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Cardiac hypertrophic signaling cascades resulting in heart 
failure diseases are mediated by protein phosphorylation. 
Recent developments in mass spectrometry-based 
phosphoproteomics have led to the identification of 
thousands of differentially phosphorylated proteins and 
their phosphorylation sites. However, functional studies 
of these differentially phosphorylated proteins have not 
been conducted in a large-scale or high-throughput 
manner due to a lack of methods capable of revealing the 
functional relevance of each phosphorylation site. In this 
study, an integrated approach combining quantitative 
phosphoproteomics and cell-based functional screening 
using phosphorylation competition peptides was developed. 
A pathological cardiac hypertrophy model, junctate-1 
transgenic mice and control mice, were analyzed using 
label-free quantitative phosphoproteomics to identify 
differentially phosphorylated proteins and sites. A cell-based 
functional assay system measuring hypertrophic cell growth 
of neonatal rat ventricle cardiomyocytes (NRVMs) following 
phenylephrine treatment was applied, and changes in 
phosphorylation of individual differentially phosphorylated 
sites were induced by incorporation of phosphorylation 
competition peptides conjugated with cell-penetrating 
peptides. Cell-based functional screening against 18 selected 
phosphorylation sites identified three phosphorylation 

sites (Ser-98, Ser-179 of Ldb3, and Ser-1146 of palladin) 
displaying near-complete inhibition of cardiac hypertrophic 
growth of NRVMs. Changes in phosphorylation levels of Ser-
98 and Ser-179 in Ldb3 were further confirmed in NRVMs 
and other pathological/physiological hypertrophy models, 
including transverse aortic constriction and swimming 
models, using site-specific phospho-antibodies. Our 
integrated approach can be used to identify functionally 
important phosphorylation sites among differentially 
phosphorylated sites, and unlike conventional approaches, 
it is easily applicable for large-scale and/or high-throughput 
analyses.
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INTRODUCTION

Cardiac hypertrophy can be characterized as the response of 

the heart to various hemodynamic stresses. Chronic mechan-

ical load in the heart resulting from diseases such as arterial 

hypertension, ischemia, myocardial infarction, vascular dis-
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eases, and familial cardiomyopathy can progress to maladap-

tive cardiac hypertrophy or heart failure (Tham et al., 2015). 

Although cardiac hypertrophy is initiated by various receptors 

at cell membranes sensing biomechanical signals and hor-

mones, it is generally mediated by cellular signaling cascades. 

Various heart failure disease models have been constructed 

and investigated, revealing a number of disease-specific car-

diac hypertrophic signaling cascades, including beta-adren-

ergic receptor signaling, Ca2+/calmodulin-dependent kinase 

II signaling, protein kinase C signaling, mitogen-activated 

protein kinase signaling, calcineurin-nuclear factor of acti-

vated T-cells signaling, cGMP dependent, protein kinase G 

signaling, and insulin/insulin receptor/AKT (protein kinase B) 

signaling (Heineke and Molkentin, 2006; Rohini et al., 2010; 

Shimizu and Minamino, 2016). These hypertrophic cellular 

signaling pathways ultimately lead to alternations in sarco-

mere organization, transcription factors, ion channels, and 

excitation-contraction coupling proteins within cardiomyo-

cytes (Adkins and Curtis, 2015; Kohli et al., 2011; Weeland et 

al., 2015; Yin et al., 2015).

 In general, cellular signaling cascades rely on the sequential 

activation or inactivation of kinases and phosphatases via 

protein phosphorylation (Day et al., 2016; Wheeler-Jones, 

2005). Protein phosphorylation not only plays a key role in 

cellular signaling cascades, but also changes the functional 

state of proteins (Cui et al., 2016; Eom et al., 2011; Lorenz 

et al., 2009; Ruppert et al., 2013; van Berlo et al., 2011). In 

cardiac hypertrophy, phosphorylation-dependent functional 

modulation of proteins, especially sarcoplasmic reticulum 

(SR) and sarcomere proteins, has been demonstrated. For ex-

ample, phospholamban, a well-known inhibitor of SERCA2A 

Ca2+ uptake activity, is modulated by specific phosphory-

lation of Ser-16 and Thr-17 by protein kinase A (PKA) and 

Ca2+-calmodulin-dependent protein kinase II (CAMKII) (Kra-

nias and Hajjar, 2012; MacLennan and Kranias, 2003; Matti-

azzi and Kranias, 2014). Phosphorylation of ryanodine recep-

tor 2 (RyR2) at Ser-2808, Ser-2814, and Ser-2030, mediated 

by PKA and Ca-CAMKII, is involved in RyR2-mediated SR Ca2+ 

release (Di et al., 2014; Fischer et al., 2015; Li et al., 2013; 

