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Deletion of HP1γ in cardiac myocytes 
affects H4K20me3 levels but does not impact 
cardiac growth
Kyohei Oyama1, Danny El‑Nachef1, Chen Fang1, Hidemi Kajimoto1, Jeremy P. Brown2, Prim B. Singh2,3,4 
and W. Robb MacLellan1* 

Abstract 

Background:  Heterochromatin, which is formed when tri-methyl lysine 9 of histone H3 (H3K9me3) is bound by 
heterochromatin 1 proteins (HP1s), plays an important role in differentiation and senescence by silencing cell cycle 
genes. Cardiac myocytes (CMs) accumulate heterochromatin during differentiation and demethylation of H3K9me3 
inhibits cell cycle gene silencing and cell cycle exit in CMs; however, it is unclear if this process is mediated by HP1s. In 
this study, we created a conditional CM-specific HP1 gamma (HP1γ) knockout (KO) mouse model and tested whether 
HP1γ is required for cell cycle gene silencing and cardiac growth.

Results:  HP1γ KO mice were generated by crossing HP1γ floxed mice (fl) with mice expressing Cre recombinase 
driven by the Nkx2.5 (cardiac progenitor gene) promoter (Cre). We confirmed that deletion of critical exons of HP1γ 
led to undetectable levels of HP1γ protein in HP1γ KO (Cre;fl/fl) CMs. Analysis of cardiac size and function by echo 
revealed no significant differences between HP1γ KO and control (WT, Cre, fl/fl) mice. No significant difference in 
expression of cell cycle genes or cardiac-specific genes was observed. Global transcriptome analysis demonstrated a 
very moderate effect of HP1γ deletion on global gene expression, with only 51 genes differentially expressed in HP1γ 
KO CMs. We found that HP1β protein, but not HP1α, was significantly upregulated and that subnuclear localization of 
HP1β to perinuclear heterochromatin was increased in HP1γ KO CMs. Although HP1γ KO had no effect on H3K9me3 
levels, we found a significant reduction in another major heterochromatin mark, tri-methylated lysine 20 of histone H4 
(H4K20me3).

Conclusions:  These data indicate that HP1γ is dispensable for cell cycle exit and normal cardiac growth but has a 
significant role in maintaining H4K20me3 and regulating a limited number of genes in CMs.
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Background
Adult cardiac myocytes (ACMs) are terminally differen-
tiated cells that express a unique cell-specific transcrip-
tional profile. During terminal differentiation of CMs, 
cell cycle genes are irreversibly silenced [1, 2] by a mech-
anism which we have hypothesized is similar to what 

occurs in cellular senescence [3, 4]. Induction of senes-
cence is thought to involve the sequestration of cell cycle 
genes within senescence-associated heterochromatin foci 
(SAHF), which are enriched with heterochromatic mark-
ers such as tri-methyl lysine 9 of histone H3 (H3K9me3), 
tri-methyl lysine 20 of histone H4 (H4K20me3), mac-
roH2A and heterochromatin protein 1 (HP1) [5, 6]. For 
example, E2F target genes that are required for prolifera-
tion localize to SAHF [7] and are enriched with hetero-
chromatic marks [5]. Because heterochromatin acts as a 
physical barrier, cell cycle genes are thought to no longer 

Open Access

Epigenetics & Chromatin

*Correspondence:  wrmaclellan@cardiology.washington.edu 
1 Division of Cardiology, Department of Medicine, Center 
for Cardiovascular Biology and Institute for Stem Cell and Regenerative 
Medicine, University of Washington, 1959 NE Pacific St, Box 356422, 
Seattle, WA 98195‑6422, USA
Full list of author information is available at the end of the article

http://orcid.org/0000-0002-3066-2545
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s13072-018-0187-z&domain=pdf


Page 2 of 15Oyama et al. Epigenetics & Chromatin  (2018) 11:18 

be accessible to transcriptional machinery that drive 
expression and thereby lead to exit of the cell cycle.

Heterochromatin assembles not only into large 
domains of constitutive heterochromatin but can also 
regulate gene activity on a gene-by-gene basis. For exam-
ple, the master cell cycle regulator retinoblastoma protein 
(RB) [8, 9] recruits key players of heterochromatin for-
mation such as Suv39h1 H3K9 histone metyltransferase 
(HMT), HP1s and histone deacetylases [4, 5, 10–12] to 
E2F target genes and assemble localized heterochromatin 
complexes. Indeed, loss of RB impaired SAHF formation 
[5]. RB is one of member of gene family encoding three 
structurally and functionally similar proteins, RB, p107 
and p130. In ACMs, RB and p130 are expressed [1, 4]. We 
previously knocked out both RB and p130 in ACMs and 
found that RB/p130 double KO (RB/p130-DKO) ACMs 
failed to silence cell cycle genes and reentered cell cycle 
[4]. In addition, cardiac-specific H3K9me3 depletion pre-
vented both cell cycle exit and terminal differentiation 
[13]. These results indicate that heterochromatin forma-
tion through H3K9me3 could mediate cell cycle exit in 
CM terminal differentiation.

HP1 is the first non-histone heterochromatin factor 
identified as a dosage-dependent modifier of position-
effect variegation in Drosophila [14, 15]. There are three 
isoforms in mammals (HP1α, HP1β and HP1γ) and 
all isoform share two conserved domains, the chromo 
domain (CD) and the chromo shadow domain (CSD). 
HP1s directly bind to H3K9me2/3 through the CD and 
simultaneously recruit Suv39h1 via CSD [16–21], which 
allows HP1s to propagate and establish heterochromatin 
[22]. HP1γ is the most highly expressed among the three 
isoforms and is the only isoform showing co-localization 
with H3K9me3 in ACMs (Fig. 1 and Additional file 1: Fig. 
S1), but its physiological role and importance in vivo are 
unknown.

