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Regulated Inositol-Requiring Protein 1-Dependent Decay as a
Mechanism of Corin RNA and Protein Deficiency in Advanced Human

Systolic Heart Failure
Rebecca Lee, MD, PhD;* Bin Xu, PhD;* J. Eduardo Rame, MD; Leanne E. Felkin, PhD; Paul Barton, MD, MSc; Daniel L. Dries, MD, MPH

Background—The compensatory actions of the endogenous natriuretic peptide system require adequate processing of natriuretic
peptide pro-hormones into biologically active, carboxyl-terminal fragments. Natriuretic peptide pro-peptide processing is
accomplished by corin, a transmembrane serine protease expressed by cardiomyocytes. Brain natriuretic peptide (BNP) processing
is inadequate in advanced heart failure and is independently associated with adverse outcomes; however, the molecular
mechanisms causing impaired BNP processing are not understood. We hypothesized that the development of endoplasmic
reticulum stress in cardiomyocytes in advanced heart failure triggers inositol-requiring protein 1 (IRE1)-dependent corin mRNA
decay, which would favor a molecular substrate favoring impaired natriuretic peptide pro-peptide processing.

Methods and Results—Two independent samples of hearts obtained from patients with advanced heart failure at transplant
demonstrated that corin RNA was reduced as Atrial natriuretic peptide (ANP)/BNP RNA increased. Increases in spliced X-box protein 1, a
marker for IRE1-endoribonuclease activity, were associated with decreased corin RNA. Moreover, ~=50% of the hearts demonstrated
significant reductions in corin RNA and protein as compared to the nonfailing control sample. In vitro experiments demonstrated that
induction of endoplasmic reticulum stress in cultured cardiomyocytes with thapsigargin activated IRE1’s endoribonuclease activity and
time-dependent reductions in corin mRNA. In HL-1 cells, overexpression of IRE1 activated IRE1 endoribonuclease activity and
caused corin mRNA decay, whereas IRE1-RNA interference with shRNA attenuated corin mRNA decay after induction of endoplasmic
reticulum stress with thapsigargin. Pre-treatment of cells with Actinomycin D to inhibit transcription did not alter the magnitude or time
course of thapsigargin-induced corin mRNA decline, supporting the hypothesis that this was the result of IRE1-mediated corin mRNA
degradation.

Conclusions—These data support the hypothesis that endoplasmic reticulum stress-mediated, IRE1-dependent targeted corin
mRNA decay is a mechanism leading to corin mRNA resulting in corresponding corin protein deficiency may contribute to the
pathophysiology of impaired natriuretic peptide pro-hormone processing in humans processing in humans with advanced systolic
heart failure. (/ Am Heart Assoc. 2014;3:e001104 doi: 10.1161/JAHA.114.001104)
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he natriuretic peptide system (NPS) is activated in heart
failure and provides compensatory systemic and cardiac
autocrine/paracrine actions that oppose the development
and progression of heart failure including vasodilation,
attenuating activation of the renin—angiotensin—aldosterone
and sympathetic systems, and augments natriuresis.' >

Cardiac autocrine paracrine actions of the NPS oppose
excessive hypertrophy and reduce excessive interstitial fibro-
sis.*"® Corin is a transmembrane serine protease, abundantly
expressed by cardiomyocytes, that has an extracellular
protease domain that interacts with both proANP and proBNP
and cleaves them into biologically active, carboxyl-terminal
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peptides.”® In the case of human BNP (1-108), corin

processes it into a 32 amino acid, biologically active,
carboxyl-terminal fragment BNP (77-108), also referred to
as BNP32 and the biologically inactive 76 amino acid, amino
terminal fragment, fragment BNP (1-76).” It is demonstrated
that BNP processing is impaired in heart failure, and the
degree of impaired processing positively correlates with New
York Heart Association class.'® We demonstrated that within
a cohort of patients with predominantly New York Heart
Association Class Il heart failure, there was significant
interindividual variation in the severity of impaired BNP
processing and that more severe impairment of BNP
processing was independently associated with an increased
risk for all-cause mortality or cardiac transplant.’’ In vitro
studies demonstrate that BNP (1-108) less effectively acti-
vates its cognate receptor, the type A guanylate-cyclase
receptor, as compared to BNP32.'>'® Therefore, inefficient
BNP processing in heart failure may contribute to attenuation
of the NPS and heart failure progression.'®'> However, the
molecular mechanisms leading to impaired BNP (1-108)
processing in heart failure are not well understood and if
elucidated might provide a novel therapeutic target to
promote compensation and delay progression of heart failure.

We hypothesized that impaired natriuretic peptide pro-
cessing in advanced heart failure might result from corin
deficiency caused by regulated, inositol-requiring-1 (IRE1)—
dependent messenger RNA decay (RIDD),'®'” which is a
component of generalized cellular endoplasmic reticulum (ER)
stress response. It is characterized by IRE1-mediated degra-
dation of messenger RNAs that are targeting proteins to the
ER for post-translational modifications and folding. Our
hypothesis developed by extrapolating from work examining
the role of ER stress in diabetes in which pancreatic B-islet
cells demonstrate evidence of RIDD insulin mRNA decay.'® In
a similar manner, corin is an ER-targeted protein, and failing
cardiomyocytes demonstrate ER stress due to a variety of
factors including secretory demand (natriuretic peptides),
oxidative stress, and calcium overload in the sarcoplasmic
reticulum.'® 2" Consistently, another report demonstrated
that in human heart failure left ventricular samples, BNP gene
expression, a marker for secretory demand, was positively
correlated with GRP78, a marker of ER stress.?? Lastly, we
previously reported the observation of an unexpected inverse
relationship between BNP mRNA and corin mRNA in hearts
from patients with end-stage heart failure obtained at the time
of cardiac transplant.?® To test this hypothesis, we embarked
upon an examination of gene expression profiles including
markers of ER stress, ANP, BNP, and corin in 2 independent
libraries consisting of end-stage heart-failure hearts obtained
at the time of cardiac transplantation and a series of in vitro
experiments examining the role of ER stress-mediated IRE1
activation and corin mRNA stability. Together, these data

support the hypothesis that RIDD is operative in advanced
human heart failure and may contribute to corin deficiency
both at the mRNA and protein level. We reason that this may
contribute to the recognized phenomenon of impaired natri-
uretic peptide pro-hormone activation processing in advanced
human heart failure and attenuation of the compensatory
actions of the endogenous NPS.

