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Abstract: As part of our ongoing studies on the potential pathophysiological role of serine/threonine
phosphatases (PP) in the mammalian heart, we have generated transgenic mice with cardiac muscle
cell-specific overexpression of PP2Acα (PP2A) and PP5 (PP5). For further studies we crossbred PP2A
and PP5 mice to obtain PP2AxPP5 double transgenic mice (PP2AxPP5, DT) and compared them with
littermate wild-type mice (WT) serving as a control. The mortality of DT mice was greatly enhanced
vs. other genotypes. Cardiac fibrosis was noted histologically and mRNA levels of collagen 1α,
collagen 3α and fibronectin 1 were augmented in DT. DT and PP2A mice exhibited an increase in
relative heart weight. The ejection fraction (EF) was reduced in PP2A and DT but while the EF of PP2A
was nearly normalized after β-adrenergic stimulation by isoproterenol, it was almost unchanged in
DT. Moreover, left atrial preparations from DT were less sensitive to isoproterenol treatment both
under normoxic conditions and after hypoxia. In addition, levels of the hypertrophy markers atrial
natriuretic peptide and B-type natriuretic peptide as well as the inflammation markers interleukin
6 and nuclear factor kappa B were increased in DT. PP2A enzyme activity was enhanced in PP2A vs.
WT but similar to DT. This was accompanied by a reduced phosphorylation state of phospholamban
at serine-16. Fittingly, the relaxation times in left atria from DT were prolonged. In summary, cardiac
co-overexpression of PP2A and PP5 were detrimental to animal survival and cardiac function, and
the mechanism may involve dephosphorylation of important regulatory proteins but also fibrosis
and inflammation.

Keywords: transgenic mice; PP2A; PP5; heart failure; fibrosis; inflammation

1. Introduction

Serine and threonine phosphatases (PP) such as PP1, PP2A, PP2B, PP2C, PP4 and
PP5 are present in the cardiomyocytes of mice and humans [1–5]. PP activity is enhanced
in some forms of human heart failure and this could be recapitulated in some animal
models of hypertrophy and heart failure [6,7]. In addition, PP activity can be related to
cardiac arrhythmia [8,9]. Overexpression of PP in mouse hearts, for example, elevated
levels of the catalytic subunit of PP1, PP2A, PP2B, PP2C or PP5, have exhibited various
degrees of hypertrophy, eventually leading to heart failure [1,10–12]. Some of these trans-
genic mice had higher stress resistance than their wild-type (WT) counterparts in certain
experiments [3,13–16]. Mice with elevated cardiac levels of, for instance, PP1, PP2A or
PP5, exhibit typically reduced phosphorylation states of regulatory proteins in various
subcellular compartments of cardiomyocytes. The regulatory proteins of interest in this
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context reside in the sarcolemma, the sarcoplasmic reticulum, the mitochondria and the nu-
cleus of cardiomyocytes (Figure 1) [4]. Reduced phosphorylation states of these regulatory
proteins can explain their phenotypes, such as impaired force generation and prolonged
relaxation of developed force, to a large extent. Similar observations could also be made
in failing human hearts [4,17]. Based on these data, inhibitions of enzymatic activity of
phosphatases with cell membrane permeant molecules (tacrolimus for PP2B, okadaic acid
for PP1 and PP2A [4,18–20]) or proteins that can be delivered by an adenovirus such as
inhibitor-2 or inhibitor-1 (for PP1 [1,21–25]) have been suggested to be of a potential benefit
in heart failure patients. Whereas about 400 different protein kinases are known to increase
the phosphorylation state of regulatory proteins only about 30 protein phosphatases are
studied (review in [26]). In evolution, the mechanism of the target specificity and activity
of PP becomes clearer. It was found that the best studied protein phosphatase PP1 can
regulate their target specificity and activity by more than 40 additional regulatory proteins,
including inhibitor-1 and inhibitor-2. Likewise, it is becoming clearer that the activity of
the other main cardiac protein phosphatase PP2A is regulated by ancillary proteins [2].

Figure 1. Schematic view of a cardiac muscle cell: isoproterenol acts on the β-adrenoceptor in the sarcolemma where
it activates adenylyl cyclases (AC) via stimulatory G-proteins (Gs). This increases cAMP-levels and cAMP activates
cAMP dependent protein kinases (PKA). PKA then phosphorylates regulatory proteins such as phospholamban (PLB),
the ryanodine receptor (RyR), the L-type Ca channel (LTCC) or troponin I (TnI) in the myofilaments. Finally, Ca2+ is
elevated, binds to troponin C (TnC) which starts muscle contraction. These phosphorylations are in part reversed by protein
phosphatases called PP2A or PP5. See text for further details.

PP2A is member of the PPP family of serine/threonine protein phosphatases [27]. The
core enzyme of PP2A is a dimer consisting of a catalytic and scaffolding subunit. In addi-
tion, four different forms of another variable regulatory subunit can be distinguished in the
core enzyme. These are encoded by different genes and form different splice variants. The
three subunits together form the holoenzyme of PP2A. The regulatory subunits range in size
from 65 to 108 kDa, are expressed in a tissue-specific manner and determine the localization
and substrate specificity of the holoenzyme of PP2A [28]. Its importance in the cardiac
function is due to its influence on diverse ion channels, regulatory proteins and trans-
porters and, therefore, it regulates proteins of the contractile apparatus, calcium regulation,
cell metabolism, gene regulation, and diverse signaling pathways. This diversity comes
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from the different structures of PP2A holoenzymes, conditioned by the variable regulatory
subunit with its different splice variants, most of which are found in cardiac tissue [29]. The
major membrane substrates of PP2A in the heart are the voltage-gated L-type Ca2+ chan-
nel [30], the Na+/Ca2+ exchanger, the Na+/K+-ATPase [31], and connexin 43 [29]. At the
sarcoplasmic reticulum, PP2A can dephosphorylate the ryanodine receptor [32,33]. PP2A
further decreases the activity of the Ca2+ ATPase of the sarcoplasmic reticulum (SERCA)
and can dephosphorylate phospholamban (PLB) at serine-16 and threonine-17 [4,34–36].
At the myofilaments, PP2A can dephosphorylate the troponin inhibitor complex TnI at
serine-23 and serine-24, and possibly also bind to cardiac myosin-binding protein C [37–40].
In the nucleus, PP2A can dephosphorylate histone deacetylase 4 and controls its subcellular
localization, thereby controlling its activity [41,42]. We have previously generated and
described transgenic mice with cardiac specific overexpression of PP2A and demonstrated
that PP2A serves as a modulator of cardiac function (Figure 1) [10,13].

PP5 is a member of the PPP family of serine/threonine protein phosphatases such
as PP1 and PP2A but with the unique feature that catalytic, regulatory and targeting
functions are combined on one protein [43]. Additionally, in contrast to other protein
phosphatases, PP5 has a N-terminal tetratricopeptide (TPR) domain, which is a regulatory
motif for protein–protein interactions [44,45]. PP5 has low phosphatase activity because it
is inhibited by the interaction of the TPR domain with an inhibitory region in the catalytic
domain itself [46]. This is referred to as autoinhibition within the polypeptide between the
N- and C-terminus [27]. PP5 can bind to heat shock protein 90 (HSP90) and is thus involved
in glucocorticoid and estrogen receptor function [46,47]. HSP90 can interact with the TPR
domain in vivo and resultantly increase phosphatase activity [48,49]. The interaction of the
TPR domain with HSP90 and the negative regulation of heat shock factor 1 (HSF1), which is
a transcription factor that controls HSP70 and HSP90, among others, is thought to influence
PP5 on glucocorticoid receptor-mediated action [27,50]. PP5 likewise affects cell apoptosis
processes by being able to inhibit H2O2-induced activation of ASK-1 (apoptosis signal-
regulated serine/threonine kinase-1), thereby preventing the ASK1-dependent signaling
pathway of cell apoptosis [14]. Little is known about cardiac functions of PP5. Recently,
it was reported that S100 proteins can modulate PP5 functions [51] and S100A1 that
amongst others interacts with the cardiac ryanodine receptor and the Ca2+ ATPase of the
sarcoplasmic reticulum (SERCA), plays an important role in the inflammatory response
in cardiomyocytes [52,53]. We have previously generated and described transgenic mice
with cardiac muscle cell-specific overexpression of PP5 and demonstrated that PP5 serves
as a modulator of cardiac function [11] and inflammation (Figure 1) [3]. Moreover, PP5
in association with HSP90 interacts with the sarcomeric mechanosensor complex and
regulates titin phosphorylation and function at the myofilaments of cardiac myocytes [54].

In the present work, the effects of co-overexpression of the catalytic subunit of PP2A
and PP5 on cardiac performance, taking into account stress parameters such as β-adrenergic
stimulation and hypoxia, as well as age, were investigated. Parts of the results have been
presented and published as congress abstracts [55–59].

2. Results
2.1. Phenotype of Transgenic Mice

As depicted in Figure 2A, the relative heart weight was higher in PP2A mice than in
WT or PP5 mice, and in addition, DT had a larger relative heart weight than WT or PP5
in mice of age group I (Figure 2A left-hand side). However, in older DT mice (age group
II), the relative heart weight was smaller than in PP2A mice (Figure 2A right-hand side)
because of the increased body weight in DT mice with age (Figure 2D). Typical photographs
of the hearts of young and middle-age mice are shown in Figure 2C. They confirm the
cardiac hypertrophy of DT mice that was present in age group I mice and still preserved in
the older age group II mice. The photographs further illustrate severely hypertrophic atria
in DT. In addition, lung weight in younger DT mice was increased compared to the other
genotypes (Table 1). The question of how these mice are different in their life expectancy
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arose here. Interestingly, in DT mice, the survival was worse than in PP2A and PP5 mice.
PP2A and PP5 mice did not exhibit reduced survival compared with WT (Figure 2B). From
some hearts, exemplary histological slices were prepared to get a general overview of the
cardiac morphology and fibrosis. Histologically, no gross alterations between phenotypes
were noted in hematoxylin-eosin staining; however, in Masson Goldner trichrome staining,
signs of fibrosis were notable in younger DT animals (data not shown), which became more
apparent in middle-age animals of DT and of PP2A, too (Figure 3).

Figure 2. Cardiac gravimetry and survival. (A): Relative heart weight (heart weight/body weight quotient) of young (age
group I) and middle-age (age group II) mice, (B): Time dependent survival of WT, PP2A, PP5 and DT mice. WT: n = 10;
PP2A: n = 13; PP5: n = 13; DT: n = 25. (C): Photography of typical hearts of mice of both age groups from the four genotypes
studied, (D): body weight of young and middle-age mice, # p < 0.05 vs. WT; + p < 0.05 vs. PP2A; § p < 0.05 vs. PP5; * p < 0.05
vs. age group I.

Table 1. Organ weights (m = weight) of young (age group I) and middle-age (age group II) mice.

Age Group I Age Group II

WT PP2A PP5 DT WT PP2A PP5 DT

n 24 18 20 13 21 19 22 8

mLung [mg] 220 ± 9 214 ± 8 213 ± 5 262 ± 17 #,+,§ 290 ± 7 * 311 ± 10 * 245 ± 8 #,* 273 ± 22

n 24 18 20 13 21 19 22 8

mLiver [mg] 1878 ± 83 1694 ± 99 1752 ± 85 2025 ± 99 2310 ± 88 * 2468 ± 162 * 1846 ± 82 # 2695 ± 227 §,*

n 11 12 19 13 8 8 22 13

mKidney [mg] 566 ± 47 523 ± 38 511 ± 39 501 ± 29 587 ± 53 527 ± 48 518 ± 26 573 ± 44

# p < 0.05 vs. WT; + p < 0.05 vs. PP2A; § p < 0.05 vs. PP5; * p < 0.05 vs. age group I.
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Figure 3. Hematoxylin-Eosin-staining (HE) and Masson-Goldner-trichrome-staining (MG) of heart slices from WT, PP2A,
PP5 and DT mice of age group II.

