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Protein homeostasis, or proteostasis, involves the coordi-
nation of protein synthesis and folding to ensure prote-

ome integrity and vital cell function.1 In cardiac myocytes, 
the endoplasmic reticulum (ER) is a major site of synthe-
sis of proteins that are critical for proper function of the 
heart, including many calcium-handling proteins, receptors, 
and secreted proteins, such as hormones, stem cell homing 
factors, and growth factors.2,3 Therefore, ER proteostasis 

maintains the integrity of the cardiac myocyte proteome 
and thus cardiac contractility. Increased protein synthesis 
in growing cardiac myocytes must be balanced by increased 
protein folding to avoid the accumulation of toxic, misfolded 
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Rationale: Endoplasmic reticulum  (ER) stress dysregulates ER proteostasis, which activates the transcription 
factor, ATF6 (activating transcription factor 6α), an inducer of genes that enhance protein folding and restore 
ER proteostasis. Because of increased protein synthesis, it is possible that protein folding and ER proteostasis are 
challenged during cardiac myocyte growth. However, it is not known whether ATF6 is activated, and if so, what its 
function is during hypertrophic growth of cardiac myocytes.

Objective: To examine the activity and function of ATF6 during cardiac hypertrophy.
Methods and Results: We found that ER stress and ATF6 were activated and ATF6 target genes were induced in mice 

subjected to an acute model of transverse aortic constriction, or to free-wheel exercise, both of which promote 
adaptive cardiac myocyte hypertrophy with preserved cardiac function. Cardiac myocyte-specific deletion of Atf6 
(ATF6 cKO [conditional knockout]) blunted transverse aortic constriction and exercise-induced cardiac myocyte 
hypertrophy and impaired cardiac function, demonstrating a role for ATF6 in compensatory myocyte growth. 
Transcript profiling and chromatin immunoprecipitation identified RHEB (Ras homologue enriched in brain) as 
an ATF6 target gene in the heart. RHEB is an activator of mTORC1 (mammalian/mechanistic target of rapamycin 
complex 1), a major inducer of protein synthesis and subsequent cell growth. Both transverse aortic constriction 
and exercise upregulated RHEB, activated mTORC1, and induced cardiac hypertrophy in wild type mouse 
hearts but not in ATF6 cKO hearts. Mechanistically, knockdown of ATF6 in neonatal rat ventricular myocytes 
blocked phenylephrine- and IGF1 (insulin-like growth factor 1)-mediated RHEB induction, mTORC1 activation, 
and myocyte growth, all of which were restored by ectopic RHEB expression. Moreover, adeno-associated virus 
9-RHEB restored cardiac growth to ATF6 cKO mice subjected to transverse aortic constriction. Finally, ATF6 
induced RHEB in response to growth factors, but not in response to other activators of ATF6 that do not induce 
growth, indicating that ATF6 target gene induction is stress specific.

Conclusions: Compensatory cardiac hypertrophy activates ER stress and ATF6, which induces RHEB and activates 
mTORC1. Thus, ATF6 is a previously unrecognized link between growth stimuli and mTORC1-mediated cardiac 
growth.    (Circ Res. 2019;124:79-93. DOI: 10.1161/CIRCRESAHA.118.313854.)
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proteins; thus, growth poses a potential challenge to cardiac 
myocyte proteostasis.4 However, the molecular mechanisms 
underlying the maintenance of ER proteostasis during car-
diac myocyte growth are not well understood.

ER proteostasis is controlled in all mammalian cells by 
several ER transmembrane sensors of protein misfolding, in-
cluding the adaptive transcription factor, ATF6 (activating 
transcription factor 6α).5 When protein synthesis surpasses the 
capacity of the protein-folding machinery, increases in misfold-
ed proteins cause the translocation of the ER transmembrane, 
670-amino acid, 90 kD form of ATF6, to the Golgi, where it 
is clipped, liberating an N-terminal fragment that serves as 
a transcription factor. This 50-kD active form of ATF6 regu-
lates a gene program that is responsible for the expression of 

numerous proteins that enhance ER protein folding, which a-
daptively restores the balance between protein synthesis and 
folding.6,7 Thus, nodal proteostasis regulators, such as ATF6, 
that sense and maintain this balance could play important roles 
in optimizing cardiac myocyte growth; however, neither the ac-
tivation nor the function of ATF6 in the setting of hypertrophic 
growth of the heart has been examined. Accordingly, here, we 
studied the effects of Atf6 deletion in mouse hearts and in cul-
tured cardiac myocytes during physiologically relevant maneu-
vers known to promote compensatory cardiac hypertrophy in 
either a concentric (pressure overload)8 or eccentric (exercise)9 
manner, positing that the absence of ATF6 would imbalance 
proteostasis, which would be maladaptive.

Both growth maneuvers activated ATF6, and Atf6 deletion 
was maladaptive, as evidenced by impaired cardiac function. 
However, surprisingly, cardiac myocyte growth was also im-
paired on Atf6 deletion. This was unexpected because Atf6 is 
not known to be required for cardiac myocyte growth. Further 
mechanistic studies showed that ATF6 is activated as a result 
of the increased demands placed on the ER protein folding ma-
chinery during growth-related increases in protein synthesis. 
Moreover, we found that Atf6 serves a previously unrecognized 
role as a molecular link between growth stimuli ER stress and 
activation of mTORC1 (mammalian/mechanistic target of ra-
pamycin complex 1), a major promoter of protein synthesis 
and consequent growth of cardiac myocytes.10–15 Two condi-
tions need to be met for mTORC1 to be activated: (1) in re-
sponse to a growth stimulus, mTORC1 needs to translocate to 
organelles, such as lysosomes,16 where it encounters the small 
GTPase activator of mTORC1, Rheb (Ras homologue enriched 
in brain),17 and (2) Rheb must be active and present in suffi-
cient quantities.18 In terms of Rheb activation, it is known that 
growth stimuli lead to the phosphorylation and, thus, inhibition 

Nonstandard Abbreviations and Acronyms

4E-BP1	 4E-binding protein 1

AAV	 adeno-associated virus

ATF6	 activating transcription factor 6α

cKO	 conditional knockout

ER	 endoplasmic reticulum

ERSE	 endoplasmic reticulum stress response element

GAP	 GTPase-activating protein

IGF1	 insulin-like growth factor 1

mTORC1	 mammalian/mechanistic target of rapamycin complex 1

NRVM	 neonatal rat ventricular myocyte

Rheb	 Ras homologue enriched in brain

sI/R	 simulated ischemia/reperfusion

TAC	 transverse aortic constriction

UPR	 unfolded protein response

Novelty and Significance

What Is Known?

