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Figure 2. CK2 binds and phosphorylates DPF3a at S348. (A) GST pull-down with GST-CK2 subunits and Flag-DPF3a/b. Similar expression of GST
levels could be shown for the CK2 subunits and the control GST vector. GST pull-down results show an interaction of the CK2� and � subunit with
full-length DPF3a. (B) In vitro CK2 kinase assay with recombinant CK2 and purified GST fusion DPF3a. Increasing amount of CK2 was incubated
with GST-DPF3a and combinations of ATP�S and p-nitrobenzyl mesylate (PNBM) as indicated; reaction products were analyzed by Western blot with
anti-Thiophosphate ester antibody. GST-DPF3b and GST-NEP were used as the negative and positive control, respectively. Immunoblotting against GST
demonstrates that a similar amount of protein was used for each condition. (C) The CK2 specific inhibitor, tetrabromocinnamic acid (TBCA), was used in
the kinase assay and effectively reduced DPF3 phosphorylation. (D) Sequence conservation of DPF3a peptides surrounding the identified phosphorylation
sites in human, mouse, rat and chicken. (E) GST-DPF3a WT, S348A mutant or 5xAla mutant were in vitro phosphorylated by CK2 before blotting. (F)
GST-DPF3a was phosphorylated by CK2 and detected using the anti-pDPF3a antibody in immunoblotting. (G) Knockdown of Ck2� in C2C12 cells
using siRNA. Expression of Ck2α and Dpf3a after Ck2� siRNA knockdown was analyzed by qPCR. (H) The protein level of Ck2� and pDPF3a was was
analyzed by immunoblotting in Ck2� knockdown situation. (I) Immunofluorescence analysis of pDPF3a in Ck2� knockdown situation in C2C12 cells.
C2C12 cells were transfected with Ck2� siRNA for 48 h. The cells were then fixed with methanol and stained with antibody against pDPF3a (red) and
antibody against Tubulin (green). Scale bar, 20 �m.

ited sequence-specific binding to dsDNA (data not shown).
However, previously we found several hundred sites of indi-
rect DNA binding using ChIP-chip. For DPF3b, we could
show that this binding is mediated by specific histone marks
(20). Focusing on pDPF3a, we now identified approxi-
mately 800 binding sites in ChIP-seq experiments using
undifferentiated and differentiated C2C12 cells (data not
shown). Using a pattern matching approach, we found that
the E-box motif, which represents the favored binding mo-
tif of basic helix-loop-helix (bHLH) transcription factors,
is highly enriched in pDPF3a target sites (Supplementary
Table S6).

bHLH transcription factors, such as HAND1/2,
MYOD1, HES1 and HEY1/2, are important for em-
bryonic development with respect to cardiac and muscle

development. In order to study the interaction of DPF3a
with these bHLH transcription factors (MYOD1, HAND1,
HES1 and HEY1), we performed CoIP analysis with lysates
of transiently transfected HEK293 cells. We observed a
specific interaction between DPF3a and HEY1, the hairy
and enhancer of split-related family of bHLH-type tran-
scriptional repressors (Figure 4A). HEY genes redundantly
function during mouse embryonic cardiovascular devel-
opment, neurogenesis and somitogenesis (36), and thus
match the expression and proposed function of DPF3a.
Finally, we found that all proteins of the HEY family,
namely HEY1, HEY2 and HEYL, specifically interact
with DPF3a (Supplementary Figure S6A). In the following
study, we exclusively focus on HEY1 as an example to
analyze the function of DPF3a-HEY interactions.
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Figure 3. DPF3a S348 phosphorylation is important for cardiac hypertrophy. (A) NPPA and DPF3a mRNA expression was analyzed in human-induced
pluripotent stem cell-derived cardiomyocytes (hiPSC-CMs) after phenylephrine (PE) or endothelin 1 (ET-1) treatment for 24 h. (B) Immunoblotting anal-
ysis of the pDPF3a protein level with anti-pDPF3a antibody in ET-1 induced hypertrophic hiPSC-CMs. (C) The protein level of pDPF3a was analyzed in
the hearts of patients with hypertrophic cardiomyopathy (HCM) and aortic stenosis (AS). (D) Immunofluorescence of paraffin-embedded right ventricular
biopsies of normal hearts (NH) and Tetralogy of Fallot (TOF) individuals. Red: pDPF3a; green: Troponin I (TnI); arrow: pDPF3a positive cardiomy-
ocytes; arrow with tail: pDPF3a negative cardiomyocytes. Scale bar, 25 �m. (E) siRNA knockdown of DPF3 followed by ET-1 treatment in hiPCS-CMs.
Expression of NPPA after DPF3 siRNA knockdown and ET-1 treatment was analyzed by qPCR. (F) Mouse primary cardiomyocytes were transfected
with either Flag-tagged DPF3a WT or S348A constructs. Cells were then stained with antibody against Flag (red), and antibody against Actinin (green).
Scale bar, 10 �m. (G) The surface areas of transfected cells were measured using ImageJ (n = 20, **P < 0.01, t-test). (H) The mRNA expression of the
hypertrophic marker Nppa was analyzed by qPCR in the transfected mouse primary cardiomyocytes.

