
Differential Regulation of EHD3 in Human and Mammalian Heart
Failure

Hjalti Gudmundsson, M.D6,#, Jerry Curran, Ph.D1,#, Farshid Kashef, M.D1, Jedidiah S.
Snyder, B.S1,4, Sakima A. Smith, M.D1, Pedro Vargas-Pinto, D.V.M1, Ingrid M. Bonilla, B.S1,
Robert M. Weiss, M.D6, Mark E. Anderson, M.D., Ph.D6,7, Philip Binkley, M.D1,2, Robert B.
Felder, M.D6, Cynthia A. Carnes, PharmD, Ph.D1, Hamid Band, M.D., Ph.D8, Thomas J.
Hund, Ph.D1,2,4, and Peter J. Mohler, Ph.D1,2,3,*

1Dorothy M. Davis Heart and Lung Research Institute, The Ohio State University Medical Center,
Columbus, OH
2,3,4Departments of Internal Medicine, Division of Cardiovascular Medicine, Physiology & Cell
Biology, and Biomedical Engineering, The Ohio State University Medical Center, Columbus, OH
5College of Pharmacy, The Ohio State University, Columbus, OH
6,7Departments of Internal Medicine and Molecular Physiology & Biophysics, University of Iowa
Carver College of Medicine, Iowa City, IA
8Eppley Institute for Cancer and Allied Diseases, University of Nebraska Medical Center, Omaha

Abstract
Electrical and structural remodeling during the progression of cardiovascular disease is associated
with adverse outcomes subjecting affected patients to overt heart failure (HF) and/or sudden death.
Dysfunction in integral membrane protein trafficking has long been linked with maladaptive
electrical remodeling. However, little is known regarding the molecular identity or function of
these intracellular targeting pathways in the heart. Eps15 homology domain-containing (EHD)
gene products (EHD1-4) are polypeptides linked with endosomal trafficking, membrane protein
recycling, and lipid homeostasis in a wide variety of cell types. EHD3 was recently established as
a critical mediator of membrane protein trafficking in the heart. Here, we investigate the potential
link between EHD3 function and heart disease. Using four different HF models including
ischemic rat heart, pressure overloaded mouse heart, chronic pacing-induced canine heart, and
non-ischemic failing human myocardium we provide the first evidence that EHD3 levels are
consistently increased in HF. Notably, the expression of the Na/Ca exchanger (NCX1), targeted by
EHD3 in heart is similarly elevated in HF. Finally, we identify a molecular pathway for EHD3
regulation in heart failure downstream of reactive oxygen species and angiotensin II signaling.
Together, our new data identify EHD3 as a previously unrecognized component of the cardiac
remodeling pathway.
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1.0 Introduction
Heart disease is a leading cause of death worldwide. Despite therapeutic advances, heart
failure (HF) remains responsible for substantial morbidity and mortality [1] with most
deaths occurring as a result of cardiac arrhythmia. Following insult or injury, the heart
undergoes both electrical and structural remodeling at the level of the single cell in an
attempt to maintain contractility and cardiac output. However, in the setting of severe and/or
chronic injury, the remodeling process ultimately may become maladaptive leading to
further progression of disease.

Alterations to the expression and function of integral membrane proteins have been
identified in HF [2–5]. Despite research linking dysfunction in membrane protein trafficking
with human heart disease, little is known regarding the molecular identity of the intracellular
targeting pathways underlying membrane protein remodeling. Eps15 homology domain
(EHD) proteins (1–4) are key conductors of endosome-based protein trafficking and
membrane protein recycling in a wide variety of species and cell types [6–9].