•	 Cardiac myocytes in the heart exhibit adaptive hypertrophic growth in 
response to pathological and physiological conditions, both of which 
activate mTORC1 (mammalian/mechanistic target of rapamycin com-
plex 1) signaling and increase protein synthesis—critical drivers of 
cardiac growth.

•	 Increased protein synthesis places demands on the protein-folding 
machinery in cardiac myocytes, leading to some protein misfolding, 
which activates the transcription factor, ATF6 (activating transcrip-
tion factor 6α), which regulates a gene program that fortifies cellular 
protein-folding capacity.

What New Information Does This Article Contribute?

•	 Selective deletion of ATF6 in cardiac myocytes of mice impaired 
mTORC1 signaling, protein synthesis, and cardiac hypertrophy, dem-
onstrating that ATF6 is required for heart growth.

•	 Selective activation of ATF6 in mouse hearts induced RHEB (ras homo-
logue enriched in brain)—a required activator of mTORC1 and protein 
synthesis—identifying ATF6 as a previously unrecognized link between 
pathological and physiological growth stimuli and mTORC1-mediated 
increases in protein synthesis, protein folding, and cardiac growth.

Endoplasmic reticulum (ER)  stress impairs ER protein folding, 
which activates the transcription factor, ATF6—an inducer of 
genes that restore ER protein folding. We hypothesized that in-
creased protein synthesis during cardiac hypertrophy might chal-
lenge ER protein folding, leading to ATF6 activation. We found that 
ER stress and ATF6 were activated in mice subjected to patho-
logical and physiological growth conditions that promote adaptive 
cardiac myocyte hypertrophy. Cardiac myocyte-specific deletion 
of ATF6 blunted adaptive cardiac myocyte hypertrophy, whereas 
ectopic expression of ATF6 enhanced the hypertrophic response. 
Here, ATF6 promoted the induction of RHEB—an obligate activa-
tor of mTORC1, a known regulator of protein synthesis and cellu-
lar growth. Ectopic expression of RHEB restored cardiac growth 
to ATF6 cKO (conditional knockout) mice. ATF6 induced RHEB in 
response to growth factors, but not in response to other activa-
tors of ATF6 that do not induce growth, indicating that ATF6 target 
gene induction is stress specific. Thus, ATF6 is a newly identi-
fied, essential member of mTORC1-mediated growth signaling in 
the heart. Moreover, because ATF6 is ubiquitously expressed, our 
findings underscore the potential widespread importance of this 
new ATF6-Rheb-mTORC1 growth signaling axis in noncardiac 
cells and tissues in addition to the heart.
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of the Rheb GAP (GTPase-activating protein), TSC1/TSC2 (tu-
berous sclerosis gene product-1 and -2),19 which increases the 
GTP-loading state and, thus, the activity of Rheb. However, 
the molecular mechanisms underlying the Rheb gene expres-
sion are less well understood. Here, we showed, for the first 
time, that ATF6 is an inducer of RHEB, and in this way, ATF6 
coordinates protein synthesis and protein folding, ensuring the 
adaptive maintenance of proteostasis in growing cardiac myo-
cytes. Thus, ATF6 is a newly identified and essential member 
of mTORC1 growth signaling in cardiac myocytes in the heart.

Methods
All supporting data are available within the article. Further details on 
the Methods can be found in the Online Data Supplement.

Laboratory Animals
The research reported in this article has been reviewed and approved 
by the San Diego State University Institutional Animal Care and Use 
Committee, and it conforms to the Guide for the Care and Use of 
Laboratory Animals published by the National Research Council.

ATF6 Floxed Mice
Atf6αfl/fl mice used in this study were generated by Dr Gokhan S. 
Hotamisligil.20 All of the mice used in this study were 10-week-old 
males.

Statistics
Unless otherwise stated, values shown are mean±SEM, and statis-
tical treatments are either a t test or a 1-way ANOVA followed by 
Newman-Keuls post hoc analysis.

Results
ATF6 Is Required for Cardiac Myocyte 
Hypertrophy in Response to Pressure Overload
To examine the role of Atf6 in cardiac myocytes on heart growth, 
we generated an ATF6 cKO (conditional knockout) mouse 
line by injecting Atf6fl/fl mice with a recombinant adeno-asso-
ciated virus (AAV) 9 that encodes Cre under the control of the 
cardiac troponin T promoter (Figure 1A). Compared with Atf6fl/

fl injected with AAV9-Con (Con), injection with AAV9-CRE ef-
fectively reduced Atf6 mRNA in cardiac myocytes isolated from 
Atf6fl/fl mice but not noncardiac myocytes or liver (Figure 1B). 
Atf6fl/fl mice injected with AAV9-Con or AAV9-CRE (ATF6 
cKO) were subjected to transverse aortic constriction (TAC) 
and examined 7 days later, when hypertrophic growth is max-
imal21 and structural remodeling is compensatory.22,23 TAC ac-
tivated ATF6 in Con mouse hearts, as evidenced by increased 
levels of the active, 50 kD form of ATF6 (Figure 1C). This was 
unexpected because ATF6 is not known to be activated in car-
diac myocytes by any growth stimulus. Coordinate with ATF6 
activation, TAC increased expression of numerous canonical 
ATF6 target genes (Figure 1C and 1D; Online Figure IA). As 
expected, ATF6 was undetectable in ATF6 cKO mouse hearts 
(Figure 1C and 1D). TAC increased Con mouse heart weights, 
but, surprisingly, this growth effect was significantly blunted in 
ATF6 cKO mouse hearts (Figure 1E). TAC increased Nppa and 
Nppb expression to similar extents in both Con and ATF6 cKO 
mice, whereas the induction of Myh7 and Col1a1 was slightly 
greater in the ATF6 cKO mice (Figure 1F). This, coupled with 
the decrease in Atp2a2 (ie, SERCA2a in ATF6 cKO mice), 
suggests a blunted compensatory response in the absence of 