Materials and Methods

Human Hearts Obtained From End-Stage Human
Cardiomyopathy

UPENN database

Analysis was conducted using human left ventricle tissue
samples from the explanted heart from a total of 14
unmatched donors without history of cardiac disease (non-
failing control hearts) and 205 end-stage heart-failure patients
(failing hearts) undergoing cardiac transplantation. In this
sample, hearts from patients with an ischemic and nonis-
chemic etiology were included. Heart samples were frozen in
liquid nitrogen and stored at —80°C until use.

UK heart collection

The study was approved by the Royal Brompton and Harefield
ethical review committee, and informed consent was obtained
from the patients. The investigation conforms to the principles
outlined in the Declaration of Helsinki. The UK population
comprised 73 ventricular samples as follows: 36 transmural left
ventricle samples collected from patients with end-stage heart
failure at the time of cardiac transplant or left-ventricular assist
device implantation (33 cases were dilated cardiomyopathy
and 3 ischemic cardiomyopathy); 20 left ventricle samples
(transmural and endomyocardial biopsies) collected from left-
ventricular assist device—supported end-stage heart-failure
Dilated cardiomyopathy (DCM) patients at the time of left-
ventricular assist device explantation; 9 transmural left ventri-
cle samples taken from donor hearts unsuitable for cardiac
transplantation due to poor systolic function; and 8 right
ventricle endomyocardial biopsies taken from donor hearts
used for cardiac transplantation. Tissue was flash-frozen in
liquid nitrogen immediately after collection and stored at
—80°C. The rationale for using this assembly of samples was to
maximize our sample size of samples from advanced heart
failure but also to include some samples from near-normal
hearts.

UPENN heart collection. Total cellular RNA was extracted
from frozen left ventricle specimens (35 to 50 mg) using the
RNeasy Fibrosis Tissue mini Kit (Qiagen, Valencia, CA)
following the manufacturer’s protocol. The frozen heart tissue
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was homogenized by using Qiagen Tissuelyser (Qiagen). The
RNA was precipitated and dissolved in RNase-free water. The
concentration of total RNA was measured spectrophotomet-
rically. RNA was utilized to assess gene expression using the
Affymetrix GeneChip as described below.

UK heart collection. For quantitative polymerase chain
reaction (PCR) analysis, total RNA was extracted, DNase-
treated, and quantified using a protocol optimized for maximal
recovery from myocardial biopsies.?* The cDNA was prepared
using a maximum of 50 ng of total RNA per 10 pL reaction
volume with random hexamers and diluted to the RNA
equivalent of 2 ng/uL. Quantitative PCR was performed on
Applied Biosystems’ 7500 Fast real-time PCR system using
TagMan chemistry and 3 pL of diluted cDNA. Assays for ANP
and BNP were designed in house,?®> whereas assays for 18S
ribosomal RNA, spliced X box protein 1 (XBP1s), corin, and
GRP78 were purchased from Life Technologies (catalogue
numbers: 4310893E, Hs03929085_g1, Hs00198141_m1,
and Hs00946084_g1, respectively).

Sample Preparation and Chip Hybridization
(UPENN Collection)

The sample preparation and processing procedure was
performed as described in the Affymetrix GeneChip Expression
Analysis manual. For these studies, we used the Affymetrix
HG_U133 Human Chipset, which includes 22 242 sequences
(including 2484 expressed sequence tags (ESTs) on the A
chip and 22 577 sequences (including 13 921 ESTs) on the
B chip. In accordance with Minimum Information About a
Microarray Experiment (MIAME) guidelines, the annotation for
the Affymetrix microarray is available at: http://www.mge-
d.org/Workgroups/MIAME /miame_1.1.html.

Quantitative Real-Time PCR From In Vitro Cell
Experiments
Total RNA was extracted from cellular homogenates using the

cell protocol for the RNeasy kit. First-strand cDNA was
reverse transcribed from 1 pg of total RNA with oligo(dT)

Table. TagMan Probes in Human, Mouse, and Rat Gene Expression Assay

Origin Target Probe Sequence

Human ANP FAM-5'-GCTGTAACAGCTTCCGGTACCGAAG-3'-TAMRA
BNP FAM-5'-CTGGGCTGCAAAGTGCTGAGGCGGC-3'-TAMRA
XBP1 spliced FAM-5'-CCGCAGCAGGTGCAG-3'-TAMRA
Corin FAM-5'-TCCCTCCTTGCAGGGCATTGTGTGA-3'-TAMRA
18S/Rps18 FAM-5'-GGAGGGCAAGTCTGGTGCCAGCAGC-3'-TAMRA