In this study, we tested the hypothesis that HP1γ is 
required for the cell cycle gene silencing in CMs. Accord-
ingly, we generated a novel conditional mouse model 
where HP1γ was specifically deleted in CMs. Surpris-
ingly, loss of HP1γ had minimal effect on cardiac gene 
expression and differentiation.

Methods
Creation of Nkx2.5‑Cre;HP1γfl/fl
The HP1γfl mouse was generated from the HP1γhypo/hypo  
[23] by excision of the FRT-NeO-FRT cassette after 
crossing to a FLPe mouse [24]. The resulting HP1γfl 
mouse was crossed to the Nkx2.5-Cre mouse [25] to 
achieve cardiac-specific HP1γ KO. Litter mates were 
used as controls for this study. Mice were housed in a 
temperature-controlled environment with 12 h light/dark 
cycles where they received food and water ad libitum. All 
protocols concerning the use of animals were approved 
by the Institutional Animal Care and Use Committees at 
University of Washington.

Cardiac myocyte isolation
Embryonic CMs were isolated by enzymatic digestion. 
Briefly, E15-timed pregnant female mice were euthanized 
and embryonic hearts were extracted from embryos and 
pooled into ice-cold Ads buffer (116 mM NaCl, 20 mM 
HEPES, 11 mM NaH2PO4, 5.5 mM Glucose, 5.4 mM KCl, 
0.83  mM MgSO4, pH 7.4) supplemented with 5  U/ml 
heparin. Hearts were washed and atriums were removed 
in Ads buffer with heparin. The ventricles were minced 
and digested with 5  mg/ml collagenase Type II (Wor-
thington, 4176) and 1 mg/ml pancreatin (Sigma, P3292) 
prepared at 37  °C for 20  min. Cardiac myocytes were 
purified using a Percoll gradient, resulting in ~ 90% pure 
CMs.

Adult CMs were isolated by using Langendorff perfu-
sion digestion. Briefly, adult hearts were washed by per-
fusing with Ca2+ free Tyrode’s buffer (126  mM NaCl, 
5.4 mM KCl, 0.33 mM NaH2PO4, 1 mM MgCl2, 10 mM 
HEPES, 10  mM Glu, 20  mM taurine, pH 7.4) supple-
mented with 25  μM blebbistatin (Toronto Research 
Chemicals Inc. and BOC Sciences) for 1–2 min and then 
enzymatically digested at 37C by perfusing with 0.69 U/
ml Liberase TH (Roche) prepared with blebbistatin 
supplemented-Ca2+ free Tyrode’s buffer for 8–12  min. 
Hearts were mechanically dissociated in ice-cold KB 
solution (20  mM KCl, 10  mM KH2PO4, 70  mM potas-
sium glutamate, 1 mM MgCl2, 25 mM Glucose, 20 mM 
Taurine, 0.5  mM EGTA, 10  mM HEPES, 0.1% albumin, 

(See figure on next page.) 
Fig. 1  Characterization of HP1s in cardiac development. a Heterochromatin accumulation during cardiac development. Heterochromatin was visu‑
alized by Hoechst staining (Blue) and CM-specific maker α-actinin was immunostained (Red). Scale bar indicates 10 μm. b Comparison of HP1s gene 
expression. Total RNA was isolated from purified ECM and ACM. Gene expression levels were measured by using isoform-specific primer sets for qPCR 
following reverse transcription. Expression levels were compared to GAPDH gene expression. *p < 0.05. c Localization of HP1s in CMs. ECMs and ACMs 
were isolated and HP1s and H3K9me3 were stained using specific antibodies (Green). DNA was stained with Hoechst to visualize heterochromatin 
foci (Blue). Scale bar indicates 10 μm
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pH 7.40). CM suspensions were passed through a 100–
200  μm cell strainer to remove tissue debris and then 
purified by low-speed centrifugation (50×g for 1 min) 3 
times, resulting in ~ 90% pure ACMs.

Protein analysis
Nuclear extracts were prepared from isolated CMs
Purified ACMs were resuspended in NP40 lysis buffer 
(0.5% NP40, 25 mM KCl, 3 mM MgCl2, 10 mM Tris–HCl, 
pH 8.0) and homogenized until nuclei were released from 
the cytoskeleton. Extraction buffer was supplemented 
with 1  mM Na3VO, 1  mM NaF, 1  mM phenylmethyl-
sulfonyl fluoride and 1× Protease Inhibitor Cocktail 
(Millipore 539134). The homogenate was centrifuged 
with 50×g for 1  min at 4  °C and supernatant (enriched 
nuclear) was corrected. The enriched nuclear was pel-
leted with 800×g for 10  min at 4  °C. Nuclear pellets 
were resuspended in SDS/βME nuclear buffer (1% SDS, 
25  mM 2-mercaptoethanol, 137  mM NaCl, 0.5% NP40, 
25 mM KCl, 3 mM MgCl2, 10 mM Tris–HCl, pH 8.0) and 
sonicated with probe sonicator (Qsonica, CL-18) with 
25% power for 10 s 2 time (30 s interval). Nuclear extracts 
were cleared by centrifugation at 20,000×g for 10 min at 
15  °C. DNA concentration was measured using Quant-
iT™ PicoGreen® dsDNA Reagent (Life technology) and 
used to normalize samples. Nuclear extract (50–250  ng 
DNA) were separated by SDS–PAGE, transferred to pol-
yvinylidene fluoride membrane and probed using specific 
primary antibodies and appropriate HRP-conjugated sec-
ondary antibody for ECL detection. Antibodies used are 
listed in Additional file 3.