We further identified common targets of Dpf3a and Hey1
using ChIP-qPCR experiments in C2C12 cells (Supple-
mentary Figure S7A), in which Hey1 is highly expressed
in contrast to almost no expression of Hey2 and Heyl
(Supplementary Figure S7B). These results indicate that
Dpf3a might indirectly bind DNA via its interaction with
the DNA-binding transcriptional repressor Hey1 in C2C12
cells. To confirm this hypothesis, we performed siRNA
knockdown of Hey1 in C2C12 cells, which resulted in a
notable reduction of Hey1 expression on mRNA and pro-
tein level (Figure 4B). Inhibition of Hey1 did not cause ex-
pression alterations of Hey2 or Heyl (Supplementary Figure
S6B). We checked Dpf3a binding in the Hey1 knockdown
situation and found a striking reduction of Dpf3a enrich-
ment at selected targets (Figure 4, C and D). In line with
this, we also analyzed Hey1 enrichment at these targets in
a Dpf3a knockdown (Supplementary Figure S7C) situation
in C2C12 cells and observed no significant changes of Hey1-
DNA binding (Supplementary Figure S7D and E). These
results underline that Hey1 indeed serves as a linker between
Dpf3a and DNA.

Since posttranslational modifications like phosphoryla-
tion can modulate the nature and strength of protein–
protein interactions, we aimed to elucidate the protein do-
main of DPF3a required for the interaction with HEY1 and
investigated whether this interaction depends on the phos-
phorylation state of DPF3a. We assumed that the DPF3a-
HEY1 interaction is mediated by the DPF3a specific half
PHD and/or C-terminus, as we did not observe an inter-
action between DPF3b and HEY1 (Supplementary Figure
S6, B and C). Using CoIP analysis, we found that lacking
the half PHD finger prevents the interaction of DPF3a with
HEY1, confirming this hypothesis (Figure 4E).

Furthermore, we analyzed whether DPF3a phosphory-
lation affects its interaction with HEY1. We performed
CoIP analysis of HEY1 with DPF3a followed by in vitro
de-phosphorylation of the CoIP pellet using FastAP alka-
line phosphatase. Immunoblotting analysis showed that de-
phosphorylation of the DPF3a-HEY1 complex abolished
their interaction (Figure 4F). Finally, we co-transfected
HA-tagged HEY1 with Flag-tagged WT DPF3a, S348A or
5xAla mutant into HEK293 cells. Similar expression of WT,
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Figure 4. HEY protein links DPF3a to DNA. (A) DPF3a specifically interacts with HEY1. HEK293 cells were transiently transfected with Flag-tagged
DPF3a and with HA-tagged MYOD1, HAND1, HES1 or HEY1. Cell lysates were incubated with an anti-HA matrix or anti-Flag matrix to pull down
HA-tagged or Flag-tagged protein together with interacting proteins, which were further probed with anti-Flag or anti-HA antibody in immunoblots. (B)
C2C12 cells were transfected with Hey1 siRNA for 48 h and knockdown efficiency of Hey1 in C2C12 cells was analyzed by qPCR and immunoblotting.
(C and D) Dpf3a ChIP experiments were performed and Dpf3a enrichment at selected promoters in siHey1 knockdown was compared to siNon control.
Binding of Dpf3a was quantified by qPCR (triplicate experiments, **P < 0.01, t-test). (E) The interaction of DPF3a and HEY1 is mediated via the half
PHD finger. Co-immunoprecipitation (CoIP) of HA-tagged HEY1 with different Flag-tagged DPF3a constructs (WT, aa1–246, aa1–292 and aa292–357)
from lysates of transiently transfected HEK293 cells. (F) CoIP of Flag-tagged DPF3a and HA-tagged HEY1 followed by de-phosphorylation assay using
FastAP Alkaline phosphatase. S: supernatant. (G) Phosphorylation of serine 348 of DPF3a is critical for the interaction with HEY1. CoIP of HA-tagged
HEY1 with Flag-tagged DPF3a mutants (WT, S348A, 5xAla). (H) Quantification of the DPF3a and HEY1 interaction using Image Lab 5.0 (triplicate
experiments, **P < 0.01, t-test).
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S348A and 5xAla DPF3a protein levels were detected (Fig-
ure 4G, lane 1, 4, 7). We found that WT DPF3a efficiently
interacted with HEY1 (Figure 4G, lane 3), but the S348A
and 5xAla mutants showed a strikingly decreased interac-
tion (Figure 4G, lane 6, 9, Figure 4H). These results sug-
gest that the S348 phosphorylation is critical for the DPF3a-
HEY1 interaction mediated by the half PHD finger.

