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Abstract

Rationale—HTrd1 is an endoplasmic reticulum (ER)-transmembrane E3 ubiquitin ligase that has
been studied in yeast, where it contributes to ER protein quality control by ER-associated
degradation (ERAD) of misfolded proteins that accumulate during ER stress. Neither Hrd1 nor
ERAD have been studied in the heart, or in cardiac myocytes, where protein quality control is
critical for proper heart function.

Objective—The objectives of this study were to elucidate roles for Hrd1 in ER stress, ERAD,
and viability in cultured cardiac myocytes and in the mouse heart, in vivo.

Methods and Results—The effects of siRNA-mediated Hrd1 knockdown were examined in
cultured neonatal rat ventricular myocytes. The effects of adeno-associated virus (AAV)-mediated
Hrd1 knockdown and overexpression were examined in the hearts of mice subjected to pressure-
overload induced pathological cardiac hypertrophy, which challenges protein-folding capacity. In
cardiac myocytes, the ER stressors, thapsigargin (TG) and tunicamycin (TM) increased ERAD, as
well as adaptive ER stress proteins, and minimally affected cell death. However, when Hrd1 was
knocked down, TG and TM dramatically decreased ERAD, while increasing maladaptive ER
stress proteins and cell death. In vivo, Hrd1 knockdown exacerbated cardiac dysfunction, and
increased apoptosis and cardiac hypertrophy, while Hrd1 overexpression preserved cardiac
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function, and decreased apoptosis and attenuated cardiac hypertrophy in the hearts of mice
subjected to pressure-overload.

Conclusions—Hrd1 and ERAD are essential components of the adaptive ER stress response in
cardiac myocytes. Hrd1 contributes to preserving heart structure and function in a mouse model of
pathological cardiac hypertrophy.
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INTRODUCTION

Cellular function depends on protein homeostasis, also known as proteostasis 1. Proteostasis
requires the efficient folding of newly synthesized proteins, as well as protein quality control
and degradation, which decrease the accumulation of misfolded, potentially toxic proteins 1.
At least 1/3 of all proteins, including calcium handling proteins, transmembrane receptors,
growth factors, and hormones are synthesized, modified, and folded in the endoplasmic
reticulum (ER), then trafficked to various membrane compartments, or secreted 2. Thus, the
environment in the ER must be optimal for efficient synthesis and folding of these important
proteins 3-5,

A variety of diseases, including many that affect the heart, challenge ER protein folding
capacity 59, Such challenges can be due to mutations in ER proteins, which can affect their
folding or targeting, or to disease-related perturbations of the ER environment 10, which lead
to imbalanced proteostasis, in extreme cases causing ER stress. ER stress contributes to
pathology by impeding the production of critical ER proteins, and by increasing the
accumulation of potentially toxic misfolded proteins.

ER protein misfolding activates the unfolded protein response (UPR), a conserved signaling
system that initiates multiple processes to restore proteostasis, including optimization of ER
chaperone-assisted protein folding and increased misfolded protein degradation by ER-
associated protein degradation (ERAD) 11. ERAD is a four-step quality control process for
removing terminally misfolded proteins from the ER by the cytosolic ubiquitin-proteasome
system 10.12.13 'ER-transmembrane and luminal proteins that misfold during ER stress and
fail quality control (Figure 1A, Step 1) are transported out of the ER into the cytosol (Step
2), where they are ubiquitylated on the cytosolic side of the ER by ER-transmembrane E3
ubiquitin (Ub) ligases (Step 3), which targets them for degradation by cytosolic proteasomes
(Step 4). Accordingly, ERAD is an adaptive process 13. If ERAD, and other aspects of the
UPR fail to resolve ER stress, maladaptive features of the UPR, sometimes called
maladaptive ER stress, guide cells toward apoptosis, which contributes to the tissue damage
and organ dysfunction that are characteristic of pathologies associated with imbalanced
proteostasis 14 15,
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UPR genes are regulated by several transcription factors including ATF6, an ER-
transmembrane protein 16 17, Although not well studied in cardiac myocytes, or in the heart,
in other cultured cell models ER protein misfolding triggers the translocation of ATF6 to the
nucleus, where it induces certain ER stress response genes!’. Although the causes and
consequences of ER stress in the heart remain to be elucidated, previous studies have
suggested that ATF6 regulates mainly adaptive ER stress responses 18: 19, Thus, identifying
ATF6-regulated genes is required to understand mechanisms that maintain proteostasis and
defend against the maladaptive ER stress response and potential cardiac dysfunction.