Immunofluorescence staining
Isolated CMs were fixed with cold methanol. Heart tis-
sues were fixed with 4% PFA and paraffin- embedded. 
Fixed CMs and paraffin-embedded tissue sections were 
immunostained following standard protocols. Briefly, 
fixed CMs and deparaffinized/rehydrated tissues were 
blocked with 1% bovine serum albumin (BSA)/phos-
phate buffered saline (PBS). Primary antibodies were 
diluted in 1% BSA/PBS and incubated with blocked CMs 
and tissues for overnight at 4 °C. Appropriate secondary 
antibodies conjugated with Alexa Fluor® Dyes (Life Tech-
nologies) were diluted in 1% BSA/PBS and incubated 
with primary antibodies-probed CMs and tissues for 1 h 
at room temperature. Nuclei were counter stained with 
Hoechst (Life Technologies). Where indicated, heart tis-
sues were stained with wheat germ agglutinin (WGA) 
conjugated with Oregon Green™ 488 (Thermo) to visual-
ize cell border. Fluorescence images were acquired using 
a confocal microscope (Nikon A1R).

RNA analysis
Total RNA was extracted from isolated CMs. All total 
RNA were treated with DNase I following manufacture’s 
protocol to avoid genomic DNA contamination. Embry-
onic CMs total RNA were extracted using RNeasy Micro 
Kit (Qiagen). Adult CMs total RNA was pre-cleared using 
TRIzol™ Reagent (Invitrogen) and then purified using 
RNeasy Micro Kit (Qiagen). 1  μg of total RNA was con-
verted to cDNA using Transcriptor First Strand cDNA 
Synthesis Kit (Roche). cDNA corresponding to 5  ng of 
total RNA was used for quantitative PCR. Quantitative 
PCR was performed using SYBR™ Select Master Mix 
(Life Technologies). Primer sequences used in this study 
are listed in Additional files 2 and 3. PCR specificity was 
confirmed by amplicon dissociation curve and by running 
amplicon on agarose gel. Standard curves were created for 
each assay. Target gene expression was normalized against 
internal control S26 or GAPDH and presented as rela-
tive expression value against control sample as described 
in figure legend after confirming expression was similar 
between the genotypes or operations we used in this study.

Transverse aortic constriction (TAC) surgery
10–12  week old mice were subjected to TAC surgery 
using a 27-gauge needle as previously described [26, 27] 
and hearts were harvested 1 week after surgery.

RNA‑seq
8  week baseline RNA-seq: Total RNA were extracted 
from 3 HP1γ KO CMs and 3 controls CMs (WT, Cre 
and fl/fl, one of each) at 8 week old. Library construction 
and sequencing was performed using commercial ser-
vice (Omega Bioservices). Briefly, sequenced reads were 
mapped on the mouse genome (mm10) assembly using 
TopHat [28]. Transcripts were assembled and fragments 
per kilobase of transcript per million (FPKM) was calcu-
lated by Cufflinks [29]. Differential gene expression was 
calculated using Cuffdiff [29]. We defined differentially 
expressed gene as false discovery rate (FDR) < 0.05 and 
fold change ≥ 2.

TAC-Operated CMs RNA-seq: Three independent 
samples per group were used: Sham-fl/fl, Sham-Cre;fl/
fl, TAC-fl/fl and TAC-Cre;fl/fl. Library construction and 
sequencing was performed by the Genomics Core Ser-
vice at Fred Hutchinson Cancer Research Center (Seattle, 
WA). Sequenced reads were mapped on mouse mm10 
using TopHat, counts for each gene were generated using 
HTSeq [30], and normalization and comparison of gene 
expression difference were conducted by edgeR [31, 32]. 
Genes with FDR < 0.05 and fold change ≥ 2 are defined as 
significantly differentially expressed.
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Results
HP1γ is the major HP1 isoform in ACM
To determine if heterochromatin accumulates in CMs 
during terminal differentiation (Fig.  1a) CMs from E15 
embryo and 10-week adult mouse hearts were stained 
with Hoechst dye, which stains AT-rich DNA that is 
concentrated within heterochromatin [33]. E15 embry-
onic CMs (ECMs) showed a diffuse staining pattern with 
multiple small heterochromatin foci. In contrast, ACMs 
showed accumulation of heterochromatin at the nuclear 
periphery with a few large internal heterochromatin foci.

To explore the role of HP1s in heterochromatin accu-
mulation in CMs further we characterized expression 
of HP1s during cardiac development. We performed 
RT-qPCR using purified CMs to compare expression of 
each HP1 isoform (Fig.  1b). All three HP1 isoforms are 
expressed in both ECM and ACM. Of these isoforms, 
HP1γ demonstrated the highest gene expression in 
both ECM and ACM (1.9-fold vs HP1α; p = 0.0016 and 
4.8-fold vs HP1β; p = 0.0002 in ECM, 1.8-fold vs HP1α; 
p = 0.0165 and 3.1-fold vs HP1β; p = 0.0013 in ACM).