DPF3a recruits BRG1 to genomic targets

Previous work has shown that both DPF3a and DPF3b
are in a complex with the BAF chromatin remodeling com-
plex and interact with other BAF components like BRG1
and BAF60c (20,37). To determine whether HEY1 inter-
acts with any other BAF components or whether its inter-
action with DPF3a is independent of the BAF complex, we
performed CoIP assays. We did not find any interaction be-
tween HEY1 and BRG1 or BAF60c (Figure 5A, lane 2, 4).
However, HEY1, DPF3a and BRG1 formed a complex in
the CoIP assay (Figure 5A, lane 3). Thus, our results suggest
that HEY1 is associated with the BAF complex via DPF3a
and the interaction between DPF3a and HEY1 is indepen-
dent of the BAF complex.

To confirm this hypothesis, we performed ChIP-qPCR in
order to identify common Brg1-Dpf3a-Hey1 targets in WT
C2C12 and after Hey1 knockdown and found a comple-
mentary reduction of Brg1 binding to Dpf3a-Hey1 target
sites (Figure 5, B and C). Moreover, we observed a reduc-
tion of Brg1 binding at respective targets sites in the Dpf3a
knockdown condition (Figure 5, D and E). Taken together,
these results indicate that the Dpf3a-Hey1 complex directs
the BAF chromatin remodeling complex to specific genomic
target sites.

DPF3a releases HEY from the genomic targets

To examine the role of DPF3a in transcriptional activation,
HEK293 cells were co-transfected with an expression vec-
tor encoding DPF3 protein fragments fused to the GAL4
binding domain and a reporter vector containing the GAL4
promoter linked to the firefly luciferase gene. Only DPF3a,
but not DPF3b, showed transactivation activity, which is
transmitted by the DPF3a specific C-terminus (aa291–357)
(Figure 6A). This underlines a role of DPF3a in the tran-
scriptional activation.

Previous studies showed that HEY proteins function as
direct transcriptional repressors and a number of HEY tar-
get genes involved in cardiac hypertrophy have been identi-
fied previously (38–41). In our reporter gene assays, HEY1
significantly repressed the promoter activity of its target
genes like NPPA, GATA4, HEY1 and JAG1 (Figure 6B).
DPF3a alone had no impact on the promoter activity of
these target genes. Subsequently, co-transfection of reporter
constructs with HEY1 and DPF3a expression vectors re-
vealed no suppression of transcriptional activities of these
targets. DPF3a notably reduced the repression of HEY1
targets (Figure 6B), suggesting that DPF3a might release
HEY1 from DNA via a protein–protein interaction. In ad-
dition to this, mutation of the HEY1 binding E-box el-
ement (gggCACGGGtca to gggCAtca) in the JAG1 pro-
moter abolished the repression by HEY1.

Furthermore, we analyzed the expression of HEY1 and
HEY2 genes in hypertrophic hearts of patients with AS
and HCM, in which DPF3a was found to be up-regulated.
We did not observe any obvious alteration of the ex-
pression of the HEY genes (Supplementary Figure S8).
However, DPF3a-HEY1 targets, including the hypertrophic
marker NPPA as well as FOXO1 (forkhead box O1), GATA4
(GATA binding protein 4), TBX3 (T-box 3) and SMAD7
(SMAD family member 7), were found to be significantly
up-regulated (Figure 6C).

Model of the CK2-DPF3a-HEY-BRG1 pathway

Finally, we developed a model summarizing our findings
(Figure 7). Upon hypertrophic stimuli, the protein kinase
CK2 phosphorylates DPF3a at the highly conserved amino
acid S348 at its C-terminus. pDPF3a binds and releases the
transcriptional repressors HEY and recruits BRG1 to re-
spective targets. Consequently, DPF3a initiates transcrip-
tion of fetal genes and promotes pathological cardiac hy-
pertrophy.

