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Sympathetic activation of g-adrenoreceptors (8-AR) represents a
hallmark in the development of heart failure (HF). However, lit-
tle is known about the underlying mechanisms of gene regula-
tion. In human ventricular myocardium from patients with end-
stage HF, we found high levels of phosphorylated histone 3 at
serine-28 (H3528p). H3S28p was increased by inhibition of the
catecholamine-sensitive protein phosphatase 1 and decreased by
p-blocker pretreatment. By a series of in vitro and in vivo exper-
iments, we show that the g-AR downstream protein kinase CaM
kinase Il (CaMKIl) directly binds and phosphorylates H3528.
Whereas, in CaMKII-deficient myocytes, acute catecholaminergic
stimulation resulted in some degree of H3528p, sustained cate-
cholaminergic stimulation almost entirely failed to induce H3528p.
Genome-wide analysis of CaMKIl-mediated H3528p in response to
chronic B-AR stress by chromatin immunoprecipitation followed by
massive genomic sequencing led to the identification of CaMKII-
dependent H3S28p target genes. Forty percent of differentially
H3S28p-enriched genomic regions were associated with differen-
tial, mostly increased expression of the nearest genes, pointing to
CaMKIl-dependent H3S28p as an activating histone mark. Remark-
ably, the adult hemoglobin genes showed an H3528p enrichment
close to their transcriptional start or end sites, which was associated
with increased messenger RNA and protein expression. In summary,
we demonstrate that chronic B-AR activation leads to CaMKII-
mediated H3S528p in cardiomyocytes. Thus, H3528p-dependent
changes may play an unexpected role for cardiac hemoglobin regu-
lation in the context of sympathetic activation. These data also imply
that CaMKIl may be a yet unrecognized stress-responsive regulator
of hematopoesis.
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eart failure (HF) is a leading and increasing cause of mor-

bidity and mortality worldwide (1). A characteristic feature
of HF is the chronic activation of the sympathetic nervous
system that leads to sustained stimulation of p-adrenoreceptors
(B-ARs) and modulation of its downstream signaling pathways
(2, 3). In the p-AR signaling pathway, the adenosine 3’,5'-cyclic
monophosphate-dependent protein kinase A (PKA), Ca**/
calmodulin-dependent protein kinase II (CaMKII), and Ser/Thr
protein phosphatase 1 (PP1) are well-established modulators of
intracellular protein phosphorylation and cardiac function (4, 5).
A multitude of gene expression profiling studies in human and
experimental HF models consistently show dysregulations of
specific gene expression patterns, pointing to epigenetic mech-
anisms in this process (6-10). Critical epigenetic mechanisms
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involved in HF pathogenesis are histone modifications, whereas
changes in DNA methylation seem to play a rather minor role
in adult cardiomyocytes (11-13). Posttranslational modifications
(PTMs) of histones consist of acetylation, methylation, ubiq-
uitination, O-linked glycosylation, and phosphorylation, all
modulating chromatin structure through alterations of histone
interactions with DNA and other nuclear proteins (14-19).
These modifications induce either activation or repression of
transcription, depending on the type of modification and on
the position of the modified amino acid residue. Histone
methylation, for example, at H3K9 or H3K27 are considered as
stable PTMs and are necessary for development, maintenance
of cell identity, and heterochromatic silencing (20, 21), whereas
other modifications such as histone acetylation and, in partic-
ular, phosphorylation appear to be transient and dynamic (22).
Our previous work confirmed the importance of p-AR signaling
for CaMKII-dependent nucleocytoplasmic shuttling of histone
deacetylase 4 (HDAC4), which leads to the derepression of the
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transcription factor MEF2 and subsequent up-regulation of
genes with maladaptive effects on cardiac remodeling (23, 24).
Previous studies suggested so-called “methyl-phospho-acetyl”
switches at distinct histone lysine residues, for example,
H3K27, which derepress formerly silent chromatin states into
transcriptionally active domains via the polycomb repressive
complex (PRC) as well as HDACs and simultaneous attraction
of histone acetylases (21, 25, 26). In this scenario, phosphory-
lation of the neighboring H3S28 residue (H3S28p) is an up-
stream event and induces the switch mechanism. Moreover,
histone modifications, alone or in combination, may further
alter chromatin structure and/or provide a “code” for the re-
cruitment of specific proteins to chromatin, ultimately regu-
lating gene transcription (27, 28). There is emerging evidence
that increased H3S28p correlates with chronic stress-related
disease states (e.g., atherosclerosis and stroke) in mammalian
postmitotic cells (29, 30). Recently, we studied a Drosophila
model with ectopic expression of constitutively activated
H3S28A, which prevents PRC2 binding at H3S28 (31, 32).
H3S28A mutated flies showed increased longevity, stress re-
sistance, and cardiac function, pointing to a critical role of H3S28p
in the heart (32).