Next, we compared the nuclear localization pattern of 
HP1s (Fig.  1c). In ECMs, HP1α and HP1β are localized 
with heterochromatin foci (Hoechst), but HP1γ showed 
diffuse staining which is euchromatic pattern. In con-
trast, in ACMs, HP1α and HP1β staining was speckled 
and no longer confined to heterochromatin foci, while 
HP1γ staining pattern overlapped with heterochromatin, 
which is similar to H3K9me3 staining. Co-staining HP1s 
with H3K9me3 further confirmed that HP1γ is localized 
with H3K9me3 coincident with heterochromatin foci in 
ACMs (Additional file 1: Fig. S1). These data demonstrate 
that HP1γ is the major isoform of HP1s that co-localizes 
with H3K9me3 in ACMs, suggesting it may play a role in 
heterochromatin organization during terminal differen-
tiation of CMs.

Creation of cardiac myocyte‑specific HP1γ KO mice
Germline HP1γ-deficient mice (hypomorphic allele 
and gene trap KO) [23, 34, 35] rarely survive to adult-
hood [23], suggesting that HP1γ has an important non-
redundant function with respect to the other HP1 family 
members. To determine its role in tissue-specific devel-
opment, we created a conditional cardiac HP1γ KO 
mouse (Cre;fl/fl) driven by Nkx2.5-Cre (Cre). Nkx2.5 
is a cardiac progenitor specific transcription factor 
and is first expressed in CMs at E7.5 [25]. HP1γ floxed 
mice (HP1γfl) were engineered with loxP sites flank-
ing exon 2 and exon 3, which includes the start codon 
and an alternative in frame ATG so that no translation 
of HP1γ occurs (Fig.  2a) [23]. Deletion of exons 2–3 in 
CMs was confirmed by RT-PCR (Additional file  4: Fig. 

S2A). Generation of HP1γ KO CMs demonstrated that 
the recombined transcript and normal RNA was almost 
undetectable (Fig. 2b), indicating highly efficient deletion. 
In contrast all control CMs (WT, Cre and homozygous 
HP1γfl (fl/fl)) showed wild-type transcripts. Consistent 
with deletion of exon 2–3, HP1γ protein was undetect-
able in KO CMs (Fig. 2c). As shown in Fig. 2d, HP1γ is 
expressed ubiquitously in both CM (yellow arrow head) 
and non-CM in control (fl/fl) hearts. In contrast, HP1γ 
expression is absent in CMs of HP1γ KO hearts. Unex-
pectedly, although the Nkx2.5 has been reported to be 
cardiac specific, we observed substantial recombination 
of HP1γ in liver (Additional file 4: Fig. S2B) [25].

Loss of HP1γ causes reduction in H4K20me3 
and upregulation of HP1β
Since HP1γ recruits H3K9 HMTs, G9a and Suv39h1 that 
are responsible for H3K9me2 and H3K9me3, respec-
tively, which allows extension of H3K9 methylation to 
adjacent histones [19, 21, 36, 37], we examined if loss of 
HP1γ effects the methylation status of H3K9. Nuclear 
lysates were prepared using isolated CMs from HP1γ KO 
(Cre;fl/fl) and controls (WT, Cre and fl/fl). Western blot-
ting demonstrated that there was no difference in total 
H3K9me3 or H3K9me2 (Fig. 3a and Additional file 5: Fig. 
S3). Stable heterochromatin formation requires sequen-
tial methylation of H4K20me3 after H3K9me3, which 
is also dependent on HP1s [38, 39]. We tested if loss of 
HP1γ effects H4K20me3 status and found that HP1γ 
deletion resulted in a 75% reduction in global H4K20me3 
levels (Fig. 3a) compared to control groups (p < 0.015 vs 
WT, Cre and fl/fl; Additional file 5: Fig. S3). H4K20me3 
immunostaining signal was also reduced in HP1γ KO 
CMs consistent with the immunoblotting; although there 
was no change in H3K9me3 immunostaining (Fig. 3b and 
Additional file 6: Fig. S4A). Neither macroH2A, a hetero-
chromatin component nor H3K27me3, a marker of fac-
ultative heterochromatin, were affected (Fig. 3a). We did 
not detect signs of DNA damage (γH2AX, p21) or senes-
cence (p16) in HP1γ KO CMs (Additional file 7: Fig. S5).

Next, we tested if loss of HP1γ effected the other iso-
forms of HP1s, HP1α and HP1β. HP1α protein level was 
unchanged between controls and HP1γ KO (Fig.  3a). 
However, HP1β protein expression was 2.3 times higher 
in HP1γ KO CM compared to controls (p < 0.01 vs WT, 
Cre and fl/fl; Additional file 5: Fig. S3). Immunofluores-
cence staining demonstrated that there is no difference of 
HP1α localization pattern or signal intensity. In contrast, 
HP1β was increased and changed in localization to the 
nuclear periphery (Fig. 3c and Additional file 6: Fig. S4B). 
Thus, loss of HP1γ affects HP1β expression and localiza-
tion, but not HP1α.
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HP1γ depletion has no effect on cell cycle gene expression 
and cardiac growth
To examine if KO of HP1γ had an effect on cardiac 
growth we examined the hearts of 8-week old mice. There 
were no differences in histology between HP1γ KO hearts 
and control hearts (Fig. 4a) nor was there a difference in 

heart weight (HW) normalized to body weight (HW/
BW) (Fig.  4b). Normalized HW was 5.3 ± 0.45  mg/g, 
5.4 ± 0.46  mg/g, 5.5 ± 0.50  mg/g and 5.4 ± 0.41  mg/g in 
WT, Cre, fl/fl and Cre;fl/fl, respectively. Cardiac func-
tion was measured by echocardiography (Additional 
file  8: Table S1) and no significant difference in cardiac 

