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1 Introduction 
 
This dissertation is based on the research article ‘Age-related decline of the unfolded 

protein response in the heart promotes protein misfolding and cardiac pathology’ 

(Hofmann et al. 2021) and the review article ‘Protein Misfolding in Cardiac Disease’ 

(Hofmann et al. 2019). The first publication examines the mammalian unfolded protein 

response during postnatal cardiac aging and the consequence of an age-associated 

decline of its ATF6 branch for hypertrophic growth, cardiac function, and protein 

misfolding in response to neurohumoral stimulation or pressure overload. The second 

publication summarizes the regulation of protein homeostasis and the implications of 

protein misfolding in cardiac disease with a specific emphasis on the transition towards 

clinical practice. Sections of this dissertation, especially the description of the methods 

and the figures, are based on and replicated from the preprint article ‘Age-related 

decline of the unfolded protein response in the heart promotes protein misfolding and 

cardiac pathology’ (Hofmann et al. 2021). This introduction aims to give an overview 

of the research areas relevant for this study and tries to illustrate and summarize 

previous work this study is based on. Chapter 1.1 outlines general aspects of heart 

failure and cardiac remodeling, which is essential for the understanding of the 

pathophysiology that is examined in this study. Cardiac hypertrophy, which is one 

specific aspect of cardiac remodeling, is then introduced in more detail in Chapter 1.2. 

This is followed by a detailed description of proteostasis and its role in cardiac health 

and disease in Chapter 1.3. Chapter 1.4 summarizes the unfolded protein response of 

the endoplasmic reticulum and how it determines cell fate in response to proteotoxic 

stress; how this becomes affected during cardiac aging is then described in Chapter 

1.5. The rationale of this study is outlined in Chapter 1.6 and is followed by a discussion 

of limitations in Chapter 1.7 that have to be considered for translational intentions.  
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1.1 Heart Failure 
 
Heart failure, which is the final common endpoint of many different forms of heart 

disease, is a rapidly growing public health issue that affects approximately 40 million 

individuals worldwide (Ziaeian and Fonarow 2016). According to current guidelines, 

heart failure is defined as a clinical syndrome that is associated with typical symptoms 

and signs such as fatigue, dyspnea, or peripheral and pulmonary edema that are 

caused by structural or functional cardiac abnormalities (Ponikowski et al. 2016; Yancy 

et al. 2017). Diagnosis is therefore currently primarily based on symptoms, physical 

findings and echocardiography. Heart failure is a progressive syndrome in which 

cardiac function further declines overtime, worsening the signs of heart failure and 

eventually resulting in death (Ponikowski et al. 2016; Yancy et al. 2017). Even though 

the treatment for heart failure has improved over the recent years, it remains a severe 

condition with a poor prognosis. Novel therapies are therefore urgently needed. 

Especially those that target the underlying causes of heart failure may improve clinical 

outcomes yet further. Understanding the detailed mechanisms of the pathophysiology 

of heart failure is therefore essential to identify novel therapeutic targets for the 

treatment of heart failure.  

 

1.1.1 Epidemiology of Heart Failure 
 

The global incidence of heart failure is estimated to range from 100 to 900 cases per 

100,000 person years, which largely depends on the diagnostic criteria used and the 

population studied (Ziaeian and Fonarow 2016). The estimated prevalence of heart 

failure in developed countries ranges from 1% to 2% of the adult population and has 

increased drastically in terms of absolute numbers (Cowie et al. 1997; Ziaeian and 

Fonarow 2016). This increase in heart failure burden can be largely explained as a 
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secondary effect of global population aging and general population growth (Roth et al. 

2015). In contrast to the increase in absolute numbers, the standardized age-adjusted 

rates of heart failure are decreasing in developed countries, especially in women. This 

reduction is thought to be driven by a better primary prevention of cardiovascular 

disease and an improved treatment of ischemic heart disease (Brouwers et al. 2013; 

Levy et al. 2002; Zhao et al. 2015; Ziaeian and Fonarow 2016).  

Despite some progress in the care of patients with heart failure, it remains a serious 

disease that is extremely difficult to treat. While the symptoms and signs of heart failure 

may resolve, especially under sufficient medical treatment, cardiac function can remain 

compromised, leaving the patient at risk for further decompensation (Ponikowski et al. 

2016). Even though the mortality of heart failure decreased significantly over the last 

years, the 1-year mortality for patients first hospitalized with heart failure still remains 

at approximately 20% and the 5-year mortality at about 50%, highlighting the critical 

need of novel therapies for the treatment of heart failure (Figure 1) (Gerber et al. 2015; 

Ohlmeier et al. 2015; Zarrinkoub et al. 2013; Ziaeian and Fonarow 2016). 

 

Figure 1 | Prevalence and Mortality of Heart Failure. 

(A) Proportion of the population living with heart failure in individual countries across the globe. 

Estimates based on a single center or hospital are indicated by an H. (B) Death rates for 

patients hospitalized with heart failure across the globe. Each symbol represents data from a 

published study. Vertical shaded areas show the range in reported death rates within each 

time frame. Horizontal shaded areas show regions. The data categorized as ‘Europe’ is from 

the EuroHeart Failure Survey (24 countries), the EuroHeart Failure Survey II (30 countries) 

and the ESC-HF pilot survey (12 countries). The data are not age adjusted. Figures and figure 

legends of (A) and (B) were taken and adapted with permission from ‘Heart failure: preventing 

disease and death worldwide’ (Ponikowski et al. 2014).  
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Figure 1 | Prevalence and Mortality of Heart Failure. 

A

B
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1.1.2 Classification of Heart Failure 
 

To objectively assess the severity of heart failure, several classification systems have 

been developed (Albakri 2018). The two most widely used classification systems are 

the ‘American College of Cardiology Foundation (ACCF) / American Heart Association 

(AHA) stages of heart failure’ (Hunt et al. 2009) and the ‘New York Heart Association 

(NYHA) functional classification of heart failure’ (The Criteria Committee of the New 

York Heart Association. Boston 1994). The ACCF/AHA classifies heart failure into four 

stages according to the presence of structural heart disease and the severity of heart 

failure symptoms, whereas the NYHA functional classification of heart failure divides 

heart failure based on the occurrence of symptoms and the remaining exercise 

capacity (Table 1) (Albakri 2018; Hunt et al. 2009; The Criteria Committee of the New 

York Heart Association. Boston 1994). In addition to the classification of heart failure 

by symptomatic severity, current guidelines further divide heart failure based on the 

left ventricular ejection fraction. Previously, heart failure was classified into the two 

main phenotypes: heart failure with reduced ejection fraction (HFrEF), with a left 

ventricular ejection fraction of <40%, and heart failure with preserved ejection fraction 

(HFpEF), with a left ventricular ejection fraction of ≥ 50%. Recently, the shared heart 

failure guidelines from the American College of Cardiology, the American Heart 

Association, and the Heart Failure Society of America, which was published in 2017, 

adopt the 2013 introduced term of heart failure with borderline ejection fraction for 

patients with heart failure and a left ventricular ejection fraction of 40% to 49% (Hsu et 

al. 2017; Yancy et al. 2017). Similarly, the most recent guidelines of the European 

Society of Cardiology define heart failure with an ejection fraction of 40% to 49% as 

mid-range ejection fraction (HFmrEF) (Hsu et al. 2017; Ponikowski et al. 2016). 

Therefore, heart failure is currently classified into the three main categories HFrEF, 

HFmEF, and HFpEF, even though recent studies indicate that this system may require  
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Table 1 | ACCF/AHA Stages of Heart Failure and the NYHA Functional 

Classifications. 

 
Table 1 adapted with permission from ‘2013 ACCF/AHA Guideline for the Management of 

Heart Failure - A Report of the American College of Cardiology Foundation/American Heart 

Association Task Force on Practice Guideline’ (Yancy et al. 2013).  

 

modifications such as the inclusion of a heart failure type for supra-normal ejection 

fraction (HFsnEF) (Cleland et al. 2020; Wehner et al. 2019). Heart failure can also 

occur due to failure of the right ventricle, which is then called right-sided heart failure 

(Konstam Marvin et al. 2018). The three main heart failure categories comprise distinct 

subpopulations of heart failure and are thought to be associated with different risk 

factors and pathomechanisms. While it is clear that they have to be treated differently, 

the optimal treatment strategies are currently unclear and limited, especially for HFpEF 

and HFmEF (Hsu et al. 2017; Ponikowski et al. 2016; Yancy et al. 2017).  
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Figure 2 | Comparison of Ejection Fraction based Types of Heart Failure. 

(A) The two best described ejection fraction-based types of heart failure are currently HFrEF 

and HFpEF. HFrEF is characterized by a weakened heart muscle that largely impairs systolic 

contractility, whereas HFpEF is associated with aggravated myocardial relaxation that impairs 

diastolic function. Figure 2A reproduced with permission from Fran Milner, Medical Illustration 

and Design. Copyright Fran Milner. (B) Distribution of left ventricular ejection fraction in heart 

failure patients. Figure taken with permission from ‘Global Public Health Burden of Heart 

A

B

HFrEF HFpEFNormal Heart

C

D

HFpEF
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Failure’ (Savarese and Lund 2017). (C) Incidence of HFrEF and HFpEF for women and men. 

Figure taken with permission from ‘Epidemiology and aetiology of heart failure’ (Ziaeian and 

Fonarow 2016). (D) All-cause mortality according to left ventricular ejection fraction stratified 

by age and sex. Figure and figure legend was adapted from ‘The year in cardiology: heart 

failure: The year in cardiology 2019’ (Cleland et al. 2020).  

 

1.1.3 Etiology of Heart Failure 
 

Due to differences in disease definitions, the incidence and prevalence of the heart 

failure subgroups varies in different epidemiological studies, however both HFrEF and 

HFpEF are thought to comprise approximately half of all heart failure cases (Figure 2) 

(Ziaeian and Fonarow 2016). While HFrEF is sometimes also referred to as systolic 

heart failure, it should be noted that most patients with HFrEF also experience diastolic 

dysfunction (Ponikowski et al. 2016). Similarly, some patients with HFpEF, which is 

sometimes referred to as diastolic heart failure, present with changes in systolic 

function (Ponikowski et al. 2016). Importantly, the etiology of heart failure is diverse 

and complex and many patients present with several different risk factors and 

pathologies that may have contributed to the occurrence of heart failure (Ponikowski 

et al. 2016). Among the most relevant etiologies of heart failure are ischemic heart 

disease, hypertension or other abnormal loading conditions, arrythmias, and genetic 

diseases (Ponikowski et al. 2016). It has been suggested that the etiology of heart 

failure has shifted over time in the developed countries, a phenomenon that is also 

evolving in less-developed countries (Balmforth et al. 2019). While heart failure was 

not classified by ejection fraction in the initial reports from the 1949 initiated 

Framingham Heart Study, hypertension was described to be the most prevalent 

etiology for heart failure at that time (McKee et al. 1971). More recent studies however 

reported that for HFrEF, coronary heart disease has become the predominant cause 

for disease development (Balmforth et al. 2019). In contrast to HFrEF, the greatest risk 
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factor for HFpEF remains hypertension (Yancy et al. 2017; Ziaeian and Fonarow 

2016). In addition, female sex, age, diabetes and more rare etiologies such as 

hypertrophic cardiomyopathies or cardiac amyloidosis were reported to be associated 

with HFpEF (Ziaeian and Fonarow 2016). However, it remains mostly unknown which 

etiologies ultimately lead to HFrEF or HFpEF, since most risk factors can be found in 

both HFrEF and HFpEF patients. For example, in a more recent cohort, 73.6% of 

HFrEF patients and 89.3% of HFpEF patients had hypertension (Gerber et al. 2015), 

which makes it difficult to define specific causes for HFrEF and HFpEF. 

 

1.1.4 Ventricular Remodeling in Heart Failure 
 
The clinical progress of both HFrEF and HFpEF is accompanied by a continuous 

development of cardiac remodeling; a plasticity response that results in molecular, 

cellular, and interstitial changes within the heart (Cohn et al. 2000). This process is a 

culmination of a complex series of cellular events that ultimately impair cardiac function 

and contribute to cardiac dysfunction and heart failure. Clinically, cardiac remodeling 

manifests as a consequence to increased cardiac workload and neurohormonal 

stimulation such as in response to myocardial injury, ventricular wall stress, or 

manifested congenital heart disease. Among many other events, cardiac remodeling 

involves cardiomyocyte death, cardiac hypertrophy, fibrosis, metabolic adaption, 

vascular remodeling, inflammation, and electrophysiological changes (Burchfield et al. 

2013). This intrinsic cardiac response to a variety of pathological insults is thought to 

initially adapt the heart to myocardial stress. However, if those remodeling events 

continue, they become maladaptive and significantly contribute to cardiovascular 

morbidity and mortality (Burchfield et al. 2013). Only recently it has become evident 

that the heart holds the capacity to reverse its maladaptive remodeled phenotype, 
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which is described as reverse cardiac remodeling (Kim et al. 2018). Understanding 

and targeting the complex mechanisms of remodeling is therefore an ongoing major 

goal of current cardiac research with the aim to specifically target maladaptive features 

of cardiac remodeling. This may reverse the pathological phenotype and may have the 

potential to improve the outcome of heart failure patients yet further (Cohn et al. 2000). 

 

1.2  Cardiac Hypertrophy 
 
One key element of cardiac remodeling that can occur in all forms of heart failure is 

cardiac hypertrophy (Figure 3) (Nakamura and Sadoshima 2018). According to 

Laplace’s law, ventricular wall stress is proportional to ventricular pressure and radius, 

but indirectly proportional to ventricular wall thickness. Therefore, the hypertrophic 

cardiac growth response was seen as a compensatory mechanism to reduce wall 

stress in response to pressure or volume overload (Grossman et al. 1975; Hood et al. 

1968; Meerson 1961). However, more recent studies are beginning to question the 

concept that cardiac hypertrophy in response to pathological stress is adaptive and 

protective, highlighting the concept of the inhibition of pathological cardiac hypertrophy 

to improve outcomes in heart disease (Hill and Olson 2008; Schiattarella and Hill 2015; 

Schiattarella et al. 2017).  

 

1.2.1 Diagnosis of Cardiac Hypertrophy 
 

Cardiac hypertrophy is commonly diagnosed by echocardiography when 

interventricular septum or left ventricular wall thickness is ≥12mm (Katholi and Couri 

2011; Kawel et al. 2012; Levy et al. 1987), right ventricular wall thickness is ≥6mm in 

adults (Ho and Nihoyannopoulos 2006), or when the ventricular mass index and the 

relative wall thickness, which can be normalized by body surface area, height, or fat-
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free mass, exceeds certain cutoff values (Lang et al. 2015). Cardiac hypertrophy can 

also be diagnosed by other methods such as magnetic resonance imaging (MRI) or 

electrocardiography (ECG), with MRI being the most accurate and ECG, with a 

reported sensitivity below 25%, the least accurate method for the diagnosis of 

anatomic cardiac hypertrophy (Aro and Chugh 2016; Bottini et al. 1995; Grothues et 

al. 2002). Of note, recent accumulating evidence suggests that anatomic ventricular 

hypertrophy and ECG diagnosed ventricular hypertrophy may be clinically distinct 

entities with different pathophysiological and prognostic manifestations, which should 

be kept in mind when using the term cardiac hypertrophy (Aro and Chugh 2016). 

 

1.2.2 Types of Cardiac Hypertrophy 
 

Based on ventricular wall thickness and relative ventricular internal diameter, anatomic 

cardiac hypertrophy is classified into the three groups: concentric remodeling, 

eccentric hypertrophy, and concentric hypertrophy (Artham et al. 2009; Lang et al. 

2015). Concentric remodeling is defined as increased relative wall thickness with 

normal ventricular mass index (Artham et al. 2009; Lang et al. 2015). In contrast, both 

eccentric hypertrophy and concentric hypertrophy are defined by increased ventricular 

mass index, with normal relative wall thickness in the case of eccentric hypertrophy 

and increased relative wall thickness for concentric hypertrophy (Artham et al. 2009; 

Lang et al. 2015). Even though all three forms can be found in HFrEF and HFpEF, left 

ventricular hypertrophy is often eccentric in HFrEF and mostly concentric in HFpEF 

(Heinzel et al. 2015). Related to this observation is the finding that patients with 

eccentric hypertrophy are more likely to develop HFrEF, whereas those with concentric 

hypertrophy are at higher risk for developing HFpEF (Velagaleti et al. 2014). 
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Figure 3 | Overview of Cardiac Hypertrophy. 

Cardiac hypertrophy occurs during normal postnatal development when the heart increases in 

size. The adult heart can further undergo hypertrophic growth in response to physiological or 

pathological stimuli. Physiological cardiac hypertrophy is characterized by preserved or mildly 

enhanced cardiac function and normal architecture and organization of the heart. In contrast, 

pathological hypertrophy is characterized by impaired cardiac function and disturbed 

ventricular dimensions, leading to concentric or eccentric hypertrophy. Although not fully 

understood, concentric hypertrophy is more often associated with HFpEF, whereas patients 

with eccentric hypertrophy are at increased risk for developing HFrEF. Adapted with 

permission from ‘Molecular basis of physiological heart growth: fundamental concepts and new 

players’ (Maillet et al. 2013) and ‘Mechanisms of physiological and pathological cardiac 

hypertrophy’ (Nakamura and Sadoshima 2018). Dashed arrows represent hypothetical or 

controversial pathways, solid arrows represent proven pathways. 

 

Neonatal heart

Development

Physiological hypertrophy
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1.2.3 Physiological and Pathological Hypertrophy 
 
Adult cardiac hypertrophy, especially left ventricular hypertrophy, can occur in 

response to pathological stress such as chronic pressure or volume overload but also 

in response to physiological stress such as endurance training or pregnancy (Hill and 

Olson 2008; Nakamura and Sadoshima 2018). Other entities associated with the 

development of cardiac hypertrophy despite chronic pressure or volume overload 

include, among many others, age, race, obesity, diabetes, hypercholesterolemia, high 

job strain, or prior myocardial infarction (Artham et al. 2009).  Interestingly, more recent 

evidence suggests that it is primarily the type of stress and not its duration that defines 

the clinical presentation and phenotype of cardiac hypertrophy, even though the 

duration of the stress correlates with the degree of hypertrophic growth (Perrino et al. 

2006). While cardiac growth can be facilitated by cardiomyocyte proliferation in the 

neonatal heart, soon after birth this capacity for proliferation of cardiomyocytes is 

largely lost (Mohammadi et al. 2019). In the postnatal heart both physiological and 

pathological cardiac hypertrophy is mediated by cellular enlargement of individual 

cardiomyocytes. However, the hypertrophic characteristics are distinct between both 

forms (Figure 3). In physiological cardiac hypertrophy, cardiomyocytes increase both 

in length and width (Nakamura and Sadoshima 2018) and the increase in cardiac mass 

is mostly mild, with left ventricular wall thickness normally not exceeding 15mm (Li et 

al. 1996) and a total cardiac mass increase of approximately 10-20% (Nakamura and 

Sadoshima 2018). Physiological cardiac hypertrophy is fully reversible; it is 

characterized by normal heart function and does not progress to heart failure 

(Nakamura and Sadoshima 2018). In addition, cardiac contractile function remains 

preserved; no overt cardiac fibrosis or cardiomyocyte cell death can be observed, and 

expression of the cardiac fetal gene program, which becomes induced in a variety of 

pathologic myocardial conditions, remains unchanged (Nakamura and Sadoshima 
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2018). It should be noted, that even though left ventricular function remains preserved 

and increased ventricular wall thickness is fully reversible in physiological hypertrophy, 

some reports indicate that the resolution of cavity enlargement is incomplete in most 

cases and substantial chamber dilatation persists even after 5 years in over 20% in 

deconditioned athletes (Dorn 2007; Pelliccia et al. 2002). In contrast to physiological 

cardiac hypertrophy, pathological hypertrophy is associated with impaired cardiac 

function, fibrosis, inflammation, metabolic, electrical, and vascular remodeling that 

ultimately results in cardiomyocyte cell death and heart failure (Schiattarella and Hill 

2015).  

 

1.2.4 Clinical Implications of Cardiac Hypertrophy 
 
Defining the prevalence of cardiac hypertrophy is challenging and inconsistent due to 

different definitions and diagnostic methods. Epidemiological reports indicate that 

anatomical left ventricular hypertrophy is prevalent in approximately 2-20% in a general 

western population, which further increases with age and may reach a prevalence of 

approximately 20-70% in hypertensive patients (Cuspidi et al. 2012; Drazner et al. 

2005; Levy et al. 1987; Schirmer et al. 1999). Independent from the diagnostic method 

selected, both anatomic and ECG diagnosed cardiac hypertrophy are well established 

major risk factors and predictors of cardiovascular events and mortality (Artham et al. 

2009; Kannel et al. 1970; Koren et al. 1991; Levy et al. 1990; Velagaleti et al. 2014) 

with anatomic and ECG diagnosed cardiac hypertrophy carrying somewhat different 

and independent prognostic information (Aro and Chugh 2016). Importantly, left 

ventricular hypertrophy is consistently reported to be a more powerful risk factor than 

other conventional cardiovascular risk factors for morbidity and mortality (Artham et al. 

2009; Schiattarella and Hill 2015). The presence of anatomical left ventricular 
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hypertrophy increases the risk of death independent of age, sex, and the occurrence 

of other risk factors, with eccentric cardiac hypertrophy having a worse risk profile than 

concentric hypertrophy (Artham et al. 2009; Bang et al. 2017; Koren et al. 1991). 

