxidative stress and impaired transcriptional response.  Both 

cardiomyocytes and skeletal myocytes are subjected to high levels of oxidative 

stress, which, if not neutralized, can cause damage to proteins, organelles, and 

DNA (Davies et al., 1982; Powers and Jackson, 2008).  Failure to adequately 

respond to oxidative stress would result in the observed degeneration of 

myocytes present in both CKOs.  Furthering this idea the fibrotic legions found 

in the cardiomyocyte specific HIRA CKO were found to be localized to 

subepicardial patches as would be expected from localized oxidative-stress 

induced damage.  Additionally nitrotyrosine positive cardiomyocytes were found 

near fibrotic legions.  Despite these results we detected no increase in ROS 

levels in cardiomyocytes lacking HIRA.  MnSOD, an enzyme responsible for 

removing free radicals, was shown to be greatly reduced in the right ventricular 

region harboring the fibrotic legion.  Western blot analysis showed MnSOD 

protein levels decreased by as much as 80% which is unable to be explained by 

inclusion of the fibrotic scar as it only made up around 10% of the total mass 

extracted.  Furthermore, NADH-TR stains revealed even oxidative stain intensity 

both near and away from the fibrotic lesions.  This indicates that these regions 
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are undergoing equivalent levels of oxidative stress as the rest of the heart 

despite severe reductions in available MnSOD.   

 

Oxidative damage within the nucleus can lead to double stranded breaks which 

consequently activates the DNA damage response (DDR). It has been shown 

that HIRA is required for transcriptional restart following DNA repair.  

Consequently, genes associated with responses to oxidative stress and DNA 

repair were downregulated in both the HIRA heart and skeletal muscle CKOs.  

Our microarray analysis between both HIRA CKOs indicate an impaired 

transcriptional response to cellular stress and DNA damage, thus cardio- and 

skeletal myocytes lacking HIRA may not be able to properly activate the proper 

genes required to cope with such stresses.  While we saw large sets of genes 

upregulated as well, it is important to recall HIRA’s role in depositing H3.3 into 

regulatory regions as well.  The top scored GO terms downregulated between 

both CKOs related to DNA repair and transcription (Fig. 28).  Skeletal myocytes 

already exhibit low efficiency of DNA base excision repair (Narciso et al., 2007) 

and oxidative stress is known to increase in both skeletal and cardiac tissue with 

age (Fano et al., 2001; Mecocci et al., 1999; Pansarasa et al., 1999; Pansarasa 

et al., 2000) which could explain the progression of the phenotype in both CKOs.  

It would be interesting to see if further aging the HIRA skeletal muscle CKOs 

would eventually reverse the seemingly positive phenotype obtained.  If 
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hypertrophy and degeneration are indeed driving myogenesis it stands to 

believe that the supply of new myocytes would be exhausted.  Together these 

data indicate that HIRA ablation in cardio- and skeletal myocytes impairs 

transcriptional response to cellular stresses. 

 

HIRA CKO myocytes are susceptible to sarcolemmal damage.  Both HIRA CKO 

skeletal and cardiac muscle show signs of compromised sarcolemmal integrity 

as evidenced by Evan’s Blue Dye (EBD) uptake (Fig. 9 and 29).  In the heart it 

appears that sarcolemmal damage precedes focal replacement fibrosis as EBD 

uptake can be seen both surrounding fibrotic legions and in seemingly healthy 

cardiac tissue.  In skeletal muscle it was only observed after exercise of the 

organism, but no EBD uptake was observed in control muscle containing HIRA.  

It is possible that the compromised sarcolemmal integrity in HIRA CKOs leads 

to all of the observed phenotypes of the CKOs.  Sarcolemmal permeability 

impairs excitation-contraction coupling, which could lead to all of the pathological 

characteristics of the HIRA CKO phenotype including cardiomyocyte and 

skeletal myocyte hypertrophy, degeneration, and fibrosis.  Although this could 

lead to the phenotype observed in the cardiomyocyte specific CKO it would also 

lead to regeneration in the skeletal myocyte CKO as compromised sarcolemmal 

integrity can give rise to myocyte degeneration. 
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In summary loss of HIRA caused widely altered gene expression, hypertrophy, 

and compromised sarcolemmal integrity in both CKOs.  This resulted in impaired 

cardiac function and degenerating cardiomyocytes in the heart CKO while 

causing decreased body mass, increased lean mass, and increased strength 

and endurance in mouse lacking HIRA in skeletal muscle.  This difference in 

phenotype can largely be explained by the regeneration systems inherent to 

each tissue type.  Critical future experiments include ChIP-seq on histone H3.3 

in both HIRA CKOs to find out which gene targets are not receiving H3.3 in the 

absence of HIRA.  Collectively our data indicate that HIRA ablation from post 

mitotic myocytes impairs transcriptional responses to cellular stress which in turn 

leaves them more susceptible to oxidative stress-induced damage and DNA 

lesions. 
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