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ABSTRACT OF THE DISSERTATION 
 
 

Novel Roles for Activating Transcription Factor 6 α  
in the Activation and Differentiation of Cardiac Non-myocytes 

 
 

by 
 
 

Winston Thomas Stauffer 
 
 

Doctor of Philosophy in Biology 
 
 

University of California San Diego, 2020 
San Diego State University, 2020 

 
 

Professor Christopher C. Glembotski, Chair 
 

Numerous stresses on the heart, both physiological and pathological, present challenges to 

ER proteostasis in the heart. Simultaneously, various cardiac cell lineages respond to injury in 

ways requiring increased protein flux through the ER. While cardiac myocytes react to these 

stresses largely through hypertrophy or cell death mechanisms, other non-myocyte cells in the 

heart respond in more dynamic ways, including proliferation and differentiation. Additionally, 

virtually all cardiac cells secrete signaling cytokines or hormones both at baseline and during 

injury. Thus, precisely when ER proteostasis is most critical, cells are challenged with conditions 

which impair ER protein folding. ER unfolded protein response signaling attempts to respond to 

these challenges through the three main ER stress sensors, PERK, IRE1, and ATF6α. All sense 
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protein misfolding and induce downstream signaling which, to varying degrees, includes global 

translational attenuation with concurrent upregulation of chaperones, protein disulfide isomerases, 

and ER-associated degradation machinery. Of these pathways, ATF6α is the most extensively 

characterized as adaptive in the heart and other tissues. Additionally, recent studies have identified 

multiple noncanonical ATF6α gene programs which are only indirectly related to ER proteostasis 

but are nevertheless critical to the ability of ATF6α to preserve tissue function. Research on the 

effect of ATF6α in the heart had previously been restricted to ventricular myocytes. Though these 

cells are the most direct effectors of cardiac function, this ignores critical roles played by other 

cardiac non-myocyte cells. This work examines the effects of ATF6α gain- and loss-of-function 

in three model systems designed to uncover previously unknown roles for ATF6α signaling in 

cardiac non-myocytes. ATF6α global knockout mice were found to progress to heart failure more 

quickly than wild-type counterparts following permanent-occlusion myocardial infarction, an 

unexplored disease model in the context of ATF6α signaling. We subsequently explored the role 

of ATF6α in two murine cardiac non-myocyte cell types. The first, c-Kit+ cardiac stem cells, 

required ATF6α both for survival and stemness while ATF6α loss-of-function induced multiple 

lineage markers. Second, we identified roles for ATF6α in limiting fibrosis in a pressure overload 

injury model and found that ATF6α blunted activation of isolated adult murine ventricular 

fibroblasts. 
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I. Introduction 

1. Background 

The adult heart consists of numerous cell types, including terminally differentiated cardiac 

myocytes, which are rigidly unable to respond to injury in a dynamic or proliferative sense. 

Accordingly, many therapeutic strategies focus on limiting damage rather than altering how heart 

cells change in the face of injury. However, while cardiac myocytes with a limited regenerative 

capacity contribute the bulk of the mass of the adult myocardium, a majority of the cells in the 

heart are proliferative and capable of differentiation or trans-differentiation during pathology.1  

The differentiation of progenitor cells, or the trans-differentiation of somatic cells into new 

cell types is associated with increases in protein synthesis and folding.2-6 Of particular importance 

in responding to injury are secreted proteins, such as cytokines and extracellular matrix (ECM) 

proteins.7-9 Many secreted proteins are translated on ribosomes on the rough endoplasmic 

reticulum (ER), which is the site of the translation and folding of at least 35% of new proteins, 

most of which move through the ER-Golgi secretory pathway, destined for membrane insertion or 

secretion.10 Conditions associated with myocardial injury also pose challenges to the folding 

environment of the ER by affecting redox status, calcium handling, and adenosine triphosphate 

(ATP) production.11-13 These and other insults perturb ER proteostasis, which is defined as the 

balance between the translation, folding, and degradation of ER proteins. The misfolded ER 

proteins that result from these challenges are detected by three ER-transmembrane proteins: 

protein kinase R-like ER kinase (PERK)14, inositol-requiring protein-1 (IRE1)15, and activating 

transcription factor-6 α (ATF6α)16, 17. Together, these sensors constitute the three major branches 

of the ER unfolded protein response (UPR), sometimes called the ER stress response, which is 
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associated with a gene program that functions initially to preserve proteostasis in the ER, while at 

later times to guide the cell toward apoptosis, if protein misfolding is not resolved.11, 18 

ER stress response pathways are important during the development and differentiation of 

certain cell types, especially professional secretory cells.2, 4 For example, in stimulated B 

lymphocytes, which differentiate into antibody-secreting plasma cells, activation of IRE1 and its 

downstream effector, x-box-binding protein 1 (XBP1), are necessary to accommodate the required 

expansion of ER membranes and increased production of secreted antibodies made in the ER.5 

Members of the old astrocyte specifically induced substance (OASIS) family, which are related to 

ATF6α, are associated with differentiation in chondrocytes and osteoblasts.19 Further, ATF6α 

itself was recently shown to drive induced pluripotent stem cells (iPSCs) toward mesenchymal 

lineages, while suppressing differentiation toward endo- and ectodermal lineages.6 Lastly, ER 

stress signaling was shown to promote fibroblast-to-myofibroblast trans-differentiation in a 

manner similar to transforming growth factor β (TGFβ) signaling.20, 21 

ER stress effectors, particularly ATF6α, are critical for the mitigation of myocardial tissue 

damage and the preservation of heart function during heart disease.11 Additionally, ATF6α and ER 

stress are important factors in the development of multiple tissue types.6, 22, 23 The activation, 

proliferation, and differentiation of cardiac non-myocytes is a known feature of heart disease, 

including long-term heart failure,7-9, 24 however the role of ATF6α or the ER stress response in this 

process is not known.  

2. ER Stress Overview 

The ER UPR responds to stresses that perturb ER protein folding capacity, i.e., ER stresses 

that result in the accumulation of misfolded proteins in the ER lumen. ATF6α is a master regulator 
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of one of the three main branches of the ER UPR, each of which is initiated by the ER-

transmembrane proteins, PERK, IRE1, and ATF6α (Figure 1A).17  

a. PERK: 

In response to misfolded proteins, PERK dimerization results in the activation of its 

cytosolic kinase function, leading to autophosphorylation and the phosphorylation of numerous 

proteins outside the ER, including eukaryotic initiation factor 2α (eIF2α) (Figure 1B).3, 14 eIF2α 

promotes the initiation of ribosomal translation of mRNA transcripts in a GTP dependent manner. 

eIF2α phosphorylation by PERK confers a global arrest of translation by reducing the available 

pool of GTP-bound eIF2α, thus decreasing the protein-folding load on the ER machinery.25, 26 This 

arrest does not affect translation of mRNAs for genes that aid in protein folding and the degradation 

of misfolded proteins, or which otherwise address the problem of ER protein misfolding. One 

example of escape from PERK-mediated translational arrest is ATF4, the primary effector 

transcription factor downstream of PERK. While ATF4 mRNA is continually transcribed, it 

contains two 5’ open reading frames (ORFs) upstream of its coding region, the second of which is 

inhibitory and prevents further translation of the ATF4 transcript. eIF2α phosphorylation causes 

the ribosomes to skip the translation of the second inhibitory ORF and to reinitiate downstream at 

the ATF4 coding region, thus resulting in the synthesis of the ATF4 protein.27, 28 ATF4 target genes 

vary, but are frequently associated with pro-apoptotic pathways, especially when ATF4 is 

chronically active. For example, ATF4 target gene CAAT enhancer-binding protein-homologous 

protein (CHOP) is a transcription factor which mediates apoptotic cell death.29 CHOP down-

regulates anti-apoptotic factors like the BCL2 family30 and up-regulates pro-apoptotic factors like 

Bim31 and PUMA32. PERK and ATF4 are thus important when protein misfolding continues, 

unresolved, and ER stress signaling becomes maladaptive. 
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b. IRE1: 

Upon ER stress, IRE1 also dimerizes and becomes autophosphorylated on its cytosolic 

domain, which activates it as an RNA splicing enzyme that, with the aid of tRNA ligase, converts 

x-box binding protein 1 (XBP-1) mRNA to a so-called spliced form that encodes an active 

transcription factor, XBP-1s (Figure 1C).15 The XBP-1s gene program is commonly understood 

to be an adaptive pathway and, among other things, results in the upregulation of chaperones, like 

glucose binding protein 78 (GRP78, also known as BiP), which aid in ER protein folding.33 In 

mammals, unspliced XBP-1 mRNA is also translated and, while not transcriptionally active, it 

binds to XBP-1s mRNA and increases its degradation.34 IRE1 and XBP-1, analogous to HAC-1 in 

yeast, together represent evolutionarily the oldest and most highly conserved ER stress pathway.35-

37 Additionally, IRE1 functions independently of XBP-1 in two ways. First, IRE1 can also become 

pro-apoptotic when active, by binding the adaptor protein TRAF2, which leads to the activation of 

the pro-apoptotic JNK pathway.38 Second, the same endonuclease function of active IRE1 which 

cleaves XBP-1 also increases the degradation of mRNAs that are in close proximity to the cytosolic 

face of the ER. By degrading mRNAs on, or about to be engaged with ER-bound ribosomes, this 

process, called regulated IRE1-dependent decay (RIDD), further reduces the trafficking of nascent 

proteins through the ER.39, 40 

c. ATF6α: 

In contrast to PERK and IRE1, when ATF6α senses misfolded proteins in the ER, it 

translocates to the Golgi, where it is proteolytically clipped (Figure 1D).16 The resulting N-

terminal fragment is a basic leucine zipper (bZIP) transcription factor related to others in the 

activating transcription factor/cAMP response element binding (ATF/CREB) family.41, 42 ATF6α 

was the first of its subgroup of the ATF/CREB family to be identified, and since then a related 
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isoform, ATF6β, which has significant homology to ATF6α, has been assigned to the ATF/CREB 

family. ATF6β can bind to, and transcriptionally induce many of the same genes as ATF6α, but 

ATF6β is a much weaker transcriptional activator, perhaps serving as an endogenous modulator 

of ATF6α, as described below.43, 44 
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Figure 1. Overview of the activation of the three branches of the ER UPR.  
(A) PERK, IRE1, and ATF6α are all ER transmembrane proteins with cytosolic and luminal domains that 
act as sensors to detect the build-up of misfolded proteins characteristic of ER stress. When the capacity of 
the ER to translate and fold nascent proteins is sufficient to meet demand, protein misfolding is minimal 
and the ER is in proteostasis. During such periods, canonical ER chaperone GRP78 (also known as BiP) 
binds the luminal domains of all three UPR sensors and helps hold them in an inactive state. PERK and 
IRE1 are held in monomeric form, while inactive ATF6α is an oligomer. Upon induction of ER stress, by 
challenges such as ischemia, oxidative stress, or increases in ER protein flux, nascent ER proteins begin to 
misfold and can build up in the ER lumen. GRP78 then actively unbinds the ER sensors to bind the 
misfolded proteins and promote their proper folding. Simultaneously, the three sensor branches become 
active; (B) PERK, which has cytoplasmic kinase domains, dimerizes with itself and becomes 
autophosphorylated. It then phosphorylates its substrate, eIF2α, in the cytoplasm which acts to slow 
translation of all non-UPR-related proteins; (C) IRE1, which has cytoplasmic kinase and endonuclease 
domains, also dimerizes and is autophosphorylated. This activates its endonuclease function to splice out a 
section of XBP-1 mRNA to create a new, spliced transcript, XBP-1s, which codes for a transcription factor 
that upregulates some UPR-related transcripts; (D) ATF6α, which is both a sensor of ER stress and a UPR-
effector transcription factor, becomes monomeric upon induction of ER stress, whereupon it exits the ER 
via COPII vesicles and transits to the Golgi, where the active transcription factor is liberated from the 
transmembrane domain by Golgi proteases. 
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3. ATF6α Activation 

In its transcriptionally inactive state, ATF6α is anchored in the ER partly by binding to the 

well-characterized ER chaperone, GRP78.45 Under these conditions, ATF6α forms oligomers via 

intermolecular disulfide bonds between conserved cysteine residues in its luminal domain (Figure 

2A).46, 47 During periods of ER stress, brought on by pathophysiological conditions including 

ischemia13, GRP78 is actively diverted to the misfolded proteins that accumulate in the ER lumen, 

thus releasing its hold on ATF6α.48 This mechanism of activation involving the release of ATF6α 

by GRP78 may be shared with PERK and IRE-1, thus fostering the activation of all three branches 

of the ER stress response.49, 50 Subsequently, the disulfide bonds in ATF6α become reduced, which 

decreases ATF6α oligomerization (Figure 2B), leading to the translocation of ATF6α to the Golgi 

(Figure 2C). In the Golgi ATF6α is proteolytically cleaved by regulated intramembrane 

proteolysis (RIP) by the Golgi resident proteases, site 1 protease (S1P) and site 2 protease (S2P) 

(Figure 2D).51  

More recently, other paradigms of ATF6α activation have emerged. For example, 

thrombospondin 4 (Thbs4), a secreted calcium-binding protein, was shown to interact with ATF6α 

during stress and to promote its shuttling to the Golgi. In that study, it was found that without 

Thbs4, ATF6α activation was blunted, as were the other ER stress branches, suggesting a broader 

role for Thbs4 in the ER UPR.52 Recently, multiple protein oxidoreductases have been shown to 

associate with, and reduce ATF6α during ER stress; this reduction, which also causes the 

dissociation of ATF6α oligomers, is thought to facilitate the movement of ATF6α out of the ER to 

the Golgi.46, 47 In particular, the ER-resident protein disulfide isomerase (PDI), PDIA5, was shown 

to be necessary for the proper reduction of ATF6α before packaging into Golgi-bound vesicles in 

cancer cells.53 Another PDI, termed ER protein 18 (ERp18), was found to associate with, and 
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reduce ATF6α during ER stress. In the absence of ERp18, ATF6α was improperly processed by 

the S1P/S2P proteases, impairing the release of the soluble nuclear form of ATF6α.54  

Small molecule compounds have been discovered which take advantage of this 

reduction/activation dynamic and in so doing, they are effective and specific inhibitors or 

activators of ATF6α. A class of pyrazole amides, dubbed Ceapins, have been discovered55, which 

inactivate ATF6α by inhibiting its transport from the ER to the Golgi. Furthermore, ATF6α that 

has been retained in the ER by Ceapins is still able to be processed by the Golgi proteases, if those 

proteases are experimentally relocated from the Golgi to the ER. Indeed, the fact that Ceapins have 

no effect on S1P/S2P forms the likely basis for why Ceapins are so specific for ATF6α.56 Other 

compounds, such as AEBSF57 or PF42924258, also inhibit the formation of activated ATF6α, but 

do so by inactivating serine proteases, including S1P. Thus, a caveat to these compounds is that 

they impact other proteins that are activated by RIP, such as the transcription factor, sterol 

regulatory element binding protein (SREBP), as well as some other members of the ATF6 

subgroup, including ATF6β (see below).55, 56 Another chemical recently discovered in a high-

throughput screen, is a selective ATF6α activator.59 This chemical, called compound 147, 

promotes the formation of ATF6α monomers and thus enhances the transit of ATF6α from the ER 

to the Golgi, promoting subsequent proteolytic cleavage of ATF6α to its active form.60 Compound 

147 is specific for ATF6α and does not activate other members of the ATF6 subfamily.59 Likewise, 

the naturally occurring sphingolipids dihydrosphingosine (DHS) and dihydroceramide (DHC) 

have also been shown to specifically activate ATF6α61, though the resulting upregulation of 

ATF6α target transcripts can vary significantly depending on the activation stimulus (see below). 

These reagents are very useful for studies requiring selective pharmacologic manipulation of 
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ATF6α activity and, as will be discussed below, may also be of future utility in disease treatment, 

where ATF6α is a therapeutic target (Figure 2). 
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Figure 2. Focus on ATF6α activation.  
(A) In the absence of ER stress, ATF6α exists in an oligomeric state and its luminal domain associates with 
GRP78; (B) During ER stress, GRP78 relocates from ATF6α to misfolded proteins; ATF6α is then reduced 
to a monomeric state. Chemicals, such as compound 147, or certain sphingolipids, can promote ATF6α 
relocation out of the ER in the absence of overt ER stress. Other chemicals, called Ceapins, inhibit this 
process, even during ER stress; (C) ATF6α and binding partners, such as Thbs4, are packaged into COPII 
vesicles and transit to the Golgi; (D) Golgi resident proteases, S1P and S2P, cleave the N-terminal cytosolic 
region of ATF6α from the transmembrane domain. The soluble N-terminal fragment (N-ATF6α) is then 
free to enter the nucleus where it binds to target genes and influences transcription; (E) N-ATF6α binds 
DNA as a homodimer but is also known to form heterodimers with a number of other nuclear proteins, 
including N-ATF6β, XBP-1s, SRF, and CREBH. Binding different partners can alter which gene programs 
N-ATF6α induces. 
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4. ATF6α Transcriptional Activity and Degradation 

Once cleaved, the N-terminal fragment of ATF6α is liberated from the ER and, via a 

nuclear localization sequence, it translocates to the nucleus where it homodimerizes, or forms a 

heterodimer by binding a myriad of other potential partners62, and activates transcription of select 

genes (Figure 2E). The transactivation domain (TAD) of ATF6α was found to contain an eight 

amino acid sequence with homology to the Herpes simplex virus transcription factor, VP16.63 This 

sequence, referred to as VN8 in that same study, has been shown to confer both high transcriptional 

potency and a high rate of degradation to ATF6α (Figure 3A, B). Amongst the ATF6α subfamily, 

only ATF6α possesses a VN8 sequence in its TAD. Indeed, while other unrelated transcription 

factors are also known to be quickly degraded when active64, ATF6α is the only such mammalian 

transcription factor known to have a VN8 sequence63. Mutating specific residues in the VN8 region 

of ATF6α in ways known to inactivate VP16 were found to be sufficient to significantly reduce its 

transcriptional potency and significantly increase its stability, analogous to the effects of these 

mutations on VP16.43 It is interesting to note that while ATF6β is relatively similar to ATF6α, it 

does not have a VN8 domain; consistent with this, ATF6β is a comparatively poor transcription 

factor and it is degraded very slowly (Figure 3C, D).65 Moreover, mutation studies demonstrated 

that transferring the VN8 domain of ATF6α onto ATF6β transformed ATF6β from a long-lived, 

weak transcription factor into a short-lived, strong transcription factor, resembling the 

characteristics of ATF6α.43  

The exact mechanism by which activated ATF6α is rapidly degraded remains unknown. 