ATF6. In Con mouse hearts, cardiac function, including frac-
tional shortening, was preserved, whereas chamber dimensions 
were unchanged after TAC (Figure 1G; Online Table I) and car-
diac myocyte size was increased (Figure 1H), consistent with 
the compensatory nature of cardiac hypertrophy in mice at this 
time after pressure overload.24 However, in contrast to Con, in 
ATF6 cKO mice subjected to TAC, myocyte size was decreased 
compared with Con (Figure 1H), and fractional shortening was 
impaired (Figure 1G) with increased chamber dimensions, such 
as left ventricular end diastolic volume and left ventricular end 
systolic volume, despite high-frequency Doppler measurements 
between right and left carotid arteries demonstrating consistent 
and identical pressure overload in TAC-operated Con and ATF6 
cKO mice (Online Table I). Along with increased plasma levels 
of cTnI (cardiac troponin I; Online Figure IB), these results are 
consistent with the initial stages of chamber dilation, as well 
as myocardial damage and decompensation in the ATF6 cKO 
mice. Thus, ATF6 is activated by pressure overload and is re-
quired for hypertrophy.

ATF6 Is Required for Cardiac Myocyte Hypertrophy 
in Response to Exercise
To assess the breadth of the impact of ATF6 on heart growth, 
we examined the effects of cardiac myocyte-specific ATF6 de-
letion in mice subjected to free-wheel exercise25,26 (Figure 2A). 
Similar to TAC, exercise surprisingly activated ATF6 and in-
duced ATF6 target genes in Con but not in ATF6 cKO mice 
(Figure 2B and 2C). As expected, compared with Con sedentary 
mice, Con mice subjected to exercise exhibited increased heart 
weights and left ventricle wall thickness, as well as myocyte 
size (Figure 2D and 2F; Online Table II). Whereas Nppa and 
Nppb were mildly increased, Atp2a2 was robustly increased 
by exercise in Con mouse hearts, and there was no change in 
Myh7 or Col1a1 (Figure 2E); this gene profile is typical of a-
daptive cardiac hypertrophy in exercising mice.24,27 In contrast 
to Con, in ATF6 cKO mice subjected to exercise, there was 
no change in heart weights or left ventricular wall thickness 
(Figure 2D; Online Table II), moderated increases in myocyte 
size (Figure 2F), and reduced induction of ATF6 target genes 
(Figure  2C). Compared with exercised Con mice, exercised 
ATF6 cKO mice showed no increase in Nppa, and neither 
Con nor ATF6 cKO mice showed significant changes in Nppb 
or Myh7. Importantly, whereas Con mice exhibited decreased 
Col1a1 and increased Atp2a2 after exercise, which are bene-
ficial genetic changes typical of this maneuver, the ATF6 cKO 
mice failed to adapt and had increased Col1a1 and no change in 
Atp2a2 (Figure 2E). Thus, ATF6 is activated by exercise and is 
required for compensatory hypertrophy in this exercise model.

Rheb Is an ATF6-Inducible Gene in the Heart
Since there are no known Atf6-inducible genes that are required 
for cardiac myocyte growth; we turned to transcript profiling 
for clues to the identities of such genes. RNA sequencing of 
the hearts of our previously published transgenic mice that ex-
press activated ATF628 (Online Table III) revealed that ATF6 in-
duced 51 genes in the gene ontology category, small GTPase 
mediated signal transduction; this category includes the Ras-
related small GTPase, RHEB (Figure 3A; Online Figure IIA). 
Rheb is required for activation of mTORC1, however, only in 
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Figure 1. Effect of cardiac myocyte-specific ATF6 (activating transcription factor 6α) gene deletion in hearts of mice subjected to transverse 
aortic constriction (TAC). A, Protocol for adeno-associated virus (AAV) 9 administration to ATF6fl/fl mice and TAC. B, ATF6 mRNA levels determined by 
quantitative real-time polymerase chain reaction (qRT-PCR) on isolated cardiac myocyte (CM), noncardiac myocyte (NCM), and liver extracts from ATF6fl/fl  
mice injected with AAV9-Con (Con) or AAV9-CRE (ie, ATF6 cKO [conditional knockout]); n=3. C, Immunoblot of left ventricular extracts from Con or ATF6 
cKO mice. D, mRNA for ATF6 target genes determined by qRT-PCR. E, Heart weight/tibia length (HW/TL). F, mRNA levels for fetal genes determined by 
qRT-PCR. G, Fractional shortening (%), determined by echocardiography (Online Table I). H, Confocal immunocytofluorescence microscopy analysis of 
mouse heart sections for laminin (green). Data are mean±SEM. *P≤0.05, **P≤0.01, #P≤0.001 different from Con Sham or from the value shown by the bar.
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the presence of a growth stimulus. Accordingly, we focused on 
Rheb as a candidate gene through which ATF6 might contribute 
to cardiac hypertrophy, pursuing the hypothesis that increased 
Rheb gene expression and subsequent mTORC1 activation un-
der growth conditions are Atf6 dependent. The upregulation of 
RHEB by ATF6 in mouse hearts observed by RNA sequencing 

was confirmed by quantitative real-time polymerase chain re-
action (Online Figure IIB). Consistent with ATF6 as a possi-
ble transcriptional inducer of Rheb was our finding that the 
Rheb promoter has 2 potential ATF6-binding sites, which we 
call ER stress response elements (ERSEs)-1 and 2 (Figure 3B). 
Chromatin immunoprecipitation showed that ATF6 binds to 

