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Abstract

Background—The unfolded protein response (UPR) plays versatile roles in physiology and
pathophysiology. Its connection to cell growth however remains elusive. Here, we sought to define
the role of UPR in regulation of cardiomyocyte growth in the heart.

Methods—We used both gain- and loss-of-function approaches to genetically manipulate spliced
X-box binding protein 1 (XBP1s), the most conserved signaling branch of the UPR, in the heart.
In addition, primary cardiomyocyte culture was employed to address the role of XBP1s in cell
growth in a cell-autonomous manner.

Results—We found that XBP1s expression is reduced in both human and rodent cardiac tissues
under heart failure. Further, deficiency of XBP1s leads to decompensation and exacerbation of
heart failure progression under pressure overload. On the other hand, cardiac-restricted
overexpression of XBP1s prevents the development of cardiac dysfunction. Mechanistically, we
found that XBP1s stimulates adaptive cardiac growth through activation of the mechanistic target
of rapamycin (mTOR) signaling, which is mediated via FK506-binding protein 11 (FKBP11), a
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novel transcriptional target of XBP1s. Moreover, silencing of FKBP11 significantly diminishes
XBP1s-induced mTOR activation and adaptive cell growth.

Conclusions—Our results reveal a critical role of the XBP1s-FKBP11-mTOR axis in coupling
the UPR and cardiac cell growth regulation.
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Introduction

Hypertension is one of the most important risk factors for cardiovascular disease. In
response to high blood pressure, the heart manifests hypertrophic growth to ameliorate
ventricular wall stress.2 This once adaptive process may decompensate and progress into
heart failure. Despite extensive research, signaling pathways governing the transition are still
elusive.

Approximately 40% of human proteins are predicted to be either transmembrane or
secretory.3 The synthesis, folding, vesicular transportation, and localization of these proteins
rely on proper function of the secretory pathway. The unfolded protein response (UPR) is a
cellular adaptive process to cope with protein folding stress.* Numerous studies have
established that the UPR plays versatile roles during development and under physiological
and pathophysiological conditions.

Accumulation of misfolded proteins in the secretory pathway stimulates three signaling
branches of the UPR, PERK, IRE1/XBP1s, and ATF6, via distinct mechanisms.* In so
doing, the cell transiently slows down protein synthesis, upregulates chaperone production,
and triggers ER-associated degradation to restore cellular homeostasis. Disturbance of the
UPR contributes to etiology of many disorders, including diabetes, neurodegenerative
disease, and cancer.>~" Recent studies have highlighted the critical roles of the UPR in the
heart.8 We have shown that overexpression of GRP78, a master regulator of the UPR,
confers strong cardiac cardioprotection against ischemia/reperfusion (I/R) injury.® ATF6 is
activated by myocardial infarction, and overexpression of ATF6 protects the heart from
ischemic damage.1% Additionally, the adaptive branch IRE1/XBP1s is potently and acutely
stimulated by cardiac I/R.11 Cardiomyocyte-specific deletion of XBP1s leads to aggravation
in cardiac dysfunction by I/R, suggesting that XBP1s plays a protective role.11 Despite
these, role of the UPR and XBP1s in cardiac hypertrophic growth and heart failure
progression remains to be fully elucidated.

Pathological cardiac remodeling involves metabolic derangements, calcium signaling
alterations, hypoxia, and augmented demand on protein synthesis.12-14 Most, if not all, of
these processes are potent inducers of the UPR. Additionally, the XBP1s pathway has been
implicated in metabolic regulation, secretory protein synthesis, and phospholipid production.
15 On the other hand, mechanistic target of rapamycin (mTOR) is a signaling nexus to
orchestrate protein synthesis, lipid production, and cell growth.18 Accumulating evidence
suggests that mTOR actively participates in hypertrophic growth in response to pressure
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overload.1” These findings suggest an intrinsic crosstalk between the UPR and mTOR
signaling. Here, we set up to investigate the significance of XBP1s in regulating mTOR and
the relevance in cardiac hypertrophic growth in response to pressure overload.

The data that support the findings of this study are available from the corresponding author
on reasonable request. All mouse experiments were approved by the Institutional Animal
Care and the Use Committee of University of Texas Southwestern Medical Center.
Additional details of the experimental procedures are included in the online-only Data
Supplement.

RNA isolation, reverse transcription, and quantitative PCR

Total RNA from cardiac tissues and NRVMs was isolated using an Aurum Total RNA Fatty
and Fibrous Tissue kit (Bio-Rad, 732-6870) and a Quick-RNA Microprep kit (Zymo
Research, R1051), respectively. A total of 250 ng RNA was used for reverse transcription
(Bio-Rad, iScript, 1708891) and the cDNA was used for quantitative PCR to determine
relative mRNA levels to 18s rRNA using a LightCycler machine (Roche) and the SYBR
green reagent (Bimake, B21203). All primer sequences are listed in Supplemental Table 1.

Statistical Analysis

Results

Data are expressed as means + SEM. The Student’s ¢test (2-tailed) was used for comparison
between two groups. The log rank test was conducted to calculate the statistical significance
for survival curve. For comparison of more than two groups, two-way ANOVA was
conducted, followed by Tukey’s test. A £< 0.05 was considered as statistically significant.
Statistical analysis was done with Prism Graphpad 7.0.