Our previous transcriptome analysis showed that in the mouse heart ATF6 induces genes
that encode numerous ER-resident proteins predicted to contribute to enhancing ER protein
folding through the adaptive ER stress response, including components of the ERAD
machinery 20. One of the genes induced by ATF6 in the heart is the ER-transmembrane E3
ubiquitin ligase, HMG-CoA reductase degradation protein 1, or Hrd1 (Figure 1A). Hrd1 was
discovered in yeast and named for its ability to ubiquitylate the ER-transmembrane protein,
HMG-CoA reductase 21. Since then, Hrd1 has been shown in yeast 22 23, as well as in
several mammalian cell lines 24 25, to play a key role in ERAD-mediated degradation of a
wide spectrum of misfolded proteins. Moreover, Hrd1 has been implicated as being
beneficial in several neurodegenerative diseases 26, and maladaptive in other diseases, such
as liver cirrhosis 27 and rheumatoid arthritis 28. In addition to Hrd1, other ER-
transmembrane E3 ubiquitin ligases, such as gp78, TEB4, and TRCS, also contribute to
ERAD, although the range of substrates for these enzymes is more limited than Hrd1 0.
Remarkably, amongst nearly 1,000 E3 ubiquitin ligases in the genome 2°, Hrd1 was the only
ER-transmembrane E3 ubiquitin ligase that was induced by ATF6 in the heart 20. Since ER-
transmembrane E3 ubiquitin ligases have not been examined in the cardiac context, we
undertook the current study to investigate roles for Hrd1 in cultured cardiac myocytes and in
the heart.

METHODS

Further details on the Methods can be found in the Online Supplement.

Laboratory animals

The research reported in this paper has been reviewed and approved by the SDSU
Institutional Animal Care and Use Committee and it conforms to the Guide for the Care and
Use of Laboratory Animals published by the National Research Council.

Hrd1l Ubiquitylation Assay

The ubiquitin ligase activity of the Hrd1 used in this study was demonstrated as described in
the Online Supplement.

ERAD Assay

ER-associated protein degradation (ERAD) was measured using a C-terminally HA-tagged
version of the model substrate, TCR-a, essentially as described 20, but using AdV-TCR-a-
HA.
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Unless otherwise stated, values shown are mean + SEM and statistical treatments are one-
way ANOVA followed by Newman-Keuls post hoc analysis.

Hrd1 is induced by ATF6, XBP1, and ER stress in cardiac myocytes

To examine Hrd1 gene expression in response to ER stress in cardiac myocytes, we
determined the effects of ATF6 and another ER stress-inducible transcription factor, X-box
binding protein 1 (XBP1), on Hrd1 expression in cultured neonatal rat ventricular myocytes.
Hrd1 mRNA increased when cardiac myocytes were infected with adenovirus (AdV)
encoding activated ATF®6, or activated XBP1 (Figure 1B). Hrd1l mRNA also increased when
cardiac myocytes were treated with chemical inducers of ER stress, tunicamycin (TM),
thapsigargin (TG), or dithiothrietol (DTT) (Figure 1C), which cause ER protein misfolding
by inhibiting protein glycosylation 31, decreasing ER calcium 32, or altering ER redox
status 33, respectively.

To detect Hrd1 protein, we generated a rabbit antiserum to the C-terminal cytosolic domain
of human Hrd1, which is conserved in mouse and rat Hrd1. Using this antiserum, we
showed that Hrd1 protein increased when cultured cardiac myocytes were infected with
adenovirus (AdV) encoding activated ATF6, or activated XBP1 (Figure 1D and 1E), or
when they were treated with TM, TG, or DTT (Figure 1F and 1G). Thus, Hrd1 was
upregulated in cultured cardiac myocytes by ER stress and by key transcription factors of
the UPR gene program.