Respress et al., 2012; Shan et al., 2010a; 2010b). PKA-me-

diated phosphorylation of cardiac troponin I at Ser-23/24, 

and cardiac myosin-binding protein-C (cMyBP-C) at Ser-302, 

also reportedly modulates cardiac contractility (Gresham and 

Stelzer, 2016; Kooij et al., 2010; Mamidi et al., 2017; Rosas 

et al., 2015). Additionally, PKA-mediated phosphorylation at 

Ser-1700 and Thr-1704 of the voltage-gated Ca2+ channel 

Cav 1.2 is involved in excitation-contraction coupling in the 

heart. Reduced contractility in cardiomyocytes by abnormal 

phosphorylation results in cardiac hypertrophy over time (Fu 

et al., 2013; Yang et al., 2016). Notably, all these phosphory-

lation sites appear to be downstream targets of hypertrophic 

cellular signaling pathways because kinases activated during 

hypertrophic cellular signaling, such as PKA and Ca2+-CAMKII, 

directly phosphorylate these proteins.

 To investigate specific cardiac hypertrophic signaling and 

related cellular processes in various heart failure disease 

model systems, a large-scale method for quantitative analysis 

of phosphorylation is required that can provide comprehen-

sive information on differentially phosphorylated proteins 

and their phosphorylation sites under different conditions. 

Following recent developments in mass spectrometry (MS)-

based quantitative phosphoproteomics, heart disease mod-

el-specific cardiac hypertrophic signaling cascades and their 

related cellular processes have been successfully identified 

(Chang et al., 2013; Kuzmanov et al., 2016; Lundby et al., 

2013; Schechter et al., 2014; Scholten et al., 2013). Howev-

er, phosphorylation-dependent functionally relevant proteins 

that could be downstream targets of cardiac hypertrophic 

signaling cascades are yet to be identified, and the causes of 

cardiac hypertrophy have not been established. This is primar-

ily due to a lack of high-throughput, large-scale experimental 

techniques capable of proving the functional relevance of 

specific phosphorylation sites of cardiac hypertrophy-related 

proteins by changing individual phosphorylation levels. Con-

struction of genomic mutation models mimicking constitutive 

activation or null phosphorylation states on single or double 

phosphorylation sites has been used to study the in vivo func-

tional relevance of individual phosphorylation sites (Pollak et 

al., 2017; Song et al., 2012). However, this approach is not 

suitable for functional analysis of many phosphorylation sites 

discovered using quantitative phosphoproteomics approach-

es.

 Herein, we envisaged a cell-based assay system that could 

alter phosphorylation levels at individual phosphorylation 

sites of cardiac hypertrophy-related proteins by introducing 

specific pseudo-substrates of kinases, predicted that it could 

be used to screen functionally relevant phosphorylation sites, 

and designed a proof-of-concept experiment. An integrated 

approach combining quantitative phosphoproteomics dis-

covery and cell-based functional screening to identify func-

tionally important phosphoproteins in cardiac hypertrophy, 

and their related phosphorylation sites, was subsequently 

developed. Confirmation of functionally related phosphor-

ylation sites was then carried out by generation of site-spe-

cific phospho-antibodies (Fig. 1). In the discovery phase, we 

performed label-free quantitative phosphorylation analysis 

of cardiac muscle tissue from a junctate-1-overexpressing 

transgene (TG) cardiac hypertrophy mouse model to iden-

tify cardiac hypertrophy-related phosphoproteins and their 

phosphorylation sites. Junctate-1 is a high-capacity Ca2+-bind-

ing protein localized at the SR membrane (Kwon and Kim, 

2009). Several studies have demonstrated that hypertrophied 

ventricular remodeling is induced by ventricular arrhythmias 

and atrial fibrillation resulting from alternation of intracellular 

Ca2+ handling capacity (Brandenburg et al., 2016; Lou et al., 

2012; Rowin et al., 2017; Seko et al., 2018). Overexpression 

of junctate-1 in the heart is considered a genetic model of 

clinically relevant atrial fibrillation, and displays impaired Ca2+ 

transients and arrhythmia, eventually leading to left ventricu-

lar hypertrophy as well as cardiac fibrosis (Hong et al., 2008; 

Nishida et al., 2010). Among differentially phosphorylated 

phosphopeptides identified using the junctate-1 TG cardiac 

hypertrophy mouse model, a subset and their phosphoryla-

tion sites were selected based on the relevance of cardiac re-

modeling during cardiac hypertrophy, from evidence includ-

ing tissue expression patterns (ESTs) and previous functional 

studies.