Similarly, ECG diagnosed left ventricular cardiac hypertrophy is associated with an 

increase in mortality (Havranek et al. 2008; Kannel et al. 1970; Levy et al. 1990). Since 

cardiac hypertrophy is associated with poor cardiovascular outcome and increased risk 

of death, cardiac hypertrophy has been proposed as a therapeutic target for different 

cardiovascular disease (Schiattarella and Hill 2015). Indeed, preclinical studies 

indicate that the inhibition of left ventricular hypertrophy is associated with increased 

cardiac function and improved outcomes (Artham et al. 2009; Schiattarella and Hill 

2015; Schiattarella et al. 2017). It is important to highlight that those observations 

remain correlative, and it is necessary to clearly demonstrate that  inhibition of cardiac 

hypertrophy can directly increase cardiovascular outcome and survival in patients 

(Schiattarella and Hill 2015). Until now it also remains unclear if the heart can fully 

reverse its pathological hypertrophic phenotype. While some studies showed that 

ventricular unloading of the failing heart can decrease cardiac mass, it remains 

unknown if a heart that previously underwent significant remodeling can sufficiently 

reverse its phenotype, since the decrease of cardiac hypertrophy is not predictive for 

improved cardiac function when ventricular unloading is stopped (Dandel et al. 2014). 

To exploit the full potential of targeting cardiac hypertrophy, therapeutic interventions 

might therefore be preferably initiated in the early phase of hypertrophy when the heart 

is not failing. 
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1.3 Cardiac Proteostasis 
 
In order to grow in size, the heart requires increased protein synthesis, which is driven 

primarily by increased rates of translation during cardiac hypertrophy (Heineke and 

Molkentin 2006; Nakamura and Sadoshima 2018). During protein synthesis, mRNA is 

decoded by ribosomes to create a polypeptide chain, that later folds with assistance 

by chaperones into its functional three-dimensional structure. The ribosome mediates 

the decoding of the mRNA by facilitating the stepwise binding of tRNAs to 

complementary mRNA codons. These amino acids are then chained together to create 

the polypeptide that later folds into the functional protein. Eukaryotic cells contain two 

primary populations of ribosomes; one cytosolic fraction that is generally thought to 

mediate translation of mRNAs encoding cytosolic proteins, and endoplasmic reticulum-

bound ribosomes that translate mRNAs encoding secretory and membrane proteins 

or those that reside in the ER, Golgi apparatus or lysosomes (Palade 1975). Besides 

these two populations, mitochondria contain their own distinct subset of ribosomes, 

which do not play a major role in global protein synthesis of eukaryotes (Greber and 

Ban 2016). 

 

In preclinical models, signaling pathways that regulate protein synthesis are activated 

within minutes after a stress stimulus. Increased protein synthesis along with an 

enlarged heart mass may be detected within a brief timeframe beginning with several 

hours and up to one or two days (Doroudgar et al. 2019; Ravi et al. 2018; Wang et al. 

2017). Increases in protein folding demand by a growth-dependent induction of protein 

synthesis puts a strain on the cardiac protein quality control network. Sufficient 

handling of protein synthesis, however, is critical for cellular protein homeostasis 

(proteostasis) (Blackwood et al. 2020). Increases in protein synthesis without an 

equivalent induction of the cellular protein folding and quality control environment, such 
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as it might occur during pathological cardiac hypertrophy, can promote protein 

misfolding (Blackwood et al. 2020). Since misfolded proteins can be toxic, protein 

synthesis, folding, and degradation must be highly coordinated to maintain 

cardiomyocyte viability during growth. If protein handling is insufficient, protein 

misfolding and accumulation may occur. This might impair cellular function, lead to cell 

death and may ultimately result in the progression of heart disease (Blackwood et al. 

2020; McLendon and Robbins 2015). 

 

1.3.1 The Proteostasis Network 
 
Creating a functional protein is a difficult cellular task and mistakes can occur 

especially during the complex folding of the polypeptide chain that is necessary to 

establish the correct three-dimensional structure of the protein (Balch et al. 2008; 

Gruebele et al. 2016; Sala et al. 2017). Even though the final conformation of a protein 

is determined by its amino acid sequence, chaperones and other folding catalysts such 

as protein disulfide isomerases are needed to assist the folding to the proteins final 

state. Chaperones generally support folding in an ATP-dependent manner or by 

binding folding-intermediates, thereby preventing newly synthesized polypeptide 

chains and assembled protein subunits from aggregation into nonfunctional or toxic 

structures during the folding process (Sala et al. 2017). Proteotoxic stress that can be 

caused by environmental fluctuations can rapidly effect the integrity of the proteome 

and induce protein misfolding (Sala et al. 2017). 

The integrity of the proteome is mediated by the proteostasis network (Sala et al. 

2017). The cellular proteostasis network consist of interconnected systems that 

regulate proteins synthesis, folding, transport, and degradation (Figure 4) (Hofmann et 

al. 2019; Sala et al. 2017). 
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Figure 4 | Proteostasis Checkpoints in Cardiomyocytes. 

Proteostasis is maintained by a series of protective mechanisms in various subcellular 

compartments that can be overwhelmed in the diseased heart. In physiological conditions, 

protein synthesis at the endoplasmic reticulum (ER), or on free ribosomes (A), is aided by 

chaperones (B), is tightly regulated, and results in the production of properly folded, functional 

proteins (C). Conditions of stress, or wear and tear, result in protein misfolding (D). Cells have 

evolved the ER unfolded protein response (UPR), which includes ER-associated protein 

degradation (ERAD; E), as well as mitochondrial UPR (UPRmt; F), and nuclear (G) and several 

cytoplasmic stress response pathways, including the cytoplasmic heat shock response (HSR; 

H), the ubiquitin-proteasome system (I), and autophagy (J), aimed at preventing and resolving 

protein damage, misfolding, and aggregation. Aggregation of misfolded proteins in 

aggresomes (K) happens when protein misfolding is not resolved. In addition to intracellular 

protein misfolding, extracellular protein aggregates contribute to impaired cardiac function and 

are cleared by chaperones and proteases (L). Figure and figure legend was taken with 

permission from ‘Protein Misfolding in Cardiac Disease’ (Hofmann et al. 2019). 
 

All cellular sub-compartments, such as the cytoplasm, nucleus, endoplasmic reticulum, 

or mitochondria, possess common, as well as specific proteostasis elements that are 

dedicated to the respective microenvironments (Sala et al. 2017). While the 

proteostasis network is mostly sufficient to buffer transient or mild disturbances of 
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proteome integrity, it can become insufficient during prolonged proteotoxic stress. To 

counteract the accumulation of misfolded proteins, the levels of individual components 

of the proteostasis network can be rapidly adjusted upon changes in protein folding 

load (Sala et al. 2017). For this, multiple pathways continuously monitor the cellular 

proteostasis environment and upregulate protein quality control elements such as 

chaperones or protein degradation networks during proteotoxic stress. These 

pathways include the heat shock response, the oxidative stress response, and the 

unfolded protein response, which control gene expression through the activation of 

distinct transcription factors (Sala et al. 2017). In addition, this is accompanied by an 

overall decrease of protein synthesis to reduce protein load to the already 

overwhelmed compartments. This reduces further misfolding and assists in the 

preferred translation of stress-specific mRNAs that aid in the restoration of proteostasis 

(Sala et al. 2017). 

 

1.3.2 Endoplasmic Reticulum-associated Protein Synthesis 
 
In muscle cells, including cardiomyocytes, an interconnected membrane network 

known as the endoplasmic reticulum (ER) or the sarcoplasmic reticulum (SR) regulates 

protein handling, calcium homeostasis, lipid synthesis, and cellular metabolism 

(Doroudgar and Glembotski 2013). As in other cell types, protein synthesis was 

described to occur on ER-bound ribosomes in muscle cells, which might be of special 

relevance based on the large proportion of this membrane network that can be found 

in those cell types. Surprisingly, not much is known about the relative locations, protein 

synthetic functions, and protein expression profiles of the ER or SR of cardiomyocytes. 

Even though some studies hypothesized that both systems coexist in cardiomyocytes 

and execute unique functions (McFarland et al. 2010; Slade and Severs 1985; Sleiman 



 20 

et al. 2015), systematic investigations that examine the differences of the ER and SR 

are missing (Doroudgar and Glembotski 2013). While some data suggests that a 

perinuclear localized tubular network may execute classical ER associated functions 

such as secretion and protein processing in cardiomyocytes, whereas a more 

peripheral network that surrounds the myofilaments and interacts with invaginations of 

the sarcolemma, known as transverse (T)-tubules, may primarily regulate calcium 

handling for contraction (Figure 5) (Doroudgar and Glembotski 2013), the membrane 

systems in cardiomyocytes will be collectively called ER from here on, primarily based 

on the insufficient data to clearly distinguish between an ER and SR network in 

cardiomyocytes and the extensively studied unfolded protein response of other cell 

types in which a SR is lacking. The ER is a tubular membrane network that regulates 

synthesis, folding, and posttranslational processing of approximately one third of all 

cellular proteins (Hetz and Papa 2018). Proteins that are targeted and processed 

inside the ER include secreted proteins, membrane proteins, and proteins that reside 

in the ER itself, the Golgi apparatus, and lysosomes (Hetz and Papa 2018; Nyathi et 

al. 2013). In the classical model of ER-associated protein synthesis, translation is 

generally initiated in the cytosol (Nyathi et al. 2013). Here, ER targeted peptides are 

recognized by the signal recognition particle (SRP), a ribonucleoprotein complex that 

binds to an hydrophobic signal sequence, in the early phase of translation (Nyathi et 

al. 2013). 
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Figure 5 | The Cardiomyocyte Sarco- / Endoplasmic Reticulum Network.  

Shown is a diagram of a cardiomyocyte depicting the relationships between the region of the 

SR near the T-tubule, junctional SR, the longitudinal SR (A), transverse, or T-tubules (B), the 

peri-nuclear ER (C) and nuclear envelope (D), and a depiction of SR that is contiguous with 

the nuclear envelope (E) The T-tubules are invaginations of the sarcolemma that reside over 

the Z-line of the sarcomeres. Also shown are the actin and myosin that comprise major portions 

of myofilaments, as well as the M- and Z-line regions of the sarcomeres. The nuclear envelope 

and peri-nuclear ER are contiguous and constitute a location for secreted and membrane 

protein synthesis, as well as calcium storage and release. The hypothetical localization of 

secreted and membrane protein synthesis to only the nuclear envelope and peri-nuclear ER, 

depicted in red, and not to the SR, depicted in blue, is shown on the left of the diagram. The 

hypothetical localization of secreted and membrane protein synthesis to the nuclear envelope, 

peri-nuclear ER and the SR, depicted as a contiguous membranous system, shaded purple, 

is shown on the right of the diagram. Figure and figure legend was taken with permission from 

‘New Concepts of Endoplasmic Reticulum Function in the Heart: Programmed to Conserve’ 

(Doroudgar and Glembotski 2013). 

 

Upon SRP binding, translation is paused and the SRP shuttles the unfinished peptide 

to the ER membrane, while still attached to the ribosome. Here, the ribosome binds to 

the ER translocon, where translation is continued, with the nascent protein forming into 

the ER lumen or membrane (Nyathi et al. 2013). The signal peptide is then removed 
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by a protease in the ER lumen, typically before translation of the polypeptide is 

completed (Hetz and Papa 2018; Nyathi et al. 2013). Recently, it is however becoming 

evident that this model of ER located translation is incomplete and several 

mechanisms exist that facilitate similar functions and form a more complex system that 

regulates translation associated with the ER. To this end, two systems, the SRP-

dependent and SRP-independent targeting, were shown to target mRNAs 

cotranslational to the ER (Aviram et al. 2016). During SRP-independent targeting, the 

selection of the cotranslational transport system is dependent on the position of the 

transmembrane domain of the substrate. In addition, several mechanisms of 

posttranslational translocation of proteins to the ER were recently reported and it is 

possible that there are other, currently unknown systems, that can facilitate co- or 

posttranslational substrate delivery to the ER (Johnson et al. 2013). Although not 

examined in the heart or cardiomyocytes, recent studies in other cell types also 

suggest that ER- bound ribosomes might be capable of translating mRNAs that encode 

cytosolic proteins (Kraut-Cohen et al. 2013; Reid and Nicchitta 2012; Zhou et al. 2014). 

However, this view of general translation on ER-bound ribosomes remains 

controversial and further investigation is needed to clarify the regulation of ER localized 

translation (Jan et al. 2014; Jan et al. 2015; Reid and Nicchitta 2015). ER-associated 

protein synthesis remains complex and several systems maintain the sufficient 

synthesis and translocation of the selected peptides to the ER, which is followed by an 

extensive network of posttranslational protein processing inside the ER to ensure 

correct folding and function of the newly synthesized protein. 
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1.3.3 Protein Processing in the Endoplasmic Reticulum 
 
The ER holds a specific environment that is needed for proper protein folding and 

posttranslational modification. For example, a high oxidizing redox potential inside the 

ER lumen is needed for the formation of disulfide bonds and a high calcium 

concentration supports the function of calcium-dependent ER resident chaperones. 

Under these conditions, chaperones, oxidoreductases, and glycosylating enzymes 

work together to produce correctly folded and functional proteins inside the ER. Since 

this special and highly controlled environment is crucial for correct ER protein 

processing, the ER is sensitive to stresses that disturb this environmental homeostasis 

and thereby eventually interfere with protein folding inside the ER, which is known as 

‘ER stress’ (Walter and Ron 2011). Several environmental challenges, such as 

hypoxia, glucose starvation, disturbance of calcium storages or toxic insults, can 

disrupt ER homeostasis by causing an imbalance between the protein folding demand 

and the capacity of ER-dependent folding (Maurel et al. 2014). However, even under 

physiological conditions, folding mistakes are frequent, leading to misfolded proteins 

that need to be refolded or degraded to maintain cellular homeostasis. About one third 

of newly synthesized proteins are rapidly degraded, likely because of errors in 

translation and incorrect folding (Schubert et al. 2000). Especially proteins of the 

secretory pathway were reported to have a low success rate of proper folding, 

eventually due to their complicated folding, posttranslational modification, and 

assembling into multi-protein complexes in the ER (Hetz and Papa 2018). Incompletely 

folded proteins are quickly degraded by the ER-associated protein degradation system 

(ERAD), a cellular pathway which conducts ubiquitination, retro-translocation into the 

cytosol, and subsequent proteasome mediated degradation of misfolded ER proteins 

(Ruggiano et al. 2014). Further, autophagy aids in the clearance of misfolded protein 
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aggregates and damaged ER membranes, especially under phases of proteotoxic 

stress (Tannous et al. 2008).  

 

1.3.4 Endoplasmic Reticulum Stress during Cardiac Hypertrophy 
 
The accumulation of misfolded proteins is known to contribute to a variety of diseases, 

and it has been suggested that protein misfolding may occur during pathological 

cardiac hypertrophy and may serve as a contributor to the progression towards heart 

failure (Figure 6) (Blackwood et al. 2020; Willis and Patterson 2013). In other cardiac 

diseases such as cardiac amyloidosis or desmin-related cardiomyopathy, the 

excessive accumulation of misfolded proteins is known to directly impair cardiac 

function and is sufficient to induce heart failure (Pattison et al. 2008; Rubin and Maurer 

2020; Sanbe et al. 2004; Wang et al. 2001). However, even though protein misfolding 

has been observed during cardiac aging and heart failure (Ayyadevara et al. 2016; 

Mohammed et al. 2014; Rainer et al. 2018; Sanbe et al. 2004; Tannous et al. 2008), it 

remains unknown if protein misfolding occurs in the early phase of heart disease before 

the heart is failing and if misfolded proteins in general significantly contribute to disease 

development and progression (Singh and Robbins 2018). While in some cardiac 

diseases that show a hypertrophic phenotype, such as desmin-related cardiomyopathy 

or hypertrophic cardiomyopathy, protein misfolding was observed when the hearts 

were failing (Sanbe et al. 2004), it is not known if the increased amount of protein 

synthesis during cardiac hypertrophy directly promotes protein misfolding or if cardiac 

hypertrophy and protein misfolding are independently present in those diseases. It 

however has been consistently observed that increasing protein quality pathways, 

such as the unfolded protein response, protects from heart failure in different preclinical 

cardiac disease models. At least in some studies, this was shown to be associated 
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with decreased protein misfolding, which indirectly implies that protein misfolding may 

indeed contribute to cardiac dysfunction  (Bhuiyan et al. 2013; Blackwood et al. 2019a; 

Lynch et al. 2012; Lyon et al. 2013; Schiattarella et al. 2019; Schlossarek et al. 2014; 

Wang and Robbins 2006; Yao et al. 2017).  

 

Figure 6 | Protein Misfolding in the Heart. 
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Figure 6 | Protein Misfolding in the Heart. 

(A) Diagram of different pathways of protein misfolding, aggregation and degradation. The 

human proteostasis network comprises approximately 2000 proteins, which control all aspects 

of protein quality control and thereby minimize non-productive or harmful off-pathway reactions 

(generation of unfolded proteins or aggregates; red). The elements of the proteostasis network 

can be operationally assigned to three major arms: protein synthesis and folding (green), 

conformational maintenance (blue) and degradation (purple). Numbers indicate approximal 

amounts of proteins that participate in the respective pathways. (B) Proteins acquire different 

conformations during folding, where they increasingly form native intramolecular contacts 

while progressing towards the thermodynamically stable, native state, which possesses a 

minimum of free energy. Folding intermediates and misfolded states may accumulate as 

kinetically trapped species that need to traverse free-energy barriers to form functional 

proteins. Intermolecular contacts between non-native states may result in the formation of 

various aggregate species, including oligomers, amorphous aggregates and amyloid fibrils, 

the latter of which may even be thermodynamically more stable than the native state. Molecular 

chaperones enhance on-pathway reactions that support progression of folding intermediates 

towards the native state and block off-pathway reactions that lead to misfolded and aggregated 

species. Various factors, such as mutations, stress, translation aberrations or defects in 

mRNA, inhibit the on-pathway reactions, favoring protein misfolding and aggregation. Figures 

and figure legends of (A) and (B) were taken and adapted with permission from ‘The 

proteostasis network and its decline in ageing’ (Hipp et al. 2019). (C) Amyloid oligomer 

reactivity in human ventricular samples derived from a healthy heart and from patients with 

hypertrophic cardiomyopathy and dilated cardiomyopathy, respectively. Reactivity against an 

anti-oligomer antibody is shown in green, Actin is stained in red. Adapted with permission from 

‘Desmin-related cardiomyopathy in transgenic mice: A cardiac amyloidosis’ (Sanbe et al. 

2004). Copyright (2004) National Academy of Sciences. 

 

 

During growth the ER is one of several synthetic cell compartments that undergoes an 

increased workload by producing a large subunit of proteins and lipids needed for 

cellular enlargement (Blackwood et al. 2020). Proteotoxic stress or an excessive 

protein load to the ER, such as it occurs during cardiac hypertrophy, might cause ER 

stress (Doroudgar and Glembotski 2013; Okada et al. 2004). In order to reduce ER 

stress and maintain a functional environment for the increased amount of protein 
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synthesis, the cell is thought to activate the unfolded protein response pathway (Ozcan 

et al. 2008), which aids in the maintenance of proteostasis trough the induction of 

several protein quality control elements (Hetz and Papa 2018; Walter and Ron 2011). 

Importantly, the unfolded protein response has been shown to become activated 

during cardiac hypertrophy, where at least some of its elements are adaptive 

(Blackwood et al. 2019b; Doroudgar et al. 2015; Lynch et al. 2012; Okada et al. 2004; 

Schiattarella et al. 2019). In several of those studies, an insufficient activation of the 

unfolded protein response was associated with an altered hypertrophic growth 

response. Still, most of the mechanisms by which the unfolded protein response affects 

cardiac growth remains unexplored. 

 

1.4  The Endoplasmic Reticulum Unfolded Protein Response 
 
The unfolded protein response of the ER, which is sometimes also referred to as the 

ER stress response, is a highly conserved molecular pathway that serves to reduce 

the amount of misfolded proteins inside the ER through the regulation of translation, 

increase of protein folding regulators, and protein degradation (Hetz and Papa 2018; 

Walter and Ron 2011). Even though the unfolded protein response is classically 

described to be related to protein misfolding, emerging data suggests that this 

signaling cascade is also involved in the regulation of a variety of other physiological 

and pathological conditions, which is often transduced by crosstalk to other signaling 

pathways (Hetz and Papa 2018). It is becoming clear that these intensive interactions 

are bidirectional and also play a major role during protein misfolding-mediated 

activation of the unfolded protein response. However, most aspects regarding this 

signaling crosstalk remain incompletely characterized, which is why this summary will 
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focus on the canonical functions of the unfolded protein response for protein quality 

control. 

 

During ER stress the protein folding status inside the ER is transduced by a complex 

network of signaling pathways that ultimately determine cell fate. This mediates the 

expression of genes that support cell survival or induce cell death, dependent on the 

duration and intensity of ER stress. While transient activation of the unfolded protein 

response is adaptive, long-term ER stress, as it may occur during chronic disease, lets 

the unfolded protein response transduce pro-inflammatory and pro-death signals (Hetz 

and Papa 2018). Activation of the unfolded protein response by ER stress triggers two 

temporally distinct cellular responses in order the reduce the amount of protein 

misfolding (Hetz and Papa 2018). An initial response inhibits the amount of protein 

synthesis, to attenuate further protein load on the ER and additionally enhances the 

degradation of misfolded proteins, whereas a second wave triggers a large gene 

expression response through the activation of specific transcription factors. While 

those temporal dynamics have been investigated extensively in other cell types, most 

of those temporal aspects remain relatively unexplored in cardiomyocytes, especially 

in vivo.  