Fig. 2  Generation of a cardiac-specific HP1γ KO mouse. a Scheme of conditional HP1γ KO strategy. b Confirmation of critical exons deletion. 
Total RNA was extracted from purified 8-week ACMs and RT-PCR was performed. Longer amplicon indicates normal mRNA and shorter amplicon 
indicates KO mRNA. Molecular weight maker shows 100 bp ladder. c Confirmation of HP1γ protein loss. Western blotting was performed on nuclear 
extracts from purified CMs. d Specificity of HP1γ KO in heart tissue. Heart tissues were staining using HP1γ specific antibody (Red). Hoechst staining 
is in blue, WGA staining is in green and cardiac TnI staining is in magenta. Yellow arrowheads indicate CM nuclear. Scale bar indicates 25 μm
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Fig. 3  Effect of HP1γ KO on heterochromatin formation. a Expression level of heterochromatin markers. Nuclear extract was prepared from purified 
CM at 8 week and 100–250 ng DNA was loaded per lane. Representative pictures of 5 biological independent experiments are shown here. b, c 
Localization of heterochromatic histone marks and HP1s. 8-week CMs from fl/fl control and KO (Cre;fl/fl) mice were isolated and stained with spe‑
cific antibodies. Single channel images (zoomed in) of histone marks and HP1s are shown in upper panel in red. Cardiac troponin is in green (lower 
panel) and DNA is in blue (lower panel). Individual channel images are available in Additional file 6: Fig. S4. Scale bar in upper panel and lower panel 
indicate 10 and 50 μm, respectively
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Fig. 4  Characterization of role of HP1γ in cardiac growth. a Hematoxylin and eosin staining of heart tissue. Scale bar indicates 100 μm. b Compari‑
son of heart growth. Heart weight and BW were measured at 8-week of age. Each data point indicates a value from individual animal. Data from 
male animal is in blue and female is in red. c, d Quantification of cardiac and cell cycle gene expression. Total RNA was extracted from purified ACM 
at 8-week. Quantitative RT-PCR was performed using specific primers. Gene expression was normalized against expression of internal control S26 
and shown as relative expression value against WT control. S26 expression did not change between genotypes
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function was observed between HP1γ KO and controls. 
Since a regulatory role for HP1γ on fetal cardiac genes 
(ANP) [40] has been reported, we tested the effect of 
HP1γ depletion on cardiac gene expression (Fig.  4c). 
There were no significant differences in expression of 
either adult cardiac genes (αMHC) or fetal cardiac genes 
(βMHC and ANP), suggesting little impact on cardiac 
differentiation. Likewise, there was no significant differ-
ence in expression of any cell cycle genes.

Impact of HP1γ loss on global gene expression
To assess the effect of HP1γ KO on global gene expres-
sion, we performed RNA-seq on HP1γ KO CMs and 
grouped control CMs (3 genotypes: WT, Cre and fl/
fl). Principal component analysis (PCA) [41] showed no 
clear separation between HP1γ KO and controls, sug-
gesting that no major differences in global gene expres-
sion pattern (Additional file 9: Fig. S6). Differential gene 

expression analysis identified 51 genes with ≥ twofold 
change and FDR < 0.05 (Fig. 5a). Of these, 32 genes were 
upregulated and 19 genes were downregulated. Gene 
ontology enrichment analysis did not identify any bio-
logical processes represented by these genes that was 
affected by loss of HPγ (Additional file  10). These dif-
ferentially expressed genes were clustered [41] and the 
resulting heat map demonstrated distinct clustering 
of HP1γ KO and control, confirming that KO of HP1γ, 
rather than Cre or fl/fl influenced these changes in gene 
expression (Fig.  5b). However, most of the differentially 
expressed genes had relatively small changes in abso-
lute levels and only 11 genes showed ≥ fourfold differ-
ence (Fig.  5a and Additional file  10). To confirm these 
changes, we analyzed levels of Cyp2b10 and Dlgap1 and 
found they were upregulated 14-fold and 12-fold, respec-
tively (Fig. 5c). These data suggest that loss of HP1γ had a 
minor impact on global gene expression in CMs. 

Fig. 5  Global gene expression profile in HP1γ KO CMs. a Global gene expression changes. Total RNA was isolated from purified CMs at 8-week 
and RNA-seq was performed. Three biological replicates of HP1γ KO CM was compared to three controls (WT, Cre and fl/fl one of each). Each dot 
represents averaged expression (log2 FPKM) on X-axis and fold change (FC) on Y-axis (log2 FC) of RefSeq genes. Orange dots represent differentially 
expressed genes in HP1γ KO CM compared to control CM (> twofold change with FDR < 0.05). b Heat map of differentially expressed genes in HP1γ 
KO CM. Heat map was created by clustering of differentially expressed gene (FC > 2 and FDR < 0.05). Warmer color and colder color indicate up 
regulation and down regulation, respectively, in HP1γ KO. c Representative differentially expressed genes confirmed by qRT-PCR. *p < 0.05
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A limited effect of HP1γ KO on hypertrophic growth 
of heart
To examine the effect of HP1γ KO on cardiac growth after 
hemodynamic stress, we performed TAC or Sham surgery 
on 10–12-week old mice and harvested the hearts seven 
days later. In all genotypes, TAC increased HW/BW sig-
nificantly compared to Sham groups and HP1γ KO mice 
showed slightly higher HW/BW after TAC compared to 
controls (8.7 ± 1.0  mg/g (TAC-KO) vs 6.9 ± 0.61  mg/g 
(TAC-control)). We measured cross-sectional area of 

ACMs to estimate cardiac myocyte size and found CMs in 
TAC groups were larger than the sham groups but no dif-
ference between TAC groups (Fig. 6b). Areas of CMs were 
211 ± 26 um2, 199 ± 23 um2, 289 ± 20 um2 and 298 ± 6.5 
um2 in Sham-control, Sham-HP1γ KO, TAC-control and 
TAC-HP1γ KO, respectively (Additional file 11: Fig. S7A). 
There was no significant change in Ki67 + CMs in either 
sham or TAC hearts (Fig. 6c and Additional files 11: Fig. 
S7B and 12: S8) or gene expression between control and 
HP1γ KO (Fig. 6d, e).