 In the functional screening phase, we utilized an in vitro 



502  Mol. Cells 2021; 44(7): 500-516  

Quantitative Phosphoproteomics and Cell-Based Screening
Hye Kyeong Kwon et al.

cell-based assay system using neonatal rat ventricle cardiomy-

ocytes (NRVMs) that can measure hypertrophic growth upon 

phenylephrine (PE) treatment. To alter the phosphorylation 

levels of specific phosphorylation sites of differentially phos-

phorylated proteins, trans-activator of transcription (TAT) 

cell-penetrating sequences were conjugated to phosphoryla-

tion competition peptides targeting individual phosphoryla-

tion sites and incubated with neonatal cardiomyocytes prior 

to PE treatment. Hypertrophic growth of neonatal cardiomy-

ocytes upon PE treatment was monitored using immunofluo-

rescence to screen functionally relevant phosphorylation sites. 

Finally, we generated phospho-specific antibodies of func-

tionally relevant phosphorylation sites identified by cell-based 

functional screening, and changes in phosphorylation levels 

of individual phosphorylation sites were confirmed in NRVMs 

and other pathological/physiological hypertrophy models, 

including transverse aortic constriction (TAC) and swimming 

models.

MATERIALS AND METHODS

All animal experiments were performed with the approval of 

the Animal Care Committee of the Gwangju Institute of Sci-

ence and Technology (No. GIST-2009-14).

Generation of junctate-1 TG mice
To generate junctate-1 overexpression TG mice, mouse junc-

tate-1 cDNA was amplified by PCR using primers 5′-GTT-

TTT-TCC-CTT-CTG-TGT-ATT-TTG-TGC-ATG-G (forward) and  

5′-CCA-ACT-GAG-CCA-CAG-ATG-CTC-TCA-AAT-AAG-G-3′ 

(reverse) (Hong et al., 2001). The junctate-1 cDNA was insert-

ed between the 5.4 kb mouse cardiac α-myosin heavy chain 

promoter and the human growth hormone polyadenylation 

sequence to generate junctate-1 TG constructs (Palermo et al., 

1996). TG mice were produced by Macrogen (Korea) as de-

scribed previously (Hong et al., 2002). The TG founders were 

mated with wild-type (WT) FVB/N mice to produce F1 hetero-

zygotes, and F2 homozygotes were produced by cross-mating 

(Hong et al., 2008). Homozygous 8- to 12-week-old TG and 

age-matched WT mice were used for this study.

Protein extraction and digestion
Isolated heart left ventricles were washed with ice-cold phos-

phate-buffered saline (PBS) to remove excess blood, and fro-

zen ventricular tissue was ground with liquid nitrogen using 

a pre-chilled pestle and mortar. The resultant powder was 

Fig. 1. Overall experimental scheme for screening specific phosphorylation sites involved in cardiac hypertrophy.
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collected in Eppendorf tubes and reconstituted in extraction 

buffer containing 8 M urea, 100 mM TRIS-HCl (pH 8.5), and 

1 mM dithiothreitol (DTT). This lysate was sonicated five times 

at 20% amplitude for 5 s on ice and incubated at 4°C for 1 h. 

Insoluble debris was removed by centrifugation at 100,000g 

for 1 h, and the protein concentration was determined using 

a bicinchoninic acid (BCA) assay kit (Thermo Fisher Scientific, 

USA). After protein mixtures were reduced (5 mM DTT, 30 

min) and alkylated with 25 mM iodoacetamide for 30 min 

in the dark, samples were diluted to 2 M urea with 50 mM 

TRIS-HCl (pH 8.0) and digested with sequencing grade tryp-

sin (Promega, USA) at a 1:50 enzyme/substrate ratio in the 

presence of 5 mM CaCl2 at 37°C overnight. Digested pep-

tides were stored at –80°C until use.