While ATF6α has been reported to be ubiquitylated66, 67, and while it is known to be degraded by 

proteasomes63, 68, less is known about the timing, location, and importance of these events. In so 

far as the VN8 sequence of VP16 is shared with ATF6α, it is interesting to note that the ubiquitin-
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proteasome system has been shown to be required for the activity of VP16.69 In that study, a 

specific subunit of the 19S proteasome, 26S proteasome regulatory subunit 8 (SUG-1), was 

required to ubiquitylate and degrade VP16. Interestingly, this subunit was also required for the 

transcriptional activity of VP16, suggesting that, at least for VP16, ubiquitylation is a requirement 

for its transcriptional activity, rather than a consequence of its transcriptional activation.69 Thus, it 

is possible that SUG-1 may also be required for ATF6α ubiquitylation and the associated 

transcriptional activation and degradation. ATF6α has also been shown to be post-translationally 

modified in other ways, such as glycosylation70 and SUMOylation71, and it is certainly true that 

many post-translational modifications, including ubiquitylation, have been reported to be essential 

regulators of other transcription factors72. Meanwhile, there are varying reports concerning 

whether nuclear proteasomes are functional and whether ubiquitylated nuclear proteins, potentially 

including ATF6α, are degraded in the nucleus, or whether they are first transported back to 

proteasomes in the cytosol for degradation.73-75 
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Figure 3. Structural comparison between ATF6 α and β. 
(A) Full length ATF6α has an N-terminal cytosolic region with a transcriptional activation domain (TAD), 
a central basic leucine zipper domain (bZIP), and a transmembrane domain followed by a C-terminal 
luminal region; (B) The cytosolic region is liberated from the ER membrane by S1P and S2P Golgi 
proteases in a process called regulated intramembrane proteolysis (RIP). The TAD of the N-terminal 
ATF6α fragment contains an eight-amino acid sequence, from amino acids 61 to 68, called the VN8, which 
confers high transcriptional activity and rapid degradation; (C) Full length ATF6β has a similar structure 
to ATF6α and its cytosolic region is also liberated from the ER membrane by S1P and S2P mediated RIP; 
(D) The N-terminal region of the soluble portion of ATF6β has low homology to ATF6α and, in particular, 
lacks the VN8 domain. N-ATF6β is thus a weak transcriptional activator with a long half-life. 
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5. ATF6α Dimerization and Nuclear Binding Partners 

ATF6α, like other bZIP transcription factors, forms homodimers, as well as heterodimers 

with other transcription factors, not all of which are members of the ATF/CREB family; 

presumably, it is through selective dimerization that the transcriptional programs regulated by 

ATF6α can be fine-tuned.76 ATF6α was first discovered as a dimerization partner of serum 

response factor (SRF), a MADS-box transcription factor that upregulates a variety of genes 

through serum response elements (SRE).77 SRF binding to ATF6α was shown to enhance the 

activation of SRF-responsive transcript expression.78 ATF6α binding to its target DNA sequences 

is also dependent on interactions with other proteins, such as NF-Y, which also binds these gene 

targets.79 Other binding partners that synergistically enhance the activity of ATF6α include YY-

180, fellow ER stress response effector XBP-1s33, PGC-1α81, ERRγ82, and CREBH (see below)83. 

Additionally, binding partners have the potential to negatively regulate the transcriptional activity 

of ATF6α, as is the case with ATF6β (see below)65.  

The mechanisms that determine the selectivity by which ATF6α partners with other 

transcription factors remain obscure. It seems unlikely that ATF6α homo- or heterodimerization 

could begin in the ER because only monomeric ATF6α is packaged into COPII vesicles for exit 

from the ER.47 Dimerization could take place in the Golgi, though when cleavage of ATF6α is 

experimentally forced to take place in the ER, using mutant forms of S1P/S2P proteases engineered 

with C-terminal K-D-E-L amino-acid ER retention sequences, ATF6α is processed normally and 

is functional.84 Lastly, ATF6α may find its binding partners during or even after translocation to 

the nucleus, perhaps in the process of binding DNA sequences. Indeed, in the case of bZIP-bZIP 

dimers, the dimer structure of the combined transcription factors is required for proper binding to 

the major groove of the DNA.85 
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6. ATF6α Promoter Elements 

The specific promoter sequences to which ATF6α binds were first reported by Kazutori 

Mori’s group and were named ER stress response elements (ERSEs).86 In that study, it was shown 

that the consensus sequence of ERSEs is CCAAT-N9-CCACG, which includes the binding sites 

for both NF-Y (CCAAT) and the ATF6α dimer, itself (CCACG), with a nine-nucleotide spacer in 

between.86 Subsequent studies identified variations of this sequence, as well as an entirely new 

ERSE, called ERSE-II, the sequence of which, AATTG-N-CCACG, was also found to be 

important for the ATF6α transcriptional program.87 

7. ATF6α Transcriptional Programs 

In the heart, ATF6α induces at least 400 gene transcripts in vivo; many of these genes have 

ERSE or ERSE-like elements.88 RNA-seq performed on mouse hearts expressing a tamoxifen-

activatable form of ATF6α revealed a wide range of upregulated transcripts involved in many 

critical processes.12 As one would expect, many of these gene products are directly involved in the 

adaptive ER stress response and act to enhance ER protein folding capacity under adverse 

conditions. These gene products include those that encode ER luminal chaperones like GRP78 and 

GRP9486, 89 and PDIs, like PDIA690 which, in addition to roles in the activation of ER stress 

sensors, bind nascent proteins in the ER and promote their correct folding into secondary and 

tertiary structures by facilitating disulfide bond formation.90  

Another subset of ATF6α-regulated genes is involved in ER-associated degradation 

(ERAD) pathways. Terminally misfolded proteins cannot be repaired and must therefore be 

degraded before they accumulate in the ER lumen and become potentially toxic. Because there are 

no proteasomes in the ER lumen, these proteins must be transported out of the ER lumen to the 

cytosol for degradation.91, 92 Intimately involved in this process is the ATF6α-inducible gene 
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product, HMG-CoA reductase degradation protein 1 (Hrd1), an ER transmembrane E3 ubiquitin 

ligase that both transports misfolded proteins out of the ER and ubiquitylates them, after which 

they are degraded by proteasomes on the cytosolic face of the ER.93, 94 Interestingly, Hrd1 is the 

only transmembrane E3 ubiquitin ligase induced by ATF6α in the heart.88, 95 Other ERAD 

components that are induced by ATF6α include degradation in ER protein 3 (Derlin3)96 and VCP-

interacting membrane protein (VIMP)11. Through their roles as ERAD components, these proteins 

preserve ER proteostasis and enhance cell survival97, 98 and thus, ATF6α is commonly associated 

with the adaptive ER stress response.99, 100 

However, persistent ER stress and ATF6α activation can activate maladaptive pathways, 

which guide the cell towards apoptosis.29, 101 Amongst these maladaptive ATF6α transcriptional 

targets is CHOP, which induces apoptotic signaling, showing that ATF6α is not always adaptive 

in a cellular sense.30, 102, 103 

Other candidates revealed in RNA-seq datasets as ATF6α-regulated genes in the heart, and 

which have been confirmed in recent discoveries, are several non-canonical ATF6α transcriptional 

targets that are not directly involved in ER protein homeostasis. For example, the well-known 

antioxidant enzyme catalase, which is found in peroxisomes and not in the ER, is induced by 

ATF6α in the heart.11 Therefore, by inducing catalase, ATF6α can reduce the levels of reactive 

oxygen species (ROS), which has functional implications far beyond ER proteostasis. Another 

example of a non-canonical ATF6-regulated gene product is the small GTPase Ras homolog 

enriched in brain (Rheb), which, when induced by ATF6α in the heart, activates mammalian target 

of rapamycin complex 1 (mTORC1) and thus drives protein synthesis and hypertrophic cardiac 

myocyte growth.12 Again, this indirectly affects ER protein folding but further shows how ATF6α 

can be a master regulator of global cellular responses. 
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8. Stimulus-Specific ATF6α Transcriptional Programs 

Recently, it has been found that a wide range of cellular stresses can activate ATF6α; 

intriguingly, the transcriptional programs regulated by active ATF6α appear to be stress specific.12 

For example, the canonical ATF6α-target gene product, GRP78, which is directly involved in 

protein folding in the ER, is induced by conditions that acutely increase ER protein misfolding 

(Figure 4A). However, the more recently identified ATF6α-regulated gene product, catalase, a 

peroxisomal antioxidant enzyme, is induced mainly by ATF6α when it is activated by oxidative 

stress, but not when ATF6α is activated by ER protein misfolding (Figure 4B). Finally, Rheb, 

which is not induced by ATF6α when it is activated by oxidative stress, is induced by ATF6α when 

it is activated by growth signals (Figure 4C); under these conditions, which were studied in the 

heart, ATF6α was required for cardiac myocyte growth in response to growth factor treatment.  

Another recent study by Tam et. al. revealed that ATF6α is selectively activated by the 

sphingolipids dihydrosphingosine (DHS) and dihydroceramide (DHC).61 Like treatment with 

compound 147, activation by either DHS or DHC is not associated with ER protein misfolding 

and it is limited to ATF6α, without activating the other arms of the ER stress response. Uniquely, 

however, this mode of activation causes ATF6α to induce a previously unknown ATF6α-regulated 

transcriptional program involved in enhancing lipid production for membrane expansion.61 Given 

that ATF6α activation in all these scenarios still appears to involve the canonical ER-Golgi-

nucleus pathway, it is unclear how each stimulus directs ATF6α to a specific subset of genes. It is 

likely that there are critical roles being played by thus far unknown post-translational 

modifications, binding partners, and epigenetic regulators which are induced by each stimulus and 

guide ATF6α to the appropriate gene set. 
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Figure 4. Stimulus-specific transcriptional programs for ATF6α.  
Different stimuli cause ATF6α to induce different transcriptional targets, in a stimulus dependent manner, 
despite activating ATF6α with the same proteolytic machinery. (A) N-ATF6α induces canonical ER 
chaperone GRP78 in response to protein misfolding; (B) N-ATF6α upregulates antioxidant catalase, but 
only in response to oxidative stress; (C) N-ATF6α upregulates cell growth inducer Rheb, but only in 
response to growth signals. 
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9. ATF6α in Disease 

Transcriptional regulation of a transcription program as extensive as that mediated by 

ATF6α naturally has profound consequences in a variety of disease states. For example, protein 

aggregation is a common feature of numerous forms of cardiac pathology. In numerous studies of 

ATF6α in the heart, it has been consistently found to play protective roles in multiple forms of 

cardiac injury.11-13, 21, 52, 104, 105  

For example, Martindale et. al. overexpressed a tamoxifen inducible form of ATF6α in 

mouse hearts and then performed ex vivo global ischemia/reperfusion injury on the isolated mouse 

hearts. Hearts with activated ATF6α exhibited significantly smaller infarcts and had preserved 

cardiac function compared to hearts from mice that were not treated with tamoxifen.21  

In a later study, Lynch et. al. investigated Thbs4 in hearts from mutant mice that 

constitutively develop a buildup of cardiac misfolded protein aggregates. They found that Thbs4 

was protective against accumulation of such aggregates because of its role in the activation of 

ATF6α.52  

More recently, Jin et. al. performed ischemia/reperfusion surgeries in mice, where damage 

to the heart is due in part to the generation of ROS upon reperfusion. Endogenous ATF6α was 

found to be activated by ischemia/reperfusion and was shown to be protective because it induces 

the antioxidant, catalase.11  

Blackwood et. al. discovered that ATF6α was necessary for compensatory cardiac growth 

in response to pressure overload induced by transaortic constriction (TAC) surgeries, which mimic 

chronic high blood pressure, due to its induction of the mTORC1 activator Rheb.12 In a subsequent 

study exploring the use of compound 147 as a drug candidate, Blackwood et al. found 147 to be 

globally protective against ischemia/reperfusion models in the heart, kidney, and brain.105 
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ATF6α and the ER stress response are generally found to be highly activated in 

professional secretory cells, due to increased protein flux through the ER. Sharma and colleagues 

accordingly found that ATF6α contributes to the proliferation of insulin-producing beta cells in 

the pancreas, with implications for diabetes.106  

The ER stress response is also highly active in cancer cells, which, in addition to rapid 

proliferation, must also survive in the hypoxic environment inside tumors, both of which can place 

high demands on protein synthesis and folding machinery. Indeed, ATF6α confers 

chemoresistance in leukemia cells.53  

Lastly, naturally occurring ATF6α mutations have been found in humans that can alter its 

activation in response to ER stress. Certain single nucleotide polymorphisms that increase the 

amount of ATF6α signaling have been associated with increases in blood cholesterol in patients at 

risk of cardiovascular disease, potentially because ATF6α may interact with the SREBP2 lipid 

biosynthesis pathway.104 Other mutations that lead to the truncation and degradation of ATF6α 

transcript have been shown to cause the autosomal recessive eye disorder achromatopsia, which is 

characterized by non-functional cone cells, resulting in color-blindness, photophobia, and other 

maladies.107 

10. ATF6α Relatives 

While the importance of the varied and complex outcomes of ATF6α signaling is apparent 

in multiple tissues and disease states, it should be noted that ATF6α is related to other transcription 

factors, many of which are included in the large ATF/CREB family.41, 42 Like ATF6α, all members 

of the ATF/CREB family are bZIP transcription factors consisting of a basic DNA binding region 

next to an alpha-helical coiled coil region for dimerization. They can all recognize cAMP response 

element (CRE) or CRE-like promoter elements in their target genes, though some, as in ATF6α, 
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show preference to other specific sequences like ERSE. All form dimers in order to properly bind 

DNA and activate transcription. These dimers can be in the form of homodimers or heterodimers, 

often with other ATF/CREB family members. ATF/CREB members include CREB, CREM, 

ATF1, ATF2, ATF3, ATF4, ATF5, ATF6α, ATF6β, ATF7, and BATF as well as the old astrocyte 

specifically induced substance (OASIS) subfamily41, 42, 108 members described below. While other 

members of the ATF/CREB family are involved in other stress responses in addition to ER stress, 

like ATF3109, ATF428, or ATF5110, only the OASIS and ATF6 subfamilies are type II ER-

transmembrane transcription factors that, like ATF6α, are activated by proteolytic cleavage by 

Golgi-resident S1P/S2P proteases.  

In all cases the liberated cytosolic N-terminal fragment is a bZIP transcription factor with 

a high degree of structural homology to the activated form of ATF6α, including an N-terminally 

located TAD and a C-terminal bZIP DNA binding/dimerization domain.41, 111, 112 However, none 

have a TAD sequence that is homologous to that of ATF6α.63 Additionally, the luminal regions of 

the rest of the OASIS subfamily (except for ATF6β) do not resemble ATF6α (Figure 5). In 

particular, some lack GRP78-binding domains and do not have apparent Golgi localization 

sequences.112 Thus, the specific mechanism of activation for some family members is obscure.  

Many OASIS members exhibit tissue specificity in terms of their expression, while ATF6α 

is broadly expressed in all tissues.112, 113 OASIS members also bind to differing promoter 

sequences. Some are known to bind to ERSE, unfolded protein response elements (UPRE), or 

otherwise ATF6-like sequences, while others show preference to CRE or CRE-like promoter 

elements.111, 112 It is unclear to what degree OASIS members are involved in ER stress. Some are 

activated by ER stress while some respond to other stimuli.111, 112, 114 Like the rest of the 
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ATF/CREB family, they form homodimers in order to bind DNA and activate transcription and 

have the potential to heterodimerize with similar transcription factors, including ATF6α.19, 111, 112 

a. Luman/CREB3: 

Luman protein is present exclusively in ganglionic neurons, monocytes, and dendritic cells. 

Luman has been shown to be cleaved and activated by S1P but this cleavage does not take place 

in response to chemical ER stressors. However, in the nucleus, Luman binds to ERSE-II and 

UPRE-like promoter elements, and it upregulates ER-associated degradation (ERAD) genes, 

specifically HERP and EDEM, suggesting some involvement in the ER stress response. Luman 

interacts with binding partners which control its activation in the Golgi, like DC-STAMP, or 

regulate its transcriptional activity in the nucleus like HCF-1 or LRF.115 

b. OASIS/CREB3L1: 

OASIS is expressed primarily in osteoblasts and in astrocytes. As with ATF6α, during ER 

stress OASIS translocates to the Golgi where it is cleaved and activated by S1P/S2P, though how 

this happens, given that its luminal domain structure diverges from that of ATF6α, is unclear. In 

osteoblasts OASIS increases Col1a1 production by directly binding a CRE element in the Col1a1 

promoter as a part of driving differentiation and bone formation.113, 116 

c. BBF2H7/CREB3L2: 

BBF2H7 is structurally very similar to OASIS but has different patterns of expression. It 

is primarily known for its high expression in chondrocytes and cartilage. Just like OASIS, it is 

activated by ER stress and is clipped at the Golgi after which the N-terminal fragment travels to 

the nucleus where it activates genes with CRE-like promoter elements. BBF2H7 directly 

upregulates Sec23a, which is responsible for COPII vesicle formation and is thus critical for the 

secretion of extra cellular matrix (ECM) proteins involved in cartilage development.108, 113 
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d. CREBH/CREB3L3: 

CREBH is primarily expressed in hepatocytes in the liver where it is activated by ER stress 

and is clipped at the Golgi. CREBH primarily binds CRE- and ATF6-like promoter elements but 

has also been reported to bind ERES and UPRE elements. Proinflammatory signaling activates ER 

stress and CREBH, which is responsible for the expression of acute phase response (APR) proteins 

CRP and SAP. Importantly, CREBH heterodimerizes with ATF6α, which enhances the induction 

of APR proteins.83 

e. CREB4/CREB3L4: 

CREB4 is expressed in the prostate in humans and in testis in mice, as well as in the 

intestines. It has two isoforms, α and β. CREB4β is a strong transcriptional activator while α is 

weak or inactive. CREB4 is cleaved at the Golgi but the steps involved in its activation remain 

unknown because it is insensitive to experimental maneuvers which should cause it to encounter 

the Golgi S1P and S2P proteases.  For example, BFA treatment, which causes the merging of ER 

and Golgi membranes does not result in its activation nor does expression of ER targeted versions 

of the Golgi proteases.117 CREB4 activation may thus have additional requirements that are thus 

far unknown. However, CREB4 has some involvement in the ER stress response because it binds 

to UPRE sequences and induces ERAD components, like EDEM.112  

f. ATF6β/CREBL1: 

In terms of amino acid sequence, ATF6β is the most closely related OASIS subfamily 

member to ATF6α and the two together are sometimes considered to form their own subfamily.41, 

44 Like ATF6α, ATF6β is an ER transmembrane protein with an N-terminal bZIP domain that is 

liberated by Golgi proteases upon ER stress.45 ATF6β has significant sequence homology to 

ATF6α, not only in its bZIP and transmembrane domains, which it shares with the OASIS 
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subfamily members, but also in other areas of its cytosolic and luminal domains.44, 45 Again, 

however, one area of noted difference is in its TAD, which lacks the critical eight amino acid VN8 

sequence found in ATF6α.43 When activated, ATF6β is a relatively weak transcriptional activator 

with a long half-life. Because ATF6β can both bind the same ERSE regions and form heterodimers 

with ATF6α, it can thus slow the activity of α and function as a transcriptional repressor.43, 65, 118 

However, it has more recently been shown to upregulate at least some of the same transcripts as 

ATF6α. Given its greater stability it thus may be able to compensate in model systems in which 

ATF6α has been deleted, a hypothesis that agrees with the fact that while either ATF6α or β 

knockout mice survive to adulthood, double-knockouts are embryonic lethal.119 
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Figure 5. Sequence homologies to soluble N-terminal ATF6α amongst OASIS family members.  
While all OASIS members have similar structure in their N-terminal fragments, they have low sequence 
homology to ATF6α in their TADs. There is greater homology, however, in their bZIP domains, especially 
for the member most closely related to ATF6α, ATF6β. Fellow ER stress effector XBP-1s, which is a bZIP 
transcription factor but is not in the OASIS subfamily, is included here for comparison. 
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11. Aims 

 The main objective of this dissertation is to elucidate the roles of ATF6α in cardiac non-

myocytes during long-term cardiac injury. To address this objective, research reported in this 

dissertation will utilize a loss-of-function approach involving ATF6α global knockout mice in a 

long-term MI-induced heart failure model. Research reported here will also examine ATF6α gain- 

and loss-of-function approaches in two isolated primary multi-potent cardiac non-myocyte cell 

lines known to respond to injury by activation, proliferation, and/or differentiation into somatic 

cell types. 

a. The Role of ATF6α in a Murine Model of Long-Term MI-Induced Heart Failure 

To review, the Glembotski lab previously showed that, in the heart, ischemia activates 

ATF6α.13 Furthermore, transgenic mouse hearts expressing a conditionally-activated form of 

ATF6α, and subjected to ex vivo ischemia/reperfusion, exhibited preserved heart function and 

smaller infarcts.21  The Glembotski lab also showed that by serving as a novel inducer of a global 

antioxidant gene program, endogenous ATF6α limits cardiac damage caused by reactive oxygen 

species during reperfusion.11 More recently, the Glembotski lab showed that ATF6α in cardiac 

myocytes is necessary for compensatory cardiac growth, following trans-aortic constriction 

surgery-induced pressure-overload, due to its non-canonical induction of the mTORC1 activator 

Rheb.12 Lastly, pharmacological activation of ATF6α was shown to be protective in 

ischemia/reperfusion models in multiple tissues, including the heart.105 However, less is known 

about the effect of endogenous ATF6α long-term in an MI-induced failing heart. Since ATF6α 

limits infarct size and preserves heart function following I/R injury, we hypothesized these benefits 

would have measurable effects on heart function long-term. Potentially deleterious cardiac 

remodeling, fibrosis, and heart failure, all of which can be long-term consequences of MI120-122, 
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might be exacerbated in the absence of ATF6α. Furthermore, for the research done here, a 

permanent-occlusion model of MI123 was employed, which results in the complete infarction of all 

tissue downstream of the occlusion. This serves to emphasize the effect of ATF6α on the regions 

of the heart remote from the infarct, likely including cardiac non-myocytes which respond to 

injury. We found that in the weeks following infarction, compared to wild type (WT) mice, ATF6α 

global KO mouse hearts exhibited decreased function and faster progression to heart failure, as 

measured by change in ejection fraction, the fraction of the total volume of blood held in the left 

ventricle that is ejected during each contraction. While control and ATF6α KO mouse hearts 

hypertrophied to a similar degree, KO mice showed greater cardiac dilation. Lastly, induction of 

the fetal gene program, which is characteristic of heart failure, was significantly higher in ATF6α 

KO hearts compared to WT. 

b. ATF6α in the Proliferation and Differentiation of c-Kit+ Cardiac Stem Cells  

c-Kit+ cardiac stem cells isolated from the adult mouse heart (CSCs, also known as cardiac 

progenitor cells) are a controversial cell type, primarily because previous claims of differentiation 

into mature cardiac myocytes124-126 have been questioned on a functional level127-129. Additionally, 

clinical trials testing the use of autologous CSC therapy met with promising but ambiguous 

results.130, 131 These trials involved CSCs grown in culture and then reinjected into the failing heart 

to promote a reduction in infarct size and a restoration of cardiac function. However, it became 

apparent that reinjected CSCs were quickly washed out and did not remain in the heart long enough 

to implant.132 Investigators in the field subsequently struggled to explain any observed beneficial 

results, theorizing that exogenous CSCs release adaptive cytokines or exosomes, with positive 

effects on cardiac myocytes, before they are washed away.133-135 However, lineage tracing 

experiments have shown that endogenous CSCs do indeed activate, proliferate, and differentiate 
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in response to injury.127 They have been shown to primarily differentiate into endothelial cells or 

mast cells, which may indicate importance for vascularization or inflammation respectively.127 

Preliminary unpublished work from the Glembotski lab showed that initiating differentiation by 

stimulation with dexamethasone (Dex) treatment activates ER stress markers in isolated CSCs. 

