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Type 1 Phosphatase, a Negative Regulator of Cardiac Function
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Increases in type 1 phosphatase (PP1) activity have been observed in end stage human heart failure, but the
role of this enzyme in cardiac function is unknown. To elucidate the functional significance of increased PP1
activity, we generated models with (i) overexpression of the catalytic subunit of PP1 in murine hearts and (ii)
ablation of the PP1-specific inhibitor. Overexpression of PP1 (threefold) was associated with depressed cardiac
function, dilated cardiomyopathy, and premature mortality, consistent with heart failure. Ablation of the
inhibitor was associated with moderate increases in PP1 activity (23%) and impaired 3-adrenergic contractile
responses. Extension of these findings to human heart failure indicated that the increased PP1 activity may be
partially due to dephosphorylation or inactivation of its inhibitor. Indeed, expression of a constitutively active
inhibitor was associated with rescue of B-adrenergic responsiveness in failing human myocytes. Thus, PP1 is
an important regulator of cardiac function, and inhibition of its activity may represent a novel therapeutic

target in heart failure.

Cardiac muscle function is regulated on a beat-to-beat basis
through the sympathetic nervous system. In seconds, the heart
may respond to increases in workload by enhancing cardiac
output to support the demands of peripheral, metabolizing
tissues. The inotropic state of the heart is controlled in large
part by the catecholamine-dependent activation of myocardial
B-adrenoreceptors, which results in cyclic AMP (cAMP) in-
creases, activation of the cAMP-dependent protein kinase
(PKA), and phosphorylation of enzymes involved in energy
metabolism, as well as key regulatory proteins recruited to
modulate contractility. The main regulatory phosphoproteins
include phospholamban, the ryanodine receptor, the L-type
Ca** channel, troponin I, and C protein (44). Phospholamban
has been shown to be the major regulator of basal contractility
and a key mediator of the inotropic and lusitropic effects of
B-agonists in the mammalian heart (10, 29, 46). Phosphoryla-
tion of phospholamban relieves its inhibition of the sarcoplas-
mic reticulum (SR) Ca?*-ATPase (SERCA), which greatly
stimulates the rate and amount of cytosolic Ca®" reseques-
tered into the SR, enhancing myocardial relaxation (29, 49).
This profile of increased Ca?* cycling is associated with en-
hanced SR Ca®" content, allowing for increased quantal Ca**
release during subsequent contractions. Collectively, these
events result in enhanced systolic and diastolic function.

The role of protein kinases in cardiac contractility has been
well characterized, while the protein phosphatases involved are
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poorly understood. Increases in protein phosphorylation and
enhanced cardiac function are reversed by protein phospha-
tases in a highly regulated manner. Two main classes of serine/
threonine phosphatases, referred to as types 1 and 2, have been
shown to regulate cardiac contractile performance (39). The
type 1 phosphatase (PP1) has been implicated in the regulation
of the B-agonist responses (13, 26). This enzyme is localized to
SR membranes and glycogen by the noncatalytic targeting sub-
unit, R, also called G,,, which enhances substrate availabil-
ity and specificity (27, 47, 48). Furthermore, PP1 is regulated
by two heat- and acid-stable proteins, inhibitor 1 (I-1) and I-2
(25). I-1 becomes active upon phosphorylation on threonine-35
by PKA (15). This results in inhibition of PP1 and therefore
enhanced PKA-mediated protein phosphorylation, leading to
amplification of the B-agonist responses in the heart (1, 17, 41).

The fine-tuning regulation of cardiac regulatory protein
phosphorylation by protein kinases and phosphatases be-
comes even more critical in pathological states. Heart failure is
associated with enhanced noradrenergic activity; this may be
compensatory early in the disease state, but long-term neuro-
hormonal activation induces significant damage to cardiomyo-
cytes. Decreases in cAMP levels by desensitization of B-adre-
noreceptors (7) lead to inactivation of PKA, while the levels
and activity of the SR-associated PP1 are increased (24, 38,
40). Since kinases and phosphatases are in a tight balance in
the myocardium, the increase in phosphatases may be com-
pensatory or detrimental. To directly determine the physiolog-
ical and pathophysiological significance of increased cardiac
PP1 activity, we used a two-pronged approach and generated
animal models with alterations in PP1 activity and/or levels.
Our findings demonstrate the physiological relevance of this
enzyme in modulation of cardiac contractility and remodeling
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and provide novel insights into the functional significance of
regulating PP1 activity in heart failure.

MATERIALS AND METHODS

Donor and failing human heart samples. Tissues were obtained from 9 non-
failing donor and 10 failing left ventricles (LV) (51). LV ejection fractions were
59% * 4% for nonfailing human hearts and 19% =+ 3% for failing human hearts.
Samples were handled in a manner approved by the Cleveland Clinic and Uni-
versity of Cincinnati Institutional Review Boards.

Generation of mice. I-1-deficient mice (C57BL/6) were generated as previously
described (2). For cardiac tissue-specific overexpression of PP1, the cDNA frag-
ment containing the coding sequence for the a-isoform of the PP1 catalytic
subunit (PP1c) (50) was inserted downstream of the mouse a myosin heavy chain
(«MHC) promoter (see Fig. 1A). The ~6.5-kb Nrul fragment, comprising the
promoter, the cDNA, and the simian virus 40 polyadenylation site, was gel
purified and microinjected into the pronuclei of one-cell inbred C3Heb/Fel
embryos (22). The TG mice were generated at the Indiana University School of
Medicine Transgenic Facility, directed by L. J. Field. Mice were handled accord-
ing to protocols approved by the Institutional Animal Care and Use Committees
at the University of Cincinnati and at Indiana University School of Medicine.