Immobilized metal affinity chromatography (IMAC) 
phosphopeptide enrichment
Phosphopeptide enrichment of mouse heart tissue was car-

ried out as previously described (Choi et al., 2011). Briefly, 

inline MicroFilters (Upchurch Scientific, USA) were prepared 

as frits for both a desalting column and a reversed-phase (RP) 

immobilized metal affinity chromatography (IMAC) phospho-

peptide enrichment/trapping column. The desalting column 

was preparzed using a fused-silica capillary (inner diameter 

[ID], 250 µm; outer diameter [OD], 360 µm; Polymicro Tech-

nologies, USA) packed with 12 cm AQUA C18 resin (5 µm 

particle size; Phenomenex, USA). The desalting column was 

sequentially washed with methanol (Fisher Scientific, USA) 

and solvent B, consisting of 0.1% formic acid (FA; Sigma-Al-

drich, USA) and 80% acetonitrile (ACN; Fisher Scientific) 

in water, and equilibrated with 0.1% FA aqueous solution. 

Peptide samples were loaded onto the desalting column and 

washed with at least five column volumes of 1% FA solution. 

To enrich phosphopeptides, a biphasic trapping column was 

prepared by packing 3 cm of AQUA C18 resin and 10 cm of 

IMAC POROS 20 MC resin (Applied Biosystems, USA) into 

a fused-silica capillary. The column was washed once with 

solvent B and twice with IMAC binding buffer (40% ACN, 

0.1% FA), and connected to the desalting column. After 

bound peptides were eluted from the desalting column onto 

the RP/IMAC column with IMAC binding buffer, the desalt-

ing column was detached and the RP/IMAC column was 

washed with IMAC binding buffer to remove non-specifical-

ly-bound peptides, and equilibrated with 0.1% trifluoroacetic 

acid (TFA). Phosphopeptides bound to the IMAC resin were 

eluted from the 3 cm AQUA C18 RP resin with IMAC elution 

buffer (100 mM NH4H2PO4), and the RP/IMAC column was 

washed with 0.1% FA. Finally, an analytical column for pep-

tide separation was prepared by pulling a fused-silica capillary 

(ID, 100 µm; OD, 360 µm; Polymicro Technologies) using a 

P-2000 laser puller (Sutter Instrument Company, USA) and 

packing with 7 cm of AQUA C18 resin. The analytical column 

was connected to the RP/IMAC column for RP liquid chroma-

tography-tandem MS (RPLC-MS/MS) analysis.

LC-MS/MS analysis
Each phosphopeptide sample was analyzed using an Agilent 

1100 Series high-performance liquid chromatography (HPLC) 

pump (Agilent Technologies, USA) coupled to an LTQ linear 

ion trap mass spectrometer (Thermo Finnigan, USA) using an 

in house-manufactured nano-electrospray ionization inter-

face with a split flow configuration to adjust the column flow 

rate to ~250 nl/ml. Solvent A (0.1% FA) and solvent B (0.1% 

FA, 80% ACN) were used to run a 120 min gradient. The 

gradient profile started with a 14 min gradient from 0% to 

2% solvent B, followed by a 1 min gradient from 2% to 5% 

solvent B, a 90 min gradient from 5% to 30% solvent B, a 

5 min gradient from 30% to 100% solvent B, and a final 10 

min gradient of 100% solvent B. Full-scan MS spectra were 

acquired in the range of 400 to 2,000 m/z in data-dependent 

mode and positive ion mode, with a spray voltage of 2.5 kV. 

The 10 most abundant ions from each MS scan were select-

ed for further MS/MS analysis using a normalized collision 

energy of 35%. A dynamic exclusion of 30 s was applied to 

avoid repeated analysis of the same abundant precursor ion.

Database searching and identification of phosphopep-
tides
Raw files were searched against UniProt mouse sequence 

(released on Oct 2, 2015) and decoy databases using the 

SEQUEST algorithm in Proteome Discoverer Software (ver. 

2.2; Thermo Fisher Scientific). SEQUEST parameters were set 

as fully tryptic peptides with a maximum of two missed cleav-

ages using carbamidomethyl cysteine as a fixed modification 

(+57 Da), and oxidation of methionine (+16 Da) and phos-

phorylation of serine, threonine, and tyrosine (+80 Da) as 

variable modifications. The maximum number of equal mod-

ifications allowed per peptide was three. For protein identi-

fication, a precursor mass tolerance of 3.0 Da was applied, 

and the fragment mass tolerance was set as 1.0 Da. A pep-

tide spectral match (PSM) false discovery rate (FDR) of <1% 

was determined using the target-decoy strategy coupled 

to Percolator (q-value < 0.01) (Käll et al., 2007). Confident 

phosphorylation sites were determined using a phosphoRS 

site localization probability value of >75% (Taus et al., 2011).

