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Cardiac contractile dysfunction and protein kinase
C-mediated myofilament phosphorylation in disease
and aging
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Increases in protein kinase C (PKC) are associated with diminished cardiac function, but the contribution of downstream
myofilament phosphorylation is debated in human and animal models of heart failure. The current experiments evaluated PKC
isoform expression, downstream cardiac troponin I (cTnl) S44 phosphorylation (p-544), and contractile function in failing (F)
human myocardium, and in rat models of cardiac dysfunction caused by pressure overload and aging. In F human myocardium,
elevated PKCa expression and cTnl p-S44 developed before ventricular assist device implantation. Circulatory support partially
reduced PKCa expression and cTnl p-S44 levels and improved cellular contractile function. Gene transfer of dominant
negative PKCa (PKCaDN) into F human myocytes also improved contractile function and reduced cTnl p-S44. Heightened cTnl
phosphorylation of the analogous residue accompanied reduced myocyte contractile function in a rat model of pressure
overload and in aged Fischer 344 x Brown Norway F1 rats (226 mo). Together, these results indicate PKC-targeted cTnl p-S44
accompanies cardiac cellular dysfunction in human and animal models. Interfering with PKCa activity reduces downstream
cTnl p-S44 levels and partially restores function, suggesting cTnl p-S44 may be a useful target to improve contractile function

in the future.

Introduction
More than 26 million people worldwide have heart failure (HF)
and the associated increased mortality and morbidity risk
(Savarese and Lund, 2017). Clinical treatment of human HF by
mechanical circulatory support with ventricular assist devices
(VADs) continues to increase (Miller and Rogers, 2018), though
long-term improvement in cardiac function and VAD removal
remain limited for most patients (Uriel et al., 2017). However,
VAD therapy produces some reverse remodeling (Wever-Pinzon
et al., 2016) and changes that may help in risk stratification for
patients (Morgan et al., 2012; Smith et al., 2015). Further work is
needed to identify underlying cellular and molecular targets that
improve cardiac function in addition to mechanical unloading.
Elevated expression and activity of PKC are consistently
linked to HF in humans (Bowling et al., 1999; Noguchi et al.,
2004; Kim et al., 2016). PKC activation modulates cardiac per-
formance via a variety of downstream pathways and targets to
influence hypertrophy (Braz et al, 2004), Ca** cycling
(Piacentino et al., 2003; Braz et al., 2004; Hambleton et al.,
2006), and metabolism (Murriel et al., 2004). The promiscu-
ous expression and diverse targets of PKC suggests it functions
as a central node for processing and modulating cardiac
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structure and function. In the sarcomere, which is the func-
tional unit of striated muscle, there is growing evidence that
PKC phosphorylation of the molecular switch protein, cardiac
troponin I (cTnl), reduces contractile function (Bilchick et al.,
2007; Kirk et al., 2009). Other signaling pathways respond to
mechanical loading (Castillero et al., 2018), but the relationship
between PKC up-regulation, downstream cTnl phosphoryla-
tion, contractile function during HF, and the response to VAD
therapy remains to be investigated.

Work in myocytes is needed to investigate the relationship
between PKC, downstream myofilament phosphorylation, and
contractile function. Several investigators demonstrated the
feasibility of isolating adult ventricular myocytes from ex-
planted human hearts for contractile function studies (Dipla
et al,, 1998; Goldberg et al., 2000; Day et al., 2006). Myocytes
from nonfailing (NF) human hearts demonstrate a positive
force-frequency relationship, while failing (F) human hearts
develop a negative staircase response (Chaudhary et al., 2004).
Partial reversal of the negative staircase response is reported in
myocytes from HF patients after VAD support (Chaudhary et al.,
2004). In addition, alterations in Ca®* cycling proteins are
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associated with the negative frequency response (Dipla et al.,
1998), and VAD improves both Ca?* handling and the stimula-
tion frequency response in isolated myocytes.

Few studies have examined whether chronic posttransla-
tional modifications within the myofilament contribute to con-
tractile dysfunction. Earlier work indicates increased PKC
expression and activity are linked to human HF (Bowling et al.,
1999; Noguchi et al., 2004), but the role played by its down-
stream myofilament targets in dysfunction is not clear. The
present study shows PKC-targeted human cTnl p-S44 is asso-
ciated with contractile dysfunction by analyzing human F my-
ocardium collected before and after VAD treatment and hearts
from pressure-overloaded and aging rat myocardium.

Materials and methods

Human cardiac tissue collection

Cardiac tissue collected from F and NF hearts was approved by
the Internal Review Board at the University of Michigan, and the
consent and protocol for collecting nonmatched NF hearts was
approved by Gift of Life-Michigan, as described in detail earlier
(Day et al., 2006; Kim et al., 2016). Briefly, the criterion for F
hearts was a left ventricular ejection fraction (EF) <25% in F
hearts, while structurally normal hearts with an EF >50% was
required for the NF group (Day et al., 2006). Table S1 provides
information for the human myocardial tissue. Myocardium not
designated for cell isolation was immediately flash frozen in
liquid N, upon removal of the heart and stored at -80°C. Pre-
and post-VAD F and NF myocardium were analyzed for protein
expression. Contractile function was compared in myocytes
from pre- and post-VAD tissue and in post-VAD myocytes after
gene transfer of PKCa, dominant negative PKCa (PKCaDN), and
in nontreated (NT) cells, as described below.

Animal model studies

Studies performed in rat models were approved by the Uni-
versity of Michigan Institutional Animal Care and Use Com-
mittee and followed the Public Health Service Policy on Humane
Care and Use of Laboratory Animals.