PP1 activity. Protein phosphatase activity was assayed with 3°P-labeled rabbit
glycogen phosphorylase a as the substrate (47). To maintain the phosphorylation
status of I-1, PP2A (okadaic acid, 4 nM) and calcineurin phosphatase (EDTA,
0.5 mM) inhibitors were included in preparations of tissue extracts and in the
enzyme reactions.

Heart perfusions. Working-heart perfusions were performed as described
previously (29). For Starling curves, each data point represents the mean *
standard error of the mean of three to five values from each wild-type (WT) or
knockout heart. Linear regression lines were plotted with Prizm software.

In vivo echocardiography. Noninvasive assessment of LV function and dimen-
sions were obtained by M-mode and Doppler echocardiography (23).

Generation of a constitutively active I-1 peptide (1-65AA). A construct encod-
ing a constitutively active and truncated form of I-1 (15), containing the first 65
amino acids, was generated by using a 5’ primer homologous to the I-1 coding
sequence with a flanking Sall site (italics) before the initiation start site (bold-
face) (CGCCGCTGGTCGACCTGACCGGGAGCCATGGAG) and a 3’ primer
(GTGGAGACATGCGGCCGCTCATGACAAGGTGGA) containing a Notl
site (italics) and translational stop site (boldface) following the codon for amino
acid 65. This was subcloned (Sa/I-NotI) into pBluescript SK II(—) and amplified.
The construct was then used to convert threonine-35 to aspartic acid-35 with T7,
T3, and a mutant primer engineered with appropriate nucleotide changes (pa-
rentheses) GGCAGGG(T—G)(C—~T)GGGGCGGC (5).

Adenovirus gene transfer in failing human myocytes. Adenoviruses containing
either the constitutively active I-1 (Ad.I-1p35p) and green fluorescent protein
(GFP) or B-galactosidase and GFP (Ad.GFP), controlled by separate cytomeg-
alovirus promoters, were constructed (12). The titers of stocks as measured by
plaque assays were 1 X 10'2 PFU/ml for Ad.GFP and 1.5 x 10'> PFU/ml for
Ad.I-1135p, with particle/PFU ratios of 10:1 and 20:1, respectively (viral particles
per milliliter determined by using the relationship that 1 absorbance unit at 260
nm is equal to 102 viral particles/ml). Contraction measurement and adenovirus
delivery in failing human myocytes were performed as described previously (19).

Other methods. SR-enriched preparations were isolated (9), and Western
analysis of PP1c and Rg; was performed (47) with a monoclonal antibody that
recognized all isoforms of PPlc and a polyclonal antibody raised against the
mouse Rg, protein, respectively. Whole-cell Ca>* channel currents were mea-
sured as described previously (33). Kaplan-Meier analysis was performed using
Statview software, and significance was indicated by the log rank test. Total
cAMP levels in heart homogenates were measured with a commercially available
kit (NEN Life Sciences). Antibodies used were I-1 phosphorylated on Thr* (P.
Greengard), calsequestrin (a gift from L. R. Jones), SERCA (in-house), phos-
pholamban (Affinity Bioreagents), and phospho-phospholamban (Phosphopro-
tein Research) antibodies.

Statistical analysis. Values represent means * standard errors of the means.
Statistical comparisons were made with Student’s ¢ test or two-way repeated-
measures analysis of variance (Student-Newman Keuls), with significance im-
parted at P values <0.05.

RESULTS

Increased PP1 levels result in impaired cardiac contractil-
ity. Alterations in the activity of the SR-associated PP1 have
been implicated in the diminished stimulatory effects of B-ad-
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renoreceptor agonists (39) and deteriorated function in failing
hearts (40). To determine the physiological and pathophysio-
logical significance of increased PP1 activity, mice with car-
diomyocyte-restricted overexpression of PP1c were generated
(Fig. 1A). Nine founders were identified, but five died with heart
failure symptoms. Two lines of transgenic (TG) mice (TG1 and
TG2), expressing similar levels of PP1c protein and activity,
were propagated for further characterization. The two lines
exhibited identical cardiac phenotypes (see below), and results
for the TG1 line are presented, unless otherwise indicated. The
PPlc protein levels in TG cardiac homogenates (Fig. 1B) were
increased threefold compared to WT levels, and similar in-
creases were observed in SR preparations (Fig. 1C and D).
Consistent with the protein level, PP1 activity was threefold
higher in SR membranes from TG hearts (Fig. 1E). The in-
creases in PP1 expression levels were not associated with alter-
ations in R, its major SR targeting subunit (Fig. 1B and C).