2.2. Expression of PP2A and PP5

Next, it was of interest to assess the level of protein overexpression of PP. As seen in
the representative original Western blots, the patterns of overexpression were comparable
in the atrium and ventricle (Figure 4A). PP2Ac was overexpressed in PP2A mice compared
to WT and PP5 (Figure 4B,D), but interestingly in DT, the protein expression of PP2Ac was
only slightly increased compared to WT (without significance). However, PP5 was overex-
pressed in PP5 and DT compared to WT and PP2A in atria and ventricles (Figure 4C,E).
Again, to our surprise, the overexpression in DT mice was less than in middle-age PP5 mice
(Figure 4C). Moreover, the overexpression did not differ between young and older mice. A
somewhat different pattern emerged on the mRNA level: in younger mice, the mRNA for
the PP2Acα-TG was higher in PP2A mice compared to DT mice (Figure 4F, left-hand side).
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In older mice, this difference vanished (Figure 4F, right-hand side). A different pattern was
observed for PP5. The mRNA for the PP5-TG was higher in PP5 mice compared to young
and middle-age DT mice (Figure 4G). Furthermore, the PP activity in the hearts of the mice
was determined. Interestingly, independent of the reduced PP2A protein overexpression
observed in DT hearts, the PP2A activity (Figure 4H) as well as the PP1 activity (Figure 4I)
were increased to the same amount in young and middle-age PP2A and DT mice compared
to WT or PP5 mice.

2.3. Atrial Measurements

In isolated left atrial preparations of the younger mice (age group I), we noted an
impaired positive inotropic effect of isoproterenol in DT (Figure 5A). Likewise, the time
to peak tension was prolonged in DT, and isoproterenol was not able to shorten this
parameter to the values measured in the other three genotypes investigated (Figure 5C).
Similarly, the time of relaxation was longer in DT compared to WT and PP5. This parameter
was shortened by isoproterenol in DT but did not reach the smaller values of the other
genotypes (Figure 5E). Under the conditions of isoproterenol followed by hypoxia, the
maximum and minimum rate of tension development were determined at the end of the
hypoxia. The maximum rate of tension development (Vmax) as well as the minimum rate
of tension development (Vmin), a measurement of the ability of a muscle to relax under
isometric conditions, was unchanged between genotypes (Figure 5G).

Figure 4. Cont.



Int. J. Mol. Sci. 2021, 22, 9448 7 of 26

Figure 4. Protein expression of PP2Ac and PP5 in ventricles and left atria of young (age group I) and middle-age (age
group II) mice. (A): Typical Western Blots, Calsequestrin (CSQ) as loading control; (B): PP2Ac-expression in ventricle;
(C): PP5-expression in ventricle; (D): PP2Ac-expression in left atrium; (E): PP5-expression in left atrium. mRNA level of
PP2Ac and PP5 in ventricles of young and middle-age mice. (F): plot of cardiac mRNA density of PP2A in young and
middle-age mice, (G): plot of cardiac mRNA density of PP5 in young and middle-age mice. Enzymatic activity against
phosphorylase a of PP1, PP2A in ventricles of young and middle-age mice. (H): Activity of PP2A; (I): Activity of PP1.
# p < 0.05 vs. WT; + p < 0.05 vs. PP2A; § p < 0.05 vs. PP5; * p < 0.05 vs. WT (Students t-test); n = 4–12.

However, in atrial preparations that undergo first a period of hypoxia followed by
isoproterenol, a diminished positive inotropic effect of isoproterenol was noted in PP5 and
DT compared to both, WT and PP2A, whereby the positive inotropic effect of PP2A was
also decreased compared to WT (Figure 5B). Whereas the peak to tension was prolonged in
DT (Figure 5D), no differences in relaxation time were detected (Figure 5F). However, the
maximum peak of tension development at the highest concentration of isoproterenol was
less in PP2A and PP5 than in WT; DT fared even worse (Figure 5G, left-hand side). Similar,
the minimum rate of tension development was found to be increased by isoproterenol but
less in PP2A and PP5 compared with WT and even less in DT compared with all other
genotypes (Figure 5G, right-hand side). Typical original recordings of the contraction
force in left atria and the evaluated ranges of the peak are shown in Figure 6A,B. The
EC50-values (molar drug concentration for the half-maximum effect) of isoproterenol in left
atria demonstrate a decreased positive inotropic effect by hypoxia in all transgenic mice.
Interestingly, in the older PP2A, the positive inotropic effect was decreased equally under
normoxic and hypoxic conditions (Figure 6C).
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Figure 5. Cumulative concentration response curves of isoproterenol in isolated paced (1 Hz) atrial preparations under
normoxic control conditions (A,C,E,G) or after hypoxia (B,D,F,H)) in young (age group I) mice. (A,B): Cumulative
concentration response curves of isoproterenol on force of contraction; (C,D): Cumulative concentration response curves
of isoproterenol on time to peak tension. (E,F): Cumulative concentration response curves of isoproterenol on relaxation
time. # first significant difference p < 0.05 vs. WT; + first significant difference p < 0.05 vs. PP2A; § first significant difference
p < 0.05 vs. PP5; n = 5–12. (G,H): Cumulative concentration response curves of isoproterenol on minimum (Vmin) and
maximum (Vmax) rate of tension development. # p < 0.05 vs. WT; + p < 0.05 vs. PP2A; § p < 0.05 vs. PP5; n = 8–16.
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Figure 6. Typical original recordings of the contraction force in left atria (A) and the evaluated ranges of the peak
(B) and corresponding logEC50-values on cumulative concentration response curves of isoproterenol of isolated left atrial
preparations on contraction force of young (age group I) mice and middle-age (age group II) mice (C). # p < 0.05 vs. WT;
+ p < 0.05 vs. PP2A; § p < 0.05 vs. PP5; & p < 0.05 vs. age group I, n = 4–12. Cumulative concentration response curves of
isoproterenol on beating rate in isolated spontaneously beating right atrial preparations under normoxic control conditions
(D) or after hypoxia (E) in middle-age mice and corresponding logEC50-values (F). # p < 0.05 vs. WT; + p < 0.05 vs. PP2A;
& p < 0.05 vs. age group I; * p < 0.05 vs. normoxic; n = 4–13.
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Whereas the positive chronotropic effect to isoproterenol in the isolated right atrial
preparations of the studied mice under normoxic conditions was similar in all genotypes
(data not shown), the beating rate was diminished in young DT (Figure 6D) and in older DT
(Figure 6E) after hypoxia. Of note, in middle-age DT, the positive chronotropic effect after
hypoxia was altered: the EC50-value was significantly lower than in the other genotypes
(Figure 6F).

2.4. Ventricular Function

Compared to the atrial function, it is obviously relevant how cardiac function is
altered in the ventricle and in the intact mouse because these measurements might monitor
the clinical situation more faithfully. Therefore, echocardiographic measurements were
performed. Original recordings of the parasternal long-axis view in WT and DT mice
under basal conditions and after induction of cardiac stress by β-adrenergic stimulation
with isoproterenol are shown in Figure 7A. Here, we noted some substantial impairments
of left ventricular ejection fraction (EF) in PP2A and DT compared to WT but not in PP5
compared to WT under basal conditions (Figure 7B, left-hand side). Interestingly, the
differences between DT and the other genotypes became more visible under substantial
burden after β-adrenergic stimulation: the isoproterenol-mediated increase in EF was
nearly eliminated in DT compared to all other genotypes (Figure 7B, right-hand side). By
this way, it could be demonstrated that β-adrenergic stimulation (sympathetic activation)
was not suitable to increase the inotropy of the failing hearts in DT. Moreover, the beating
rate was less responsive to isoproterenol in DT in contrast to the other genotypes (Figure 7C).
In PP2A and DT mice, left ventricular systolic and diastolic dimensions were found elevated
under basal conditions (Figure 7D,E left-hand side). Under β-adrenergic stimulation by
isoproterenol, ventricular dimensions appeared normalized in PP2A but remained worse
in DT (Figure 7D,E right-hand side). A similar pattern holds true if one looks to the tissue
Doppler measurements (Figure 8A) and especially to the early diastolic mitral annular
velocity (E′). Here again, even under basal conditions, PP2A and DT were impaired, and
after isoproterenol, PP5 exhibited a detrimental increase in E′ compared to WT (Figure 8D).
A detrimental function in a more isolated pattern was visible in the ejection time. EF was
not shortened after isoproterenol in DT but in all other genotypes (Figure 8E). Similarly, the
cardiac isovolumetric contraction time (IVCT) was larger in PP2A and DT than in WT or
PP5. IVCT was found to be shortened less in DT after isoproterenol injection (Figure 8B). A
somewhat comparable result was noted in the cardiac isovolumetric relaxation time (IVRT):
here, PP2A was even more impaired than DT (Figure 8C). A similar impairment of cardiac
function was seen in the myocardial performance index (MPI). It was higher in PP2A and
DT than in WT or PP5 (Figure 8F). Next, the flow through the aorta ascendens and the
arteria pulmonalis was measured. Typical original recordings and the way we quantified
these recordings are shown in Figure 8G,I. Under basal conditions, the peak flow in the
arteria pulmonalis was smaller in DT than in the other genotypes (Figure 8H, left-hand
side) and isoproterenol was able to increase the peak flow in WT and in DT but not in
PP2A and PP5 (Figure 8H, right-hand side). A similar but not identical pattern was found
in the aorta ascendens: under basal conditions, peak flow was smaller in DT than in all
other genotypes (Figure 8J, left-hand side). However, in this case, isoproterenol was able
to increase the peak flow through the aorta in all genotypes (Figure 8J). Nevertheless, the
peak flow in the aorta ascendens after isoproterenol was smaller in DT than in the other
genotypes (Figure 8J, right-hand side). Finally, the echocardiographic measurements can
be roughly summarized as follows: PP5 mice mostly behave similar to WT. The cardiac
function of PP2A mice was impaired compared to WT (and PP5) but the cardiac function
of DT mice was further deteriorated compared to all other genotypes. Interestingly, the
cardiac function was not further deteriorated by age as shown exemplarily for the ejection
fraction (Table 2).
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Figure 7. M-mode echocardiography with original recording under basal conditions (Ctr) and after isoproterenol (Iso) in the
young mice (age group I). (A): Original M-mode recording of WT and DT in young mice; (B): Ejection fraction; (C): Heart
rate; (D): Left ventricular (LV) systolic diameter; (E): Left ventricular (LV) diastolic diameter; # p < 0.05 vs. WT; + p < 0.05 vs.
PP2A; § p < 0.05 vs. PP5; * p < 0.05 vs. Ctr; n = 5–9.
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Figure 8. Typical original tracings of Doppler-echocardiography in young (age group I) mice before (Ctr) and after application
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of isoproterenol (Iso). (A): Original recording of tissue Doppler; (B): isovolumetric contraction time (IVCT); (C): isovolumetric
relaxation time (IVRT); (D): early diastolic velocity of the mitral anulus (E′); (E): ejection time; (F): myocardial performance
index (MPI); (G): Typical original recording of Doppler-mode in arteria pulmonalis; (H): Peak velocity in Arteria pulmonalis;
(I):Typical original recording of Doppler-mode in Aorta ascendens; (J): Peak velocity in Aorta ascendens; # p < 0.05 vs. WT;
§ p < 0.05 vs. PP5; + p < 0.05 vs. PP2A; * p < 0.05 vs. Ctr; n = 4–11.

Table 2. Ejection fraction (EF) estimated by echocardiographic under basal conditions and after β-adrenergic stimulation by
isoproterenol (Iso) in young 3–4 months old mice (age group I) compared to the middle-age 10–11 months old mice (age
group II).