 

The canonical unfolded protein response is executed by three transmembrane proteins 

on the ER; inositol requiring protein 1 (IRE1), protein kinase RNA-like ER kinase 

(PERK), and activating transcription factor 6 (ATF6) (Figure 7) (Hetz and Papa 2018). 

Of note, other noncanonical transducers of the unfolded protein response have been 

described, even though most of their roles in physiology and disease remains 

unresolved (Arensdorf et al. 2013; Stauffer et al. 2020a). During ER stress these 

sensors of protein misfolding initiate several mechanisms that increase the folding 
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capacity of the ER, reduce the influx of newly synthesized proteins into the ER, and 

further diminish the amount of misfolded proteins by clearing those that have already 

accumulated. Relatively recently, an additional mechanism to reduce further protein 

load to the ER has been described, which involves the release of mRNAs from the ER 

to the cytosol, thereby removing them from their site of ER translocation (Reid et al. 

2014). 

 

 

Figure 7 | The Canonical Unfolded Protein Response. 

A signaling network of three transmembrane sensors of ER protein misfolding induces a gene 

response that may restore proteostasis during ER stress or induce cell death in response to 

prolonged proteotoxic stress. This conserved protein quality control pathway is known as the 

canonical unfolded protein response, which consists of the three branches ATF6 (A), PERK 

(B) and IRE1 (C). From ‘The Unfolded Protein Response: From Stress Pathway to 

Homeostatic Regulation’ (Walter and Ron 2011). Reprinted with permission from AAAS. 



 30 

1.4.1 Unfolded Protein Response - The IRE1 pathway 
 
During ER stress, the type 1 transmembrane protein IRE1, which initiates the most 

conserved branch of the unfolded protein response, oligomerizes and trans-

autophosphorylates leading to the activation of its cytosolic RNase domain (Shamu 

and Walter 1996). This oligomerization can be triggered by direct binding of misfolded 

proteins to the luminal domain of IRE1 or the release of oligomerization-inhibiting 

chaperones from IRE1, that may dissociate when the protein folding demand increases 

inside the ER (Ron and Walter 2007). Chaperone binding to IRE1 has been well 

characterized for glucose-regulated protein 78 kD (GRP78), which is also known as 

BiP, and one of the major chaperones of the ER (Bertolotti et al. 2000). In a process 

known as regulated IRE1-dependent decay (RIDD), selective mRNAs which harbor 

specific sequences and secondary structure are then degraded by the RNase activity 

of IRE1, thereby regulating glucose metabolism, inflammation, and apoptosis (Hetz 

and Papa 2018; Hollien and Weissman 2006; Maurel et al. 2014; Moore and Hollien 

2015). Here, RIDD may favor the degradation of ER-localized mRNAs to decrease 

protein load on the ER (Maurel et al. 2014). 

 

In addition, IRE1 catalyzes the splicing of the mRNA encoding the transcription factor 

X box-binding protein 1 (XBP1) through an unconventional and specific mechanism 

using its endoribonuclease activity (Hetz and Papa 2018). Unspliced XBP1 mRNA 

produces an unstable and rapidly degraded protein, which represses unfolded protein 

response target genes (Ron and Walter 2007). The processing of XBP1 mRNA 

however causes a frameshift that leads to an isoform called spliced XBP1 (XBP1s), 

which exhibits a highly active transcriptional activation domain, leading to the induction 

of unfolded protein response genes by binding to cis-acting elements known as 

unfolded protein response element (UPRE) or ER stress response element II (ERSE-
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II) (Hetz and Papa 2018; Walter and Ron 2011). Of note, the target genes of XBP1s 

may vary during different conditions, based on the ability of XBP1s to form 

heterodimers with other transcription factors, which however remains largely 

unexplored (Hetz and Papa 2018). XBP1 mRNA is targeted to the translocon in the 

ER membrane by binding of the SRP to a conserved hydrophobic domain of its nascent 

peptide chain during the early phase of translation, followed by classical SRP mediated 

translocation to the ER (Hetz and Papa 2018; Plumb et al. 2015). IRE1 directly 

interacts with the Sec61 translocon, where it comes in contact with the XBP1 mRNA 

(Plumb et al. 2015). A translation pausing sequence in the XBP1 mRNA ensures 

sufficient interaction with IRE1 for splicing before translation is continued  (Kanda et 

al. 2016; Yanagitani et al. 2011). The cleaved fragments of the XBP1 mRNA are then 

ligated by the tRNA ligase RtcB, followed by completion of translation to generate 

XBP1s (Jurkin et al. 2014; Kosmaczewski et al. 2014; Lu et al. 2014). In addition to its 

regulation by post-transcriptional modification by IRE1-dependent splicing, transcript 

numbers of XBP1 mRNA also increase during ER stress, since the XBP1 gene locus 

is a target of the unfolded protein response, which further induces the activity of the 

IRE1-XBP1 signaling pathway (Ron and Walter 2007). Interestingly, XBP1 mRNA 

levels remain elevated even when ER stress resolves and IRE1 is inactivated. XBP1 

mRNA then remains in its un-spliced precursor form, which inhibits the unfolded protein 

response, thereby eventually assisting in terminating signaling by spliced XBP1 

through inhibitory heterodimerization or the competition for binding sites (Ron and 

Walter 2007; Yoshida et al. 2006). Despite its nucleolytic activity, IRE1 may have 

additional signaling functions through its interaction with other signaling pathways, 

which is not well characterized. 
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Two IRE1 isoforms, IRE1 alpha and beta, have been identified, both of which exert 

RIDD and XBP1 splicing activity (Maurel et al. 2014). While it has been reported that 

the XBP1 mRNA splicing activity of IRE1 alpha is stronger, compared to the stronger 

RIDD activity of IRE1 beta, most of the differences between both IRE1 isoforms and 

their implications for cellular physiology remain unexplored (Maurel et al. 2014). 

Importantly, RIDD and XBP1 splicing have been associated with opposite effects on 

cell fate (Han et al. 2009; Maurel et al. 2014). Whereas RIDD has a proapoptotic 

output, XBP1 splicing and the subsequent mediated gene program by XBP1s are 

associated with a pro-survival effect (Maurel et al. 2014). Still, basal RIDD activity is 

required for ER homeostasis, which highlights the importance of IRE1 even under 

physiological conditions for cellular function (Maurel et al. 2014). 

 

1.4.2 Unfolded Protein Response - The PERK pathway 
 
The second branch of the unfolded protein response is regulated by the type I 

transmembrane kinase PERK. PERK is phylogenetically related to IRE1, similar in 

structure, and also contains a luminal stress-sensing domain and a cytoplasmic protein 

kinase domain (Ron and Walter 2007). Like IRE1, oligomerization of PERK is mediated 

by the release of chaperones and the binding of misfolded proteins to its luminal 

domain, which results in its trans-autophosphorylation and activation (Carrara et al. 

2015; Wang et al. 2018). Activated PERK then phosphorylates the alpha subunit of the 

translation initiation factor eIF2 (Hetz and Papa 2018). Normally, eIF2 associates with 

GTP and Met-tRNA to form the ternary complex, which is required for translation 

initiation. During translation initiation, eIF2-bound GTP is hydrolyzed to GDP. To 

promote a new round of translation initiation, the inactive eIF2-GDP is converted to the 

active eIF2-GTP by its guanine nucleotide exchange factor eIF2B (Jackson et al. 
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2010). However, eIF2 alpha phosphorylation stabilizes the eIF2-GDP-eIF2B complex 

and thereby hinders the exchange of GDP to GTP, ultimately resulting in the inhibition 

of protein synthesis and reduced load to the ER (Jackson et al. 2010; Walter and Ron 

2011). 

 

Even though this results in diminished translation of the majority of transcripts, several 

mRNAs can escape PERK induced translational attenuation. Among them is the 

mRNA encoding activating transcription factor 4 (ATF4). The 5′-untranslated region of 

ATF4 contains two upstream open reading frames (uORF). The proximal uORF1 of 

the ATF4 mRNA is a positive-acting element that facilitates ribosome scanning 

followed by re-initiation at a downstream coding region (Vattem and Wek 2004). In 

unstressed cells, in which high levels of GTP-loaded ternary complexes are present, 

ribosome scanning downstream of uORF1 reinitiates at the next coding region, which 

is uORF2 (Vattem and Wek 2004). Thereby ATF4 expression is largely suppressed by 

the inhibitory uORF2 during baseline conditions. During ER stress, when eIF2 alpha 

phosphorylation results in low levels of GTP-loaded ternary complexes, the time for 

the scanning ribosome to reinitiate at a downstream element of uORF1 is increased. 

This allows the ribosome to scan through the inhibiting uORF2 and instead reinitiate 

at the main ATF4-coding region, leading to increased expression of ATF4 during ER 

stress, even though general translation is reduced (Ron and Walter 2007; Vattem and 

Wek 2004). The potent transcription factor ATF4 then contributes to an antioxidant 

response, enhanced folding capacity, regulation of metabolism and induction of 

autophagy by its mediated gene response (Hetz and Papa 2018). Among the many 

genes induced by ATF4 are growth arrest and DNA damage–inducible 34 (GADD34) 

and C/EBP homologous protein (CHOP). GADD34 is a subunit of the protein 

phosphatase PP1, which antagonizes PERK by dephosphorylating eIF2 alpha, thereby 
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representing a negative feedback-loop of the PERK signaling pathway (Novoa et al. 

2001). The transcription factor CHOP controls the expression of several apoptosis-

related genes, including GADD34, and thereby controls cell death during prolonged 

ER stress, highlighting the protective function of modest or transient PERK activation, 

whereas strong or chronic PERK activation induces cell death (Walter and Ron 2011). 

It should be noted that ATF4 regulates the expression of many other genes besides 

GADD34 and CHOP, and that the PERK mediated phosphorylation of eIF2 alpha has 

a far more complex outcome than the increased expression of ATF4. While this and 

the other signaling pathways outlined in this summary are often described as the 

‘canonical’ unfolded protein response, the full cellular response to ER stress is likely 

far more extensive and complex. 

 

1.4.3 Unfolded Protein Response - The ATF6 pathway 
 
The third branch of the unfolded protein response is transduced by the ER-resident 

transmembrane protein ATF6, which belongs to a group of transmembrane proteins 

that are part of the ATF/CREB family and contain a basic leucine zipper transcription 

factor, consisting of a basic DNA binding region next to an alpha-helical coiled coil 

region that can promote dimerization (Stauffer et al. 2020a). Members of this group 

are type II ER-transmembrane transcription factors that, similar to ATF6, become 

cleaved and thereby activated by site-1 and site-2 proteases in the Golgi apparatus. 

Among them are ATF6 beta (CREBL1), CREB3, CREB3L1 (OASIS), CREB3L2 

(BBF2H7), CREB3L3 (CREBH) and CREB3L4 (CREB4), which are expressed in 

different tissues and whose functions remain largely unknown, even though some of 

them were suggested to have overlapping or opposing functions with ATF6 in the heart 

(Correll et al. 2019; Stauffer et al. 2020a; Thuerauf et al. 2004). 
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The canonical unfolded protein response is mediated by ATF6, which maintains 

proteostasis during ER stress by inducing an adaptive gene response (Haze et al. 

1999). ATF6 remains inactive through oligomerization and binding of the chaperone 

GRP78 to its ER-luminal domain, which masks a Golgi localization sequence (Shen et 

al. 2002; Shen et al. 2005). ATF6 oligomerization is maintained by intermolecular 

disulfide bonds between cysteine residues in its luminal domain that are reduced 

during ER stress, which also promotes the dissociation of GRP78 from ATF6 by its 

binding to misfolded proteins. The reduction of ATF6 was recently shown to involve 

the two ER-resident protein disulfide isomerases PDIA5 and ERp18 (TXNDC12), 

however other protein disulfide isomerases may also be involved in this process (Higa 

et al. 2014; Oka et al. 2019). After monomerization and unmasking of its Golgi 

localization sequence, ATF6 is translocated to the Golgi apparatus, where it is cleaved 

by regulated intramembrane proteolysis of site-1 and site-2 proteases, releasing a 

50kD fragment of ATF6 that freely translocates to the nucleus via a nuclear localization 

sequence (Blackwood et al. 2020). The transition to the Golgi apparatus has been 

proposed to involve a transient binding of ATF6 to the secreted calcium-binding protein 

thrombospondin 4 (Thbs4) (Lynch et al. 2012), even though the precise functions of 

Thbs4 for the induction of the unfolded protein response remains unknown. Once in 

the nucleus, the liberated N-terminal fragment, ATF6(N), acts as a potent transcription 

factor that maintains proteostasis by binding to ERSE and ERSE-II elements in the 

promoter regions of unfolded protein response genes, which include, among many 

other proteins, folding regulators and components of the ERAD pathway (Plate et al. 

2019). Interestingly, the specific gene response that is ultimately induced by ATF6 is 

dependent on the stimulus that lead to ATF6 activation (Blackwood et al. 2020). This 

likely involves the dimerization of ATF6 with other transcription factors that become 
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activated during different conditions, however most of this is currently unknown 

(Blackwood et al. 2020). 

 

1.4.4 Programmed Cell Death during Endoplasmic Reticulum Stress   
 
While many of the pathways that become activated during ER stress transduce 

adaptive events that aid in the restoration of cellular proteostasis, some of them also 

promote cell death in order to eliminate cells that become irreversibly damaged (Figure 

8) (Hetz and Papa 2018). While both protective and maladaptive effectors are activated 

in response to ER stress, it is thought that the relative ratios between protective and 

maladaptive events dictates the final cellular outcome (Urra et al. 2013). Even though 

the process in which the unfolded protein response transduces cell death is less well 

understood compared to its adaptive branches, several key pathways have emerged 

over the recent years. One of the best characterized ways in which cell death is 

triggered by ER stress is mediated by the ATF4 target gene CHOP. The transcription 

factor CHOP regulates the expression of several apoptosis-related genes, which 

include the upregulation of the death receptor DR5, the inhibition of BCL-2, and the 

induction of several other BCL-2 family members such as the pro-apoptotic proteins 

BIM, NOXA and PUMA (Hetz and Papa 2018; Urra et al. 2013). In addition, strong 

activation of ATF4 and CHOP induce high levels of the eIF2 alpha phosphatase 

GADD34. The resulting dephosphorylation of eIF2 alpha leads to increased amounts 

of protein synthesis, which increases protein misfolding, energy depletion, and the 

production of reactive oxygen species that directly promote cell death (Han et al. 2013). 

CHOP also directly regulates the generation of reactive oxygen species by affecting 

ER-localized oxidases and protein disulfide isomerases (Urra et al. 2013). 
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Figure 8 | Mechanisms of ER Stress-induced Apoptosis. 

Apoptosis during ER stress is transduced by all three branches of the unfolded protein 

response. Central mechanisms include the release of calcium from the ER into the cytosol, 

regulation of the outer mitochondrial membrane permeability and the activation of specific 

caspases. Cell fate is ultimately determined by the relative ratios between adaptive and 

maladaptive pathways of the unfolded protein response. Adapted with permission from ‘The 

Unfolded Protein Response and Cell Fate Control’ (Hetz and Papa 2018). 

 

In addition, CHOP was shown to activate the inositol-1,4,5-trisphosphate receptor 

(IP3R), which promotes the release of calcium from the ER, thereby increasing the 

cytoplasmic calcium content, resulting in the opening of the mitochondrial permeability 

transition pore and inducing apoptosis (Tsujimoto et al. 2006; Urra et al. 2013). Indeed, 

ablation of CHOP was sufficient to attenuate ER stress mediated apoptosis and 

cardiac dysfunction, highlighting its important role in the transduction of cell death in 
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response to ER stress (Fu Hai et al. 2010). Even though it was shown that the PERK 

signaling pathway transduces important cellular events that promote apoptosis in 

response to ER stress, inhibition of PERK increases cardiac dysfunction, likely due to 

the impairment of the many other adaptive elements that are regulated by PERK (Liu 

et al. 2014). Importantly, while CHOP activation is most often associated with the 

PERK pathway, it has been shown that CHOP is also a target gene of ATF6 and XBP1, 

showing that CHOP plays a general role in the regulation of cell death in the unfolded 

protein response (Iurlaro and Muñoz-Pinedo 2016). 

 

IRE1 is also an important regulator of cell death in response to ER stress. While IRE1 

transduces a large amount of protective functions, it can also induce apoptosis (Urra 

et al. 2013). This dual function of IRE1 is suggested to be regulated by the intensity 

and duration of ER stress (Han et al. 2009; Lin et al. 2007). Besides its splicing activity 

towards XBP1 mRNA, IRE1 degrades a subset of mRNAs via its endoribonuclease 

activity via RIDD. As outlined above, RIDD can promote cellular homeostasis by 

selectively degrading mRNAs that encode proteins which are targeted to the ER, 

where they would increase the protein load and potentially misfold (Hetz and Papa 

2018). However, strong IRE1 activation can promote a massive decay of ER-localized 

mRNAs and microRNAs via RIDD, including crucial proteins such as chaperones and 

other protein-folding components, which can then worsen ER stress even further (Han 

et al. 2009; Hetz and Papa 2018; Hollien and Weissman 2006). Among these are also 

microRNAs that normally strongly repress pro-apoptotic targets, such as different 

caspases or the pro-oxidant protein TXNIP, whose subsequent upregulation activates 

the NLRP3 inflammasome that then promotes sterile inflammation and cell death 

(Lerner et al. 2012; Upton et al. 2012). In addition, IRE1 was shown to directly interact 

with many other proteins, that can transduce cell death in response to IRE1 activation 
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(Hetz and Papa 2018; Urra et al. 2013). Two relatively well characterized examples 

are the interaction with the adapter protein TRAF2, which activates the JNK and 

autophagy pathways (Castillo et al. 2011), and the binding to NCK which regulates the 

NF-κB pathway (Nguyen et al. 2004). 

 

While it is also clear that ATF6 can induce cell death, the precise mechanisms and 

conditions for this ATF6-dependent signal transduction are mostly unknown (Iurlaro 

and Muñoz-Pinedo 2016). High activation of ATF6 induces the expression of CHOP, 

different caspases, and members of the BCL-2 family and transduces apoptosis 

through the mitochondrial apoptotic pathway (Huang et al. 2018; Nakanishi et al. 2005; 

Pagliarini et al. 2015; Yoshida et al. 2000). Other independent pathways that may 

include the protein WBP1 may also contribute to ATF6-mediated apoptosis (Morishima 

et al. 2011); however most of the mechanisms by which ATF6 regulates apoptosis are 

not known. 

 

Taken together, all three branches of the canonical unfolded protein response regulate 

cell death through multiple pathways. Many of them ultimately control the expression 

of specific transcripts, such as members of the BCL-2 family, which collectively 

regulate the permeability of the outer mitochondrial membrane, a central nexus of the 

apoptosis pathway (Urra et al. 2013). In addition, some elements can directly control 

the activity of different caspases or other apoptosis-related signaling pathways (Hetz 

and Papa 2018). While maladaptive regulators of the unfolded protein response are 

activated together with its adaptive branches, it is generally thought that the relative 

ratios between adaptive and maladaptive elements determine the final cellular 

outcome, thereby leading to cell death when the adaptive responses are insufficient to 

resolve ER stress and the maladaptive elements prevail (Glembotski 2007).  
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1.4.5 The ATF6 Pathway in Cardiac Health and Disease 
 
ATF6 has been implicated in both normal heart function and the pathophysiology of 

several cardiac diseases, where it is expressed in cardiomyocytes and cardiac 

fibroblast, and while not specifically investigated in the heart, also in other cardiac cell 

types such as endothelial cells and immune cells (Jin et al. 2016; Karali et al. 2014; 

Rao et al. 2014; Stauffer et al. 2020b). Here, ATF6 acts as a primary adaptive 

responder to ER stress by inducing a gene program that maintains proteostasis. 

 

Transcript profiling of transgenic mice with a cardiomyocyte-restricted expression of a 

tamoxifen-activated form of ATF6 by microarray analysis or RNA sequencing showed 

that ATF6 regulates several hundred genes in the heart (Belmont et al. 2008; 

Blackwood et al. 2019b). While those genes include many that have been implicated 

in proteostasis, a large number of the ATF6 regulated genes are currently not 

associated with proteostasis, which could indicate that the function of ATF6 is much 

more complex than previously assumed. In contrast, a deletion of either ATF6 or its 

isoform ATF6 beta has no cardiac or other aberrant phenotype under baseline 

conditions in young mice (Correll et al. 2019). ATF6 deficiency however causes rod 

and cone dysfunction with increasing age, the only major phenotype known to occur in 

humans with mutations that attenuate the transcriptional activity of ATF6 (Kohl et al. 

2015; Lee et al. 2020). However, a deletion of both genes, or a 3 of 4 allele 

combinatorial deletion, causes early embryonic lethality, suggesting that both genes 

play essential roles during development (Correll et al. 2019; Yamamoto et al. 2007). 