In the present study, we investigated the mode of H3S28p
regulation and started to identify the immediate target genes. We
identified high levels of H3S28p in human HF and upon p-AR
stimulation in experimental models. Catecholamine-induced ele-
vation of H3S28p was partially CaMKII-dependent and sensitive
to pharmacological p-AR blockade. Genome-wide analyses iden-
tified a subset of genes (including the adult hemoglobin genes),
which we refer to as CaMKII-dependent H3S28p target genes.
Strikingly, the majority of H3S28p-enriched genomic loci depen-
ded on CaMKII, highlighting its general role in the regulation of
this histone modification.

Results

H3528p Is Elevated in End-Stage Human Failing Hearts. First, we
asked whether H3S28p is altered in myocardial tissues of HF
patients. Therefore, we measured H3S28p in left ventricles of
failing myocardium as well as myocardial tissue preparations
from nonfailing hearts (NF). We found significantly higher
H3S28p levels in end-stage HF compared to NF (see SI Ap-
pendix, Fig. S1 and Table S3 for patient characteristics).

H3S28p Is Catecholamine-Sensitive. Using neonatal rat ventricu-
lar myocytes (NRVMs) we found a significant accumulation of
H3S28p after preincubation with ocadaic acid (OA) in a con-
centration of more than 100 nM (SI Appendix, Fig. S2A4). This
pointed to a role of PP1 rather than PP2A, which would have
been much more sensitive to OA (33). To test a potential role
of PP1 for H3S28p in cardiomyocytes, we used its specific en-
dogenous inhibitor (I-1; SI Appendix, Fig. S2B). Indeed, ade-
novirally overexpressed I-1 further increased H3S28p upon
isoprenaline (Iso) stimulation in NRVMs (SI Appendix, Fig.
S2B). Moreover, H3S28p was lower in cardiac extracts from I-1
knockout mice (KO), confirming the critical role of PP1 in
dephosphorylating H3S28p in vivo (SI Appendix, Fig. S2C).
Because I-1 is a catecholamine-sensitive protein (34), these
data pointed to a critical role of -AR signaling in regulating
H3S28p in the heart. Two protein kinases act typically down-
stream of p-ARs: PKA and CaMKII. Thus we determined in
NRVMs the concentration of the f-AR agonist Iso to sufficiently
induce H3S28p using a 3-min stimulation protocol. We found that
100 nM Iso was sufficient to induce H3S28p (SI Appendix, Fig. S2
D, Upper). Then we tested whether inhibition of PKA (by PKI) or
CaMKII (by Autocamptide-2 Related Inhibitor Peptide [AIP])
would modulate Iso-induced H3S28p and found that 100 nM to
1 pM PKI (SI Appendix, Fig. S2 D, Middle) and 1 pM AIP (SI
Appendix, Fig. S2 D, Lower) sufficiently inhibited Iso-induced
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H3S28p. Since PKA and CaMKII are known to be activated by
B-AR in a different time course (35), we conducted kinetic anal-
yses of H3S28p in NRVMs at different time points of Iso treat-
ment (3 min to 24 h). We revealed a second Iso-induced increase
in H3S28p starting after 2 h, which lasted up to 24 h (SI Appendix,
Fig. S2 E, Upper). Both PKA inhibition by PKI and CaMKII in-
hibition by AIP prevented this increase in H3S28p. However,
whereas the PKI effect occurred already after 2 h (SI Appendix,
Fig. S2 E, Middle), the AIP effect occurred later, at 24 h (SI Ap-
pendix, Fig. S2 E, Lower). This points to 2 distinct mechanisms of
H3S28 phosphorylation by 2 different downstream kinases of
B-ARs, both similar in acute effects but CaMKII being apparently
more specifically involved in the chronic H3S28p modulation after
24 h.