WT (n = 7) PP2A (n = 8) PP5 (n = 7) DT (n = 5)

EF [%] Age Group I Age Group II Age Group I Age Group II Age Group I Age Group II Age Group I Age Group II

Basal 51.1 ± 4.31 51.5 ± 3.35 22.6 ± 1.60 # 24.9 ± 2.31 # 51.5 ± 2.4 48.6 ± 3.99 19.0 ± 3.2 #,§ 19.8 ± 3.2 #,§

Iso 91.1 ± 2.26 * 92.4 ± 1.28 * 62.1 ± 6.33 #,* 61.0 ± 4.21 #,* 85.0 ± 2.56 * 79.0 ± 4.53 * 30.5 ± 6.55 #,+,§ 32.2 ± 5.10 #,+,§

# p < 0.05 vs. WT; + p < 0.05 vs. PP2A; § p < 0.05 vs. PP5; * p < 0.05 vs. basal.

2.5. mRNA Expression

As major markers of heart failure, we have chosen to measure the mRNAs of the
atrial natriuretic peptide (ANP) and the B-type natriuretic peptide (BNP). The biological
functions of natriuretic peptides and their involvement in the regulation of, e.g., blood
pressure have been investigated for a long time (review in, e.g., [60,61]). The cardiac
expression of ANP and BNP was found to be up-regulated in several kinds of heart
disease including cardiac hypertrophy, cardiomyopathies, and mechanical stress (review
in [62–64]). Consistent with our echocardiographic findings, we noted higher mRNA levels
for ANP and BNP in PP2A mice and DT, at least in mice of age group I (Figure 9A,B,
left-hand side). However, in older hearts (age group II), ANP and BNP remained elevated
only in DT mice (Figure 9A,B, right-hand side). Heart failure has often been shown to be
correlated with inflammation [65]. Hence, we attempted to assess inflammation in the heart
by measuring mRNA parameters. Here, we noted that some parameters of inflammation
were actually elevated. A somewhat selective parameter of inflammation was IL-6; its
mRNA was greatly and selectively enhanced in young DT, but this elevation was greatly
reduced with time in middle-age DT (Figure 9C). Whereas no significant differences for
tumor necrosis factor-α (TNF-α) were noted (data not shown), nuclear factor kappa B
(NF-κB) increased in young mice with genetically modified PP (Figure 9D, left-hand side).
This elevation subsided with age (Figure 9D, right-hand side). Fibrosis, which we saw in
histology (Figure 3), is also probably visible on the mRNA level. Typical parameters of
fibrosis were elevated in DT (Figure 9E–G). Here, similar to above, the differences were
more pronounced in young hearts than in older hearts. This was also found for collagen
1α1, collagen 3α1 and fibronectin 1 (Figure 9E–G).

2.6. Protein Phosphorylation

The phosphorylation of some proteins was measured in left atria that were treated
with isoproterenol and deep-frozen at the highest concentration of isoproterenol. That is
accompanied physiologically by the maximum phosphorylation of regulatory proteins.
For exemplary Western blots see Figure 10A. In those atria the phosphorylation of Akt and
phospholamban at serine-16 in young and middle-age DT mice was reduced compared
with the other genotypes (Figure 10C,E). The phosphorylation of p38-MAPK and troponin
I (TnI, data not shown) was similar in all genotypes (Figure 10G). In atria, which were
frozen directly after hypoxia (for exemplary Western blots see Figure 10B), similarly, the
phosphorylation of serine-16 was decreased in young and middle-age DT mice (Figure 10D)
and Akt phosphorylation was reduced in the older DT mice (Figure 10F, right-hand side).
In contrast, the phosphorylation of p38-MAPK was also reduced in young DT mice.
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Figure 9. 2−∆CT-plot of cardiac mRNA density of markers of heart failure, inflammation and fibrosis in young (age
group I) and middle-age (age group II) mice. (A): atrial natriuretic peptide (ANP); (B): B-type natriuretic peptide (BNP);
(C): interleukine-6 (IL-6); (D): Nuclear factor kappa B (NF-κB); (E): collagen type I, alpha 1 (Col1α1); (F): collagen type 3,
alpha 1 (Col3α1); (G); fibronectin 1 (Fn1); # p < 0.05 vs. WT; + p < 0.05 vs. PP2A; § p < 0.05 vs. PP5; * p < 0.05 vs. young;
n = 5–6.
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Figure 10. Phosphorylation state of regulatory proteins in atria freeze clamped directly after isoproterenol and directly
after hypoxia of young (age group I) and middle-age (age group II) mice. (A): Original Western blots after isoproterenol,
Calsequestrin (CSQ) as loading control; (B): Original Western blots after hypoxia; Calsequestrin (CSQ) as loading control;
(C): Serine-16 phosphorylation of phospholamban (p-Ser-16-PLB) after isoproterenol, (D): Serine-16 phosphorylation of
phospholamban after hypoxia; (E): Phospho-Akt (p-Akt) after isoproterenol; (F): Phospho-Akt after hypoxia; (G); Phospho-
p38-MAPK (p-p38) after isoproterenol; (H): Phospho-p38-MAPK after hypoxia; # p < 0.05 vs. WT; + p < 0.05 vs. PP2A;
§ p < 0.05 vs. PP5; n = 3–6.
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3. Discussion

We have shown before that when PP2Ac is overexpressed, this leads to hypertrophy
over time [10]. This effect was also detected, but to a milder extent, in PP5 overexpressing
mice [11]. Here, we tested the hypothesis that the effects of one PP can influence the effects
of the other PP. Indeed, we noted a greatly deteriorated phenotype in DT mice. More
specifically, the heart weight increased substantially in DT. Of note, the body weight in
young DT was similar to WT. This could indicate a diseased state in DT compared with
PP2A or PP5, which might be a plausible interpretation because the EF was small in DT,
and this might lead to increased lung edema, measurable here in increased lung weight
in DT. Indeed, relative heart weight has limited value for assessing cardiac hypertrophy
when body weight changes with age, but the photographs of DT mouse hearts illustrate
the strong cardiac hypertrophy in young and middle-age DT mice. A reduction in EF
is clearly functionally relevant because the survival was found to be impaired in DT
mice while PP2A and PP5 mice showed no significant impairment in life expectancy in
this set of experiments, which is in agreement with our previous publications on these
animals [3,10,11]. Histological data indicate fibrosis in the older DT and PP2A mice.
Even though the fibrosis was not quantified, which was also not the intended goal of the
histology; these data are plausible and might explain in part the problems these hearts have
in relaxing. This impairment of relaxation can be clearly seen on isolated tissues and in
intact animals. More specifically, impaired relaxation is obvious as a prolonged relaxation
time in left atrial preparations under basal conditions, but it becomes more apparent under
β-adrenergic conditions, which are well-known in the literature [66]. Of note, the impaired
shortening of the time of relaxation and the impaired minimum rate of relaxation after
stimulation with isoproterenol all are consistent with impaired cardiac relaxation, even in
the left atrium. This is found in a clinical situation only in the late stages of heart failure.
Likewise, this is consistent with the impaired Tei-Index (MPI) in DT, an indicator of global
impairment of cardiac relaxation [67].

As concern hypoxia as a stressor for cardiac function, there is prior evidence that it is
related to PP2A expression. For instance, in experimental hypoxia, the expression of PP2A
on protein level increased in the brain of neonatal piglets [68]. In ischemic human hearts,
the expression of PP2Ac was found to be enhanced [2]. Likewise, after five days of coronary
occlusion in dogs, the expression of PP2Ac was increased in the ischemic cardiac area [2].
At least in AC16 cells (an immortalized cell line of ventricular cardiomyocytes), prolonged
hypoxia can lead to decreased expression of PP2Ac and PP2A enzyme activity [69]. In
the present work, we addressed this issue by another approach: we genetically increased
PP2Ac expression and then asked how this would alter any tolerance for hypoxia. As seen
in the EC50-values in Figure 6C, in middle-age PP2A mice, the atria could be regarded
as protected against a loss of sensitivity to isoproterenol-stimulation, this protection was
absent in younger animals and in DT animals as well as PP5 mice. One can, at present, only
speculate that PP2A might alter the phosphorylation state of the β-adrenoceptor, which has
been reported at least in vitro [70]. This issue needs to be elucidated in subsequent studies.

The reduced positive inotropic effect of isoproterenol in the left atrium is a classic sign
of systolic heart failure in humans, dating back at least to the seminal paper of Michael
Bristow [71]; this sign is usually explained by reduced density of β-adrenoceptors in heart
failure and a putative protective mechanism for cardiac survival [72]. The longer time to
peak tension in DT mice might be explained as follows: less phosphorylation of regulatory
proteins under basal and stimulated conditions might indicate less phosphorylation of Ca2+

channels and less Ca2+ in the cytosol as well as less storage of Ca2+ in the sarcoplasmic
reticulum during diastole; this means it would take longer to complete a cardiac circle.
This is consistent with a reduced increase in the rate of tension development because of
isoproterenol. The positive chronotropic effect of isoproterenol was found to be unaltered
in young DT mice but altered in the older DT mice, which might indicate that a different
compartment of cAMP is present in the sinus node, which is in line with current thinking
(review in [73]).
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In a clinical situation, we usually assess the function of the left ventricle because it
is crucial for the maintenance of the circulation. To assess the systolic function and to
diagnose diastolic heart failure, EF is typically assessed. Therefore, we started to measure
EF in our animal models resulting in a diminished EF in PP2A and DT mice to similar low
levels indicative for a systolic cardiac dysfunction. Moreover, we injected intraperitoneally
isoproterenol because this is known to make it easier to detect smaller impairment of
cardiac function, which might be masked under basal conditions and can give us a measure
of the exercise capacity of the heart under defined stressful conditions. Here, the M-mode
echocardiography of the hearts of the three genotypes is very telling. It is apparent that
the systolic function of DT hearts is impaired under basal conditions and that they even
more badly than PP2A hearts do not adequately respond to sympathetic activation here
simulated by injection of isoproterenol (Figure 7B). Incidentally, it seems obvious that
this concept of increasing cAMP to sustain cardiac inotropy is not a suitable therapeutic
option for this kind of heart failure. This pattern is substantiated by the quantitative
measurements of several echocardiographic parameters. Moreover, the data are consistent
with our previous work, which indicated that PP5 mice exhibit a milder reduction in systolic
and diastolic cardiac performance than PP2A mice [3,10,11]. Here, the difference found in
DT mice is striking: they nearly always perform worse (in systolic and diastolic function)
than PP5 and even than PP2A mice and clearly always show diminished performance
compared with WT. However, the echocardiographic data are also consistent with the
initial data in isolated right atrial preparations: in the intact animal much like in the organ
bath, the positive chronotropic effect of isoproterenol is blunted.

As a read out or consequence of impaired left ventricular function, we were interested
to measure the functional role of the blood flow in arteries. Here, the same pattern as
previously found emerged: peak flow in DT mice in the aorta ascendens fare worse than
all other genotypes tested. Moreover, blood flow measurements also offered the indirect
possibly to measure the function of the right ventricle, which we cannot easily assess in
our echocardiographic measurements because it is so small in the mouse and often is
hidden behind other structures. However, as a surrogate parameter for right ventricular
performance, we measured flow through the arteria pulmonalis, which we found to be
reduced in DT.

As expected, PP2Ac and PP5 were higher in PP2A mice or PP5 mice than in WT
mice on the protein level and mRNA level, much like we published for these mice be-
fore [3,10,11,74]. A novel finding was a combined overexpression of PP2Ac and PP5 in DT.
Interestingly, RNA and protein overexpression of PP2Ac and PP5 are lower in DT than
in monotransgenic PP2A or monotransgenic PP5 mice. This effect can be assumed to be
specific because in a different double transgenic model, the PP2A mice were crossbred with
5-HT4 receptor overexpressing mice and in these double transgenic mice, PP2A expression
was unchanged compared to the monotransgenic PP2A mice [75]. Hence, some interesting
interaction could exist. It is known that PP5 can bind to A and B subunits of the PP2A
holoenzyme, for example to the PR65 and PR72 subunit of PP2A [76]. Moreover, via
binding to PP2A B-subunits, PP5 is involved in the regulation of P-glycoprotein expression
and function [77] or NF-κB activation [78] or cell cycle progression [79]. This in turn alters
the function of PP5. Thus, we speculate that interaction of substrates for PP5 and PP2A
occurs and this might alter the stability of the RNA and/or the protein in DT. Other actions
and interactions might take place on the gene transcription factors because both PP5 and
PP2A dephosphorylate transcription factors, for example p53 [80,81]. Currently, the de-
tails of possible interactions in our DT mice remain unclear but should be addressed by
further studies.