Mouse GRP78 FAM-5'-TGGGAAAGAAGGTTACCCATGCAGT-3'-TAMRA
GRP94 FAM-5'-GCTGACCTTCGGGTTCGTCAGAGCT-3'-TAMRA
ATF4 FAM-5'-CTCAGACACCGGCAAGGAGGATGCC-3'-TAMRA
CHOP FAM-5'-CCACACCTGAAAGCAGAACCTGGTC-3'-TAMRA
XBP1 spliced FAM-5'-CCGCAGCAGGTGCAG-3'-TAMRA
Corin FAM-5'-TGATGGCGATGACAGGCATGGTCTT-3'-TAMRA
IRET o FAM-5'-CGGCCCCGGGAGTTTTGGAAGAACC-3'-TAMRA
18S/Rps18 FAM-5'-TGCGCCACTTTTGGGGCCTTCGTGT-3'-TAMRA

Rat GRP78 FAM-5'-CAATCAAGGTCTACGAAGGTGAACG-3'-TAMRA
GRP94 FAM-5'-GCTGACCTTCGGGTTCGTCAGAGCT-3'-TAMRA
ATF4 FAM-5'-CTCAGACACCGGCAAGGAGGATGCC-3'-TAMRA
CHOP FAM-5'-GGAGAGAGAAACCGGTCCAATTACA-3'-TAMRA
XBP1 spliced FAM-5'-CCGCAGCAGGTGCAG-3'-TAMRA
Corin FAM-5'-TGCTGGTGCACAGGCGGTCCTGCCC-3'-TAMRA
IRE1 o FAM-5'-ACTGGCTTCTCATAGGACACCATGA-3'-TAMRA
18S/Rps18 FAM-5'-TGCGCCACTTTTGGGGCCTTCGTGT-3'-TAMRA

ANP indicates Atrial natriuretic peptide; ATF, activating transcription factor; BNP, Brain natriuretic peptide; CHOP, C/EBP homology protein; IRE1, inositol-requiring protein 1; XBP1, X-box

protein 1.
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using the High Capacity cDNA Reverse Transcription Kit
(Applied Biosystems, Foster City, CA). The resulting cDNA was
used for real-time PCR analysis by TagMan® Gene Expression
Assays or Custom Gene Expression Assays (Applied Biosys-
tems) (Table). Data were normalized to 18S ribosomal RNA
and analyzed using the comparative Ct or standard curve
method. Results are given as mean=+SEM. Significance was
tested using nonparametric paired and unpaired ¢ tests and
nonparametric correlation tests (*P<0.05, **P<0.01).

HL-1 (Immortalized Murine Adult Atrial
Cardiomyocyte) Cell Culture

HL-1 cells are a cardiac muscle cell line, derived from the AT-1
mouse, atrial cardiomyocyte tumor lineage; they demonstrate
contractile function and adult atrial cardiomyocyte gene
expression profiles, and were maintained as previously
described.?® Briefly, HL-1 cells were plated in gelatin/fibro-
nectin-coated 30-mm culture dishes or 6-well plates and were
maintained in Claycomb medium (JRH Biosciences) supple-
mented with 10% fetal bovine serum, 0.1 mmol/L norepineph-
rine, 2 mmol/L-glutamine, and 100 U/mL penicillin/
streptomycin. Cells were then incubated at 37°C in 5% CO,.

Lentiviral Production and Transduction
Experiment

A total of 5x10° HEK293T cells were seeded in a 10-cm-
diameter dish 24 hours prior to transfection in the Dulbecco’s
Modified Eagle’s medium (DMEM) supplement with 10% heat-
inactivated fetal bovine serum, penicillin (100 IU/mL), and
streptomycin (100 pg/mL) in a 5% CO, incubator. The culture
medium was replaced by the antibiotic-free medium 2 hours
prior to transfection. A total of 12 pg of plasmid DNA (3 pg of
expressing plasmid, 9 ug of packaging plasmids) and 36 pL
of Lipofectamine2000 were diluted in 1.5 mL of Opti-MEM1
medium without serum. Plasmids and diluted Lipofecta-
mine2000 were mixed together and incubated for another
20 minutes; after that, the mixture was added to culture
dishes dropwise, and incubated overnight. On the second day,
fresh complete medium was fed into cells containing sodium
pyruvate. The medium was collected after 62-hour transfec-
tion following centrifugation and filtered (0.45-um filter;
Millex-HA; Millipore). The supernatants were stored at
—80°C. Titers were 5 to 10x10° transduction U/mL, as
determined in the 293T cells.

XBP1 Splicing Assay Using Restriction
Endonuclease Approach

The abundance of XBP 1 versus spliced XBP1 (XBP1s) can also
be measured using PCR and the restriction endonuclease

Pst1. Unspliced XBP1 mRNA contains an intron that contains
an Pst1 restriction site, whereas XBP1s mRNA, defined by the
removal of this intron, does not contain this Pst1 site.
Therefore, in rats Pst1 digestion cleaves XBP1 into 2 smaller
fragments (186 and 290 bp), whereas XBP1s is not cleaved
by Pst1 and migrates as a 450-bp fragment. Total RNA
isolated from cultured neonatal rat cardiomyocytes and first-
strand cDNA synthesis were analyzed on a 2% agarose gel
containing ethidium bromide before and after exposure to
Pst1 to quantify XBP1 splicing.

Corin Protein Measurement in Explanted Human
Hearts Using Human Corin ELISA

Human left ventricle total proteins were extracted from 5
nonfailing hearts, 9 high corin mRNA failing hearts (corin
mRNA higher than nonfailing control hearts), and 5 low corin
mRNA failing hearts (corin mRNA lower than nonfailing control
hearts) that were randomly selected from the original sample
of 100 after stratification into low/high corin from real-time
PCR analysis. Human corin protein was measured in left
ventricular lysates using the Human Corin Quantikine ELISA
Kit (R&D Systems, Minneapolis, MN).