XBP1s expression is reduced in heart failure

We have shown that cardiac I/R triggers acute, potent induction of XBP1s, which is
necessary and sufficient to protect the heart from reperfusion injury.11 However, role of
XBP1s in cardiac hypertrophic growth and heart failure remains largely undefined.

We first sought to determine whether XBP1s expression is relevant in the pathophysiology
of human heart failure. We collected human cardiac tissues from patients who underwent
heart transplantation due to end-stage dilated cardiomyopathy (DCM) (Supplemental Table
2). Compared to normal donors, XBP1s mRNA level was significantly decreased in DCM
patients by 60% (Figure 1A, £<0.05), indicating XBP1s might participate in the etiology of
human heart failure. Consistent with the reduction of XBP1s, phosphorylation of IREla, a
signature upstream event to drive XBP1s expression, was diminished in DCM hearts by 70%
(Supplemental Figure 1A and 1B, /<0.01).

We went on to investigate whether XBP1s was reduced in a mouse model of heart failure
that exhibits similar clinical features as human patients. We subjected adult mice to thoracic
aortic constriction (TAC) to trigger dilated cardiomyopathy from pressure overload. This
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surgical procedure leads to profound pathological hypertrophic remodeling, cardiac
dysfunction, heart failure, and dilation.18 We showed that, like the findings from DCM
patients, cardiac XBP1s expression was strongly suppressed by 40% in heart failure rodents
(Figure 1A, P<0.01). These data together suggest that XBP1s expression is downregulated in
end-stage heart failure, implying that XBP1s reduction may be part of the pathological
progression.

Deficiency of XBP1s in cardiomyocytes leads to early mortality

Next, we set up to investigate whether XBP1s plays a role in maintaining cardiac
homeostasis. We took advantage of the cardiomyocyte-specific XBP1 knockout mouse
model since whole body deletion causes defects in cardiogenesis and embryonic lethality. 9
We crossed XBP1F/F animals to the cardiomyocyte-restricted Cre transgenic mouse model
(aeMHC-Cre). In the conditional knockout (cKO) animals, both full-length and spliced
XBP1 were eliminated in cardiomyocytes. Although emerging evidence suggests a role of
full-length XBP1 in smooth muscle cells,20 the contribution of XBP1 in pathological cardiac
remodeling remains to be fully illustrated. The cKO mice did not show detectable
differences during birth, weaning, and maturation (data not shown).

The cKO mice had a shorter lifespan and all cKO animals died around 300 days old (Figure
1B, A<0.001 between cKO and single transgenic mice by the log rank test). To determine
whether this early mortality was due to dysfunction of the heart, we evaluated cardiac
performance. The cKO mice progressively lost their cardiac contractility, as shown by
reduction of fractional shortening (FS) at 5 (20% decrease, £<0.01), 7 (40% decrease,
F£<0.001), and 9 (70% decrease, A<0.001) months of age (Figure 1C), while heart rate
remained unchanged (Supplemental Figure 1C and 1D). This decrease of FS stemmed from
systolic dysfunction (Figure 1D and 1E, A<0.001 between cKO and single transgenic mice at
9 months old). Collectively, these results indicate that deficiency of XBP1s in
cardiomyocytes leads to systolic cardiac dysfunction, highlighting a critical role of XBP1s in
maintaining cardiac homeostasis.

XBP1s deficiency exacerbates heart failure progression by pressure overload

After establishing a critical role of XBP1s in cardiac homeostasis, we next sought to assess
XBP1s function under pressure overload, a common pathological condition in hypertensive
patients. TAC in control animals led to decline in cardiac function, as indicated by decreases
in ejection fraction (EF) (Figure 2A and 2B, /<0.01 between F/F and cKO after TAC), FS
(Supplemental Figure 2A), and systolic performance (Figure 2C and 2D). Importantly,
elimination of XBP1s from cardiomyocytes significantly exacerbated this response.
Moreover, ventricular wall thickness was reduced by XBP1s deletion (Supplemental Figure
2B through 2D, P<0.05 between F/F and cKO after TAC), which was also evident at the
histological level (Figure 2E) and by quantification of cardiomyocyte size (Figure 2F, 30%
decrease between F/F and cKO after TAC, £<0.001). Further, elevation of relative wet lung
weight by twofold indicates that lack of XBP1s in cardiomyocytes causes not only cardiac
dysfunction but also heart failure (Supplemental Figure 2E, A<0.001). These data suggest
XBP1s is required for the heart to mount an adaptive growth response in response to
pressure overload.

Circulation. Author manuscript; available in PMC 2020 August 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wang et al. Page 5

Decompensation of cardiac growth under pressure overload represents a major mechanism
for ventricular wall thinning, cardiac dilation, and heart failure. Since XBP1s might play a
role in stimulating cardiac growth and its level was reduced in heart failure, we asked the
question whether restoration of XBP1s in cardiomyocytes could enhance adaptive
cardiomyocyte growth and prevent cardiac dysfunction.