(See figure on previous page.) 
Fig. 6  Effect of HP1γ KO on TAC-induced hypertrophy. a TAC-induced heart growth. TAC or Sham surgeries were performed at 10–12 weeks and 
hearts were harvested 1 week after operations. Heart weight were measured and normalized by BW. Each data point indicates a value from indi‑
vidual animals. Data from male are shown in blue and females in red. *p < 0.05. b Cross-sectional area after TAC. Paraffin heart sections were stained 
with WGA. Scale bar indicates 50 μm. c Heart tissues were stained with cell cycle marker Ki67 (white), Hoechst (red) and WGA (green). Individual 
channel images are available in Additional file 12: Fig. S8. Scale bar indicates 100 μm. d, e Expression of cardiac and cell cycle genes. Total RNA was 
extracted from isolated CMs 1 week after TAC and quantitative RT-PCR was performed using gene specific primers. Gene expression was normalized 
against expression of internal control S26 and shown as relative expression value against Sham operated fl/fl. S26 gene expression did not change 
by neither operation nor genotype

Fig. 7  Effect of HP1γ KO on TAC-induced differential gene expression. a Principle component analysis. RNA-seq was performed purified CMs after 
TAC. Three independent biological samples were used for each group: Sham-control (fl/fl), Sham-HP1γ KO (Cre;fl/fl), TAC-control and TAC-HP1γ KO. b 
MA plot. Y-axis shows fold change of gene expression in HP1γ KO (Cre;fl/fl) vs control (fl/fl). X-axis shows average of count per million in all samples. 
Significantly, differentially expressed genes are shown in color (up regulation in red and down regulation in green). c RT-qPCR validation. Uniquely 
upregulated genes in HP1γ KO only after TAC were confirmed by RT-qPCR. *p < 0.05
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HP1γ loss does not alter gene expression profile 
after hemodynamic stress
Hypertrophic stress induces significant changes in the cardiac 
gene expression profile [42]. To test if HP1γ KO effected TAC-
induced gene expression changes in CMs, we performed 
RNA-seq on HP1γ KO (Cre;fl/fl) and control (fl/fl) CMs 
7 days after TAC (and Sham) operations. Principle compo-
nent analysis showed a clear separation between sham group 
and TAC group on PC1 (Fig. 7a). However, there was no sep-
aration between genotypes in Sham or TAC operation, sug-
gesting that there was a similar change in controls and HP1γ 
KO CM after TAC, and also that differences between control 
and HP1γ KO CMs were limited. Consistent with baseline 
RNA-seq results (Fig. 5) and PCA analysis (Fig. 7a), only 14 
genes were detected as differentially expressed (FDR < 0.05) 
in Sham group, with 8 upregulation and 6 of down regulation 
in HP1γ KO compared to control (Fig. 7b; Additional file 2). 
22 genes are detected as differentially expressed in HP1γ KO 
after TAC with 8 of upregulation and 14 of downregulation. 
We performed qPCR to validate these RNA-seq results. Con-
sistent with baseline gene expression data (Fig. 5b), Cyp2b10 
and Dlgap1 are significantly upregulated in HP1γ KO CMs in 
both sham and TAC operation (Additional file 13: figure S9). 
Two-way ANOVA analysis revealed a significant effect by 
HP1γ KO on these genes’ expression, but there was no effect 
by the operation nor the interaction between genotype and 
operation. Myl9 and Myl4 were detected by RNA-seq as sig-
nificantly upregulated in HP1γ KO CMs only after TAC with 
FDR = 0.000061 and FDR = 0.0016, respectively. qPCR con-
firmed significant upregulation of Myl9 and Myl4 in HP1γ 
KO compared to control in TAC (Fig. 7c).

Discussion
Our previous data suggested that H3K9me3 controlled 
cell cycle gene silencing in CMs. In this study, we tested 
whether H3K9me3 reader proteins, HP1s, could mediate 
this process. We focused on HP1γ for several reasons. Of 
the three HP1 isoforms HP1γ expression is the highest in 
CMs and HP1γ is the only isoform showing clear co-local-
ization with H3K9me3 in ACMs (Fig. 1b, c and Additional 
file 1: Fig. S1). This finding suggested that HP1γ could be 
the critical isoform in CMs. We generated a cardiac-spe-
cific HP1γ deletion mouse model, which is the first report 
of a tissue-specific HP1γ KO. However, deleting HP1γ had 
minimal effect on global gene expression and no signifi-
cant effect on cell cycle gene silencing, cardiac growth or 
function. This may be related to a compensatory effect of 
other HP1 family members, particularly HP1β, because 
HP1β expression was upregulated in HP1γ KO mice and 
its localization to the perinuclear region, which is nor-
mally occupied by HP1γ, was enhanced.