Hrd1 knockdown augments ER stress gene expression and decreases cardiac myocyte

viability

To examine the function of endogenous Hrd1, we used an siRNA targeted to Hrd1 (siHrd1),
which decreased Hrd1 in cultured cardiac myocytes by as much as 75% (Figure 2A and 2B).
Hrd1 knockdown increased the ER stress markers, Grp94 and Grp78 in untreated cells, as
well as in cells treated with TM or TG for 48h (Figure 2A, 2C and 2D) or 72h (Online
Figure IA, IC and ID). These results indicated that a reduction in Hrd1 increased misfolded
ER proteins and subsequent ER stress. However, most dramatic was the increase in the ER
stress-inducible protein, CHOP, in cells treated with TM or TG (Figure 2A; Online Fig. IA
and IE). CHOP is often associated with maladaptive ER stress and cell death. Accordingly,
the effects of Hrd1 knockdown on cardiac myocyte viability were examined. We found that
Hrd1 knockdown decreased cardiac myocyte viability in cells treated with TM or TG
(Figure 2F and 2G; Online Fig. IF and 1G). Moreover, ER stress-mediated activation of
caspase-12, a marker of maladaptive ER stress and inducer of apoptosis, was also increased
by Hrd1 knockdown in cells treated with TM or TG (Figure 2H and 2I). Additionally, Hrd1
knockdown decreased cell number significantly in neonatal rat ventricular myocytes
subjected to simulated ischemia/reperfusion (Figure 2J). Hrd1 knockdown was also shown
to decrease protein ubiquitylation (Online Fig. IH). These results indicate that endogenous
Hrd1 protects cardiac myocytes against cell death due to the maladaptive ER stress
response.
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The effect of Hrd1 knockdown on ERAD

Since Hrd1 is best known for its roles in ERAD, but functional roles for ERAD have not
been investigated in cardiac myocytes, we examined the effects of Hrd1 knockdown on
ERAD in cardiac myocytes using an HA epitope-tagged version of the T-cell antigen
receptor a-chain (TCR-a-HA) as a model misfolded ER protein 30. When expressed in cells
that do not normally express the other TCR subunits, TCR-a-HA, an ER-transmembrane
protein, misfolds and is degraded by ERAD 3934, Accordingly, cultured cardiac myocytes
that had been treated with siCon or siHrd1, were infected with an adenovirus that expresses
TCR-a-HA. The rate of TCRa degradation, which is a measure of ERAD, was then assessed
by examining TCR-a-HA levels by anti-HA immunoblotting after various times of blocking
protein synthesis with cycloheximide (CHX). In siCon-treated cells, TM and TG increased
the rate of ERAD, as evidenced by a decrease in TCR-a-HA levels after each time of CHX
treatment (Figure 3A siCon; Figure 3B and 3D). This finding suggests that ER stress-
mediated upregulation of proteins that comprise the ERAD machinery augments the
degradation of misfolded ER proteins. In contrast, in siHrd1-treated cells, TM and TG
decreased ERAD (Fig. 3A siHrd1; Figure 3C and 3E). Moreover, the rate of ERAD was
decreased by Hrd1 knockdown even in the absence of ER stress. These results demonstrate
that endogenous Hrd1 plays a key role in the adaptation of cardiac myocytes to ER protein
misfolding.

Hrd1 knockdown is maladaptive in a mouse model of pathological cardiac hypertrophy

To determine roles for endogenous Hrd1 during cardiac pathology, mice were injected with
1011 genome-containing units of AAV9-sh-Con or AAV9-sh-Hrd1 and then subjected to
sham or trans-aortic constriction (TAC) surgery to produce pressure overload-induced
pathological cardiac hypertrophy (Figure 4A). Because of its effects on increasing cardiac
myocyte protein synthesis, pathological cardiac hypertrophy can potentially challenge
cellular protein folding and quality control machinery. Immunoblots of the mouse hearts
showed that AAV9-sh-Hrd1 decreased Hrd1 levels of sham and TAC mouse hearts by about
50% (Figure 4B). Echocardiography showed that, compared to control, Hrd1 knockdown
did not significantly affect fractional shortening (Figure 4C, blue vs green) or ejection
fraction (Online Table I). However, in mice subjected to TAC surgery, Hrd1 knockdown
exacerbated the functional impairment, as evidenced by further significant decreases in
fractional shortening (Figure 4C, red vs brown) and ejection fraction (Online Table I).