Likewise, ER stress induces expression of multiple differentiation markers. Surprisingly however, 

in this dissertation, it was found that ATF6α plays a moderating role in the induction of 

differentiation markers of these cells, despite being a primary responder to ER stress stimulus. 

This may be due to the observed hyperactivation of the ER stress response (measured by XBP-1 

splicing) when ATF6α cannot be activated. This effect is especially apparent when observing 

induction of the important smooth muscle and myofibroblast marker αSMA. Additionally, this lab 

has shown that ATF6α governs an antioxidant gene program which reduces the accumulation of 

ROS and contributes to its cardioprotective effect during ischemia-reperfusion.11 ROS are known 

to play important roles during development and during the differentiation of various cell types.136-

138 N-acetyl cysteine, a glutathione precursor, is a potent chemical inhibitor of ROS.139 If ATF6α 

loss of function in CSCs enhances the induction of differentiation markers with Dex stimulus due 

to the loss of its antioxidant gene program, NAC co-treatment may blunt this effect. Here we show 

that NAC rescues decreased viability with ATF6α inhibition and blunts the hyper-induction of 

differentiation markers with Dex stimulus in CSCs with ATF6α loss of function. 

c. ATF6α in the Activation and Differentiation of Adult Murine Ventricular 

Fibroblasts 

 Upon myocardial injury, fibroblasts in the heart infiltrate the affected area and differentiate 

into new cell types called myofibroblasts. These cells are characterized both by the induction of 

contractile proteins and the secretion of extracellular matrix proteins, which form fibrotic scar 
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tissue.7-9, 24 Investigating the factors governing fibroblast activation is key to understanding how 

these cells function in the heart and may be key to identifying novel therapeutic strategies. ATF6α 

plays critical roles in development140, as well as in the differentiation of certain cell types6, 141, yet 

ATF6α has not been studied in cardiac fibroblasts and its effect on fibrosis in the heart is unknown. 

Here, we hypothesized that ATF6α is an important regulator of fibroblast function. We found that 

fibroblast activation markers, including αSMA, were increased in infarcted hearts with global 

ATF6α deletion. Additionally, hearts with TAC-induced pressure overload showed increased 

fibrosis staining in global ATF6α-null mice relative to WT hearts. In isolated adult murine 

ventricular fibroblasts (AMVF), loss of ATF6α induced myofibroblast markers with and without 

the activation stimulus TGFβ. ATF6α loss of function also enhanced the effect of TGFβ on 

fibroblast contraction. These effects were associated with an increase in Smad phosphorylation, a 

crucial step in the TGFβ pathway. Interestingly, the effect of ATF6α loss of function in AMVF 

was erased when treated with the TGFβ receptor inhibitor SB431542. Additionally, when ATF6α 

was overexpressed or when endogenous ATF6α was pharmacologically activated, myofibroblast 

markers were reduced and activation by TGFβ was blunted. ATF6α activation also prevented the 

formation of αSMA contractile fibers, also known as stress fibers. In a PCR array of fibrosis genes, 

ATF6α activation downregulated the majority of genes interrogated, while ATF6α silencing 

resulted in the opposite. Among the most upregulated genes with ATF6α gain-of-function were 

several TGFβ/Smad pathway142 negative regulators including Smurf1143, Smurf2144, and 

PMEPA1145, 146, though none of these are known to be ATF6α target genes. Among the genes 

downregulated by ATF6α were the TGFβ receptors and two TGFβ isoforms. These data suggest 

that ATF6α decreases fibroblast activation. 
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Section I., Introduction, is, in part, a reprint of the review article “Sledgehammer to Scalpel: 

Broad Challenges to the Heart and Other Tissues Yield Specific Cellular Responses Via 

Transcriptional Regulation of the ER Stress Master Regulator ATF6α” as it appears in the 

International Journal of Molecular Sciences, 2020. Stauffer, Winston T.; Arrieta, Adrian; 

Blackwood, Erik A.; Glembotski, Christopher C., Int J Mol Sci, 2020. The dissertation author was 

the primary author of this paper.  
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II. Materials and Methods 

A. Laboratory Animal Use 

The research reported here has been reviewed in animal protocol 19-09-010G and approved 

November 25, 2019 by the San Diego State University Institutional Animal Care and Use 

Committee (IACUC) and conforms to the Guide for the Care and Use of Laboratory Animals 

published by the National Research Council. 

B. c-Kit+ Cardiac Stem Cell Isolation 

Adult mouse c-Kit+ cardiac stem cells (CSCs) were isolated as previously described.147 

Accordingly, the ascending aorta of each WT mouse heart was cannulated and retrograde perfused 

at 3 mL/min for 5 min at 37 °C with basic buffer (Joklik Modified Minimum Essential Medium 

(cat# M-0518, Sigma-Aldrich, St. Louis, MO, USA) supplemented with 2 g/L sodium bicarbonate 

(cat# S-8875, Sigma-Aldrich), 10 mM HEPES (cat# 15630-080, Gibco, ThermoFisher, Waltham, 

MA, USA), 30 mM taurine (cat# T8691, Sigma-Aldrich), and 2 mM glutamine (cat# G8540, 

Sigma-Aldrich), pH 7.3). Hearts were then digested by perfusing for 8-15 min with basic buffer 

that contained type 2 collagenase (50–60 mg; ~320 U/mL, cat# LS004176, Worthington, 

Lakewood, NJ, USA) until the tissue became pale and compliant. To stop digestion, the heart was 

then perfused with 5 mL BSA solution (the above basic buffer with 5 mg/mL BSA (cat#A6003, 

Sigma-Aldrich) added). The heart was then placed in BSA solution on ice and, if necessary, 

additional hearts were prepared. Once all hearts were fully perfused, they were collected and 

transferred to a 15 ml beaker then further dissociated with fine-tip scissors into ~1 mm chunks. 

The suspension was then aspirated up and down using transfer pipets until it became cloudy. The 

suspension was then centrifuged at 300 g, low brake, for 1 minute at room temperature (20–22°C) 

to separate into myocyte and non-myocyte fractions. The supernatant containing the non-myocytes 
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was brought up to 30 mL with BSA solution and then passed through a 40 μm mesh filter before 

centrifuging again at 600 g (medium high brake) for 10 minutes at room temperature to collect the 

non-myocytes. A 25 mL aliquot of the supernatant was removed and the pellet was resuspended 

in the remaining 5 mL. The suspension was then passed through a 30 μm pre-separation filter 

(cat#130041407, Miltenyi, Bergisch Gladbach, Germany) and centrifuged again at 600 g for 10 

minutes. The supernatant was removed, and the pellet was resuspended in 80 uL of washing buffer 

(D-PBS (cat# 14190144, Gibco, ThermoFisher) with 0.5% BSA). The suspension was incubated 

with 20-40 uL of anti-CD117 (c-Kit) microbeads (cat#130091224, Miltenyi) per every two hearts, 

depending on the size of the pellet, rocking for 20 minutes at 4 °C in the dark. An aliquot of 1 mL 

of washing buffer was added before centrifuging for 10 minutes at 600 g at 4 °C. The pellet was 

resuspended in 500-1000 μL of washing buffer, depending on the pellet size. The cell solution was 

passed through MS columns (cat# 130042201, Miltenyi) held by a magnet stand to retain the beads 

and the attached cells in the column. The column was then flushed with additional washing buffer. 

Once removed from the magnet, the column was flushed once more with 1 mL of washing buffer 

and the cells expelled from the column using a plunger. The cells were centrifuged once more for 

10 minutes at 600 g at room temperature. The pellet was resuspended in CSC media (DMEM:F12 

(cat# 11330-032 Gibco, ThermoFisher) with 10% embryonic stem cell qualified fetal bovine serum 

(esFBS, cat# 10439024, Gibco, ThermoFisher), 20 ng/mL epidermal growth factor (cat# E9644, 

Sigma-Aldrich), 20 ng/mL fibroblast growth factor (cat# 100-18, Peprotech, Cranbury, NJ, USA), 

and 10 ng/mL leukemia inhibitory factor (cat#ESG1107, Sigma-Aldrich) and plated on 1% gelatin 

(cat# S25335, ThermoFisher) coated plates. Once passaged 3 times, cells were frozen back in 

liquid nitrogen in a media containing 45% CSC media, 45% esFBS, and 10% DMSO (cat#317275, 

MilliporeSigma, Burlington, MA, USA), 50,000 cells per vial, and were thawed as needed for all 
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experiments. Cells were passaged using a 1:1 solution of TrypLE (cat# 12605-010, Gibco, 

ThermoFisher) and Cell Stripper (cat# 25-056-CL, Corning, NY, USA). 

C. Cardiac Non-Myocyte Isolation 

Adult mouse ventricular fibroblasts (AMVFs) were isolated as previously described for 

adult ventricular myocytes11 with the non-myocyte fraction cultured to select for a culture 

dominated by fibroblasts. Accordingly, the ascending aorta of each mouse heart was cannulated 

and retrograde perfused at 3 mL/min for 4 min at 37 °C with heart medium (Joklik Modified 

Minimum Essential Medium (cat# M-0518, Sigma-Aldrich, St. Louis, MO, USA) supplemented 

with 10 mM HEPES (cat# 15630-080, Gibco, ThermoFisher), 30 mM taurine (cat# T8691, Sigma-

Aldrich), 2 mM D-L-carnitine (cat#C9500, Sigma-Aldrich), 20 mM creatine (cat#C0780, Sigma-

Aldrich), 5 mM inosine (cat# I4125, Sigma-Aldrich), 5 mM adenosine (cat# A9351, Sigma-

Aldrich), and 10 mM butanedione monoxime (BDM) (cat# B0753, Sigma-Aldrich), pH 7.36). 

Hearts were then digested by perfusing for 13 minutes with heart medium that contained type 2 

collagenase (50–60 mg; ~320 U/mL, cat# LS004176, Worthington, Lakewood, NJ, USA) and 12.5 

µM CaCl2 (cat# 449709, Sigma-Aldrich). Beginning 5 minutes into the digestion, effluent dripping 

from the heart was collected. The cannula was then removed, and the heart was submerged in a 

dish with 2.5 mL of the accumulated effluent where the aorta and atria were excised. The remaining 

ventricles were then dissociated with forceps. The collagenase was neutralized with 2.5 mL of 

heart medium supplemented with 10% fetal bovine serum (FBS, cat# FB-12, lot# 206018, Omega 

Scientific, Tarzana, CA, USA), and the final concentration of CaCl2 was adjusted to 12.5 µM. The 

now digested heart slurry was further dissociated into a cell suspension by gently and repeatedly 

pipetting up and down with a transfer pipette for 4 minutes. The cell suspension was then gravity-

filtered through a 100 µm mesh filter into a 50 mL conical tube. Following filtration, myocytes 
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were sedimented by gravity. After 6 minutes, the supernatant containing non-myocytes was 

carefully removed. The remaining sedimented myocytes were resuspended and used for other 

unrelated experiments. The non-myocyte fraction was centrifuged and resuspended in 10% FBS 

with penicillin/streptomycin/glutamine (PSG) (cat# 10378016, Gibco, ThermoFisher) and plated 

on 12 well (0.5 mL per well) or 10 cm tissue culture dishes (Falcon Brand, Corning) (10 mL per 

well). Following 16 hours of incubation at 37 °C, the media were changed to remove non-viable 

cells and associated debris. The culture was then maintained for approximately 7 days, with further 

media changes every 2 days, until the cells were morphologically flat and spindle shaped and 

sufficiently dense to be used for experiments. Culturing the non-myocyte fraction for this period 

significantly increased the fibroblast marker Tcf21127 and abolished any remaining cardiac 

myocyte markers (Figure 6). All AMVF used in these experiments were primary cell cultures and 

were not frozen back for later use. 
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Figure 6. qRT-PCR of different fractions isolated from a WT adult mouse heart.  
Fractions are separated by gravity sedimentation as described. The pellet contains the adult myocytes (black 
bars) and the supernatant contains the non-myocyte fraction (gray bars). Culturing the non-myocyte fraction 
for one week (white bars), with regular media changes, allows for the removal of debris and dead myocytes 
and the enrichment of cardiac fibroblasts (AMVF). (A) Immediately post-isolation both the myocyte 
fraction and non-myocyte fractions are positive for the cardiac myocyte marker Tnnt2. However, after one 
week of culture, Tnnt2 signal is almost completely gone, reflecting the death and removal of any remaining 
myocytes. (B) Immediately post-isolation the myocyte fraction is negligible for the common fibroblast 
marker Tcf21 while the non-myocyte fraction is higher. After one week of culture, the non-myocytes are 
significantly higher in Tcf21, reflecting fibroblast enrichment over time. ***p≤0.001 by one-way ANOVA. 
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D. NIH 3T3 Cell Culture 

NIH 3T3 immortalized fibroblast cells were thawed from previously frozen stocks for 

experimental use. 3T3s were maintained in 10% FBS DMEM:F12 media with PSG and passaged 

with TrypLE. 

E. Cell Proliferation Assay 

For experiments where cell number was determined, cells were plated in 6-well culture 

dishes. After the prescribed waiting period, the cultures were washed with D-PBS and then 

trypsinized with 250 μL TrypLE for 5-15 min, until cells were floating. The TrypLE was 

neutralized with 750 μL 10% FBS growth media and the cell suspension was transferred to 

Eppendorf tubes, one per well, and spun down at 300 rpm, low brake, for 15 min. Supernatant was 

carefully removed and the pellet resuspended in 100 μL-1000 μL of serum-free 1:1 DMEM:F12, 

depending on the size of the pellet. An aliquote of 10 μL of the cell suspension was transferred to 

each side of a hemacytometer (cat# 1475, Hausser Scientific, Horsham, PA, USA) with cover glass 

and three 1 mm squares were counted per side and averaged. The average count per square was 

multiplied by 104 to get the total cell number per well. 

F. Immunoblotting 

Cells were lysed in buffer comprising 50 mM Tris (cat# 02-004-508, J.T.Baker, 

ThermoFisher) -HCl (cat# 9535-03, J.T.Baker, ThermoFisher) (pH 7.5), 150 mM NaCl (cat# 

215700, Beantown Chemical, Hudson, NH, USA), 0.1% SDS (cat# 4095-02, J.T.Baker, 

ThermoFisher), 1% Triton X-100 (cat# T9284, Sigma-Aldrich), protease inhibitor cocktail (cat# 

05892791001, Roche Diagnostics, Indianapolis, IN, USA) and phosphatase inhibitor cocktail (cat# 

4906837001, Roche Diagnostics). Lysates were subjected to centrifugation at 15,000 × g for 15 

minutes at 4 °C to sediment any cell debris, and the protein concentration was determined using 
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the DC™ protein assay (cat# 5000111, Bio-Rad, Hercules, CA, USA). Samples, typically 

comprising 10–30 µg of protein, were mixed with 6X concentrated Laemmli sample buffer 

including 2-mercaptoethanol (cat# M7154, Sigma-Aldrich), heated at 95 °C for 5 min, then 

subjected to SDS-PAGE followed by transferring onto PVDF membrane (cat# NEF1002001PK, 

ThermoFisher) for immunoblotting analysis. Antibodies were purchased that were raised against 

ATF6α (cat# 24169-1-AP, Proteintech, Rosemont, IL, USA, 1:1000), KDEL proteins (cat# ADI-

SPA-827-F, Enzo, Farmingdale, NY, USA, 1:8000), Smad 2/3 (cat# 3102, Cell Signaling, 

Danvers, MA, USA, 1:1000), phosphorylated Smad 2 (Ser456/467) (cat# 3108, Cell Signaling, 

1:1000), or GAPDH (cat# RDI-TRK5G4-6C5, Fitzgerald Industries International, Concord, MA, 

USA, 1:150 × 20,000). 

G. RNA Extraction 

RNA was extracted from CSCs, AMVFs, or NIH 3T3 cultures using Quick-RNA MiniPrep 

Kit, according to the manufacturer's instructions (cat# R1055, Zymo Research, Irvine, CA, USA). 

RNA was extracted from mouse heart tissue using RNeasy Mini Kit, according to the 

manufacturer’s instructions (cat# 74106, Qiagen, Germantown, MD, USA). 