CaMKIl Phosphorylates H3528. In the subsequent experiments, we
focused on the specific role of CaMKII for H3S28p and used
cardiac extracts from transgenic mice overexpressing CaMKIISC
(CaMKII3-TG) (36-38). CaMKIISC is expressed in the cytosol
and in the nucleus, although it lacks the nuclear localization
signal (39). We found that H3S28p was significantly higher in
CaMKII8-TG mice as compared to wild-type (WT) littermates
(Fig. 14). In addition, metoprolol (administered in the drinking
water for 8 to 10 wk, 270 pg-g~"-d™") lowered H3S28p in cardiac
extracts from WT mice but also from mice that overexpress
CaMKII$ and thereby are characterized by a sensitized CaMKII
pathway upon B-AR stimulation (Fig. 1 B and C).

To investigate whether CaMKII phosphorylates H3 directly,
we used recombinant H3 peptides with either the WT or the
H3S28A mutant sequence. The phospho-antibody detected
H3S28p upon addition of recombinant enzymatically active

A WT [_cavkizTe J,, 2 ° .
1B: H3528p .78 4 I
9 2 .
[(WT][TG]
B WT 15
H,0 Il Metoprolol KD 2 .
. 210 *
IB: H3S28p —ﬂ---—-‘—\ 17 §. 1 .I'
$0.5
IB: H3|W}17 T,
[HO] mE |
C CaMKIIB-TG 15
H,0 I Metoprolol R
= kD =10 i i
IB: H3S28p H-.-. — 17 I I
_al Bo5 =
IB: H3 |~ —:}17 Tl Ll |
[HO][ ME |
D E A3 ] [P A35280 ]
CaMKIl - + - - + + Time (min) - 3 120 Time (min) - 3 120
H3 - - +- 4 - IP: H3 kDb, Has2ep kD
|BH§Srjiﬁ — =t g camkil| #5155 g Canikil %
:Ca - - IP: 1gG IP: IgG
IB: CaMKil 5 1B: camKil %5

IB: H3S28p

input input "

IB: CaMKIIE55 1B: CaMKII Ll
input input
IB: Hslz}” IB: H3S2gp [ W W 17

Fig. 1. CaMKIl phosphorylates H3528. Representative immunoblots and
cardiac H3528p quantification normalized to total H3 from WT and CaMKII5-
TG (A) under basal conditions (n = 5) and (B and C) after treatment with
metoprolol (ME) or water (n = 6) (*P < 0.05). (D) In vitro kinase assay using
recombinant H3 tail (WT) and H3S28A mutant and CaMKII$ in the presence
of ATP. No signal was detected by using H3528A mutant, showing the
specificity of the antibody to recognize the 528 residue. (E and F) Immu-
noblots for CaMKIl after coimmunoprecipitation using H3 or H3528p anti-
bodies in cardiomyocytes upon Iso stimulation. IgG coimmunoprecipitation
served as a negative control.
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CaMKII in WT but not in mutant (Fig. 1D), indicating direct
phosphorylation of H3S28 by CaMKII.

CaMKII usually shows physical interaction with its phos-
phorylation targets (23). To test whether it binds to H3, we
performed coimmunoprecipitation experiments using NRVMs.
As shown in Fig. 1 E and F, CaMKII coimmunoprecipitated
with both H3 and H3S28p. CaMKII binding to H3 seems to be
independent of its activity, because Iso did not increase CaMKII
binding. These data suggest that CaMKII is permanently bound to
the H3 tail, and, upon its activation, it phosphorylates H3S28.