We recently demonstrated that EHD proteins are expressed in cardiac muscle and play key
roles in membrane protein targeting and regulation [10]. In fact, one EHD gene product,
EHD3, appears critical for cardiac myocyte membrane protein targeting and cell excitability.
Specifically, consistent with the established role of EHD3 in endosomal trafficking in other
cell types [7], EHD3 plays an indispensable role in the proper trafficking of the Na/Ca
exchanger (NCX) to the myocyte cell membrane. In fact, knock-down of EHD3 in
ventricular myocytes results in accumulation of NCX1 in intracellular peri-nuclear
compartments, and loss of functional INCX. Currently, the link between EHD proteins and
cardiac pathology is unknown. Based on this new role for EHD3 in heart, and the
established roles of EHD proteins in membrane protein targeting and regulation in other cell
types, we hypothesized that EHD3 levels would be altered in heart failure- where both
membrane electrical and structural alterations are hallmarks of the disease.

Here we report the first link between EHD3 and HF. EHD3 levels are consistently increased
across a host of animal models of heart disease including ischemic HF in rat, pressure
overload-induced HF in mouse, and a canine model of HF induced by chronic tachypacing.
Importantly, EHD3 levels are significantly altered in human HF. We also demonstrate a
simultaneous increase of NCX1 expression in heart failure, providing evidence for a
potential role of these proteins in membrane remodeling following myocardial insult. We
provide the first evidence for a mechanism that modulates EHD3 levels in heart failure,
supporting an unexpected new link between oxidative stress, angiotensin II (AngII), and
EHD3 levels. Collectively, our data provide the first link between EHD3 proteins and
human cardiovascular disease, providing a potential new pathway for future therapies to
regulate membrane remodeling in disease.

2.0 Methods
For detailed Methods see On-line Supplement.

Primary cardiomyocyte cultures—Neonatal (post-natal day 1) hearts from wild-type
and mutant mice euthanized via complete cervical dislocation (in accordance with NIH
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guidelines) were extracted and enzymatically-dispersed with trypsin and collagenase, plated
on fibronectin-coated glass plates, and maintained in defined media as described [11].

Immunoblotting of heart proteins—Immunoblotting of cardiac tissue and cell lysates
was performed as described [12]. Whole heart homogenates were centrifuged at 1,000 ×g to
remove nuclei. Supernatant was used for protein quantification and immunoblotting.
Normalized band densities were measured with Adobe Photoshop 8.0.

Immunofluorescence—Sections of rat hearts and adult mouse ventricular myocytes were
washed with phosphate-buffered saline (PBS, pH 7.4) and fixed in 4% paraformaldehyde
(37 °C) or ice cold ethanol, respectively. After blocking (see On-line Supplement) cells were
incubated in primary antibody overnight at 4 °C (anti-EHD3, 1:50, Sigma Aldrich), washed
and incubated with secondary antibody and co-labeled with Topro 3AM (1:2000,
Invitrogen) to visualize nuclei. Images were collected on Zeiss 510 Meta confocal
microscope. Cropping and linear contrast adjustments were made in in Adobe Photoshop.
Figures represent typical staining patterns.

Histology—Rat hearts were harvested and fixed in 4% PFA. Tissues were sectioned and
stained with Masson’s trichrome.

Immunoblots—Hearts or heart pieces were frozen in dry ice and ground into a fine
powder. The powder was resuspended in lysis buffer and homogenyzed. EHD3 expression
in ventricular lysates was determined by SDS-PAGE and immunoblotting using anti-EHD3,
and anti-actin or anti-GAPDH (Santa Cruz Biotechnology) antibodies [10]. When
applicable, myocytes were treated with ROS scavenger, N-(2-Mercaptopropionyl) glycine (2
mM, Sigma Aldrich), for 10 minutes. Normalized band densities were measured with Adobe
Photoshop 8.0.

Human tissue samples—Left ventricular tissue was obtained from explanted hearts of
patients undergoing heart transplantation through The Cooperative Human Tissue Network:
Midwestern Division at The Ohio State University. Approval for use of human subjects was
obtained from the Institutional Review Board of The Ohio State University. Left ventricular
tissue from healthy donor hearts not suitable for transplantation was obtained through the
Iowa Donors Network and the National Disease Research Interchange. The investigation
conforms to the principles outlined in the Declaration of Helsinki. Age and sex were the
only identifying information acquired from tissue providers.