In terms of LV structure, in mice subjected to TAC, Hrd1 knockdown increased LV end
diastolic and systolic volumes (LVEDV and LVESV) (Figure 4D and 4E), as well as LV
diastolic and systolic inner diameters (Online Table 1), all of which are indicators of
pathological LV dilation in response to pressure overload. These results indicated that Hrd1
knockdown accelerated disease progression in response to pressure overload, as evidenced
by worsened systolic dysfunction, as well as increased systolic and diastolic LV dilation.

In terms of cardiac hypertrophy, compared to control, Hrd1 knockdown increased heart
weights in mice subjected to sham surgery (Figure 4F, blue vs green), suggesting that
endogenous Hrd1 is a regulator of cardiac growth and knocking down Hrd1 may prime the
heart for a hypertrophic growth response. This trend was also seen when LV mass was
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calculated from the echocardiography data, although it did not reach statistical significance
(Online Table I). In control mice, heart weights were increased upon TAC (Figure 4F, red),
consistent with the expected pressure overload-induced cardiac hypertrophy. Hrd1
knockdown resulted in a further increase in heart weight upon TAC (Figure 4F, brown) but,
as determined gravimetrically, this increase did not reach significance. However, when
calculated from the echocardiography data, the increase in LV mass in mice subjected to
TAC was significantly increased by Hrd1 knockdown, compared to control (Online Table I).

With regards to genetic markers of hypertrophy, compared to AAV9-sh-Con, AAV9-sh-
Hrd1 increased the levels of atrial natriuretic factor (ANF), B-type natriuretic peptide
(BNP), and B-myosin heavy chain (3-MHC) in the hearts of mice subjected to TAC (Figure
4G, Group 3 vs 4), consistent with exacerbated hypertrophy upon Hrd1 knockdown. The
level of collagen 1A1 (Col1A1) was also increased by Hrd1 knockdown (Figure 4G),
suggesting an increase in fibrosis, which was supported by histological examination (Figure
5A through 5D). Finally, examination of apoptosis in mouse heart sections using a TUNEL
stain also showed that Hrd1 knockdown increased the number of TUNEL positive nuclei
(Figure 5E). Thus, by most measures, Hrd1 knockdown exacerbated cardiac pathology in the
hearts of mice subjected to pressure overload.

Hrd1 overexpression is adaptive in a mouse model of pathological cardiac hypertrophy

Since Hrd1 loss-of-function was maladaptive, we examined whether Hrd1 gain-of-function
would be adaptive in the mouse heart. Accordingly, we generated a recombinant AAV9
encoding an untagged version of mouse Hrd1. Expression of Hrd1 was directed to
ventricular myocytes using a previously described form of the myosin regulatory light chain
2 promoter 3% 36 which we previously showed to support increased protein expression in
>80% of mouse cardiac myocytes, in vivo 37- 38, In the present study, 101 genome-
containing units of AAV9-Con or AAV9-Hrd1 were administered to mice by tail vein
injection. Immunocytofluorescence (ICF) showed that, compared to AAV9-Con, AAV9-
Hrd1 increased Hrd1 expression in most cardiac myocytes in mouse hearts, and that some
myocytes expressed more Hrd1 than others (Online Figure I1A and 11B). Additional ICF
showed that Hrd1 co-localized with cardiac troponin T and, to some extent, with SERCA2a
(Online Figure 11C and I1D), consistent with Hrd1 localization to the longitudinal SR. Since
Hrd1 appeared to localize to the SR, the effects of Hrd1 overexpression on Ca2* transients in
adult mouse cardiac myocytes were examined. Overexpression of Hrd1 did not change the
Ca?* transient amplitude, the rate of Ca2* removal from the cytosol by SERCA2, SR Ca?*
concentration, or sarcolemmal sodium-calcium exchanger (NCX) activity (Online Figure
I11A through 111D). Moreover, Hrd1 overexpression did not affect Ca2* spark properties
(Online Figure IIE through I11H). Therefore, Hrd1 overexpression had no adverse effects on
contractile Ca2* handling in the heart.