H. Quantitative Real-Time PCR (qRT-PCR) 

cDNA was generated using Superscript III, according to the manufacturer's instructions 

(cat# 18080-300, Life Technologies, Carlsbad, CA, USA). qRT-PCR was performed on an 

Applied Biosystems StepOnePlus™ Real-Time PCR System using the Maxima SYBR 

Green/ROX 2× qPCR Master mix (cat# K0223, Thermo Scientific, Waltham, MA, USA) and the 

mouse primers for Acta2, Atf6, Col1a1, Hspa5, Myh6, Myh7, Nppa, Nppb, Pmepa1, Smurf1, 

Smurf2, Tcf21, Tnnt2, and Gapdh. Sequences listed below: 

Acta2—Fwd 5’-GTTCAGTGGTGCCTCTGTCA-3’ 
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Acta2—Rev 5’-ACTGGGACGACATGGAAAAG-3’ 

Atf6—Fwd 5’-CTTCCTCCAGTTGCTCCATC-3’ 

Atf6—Fwd 5’-CTTCCTCCAGTTGCTCCATC-3’ 

Col1a1—Fwd 5’-AAGACGGGACGGCGAGTGCT-3’ 

Col1a1—Rev 5’-TCTCACCGGGCAGACCTCGG-3’ 

Gapdh—Fwd 5’-ATGTTCCAGTATGACTCCACT-3’ 

Gapdh—Rev 5’-GAAGACACCAGTAGACTCCAC-3’ 

Hspa5—Fwd 5’-GATACTGGCCGAGACAACAC-3’ 

Hspa5—Rev 5’-AGGAGGAGACACGAAGCA-3’ 

Nppa—Fwd 5’-GAGAGAGAGAAAGAAACCAGAGTG-3’  

Nppa—Rev 5’-CTCATCTTCTACCGGCATCTTC-3’ 

Nppb—Fwd 5’-GTCAGTCGTTTGGGCTGTAA-3’ 

Nppb—Rev  5’-GCAAGTTTGTGCTCCAAGATAAG-3’ 

Myh6—Fwd 5’-CGGAAAGACGGTGACCATAAA-3’ 

Myh6—Rev 5’CTGATAGGCGTTGTCAGAGATG-3’ 

Myh7—Fwd 5’-TGCCCGATGACAAAGAAGAG-3’ 

Myh7—Rev 5’-AAGAGGCCCGAGTAGGTATAG-3’ 

Pmepa1—Fwd 5’-TGTCCTCGGAAGGATGCCTCTGG-3’ 

Pmepa1—Rev 5’-CAGCGAGTCGGTCAGTGGGC-3’ 

Smurf1—Fwd 5’-AGGCTCTGCAAGGCTCTACAG-3’ 

Smurf1—Rev 5’-GGTGGTTGTGAGCAAGACTCTG-3’ 

Smurf2—Fwd 5’-AAGAACTACACAGTGGGAACGC-3’ 

Smurf2—Rev 5’-CACGTTGCACCATTTGTTCC-3’ 
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Tcf21—Fwd 5’-CATTCACCCAGTCAACCTGA-3’ 

Tcf21—Rev 5’-CCACTTCCTTCAGGTCATTCTC-3’ 

Tnnt2—Fwd 5’-GGAAGAGACAGACAGAGAGAGA-3’ 

Tnnt2—Rev 5’-GGTTTCGCAGAACGTTGATTT-3’ 

I. PCR Arrays 

 PCR arrays were performed on cDNA generated using Qiagen RT2 First Strand Kit (cat# 

330401, Qiagen, Germantown, MD, USA) from isolated RNA (described above) using RT2 

Profiler PCR Arrays for Mouse Cell Cycle (cat# PAMM-020Z, Qiagen, Germantown, MD, USA), 

Oxidative Stress (cat# PAMM-065Z), and Fibrosis (cat# PAMM-120Z) according to the 

manufacturer’s instructions.   

J. XBP-1 Splicing Assay 

This assay utilized the same cDNA generated for qPCR as above. An aliquot of 4 μL of 

sample cDNA was combined in a PCR tube with 45 μL of Platinum Blue PCR Supermix (cat# 

12580, ThermoFisher) and 0.5 μL of the Xbp1 primers listed below: 

Xbp1—Fwd 5’-TTACGGGAGAAAACTCACGG-3’ 

Xbp1—Rev 5’-ACAGGGTCCAACTTGTCCAG-3’ 

The reaction mix was then run on a thermocycler with the following settings: 

1. 94°C for 2 minutes 

2. 36 cycles of: 94°C for 30 seconds  60°C for 30 seconds  72°C for 60 seconds 

3. 72°C for 10 minutes 

The reaction products were then separated on a 2-3% agarose gel at 100 volts for 60 

minutes with 1:100000 ethidium bromide. The resulting bands were viewed under UV light and 
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were inferred to be spliced or unspliced, based on size relative to a GeneRuler 100 bp DNA ladder 

(cat# SM0241, Thermo Fisher). 

K. siRNA Transfection 

Targeted gene knockdown was achieved with siRNA designed using Thermo Fisher Block-

IT RNAi designer software (Thermo Fisher Scientific, Waltham, MA, USA). Transfection was 

achieved with HiPerFect transfection reagent (cat# 301704, Qiagen, Germantown, MD, USA), as 

follows: Cell cultures were switched to 0.5%, antibiotic-free media that had been incubated at 

room temp for 15 minutes with HiPerFect and siRNA. Six microliters of 20 nM siRNA and 6 µL 

of HiPerFect were added per 1 mL of media and vortexed briefly prior to the 15-minute incubation. 

siRNA was targeted to murine ATF6α (cat#10620312, Thermo Fisher Scientific, Waltham, MA, 

USA) and a non-targeting sequence (cat# 12935300, Thermo Fisher) was used as a control. 

L. 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium (MTT) Assay 

Cells were plated and treated in a 12-well dish. Following, treatment media was removed 

and replaced with 500 µL growth media with 18 µL MTT reagent (cat# 11465007001, Roche 

Diagnostics) and incubated at 37 °C for 4 hours. Afterwards, cells were examined under the 

microscope to verify the appearance of purple formazan crystals in viable cultures. Cells were then 

solubilized by adding 500 µL DMSO to the media already in the well and aspirating to mix. Optical 

density of samples from each well was then read on a plate reader at a wavelength of 540 nm. 

M. Gaussia Luciferase Secretion Assay 

Expression of Gaussia Luciferase (GLuc) in cultured CSCs was achieved by transfection 

of pCMV-GLuc 2 Control Plasmid (cat# N8081, New England Biolabs, Ipswich, MA, USA). The 

GLuc plasmid or GFP plasmid (as a control) was transfected into CSCs cultured on 6-well dishes 

using Fugene Transfection Reagent (cat# E2311, Promega, Madison, WI, USA). 2 µg of plasmid 
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was combined with 6 µL Fugene Reagent and then the solution was brought up to 100 µL with 

CSC growth media and incubated for 15 minutes at room temperature. 10 µL of the solution was 

then added to each well and allowed to incubate at 37 °C for 24 hours. The media was then 

refreshed and incubation continued for another 24 hours at 37 °C before any treatments were 

added. The activity of GLuc was assessed using the BioLux Gaussia Luciferase Assay Kit (cat# 

E3300L, New England Biolabs) as per the manufacturer’s instructions using the Stabilized Assay 

Protocol II for injector-equipped luminometers. Secreted GLuc was assessed in media samples, 

while intracellular GLuc was assessed in cell lysates prepared using Luciferase Cell Lysis Buffer 

(cat# B3321, New England Biolabs). Samples were loaded into and read by an injector equipped 

luminometer and the injector primed using assay solution. 

N. Collagen Gel Contraction Assay 

NIH 3T3 cells were resuspended in chilled serum-free culture media at a concentration of 

150,000 cells/mL. For each gel, 400 μL of the cell suspension was combined with 200 µL of chilled 

3 mg/mL Cultrex Rat Collagen I (R&D Systems, Minneapolis, MN, USA) and 12 μL of filtered 1 

M NaOH (cat#72068, Sigma-Aldrich) as well as any experimental treatment. 500 µL of this 

solution were quickly transferred to each well of a 24-well dish and incubated at 37 °C for 20 

minutes. 1 mL of 10% FBS culture media, including any treatments, was then added to each well, 

and the polymerized gel disk was freed from the bottom of the disk using an autoclaved 200 μL 

pipette tip. The gels were verified to be freely floating before returning to the incubator. 

Contraction was then monitored at regular intervals up to 48 hours. 

O. Immunocytofluorescence 

AMVFs or NIH 3T3s were plated and maintained as described above on four chamber 

glass slides (Falcon Brand, Corning). After cells had reached approximately 70% confluency, the 
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medium was changed to medium containing ±10 μM compound 147 and/or 10 ng/mL TGFβ for 

48 hours. After each treatment, AMVFs were washed with D-PBS, fixed for 15 min with 4% 

paraformaldehyde, and then permeabilized for 10 min with 0.5% Triton X-100 + 3 mM EDTA 

(cat# E5134, Sigma-Aldrich). Slides were blocked for 1 hour with SuperBlock (cat# 37515, 

Sigma-Aldrich), and subsequently incubated with a primary antibody to αSMA (cat# A2547, 

MilliporeSigma, St. Louis, MO, USA, 1:500) for 16 hours at 4 °C. Slides were incubated with Cy3 

fluorophore-conjugated secondary antibodies for 1 hour, followed by a Hoechst nuclear counter 

stain (1:1000) for 10 min. 

P. Myocardial Infarction 

Permanent occlusion myocardial infarction (MI) was performed in vivo by ligating the left 

anterior descending artery (LAD), as previously described.123 Briefly, adult male mice were 

anesthetized using a 2% isoflurane (cat# NDC66794-013-25, Piramal, Mumbai, India)/O2 mixture. 

Using aseptic technique, an incision was made to expose the trachea and the animal was intubated. 

Mice were then treated with buprenorphine HCl (0.1 mg/kg IP, cat# NDC 12496-0757-5, Reckitt 

Benckiser Healthcare Ltd., Hull, England, UK) before an approximately 2 cm skin incision was 

made, lateral to the sternum and extending towards the axillary region. The left pectoralis muscle 

was retracted with an elastic retractor and the chest cavity penetrated with forceps in between the 

third and fourth ribs. Additional retractors were used to expose the anterior side of the left ventricle 

of the heart and the LAD. Using a 7–0 silk suture, the LAD was permanently ligated at a point just 

proximal to its downstream bifurcation and adjacent to the left atrium. Sham surgery mice were 

given the same procedure, except that the LAD was not ligated. The thoracic cavity and all skin 

incisions were then closed with surgical glue and the mice were transferred to individual cages to 

recover. Animals were again injected with buprenorphine HCl (0.1 mg/kg IP) 12 h after surgery 
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to aid in recovery and were continually monitored for signs of pain or distress thereafter. If such 

signs became apparent, additional doses of buprenorphine were administered. For the acute MI 

model, seven days after surgery, animals were anesthetized, sacrificed, and the hearts removed. 

Hearts were dissected to separate atria and the right and left ventricle. The left ventricle was further 

separated into infarct, peri-infarct, and distal regions and then frozen in liquid nitrogen before 

transfer to a −80 °C freezer for storage. For the long-term, MI-induced heart failure model, animals 

were maintained post-surgery for 11 weeks. Heart function and physical parameters were 

monitored biweekly, starting on week 1 post-surgery, via echocardiography (see below). 

Following the week 11 echo, mice were sacrificed as before. Additionally, heart weights and tibia 

lengths were also recorded. 

Q. 2,3,5-triphenyl-2H-tetrazolium chloride (TTC) Staining 

Immediately before sacrifice, TTC powder (cat# T8877, Sigma-Aldrich) was reconstituted  

at 0.5 g in 50 mL of D-PBS to make a working stock, which was covered in foil and kept on ice 

until used. Mice were sacrificed using pentobarbitol intraperitoneal injection and their hearts 

removed. Hearts were washed in three chilled D-PBS washes and the blood vessels, atria, and right 

ventricle were removed. Hearts were then briefly frozen (~5 minutes at -80° C) and then divided 

into 1 mm sections using seven razor blades in a tissue matrix. Sections were then transferred to a 

scintillation vial with 5 mL of the TTC solution, which was then covered in foil and incubated in 

a 37 °C waterbath for 15 minutes. Sections were then removed from the TTC and suspended in 

10% formalin (cat# SF100-4, ThermoFisher) and stored at 4 °C overnight. The next day, sections 

were imaged on an ordinary scanner set to highest resolution. To obtain the area of infarct, the area 

of the red (viable) area was subtracted from the total area of the entire section, areas which were 
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then added together with all the other sections for each heart. Areas were measured using ImageJ 

software. 

R. Transthoracic Echocardiography 

Transthoracic echocardiography of WT and ATF6α KO mice was performed using a high-

resolution echocardiograph system (Vevo 2100 System, Fujifilm VisualSonics, Toronto, Ontario, 

Canada). Mice were anesthetized using an induction box with 2% isoflurane flow. The chest fur 

of the mice had previously been removed using Nair. The unconscious mice were transferred to a 

heated platform with electrodes to detect heart rate.  A nose cone also connected to isoflurane flow 

kept the mice unconscious. All measurements, whenever possible, were taken when the mice had 

a heart rate between 450-500 bpm. Isoflurane flow was adjusted as necessary to maintain this 

window. The mice were laid supine and the exposed chest skin coated in warmed ultrasound gel 

(cat# 01-50, Parker Laboratories, Fairfield, NJ, USA). All four paws were taped over the electrodes 

with added electrode conductive cream (cat# 17-05, Parker Laboratories). The probe was then 

moved into place and both long-axis (B-mode) and short-axis (B- and M-mode) images were 

captured. The short axis plane was determined by locating the apex of the heart and then moving 

anterior until the papillary muscles first appeared. The M-mode line was placed just alongside the 

papillary muscle landmarks to ensure consistency between mice. B-mode images were purely for 

visual reference while all measurements were made using the short-axis M-mode images. Data 

analysis was conducted using the onboard Vevo 2100 software suite. 

S. Transverse Aortic Constriction Surgery 

Transverse aortic constriction (TAC) was performed in vivo by using a 6-0 silk suture to 

partially ligate the aorta as previously described.12 Briefly, adult male mice were first anesthetized 

in an induction chamber using a 2% isoflurane/O2 mixture. Using aseptic technique, an incision 
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was made to expose the trachea and the animal was intubated. Mice were then treated with 

buprenorphine (0.1 mg/kg IP) before an approximately 1.5 cm vertical skin incision was made, 

lateral to the sternum and extending towards the axillary region. The left pectoralis muscle was 

retracted with an elastic retractor and the chest cavity punctured with forceps in the fourth 

intercostal space. Additional retractors were used on adjacent ribs to expose the heart and aortic 

arch. The aorta was isolated from the surrounding tissue, and partially ligated between the 

innominate and left common carotid arteries with a 6-0 silk suture. Partial ligation of the aorta was 

performed by placing a dull 27-gauge needle to the side of the artery and tying the ligature firmly 

to both the needle and the artery, before the needle was removed leaving a calibrated stenosis of 

the aorta. Sham operated mice were given the same procedure, except that the aorta was not 

constricted. The thoracic cavity and all skin incisions were then closed with surgical glue and the 

mice were transferred to individual cages to recover. Animals were again injected with 

buprenorphine (0.1 mg/kg IP) 12 h after surgery to aid in recovery and were continually monitored 

for signs of pain or distress thereafter. If such signs became apparent, additional doses of 

buprenorphine were administered. Seven days after surgery, animals were anesthetized, sacrificed, 

and the hearts removed. Immediately prior to sacrifice, alterations in Doppler velocities of the 

innominate and left carotid arteries seven days post-TAC were quantified, as previously described. 

T. Picro-Sirius Red Staining 

Mouse hearts embedded in paraffin wax blocks were sectioned using a manual microtome 

into 5 µM sections across the long-axis of the left ventricle. Sections were bonded to charged glass 

slides (cat# 1158B91, Denville, Thomas Scientific, Swedesboro, NJ, USA) for long-term storage. 

Prior to staining, sections were deparaffinized in xylene and graded alcohol solutions by sequential 

submersion as follows: 
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Xylene – 5 min.  Xylene – 5 min.  Xylene – 5 min.  Alcohol 100% – 3 min.  

Alcohol 100% – 3 min.  Alcohol 100% – 3 min.  Alcohol 95% – 3 min.  

Alcohol 95% – 3 min.  Alcohol 70% – 3 min.  DDI Water – 5 min.   

DDI Water – 5 min.  DDI Water – 5 min. 

Slides were then placed in a Coplin jar and submerged in Picro-Sirius Red solution (cat# 26357-

02, Electron Microscopy Services, Hatfield, PA, USA) for 60 minutes. Following this, slides were 

rinsed twice with Acetic Acid Solution (cat# V193-46, Mallinckrodt, Staines-Upon-Thames, 

Surrey, UK) and then dehydrated by sequential submersion in graded alcohol solutions and xylene 

as follows: 

 Alcohol 70% – 5 min.  Alcohol 95% – 3 min.  Alcohol 100% – 3 min.  

 Xylene – 3 min.  Xylene – 3min. 

Slides were then mounted using Permount mounting medium (cat# 17986-01, Electron 

Microscopy Services) and a glass slide. Staining was imaged using a slide scanner and 

epifluorescence microscope. 

U. WT and ATF6α Knockout Mice 

The ATF6α global knockout (KO) mice used in this study were 10-week-old male C57/Bl6 

generated so that both ATF6α alleles had exons 5 and 6 globally deleted in all tissues and cell 

types, leading to a complete absence of any ATF6α protein but without affecting the other ATF6 

isoform, ATF6β. ATF6α global knockout mice were a gift of Dr. Randall Kaufman and have been 

previously described.100 ATF6α-floxed mice were a gift from Gokhan S. Hotamisligil. Briefly, 

ATF6α-floxed mice were generated with a targeting-construct, flanking exons 8 and 9 of ATF6α 

with locus of X-over P1 (LoxP) sequences on a C57B/6J background, as previously described.148 

The plasmid encoding the human cardiac troponin T promoter driving Cre-recombinase was a gift 
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from Dr. Oliver Müller.149 Adeno-associated virus 9 (AAV9) preparation and injection were 

carried out as previously described.11, 100 Eight-week-old ATF6α-floxed mice were injected via the 

lateral tail vein with 100 µL of AAV9-control or AAV9-cTnT-Cre containing 1 × 1011 viral 

particles and housed for 2 weeks before either sacrifice or experimental initiation, as previously 

described. 

V. Dexmethasone, PF429242, TGFβ, SB431542, and Compound 147 Treatment 

All treatments applied to cell cultures were added in 10% FBS culture medium. 

Dexamethasone-water soluble (cat# D2915) was purchased from Sigma-Aldrich and resuspended 

in water at 10 mg/mL to create a stock solution. Porcine, platelet-derived TGFβ1 (cat# 101-B1) 

was purchased from R&D Systems (Minneapolis, MN, USA). TGFβ1 stock solution was created 

by resuspending in 4 mM HCl with 0.1% BSA at 10 µg/mL. TGFβR1 inhibitor compound 

SB431542 (cat# 1614) was purchased from Tocris (Minneapolis, MN, USA). SB431542 stock 

solution was created by resuspending in DMSO at 10 mM. ATF6α activator compound 147 was a 

gift of Dr. Luke Wiseman and Dr. Jeffrey Kelly and has been previously described.59, 60 147 stock 

solution was created by resuspending in DMSO at 10 mg/mL. 

W. Statistics 

All error bars shown are ±SEM and statistical treatments are Student’s t-test when 

comparing two values or one-way analysis of variance (ANOVA) with Newman–Keuls post hoc 

analysis when comparing more than two values. 
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III. Results 

A. Effect of Global ATF6α Loss-of-Function in an MI-Induced Model of Heart Failure 

1. Introduction 

Common conditions, such as hypertension, hyperlipidemia, diabetes, and obesity are risk 

factors for the development of atherosclerosis, defined as the build-up of atheromatous plaques 

inside coronary arteries.150, 151 Narrowing and eventual occlusion of these arteries causes the 

cessation of blood-flow to downstream tissue. Frequently this cessation is quite sudden, as when 

the plaque ruptures and triggers an immune response, creating a blood clot which can completely 

block the artery. The reduction or cessation of blood-flow creates ischemic conditions in all tissue 

downstream of the blockage.152 This causes numerous stresses on each affected cell, including 

hypoxia, hypoglycemia, and the buildup of metabolic wastes.13, 153 If ischemia continues, the 

downstream tissue will eventually become infarcted, or dead, and in the heart the damaged 

myocardium, which cannot regenerate, needs to be replaced with a fibrotic scar to avoid cardiac 

rupture.121 Clinical interventions typically include reopening the artery and reperfusing the tissue, 

before total infarction occurs, by administering anticoagulants, or by catheterization.154 However, 

sudden resumption of blood flow causes its own reperfusion damage, characterized by the 

generation of reactive oxygen species (ROS).155 ROS are normally produced during cellular 

metabolism but sudden, excessive increases in ROS, as occurs in reperfusion, cause mitochondrial 

dysfunction, damage to DNA and lipid membranes, and altered enzymatic function.156 In the ER, 

ROS-induced oxidative stress impairs the folding of nascent proteins in the ER lumen.11, 21, 105 All 

of these stresses can result in cell death. Thus, reperfusion therapy adds to the total area of 

infarction, while still preserving some of the tissue in the total area at risk and, overall, reducing 

mortality.155, 156 It should also be noted that not all myocardial infarctions (MI) are treated, such as 
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those that are too minor to be noticed. These can lead to the permanent infarction of all affected 

tissue.157 Infarction of an area of the myocardium, if not immediately fatal, decreases the ability of 

the heart to adequately pump blood because the infarct is covered by a stiff, fibrotic scar that is 

both noncontractile and disruptive to the propagation of electrical signaling to the rest of the heart. 