Cardiac hypertrophy as a compensatory mechanism to keep the heart in a compen-
sated dysfunction state is usually accompanied by altered biochemical parameters, some
of which are used clinically to assess the severity of cardiac dysfunction in patients. Consis-
tent with this previous knowledge, it is plausible that the mRNAs for ANP and BNP are
elevated in DT hearts. Interestingly, the levels of ANP/BNP mRNAs and others are low
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in the age group II compared to age group I. One could speculate that in the age group I
of PP2A and DT mice, a counter-regulation occurs to compensate the cardiac dysfunction
induced by the increased phosphatase activity. The compensatory mechanisms seem to
be at least in part successful, which is demonstrated by the transient increase in the tested
marker genes. Therefore, the mice develop a compensated cardiac hypertrophy with a final
state already reached in the age group I (functional parameters were not further diminished
in the group of middle-aged mice) but the transition to decompensated heart failure is
prevented. On the other hand, it can at present only be speculated why the mortality of
the DT increased. This remains currently unclear; because of technical limitations, e.g.,
telemetric ECG recordings were unavailable, it was not possible to determine the cause of
the death (systolic failure or arrhythmias).

Our data are consistent with the role of inflammation in the initiation of cardiac
dysfunction in DT: parameters such as IL-6 are much higher in DT than in the other
phenotype, but this elevation goes down with age. Hence, one might speculate that the
inflammation drives but does not maintain systolic cardiac dysfunction in DT. To get
closer to the mechanism of action of the overexpressed PP in DT, we looked for the known
substrates of PP2A and/or PP5 in vitro or in vivo [3,10]. Of special importance is the
reduced phosphorylation state and activity of PLB (Figure 10C,D, [35]) under normoxic
and hypoxic conditions. Reduced phosphorylation of PLB can easily explain why relaxation
is hindered in DT: dephosphorylated PLB inhibits the activity of SERCA [82]; thus, more
time is required to pump Ca2+ back into the sarcoplasmic reticulum and hence, Ca2+

is longer near the filaments; this means that contraction takes longer and relaxation is
impaired. The mechanism proposed is consistent with elevated PP2A activity in PP2A
and DT mice. One may ask why PP1 activity is increased in PP2A and even more in
DT mice. In general, the gene expression profile may be differentially regulated in PP2A
and DT mice. However, the increased PP1 activity is consistent with our previous work
in PP2A mice, where we noted an increase in PP1 activity because of lower expression
levels of I-2, an endogenous inhibitory protein of PP1, as well as reduced phosphorylation,
hence creating less action of inhibitor-1 of PP1 (I-1), which we and others have previously
reported [7,21,83,84]. In this sense, the increased activity of PP1 may be responsible, at
least in part, for the more pronounced phenotype of the DT mice as it is known that cardiac
overexpression of PP1 alone is more detrimental compared to PP2A overexpression [1,85].
In summary, we noted that combined overexpression of two phosphatases namely PP2A
and PP5 lead to pronounced cardiac hypertrophy and increased mortality, possibly due to
the overlapping substrates and regulatory proteins of PP2A and PP5.

Limitations of the study are missing ECG recordings and ventricular hemodynamic
measurements. However, it was failed to get stable recordings in DT: hemodynamic
measurements are quite stressful for mice and the DT are apparently too frail to allow
meaningful measurements. Therefore, these instructive data had to be omitted from the
present study. Moreover, using the less invasive method of echocardiography we are able to
report on left ventricular function which might overcome this drawback. Furthermore, we
measured isometric force of contraction only in atrial preparations and not in ventricular
preparations because of the technical limitations. In our experience, the preparations of
mouse papillary muscles seldom lead to stable recordings. Here, we would again argue that
we have reported on left ventricular functions by performing detailed echocardiography
analysis. Another limitation is the missing measurement of the PP5 activity that would
allow comparing if the protein und mRNA levels of PP5 correspond to the PP5 activity
in DT mice. However, in PP5 mice, the activity assay shows similarly results with PP5
protein expression in PP5 mice [11]. Therefore, we hypothesize that PP5 activity in DT
mice might be changed in similar way to the protein levels of PP5. Finally, it is a limitation
that it was not possible to answer the question why the ANP/BNP levels get low with age
in PP2A and DT mice in spite of a persistent cardiac dysfunction and an increased cardiac
hypertrophy. One can even speculate that the decrease on ANP/BNP in middle-aged
mice is a biochemical surrogate parameter consistent with a successful compensation of
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the initial decline in cardiac function in young mice (age group I). Obviously, there are
discrepancies between functional (echocardiography) and biochemical diagnoses of heart
failure which were beyond the scope of the present study but might be a worthwhile object
for subsequent work. Nevertheless, there is a connection of hypertrophy and heart failure
in humans that has been reviewed recently (e.g., [86,87]).

4. Materials and Methods
4.1. Transgenic Mice

All mice used in this study had a genetic CD1 background. Two transgenic lines either
with cardiac muscle cell-specific overexpression of rat PP5 [11] or the α-isoform of the
catalytic subunit of mouse PP2A (PP2Acα) [10] and as controls their wild-type littermates
(WT) were used. Cardiac muscle cell-specific expression was achieved by the use of an
expression cassette containing the full length mouse α-myosin heavy chain promoter
randomly inserted into the mouse genome by oocyte injection. PP5 transgenic mice were
generated utilizing the cDNA of rat PP5 along with 483 base pairs of the 3′ untranslated
region as described previously [11]. PP2A transgenic mice were generated utilizing the
cDNA of mouse PP2Acα along with 69 base pairs of the 5′ untranslated and 326 base pairs
of the 3′ untranslated region as described before [10]. PP2AxPP5 double-transgenic mice
were obtained by cross breeding PP2A and PP5 transgenic mice. All transgenic mice were
identified by PCR assay of tail genomic DNA. For the experiments, heterozygous mice of
each gender were used that were either three to four months old (=young experimental
group labeled as “age group I”) or ten to eleven months old (=middle-age experimental
group labeled as “age group II”). The results from both genders have been pooled due
to the missing differences between male and female mice. The relative heart weight was
calculated from the quotient of heart weight/body weight. The animals were handled and
maintained according to the approved protocols of the animal welfare committee of the
University of Halle-Wittenberg, Halle (approval reference number 42502-02-1518 MLU).

4.2. Contractile Studies in Mice

In brief, right or left atrial preparations were isolated and mounted in organ baths
as described before [88–90]. The bathing solution of the organ baths contained (in mM)
NaCl, 119.8; KCI, 5.4; CaCl2 1.8; MgCl2, 1.05; NaH2PO4, 0.42; NaHCO3, 22.6; Na2EDTA,
0.05; ascorbic acid, 0.28; and glucose, 5.05, continuously gassed with 95% O2 and 5% CO2
and maintained at 37 ◦C and pH 7.4 as described. Preparations were attached to a bipolar
stimulating electrode and suspended individually in 10 mL glass tissue chambers for
recording isometric contractions. Force of contraction was measured with inductive force
transducers connected to a chart recorder. Time parameters of single contractions were
evaluated at high chart speed. The atrial preparations were electrically stimulated at 1 Hz
with rectangular pulses of 5 ms duration; the voltage was ~10–20% greater than threshold.
Right atrial preparations were attached in the same set-up but were not electrically stimu-
lated and allowed to contract spontaneously. Contractions were measured in an isometric
set-up. Atria were attached with fine sutures to a hook in the organ bath and a isometric
force transducer. Signals were amplified and continuously fed into a chart recorder (Power-
Lab system, ADInstruments, Oxford, UK). For hypoxia measurements, after equilibration
time atrial preparations were gassed with 95% N2 and 5% CO2 for 30 min, followed by
30 min of reoxygenation under normoxic conditions. In the experiments we differ between
atrial preparations which undergo an equilibration time (a) followed by a cumulative
concentration response curve with isoproterenol from 1 nM to 10 µM and (b) followed by
hypoxia, reoxygenation with a subsequent cumulative concentration response curve with
isoproterenol from 1 nM to 10 µM. In left atria the contractile parameters were evaluated.
The force of contraction was the difference between the maximum and minimum tension
at constant muscle length. The change of the force of contraction to the previous status in
∆mN was analyzed. The time from 10% of generated force to peak force was regarded as
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time to peak tension and the time from peak force to 90% relaxation was termed relaxation
time. In right atria the beating rate in bpm was measured.

4.3. Echocardiography

Transthoracic echocardiographic measurements in spontaneously breathing mice were
performed under anesthesia with 1.5% isoflurane using a Vevo 2100 system equipped with a
MS 550D transducer (Visual Sonics, Toronto, ON, Canada). Two-dimensional images and M-
mode tracings were recorded from the parasternal long axis view. The cardiac dimensions
were measured, and the ejection fraction of the hearts was calculated. In addition, the
Doppler option of the Vevo 2100 system was used for arterial flow measurements and tissue
measurements, as described previously [3,74]. Ejection fraction of the heart was calculated
from the M-mode left ventricular (LV) volume as follows: 100 * (LVEDV-LVESV)/LVEDV,
where LVEDV is the LV end-diastolic volume and LVESV is the LV end-systolic volume.
The myocardial performance index of the heart was calculated from the tissue Doppler
as follows: (IVCT + IVRT)/ET, where IVCT is the iso-volumetric contraction time, IVRT
the iso-volumetric relaxation time and ET the ejection time. For experiments under β-
adrenergic stimulation, isoproterenol (0.7 mg/kg) was injected intraperitoneal. The use of
1.5% isoflurane as an anesthetic in mice and the intraperitoneal injection of isoproterenol in
echocardiogaphy are well established methods and have been routinely used in previous
studies [91].

4.4. Preparation of Homogenates

Frozen ventricular tissue samples were pulverized in a laboratory vibrating mill
(Mikro-Dismembrator, Sartorius, Göttingen, Germany) using PTFE vessels and tungsten
carbide grinding balls precooled in liquid nitrogen. The following steps were carried
out at 4 ◦C. Then, 300 µL of buffer containing 10 mM NaHCO3 and 5% SDS (to prevent
proteolysis and dephosphorylation of proteins) were added to the frozen, pulverized tissue.
The tissue was then homogenized three times for 30 s each with a Sonopuls ultrasonic
homogenizer (Bandelin, Berlin, Germany). Crude extracts were incubated at 25 ◦C for
30 min before centrifugation (10 min, 14,000× g) to remove debris and thereafter, the
supernatants (homogenates) were separated and stored at−80 ◦C until further use. Protein
was measured using the Lowry protein assay [92].

4.5. Western Blot Analysis

For the Western blot analysis, ventricular homogenates were prepared, and aliquots
of 60 µg protein were loaded per lane, as described previously [10]. Protein loading
was monitored by Ponceau staining of the nitrocellulose membranes and expression of
calsequestrin (CSQ). CSQ was used for normalization of protein expression because it is
a marker of cardiac myocytes. Bands were detected using enhanced chemifluorescence
(ECF, GE Healthcare, Munich, Germany) and a Typhoon™ 9410 Variable Mode Imager
(GE Healthcare, Munich, Germany). The signals were quantified with the ImageQuant
TL software (GE Healthcare, Freiburg, Germany). The list of primary antibodies used
is summarized in the section titled ‘Drugs and Materials’. Corresponding secondary
antibodies conjugated with alkaline phosphatase were purchased from Sigma-Aldrich
(Munich, Germany).