To examine the effects of Hrd1 overexpression on cardiac pathology, mice that had been
injected with either AAV9-Con or AAV9-Hrd1 were subjected to sham or TAC surgery
(Figure 6A). Immunoblots showed that AAV9-Hrd1 increased Hrd1 expression in both
sham and TAC treated mouse hearts (Figure 6B). TAC resulted in a slight increase in Hrd1
protein (Figure 6B), as well as Hrd1 mRNA (Online Figure IVVA). Echocardiography
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showed that Hrd1 overexpression did not affect fractional shortening (Figure 6C, blue vs
green) or ejection fraction (Online Table Il) in mice subjected to sham surgery. However,
Hrd1 overexpression improved fractional shortening and ejection fraction in mice subjected
to TAC (Figure 6C, red vs brown; Online Table Il). In terms of LV structure, Hrd1
overexpression also diminished TAC-mediated increases LVEDV and LVESV (Figure 6D
and 6E, red vs brown), as well as LV diameter (Online Table Il). In terms of cardiac
hypertrophy, AAV9-Con-treated mice subjected to TAC exhibited increased heart weights,
which were diminished in AAV9-Hrd1-treated mice (Figure 6F, red vs brown). Hrd1
overexpression decreased the levels of ANF, BNP, and 3-MHC in mice subjected to TAC
(Figure 6G, Group 3 vs 4). Moreover, the level of collagen 1A1 (Col1A1l) in mice subjected
to TAC was also decreased by Hrd1 overexpression (Figure 6G), suggesting a decrease in
fibrosis, which was supported by histological examination (Figure 7A through 7D). Finally,
examination of apoptosis in mouse heart sections using a TUNEL stain also showed that
Hrd1 knockdown increased the number of TUNEL positive nuclei (Figure 7E). Thus, by
most measures, Hrd1 overexpression decreased cardiac pathology in the hearts of mice
subjected to pressure overload.

To examine the effects of Hrd1 overexpression on cardiac myocyte growth directly, we
generated an adenovirus encoding Hrd1l (AdV-Hrd1), which resulted in overexpression of
Hrd1 in cultured cardiac myocytes by about 3-fold over control (Online Figure VA).
Immunocytofluorescence showed that, compared to AdV-Con, AdV-Hrd1 increased the
levels of Hrd1, which co-localized with ER proteins (Online Figure VI). Overexpression of
Hrd1 decreased myocyte surface area and protein synthesis, as well as expression of ANF
and BNP, two markers of hypertrophic cardiac myocyte growth (Online Figure VB through
VE). These results are consistent with the ability of Hrd1 to diminish hypertrophy, in vivo,
and indicate that Hrd1 exhibits cardiac myocyte growth moderating effects.

DISCUSSION

ER stress and heart disease

Many diseases, including heart disease, are associated with protein misfolding, which
contributes to organ dysfunction 2 3%-42, Sych protein misfolding can take place in the ER,
as well as elsewhere in cardiac myocytes. Protein quality control outside the ER in cardiac
myocytes has been addressed in a number of relatively recent studies 42; however, less is
known about the effects of protein misfolding in the ER of cardiac myocytes. While protein
misfolding can have dire consequences, regardless of where it takes place, disease-related
ER protein misfolding is particularly problematic in cardiac myocytes, since it could affect
the levels of key secreted and membrane proteins, such as calcium-handling proteins and
adrenergic receptors, which can impair cardiac myocyte function. Moreover, some forms of
cardiac disease, such as those associated with hypertrophy, can increase protein synthesis,
which potentially challenges an already disease-impaired ER protein-folding

environment 19: 3943 Although not studied extensively in cardiac myocytes, in other model
cell types ER protein misfolding activates the UPR, which is designed to restore ER protein
folding and degrade misfolded proteins, two processes that are essential for the adaptive ER
stress response. Therefore, throughout essentially all of a cellular lifetime, ER stress is met
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with adaptive responses 11. However, when such adaptive responses are not sufficient to
restore ER proteostasis, continued ER stress can impair cardiac myocyte function and,
ultimately, it can lead to cell death and organ damage 1°.