To determine the effect of increased PP1 activity on intrinsic
myocardial contractility, in the absence of autonomic or he-
modynamic feedback, work-performing cardiac preparations
were utilized. Following equilibration of the hearts at 250 ml X
mm Hg/min (preload: 5 ml of venous return/min; afterload: 50
mm Hg mean aortic pressure) the rates of contraction (+dP/
dr) and relaxation (—dP/dt) in response to acute alterations in
mean aortic pressure were examined. Bivariate regression
plots revealed that increases and decreases in cardiac work
were paralleled by alterations in the rates of contraction in
both WT and TG hearts (Fig. 2A). However, the relaxation
rates were severely blunted in TG hearts (Fig. 2B), demon-
strating an impaired diastolic contractile reserve, particularly
under increased cardiac workload. To further examine the
ability of TG hearts to respond to stress, a maximal stimulatory
concentration of isoproterenol (8 X 10~® M) was administered
in these preparations. The heart rate increases for TG and WT
hearts were similar (data not shown), but TG hearts exhibited
a significant reduction in peak systolic pressure and elevated
end-diastolic pressure (Fig. 2C). The +dP/dt and —dP/dt val-
ues were also significantly attenuated (30%; P < 0.05; Fig. 2C),
suggesting diminished contractile reserve in PP1 hearts, com-
pared to WT hearts. Furthermore, assessment of the times to
peak pressure (WT: 0.28 = 0.02 s/mm Hg [n = 5]; TG: 0.39 =
0.03 s/mm Hg [n = 7]; P < 0.05) and to 50% relaxation (WT:
0.28 = 0.02 s/mm Hg [n = 5]; TG: 0.41 = 0.04 s/mm Hg [n =
7]; P < 0.05) revealed significant prolongation in TG hearts.
To determine whether the decreased response to 3-adrenergic
receptor stimulation reflected impaired adrenergic signaling,
the levels of cAMP were examined. Under isoproterenol stim-
ulation, the cAMP contents for WT (15.5 = 2.1 pmol/mg, n =
4) and TG (14.4 = 2.0 pmol/mg, n = 5) hearts were similar,
suggesting no alterations in the B-signaling pathway. Further-
more, troponin I phosphorylation, as assessed by back-phos-
phorylation (31), in TG hearts (1.25 * 0.14, n = 5) was not
altered relative to that in WT hearts (1.00 = 0.05, n = 5).
However, phospholamban exhibited significantly depressed
(69%) phosphorylation of the Ser'® site in TG hearts (0.35 =
0.10, n = 5) compared to that in WT hearts (1.14 = 0.09, n =
5; P < 0.05) (Fig. 2D), while there were no alterations in Thr'’
phosphorylation (TG: 1.03 = 0.17, n = 5; WT: 0.89 = 0.26, n
= 5; P > 0.05). The lack of effect on the Thr'” site may reflect
increased Ca®*/calmodulin-dependent kinase II (CaMKII) ac-

1sanb Aq GT0Z ‘2z |udy uo /Bio wse gowy/:dny wol) papeojumod


http://mcb.asm.org/

4126 CARR ET AL. MoL. CELL. BIOL.
A
| a-MHCp o-PP1c [ svao |
A — e L —— 4\ J
~5.5 kB ~1.8 kB ~0.4 kB
B
Homogenate
WT TG
g i |
C Sarcoplasmic Reticulum
WT TG WT TG
PP1c—> | -| A e
D 4 E
N E 2
] = L = WT 3 Y
& g U ° TG § ’-L
o= 3 2
E o 2827
£22- E%
35 ag 11
Sl 011Nl T
0 b T 1 0 1
H SR H SR H SR
PP1c RaL

FIG. 1. Generation of PP1 overexpression mice and their characterization at 3 months of age. (A) Cardiac tissue-specific overexpression of the
a-isoform of the catalytic subunit of PP1 was driven by the a-MHC promoter. SV40, simian virus 40. (B and C) Representative Western blots of
cardiac homogenates (B) and SR preparations (C) revealed similar increases in PP1c protein levels (left) in TG hearts without alterations in Rg;,
the SR targeting subunit (right). (D) Quantitation of PP1c and R, levels (left) in whole-heart homogenates (H; n = 5) and SR preparations (SR;
n = 6) in TG relative to WT hearts. (E) Quantitation of PP1 activity in homogenates and SR preparations from TG hearts relative to activity in
those from WT hearts. Phosphatase activity was 1.3 = 0.1 nmol/min/mg (n = 5) for the WT homogenates and 3.6 + (0.3 nmol/min/mg (n = 5) for
the TG homogenates and 0.21 = 0.01 nmol/min/mg (n = 6) for WT SR preparations and 0.61 * 0.02 nmol/min/mg (n = 6) for TG SR preparations.

#k, P < 0.001 versus WT.

tivity as a consequence of elevated diastolic calcium levels, due
to impaired SR calcium sequestration (see below). Previous
studies have shown that phospholamban is phosphorylated by
PKA on Ser'® and by CaMKII on Thr'”; these events relieve its
inhibitory effects on SERCA, leading to enhanced Ca*" cy-
cling and cardiac contractility during (-agonist stimulation
(49). However, it has been suggested that phosphorylation of
Ser'® is the major mediator of B-adrenergic effects (11). Thus,
the decreased contractile responses to B-agonists in PP1 hearts
were, at least partially, due to an inability to relieve phospho-
lamban’s inhibition of SERCA. Furthermore, the SERCA pro-
tein levels were significantly reduced (25%) in PP1 hearts
without any alterations in calsequestrin. The decreases in
SERCA and phospholamban phosphorylation are consistent

with the impaired basal relaxation rates and attenuated con-
tractile parameters for B-agonists (9, 43).