All HP1s contain two very well conserved domains, the 
CD and CSD, which allows different HP1 family proteins to 

form heterodimers with each other. Although slight bind-
ing preferences might exist between the HP1 family mem-
bers, HP1s share many binding partner proteins [19, 21, 37, 
38, 43]. These findings indicate that HP1s have overlapping 
roles and redundant functions, which is supported by this 
study where cardiac-specific HP1γ KO has a very mild phe-
notype. We also found that significant upregulation and 
altered localization of HP1β in HP1γ KO CMs (Fig. 3a, c 
and Additional file  6: Fig. S4B), suggesting compensatory 
upregulation. Upregulation of other HP1 isoforms was not 
reported in HP1γ hypomorphic or gene trapped HP1γ KO 
cells [23, 34, 35]. These findings suggest that compensa-
tory upregulation could be cell-type specific. In contrast 
to our finding, indispensable roles for HP1s was reported 
in mice where there was constitutive disruption of HP1γ 
expression. Germline KO or a hypomorphic allele of HP1γ 
mouse showed defects in spermatogenesis and primordial 
germ cells [23, 34, 35]. Similarly, germ line deletion of HP1β 
showed aberrant cerebral cortex development and is peri-
natal lethal [44]. Thus, the necessity and role of each HP1 
isoform appear to be cell type and context dependent. This 
study demonstrated that HP1γ is a dispensable, at least for 
normal cardiac growth and function.

HP1s have been shown to establish heterochromatin by 
mediating methylation of two of histone tails, H3K9me2/3 
and H4K20me3. H3K9me2 and H3K9me3 are created by 
HMT G9a and Suv39h1, respectively [45, 46]. However, 
we did not detect any differences in global H3K9me2/3 
level, indicating that HP1γ is dispensable to maintain 
H3K9me2/3 in CMs. In contrast, we found a significant 
reduction in H4K20me3 in HP1γ KO CM. Although both 
Suv420h1 and Suv420h2 can mediate H4K20me3 in vitro 
[38], Suv420h2 is the enzyme likely to establish H4K20me3 
in vivo [47]. Suv420h2 has been shown to interact with all 
isoform of HP1s in both mouse and human [38, 48] and it 
is believed that targeting of Suv420h2 to chromatin is HP1 
dependent, at least onto pericentromeric heterochromatin 
[49]. Recent work has shown that HP1β is likely to regu-
late targeting of Suv420h2 in mouse embryonic fibroblasts 
[50]. By contrast, we find that HP1γ is critical in regulat-
ing H4K20me3 levels and distribution in CMs. These data 
indicate that the regulation of H4K20me3 is likely to be 
cell-type specific and dependent upon HP1-isotype-spe-
cific interactions with Suv420h2.

Previous studies have reported a potential role of 
H3K9me3 and HP1s on cardiac hypertrophy includ-
ing regulation of fetal cardiac gene expression [40, 51]. 
However, we found no effect of HP1γ deletion on cardiac 
gene expression (ANP, βMHC and αMHC) at baseline 
or after TAC (Figs. 4c and 6d). CM size and cell cycling 
was not changed in HP1γ KO mice either (Fig. 4b, c and 
Additional files 11: Fig. S7 and 12: S8). Although there 
was slight increase in heart mass in TAC-induced model, 
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there was no difference of heart mass in isoproterenol-
induced hypertrophy model in HP1γ KO mice (Addi-
tional file 14: Fig S10). These data suggest that HP1γ has a 
dispensable role in mediating cardiac hypertrophy.

Recent studies have shown that HP1s have a gene reg-
ulatory role, not only in gene silencing, but also activa-
tion [52, 53]. To our surprise, loss of HP1γ showed very 
moderate effect on gene expression in CMs (Fig.  5a, 
Additional file  9: Fig. S6 and Fig.  7a, b). Our RNA-seq 
and qPCR confirmed that Cyp2b10 and Dlgap1 were 
upregulated in HP1γ KO CMs (Fig.  5b and Additional 
file 13: Fig. S9). These genes are poorly expressed in CMs 
and consistent with this fact, ENCODE data show that 
promoters of these genes have limited accessibility, lack 
of active histone mark (H3K9ac) and no recruitment of 
Polymerase II in the heart [54], which suggest that these 
genes are heterochromatic. It is reasonable to hypothe-
size that HP1γ is suppressing these genes by HP1’s classic 
heterochromatin recruiting mechanism.

Conclusions
We created a cardiac-specific HP1γ KO mouse model 
to test the role of HP1γ in cell cycle gene silencing and 
cardiac growth. To our knowledge, this is the first report 
examining the tissue- and isoform-specific role of HP1γ 
using a conditional KO system. We found that HP1γ has 
a significant role on H4K20me3 maintenance, although 
both HP1γ and H4K20me3 seem to be dispensable for 
cardiac cell cycle gene silencing and growth. Recent stud-
ies have reported the dispensability of classical hetero-
chromatin regulators such as H3K9me2/3 [56] and DNA 
methylation [55] on gene silencing in  vivo model, even 
though significant roles of these genes have been deter-
mined in vitro [16, 22, 57, 58]. This study highlights the 
complexity of epigenetic regulation and importance of 
examining the function of these regulators in vivo.

Additional files

Additional file 1: Fig. S1. HP1 localization with H3K9me3. Cardiac 
myocytes were isolated from 10 week adult mice and HP1s (green) were 
co-immunostained with H3K9me3 (red) using specific antibodies. Hetero‑
chromatin was visualized by Hoechst staining (Blue). Scale bar indicates 
5 μm

Additional file 2. DiffGene list after TAC.

Additional file 3. qPCR primer and antibody list.