DISCUSSION

We present a novel pathway driving pathological cardiac hy-
pertrophy in response to hypertrophic stimuli. This pathway
is triggered by kinase activation leading to phosphorylation
of a BAF chromatin remodeling factor and consequently
triggering the release of DNA-binding transcriptional re-
pressors. In the past, reports have demonstrated the impact
of individual components, namely CK2, BRG1 and HEY,
involved in the process of cardiac hypertrophy. However,
their connection through the chromatin remodeler DPF3a
had not yet been elucidated.

The SWI/SNF chromatin remodeling complexes are re-
cruited to numerous genomic target sites by sequence-
specific transcription factors and histone-binding epige-
netic regulators (42). Each SWI/SNF complex utilizes ei-
ther BRG1 or BRM as alternative subunits with DNA-
dependent ATPase activity. The non-catalytic subunits of
SWI/SNF are often referred to as BAFs (BRG1 or BRM
associated factors). With respect to cardiac diseases, sev-
eral BAFs (BAF60c, BAF45c2/DPF3b) have been identi-
fied to play a role in the development of congenital struc-
tural heart diseases. BAF60c mediates its function by the
interaction with DNA-binding transcription factors such
as TBX5, GATA4, MYOD or SIX4, which are essential
for cardiac and muscle development (16,18,43). Another
mode of functional transition is the binding to specific hi-
stone modifications, as in case of DPF3b (20). Either way,
these BAFs promote gene transcription through their as-
sociation with BRG1, which is highly expressed in the de-
veloping heart. In contrast, in the adult heart BRM rep-
resents the prominent catalytic unit; however, upon hyper-
trophic stimuli cardiomyocytes switch to a fetal-like state
and BRG1 is reactivated as the catalytic unit (14,44). It had
been shown that BRG1 is up-regulated in patients with hy-
pertrophic cardiomyopathy and, moreover, forms a com-
plex with PARPs and several HDACs to induce the fetal
gene program in transverse aortic constriction-banded mice
(14). In line with this, Brg1 null mice show significantly re-
duced hypertrophic response upon TAC-binding compared
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Figure 5. DPF3a recruits BRG1 to DNA via interaction with HEY. (A) HEY1 specifically interacts with DPF3a and associates with the BAF complex
via this interaction. CoIP of HA-tagged HEY1 with Flag-tagged DPF3a, BAF60c and BRG1 constructs from lysates of transiently transfected HEK293
cells. (B and C) Brg1 ChIP experiments were performed and Brg1 enrichment at selected promoters in siHey1 knockdown was compared to siNon control.
Binding of Brg1 was quantified by qPCR (triplicate experiments, **P < 0.01, t-test). (D and E) Brg1 enrichment at selected promoters in siHey1 knockdown
was compared to siNon control. Binding of Brg1 was quantified by ChIP and real-time PCR (triplicate experiments, **P < 0.01, t-test).
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Figure 6. DPF3a releases HEY from the targets. (A) GAL4 trans-activation assays. HEK293 cells were co-transfected with an expression vector encoding
DPF3 protein fragments fused to the GAL4 binding domain and a reporter vector containing the GAL4 promoter linked to the firefly luciferase gene.
Luciferase activity was normalized to renilla luciferase activity. One representative experiment performed in triplicates is shown. (B) DPF3a significantly
reduces HEY1 mediated repression. HEK293 cells were transiently transfected with NPPA, GATA4, HEY1, JAG1 and JAG1-mut reporter constructs in
the presence of empty control vector alone, HEY1 expression vector, DPF3a expression vector or HEY1 and DPF3a in combination. The results represent
the average of three independent experiments (**P < 0.01, t-test). (C) Expression analysis of FOXO1, GATA4, TBX3 and SMAD7 in AS, HCM and NH
using qPCR. Results represent median expression levels with 25% and 75% quartiles. Statistically significant differences were analyzed using a two-sided
Student t-test (*P < 0.05, **P < 0.01).

Figure 7. Illustration of pDPF3a mediated regulation of HEY-target genes. Hypertrophic signals stimulate CK2, which phosphorylates DPF3a at S348.
Phosphorylation of DPF3a enhances its ability to bind the transcription repressors HEY. Subsequently, DPF3a releases HEY from the genomic targets
and the transcription is then activated by the transcriptional machinery complex (TMC).
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to WT mice (14). However, it was unclear how BRG1 is tar-
geted to genes of the fetal gene program in this setting. Our
data suggest that DPF3a functions as the mediator to di-
rect BRG1 to fetal genes that are repressed by HEY pro-
teins in a WT adult stage but are re-expressed upon hy-
pertrophic stimuli. Moreover, we show that the binding of
DPF3a to HEY proteins is significantly enhanced by phos-
phorylation of S348, located in an evolutionary conserved
and DPF3a-specific C-terminal domain. The phosphoryla-
tion level of DPF3a is significantly higher in hypertrophic
states (e.g. ET-1 treated hiPSC-CMs or hypertrophic TOF
hearts). This phosphorylation of DPF3a is mediated by
CK2. Previously it had been shown that signaling of hy-
pertrophic stimuli (e.g. PE) can be mediated by CK2, in-
volving its two catalytic subunits CK2� and CK2�’. CK2�
was shown to phosphorylate and thereby activate HDAC2,
which results in the repression of anti-hypertrophic genes
(9). CK2�’ was shown to induce cardiac hypertrophy via
interacting with the anti-hypertrophic cell cycle regulator
p27 (7). Insights into the down-stream mediators, namely
chromatin or transcription factors, and a potential role of
DPF3a await elucidation.