Decreased in vivo function, dilated cardiomyopathy, and
early mortality in PP1 mice. To gain further insight into the
role of increased PP1 activity in intact animals, cardiac func-
tion was assessed using two-dimensional guided M-mode and
Doppler echocardiography. For mice at 3 months of age, the
heart rates were similar and there were no significant changes
in LV mass or geometry between TG and WT mice (Table 1).
In agreement with these data, gravimetric heart-to-body mass
ratios for WT (5.7 = 0.3 mg/g of body weight, n = 5) and TG
(6.2 = 0.5 mg/g, n = 5) mice were similar. Functionally, PP1
hearts demonstrated a substantial reduction in fractional
shortening (FS) and heart rate-corrected mean velocity of cir-
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FIG. 2. Cardiac function in PP1 mice at 3 months of age. (A and B) Bivariate regression plots of the positive (A; +dP/dt) and negative (B;
—dP/dt) first derivatives of intraventricular pressure versus cardiac work in five WT (@) and five TG (O) isolated work-performing hearts.
(C) Systolic pressure, end-diastolic pressure, and +dP/dt and —dPJ/dt in isoproterenol-stimulated perfused hearts. (D) Western blots of SERCA
(6 pg), calsequestrin (CSQ; 6 p.g), phospholamban (PLB; 6 wg), and pSer'®-PLB (10 pg) in individual WT and TG hearts. Immunoreactivity for
each protein was compared to a linear standard (2, 4, 8, and 12 pg) consisting of five pooled WT hearts on each blot. Quantitation revealed
decreases in SERCA and pSer'®-PLB in TG hearts (n = 5) compared to WT hearts (n = 5). *, P < 0.05 versus WT.

cumferential fiber shortening (Vcf,; Table 1), indicating im-
paired basal cardiac function. Administration of isoproterenol
(2.0 pg/g, intraperitoneally) stimulated both FS (WT: 69.5% *
0.6% [n = 7]; TG: 52.9% * 3.2% [n = 10]; P < 0.05) and Vcf,

(WT: 14.4 = 0.6 circumference (circ)/s [n = 7]; TG: 10.9 = 0.3
circ/s [n = 10]; P < 0.05), but the maximally stimulated pa-
rameters remained attenuated in PP1 hearts, consistent with
observations for perfused hearts.

TABLE 1. Cardiac contractility in PP1-overexpressing mice characterized by in vivo echocardiography”

Mouse type, Heart rate LV EDD LV ESD ) Vcf, LVM/body wt . Body wt
age (mo) (beats/min) (mm) (mm) FS (%) (circ/s) (mg/g) hir ratio (g)
WT, 3 7 408 = 34 3.44 = 0.12 2.11 £ 0.19 39.1+42 72+0.9 2.00 =0.13 0.29 = 0.02 192 =08
PP1, 3 10 402 = 15 3.80 = 0.13 2.80 £ 0.14x 26.5 = 2.1= 4.9 = 0.5% 240 =0.24 0.29 = 0.02 18.9 = 0.9
WT, 6 12 410 =20 3.56 = 0.12 2.11 =£0.10 40.8 £2.2 7.0 0.5 221 £0.12 0.33 = 0.01 23.6 £ 1.0
PP1, 6 10 345 = 26 4.03 = 0.19F 3.10 £ 0.21F 23.5 = 2.07 4.3 = 0.4F 3.19 £ 0.27f 0.32 = 0.01 222+09

“ Abbreviations: EDD, end-diastolic dimension; ESD, end-systolic dimension; LVM, calculated LV mass; A/r ratio, relative wall thickness, where /4 is wall thickness
and r is LV radius. *, P < 0.05 versus the value for the WT at 3 months; T, P < 0.05 versus the value for the WT at 6 months.
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FIG. 3. PP1is associated with pathology at 6 months of age. (A) In vivo, M-mode echocardiography performed in hearts from 6-month-old TG
mice (right) revealed increased end-systolic (ESD) and end-diastolic dimensions (EDD) indicating LV dilation, compared to results for age-
matched WT mice (left). (B) Masson’s trichrome-stained longitudinal sections from WT (left) and TG (right) hearts showed dilated cardiomy-
opathy and the presence of intracardiac thrombi (arrows) in TG hearts. (C) Higher magnification (X 170) indicated widespread interstitial fibrosis
(blue) in the TG, but not WT, hearts. (D) Representative dot blot of ventricular gene expression showed increases in atrial natriuretic factor
(ANF), B-MHC, and a-skeletal actin (a-sk. actin) in TG hearts. Blots are from three animals in each group. GAPDH, glyceraldehyde-3-phosphate
dehydrogenase. (E) Survival curves indicated premature mortality (P < 0.00001) in TG (n = 46) compared to WT (r > 100) mice. Survival statistics

were obtained by using the log rank test. Cum., cumulative.

It was of special interest to determine whether the marked
reduction in cardiac function of 3-month-old PP1 mice would
lead to cardiac remodeling and pathology in older animals.
Thus, echocardiography was repeated at 6 months of age. TG

mice displayed cardiac enlargement, as evidenced by signifi-
cant increases in the dimensions of their LV chambers at end
systole and end diastole (Table 1 and Fig. 3A). Histological
examination revealed evidence of biventricular chamber dila-
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FIG. 3—Continued.

tion (Fig. 3B), extensive interstitial fibrosis (Fig. 3C), and in-
creased LV mass/body mass ratios (Table 1). Increased heart-
to-body mass ratios were also confirmed gravimetrically (WT:
6.07 = 0.48 mg/g [n = 11]; TG: 10.59 = 1.05 mg/g [n = 8]; P
< 0.05). Examination of cardiac function indicated a progres-
sive decrease in contractile parameters (FS and Vcf,) in hearts
of 6-month-old PP1 mice, compared to values for age-matched
WT mice (Table 1). Isoproterenol responsiveness measured in
vivo was also blunted (FS values: WT, 67.1% = 1.7% [n = 12];
TG, 46.9% = 4.6% [n = 10]; P < 0.05; Vcf, values: WT, 14.48 =
0.61 circ/s [n = 12]; TG, 8.70 = 0.90 circ/s [n = 10]; P < 0.05).