This indicates that the functions of ATF6 and ATF6 beta are at least partly overlapping 

and interchangeable (Correll et al. 2019). ATF6 insufficiency has also no effect on the 

baseline expression of the majority of tested unfolded protein response genes in the 

heart, suggesting that ATF6 is non-essential for their normal expression in the 
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postnatal heart (Jin et al. 2016). However, transgenic mice that express a dominant 

negative mutant of ATF6, that itself has no DNA-binding activity and dimerizes with 

endogenous ATF6 and eventually other ATF6 homologs to prevent binding to their 

target sites, is sufficient to reduce the expression of known ATF6 target genes under 

baseline conditions (Toko et al. 2010). These mice also develop ventricular dilatation 

and heart failure and have significantly impaired survival rates (Toko et al. 2010). While 

not fully proven, it is therefore currently thought that the combined function of ATF6 

and ATF6 beta is necessary for the baseline expression of the unfolded protein 

response and the maintenance of cardiac function, whereas an insufficiency for one 

can be compensated by the other and eventually even by other homologs such as 

CREB3, CREB3L1 (OASIS), CREB3L2 (BBF2H7), CREB3L3 (CREBH) or CREB3L4. 

This hypothesis is supported by the finding that cardiac-specific transgenic mice 

expressing the transcriptionally-active N-terminus of either ATF6 or ATF6 beta induce 

overlapping gene sets which fall into the category of proteostasis and the unfolded 

protein response (Correll et al. 2019). Still, several functions of ATF6 and ATF6 beta 

in the heart are different and some reports even highlighted opposing functions of both 

isoforms on the induction of the unfolded protein response (Correll et al. 2019; 

Thuerauf et al. 2007; Thuerauf et al. 2004). 

 

While ATF6 seems to be replaceable for the baseline expression of unfolded protein 

response genes, ATF6 has been reproducibly shown to be absolutely essential for the 

induction of a variety of proteostasis genes during ER stress (Jin et al. 2016). ATF6 is 

rapidly activated in response to a variety of cardiac pathologies, including ischemia, 

reperfusion, and pressure overload, where it enhances proteostasis through its gene 

program (Blackwood et al. 2019b; Doroudgar et al. 2009; Jin et al. 2016; Lynch et al. 

2012; Toko et al. 2010). Indeed, activation of ATF6 has been consistently shown to 
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improve cardiac function in response to these pathologies, whereas ATF6 deficiency 

impaired myocardial function (Blackwood et al. 2019a; Blackwood et al. 2019b; Correll 

et al. 2019; Jin et al. 2016; Martindale et al. 2006; Toko et al. 2010). This adaptive 

function has been attributed to the induction of its downstream proteostasis target 

genes, which was validated by the isolated manipulation of several ATF6 target genes 

that also demonstrated protective functions in the heart (Arrieta et al. 2020; Belmont 

et al. 2010; Belmont et al. 2008; Bi et al. 2018; Doroudgar et al. 2015; Glembotski et 

al. 2012; Jin et al. 2016; Tadimalla et al. 2008; Vekich et al. 2012). Recent interest has 

also focused on the function of cardiac ATF6 target genes that are not associated with 

proteostasis, even though most of these aspects remain unexplored (Blackwood et al. 

2020). 

 

Taken together, in the heart, ATF6 functions as a stress-inducible transcription factor, 

whose activation appears to be protective in the context of different cardiac 

pathologies. While ATF6 deficiency can be mostly compensated in the healthy heart, 

ATF6 remains essential for cardiac function in response to stress. Here, it maintains 

myocardial function through transcriptional reprogramming, which includes many 

genes involved in proteostasis, but also other essential genes whose function in the 

context of ATF6 activation are mostly unknown. 
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1.5  The Proteostasis Network during Cardiac Aging  
 
Protein homeostasis is essential to maintain cellular function. However, a significant 

decline of the capacity of the proteostasis network and the subsequent accumulation 

of misfolded proteins and intracellular damage is a hallmark of aging (Hipp et al. 2019; 

Kaushik and Cuervo 2015). Several age-related diseases were shown to be associated 

with protein misfolding (Labbadia and Morimoto 2015a). Increasing the capacity of the 

proteostasis network has therefore emerged as a promising strategy for the treatment 

or even prevention of age-associated disease caused by protein misfolding. Among 

several other pathways of the proteostasis network, the unfolded protein response was 

shown to decline during aging (Taylor 2016). The identification of key regulators of the 

unfolded protein response, that can be targeted to increase its adaptive branches 

without enhancing its maladaptive functions, could therefore lead to the development 

of novel therapeutic interventions for the treatment of different diseases, especially for 

aged patients. Despite a general consensus about the involvement of the decline of 

proteostasis in aging and age-associated diseases, only a limited number of studies 

examined the proteostasis network during cardiac aging. Here, especially the 

involvement of the unfolded protein response in cardiac postnatal development and 

aging remains incompletely characterized.  

 

1.5.1 Proteostasis and Aging 
 
The cellular capacity to buffer against protein misfolding in response to stress declines 

with a decreased activity of the proteostasis network (Labbadia and Morimoto 2015a). 

A large body of studies indicates that the activity of the proteostasis network becomes 

impaired during aging, which then results in the accumulation of misfolded proteins 

and the impairment of cellular function. By now, all branches of the cellular proteostasis 
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network have been shown to be affected to some degree by aging, including the heat 

shock response, the oxidative stress response, and the unfolded protein response 

(Kaushik and Cuervo 2015; Labbadia and Morimoto 2015a). Key elements of 

proteostasis are chaperones, the ubiquitin-proteasome system, and the lysosome-

autophagy system, all of which have been shown to become impaired by age (Kaushik 

and Cuervo 2015). 

 

Chaperones become less available during aging, which increases the probability of 

protein misfolding (Kaushik and Cuervo 2015). Impaired energetics, which can often 

be found during aging, based on a reduction of mitochondrial function and the 

dysregulation of cellular metabolism, can also further decrease the responsiveness of 

ATP-dependent chaperones (Kaushik and Cuervo 2015). Undesired protein 

modifications that accumulate in aged cells, such as advanced glycation end-products 

through non-enzymatic modifications on long-lived proteins, further interfere with 

chaperone function (Kaushik and Cuervo 2015). These modifications are normally 

recognized and reversed by different enzymes, however the expression of these 

enzymes is compromised with age (Kaushik and Cuervo 2015). In addition, metastable 

proteins which accumulate during aging can capture chaperones and thereby withdraw 

them from their desired site of action (Kaushik and Cuervo 2015). This general 

reduction in chaperone function is partly antagonized by specific small heat-shock 

proteins, which combine misfolded proteins into large aggregates, in which the toxic 

effects of misfolded proteins are reduced (Walther et al. 2015). While this can partly 

buffer the increased amount of protein misfolding in aged cells, this system may 

become overwhelmed at some point, ultimately contributing to cellular dysfunction.  
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Proteostasis is further compromised by a decline of proteasome activity (Saez and 

Vilchez 2014). This is mediated at least partly through a decreased expression and 

alteration of different proteasome subunits (Ferrington et al. 2005; Lee et al. 1999), the 

perturbed assembly of proteasomes (Vernace et al. 2007), and the inactivation of 

proteasomes by binding to protein aggregates (Grune et al. 2004; Saez and Vilchez 

2014). Proteasomal dysfunction has been consistently observed in aged mammalian 

tissues, including muscle, and transgenic mice with decreased proteasomal activity 

that exhibit a shortened life span and develop age-related disease (Bulteau et al. 2002; 

Ferrington et al. 2005; Husom et al. 2004; Saez and Vilchez 2014; Tomaru et al. 2012).  

In contrast, increasing proteasomal activity extends longevity in different species (Saez 

and Vilchez 2014). While it is unclear if such results can be transferred from organismal 

models to humans, preliminary findings of increased proteasomal activity in long-lived 

humans support the hypothesis that proteasomal activity can also determine longevity 

in humans (Chondrogianni et al. 2000). 

 

The lysosome-autophagy system has also been shown to become compromised with 

age (Escobar et al. 2019). Multiple studies reported a reduced expression of proteins 

which are required for autophagy in aged tissues, resulting in an overall decline of 

autophagy with age (Rubinsztein et al. 2011). Several longevity pathways regulate 

lifespan through the control of the expression of autophagy-related genes in different 

species, which may counteract triglyceride accumulation, mitochondrial dysfunction, 

muscle degeneration, and cardiac dysfunction (Lee et al. 2010; Masiero et al. 2009; 

Matecic et al. 2010; Tóth et al. 2008). Similar to other regulators of the proteostasis 

network, it was shown that the inhibition of autophagy results in a phenotype that is 

comparable to premature aging. Here, attenuation of the activity of autophagy results 

in the accumulation of dysfunctional organelles, protein aggregation, and ER stress 
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(Escobar et al. 2019; Rubinsztein et al. 2011). In contrast, activating autophagy delays 

aging and extends lifespan (Escobar et al. 2019; Rubinsztein et al. 2011). 

 

Taken together, preclinical studies in invertebrates and mammals indicate that 

interventions that strengthen the proteostasis network can increase lifespan and 

health-span, and attenuate a variety of age-related diseases (Labbadia and Morimoto 

2015a). However, while some of those studies were performed in mammals, the 

majority of those studies were performed in invertebrates and systemic analyses of the 

proteostasis network during mammalian aging are limited (Kaushik and Cuervo 2015). 

Similar to other pathways of the proteostasis network, activation of the unfolded protein 

response protects against protein misfolding and promotes longevity in yeast (S. 

cerevisiae), worms (C. elegans), and flies (D. melanogaster); however whether the 

unfolded protein response is also implicated in mammalian aging remains mostly 

unknown (Chen et al. 2009; Henis-Korenblit et al. 2010; Labunskyy et al. 2014; Matai 

et al. 2019; Sekiya et al. 2017; Shore et al. 2012). 

 

1.5.2 The Unfolded Protein Response during Aging 
 
The unfolded protein response of the ER is the major signaling pathway that is 

activated during ER-associated protein misfolding. Besides its protective function for 

the ER, the unfolded protein response was also shown to contribute to proteostasis in 

other subcellular compartments when activated (Jin et al. 2016). It thereby increases 

the overall cellular protein quality control capacity, highlighting its importance for cell 

survival in response to proteotoxic stress. As outlined above, the cellular response to 

misfolded proteins is compromised with age, which is thought to be mediated by a 

reduced capacity of the unfolded protein response (Brown and Naidoo 2012; Taylor 
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2016). Several studies suggested that key adaptive regulators of the unfolded protein 

response are significantly reduced during aging (Hussain and Ramaiah 2007; Naidoo 

et al. 2008; Paz Gavilán et al. 2006). It was also shown that their activation and function 

are compromised, further impairing a sufficient adaption to ER stress (Hussain and 

Ramaiah 2007; Taylor and Dillin 2013). In contrast, some maladaptive branches of the 

unfolded protein response were proposed to increase with age, while other studies 

showed decreased levels in some tissues (Estébanez et al. 2018; Hussain and 

Ramaiah 2007; Naidoo et al. 2008; Paz Gavilán et al. 2006). Importantly, preliminary 

data suggested, that some key protective proteins of the unfolded protein response do 

also become significantly compromised in the adult heart (Doroudgar et al. 2015). This 

appeared to involve their transcriptional downregulation, however further details and a 

systematic evaluation of the unfolded protein response in cardiac aging is currently 

missing (Doroudgar et al. 2015). While only shown in invertebrates, increasing the 

capacity of the unfolded protein response by activating or overexpressing some of its 

adaptive regulators is sufficient to promote longevity in yeast, C. elegans, and 

Drosophila (Chen et al. 2009; Henis-Korenblit et al. 2010; Labunskyy et al. 2014; Matai 

et al. 2019; Sekiya et al. 2017; Shore et al. 2012). A further decrease of the unfolded 

protein response however leads to premature aging and impaired lifespan, which 

indicates, that the low levels of unfolded protein response genes remain essential for 

proteostasis (Chadwick et al. 2020; Labunskyy et al. 2014). An age-dependent decline 

of proteostasis therefore appears to be at least partly mediated by a decreased activity 

of the unfolded protein response, making it a promising target for the treatment of age-

associated disease caused by protein misfolding. 
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1.5.3 Evolutionary benefits of an age-dependent decline of proteostasis 
 
It remains mostly obscure why a decline in proteostasis with age is such a common 

characteristic of most species. A strong response against protein misfolding would be 

beneficial by increased resistance to stress and therefore should have evolved 

throughout evolution. Initial reports indicated that some of the gradual impairment of 

protein homeostasis results from oxidative damage that accumulates in regulators of 

the proteostasis network (Brown and Naidoo 2012). However, recent evidence from 

invertebrates suggests that the downregulation of the proteostasis network during 

aging is not a random and gradual decline that proceeds with age, but rather a 

programmed event that already occurs during early adulthood and at least partly 

involves the reprogramming of the cellular gene program (Ben-Zvi et al. 2009; David 

et al. 2010; Labbadia and Morimoto 2014). In C. elegans, the decline of the 

proteostasis network, including the unfolded protein response, coincides with a 

timeframe that occurs shortly after sexual maturation and the beginning of the 

reproductive period (Labbadia and Morimoto 2015b; Taylor and Dillin 2013). While 

mostly hypothetical and not proven, it was further suggested that activation of stress 

pathways, such as those that sense and response to protein misfolding, may reduce 

fertility. Evolutionary pressure for optimal fecundity may therefore come with the 

expense of stress resistance of adult organisms that already reached the reproductive 

period (Labbadia and Morimoto 2015b). In addition, this may ensure that older animals 

do not compete for resources, which would prioritize reproduction and the younger 

generation in an environment where resources are limited, giving a possible 

explanation why a decrease of the proteostasis network with age was maintained 

throughout evolution (Labbadia and Morimoto 2015b).  
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1.5.4 Decline of Cardiac Protein Homeostasis during Aging 
 
While the impairment of the proteostasis network has been extensively studied in cells 

and different model organisms, less is known about how aging affects proteostasis and 

protein misfolding in the heart. Accumulation of misfolded proteins has been described 

to occur regularly in aged hearts. One of the best characterized forms is amyloid 

deposition, which results from proteins that become structurally unstable with age and 

form misfolded intermediates that aggregate and precipitate as amyloid in different 

tissues, including the heart (Steenman and Lande 2017). About 25% of an elderly 

population aged 85 years or over showed ventricular amyloid deposition in a 

postmortem examination (Tanskanen et al. 2008). In comparison to ventricular amyloid 

deposition, atrial amyloidosis is more common, with a prevalence of approximately 

95% in patients older than 80 years (Steiner 1987). The accumulation of protein 

aggregates has also been found in aged mouse hearts and their composition was 

found to be similar to protein aggregates that accumulate in response to hypertension 

(Ayyadevara et al. 2016). Similar to other tissues, the chaperone abundance, the 

activity of the ubiquitin-proteasome system, and the lysosome-autophagy system were 

found compromised in the aged heart, and enhancing their capacity decelerated 

cardiac aging (Abdellatif et al. 2018; Bulteau et al. 2002; Locke and Tanguay 1996; 

McLendon and Robbins 2015; Zhou et al. 2017). 

 

While the accumulation of misfolded proteins has been observed in the aged heart and 

in several heart diseases whose prevalence increases with age, it remains to be clearly 

demonstrated that protein misfolding is an essential contributor to the development 

and progression of cardiac dysfunction (Singh and Robbins 2018). As outlined above, 

a large number of studies consistently showed that the manipulation of protein quality 

control pathways affects myocardial function, making it likely that misfolded proteins 
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are at least partly involved in the regulation of cardiac function and disease. However, 

a different mechanism that does not involve misfolded proteins, such as the regulation 

or degradation of specific effector proteins, cannot be ruled out. Additionally, even 

though it was demonstrated that massive protein misfolding can directly induce heart 

failure (Pattison et al. 2008; Rubin and Maurer 2020; Sanbe et al. 2004; Wang et al. 

2001), it is not known when or to what degree protein misfolding occurs in most cardiac 

diseases or cardiac aging and if those amounts are indeed sufficient to directly impair 

myocardial function. Also, the misfolded protein species that is responsible for cardiac 

damage is unknown, even though emerging evidence indicates that it is not the 

insoluble protein aggregates or amyloid plaques but rather its soluble oligomeric 

precursor that causes cellular toxicity (McLendon and Robbins 2015). 
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1.6  Rationale of the Study 
 
As outlined in the previous chapters, numerous studies suggest that impaired 

proteostasis and protein misfolding contribute to cardiac disease development. 

Improving proteostasis may therefore be a promising strategy for the treatment of heart 

disease, especially in aged patients where the proteostasis network may be particularly 

compromised. However, many key aspects remain unaddressed. Since previous 

studies have focused on the failing heart, it is currently incompletely characterized if 

ER stress occurs at earlier stages of disease, or if it solely occurs in the failing heart. 

Further, the activation and function of the proteostasis network in response to 

pathologic stimuli to the heart and how this is affected by age is incompletely 

characterized. This study examines some of those aspects for the unfolded protein 

response and implications for cardiac hypertrophy, a common risk factor for cardiac 

dysfunction, that is associated with increased protein processing. A specific focus is 

put on the ATF6 gene program, which was described as a nexus of protein quality 

control that initiates a large number of adaptive effects in response to protein 

misfolding. Specifically, the following points are addressed in this study: 

 

1. How is the expression and function of the unfolded protein response in the heart 

affected by age? 

2. Does an impairment of the ATF6 pathway compromise the cardiac 

responsiveness to endoplasmic reticulum stress? 

3. Does increased protein synthesis during hypertrophic growth lead to activation 

of the unfolded protein response? 

4. Is cardiac hypertrophy regulated by ATF6? 

5. What are the consequences of ATF6 deficiency for cardiac function? 
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1.7  Limitations 
 
Most of the experiments of this study were performed in mice and isolated 

cardiomyocytes of mice and rat. Despite a close phylogenetic relationship between 

rodents and human, findings in experimental settings in rodents do not necessarily 

translate to humans. This can have multiple reasons, such as differences in rodent 

physiology, human specific effects, drug interactions, a heterogenous collective of 

patients, comorbidities, lack of efficacy in a chronic disease state and many more. 

While some of the results which indicate that certain ATF6 target genes decline in the 

adult heart showed a similar trend in a small publicly available gene expression 

database of heart samples from humans of different age, larger studies are needed 

before any assertions of the unfolded protein response can be made. This study used 

tunicamycin, a specific inhibitor of N-linked glycosylation that blocks the first step of 

glycoprotein synthesis and thereby induces protein misfolding, for the induction of ER 

stress and the adrenergic agonists phenylephrine and isoproterenol for the induction 

of cardiomyocyte hypertrophy in vitro. In vivo, cardiac hypertrophy was induced by the 

implantation of isoproterenol-loaded osmotic pumps. While all techniques are 

established and widely used models for ER stress, cardiac hypertrophy, and heart 

failure, it is important to note that none of these models is capable of capturing the full 

complexity of human disease. Even though some existing data points to the general 

involvement of protein misfolding in human cardiac disease, this study does not allow 

any definite conclusions about proteostasis, the unfolded protein response, or the 

ATF6 pathway in humans. It should be seen as preliminary data, which once these 

results have been confirmed by others, eventually even with different model systems, 

may encourage human translational studies, if sufficient safety conditions can be 

guaranteed.  
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2 Materials 
 
The materials section is partly based on the preprint article ‘Age-related decline of the 

unfolded protein response in the heart promotes protein misfolding and cardiac 

pathology’ (Hofmann et al. 2021). 

 

Reagent or Resource Source Identifier 
Antibodies 
Mouse monoclonal anti-Puromycin, clone 
12D10 

Sigma-Aldrich Cat#MABE343; 
RRID: 
AB_2566826 

Mouse monoclonal anti-KDEL ENZO Life 
Sciences 

Cat#10C3; RRID: 
AB_10618036 

Rabbit polyclonal anti-ATF6 Proteintech Cat#24169-1-AP; 
RRID: 
AB_2876891 

Mouse monoclonal anti-β-Actin Santa Cruz 
Biotechnology 

Cat#sc-47778; 
RRID: 
AB_626632 

Mouse monoclonal anti-GAPDH (G-9) Santa Cruz 
Biotechnology 

Cat#sc-365062; 
RRID: 
AB_10847862 

Mouse monoclonal anti-α-Actinin (Sarcomeric) Sigma-Aldrich Cat#A7811; 
RRID: 
AB_476766 

Donkey polyclonal Fluorescein (FITC)-
conjugated AffiniPure Donkey Anti-Mouse IgG 

Jackson Immuno 
Research 

Cat#715-095-
151; RRID: 
AB_2335588 

Virus strains 
AAV9-Control (Jin et al., 2017) N/A 
Adenovirus dnATF6α (Thuerauf et al., 

2001) 
N/A 

Chemicals 
Ponceau BS Sigma-Aldrich Cat#B6008 
Fibronectin bovine plasma Sigma-Aldrich Cat#F1141 
DMEM/F-12, HEPES Thermo Fisher 

Scientific 
Cat#11330032 

Medium 199 Sigma-Aldrich Cat#M7528 
DPBS, no calcium, no magnesium Thermo Fisher 

Scientific 
Cat#14190144 

Penicillin-Streptomycin-Glutamine (100X) Thermo Fisher 
Scientific 

Cat#10378016 

Laminin Sigma-Aldrich Cat#L2020 
HiPerFect Transfection Reagent QIAGEN Cat#301704 
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PF-429242 dihydrochloride Sigma-Aldrich Cat#SML0667 
(R)-(−)-Phenylephrine hydrochloride Sigma-Aldrich Cat#P6126 
(−)-Isoproterenol -hydrochlorid Sigma-Aldrich Cat#I6504 
Propidium Iodide Thermo Fisher 

Scientific 
Cat#P21493 

Hoechst 33342, Trihydrochloride, Trihydrate Thermo Fisher 
Scientific 

Cat#H21492 

Tunicamycin Sigma-Aldrich Cat#T7765 
Protease inhibitor cOmplete ULTRA Roche Cat#5892791001 
PhosSTOP Sigma-Aldrich Cat#0490683700

1 
4x Laemmli Sample Buffer Bio-Rad Cat#1610747 
2-Mercaptoethanol Sigma-Aldrich Cat#M6250 
ALLN Sigma-Aldrich Cat#208719 
Commercial assays 
RNeasy Mini Kit QIAGEN Cat#74104 
Quick-RNA MiniPrep Kit Zymo Research Cat#R1055 
DC Protein Assay Kit II Bio-Rad Cat#5000112 
Superscript III First-Strand Synthesis System Invitrogen Cat#18080051 
Maxima SYBR Green/ROX qPCR Master Mix Thermo Fisher 

Scientific 
Cat#K0221 

Deposited data 
Raw and analyzed data (Hofmann et al. 