Figure 2. Effect of cardiac myocyte-specific ATF6 (activating transcription factor 6α) gene deletion in hearts of mice subjected to free-wheel 
exercise. A, Protocol for adeno-associated virus (AAV) 9 administration to ATF6fl/fl mice and free-wheel exercise. B, Immunoblot of left ventricular 
extracts from Con or ATF6 cKO (conditional knockout) mice. C, mRNA levels for ATF6 target genes determined by quantitative real-time polymerase 
chain reaction (qRT-PCR). D, Heart weights/tibia lengths (HW/TL). E, mRNA levels for fetal genes determined by qRT-PCR. F, Immunocytofluorescence 
microscopy analysis of mouse heart sections for laminin (green). Data are mean±SEM. Echocardiography details are in Online Table II. *P≤0.05, 
**P≤0.01, #P≤0.001.
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Figure 3. Regulation of Rheb (Ras homologue enriched in brain) expression by ATF6 (activating transcription factor 6α). A, Heat map of 
transcript profiling showing Z score-transformed reads per kilobase per million mapped read values with hierarchical clustering of transcripts of 
control and ATF6 transgenic mouse hearts. Differentially expressed genes with P values and FDR ≤0.05 and a subset of genes annotated with term 
GO:0007264 are shown. All the genes increased or decreased by ATF6 are in Online Table III. B, Locations of consensus ATF6-binding motifs, that is, 
endoplasmic reticulum stress response element (ERSE)-1 and 2 and their sequences in the RHEB gene 5′-flanking region. Nucleotide differences from 
canonical ERSE elements are bold. C, Neonatal rat ventricular myocytes (NRVMs) were infected with AdV encoding control or FLAG-ATF6 [1–373] 
(active form) and then ATF6 binding to endogenous ERSE-1 or ERSE-2, as well as to the endogenous PDIA6 ERSE, used here as a positive control, 
and the negative control targets ho-1 and gapdh were examined by chromatin immunoprecipitation (ChIP; n=3). (Continued )
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both sites in the RHEB gene in neonatal rat ventricular myocytes 
(NRVMs; Figure 3C). The progressive decline in RHEB pro-
moter activity in plasmids that encode 5′-truncation deletions 
of the rat-RHEB promoter driving luciferase demonstrated the 
importance of these putative ERSEs in ATF6-mediated RHEB 
promoter activation (Online Figure IIC). To mechanistically in-
vestigate the functional involvement of these ERSEs further, 
we mutated either or both ERSEs (Figure 3D). Mutating either 
ERSE decreased ATF6 RHEB promoter activation by ATF6; 
however, the promoter-proximal site, that is, ERSE-1, appeared 
to have the largest effect (Figure  3E). To determine whether 
ATF6 is sufficient to induce Rheb in the heart, in vivo, mice 
were injected with a recombinant AAV9 that encodes activated 
ATF6 (ie, ATF6 [1–373]). Activated ATF6 increased RHEB 
mRNA and protein in the heart (Online Figure IID through IIF). 
These results are the first demonstration in any cell type that 
ATF6 induces RHEB, implicating ATF6 as a critical link be-
tween growth stimuli and mTORC1 activation.

RHEB Induction During Pressure Overload and 
Exercise Requires ATF6
We found that RHEB was strongly induced in Con mice af-
ter either TAC or exercise but not in ATF6 cKO mouse hearts 
(Figure 3F through 3K). Thus, ATF6 is necessary for the up-
regulation of RHEB in these models of cardiac hypertrophy, 
in vivo. Because RHEB is required for mTORC1 activation in 
response to a growth stimulus, we assessed mTORC1 path-
way activation. As expected, pressure overload and exercise 
both activated mTORC1, as shown by increased phosphoryl-
ation of mTORC1 (Ser2448), S6K (p70 ribosomal S6 kinase; 
Thr389), and eukaryotic translation initiation factor 4E-BP1 
(4E-binding protein 1; Thr37/46); however, mTORC1 activa-
tion was blunted in ATF6 cKO mouse hearts (Figure 3G and 
3J), consistent with the key role for ATF6 in mTORC1 acti-
vation by growth stimuli. To examine whether ATF6 might 
affect other signaling pathways leading to mTORC1 activa-
tion, we assessed the phosphorylation of Akt on Ser308 and 
the phosphorylation of TSC2, both of which lie upstream of 
Rheb in the mTORC1-signaling pathway. We found that pres-
sure overload increased phosphorylation of Akt (Thr308) and 
TSC2 (Thr1462), as expected; however, in contrast to Rheb 
expression, neither of these phosphorylation events were af-
fected by ATF6 deletion (Online Figure IIIA). Thus, the def-
icit in mTORC1 activation in ATF6 cKO mice must reside 
downstream of Akt and TSC2 (ie, Rheb). We also examined 
whether ATF6 deletion affected other well-known canonical 
hypertrophy signaling pathways but found that neither phos-
phorylation of Akt on Ser-473, Erk phosphorylation (Online 
Figure IIIA), or calcineurin activation (Online Figure IIIB) 
were affected by ATF6 deletion. These results pinpoint the 
growth deficit in the ATF6 cKO mouse hearts to the inability 
to upregulate Rheb.

RHEB Is Required for Phenylephrine and  
IGF1-Induced Cardiac Myocyte Growth
To explore the mechanistic relationship between ATF6 and 
RHEB, we used RHEB and ATF6 loss-of-function approach-
es in NRVM treated with the α

1
-adrenergic receptor agonist, 

phenylephrine, or IGF1 (insulin-like growth factor 1), which 
recapitulate much of the intracellular signaling during pres-
sure overload or exercise-induced hypertrophy, respectively.29 
Knocking down either ATF6 or RHEB abrogated the effects of 
phenylephrine or IGF1 on cardiac myocyte hypertrophy, fe-
tal gene induction, ATF6 target gene induction, and mTORC1 
signaling (Figures 4A through 4E and 5A through 5E; Online 
Figure IVA through IVC) but had no effect on mTORC2 signal-
ing, as assessed by phosphorylation of Akt on Ser-473 (Online 
Figure IVD and IVE). To further substantiate the results with 
Rheb siRNA, we used a different Rheb loss-of-function ap-
proach involving the Rheb inhibitor, lonafarnib.30 Lonafarnib 
mimicked the effects of Rheb siRNA on phenylephrine and 
IGF1-mediated ATF6 activation, mTORC1 signaling, ATF6 
gene induction, and growth in NRVM (Online Figure V).