Label-free phosphopeptide quantification and bioinfor-
matics
Spectral counts (SpCs) were used for quantification of unique 

phosphopeptides, which were exported from identified 

phosphoproteins in Proteome Discoverer according to amino 

acid sequences and phosphorylated sites for phosphopep-

tides. To avoid discontinuity in SpC ratios when phosphopep-

tides had a count of zero, a pseudo-SpC of 0.1 was added to 

each of these values (Byrum et al., 2013; Patel et al., 2009; 

Zhang et al., 2013). The 0.1-shifted SpCs were normalized 

using total SpC (TSpC) to reduce variation between runs as 

previously described (Gokce et al., 2011). Briefly, for TSpC 

normalization, the highest number of TSpCs per condition 

was chosen, and the highest TSpC was divided by the TSpC 

of each replicate to generate normalization factors (NFs). NFs 

were then multiplied by each raw SpC value to produce nor-

malized spectral counts (NSpC), and differentially phosphor-

ylated peptides (DPPs) were determined as peptides with a P 

value < 0.05 according to two-tailed Student’s t-tests, with an 

absolute log2 fold change ≥ 0.58 for average NSpCs between 

WT and TG samples. For SpC definition, undetected peptides 

had a SpC count of zero; hence only up- and downregulated 
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phosphopeptides detected in WT or TG samples in at least 

two out of three replicates were considered DPPs.

 Gene Ontology (GO) and Kyoto Encyclopedia of Genes 

and Genomes (KEGG) pathway analyses were performed 

using up- and downregulated DPPs identified from the junc-

tate-1 TG 12 week mouse model using Database for Annota-

tion, Visualization and Integrated Discovery (DAVID) software 

(Huang et al., 2009). GO and KEGG pathway annotations 

were enriched in DAVID with P values < 0.01, and, with more 

than three regulated phosphoproteins in each annotation.

Isolation and culturing of NRVMs
NRVMs were obtained from ventricles of 1-day-old 

Sprague-Dawley rats (Orient Bio, Korea). Cardiomyocytes 

were isolated and cultured as described previously (Sadoshi-

ma et al., 1992). Briefly, minced heart ventricular tissues were 

digested with HEPES-buffered saline solution containing 

0.1% collagen type II (Thermo Fisher Scientific) and 0.4% 

pancreatin (Sigma-Aldrich) at 37°C. Cardiomyocytes were 

further purified by Percoll (Amersham Pharmacia Biotech, 

USA) gradient centrifugation. Cardiomyocytes were plated on 

collagen-coated dishes (BD Biosciences, USA) and cultured 

in low-glucose Dulbecco’s modified Eagle’s medium (DMEM) 

supplemented with 10% fetal bovine serum (FBS; Hyclone, 

USA), 2 mM L-glutamine (Invitrogen, USA), and 100 µM 

5-bromodeoxyuridine (Sigma-Aldrich) for 24 h.

Phosphorylation competition peptide delivery into isolated 
neonatal cardiomyocytes
Phosphorylation competition peptides were designed to 

contain 10 to 15 amino acid residues, with the differentially 

phosphorylated site identified from phosphorylation analysis 

of junctate-1 TG mouse hearts in the center of the peptide. 

Phosphorylation competition peptides were linked to the 

cell-penetrating peptide sequence of TAT (47YGRKKRRQR-

RR57) by introducing a cysteine disulfide bond using additional 

cysteines at the N-terminus of each peptide (Oh et al., 2013). 

All phosphorylation competition peptides were prepared by 

AnyGen (Korea) with 95% purity. Prepared cardiomyocytes 

were starved in serum-free medium overnight and incubated 

with phosphorylation competition peptides for 1 h.

Immunostaining and measurement of cardiomyocyte sur-
face area
NRVMs plated on collagen-coated glass coverslips were fixed 

with 4% paraformaldehyde and 4% sucrose in PBS for 7 

min, then washed three times with PBS. To permeabilize the 

membrane, cells were incubated for 10 min with 0.3% Triton 

X-100 in PBS, then washed in PBS at least three times. Cells 

were blocked with 5% bovine serum albumin (BSA) for 1 h at 

room temperature and incubated in monoclonal anti-α-actinin 

(A7811, 1:200; Sigma-Aldrich) at 4°C overnight, followed by 

incubation with Alexa Fluor 488 goat anti-mouse IgG (H + L) 

(A-11001, 1:200; Invitrogen) for 2 h at room temperature. 