The adaptive ER stress response and cardiac development

In contrast to the neonatal heart, we found that the adult heart expresses low levels of Hrd1,
as well as Grp78 and ATF6 (Online Fig. I'Vb). Previous studies of a variety of tissues,
including liver, kidney, brain, and heart, have shown that other proteins that are part of the
ER protein synthesis and quality control machinery are also expressed at higher levels early
in development compared to the adult 44-46. Moreover, targeted deletion of the genes
encoding several of these proteins, such as Grp78, Grp94, calreticulin, and Hrd1, is
embryonic-lethal in mice, and in many of these cases, this lethality is associated with
impaired cardiac development 47-50, underscoring the essential nature of these genes in the
embryonic heart. The relatively high levels of ER proteins in early development may be
required to support cellular differentiation and the high rate of production of secreted and
membrane proteins. Moreover, in the developing heart, cardiac myocytes proliferate and
grow in size, placing demands on the ER protein synthesis and folding machinery.
Additionally, the sarcoplasmic reticulum (SR) must grow dramatically to meet the needs of
the developing excitation-contraction coupling machinery in growing cardiac myocytes.
This SR expansion requires active lipid synthesis in the ER, as well as synthesis, proper
folding, and trafficking of the proteins that participate in contractile calcium handling.
Therefore, while it is not surprising that levels of Hrd1, as well as other ER protein quality
control proteins are higher in the developing heart than in the adult heart, it has been
previously unappreciated that in the adult heart, the adaptive ER stress response may be less
dynamic, and may therefore exhibit a narrower range of responsiveness to misfolded protein
accumulation, than in the developing heart.

Conclusions

Previous studies have shown the importance of the transcription factors, ATF6 and XBP1, in
the adaptive ER stress response in ischemic and hypertrophic heart disease in mice 19 51-53,
The present study demonstrates that a gene that can be induced by these transcription
factors, Hrd1, contributes to the adaptive ER stress response in cultured cardiac myocytes
and that it preserves cardiac function in a mouse model of pathological cardiac hypertrophy.
Based on this study, we hypothesize that under certain conditions, sufficient levels of Hrd1
facilitate the degradation of misfolded proteins in the ER, which adaptively enhances
myocyte viability. However, when Hrd1 is not sufficient, such as in the adult heart,
pathology-driven maladaptive accumulation of misfolded proteins threatens myocyte
viability and cardiac function. This is the first study to report on roles for any ER-
transmembrane E3 ubiquitin ligase and ERAD in cardiac myocytes and in the mouse heart,
in vivo. Moreover, this is the first study to show that ER stress accelerates ERAD in a Hrd1-
dependend manner in cardiac myocytes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Nonstandard Abbreviations and Acronyms

AAV adeno-associated virus

AdV adenovirus

ANF atrial natriuretic factor

ANOVA analysis of variance

ATF6 activating transcription factor 6 alpha
B-MHC B-myosin heavy chain

BNP b-type natriuretic peptide

CHOP C/EBP-homologous protein

CHX cycloheximide

CollAl collagen 1A1

DTT dithiothrietol

ER endoplasmic reticulum

ERAD endoplasmic reticulum associated degradation
gp78 E3 ubiquitin-protein ligase AMFR
Grp78 78 kilodalton glucose-regulated protein
HA hemaglutinin

HMG-CoA hydroxymethyl glutaryl-coenzyme A
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HW
ICF

LV
LVEDV
LVESV
LVIDD
LVIDS
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PWTD
PWTS
SERCA2a
SR
TAC
TCR-a
TEB4
TRC8
TG

TL

™
TUNEL
Ub
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XBP1
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Novelty and Significance
What Is Known?

e The ER s the location of the synthesis and folding of secreted and membrane
proteins.

e Adecrease in protein folding and accumulation of unfolded proteins in the ER
may contribute to the pathology of several disease states.

» ER-associated protein degradation, ERAD, removes misfolded ER proteins, and
reduces and contributes to the adaptive rejuvenation of protein folding;
however, the role of ERAD in cardiac myocytes and in heart disease has not
been examined.

What New Information Does This Article Contribute?

e The ER-transmembrane protein, Hrd1, is expressed in the SR/ER of cardiac
myocytes, where it ubiquitylates and targets misfolded proteins for removal,
thus enhancing cell survival during stress.

» Increasing Hrd1 expression using an AAV9-based gene therapy approach
preserved cardiac function and decreased cardiac hypertrophy in a model of
pressure overload-induced cardiac pathology.

» Hrd1l plays a central role in ERAD and contributes to the ability of cardiac
myocytes to adapt to pathological conditions that threaten myocyte viability by
impairing ER protein folding.