Induction of myocardial infarction (MI) or sham operation—Adult male Sprague–
Dawley rats (Harlan Sprague Dawley Inc.) weighing 350 to 375 g were anesthetized
(ketamine 90 mg/kg + xylazine 10 mg/kg, IP) and underwent coronary ligation to induce HF
(n=7) or sham (n=5), as described [13]. Adequate anesthesia was monitor via pain response
to hind limb toe pinch. Rats underwent echocardiography under sedation (ketamine 25 mg/
kg, IP) to assess left ventricular (LV) function and the extent of ischemic injury.
Measurements of ischemic zone as a percentage of LV circumference, LV ejection fraction
(EF), and LV end-diastolic volume (EDV) were made as described previously [14]. Large
myocardial infarction was defined by an ischemic zone >39%. Six weeks later, rats
underwent repeat echocardiography under sedation to ensure chronic HF. Hearts were
excised from deeply anesthetized rats (0.2 mL/10g, 2% Avertin, I.P.) via rapid thoracotomy.

Mouse heart failure model with proximal aortic banding—Adult male B6 mice
were subjected to pressure overload by TAC surgery as previously described [15]. Briefly,
mice were anesthetized (ketamine, 100 mg/kg I.P. plus xylazine, 5 mg/kg), intubated, and
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placed on a respirator (120 breaths min−1, 0.1 mL tidal volume). Anesthesia was monitored
by repeated hind limb response to pinch. Aorta was exposed via a midline sternotomy. A 6.0
Prolene suture was placed around the aorta distal to the brachiocephalic artery. The suture
was tightened around a blunted 27-gauge needle placed next to the aorta (n=7). The needle
was removed, and the chest was closed. Echocardiography was performed at regular
intervals for two months to assess cardiac function. Banded mice had significantly decreased
EF (68±5% vs. 49±6%, p<0.05) and significantly increased heart to body weight ratio
(0.57±0.03 vs. 1.12±0.09, p<0.05) when compared with Sham mice. Age-matched
littermates were use as sham operated controls (n=7). Hearts were harvested from sacrificed
mice (2% Avertin, 20 μL/g, I.P.) via rapid thoracotomy. Adequate anesthesia was monitored
via pain response to hind limb toe pinch.

Canine nonischemic dilated cardiomyopathy induced by chronic tachypacing
—HF via chronic tachypacing was induced as previously described [16]. All dogs were
initially verified to have normal cardiac function by examination by a veterinarian. Adult
hound-type dogs of either sex (2–3 years of age) received pre-anesthetics of butorphanol 0.2
– 0.4 mg/kg IM, and morphine (0.5 – 2 mg/kg IV) followed by anesthesia induction with
isoflurane; anesthesia was maintained with isoflurane (1.5 – 2.5 %). An RV pacemaker lead
was implanted in the RV apex with fluoroscopic guidance followed by implantation of a
modified Prevail 8086 pacemaker (Medtronic, Inc., Minneapolis, MN, USA). Following
recovery from the pacemaker implant, the RV was paced at 180 bpm for 2 weeks; 200 bpm
for the next 6 weeks, followed by 180 bpm for the duration of the protocol. Sequential
echocardiograms were performed at baseline and during brief periods of sinus rhythm
during butorphanol sedation (0.5 mg/kg, im) to confirm the presence of reproducible dilated
cardiomyopathy. After 1 or 4 months of tachypacing, animals were administered
butorphanol (0.2–0.4 mg/kg IM) followed by pentobarbital (25 mg/kg IV) or isoflurane (5%
for induction, 2 % for anesthesia). After achieving a deep level of anesthesia, the heart was
rapidly removed. Cardiac tissues were snap frozen in liquid nitrogen and stored at −80°C
until used. Control dogs were sacrificed in parallel.

All animal studies were performed in accordance with the American Physiological Society
Guiding Principles for Research Involving Animals and Human Beings, and approved by the
University of Iowa or The Ohio State University Institutional Animal Care and Use
Committee. The investigation conforms with the Guide for the Care and Use of Laboratory
Animals published by the US National Institutes of Health (NIH Publication No. 85-23,
revised 1996).