Pressure overload (PO) rat model

The procedures for surgery, postoperative care, cardiac tissue,
and isolated Ca2* tolerant myocytes were performed at 18-20 wk
after sham or PO surgery in Sprague-Dawley rats, when the EF
begins to decrease (Kim et al., 2016). Myocytes from sham- and
PO-treated rats were analyzed for protein expression, im-
munolabeling of PKCa in cryosections, and cellular contractile
function, as described below.

Aging rat model (Fischer 344 x Brown Norway F1 [F344BN] rats)
Female F344BN rats were obtained from the National Institute
on Aging colony as described earlier (Wahr et al., 2000). Rats
were maintained on a 12-h light/dark cycle and fed normal
chow for 2-4 mo before harvesting hearts from 6-, 18-, 26-,
and 34-mo-old rats. For studies with these rats, protein ex-
pression and myocyte contractile function were analyzed af-
ter adenoviral-mediated gene transfer of PKCa, PKCaDN, or
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GFP and compared with time-matched, NT myocytes. In
preliminary studies, there were no differences in contractile
function after GFP gene transfer compared with NT myocytes
from 6-18- or 34-mo-old rats (Fig. S1).

Myocyte isolation and culture conditions

Human myocytes

The isolation and culture conditions for Ca?*-tolerant myocytes
from HF and NF human hearts were described earlier (Day et al.,
2006). Briefly, hearts were flushed with ice-cold cardioplegia
before explant, and ventricles immediately transported to the
laboratory to be minced into 5-10-mm pieces in ice-cold stock
buffer (100 mM NaCl, 5.4 mM KCl, 1.5 mM MgSO,, 10 mM
NaOAc, 1.5 mM NaH,PO,, 15 mM glucose, 10 mM taurine, and
10 mM HEPES, pH 7.40) supplemented with 2,3-butanedione
monoxime (BDM; 15 mM) and nitrilotriacetic acid (5 mM). Then,
protease type XXIV (4 U/ml), type II collagenase (400 U/ml),
hyaluronidase (200 U/ml), and 1.25 mM CaCl, were sequentially
added at 37°C to digest myocardium. Isolated myocytes were
briefly centrifuged and resuspended in stock buffer containing
2% bovine serum albumin plus 10 mM BDM and 5% FBS, and
then equal aliquots of CaCl, were added back every 10 min over
1 h to reach a final concentration of 1.8 mM. Then, 40,000 rod-
shaped cells were plated on laminin-coated 22-mm coverslips in
MEM (Gibco) containing 5% FBS, 20 mM BDM, 40 mM HEPES,
and 50 U/ml penicillin plus 50 ug/ml streptomycin (P/S) for 2 h
(MEM?). For gene transfer, media were replaced with MEM-+
media (NT), or adenovirus (Ad) containing GFP (AdGFP), PKCa
(AdPKCa), or PKCaDN (AdPKCoDN) diluted in MEM* for 1 h,
followed by the addition of MEM containing 5 mM BDM, 40 mM
HEPES, 2 mM glutamine, 24 mM NaHCOs;, and P/S. Media were
changed daily, and then cells were analyzed 24-36 h after gene
transfer.

Adult rat myocytes

The isolation and culture of Ca*-tolerant myocytes from each rat
heart followed the protocol described earlier (Lang et al., 2015,
2017). Briefly, Ca?*-tolerant adult Sprague-Dawley rat or F344BN
rat myocytes were isolated from collagenase-treated hearts
(Lang et al., 2015, 2017). Rod-shaped myocytes were plated on
laminin-coated coverslips in Dulbecco’s modified Eagle’s me-
dium supplemented with 5% FBS plus P/S at 37°C for 2 h (Lang
et al,, 2015, 2017) and then replaced by serum-free Dulbecco’s
modified Eagle’s medium plus P/S media containing recombi-
nant AdGFP, AdPKCa., or AJPKCaDN or media alone (NT). After
an additional hour, M199 media (Sigma-Aldrich) supplemented
with 10 mM HEPES, 0.2 mg/ml BSA, and 10 mM glutathione plus
P/S (M199*) was added to each coverslip. For contractile function
studies, rat myocytes were paced starting the day after isolation,
with media exchanged every 12 h. Media were also changed daily
for myocytes used in protein expression work.