4.6. Protein Phosphatase Assay

Phosphorylase phosphatase activity (for PP1 and PP2A) with [32P]-phosphorylase as
the substrate was determined, as described previously [18]. Portions (20 mg) of pulverized
frozen heart ventricular tissue were homogenized at 4 ◦C three times for 30 s each with a
Polytron PT-10 (Kinematica, Luzern, Switzerland) in a 300 µL buffer containing (in mmol/L)
TRIS HCl (pH 7.0) 50.0, EDTA 0.1, β-mercaptoethanol 0.1% (v/v), PMSF 1, benzamidine
1. The homogenate was centrifuged for 20 min at 14,000× g. The incubation mixture
contained (mmol/L) TRIS HCl (pH 7.0) 20.0, caffeine 5.0, EDTA 0.1 and β-mercaptoethanol
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0.1% (v/v). The reaction was started by adding aliquots of homogenates (containing
3–11 µg protein) or aliquots of peak fractions. The samples were assayed in the presence
and absence of 3 nM okadaic acid, which completely inhibits PP2A activity; thus, the
remaining activity would only occur because of PP1 (for description see [93]). The reaction
was stopped by the addition of 50% trichloroacetic acid. The precipitated protein was
sedimented by centrifugation, and the radioactivity in the supernatant was counted in a
liquid scintillation counter.

4.7. Histological Analysis

The preparation of cardiac apex samples, mounting and staining was carried out as
published before [10]. To analyze the morphological features of transgenic myocardium,
dewaxed and rehydrated tissue sections of formaldehyde-fixed ventricular probes were
stained with hematoxylin and eosin (HE) and Masson-Goldner trichrome (MG). For imag-
ing a Zeiss Axio Imager Z1 microscope with an AxioCam Digital microscope camera was
used and analysed by AxioVision software (Carl Zeiss Vision GmbH, Aalen, Germany).

4.8. Real-Time Quantitative PCR

PCR was carried out as reported before [3]. In brief, the total RNA from pulverized
frozen heart ventricular tissue was isolated using the TRIzol® reagent (Invitrogen, Fisher
Scientific, Schwerte, Germany) according to the manufacturer’s instructions. Subsequently,
reverse transcription was performed using the Maxima First Strand cDNA Synthesis
Kit for RT-qPCR with dsDNAse (Fisher Scientific, Schwerte, Germany) according to the
manufacturer’s instructions. During cDNA synthesis, the remaining DNA was digested
with DNase I. Reverse transcription was performed with 5 µg RNA and a mixture of
oligo(dT)18 and random hexamer primers. As a control, each RNA sample was also
analyzed without reverse transcription (NRT). Finally, cDNA samples were diluted to a
volume corresponding to 10 ng RNA per µL. Real-time PCR amplification and detection
was performed with the Bio-Rad CFX Connect Real-Time PCR Detection System using
the iTaq Universal SYBR® Green Supermix Kit (BioRad Laboratories, Munich, Germany)
according to the manufacturer’s instructions. The relative expression of the genes of
interest was calculated according to the 2−∆∆CT method [94] by using the GAPDH signal
for normalisation. The primers either were developed with the software Discovery Studio
Gene v1.5 (Accelrys, Cambridge, UK) or were derived from the literature [95–98]. Primer
sequences are summarized in the section titled ‘Drugs and Materials’

4.9. Data Analysis

The data shown are means± SEM. Statistical significance was estimated by an analysis
of variance (ANOVA) followed by Bonferroni’s t-test or by using the student’s t-test when
appropriate. A p-value < 0.05 was considered significant. Experimental data for agonist-
induced positive inotropic and chronotropic effects were analyzed by fitting the sigmoidal
curves to the experimental data using GraphPad Prism 5.0. All other statistical analyses
were performed as indicated in the figures and tables. The statistical evaluation was
conducted with GraphPad Prism 5.0 (GraphPad Software, San Diego, CA, USA), which
was also used to produce the graphs. The n-numbers in the graph description or directly in
the graphs columns give the number of individual hearts studied.

4.10. Drugs and Materials

(−)-Isoproterenol (+)-bitartrate was purchased from Sigma-Aldrich (Deisenhofen,
Germany). All other chemicals were of the highest purity grade commercially available.
Deionized water was used throughout the experiments. Stock solutions were freshly
prepared daily.

Primary antibodies: polyclonal rabbit anti calsequestrin (#ab32141, abcam, Berlin,
Germany), monoclonal mouse anti SERCA2a (#ab2861, abcam, Berlin, Germany), mono-
clonal rabbit anti PP2A alpha and beta (#ab32141, abcam, Berlin, Germany), monoclonal
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mouse anti PP5 (#611921, BD Biosciences, Heidelberg, Germany), polyclonal rabbit anti
Troponin I (#4002, Cell Signaling, Frankfurt am Main, Germany), polyclonal rabbit anti
phospho-Ser23/24 TnI (#4004, Cell Signaling, Frankfurt am Main, Germany), monoclonal
mouse anti Akt (#2902, Cell Signaling, Frankfurt am Main, Germany), monoclonal rabbit
anti phospho-Thr308 Akt (#4056, Cell Signaling, Frankfurt am Main, Germany), polyclonal
rabbit anti p38 MAPK (#9212, Cell Signaling, Frankfurt am Main, Germany), monoclonal
rabbit anti phosphor-Thr180/182 p38 MAPK (#4511, Cell Signaling, Frankfurt am Main,
Germany), monoclonal mouse anti PLB (#A010-14, Badrilla, Leeds, UK), polyclonal rabbit
anti phosphor-Ser16 PLB (#A010-12, Badrilla, Leeds, UK).

Primer sequences: ANP, forward, GTGCGGTGCCAACACAGAT, reverse, GCTTC-
CTCAGTCTGCTCACTCA; BNP, forward, CCAGTCTCCAGAGCAATTCAA, reverse, AGCT-
GTCTCTGGGCCATTTC; Col1a1, forward, ACATGTTCAGCTTTGTGGACC, reverse, TAG-
GCCATTGTGTGTATGCAGC; Col3a1, forward, TGGTAGAAAGGACACAGAGGC, re-
verse, TCCAACTTCACCCTTAGCACC; Fn1, forward, TTAAGCTCACATGCCAGTGC, re-
verse, TCGTCATAGCACGTTGCTTC; GAPDH, forward, ATGCATCCTGCACCACCAAC,
reverse, ATGCCTGCTTCACCACCTTC; IL-6, forward, CCGGAGAGGAGACTTCACAG, re-
verse, TTCTGCAAGTGCATCATCGT; NFκB, forward, GAAATTCCTGATCCAGACAAAAAC,
reverse, ATCACTTCAATGGCCTCTGTGTAG; TNFα, forward, CACACTCAGATCATCTTCT-
CAAAA, reverse, GTAGACAAGGTACAACCCATCG; Fn1, forward, TTAAGCTCACAT-
GCCAGTGC, reverse, TCGTCATAGCACGTTGCTTC; PP2Acα-TG, forward, ACCCT-
TACCCCACATAGACC, reverse, CTTAAACACTCGTCGTAGAACC; PP5-TG, forward,
ACCCTTACCCCACATAGACC, reverse, GCTTCACCTTCACCACCGTC.

Author Contributions: Conceptualization, J.N. and U.G.; methodology, M.-F.D., I.B.B., F.K. and P.B.;
formal analysis, M.-F.D., F.K., P.B. and U.G.; resources, J.N.; writing—original draft preparation,
M.-F.D.; writing—review and editing, M.-F.D., U.G. and J.N.; project administration, J.N. All authors
have read and agreed to the published version of the manuscript.

Funding: This work received no external funding.

Institutional Review Board Statement: The study was conducted according to the Guide for the
Care and Use of Laboratory Animals published by the National Research Council (2011). The animals
were handled and maintained according to the approved protocols of the animal welfare committee
of the University of Halle-Wittenberg, Halle (approval reference number 42502-02-1518 MLU).

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: The work contains parts of the PhD thesis of M.-F.D. and parts of the medical
thesis of F.K. The technical assistance of P. Willmy and S. Reber is gratefully acknowledged.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Brüchert, N.; Mavila, N.; Boknik, P.; Baba, H.A.; Fabritz, L.; Gergs, U.; Kirchhefer, U.; Kirchhof, P.; Matus, M.; Schmitz, W.; et al.

Inhibitor-2 prevents protein phosphatase 1-induced cardiac hypertrophy and mortality. Am. J. Physiol. Heart Circ. Physiol. 2008,
295, H1539–H1546. [CrossRef]

2. DeGrande, S.T.; Little, S.C.; Nixon, D.J.; Wright, P.; Snyder, J.; Dun, W.; Murphy, N.; Kilic, A.; Higgins, R.; Binkley, P.F.; et al.
Molecular mechanisms underlying cardiac protein phosphatase 2A regulation in heart. J. Biol. Chem. 2013, 288, 1032–1046.
[CrossRef] [PubMed]

3. Gergs, U.; Jahn, T.; Werner, F.; Köhler, C.; Köpp, F.; Großmann, C.; Neumann, J. Overexpression of protein phosphatase 5 in the
mouse heart: Reduced contractility but increased stress tolerance—Two sides of the same coin? PLoS ONE 2019, 14, e0221289.
[CrossRef]

4. Herzig, S.; Neumann, J. Effects of serine/threonine protein phosphatases on ion channels in excitable membranes. Physiol. Rev.
2000, 80, 173–210. [CrossRef] [PubMed]

5. Gergs, U.; Trapp, T.; Bushnaq, H.; Simm, A.; Silber, R.-E.; Neumann, J. Age-Dependent Protein Expression of Serine/Threonine
Phosphatases and Their Inhibitors in the Human Cardiac Atrium. Adv. Med. 2019, 2019, 2675972. [CrossRef]

http://doi.org/10.1152/ajpheart.00515.2008
http://doi.org/10.1074/jbc.M112.426957
http://www.ncbi.nlm.nih.gov/pubmed/23204520
http://doi.org/10.1371/journal.pone.0221289
http://doi.org/10.1152/physrev.2000.80.1.173
http://www.ncbi.nlm.nih.gov/pubmed/10617768
http://doi.org/10.1155/2019/2675972


Int. J. Mol. Sci. 2021, 22, 9448 23 of 26

6. Bokník, P.; Fockenbrock, M.; Herzig, S.; Knapp, J.; Linck, B.; Lüss, H.; Müller, F.U.; Müller, T.; Schmitz, W.; Schröder, F.; et al.
Protein phosphatase activity is increased in a rat model of long-term beta-adrenergic stimulation. Naunyn Schmiedebergs. Arch.
Pharmacol. 2000, 362, 222–231. [CrossRef] [PubMed]

7. Neumann, J.; Eschenhagen, T.; Jones, L.R.; Linck, B.; Schmitz, W.; Scholz, H.; Zimmermann, N. Increased expression of cardiac
phosphatases in patients with end-stage heart failure. J. Mol. Cell. Cardiol. 1997, 29, 265–272. [CrossRef]

8. Dobrev, D.; Aguilar, M.; Heijman, J.; Guichard, J.-B.; Nattel, S. Postoperative atrial fibrillation: Mechanisms, manifestations and
management. Nat. Rev. Cardiol. 2019, 16, 417–436. [CrossRef]

9. Dobrev, D.; Wehrens, X.H.T. Mouse Models of Cardiac Arrhythmias. Circ. Res. 2018, 123, 332–334. [CrossRef]
10. Gergs, U.; Boknik, P.; Buchwalow, I.; Fabritz, L.; Matus, M.; Justus, I.; Hanske, G.; Schmitz, W.; Neumann, J. Overexpression of the

catalytic subunit of protein phosphatase 2A impairs cardiac function. J. Biol. Chem. 2004, 279, 40827–40834. [CrossRef]
11. Gergs, U.; Boknik, P.; Buchwalow, I.B.; Fabritz, L.; Gründker, N.; Kucerova, D.; Matus, M.; Werner, F.; Schmitz, W.; Neumann, J.