Statistics—When appropriate, data were analyzed using a two-tailed Students t-test, and
values less than p<0.05 were considered significant. Values are expressed as the mean ±
standard error.

3.0 Results
3.1 EHD3 levels are increased in a chronic rat heart failure model

We recently identified EHD3 as a new cardiac protein with roles in myocyte membrane
protein targeting [10]. As a first step to analyze EHD3 protein regulation in cardiovascular
disease, we examined EHD3 levels in a well-validated rat model of ischemic HF [17]. This
model allowed for the assessment of EHD response to acute myocardial injury induced by
infarct (MI). Remodeling post-MI begins nearly immediately in the border zone of the MI,
and persists for weeks to months in the entire myocardium until cardiac function is
normalized. Various neurohormonal signaling cascades are triggered as the result of the
subsequently impaired cardiac output, many of which have been linked to myocyte
apoptosis and hypertrophic remodeling [18].
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Five weeks post-coronary ligation, overall heart size was increased with a thickening of the
right ventricular free wall and septal wall, accompanied by a pronounced thinning of the left
ventricular free wall within the infarct zone (Figure 1A & B) and depressed cardiac function.
Average EDV was 1225±65 and 397±28 mm3 in infarcted and control rats, respectively
(p<0.05). EF averaged 28.9±3.6% in infarcted rats versus 71.8±5.3% in Sham rats (p<0.05).
Notably, EHD3 levels were significantly elevated in protein lysates from failing left
ventricle (Figure 1C–D, 2.7-fold increased, n=7, p<0.05) compared to control. We also
observed increased EHD3 levels in right ventricle free wall in HF lysates (Figure 1E–F,
~1.8-fold increased, n=5, p<0.05). Thus, EHD3 protein levels are increased in both
remodeled ventricles in HF by immunoblot. Notably, and consistent with prior findings in a
model of three to five week post-coronary artery ligation in canine [10], we observed no
significant changes in ankyrin-B expression (previously identified EHD3 partner) in chronic
rat HF left or right ventricle samples (Supplemental Figure 1). These data suggest that
ankyrin-B and EHD3 levels are differentially regulated at this later stage of remodeling.

Elevations in EHD3 protein levels by immunoblot were paralleled by increased EHD3
immunostaining in failing rat hearts. We not only observed increased EHD3
immunolabeling, but also peri-nuclear accumulation of EHD3 in left ventricle sections of
rats with HF using EHD3-specific antibodies (Figure 1G). Together, our data provide the
first evidence that EHD3 expression is increased in HF, consistent with their known role in
endosome-based membrane protein targeting in cell models [6, 8].

3.2 EHD3 levels are elevated in a pressure overload mouse model of heart failure
We next evaluated EHD3 levels in a validated mouse model of non-ischemic HF induced by
trans-aortic constriction (TAC) [19, 20]. This model allows assessment of EHD function in a
nonischemic model of heart failure, for comparison to the ischemic rat model. Pressure-
overload induced by TAC has been shown to trigger signaling pathways activated by
mechanical stretch leading to activation of growth factors including angiotensin II (AngII)
[21, 22]. Consistent with the rat ischemic HF model, EHD3 levels were significantly
increased (1.75-fold, n=6 TAC; n=5 Sham; p<0.05) in the left ventricle of banded mice
versus hearts from sham mice (Figure 2; see Methods). These data support a role for the
EHD protein family in cardiac remodeling during hemodynamic overload. Our collective
data in two different models of rodent heart failure reveal elevated EHD3 levels, suggesting
a fundamental role for EHD3 in the remodeling process.