Protein expression and localization

Myocardial tissue and isolated myocytes

Human myocardium was pulverized to a fine powder in liquid
N, homogenized in ice-cold sample buffer supplemented with
proteolysis and phosphatase inhibitors (Roche), and assayed
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for protein concentration (Zhang et al., 2012; Kim et al., 2016).
For Western analysis after gene transfer experiments using
human or rat myocytes, cells were scraped from coverslips
into the same ice-cold sample buffer and stored at -80°C be-
fore protein separation (Lang et al., 2015, 2017). Homogenate
samples or isolated myocyte proteins were separated by
SDS-PAGE (12%), transferred to polyvinylidene difluoride
membrane, and probed with primary Abs followed by an ap-
propriate horseradish peroxidase-conjugated goat anti-mouse
or goat anti-rabbit secondary Ab, as described previously
(Kim et al., 2016). Previously published Western protocols
using primary Ab for PKCa (sc-208; Santa Cruz Biotechnol-
ogy), phosphorylated PKCa T638 (p-T638; 9375; Cell Signaling
Technology), 8 (9616; Cell Signaling Technology), & (2683; Cell
Signaling Technology), p-S44 (p2010-43; PhosphoSolutions),
phosphorylated S23/24 (p-S23/24; 4004; Cell Signaling
Technology), and total c¢Tnl (1:2,000; MAB1691; EMD Milli-
pore) were used to detect proteins in human homogenates and
isolated human and rat myocytes (Hwang et al., 2012; Lang
etal., 2015, 2017). Phosphorylation of S45 (p-S45) in rat cTnl is
equivalent to human cTnl p-S44, while p-S23/24 is the same
in c¢Tnl from both species based on the UniProtKB TNNI3
human (P19429) and rat (P23693) sequences. In addition,
phospholamban (PLB; EMD Millipore Al), plus phosphory-
lated PLB (p-PLB; Serl6; 07-052; EMD Millipore) were probed
in human myocardium and rat myocytes, as well as phos-
phorylated cTnl T144 (p-T144; ab58546; Abcam) in rat my-
ocytes. Unless otherwise noted, a titer of 1:1,000 was used for
each primary Ab. Protein expression was then detected by
enhanced chemiluminescence using a Bio-Rad ChemiDoc MP
imager (Bio-Rad) or HyBlot CL film. A portion of each SDS-
PAGE gel also was silver-stained (Ag-stained), and expression
on Western blots and the silver-stained gel quantified with
Quantity One software (Bio-Rad).

In most cases, protein expression detected by Western blot is
expressed relative to a silver-stained band on the gel to account
for protein loading. These values are then normalized to the
expression of the respective protein in NF (human), sham (rat)
or NT (human or rat) samples on the same blot to determine fold
changes in expression. For PKC isoform detection in human
myocardium, these normalized values also were used to deter-
mine the ratio of pre- versus post-VAD expression. For phos-
phorylation studies, the ratio of phosphorylated to total protein
is determined and compared for the quantitative analysis unless
otherwise specified.

Localization in adult myocytes

Images for GFP and brightfield microscopy were collected from
live human myocytes 1-2 d after gene transfer. To determine the
PKCa cellular distribution in rat myocytes, paraformaldehyde-
fixed myocytes isolated 18-20 wk after sham and PO surgery
were immunostained with PKCo (Santa Cruz Biotechnology)
and Texas Red-conjugated goat anti-mouse Abs, as described
earlier (Hwang et al., 2012; Kim et al., 2016). Images were col-
lected with a Nikon Ti-U inverted fluorescence microscope
and DS-Fil 5 megapixel digital imaging using identical exposure
times for each sample.
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Contractile function studies

Basal sarcomere shortening measurements

Sarcomere shortening and relengthening were analyzed in
signal-averaged traces collected from intact myocytes 24-36 h
after isolation and gene transfer using a high-intensity video-
based detection system (Ionoptix; Lang et al., 2015, 2017). Cells
were washed twice with M199* and equilibrated for 20 min
before measuring contractile function in human myocytes.
Resting sarcomere length, peak shortening amplitude, shorten-
ing rate, relengthening rate, and time to 50% relengthening
(TTRs09) were measured in myocytes perfused with M199* at
37°C and field-stimulated at 0.2 Hz.

Frequency-dependent changes in steady-state contractile function
Field-stimulated human and rat myocytes paced at 0.2 (basal),
0.5, 1, and/or 2 Hz were monitored for contractile shortening.
Contractile function was measured after reaching steady-state
contraction at each frequency, and signal-averaged traces were
collected as described above for basal shortening measurements.
Responses at 0.5-2 Hz were analyzed relative to the results
obtained for basal stimulation (0.2 Hz), and then expressed as a
percent change from this baseline measurement (% change = [{x
Hz - 0.2 Hz}/0.2 Hz] x 100; see Day et al., 2006). Relative
shortening in human myocytes is determined by normalizing
contractile function to the functional range obtained at 2 Hz in
NF myocytes.

Statistical analysis

Samples were compared using an unpaired Student’s t test, one-
or two-way ANOVA, and appropriate post hoc tests with sta-
tistical significance set at P < 0.05. The specific statistical tests
used for each group of data are described in the figure legends.

Online supplemental material

Results in Fig. S1 show that AAGFP gene transfer into rat my-
ocytes does not alter the age-dependent decrease in peak am-
plitude, and shortening and relengthening rates. Fig. S2, A and B,
shows the increased overall and regional PKCa expression in
pre- or post-VAD F versus NF human myocardium, with no
changes in expression of PKCe or 8. A silver-stained (Ag-stained)
band is provided as a loading control. Fig. S2, B and C, shows
there are also no significant changes in the p-PLB/PLB ratio in
pre- and post-VAD F myocardium. The immunostaining in Fig.
S3 shows the redistribution of PKCa in PO (B) compared with
sham (A) rat myocardium. Of note, the striated distribution of
PKCa increases in PO myocytes. Composite demographic and
diagnosis data from F and NF human samples, as well as
frequency-dependent shortening data from pre- and post-VAD
myocytes, are tabulated in Tables Sl and S2.