To complement ATF6 loss-of-function approach, we used 
a gain-of-function approach, examining the effects of ectopic 
expression of ATF6 and RHEB. In the absence of a growth 
stimulus, ectopic expression of ATF6 did not increase myocyte 
growth, as expected, because of the absence of mTORC1 acti-
vation under these conditions (Online Figure VIA; Con). Either 
phenylephrine or IGF1 increased myocyte growth, which was 
completely blocked by the mTORC1 inhibitor, rapamycin, as 
expected (Online Figure VIA; phenylephrine and IGF1, red 
versus blue). Ectopic ATF6 augmented the growth-promoting 
effects of phenylephrine and IGF1, which were also completely 
blocked by rapamycin (Online Figure VIA; phenylephrine and 
IGF1, black and green). Moreover, ectopic ATF6 slightly aug-
mented phenylephrine and IGF1-stimulated NRVM growth; 
however, it was not able to restore growth in cells treated with 
either RHEB siRNA or lonafarnib (Online Figure VIB and 
VIC). As expected, ectopic expression of RHEB had no effect in 
the absence of a growth stimulus; however, on a growth stimu-
lus, the loss of growth and mTORC1 activation seen with ATF6 
siRNA were completely restored by ectopically expressed 
RHEB (Figures 4F through 4H and 5F through 5H).

Mechanistic Relationship Between Growth 
Signaling and the Unfolded Protein Response
The UPR (unfolded protein response), which in addition to ATF6, 
is mediated by PERK (eukaryotic translation initiation factor 
2-alpha kinase 3)  and IRE1  (serine/threonine-protein kinase/
endoribonuclease),5 is activated by the misfolding of proteins 
induced by a variety of chemical and pathophysiological treat-
ments, most of which do not promote growth. In fact, the UPR is 
not widely considered to be growth promoting. Accordingly, be-
cause we found here that ATF6 can be activated during growth, 

Figure 3 Continued. D, Locations of ERSE-1 and 2 in the RHEB 5′-flanking region, their sequences (lower case), and the mutations that were 
made (bold and upper case). E, NRVMs were transfected with rat-rheb(-1067/+123)-Luc WT (wild type), M2, M1, or M1/M2 then infected with AdV 
FLAG-ATF6 (1–373). Then, 48 h later, luciferase activity was measured in extracts (n=6). F–H, mRNA for RHEB determined by quantitative real-time 
polymerase chain reaction (qRT-PCR; F) and Rheb protein and mTOR (mammalian/mechanistic target of rapamycin) pathway components measured 
by immunoblots (G) and quantified by densitometry (H) from Con or ATF6 cKO (conditional knockout) mouse heart extracts after 7 d of Sham or 
transverse aortic constriction (TAC). I–K, mRNA for RHEB determined by qRT-PCR (I) and Rheb protein and mTOR pathway component immunoblots 
(J) and quantified by densitometry (K) from Con or ATF6 cKO mouse heart extracts after 4 wk of sedentary or free-wheel exercise (Run). Data are 
mean±SEM. *P≤0.05, **P≤0.01, #P≤0.001.
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Figure 4. Effects of ATF6 (activating transcription factor 6α) and RHEB (Ras homologue enriched in brain) knockdown, and ectopic Rheb expression 
on phenylephrine-induced hypertrophy in cultured cardiac myocytes. A–E, Neonatal rat ventricular myocytes (NRVMs) were transfected with a 
nontargeted siRNA (siCon) or with siRNAs targeted to either rat ATF6 (siAtf6) or RHEB (siRheb), and then treated±phenylephrine (PE; 50 µM) for 48 h. A, 
Cell surface area was determined by photomicroscopy and morphometry (n=6). B, Immunocytofluorescence microscopy (ICF) of NRVM for α-actinin (blue) 
and TOPRO-3 (red; bar=50 µm). C, Quantitative real-time polymerase chain reaction (qRT-PCR) examination of Nppa and Nppb. Values are expressed as 
fold-of-control cardiac myocytes in the absence of PE (n=6). D, Immunoblot of NRVM. E, mRNA for ATF6 target genes determined by qRT-PCR. Values are 
expressed as fold-of-control myocytes in the absence of PE (n=3). F–H, NRVMs were transfected with a control plasmid or a plasmid encoding Flag-Rheb 
and either siCon or siAtf6, followed by treatment±PE for 48 h. Cell surface area (F) was determined by morphometry after ICF (G). NRVMs were stained for 
FLAG (green; isolated channel displayed in inset), α-actinin (blue), and TOPRO-3 (red; bar=50 µm). Only FLAG-positive cells were used for cell surface area 
analysis (n=3). H, Immunoblot of NRVM. Data are mean±SEM. *P≤0.05, **P≤0.01, #P≤0.001.
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Figure 5. Effects of ATF6 (activating transcription factor 6α) and RHEB (Ras homologue enriched in brain) knockdown and ectopic Rheb expression 
on insulin-like growth factor 1–induced hypertrophy in cultured cardiac myocytes. A–E, Neonatal rat ventricular myocytes (NRVMs) were transfected with 
siCon, siAtf6 or siRheb and then treated±IGF1 (insulin-like growth factor 1; 100 ng/mL) for 48 h. A, Cell surface area was determined by morphometry after 
immunocytofluorescence microscopy (ICF; n=6). B, ICF of NRVM for α-actinin (blue) and TOPRO-3 (red; bar=50 µm). C, Quantitative real-time polymerase 
chain reaction (qRT-PCR) for Nppa and Nppb. Values are fold-of-control myocytes in the absence of IGF1 (n=6). D, Immunoblot of NRVM. E, mRNA levels of 
ATF6 target genes determined by qRT-PCR. Values are fold-of-control myocytes in the absence of IGF1 (n=3). F–H, NRVMs were transfected with a control 
plasmid or a plasmid encoding Flag-Rheb and then either siCon or siAtf6, followed by treatment±IGF1 for 48 h. Cell surface area (F) was determined by 
morphometry after ICF (G). NRVMs were stained for FLAG (green; isolated channel displayed in inset), α-actinin (blue), and TOPRO-3 (red; bar=50 µm). Only 
FLAG-positive cells were used for cell surface area analysis (n=3). H, Immunoblot of NRVM. Data are mean±SEM. *P≤0.05, **P≤0.01, #P≤0.001.
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we assessed how growth affected the other arms of the UPR. 
We found that phenylephrine and IGF1 activated all 3 arms of 
the UPR in a rapamycin-sensitive manner (Online Figure VIIA), 
indicating that mTORC1 activation is required for UPR activa-
tion during growth. We then individually knocked down ATF6, 
PERK, and IRE1 and found that only ATF6 knockdown blunted 
growth (Online Figure VIIB and VIIC). To ensure that the effects 
of ATF6 on growth are dependent on the transcriptional effects 
of ATF6, we showed that NRVM infected with adenovirus-
ATF6 [1–373] (active) exhibited increased growth in response to 
phenylephrine, especially when endogenous ATF6 was knocked 
down; however, adenovirus-ATF6 [94–373] (trancriptionally in-
active) did not (Online Figure VIID).