CaMKIl Is Required for H3528p. CaMKIIS is the most abundant
CaMKII gene in the myocardium (40). Immunoblot showed that
H3S28p was lower in CaMKII3-KO as compared to WT lit-
termates (SI Appendix, Fig. S3). We next used cardiomyocyte-
specific double KO (DKO) lacking not only CaMKII$ but also
CaMKIlIy at the same time, which results in a complete loss of
CaMKII activity in cardiomyocytes (40). We incubated adult
mouse ventricular myocytes (AMVMs) with Iso and found
higher H3S28p levels 12 h after Iso in WT, while H3S28 was still
slightly phosphorylated early but not after 24 h of Iso treatment
in DKO. This indicates that sustained catecholaminergic stimu-
lation predominantly induces CaMKII-dependent H3S28p (Fig.
2A). These data confirmed the data in SI Appendix, Fig. S2E
showing that CaMKII is required for H3S28p upon sustained
B-AR activation. To confirm that CaMKII-dependent H3S28p
occurs, indeed, in cardiomyocyte nuclei, we stained AMVMs
after 24 h of Iso, with antibodies recognizing H3S28p, alpha-
actinin, and DAPI (Fig. 2B). Only WT cardiomyocytes displayed
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Time () [0 1 72 JL 24 JCol 1 JC 7z J[ 24 ]
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[ wr+iso ||
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Fig. 2. CaMKIl is required for H3528p. (A) Immunoblot showing H3528
phosphorylation in isolated AMVMs from WT or DKO mice upon Iso stimula-
tion (100 nM) at different time intervals. (B) Inmunostaining of cardiomyocytes
using H3S28p (green), and a-actinin (red) antibodies and DAPI for nuclei (blue).
Arrows indicate the nuclei of cardiomyocytes positive for H3528p. (Original
magnification, 63x.)
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a nuclear H3S28p signal upon Iso stimulation. These data prompted
us to use this system for further genome-wide analyses.

Identification of CaMKII-Dependent H3S28p Target Genes. To iden-
tify direct CaMKII-dependent downstream genes, we conducted
chromatin immunoprecipitation followed by massive parallel DNA
sequencing (ChIP-seq). DKO and WT cells were subjected to
long-term Iso treatment (24 h) to maximize CaMKII-dependent
H3S28p. DiffBind Analysis (false discovery rate [FDR] 0.05)
identified an enrichment of H3S28p at 68 genomic regions
(Fig. 34). Three enrichments occurred at promoter regions
(Rsp29, Hbb-bs, and Hbb-bt; since Hbb-bs and Hbb-bt are dupli-
cated genes with almost identical gene sequences, it remains
unclear whether the enrichment occurs at the Hbb-bt and/or Hbb-
bs locus). ChIP-PCR confirmed the enrichment at the genomic
regions of Hbb-bt, Rps29, and En2 (SI Appendix, Fig. S4). Sixty-six
enrichments (marked in black in Fig. 3B) did not occur in DKO
(Fig. 3B and SI Appendix, Table S1), indicating that CaMKII is
the predominant kinase that phosphorylates H3S28. Two en-
richments (marked in red in Fig. 3B) were equally regulated in
DKO, pointing to CaMKII-independently H3S28p-enriched ge-
nomic regions. Fig. 3B highlights the distance of the differential
H3S28p enrichment from the transcriptional start site (TSS) of
the nearest genes. SI Appendix, Table S1 lists the 68 peaks of the
Iso-induced H3S28p-enriched or H3S28p-diminished genomic
regions in WT and the nearest genes in WT. SI Appendix, Table
S2 lists 23 peaks of Iso-induced H3S28p-enriched or H3S28p-
diminished genomic regions in DKO and the nearest genes (S/
Appendix). Two genomic regions overlap with regions listed in S/
Appendix, Table S1 (Tmx3 and Ulbpl, red). Next, we performed a
microarray analysis in an independent experiment to test whether
messenger RNA (mRNA) expression correlates with H3S28p
enrichment; 56 of the 66 nearest genes were covered by the
Affymetrix gene chip (SI Appendix, Fig. S5), out of which 22
(39%) were differentially regulated upon Iso stimulation in WT
(*P < 0.1, Fig. 3C). Moreover, 16 vs. 6 were associated with an
increase in mRNA expression, indicating that H3S28p represents,
rather, an activating mark. Hbb-bt/bs showed even a reciprocal
behavior with up-regulation upon Iso in WT but down-regulation
in DKO, raising our additional interest in globin genes, beside the
fact that H3S28p enrichment occurred at the promoter region.