Cell Culture Systems

Two independent cell-culture systems were utilized to deter-
mine the effect of ER stress on corin messenger RNA:neonatal
rat cardiomyocytes and immortalized adult murine atrial
myocytes (HL-1) cells. For induction of ER stress, the cells
were treated with 0.1 pmol/L TG (Sigma Chemical Co, St
Louis, MO). Serum-free DMEM/M-199 was used as control
treatment. After the indicated time of treatment, the cells
were harvested for extraction of total RNA and reverse-
transcription into cDNA.

IRE1 Overexpression in HL-1 Cells

HIV-based lentiviral overexpression of mouse IRE1 plasmid
EX-Mn12120-Lv141 and control vector EX-eGFP-Lv105 were
purchased from GeneCopoeia (Rockville, MD). Lentiviral
plasmids were propagated in and purified from Stbl2 compe-
tent cells (Invitrogen, Carlsbad, CA) and co-transfected with
the lentiviral packaging plasmids pLP1, pLP2, pLP/VSVG into
HEK293T cells for virus production. ViralPower packaging
plasmids pLP1, pLP2, pLP/VSVG were kind gifts from Dr
Frank S. Lee (University of Pennsylvania). The control vector
expressing green fluorescent protein was used as a measure
of transduction efficiency. Neonatal mouse cardiomyocytes
were plated in 6-well plates with complete medium 1 day
before infection. On the second day, cells were infected with
IRE1 overexpressed lentivirus containing 8 ug/mL polybrene
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(Sigma Chemical Co, St Louis, MO) and incubated overnight.
After that, the cells were fed with fresh complete medium.
Cells were harvested 72 hours after transduction and the
total RNA was extracted as previously described.

IRE1 Gene Knockdown With shRNA

Mouse IRE1 SureSilencing shRNA plasmid and nontargeted
negative control (KM36937G) were purchased from Qiagen.
HL-1 cells were seeded onto 6-well dishes at the recommended
density and grown to 60% to 80% confluence before transfec-
tion. IRE1 shRNAs and the nontargeted negative control
plasmids were transfected into cells by using Lipofecta-
mine2000 as described above.

Use of Actinomycin D to Arrest Transcription
Prior to TG

In order to determine whether the decrease in corin mRNA
after induction of ER stress was related to alterations in gene
transcription or RIDD-mediated RNA degradation, we per-
formed experiments in which we utilized actinomycin D to halt
transcription. Actinomycin D was administered to HL-1 cells
at a concentration of 1 pg/mL for a total of 3 hours prior to
the administration of TG. Control cells did not receive
actinomycin D. After this period, cells were exposed to TG
added to medium at a concentration of 0.1 pmol/L for a total
of 6 hours. Cells were harvested and RNA extracted and
converted to cDNA for analysis of corin and XBP1s
relative abundance. The relative mRNA abundance of genes
of interest was compared to cells at baseline that did not
receive TG.

Statistical Analysis

Gene expression data in the UK database

Messenger RNA transcripts of the genes were quantified
using real-time PCR with TagMan chemistry. Gene expression
was normalized to 18S ribosomal RNA levels and data are
presented as dCt values.

Gene expression data in UPENN explanted heart
database

The gene expression data from the UPENN explanted heart
database is expressed as normalized RNA. Reported in this
study, we used a combination of Affymetrix normalization
and GeneExpress MAS 5.0 (Gene Logic, Inc). Affymetrix
normalization is a global scaling method, where the overall
intensity of the chip affects the scaling factor. The top and
bottom 2% of all expression intensity values on the chip are
discarded, and the remaining 96% of values are used to

compute the “trimmed mean.” The scaling factor is then
calculated using this adjusted mean (scaling factor=100/
trimmed mean), and this single scale factor is applied to
the expression values for every fragment on a given chip to
produce normalized expression intensity. The MAS 5.0
normalization was designed by Affymetrix to more accu-
rately reflect the distribution of data from microarray
experiments. Expression values are calculated based on the
hybridization.

Gene expression correlation analysis

In both the UPENN and UK Heart databases, nonparametric
correlation analysis of gene expression was performed
using Spearman’s rank test and Graph Pad’s Prism 6
software.

Target gene expression determination and analysis in
cell-based experiments

Messenger RNA transcripts of the genes of interest were
determined using real-time PCR with TagMan chemistry.
Each experiment was performed in triplicate. Data were
normalized to 18S ribosomal RNA and analyzed using the
comparative Ct or standard curve method. Results are given
as meant+ SEM. Data were compared using unpaired
parametric t tests assuming unequal variance. In the TG
experiments, gene-specific relative messenger RNA abun-
dance was compared at each time point to the corre-
sponding gene-specific relative messenger RNA abundance
at baseline (prior to TG exposure). Each time point was
considered a separate experiment and we employed
unpaired parametric t tests to assess the significance of
differences in relative mRNA abundance at these time
points. A 2-sided P-value <0.05 was considered statistically
significant.