Modulation of cardiac contractility by serine/threonine protein phosphatase type 5. Int. J. Cardiol. 2012, 154, 116–121. [CrossRef]
12. Molkentin, J.D.; Lu, J.-R.; Antos, C.L.; Markham, B.; Richardson, J.; Robbins, J.; Grant, S.R.; Olson, E.N. A Calcineurin-Dependent

Transcriptional Pathway for Cardiac Hypertrophy. Cell 1998, 93, 215–228. [CrossRef]
13. Hoehn, M.; Zhang, Y.; Xu, J.; Gergs, U.; Boknik, P.; Werdan, K.; Neumann, J.; Ebelt, H. Overexpression of protein phosphatase 2A

in a murine model of chronic myocardial infarction leads to increased adverse remodeling but restores the regulation of β-catenin
by glycogen synthase kinase 3β. Int. J. Cardiol. 2015, 183, 39–46. [CrossRef]

14. Morita, K.; Saitoh, M.; Tobiume, K.; Matsuura, H.; Enomoto, S.; Nishitoh, H.; Ichijo, H. Negative feedback regulation of ASK1 by
protein phosphatase 5 (PP5) in response to oxidative stress. EMBO J. 2001, 20, 6028–6036. [CrossRef]

15. Schulz, N.; Gergs, U.; Neumann, J. Heart specific overexpression of PP2A leads to impaired contractility but protects against
ischemia. In Proceedings of the 48th Spring Meeting of the German Society for Experimental and Clinical Pharmacology and
Toxicology, Mainz, Germany, 13–15 March 2007; Springer: New York, NY, USA, 2007; p. 62.

16. Schulz, N.; Gergs, U.; Loppnow, H.; Neumann, J. Increased expression of PP2A protects against lipopolysaccharide-induced
stress. In Proceedings of the 49th Annual Meeting of the German Society for Experimental and Clinical Pharmacology and
Toxicology, Mainz, Germany, 11–13 March 2008; Springer: New York, NY, USA, 2008; p. 56.

17. Bartel, S.; Stein, B.; Eschenhagen, T.; Mende, U.; Neumann, J.; Schmitz, W.; Krause, E.G.; Karczewski, P.; Scholz, H. Protein
phosphorylation in isolated trabeculae from nonfailing and failing human hearts. Mol. Cell. Biochem. 1996, 157, 171–179.
[CrossRef]

18. Neumann, J.; Boknik, P.; Herzig, S.; Schmitz, W.; Scholz, H.; Gupta, R.C.; Watanabe, A.M. Evidence for physiological functions of
protein phosphatases in the heart: Evaluation with okadaic acid. Am. J. Physiol. 1993, 265, H257–H266. [CrossRef]

19. Neumann, J.; Bokník, P.; Herzig, S.; Schmitz, W.; Scholz, H.; Wiechen, K.; Zimmermann, N. Biochemical and electrophysiological
mechanisms of the positive inotropic effect of calyculin A, a protein phosphatase inhibitor. J. Pharmacol. Exp. Ther. 1994, 271,
535–541.

20. Neumann, J.; Herzig, S.; Boknik, P.; Apel, M.; Kaspareit, G.; Schmitz, W.; Scholz, H.; Tepel, M.; Zimmermann, N. On the cardiac
contractile, biochemical and electrophysiological effects of cantharidin, a phosphatase inhibitor. J. Pharmacol. Exp. Ther. 1995, 274,
530–539.

21. El-Armouche, A.; Pamminger, T.; Ditz, D.; Zolk, O.; Eschenhagen, T. Decreased protein and phosphorylation level of the protein
phosphatase inhibitor-1 in failing human hearts. Cardiovasc. Res. 2004, 61, 87–93. [CrossRef]

22. Grote-Wessels, S.; Baba, H.A.; Boknik, P.; El-Armouche, A.; Fabritz, L.; Gillmann, H.-J.; Kucerova, D.; Matus, M.; Müller, F.U.;
Neumann, J.; et al. Inhibition of protein phosphatase 1 by inhibitor-2 exacerbates progression of cardiac failure in a model with
pressure overload. Cardiovasc. Res. 2008, 79, 464–471. [CrossRef]

23. Kirchhefer, U.; Baba, H.A.; Bokník, P.; Breeden, K.M.; Mavila, N.; Brüchert, N.; Justus, I.; Matus, M.; Schmitz, W.; DePaoli-Roach,
A.A.; et al. Enhanced cardiac function in mice overexpressing protein phosphatase Inhibitor-2. Cardiovasc. Res. 2005, 68, 98–108.
[CrossRef]

24. Krause, T.; Grote-Wessels, S.; Balzer, F.; Boknik, P.; Gergs, U.; Kirchhefer, U.; Buchwalow, I.B.; Müller, F.U.; Schmitz, W.; Neumann,
J. Successful overexpression of wild-type inhibitor-2 of PP1 in cardiovascular cells. Naunyn Schmiedebergs. Arch. Pharmacol. 2018,
391, 859–873. [CrossRef]

25. Pathak, A.; del Monte, F.; Zhao, W.; Schultz, J.-E.; Lorenz, J.N.; Bodi, I.; Weiser, D.; Hahn, H.; Carr, A.N.; Syed, F.; et al.
Enhancement of cardiac function and suppression of heart failure progression by inhibition of protein phosphatase 1. Circ. Res.
2005, 96, 756–766. [CrossRef]

26. Brautigan, D.L.; Shenolikar, S. Protein Serine/Threonine Phosphatases: Keys to Unlocking Regulators and Substrates. Annu. Rev.
Biochem. 2018, 87, 921–964. [CrossRef]

27. Shi, Y. Serine/threonine phosphatases: Mechanism through structure. Cell 2009, 139, 468–484. [CrossRef]
28. Janssens, V.; Goris, J. Protein phosphatase 2A: A highly regulated family of serine/threonine phosphatases implicated in cell

growth and signalling. Biochem. J. 2001, 353, 417–439. [CrossRef]
29. Lubbers, E.R.; Mohler, P.J. Roles and regulation of protein phosphatase 2A (PP2A) in the heart. J. Mol. Cell. Cardiol. 2016, 101,

127–133. [CrossRef]
30. Davare, M.A.; Horne, M.C.; Hell, J.W. Protein phosphatase 2A is associated with class C L-type calcium channels (Cav1.2) and

antagonizes channel phosphorylation by cAMP-dependent protein kinase. J. Biol. Chem. 2000, 275, 39710–39717. [CrossRef]

http://doi.org/10.1007/s002100000283
http://www.ncbi.nlm.nih.gov/pubmed/10997724
http://doi.org/10.1006/jmcc.1996.0271
http://doi.org/10.1038/s41569-019-0166-5
http://doi.org/10.1161/CIRCRESAHA.118.313406
http://doi.org/10.1074/jbc.M405770200
http://doi.org/10.1016/j.ijcard.2010.09.009
http://doi.org/10.1016/S0092-8674(00)81573-1
http://doi.org/10.1016/j.ijcard.2015.01.087
http://doi.org/10.1093/emboj/20.21.6028
http://doi.org/10.1007/BF00227896
http://doi.org/10.1152/ajpheart.1993.265.1.H257
http://doi.org/10.1016/j.cardiores.2003.11.005
http://doi.org/10.1093/cvr/cvn113
http://doi.org/10.1016/j.cardiores.2005.05.019
http://doi.org/10.1007/s00210-018-1515-3
http://doi.org/10.1161/01.RES.0000161256.85833.fa
http://doi.org/10.1146/annurev-biochem-062917-012332
http://doi.org/10.1016/j.cell.2009.10.006
http://doi.org/10.1042/bj3530417
http://doi.org/10.1016/j.yjmcc.2016.11.003
http://doi.org/10.1074/jbc.M005462200


Int. J. Mol. Sci. 2021, 22, 9448 24 of 26

31. Bhasin, N.; Cunha, S.R.; Mudannayake, M.; Gigena, M.S.; Rogers, T.B.; Mohler, P.J. Molecular basis for PP2A regulatory subunit
B56alpha targeting in cardiomyocytes. Am. J. Physiol. Heart Circ. Physiol. 2007, 293, H109–H119. [CrossRef]

32. Marx, S.O.; Reiken, S.; Hisamatsu, Y.; Gaburjakova, M.; Gaburjakova, J.; Yang, Y.M.; Rosemblit, N.; Marks, A.R. Phosphorylation-
dependent regulation of ryanodine receptors: A novel role for leucine/isoleucine zippers. J. Cell Biol. 2001, 153, 699–708.
[CrossRef]

33. Reiken, S.; Gaburjakova, M.; Guatimosim, S.; Gomez, A.M.; D’Armiento, J.; Burkhoff, D.; Wang, J.; Vassort, G.; Lederer, W.J.;
Marks, A.R. Protein kinase A phosphorylation of the cardiac calcium release channel (ryanodine receptor) in normal and failing
hearts. Role of phosphatases and response to isoproterenol. J. Biol. Chem. 2003, 278, 444–453. [CrossRef] [PubMed]

34. MacDougall, L.K.; Jones, L.R.; Cohen, P. Identification of the major protein phosphatases in mammalian cardiac muscle which
dephosphorylate phospholamban. Eur. J. Biochem. 1991, 196, 725–734. [CrossRef] [PubMed]

35. Neumann, J.; Maas, R.; Bokník, P.; Jones, L.R.; Zimmermann, N.; Scholz, H. Pharmacological characterization of protein
phosphatase activities in preparations from failing human hearts. J. Pharmacol. Exp. Ther. 1999, 289, 188–193. [PubMed]

36. Weber, S.; Meyer-Roxlau, S.; Wagner, M.; Dobrev, D.; El-Armouche, A. Counteracting Protein Kinase Activity in the Heart: The
Multiple Roles of Protein Phosphatases. Front. Pharmacol. 2015, 6, 270. [CrossRef] [PubMed]

37. Jideama, N.M.; Crawford, B.H.; Hussain, A.K.M.A.; Raynor, R.L. Dephosphorylation specificities of protein phosphatase for
cardiac troponin I, troponin T, and sites within troponin T. Int. J. Biol. Sci. 2006, 2, 1–9. [CrossRef]

38. Kuster, D.W.D.; Bawazeer, A.C.; Zaremba, R.; Goebel, M.; Boontje, N.M.; van der Velden, J. Cardiac myosin binding protein C
phosphorylation in cardiac disease. J. Muscle Res. Cell Motil. 2012, 33, 43–52. [CrossRef]

39. Mumby, M.C.; Walter, G. Protein serine/threonine phosphatases: Structure, regulation, and functions in cell growth. Physiol. Rev.
1993, 73, 673–699. [CrossRef]

40. Solaro, R.J.; Kobayashi, T. Protein phosphorylation and signal transduction in cardiac thin filaments. J. Biol. Chem. 2011, 286,
9935–9940. [CrossRef]

41. Ling, S.; Sun, Q.; Li, Y.; Zhang, L.; Zhang, P.; Wang, X.; Tian, C.; Li, Q.; Song, J.; Liu, H.; et al. CKIP-1 inhibits cardiac hypertrophy
by regulating class II histone deacetylase phosphorylation through recruiting PP2A. Circulation 2012, 126, 3028–3040. [CrossRef]

42. Paroni, G.; Cernotta, N.; Dello Russo, C.; Gallinari, P.; Pallaoro, M.; Foti, C.; Talamo, F.; Orsatti, L.; Steinkühler, C.; Brancolini, C.
PP2A regulates HDAC4 nuclear import. Mol. Biol. Cell 2008, 19, 655–667. [CrossRef]

43. Swingle, M.R.; Honkanen, R.E.; Ciszak, E.M. Structural basis for the catalytic activity of human serine/threonine protein
phosphatase-5. J. Biol. Chem. 2004, 279, 33992–33999. [CrossRef] [PubMed]

44. Blatch, G.L.; Lässle, M. The tetratricopeptide repeat: A structural motif mediating protein-protein interactions. Bioessays 1999, 21,
932–939. [CrossRef]