3.3 EHD3 levels are elevated in large animal model of heart failure
Rodent models of HF have been effectively used to identify and analyze specific protein
pathways in cardiac pathology. However, the translation of rodent studies for understanding
human disease may often be hampered by differences in the physiology of humans versus
rodents (e.g., differences in heart rate, heart size, and metabolism). Therefore, we next used
a large animal (canine) model of HF to evaluate the regulation of EHD3. This model
provides a number of unique characteristics. First, cardiomyopathy induced by chronic
tachypacing is non-ischemic in nature and does not require structural or exogenous
hormonal insult to the heart. Second, the remodeling of the heart takes place over a longer
term than the other models used here (up to 4 months). Therefore, assessing EHD function
within this model provides insights into the EHD response to non-ischemic stress and how
EHD function may change with long-term stimulus.

HF in canines was induced by rapid tachypacing for either 1 or 4 months, and cardiac
function was assessed by echocardiogram (cardiomegaly, mitral regurgitation, left
ventricular fractional shortening of less than 12%). EHD3 levels were compared by
immunoblot from right atria, right ventricle, and left ventricle from control dogs, or after 1
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or 4 months of pacing. Interestingly, similar to findings in rodent models of HF, we
observed dramatic increases in EHD3 levels in all chambers (Figure 3, n=8 ctrl, n=4; 1 & 4
month, p<0.05). The alterations in EHD3 were equally prominent at 1 and 4 months of rapid
pacing compared to control groups. These data suggest an important role of EHD3 in key
remodeling events that occur during the primary phases of the development of heart disease
as well as prolonged stress. In summary, data from several very different animal models of
heart failure displayed increased levels of EHD3 protein expression, suggesting a
fundamental and conserved role of EHD proteins in the response of the heart to stress.

3.4 EHD3 levels are increased in human heart failure
As a final step to assess the regulation of EHD3 in heart disease, we measured protein levels
in left ventricle tissue from failing human hearts. Left ventricular free wall tissue was
obtained from de-identified donors with history of non-ischemic HF. Samples from patients
with documented HF showed significant increases in EHD3 protein levels versus control
hearts (Figure 4, n=6 & 7 respectively, p<0.05). In summary, EHDs are differentially
regulated in animal models of mammalian HF of widely variable etiologies, and in human
heart failure, indicating that this response to cardiac stress is likely evolutionarily conserved
and may be part of an even more universal mechanism regulating protein trafficking in heart
at baseline and in disease.

3.5 NCX1 expression levels are increased in HF
We previously demonstrated that NCX membrane targeting is dependent on EHD3
expression [10]. Therefore, we next tested the relationship of NCX expression with the
increased expression of EHD3 in HF tissue examined. In all forms of HF examined, NCX1
protein expression was significantly increased (Figure 5). These data are consistent with the
role of EHD3 for NCX membrane targeting in myocytes at baseline and in NCX remodeling
in disease.

3.6 EHD3 expression is regulated by reactive oxygen species (ROS)
Multiple molecular pathways play critical roles in the development and progression of HF
including neuro-hormonal stimulation, inflammatory pathways, and apoptosis [23]. Reactive
oxygen species (ROS) are oxygen-based second messenger molecules implicated in a host
of human cardiac physiology and pathophysiological processes including cardiac
hypertrophy and apoptosis. As a first step in assessing the pathways that may trigger
elevated EHD3 expression in HF, we exposed cardiomyocytes to oxidative stress.
Specifically, we analyzed EHD3 expression in mouse neonatal cardiomyocytes following
30, 60 or 90 minutes of treatment with hydrogen peroxide (75 μM) using a well-established
protocol [24]. Notably, we observed an initial decrease in EHD3 expression following 30
and 60 minutes of treatment. However, EHD3 levels were nearly 1.4 fold higher than control
levels following 90 minutes hydrogen peroxide treatment (Figure 6A–B, n=3, p<0.05). This
increase was reversed in myocytes pretreated with ROS scavenger, 2-MPG (2 mM, Figure
6C). Similar results were observed in adult mouse myocytes (Figure 6D). As previously
reported, EHD3 is localized to the perinuclear region in untreated myocytes with a small
peripheral distribution also visible, consistent with its role in endosomal trafficking [10].
After treatment with H2O2, a striking increase in EHD3 was observed in both the
perinuclear and cytosolic compartments as visualized by immunofluorescence
(Supplemental Figure 2). These data suggest that EHD3 levels are dynamically regulated by
ROS.
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3.7 ROS production downstream of AngII via NADPH oxidase regulates EHD3 expression
in cardiomyocytes