Results

Corin mRNA Is Negatively Associated With ANP,
BNP, and XBP1s mRNA

The relationship of corin mRNA versus ANP or BNP mRNA
was plotted for the UPENN sample (Figure 1A) and UK
sample (Figure 1B). In both the ischemic and nonischemic
samples, there was a significant inverse correlation between
BNP mRNA and corin mRNA; more specifically, as BNP
messenger RNA increased, there was a corresponding
associated decrease in corin RNA. A similar finding was
identified in the UK sample for both ANP as well as BNP and
its inverse correlation with corin mRNA (Figure 1B). Also
demonstrated in the UK heart collection, BNP mRNA
increases were positively correlated with GRP78 mRNA.
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Figure 1. Corin mRNA inversely correlates with Atrial natriuretic peptide (ANP)/Brain natriuretic peptide
(BNP) mRNA in chronic, advanced human systolic heart failure. We examined the relationship of corin
mRNA to ANP and BNP RNA (A) in the UPENN database in the nonischemic cardiomyopathy (n=120) and
nonischemic (n=80) samples. Data are expressed as log, normalized RNA abundance (corin on x-axis; BNP
on y-axis.) Corin mRNA was significantly inversely correlated with either ANP or BNP mRNA. The UK heart
collection demonstrated a similar significant inverse relationship between corin mRNA and ANP or BNP
mRNA (B). In addition, BNP mRNA was significantly positively correlated with GRP78 mRNA, and corin
mRNA was significantly inversely correlated with spliced X-box protein 1 (XBP1).

XBP contains an intron that is excised by the endoribonuc-
lease activity of IRE1 into XBP1s. Thus, XBP1s RNA
abundance is a marker for IRE1 activation. In the UK sample,
there was a significant inverse correlation between corin
mRNA and XBP1s (Figure 1B). When we limited our analysis
in the UK collection to 20 samples taken from left-ventricular
assist device—supported patients at the time of cardiac
transplantation, similar trends were observed as in the entire
sample, although correlation testing did not achieve formal
statistical significance.

Reduced Corin RNA Is Associated With Highest
BNP mRNA Levels

Using 100 randomly sampled left ventricle transmural
samples hearts from the Penn Explanted Heart Library, we
analyzed ANP, BNP, and corin expression using real-time PCR
as compared to 10 nonfailing control hearts. We discovered
that in 53 of the samples, corin mRNA was increased (high
corin) and in the remainder (N=47) corin mRNA was
decreased (low corin group) (Figure 2A). The low-corin group
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Figure 2. Corin RNA and protein in heart failure compared to nonfailing controls. Using a sample of 100 randomly selected samples of
transmural sample hearts from the UPENN collection consisting of left-ventricular (LV) tissue, we compared Atrial natriuretic peptide (ANP),
Brain natriuretic peptide (BNP), and corin gene expression compared to nonfailing controls (n=10) using real-time polymerase chain reaction. We
discovered that corin mRNA was increased in 53 of the hearts compared to nonfailing controls (high corin mRNA group) and decreased in 47
hearts (low corin mRNA group) (A). The low corin mRNA group, when compared to the high corin mRNA group, demonstrated significantly higher
expression of ANP (B) and BNP (C). Corin protein in samples from LV apex was significantly lower in the low corin RNA as compared to the high

corin RNA group (D), demonstrating that changes in corin mRNA resulted in expected changes in corin protein. *P<0.05, **P<0.01,

***Pp<0.001. Error bars are SEM.

demonstrated significantly higher expression of ANP (Fig-
ure 2B) and BNP (Figure 2C) when compared to the high-
corin group. Corin protein abundance normalized to total
protein in samples from left ventricle apex measures using
the commercially available ELISA was significantly lower in
the low-corin RNA as compared to high-corin RNA group
(Figure 2D). When comparing the low-corin to the high-corin
group, there was evidence of increased ER stress in the low-
corin group as demonstrated by significantly higher expres-
sion of ATF4 (P<0.05) and CHOP (P<0.05), and corin mRNA

was significantly negatively correlated with CHOP mRNA in
the total group (R=—0.3267; P=0.0084).

TG-Induced ER Stress Causes Time-Dependent
Corin mRNA Decline

As demonstrated in Figure 3, TG induced ER stress in neonatal
rat cardiomyocytes as demonstrated by significant time-depen-
dent increases in GRP78, GRP94, CHOP, and ATF4, including
evidence of IRE1 endoribonuclease activity as evidenced by a
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Figure 3. Thapsigargin (TG)-induced ER stress causes and time-dependent corin mRNA decay in neonatal rat
cardiomyocytes. Neonatal rat cardiomyocytes were plated in 6-well plates. Twenty-four hours later, cells were cultured
in serum-free DMEM-M199 (4:1) with and without 0.1 umol/L TG for 6, 16, 24, and 30 hours, separately. Total RNA
was extracted and reverse-transcribed into cDNA and gene expression of the following genes was assessed by RT-PCR
(A through F): (A) GRP78; (B) XBP1 splicing; (C) CHOP; (D) corin; (E) GRP94; and (F) ATF4. Compared with non-TG-
treated controls, cells treated with TG demonstrated increased ER stress as evidenced by significant increases in
GRP78, GRP94, ATF4, and CHOP mRNA, with a corresponding significant increase in XBP1 splicing based on the

increase in the spliced form (intron removed) XBP1s mRNA;

*P<0.05, **P<0.01.

Corin mRNA demonstrated a

significant, time-dependent decrease in the cells treated with TG. We also analyzed XBP splicing using PCR, restriction
digestion with Pst1, and gel electrophoresis. Fragments of XBP1 were amplified and resolved in 2% agarose gel. PCR

products were not digested by Pst | (G).
fragment: Spliced=450 bp; unspliced=476 bp. PCR products were digested by Pst | (H). Lane 1:

Lane 1: DNA ladder;

Lane 2: TG untreated; Lane 3: TG treated. XBP1

DNA ladder; Lane 2:

TG untreated; Lane 3: TG treated. Spliced rat XBP1 fragment was 450 bp, while unspliced rat XBP1 appears as 2
fragments of 186 and 290 bp due to the presence of the Pst | restriction site, which is contained in the intronic
segment that is removed by IRE1 endonuclease activity. Error bars represent SEM. ATF6 indicates activating
transcription factor-6; ER, endoplasmic reticulum; IRE1, inositol-requiring protein 1; RT-PCR, real-time polymerase chain
reaction; CHOP, C/EBP homology protein; DMEM, Dulbecco’s Modified Eagle’s medium; XBP1, X-box protein 1.
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Figure 4. Thapsigargin (TG)-induced ER stress and time-dependent corin mRNA decay in adult mouse atrial cardiomyocytes (HL-1) cells. HL-1
cells were plated in 6-well plates. Twenty-four hours later, cells were cultured in serum-free Claycomb medium with and without thapsigargin
(TG) 0.1 pumol/L for 6, 16, 24, 30 hours, separately. Total RNA was extracted and reverse-transcribed into cDNA and mRNA abundance of the
following genes was assessed by RT-PCR (Figure 4A through 4F): (A) GRP78; (B) XBP1 splicing; (C) CHOP; (D) corin; (E) GRP94; (F) ATF4.
Compared with non-TG-treated HL-1 control cells, HL-1 cells treated with TG demonstrated increased ER stress as evidenced by significant
increases in GRP78, GRP94, ATF4 and CHOP mRNA, with a corresponding significant increase in XBP1 splicing based on the increase in the
spliced form (intron removed) XBP1s mRNA; *P<0.05, **P<0.01. Corin mRNA demonstrated a significant, time-dependent decrease in the TG-
treated cells. Error bars represent standard error of the mean. ATF indicates activating transcription factor; ER, endoplasmic reticulum; HL-1,
adult murine atrial myocytes; RT-PCR, real-time polymerase chain reaction; XBP1, X-box protein 1.

significant increase in XBP1 splicing (XBP1s mRNA). In contrast,
there was a highly significant, time-dependent decrease in corin
mRNA. We also examined IRE 1 activation measuring XBP 1s using
restriction endonuclease (Pst1) digestion and PCR amplification
to distinguish nonspliced XBP 1 from spliced (XBP 1s) (Figure 3G
and 3H), which demonstrated significant increases in XBP1s in
response to TG. Using an identical experimental design, TG
induced ER stress in immortalized, adult murine atrial cardio-
myocytes (HL-1 cells) (Figure 4) as indicated by post TG
increases in GRP78, GRP94, CHOP, ATF4, and XBP1s. There
was a significant time-dependent decrease in corin mRNA. In all 3
cell lines, when we repeated the experiments using tunicamycin

rather than TG to induce ER stress, we observed similar results
(data not shown).

IRE1 Overexpression Activates IRE1
Endoribonuclease Activity, Resulting in
Decreased Corin mRNA

Overexpression of IRE1 leads to dimerization, transphosph-
orylation, and activation.?”” As demonstrated in Figure 5, cells
infected with IRE1 demonstrated significant increases in ER
stress (increased GRP78, GRP94, ATF4, and CHOP), and
increased IRE1 endoribonuclease activity as evidenced by a
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Figure 5. IRE1-gene overexpression. Neonatal murine cardiomyocytes were plated in 6-well plates
with complete medium 1 day before infection. On the second day, cells were infected with IRE1-
overexpressed lentivirus containing 8 pg/mL polybrene and incubated overnight. After that, the cells
were fed with fresh complete medium. Cells were harvested at 72 hours after transduction and the
total RNA was extracted. Quantitative polymerase chain reaction was conducted using specific TagMan
mRNA probes: (A) IRE1 alpha; (B) Corin; (C) Spliced XBP1; (D) GRP78; (E) CHOP; (F) ATF4 mRNA were
quantified by normalization to 18S ribosomal RNA. IRE1-overexpression activated IRE1 endoribonuc-
lease activity, resulting in a significant increase in XBP1s and a parallel significant decrease in corin
mRNA. Note: Compared with mock group, *P<0.05; **P<0.01; ***P<0.001. Mock: cells transduced
with empty lentivirus vehicle; IRE1-: cells transduced with IRE1-overexpressed lentivirus. Error bars
represent standard error of the mean. ATF indicates activating transcription factor; CHOP, ; IRET,
inositol-requiring protein 1; XBP1, X-box protein 1.
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Figure 6. IRE1 shRNA knockdown attenuates corin mRNA decay. HL-1 cells were transfected with 2 pg
mammalian expression plasmid containing IRE1 shRNA or nontargeted negative control (Negative Ctr),
separately. Cells were exposed to thapsigargin 0.1 pmol/L for 12 hours. Thereafter, cellular total RNA
was isolated and quantitative polymerase chain reaction was conducted using specific TagMan probes:
(A) IRE1 alpha; (B) Corin; (C) Spliced XBP1; (D) GRP78; (E) CHOP; (F) ATF4 mRNA were quantified by
normalization to 18S ribosomal RNA. Cells with IRE1 shRNA knockdown prior to exposure to thapsigargin
(12 hours) demonstrated less XBP1 splicing and increased corin mRNA values compared to cells
transfected with control plasmid and also exposed to 12 hours thapsigargin. *P<0.05 and **P<0.01. Error
bars represent SEM. ATF indicates activating transcription factor; CHOP, C/EBP homology protein; HL-1,
adult murine atrial myocytes; IRE1, inositol-requiring protein 1; XBP1, X-box protein 1.
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Figure 7. Effect of actinomycin D prior to thapsigargin (TG). HL-1 cells were incubated with or without
actinomycin D at a concentration of 1 pg/uL 3 hours prior to administration of TG (0.1 umol/L) for
12 hours. Cells were harvested and the relative abundance of corin mRNA and XBP1s (normalized to 18S
rRNA) was compared to cells not receiving TG. We compared the changes in corin and XBP1s in cells not
treated (A) or treated with actinomycin D (B) prior to the administration of TG to the medium. We compared
relative mRNA abundance (normalized to 18S ribosomal RNA) of corin and XBP1s 12 hours after TG as
compared to baseline. As demonstrated in (B), the decrease in corin mMRNA and corresponding increase in
XBP1s (P<0.001), a marker of IRE1 endoribonuclease activity, was similar in cells pretreated with
actinomycin D as compared to cells not pretreated with actinomycin D (B) prior to the induction of ER stress
with TG. Baseline XBP1s was higher in cells not pretreated with actinomycin D. The error bars represent
SEM for the relative mRNA expression. (P<0.001 for baseline compared to 12 hours). Error bars represent
SEM. ER indicates endoplasmic reticulum; HL-1, adult murine atrial myocytes; IRE1, inositol-requiring