2021) 
Data 
supplements 

Mouse reference genome GRCm39, Ensembl 
release 102 

Ensembl http://www.ense
mbl.org/Mus_mu
sculus/Info/Index 

Cardiomyocyte-specific RNA-Seq and 
ribosome profiling gene expression data from 
hearts after TAC 3 hours, 2 days and 2 weeks 

(Doroudgar et al., 
2019) 

SRA: 
PRJNA484227 
https://www.ncbi.
nlm.nih.gov/sra/?
term=PRJNA484
227 

ATF6 and XBP1s target genes (Shoulders et al., 
2013) 

Data 
supplements 

PERK target genes (Lu et al., 2004) Data 
supplements 

Experimental animal models 
Rat: WISTAR, HanRj:WI Rattus norvegicus Janvier Labs Cat#13792727; 

RRID: 
RGD_13792727 

Mouse: C57BL/6JRj Janvier Labs MGI Cat# 
2670020; 
RRID:MGI:26700
20 

Mouse: ATF6α KO (Wu et al., 2007) N/A 
Oligonucleotides 
Rat ATF6α Stealth siRNA: 
GCUCUCUUUGUUGUUGCUUAGUGGA 

Thermo Fisher 
 

ID#RSS315363 
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Rat siRNA Negative Control Thermo Fisher Cat#12935300 
Real-time PCR primers 
Mouse-Atf6-F: ATGGCCATGCTGGTCTATG This paper N/A 
Mouse-Atf6-R: 
CTGGTTGGGAAAGACATCTTCTA 

This paper N/A 

Mouse-Atp2a2-F: 
CCAGAGAGATGCCTGCTTAAA 

This paper N/A 

Mouse-Atp2a2-R: 
CACGTTGGATGAGATGAGGTAG 

This paper N/A 

Mouse-β-Actin-F: 
GACGGCCAGGTCATCACTAT 

This paper N/A 

Mouse-β-Actin-R: 
GTACTTGCGCTCAGGAGGAG 

This paper N/A 

Mouse-Col1a1-F: 
GAAGCACGTCTGGTTTGGA 

This paper N/A 

Mouse-Col1a1-R: 
ACTCGAACGGGAATCCATC 

This paper N/A 

Mouse-Hsp90b1-F: 
TCGTCAGAGCTGATGATGAAGT 

This paper N/A 

Mouse-Hsp90b1-R: 
GCGTTTAACCCATCCAACTGAAT 

This paper N/A 

Mouse-Hspa5-F: CACGTCCAACCCCGAGAA This paper N/A 
Mouse-Hspa5-R: 
ATTCCAAGTGCGTCCGATG 

This paper N/A 

Mouse-Manf-F: TGGGTGCGTTCTTCGACAT This paper N/A 
Mouse-Manf-R: 
GACGGTTGCTGGATCATTGAT 

This paper N/A 

Mouse-Myh7-F: 
TGCCCGATGACAAAGAAGAG 

This paper N/A 

Mouse-Myh7-R: 
AAGAGGCCCGAGTAGGTATAG 

This paper N/A 

Mouse-Nppa-F: 
GAGAGAGAGAAAGAAACCAGAGTG 

This paper N/A 

Mouse-Nppa-R: 
CTCATCTTCTACCGGCATCTTC 

This paper N/A 

Mouse-Nppb-F: 
GTCAGTCGTTTGGGCTGTAA 

This paper N/A 

Mouse-Nppb-R: 
GCAAGTTTGTGCTCCAAGATAAG 

This paper N/A 

Mouse-Pdia6-F: 
TGCCACCATGAATCAGGTTCT 

This paper N/A 

Mouse-Pdia6-R: 
TCGTCCGACCACCATCATAGT 

This paper N/A 

Mouse-Syvn1-F: 
CCAACATCTCCTGGCTCTTCCA 

This paper N/A 

Mouse-Syvn1-R: 
CAGGATGCTGTGATAAGCGTGG 

This paper N/A 

Rat-Atf6-F: CTTCCTCCAGTTGCTCCATC This paper N/A 
Rat-Atf6-R: CAACTCCTCAGGAACGTGCT This paper N/A 
Rat-Gapdh-F: 
GACAAACGTCTTCGGGAATTG 

This paper N/A 
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Rat-Gapdh-R: 
CTCTTTAAGGGCAGGGAGTATC 

This paper N/A 

Rat-Hsp90b1-F: 
AAGCATCTGATTACCTTGAATTGGAT 

This paper N/A 

Rat-Hsp90b1-R: 
CTCCTCCACAGTCTCAGTCTTGCT 

This paper N/A 

Rat-Hspa5-F: CACGTCCAACCCGGAGAA This paper N/A 
Rat-Hspa5-R: GTAGCCTGCGTGAACCTTA This paper N/A 
Rat-Xbp1-F: ACGAGAGAAAACTCATGGGC This paper N/A 
Rat-Xbp1-R: ACAGGGTCCAACTTGTCCAG This paper N/A 
Software and algorithms 
FIJI (ImageJ) (Rueden et al., 

2017; Schindelin 
et al., 2012) 

https://fiji.sc 

Prism v7.0 GraphPad https://www.grap
hpad.com/scientif
ic-
software/prism/ 

Adobe Illustrator Adobe https://www.adob
e.com/products/ill
ustrator.html 

R R Foundation https://www.r-
project.org 

R studio R studio https://rstudio.co
m/ 

Flexbar v3.0.315 (Roehr et al., 
2017) 

https://github.co
m/seqan/flexbar 

Bowtie2 v2.3.0 (Langmead and 
Salzberg, 2012) 

http://bowtie-
bio.sourceforge.n
et/bowtie2/index.
shtml 

STAR aligner, v2.5.3a17 (Dobin et al., 
2013) 

https://github.co
m/alexdobin/STA
R 

Rsubread v1.24.218 (Liao et al., 2019) https://bioconduc
tor.org/packages/
release/bioc/html
/Rsubread.html 

edgeR v3.32.1 (Robinson et al., 
2010) 

https://bioconduc
tor.org/packages/
release/bioc/html
/edgeR.html 

DAVID v6.8 (Dennis et al., 
2003; Huang et al., 
2009) 

https://david.ncifc
rf.gov 

Other 
ALZET mini-osmotic pump (Model 1007D) ALZET Cat#0000290 
Immobilon-P Membrane Merck Millipore Cat#IPVH00010 
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3 Methods 
 
The methods section is partly based on the preprint article ‘Age-related decline of the 

unfolded protein response in the heart promotes protein misfolding and cardiac 

pathology’ (Hofmann et al. 2021). 

 

Laboratory animals  

Data associated with all animal studies reported in this article has been reviewed and 

approved by the institutional animal care and use committee and conforms to the guide 

for the care and use of laboratory animals published by the National Research Council. 

All experiments were performed in 7 day, 10-week and 52-week-old male mice unless 

otherwise indicated. WT mice used for experiments in which no comparison to ATF6 

KO mice was performed were purchased from Jackson Laboratory (Jackson Stock No: 

005304). Mice carrying a global deletion of the ATF6α isoform, hereinafter referred to 

as ATF6, were provided by the Glembotski laboratory (Jin et al. 2016; Wu et al. 2007). 

In agreement with previous reports, ATF6 deletion did not affect mouse development 

(Blackwood et al. 2019b; Jin et al. 2016; Wu et al. 2007). In addition, no gender 

differences were found. Due to these observations, and in an attempt to decrease the 

total number of mice needed to adequately power the study, only male mice were used. 

All animals were fed ad libitum and were housed in a temperature- and humidity-

controlled facility with a 12-h light-dark cycle. In the experiments where Puromycin was 

used to determine protein synthesis rate in vivo, 40mg/kg of Puromycin diluted in PBS 

was given via intraperitoneal injection. 

 

Cultured cardiomyocytes  

Isolation of neonatal rat ventricular cardiomyocytes was performed as previously 

described (Jin et al. 2016). Cells were isolated from one to two-day old WISTA rats 
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(cat# 13792727, WISTAR HanRj:WI, Janvier Labs) via enzymatic digestion and 

purified by Percoll density gradient centrifugation. Cardiomyocytes were then plated at 

a density of 0.5 X 106 cells per well on 34.8 mm plastic plates that had been pre-treated 

with 5 μg/ml fibronectin (cat# F1141, Sigma-Aldrich) in serum free DMEM/F12 medium 

(cat# 11330032, Thermo Fisher Scientific) for one hour and then cultured in 

DMEM/F12 1:1, containing 10% fetal bovine serum, 100 units/mL of penicillin, 

100µg/mL streptomycin and 292 μg/ml glutamine (cat# 10378016, Thermo Fisher 

Scientific).  After 24h, media was changed to DMEM/F12 1:1 supplemented with BSA 

(1 mg/ml), 100 units/mL of penicillin, 100µg/mL streptomycin and 292 μg/ml glutamine 

or when neonatal cardiomyocytes were directly compared to adult cardiomyocytes to 

DMEM/F12 1:1, containing only 100 units/mL of penicillin, 100µg/mL streptomycin and 

292 μg/ml glutamine for 24h after which the cells were subjected to the respective 

treatments. Adult rat ventricular myocytes were isolated from 6-week old male WISTA 

rats (WISTAR RjHan:WI, Janvier Labs) via enzymatic digestion as previously 

described (Jin et al. 2016; Völkers et al. 2011). Hearts were rapidly excised and 

perfused with a rate of 8 mL/min in a Langendorff apparatus. After excision, hearts 

were initially perfused with calcium-free medium (ACM) (pH 7.2) consisting of (in mM) 

5.4 KCl, 3.5 MgSO4, 0.05 pyruvate, 20 NaHCO3, 11 glucose, 20 HEPES, 23.5 

glutamate, 4.87 acetate, 10 EDTA, 0.5 phenol red, 15 butanedionemonoxime (BDM), 

20 creatinine, 15 creatine phosphate (CrP), 15 taurine and 27 units/mL insulin under 

continuous equilibrium with 95% O2 and 5% CO2. After 5 min the perfusion was 

switched to ACM plus collagenase (0.5 U/mL) for 20 – 30 min. Finally, perfusion was 

changed to low Na+, high sucrose Tyrode solution containing (in mM) 52.5 NaCl, 4.8 

KCl, 1.19 KH2PO4, 1.2 MgSO4, 11.1 glucose, 145 sucrose, 10 taurine, 10 HEPES, 

0.2 CaCl2 for 15 min. Thereafter left ventricles of digested hearts were cut into small 

pieces and subjected to gentle agitation to allow for dissociation of cells. Consequently, 
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cells were resuspended in ACM without BDM in which 2 mM extracellular calcium was 

gradually reintroduced at 25 °C. Adult cardiomyocytes were cultured on laminin coated 

culture dishes. Cells were plated in Medium 199 (cat# M7528, Sigma-Aldrich) 

supplemented with 100 units/mL of penicillin, 100µg/mL streptomycin and 10µg/mL 

Laminin (cat# L2020, Sigma-Aldrich). After one hour media was changed to M199 

media supplemented with 100 units/mL of penicillin, 100µg/mL streptomycin. Cells 

were subjected to the respective treatments after 24 hours. To induce ER stress in 

vitro, 10 µg/mL tunicamycin (TM) was added to the cell media for 24h in the indicated 

experiments. Other concentrations that were used are described in the respective 

figures. 

 

siRNA transfection  

Neonatal rat ventricular myocytes were plated at a density of 0.5 X 106 cells per well 

on fibronectin coated 34.8 mm plates and cultured in Dulbecco´s modified Eagle´s 

medium (DMEM)/F12 1:1 (cat# 11330-032, Thermo Fisher Scientific), containing 10% 

fetal bovine serum, 100 units/mL of penicillin, 100µg/mL streptomycin and 292 μg/ml 

glutamine for 24h. One day after, media was changed to DMEM/F12 1:1 containing 

0.5% fetal bovine serum, 120 nM of siRNA and 0.625% HiPerFect (cat# 301704, 

QIAGEN) and no antibiotics. HiPerFect transfection reagent was used to transfect cells 

with small interfering (si) RNA oligoribonucleotides targeted to rat ATF6 (assay ID# 

RSS315363, Stealth siRNA, Thermo Fisher). A non-targeting sequence (cat# 

12935300, Thermo Fisher) was used as a control siRNA. Cells were incubated with 

the siRNA for 16 hours. Then, medium was changed to DMEM/F12 1:1 supplemented 

with BSA (1 mg/ml), 100 units/mL of penicillin, 100µg/mL streptomycin and 292 μg/ml 

glutamine. Respective treatments were initiated after 48 hours. 
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Adenovirus generation and transfection  

Plasmid vector construction and recombinant adenovirus generation encoding AAV9-

control and dominant-negative ATF6α (dnATF6) has been described previously 

(Thuerauf et al. 2001; Wang et al. 2000). Transduction was performed by incubating 

cultures overnight with the appropriate adenovirus at a multiplicity of infection (MOI, 

number infectious particles per cell) of five. On the next day media was changed to 

DMEM/F12 1:1 supplemented with BSA (1 mg/ml), 100 units/mL of penicillin, 

100µg/mL streptomycin and 292 μg/ml glutamine. After 24 hours, desired treatments 

were initiated. 

 

Cultured cell area  

Phase-contrast microscopy pictures were taken from five different fields per culture 

(n=3 individual cell cultures for each treatment). Cell area was determined using FIJI 

(Rueden et al. 2017; Schindelin et al. 2012). The number of measured cells can be 

found in the respective figure legends. For cultured myocytes cell area, myocytes were 

seeded at a density of 0.5 X 106 cells per well on fibronectin coated 34.8 mm plates 

maintained in Dulbecco´s modified Eagle´s medium (DMEM)/F12 1:1, containing 10% 

fetal bovine serum, 100 units/mL of penicillin, 100µg/mL streptomycin and 292 μg/ml 

glutamine for 24h. After 24h media was changed to DMEM/F12 1:1 supplemented with 

BSA (1 mg/ml), 100 units/mL of penicillin, 100µg/mL streptomycin and 292 μg/ml 

glutamine. After an additional 24 hours, cells were pretreated with either DMSO or 

50µM of PF-429242 dihydrochloride (cat# SML0667, Sigma-Aldrich), diluted in DMSO, 

for 30 minutes and then treated with Dulbecco´s phosphate buffered saline (PBS) (cat# 

14190-144, Thermo Fisher Scientific), (R)-(-)-phenylephrine hydrochloride (50µM) 

(cat# P6126, Sigma-Aldrich) or isoproterenol (10µM) diluted in PBS, for 24h. For siRNA 

and virus transfection cells were treated as described above.  
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Immunofluorescence 

Cardiomyocytes were isolated as described above. Cardiomyocytes were then plated 

on glass chamber slides that had been pre-treated with 25 μg/ml fibronectin for one 

hour. After the respective treatments, the slides were washed twice in PBS and then 

fixed with 4% PFA for 20 minutes. Slides were washed three times for 5-10 minutes in 

PBS and then incubated for 10 minutes in permeabilization buffer consisting of PBS, 

0.2% Triton X-100 and 0.1M Glycine. Then slides were washed once with PBS and 

then incubated with blocking buffer containing 10% horse serum and 0.2% Triton X-

100 in PBS for one hour. Next, slides were incubated overnight at 4°C with primary 

antibody diluted in blocking buffer. The primary antibody used was anti-α-Actinin, 

Sarcomeric (cat# A7811, Sigma-Aldrich; 1:100). On the next day slides were washed 

three times for 5-10 minutes in PBS and then incubated with secondary antibody in 

blocking buffer for one hour. The secondary antibody used was Fluorescein (FITC)-

conjugated AffiniPure Donkey Anti-Mouse IgG (cat# 715-095-151, Jackson Immuno 

Research; 1:100). The slides were then washed three times for 5-10 minutes in PBS 

and incubated in a 1:500 solution of 1mM TO-PRO-3 iodide (cat# T3605, Thermo 

Fisher Scientific) diluted in PBS for 10 minutes. Then slides were washed twice in PBS 

for 10 minutes and covered with VECTASHIELD Antifade Mounting Medium (cat# H-

1000, Vector Laboratories) and a glass plate and visualized by microscopy. Images 

were obtained using a Leica DMi8 confocal laser scanning microscope. 

 

Cell viability  

For quantification of viability cells were subjected to the respective treatments. Then, 

1 µg/mL of propidium iodide (cat# P21493, Thermo Fisher Scientific) and 5 µg/mL of 

Hoechst 33342, trihydrochloride, trihydrate (cat# H21492, Thermo Fisher Scientific) 

was added to the culture media. After 10 minutes fluorescent images of random 
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positions of the cell culture area were taken using a ZEISS Axio Vert.A1 microscope. 

Propidium iodide positive and negative cells were quantified with FIJI (Rueden et al. 

2017; Schindelin et al. 2012).  

 

Isoproterenol model of cardiac hypertrophy  

Male WT and ATF6 KO mice at 10 weeks of age were randomly assigned to the 

experimental groups. To induce cardiac hypertrophy, mice were subjected to either 

Lactated Ringer´s solution or 30mg/kg/day Isoproterenol (cat# I6504, Sigma-Aldrich) 

treatment via ALZET mini-osmotic pump implants (Model 1007D, cat# 0000290) for 

seven days. For osmotic pump implantation, mice were anesthetized with isoflurane. 

Pumps were inserted subcutaneously through a small incision at the lower back. Mice 

received daily intraperitoneal injections of 1µl/g of 0.1 mg/ml Buprenorphine solution, 

diluted in phosphate-buffered saline at time of surgery and up to 2d after surgery. 

 

TAC surgery  

Animals were randomly assigned to the experimental groups. TAC was performed as 

previously described (Blackwood et al. 2019b). Briefly, adult male mice were 

anesthetized using a 2% isofluorane/O2 mixture and intubated. Mice were treated with 

buprenorphine (0.1 mg/kg IP) and a partial trans-sternal thoracotomy performed using 

aseptic technique. An approximately 1.5 cm vertical left parasternal skin incision was 

made, underlying pectoralis muscle retracted, and the chest cavity entered through the 

fourth intercostal space. Using hooked retractors, adjacent ribs were retracted to 

expose the heart and aortic arch. The aorta was isolated from annexed tissue, and the 

artery partially ligated between the innominate and left common carotid arteries with 

6-0 silk. The calibrated constriction of the aorta was performed by placing a dull 27- 

gauge needle to the side of the artery, the ligature tied firmly to both the needle and 
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the artery, and, subsequently, the needle was removed leaving a calibrated stenosis 

of the aorta. Sham operated mice were exposed to the same procedure, except that 

the aorta was not constricted. The thoracic cavity was closed and the animals were 

allowed to recover. Animals were injected once with buprenorphine (0.1 mg/kg IP) 

about 12 h after recovery in order to reduce any post-operative discomfort. In case any 

animals displayed signs of pain or distress after this period, additional doses of 

buprenorphine were administered as needed. Sham-operated mice were euthanized 

at time points matching to TAC surgery time points. 

 

Echocardiography 

Echocardiography was carried out on anesthetized mice using a Visualsonics Vevo 

2100 high-resolution echocardiograph (Tsujita et al. 2005). Anesthesia was 

administered via a facial mask and maintained by a minimum dose of isoflurane (1.0–

2.0%). Echocardiography was performed at a heart rate of 450-550 bpm. 

 

Preparation of tissue lysates  

Mice were sacrificed and different tissues were rapidly excised, washed in PBS and 

snap frozen in liquid nitrogen. Different tissues were homogenized using a tissue 

homogenizer in 5 volumes of ice-cold polysome buffer containing 20mM Tris pH 7.4, 

10mM MgCl, 200mM KCl and 1% Trition X-100. For protein analysis via 

immunoblotting, initial lysates were further diluted with 9 volumes of RIPA buffer 

containing 20mM Tris-HCl (pH 7.4), 150mM NaCl, 1% Triton X-100, 0.1% SDS, 0,5% 

Sodium deoxycholate, protease inhibitor cOmplete ULTRA (cat# 05892791001, 

Roche) and phosphatase inhibitor PhosSTOP (cat# 04906837001, Sigma-Aldrich). 