After three subsequent washes, cells were mounted with 

PermaFluor Aqueous Mounting Medium (Thermo Fisher 

Scientific). To measure changes in cell surface area, images 

of cultured cardiomyocytes were visualized by fluorescence 

microscopy (IX80; Olympus, Japan) using a 20× (0.45 NA) 

dry objective lens, and cell area was analyzed using ImageJ 

software (National Institutes of Health, USA). All experiments 

were performed with three biological replicates. Cardio-

myocyte surface area was determined using 50 randomly 

selected cells per experiment, and calculated as the average 

cell surface area from each experiment. Average cell surface 

area was then normalized using the ratio of cell surface area 

(treated)/cell surface area (untreated). Statistical significance 

was determined by two-tailed Student’s t-tests to estimate 

significant differences between groups, P < 0.05 indicated 

statistical significance, and mean ± SEM was calculated from 

three technical replicates.

Cardiac hypertrophy mouse models

Pathological cardiac hypertrophy

Eight-week-old male C57BL/6J mice (body weight, 25-30 

g; Orient Bio) were subjected to pressure overload by TAC 

(or sham operations for controls) for 2 weeks. Mice were 

anesthetized with 0.3-0.5 ml of Avertin (2,2,2-tribromo-

methanol; Sigma-Aldrich) working solution, administered by 

intraperitoneal injection. Avertin stock solution (1.6 mg/ml), 

prepared by solubilizing in tert-amyl alcohol (Fisher Scientific), 

was diluted 40-fold with PBS to yield Avertin working solu-

tion. Mice were ventilated with a tidal volume of 0.1 ml at a 

respiratory rate of 120 breaths per min (Harvard Apparatus, 

USA). A longitudinal incision of 2 to 3 mm was made in the 

proximal sternum for visualization of the aortic arch. The 

transverse aortic arch was ligated between the innominate 

and left common carotid arteries with an overlaid 27-gauge 

needle. The needle was then immediately removed, leaving 

a discrete region of constriction (Kho et al., 2011). The sham 

group was subjected to a similar procedure without ligation.

Physiological cardiac hypertrophy

Exercise training was performed on 8-week-old male 

C57BL/6J mice (body weight, 28-33 g; Orient Bio) in swim-

ming pools for 2 or 4 weeks. On the first day, training con-

sisted of two 10 min sessions separated by at least 4 h. The 

exercise intensity of the following endurance training was 

increased in 10 min increments daily, reaching 90 min, twice 

daily, whereas untrained mice remained sedentary (Song et 

al., 2012).

SDS-PAGE and immunoblot analysis
Samples (5 µg) of mouse left ventricle tissue and neonatal 

cardiomyocyte lysates were prepared by sonication in ice-cold 

lysis buffer consisting of 10 mM TRIS-HCl (pH 7.5), 1% Triton 

X-100, 0.1% sodium dodecyl sulfate (SDS), 0.5% sodium 

cholate, 100 mM NaCl, 1 mM ethylenediaminetetraacetic 

acid (EDTA), 1 mM ethylene glycol tetraacetic acid (EGTA), 

protease cocktail inhibitor (Roche, Switzerland), 50 mM 

NaF, 5 mM Na3VO4, 10 mM beta-glycerophosphate, 10 mM 

sodium pyrophosphate, and 1 mM phenylmethylsulfonyl 

chloride (PMSF). Soluble lysates were isolated by centrifu-

gation at 13,000g for 1 h to remove insoluble debris, and 

protein concentrations were determined using a BCA protein 

assay kit (Thermo Fisher Scientific). Lysates were separated 

by SDS-polyacrylamide gel electrophoresis (PAGE) on an 8% 
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polyacrylamide gel and transferred to a PVDF membrane 

using a mini Trans-Blot Kit (Bio-Rad, USA). The membrane 

was blocked with 5% BSA for 1 h at room temperature, 

and incubated with primary antibodies at 4°C overnight. The 

antibodies and dilutions used for immunoblotting were as 

follows: 1:10,000 phospho-Ser-98 and phospho-Ser-179 

Ldb3 polyclonal antibodies (AbFrontier, Korea); 1:5,000 

Cypher (sc-136380; Santa Cruz Biotechnology, USA); and 

1:2,500 GAPDH (sc-32233; Santa Cruz Biotechnology). 