Results

PKC isoform expression and contractile function were initially
studied in human samples from NF donors and F tissue collected
before or after VAD therapy. PKCa expression levels were ele-
vated in pre-VAD F myocardium compared with NF myocar-
dium, and there were no significant changes in PKC 8 or € levels
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Figure 1. PKC expression, contractile function, and PKC-targeted cTnl phosphorylation in human myocardium before and after ventricular assist
device (VAD) support. (A) Representative Western blots for PKCa, PKCS, and PKCe expression in F human heart tissue collected pre- versus post-VAD
treatment along with a silver-stained (Ag stain) portion of the SDS-PAGE gel to indicate protein loading. “A” indicates pre-VAD while “B” indicates post-VAD
samples for the labels shown below the blot. (B) Quantitative analysis of the fold change (A) in PKCa, &, and € protein expression in F compared with NF
myocardial tissue (left panel) and the fold change in the ratio of post-/pre-VAD isoform expression (right panel). Results are expressed as mean+ SEM for
quantitative data shown in B and D-F. An unpaired Student’s t test was used to compare F versus NF samples and post- versus pre-VAD levels, with *, P < 0.05,
considered statistically significant (n = number of hearts in each group for B and F). (C) Representative shortening traces collected from F myocytes before VAD
(upper panel), or after VAD (middle panel) implantation compared with NF (lower panel) myocytes. Individual traces are shown at stimulation frequencies of
0.2 (black) and 2.0 (red) Hz to illustrate the negative frequency response in myocytes from F human hearts before VAD (Goldberg et al,, 2000) and partial
restoration after VAD therapy. (D) Quantitative analysis of contractile function stimulated at 0.2 Hz in myocytes collected from six pre- versus seven post-VAD
hearts (n = number of cells and *, P < 0.05 vs. pre-VAD for D and E). (E) Analysis of the percent change (%A) in the shortening amplitude, rates of shortening
and relengthening, plus TTRsos, measured at 2.0 versus 0.2 Hz. (F) Representative Western blots show cTnl phosphorylation at residue p-S44 relative to total
cTnl expression in pre- and post-VAD samples (left panel), and the previously established decrease in p-S23/24 levels in F hearts (middle panel; Messer et al,,
2007). Quantitative analysis of cTnl p-S44 shows significantly higher levels before VAD therapy compared with NF tissue using a one-way ANOVA and post hoc
Tukey statistical comparison (right panel; *, P < 0.05). After VAD support, cTnl p-S44 levels are not significantly different from NF or pre-VAD F levels.

and Table S2), which is consistent with earlier studies (Dipla
et al., 1998).

pre- or post-VAD (Fig. 1, A and B; and Fig. S2 A), which agrees
with earlier results (Bowling et al., 1999; Noguchi et al., 2004). In

post-VAD myocardium, PKCa expression was reduced by 34%
compared with pre-VAD levels (Fig. 1 B), although expression
still remained higher than in NF hearts (Fig. S2 A). The slowed
TTRs09 observed in F myocytes at a low stimulation frequency is
significantly improved by device support (Fig. 1, C and D). The
reduced frequency-dependent amplitude of contraction, and
rates of shortening and relengthening observed in pre-VAD
myocytes, are also improved in post-VAD myocytes (Fig. 1 E
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In pre-VAD tissue, PKC-targeted cTnl p-S44 levels were el-
evated compared with NF hearts, while post-VAD levels were
not significantly different from either NF or pre-VAD levels
(Fig. 1 F). This intermediate post-VAD cTnl p-S44 is between NF
and pre-VAD expression, and agrees with the partial reduction
of PKCa levels in post- versus pre-VAD samples (Fig. S2 A).
Together, the post-VAD cTnl p-S44 and reduced p-S23/24
(Fig. 1 F; Milting et al., 2006) help to explain the incomplete

Journal of General Physiology
https://doi.org/10.1085/jgp.201912353

520z Jequeoe( G0 U0 3senb Aq pd'e5£z161.0Z dBl/EGHy081/0.201/6/1.GL/4pd-8one/dbl/Bio sseidnij/:dny woy pepeojumoq

1073


https://doi.org/10.1085/jgp.201912353

oy

A / u ﬂa: +AdGFP
Human - 2= -AdGFP
myocytes /q 3

GFP Gene transfer

B recu [ ama]
p-544 [ ]

S ———
Ag stain ]
& o
S8 8
Q%
C % Change (%A; 0.2-1 Hz)
0 r=— & 604
A -201 g 404 <
5340 23281
£ 260 £ 8201
8 801 £ -40
-1004 2 -60-
40 1 o D 80 *
2
g e '€ 9 40+
290 28 o
8820 29
< 401 7407
-60 xr -80-
ONT(n=6)

B PKCaDN (n=7)

Figure 2. Protein expression and the contractile function frequency
response after gene transfer in human myocytes. (A) Representative
bright field (left, far right panels) and fluorescence (middle panel) images of F
human cardiac myocytes with AdGFP gene transfer (upper panels) compared
with NT myocytes (lower panels, -AdGFP). Scale bars, 25 um. (B) Repre-
sentative Western blot analysis showing PKCa/PKCaDN, cTnl p-S44, and
cTnl expression in isolated F myocytes after AdPKCa or AdPKCaDN gene
transfer compared with NT myocytes. The silver-stained (Ag-stain) gel is
included to show protein loading in each lane. The limited number of my-
ocytes available for Westerns in each prep did not allow for quantitative
analysis of multiple Western blots. (C) Myocyte function after gene transfer
of PKCaDN into F myocytes compared with NT myocytes. Results are ex-
pressed as the percent change (%A) in the resting sarcomere length (SL),
amplitude, shortening and relengthening rates collected at 1 versus 0.2 Hz (n =
number of cells from three separate hearts in each group). Data are presented
as mean + SEM, with a Student’s unpaired t test used for statistical com-
parisons (¥, P < 0.05 versus NT). Cells no longer contracted after gene transfer
of AdPKCa into F myocytes, and therefore, this group was not included in the
quantitative analysis.

restoration of the positive frequency response observed in NF
myocytes (Fig. 1 C). In addition, PKC phosphorylates c¢Tnl S42
(p-S42; Noland and Kuo, 1991; Venema and Kuo, 1993), which
could also be elevated during HF. However, this site was not
examined here due to the lack of specific p-S42 phospho-Abs,
and difficulties distinguishing between p-S42 and p-S44 by mass
spectrometry (Zhang et al., 2012). Another target of PKCa is
protein phosphatase I and the downstream reduction in sarco-
plasmic reticulum p-PLB (Braz et al., 2004). As with cTnl p-S44,
p-PLB levels were not significantly different in post- versus pre-
VAD myocardium, although post-VAD levels tended to improve
(Fig. S2, B and C).