protein 1; XBP1s, spliced X-box protein 1.

significant increase in XBP 1s. This was also accompanied by a
significant decrease in corin mRNA.

IRE1 Knockdown Attenuates the Severity of Corin
RNA Decay After Induction of ER Stress With TG

HL-1 cells were transfected with 2 pig mammalian expression
plasmid containing IRE1 shRNA or nontargeted negative
control. Cells were then treated for 12 hours with TG. As
demonstrated in Figure 6, IRE1T shRNA silencing reduced
XBP1s and attenuated corin mRNA decay in response to
exposure of cells to TG.

Similar Corin mRNA Decline in Cells Pretreated
With Actinomycin D

As demonstrated in Figure 7, the decrease in corin mRNA was
similar in cells pretreated or not pretreated with actinomycin
D for a total of 3 hours prior to the administration of TG for
12 hours. The cells pretreated with actinomycin D demon-
strated lower abundance of XBP1s mRNA as compared to
cells not pretreated with actinomycin D. At 12 hours, both
cells demonstrated an increase in XBP1s. As demonstrated in
Figure 7A and 7B, the decrease in corin mRNA was similar in

cells pretreated or not pretreated with actinomycin D for a
total of 3 hours prior to the administration of TG for 12 hours.
The cells pretreated with actinomycin D demonstrated lower
abundance of XBP1s mRNA as compared to cells not
pretreated with actinomycin D.

Evidence of RIDD-Substrate mRNA Decay in
Advanced Human Systolic Heart Failure

We examined the expression profile of the GEO explanted
heart database to determine the pattern of messenger RNAs
significantly reduced at least 2-fold as compared to nonfailing
control hearts. We identified a total of 267 mRNAs that were
reduced 2-fold or greater as compared to controls. Utilizing a
database analysis, we characterized the cellular location of
these mRNAs. As demonstrated in Figure 8, a significant
majority (73.8%) of these mRNAs encoded membrane
proteins that are targeted to the ER and presumptive targets
for RIDD.

Discussion

The data from our in vitro experiments support the hypothesis
that ER stress can activate the targeted IRE1-dependent
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Figure 8. We examined the expression profile of the UPENN Explanted Heart Database consisting of 200
explanted heart samples divided between nonischemic (n=120) and nonischemic (n=80) samples to
determine the pattern of messenger RNAs significantly reduced at least 2-fold as compared to nonfailing
control hearts. We identified a total of 267 mRNAs that were reduced 2-fold or greater as compared to
controls. Utilizing a database analysis, we characterized the cellular location of these mRNAs. As
demonstrated in this figure, a significant majority (73.8%) of these mRNAs encoded membrane proteins that
are targeted to the endoplasmic reticulum and presumptive targets for regulated, inositol-requiring-1-

dependent messenger RNA decay.

mRNA decay pathway, and this can lead to corin mRNA decay.
The data from the human heart libraries demonstrate that
BNP transcription is positively correlated with ER stress
(GRP78) and that XBP1s, a marker of IRE1 endoribonuclease
activity, is inversely correlated with corin mRNA.

The in vitro experiments were conducted in 3 different
myocyte cell lines: neonatal mouse cardiomyocytes, neonatal
rat cardiomyocytes, and HL-1 cells. The latter cells represent
an adult atrial cardiomyocyte lineage to extend the results
from neonatal to adult cardiomyocytes. When we induced ER
stress by the addition of TG, we observed marked activation of
the ER stress response and a time-dependent reduction in
corin mRNA. To determine whether this represented mRNA
decay as opposed to altered transcriptional events, we next
pretreated HL-1 cells with actinomycin D to halt transcription
prior to inducing ER stress by TG. We observed a similar
magnitude of corin mRNA decay, suggesting that the reduc-
tion was related to decay or destruction of corin mRNA
already produced. The dependence on IRE1-o was supported
by the ability to replicate this corin mRNA decay by
overexpressing IRE1-o, which results in IRE1-a endoribonuc-
lease activation by autodimerization and transphosphorylation
as evidenced by the significant increase in XBP1s. Likewise,
IRET knockdown (incomplete) by hnRNA directed at IRE1-o
RNA was attenuated to the degree of corin mRNA decay after

inducing ER stress. Together with our observations from the
transcriptomes of the explanted human hearts, these data
suggest that regulated, IRE 1-dependent decay (RIDD) contrib-
utes to corin mMRNA and protein deficiency in advanced human
heart failure. We propose that this may be a contributing
mechanism of impaired processing of proBNP and propose
that this deficiency in natriuretic peptide processing is an
important element of heart failure progression in humans.
Moreover, we observed a significant reduction in a family of
mMRNAs (not just corin mRNA) in advanced heart failure heavily
weighted toward mRNAs that encode membrane proteins and
are targeted to the ER prior to membrane insertion. This
suggests that RIDD may be globally operative in advanced
heart failure, and may influence other signaling cascades
other than the natriuretic peptide family.