Next, we examined the effect on mTORC1 signaling of 
other UPR stimulators that do not affect growth, such as tunic-
amycin, which increases ER protein misfolding by inhibiting 
protein glycosylation in the ER. In contrast to phenyleph-
rine, activation of ATF6 by tunicamycin was not dependent 
on RHEB (Figure 6A and 6B). Additionally, although RHEB 
knockdown blocked phenylephrine and IGF1-mediated induc-
tion of ATF6 target genes (Figures 4E and 5E), it had no ef-
fect on tunicamycin-mediated induction of ATF6 target genes 
(Figure  6C). Thus, there are RHEB/growth-dependent and 
RHEB/growth-independent pathways that lead to ATF6 acti-
vation and induction of ATF6 target genes.

Stimulus-Dependent Differential Induction of ATF6 
Target Genes
We dived deeper into the mechanism of RHEB/growth-depen-
dent and RHEB/growth-independent pathways of ATF6 activa-
tion. We previously showed that ATF6 induces some proteins 
targeted to the ER, where they enhance protein folding (eg, 
HSPA5/GRP78), and others located outside the ER, where they 
serve other functions. One example of the latter is our finding 
that ischemia/reperfusion activates ATF6-dependent induction 
of CAT, which resides in peroxisomes and neutralizes dam-
aging ROS  (reactive oxygen species). Here, we provide an 
additional example of an ATF6-inducible gene, RHEB, that 
encodes a protein that resides outside the ER. Because of the 
differences in the locations and functions of Hspa5, CAT, and 
Rheb, we posited that they might be differentially induced by 
treatments that cause ER protein misfolding, ie,  tunicamycin 
or oxidative stress, ie, ischemia/reperfusion, but do not induce 
growth, or to a treatment that induces growth, ie, phenyleph-
rine. Although, for the most part, all 3 genes were induced 
by all of the treatments, the quantitative nature of induction 
differed depending on the treatments, such that tunicamycin, 
simulated ischemia/reperfusion (sI/R), and phenylephrine had 
the greatest effects on induction of Hspa5, Cat, and Rheb, re-
spectively (Figure 6D). Notably, Cat induction was highly se-
lective, showing an ≈6-fold induction by sI/R and much less 
induction by either tunicamycin or phenylephrine (Figure 6D; 
Cat). Remarkably, RHEB induction was also highly selective, 
showing the least induction by tunicamycin or sI/R, while be-
ing induced by >5-fold by phenylephrine (Figure 6D; Rheb). 
Importantly, all of these effects depended on ATF6 (Figure 6E).

To dissect this stimulus-dependent differential gene in-
duction further, we showed that promoter/luciferase reporter 
constructs for Hspa5, Cat, and Rheb (Figure  6F) were also 

differentially induced by tunicamycin, sI/R, and phenyleph-
rine, mimicking mRNA induction (Figure 6G). Importantly, as 
with the mRNA, all of these effects required ATF6 (Figure 6H).

We hypothesized that these stimulus-specific effects of 
ATF6 on Hspa5, Cat, and Rheb could be the result of the stim-
ulus-dependent binding of ATF6 to the ERSEs in these genes. 
To test this hypothesis, we developed a new method for meas-
uring ATF6 binding to the HSPA5, CAT, and RHEB promoters 
in cells treated with tunicamycin, sI/R, or phenylephrine. To 
this end, we generated a recombinant adenovirus FLAG full-
length p90 ATF6, that is, ATF6 (1–670), which remains in the 
ER in the absence of ER stress and, therefore, cannot bind to 
ERSEs. NRVM expressing p90 ATF6 were treated with tunic-
amycin, sI/R, or phenylephrine, each of which induce the for-
mation of the N-terminal, active p50 form of ATF6, so it can 
bind to ERSEs. Chromatin immunoprecipitation demonstrat-
ed that the binding of ATF6 to these genes differed, depending 
on the stimulus, mimicking the mRNA induction and pro-
moter activation (Figure 6I). These effects were not seen with 
adenovirus encoding only FLAG, verifying ATF6 specificity 
(Figure 6J). This shows, for the first time in any cell type, that 
ATF6 can be activated by a broad spectrum of conditions that 
affect proteostasis in a variety of ways, yet the relative induc-
tion of ATF6 targets differs in a condition-dependent manner.