45. Lamb, J.R.; Tugendreich, S.; Hieter, P. Tetratrico peptide repeat interactions: To TPR or not to TPR? Trends Biochem. Sci. 1995, 20,
257–259. [CrossRef]

46. Hinds, T.D.; Sánchez, E.R. Protein phosphatase 5. Int. J. Biochem. Cell Biol. 2008, 40, 2358–2362. [CrossRef] [PubMed]
47. Silverstein, A.M.; Galigniana, M.D.; Chen, M.S.; Owens-Grillo, J.K.; Chinkers, M.; Pratt, W.B. Protein phosphatase 5 is a major

component of glucocorticoid receptor.hsp90 complexes with properties of an FK506-binding immunophilin. J. Biol. Chem. 1997,
272, 16224–16230. [CrossRef] [PubMed]

48. Davies, T.H.; Ning, Y.-M.; Sánchez, E.R. Differential control of glucocorticoid receptor hormone-binding function by tetratricopep-
tide repeat (TPR) proteins and the immunosuppressive ligand FK506. Biochemistry 2005, 44, 2030–2038. [CrossRef]

49. Ramsey, A.J.; Russell, L.C.; Whitt, S.R.; Chinkers, M. Overlapping sites of tetratricopeptide repeat protein binding and chaperone
activity in heat shock protein 90. J. Biol. Chem. 2000, 275, 17857–17862. [CrossRef]

50. Conde, R.; Xavier, J.; McLoughlin, C.; Chinkers, M.; Ovsenek, N. Protein phosphatase 5 is a negative modulator of heat shock
factor 1. J. Biol. Chem. 2005, 280, 28989–28996. [CrossRef] [PubMed]

51. Yamaguchi, F.; Umeda, Y.; Shimamoto, S.; Tsuchiya, M.; Tokumitsu, H.; Tokuda, M.; Kobayashi, R. S100 proteins modulate
protein phosphatase 5 function: A link between CA2+ signal transduction and protein dephosphorylation. J. Biol. Chem. 2012,
287, 13787–13798. [CrossRef] [PubMed]

52. Imbalzano, E.; Mandraffino, G.; Casciaro, M.; Quartuccio, S.; Saitta, A.; Gangemi, S. Pathophysiological mechanism and
therapeutic role of S100 proteins in cardiac failure: A systematic review. Heart Fail. Rev. 2016, 21, 463–473. [CrossRef] [PubMed]

53. Yu, J.; Lu, Y.; Li, Y.; Xiao, L.; Xing, Y.; Li, Y.; Wu, L. Role of S100A1 in hypoxia-induced inflammatory response in cardiomyocytes
via TLR4/ROS/NF-κB pathway. J. Pharm. Pharmacol. 2015, 67, 1240–1250. [CrossRef] [PubMed]

54. Krysiak, J.; Unger, A.; Beckendorf, L.; Hamdani, N.; von Frieling-Salewsky, M.; Redfield, M.M.; Dos Remedios, C.G.; Sheikh,
F.; Gergs, U.; Boknik, P.; et al. Protein phosphatase 5 regulates titin phosphorylation and function at a sarcomere-associated
mechanosensor complex in cardiomyocytes. Nat. Commun. 2018, 9, 262. [CrossRef] [PubMed]

55. Dörner, M.; Gergs, U.; Neumann, J. Influence of aging on cardiac hypoxia in PP2A overexpressing mice. In Proceedings of the 84th
Annual Meeting of the German Society for Experimental and Clinical Pharmacology and Toxicology (DGPT) and the 20th Annual
Meeting of the Association of the Clinical Pharmacology Germany (VKliPha) with contribution of the Arbeitsgemeinschaft für
Angewandte Humanpharmakologie e. V. (AGAH), Stuttgart, Germany, 25–28 February 2019; Springer: New York, NY, USA,
2019; p. 30.

http://doi.org/10.1152/ajpheart.00059.2007
http://doi.org/10.1083/jcb.153.4.699
http://doi.org/10.1074/jbc.M207028200
http://www.ncbi.nlm.nih.gov/pubmed/12401811
http://doi.org/10.1111/j.1432-1033.1991.tb15871.x
http://www.ncbi.nlm.nih.gov/pubmed/1849481
http://www.ncbi.nlm.nih.gov/pubmed/10087003
http://doi.org/10.3389/fphar.2015.00270
http://www.ncbi.nlm.nih.gov/pubmed/26617522
http://doi.org/10.7150/ijbs.2.1
http://doi.org/10.1007/s10974-011-9280-7
http://doi.org/10.1152/physrev.1993.73.4.673
http://doi.org/10.1074/jbc.R110.197731
http://doi.org/10.1161/CIRCULATIONAHA.112.102780
http://doi.org/10.1091/mbc.e07-06-0623
http://doi.org/10.1074/jbc.M402855200
http://www.ncbi.nlm.nih.gov/pubmed/15155720
http://doi.org/10.1002/(SICI)1521-1878(199911)21:11&lt;932::AID-BIES5&gt;3.0.CO;2-N
http://doi.org/10.1016/S0968-0004(00)89037-4
http://doi.org/10.1016/j.biocel.2007.08.010
http://www.ncbi.nlm.nih.gov/pubmed/17951098
http://doi.org/10.1074/jbc.272.26.16224
http://www.ncbi.nlm.nih.gov/pubmed/9195923
http://doi.org/10.1021/bi048503v
http://doi.org/10.1074/jbc.M001625200
http://doi.org/10.1074/jbc.M503594200
http://www.ncbi.nlm.nih.gov/pubmed/15967796
http://doi.org/10.1074/jbc.M111.329771
http://www.ncbi.nlm.nih.gov/pubmed/22399290
http://doi.org/10.1007/s10741-016-9529-8
http://www.ncbi.nlm.nih.gov/pubmed/26833319
http://doi.org/10.1111/jphp.12415
http://www.ncbi.nlm.nih.gov/pubmed/25880347
http://doi.org/10.1038/s41467-017-02483-3
http://www.ncbi.nlm.nih.gov/pubmed/29343782


Int. J. Mol. Sci. 2021, 22, 9448 25 of 26

56. Dörner, M.; Gergs, U.; Neumann, J. Cardiac function in young and old PP2AxPP5 overexpressing mice. In Proceedings of the 85th
Annual Meeting of the German Society for Experimental and Clinical Pharmacology and Toxicology (DGPT) and the 21th Annual
Meeting of the Association of the Clinical Pharmacology Germany (VKliPha) with contribution of the Arbeitsgemeinschaft für
Angewandte Humanpharmakologie e. V. (AGAH), Stuttgart, Germany, 25–28 February 2019; Springer: New York, NY, USA,
2019; pp. 41–42.

57. Dörner, M.; Köpp, F.; Gergs, U.; Neumann, J. Cardiac regulation and systolic function of PP2A and PP5 in PP2AxPP5 double-
transgenic mice. Clin. Res. Cardiol. 2019, 108, P1241.

58. Köpp, F.; Dörner, M.; Runte, J.; Gergs, U.; Neumann, J. Mechanisms of cardiac hypertrophy in PP2AxPP5 double transgenic mice.
In Proceedings of the 84th Annual Meeting of the German Society for Experimental and Clinical Pharmacology and Toxicology
(DGPT) and the 20th Annual Meeting of the Association of the Clinical Pharmacology Germany (VKliPha) With contribution
of the Arbeitsgemeinschaft für Angewandte Humanpharmakologie e. V. (AGAH), Stuttgart, Germany, 25–28 February 2019;
Springer: New York, NY, USA, 2019; p. 29.

59. Neumann, J.; Köpp, F.; Dörner, M.; Gergs, U. Cardiac dysfunction in mice overexpressing both PP2A and PP5. In Proceedings of
the FEBS Advanced Courses, Europhosphatase: From Molecular Mechanisms to System-Wide Responses, Debrecen, Hungary,
11–16 June 2019; p. 27, ISBN 978-615-5270-54-3.

60. Kuhn, M. Molecular physiology of natriuretic peptide signalling. Basic Res. Cardiol. 2004, 99, 76–82. [CrossRef] [PubMed]
61. Kuhn, M. Endothelial actions of atrial and B-type natriuretic peptides. Br. J. Pharmacol. 2012, 166, 522–531. [CrossRef] [PubMed]
62. Potter, L.R.; Yoder, A.R.; Flora, D.R.; Antos, L.K.; Dickey, D.M. Natriuretic peptides: Their structures, receptors, physiologic

functions and therapeutic applications. Handb. Exp. Pharmacol. 2009, 341–366. [CrossRef]
63. Kuwahara, K.; Nakao, K. Regulation and significance of atrial and brain natriuretic peptides as cardiac hormones. Endocr. J. 2010,

57, 555–565. [CrossRef]
64. Kuwahara, K. The natriuretic peptide system in heart failure: Diagnostic and therapeutic implications. Pharmacol. Ther. 2021, 227,

107863. [CrossRef]
65. Shirazi, L.F.; Bissett, J.; Romeo, F.; Mehta, J.L. Role of Inflammation in Heart Failure. Curr. Atheroscler. Rep. 2017, 19, 27. [CrossRef]
66. Bokník, P.; Khorchidi, S.; Bodor, G.S.; Huke, S.; Knapp, J.; Linck, B.; Lüss, H.; Müller, F.U.; Schmitz, W.; Neumann, J. Role of

protein phosphatases in regulation of cardiac inotropy and relaxation. Am. J. Physiol. Heart Circ. Physiol. 2001, 280, H786–H794.
[CrossRef] [PubMed]

67. Tei, C.; Nishimura, R.A.; Seward, J.B.; Tajik, A.J. Noninvasive Doppler-derived myocardial performance index: Correlation with
simultaneous measurements of cardiac catheterization measurements. J. Am. Soc. Echocardiogr. 1997, 10, 169–178. [CrossRef]

68. Truttmann, A.C.; Ashraf, Q.; Mishra, O.P.; Delivoria-Papadopoulos, M. Effect of hypoxia on protein phosphatase 2A activity,
subcellular distribution and expression in cerebral cortex of newborn piglets. Neuroscience 2004, 127, 355–363. [CrossRef]
[PubMed]

69. Elgenaidi, I.S.; Spiers, J.P. Hypoxia modulates protein phosphatase 2A through HIF-1α dependent and independent mechanisms
in human aortic smooth muscle cells and ventricular cardiomyocytes. Br. J. Pharmacol. 2019, 176, 1745–1763. [CrossRef] [PubMed]

70. Pitcher, J.A.; Payne, E.S.; Csortos, C.; DePaoli-Roach, A.A.; Lefkowitz, R.J. The G-protein-coupled receptor phosphatase: A
protein phosphatase type 2A with a distinct subcellular distribution and substrate specificity. Proc. Natl. Acad. Sci. USA 1995, 92,
8343–8347. [CrossRef]

71. Bristow, M.R.; Ginsburg, R.; Minobe, W.; Cubicciotti, R.S.; Sageman, W.S.; Lurie, K.; Billingham, M.E.; Harrison, D.C.; Stinson, E.B.
Decreased catecholamine sensitivity and beta-adrenergic-receptor density in failing human hearts. N. Engl. J. Med. 1982, 307,
205–211. [CrossRef] [PubMed]

72. Baker, A.J. Adrenergic signaling in heart failure: A balance of toxic and protective effects. Pflug. Arch. 2014, 466, 1139–1150.
[CrossRef] [PubMed]

73. Ghigo, A.; Mika, D. cAMP/PKA signaling compartmentalization in cardiomyocytes: Lessons from FRET-based biosensors. J. Mol.
Cell. Cardiol. 2019, 131, 112–121. [CrossRef]

74. Gergs, U.; Baumann, M.; Böckler, A.; Buchwalow, I.B.; Ebelt, H.; Fabritz, L.; Hauptmann, S.; Keller, N.; Kirchhof, P.; Klöckner, U.;
et al. Cardiac overexpression of the human 5-HT4 receptor in mice. Am. J. Physiol. Heart Circ. Physiol. 2010, 299, H788–H798.
[CrossRef] [PubMed]