RNA was isolated from tissue lysates using the RNeasy Mini Kit (cat# 74104, Qiagen). 
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Immunoblotting 

Cultured cells and mouse tissues were lysed in RIPA Buffer consisting of 50mM Tris 

pH 7.5, 150mM NaCl, 1% Triton X-100 and 1% SDS, which was supplemented with 

protease inhibitor cOmplete ULTRA (cat# 05892791001, Roche) phosphatase inhibitor 

PhosSTOP (cat# 04906837001, Roche). Lysates were cleared by centrifugation at 4°C 

for 10 minutes at 20.000 rcf. Lysate protein concentration was determined using DC 

Protein Assay Kit II (cat# 5000112, Bio-Rad). Equivalent amounts of protein, usually 

20-30 µg, were brought up to similar volume, mixed with Laemmli Sample Buffer (Bio-

Rad; 161-0747) and 2-Mercapoethanol (cat# M6250, Sigma-Aldrich) and boiled at 

95°C for 5 minutes. Samples were separated on SDS-PAGE gels and transferred to 

Immobilon-P transfer membranes (cat# IPVH00010, Merck Millipore). The following 

antibodies were used to probe the membranes: GAPDH (cat# G-9, sc-365062, Santa 

Cruz Biotechnology; 1:20,000), β-Actin (cat# C4, sc-47778, Santa Cruz Biotechnology; 

1:20,000), KDEL (cat# 10C3, ADI-SPA-827, ENZO Life Sciences; 1:2,000-5,000), 

ATF6 (cat# 24169-1-AP, Proteintech; 1:1,000), Puromycin (cat# MABE343, Merck 

Millipore; 1:2,000-1:10,000). Ponceau solution was prepared with Ponceau BS (cat# 

B6008, Sigma Aldrich). 

 

Quantitative Real Time PCR  

Total RNA was isolated from cultured cardiomyocytes using the Quick-RNA MiniPrep 

Kit (cat# R1055, Zymo Research) and from tissue using the RNeasy Mini Kit (cat# 

74104, Qiagen). cDNA was generated by reverse transcription using Superscript III 

First-Strand Synthesis System (Invitrogen; 18080-051). Quantitative Real Time PCR 

was performed with Maxima SYBR Green/ROX qPCR Master Mix (Thermo Fisher cat# 

K0222) in a StepOnePlus RT-PCR System (Thermo Fisher). 
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Xbp1 splicing  

XBP1 splicing was assessed with Real Time PCR using the following primers: FW 

ACGAGAGAAAACTCATGGGC; Rev ACAGGGTCCAACTTGTCCAG. cDNA was run 

on a 2% agarose gel at 130V for one hour and viewed by UV illumination.  

 

Sequencing data analysis  

Transcript profiling of ATF6 KO mice was performed as previously described. Briefly, 

total RNA was isolated from mouse left ventricular extracts and RNA sequencing was 

carried out on Illumina Nextseq at CellNetworks Deep Sequencing Core Facility at 

Heidelberg University. Sequencing adapter residues and low-quality bases were 

removed from raw sequencing reads prior to all other analysis steps using Flexbar 

version 3.0.315 (Roehr et al. 2017). Subsequently, reads mapping to known ribosomal 

RNA species were excluded from further analyses using Bowtie2 version 2.3.0 

(Langmead and Salzberg 2012) with a custom rRNA index and only keeping non-

aligning reads. Principal read mapping against the mouse reference genome 

(GRCm39, Ensembl release 102) was performed with the STAR aligner, version 

2.5.3a17 (Dobin et al. 2013). The read-to-transcript assignment was carried out using 

the R package Rsubread version 1.24.218 (Liao et al. 2019) and the ENSMBL gene 

annotation GRCm39, Ensembl release 102. The resulting count table was further 

processed with the edgeR R package19 (Robinson et al. 2010) to construct the list of 

differentially expressed genes. RNA-Seq and ribosome profiling data of TAC 3h, 2d 

and 2wk relative to time-matched Sham mice was obtained from the previously 

published dataset (Doroudgar et al. 2019). Significantly regulated genes were defined 

as FDR <0.05. ATF6 and XBP1s target genes were identified from Shoulders et al. 

(Shoulders et al. 2013). Due to incorrectly reported q-values in the available gene list 

from Shoulders et al., novel q-values were derived from the reversed log10 scores of 
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Benjamini-Hochberg. PERK-selective target genes were identified from Lu et al. (Lu et 

al. 2004). PERK-selective target genes were defined as genes induced both >2 fold in 

AP20187 treated eIF2a (S/S) Fv2E-PERK cells at 8h and >2 fold in TM treated WT 

cells at 6 hours. 'Unfolded protein response genes' were defined as the merged gene 

entries from the GO categories GO:0006986 (response to unfolded protein), 

GO:0030968 (endoplasmic reticulum unfolded protein response) and GO:0034976 

(response to endoplasmic reticulum stress).   

 

Gene Ontology analysis  

GO term enrichment analysis was performed as previously described. Briefly, genes 

with FDR <0.05 were considered for further analysis. GOTERM_BP_DIRECT in 

DAVID v6.8 (Dennis et al. 2003; Huang et al. 2009) was used with the subset of 

expressed protein-coding genes as background set. Only enriched GO terms with at 

least five significantly changed genes were kept for further analysis and ranked by p-

value. Top enriched terms were retained and visualized with a custom plotting routine 

showing enrichment p-value.  

 

Quantification and statistical analysis  

Statistical analysis was performed using GraphPad Prism 7.0 (Graphpad Software Inc; 

www.graphpad.com) or R (R Foundation; https://www.r-project.org). Data values are 

mean ± standard error of the mean (SEM). For statistical analysis one-way ANOVA 

with Turkey post-hoc analysis was used. When only two conditions where compared, 

unpaired two tailed t-test was used. p < 0.05 was defined as significant difference. 

Details of the statistical analyses of the sequencing data can be found in the method 

details. Biological replicate numbers for each figure can be found in the accompanying 

figure legend. 
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4 Results 
 

4.1 Age-dependent Decline of Protein Synthesis and the Unfolded Protein 
Response in Mice 

 

The proteostasis network and its change during postnatal development and aging has 

been extensively studied in invertebrates where aging is associated with a decline of 

protein homeostasis (Kikis et al. 2010). However, systematic analysis of the 

proteostasis network in mammalians are limited. Specifically, the regulation of the 

unfolded protein response during mammalian aging is incompletely understood. To 

evaluate the unfolded protein response and its association with the rate of protein 

synthesis during mammalian aging, protein synthesis and the expression of several 

essential unfolded protein response genes were assessed in different organs, 

including heart, skeletal muscle, brain, kidney, and liver in neonatal (one day old), 

young-adult (10 weeks old), and middle aged (52 weeks old) mice. The organs were 

grouped into low mitotic activity (heart, skeletal muscle and brain) and high mitotic 

activity tissues (kidney and liver). Protein synthesis rate was assessed by using the 

aminonucleoside antibiotic puromycin, which incorporates into elongating peptide 

chains via the formation of a peptide bond (Nathans 1964). When used in very low 

concentration that do not inhibit protein synthesis, puromycin-labeled peptides reflect 

the rate of synthesized proteins during the time of incubation with the compound 

(Schmidt et al. 2009). To measure the rate of protein synthesis in vivo, mice were 

subjected to intraperitoneal puromycin injection (40 µM/kg), followed by the isolation 

of the respective organs after thirty minutes. Puromycin-labeled peptides were then 

detected in tissue lysates by immunoblotting using an anti-puromycin antibody. Protein 

synthesis decreased in all organs with age (Figure 9). While a significant decline of 

protein synthesis occurred from neonate to adult mice, no further reduction was 
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observed from adult to aged mice. Importantly, the reduction of protein synthesis was 

much more pronounced in tissues with low mitotic activity (heart, skeletal muscle and 

brain) compared to tissues which maintain mitotic activity (kidney and liver), where only 

a slight decrease of protein synthesis was found.  

Next, the expression of the canonical hallmarks of the unfolded protein response, 

chaperones 78 kDa glucose-regulated protein (GRP78) and GRP94, and protein 

disulfide-isomerase A6 (PDIA6), were assessed in neonatal, young adult, and middle-

aged mouse tissues. 

 

 

Figure 9 | Extensive Downregulation of Protein Synthesis in Tissues with Low 
Mitotic Activity during Mammalian Adulthood.  

 
Immunoblots of Puromycin and respective quantifications for the low-mitotic tissues heart (A), 

skeletal muscle (B), brain (C) and the mitotic tissues kidney (D) and liver (E). * indicates p<0.05 

from neonate. Figure 9 was adapted from ‘Age-related decline of the unfolded protein response 

in the heart promotes protein misfolding and cardiac pathology’ (Hofmann et al. 2021). 
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Similar to the observed age-dependent decline of protein synthesis, the expression of 

the unfolded protein response gene products declined with age, especially from 

neonate to adult mice. Only a slight further decrease of some of the evaluated proteins 

could be observed from adult to aged mice in some, but not all tissues (Figure 10). The 

expression of the unfolded protein response gene products was especially reduced in 

tissues with low mitotic activity. However, significant protein- and organs-specific 

differences could be observed. Interestingly, the correlation between protein synthesis 

and the expression of the unfolded protein response genes was highly significant 

across all samples (Figure 11). While this correlation does not prove a direct relation 

between protein synthesis and the unfolded protein response, it may indicate that the 

unfolded protein response is regulated in a way coordinate with the baseline cellular 

protein synthesis activity of the tissue or vice versa. Since changes of the proteostasis 

network during postnatal aging of the heart are incompletely understood, the following 

experiments focused primarily on the regulation of the unfolded protein response in 

the heart.  

 

 

Figure 10 | Reduced Age-dependent Expression of Unfolded Protein Response 
Genes in Mice. 
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Figure 10 | Reduced Age-dependent Expression of Unfolded Protein Response 
Genes in Mice. 
 

Immunoblots and respective quantifications of the unfolded protein response gene products 

GRP94, GRP78, and PDIA6 for the low-mitotic tissues heart (A), skeletal muscle (B), brain (C) 

and the mitotic tissues kidney (D) and liver (E).  * indicates p<0.05 from neonate; # indicates 

p<0.05 from adult. Figure 10 was adapted from ‘Age-related decline of the unfolded protein 

response in the heart promotes protein misfolding and cardiac pathology’ (Hofmann et al. 

2021). 

 

 

 

Figure 11 | Correlation of Protein Synthesis and Unfolded Protein Response in 
vivo. 
 

Scatter plot showing the correlation between puromycin incorporation and the mean of the 

normalized expression of GRP94, GRP78, and PDIA6. Colors for each organ are shown on 

the right. r was calculated with GraphPad Prism v7.0. Figure 11 was adapted from ‘Age-related 

decline of the unfolded protein response in the heart promotes protein misfolding and cardiac 

pathology’ (Hofmann et al. 2021). 
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expression of several unfolded protein response genes from young adulthood in 

human hearts was observed (Figure 12). However, these initial results should be 

interpreted with caution, since the dataset contained very low numbers of samples for 

each age group (n = 1-3). The results indicated that mammalian low-mitotic organs are 

more affected by a decline in baseline protein synthesis and unfolded protein response 

compared to mitotic organs. While cardiomyocytes make up the majority of the cardiac 

mass, about 70% of the cells of the heart are non-myocytes, such as endothelial cells 

or fibroblasts (Litviňuková et al. 2020; Pinto et al. 2016). Those highly mitotic cells may 

have masked an even more pronounced decline of the unfolded protein response in 

cardiomyocytes from the left ventricular lysates (heart). 

Figure 12 | Baseline Unfolded Protein Response in Healthy Human Hearts from 
Newborn to Adulthood.  
 
Normalized RPKM values of the respective genes for human RNA sequencing data of the 

indicated age groups; newborn n=2, infant n=3, toddler n=2, teenager n=1, young adult n=1, 

older mid-aged n=1. Figure 12 was adapted from ‘Age-related decline of the unfolded protein 

response in the heart promotes protein misfolding and cardiac pathology’ (Hofmann et al. 

2021). 
 

Thus, to characterize the unfolded protein response in cardiomyocytes during 
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the rate of protein synthesis, as well as the baseline unfolded protein response were 

reduced in adult cardiomyocytes. However, especially the decline of the unfolded 

protein response was much more pronounced, falling to nearly undetectable levels in 

adult cardiomyocytes for some of the tested unfolded protein response gene products 

(Figure 13). 

 

Figure 13 | Protein Synthesis Rate and Unfolded Protein Response in Neonatal 
and Adult isolated Cardiomyocytes.  
 
 (A) Puromycin immunoblot and respective quantification of neonatal and adult cardiomyocytes 

under baseline conditions. (B) p90 and p50 ATF6 immunoblots and respective quantification 

of neonatal and adult cardiomyocytes under baseline conditions. (C) Immunoblots and 

respective quantifications for GRP94, GRP78, and PDIA6 of neonatal and adult 

cardiomyocytes under baseline conditions. * indicates p<0.05 from control. Figure 13 was 

adapted from ‘Age-related decline of the unfolded protein response in the heart promotes 

protein misfolding and cardiac pathology’ (Hofmann et al. 2021). 
 

A decreased baseline expression of some unfolded protein response genes does not 
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upregulation of their proteostasis network in response to proteotoxic stress, the low 

baseline expression of unfolded protein response genes may come without any 

maladaptive consequences. To examine the expression of the unfolded protein 

response during proteotoxic stress, isolated neonatal and adult rat ventricular 

cardiomyocytes were treated with tunicamycin (TM), an inhibitor of N-linked 

glycosylation that blocks glycoprotein synthesis and thereby induces protein 

misfolding. Tunicamycin induced a robust upregulation of the examined unfolded 

protein response gene products in both neonatal and adult cardiomyocytes (Figure 

14A). While the fold change of their expression was comparable in neonatal and adult 

cardiomyocytes, the total expression of the unfolded protein response gene products 

in adult cardiomyocytes remained well below the level of neonatal cardiomyocytes. 

This was associated with reduced survival of adult cardiomyocytes in response to TM 

treatment, compared to neonatal cardiomyocytes (Figure 14B). While this observation 

does not prove that the reduced expression of the unfolded protein response itself is 

directly accountable for the increased cell death during proteotoxic stress, it however 

suggests that it may be at least partly involved in this process.  

 

 

 

Figure 14 | Reduced Responsiveness of Adult Cardiomyocytes to Proteotoxic 
Stress. 
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Figure 14 | Reduced Responsiveness of Adult Cardiomyocytes to Proteotoxic 
Stress. 
  
 (A) Immunoblots and quantifications for ATF6, GRP94, GRP78, and PDIA6 of neonatal and 

adult rat primary cardiomyocytes treated with vehicle (DMSO; control) or TM for 24h. (B) 

Relative viability of neonatal and adult rat cardiomyocytes after 24h of 20µg/mL TM treatment. 

Values are normalized to the viability of vehicle (DMSO) treated cells of the same experiment. 

Each dot represents the viability of all cells in a random 10× magnified cell culture view. Data 

are representative of three independent experiments. * indicates p<0.05 from neonate control 

in (A) and p<0.05 from neonate + TM in (B). Figure 14 was adapted from ‘Age-related decline 

of the unfolded protein response in the heart promotes protein misfolding and cardiac 

pathology’ (Hofmann et al. 2021). 

 

4.2 Loss of ATF6 has only Minor Effects on the Unfolded Protein 
Response at Baseline in vivo 

 

The unfolded protein response is executed by at least three transmembrane proteins 

inside the ER; inositol requiring protein 1 (IRE1), protein kinase RNA-like ER kinase 

(PERK), and activating transcription factor 6 (ATF6) (Hetz and Papa 2018). A strong 

reduction of ATF6 expression, with almost undetectable levels of transcriptionally 

active p50 ATF6, was found in adult cardiomyocytes (Figure 13B), which is why this 

study focused the following experiments on the ATF6 branch of the unfolded protein 

response. 

The consequence of ATF6 deficiency, such as it may occur in the aging heart, on 

global cardiac gene expression has not been analyzed before. Thus, transcript profiling 

via mRNA sequencing was performed on ATF6 knockout (KO) mice and WT mice. 

ATF6 KO was confirmed by PCR (Figure 15A). The generation of ATF6 KO mice has 

been described before (Wu et al. 2007) and similar to the previous study, ATF6 KO 

mice developed normally throughout adulthood and exhibit no obvious cardiac 

phenotype, indicating that ATF6 is not essential for normal cardiac development and 
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function under non-stressed conditions (Jin et al. 2016). RNA sequencing revealed 

that genes regulated in ATF6 KO hearts enrich for several GO categories, including 

'oxidation-reduction process', 'response to endoplasmic reticulum stress' and 

'regulation of cell growth' (Figure 15B). However, a detailed analysis of the unfolded 

protein response and changes in gene expression of previously described target genes 

of the three canonical branches ATF6, PERK, and IRE1 (XBP1s) revealed that only a 

few unfolded protein response genes are actually significantly regulated at baseline in 

mouse hearts (Figure 15C and 15D). 

 

 

Figure 15 | mRNA Sequencing of ATF6 KO Mouse Hearts. 
  
(A) ATF6 PCR of WT and ATF6 KO mice showing the successful knock-out of ATF6. (B) 

Enrichment of gene ontology terms (biological process) of significantly changed genes. (C) 

Volcano blots of transcriptional changes measured by RNA sequencing in adult ATF6 KO mice 

compared to WT mice. The highlighted colors indicate ATF6 (red), XBP1s (blue), or PERK 

(yellow) target genes. The horizontal dotted line indicates an FDR of 0.05. Genes above the 

line are considered significant (FDR < 0.05). 4 WT and 3 ATF6 KO adult mice were used for 
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the analysis. (D) Heat map showing the regulation of all ATF6 (red), XBP1s (blue) or PERK 

(yellow) target genes in ATF6 KO mice. Figure 15 was adapted from ‘Age-related decline of 

the unfolded protein response in the heart promotes protein misfolding and cardiac pathology’ 

(Hofmann et al. 2021). 

 

ATF6 target genes are regulated via the binding of the transcriptional active 50kD N-

terminal fragment of ATF6 to ERSE and ERSE-II elements in their respective promoter 

regions (Kokame et al. 2001; Yamamoto et al. 2004). Other transcriptionally active 

proteins are known to bind to the same elements as ATF6(N), which might compensate 

ATF6 deficiency (Correll et al. 2019; Thuerauf et al. 2004; Yamamoto et al. 2004). 

Among those are ATF6 beta and spliced XBP1. Indeed, rapid splicing of XBP1 could 

be observed when ATF6 activation was pharmacologically inhibited with the PF-

429242 (Figure 16), a reversible, competitive inhibitor of sterol regulatory element-

binding protein (SREBP) site 1 protease, which is required for the generation of the 

transcriptional active 50kD N-terminal fragment of ATF6 (Glembotski 2014). This 

indicates that cardiomyocytes respond to the inhibition of ATF6 activation with 

compensatory XBP1 splicing. While further mechanisms of compensation for ATF6 

insufficiency were not investigated, it seems likely that cardiomyocytes can 

compensate a loss of ATF6 via the activation of other transcription factors that bind to 

ERSE and ERSE-II elements. It was therefore concluded that ATF6 is only required 

for the expression of a few unfolded protein response genes at baseline and is in 

general non-essential for the unfolded protein response in unstressed cardiomyocytes. 
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Figure 16 | XBP1 Splicing in Response to Acute ATF6 Inhibition. 
  
(A) RT-PCR using primers that recognize the unspliced and spliced isoform of XBP1 with the 

respective quantification (B). Neonatal cardiomyocytes were treated with indicated doses of 

the ATF6 inhibitor PF-429242 for 24 hours. * indicates p<0.05 from control. Figure 16 was 

adapted from ‘Age-related decline of the unfolded protein response in the heart promotes 

protein misfolding and cardiac pathology’ (Hofmann et al. 2021). 
 

4.3 Re-Induction of the ATF6 Branch of the Unfolded Protein Response 
during Adult Cardiomyocyte Hypertrophy 

 

It was shown that cardiac protein synthesis and activation of the unfolded protein 

response, including the ATF6 branch, are compromised in adult mice. However, the in 

vitro model that was used to induce protein misfolding and ER stress via 

pharmacological inhibition of protein glycosylation might be insufficiently translatable 

to pathophysiological cardiac conditions in which protein misfolding occurs. One such 

condition that is commonly observed in the clinic is cardiac hypertrophy, in which the 

increased amount of protein synthesis drives cardiomyocyte growth and challenges 

the protein homeostasis environment (Heineke and Molkentin 2006). Importantly, large 

accumulations of misfolded proteins have been previously described in hypertrophic 

human hearts, at least in its failing stage (Sanbe et al. 2004). It was therefore 

hypothesized that the ATF6-mediated unfolded protein response is activated in 
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cardiomyocytes during phases of increased protein synthesis to protect against 

proteotoxic stress of increased protein load on the endoplasmic reticulum. 

 

Chronic stimulation of adrenergic receptors of cardiomyocytes is known to initiate 

cardiomyocyte hypertrophy (Heineke and Molkentin 2006). Isolated neonatal 

cardiomyocytes were therefore subjected to the adrenergic receptor agonists 

phenylephrine (PE) and isoproterenol (ISO), which consistently induced 

cardiomyocyte hypertrophy and increased protein synthesis, measured by puromycin 

incorporation (Figure 17). However, neonatal cardiomyocyte hypertrophy was not 

associated with ATF6 activation or induction of total ATF6 protein levels (Figure 18A). 

 
Figure 17 | Hypertrophic Growth Response of isolated Neonatal Cardiomyocytes 
subjected to Adrenergic Receptor Agonists. 
  
(A) Cell surface area measurements of neonatal cardiomyocytes in response to PBS (Vehicle; 

Veh), phenylephrine (PE), or isoproterenol (ISO) for 24h. At least 800 cells were measured in 

total per condition in three independent experiments. (B) Immunoblot for Puromycin and 

respective quantification of vehicle or PE-treated neonatal cardiomyocytes. Cells were lysed 

24h after treatment. * indicates p<0.05 from control.  
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neonatal cardiomyocytes are capable of hypertrophic growth without suffering from 

significant amounts of ER stress and protein misfolding that would require an increased 

expression of protein homeostasis genes. This does not exclude that more severe 

forms of cardiomyocyte hypertrophy can cause ER stress and protein misfolding in 

neonatal cardiomyocytes, though the results clearly indicate that such a phenotype 

was not occurring in the in vitro experiment setup used for this study. 