The unfolded protein response, also referred to as the ER
stress response, is an evolutionarily conserved system that
allows cells to cope with the demands of unfolded proteins.?®
The ER stress response is coordinated by 3 proteins that are
anchored in the ER membrane and each capable of “sensing”
misfolded protein accumulation in the ER lumen:protein
kinase RNA-ike ER kinase.”” Protein kinase RNA-like
endoplasmic reticulum kinase (PERK), IRE1, and activating
transcription factor-6 (ATF6)?°: The accumulation of misfolded
proteins in the ER lumen activates IRE1, resulting in activation
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of its endoribonuclease domain that is located on the
cytosolic side of the ER membrane, allowing it to remove an
intron in XBP mRNA, resulting in XBP1s. XBP1s devoid of the
intron segment is translated effectively into a transcription
factor that activates ER protein chaperone genes that assist
protein folding in the ER lumen, such as GRP78 and GRP94,
protein-modification enzymes, and others assisting degrada-
tion of misfolded proteins.*°

RIDD is a recently recognized component of the ER stress
response.'®'”*! Sustained degrees of moderate ER stress
lead to increased scaffolding of IRE1 and complex interac-
tions with adaptor and moderator proteins that increases the
promiscuity of IRE1’s endoribonuclease activity.27 At this
stage, IRE1-endonucleocytic activity loses specificity for
unspliced XBP1 and targets other messenger RNA’s attached
to ER-membrane-bound ribosomes to reduce global demands
on protein folding in the ER lumen, and also targets mRNA’s
attached to ER-membrane-bound ribosomes. Our data sug-
gest that corin mRNA is susceptible to this process and that
activation of IRE1 and the unfolded protein response is
present in advanced human heart failure. We hypothesize,
therefore, that RIDD-mediated corin mRNA degradation leads
to corin protein deficiency, creating a molecular milieu
favoring impaired natriuretic peptide pro-hormone processing
due to rate limitation of corin-mediated pro-natriuretic
peptide pro-hormone processing. We have not directly
demonstrated the relationship between cardiac corin mRNA
and protein deficiency and the degree of impaired natriuretic
pro-hormone processing in vivo in the present article, but
offer it as a molecular hypothesis for a phenomenon
(impaired natriuretic peptide pro-hormone processing) that
may contribute to heart failure progression by attenuating
the compensatory actions of the endogenous NPS in persons
with systolic heart failure.

Clinical Implications

Although some have argued to the contrary,®? others argue
that adequate NP pro-peptide processing is essential to the
compensatory systemic and autocrine/paracrine actions of
the NPS.” A recent murine genetic model of heart failure
examined the effect of corin overexpression on heart failure
mortality and cardiac function.®® That study demonstrated
that the corin overexpression mouse had a lower mortality,
less adverse ventricular remodeling, improved cardiac func-
tion, and histologically less cardiac fibrosis than the wild-type
controls. Interestingly, in their control group, which developed
heart failure but did not have corin overexpressed, the mice
had lower corin RNA as compared to non-heart-failure
controls. The authors interpreted this as reflecting reduced
corin expression, but perhaps it also was the result of RIDD
corin mRNA decay.

It is interesting that in the sample of 100 randomly
sampled hearts from the UPENN Explanted Heart Collec-
tion, we demonstrated that approximately half of the hearts
demonstrated a significant reduction in corin mRNA com-
pared to nonfailing controls, whereas the remainder dem-
onstrated an increase in corin mRNA as compared to the
nonfailing controls. We hypothesize that the difference is
explained by the presence of a more significant degree of
overall ER stress and corresponding activation of RIDD in
the hearts demonstrating corin mRNA reduction. A variety
of factors contribute to ER stress in advanced heart failure
including oxidative stress, excessive calcium in the cardio-
myocyte cytoplasm due to reduced reuptake by the
sarcoplasmic reticulum, and increased secretory demands,
such as secretion of natriuretic peptides. It is interesting
that the hearts with reduced corin had significantly higher
BNP mRNA levels compared to the hearts with increased
corin mRNA, which is consistent with increased secretory
demands. This is supported by the finding in the UK
Database that BNP relative mRNA abundance was signifi-
cantly and positively correlated with GRP78 relative mRNA
abundance; GRP78 is a marker for ER stress. This raises
the intriguing possibility of identifying patients with exces-
sive RIDD and corin mRNA decay using circulating ratios
of processed/unprocessed BNP in plasma; perhaps modu-
lating the degree of ER stress in such patients might be
beneficial and improve natriuretic processing, thus restor-
ing the compensatory actions of the endogenous NPS.
Chemical chaperones have been demonstrated to moderate
ER stress. Molecular chaperones, such as 4-phenylbutyric
acid and taurine ursodeoxycholic acid, are capable of
assisting in protein folding and reducing ER stress.>* % |t
has been demonstrated in animal models that the admin-
istration of either 4-phenylbutyric acid or taurine ursode-
oxycholic acid to a murine model of type Il diabetes
mellitus opposed the development of diabetes mellitus in
association with reductions in [-islet-cell ER stress and
improved insulin secretion in part due to a reduction in
regulated IRE1-dependent insulin mRNA decay in p-islet
cells.®’

Conclusions

In summary, we present data supporting the hypothesis that
sustained cardiomyocyte ER stress in advanced heart failure
leads to corin mRNA decay due to the process of RIDD. Based
upon these data, we hypothesize that RIDD-mediated corin
deficiency in advanced heart failure may contribute to
impairing BNP (1-108) processing and attenuated compensa-
tory actions of the endogenous NPS as heart failure
progresses.
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