At the molecular level, cardiac hypertrophy and heart failure
are characterized by a reexpression of fetal gene isoforms,
including B-MHC, «-skeletal actin, and atrial natriuretic fac-
tor. Consistent with this, ventricular mRNA expression pat-
terns revealed a significant increase in all three transcripts in
hearts of 6-month-old TG mice (Fig. 3D). Cardiac hypertrophy
coupled with a significant increase in LV end-diastolic dimen-
sion (Table 1), without a change in the relative wall thickness,
suggested the presence of dilated cardiomyopathy. The de-
pressed function and dilated cardiomyopathy culminated in
early lethality, approaching 50% by 194 days (Fig. 3E).

A separate line of PP1-overexpressing mice (TG2), which
exhibited increases in cardiac PP1 activity (threefold) similar to
those of TG1, also revealed decreases in function (FS: 26.6%
* 2.9%; Vcf.: 5.15 £ 0.5 circ/s; n = 4) and increases in
end-diastolic dimension (4.33 * 0.24 mm; n = 4), as well as LV
mass/body mass (3.28 * 0.23 mg/g; n = 4) similar to those for
TG1. These findings indicate that the observed phenotype is
not due to insertional effects of the transgene. Attempts to
further characterize TG hearts from 6-month-old mice by ex
vivo work-performing preparations were precluded by the se-
verely depressed contractile parameters (+dP/dt, <1,900 mm
Hg/s) and increased end-diastolic pressure (>30 mm Hg).

Ablation of I-1 results in increased phosphatase activity and
impaired cardiac function. Since PP1 is regulated by I-1, which
functions as an inhibitor upon PKA phosphorylation, it was of
special interest to generate mice deficient in I-1 (2) and exam-
ine the physiological significance of inactive I-1. The hypoth-
esis was that B-adrenergic receptor stimulation and PKA acti-
vation would not be able to inhibit PP1 through I-1, leading to
attenuated protein phosphorylation and contractility in the
knockout hearts. Indeed, examination of in vivo cardiac func-
tion revealed significantly reduced basal parameters in knock-
out mice (FS: 30.2% =+ 1.1%; Vcf,: 4.77 = 0.15 circ/s; n = 10;
P < 0.05) compared to WT mice (FS: 40.8% =+ 2.0%; Vcf.:

6.70 = 0.38 circ/s; n = 12) at 3 months of age, without alter-
ations in heart rate. The degree of depressed cardiac function
in knockouts did not progress further upon aging to 15 months,
and there was no evidence of remodeling, as indicated by
normal LV wall thickness and calculated LV mass, compared
to values for WT mice (data not shown). Following isoproter-
enol (2.0 pg/g, intraperitoneally) stimulation, contractility was
enhanced to a lower extent in knockout mice (FS: 56.9% =
0.9%; Vct,.: 9.93 = 0.34 circ/s; n = 10; P < 0.05) than in WT
mice (FS: 68.0% = 1.4%; Vcf,: 12.43 = 0.48 circ/s; n = 10; P
< 0.05). Interestingly, the degree of basal contractile depres-
sion in I-1-deficient hearts was similar to that observed in the
PP1 hearts, while the magnitudes of the isoproterenol re-
sponses were greater in the knockout mice than in PP1 mice.
These differences may reflect the phosphorylation state of
phospholamban, which is a major phosphoprotein substrate in
the heart. Under basal conditions, phospholamban may be
maximally dephosphorylated by the increased phosphatase ac-
tivity in hearts of either knockout or PP1 mice. However, upon
isoproterenol stimulation, the effects are more attenuated in
the overexpressing hearts exhibiting higher PP1 activity (see
below).

To gain further insight into the mechanisms responsible for
the depressed in vivo cardiac function of I-1 knockout mice,
cardiac contractility in isolated perfused hearts was assessed
and Ca®"-cycling regulatory phosphoproteins were examined.
Interestingly, while knockout hearts displayed depressed base-
line contractility in vivo, there was only a mild decrease
(~10%; P > 0.05) in cardiac parameters ex vivo, compared to
those for WT hearts, which may reflect dephosphorylation of
the various phosphoproteins during the isolation procedure
(16). Indeed, examination of PP1 activity revealed no differ-
ences between knockout and WT hearts, suggesting dephos-
phorylation and inactivation of I-1 in WT hearts. Thus, per-
fused hearts were stimulated with a maximal inotropic dose of
isoproterenol (8 X 107% M) to allow phosphorylation and
activation of I-1 in WT hearts. Increases in heart rate for
knockout mice (505 * 15 beats/min; n = 7) were similar to
those for WT mice (506 * 17 beats/min; n = 5), but the
maximal rates of contraction and relaxation were significantly
attenuated in the knockout hearts compared to WT hearts
(Fig. 4A and B). To determine whether the decreased cardiac
contractile response of knockout hearts was associated with
alterations in PP1, we assessed this enzymatic activity in the
stimulated perfused hearts. The phosphorylation status of I-1,
and thus its inhibitory capacity, were maintained by including
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FIG. 4. Protein phosphatase I-1 in the heart. (A and B) Rates of cardiac contraction (A) and relaxation (B) obtained in isoproterenol-
stimulated work-performing hearts from WT (n = 5) and knockout (KO; n = 7) mice. (C and D) PP1 activity and cAMP levels in perfused hearts.
(E) Representative immunoblots (left) and quantitation (right) of SERCA (6 pg), calsequestrin (CSQ; 6 ng), and phospholamban (PLB; 6 pg)
protein levels and PKA phosphorylation of PLB (pSer'®-PLB; 10 pg) in perfused hearts. Immunoreactivity for each protein was compared to a
linear standard (2, 4, 8, and 12 pg) consisting of five pooled WT hearts on each blot. *, P < 0.05 versus WT.