p-AR—dependent Expression of «- and p-Globin Genes. Because
the globin genes are well known to be repressed by histone
trimethylation of the adjunct amino acid H3K27 (H3K27me3) and
to be regulated by cardiac stress (41), we further validated Hbb
along with a-globins (Hba-al/a2), which represent the adult isoform
of hemoglobin. Intriguingly, H3S28p-binding occurred not only at
the promoter region of Hbb-bt/bs but also at the transcriptional
end site (E) of Hba-al, which was not found by DiffBind Analysis
(FDR 0.05) but by looking qualitatively at enriched H3S28p
peaks (Fig. 44). Next, we used qPCR to confirm mRNA up-
regulation not only of Hbb-bt/bl but also of Hba-al/a2 (which
was not part of the Affymetrix chip) after Iso stimulation in WT
but not in DKO (Fig. 4B), indicating that the mode of regulation
by H3S28p represents a group effect for the adult hemoglobin
genes. To test whether H3S28p-dependent globin expression may
have functional consequences in a more clinical-relevant setting,
we measured cardiac gene expression upon p-blocker treatment
of WT and CaMKII-TG mice. We found a trend toward higher
mRNA expression in hearts of CaMKII-TG mice, which was
significantly reduced upon $-AR blockade in CaMKII-TG (Fig.
4C). Next, we validated our findings at the protein level and show
higher a- and B-globin abundance only in WT upon 24-h Iso in-
cubation compared to untreated AMVMs. This again was abol-
ished in DKO, which indicates that CaMKII is required for
H3S28p upon sustained catecholaminergic stimulation. Impor-
tantly, we used isolated AMVM from the very same hearts in a
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Fig. 3. Identification of CaMKIl-dependent H3S28p target genes. (A) Heat-
map of H3528p-enriched genomic regions in cardiomyocytes from WT (n = 68;
correspond to regions with 66 different nearest genes), ordered (1 to 68) by the
distance from the TSS in comparison to DKO. Heatmaps are centered to peaks
(range: —2.0 kb to 2.0 kb; +5 kb) showing the highest enrichment in WT/Iso. (B)
Distances of peaks from TSS are depicted as columns next to the corresponding
genomic region shown in the heatmap in A. Genomic regions corresponding to
black columns are significantly H3S28p-enriched or H3528p-diminished in WT
but not in DKO; genomic regions corresponding to red columns were H3528p-
enriched or H3528p-diminished in both WT and DKO upon Iso. (C) Gene ex-
pression analysis of the nearest genes shown in A. Only 56 (of 66) nearest genes
were covered by the Affymetrix gene chip. Out of these, 22 (39%) were dif-
ferentially regulated upon ISO stimulation in WT. These 22 gene expression
data are shown as a hierarchically clustered heatmap. A false positive rate of
a = 0.01 with FDR correction was used.

paired fashion in the presence and absence of Iso, which proves
that the up-regulation of a- and p-globin is a regulatory conse-
quence of catecholaminergic stimulation and completely rules out
confounding contaminations with blood cells (Fig. 4 D and E).
Finally, we validated the enrichment of a- and p-globin along with
elevated H3S28p and CaMKII levels in human myocardial tissues
from HF patients and healthy donors (NF), showing higher
CaMKII and higher H3S28p along with higher a- and f-globin
protein abundance in HF in the very same samples (see Fig. 5 4
and B and SI Appendix, Table S4 for patient characteristics).

Discussion

We found that, upon sympathetic stimulation, CaMKII directly
phosphorylates H3S28 in cardiomyocytes. Thus, we propose to
add CaMKII to the list of kinases involved in the phosphory-
lation of H3S28 including Msk1/2, Erk1/2, MAPK, and Aurora
B (25, 26, 42). The studies that identified those kinases were
done in mitotically active cells, in which H3 phosphorylation
plays emerging roles for DNA stabilization during replication
as well as transcription during and after mitosis (29, 30). However,
we and others showed that H3S28p is also regulated in post-
mitotic cells, pointing to a functional role in stress responses in
cardiac and neuronal cells, respectively (30, 32). Here, we dem-
onstrate that CaMKII is sufficient and required for H3S28p upon
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sustained catecholaminergic stimulation. Thus we propose a mo-
lecular model in which CaMKII is bound to the H3 tail at baseline
conditions and phosphorylates H3S28 upon p-AR stimulation
(Fig. 6). This, in turn, induces CaMKII/H3S28-dependent target
gene expression, including the 2 adult hemoglobin isoforms «- and
fB-globin.

Since catecholaminergic stimulation is a hallmark for the de-
velopment of HF, we examined H3S28p levels in HF models and
upon blockade of the f-AR system in an experimental model.
An initial study from our laboratory showed high myocardial
H3S28p in a canine model of pacing-induced HF (32). Here,
we confirm these findings in humans and demonstrate high
cardiac H3S28p levels in myocardial biopsies from patients
with end-stage HF.