Over time, this leads to compensatory hypertrophy of the still-viable cardiac tissue, followed by 

myocyte dropout and decompensatory dilation of the affected ventricle, usually the left, ultimately 

leading to heart failure.120-122 

 In the ER, ischemia results in a reduction of ATP and an imbalance in ER calcium, both of 

which impair ER protein folding. Ischemia thus causes ER stress and activation of the ER stress 

response. Unresolved ischemic ER stress causes apoptosis and contributes to overall myocardial 

cell death. ATF6α is activated during simulated ischemia in cultured cardiac myocytes.13 

Furthermore, ATF6α activation has a beneficial preconditioning effect when employed at or prior 

to initiation of ischemia, providing some protection upon further ischemia and reperfusion. In 

cardiac myocytes, ATF6α has been shown to reduce infarct size and preserve cardiac function 

following cardiac ischemia/reperfusion injury.11, 21, 105 This, is in part due to the ability of ATF6α 

to improve cardiac myocyte viability by preserving ER protein folding capacity, thereby reducing 

cell death during adverse conditions.13 Since cardiac myocytes have little to no proliferative 

potential, preservation of preexisting myocytes is key to preservation of cardiac function.158 

Additionally, cardiac non-myocytes, which are activated during injury and contribute to the 

formation of scar tissue and other aspects of cardiac remodeling, also influence cardiac function, 

though the role of ATF6α in those cell types was previously unknown.1, 7-9, 24, 109, 127, 129  

 In this dissertation research the model selected for study was a mouse model of permanent 

occlusion MI and MI-induced heart failure24, 159, 160. This model was chosen to isolate the effects 
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of ATF6α loss-of-function on the ischemic phase, which has not been explored before in vivo, and 

which is clinically relevant to patients with untreated MIs157. Additionally, permanent occlusion 

results in the largest possible infarcted area, which was predicted to cause maximal progression to 

post-MI heart failure, mimicking clinical patients most in need of novel therapeutic intervention. 

ATF6α global KO mice were chosen in order to model ATF6α loss-of-function beyond cardiac 

myocytes, since cardiac non-myocytes also play significant roles during ischemia and subsequent 

cardiac remodeling. In the absence of any cardiac stress maneuvers, ATF6α KO mice develop 

normally and are morphologically and physiologically similar to their WT counterparts.100 

2. Short-term (One week) MI 

 C57/Bl6 mice were subjected to short-term permanent occlusion MI surgery. Accordingly, 

WT and ATF6α KO mice were sacrificed one week after surgery and the hearts sectioned and 

stained with TTC immediately after sacrifice to determine the area of infarct. White-colored TTC 

stain (2,3,5-triphenyl-2H-tetrazolium chloride) is reduced to red-colored 1,3,5-triphenylformazan 

only in living tissue. Thus, in infarcted hearts stained with TTC, the dead infarct area appears pale 

or white while the still viable tissue is stained red. One week was chosen to be sufficient time to 

allow for complete infarction of the entire tissue area at risk.24 These mice were also subjected to 

echocardiography before surgery and again immediately before sacrifice to obtain data on heart 

function, pre- and post-MI. Though the area of infarct in the KO hearts appeared larger, there was 

no significant difference between the two groups. Likewise, while MI generally caused a 

significant reduction in cardiac function, as measured by ejection fraction, there was no difference 

in heart function between WT and ATF6α KO groups (Figure 7). 
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Figure 7. Analysis of infarct size and heart function of WT and ATF6α KO mouse hearts one week 
following MI surgery.  
Following MI, WT and ATF6α KO ventricles were sectioned and stained with TTC to distinguish viable 
tissue (red) from dead, infarcted tissue, (pale). Representative images are seen in (A). Infarct size as a % of 
total area is quantified in (B). No significant difference was found between WT and ATF6α KO hearts. The 
same mice were subjected to echocardiography before surgery and again immediately before takedown. 
Heart function, as measured by ejection fraction, is quantified in (C). Ejection fraction decreased post-MI 
in both groups, but no significant difference was found between groups at either timepoint. n.s. indicates 
no statistical significance as determined by student’s t-test. 
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3. Long-term (11 week) MI Progression to Heart Failure 

 Since the absence of ATF6α in the heart had no significant effect on infarct size and cardiac 

function one week post-MI, an experiment was undertaken to determine the effect of ATF6α in a 

more chronic model of heart disease in mice, i.e. long-term progression to heart failure.24, 159, 160  

Accordingly, WT and ATF6α KO mice were subjected to identical MI surgeries as before, and 

then allowed to recover with continual monitoring for 11 weeks. Though infarct size might be 

similar, we reasoned that the remote areas of the heart, including relevant non-myocytes, might 

respond differently in an ATF6α-dependent manner over the course of time and that this might be 

reflected in changes in the structure, function, and genetic regulation of the heart. In this iteration 

of the experiment, sham surgery groups were included for both the WT and ATF6α KO conditions. 

These sham groups were treated identically in every respect, except the LAD artery was not 

occluded. We show here, via qPCR, that ATF6α KO post-MI mice upregulate transcripts for fetal 

isoforms of contractile proteins to a significantly greater degree compared to WT (Figure 8A-C). 

Myh6, the gene name for αMHC, is the primary isoform of myosin heavy chain expressed in the 

adult mouse ventricle whereas Myh7, or βMHC, is expressed perinatally. The upregulation of the 

fetal isoform, and the downregulation of the adult isoform of MHC are hallmarks of cardiac disease 

and a leading indicator of heart failure.161 The altered ratio of βMHC to αMHC is shown in Figure 

8D. Ventricular expression of natriuretic gene transcripts Nppa and Nppb (ANP and BNP, 

respectively), another feature of the fetal gene program, was also significantly increased post-MI 

in ATF6α KO mice compared to WT (Figure 8E-F). In the adult mouse, as in humans, ANP and 

BNP are primarily expressed in the atria where they act as the primary natriuretic hormones 

fulfilling the atria’s endocrine function. ANP and BNP are exclusively expressed in the fetal 

ventricle or in adults during cardiac disease.161 
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Figure 8. qPCR of RNA isolated from mouse left ventricles following the conclusion of the 11-week MI 
study. 
ATF6α knockout was confirmed in the ventricles (A). Following MI, ventricles show a significant decrease 
in the adult murine α-myosin heavy chain (MHC) contractile protein (B) and a significant increase in the 
fetal β isoform (C). An increase in the β-MHC to α-MHC ratio (D) is an indicator of failing heart muscle 
in mice. While the WT MI ventricles had a non-significant increase in β to α ratio, the increase seen in 
ATF6α KO ventricles was highly significant. ATF6α KO ventricles show significant increases in transcript 
levels of natriuretic proteins ANP (E) and BNP (F) post-MI, further evidence of a switch to fetal gene 
expression characteristic of heart failure. WT ventricles show non-significant increases in both ANP and 
BNP transcript following MI. * indicates p≤0.05 significant difference between the compared groups as 
determined by one-way ANOVA. n.s. indicates no statistical significance. 
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Additionally, ATF6α KO mice subjected to MI surgery progress to heart failure faster, 

specifically by week 3, as measured by decreased ejection fraction observed via echocardiography. 

Heart function was overall lowest in ATF6α KO post-MI hearts throughout the study, though it 

was only significantly different at week 3. Echo analysis also showed that ATF6α KO hearts 

exhibit increased dilation at later timepoints, as measured by increased systolic left ventricular 

interior diameter (Figure 9). This is despite no observed difference in heart weight relative to tibia 

length measured immediately following sacrifice. This disparity may be explained in multiple 

ways. It is possible ATF6α deletion causes increased cell death in the remote region of the heart, 

leading to faster myocyte dropout and dilation of the ventricle. It is perhaps also indicative of a 

lack of a compensatory hypertrophy phase, as is discussed below. 

 



 

55 
 

 

Figure 9. Effect of ATF6α KO on heart function following the conclusion of the 11-week MI study. 
Echocardiogram images of short-axis M-mode line-scans (A) from WT and ATF6α KO mice 11 weeks 
post-sham or MI surgeries. KO-MI hearts became dilated to a greater degree than WT-MI mice as measured 
by systolic left ventricular internal diameter (LVID) (B). Heart function measured by ejection fraction (EF) 
(C) also decreased sooner for KO-MI mice compared to WT-MI mice. WT and ATF6α KO MI hearts 
increased in weight (HW) per tibia length (TL) (D). The increase for KO hearts was not significant. * 
indicates p≤0.05 significant difference for KO-MI mice relative to all other groups at each indicated 
timepoint as determined by one-way ANOVA. * over a line comparing two bars indicates p≤0.05 significant 
difference between compared groups as determined by student’s t-test. n.s.indicates not significant. 
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4. Conclusions 

 The observed lack of difference between WT and ATF6α KO hearts in infarct size, or 

cardiac function after one week of MI, was surprising given there are repeated publications 

demonstrating the role of ATF6α in reducing infarct size following ischemia/reperfusion.11, 21, 105 

This result may be due to the nature of permanent occlusion causing maximal infarction, thereby 

hiding any beneficial effect ATF6α might have had during the ischemic phase. Alternatively, it 

may be that the effects of ATF6α are primarily exerted during the reperfusion phase, in vivo, 

perhaps via its recently discovered antioxidant gene program centered around catalase.11 Here, it 

was only by observing the post-MI mice long-term that differences between WT and ATF6α 

became more apparent. From these results it is reasonable to hypothesize that while the cells in the 

infarct zone may be lost to the same extent regardless of ATF6α activity, due to the permanent loss 

of blood flow, cells in the remote regions require ATF6α for their function and survival. These 

cells may include cardiac myocytes or cells which migrate to the infarct region over time like 

fibroblasts, endothelial cells, or stem cells. If so, these effects likely result in the observed long-

term differences.   

 Despite a faster progression to heart failure in the ATF6α KO post-MI hearts relative to 

WT, there was no observed difference in heart weight. Additionally, the significant increase in 

heart weight seen in the WT post-MI hearts relative to its own sham was not seen in the ATF6α 

KO hearts. While this result initially seemed at odds with the available literature, subsequent 

research in the Glembotski lab found that ATF6α was required for compensatory cardiac 

hypertrophy via its upregulation of the mTORC1 activator, Rheb.12 Though the injury model used 

in that study was pressure overload-induced by transaortic constriction, it is possible that Rheb, 

and thus ATF6α, are also required for cardiac hypertrophy in this injury model. 
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 Lastly, while the use of the ATF6α global knockout model is useful for examining the role 

of ATF6α in all the cell types of the heart, it should also be remembered that ATF6α is deleted in 

all the other cell types and tissues in the body as well. Therefore, it is formally possible that lack 

of ATF6α in non-cardiac tissues influences the progression of cardiac disease in this model. The 

following chapters deal with isolated cardiac cells to examine the effects of ATF6α gain- or loss-

of-function without the influence of other cell types. 
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B. Effect of ATF6α Gain- and Loss-of-Function in c-Kit Derived Cardiac Stem Cells 

1. Introduction 

 The c-Kit gene encodes a type-III receptor tyrosine-kinase which is frequently used as a 

surface marker for a variety of proliferative cell types with multipotent differentiative potential.162 

These can include embryonic stem cells163, hematopoietic stem cells164, bone marrow cells165, and 

cardiac stem cells found in the adult heart162. Stem cell factor (SCF) is known to bind to c-Kit, 

which induces proliferative downstream signaling in many cell types.166 However, it remains 

unclear what role c-Kit plays in cardiac cells.  

Initial animal research posited that c-Kit+ cells from the heart could be isolated, expanded, 

and reimplanted, and would subsequently contribute to the creation of new cardiac myocytes. It 

was posited that these reimplanted cells could significantly repair tissue-wide ischemic damage, 

replacing infarcted zones with new contractile cardiac muscle.124-126 Following these studies, 

human clinical trials were conducted, such as the SCIPIO (Cardiac Stem Cell Infusion in Patients 

with Ischemic Cardiomyopathy)130 or CADEUCES (Cardiosphere-Derived Autologous Stem 

Cells to Reverse Ventricular Dysfunction)131 trials, which showed some beneficial, albeit 

ambiguous, effects of this autologous cardiac stem cell therapy. In the case of the SCIPIO trials, 

c-Kit+ cardiac cells were harvested from cardiac tissue from a patient with a history of myocardial 

infarction. The c-Kit+ cells were isolated using magnetic beads bound to c-Kit antibodies and then 

expanded in culture before a bolus of the cells was reintroduced via intracoronary injection. 

Following the procedure, patients saw positive changes in heart structure and function, implying 

some of the lost myocardium had been recovered.130 However, later studies showed that the 

injected cells did not survive to be engrafted into the myocardium, much less to differentiate into 

new cardiac myocytes.132  
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In order to find a mechanistic explanation of the clinical results, research has focused on 

exploring paracrine effects, potentially involving exosomes delivering miRNAs, which might be 

secreted by the c-Kit+ cells to the benefit of existing cardiac myocytes.133-135 Meanwhile, it has 

become increasingly clear that the heart may not have a native stem cell population capable of 

generating de novo cardiac myocytes. This has been shown via genetic lineage tracing 

experiments. In one study, an inducible knock-in approach was used to label c-Kit+ cells and 

monitor their response to injury. Labeled cells proliferated in response to MI injury, but the 

overwhelming majority failed to become cardiac myocytes. Instead, the c-Kit+ lineage was found 

in a variety of cardiac non-myocytes, including fibroblasts, smooth muscle cells, and especially 

endothelial and immune cells.127 Furthermore, recent studies convincingly show that virtually no 

non-myocytes, c-Kit+ or otherwise, differentiate into myocytes in the adult heart.129 This finding 

is consistent with the long-known fact that cardiac muscle mass lost due to injury does not 

regenerate to a functionally relevant degree, if at all. However, it should be remembered that even 

though cardiac myocyte progenitor cells may not exist in the adult heart, that does not mean that 

the heart is devoid of cells that exhibit stemness and differentiative potential in response to injury 

or other stimuli, including c-Kit+ cells. The fact that those stem cells differentiate into somatic cell 

types that are rarely mature cardiac myocytes does not mean these cells do not serve other 

biological roles critical to cardiac function.127, 162 

 ER stress response pathways have been found to be important during development and 

during differentiation of multiple cell types, especially those which secrete large amounts of 

cytokines or ECM proteins.20, 167-169 In stimulated B-cells, which differentiate into antibody 

secreting plasma cells, activation of IRE1 and its downstream effector XBP1 is necessary to handle 

the required expansion of ER membrane and increased protein trafficking.5 ATF6α relatives in the 
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OASIS family are associated with differentiation in chondrocytes108, 113 and osteoblasts113, 116 by 

upregulating necessary differentiation factors. Further, ATF6α itself was recently shown to drive 

iPSCs toward mesenchymal lineages, while suppressing endo- and ectodermal lineages.6 Lastly, 

previous research in the Glembotski lab demonstrated that in CSCs, treatment with differentiation 

media induced ER stress downstream markers GRP78 and GRP94, while treatment with the ER 

stress-inducing chemical tunicamycin induced multilineage differentiation markers, demonstrating 

a link between ER stress and CSC differentiation (unpublished). 

 In order to understand the effect of ATF6α on proliferation and differentiation in the 

cardiac context, we chose to model ATF6α gain- and loss-of-function in cultured c-Kit+ cardiac 

stem cells isolated from the adult murine heart.147 These cells can be maintained in culture long 

term by supplementing their growth media with growth factors which preserve the multipotency 

of the cells, as described in the methods. These cells are amenable to transfection; thus cellular 

ATF6α levels can be manipulated using plasmids and RNAi, as well as small molecule activators 

and inhibitors. Multilineage differentiation was induced using differentiation media containing the 

synthetic GLucocorticoid dexamethasone. Dexamethasone is known to induce the differentiation 

of osteoblasts170, mesenchymal stem cells171, and embryonic stem cells172, as well as c-Kit+ cardiac 

stem cells173, in culture.  

2. Characterization of ER Stress in CSCs 

 The ER protein misfolding and the ER stress response are common to all mammalian cells 

and indeed, in some form, to all eukaryotic cells.174 Nevertheless, neither have been studied before 

in c-Kit+ cardiac stem cells. In order to study the role of ATF6α in these cells, we thus began by 

characterizing the degree of ER stress response, as measured by the induction of two ER stress 

chaperones, GRP94 and GRP78, which are frequently used as ER stress response markers and 
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both of which are ATF6α target genes.21 We further examined these markers in response to four 

chemical stressors known to induce protein misfolding in the ER and thereby activate ATF6α. 

Thapsigargin (TG) is a sarco/endoplasmic reticulum Ca2+ ATPase (SERCA) inhibitor, which 

depletes the calcium concentration in the ER and inhibits the protein folding activity of several 

calcium-dependent ER chaperones.175 Tunicamycin (TM) inhibits N-linked glycosylation of 

nascent proteins in the ER and prevents their proper folding.176 Dithiothreitol (DTT) is a small 

molecule reducing agent capable of breaking protein disulfide bonds and otherwise disrupting the 

delicate redox environment necessary for proper protein folding in the ER.177 Hydrogen peroxide 

(H2O2) is a reactive oxygen species and oxidizing agent which also disrupts the ER redox 

environment.178 Initial experiments (not shown) quickly demonstrated that the CSCs were 

exquisitely sensitive to certain ER stressors, particularly TG and TM, and that mild doses in cardiac 

myocytes would result in rapid and complete cell death in CSCs. Conversely, CSCs were much 

less sensitive to H2O2. Because of this uncertainty we measured GRP94 and 78 levels in response 

to a range of concentrations for all these chemical stressors (Figure 10). Even low nanomolar 

concentrations of TG could induce near maximal levels of the ER chaperones. Interestingly, but 

for unknown reasons, GRP94 was maximally induced by the low dose but then decreased with 

higher doses. This phenomenon was unique to GRP94 and TG treatment. TM also induced 

maximal levels of these markers, though the necessary concentration was closer to micromolar in 

range. DTT was still less effective and required millimolar concentrations to achieve induction. 