75. Gergs, U.; Gerigk, T.; Wittschier, J.; Schmidbaur, C.T.; Röttger, C.; Mahnkopf, M.; Edler, H.; Wache, H.; Neumann, J. Influence of
Serotonin 5-HT4 Receptors on Responses to Cardiac Stressors in Transgenic Mouse Models. Biomedicines 2021, 9, 569. [CrossRef]
[PubMed]

76. Lubert, E.J.; Hong, Y.; Sarge, K.D. Interaction between Protein Phosphatase 5 and the A subunit of Protein Phosphatase 2A. J. Biol.
Chem. 2001, 276, 38582–38587. [CrossRef]

77. Katayama, K.; Yamaguchi, M.; Noguchi, K.; Sugimoto, Y. Protein phosphatase complex PP5/PPP2R3C dephosphorylates
P-glycoprotein/ABCB1 and down-regulates the expression and function. Cancer Lett. 2014, 345, 124–131. [CrossRef]

78. Chiang, C.-W.; Liu, W.-K.; Chiang, C.-W.; Chou, C.-K. Phosphorylation-dependent association of the G4-1/G5PR regulatory
subunit with IKKβ negatively modulates NF-κB activation through recruitment of protein phosphatase 5. Biochem. J. 2011, 433,
187–196. [CrossRef]

79. Kono, Y.; Maeda, K.; Kuwahara, K.; Yamamoto, H.; Miyamoto, E.; Yonezawa, K.; Takagi, K.; Sakaguchi, N. MCM3-binding GANP
DNA-primase is associated with a novel phosphatase component G5PR. Genes Cells 2002, 7, 821–834. [CrossRef] [PubMed]

http://doi.org/10.1007/s00395-004-0460-0
http://www.ncbi.nlm.nih.gov/pubmed/14963665
http://doi.org/10.1111/j.1476-5381.2012.01827.x
http://www.ncbi.nlm.nih.gov/pubmed/22220582
http://doi.org/10.1007/978-3-540-68964-5_15
http://doi.org/10.1507/endocrj.K10E-150
http://doi.org/10.1016/j.pharmthera.2021.107863
http://doi.org/10.1007/s11883-017-0660-3
http://doi.org/10.1152/ajpheart.2001.280.2.H786
http://www.ncbi.nlm.nih.gov/pubmed/11158978
http://doi.org/10.1016/S0894-7317(97)70090-7
http://doi.org/10.1016/j.neuroscience.2004.05.033
http://www.ncbi.nlm.nih.gov/pubmed/15262326
http://doi.org/10.1111/bph.14648
http://www.ncbi.nlm.nih.gov/pubmed/30825189
http://doi.org/10.1073/pnas.92.18.8343
http://doi.org/10.1056/NEJM198207223070401
http://www.ncbi.nlm.nih.gov/pubmed/6283349
http://doi.org/10.1007/s00424-014-1491-5
http://www.ncbi.nlm.nih.gov/pubmed/24623099
http://doi.org/10.1016/j.yjmcc.2019.04.020
http://doi.org/10.1152/ajpheart.00691.2009
http://www.ncbi.nlm.nih.gov/pubmed/20639221
http://doi.org/10.3390/biomedicines9050569
http://www.ncbi.nlm.nih.gov/pubmed/34070090
http://doi.org/10.1074/jbc.M106906200
http://doi.org/10.1016/j.canlet.2013.12.007
http://doi.org/10.1042/BJ20100247
http://doi.org/10.1046/j.1365-2443.2002.00562.x
http://www.ncbi.nlm.nih.gov/pubmed/12167160


Int. J. Mol. Sci. 2021, 22, 9448 26 of 26

80. Zuo, Z.; Urban, G.; Scammell, J.G.; Dean, N.M.; McLean, T.K.; Aragon, I.; Honkanen, R.E. Ser/Thr Protein Phosphatase Type 5
(PP5) Is a Negative Regulator of Glucocorticoid Receptor-Mediated Growth Arrest. Biochemistry 1999, 38, 8849–8857. [CrossRef]
[PubMed]

81. Messner, D.J.; Romeo, C.; Boynton, A.; Rossie, S. Inhibition of PP2A, but not PP5, mediates p53 activation by low levels of okadaic
acid in rat liver epithelial cells. J. Cell. Biochem. 2006, 99, 241–255. [CrossRef]

82. Schwinger, R.H.; Münch, G.; Bölck, B.; Karczewski, P.; Krause, E.G.; Erdmann, E. Reduced Ca(2+)-sensitivity of SERCA 2a in
failing human myocardium due to reduced serin-16 phospholamban phosphorylation. J. Mol. Cell. Cardiol. 1999, 31, 479–491.
[CrossRef] [PubMed]

83. Gupta, R.C.; Mishra, S.; Rastogi, S.; Imai, M.; Habib, O.; Sabbah, H.N. Cardiac SR-coupled PP1 activity and expression are
increased and inhibitor 1 protein expression is decreased in failing hearts. Am. J. Physiol. Heart Circ. Physiol. 2003, 285,
H2373–H2381. [CrossRef] [PubMed]

84. Mishra, S.; Gupta, R.C.; Tiwari, N.; Sharov, V.G.; Sabbah, H.N. Molecular mechanisms of reduced sarcoplasmic reticulum Ca2+
uptake in human failing left ventricular myocardium. J. Heart Lung Transplant. 2002, 21, 366–373. [CrossRef]

85. Carr, A.N.; Schmidt, A.G.; Suzuki, Y.; del Monte, F.; Sato, Y.; Lanner, C.; Breeden, K.; Jing, S.-L.; Allen, P.B.; Greengard, P.; et al.
Type 1 phosphatase, a negative regulator of cardiac function. Mol. Cell. Biol. 2002, 22, 4124–4135. [CrossRef]

86. Vasan, R.S.; Urbina, E.M.; Jin, L.; Xanthakis, V. Prognostic Significance of Echocardiographic Measures of Cardiac Remodeling in
the Community. Curr. Cardiol. Rep. 2021, 23, 86. [CrossRef]

87. Packer, M. Differential Pathophysiological Mechanisms in Heart Failure With a Reduced or Preserved Ejection Fraction in
Diabetes. JACC Heart Fail. 2021, 9, 535–549. [CrossRef] [PubMed]

88. Gergs, U.; Böckler, A.; Ebelt, H.; Hauptmann, S.; Keller, N.; Otto, V.; Pönicke, K.; Schmitz, W.; Neumann, J. Human 5-HT4receptor
stimulation in atria of transgenic mice. Naunyn Schmiedebergs. Arch. Pharmacol. 2013, 386, 357–367. [CrossRef] [PubMed]

89. Kirchhefer, U.; Baba, H.A.; Hanske, G.; Jones, L.R.; Kirchhof, P.; Schmitz, W.; Neumann, J. Age-dependent biochemical and
contractile properties in atrium of transgenic mice overexpressing junctin. Am. J. Physiol. Heart Circ. Physiol. 2004, 287,
H2216–H2225. [CrossRef] [PubMed]

90. Neumann, J.; Boknik, P.; Matherne, G.P.; Lankford, A.; Schmitz, W. Pertussis toxin sensitive and insensitive effects of adenosine
and carbachol in murine atria overexpressing A(1)-adenosine receptors. Br. J. Pharmacol. 2003, 138, 209–217. [CrossRef] [PubMed]

91. Gergs, U.; Fahrion, C.M.; Bock, P.; Fischer, M.; Wache, H.; Hauptmann, S.; Schmitz, W.; Neumann, J. Evidence for a functional role
of calsequestrin 2 in mouse atrium. Acta Physiol. 2017, 219, 669–682. [CrossRef]

92. Lowry, O.H.; Rosebrough, N.J.; Farr, A.L.; Randall, R.J. Protein measurement with the Folin phenol reagent. J. Biol. Chem. 1951,
193, 265–275. [CrossRef]

93. Kirchhefer, U.; Heinick, A.; König, S.; Kristensen, T.; Müller, F.U.; Seidl, M.D.; Boknik, P. Protein phosphatase 2A is regulated by
protein kinase Cα (PKCα)-dependent phosphorylation of its targeting subunit B56α at Ser41. J. Biol. Chem. 2014, 289, 163–176.
[CrossRef]

94. Livak, K.J.; Schmittgen, T.D. Analysis of relative gene expression data using real-time quantitative PCR and the 2(-Delta Delta
C(T)) Method. Methods 2001, 25, 402–408. [CrossRef]

95. Chen, Y.-L.; Huang, Y.-L.; Lin, N.-Y.; Chen, H.-C.; Chiu, W.-C.; Chang, C.-J. Differential regulation of ARE-mediated TNFalpha
and IL-1beta mRNA stability by lipopolysaccharide in RAW264.7 cells. Biochem. Biophys. Res. Commun. 2006, 346, 160–168.
[CrossRef]

96. Furlow, J.D.; Watson, M.L.; Waddell, D.S.; Neff, E.S.; Baehr, L.M.; Ross, A.P.; Bodine, S.C. Altered gene expression patterns
in muscle ring finger 1 null mice during denervation- and dexamethasone-induced muscle atrophy. Physiol. Genom. 2013, 45,
1168–1185. [CrossRef]

97. Wu, T.; Chen, Y.; Chiang, S.K.S.; Tso, M.O.M. NF-kappaB activation in light-induced retinal degeneration in a mouse model.
Invest. Ophthalmol. Vis. Sci. 2002, 43, 2834–2840. [PubMed]

98. Yamamoto, H.; Omelchenko, I.; Shi, X.; Nuttall, A.L. The influence of NF-kappaB signal-transduction pathways on the murine
inner ear by acoustic overstimulation. J. Neurosci. Res. 2009, 87, 1832–1840. [CrossRef] [PubMed]

http://doi.org/10.1021/bi990842e
http://www.ncbi.nlm.nih.gov/pubmed/10413457
http://doi.org/10.1002/jcb.20919
http://doi.org/10.1006/jmcc.1998.0897
http://www.ncbi.nlm.nih.gov/pubmed/10198180
http://doi.org/10.1152/ajpheart.00442.2003
http://www.ncbi.nlm.nih.gov/pubmed/14613911
http://doi.org/10.1016/S1053-2498(01)00390-4
http://doi.org/10.1128/MCB.22.12.4124-4135.2002
http://doi.org/10.1007/s11886-021-01512-4
http://doi.org/10.1016/j.jchf.2021.05.019
http://www.ncbi.nlm.nih.gov/pubmed/34325884
http://doi.org/10.1007/s00210-013-0831-x
http://www.ncbi.nlm.nih.gov/pubmed/23307014
http://doi.org/10.1152/ajpheart.00137.2004
http://www.ncbi.nlm.nih.gov/pubmed/15205169
http://doi.org/10.1038/sj.bjp.0705012
http://www.ncbi.nlm.nih.gov/pubmed/12522092
http://doi.org/10.1111/apha.12766
http://doi.org/10.1016/S0021-9258(19)52451-6
http://doi.org/10.1074/jbc.M113.507996
http://doi.org/10.1006/meth.2001.1262
http://doi.org/10.1016/j.bbrc.2006.05.093
http://doi.org/10.1152/physiolgenomics.00022.2013
http://www.ncbi.nlm.nih.gov/pubmed/12202499
http://doi.org/10.1002/jnr.22018
http://www.ncbi.nlm.nih.gov/pubmed/19185019

	Introduction 
	Results 
	Phenotype of Transgenic Mice 
	Expression of PP2A and PP5 
	Atrial Measurements 
	Ventricular Function 
	mRNA Expression 
	Protein Phosphorylation 

	Discussion 
	Materials and Methods 
	Transgenic Mice 
	Contractile Studies in Mice 
	Echocardiography 
	Preparation of Homogenates 
	Western Blot Analysis 
	Protein Phosphatase Assay 
	Histological Analysis 
	Real-Time Quantitative PCR 
	Data Analysis 
	Drugs and Materials 

	References