Ectopic Expression of RHEB Restores Cardiac 
Growth to ATF6 cKO Mouse Hearts
Next, we assessed the effects of ectopic expression of RHEB 
in the heart, in vivo, using a new recombinant AAV9-RHEB 
(Figure 7A). In ATF6 cKO mice, AAV9-RHEB effectively re-
stored the loss of mTORC1 signaling, hypertrophic growth, and 
cardiac function, as well as the hypertrophic and ATF6 gene 
programs in response to TAC (Figure 7B through 7F; Online 
Table IV). Thus, it is by increasing RHEB that ATF6 influences 
mTORC1 signaling and subsequent cardiac myocyte growth, 
fetal gene expression, and ATF6 target gene expression.

ATF6 Activation in Response to Growth Requires 
mTORC1 Activation, Protein Synthesis, and Protein 
Misfolding
To this point, we had shown that  mTORC1 and ATF6 acti-
vation were dependent on each other under the growth con-
ditions examined. To account for this interdependence, we 
posited a temporal sequence of events, wherein the initial e-
vent after a growth stimulus is mTORC1 activation, which de-
pends on basal levels of Rheb (Figure 8A, step 1). This initial 
mTORC1 activation precedes but drives initial increases in 
protein synthesis that places demands on the protein-folding 
machinery (Figure 8A, step 2), which activates ATF6. Then, 
ATF6 serves canonical and noncanonical roles (Figure  8A, 
steps 3 and 4), the latter of which includes RHEB induction 
(Figure 8A, step 5), which is necessary to sustain mTORC1 
activation (Figure 8A, step 6) and the subsequent continued 
increases in protein synthesis that are required for growth and 
cardiac myocyte hypertrophy (Figure 8A, step 7). To exam-
ine this hypothesis, a TAC time course was performed. At 3 
hours of TAC—a time when mTORC1 is activated but protein 
synthesis has not yet increased—mTORC1 signaling was acti-
vated, but ATF6 was not activated and RHEB was not induced 
(Figure 8B, 3 hours). However, at both 2 and 7 days of TAC, 
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Figure 6. Examination of Rheb (Ras homologue enriched in brain) requirement for growth-dependent but not growth-independent activation 
of the ATF6 (activating transcription factor 6α). A and B, Neonatal rat ventricular myocytes (NRVMs) were transfected with siCon, siAtf6, or siRheb 
and then treated±tunicamycin (TM; 10 µg/mL; A) or PE (50 µM; B) for 24 h and then analyzed for ATF6 activation by immunoblotting. C, mRNA levels 
for ATF6 target genes determined by quantitative real-time polymerase chain reaction (qRT-PCR). Values are fold-of-control, that is, not treated 
with TM (n=6). D and E, NRVMs were transfected with siCon (D) or siAtf6 (E) and then treated±TM (10 µg/mL) or PE (50 µM) for 24 h, or subjected 
to simulated ischemia/reperfusion (sI/R; 8 h of sI, followed by 24 h of reperfusion) and mRNA for ATF6 target genes determined by qRT-PCR (n=6). 
F, Diagram of constructs that encode luciferase driven by the grp78, catalase, and rheb 5′-flanking region. G and H, NRVMs were transfected 
with human-grp78(−284/+221)-Luc WT, rat-catalase(−1161/+131)-Luc WT, or rat-rheb(−1067/+123)-Luc WT and then transfected with siCon (G) or 
siAtf6 (H), then treated±TM (10 µg/mL) or PE (50 µM) for 24 h, or subjected to sI/R and luciferase activity measured in extracts (n=6). I and J, NRVM 
infected with AdV FLAG-ATF6 [1–670] (I) or control (J), and then ATF6 binding to the endogenous grp78, catalase, or rheb genes, as well as to the 
negative control gene, gapdh, examined by ChIP under the same experimental conditions described above (n=3). Data are mean±SEM. *P≤0.05, 
**P≤0.01, #P≤0.001.
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when protein synthesis is increased, mTORC1 signaling and 
ATF6 were activated, and RHEB was induced (Figure 8B, 2 
and 7 days). As expected, heart weights increased as a function 

of TAC time from 3 hours to 7 days (Figure 8C; Online Table 
V). Thus, mTORC1 activation occurred soon after TAC and 
preceded ATF6 activation. Further supporting our hypothesis 

Figure 7. Effect of cardiac myocyte-specific ectopic Rheb (Ras homologue enriched in brain) expression in ATF6 (activating transcription factor 6α) 
gene deleted mouse hearts subjected to transverse aortic constriction (TAC). A, Experimental protocol for adeno-associated virus (AAV) 9 administration 
to ATF6fl/fl mice and TAC. B, Heart weights/tibia lengths (HW/TL). C, Fractional shortening (%), as determined by echocardiography (Online Table IV). D, 
mRNA for fetal genes determined by qRT-PCR. E, mRNA for ATF6 target genes determined by qRT-PCR. F, Immunoblots of left ventricular extracts. Data are 
mean±SEM. *P≤0.05, **P≤0.01, #P≤0.001.
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that initially mTORC1 activation precedes ATF6 activa-
tion were results of a 3-hour TAC experiment in ATF6 cKO 
mice, where, in contrast to longer times of TAC (ie, 7 days; 
Figure 3G), the deletion of ATF6 did not affect mTORC1 acti-
vation (Figure 8D). As expected, heart weights did not change 
under these conditions (Figure 8E; Online Table VI).

Consistent with these results, when examining the effect of 
phenylephrine and IGF1 at the earliest time points, just prior to 
the time when protein synthesis is the greatest in NRVM, knock-
ing down ATF6 did not affect mTORC1 activation (Online 
Figure VIIIA), but again, ATF6 activation was rapamycin de-
pendent (Online Figure VIIIB). Moreover, inhibiting protein 
synthesis with cycloheximide had no effect on mTORC1 acti-
vation at these short times of phenylephrine or IGF1 treatment, 
but impaired ATF6 activation and RHEB induction, indicating 
that protein synthesis is required for ATF6 activation and subse-
quent RHEB induction (Online Figure VIIIC). Finally, in NRVM 
treated with the chemical chaperone, 4PBA, phenylephrine, and 
IGF1 activated mTORC1; however, ATF6 was not activated, and 

RHEB was not induced (Online Figure VIIID), indicating the in-
crease in protein-folding demand driven by increases in protein 
synthesis is responsible for activating ATF6.