Lastly, H2O2 did not induce GRP94 or 78 and, in fact, higher doses decrease the levels of these 

proteins. This was not entirely unexpected and as we now know, while oxidative stress does 

activate ATF6α, its transcription program in response to this stress is primarily focused on 

antioxidants.12 These data demonstrate that, like other mammalian cells, CSCs do respond to 
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certain ER stressors by upregulating common ER stress marker chaperones, though their 

sensitivities to various stressors differ.  
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Figure 10. Effects of varying concentrations of chemical stressors on levels of ER stress markers GRP94 
and GRP78 in cultured CSCs.  
CSCs were treated with the indicated concentrations of thapsigargin (TG), tunicamycin (TM), or 
dithiothreitol (DTT) or 24 hours or hydrogen peroxide (H2O2) for 5 hours. TG concentrations are in nM, 
TM concentrations are in ng/mL, DTT concentrations are in mM, and H2O2 concentrations are in μM. (A) 
GRP94, GRP78, and β-actin were measured by immunoblot following TG and TM treatment. (B-E) 
Densitometry of the blots shown in A normalized to DMSO treated Con. (F) GRP94, GRP78, and β-actin 
were measured by immunoblot following DTT and H2O2 treatment. (G-J) Densitometry of the blots shown 
in F normalized to DMSO treated Con. # and $ indicate distinct groups p≤ 0.05 different from Con (or zero 
dose) and all other groups, as determined by one-way ANOVA. 
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 In order to further explore this sensitivity and its effect on overall cell viability, we 

conducted MTT assays on CSCs subjected to similar ranges of all four stressors. MTT (3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium) assays specifically measure the activity of 

NAD(P)H-dependent oxidoreductase enzymes to convert the yellow tetrazole into purple 

formazan crystals.179 However, since this only occurs in living, metabolically active cells, we were 

able to use this assay as a measure of viability under these conditions, with the added consideration 

that greater cell proliferation also increases MTT signal. We further examined these same stressors 

in another common cardiac cell used as a model in the lab, neonatal rat ventricular myocytes 

(NRVM) (Figure 11). Though we sought to use the same ranges of these chemical whenever 

possible, there was frequently little overlap in the sensitive ranges between cell types. As 

previously noted, the CSCs were, relative to the NRVM, much more sensitive for all the stressors 

which, in Figure 10, produced an induction of the ER chaperones. The opposite observation was 

made with H2O2, which NRVM are very sensitive to, but which was unable to produce more than 

50% cell death in the CSCs until the highest dose. 
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Figure 11. Effects of varying concentrations of chemical stressors on cell viability as measured by MTT 
assay, comparing cultured CSCs to NRVM.  
CSCs and NRVM were treated with the indicated concentrations of thapsigargin (TG), tunicamycin (TM), 
or dithiothreitol (DTT) for 24 hours or hydrogen peroxide (H2O2) for 5 hours. TG concentrations are in μM, 
TM concentrations are in μg/mL, DTT concentrations are in mM, and H2O2 concentrations are in μM. (A-
D) Viability of CSCs was measured by MTT assay following treatment with the indicated compounds. 
Blank columns represent concentrations not tested on those cells. (E-H) Viability of NRVM was measured 
by MTT assay following treatment with the indicated compounds. Blank columns represent concentrations 
not tested on those cells. *, #, $, %, and & indicate distinct groups p ≤ 0.05 different from zero concentration 
(control) and all other groups, as determined by one-way ANOVA. 
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3. ATF6α Loss of Function Effect on CSC Proliferation 

 To focus in on the role of ATF6α, HiPerfect transfection reagent was used to transfect 64 

nM of siRNA, targeted to ATF6α, into the CSCs to achieve ATF6α knockdown. In order to guard 

against off-target effects, two siRNAs were designed. One targets the 3’ untranslated region of the 

ATF6α transcript and was used in all subsequent experiments because it resulted in slightly greater 

knockdown of ATF6α protein. The second was designed against the 5’ end of the open reading 

frame in order to target a region far from that of the first siRNA. Both siRNAs were similarly 

effective and only achieved about 40% knockdown, as measured by protein and RNA levels 

compared to the control siRNA (siCon) (Figure 12A-C). However, as became quickly apparent, 

even with this minimal knockdown, there was a significantly reduced number of cells in the 

cultures with either ATF6α siRNA compared to control (Figure 12D). 
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Figure 12. Knockdown of ATF6α in cultured CSCs via RNAi and its effect on cell number after four days. 
CSCs were transfected with 30 μL of 20 μM siRNA (64 nM final concentration) targeting ATF6α mRNA 
at either the 3’ untranslated region (UTR) or the 5’ end of the open reading frame (ORF) and then cultured 
for four days. The cells were then counted, and samples were taken for protein and RNA analysis. (A) Full 
length (p90) ATF6α and β-actin protein was measured by immunoblot. (B) Densitometry of the blots shown 
in A normalized to siCon treated CSC samples. (C) ATF6α and β-actin mRNA was measured by qPCR and 
relativized to siCon treated samples. (D) Cell counts of CSCs transfected and cultured in parallel to those 
from A-C. Counts were made via hemocytometer. *, #, and $ indicate distinct groups p ≤ 0.05 different 
from siCon and all other groups, as determined by one-way ANOVA.  
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 This difference is further apparent in subsequent experiments examining the proliferation 

over six days of CSCs transfected with siCon or siATF6. ATF6α knockdown decreased both total 

cell number and the rate of cell proliferation over time and was visually apparent upon examination 

of the cultures under the microscope (Figure 13A-B). To delineate whether the presence of ATF6α 

protein was required for this effect or whether ATF6α signaling was also necessary, CSCs were 

treated with different small molecule ATF6α inhibitors for 48 hours before the cells were counted. 

Because the effect of these inhibitors in this cell type was unknown, a range of doses were used. 

4-(2-aminoethyl)benzenesulfonyl fluoride (AEBSF) is a general, irreversible serine protease 

inhibitor.57 PF429242 dihydrochloride (PF) is a reversible inhibitor of SREBP site-1 protease 

(S1P).58 S1P is one of the two Golgi proteases responsible for ATF6α processing and activation.51 

Because it is a serine protease, it is inhibited by both AEBSF and PF, and thus both can inhibit the 

activation of ATF6α without affecting the immediate amount of ATF6α present in the ER or 

activity of the other ER stress response effectors. However, AEBSF has potentially many possible 

off-target effects by globally affecting serine proteases; PF is more specific but still affects other 

signaling pathways, like SREBP, that are processed by the same S1P Golgi protease. Nevertheless, 

both inhibitors reduced CSC cell number in a dose dependent manner, which, together with the 

more specific RNAi-based ATF6α knockdown, confirms the critical role of ATF6α signaling in 

maintaining the viability and proliferation of CSCs. It should be noted that ATF6α inhibition was 

sufficient to reduce CSC proliferation in otherwise naïve conditions, without overlying ER stress. 
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Figure 13. Effects of ATF6α knockdown or chemical inhibition on proliferation in cultured CSCs. 
(A) Cell counts of CSC cultures which were transfected with either siCon or siATF6 using HiPerfect 
transfection reagent and counted with a hemocytometer at the indicated times. * indicates p ≤ 0.05 different 
from corresponding Con value, as determined by a Student’s t-test. (B) Representative phase contrast 
microscope images (40X) of CPC cultures from A. (C) Cell counts of CPCs treated and cultured with the 
indicated concentrations of 4-(2-aminoethyl) benzenesulfonyl fluoride (AEBSF). Counts were made via 
hemocytometer. (D) Cell counts of CPCs treated and cultured with the indicated concentrations of 
PF429242. Counts were made via hemocytometer. AEBSF and PF429242 concentrations are in μM. *, #, 
and $ indicate p ≤ 0.05 different from Con and all other values, as determined by one-way ANOVA. 
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 In order to gain insight into genes related to cell proliferation which might be perturbed 

by ATF6α loss of function, a PCR array of cell cycle regulators was run on cDNA from CSCs 

treated with siATF6 for two days (Figure 14). Consistent with a role for ATF6α in cell cycle 

regulation, multiple genes known to promote entry into the cell cycle were decreased. Several 

more associated with preventing cell cycle progression and/or cell death were greatly 

increased. These notable genes are summarized in Figure 14B. Most notably, Gadd45a, a 

nuclear factor which promotes growth arrest and apoptosis in response to DNA damage180, 

was increased more than 13-fold. None of these genes were previously known to be influenced 

by ATF6α. However, it remains to be seen whether their transcription is directly altered by 

ATF6α or whether there is an indirect mechanism. 
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Figure 14. PCR array for cell cycle genes in CSCs.  
CSCs were treated with ±siRNA to ATF6α; all cultures were treated for 48 hours, then analyzed by a qRT-
PCR array as described in the Methods (Section 4). In (A) green and red dots represent up- and 
downregulated genes, respectively. (B) A subset of notable altered genes from panel A; green and red 
numbers represent the fold up- or downregulation, respectively. Whether the gene is a positive or negative 
cell cycle regulator is listed in the third column. 
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4. Examining ATF6α and Paracrine Secretion in CSCs 

 As previously noted, one of the proposed mechanisms for the observed positive effects of 

autologous CSC therapy in heart failure patients is the potential secretion by the CSCs of factors 

beneficial to existing myocytes. Most secreted proteins, exosomes, miRNAs, and other factors are 

synthesized and secreted on the classical ER-Golgi pathway.181 It is therefore reasonable to expect 

that these beneficial factors and their secretion are dependent on the maintenance of ER 

proteostasis and therefore ATF6α signaling. Rather than attempt to identify beneficial factors 

secreted by CSCs, we sought to assess the overall importance and functionality of the ER-Golgi 

secretory pathway in these cells. First, to assess whether beneficial factors are secreted by these 

cells in a paracrine or autocrine manner, we cultured the same number of naïve CSCs differing 

volumes of growth media (Figure 15). Low-volume (1X) growth media concentrates the factors 

secreted by the cells; high-volume (10X) growth media dilutes the secreted factors but maintains 

the concentration of all other media components. Measuring the viability of the cultures by MTT 

demonstrated that low-volume, high-secreted factor concentration CSC cultures were significantly 

more viable than high-volume, dilute cultures. Though the total difference in media depth between 

the two conditions was approximately 2 cm, this is enough to affect the rate of oxygen diffusion 

to the cells. It is formally possible that this is responsible for the observed difference. To overcome 

this issue, additional CSC cultures were cultured in high (10X) volumes of conditioned media 

(CM). One well of CM had been generated over the course of the previous two days by culturing 

ten wells of other naïve CSCs in low volume growth media. Thus, high-volume CM has the same 

rate of oxygen diffusion as high-volume growth media and similar secreted factor concentration 

as low-volume growth media after two days of culture. Culturing CSCs in high-volume CM was 
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sufficient to restore CSC viability to higher than that observed in the low volume cultures. This 

demonstrates that CSCs secrete factors beneficial to themselves in culture. 
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Figure 15. Effects of secreted factors on the viability of cultured CSCs. 
(A) Diagram of experimental design. CSCs were cultured in a low (1X) volume of media, to concentrate 
any factors secreted by the cells, or a high (10X) volume of media to dilute any said factors. Lastly, CSCs 
were cultured in a high volume of media conditioned previously by other low volume CSC cultures. (B) 
CSCs cultured as above for 48 hours were subjected to MTT assay to assess viability. #, and $ indicate p ≤ 
0.05 different from Low Volume condition and all other values, as determined by one-way ANOVA. 
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 If CSCs require factors synthesized and secreted on the ER-Golgi pathway for their 

viability, it may be that ATF6α is necessary for the function of this pathway and this may be a 

mechanism for why lack of ATF6α drastically reduces CSC viability. To assess the functionality 

of the ER-Golgi secretory pathway we utilized a Gaussia luciferase (GLuc) reporter, which is 

constitutively secreted in all eukaryotic cells.182 100 ng GFP (control) or GLuc plasmid construct 

was transfected into CSCs using Fugene transfection reagent. The next day, after a media change, 

50 μL of media was removed from the wells at the indicated timepoints. Luminescence in the 

media, in the presence of luciferin substrate, was measured by a luminometer (Figure 16A). 

Luciferin is oxidized in a luminescent reaction by luciferase. Thus, the amount of luminescence is 

a measure of the presence of GLuc in the media and therefore a measure of how much GLuc has 

been secreted by the ER-Golgi pathway. The luminescence in the media steadily increased over 

the course of 24 hours in the GLuc cultures, but not the GFP control cultures, as expected. To 

confirm that the GLuc in the media was from ER-Golgi secreted GLuc, and not from another 

source like non-canonical secretion or cell lysis, GLuc transfected CSC cultures were treated with 

500 ng/mL brefeldin A, which inhibits ER-Golgi transport via COPI vesicles. BFA treatment 

completely blunted GLuc activity in the media. To further confirm that BFA was really keeping 

the GLuc inside the cells rather than inhibiting its translation or activity, the cells were lysed at the 

final timepoint, after media was collected, and GLuc activity was assayed from the lysate (Figure 

16B). GLuc activity was significantly increased in the BFA-treated cell lysates but not in the other 

conditions, indicating that GLuc was being synthesized and was functional but was not being 

secreted, thus validating the assay as a measure of the functionality of the ER-Golgi secretory 

pathway in CSCs. Further GLuc transfected CSC cultures were treated with DMSO (control), 

BFA, 2 nM TG, or 10 μM PF to determine if ER stress or ATF6α inhibition might decrease GLuc 
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secretion to a similar degree as BFA (Figure 16C). While TG and PF slightly reduced GLuc signal 

in the media, it was not a significant difference by one-way ANOVA. Similarly, there was no 

significant increase in intracellular GLuc signal with TG or PF treatment (Figure 16D). This 

indicates that, while secretion may be important in these cells, ATF6α inhibition does not impact 

this process, at least not during the conditions and timeframes that were previously seen to impact 

viability. 
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Figure 16. Gaussia luciferase (GLuc) as a measure of secretion in CSCs. 
(A) CSCs were transfected with 100 ng GLuc plasmid or 100 ng GFP plasmid as a control and then treated 
with and without 500 ng/mL brefeldin A (BFA). Using a luminometer, fluorescence of excited luciferin 
substrate was measured as an indication of the presence of secreted luciferase in the media at the indicated 
timepoints. * indicates p ≤ 0.05 as determined by student’s t-test. (B) Cells from the final timepoint were 
lysed and the intracellular GLuc was compared to that found in the media. * indicates p ≤ 0.05 different 
from GFP control as determined by one-way ANOVA. (C) CSCs were transfected with 100 ng GLuc as 
above and treated with DMSO (control), 500 ng/mL of BFA, 10 ng/mL TG, or 50 μM PF429242. 
Fluorescence was measured at the indicated timepoints. * indicates p ≤ 0.05 different from all other 
conditions as determined by one-way ANOVA.  (D) Again, cells from the final timepoint were lysed and 
the intracellular GLuc was compared to that found in the media.  * indicates p ≤ 0.05 different from DMSO 
control, as determined by one-way ANOVA. 
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5. ATF6α Gain- or Loss-of-Function in CSC Differentiation 

 Because c-Kit+ cardiac cells have been found to respond to MI injury by differentiating 

into multiple different somatic cell types, differentiation is presumably an important part of their 

function. In culture, multiple somatic cell lineage markers can be induced in CSCs by treatment 

with the GLucocorticoid dexamethasone (Dex).173 GLucocorticoids are also known to induce 

differentiation in multiple progenitor cell types.170-172 Treating CSCs with Dex induced the smooth 

muscle marker αSMA (Acta2) and the cardiac muscle marker GATA4 (Gata4) at every timepoint 

tested (Figure 17A). Dex also induced other lineage markers to lesser degrees. Surprisingly, 

ATF6α inhibition with PF also induced these markers, including αSMA, GATA4, and the 

endothelial marker VWF (Vwf). In the case of αSMA, this induction was synergistically increased 

when the two treatments were used in combination (Figure 17B-C). This effect on the αSMA 

marker was also found when CSCs were treated with Dex after ATF6α was knocked down via 

RNAi. Conversely, treatment with the ATF6α activator compound 147 decreased αSMA transcript 

and completely blunted induction by Dex. 147 specifically activates ATF6α by promoting its 

transition from the ER membrane to the Golgi, without causing ER stress or the activation of the 

other ER stress branches. Though ATF6α has been associated with differentiation pathways in 

other cell types, this effect in CSCs was unexpected. 
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Figure 17. Effect of ATF6α gain- and loss-of-function on CSC differentiation. 
(A) Time-course of 10 μM dexamethasone (Dex) treatment in CSCs, effect on Acta2 and Gata4 transcripts 
as measured by qRT-PCR.  *** indicates p ≤ 0.001 difference by student’s t-test. (B) CSCs were treated 
with +/- 10 μM Dex and +/- 50 μM PF42942. qPCR showed changes in various lineage marker transcripts. 
#, and $ indicate p ≤ 0.05 different from Con and all other values, as determined by one-way ANOVA. (C) 
qPCR results from B. for Acta2 and Gata4 lineage markers. (D) CSCs were transfected with siCon or 
siATF6 +/- 10 μM Dex. qPCR for Acta2 and Gata4 lineage markers. (E) CSCs were treated with +/- Dex 
and +/- 10 μM 147. qPCR for Acta2 and Gata4 lineage markers. *, *** indicates p ≤ 0.05 and p ≤ 0.001 
difference, respectively from control or between compared groups, as determined by one-way ANOVA. 
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6. Compensating for ATF6α Loss-of-Function with the Antioxidant NAC 

 The differentiation of certain stem cells, such as iPSCs, is known to be associated with the 

generation of ROS.138 Treatment with antioxidants can improve the survival and proliferation of 

these cell types and can help maintain their pluripotency. This paradigm has been found to apply 

in the cardiovascular system as well. In cardiomyoblasts, a cardiac myocyte progenitor with 

differentiative potential, antioxidant treatment has been shown to increase cell survival after 

engraftment in transplantation experiments.183 Furthermore, the chemical antioxidant N-acetyl 

cysteine (NAC) inhibits the differentiation of human preadipocytes into mature fat cells, by 

scavenging the ROS levels which increase with differentiation.184 NAC has also been found to 

inhibit differentiation of ESCs toward cardiomyocyte lineages.185 ATF6α is necessary for the 

viability and proliferation of CSCs and it acts to inhibit their differentiation toward certain somatic 

cell lineages. ATF6α is also known to induce antioxidant genes among its wider gene program in 

order to combat the generation of damaging ROS.  

We thus assessed whether treatment with the antioxidant NAC would compensate for the 

effects of ATF6α loss-of-function in CSCs. MTT assays in CSCs transfected with siATF6 showed 

a decrease in viability at baseline but slight but significant increases with Dex treatment (Figure 

18A). While NAC slightly enhanced expression of the αSMA lineage marker, qPCR revealed NAC 

blunted induction by Dex. This decrease was especially significant when NAC treatment was 

applied to the previously observed synergistic induction of αSMA by simultaneous ATF6α 

knockdown and Dex treatment (Figure 18B). NAC treatment may play more of a role in 

scavenging ROS generated by Dex-induced differentiation, though the drastic increase in the 

αSMA lineage marker with simultaneous knockdown of ATF6α may mean ROS normally 

suppressed as the result of ATF6α signaling plays a significant role in Dex induced differentiation. 
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NAC treatment likely results in a near complete scavenging of intracellular ROS and some of the 

effects of more subtle changes in ROS levels, such as those that might be expected from Dex 

treatment or alterations in ATF6α signaling might be lost. Nevertheless, NAC treatment did reduce 

αSMA levels with Dex and siATF6 to close to those seen with Dex alone, suggesting that NAC 

ROS scavenging can compensate for the loss of ATF6α. More research is needed to determine the 

role ROS levels play in ATF6α-suppression induced differentiation. 
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Figure 18. Effect of NAC antioxidant on ATF6α loss-of-function and differentiation in CSCs. 
(A) MTT assay of CSCs transfected with siCon or siATF6 +/- 10 μM Dex and +/- 10 μM NAC. (B) RNA 
isolated from identically treated cells as in A. were probed for Acta2 transcript via qPCR. **, *** indicates 
p ≤ 0.01 and p ≤ 0.001 difference by student’s t-test. 
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 To gain understanding of alterations in oxidative stress gene regulation in CSCs with 

ATF6α loss of function, we ran a PCR array of oxidative stress genes on cDNA from CSCs treated 

with siATF6 (Figure 19). As expected, catalase (Cat) transcript, a known ATF6α target gene, and 

an important antioxidant11, was reduced with siATF6. However, numerous other perturbed genes 

were also found which counteract or respond to oxidative stress. Some noted antioxidant 

transcripts like Cytoglobin (Cygb)186, Peroxiredoxin 2 (Prdx2)187, and isocitrate dehydrogenase 1 

(Idh1)188 were decreased to an even greater degree. The most increased gene transcript, Ccl5, is a 

cytokine known to be induced by increased ROS189, an indication that CSCs with siATF6 are 

indeed undergoing oxidative stress. 
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Figure 19. PCR array for oxidative stress genes in CSCs.  
CSCs were treated with ±siRNA to ATF6α; all cultures were treated for 48 hours, then analyzed by a qRT-
PCR array as described in the Methods (Section 4). In (A) green and red dots represent up- and 
downregulated genes, respectively. (B) A subset of notable altered genes from panel A; green and red 
numbers represent the fold up- or downregulation, respectively. Whether the gene product acts as an 
antioxidant or is induced or inhibited by oxidative stress is listed in the third column. 
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7. Conclusions 

 CSCs are extremely sensitive to treatment with ER stressors that directly interrupt ER 

protein-folding, sensitivity that is more notable when compared to results from the same treatments 

performed on neonatal myocytes (NRVM). To a certain extent this difference might be expected 

when comparing neonatal cells to the adult CSCs. Adult myocytes are also very sensitive to ER 

stressors in culture, and aging is generally associated with a decline in ER stress response 

effectiveness.190 However, resistance to ER stress is typically characteristic of highly proliferative 

cell types like stem cells191 or cancer cells192, because continual cell division requires constant 

protein translation, putting strain on protein folding machinery which is met by enhanced ER stress 

signaling. As was shown, CSCs are sensitive to ATF6α loss of function under even basal 

conditions, without additional ER stress. It should be remembered that even a 40% knockdown in 