In additional studies, contractile function was measured in F
human myocytes after gene transfer of PKCa or PKCaDN into F
myocytes and compared with time-matched, NT controls
(Fig. 2). Initially, AAGFP gene transfer was used to show the
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feasibility of successful gene transfer in human myocytes (Fig. 2 A).
Within 24 h after gene transfer, Western analysis detected in-
creased PKCa or PKCoDN protein expression (Fig. 2 B). Parallel
measurements of contractile function showed that PKCaDN im-
proved the frequency-dependent responses compared with NT
myocytes (Fig. 2 C). However, gene transfer of PKCa resulted in no
shortening at any stimulation frequency, and thus, contractile
function was not quantitatively analyzed in these myocytes. In
agreement with these functional changes, increased cTnl p-S44
levels were detected by Western analysis after PKCa but not
PKCoDN gene transfer (Fig. 2 B).

Due to a limited number of myocytes available from each
human heart preparation, the relationship between PKCa, cTnl
p-S45 (e.g., analogous to human cTnl S44), and function was
further explored in rat models with cardiac dysfunction. In-
creased PKC expression or enhanced PKC-mediated cTnl p-S45
developed in earlier PO animal models (Bayer et al., 2003; Dong
et al,, 2012), but PKCa, cTnl p-S45, and cellular function have
not been analyzed in one model. Here, analysis of myocardium
from an established rat model of PO (Kim et al., 2016) showed
increased PKCo and PKCa p-T638 levels in PO versus sham rat
myocytes (Fig. 3 A). Increased PKCa signaling was previously
linked to elevated p-T638 levels in earlier studies on human HF
(Lange et al., 2016). Immunolabeling showed PKCo primarily
localized to the intercalated disks in sham myocardium, but
developed a more striated distribution in PO myocytes (Fig. 3 B
and Fig. S3). A slight increase in PKCS and decrease in PKCe
expression observed in this rat PO model (Fig. 3 C) also are
consistent with the changes reported in earlier PO models
(Bayer et al., 2003; Dong et al., 2012). In functional studies, PO
caused a significant reduction in basal shortening amplitude at
0.2 Hz (Fig. 3 D) along with diminished frequency-dependent
amplitude and rates of shortening and relengthening (Fig. 3 E)
compared with myocytes from sham rats. Heightened cTnl
p-S45 (Fig. 3 F) levels accompanied the PO-induced increase in
PKCa levels and diminished function, while there was no sig-
nificant change in cTnl p-T144 (Fig. 3 G) or basal cTnl p-S23/24
levels (Fig. 3 H), which are also targets for PKC (Noland and Kuo,
1991; Venema and Kuo, 1993).

In addition to PKC, B-adrenergic receptor (B-AR) activation of
PKA phosphorylates c¢Tnl S23/24. More severe PO-induced
cardiac dysfunction increases cTnl p-S23/24 (Belin et al.,
2006), while B-AR down-regulation also develops with hyper-
tension (B6hm et al., 1995). Thus, p-S23/24 responses to in-
creasing doses of isoproterenol (ISO) were evaluated, and the
B-AR-mediated cTnl p-S23/24 levels are attenuated in PO
compared with sham myocytes (Fig. 3 H). Overall, these data are
consistent with increased p-S45 contributing to basal and
frequency-dependent systolic and diastolic dysfunction during

O (Fig. 3, D-F), and the attenuated ISO-induced p-S23/24
working with p-S45 to further slow relaxation in the PO my-
ocytes (Fig. 3 H).

The F344BN rat has a significantly longer life span than many
other rat strains but also develops cardiac myocyte dysfunction
with age (Turturro et al., 1999; Wahr et al., 2000; Chung and
Diffee, 2011). Isolated myocytes from F344BN rats were studied
at 6,18, 26, and 34 mo of age to determine whether alterations in

Journal of General Physiology
https://doi.org/10.1085/jgp.201912353

520z Jequeoe( G0 U0 3senb Aq pd'e5£z161.0Z dBl/EGHy081/0.201/6/1.GL/4pd-8one/dbl/Bio sseidnij/:dny woy pepeojumoq

1074


https://doi.org/10.1085/jgp.201912353

A

JGP

Figure 3. Comparison of PKC expression and locali-
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lengthening rates, and there were interaction effects for peak amplitude and relengthening rate. Overall, shortening amplitude and relengthening rate are
significantly more impaired at higher frequencies in PO compared with sham myocytes. (F) Representative cTnl p-545 and cTnl Western blots (left panels) and
the quantitative analysis of expression (middle, right panels) show that PO increases cTnl p-S45 without a change in total cTnl compared with sham rat
myocytes. The cTnl expression is normalized to a silver-stained band in each gel. *, P < 0.05 versus sham. (G) Representative Western blot for cTnl p-T144 and
an silver-stained portion of the gel, which is used as a loading control (left panels) and quantitative analysis of cTnl p-T144/silver (Ag) ratio (right panel) show
there are no significant differences in cTnl p-T144 levels for PO compared with sham rat myocytes. (H) Representative Western blots for cTnl p-S23/24 and a
silver-stained portion of the gel (left panels) and quantitative analysis of cTnl p-523/24 levels (right panel) in sham and PO rat myocytes under basal conditions
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myocytes (¢, P < 0.05 versus sham+ISO).