Oxidative stress produces a number of global changes to myocyte cell physiology. Recent
studies implicate nicotinamide-adenine dinucleotide phosphate (NADPH) oxidases (Nox) as
a major source for cardiac ROS production [24, 25]. Five Nox isoforms have been
described, but only Nox2 and Nox4 are expressed in cardiomyocytes [25, 26]. AngII causes
increased ROS levels via an NADPH mechanism [27]. To determine whether EHD3
responds to increased ROS downstream of AngII, we treated mouse cardiomyocytes with
AngII (75nM) for one, three, or 24 hours. Similar to treatment with hydrogen peroxide, we
observed that with AngII treatment the EHD3 levels initially decreased, but then the
expression increased with time (Figure 7, blue bars, n=4).

We performed parallel experiments in cardiomyocytes lacking p47phox (p47−/−), a critical
subunit of NADPH oxidase. This mouse strain is unable to activate NADPH oxidase and
produce superoxide which is the main source of ROS due to AngII-dependent stimulation
[27]. Notably, in contrast to wild-type cardiomyocytes, p47-deficient cardiomyocytes
showed no difference in EHD3 expression even following 24 hours of AngII-treatment
compared to control. EHD3 expression was significantly attenuated in p47−/− hearts versus
WT after 24 h (Figure 7, red bars, n=5, p<0.05). While there are likely other factors that
regulate EHD3 expression in response to cardiac insult, our data demonstrate that EHD3
protein levels are regulated by ROS downstream of AngII and provide the first example of a
common pathophysiological pathway underlying EHD3 activation.

4.0 Discussion
Here, we identify EHD3 as dynamically regulated in the failing heart. Notably, EHD3
expression is increased in both large and small models of HF with distinct etiologies. These
models provide the first glimpse into how EHD3 responds in the various, progressive stages
of HF. Critically, the increase in EHD3 expression in animal models was observed in human
heart failure samples. These data suggest that the dynamic regulation of EHD3 in response
to heart disease and subsequent cardiac remodelling is a conserved, universal response, and
this response is likely initiated early in and maintained throughout the progression of cardiac
disease. Furthermore, we show that EHD3 expression is dynamically regulated downstream
of the AngII signaling cascade and is dependent upon the formation of ROS in
cardiomyocytes.

EHD proteins share a common evolutionary past with the orthologous protein, RME-1,
found in lower metazoans such as C. elegans and D. melanogaster [8]. In these species a
single gene encodes RME-1. EHD1-4 are ubiquitously expressed in human tissue, and are
encoded by four separate genes located on different chromosomes [28, 29]. EHD1-4 show
high homology with RME-1 (67%), and the cellular functions of this proteins superfamily is
conserved between species. In C. elegans lacking functional RME-1, endosomal recycling of
integral membrane proteins was impaired but was rescued by the expression of any human
EHD subtype. Furthermore, knockdown experiments in HeLa cells show that EHD1 and
EHD2 mediate the exit of proteins from the endocytic recycling compartment (ERC), while
EHD4 facilitates the transfer of proteins from the early endosome to the ERC [7]. A similar
role for EHD3 was also described [30]. Recently, it was reported that EHD1-4 all bind to
lipid tubules by forming dimers which oligomerize and tubulate charged liposomes [6, 31].
Thus, as proposed by others, EHD3 in heart may serve roles reminiscent of dynamin, acting
to tubulate membranes and participate in budding vesicles from endosomal membrane-
bound compartments [9, 32]. In other mammalian cell types, EHD proteins regulate
membrane targeting of the transferrin receptor, MHC1 and 2 receptors, glucose transporter
4, and β1 integrin [6, 33–35]. Other binding partners of EHD include ARF6 [36], ankyrin-B
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[10] and various Rab effector proteins, confirming the role of EHD proteins in endosomal
vesicular trafficking. Together, this evidence supports the hypothesis that EHD proteins
serve as mediators of endocytic trafficking, and that EHDs will likely play similar roles in
the heart. EHD1-4 are known to be expressed in the heart [10]. We are just beginning to
understand the function of EHD3 in the heart, while specific roles for EHD1, EHD2 and
EHD4 are completely unknown and require further investigation. Elevations in EHD3 levels
in HF are likely produced through multiple molecular pathways. In fact, our data
demonstrate that elevated EHD3 levels in heart failure are accompanied by transcriptional
changes in EHD3 mRNA (Supplemental Figure 3).