ATF6α levels was enough to dramatically reduce CSC cell number and greatly alter levels of 

various cell cycle and oxidative stress genes. This suggests that CSC proliferation in culture 

requires a continual and precise level of ATF6α signaling. Whether this is also true in vivo remains 

to be seen. ATF6α global knockout mice develop normally and are healthy at baseline but this may 

be due to compensation by the less transcriptionally active ATF6β isoform. Double knockout of 

both ATF6 isoforms is embryonic lethal.33 Additionally, isolating and culturing CSCs may cause 

a baseline level of stress that, conceivably, requires constant ATF6α signaling. However, given 

the proposed function of CSCs responding to stress conditions in the heart, the importance of 

ATF6α in culture is likely still relevant. Notably, a similar phenomenon has also been reported in 

isolated pancreatic β-cells where, under basal conditions, even partial ATF6α knockdown by RNAi 

caused significant increases in apoptosis.193 
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 The necessity of secreted autocrine factors for CSC viability in culture is a novel finding 

which merits further exploration. ATF6α inhibition reduced secretion only slightly and not 

significantly. It is possible that ATF6α loss of function was compensated in this respect by 

hyperactivation of other ER stress branches that have been shown to influence secretion in other 

cell types. ATF6α knockdown in CSCs leads to increased IRE1 signaling as evidenced by 

increases in the spliced form of XBP1 (Figure 20). More research is needed to determine whether 

IRE1 or PERK contribute to CSC secretion. 
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Figure 20. Effect of ATF6α knockdown and activation of IRE1 in CSCs. 
(A) XBP1 splicing assay in CSCs transfected with siCon or siATF6 +/- 10 nM TG. Upon IRE1 activation, 
unspliced XBP1 transcript (XBP1u) is converted to a spliced transcript (XBP1s) that encodes the XBP1 
transcription factor. Downward shift in XBP1 transcript bands reflects decreased sized following splicing.  
(B) Quantification of the ratio of spliced to unspliced XBP1 transcript in each condition. *** indicates p ≤ 
0.001 difference from all other values by one-way ANOVA. 
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 The role of ATF6α in suppressing lineage markers, and presumably differentiation, in 

CSCs was a surprising finding. In other cell types, ATF6α has been associated with promoting 

differentiation towards certain lineages while suppressing others but this connection had not been 

made in this cell type. Given that so much research has gone in to exploring the differentiative 

potential of these cells, and whether this potential plays any role in cardiac disease, it is surprising 

that so little has been done to explore what pathways govern their differentiation. Of the lineage 

markers tested, αSMA was by far the most responsive to Dex treatment, and to Dex and ATF6α 

loss of function together. Further research will be needed to discover a mechanistic link between 

ATF6α and αSMA suppression in this cell type. In the next chapter, this association will be 

explored in a different cardiac cell type, the cardiac fibroblast. 
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C. ATF6α Decreases Activation of Cardiac Fibroblasts 

1. Introduction 

 Generally, fibroblasts are cells which secrete fibrotic extracellular matrix (ECM) 

components, such as collagen or fibronectin, which contribute to many connective tissues in the 

body. This can include large, organized, fibrous structures like tendons and ligaments as well as 

the more irregular patterns of interstitial fibrosis and scarring.20, 194, 195 In the heart, cardiac-resident 

fibroblasts are important during development as they are responsible for the deposition and later 

maintenance and homeostasis of the ECM scaffolding necessary for cardiac structure and function. 

Additionally, they contribute tissue to the valves of the heart and features of the heart’s electrical 

conduction system. During pathology, they are a critical part of the heart’s response to both acute 

and long-term injury.7-9, 196 Following an MI which results in the death of an acute portion of the 

myocardium, fibroblasts infiltrate the affected area and become activated after undergoing a 

transdifferentiation process into a new type of cell.24, 197 These newly activated cardiac fibroblasts, 

now designated myofibroblasts, have numerous differences from their quiescent predecessors. 

Two primary characteristics of myofibroblasts are their increased secretion of collagenous ECM 

proteins and their upregulation of smooth muscle contractile proteins like αSMA. Both 

components are consequently used as markers for fibroblast activation.7, 197 The myofibroblasts 

contract like smooth muscle cells to hold the wound area closed, while newly deposited collagen 

forms a fibrotic scar over the wound area. Both the scar and wound contraction are necessary to 

prevent the heart from rupturing while the dead tissue is removed and replaced.7, 195, 198, 199 This 

mode of fibrotic response is thus called replacement fibrosis. Fibrotic scarring in the heart is 

generally permanent, reflecting the non-regenerative nature of the myocardium. Additionally, 

cardiac fibroblasts contribute to diffuse fibrotic remodeling in the heart, also known as reactive or 
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interstitial fibrosis. This can occur as a result of long-term injuries that cause tissue-wide myocyte 

dropout, such as pressure overload or fibrillation, but can also be a natural consequence of aging.7-

9, 24, 196, 200, 201 While fibrotic response to cardiac injury is necessary to maintain the structural 

integrity of the heart, it can become a detriment to cardiac function, particularly if the fibroblasts 

become chronically activated in the long-term. Indeed, overactive cardiac fibroblasts are a 

common feature of many forms of cardiac dysfunction, including both hypertrophic and dilated 

cardiomyopathy (HCM and DCM).7-9 Fibrotic tissue is stiff and non-compliant, which poses 

mechanical difficulty for the rest of the heart during both contraction and relaxation. Additionally, 

extensive interstitial fibrosis interferes with the propagation of action potentials through the heart, 

impeding cardiac myocyte electrical coupling.7, 202, 203 Out-of-control fibrosis is also a feature of 

valvular pathologies like aortic stenosis.7, 204 

 Understanding how, when, and to what degree cardiac fibroblasts are activated is thus of 

great importance when considering treatment of cardiac disease. Cardiac fibroblasts can be 

activated by increased mechanical stretch, as during prolonged pressure overload.205, 206 Activation 

can also occur via multiple intercellular signaling cytokines.7 These include, but are not limited to, 

endothelin207, angiotensin II208, and the transforming growth factor β family209, of which TGFβ1 

(hereafter referred to as TGFβ) is the one most commonly associated with cardiac pathology199, 

210. TGFβ is secreted by multiple cardiac cell types, including cardiac fibroblasts themselves.211 

Prior to activation, it is held in an extracellular complex which interacts with ECM. Thus, 

dissolution of the ECM is one mechanism for the activation of TGFβ.212 Once active, TGFβ binds 

to its receptors, TGFβR1 and TGFβR2, the latter being a serine/threonine kinase, which initiates a 

downstream signaling cascade.213, 214 Though TGFβ signaling can involve multiple pathways, the 

best studied involves the receptor-Smad proteins which are phosphorylated at the receptor and 
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form a transcription factor complex which moves to the nucleus, initiating downstream 

transcription of fibrotic genes.215, 216 

 Due to the increased demand that transdifferentiation and secretion place on the ER 

protein-folding apparatus, we theorized that ER stress pathways, potentially including ATF6α, 

might influence the cardiac fibroblast activation process. The results of the previous chapter, in 

which ATF6α loss of function greatly enhanced the αSMA lineage marker during differentiation 

in CSCs, further piqued our interest, given that αSMA is a primary marker of fibroblast activation.7 

ER stress and ATF6α have not been studied in cardiac fibroblasts before. However, ER stress has 

been found to mediate the differentiation of skin fibroblasts20, as well as osteoblasts168 and 

myoblasts217. Additionally, ER-associated degradation pathways, which are a critical part of the 

ER stress response and are heavily promoted by ATF6α, were shown to inhibit TGFβ signaling in 

β cells.218 Lastly, ATF/CREB family member ATF3 protects against pathological cardiac 

remodeling by suppressing cardiac fibroblast activation pathways upstream of TGFβ.109 

We thus decided on multiple models by which to investigate the effect of ATF6α on cardiac 

fibrosis and cardiac fibroblast activation. We used a murine permanent-occlusion MI model123 to 

examine cardiac fibroblast activation markers in vivo during replacement fibrosis following acute 

injury. We also examined mouse hearts subjected to a trans-aortic constriction (TAC) model of 

long-term pressure overload injury.12 In both cases global ATF6α knockout mice were examined, 

which would feature ATF6α deletion in all the cardiac cell types, including fibroblasts.100 To study 

cardiac fibroblasts specifically, we isolated them from the adult mouse ventricle. These adult 

murine ventricular fibroblasts (AMVF) could then be manipulated in primary culture. Lastly, we 

verified the specificity of the effects of ATF6α in AMVF by also examining a non-cardiac 

immortalized fibroblast cell line, NIH 3T3 fibroblasts. ATF6α loss of function was examined by 
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either isolating AMVF from ATF6α global knockout mice or by transfecting wild-type AMVF 

with siRNA targeted to ATF6α. ATF6α gain of function was modeled by treatment with the 

ATF6α small-molecule activator compound 147. In culture, activation was achieved by treatment 

with extracellular porcine TGFβ. These combined approaches were designed to provide a 

comprehensive insight into the role of ATF6α in cardiac fibroblast activation and response to 

cardiac injury. 

2. Following Cardiac Injury, Mouse Hearts with ATF6α Deletion Increase 

Fibroblast Activation Markers with Cardiac Injury 

The Glembotski lab previously showed that ATF6α is activated in mouse hearts subjected 

to a variety of insults, including ischemic and oxidative stress and in response to pressure 

overload.11-13 In each of these instances, ATF6α was activated and shown to reduce infarct size in 

response to ischemia/reperfusion, as well as promoting compensatory hypertrophic cardiac growth 

during pressure overload, improving heart function. While these effects were partly due to the 

protective role of ATF6α in cardiac myocytes, the effects of ATF6α in non-myocytes in the heart 

were not known. Among the non-myocytes in the heart, fibroblasts play a major role during 

recovery from all these pathologies. 

As noted above, ischemic injury stimulates fibroblast migration to the damaged area, after 

which they differentiate into myofibroblasts. This differentiation is characterized by induction of 

contractile proteins, such as αSMA (Acta2), and extracellular matrix proteins, such as collagen 1a1 

(Col1a1). Similarly, fibrosis is increased during pathological cardiac remodelling following 

injury.7-9, 24 Here, we found that, compared to control mouse hearts, Acta2 and Col1a1 transcripts 

were significantly elevated in the hearts of ATF6α knockout (KO) mice subjected to one week of 
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permanent-occlusion myocardial infarction (Figure 21). However, mouse hearts with and without 

ATF6α deletion exhibited similar fibrosis as measured by picrosirius red staining (Figure 22). 
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Figure 21. Markers of fibroblast activation in ATF6α KO hearts of mice subjected to MI surgery.  
Wild-type (WT) and ATF6α KO mice were subjected to permanent occlusion MI for one week. mRNA 
from infarcted regions in the hearts was then examined by qRT-PCR for genes indicative of cardiac 
fibroblast (CF) activation, α smooth muscle actin (αSMA) (Acta2) and collagen (Col1a1), as well as ATF6α 
(Atf6). *** p ≤ 0.001 significant difference from WT by Student’s t-test. 
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Figure 22. Fibrosis staining of hearts from WT or ATF6α KO mice subjected to MI surgery.  
Picrosirius red staining of WT or global ATF6α KO mouse heart sections one week after being subjected 
to MI surgery. In the middle row, fibrotic areas were quantified using Keyence software (fibrotic areas are 
coded green) and shown in the graph at right. The bottom row is a 4x image detailing fibrosis staining in 
the black box from the top row. 
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 The extent of fibrosis one week following MI is largely restricted to the infarcted area. The 

amount of fibrosis is thus presumed to be more a reflection of the infarct size, which, as observed  

in Results Section A, does not vary between WT and ATF6α KO mice in this model. Pressure 

overload stimulates fibroblast activation over a broader area of the heart in order to maintain 

cardiac structural integrity, especially in the face of myocyte apoptosis and dropout following 

hypertrophic growth. To examine the effect of ATF6α on fibrosis during pathological cardiac 

hypertrophy, ATF6α KO mice were subjected to one week of pressure overload via trans-aortic 

constriction (TAC). Upon TAC, the ATF6α KO heart exhibited greater fibrosis, as measured by 

picrosirius red staining, than the WT heart or hearts from mice undergoing sham surgeries (Figure 

23A). This difference was not observed between WT hearts and hearts with ATF6α deleted 

selectively in cardiac myocytes (Figure 23B), consistent with a role for non-myocytes in the 

profibrotic response in ATF6α KO mouse hearts. 
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Figure 23. Fibrosis staining of hearts from WT and ATF6α KO mice subjected to sham or TAC surgery.  
(A) The top row shows picrosirius red staining of WT or global ATF6α KO mouse heart sections one week 
after being subjected to sham or TAC surgery. In the middle row, fibrotic areas were quantified using 
Keyence software (fibrotic areas are coded green) and shown in the graph at right. The bottom row is a 4x 
image detailing fibrosis staining in the black box from the top row. (B) Picrosirius red staining of WT or 
conditional, myocyte-specific ATF6α knockout (ATF6α cKO) heart sections one week after being 
subjected to sham or TAC surgery. As above, overall staining is shown in the top row, quantifications in 
the middle, and detailed images from the black box area on the bottom. 
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3. ATF6α Suppresses Genetic Markers of Fibroblast Activation in Isolated Adult 

Murine Ventricular Fibroblasts (AMVFs) in Response to TGFβ Treatment 

Given the difference in fibrosis in the ATF6α KO mouse heart and the fact that fibroblasts 

are responsible for deposition of fibrotic material in the heart, we focused on investigating the role 

of ATF6α in cardiac fibroblasts. Accordingly, AMVFs were isolated (Figure 6) from WT and 

ATF6α KO mouse hearts, and then treated with 10 ng/mL TGFβ, to stimulate fibroblast activation, 

for 48 hours. As expected, TGFβ increased Acta2 and Col1a1 mRNA in fibroblasts from WT 

mouse hearts, an effect that was significantly increased in fibroblasts from ATF6α KO mouse 

hearts (Figure 24A–C). Importantly, the effects of ATF6α deletion on TGFβ-mediated induction 

of fibroblast marker genes were recapitulated by siRNA-mediated knockdown of ATF6α in WT 

AMVFs (Figure 24D–F). In contrast, when ATF6α was activated by treating WT AMVFs with 

10 μM compound 147, a small-molecule activator of ATF6α, for 48 hours, there was a significant 

decrease of Acta2 and Col1a1 mRNA (Figure 24G–I). Similar results were also shown in NIH 

3T3 cultures (Figure 25). Taken together, these results suggest ATF6α decreases expression of 

genetic markers of fibroblast activation. 
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Figure 24. qRT-PCR of AMVFs with ATF6α gain- or loss-of-function.  
(A–C) WT and ATF6α KO AMVFs were treated with ±10 ng/mL transforming growth factor β (TGFβ for 
48 hours, then analyzed by qRT-PCR for Atf6, Acta2, and Col1a1. (D–F) AMVFs from WT mouse hearts 
were treated with ±siRNA targeted to murine ATF6α. Control (CON) and siRNA-treated cultures (ATF6α 
KD) were treated with ±10 ng/mL TGFβ, then analyzed by qRT-PCR for Atf6, Acta2, and Col1a1. (G–I) 
AMVFs from WT mouse hearts were treated with ±10 μM compound 147, a pharmacological activator of 
ATF6α. Control (CON) and 147-treated cultures (147) were co-treated with ±10 ng/mL TGFβfor 48 hours, 
then analyzed by qRT-PCR for Atf6, Acta, and Col1a1. * p ≤ 0.05 by one-way ANOVA. * Indicates 
significant difference between a condition and control according to Newman–Keuls post-test unless there 
is a line over two bars, which indicates those two bars are being compared as part of the same post-test. 
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Figure 25. qRT-PCR of NIH 3T3s with ATF6α gain- or loss-of-function. 
(A-C) NIH 3T3s were treated ± siRNA targeted to murine ATF6. Control (CON) and siRNA-treated 
cultures (ATF6α KD) were treated ± 10 ng/mL TGFβ for 48 hours, then analyzed by qRT-PCR for Atf6, 
Acta2, and Col1a1. (D-F) NIH 3T3s were treated ± 10 μM compound 147, a pharmacological activator of 
ATF6α. Control (CON) and 147-treated cultures (147) were co-treated ± 10 ng/mL TGFβ for 48 hours, 
then analyzed by qRT-PCR for Atf6, Acta, and Col1a1. *p≤0.05 by one-way ANOVA. * Indicates significant 
difference between a condition and control according to Newman–Keuls post-test unless there is a line over 
two bars, which indicates those two bars are being compared as part of the same post-test. 
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4. ATF6α Activation Inhibits Fibroblast Contraction and Decreases αSMA 

Stress Fiber Formation in Response to TGFβ 

 As shown previously, when fibroblasts are activated, αSMA expression increases, and this 

leads to fibroblast contraction, a functional readout of fibroblast activation that is important in 

wound healing.7 This contraction can be measured when fibroblasts are embedded in a disk of 

polymerized collagen gel and subjected to stimuli causing fibroblast activation, where increases in 

contraction reduce the disk diameter.199 To examine the function of ATF6α on fibroblast 

activation, TGFβ-mediated contraction of NIH 3T3 fibroblasts was assessed in the setting of 

ATF6α pharmacological activation. Strikingly, TGFβ-mediated contraction was decreased upon 

ATF6α activation with compound 147 (Figure 26A, B). 

The inhibition of TGFβ-mediated fibroblast contraction by ATF6α activation implies that 

ATF6α exerts its effects at the level of αSMA contractile protein expression or structure. A major 

feature of fully activated myofibroblasts is the assembly of αSMA into contractile fibers, known 

as stress fibers, which are responsible for the contractile activity of the cell.7 These fibers can be 

stained by fluorescent antibodies to αSMA and imaged as a final sign of complete myofibroblast 

activation. To study the effect of ATF6α activation on stress fiber formation, isolated AMVFs 

were treated with TGFβ with and without cotreatment with compound 147. As expected, compared 

to control, AMVFs treated with only TGFβ exhibited a significantly greater number of cells that 

had strongly expressed and fully assembled αSMA stress fibers. Intriguingly, cells treated with 

both TGFβ and 147 had far fewer stress-fiber-positive cells and were generally similar in 

appearance to control (Figure 26C, D), reflecting previously observed results on the mRNA level. 

These results were also shown in NIH 3T3 cultures (Figure 27). This demonstrates that the 
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inhibition of TGFβ-mediated fibroblast contraction by ATF6α is at least in part due to the 

decreased formation of αSMA stress fibers in fibroblasts. 
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Figure 26. Effects of activating ATF6α on fibroblast contraction and stress fiber formation.  
(A) NIH 3T3 fibroblasts embedded in collagen gel disks were treated with ±10 μM compound 147, and 
then analyzed for contraction with ±10 ng/mL TGFβ after 48 hours. Contraction is quantified in (B), n = 3 
cultures of each type, normalized to those with maximum contraction (white arrows). (C, D) AMVFs from 
WT mice were treated with ±10 μM compound 147 and ±10 ng/mL TGFβ for 48 hours, then analyzed by 
actin staining for stress fiber formation. All images in (C) were taken with a 20× objective on a confocal 
microscope. In (C) the number in each field is the number of stress-fiber positive cells in that field. The 
number of stress-positive cells per field is averaged to the right and quantified in (D), across n = 5 fields. * 
p ≤ 0.05, ** p ≤ 0.01, and *** p≤0.001 by one-way ANOVA. A line over two bars indicates those two bars 
are being compared as part of the same post-test. 
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Figure 27. Effects of activating ATF6α on stress fiber formation in NIH 3T3s. 
(A) NIH 3T3s were treated with ± 10 μM compound 147 and ±10 ng/mL TGFβ for 48 hours, then analyzed 
by actin staining for stress fiber formation, which is quantified in (B). All images in (A) were taken with a 
20x objective on a confocal scope.  In (A) the number in each field represents the number of cells that were 
stress fiber-positive in that field. The number to the right is the average number of stress-positive cell per 
field, quantified in (B). *** p≤0.001 by one-way ANOVA. 
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5. ATF6α Suppresses Smad2 Phosphorylation, a Measure of TGFβ-Mediated 

Fibroblast Activation, in Isolated AMVFs 

To begin to dissect the level at which ATF6α affects TGFβ-mediated fibroblast activation, 

downstream events in the canonical TGFβ signaling pathway were interrogated. When TGFβ binds 

TGFβ receptors, the phosphorylation of receptor-Smad proteins 2 and 3 is increased, which leads 

to increased transcription of genes responsible for fibroblast activation.200 Here, immunoblotting 

showed that, as expected, TGFβ increased the phosphorylation of Smad2 in WT AMVFs. 