In general, protein phosphorylation is a key event in reg-
ulating protein localization, activity and protein–protein
interactions (45,46). We found that pDPF3a is predomi-
nately located in the nucleus. It had previously been shown
that CK2� translocates from the cytoplasm to the nucleus
(9), where it is suggested to phosphorylate DPF3a. How-
ever, this needs further investigation, as a non-pDPF3a spe-
cific antibody is currently lacking. Moreover, the conforma-
tional change of DPF3a upon phosphorylation awaits fur-
ther analysis. Frequently, phosphorylation occurs within an
interaction domain and thereby directly affects the bind-
ing energy (45). However, the interaction of DPF3a with
HEY proteins is mediated by its half PHD finger, whereas
S348 phosphorylation is located in the structurally unsolved
neighboring C-terminus. It is very likely that a conforma-
tional change through allosteric mechanisms affects the
DPF3a-HEY interaction.

In patients with pathological cardiac hypertrophy suffer-
ing from aortic stenosis or hypertrophic cardiomyopathy,
we observed a significant up-regulation of common DPF3a
and HEY targets, such as GATA4, FOXO1, SMAD7 and
TBX3. These genes play well-known roles in cardiac devel-
opment and disease (47–50). For instance, GATA4 regu-
lates cardiac fetal genes (51) and stress-induced cardiac hy-
pertrophy in vivo (52). Activation of FOXO1 is an important
mediator of cardiac hypertrophy (53).

In the future, it will be of interest to study the devel-
opment of pathological hypertrophy in a respective mouse
model. So far, we have generated a Dpf3tm1sper knockout
mouse, which is viable and fertile (data not shown), and can
undergo TAC-banding in order to study its hypertrophic re-
sponse. In this study, we observed that knockdown of DPF3
buffered the ET-1 induced hypertrophy in hiPSC-CMs. It
might be that a reduction of hypertrophy in the knockout
compared to the WT mouse will be observed. An essential
aspect for these experiments is that, within the D4 protein
family, the protein domains of Dpf3a involved in the novel
pathway described here are unique for Dpf3a. In contrast,
all Dpf3b domains are highly conserved within the D4 fam-

ily, consisting of neural expressed Dpf1 and ubiquitously ex-
pressed Dpf2. Thus, other D4 family members most likely
balance the physiological role of Dpf3 during development.

A number of HEY mouse models have been established
(40,54). Interestingly, HEY2 knockout mice on a mixed ge-
netic background develop cardiomyopathy with cardiac hy-
pertrophy (55). Moreover, overexpression of HEY2 in the
myocardium prevents PE-induced cardiac hypertrophy in
vivo and in vitro (56). The anti-hypertrophic function of
HEY2 is most likely mediated by the inhibition of fetal
genes like Nppa and Gata4. Our model suggests that DPF3a
induces pathological cardiac hypertrophy by the release of
HEY from these genes. It had been shown that members
of the HEY protein family (HEY1, HEY2, HEYL) share
genomic targets and perform similar functions (41). More-
over, we show that all three HEY proteins physically bind
to DPF3a. Thus, DPF3a can be considered as a cofactor of
HEY proteins in order to regulate cardiac gene expression.

Taken together, we provide evidence for a novel path-
way involved in the development of pathological cardiac
hypertrophy. The latter can occur primarily in cases of hy-
pertrophic cardiomyopathy or Tetralogy of Fallot or sec-
ondary, due to pressure overload like in cases of aortic
stenosis or hypertension. Pathological cardiac hypertrophy
leads to remodeling of the ventricular chambers and even-
tually heart failure. Thus, pharmacological inhibition of
hypertrophic cardiomyocyte growth has been a long-term
therapeutic goal for the treatment of heart failure. Future
studies are needed to explore the potential of the pathway
presented to be targeted for pharmaceutical interventions.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.
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