inhibitors of PP2A and calcineurin in all buffers, since these
phosphatases dephosphorylate I-1 (42). PP1 activity was not
altered under basal conditions, while it was significantly higher
(23%) in the knockout hearts than in WT isoproterenol-stim-
ulated hearts (Fig. 4C). These increases in PP1 activity oc-
curred independently of any alterations in the total protein
levels of PP1lc or Ry, assessed in cardiac homogenates and
SR preparations (data not shown). Furthermore, the attenu-
ated isoproterenol response of the knockout hearts did not
appear to reflect any alterations in the B-adrenergic signaling
cascade, since myocardial cAMP contents in WT and knockout
hearts were similar (Fig. 4D).

The increased PP1 activity was associated with a significant
reduction in PKA phosphorylation of phospholamban (Fig.
4E). Phospholamban phosphorylation at the CaMKII site,

Thr'” (WT: 1.0 = 0.15 [n = 6]; knockout: 0.46 = 0.05 [n = 6];
P < 0.05), was also reduced in knockout hearts. There were
no alterations in the expression levels of phospholamban,
SERCA, or calsequestrin (Fig. 4E). Furthermore, we exam-
ined L-type Ca*" channel activity and troponin I phosphory-
lation, since they also contribute to the heart’s contractile
responses to 3-agonists and may be regulated by PP1. Ablation
of I-1 did not affect L-type Ca®* channel current density, time
to 50% channel activation, or current-voltage relationships in
the absence or presence of isoproterenol (data not shown). In
addition, the levels of troponin I phosphorylation, assessed in
32P-labeled cardiomyocytes and expressed as percentages of
dibutyryl cAMP phosphorylation (100%) in WT and knockout
mice were similar under conditions of basal (WT: 39% = 10%;
knockout: 42% * 12%; n = 3; P > 0.05) or maximal isopro-
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(B) Quantitation of I-1 protein levels revealed no alterations. However, I-1 phosphorylation in failing hearts was significantly decreased. *, P <

0.05 versus donor hearts.

terenol stimulation (WT: 76% = 7%; knockout: 92% *+ 18%;
n = 3; P > 0.05). These data suggest that I-1 is an important
regulator of B-adrenergic stimulation in heart.

Regulation of PP1 by its inhibitor, I-1, in the failing human
heart. The decreased contractile parameters in I-1-deficient
mouse hearts suggested that the reported increases in PP1
activity in human heart failure may be, at least partly, associ-
ated with inactivation or dephosphorylation of I-1. Thus, we
examined the levels and the phosphorylation state of I-1 in
biopsy samples from human nonfailing (» = 9) and failing (n =
10) hearts with dilated cardiomyopathy. To ensure that any
observed differences were not due to protein loading, the data
were normalized to calsequestrin, since the levels of this SR
protein in failing and nonfailing samples were similar (Fig.
5A). There were no alterations in total I-1 protein levels, but
I-1’s degree of phosphorylation was significantly reduced
(~60%) in failing hearts (Fig. 5B), indicating that I-1 was
predominantly inactive and thus incapable of inhibiting PP1
activity. Examination of SR proteins in the same failing and
nonfailing hearts indicated a decrease in SERCA (failing
hearts: 0.181 = 0.019; nonfailing hearts: 0.385 = 0.051 [arbi-
trary units]) and no alterations in phospholamban (failing
hearts: 0.748 = 0.135; nonfailing hearts: 0.618 = 0.097), while
the phosphorylation status of phospholamban on both Ser'®
(failing hearts: 0.253 = 0.038; nonfailing hearts: 0.427 = 0.068)
and Thr'” (failing hearts: 0.922 = 0.288; nonfailing hearts:
2.856 = 0.621) was decreased. The decreased I-1 and phos-
pholamban phosphorylation may reflect impaired B-adrenergic
signaling and decreased PKA activation due to reduced cAMP
levels in failing hearts (5.8 = 0.7 pmol/mg; n = 9) compared to

those in normal hearts (10.9 = 1.3 pmol/mg; n = 10; P < 0.05)
and/or to increased calcineurin activity, which dephosphory-
lates I-1 (42).