The endoplasmic reticulum (ER) is the site of secreted and membrane protein synthesis
and folding. In the diseased heart, impaired ER protein folding could contribute to
pathology. The ER-transmembrane protein, Hrd1, is a ubiquitin ligase that has been
shown in yeast to ubiquitylate misfolded, potentially toxic proteins, targeting them for
degradation by ER-associated degradation, ERAD, which improves cell viability.
However, neither Hrd1 nor ERAD have been studied in the heart. Accordingly, we
examined the functions of Hrd1 and ERAD in cardiac myocytes and determined whether
they play adaptive roles in the pathological heart. We found that cardiac myocytes
express Hrd1 in the SR and that Hrd1 is required for ERAD. Knocking down Hrd1
decreased ERAD, increased misfolded ER protein accumulation, and decreased cardiac
myocyte viability. When we knocked down Hrd1 in mouse hearts, in vivo, cardiac
function was impaired in mice subjected to a surgery that causes pathological cardiac
hypertrophy; in contrast, overexpression of Hrd1 preserved cardiac function. These
findings suggest that overexpressing Hrd1 and improving ERAD in the heart has
potential for the treatment of heart failure.

Circ Res. Author manuscript; available in PMC 2016 August 28.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Doroudgar et al. Page 15

A ER luminal proteins misfolded
ER transmembrane protelns potentrally toxic
folded

Stress
ER Lumen
— ERmembra Hld1
cytosol A3 H('\

s~ E3 Ub
\‘ ‘ " proteasome\ ligase
- @
misfolded proteins
degraged \ @@@@
SRRSO COew misfolded proteins

ubiquitinated
by Hrd1
B D E
15 5
< . Adv- Adv-  Adv- %
4 B Con ATF6_ _XBP1 kD 4
£ 10 1 2 3 4 5 6 7 8 9 °
£ * o |-150 3
Q Hrd1 ! Y]
© -—— =75 = 2
O 5 B
b= Gapdh|-..___..._..- |_ 37 T 4
I 0 0
AdV-ATF6 = + - AdV-ATF6 = + -
AdV-XBP1 - = + AdV-XBP1 - - +
c . F G ,
< * 2 *
£ 10 - .
né 1B Con _TM TG DTT kD 2
b . 1 2 3 4 56 7 8 9101112 8
] —_——— 2
5 et 2
T o 0
™ - + - - ™ - + - -
TG - - + - TG - - + -
DTT - - - + DTT - - - +

Figure 1. Characterization of Hrd1 Expression in Cardiac Myocytes
A, Diagram of ER-associated protein degradation (ERAD). B, D and E, Cultured cardiac

myocytes were treated with AdV-Con, AdV-ATF6, or AdV-XBP1 for 48h. Hrd1 and Gapdh
mRNA B, or protein D, were measured by gRT-PCR or immunoblotting, respectively. E,
Densitometry of the immunoblot shown in D. C, F and G, Cultured cardiac myocytes were
treated with tunicamycin (TM) 10 pg/ml, thapsigargin (TG) 1 uM, or dithiothrietol (DTT)
1mM for 20h. Hrd1 and Gapdh mRNA C, or protein F, were measured by qRT-PCR or
immunoblotting, respectively. G, Densitometry of the immunoblot shown in F. * = p < 0.05
different from control.
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Figure 2. Effects of Hrd1 Knockdown on ER Stress and Myocyte Viability
Cultured cardiac myocytes were treated with siCon or siHrd1 for 48h, then vehicle, TM (10

ug/ml) or TG (1 uM) for 48h. A, Hrdl, Grp94, Grp78, Gapdh, and CHOP were measured by
immunoblotting. B-E, Densitometry of the blots shown in A normalized to vehicle-treated
siCon, except for CHOP, which was normalized to TM-treated siCon. * = p < 0.05 different
from Con. # = p < 0.05 different from Con/siCon. F and G, Cultured cardiac myocytes were
treated with siCon or siHrd1 for 48h, then with various doses of TM or TG for 48h, after
which cell viability was determined by MTT assay. * = p < 0.05 different from siCon at the
same dose and time of TM or TG treatment. Note: at 10 pM TG there was no MTT value in
either siCon or siHrd1. H, Cultured cardiac myocytes were treated with siCon or siHrd1 and
then with vehicle, TM, or TG for 48h. Extracts were then immunoblotted for caspase-12. I,
Densitometry of the 40 kD active version of caspase-12, normalized to vehicle-treated siCon
cells. * = p £ 0.05 different from treatment-matched siCon. J, Cultured cardiac myocytes
were treated with siCon or siHrd1, then subjected to simulated ischemia/reperfusion (I/R),
after which cell numbers were determined by microscopy. * = p < 0.05 different from Con/
siHrd1, as determined by t-test.
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Figure 3. Effects of Hrd1 Knockdown, Tunicamycin, and Thapsigargin on ERAD
A, Cultured cardiac myocytes were treated with AdV-TCR-a-HA and siCon or siHrd1 for