Numerous studies conducted gene expression analysis in re-
sponse to catecholaminergic stimulation or upon pathophysio-
logical stress leading to HF. However, it was difficult to conclude
which (directly or indirectly) gene expression changes were caused
by catecholamine-sensitive regulatory proteins. Here, we identi-
fied genes that are directly CaMKII/H3S28p-dependent. A certain
number of these genes, like Kruppel-like factor 5 (KIf5), Polo-like
kinase 2 (PIk2), or Actin Binding LIM Protein 1 (4blim1), are
regulated during heart development or cardiac differentia-
tion processes. This might partially reflect the frequently observed
“fetal response” of cardiomyocytes after chronic stress induction
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Fig. 4. p-AR-dependent expression of a- and p-globin genes. (A) H3528p-
enriched genomic regions within the Hbb-bt/bs and Hba-a1 locus in compari-
son with all differentially expressed genes in WT after Iso (average). These
genes correspond to 1,188 genomic regions. The H3528p enrichment peak
locates to the TSS (S) of Hbb-bt/bs and to the transcriptional end site (E) of Hba-
al. (B) Relative mRNA expression of adult hemoglobin genes (Hbb-bt/bs, Hba-
al/a2) in AMVMs from WT or DKO under basal conditions and after Iso
treatment (100 nM, 24 h). Colors indicate different hearts; n.s., not significant;
*P < 0.05, ****P < 0.0001. (C) Relative expression levels of Hbb-bt/b1 and Hba-
all/a2 in heart tissue from WT and CaMKII-TG mice treated with metoprolol
(ME) or H,O detected with gPCR; n.s., not significant; *P < 0.05. (D and E)
Immunoblots and quantification showing CaMKII, H3528p, H3, and a- and
B-globin levels of Iso-treated (100 nM, 24 h) AMVMs from WT and DKO mice.
Colors indicate different hearts; n.s. not significant; *P < 0.05; **P < 0.01;
***p < 0.001.
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Fig. 5. Increased protein expression of CaMKIll-dependent H3S28p target
genes in human HF. (A) Representative immunoblots and (B) quantification
from protein lysates of left ventricular tissue of nonfailing hearts (NF, n = 4)
and of patients with end-stage HF (n = 8). *P < 0.05, **P < 0.01 HF vs. NF.

(43). Nevertheless, we also identified CaMKII-dependent H3S28p
target genes encoding for adult hemoglobins (Hbb and Hba).
Hemoglobins are well-established target genes of the polycomb
complex that are typically repressed by H3K27 trimethylation
(H3K27me3) and H2AK119 ubiquitination (H2AK119ub) but
activated by H3K27 acetylation (H3K27ac) (44). Therefore, in
future experiments, it needs to be investigated whether H3S28p
cross talks to H3K27 and whether it may counteract H3K27me3
and H2AK119ub (see also Fig. 6). However, our data have further
important implications that we briefly discuss in the following.
First, it is a remarkable finding of this study that hemoglobins
are expressed in cardiomyocytes. We used isolated cardiomyocytes,
excluding artificial contaminations with hematopoietic cells. There
is one report showing that hemoglobins are expressed in the
heart at the protein level (45). Our data add that detectable
levels of a-globin in isolated cardiomyocytes depend on CaMKII.
Hemoglobin mRNAs were recently also shown to be regulated in
an experimental HF mouse model (41). Notably, GeneAtlas da-
tabases show high gene expression levels of Hbb-bt mRNA (http://
biogps.org/#goto=genereport&id=101488143) and Hba-al
mRNA (http://biogps.org/#goto=genereport&id=15122) in the
heart. These databases actually show expression levels close to
those in bone marrow but much higher levels than, for example,
in the liver. Collectively, these data suggest that cardiac hemo-
globin expression has been, so far, underestimated. Notably,
cardiomyopathy is a well-known lifespan limiting complication of
p-thalassemia major (caused by genetic deletion of B-globins) and
is traditionally thought to be mainly mediated by iron overload
(46). However, despite a decrease in mortality due to the treat-
ment with iron chelators, the phenotype persists (both in the
human disease and in mouse models) (47). From this point of
view, it would be important to clinically monitor cardiac
function in the context of new “curative” approaches in “ex-
thalassemic” patients by hematopoietic stem cell transplantation
or gene therapy (48). In these patients, only the genetic defect in
hematopoietic cells would be corrected, but not in the heart. In
contrast, neuronal hemoglobin was suggested to protect from
hypoxia in the brain (49, 50), maybe providing a hint for a potential
cardiac function. To investigate the role of cardiac hemoglobin,
cell type-specific gain and loss of function studies are needed. Of
note is that the existing hemoglobin mouse models consist, to the
best of our knowledge, only of global gene deletions (47), and
conditional cell-type specific studies have, so far, not be conducted.
Second, CaMKII is ubiquitously expressed, but most studies
focused on the role of CaMKII in the brain or heart (51).
Therefore, studies are needed to investigate whether CaMKII
may regulate hematopoesis in a stress-responsive manner, for
example, upon sympathetic stimulation. Because the 2 ubiqui-
tously expressed CaMKII genes are CaMKII§ and CaMKIly,
double conditional knockouts (DKO) deficient for these 2
genes (as used here in a cardiomyocyte-specific manner) in
hematopoietic cells would be needed (since global DKO are