Here, we took advantage of an inducible overexpression system (Supplemental Figure 3A).
We crossed the TRE-XBP1s transgenic mousel! with the a MHC-tTA animal. The transgene
XBP1s is under the control of 7 tetracycline responsive elements (TRE). In the double “tet-
off” transgenic mice, transcriptional factor tTA is expressed only in cardiomyocytes, which
is dissociated from TRE in the presence of doxycycline. Upon removal of doxycycline, tTA
undergoes transformational change, binds TRE, and stimulates transgene XBP1s expression.
This mouse model confers specificity, inducibility, and reproducibility. We included
doxycycline in the drinking water during breeding, pregnancy, and weaning. We then
switched to the regular drinking water for a week. XBP1s was only induced in the double
transgenic hearts upon doxycycline removal (Supplemental Figure 3B and 3C).

We first conducted TAC to trigger cardiac hypertrophic growth and heart failure progression
(Figure 3A). Two week later, doxycycline was withdrawn from drinking water to trigger
XBP1s overexpression in the transgenic mice when the heart did not show detectable
dysfunction (Figure 3B through 3D) and endogenous cardiac XBP1s expression began to
decline by 50% in the TAC group (Supplemental Figure 3D, £<0.05). XBP1s protein level in
the transgenic mice was significantly upregulated, rescuing the cardiac XBP1s expression
from TAC-induced decrease (Supplemental Figure 3E, £<0.001). We assayed cardiac
function after another week. Importantly, we found that TAC led to cardiomyopathy at this
time in the control mice, which was significantly alleviated by XBP1s expression in the
transgenic animals. This was associated with improved systolic performance (Figure 3B
through 3D, and Supplemental Figure 3F, £<0.01 between control and TG groups after
XBP1s turn-on), restoration of ventricular wall thickness (Supplemental Figure 3G), and
prevention of heart failure. Moreover, cardiomyocyte size was significantly increased
(Figure 3E, £<0.001 between control and TG mice after TAC), consistent with the notion
that XBP1s promotes adaptive cardiac cell growth. Taken together, these results indicate that
XBP1s restoration in cardiomyocytes confers adaptive growth and protects from dilation and
heart failure in response to pressure overload.

XBP1s is required for cardiomyocyte growth in response to hypertrophic stimuli

We showed that deficiency of XBP1s in cardiomyocytes diminishes adaptive cardiac
hypertrophy while forced overexpression of XBP1s improves cardiac function under
pressure overload. These data strongly imply an important role of XBP1s in cardiac myocyte
growth.

To directly address the role of XBP1s in cardiomyocyte growth in a cell-autonomous
manner, we turned to cultured neonatal rat ventricular myocytes (NRVMs), isolated from 1-
2 days old Sprague-Dawley rats. Phenylephrine (PE) is a al-adrenergic receptor agonist,
which is commonly used to stimulate cardiomyocyte hypertrophic growth.21 We found that
PE treatment (50 uM) in NRVMs led to significant upregulation of XBP1s at the protein
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level (Supplemental Figure 4A), indicating a potential role of XBP1s in cardiomyocyte
growth. Next, we first silenced XBP1s by siRNA transfection (Supplemental Figure 4B and
4C). Immunofluorescence staining showed that PE increased cardiomyocyte size, which was
severely diminished by XBP1s silencing (Figure 4A and 4B). Additionally, we used
Angiotensin Il as an alternative hypertrophic stimulus. A similar response was discovered
(Figure 4A and 4B). We next included a trace amount of radiolabeled 3H-leucine in the
culture medium during PE treatment and harvested NRVMs to detect leucine incorporation.
We found that PE increased protein synthesis, which was reduced by XBP1s knockdown
(Figure 4C). At the molecular level, PE induction of Anf and Bnp, markers of
cardiomyocyte hypertrophy, was strongly suppressed by XBP1s silencing (Figure 4D).
Rcan1 is a target of the calcineurin/NFAT pathway.?2 The splicing variant Rcanl.4 is
directly related to hypertrophic growth, while Rcan1.1 remains constant as an internal
control. Consistently, we found that Rcanl.4 was elevated by PE treatment, and XBP1s
knockdown led to a diminished response while Rcanl.1 protein level was not affected
(Figure 4E and 4F). Importantly, we evaluated and confirmed the role of XBP1s in
cardiomyocyte hypertrophic growth by using another independent XBP1s siRNA
(Supplemental Figure 4D through 4H). In aggregate, these data support that XBP1s is
required for hypertrophic growth in cardiac myocytes.

XBP1s expression is sufficient to stimulate cardiomyocyte hypertrophic growth

We showed that XBP1s is indispensible for cardiac cell growth. Next we asked the questions
whether XBP1s is sufficient to drive cardiomyocyte growth. We induced XBP1s expression
in NRVMs by adenovirus infection (Supplemental Figure 5A). We found that overexpression
of XBP1s increased cardiac myocyte size and further potentiated PE-induced hypertrophic
growth (Figure 5A and 5B), which was confirmed by elevated protein synthesis (Figure 5C).
Consistently, expression of XBP1s combined with PE led to a higher level of Bnp than PE
treatment alone (Supplemental Figure 5B). The elevation of Rcanl.4 at the protein level
further corroborated these findings (Figure 5D and 5E). Taken together, these data suggest
that XBP1s expression in cardiac myocytes is sufficient to drive cell growth.