 

Figure 18 | Absence of ATF6 Activation and Unfolded Protein Response 
Induction during Neonatal Cardiomyocyte Hypertrophy. 
  
(A) Full-length (p90) and active (p50) ATF6 immunoblots and respective quantifications of 

neonatal cardiomyocytes after 24h vehicle, PE, ISO, or TM treatment. Due to the rapid 

degradation of ATF6, all samples were treated with the protease inhibitor ALLN for 3 hours 

prior to lysing the cells. The two visible bands of p90 ATF6 represent its glycosylated and non-

glycosylated forms after treatment with the glycosylation inhibitor TM. (B) mRNA levels of 

Hspa5 or Hsp90b1 after 24h of PE or ISO treatment normalized to 18S mRNA. (C) 

Immunoblots and respective quantification of GRP94, GRP78, and PDIA6 in neonatal 

cardiomyocytes treated with Veh, PE, or ISO for 24h, normalized to β-Actin protein levels. * 

indicates p<0.05 from all other samples. 
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A previous study highlighted the possibility of transient unfolded protein response 

induction in the absence of ER stress within minutes after growth factor stimulation in 

endothelial cells (Karali et al. 2014). To examine if such a rapid, but transient unfolded 

protein response activation occurs in cardiomyocytes, which could have been missed 

with the 24h treatment regime, XBP1 splicing was quantified in isolated neonatal 

cardiomyocytes 0.5h, 1h, and 3h after PE or ISO treatment. XBP1 splicing was used 

as a readout for unfolded protein response activation in this setup, because XBP1 

splicing was previously described as a rapid and sensitive readout of ER stress 

(Yoshida et al. 2001). No XBP1 splicing could be observed at any of the tested 

treatment timepoints in neonatal cardiomyocytes (Figure 19A). Similarly, no XBP1 

splicing occurred at 24h when cardiomyocyte hypertrophy is consistently observed 

(Figure 19B). The correct execution of the experiments was controlled with 24h of 

tunicamycin treatment as a positive control (Figure 19A, 19B and 19C). 

 

Figure 19 
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Figure 19 | Absence of XBP1 Splicing in Response to Adrenergic Stimulation in 
Neonatal Cardiomyocytes. 
  
(A) and (B) XBP1 splicing of neonatal cardiomyocytes treated with vehicle, PE or ISO for the 

indicated timepoints. The vehicle timepoint matches the longest treatment of each panel. A 

24h TM treatment was used as a positive control. Treatments were conducted in a way that all 

cells of the same experiment were lysed at the same time. (C) Quantification of all treatment 

timepoints. * indicates p<0.05 from control.  
 
 

 
 
 
Figure 20 | XBP1 Splicing in the Unstressed Adult Heart. 
  
(A) PCR for XBP1 splicing of left ventricular lysates from neonatal and adult hearts. A 24h TM 

treatment was used as a positive control. (B) PCR for XBP1 splicing of untreated isolated 

neonatal and adult rat cardiomyocytes. A 24h TM treatment was used as a positive control. * 

indicates p<0.05 from neonate. 
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In contrast to the absence of XBP1 splicing in neonatal cardiomyocytes at baseline or 

during hypertrophic growth, significant amounts of XBP1 splicing were observed in 

adult cardiomyocytes even at baseline (Figure 20). Similarly, XBP1 splicing was 

detectable in left ventricular lysates from adult hearts at baseline, compared to almost 

no detectable spliced XBP1 in neonatal left ventricular lysates (Figure 20). While the 

exact cause and consequence of the observed XBP1 splicing in adult hearts remains 

unknown, it is reasonable to assume that the low expression of the unfolded protein 

response in the adult mouse heart might cause mild ER stress even at baseline. 

 

Based on the impaired responsiveness and increased susceptibility of adult 

cardiomyocytes to proteotoxic stress, it was hypothesized that contrary to neonatal 

cardiomyocytes, adult cardiomyocytes experience ER stress during phases of 

increased protein load to the endoplasmic reticulum when they undergo hypertrophic 

growth. Similar to the previous experiments, adult cardiomyocytes were treated with 

the adrenergic receptor agonists PE and ISO, as well as TM as a positive control. Both 

PE and ISO induced mild adult cardiomyocyte hypertrophy (Figure 21A), which was 

associated with increased expression of ATF6 (Figure 21B and 21C). Due to the low 

expression and rapid degradation of the transcriptionally active cleaved N-terminal 

fragment of ATF6, it was not possible to detect p50 ATF6 in adult cardiomyocytes. 

Nevertheless, transcriptional activity of ATF6 appears to be induced in response to 

adrenergic stimulation, due to a dose-dependent expression of ATF6 target genes both 

on the mRNA (Figure 21D) and protein level (Figure 21E and 21F).  

To compare the unfolded protein response induction during hypertrophic growth of 

isolated adult cardiomyocytes with that observed in the experimental model of ER 

stress using pharmacological treatment with TM, adult cardiomyocytes were treated 

with increasing doses of TM for twenty-four hours, similar to the treatment timepoint 
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used in the hypertrophy model. Even the lowest concentration of TM (100nM) induced 

a higher unfolded protein response than the highest concentrations of adrenergic 

receptor agonists (Figure 22), indicating that if the unfolded protein response activation 

in adult cardiomyocytes in response to adrenergic stimulation is due the ER stress 

from hypertrophic growth, the amount of protein misfolding is likely much lower than 

that observed after TM treatment.  

It should be noted that the expression of several unfolded protein response genes is 

dependent on the concentration of serum in the culture media (Figure 23A and 23B). 

A direct comparison between neonatal and adult cardiomyocytes for the expression of 

these genes is therefore only possible when the same media serum conditions are 

used for all cells. A direct comparison of neonatal and adult cardiomyocytes verified 

the decreased baseline expression of unfolded protein response genes in adult 

cardiomyocytes. It also confirmed the absence of their induction only in neonatal 

cardiomyocytes during hypertrophic growth stimulation, and the inability of adult 

cardiomyocytes to upregulate the unfolded protein response genes to levels similar to 

that of neonatal cardiomyocytes (Figure 23C). 
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Figure 21 | Activation of the ATF6-mediated Unfolded Protein Response in Adult 
Cardiomyocytes in Response to Adrenergic Stimulation-induced Hypertrophy. 
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Figure 21 | Activation of the ATF6-mediated Unfolded Protein Response in Adult 
Cardiomyocytes in Response to Adrenergic Stimulation-induced Hypertrophy. 
  
(A) Cell surface area measurements of adult cardiomyocytes in response to PBS (Veh), 

phenylephrine (PE), or isoproterenol (ISO) for 24h. At least 400 cells were measures in total 

per condition in three independent experiments. (B) p90 and p50 ATF6 immunoblots and 

respective quantifications (C) of adult cardiomyocytes after 24h vehicle, PE, ISO, or TM 

treatment. The two visible bands of p90 ATF6 represent its glycosylated and non-glycosylated 

form after treatment with the glycosylation inhibitor TM. (D) mRNA levels of Hspa5 or Hsp90b1 

after 24h treatment of adult cardiomyocytes with increasing PE or ISO dosages normalized to 

18S mRNA. (E and F) Immunoblots and respective quantifications of GRP94, GRP78, and 

PDIA6 in adult cardiomyocytes treated with increasing dosages of Veh, PE, or ISO for 24h, 

normalized to β-Actin protein levels. Figure 21 was adapted from ‘Age-related decline of the 

unfolded protein response in the heart promotes protein misfolding and cardiac pathology’ 

(Hofmann et al. 2021). 
 

Figure 22 | Induction of the Unfolded Protein Response in Adult Cardiomyocytes 
in Response to Endoplasmic Reticulum Stress induced by Tunicamycin 
Treatment. 
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Figure 22 | Activation of the Unfolded Protein Response in Adult 
Cardiomyocytes in Response to Endoplasmic Reticulum Stress induced by 
Tunicamycin Treatment. 
  
(A and B) Hspa5 and Hsp90b1 levels in adult cardiomyocytes treated with indicated doses of 

TM for 24h. (C) Immunoblot and respective quantifications of GRP94, GRP78, and PDIA6 of 

adult cardiomyocytes treated with indicated doses of TM for 24h. * indicates p<0.05 from 

control. Figure 22 was adapted from ‘Age-related decline of the unfolded protein response in 

the heart promotes protein misfolding and cardiac pathology’ (Hofmann et al. 2021). 

 

 

 

 
Figure 23 | Comparison of the Unfolded Protein Response Activation during 
Neonatal and Adult Cardiomyocyte Hypertrophy.  
  
(A) Cell surface area measurements of adult cardiomyocytes in response to serum free media, 

supplemented with BSA, or increasing dosages of fetal calf serum. At least 25 cells were 

measured for each condition. (B) Immunoblot and respective quantifications of GRP94, 

GRP78, and PDIA6 of neonatal cardiomyocytes cultured in indicated dosages of serum. (C) 

Immunoblot and respective quantifications of GRP94 and GRP78 of neonatal and adult 

cardiomyocytes treated with PE, ISO or TM for 24h. * indicates p<0.05 from all other samples. 

# indicates p<0.05 to neonatal vehicle. 
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To confirm that the results from isolated cardiomyocytes in vitro are translatable to an 

in vivo model of increased cardiac protein synthesis and cardiac hypertrophy, left 

ventricular lysates of mice that underwent transverse aortic constriction (TAC) surgery 

were used to quantify protein levels of the ATF6 target genes GRP94, GRP78, and 

PDIA6 (Figure 24). TAC surgery is a model of pressure overload-induced cardiac 

hypertrophy, in which a suture around the aortic arch is used to induce aortic stenosis, 

resulting in cardiac hypertrophy (deAlmeida et al. 2010; Rockman et al. 1991). Hearts 

were isolated three hours and two days after surgery. Increased protein synthesis is 

robustly detectable at two days post-surgery, whereas the three-hour timepoints was 

used to exclude unspecific effects from the invasiveness of the surgery or anesthesia. 

Significantly increased protein levels of the ATF6 targets were detectable at two days 

post-surgery when increased protein synthesis and hypertrophic growth is observable, 

whereas no regulation of the proteins was seen at three hours post-surgery (Figure 

24), indicating that the increased expression of the ATF6 target genes is primarily 

associated with the hypertrophic growth response after TAC surgery. 

 

 
Figure 24 | Unfolded Protein Response induction in the Adult Mouse Heart after 
Transverse Aortic Constriction.  
  
Immunoblots and respective quantification of GRP94, GRP78, and PDIA6 of left ventricular 

lysates from mice 3h or 2d after TAC surgery. Sham mice were sacrificed after 2d. * indicates 

p<0.05 from Sham. Figure 24 was adapted from ‘Age-related decline of the unfolded protein 

response in the heart promotes protein misfolding and cardiac pathology’ (Hofmann et al. 

2021). 
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These results were further validated in an additional unbiased sequencing screen for 

transcriptional and post-transcriptional gene regulation after TAC surgery. To this end, 

publicly available RNA sequencing, cardiomyocyte-specific ribosome profiling, and 

quantitative mass spectrometry-based proteomics datasets generated from the left 

ventricle of mice that were subjected to sham or TAC surgery were retrospectively 

analyzed (Doroudgar et al. 2019). Among the top regulated GO categories, the terms 

'Protein folding' and 'Response to ER stress' could be found in the two-day post TAC 

surgery group (Figure 25), indicating that among the significantly regulated genes in 

response to TAC surgery, those that function in protein homeostasis and the unfolded 

protein response are significantly enriched. In addition, many unfolded protein 

response genes were found to be regulated both on the transcriptional and 

translational level at two days after TAC surgery (Figure 26). 

 

 

Figure 25 | Enrichment of the Regulation of Proteostasis-associated Genes in 
Response to Transverse Aortic Constriction Surgery. 
  
Enrichment of gene ontology terms (biological process) of RNA-Seq (A), ribosome profiling 

(B), and quantitative mass spectrometry-based proteomics (C) 2d post-TAC or sham surgery. 

RNA-Seq and ribosome profiling libraries were derived from left ventricular lysates of Ribo-

Tag mice. Proteome data is based on isolated cardiomyocytes from similarly treated mice. 

Figure 25 was adapted from ‘Age-related decline of the unfolded protein response in the heart 

promotes protein misfolding and cardiac pathology’ (Hofmann et al. 2021). 
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Figure 26 | Unfolded Protein Response Induction in the Adult Mouse Heart after 
Transverse Aortic Constriction. 
  
Transcriptional (A) or translational (B) regulation of unfolded protein response genes 2d after 

TAC surgery. Transcripts were considered significant when false discovery rate (FDR) was 

<0.05. Figure 26 was adapted from ‘Age-related decline of the unfolded protein response in 

the heart promotes protein misfolding and cardiac pathology’ (Hofmann et al. 2021). 
 

An in-depth analysis of the gene targets of the three major branches of the unfolded 

protein response, ATF6, IRE1 (XBP1s), and PERK revealed that all three branches 

are activated after TAC surgery, with a mild regulation at three hours, a peak of the 

number of regulated genes at two days, followed by a reduction of regulated genes at 

two weeks, both on the transcriptional and translational levels (Figure 27 and Figure 

28). Taken together, the results indicate that upon hypertrophic growth of adult 

cardiomyocytes, which is associated with increased protein load to the endoplasmic 

reticulum, the unfolded protein response, including the ATF6 branch, is activated. This 

results in the upregulation of gene networks that maintain protein quality control, which 

might be necessary to enable adult cardiomyocyte growth. In contrast to adult 
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higher baseline expression of protein quality control elements, which then might protect 

from ER stress at the tested experimental conditions. 

 

 

Figure 27 | Transcriptional Unfolded Protein Response Induction in Response to 
Transverse Aortic Constriction in the Adult Heart. 
  
(A, B and C) Volcano plots of transcriptional changes after 3h, 2d or 2wk TAC surgery in mice 

compared to time-matched sham controls. The highlighted colors indicate ATF6 (red), XBP1s 

(blue), or PERK (yellow) target genes. The horizontal dotted line indicates an FDR of 0.05. 

Genes above the line are considered significant (FDR < 0.05). (D) Enrichment of gene ontology 

terms (biological process) of significantly changed ATF6 (red), XBP1s (blue), or PERK (yellow) 

target genes 2d after TAC surgery. (F) Heat map showing the transcriptional regulation of all 

ATF6 (red), XBP1s (blue), or PERK (yellow) target genes 2d after TAC surgery. Figure 27 was 

adapted from ‘Age-related decline of the unfolded protein response in the heart promotes 

protein misfolding and cardiac pathology’ (Hofmann et al. 2021). 
 

Figure 28 | Translational Unfolded Protein Response Induction in Response to 
Transverse Aortic Constriction in the Adult Heart. 
  
(A, B and C) Volcano plots of translational changes after 3h, 2d, or 2wk TAC surgery in mice 

compared to time-matched sham controls. The highlighted colors indicate ATF6 (red), XBP1s 

(blue), or PERK (yellow) target genes. The horizontal dotted line indicates an FDR of 0.05. 

Genes above the line are considered significant (FDR < 0.05). (D) Enrichment of gene ontology 

terms (biological process) of significantly changed ATF6 (red), XBP1s (blue), or PERK (yellow) 

target genes 2d after TAC surgery. (F) Heat map showing the translational regulation of all 

ATF6 (red), XBP1s, (blue) or PERK (yellow) target genes 2d after TAC surgery. Figure 28 was 

adapted from ‘Age-related decline of the unfolded protein response in the heart promotes 

protein misfolding and cardiac pathology’ (Hofmann et al. 2021). 
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Figure 27 | Transcriptional Unfolded Protein Response Induction in Response to 
Transverse Aortic Constriction in the Adult Heart. 
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Figure 28 | Translational Unfolded Protein Response Induction in Response to 
Transverse Aortic Constriction in the Adult Heart. 
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4.4 Insufficient ATF6 Activation Impairs the Myocardial Hypertrophic 
Growth Response during Cardiac Stress 

 

To investigate the functional role of ATF6 during cardiomyocyte hypertrophy, isolated 

neonatal cardiomyocytes were subjected to siRNA-mediated knock-down of ATF6 

followed by adrenergic stimulation with PE to induce hypertrophic growth. siRNA-

mediated knock-down of ATF6 resulted in an approximately 90% reduction of ATF6 

gene expression (Figure 29A). ATF6 knock-down did not affect cell size at baseline, 

however ATF6 deficiency led to an attenuated growth response when cardiomyocytes 

were treated with PE (Figure 29B). 

 

 

 

 
Figure 29 | Attenuated Hypertrophic Growth Response of ATF6 deficient 
Neonatal Cardiomyocytes. 
  
(A) ATF6 mRNA levels after siRNA mediated knock-down in neonatal cardiomyocytes. (B) Cell 

surface area measurements of neonatal cardiomyocytes after siRNA-mediated ATF6 knock-

down in response to PE for 24h. Figure 29 was adapted from ‘Age-related decline of the 

unfolded protein response in the heart promotes protein misfolding and cardiac pathology’ 

(Hofmann et al. 2021). 
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Next, adult wild-type and ATF6 knock-out mice were subjected to implantation of ISO 

loaded ALZET osmotic mini pumps, a common model of cardiac hypertrophy in vivo 

(Chang et al. 2018). As described above, ATF6 KO mice did not show a significant 

cardiac growth phenotype at baseline (Figure 30A). In contrast to WT mice, which 

showed cardiac hypertrophy at seven days after chronic ISO infusion, ATF6 KO mice 

presented with only a mild, significantly reduced cardiac growth response (Figure 30A). 

Similar to the in vitro data of adult cardiomyocytes, cardiac hypertrophy was associated 

with the induction of several unfolded protein response genes in adult WT mice, which 

was almost completely absent in ATF6 KO mice (Figure 30B). The in vivo model does 

not lead to cardiac dysfunction in WT mice at seven days, a timepoint that remains 

fully compensatory despite the robust hypertrophic phenotype (Figure 30C).  Contrary, 

ATF6 KO mice showed reduced cardiac function at seven days of chronic ISO infusion, 

measured by transthoracic echocardiography (Figure 30C, Table 2). In line with this 

observation, the fetal gene program including Nppa, Nppb, Myh7, Col1a1, and Atp2a2 

was only significantly upregulated in ATF6 KO mice, whereas those genes were not 

yet significantly changed in WT mice, suggesting the occurrence of heart failure in 

ATF6 KO mice at this timepoint (Figure 30D). To investigate if the impaired growth 

response of ATF6 deficient cardiomyocytes is due to the absence of the ATF6-

dependent gene program or due to other currently unknown functions of ATF6, two 

different in vitro models were used to specifically inhibit the transcriptional activity of 

the N-terminal fragment of ATF6 in cardiomyocytes. 
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Figure 30 | Impairment of the Adaptive Hypertrophic Growth Response in ATF6 
Knock-out Mice. 
  
(A) Heart weight (HW) to body weight (BW) ratio of WT and ATF6 KO mice subjected to sham 

or ISO pump implantation for seven days. (B) mRNA levels of respective unfolded protein 

response genes normalized to β-actin of WT and ATF6 KO mice subjected to sham or ISO 

pump implantation at seven days.  (C) Ejection fraction of WT and ATF6 KO mice subjected 

to sham or ISO pump implantation at seven days. (D) mRNA levels of respective maladaptive 

remodeling genes normalized to β-Actin of mice subjected to sham or ISO pump implantation 

at seven days. * indicates p<0.05 from all other conditions; # indicates p<0.05 from WT ISO. 