Immunofluorescence studies in intact myocytes reveal increases in both perinuclear and
cytosolic expression of EHD3 during HF and following stimulation with H2O2
(Supplemental Figure 2). While all published data on EHD3 have largely focused on
anterograde/retrograde plasma membrane trafficking there is no data to believe that this is an
exclusive role. In fact, cytoplasmic EHD3 localization may confer new roles for this protein
family in trafficking to intracellular membranous compartments such as mitochondria or the
sarcoplasmic reticulum[37]. In fact, both mitochondrial and SR proteins are known to be
differentially regulated during HF, making these organelles compelling targets for further
investigations into EHD-dependent trafficking [38].

We have previously reported that EHD3 is intimately involved in the proper trafficking of
the Na/Ca exchanger (NCX) in cardiomyocytes [10]. NCX is the primary mode of Ca2+

efflux in the myocyte, however it also contributes to Ca2+ influx when it is in the “reverse
mode” and intracellular sodium concentration is elevated. In nearly all reports, NCX
expression is increased in HF (including human) [39–41]. The same was observed in human,
dog and mouse HF models used here. This increased expression is likely a compensatory
mechanism to restore normal contractility during heart failure [40, 42]. While a direct causal
relationship is difficult to prove, we speculate that EHD3 is upregulated in HF in response to
the increased demand put upon EHD3-dependent trafficking pathways, in this particular
case the demand for increased NCX trafficking. Therefore, we speculate that increased
EHD3 expression observed in human and animal models of HF is part of a larger, conserved
response to restore normal heart function (by increasing NCX expression) during
remodeling.

Increased ROS is commonly associated with HF. Changes in NADPH oxidase expression,
localization, and activity have all been linked to increased ROS production in HF with
etiologies ranging from MI, idiopathic dilated cardiomyopathy, to pressure overload. In
particular, both NADPH isoforms expressed in the heart, Nox2 and Nox4, play a substantive
role in oxidative stress during HF [43, 44]. The NADPH subunit, p22phox, was also shown to
be increased in HF and critical to mediating ROS production[45]. Futher compounding this
NADPH-dependent oxidative stress, a decrease in antioxidant enzyme activity has also been
demonstrated in the failing heart [46]. Oxidative stress, however, is not exclusive to
increased NADPH activity in HF. The functional uncoupling of nitric oxide synthase
resulting in the production of superoxide has also been implicated as a source of oxidative
stress during HF [47].

Activation of the renin-angiotensin-aldosterone system is one of the pathological processes
associated with HF. Further, this system has been shown to be activated in all the animal
models used here. AngII-induced hypertrophy and aldosterone stimulation are associated
with increased ROS production in cardiac tissue via NADPH oxidase stimulation [25].
Critically, Byrne et al. previously demonstrated that Nox2 was essential for AngII-induced
cardiac hypertrophy, while Nox4 plays no role in this response [48]. Nox2 requires the
p47phox subunit for its activation and production of ROS, Nox4 does not [49]. Compared to
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control, EHD3 expression levels do not change in myocytes isolated from p47−/− mice when
stimulated with AngII. These data suggest that the observed AngII-dependent increase in
EHD3 depends on Nox2 activation, and the known increase in Nox2 expression in HF may
play a central role in regulating this response [43, 45]. While, admittedly, our in vitro studies
implement a brief timecourse of AngII treatement that do not directly address hypertrophy,
our results strongly suggest that EHD3 expression is regulated within the AngII signalling
cascade, and at a minimum may be involved in the early phase of the cellular remodeling
process. To our knowledge, these are the first data demonstrating regulation of any EHD
protein expression downstream in a neuro-hormonal signaling cascade in excitable tissue.