XBP1s stimulates the mTOR signaling

We set out to determine the mechanism by which XBP1s, a signaling branch of the UPR,
induced cell growth. Although a stimulatory role of XBP1s in anabolism has been
discovered in liver, muscle, and adipose tissues,23 direct links to cell growth are still
missing. Accumulating evidence suggests that the mechanistic target of rapamycin (mTOR)
signaling plays a pivotal role in the heart in response to physiological or pathophysiological
cues.1” mTOR is a master regulator of cell growth and a hub for numerous signaling
pathways.2# These findings indicate a direct connection between XBP1s and mTOR.

In the XBP1s transgenic hearts, we found mTOR signaling was strongly upregulated, as
revealed by increases in the phosphorylation of downstream targets S6K1, S6, and 4EBP1
(Figure 6A and 6B, and Supplemental Figure 6A, 2-fold £<0.05 for p-S6K1/S6K1 and 6-
fold P<0.001 for p-S6/S6 by Student’s ftest). This was not a phenomenon exclusive to
cardiomyocytes. Inducible overexpression of XBP1s in hepatocytes in liver?® and adipocytes
in fat26 led to similar activation of mTOR (Supplemental Figure 6B and 6C).
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Next, we asked whether mTOR induction in XBP1s transgenic mice increased cardiac cell
size. We induced XBP1s expression by doxycycline withdrawal, followed by rapamycin
administration (1.P., daily, 2 mg/kg body weight). The hearts were harvested after a week.
We found that XBP1s induction led to an increase in cardiomyocyte size by 60% (/<0.001
between control and TG mice), which was suppressed by rapamycin (Supplemental Figure
6D). Consistently, XBP1s-triggered activation of mTOR was inhibited by rapamycin
(Supplemental Figure 6E), highlighting a critical role of mTOR in mediating the pro-growth
response of XBP1s. On the other hand, conditional knockout of XBP1s in cardiomyocytes
caused a decrease in mTOR signaling at the age of 5 months old (Supplemental Figure 7A),
which was associated with reduction in cardiomyocyte size by 10% (Supplemental Figure
7B, £<0.05) and the emerging of cardiac dysfunction (Figure 1C).

To further evaluate whether the induction of mTOR pathway was a cell-autonomous
phenomenon, we overexpressed XBP1s in NRVMs. Consistently, the mTOR pathway was
stimulated (Supplemental Figure 8A). These increases were sensitive to mTOR inhibition by
rapamycin or torin-1 (Supplemental Figure 8B). Moreover, XBP1s-mediated activation of
mTOR was further increased by PE treatment (Figure 6C and 6D). In contrast, knockdown
of XBP1s significantly diminished PE-induced activation of mTOR (Figure 6E and 6F).
Another independent siRNA against XBP1s further confirmed the necessity of XBP1s in
mTOR activation by PE (Supplemental Figure 8C). Collectively, these results suggest that
XBP1s directly stimulates the mTOR signaling.

FKBP11 is a direct target of XBP1s

Our findings indicate that XBP1s couples cell growth with mTOR stimulation. To further
dissect the underlying mechanism, we mined microarray data from XBP1s transgenics. We
found that FK506 binding protein 11 (FKBP11) was among the top 10 most upregulated
transcripts by XBP1s.25 FKBP11 belongs to a family of FK506 binding proteins that have
prolyl isomerase activity.2” Many members of the FKBP family have been implicated in the
regulation of mTOR.28

We first evaluated the relevance of FKBP11 in the heart during hypertrophic growth in
response to pressure overload. We subjected wild type mice to TAC. We harvested hearts at
different time. Pressure overload led to cardiac hypertrophic growth, as shown by a
progressive increase in the ratios of heart weight/body weight?! and gene expression of
hypertrophic markers (Supplemental Figure 9A). We found FKBP11 mRNA was strongly
and acutely induced by TAC (Figure 7A, A<0.01 for day 2 and A<0.001 for day 4 after
TAC), which coincided with elevation of XBP1s and other downstream targets of XBP1s
(Figure 7A, and Supplemental Figure 9B). Immunoblotting showed consistent augmentation
(Figure 7B). The induction of XBP1s by pressure overload displayed an acute pattern
(Figure 7B, and Supplemental Figure 9C), and the protein level of XBP1s was reduced in the
heart under the failing condition (Supplemental Figure 9D). Both mRNA and protein levels
of FKBP11 manifested a similar pattern as XBP1s during hypertrophic growth, suggesting a
causal link.

We then surveyed the FKBP11 promoter. We identified a conserved stretch of nucleotides
that resemble the unfolded protein response element (UPRE), a classical binding site of
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XBP1s (Figure 7C). We engineered this region into a luciferase reporter. When this reporter
construct was co-transfected with a XBP1s-expressing plasmid, FKBP11 promoter activity
was induced by XBP1s in a dose-dependent manner (Figure 7D). More importantly, when
the binding site was truncated, XBP1s-mediated upregulation of luciferase activity was
diminished. Further chromatin immunoprecipitation assay confirmed the binding of XBP1s
to FKBP11 promoter (Figure 7E). These results collectively suggest that FKBP11 may be a
direct transcriptional target of XBP1s.