Discussion
ATF6 Is Required for Growth of the Heart
Although previous studies reported increased expression of 
a few ER stress genes in mouse models of pressure overload, 
implicating ER protein misfolding,31–34 before this study neither 
the activation nor the roles for ATF6 in cardiac myocytes during 
cardiac growth had been examined. Here, we showed for the first 
time that ATF6, a major mediator of the UPR, is activated by di-
verse growth stimuli and that ATF6 is required for growth of the 
heart in response to these stimuli. We determined that the mech-
anism of this effect involves ATF6-mediated induction of RHEB 
(Figure 8A). It was surprising to find that ATF6 is required for 
heart growth, considering the UPR is not widely known to be in-
volved in growth processes. However, this noncanonical role for 

Figure 8. Mechanism whereby ATF6 (activating transcription factor 6α) acts as a nodal regulator of both protein synthesis and protein folding 
during cardiac hypertrophy. A, Shown are the temporal sequence of steps involved in mediating the initial (steps 1–4) and sustained (steps 5–7) aspects of 
growth and the interdependent roles of mTORC1 (mammalian/mechanistic target of rapamycin complex 1) and ATF6. B and C, Immunoblot of left ventricular 
(LV) extracts (B) heart weight/tibia length (HW/TL; C) from WT mice subjected to transverse aortic constriction (TAC) for 3 h, 2 d, or 7 d. Echocardiography 
details are provided in Online Table V. D and E, Immunoblot of LV extracts (D) and heart weights/tibia lengths (HW/TL; E) from Con or ATF6 cKO (conditional 
knockout) mice subjected to 3 h of TAC. Echocardiography details are provided in Online Table VI. Data are mean±SEM. *P≤0.05, #P≤0.001.
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ATF6 complements its canonical role as a sensor of misfolded 
proteins in the ER and, as such, a sensor of increases in pro-
tein-folding demand, which occur during growth. Thus, ATF6 
maintains proteostasis and proteome integrity when the heart is 
stimulated to grow in a compensatory manner.

ATF6 Exhibits Stress-Specific Transcriptional Gene 
Induction
We also found that, depending on the stimulus, ATF6 target 
genes are differentially expressed because of the unique effects 
that the stresses have on ATF6 binding to, and thus, transcrip-
tional activation of ATF6 target genes. Such differential ATF6 
target gene induction by treatments that all activate ATF6 sug-
gests that there are yet-to-be-described regulatory layers that 
fine-tune the ATF6 gene program to best adapt to the condi-
tions. Some possible mechanisms that could contribute to this 
differential expression are beginning to emerge, as it has been 
shown that ATF6 can interact with other transcription factors, 
such as Nrf1 (nuclear respiratory factor 1), PGC1α and β (per-
oxisome proliferator-activated receptor gamma coactivator 
1-alpha and -beta), and ERRγ  (estrogen-related receptor 
gamma),35–37 which changes the transcriptional programming 
in ways that fine-tune ATF6 target gene induction. Additionally, 
it was recently shown that ATF6 can be differentially activated 
by lipids and proteotoxic stress at least partly by virtue of sepa-
rate activation domains on ATF6 for these 2 different stresses.38

Rheb in the Heart
Rheb was originally documented as an mTORC1 activator in the 
brain39; this role has been demonstrated in numerous other tissues 
and organs.17,40,41 Global deletion of Rheb is embryonic lethal, in 
part, because of cardiac defects,42 demonstrating the importance of 
Rheb-mediated mTORC1 activation in heart growth and develop-
ment. The growth-promoting effect of Rheb gain-of-function was 
demonstrated in adult rat ventricular myocytes transfected with 
adenovirus encoding Rheb.43 However, overexpression of Rheb in 
transgenic mice increased infarct size, in part, because Rheb inap-
propriately decreased autophagy, which is adaptive in this disease 
setting.44 Pharmacological inhibition of Rheb in mice subjected 
to TAC for 3 weeks was cardioprotective.14 These findings differ 
from our study, perhaps because different times after TAC were 
studied or different approaches were used to decrease Rheb. It is 
also possible that Rheb induction and mTORC1 activation have 
different roles in a severe afterload-induced hypertrophy model, 
such that acute activation works in a compensatory manner, but 
chronic activation drives decompensation. The αMHC-CRE–
dependent conditional deletion of Rheb from mouse cardiac myo-
cytes resulted in atrophic hearts, heart failure, and death within 
1 to 2 weeks after birth—a time frame that aligns with the time 
of αMHC expression after birth.12,45 Although there have been no 
studies before ours mechanistically connecting Atf6 with Rheb in-
duction, one study in tumor cells46 and another in the setting of 
Huntington disease47 have implicated such a connection and there-
fore support the findings reported here.

Feedback Regulation of ATF6-Mediated Growth
Our study describes a mechanism whereby ATF6 matches 
protein synthesis with folding in times of increased growth; 
because this constitutes a positive feedback mechanism, we 
reason that there must also be mechanisms that interrupt the 

positive nature of the feedback, thereby limiting the rate 
of growth driven by the ATF6-Rheb-mTORC1 axis. One 
such mechanism might involve Rheb itself, which has been 
shown to activate PERK.48 Mechanisms such as this under-
score the complexities of proteostasis, raising questions a-
bout how Rheb switches from protein synthesis activator to 
inhibitor.

Conclusions
The results of our study firmly place ATF6 in a critical position 
as a determinant of cardiac growth (Figure  8A). Moreover, 
because ATF6 is ubiquitously expressed, our findings under-
score the widespread importance of the ATF6-Rheb-mTORC1 
growth signaling axis described here in noncardiac cells and 
tissues in addition to the heart.
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