PKC and/or downstream p-S45 phosphorylation are linked with
age-dependent contractile dysfunction. In support of this idea,
peak shortening as well as shortening and relengthening rates
were significantly reduced in older 26-34-mo-old compared
with 6-mo-old rat myocytes (Fig. 4 B). Although there were no
significant changes in basal PKC a, §, or € expression detected by
quantitative Western analysis in older rats (Fig. 4 A), enhanced
downstream cTnl p-S45 accompanied cellular contractile dys-
function in these myocytes (Fig. 4 C). Representative Western
blots showing basal PKC isoform expression and phosphorylated
cTnl in 6- and 26-mo-old NT myocytes are provided in Fig. 5, A,
B,E, and F.

PKCa and PKCoDN in 6-18- and 226-mo-old F344BN rat
myocytes also was analyzed after gene transfer of AdGFP,

Ravichandran et al.
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AdPKCo, and AdPKCaDN and compared to time-matched NT
myocytes to gain further insight into the relationship between
PKC and aging-related contractile dysfunction. PKC isoform
expression in either young or old myocytes did not change after
AdGFP gene transfer (Fig. 5 A), and similar increases in PKCa/
PKCaDN expression levels developed in both young and old
myocytes after AdPKCo/AdPKCoDN gene transfer (Fig. 5, A-C).
Age did not change the level of increased PKCaDN (Fig. 5 C, left
panel) or PKCa expression after gene transfer. In addition, the
increases in PKCo and PKCaDN were similar (Fig. 5 C, right
panel). Thus, any functional differences are not caused by age-
related differences in PKCaDN expression after gene transfer or
a difference in PKCaDN versus PKCo expression after gene
transfer. In functional studies, the shortening and relengthening
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Figure 4. PKC isoform expression, basal contractile function, and cTnl
phosphorylation in young compared with older F344BN rat hearts.
(A) Quantitative analysis showed no significant change in basal expression of
PKCa, &, and € protein levels in myocytes from young adult (6 mo) versus
older (26 +34 mo data = 26 mo) rats. PKC isoform expression is normalized
to a portion of the silver-stained (Ag stain) gel. Quantitative results in each
panel are expressed as mean + SEM (n = number of rat samples in A and C).
Statistical comparisons in A and C used an unpaired Student’s t test (*, P <
0.05). (B) Analysis of composite myocyte contractile function in 6-, 18-, 26-,
and 34-mo-old rat myocytes paced at 0.2 Hz (n = number of myocytes from
four or more different rats). Resting sarcomere length, peak shortening
amplitude, the rates of shortening and relengthening, and the TTRsqy were
analyzed with a one-way ANOVA and post hoc Dunnett’s tests (¥, P < 0.05
versus 6 mo). (C) Quantitative analysis of cTnl phosphorylation at cTnl p-523/24,
p-S45, and total cTnl expression in 6- versus 226-mo-old rat hearts. Total
cTnl levels are normalized to a portion of the silver-stained gel. The p-S45
levels are significantly elevated in rat hearts from >26-mo-olds compared
with 6-mo-olds (middle panel), while there were no differences in cTnl
p-S23/24 (left panel) or total cTnl (right panel) expression. Note that rep-
resentative Western blots for A are shown in Fig. 5, A, B, and E, and the
representative Western results for basal cTnl p-S23/24, p-545, and cTnl are
shown in Fig. 5 F.

rates in myocytes from young rats (6-18 mo) were consistent
with earlier results after gene transfer of PKCa and PKCaDN
(Braz etal.,, 2004; Fig.5 D). However, there were interesting age-
related differences in the functional response of older myocytes
(226 mo) after gene transfer. Specifically, the increased peak
shortening amplitude observed after AJPKCaDN gene transfer
into younger myocytes was absent in myocytes from =26-mo-old
rats, and in fact further decreased compared with younger
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myocytes (Fig. 5 D). The enhanced p-PLB/PLB produced by
PKCaDN gene transfer is comparable for both age groups (Fig. 5
E), but there is a sustained elevation in cTnl p-S45 levels in
myocytes from older rats regardless of gene transfer group
(Fig. 5 F). This age-related elevation in cTnl p-S45 levels is
consistent with the inability of PKCaDN to improve peak
shortening in the older rat myocytes.

Discussion

The current results show that elevated cTnl p-S44 levels ac-
company chronic contractile dysfunction in myocytes from F
human hearts and the equivalent p-545 in a PO rat model, when
there is up-regulation of PKC (Figs. 1 A and 3 A). Previously, the
contribution of PKC-targeted cTnl p-S42/44 (rat p-S43/45) to
progressive contractile dysfunction has received little attention
even though rodent cTnl S43/45 is a known target for PKC
(Noland and Kuo, 1991; Venema and Kuo, 1993), and phospho-
mimetic ¢Tnl 543 and/or S45 substitutions significantly reduce
myocyte contractile function (Lang et al., 2015, 2017). The im-
proved cellular function and reduced cTnl p-S45 after gene
transfer of PKCaDN into F human myocytes (Fig. 2) further
support the idea that this ¢Tnl phosphorylation site contributes
significantly to chronic cardiac dysfunction associated with el-
evated PKC levels. Chronic PKC up-regulation and impaired
cardiac function have been more often linked to changes in other
cellular functions not directly responsible for contractile func-
tion (Braz et al., 2004; Hambleton et al., 2006; Li et al., 2014;
Newton et al., 2016; Singh et al., 2017). The current studies
suggest chronic c¢Tnl p-S44 in human myocardium contributes
to progressive dysfunction and thus, therapeutically targeting
this site may improve cardiac performance in HF.