We found that FKBP11 mRNA was significantly increased in the XBP1s transgenic hearts
(Figure 7F, £<0.001), which was confirmed at the protein level (Figure 7G, P<0.001).
Further, overexpression of XBP1s in NRVMs led to upregulation of FKBP11 mRNA
(Supplemental Figure 9E) and protein (Supplemental Figure 9F) levels. In addition, the
increase in FKBP11 by XBP1s was observed in XBP1s transgenic liver?® (Supplemental
Figure 9G) and XBP1s transgenic fat tissues2® (Supplemental Figure 9H). Collectively, these
data provide convincing evidence that FKBP11 is a direct target of XBP1s.

FKBP11 is required for XBP1s-mediacted mTOR activation

We have shown that XBP1s leads to strong activation of mTOR signaling and consequent
cell growth. We next asked whether FKBP11 might be involved in the pro-growth effect of
XBP1s. In NRVMs, FKBP11 was reduced by siRNA transfection (Supplemental Figure
10A). Adenovirus-mediated overexpression of XBP1s was then conducted, which increased
protein synthesis as assessed by 3H-leucine incorporation (Figure 8A). Knockdown of
FKBP11 significantly diminished this response. Consistently, cardiomyocyte growth that
was induced by overexpression of XBP1s showed significant reduction by FKBP11
silencing (Supplemental Figure 10B and 10C). Importantly, upregulation of the mTOR
signaling by XBP1s was inhibited by FKBP11 silencing (Figure 8B and 8C, and
Supplemental Figure 10D). XBP1s overexpression led to increases in hypertrophic markers,
which was further augmented by PE (Supplemental Figure 10E). However, FKBP11
silencing significantly diminished this response, as shown by suppression of Bnp and
Rcanl.4. Importantly, mTOR signaling was inhibited (Figure 8D and 8E, and Supplemental
Figure 10F). The contribution of FKBP11 to XBP1s-mediated cell growth and mTOR
activation was further validated with another independent siRNA against FKBP11
(Supplemental Figure 11A and 11B). We went on to dissect the mechanism by which the
XBP1s/FKBP11 axis regulates mTOR. By confocal immunofluorescence staining, we
showed that the colocalization of mTOR and LAMP2, a lysosomal marker, was enhanced by
XBP1s overexpression (Figure 8F). This interaction was however significantly reduced by
FKBP11 silencing, highlighting a potential activation mechanism by XBP1s as increasing
mTOR translocation to lysosomes.

We next probed the role of FKBP11 in XBP1s-mediated cardiomyocyte growth using a gain-
of-function approach. XBP1s silencing led to a significant decrease in cardiomyocyte
growth, as revealed by reduction in leucine incorporation and cardiomyocyte size
(Supplemental Figure 12A through 12C). Adenovirus-mediated overexpression of FKBP11
in NRVMs significantly rescued this growth defect. XBP1s cKO in the heart exacerbated
cardiac response to pressure overload (Figure 2A through 2D), and caused defective
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cardiomyocyte growth (Figure 2E and 2F). To examine whether overexpression of FKBP11
might rescue cardiomyocyte growth /n vivo, we generated adeno-associated virus to express
FKBP11 using the AAV9 system. After TAC, we injected AAV9 FKBP11 virus along with
AAV9 GFP controls to the animals. FKBP11 expression was confirmed after 2 weeks
(Supplemental Figure 12D), which led to an increase in cardiomyocyte size in the cKO mice
by 30% (Supplemental Figure 12E, A<0.001). Echocardiography showed a significant
improvement in cardiac function by FKBP11 overexpression (Supplemental Figure 12F and
12G). Collectively, these data suggest that FKBP11, a direct target of XBP1s, is required for
XBP1s-mediated mTOR activation and cardiac cell growth.

Discussion

Under conditions of elevated workload, cardiac myocytes respond by increases in cell
volume and size.2® To maintain cardiac function, this hypertrophic growth requires a
homonymous interplay of various pathways, including metabolism, protein turnover,
organelle biogenesis, and membrane production.13: 30 Here, we provide evidence that
mTOR, a master anabolism regulator, and XBP1s, the most conserved branch of the UPR,
are intimately coupled. At both /n vitro and in vivo levels, XBP1s directly stimulates mTOR.
Loss of XBP1s in cardiomyocytes leads to functional impairments of the heart and early
mortality. Mechanistically, we show that XBP1s directly upregulates FKBP11 at the
transcriptional level, which greatly contributes to XBP1s-mediated mTOR activation and
cell growth. Taken together, our results uncover a previously unappreciated link between
mTOR, the UPR, and cell growth in the heart in response to pressure overload.