22286 | www.pnas.org/cgi/doi/10.1073/pnas. 1816521116

not viable) (40). Intriguingly, p-blocker treatment of HF pa-
tients has been associated with anemia (52), but, surprisingly,
no follow-up studies investigated the relevance or the mode
of action. Interestingly, iron therapy became a treatment op-
tion for HF patients and is currently investigated in phase III
studies to explore effects on prognosis (53). Thus, our data
should stimulate efforts to study anemia as a side effect of
B-blocker therapy.

In summary, we identified CaMKII as a stress-responsive kinase
phosphorylating H3S28 after sustained catecholaminergic stress,
regulating CaMKII-dependent H3S28p target genes, including
adult hemoglobins. We propose to add CaMKII to the group of
stress-responsive chromatin-modifying enzymes that directly con-
nects environmental changes to the genome. Moreover, im-
portant implications with regard to the role of hemoglobin in
cardiomyocytes and the role of CaMKII for hematopoiesis
arise from this study.

Materials and Methods

The study conforms to the Declaration of Helsinki and was approved by the
ethics committee of the University Medical Center Géttingen (Aktenzeichen
31/9/00). Samples were obtained from healthy donor hearts that could not be
transplanted for technical reasons or from explanted hearts of patients with
HF. Informed written consent was obtained from all donors and patients. A
detailed list of patient characteristics is shown in S/ Appendix, Table S3. The
animal studies were performed according to the European Community guiding
principles in the care and use of animals (2010/63/UE, 22 September 2010) and
were authorized by the “Niedersachsisches Landesamt fur Verbraucherschutz
und Lebensmittelsicherheit” (Germany).

Detailed description is provided in S/ Appendix, including Affymetrix
gene expression (GSE131796) and ChIP.

unstressed heart

H2B
1

stressed heart (catecholamines)

CaMKII \
ARYT° > AR
WW factor

Fig. 6. Working model of CaMKIl-dependent regulation of H3S28p. In
the unstressed heart, CaMKIl is bound to the H3 tail but does not phosphorylate
H3S28, which is associated with a closed state at the genomic loci of a- and
B-globins. In the stressed heart, CaMKIl phosphorylates H3528, leading to an
open chromatin and gene expression of «- and p-globins that are typi-
cally repressed by H3K27me3 and H2AK119ub in nonhematopoietic cells.
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Statistical Analysis. Data are presented as means + SEM. Statistical analysis
was performed by unpaired Student’s t test (Fig. 1 A-C and S/ Appendix, Figs.
S1, S2C, and S3), paired Student’s t test (Fig. 4 B and E), or 1-way ANOVA with
Bonferroni’s multiple-comparison post hoc test (S/ Appendix, Fig. S2 A, B, D,
and E and Fig. 4 B, C, and E) using the Graph-Pad Prism Software (V5.0,
GraphPadinc). Differences were considered to be statistically significant if P <
0.05 or P < 0.1 (Fig. 3C). Statistics underlying Fig. 4A are as follows: All genes
were up-regulated in WT vs. WT + Iso (P < 0.05; unpaired Student’s t test) but
not regulated in KO vs. KO + Iso (P> 0.1; unpaired Student’s t test). From 650
genes, 500 were annotated in the mouse genome (mm9) and annotated
to 1,188 genomic regions.
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