Additional file 4: Fig. S2. (A) Primer design to detect deletion of critical 
exons on HP1γ gene using RT-PCR. HP1γ gene has 6 exons and start 
codon and inflame ATG are on exon 2 and exon 3, respectively. Forward 
primer and reverse primer are designed on exon 1 and 4, respectively, 
so that the primer pairs create long amplicon from normal HP1γ mRNA 
and 196 bp shorter amplicon from HP1γ KO mRNA by RT-PCR. (B) Organ 
specificity of Nkx2.5-Cre driven HP1γ KO. Total RNA was extracted from 
indicated organs from Cre;fl/fl animals as well as ACM from fl/fl and Cre;fl/

fl. RT-PCR was performed using primer set described above. Representa‑
tive pictures from repeated experiments is shown here.

Additional file 5: Fig. S3. Densitometry quantification of WB. Five bio‑
logical replicates each genotype were used for densitometry quantifica‑
tion analysis. Protein expression level is show as relative expression value 
against WT. * p < 0.05.

Additional file 6: Fig. S4. Localization of heterochromatic histone marks 
(A) and HP1s (B). 8-wk CMs from fl/fl control and KO (Cre;fl/fl) mice were 
isolated and stained with specific antibodies. Histone marks and HP1s are 
in red, cardiac troponin is in green and DNA is in blue. Scale bar indicates 
10 μm.

Additional file 7: Fig. S5. (A) No difference in DNA damage marker in 
HP1γ KO CMs. Nuclear extracts were prepared from purified CM at 8wk 
and WB was performed using specific antibody against γH2AX. As a posi‑
tive control of γH2AX induction, C2C12 cells were treated with doxoru‑
bicin (1 μM) for 6 h. Representative pictures of 5 biologically independ‑
ent experiments are shown here. (B and C) No induction of cell cycle 
inhibitors was seen. Gene expression of p21 (marker for DNA damage and 
senescence) and p16 (marker for senescence) were measured by qPCR. 
p21 gene expression is normalized by S26 expression. RNA from irradiated 
mouse embryonic fibroblasts (iMEF) was used for p16 positive control. 
p16 gene expression is shown with Ct value of qPCR. p16 was undetect‑
able in both control and HP1γ KO CMs (n = 4–5).

Additional file 8: Table S1. Comparison of cardiac function in HP1γ KO 
mouse. Echo cardiograms were taken at 8 weeks. All data are presented 
as mean ± SD. No significant difference was detected on parameters we 
measured by one-way ANOVA followed by multiple comparison.

Additional file 9: Fig. S6. Principle component analysis. RNA-seq was 
performed using purified CMs isolated from 8 week old mice. Three 
independent biological controls (WT, Cre, and fl/fl one of each) and HP1γ 
KO (Cre;fl/fl) samples were used.

Additional file 10. DiffGene list HP1γ KO 8wk baseline.

Additional file 11: Fig. S7. (A) Quantification of cardiac cross section 
area after TAC. More than 100 CM cross sections per animal were analyzed. 
Two-way ANOVA followed by multiple comparison was perform. TAC 
operation increased cross section area significantly; however, no interac‑
tion with genotype was detected. No significant difference was detected 
between genotype in Sham or TAC mice. (B) Quantification of cycling 
nuclear number in the heart. Heart sections were stained with Ki67 
antibody and counted Ki67 positive nuclear number against total nuclear 
number. Since we could not find any cardiac nuclear positive for Ki67 in 
neither sham nor TAC condition, we estimated Ki67 positive nuclear num‑
ber as cycling fibroblast number. Two-way ANOVA followed by multiple 
comparison was perform. TAC operation increased cycling fibroblast num‑
ber significantly; however, no interaction with genotype was detected.

Additional file 12: Fig. S8. No difference in cycling CM in HP1γ KO 
heart. TAC or Sham surgeries were performed at 10–12 weeks and hearts 
harvested 1 week after operations. Heart tissues were stained for Ki67 
(white), Hoechst (red) and WGA (green). Scale bar indicates 100 μm.

Additional file 13: Fig. S9. Upregulated genes in HP1γ KO in both sham 
and TAC. RT-qPCR was performed to confirm differential gene expressed 
detected by RNA-seq. Two-way ANOVA followed by multiple compari‑
son demonstrated that genotype has significant effect on Cyp2b10 
and Dlgap1 expression, but not TAC operation or interaction between 
genotype and TAC operation.

Additional file 14: Fig. S10. Effect of HP1γ KO on ISO-induced heart 
growth. ISO (5 μg/g) was injected subcutaneously once a day for 6 days 
and hearts were harvested. Same volume of saline was injected as a 
vehicle control. Since there was no difference of HW normalized by BW 
at base line, all genotype of animals with vehicle injection are grouped 
as a vehicle control group. Upon ISO treatment, all genotype showed 
a significant increase in HW/BW compared to vehicle control; however, 
there was no difference between genotype, indicating that HP1γ KO 
doesn’t have a significant effect on ISO-induced heart growth. * p < 0.05 vs 
vehicle control.
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Abbreviations
CM: cardiac myocyte; ACM: adult cardiac myocyte; SAHF: senescence-
associated heterochromatin foci; H3K9me3: tri-methyl lysine 9 of histone H3; 
H4K20me3: tri-methyl lysine 20 of histone H4; HP1: heterochromatin protein 
1; HMT: histone methyl transferase; RB: retinoblastoma protein; CD: chromo 
domain; CSD: chromo shadow domain; ECM: embryonic cardiac myocyte; HW: 
heart weight; BW: body weight; TAC: transverse aortic constriction.
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