UPR and cardiac hypertrophic growth

The UPR is an anciently conserved adaptive process for cell to deal with protein folding
stress.3! Emerging evidence strongly suggests that the UPR participates in the pathogenesis
of various heart diseases.32 Studies from many groups, including ours, show that cardiac
ischemia/reperfusion (I/R) leads to acute activation of ATF6 and XBP1s, which is
cardioprotective.10. 11

Role of the UPR in cardiac hypertrophic growth is less defined. Earlier studies show that an
UPR downstream effector CHOP is induced by cardiac hypertrophy.33 However, the
stimulation profile of the UPR during hypertrophic growth and the functional significance
remain to be fully addressed. Cardiac growth is a dynamic, complex process, involving
interplays of multiple pathways, above and beyond simple enlargement of cardiac cells.13 It
consists of de novo protein synthesis, membrane expansion, and organelle biogenesis. We
show here that XBP1s is induced as early as 2 days post pressure overload. Consistently,
Lynch et al. found that ATF6 is induced at 48 hrs after TAC.34 More recently, Glembotski
and colleagues show that pressure overload in the heart stimulates ATF6 expression, which
confers an adaptive growth response through direct upregulation of RheB.3® This acute,
dynamic induction also occurs for autophagy, another cellular housekeeping process.3 In
aggregate, these findings suggest that acute, adaptive responses may be elevated at the early
phase of pressure overload, and dysregulation in these processes may contribute to
pathological cardiac remodeling and heart failure.
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Activation of XBP1s and mTOR in cardiac hypertrophy

Emerging evidence suggests that XBP1s is a versatile player in metabolism.23 XBP1s is
upregulated in adipose tissues,3® liver,25 and heart (data not shown) by metabolic challenges.
Insulin treatment stimulates XBP1s.37: 38 On the other hand, we have shown that XBP1s
increases glucose assimilation by transcriptionally activating multiple genes of glucose
metabolic pathways.11 25 In liver?® and heart (data not shown), XBP1s is acutely and
potently induced by fasting/refeeding, a condition of cell growth. Moreover, Glimcher and
colleagues have shown that XBP1s stimulates a subset of genes involved in hepatic
lipogenesis.39 Taken together, these data strongly implicate XBP1s as a positive regulator of
cell growth and anabolism.

mTOR is a signaling nexus of nutrient sensing and metabolic control.#? Insulin signaling
leads to activation of Akt, which triggers the phosphorylation of TSC1/2 and activation of
mTORC1.4! On the other hand, mTOR is an indispensible component of the insulin
pathway, involved in protein synthesis, lipogenesis, and cell growth. The aforementioned
connections between XBP1s, insulin signaling, and mTOR strongly point to a model in
which XBP1s is directly linked to mTOR. Previous studies have suggested that mMTOR
activation may lead to UPR activation due to augmented demand of protein synthesis and
folding. Here, our findings on coupling of XBP1s and mTOR provide a missing piece to
explain a direct stimulation signal from XBP1s to mTOR, which may form a feed-forward
circle to ensure correct protein folding and cellular homeostasis. Although the XBP1s/
MTOR axis presented here is implicated in cardiac hypertrophic growth, the same
mechanism may exist in other contexts of cell growth under more generalized conditions.

Conclusions and Perspectives

The heart manifests hypertrophic growth in response to pressure overload. This adaptive
reaction may decompensate to heart failure. A better understanding of underlying
mechanisms holds great promises to arrest disease progression. Here, we show that cardiac
hypertrophic growth is accompanied by acute activation of XBP1s. Further, we provide
evidence that XBP1s directly stimulates the mTOR signaling, which may be one of the
mediators contributing to XBP1s-related adaptive growth. Our findings underscore the
importance of the XBP1s/mTOR axis in cardiomyocyte growth and cardiac functional
maintenance.
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Clinical Perspective
What Is New?
. The unfolded protein response (UPR) is reduced in heart failure.

. The adaptive branch of the UPR, spliced X-box binding protein 1 (XBP1s),
induces cardiac growth in response to pressure overload.

. XBP1s directly activates the pro-growth mTOR signaling through
transcriptionally upregulating FK-506 binding protein 11.

What Are the Clinical Implications?

. Heart failure is a leading cause of death worldwide with hypertension as one
of the most important risk factors.

. Pathological cardiac remodeling by hypertension involves numerous signaling
pathways.
. The adaptive UPR confers significant cardioprotection against the

development of heart failure.
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Figure 1. Cardiac-specific deficiency of XBP1s leads to cardiomyopathy in mice.
A. XBP1s expression was reduced in the hearts from human patients with dilated

cardiomyopathy (DCM). N = 6 for normal controls; 7 for DCM. XBP1s expression was
decreased in failing mouse hearts. Cardiac dilation and heart failure were triggered by
thoracic aortic constriction (TAC). N =5 for each group. Student’s #test was conducted.

B. Cardiac-specific knockout of XBP1s caused early mortality. XBP1s deletion was
achieved by crossing XBP1F/F with the a MHC-Cre mouse models. All conditional knockout
(cKO) mice died before 350 days old, while the controls did not show mortality. N = 14 for
F/F; 6 for a MHC-Cre; 14 for cKO. The log rank test was conducted. A<0.001 between F/F
and cKO, and Cre and cKO, respectively.

C. XBP1s cKO mice showed gradual deterioration of cardiac function. Fractional shortening
(%) was determined by echocardiography with conscious animals. N =5 per group.