TRIS-buffered saline containing 0.2% Tween-20 (TBS-T) was 

used as incubating and washing buffer. The membrane was 

incubated with a 1:20,000 dilution of horseradish peroxidase 

(HRP)-conjugated goat anti-mouse IgG (115-035-003; Jack-

son ImmunoResearch, USA) at room temperature for 1 h, 

and the secondary antibody was visualized on X-ray film by 

chemiluminescence. Quantification of phosphoproteins was 

determined by ImageJ software to reveal differences between 

treated and control groups. Two-tailed Student’s t-tests were 

used to establish statistical significance (P < 0.05), and mean 

± SEM values were estimated from three technical replicates.

Accession code
The mass spectrometry proteomics data have been deposited 

to the ProteomeXchange Consortium via the PRIDE partner 

repository with the dataset identifier PXD011421 (Vizcaíno et 

al., 2016).

RESULTS

Label-free quantitative phosphoproteome analysis of car-
diac muscle proteins of junctate-1 TG and control mice
Label-free quantitative phosphoproteome analysis was con-

ducted to monitor changes in protein phosphorylation events 

in the junctate-1 TG pathological cardiac hypertrophy mouse 

model. Left ventricle tissue lysates were prepared from 

12-week-old junctate-1 TG mice (n = 5) as the pathological 

cardiac hypertrophy group, and 12-week-old WT mice (n = 5) 

as the control group. Proteins in solution were digested over-

night with trypsin, and phosphopeptides were enriched using 

an optimized IMAC protocol and subjected to µHPLC-MS/

MS analysis. Each group of samples was analyzed with three 

technical replicates, generating six raw files. Phosphopeptide 

identification was conducted using Proteome Discoverer 

with a PSM false discovery rate (FDR) < 0.01 and a Percolator 

q-value < 0.01. A total of 1,029 phosphopeptides corre-

sponding to 516 phosphoproteins was identified (Supple-

mentary Table S1). To assess the reproducibility of the three 

technical replicates, normalized spectral counts (NSpCs) were 

derived by multiplying each raw spectral count (SpC) and 

NF. NFs were obtained from the ratio of total SpCs (TSpCs) 

for each replicate and the highest number of TSpCs among 

technical replicates. Finally, the reproducibility of three tech-

nical replicates represented by NSpCs was assessed using 

average NSpCs of the same group per condition, and errors 

associated with each technical replicate were estimated using 

R-squared correction coefficients (R2). The results are repre-

sented in correlation plots for individual NSpCs of WT (R2 = 

0.9366, 0.937, and 0.9256) and TG (R2 = 0.8059, 0.8726, 

and 0.9131) groups versus average NSpCs for each group 

(Supplementary Fig. S1). Next, identified phosphopeptides 

were re-filtered using a site localization probability >75% 

(phosphoRS) for each site to confidently select localized 

phosphorylation sites. Phosphorylation site localization filter-

ing yielded 759 unique phosphopeptides, 428 phosphopro-

teins, and 886 phosphorylation sites (Fig. 2A). The site lo-

calization probabilities for confident phosphopeptides were 

provided in the highest probability values probability value 

among individual for unique phosphopeptide in each repli-

cate (Supplementary Table S2). Moreover, we estimated the 

distribution of each phosphorylation site. Serine was found to 

be the most abundantly phosphorylated residue (1,100 sites, 

85%), followed by threonine (159 sites, 12%), and tyrosine 

(31 sites, 3%; Supplementary Fig. S2A). Among the 1,029 

unique phosphopeptides, 797 were singly phosphorylated. 

203 and 29 phosphopeptides contained respectively double 

and triple phosphorylation sites (Supplementary Fig. S2B). 

Next, DPPs in junctate-1 TG mice were determined from the 

changes in NSpCs between junctate-1 TG and WT samples 

with absolute log2 fold changes ≥ 0.58 and P values < 0.05 

(two-tailed Student’s t-tests). Additionally, phosphopeptides 

detected in at least two of the three technical replicates in 

only one condition were selected as DPPs. A total of 227 

phosphopeptides (182 upregulated and 45 downregulated 

phosphopeptides) corresponding to 155 phosphoproteins 

was significantly differentially regulated in the junctate-1 TG 

mouse model. The distribution of DPPs is represented as a 

volcano plot (Fig. 2B), and details of phosphopeptide quanti-

fication results are provided as an Excel file in Supplementary 

Table S1.