ATF6 KO ISO is not significantly different from WT ISO for Col1a1. ATF6 KO ISO is not 

significantly different from ATF6 KO Veh for Atp2a2. Figure 30 was adapted from ‘Age-related 

decline of the unfolded protein response in the heart promotes protein misfolding and cardiac 

pathology’ (Hofmann et al. 2021). qPCRs of Figure 30B and Figure 30D were performed by 

Erik A. Blackwood, a coauthor of the study (Hofmann et al. 2021). 
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Table 2: 7-day Isoproterenol Echocardiographic Parameters for WT and ATF6 
KO Mice 
 
 
 
 WT Sham 

 (n=12) 
ATF6 KO Sham 

(n=13) 
WT ISO 
(n=12) 

ATF6 KO ISO 
(n=14) 

FS (%) 33.20 ± 1.09 34.03 ± 1.28 33.76 ± 1.01 26.24 ± 1.251,2 
EF (%) 62.56 ± 1.55 63.69 ± 1.65 63.09 ± 1.44 51.85 ± 2.051,2 

LVEDV (µl) 55.56 ± 3.16 50.70 ± 2.09 67.57 ± 3.091 62.25 ± 2.981 
LVESV (µl) 21.14 ± 1.88 18.57 ± 1.28 26.17 ± 1.75 30.20 ± 2.201 

LVIDD (mm) 3.57 ± 0.08 3.43 ± 0.05 3.86 ± 0.08 3.76 ± 0.081 
LVIDS (mm) 2.51 ± 0.07 2.37 ± 0.08 2.59 ± 0.06 2.75 ± 0.101 

LVPW;d (mm) 0.79 ± 0.05 0.72 ± 0.03 0.98 ± 0.021 0.90 ± 0.041 
LVPW;s (mm) 1.16 ± 0.07 1.08 ± 0.04 1.39 ± 0.04 1.23 ± 0.05 
LVAW;d (mm) 0.89 ± 0.06 0.86 ± 0.04 1.12 ± 0.08 0.99 ± 0.06 
LVAW;s (mm) 1.28 ± 0.06 1.17 ± 0.04 1.54 ± 0.081 1.35 ± 0.07 
LV mass (mg) 106.84 ± 7.36 90.22 ± 3.84 158.55 ± 11.671 134.53 ± 8.121 

HR (bpm) 480.67 ± 4.27 489.85 ± 4.01 493.58 ± 3.06 488.43 ± 2.60 
SV (µl) 34.42 ± 1.58 32.13 ± 1.19 41.73 ± 2.201 32.01 ± 1.732 

CO (ml/min) 16.50 ± 0.69 15.73 ± 0.59 20.61 ± 1.101 15.26 ± 0.992 
 
 
FS = fractional shortening 
EF = ejection fraction 
LVEDV = left ventricular end diastolic volume 
LVESV = left ventricular end siastolic volume 
LVIDD = left ventricular inner diameter in diastole 
LVIDS = left ventricular inner diameter in systole 
LVPW;d = left ventricular posterior wall thickness in diastole 
LVPW;s = left ventricular posterior wall thickness in systole 
LVAW;d = left ventricular anterior wall thickness in diastole 
LVAW;s = left ventricular anterior wall thickness in systole 
LV mass = left ventricular mass (calculated) 
HR = heart rate in beats per minute 
SV = stroke volume 
CO = cardiac output 
 
Statistical analyses used one-way ANOVA with Turkey post-hoc analysis. 
1 = p < 0.05 different from respective Sham 
2 = ATF6 KO ISO p < 0.05 different from WT ISO 
 
 
Table 2 was adapted from ‘Age-related decline of the unfolded protein response in the heart 
promotes protein misfolding and cardiac pathology’ (Hofmann et al. 2021). 
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ATF6 is cleaved and thereby activated by site-1 and site-2 proteases in the Golgi 

apparatus, which leads to the release of the transcriptional active 50kD N-terminal 

fragment of ATF6 (Glembotski 2014). The site-1 protease inhibitor PF-429242 inhibits 

ATF6 cleavage, thereby hindering transcriptional activity of ATF6 (Hay et al. 2007; 

Lebeau et al. 2018). PF-429242 did not affect cardiomyocyte cell size at baseline. 

However, PE-mediated hypertrophic growth was completely absent in neonatal 

cardiomyocytes which were treated with PF-429242 (Figure 31A and 31B). To exclude 

off-target effects that might have occurred from inhibiting other functions of site-1 

protease, a dominant-negative form of ATF6, dnATF6, was expressed via adenoviral-

mediated transfection of neonatal cardiomyocytes. dnATF6 exhibits a DNA-binding 

domain but lacks its transcriptional activation domain, thereby inhibiting ATF6-

mediated gene induction by blocking ATF6 binding sides in cardiomyocytes 

(Doroudgar et al. 2009). Similar to PF-429242, expression of dnATF6 did not affect 

cell size at baseline. Cardiomyocyte growth was largely inhibited in cardiomyocytes 

expressing dnATF6 (Figure 31C), which supports the hypothesis that the induction of 

the ATF6-mediated gene program is essential for cardiomyocytes hypertrophy. 

 

Figure 31 | Necessity of Transcriptional Activity of ATF6 for Cardiomyocyte 
Hypertrophy. 
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Figure 31 | Necessity of Transcriptional Activity of ATF6 for Cardiomyocyte 
Hypertrophy. 
  
(A) Cell surface area measurements and representative immunofluorescence images (B) of 

neonatal cardiomyocytes after PF-429242 treatment in response to PE for 24h. (C) Cell 

surface area measurements of neonatal cardiomyocytes after dnATF6 treatment in response 

to PE for 24h. At least 400 cells were counted in total per condition in three independent 

experiments for (A) and (C). * indicates p<0.05 from Control; # indicates p<0.05 from Control 

+ PE. Figure 31 was adapted from ‘Age-related decline of the unfolded protein response in the 

heart promotes protein misfolding and cardiac pathology’ (Hofmann et al. 2021). 

 

5 Discussion 
 
This discussion is partly based on the preprint article ‘Age-related decline of the 

unfolded protein response in the heart promotes protein misfolding and cardiac 

pathology’ (Hofmann et al. 2021). 

 

5.1 Reduced Protein Synthesis and Unfolded Protein Response 
Expression in Adult Mammalian Tissues with low Mitotic Activity 

 
Impairment of protein homeostasis is a general hallmark of aging. It is associated with 

several age-related disease during which the intra- or extracellular accumulation of 

misfolded proteins can be commonly observed, especially during phases of stress. 

Interventions that strengthen the proteostasis network were shown to extend the 

lifespan of invertebrates and vertebrates, including mammals, by suppressing age-

related disease (Eisenberg et al. 2016; Harrison et al. 2009; Kaushik and Cuervo 2015; 

Labbadia and Morimoto 2014). One of several signaling pathways which maintains 

protein homeostasis is the unfolded protein response, which is activated in response 

to endoplasmic reticulum-associated protein misfolding (Hetz and Papa 2018). Among 
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several of its important functions is the increase of the capacity of protein folding, 

degradation, and cellular redox status, especially inside the endoplasmic reticulum 

(Hetz and Papa 2018). Previous studies showed that enhanced activity of the unfolded 

protein response increases longevity in yeast, C. elegans, and Drosophila (Burkewitz 

et al. 2020; Chen et al. 2009; Henis-Korenblit et al. 2010; Kaushik and Cuervo 2015; 

Labunskyy et al. 2014; Matai et al. 2019; Sekiya et al. 2017; Shore et al. 2012). While 

the majority of those studies were performed in invertebrates, studies that 

systematically examine the unfolded protein response in mammalian aging are 

currently limited. This study aimed to investigate the expression and activity of the 

unfolded protein response during postnatal development and aging in rodents, with a 

specific emphasis on the functional relevance for the heart. 

Current studies in C. elegans suggest that the collapse of the proteostasis network is 

a programmed event which occurs during early adulthood (Ben-Zvi et al. 2009; David 

et al. 2010; Labbadia and Morimoto 2015b). In order to reduce the number of animals 

needed for statistical power, this study limited its analysis to up to three different age 

groups which capture the transition from neonate to young and late adulthood. 

Specifically, neonatal (7 days), young adult (10 weeks), and middle-aged (52 weeks) 

mice as well as neonatal (1-2 days) and young adult (6 weeks) rats were used for the 

study. Comparable to the reports in C. elegans, expression and activity of the unfolded 

protein response, as well as the overall rate of protein synthesis, reduced dramatically 

in young adult rodents, whereas only a slight additional reduction was observed from 

young adulthood to aged animals. While a reduced unfolded protein response was 

observed in all evaluated organs (brain, heart, skeletal muscle, liver and kidney), this 

decrease was especially prominent in tissues with low mitotic activity. Explanations for 

the evolutionary benefit of such a general impairment of the cellular proteostasis 

capacity remain hypothetical but currently involve the elimination of older animals for 
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a prioritization of the younger generation in an environment with limited resources, as 

well as the reduction of energy consumption for the synthesis of proteostasis regulators 

in old cells in which high rates of protein synthesis, which are necessary for rapid 

cellular differentiation early in life and during cell division, become non-essential as 

cells enter senescence (Labbadia and Morimoto 2015a; Labbadia and Morimoto 

2015b). 

This study finds evidence for the latter due to the observation that tissues which 

maintain high levels of cellular division maintain both high rates of protein synthesis 

and high levels of the unfolded protein response. Similarly, the rate of protein synthesis 

correlated highly with the expression of several unfolded protein response genes 

across all organs and age groups in mice. Whether the reduction of protein synthesis 

or the reduced expression of the unfolded response occurs first and then drives the 

downregulation of the other pathway was not addressed in this study, however 

evidence for both exists in the literature. A recent study found that proteome 

homeostasis in hematopoietic stem cells is maintained through the attenuation of 

protein synthesis (Hidalgo San Jose et al. 2020). Vice versa, the levels of the unfolded 

protein response is known to respond to the amount of protein synthesis (Ozcan et al. 

2008). Nevertheless, this study finds evidence for a direct relationship between the 

rate of protein synthesis and the expression of the unfolded protein response in 

mammals in vivo, which seems to undergo major regulatory changes during postnatal 

development and aging in all examined organs, especially in tissues with low mitotic 

activity such as the heart. 

 

 



 101 

5.2 Impaired Responsiveness of the ATF6-mediated Unfolded Protein 
Response to Proteotoxic Stress in Adult Cardiomyocytes 

 

The observed reduced baseline expression of protein quality control genes is not 

necessarily pathogenic if the proteostasis environment can be sufficiently upregulated 

in phases of proteotoxic stress. Studies in C. elegans, however, showed that an 

appropriate activation of the heat shock response or the unfolded protein response is 

compromised after early adulthood (Ben-Zvi et al. 2009; Taylor and Dillin 2013). This 

study found that even though adult cardiomyocytes are capable of partly activating the 

unfolded protein response during phases of proteotoxic stress, both the total and 

relative increases of the unfolded protein response genes regulated by the ATF6 

pathway were largely compromised in adult cardiomyocytes compared to neonatal 

cardiomyocytes. This was associated with reduced cellular survival. 

ATF6 was previously shown to be essential for the induction of several unfolded protein 

response genes during proteotoxic stress in vitro and in vivo (Jin et al. 2016). It is 

therefore reasonable to speculate that the loss of ATF6 activity is at least partly 

responsible for the phenotype that was observed in adult cardiomyocytes. It should 

however be noted that the evaluation of cardiac gene expression in ATF6 deficient 

mice did not reveal a significant impact on the expression of the majority of unfolded 

protein response genes at baseline. ATF6 therefore seems to primarily act as a stress 

transcription factor that can become activated by different upstream events in the adult 

heart, albeit to lower levels than during younger age. The increased levels of spliced 

XBP1 in both isolated adult cardiomyocytes as well as in left ventricular lysates even 

at baseline might indicate that the reduced levels of the unfolded protein response in 

the adult heart might directly cause endoplasmic reticulum stress. However, whether 

XBP1 splicing indeed indicates endoplasmic reticulum stress or occurs due to other 
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reasons, and if this is mediated in any way by the decreased levels of ATF6 in the adult 

heart, remains unresolved. 

 

5.3 Insufficient ATF6 Activation Inhibits the Myocardial Hypertrophic 
Growth Response and Impairs Cardiac Function during Stress 

 

This study found an association between the rate of protein synthesis and the 

expression of the unfolded protein response, which might be at least partly mediated 

by ATF6. Cardiac hypertrophy is a commonly observed phenotype that occurs in 

response to myocardial stress. It is facilitated by increases in the rate of protein 

synthesis which then drives hypertrophic growth of cardiomyocytes. Disproportional 

increases of protein synthesis are known to cause endoplasmic reticulum stress 

(Ozcan et al. 2008). It was therefore evaluated if increases in the rate of protein 

synthesis cause endoplasmic reticulum stress during cardiomyocyte hypertrophy, 

which might occur especially in the adult heart where the unfolded protein response is 

attenuated. Different model systems of increased protein synthesis and cardiomyocyte 

hypertrophy failed to activate ATF6 or induce the upregulation of several unfolded 

protein response genes in neonatal cardiomyocytes. The expression of the unfolded 

protein response is high in neonatal myocytes at baseline. This study observed 30% 

increase of protein synthesis in one of the two model systems used to induce 

cardiomyocyte hypertrophy in neonatal cells. Cell size increased by approximately 

30% in the neonatal model systems used. The high baseline unfolded protein response 

in neonatal cardiomyocytes might be sufficient to maintain proteostasis during those 

conditions, which is why the unfolded protein response might have remained 

unchanged during neonatal cardiomyocyte hypertrophy. It should be noted that other 

studies previously reported an activation of the unfolded protein response in isolated 
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neonatal cardiomyocytes in response to insulin (Blackwood et al. 2019b), 

phenylephrine (Blackwood et al. 2019b; Zhang et al. 2019) or isoproterenol and 

angiotensin II treatments (Chen et al. 2017), even though some inconsistencies can 

be found in one of the studies (Zhang et al. 2019). One of the studies reported the 

increase of cell size in their experimental setup, in which a starving protocol combined 

with a longer treatment time results in an almost 3-fold increase of cardiomyocytes 

size. Of note, these results could not be repeated when the respective treatment 

protocol was followed. While it was not possible to confirm these results, it is still 

reasonable to hypothesize that very strong growth stimuli that result in large changes 

of the rate of protein synthesis, can cause endoplasmic reticulum stress and activation 

of the unfolded protein response also in neonatal cardiomyocytes. 

 

Contrary to neonatal cardiomyocytes, all model systems used to induce cardiomyocyte 

hypertrophy in adult cells in vitro and in vivo caused a rapid and treatment intensity- 

dependent activation of the unfolded protein response. The experiments of this study 

indicated that the activation of the unfolded protein response does not sufficiently 

counteract endoplasmic reticulum stress and cell deaths in adult cardiomyocytes in 

response to artificially induced proteotoxic stress. However, the amount of proteotoxic 

stress caused by the increase of protein synthesis is likely much less compared to the 

experiments where tunicamycin was used to induce protein misfolding by inhibiting 

protein glycosylation. Whether the induction of the unfolded protein response is also 

insufficient to protect from proteotoxic stress during adult cardiomyocyte hypertrophy 

is therefore unknown. Further experiments are needed to clarify if the reduced unfolded 

protein response in adult and aged rodents is of pathophysiological relevance in 

disease relevant animal models. 

 



 104 

To specifically evaluate the role of ATF6 for adult cardiac hypertrophy and function, 

ATF6 deficient isolated cardiomyocytes and mice were subjected to chronic adrenergic 

stimulation, a common model to induce hypertrophic growth. ATF6 deficiency resulted 

in an impaired growth response and a reduction of cardiac function in vivo. This was 

associated with the inability of the heart to activate the unfolded protein response, 

which indicates a direct relationship between the unfolded protein response and 

cardiac function during cardiac hypertrophy. Indeed, specific inhibition of the 

transcriptional activity of ATF6 was sufficient to impair the cardiomyocyte growth 

response, highlighting the importance of the ATF6-mediated gene program, which 

includes a large number of genes that maintain cellular proteostasis, for cardiac 

hypertrophy. Other ATF6 target genes that do not function in protein homeostasis 

might also be involved in this process, as recently suggested (Blackwood et al. 2019b). 
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6 Summary 
 
The integrity of the proteome is essential for optimal cardiac function. Proteome 

integrity is maintained by the proteostasis network, which regulates cellular protein 

synthesis, folding, and degradation. An insufficient capacity of the proteostasis network 

results in the accumulation of toxic misfolded proteins, which impairs cellular function 

and can promote cell death. The integrity of the cardiac proteome is challenged during 

phases of stress, where cells augment the capacity of the proteostasis network to 

prevent protein misfolding. This is mediated by several adaptive mechanisms such as 

the induction of chaperones or the increased degradation of misfolded proteins. One 

essential element of the proteostasis network is the unfolded protein response, which 

maintains protein homeostasis of the endoplasmic reticulum. The canonical unfolded 

protein response is mediated by three sensors of protein misfolding, including 

activating transcription factor 6, which has been suggested to act as a nexus of 

adaptive responses that maintain cellular proteostasis. Importantly, previous studies 

reported a decline of the cellular proteostasis network and its ability to sufficiently 

respond to stress with age. Whether such a decline also occurs in the mammalian 

heart and if it leaves the heart vulnerable to protein misfolding in response to stress 

remains unknown. This study investigates how the expression and activity of the 

unfolded protein response in the heart changes with age. It further examines how a 

deficiency of the activating transcription factor 6 pathway impacts the activation of the 

unfolded protein response and cardiac function in response to chronic adrenergic 

stimulation, a common risk factor for cardiac dysfunction that promotes the 

development of cardiac hypertrophy through the stimulation of protein synthesis.  
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This study found that the expression of the unfolded protein response decreases in 

adult mice, especially in postmitotic tissues. An in-depth analysis of the unfolded 

protein response in the heart and isolated cardiomyocytes revealed that this is 

accompanied by an impaired responsiveness to proteotoxic stress, resulting in 

decreased viability of adult cardiomyocytes in comparison to neonatal cardiomyocytes, 

which might be at least partly mediated by a decreased activity of the activating 

transcription factor 6 pathway. Further experiments revealed that hypertrophic cell 

growth causes the activation of the unfolded protein response in adult but not neonatal 

cardiomyocytes, eventually due to endoplasmic reticulum stress caused by increased 

protein synthesis in adult cells in which the baseline expression of proteostasis 

elements is low. The activity of activating transcription factor 6 was then shown to be 

essential for hypertrophic growth of cardiomyocytes. Importantly, a deficiency for 

activating transcription factor 6 resulted in an impaired unfolded protein response and 

reduced hypertrophic growth and cardiac dysfunction in mouse hearts in response to 

pressure overload and chronic adrenergic stimulation. Taken together, this study 

suggests that the induction of activating transcription factor 6 and its gene program 

protects against cardiac dysfunction in response to stimuli that promote hypertrophic 

growth in the adult heart. While not fully examined, it also suggests that the decreased 

capacity of the unfolded protein response in the adult heart makes it more susceptible 

to proteotoxic stress induced by adult cardiac hypertrophic growth. 
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7 Zusammenfassung 
 
Die Integrität des Proteoms ist essentiell für eine optimale kardiale Funktion. Diese 

wird durch das Proteostase-Netzwerk gewahrt, welches Proteinsynthese, -faltung und 

-abbau reguliert. Eine unzureichende Kapazität des Proteostase-Netzwerks führt zu 

einer Ansammlung von schädlichen fehlgefalteten Proteinen, welche die zelluläre 

Funktion einschränken und zum Zelltod führen können. Die Integrität des kardialen 

Proteoms wird durch zellulären Stress beeinträchtigt. Um Proteinfehlfaltungen zu 

vermeiden reagieren kardiale Zellen hierauf mit einer Steigerung der Kapazität ihres 

Proteostase-Netzwerks. Dies wird durch verschiedene adaptive Mechanismen, wie die 

Induktion von Chaperonen, oder den vermehrten Abbau von fehlgefalteten Proteinen 

vermittelt. Ein essentielles Element des Proteostase-Netzwerks ist hierbei der 

„Unfolded Protein Response“, welcher die Proteostase im endoplasmatischen 

Retikulum reguliert. Der Unfolded Protein Response wird durch mindestens drei, sich 

teilweise überlappende, Signalwege reguliert, welche durch Sensoren für 

Proteinfehlfaltung vermittelt werden. Hierzu zählt „Activating Transcription Factor 6“, 

welcher als ein Nexus für adaptive und Proteostase wahrende Mechanismen wirkt. 

Vorherige Studien konnten eine Verminderung des Proteostase-Netzwerks und seiner 

Fähigkeit hinreichend auf Stress zu reagieren mit steigendem Alter nachweisen. Ob 

eine derartige Abnahme auch im Herzen von Säugetieren auftritt und ob es dieses 

anfällig gegenüber Proteinfehlfaltung während kardialem Stress macht, ist 

weitestgehend unbekannt. Diese Studie untersucht, wie sich die Expression und 

Aktivität des Unfolded Protein Response im Herzen mit zunehmendem Alter ändert. 

Weiterhin untersucht sie, wie sich ein Mangel des Activating Transcription Factor 6 auf 

die kardiale Funktion in Reaktion auf chronische adrenerge Stimulation auswirkt, 

einem kardialen Risikofaktor, welcher die Entwicklung einer kardialen Hypertrophie 

durch Steigerung der Proteinsynthese fördert. 
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Die vorliegende Studie zeigt, dass sich die Expression des Unfolded Protein Response 

in erwachsenen Mäusen im Vergleich zu Neonaten vor allem in postmitotischen 

Geweben ausgeprägt reduziert. Eine ausführliche Analyse des Unfolded Protein 

Response im Herzen und isolierten Kardiomyozyten zeigte, dass dies von einer 

verminderten Reaktion auf proteotoxischen Stress begleitet wird, was zu einem 

vermindertem Zellüberleben von adulten Kardiomyozyten im Vergleich zu neonatalen 

Kardiomyozyten führt. Weiterführende Experimente zeigten, dass hypertrophes 

Zellwachstum zu einer Aktivierung des Unfolded Protein Response in adulten, jedoch 

nicht neonatalen Kardiomyozyten führt. Dies wird möglicherweise durch „Endoplasmic 

Reticulum Stress“ in adulten Kardiomyozyten, in denen die basale Expression von 

Proteostase Elementen gering ist, als Reaktion auf die gesteigerte Proteinsynthese 

vermittelt. Es wurde weiterhin gezeigt, dass die Aktivität des Activating Transcription 

Factor 6 essentiell für funktionelles hypertrophes Wachstum von Kardiomyozyten ist. 

Ein Defizit für Activating Transcription Factor 6 führt hierbei zu einem eingeschränkten 

Unfolded Protein Response, reduziertes hypertrophes Wachstum und kardiale 

Dysfunktion in Maus Herzen in Reaktion auf chronische adrenerge Stimulation. 

Zusammengefasst deuten die Ergebnisse dieser Studie darauf hin, dass in adulten 

Herzen das Protein Activating Transcription Factor 6 und sein vermitteltes 

Genprogramm gegen kardiale Dysfunktion in Reaktion auf Stimuli, welche 

hypertrophes Wachstum fördern, schützt. Auch wenn nicht vollständig untersucht, 

deuten die Ergebnisse dieser Studie ebenfalls an, dass die verminderte Kapazität des 

Unfolded Protein Response in erwachsenen Herzen diese anfälliger gegenüber 

proteotoxischem Stress macht, der durch adulte kardiale Hypertrophie verursacht wird. 
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