Relationship between PKC expression and

contractile dysfunction

The increased PKCa levels observed in F human hearts and in a
rat model of PO (Figs. 1 A and 3 A) are consistent with earlier
work showing that chronic PKC activity is associated with up-
regulation and produces contractile dysfunction (Bowling et al.,
1999; Noguchi et al., 2004; Belin et al., 2007; Dong et al., 2007).
Improved contractile function in post-VAD hearts with reduced
PKCa expression (Fig. 1, B-E) and after PKCaDN gene transfer in
F human myocytes (Fig. 2 C) also agrees with the cardiac phe-
notype in genetically targeted PKCa knockout mice (Braz et al.,
2004). However, in aging rat myocytes, contractile dysfunction
and increased cTnl p-S45 developed even though PKC isoform
expression did not change (Fig. 4, A-C). The PO-related redis-
tribution of PKCa in rat myocytes (Fig. 3 B) suggests spatio-
temporal localization of cardiac PKC could produce diverse
responses by targeting different patterns of downstream pro-
teins (Mukherjee et al., 2016). This possibility could also help to
explain age-associated increases in c¢Tnl p-S45 and contractile
dysfunction in F344BN rats (Fig. 4, B and C), especially given
that there is no significant age-related change in basal p-S23/24
observed here and in previous work (Fig. 4 C; Sakai et al., 1989).
The potential for changes in downstream targeting patterns also
indicates that in addition to monitoring PKC, there is a need to
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Figure 5. PKC expression, contractile function, and phosphorylation in young and aging F344BN rats after gene transfer. (A) Representative Western
blot detecting PKCa in NT myocytes and after AdGFP gene transfer along with PKCaDN after AUPKCaDN gene transfer in myocytes from 6- and 26-mo-old
rats. A portion of silver-stained gel also is included as a loading control. (B) Representative Western blots showing gene transfer of AdPKCa or AdPKCaDN
increases PKCa or PKCaDN expression, respectively, compared with NT myocytes. These representative blots also illustrate that gene transfer produces similar
increases in PKCaDN expression in 6-mo-old (left panel) versus 26-mo-old (right panel) rat myocytes. As shown here and in E, the levels of PKCa expression
after gene transfer of AdPKCa also were similar in 6- and >26-mo-old myocytes. These Western blots also were reprobed for PKC6 and € expression in 6- and
>26-mo-old myocytes. (C) Quantitative analysis of PKCaDN/PKCa protein expression after gene transfer. In the left panel, PKCaDN protein expression after
gene transfer is normalized to a silver-stained gel band from young (6 mo) and older (=26 mo) samples. Results are expressed as mean + SEM in C-E, and n =
number of rat hearts in C and E. PKCaDN expression is similar in myocytes from the two age groups when compared using an unpaired Student'’s t test (P >
0.05). Gene transfer also produced similar increases in PKCa expression in myocytes from 6- and >26-mo-old rats (data not shown). Thus, expression in the
two age groups was pooled to quantitatively compare the level of PKCa versus PKCaDN expression levels after gene transfer and relative to NT myocytes using
one-way ANOVA and post hoc Dunnett’s tests (*, P < 0.05 versus NT; right panel). This comparison shows gene transfer results in comparable increases in
PKCa and PKCaDN expression in adult myocytes. (D) Sarcomere length, peak shortening amplitude, and the rates of shortening and relengthening in NT
myocytes and after gene transfer of AdPKCa or AdPKCaDN for 6-18- versus >26-mo-old rats (n = number of myocytes). A two-way ANOVA (PKC, age) and post
hoc Tukey's tests were used for the statistical comparison (*, P < 0.05 versus NT for PKC effect; ¢, P < 0.05 versus 6-18-mo-old myocytes for age effect).
(E) Representative Western analysis of PKCa, p-PLB, and PLB expression plus a silver-stained portion of the gelin 6- and 26-mo-old rat myocytes after AdPKCa
or AdPKCaDN gene transfer compared with NT myocytes (left, middle panel). Quantitative analysis of p-PLB/PLB ratio in 6-18- versus 226-mo-old rat
myocytes (right panel) after PKCaDN gene transfer is compared using a Student’s unpaired t test (P > 0.05; right panel). (F) Representative Western blots show
cTnl p-523/24, p-S45, and total cTnl expression in 6-, 26-, and 34-mo-old rat myocytes after AdGFP or AdPKCaDN gene transfer compared with time-matched
NT myocytes.

identify downstream proteins in the PKC pathway and their
contribution to chronic cardiac dysfunction.