48h, then with vehicle, TM (10 pg/ml) or TG (1uM) for 24h. Cultures were then treated with
cycloheximide (CHX) for the times shown (hours), then immunoblotted for TCR-a-HA and
Gapdh. The mass of TCR-a-HA decreased upon TM treatment because TM inhibits its
glycosylation. B and C, Densitometry of the TCR-a-HA blots shown in A. * = p < 0.05
different from Con at the same CHX treatment time. D and E, ERAD is displayed here as
the relative rates of TCR-a-HA degradation at the 1h CHX treatment time. * = p < 0.05
different from Con.
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Figure 4. Hrd1 Knockdown Impairs Cardiac Function
A, Experimental protocol for AAV9 administration, TAC, and termination of the

experiment. n = number of mice used for each treatment. B, Immunoblots of AAV9-sh-Con
or AAV9-sh-Hrd1 mouse heart extracts. C-E, Echocardiography of AAV9-sh-Con and
AAV9-sh-Hrd1 treated mice subjected to sham or TAC surgery. Echocardiography was
done just prior to animal sacrifice. C, Fractional shortening (%). D and E, LVEDV and
LVESV = left ventricular end diastolic or systolic volumes, respectively. F, Heart weights
normalized to tibia lengths (HW/TL). G, mRNA levels in mouse heart extracts were
determined by gRT-PCR. *, # = p < 0.05 different from all other values. Additional
echocardiography data and statistical analyses can be found in Online Table I.
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Figure 5. Histology and TUNEL Analyses of Mouse Hearts Treated with AAV9-sh-Con and
AAV9-sh-Hrd1l

A-D, Sections of hearts from mice treated with either AAV9-sh-Con or AAV9-sh-Hrd1, and
then subjected to sham or TAC surgery, as described in the Experimental Protocol shown in
Fig. 4A, were stained with Masson’s trichrome to examine fibrosis (blue). E, Sections of
hearts from mice treated with either AAV9-sh-Con or AAV9-sh-Hrd1, and then subjected to
TAC were analyzed for apoptosis by TUNEL staining, then quantified to determine % of
nuclei that were TUNEL-positive. * = p < 0.05 different from all other values.
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Figure 6. Hrd1 Overexpression Preserves Cardiac Function
A, Experimental protocol for AAV9 administration, TAC, and termination of the

experiment. n = number of mice used for each treatment. B, Immunoblots of AAV9-Con or
AAV9-Hrd1 mouse heart extracts. C—E, Echocardiography of AAV9-Con and AAV9-Hrdl
treated mice subjected to sham or TAC surgery. Echocardiography was done just prior to
animal sacrifice. C, Fractional shortening (%). D and E, LVEDV and LVESV = left
ventricular end diastolic or systolic volumes, respectively. F, Heart weights normalized to
tibia lengths (HW/TL). G, mRNA levels in mouse heart extracts were determined by gRT-
PCR. * = p < 0.05 different from all other values. Additional echocardiography data and
statistical analyses can be found in Supplemental Table II.
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Figure 7. Histology and TUNEL Analyses of Mouse Hearts Treated with AAV9-Con and AAV9-
Hrd1

A-D, Sections of hearts from mice treated with either AAV9-Con or AAV9-Hrd1, and then
subjected to sham or TAC surgery, as described in the Experimental Protocol shown in Fig.
6A, were stained with Masson’s trichrome to examine fibrosis (blue). E, Sections of hearts
from mice treated with either AAV9- Con or AAV9-Hrd1, and then subjected to TAC were
analyzed for apoptosis by TUNEL staining, then quantified to determine % of nuclei that
were TUNEL-positive. * = p < 0.05 different from all other values.
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