Intriguingly, ATF6α knockdown (Figure 28A) slightly but significantly increased basal and 

TGFβ-mediated phosphorylation of Smad2 (Figure 28B), while activation of ATF6α with 147 

(Figure 28C) reduced Smad2 phosphorylation (Figure 28D). These findings suggest that the 

inhibitory effect of ATF6α on fibroblast activation may be due to its ability to reduce TGFβ-

mediated Smad2 signaling, though the potential for ATF6α to also act on other players in the 

TGFβ/Smad signaling pathway cannot be ruled out. To further confirm the involvement of ATF6α 

in the TGFβ/Smad signaling pathway in fibroblasts, AMVFs were treated with the TGFβ receptor 

inhibitor, SB431542 (Figure 29). SB431542 reduced basal and TGFβ-mediated increases in 

αSMA and Col1a1, as well as completely blocking αSMA and Col1a1 induction by ATF6α 

knockdown. This further demonstrates that the fibroblast activation that takes place upon ATF6α 

loss-of-function is occurring because of a hyperactivation of the TGFβ/Smad pathway. 
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Figure 28. Immunoblots investigating activation of canonical TGFβ signaling pathways. 
 (A) AMVFs were treated with ±siRNA to ATF6α, ±10 ng/mL TGFβ for 48 hours. Atf6 knockdown is 
quantified via qPCR. (B) Immunoblotting for total Smad 2/3, P-Smad 2, or glyceraldehyde 3-phosphate 
dehydrogenase (GAPDH), with quantification of P-Smad 2 shown at right. Quantification is a ratio of P-
Smad 2 to total Smad 2 (the uppermost band), relative to control. (C) AMVFs were treated with ±10 μM 
compound 147, ±10 ng/mL TGFβ for 48 hours. Atf6 levels were quantified via qPCR. (D) Immunoblotting 
for total Smad 2/3, P-Smad 2, or GAPDH, with quantification of P-Smad 2 shown at right. Quantification 
is a ratio of P-Smad 2 to total Smad 2 (the uppermost band), relative to control. * p ≤ 0.05 by ANOVA. * 
Indicates significant difference between a condition and control according to Newman–Keuls post-test. 
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Figure 29. Effect of inhibiting the TGFβR1 on ATF6α and TGFβ-mediated increases in myofibroblast 
markers.  
AMVFs were treated with ±siRNA to ATF6α, ±10 ng/mL TGFβ, ±10 μM of the TGFβRI inhibitor 
SB431542, and then analyzed by qRT-PCR for (A) Atf6, (B) Acta2, and (C) Col1a1. All treatments were 
for 48 hours. * p ≤ 0.05 by one-way ANOVA. * Indicates significant difference between a condition and 
control according to Newman–Keuls post-test. 
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6. ATF6α Induces TGFβ/Smad Pathway Inhibitors and Suppresses Expression of 

TGFβ Receptors and Fibrosis-Related Genes 

 While the mechanisms by which ATF6α inhibits gene expression have not been explored, 

we considered it possible that, in fibroblasts, ATF6α might inhibit the expression of positive 

regulators of TGFβ/Smad signaling. Alternatively, ATF6α might increase the expression of 

negative regulators of the pathway. Accordingly, we examined the levels of several of these 

regulators in RNA isolated from AMVFs treated with 147. Among them, Smurf1143, Smurf2144, 

and Pmepa1145, 146, all negative regulators of TGFβ/Smad signaling, were the most significantly 

induced (Figure 30A). Smurf1 and 2 proteins ubiquitylate R-Smads and target them for 

degradation. PMEPA1 protein inhibits the TGFβ/Smad pathway by sequestering the R-Smads 

before they can be phosphorylated or interact with Smad4. Pmepa1 is also heavily induced by 

TGFβ as a negative feedback loop. Importantly, Smurf1 and Pmepa1 transcript levels were 

significantly decreased when ATF6α was knocked down in AMVFs (Figure 30B). 
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Figure 30. qRT-PCR of AMVFs treated with ATF6α knockdown and/or TGFβ for genes associated with 
TGFβ-Smad pathway inhibition.  
AMVFs were treated with (A) ±10 μM compound 147, ±10 ng/mL TGFβ, or (B) ±siRNA to ATF6α, ±10 
ng/mL TGFβ, then analyzed by qRT-PCR for Pmepa1, Smurf1, and Smurf2, as shown. All treatments were 
for 48 hours. * p ≤ 0.05 by one-way ANOVA within each gene group. * Indicates significant difference 
between a condition and control according to Newman–Keuls post-test. 
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 To more broadly investigate the effect of ATF6α on fibrosis gene expressions, we 

performed PCR arrays interrogating the effects of ATF6α activation or knockdown in AMVFs. 

Consistent with the results above, we found that numerous pro-fibrosis genes were downregulated 

upon ATF6α activation with compound 147 (Figure 31A), and most of the same genes were 

upregulated upon ATF6α knockdown with siRNA (Figure 31B). Notable differentially regulated 

genes are summarized in Figure 31C. Several of the affected genes are directly involved in the 

TGFβ/Smad signaling pathway; when we perused the arrays for genes that were common to both 

treatments, we found that multiple isoforms of TGFβ itself were downregulated upon ATF6α 

activation and upregulated upon ATF6α knockdown, as were TGFβ receptors 1143 and 2219. RT-

qPCR was used to validate these results, indicating that ATF6α may affect fibroblast activation by 

decreasing TGFβ and TGFβ receptor expression. 
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Figure 31. PCR array for fibrosis genes in AMVFs.  
AMVFs were treated with (A) ±10 μM compound 147 or (B) ±siRNA to ATF6α; all cultures were treated 
for 48 hours, then analyzed by a qRT-PCR array as described in the Methods (Section 4). In (A and B) 
green and red dots represent up- and downregulated genes, respectively. (C) A subset of differentially 
regulated genes from panels A and B; green and red numbers represent the fold up- or downregulation, 
respectively. 
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7. Conclusions 

 This chapter shows that the ATF6α branch of the ER stress response has a role in regulating 

the activation of fibroblasts, including adult cardiac fibroblasts. This includes suppression of 

TGFβ–Smad2 signaling, part of the canonical pathway for fibroblast activation, which is 

summarized in Figure 32.7, 142, 146, 200, 216 The process of fibroblast-to-myofibroblast differentiation 

naturally involves the induction of numerous genes, including many whose protein products are 

translated on ER resident ribosomes and subsequently pass through all or part of the ER–Golgi 

secretory pathway. This is especially true of the secretion of extracellular matrix proteins such as 

collagen, which are characteristic of the myofibroblast phenotype. As in the differentiation of other 

professional secretory cells such as plasma cells5, the increased flux of newly translated proteins 

represents a challenge to ER proteostasis and can lead to activation of ER stress response pathways, 

including ATF6α106. Accordingly, TGFβ treatment has been reported to induce ER stress and to 

activate downstream ER UPR signaling.220 Furthermore, amelioration of ER stress, through 

treatment with chemical chaperones 4-PBA or TUDCA, has been shown to reduce fibrosis and 

TGFβ signaling.221-224 
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Figure 32. Proposed mechanism of ATF6α acting on the TGFβ–Smad pathway for induction of fibrosis 
genes. TGFβ is a ligand for TGFβ receptor II, which upon binding forms a receptor complex with TGFβ 
receptor I, activating their kinase function. The TGFβ receptor complex phosphorylates receptor-Smads 2 
and 3, which then complex with co-Smad 4 and move to the nucleus where they activate fibrosis genes 
(black arrows). These data suggest ATF6α activity inhibits the phosphorylation of the receptor-Smads at or 
before the level of the TGFβ chemical inhibitor SB431542 (red “T” arrows). 
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 Several potential mechanisms are possible for how ATF6α activation regulates fibroblast 

activation. For example, one or more negative regulators of TGFβ–Smad2 could be non-canonical 

targets of ATF6α. While ATF6α is primarily known for its role as a master regulator of the ER 

stress response and specifically of ER proteins involved in protein quality control, it is clear from 

recent publications that it is involved in many non-canonical pathways.6, 11, 12, 61, 88, 225 Jin et. al. 

discovered that ATF6α governed an oxidative stress pathway by directly upregulating catalase, a 

well-known antioxidant targeted to the peroxisome.11 More recently, Blackwood et. al. found that 

ATF6α directly upregulates Ras homolog enriched in brain (Rheb), a cytosolic small GTPase that 

regulates mammalian target of rapamycin complex 1 (mTORC1) to induce cell growth.12 

Furthermore, it was observed that the specific gene set upregulated by ATF6α varied in a stimulus-

dependent manner. Thus, general ER stressors such as tunicamycin (TM) activated ATF6α to 

induce the typical ER protein folding and degradation machinery, while oxidative stressors caused 

ATF6α to upregulate catalase and cell growth signals caused an ATF6α-mediated induction 

principally of Rheb. Another study by Tam et. al. found that ATF6α was activated by 

sphingolipids, specifically dihydrosphingosine and dihydroceramide, which caused the 

upregulation of a previously unknown ATF6α gene set involved in the lipid biosynthesis 

pathway.61 Thus, ATF6α induction of regulators of other non-ER stress pathways would not be 

unprecedented. 

Though ATF6α is an activating transcription factor, it is also possible that it directly 

downregulates a necessary component of TGFβ–Smad, such as TGFβ receptors or TGFβ itself. It 

was shown that numerous genes are perturbed in hearts with an activated form of ATF6α and that 

many of those are downregulated.88 Moreover, Belmont et. al. reported ATF6α is involved in the 

downregulation of many miRNAs, many of which did not target ER proteins and all of which 
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lacked the consensus ATF6α binding site in their promoters, termed the ER stress response element 

(ERSE).225 Other studies found that ATF6α inhibits pathways by forming heterodimers with other 

transcription factors such as cAMP response element binding (CREB)226 or sterol regulatory 

element binding protein 2 (SREBP2)227 and altering their transcriptional activity. Thus, though its 

name implies otherwise, ATF6α can clearly participate in the inactivation of many genes, 

including some involved in fibroblast activation, as seen in Figure 29. Further study is needed to 

determine which of these genes, or a combination thereof, is necessary for ATF6α to confer this 

effect. 

Section III. C. is, in part, a reprint of the research article “The ER Unfolded Protein 

Response Effector, ATF6, Reduces Cardiac Fibrosis and Decreases Activation of Cardiac 

Fibroblasts” as it appears in the International Journal of Molecular Sciences, 2020. Stauffer, 

Winston T.; Blackwood, Erik A.; Azizi, Khalid; Kaufman, Randal J.; Glembotski, Christopher C., 

Int J Mol Sci, 2020. The dissertation author was the primary author of this paper.  
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IV. Discussion 

This work highlights the importance of ATF6α in a variety of heretofore unknown aspects 

of cardiac physiology and pathology. Previous cell-specific studies of ATF6α in the heart have 

focused exclusively on cardiac ventricular myocytes. This is understandable because, more than 

other cell types, the survival and performance of cardiac myocytes is more directly related to heart 

function.228 This overlooks, however, that the heart is a complex organ with numerous tissues and 

cell types, all with critical roles.1 Because of the highly specialized nature of cardiac myocytes, 

their function, structure, and response to stresses can vary greatly from other cardiac cells. It is 

thus necessary to fully explore pathways essential to cardiac function in less well studied 

paradigms. 

While much of the protective effect of ATF6α has previously been shown to relate directly 

to its canonical role as one of the three main sensors of the ER stress response21, this work, and 

other recent publications6, 11, 12, 61, 88, 225, suggest ATF6α has an influence on a far wider range of 

cellular processes. The ubiquity and importance of ER proteostasis makes it plausible that merely 

controlling this master switch alone might influence far-flung functions of the cell. The data 

presented here concern ATF6α regulation of further processes important for cell function, such as 

proliferation, oxidative stress, and transdifferentation, that are at best indirectly related to ER 

proteostasis. Likewise, these pathways also include proteins not localized to the ER and fit the 

wider pattern of noncanonical ATF6α regulatory targets found to have importance to a variety of 

cellular functions. 

This work investigates the role of ATF6α in an unexamined cardiac disease model, long-

term permanent-occlusion MI-induced heart failure, as well as two cardiac non-myocyte cell types 
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known to be important during cardiac pathology. All three chapters reveal potential avenues of 

research likely to be of further interest to the field and worthy of future study. 

The disadvantage of using of global knockout mice to study any disease model is the 

uncertainty as to the tissues and cell types in which loss of the gene of interest is having the greatest 

effect, because the gene has been deleted in all cells. Also of concern is the fact that the gene is 

missing throughout development, possibly leading to differences in the baseline phenotype of the 

adult animals. These concerns are partially abrogated in the context of global ATF6α knockout 

mice for the investigation of MI-induced heart failure because, while ATF6α is important in 

development, lack of the α isoform appears to be compensated in this context by the continued 

presence of the β isoform.119 Adult ATF6α knockout mice thus, at baseline, appear physiologically 

normal.100 Furthermore, ATF6α is mostly characterized as a stress response gene, ubiquitously 

expressed but only activated under certain stress conditions, such as ischemia.13 Thus, in an acute 

injury model in the heart, the effect of loss of ATF6α might reasonably be expected to be felt 

directly only in the heart. Formally, though, the effect of the lack of ATF6α elsewhere in the body 

cannot be ruled out. Additionally, as previously stated, it is unknown in which cell types in the 

heart ATF6α is most critical. Future studies can be designed to address these issues, which might 

involve cell type-specific promoters for targeted ATF6α deletion or overexpression. The 

expression of Cre recombinase in transgenic mice behind a Tnnt2 promoter achieves 

cardiomyocyte specific ATF6α deletion when crossed with ATF6α-floxed transgenic mice. This 

can also be achieved by expression of the Tnnt2-Cre introduced by a viral vector in ATF6α-floxed 

mice, as seen in Figure 23, with the added benefit that deletion does not occur until administration 

of the virus in adulthood, immediately prior to commencement of the study.12 Conditional 

knockout can also be achieved in other cell types for which a sufficiently specific promoter can be 
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identified. Examples used in other contexts in the literature include Tcf21 for quiescent cardiac 

fibroblasts24, Postn for activated myofibroblasts229, Kit for CSCs127, or Tek for endothelial cells230. 

A logical follow up to a global knockout model would be to repeat the study using any of these 

more specific knockout models to take advantage of cell specificity, temporal specificity, or both. 

Similar techniques could also be used to achieve cell specificity for overexpression of 

either full-length or N-terminal (active) ATF6α. In such cases conditional activation would be even 

more desirable, as long-term ER stress signaling, potentially including ATF6α, can lead to cell 

death.231 Thus, a chemically activated fusion-protein might be used, as in Martindale et.al., such 

that the expressed active portion of ATF6α would only be free to move to the nucleus upon 

treatment with a chemical such as tamoxifen.21 Pharmacological activation of endogenous ATF6α 

as with compound 147 would also be useful in this paradigm, though with the drawback of not 

being cardiac specific.105 

In isolated CSCs, further research is needed to determine the mechanistic link between 

ATF6α and promotion of proliferation and suppression of differentiation. The cell cycle PCR array 

revealed multiple notable genes that are altered with ATF6α knockdown. By far the most induced 

was Gadd45a, which halts cell cycle progression and promotes cell death pathways.180 It is 

possible ATF6α promotes a repressor of GADD45α, regulation which is lost with ATF6α 

knockdown. Gadd45a is also induced by DNA damage, as evidenced by its role as a tumor 

suppressor gene. Future experiments should determine whether ATF6α knockdown alone causes 

genotoxicity in CSCs and other cell types, perhaps by probing for histones phosphorylated in the 

presence of DNA double-stranded breaks. 

Likewise, the role of oxidative stress potentially caused by the lack of ATF6α in these cells 

should be further explored. If ROS scavenging by NAC can reverse Dex-induced differentiation, 
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perhaps ATF6α in its role as a regulator of antioxidant genes acts in a similar manner. The most 

obvious ATF6α antioxidant target is catalase, localized to the peroxisome, which was shown to 

blunt ROS-induced damage following ischemia/reperfusion injury.11 Future experiments should 

determine to what degree ATF6α loss promotes ROS production in cultured CSCs and whether 

catalase alone is responsible for the effects of ATF6α in this context. It is possible that other known 

ATF6α antioxidant targets not included in the array, like Vimp, may also contribute.11 

It is tempting to suggest that induced activation of ATF6α might improve outcomes in 

patients in clinical trials undergoing autologous CSC therapy. Conceivably pharmacological 

ATF6α activation, either while the CSCs are being expanded in culture or during reinsertion, might 

preserve stemness, proliferative potential, or even secretory capacity. Thus, the ATF6α-stimulated 

CSCs hypothetically might be more beneficial following reimplantation. It is important however, 

to understand how exactly CSCs are beneficial in this therapy, if indeed they are, and whether 

other cell types might be more effective. This understanding would aid in deciding whether further 

exploring the role of ATF6α in this treatment is worthwhile. If CSCs do not differentiate into 

mature cardiac myocytes, as the data suggest127, 129, further research should determine how this 

treatment aids patient outcomes, before further clinical trials continue.  

In cultured cardiac fibroblasts, next steps should further dissect where in the TGFβ pathway 

ATF6α acts to suppress signaling. There are multiple avenues worth exploring. It is possible 

ATF6α acts directly to suppress transcription of TGFβ. ATF6α itself has been shown to act as a 

transcriptional repressor of miRNAs, thus increasing translation of their target transcripts.96 Other 

bZip transcription factors also sometimes function as transcriptional repressors, potentially by 

suppressing or altering the activity of other DNA binding partners.76 As before, ATF6α may also 

act indirectly by upregulating a TGFβ repressor. One potential target not included in the fibrosis 
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array is miR-130b, an miRNA which is predicted to suppress expression of both TGFβ receptors 

and various Smad family members, including Smad2 and Smad4.232 A microRNA array from 

mouse hearts with activated ATF6α showed that miR-130b was overexpressed 2-fold compared to 

control.88 

Recent publications suggest further possible mechanisms. In β-cells, the maintenance of 

maturation markers is dependent on the Sel1L-Hrd1 complex, a critical component of ERAD.218 

ERAD effectors, especially Hrd1, are heavily upregulated by ATF6α signaling in response to ER 

stress.95 Loss of ERAD in β-cells causes their dedifferentiation, which coincides with elevated 

TGFβ signaling via Smad secondary messengers. Importantly for the future directions of this 

study, TGFβ receptor 1 was found to be a substrate of Hrd1, resulting in the observed effects on 

β-cell maturation.218 Subsequent studies should establish whether TGFβR1, or any other TGFβ-

Smad component, is also an ERAD substrate in cardiac fibroblasts and whether ATF6α activity 

results in their increased ubiquitylation and degradation.  

ATF/CREB family member and stress response transcription factor ATF3 has been 

repeatedly shown to regulate cardiac fibrosis. Intriguingly, whether it is a positive or negative 

regulator of fibrosis seems to depend on which cell type it is active in.109, 233, 234 In cardiac fibroblast 

specific knockout models, ATF3 acts to inhibit fibroblast activation by inhibiting MAPK 

transcription and downstream p38 signaling.109 This inhibition requires binding to HDAC1 in the 

nucleus. ATF6α has been shown to recruit HDAC1 to attenuate transcription of SREBP2-target 

lipogenic genes.227 Though we did not detect changes in p38 phosphorylation with modulation of 

ATF6α levels in AMVF, future studies should establish whether HDAC1 interaction is involved 

in ATF6α suppression of other fibroblast activation pathways.  
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Lastly, the above studies further highlight the need for cell-specific knockout models. 

Future directions for all the chapters in this work should include efforts to manipulate ATF6α 

signaling with as much specificity as possible, in recognition of the complex cellular makeup of 

the heart. 
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