PKC and downstream cTnl phosphorylation

Sarcomere proteins play a pivotal role in cardiac pressure de-
velopment and relaxation (Li et al., 2002; Stehle and Iorga, 2010).
Thus, myofilament signaling targets such as c¢Tnl are especially
important to investigate in the context of understanding pump
dysfunction. Our results show chronic cardiac contractile dys-
function is consistently associated with increased PKC-targeted
rat cTnl p-S45 levels (Figs. 3 and 4). PKC preferentially
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phosphorylates rat cTnl S23, S24, S43, S45, and T144 (Venema
and Kuo, 1993). The best understood site on ¢Tnl is $23/24, which
is phosphorylated by PKA, PKC, and other kinases (Westfall,
2014) to accelerate in vivo cardiac relaxation by increasing Ca®*
dissociation from ¢TnC and reducing myofilament Ca®* sensitiv-
ity (Takimoto et al., 2004; Dong et al., 2007; Yasuda et al., 2007).
In contrast, cTnl p-S43/45 reduces maximum actomyosin ade-
nosine triphosphatase (ATPase), force, and shortening in addition
to decreasing myofilament calcium sensitivity (Noland and Kuo,
1991; Burkart et al., 2003; Takimoto et al., 2004; Liu et al., 2014).
Thus, this cluster is expected to diminish in vivo function.
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Endogenous cTnl has been replaced with c¢Tnl containing
phospho-mimetic S43/45 combined with other PKC-targeted
residues (e.g., $23/24, T144) in genetic mouse models to deter-
mine the impact of PKC phosphorylation on c¢Tnl and myofila-
ment function. However, phenotypes in these mice range from
minimal to severe cardiac dysfunction (Sakthivel et al., 2005;
Bilchick et al., 2007; Kirk et al., 2009). These findings are not
easily explained by the other modified residue and/or cTnl re-
placement levels, which has led to ambiguity in the role ¢Tnl
S43/45 plays in modulating in vivo contractile performance.
There is no published genetic animal model expressing cardiac-
specific phospho-mimetic c¢Tnl S43/45 alone, but work in
isolated myocytes provides some insight (Westfall, 2014). Spe-
cifically, gene transfer and replacement of endogenous cTnl
with phospho-mimetic ¢Tnl S43D, S45D, or S43/45D reduce
myocyte contraction and relaxation (Lang et al., 2015), which is
consistent with the enhanced ¢Tnl p-S44/p-S45 and contractile
dysfunction observed in human hearts and in PO and aging rat
myocytes (Figs. 1, 3, and 4). The enhanced cTnl p-S45 linked to
dysfunction in older F344BN myocytes and the inability of
PKCaDN gene transfer to improve shortening amplitude and
reduce p-S45 levels in older myocytes (Figs. 4 and 5) further
support a significant role for c¢Tnl p-S45 in chronic cardiac
dysfunction. Cellular studies also showed that secondary phos-
phorylation develops at other myofilament protein sites over
time and coincides with a partial attenuation of myocyte dys-
function (Lang et al., 2017). This adaptive mechanism may
contribute to the partial improvement in post-VAD myocyte
contractile function, when there were no significant improve-
ments in pre- versus post-VAD cTnl p-S44 and p-PLB (Fig. 1 F
and Fig. S2 C). Most importantly, the current set of studies
shows that elevated cTnl p-S44 is consistently observed during
contractile dysfunction (Figs. 1, 3, and 4). Future work is needed
to determine if there is a similar relationship between human
cTnl p-S42 and chronic in vivo cardiac dysfunction, and to better
understand the intricate modulatory nature of the myofilament.

Our results also show that elevated cTnl p-S44 is present in
addition to the well-documented reduction in cTnl p-S23/24
during cardiac dysfunction and end-stage human HF (van der
Velden et al., 2004, 2006; Messer et al., 2007; Fig. 1). Heightened
rat c¢Tnl p-S45 develops under circumstances when there is
chronic contractile dysfunction without decreases in basal
p-S23/24 levels (Fig. 3, F and H, and Fig. 4 C). As a result, data
from both human and rat models support the idea that cTnl
p-S45 significantly contributes to chronic cardiac dysfunction.

Therapeutically targeting downstream PKC sites in

the myofilament

Recent clinical trials tested whether molecular inotropes tar-
geted to myofilament myosin can improve cardiac performance
(Cleland et al., 2011). The elevated PKC-targeted cTnl p-S44/
p-S45 that accompanies myocyte dysfunction (Figs. 1, 3, and 4)
indicates reduced human cTnl p-S44 may be functionally ben-
eficial. Thus, this site should be considered as an additional
myofilament target for therapeutically treating cardiac dys-
function. Therapeutic strategies designed to broadly modify
multiple posttranslational sites and thus target the rheostat-like
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function of cTn may optimize improvements in both systolic and
diastolic function, and potentially increase the relatively small
improvement observed in cardiac performance during VAD
support (Ogletree et al., 2010; Kirklin et al., 2015).

Limitations

The current myocyte studies do not include measurement of
Ca?* transients, but the peak amplitude and rate of Ca?* decay do
improve and contribute to the functional improvement in F
human myocytes after VAD therapy (Dipla et al., 1998). How-
ever, there is also earlier work showing contractile dysfunction
can develop independent of changes in Ca?*. For example, no
significant changes in diastolic Ca?* or the peak Ca?* transient
were detected at a point when peak shortening was impaired in
a rat hypertensive model with a comparable duration of supra-
renal aortic banding as the myocytes in Fig. 3 (McCall et al.,
1998). Significant reductions in peak shortening and the rates
of shortening and relengthening also were accompanied by
higher peak Ca®* transients in rat myocytes after aortic banding
(Kagaya et al., 1996). There also were no significant changes in
the Ca®* transient in the same aging rodent model used here
(Wahr et al.,, 2000), and a similar outcome was reported in
Wistar rats (Orchard and Lakatta, 1985). Although these findings
collectively suggest elevated human cTnl p-S44 (or rat p-S45)
contributes to chronic reductions in contractile function, future
work is needed to test the impact of cTnl p-S43/45 alone on
in vivo contractile performance.
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