Inhibition of PP1 by a constitutively active I-1 enhances
contractile responses to 3-agonists in failing human cardio-
myocytes. The observed decreases in I-1 phosphorylation in
human failing hearts lead to the hypothesis that increases in
I-1’s activity may be beneficial in restoring the attenuated (3-ad-
renergic responsiveness in failing human cardiomyocytes. To
test this hypothesis, we used adenovirus-mediated expression
of a constitutively active I-1 protein (I-155p) in myocytes
isolated from failing human hearts (12). The design of the
I-1155p construct entailed truncation of the I-1 cDNA to en-
code the first 65 amino acids and introduction of nucleotide
changes to replace the PKA phosphorylation site (GGT:
Thr*) with aspartic acid (GTC: D), resulting in a constitutively
active inhibitor (15). To serve as a control, cardiomyocytes
were infected in parallel with an adenovirus encoding 3-galac-
tosidase. Both constructs also contained sequences encoding
GFP, which served as a marker of transfection (Fig. 6B and D).
Failing human cardiomyocytes infected with either B-galacto-
sidase or I-155p constructs exhibited similar contractile func-
tions under basal conditions. This finding is consistent with the
dephosphorylated state of I-1 in isolated myocytes due to the
absence of adrenergic drive. However, in response to isopro-
terenol (100 nM), myocytes infected with I-1,55, displayed
significantly increased shortening (Fig. 6E and F), rates of cell
shortening (Fig. 6G), and relengthening (Fig. 6H) and a lower
time constant for relaxation (1) (I-11ssp: 0.16 = 0.05 s [ = §];
GFP: 0.37 £ 0.09 s [n = 10]; P < 0.05) compared to controls.
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FIG. 6. Adenovirus expression of a constitutively active I-1 protein in cardiomyocytes from failing human hearts. (A to D) Isolated failing
human myocytes expressing either B-galactosidase-GFP (Ad.GFP; top) or I-1355-GFP (Ad.I-1135p) were visualized with direct light (left) or
fluorescent light (right). Successfully infected cells appear green. (E and F) Representative traces of cardiomyocyte cell shortening in Ad.GFP-
(E) and Ad.I-1p35p-infected (F) cells in response to a maximal concentration of isoproterenol (100 nM). (G and H) Rates of cell shortening
(G) and relengthening (H) in Ad.GFP- and Ad.I-145p-infected cells in response to isoproterenol. Values are averages of at least 8 to 12 cells from
three to five human hearts. *, P < 0.05.
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Additionally, the time to 50% decay of the Ca*" signal (I-
113sp: 0.33 £ 0.06 s [n = 8]; GFP: 0.52 = 0.06 s [n = 10]; P <
0.05) and 7 for the Ca** signal decay (I-1ys5p: 0.36 = 0.10 s
[7 = 8]; GFP: 0.70 = 0.09 s [n = 10]; P < 0.05) were acceler-
ated in the I-10-transfected cells compared to controls. These
beneficial effects of inhibiting PP1 activity were observed only
upon B-adrenergic stimulation, since isolated myocytes are de-
prived of endogenous sympathetic stimulation.

DISCUSSION

Cross talk of cAMP and Ca** through PP1 in cardiac con-
tractility. The dynamics of contraction and relaxation in car-
diac muscle are highly regulated by finely tuned cross talk
between second messengers Ca®" and cAMP. Synergism of
Ca?* and cAMP is mediated through the intricate balance of
protein kinase and phosphatase activities, resulting in modu-
lation of protein phosphorylation. Importantly, increased PKA
phosphorylates I-1, which inhibits PP1 activity, allowing for
amplification of the cAMP-signaling cascade. The resultant
enhancement of Ca®" cycling leads to activation of Ca®"-
dependent phosphatase calcineurin and dephosphorylation of
I-1, reinstating PP1 activity. However, this elegant balance of
regulating cardiac function is shifted in favor of the phospha-
tase(s) in heart failure due to decreased PKA activation and
increased PP1 activity (8, 40).

A unique property of PP1 is its localization to specific sub-
cellular loci by noncatalytic subunits, such as the glycogen and
SR targeting subunit, R, (27, 47, 48). The isoforms of PPlc
(o, 8, 4, and y,) are associated with a large variety of target-
ing/regulatory components to localize the enzyme to distinct
subcellular locales. Cardiac overexpression of the a isoform in
this study resulted in quantitatively similar increases (three-
fold) in the levels of PP1 in either cardiac homogenates or SR
preparations, without alterations in Ry, levels. These findings
indicate that some of the overexpressed protein was targeted to
the SR compartment by “spare” Rg; subunits in this mem-
brane. Alternatively, PP1 may be also targeted to SR by an
unknown anchoring protein(s). Overexpression of PP1 was as-
sociated with significant decreases in phospholamban phos-
phorylation (pSer'®) and depressed function, as assessed in
isolated work-performing hearts or in vivo. The depressed
function was not due to impaired glycogen metabolism, since
glycogen content was increased threefold in PP1-overexpress-
ing hearts.

We anticipated that ablation of the cytosolic I-1 protein
would modulate PP1 activity toward its substrates localized in
the SR, myofilaments, and the sarcolemma. Interestingly, I-1-
deficient hearts exhibited alterations only in phospholamban
phosphorylation, not in myofilament phosphorylation or L-
type Ca®* channel activity. A plausible mechanism for such
fine-tuning regulation of PP1 by I-1 may involve the anchoring
subunit, Ry, or other yet-unknown targeting subunits. Ad-
ministration of isoproterenol was associated with both inotro-
pic and lusitropic responses in the PP1-overexpressing and I-1
knockout hearts, although these effects were attenuated rela-
tive to those in WT hearts, indicating that inhibition of PP1
activity is important and necessary in the heart’s contractile
responses to B-adrenergic stimulation. It has been suggested
that, besides PP1, other phosphatases, such as PP2A, which
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dephosphorylates troponin I (37), and the ATP-sensitive K™
channels (52), regulate cardiac function. However, the activity
of PP2A does not appear to change in vivo, even upon isopro-
terenol stimulation (1). Furthermore, PP2A activity is unaf-
fected in the PP1 TG mice (data not shown).