D. XBP1s deficient mice displayed an increase in left ventricular inner diameter (LVID) at
diastole. N = 5 for each group.

E. XBP1s cKO showed elevated left ventricular diameter at systole. N = 5 for each group.
Two-way ANOVA was conducted with the selection of repeated measures, followed by
Bonferroni’s multiple comparisons test. *, A<0.05; **, A<0.01; ***, £<0.001.
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Figure 2. XBP1s deficiency exacerbates heart failure progression by pressure overload.
A. Control and cKO animals of 8 weeks old were used for sham or TAC surgery. Cardiac

function was determined 2 weeks later. Representative echocardiography images of control
and cKO animals after sham or TAC surgery are shown.

B. XBP1s deficiency in the heart led to deterioration of cardiac function and accelerated
progression to cardiomyopathy, as revealed by a decrease in ejection fraction (%). N = 6-9.
C. Diastolic LVID was significantly elevated in the cKO mice after TAC. N = 6-13.

D. LVID at systole was increased by XBP1s deficiency in the heart. N = 6-13.

E. Representative cardiac images showed deficiency of ventricular growth in the cKO mice
after TAC. Scale bar: 2 mm.

F. Wheat germ agglutinin (WGA) staining was performed to visualize cardiac myocytes
(left). Scale bar: 50 um. Quantification is shown at the right. N = 209 for sham/FF; 188 for
sham/cKO; 115 for TAC/FF; 143 for TAC/cKO. Two-way ANOVA analysis was conducted,
followed by Tukey’s test. **, A<0.01; ***, £<0.001.
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Figure 3. Overexpression of XBP1s in the heart improves cardiac function in response to
pressure overload.

A. XBP1s expression was turned on after 2 weeks of TAC, before the onset of cardiac

dysfunction (indicated as doxycycline removal). After another week, control animals (sing
TRE-XBP1s or a MHC-tTA transgenics alone under water without doxycycline) displayed
cardiomyopathy and cardiac dysfunction, while transgenic mice (TRE-XBP1s and aMHC

le

tTA double transgenics under water without doxycycline) showed significant improvements

in cardiac function, as evidenced by representative echocardiographic images.

B. Ejection fraction (%) was significantly increased by XBP1s overexpression. N = 9-13.
C. LVID at diastole was reduced in the XBP1s transgenic mice after TAC. N = 9-13.

D. Systolic LVID in the transgenic mice was improved. N = 9-13.

E. WGA staining was conducted (left). Scale bar: 50 um. Quantification of the relative
cross-sectional area shows significant upregulation of cardiomyocyte size by XBP1s
overexpression (right). N = 128 for sham/control; 104 for sham/TG; 198 for TAC/control;
226 for TAC/TG. Two-way ANOVA analysis was conducted, followed by Tukey’s test. **
£<0.01; *** £<0.001.
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Figure 4. XBP1s is required for cardiac myocyte growth in response to hypertrophic stimuli.
A. Immunofluorescence staining for a-actinin. XBP1s was silenced by siRNA transfection

and the cells were treated by phenylephrine (PE, 50 uM) or Angiotensin Il (Ang I, 1 uM)
for 48 hrs. Scale bar: 20 pm.

B. Cardiomyocyte surface area quantification of A. PE or Ang Il treatment increased
cardiomyocyte size, which was blunted by XBP1s silencing. N = 56 for veh/ctrl si; 57 for
veh/XBP1s si; 49 for PE/ctrl si; 50 for PE/XBP1s si; 36 for Ang ll/ctrl si; 28 for Ang I1/
XBP1s si.

C. XBP1s knockdown attenuated PE-induced growth as revealed by a 3H-leucine
incorporation assay. N = 3 per group.

D. Induction of hypertrophic markers by PE was diminished by XBP1s knockdown, as
assessed by quantitative RT-PCR. N = 4 for ctrl si; 5 for XBP1s si.

E. Immunoblotting showed that the induction of Rcanl.4 by PE was blunted by XBP1s
silencing. In contrast, Rcanl.1 expression was not affected. GAPDH was used as a loading
control.

F. Quantification of E. N = 3 for each group. Two-way ANOVA analysis was performed,
followed by Tukey’s test. *, £<0.05; **, £<0.01; ***, P<0.001.
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Figure 5. XBP1s expression is sufficient to stimulate cardiomyocyte hypertrophic growth.
A. XBP1s overexpression in cardiomyocytes led to an increase in cell size. NRVMs were

infected by adenovirus expressing control GFP or XBP1s, followed by PE treatment. Note
that the XBP1s-expressing virus is bi-cistronic for GFP and XBP1s, and GFP positivity
indicates infection by either GFP-only control or XBP1s-GFP virus. Scale bar: 20 um.

B. Quantification of A. N = 34 for veh/Ad GFP; 33 for veh/Ad XBP1s; 51 for PE/Ad GFP;
107 for PE/Ad XBP1s.

C. Protein synthesis was elevated by XBP1s overexpression as revealed by 3H-leucine
incorporation. N = 3 for PE/Ad XBP1s. N = 6 for the other groups.