In summary, combined with recent findings [10], our new findings linking altered regulation
in heart failure provide additional support for the role of EHD proteins in membrane protein
regulation in health and disease. While our findings link activation with elevated ROS and
AngII, we predict that other stimuli will also likely regulate EHD3 levels in attempts to
restore membrane protein homeostasis. Future experiments in animal models lacking EHD
proteins will be critical for defining the specific cell biological roles of these fascinating
proteins in vivo in health and disease.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Highlights

• EHD3 is identified as a new protein associated with cardiac remodeling and
disease.

• EHD3 is differentially expressed in human HF and three animal models of HF.

• Regulation of EHD3 is downstream AngII signaling and depends on ROS
formation.
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Figure 1. EHD3 expression in rat model of ischemic HF
A & B) Tissue cross sections of control (A) and infarcted rat hearts (B). C) EHD3
expression was significantly increased in LV HF vs. control (n=7). D) Representative
western blot of LV tissue. E) EHD3 expression was significantly increased in RV HF vs.
control (n=5). F) Representative western blot of RV tissue. G) EHD3 expression visualized
by immunofluorescence in control (left) and failing rat hearts (right). EHD3 stained in red,
nuclei in blue. EHD3 levels are significantly increased in HF tissue samples. Scale bar = 20
μm.
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Figure 2. EHD3 expression is increased in mouse heart failure model
A) EHD3 expression is significantly increased in hearts (LV) of mice 8 weeks after TAC
compared to Sham operated littermates. B) Representative immunoblot of LV tissue.
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Figure 3. EHD3 levels are elevated in canine HF model
EHD3 expression in LV, RV and RA (A, B, and C, respectively) isolated from a canine
model of tachypaced-induced HF. EHD3 expression was significantly increased in all
chambers following 1 month of pacing, with significant increases maintained in the LV and
RV after 4 months (n=8 for control; n=4 for 1 and 4 month, p<0.05).
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Figure 4. EHD3 levels are elevated in human HF
EHD3 expression in LV isolated from non-ischemic human HF tissue. A) Representative
immunoblots of human HF samples. B) EHD3 expression is significantly increased in
human HF versus non-failing controls (n=7, ctrl; 6 HF, respectively, p<0.05).
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Figure 5. Increased NCX expression in HF models
A–C) NCX is significantly increased in all chambers of dog HF model examined (n=4, 5 &
4, respectively, p <0.05). D) NCX expression in non-ischemic human HF (n=8 for control, 6
for non-ischemic, p<0.05). E) NCX expression in TAC mouse model (n=5, p<0.05).
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Figure 6. EHD3 expression is mediated via ROS downstream of angiotensin II
Each experiment represents all myocytes isolated from two hearts. A) EHD3 expression is
significantly increased in neonatal cardiomyocytes after treatment with H2O2 (75 μM) for
90 min. (n=3). B) Representative western blot of experiments in A. C) H2O2-depenent
increase in EHD3 expression is reversed by ROS scavenger, 2-MPG, with representative
western blot (n=6, p<0.05). D) EHD3 expression in adult cardiomyocytes is increased after
H2O2 treatment and in presence of ROS-scavenger with representative western blot (n=5,
p<0.05).
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Figure 7. EHD3 expression depends on NADPH oxidase activity
EHD3 expression is blunted in AngII-stimulated neonatal myocytes (75 nM) isolated from
p47−/− hearts versus WT (n=4 WT, n=5, 3, 3, 6 for p47−/− treatments, respectively).
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