PP1 activity and cardiac remodeling. The role of serine/
threonine protein kinases, such as PKA, protein kinase C, and
Ca?"/calmodulin kinase, in the regulation of cardiac contrac-
tility and remodeling has been well characterized (35). How-
ever, the function of their counterparts, the serine/threonine
phosphatases, is not well understood. Recently, overexpression
of a dominant-negative mutant of the A subunit of PP2A or a
constitutively active form of PP2B, calcineurin, was shown to
induce hypertrophy (6, 36). In the present study, moderate
increases in PP1 activity through ablation of I-1 resulted in
significantly depressed function, but there was no remodeling
observed up to 15 months of age. However, threefold increases
in PP1 activity, similar to those observed in human heart fail-
ure, were associated with dilated cardiomyopathy in 6-month-
old mice. The cardiac phenotype of the PPl-overexpressing
mice exhibited several characteristics similar to those found in
human heart failure, including biventricular dilatation, intra-
cardiac thrombi, interstitial fibrosis, myocyte hypertrophy, and
premature mortality. Interestingly, decreases in the phosphor-
ylation status of phospholamban and lower SERCA protein
levels coincided with depressed function at 3 months and pre-
ceded the development of dilated cardiomyopathy, suggesting
that dysfunction at the level of SR Ca** transport may be one
of the factors contributing to the onset and progression of
cardiac remodeling. Consistent with these observations, sev-
eral reports have indicated that impaired Ca®>" homeostasis is
a primary stimulus for cardiac hypertrophy and failure (35).
Indeed, recent studies on restoring SR Ca®* handling in the
failing heart have shown that cardiac contractility can be en-
hanced and remodeling can be reversed through SERCA over-
expression or phospholamban downregulation (12, 14, 21, 34).
Thus, by altering Ca*>* homeostasis, PP1 may induce a hyper-
trophic response as an adaptive mechanism to enhance the
depressed cardiac function. Alternatively, PP1 may directly
dephosphorylate signaling molecules or transcriptional factors,
similar to dephosphorylation of NFAT-3 by calcineurin, lead-
ing to the observed hypertrophic response. Examination of the
phosphorylation state of the cAMP response element binding
protein, CREB, a proposed downstream substrate for PP1
(18), revealed no alterations in our TG model (data not
shown). Regardless of the mechanism by which PP1 leads to
remodeling, it will be important to elucidate the hypertrophic
cascade involved and identify the signaling molecules respon-
sible for regulation of cardiac growth by this pathway.

PP1 activity and its regulator I-1 in human heart. The role
of I-1 phosphorylation in the regulation of synaptic mecha-
nisms involved in learning and memory (2), as well as regula-
tion of muscarinic cholinergic effects in the heart (1), has been
previously defined. The present study has also demonstrated
an important role for I-1 in the regulation of basal contractility
in vivo. Importantly, examination of failing human hearts re-
vealed that I-1 was predominantly dephosphorylated or inac-
tive. This decrease in I-1 phosphorylation levels may reflect
attenuated PKA activity, due to reduction of cAMP levels, or
enhanced calcineurin activity (35). The consequent increase in
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PP1 activity could be self-perpetuating, since it is expected to
dephosphorylate phospholamban, leading to impaired Ca*"
resequestration by the SR and, ultimately, elevation of dia-
stolic Ca**. High Ca®" levels in the cytosol would promote
calcineurin activation and I-1 inactivation, further augmenting
PP1 activity. Thus, whether increased PP1 activity represents
an initial insult or is secondary to decreased B-receptor signal-
ing in the failing heart, this enzyme could represent a nodal
point in the progression of cardiac dysfunction.

In chronic heart failure, increased adrenergic signaling is
initially beneficial because it helps maintain myocardial func-
tion at a level that can support the circulatory needs of the
body. However, continuous activation of B-adrenergic signal-
ing leads to desensitization of these receptors and the response
becomes maladaptive. Furthermore, the PP1 activity in the
failing human heart is elevated (40), resulting in depressed
phospholamban phosphorylation (3, 20, 45). Thus, besides the
decreased ratio of SERCA to phospholamban, which is critical
for cardiac function (28, 29, 34), depressed phospholamban
phosphorylation serves as an additional insult to SR Ca**
transport function. Interestingly, the ryanodine receptor ap-
pears to be hyperphosphorylated in failing human hearts, re-
sulting in increased sensitivity to Ca®>*-dependent activation
(32), which would further depress the Ca** load of the SR.
The apparently paradoxical findings on decreased phospho-
lamban phosphorylation and increased ryanodine receptor
phosphorylation in the cardiac SR may reflect the complex
interplay between kinases and phosphatases in the microenvi-
ronment of each phosphoprotein and/or compartmentalized
increases of PP1 with phospholamban. Indeed, the anchoring
proteins for PP1 and PP2A, associated with the ryanodine
receptor, are spinophilin and RR130, respectively (31), while
the anchoring subunit for the phospholamban phosphatase is
reported to be Rgp (4, 30). Furthermore, inhibition of PP1
activity by a constitutively active I-1 restored the contractile
responses to B-agonists in failing human cardiomyocytes. The
enhanced contraction appeared to be mainly due to SR func-
tion, since alterations in L-type Ca”>* channel activity would
have resulted in arrhythmogenicity, which was not observed in
these failing cardiomyocytes. Thus, the elevated PP1 activity
may be at least one of the modifiers in the impaired function of
dilated cardiomyopathy, and modulation of this activity may
represent a potential target for therapeutic intervention.
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