D. XBP1s overexpression potentiated PE-induced upregulation of Rcanl.4 at the protein
level. As a control, Rcanl.1 did not show a similar trend.

E. Quantification of D. N = 5 for Rcan1.4/Ad XBP1s. N = 6 for the other groups. Two-way
ANOVA analysis was conducted, followed by Tukey’s test. *, £<0.05; **, £<0.01; ***
£<0.001.
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Figure 6. XBP1s stimulates mTOR signaling in the heart.
A. Cardiomyocyte-specific overexpression of XBP1s increased mTOR signaling in the heart.

XBP1s expression in the heart was turned on for 2 weeks by removal of doxycycline from
drinking water. Cardiac tissues were subjected to Western blotting to detect the mTOR
signaling. GAPDH was used as loading control.

B. Quantification of A. Normalization was done with phosphorylation levels to respective
total proteins. Student’s #test was conducted. N = 4-7.

C. XBP1s averexpression /n vitro augmented mTOR activity. NRVMs were infected by
adenovirus expressing either GFP or XBP1s. PE treatment was then conducted for 24 hrs.
D. Quantification of C. N =5 for each group.
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E. XBP1s knockdown decreased the mTOR activity. XBP1s expression was reduced by
siRNA transfection in NRVMs and PE was incubated for 24 hrs. GAPDH was used as a
loading control.

F. Quantification of E. N = 3-6. Two-way ANOVA analysis was conducted, followed by
Tukey’s test. *, £<0.05; **, P<0.01; ***, A<0.001.
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Figure 7. FKBP11 is a direct target of XBP1s.
A. FKBP11 expression was acutely induced by pressure overload in the heart. TAC was

conducted in wild type animals. Hearts were harvested at different time points post surgery.
Relative FKBP11 mRNA level was determined by quantitative RT-PCR. Note that XBP1s
expression was also upregulated by TAC. Two-way ANOVA analysis was conducted,
followed by Tukey’s test. N = 3-8.

B. FKBP11 protein level was augmented by TAC in the heart as shown by immunoblotting,
along with induction of XBP1s. GAPDH and Histone H3 were used as loading controls for
whole cell lysates and nuclear extracts, respectively.

C. A conserved region in the second intron of FKBP11 genome, which resembles the
consensus sequence of XBP1s-binding site UPRE (unfolded protein response element). The
translational initiation site is in the first exon of FKBP11 genomic DNA.

D. XBP1s expression stimulated FKBP11 promoter activity in a dose-dependent manner.
The conserved region of FKBP11 promoter was engineered into a luciferase reporter
construct. Co-transfection of a XBP1s-expressing plasmid led to an increase in luciferase
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activity. Note that a truncated mutant of FKBP11 promoter lacking the UPRE region did not
show significant promoter activity. N = 4 per group. Two-way ANOVA analysis was
performed, followed by Tukey’s test.

E. Chromatin immunoprecipitation (ChlP) assay was conducted to determine the binding of
XBP1s to the FKBP11 promoter. NRVMs were infected by adenovirus expressing flag-
tagged XBP1s. ChIP was performed with either control mouse IgG or anti-flag antibody.
PCR was conducted using primers spanning the UPRE site. Primers from the distal region
were used as a negative control.

F. The mRNA level of FKBP11 was upregulated in the XBP1s transgenic hearts, as
determined by quantitative RT-PCR. Student’s ftest was performed. N = 3—4.

G. The protein level of FKBP11 was significantly increased in the XBP1s transgenic hearts,
as revealed by immunoblotting. GAPDH was used as a loading control. N = 3 for each
group. Student’s ttest was conducted. **, P<0.01; ***, £<0.001.
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Figure. 8. FKBP11 is required for XBP1s-mediated mTOR activation.
A. FKBP11 was required for XBP1s-induced hypertrophic growth. NRVMs were infected

by adenovirus expressing either GFP or XBP1s. FKBP11 was silenced by siRNA
transfection. A 3H-leucine incorporation assay was conducted to assess cell growth. N = 3
for each group.

B. FKBP11 knockdown led to a decrease in XBP1s-induced mTOR activation. NRVMs
were first infected by adenovirus to overexpression control GFP or XBP1s. FKBP11 siRNA
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was then used to transfect NRVMs and cell lysates were extracted for immunoblotting.
GAPDH was used as a loading control.

C. Induction of mTOR activity by XBP1s was significantly inhibited by FKBP11 silencing
as shown by quantification of B. N = 3-6.

D. Silencing of FKBP11 led to a decrease in PE and XBP1s-induced mTOR activation.
NRVMs were first infected by adenovirus expressing GFP or XBP1s. FKBP11-specific
siRNA was used to transfect the cells. PE treatment was conducted for 24 hrs and
immunoblotting was performed to examine the mTOR signaling.

E. Quantification of D. N = 3-6.

F. Overexpression of XBP1s in NRVMs increased colocalization of mTOR and LAMP2, a
lysosomal marker. FKBP11 knockdown significantly diminished this effect. Scale bar; 20
pum. Two-way ANOVA analysis was performed, followed by Tukey’s test. *, £<0.05; **,
£<0.01; *** P<0.001.
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