GO and KEGG pathway analysis of cellular processes spe-
cifically altered in junctate-1 TG mice
GO and KEGG pathway enrichment analyses were performed 

to reveal cellular processes related to the 155 differentially 

regulated phosphoproteins. Within GO biological processes 

(GOBPs), cytoskeleton organization, muscle development, 

and muscle contraction were identified as the major per-

turbed processes, and most GOBP annotations were associ-

ated with the regulation of cardiac muscle contraction and 

development (Fig. 2C). Enrichment analysis of GO cellular 

components (GOCC) showed that most of the regulated 

phosphoproteins were mainly localized to the contractile 

fiber, implying that this structure is a critical hotspot for phos-

phorylation. Subcellular localization analysis revealed that the 

regulated phosphoproteins were localized to cytoskeleton, 

vesicle and cytosol (Fig. 2D). Regarding GO molecular func-

tion (GOMF), genes related to muscle cytoskeletal functions 

such as cytoskeleton binding, alpha-actinin binding, and 

motor activity were enriched. Additionally, Ca2+ handling 

mechanisms (ion channel binding, calmodulin binding) and 

phosphorylation events (protein kinase binding, phosphatase 

binding, phosphoprotein binding) were identified as DPPs 

(Supplementary Fig. S3A). Regarding KEGG pathways, genes 

related to tight junctions, dilated cardiomyopathy, and hyper-

trophic cardiomyocytes were significantly expressed (Supple-

mentary Fig. S3B).
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Selection of phosphorylation sites for cell-based functional 
analysis and construction of phosphorylation competition 
peptides
Of the differentially phosphorylated sites identified in this 

study, a subset was selected for subsequent cell-based func-

tional analysis. Out of 155 DPPs, 134 proteins displaying 

increased phosphorylation levels in pathological cardiac hy-

pertrophy were first considered because lowering the phos-

phorylation level using phosphorylation completion peptides 

is expected to be more effective since kinases recognize spe-

cific motifs or sequences of substrates. Phosphorylation com-

petition peptides are expected to act as pseudo-substrates 

of cellular kinases, resulting in decreased phosphorylation of 

specific phosphorylation sites.

 To generate a list of phosphoproteins closely related to 

cardiac and muscle diseases, the publically available human 

disease gene network database (https://www.disgenet.org/) 

was used to identify 47 cardiac- and muscle disease-related 

genes among the 134 proteins (Fig. 3A). These 47 proteins 

were further investigated in terms of their tissue-specific ESTs 

and compared with previously reported cardiac muscle-spe-

cific proteome profiles (Lindskog et al., 2015), which reduced 

the list to 23 proteins. Additional analysis of the literature 

related to cardiac diseases added a further six proteins to the 

list. Among the 29 proteins, those not exhibiting changes in 

protein abundance in the comparative proteome analysis of 

junctate-1 TG mice and control mice were selected because 

changes in phosphorylation level of functionally important 

phosphorylation sites are not accompanied by changes in 

protein abundance in the same direction (Olsen et al., 2010; 

Wu et al., 2009; 2011). A total of 14 phosphoprotein was 

finally selected, and their 18 phosphorylation sites were 

used for the construction of 16 phosphorylation competition 

peptides (Supplementary Table S3). To aid incorporation of 

phosphorylation competition peptides into cells, they were 

conjugated to the cell-penetrating peptide of the human 

immunodeficiency virus (HIV) TAT. Phosphorylation compe-

tition peptides were 10 to 15 amino acid residues in length, 

with differentially phosphorylated sites in the center of the 

peptide, and the cell-penetrating peptide of HIV TAT protein 

(47YGRKKRRQRRR57) was conjugated via a disulfide bond by 

adding cysteines at the N-terminus of each peptide.

Fig. 2. Identification and functional annotation of DPPs. (A) Left ventricle tissue lysates from 12-week-old JTT-1 transgene (TG) mice 

(five mice per group, n = 5) were digested, and immobilized Metal Affinity Chromatography (IMAC) phosphopeptide enrichment was 

performed on the resultant peptides. Enriched phosphopeptides were subjected to µLC-MS/MS. Identified phosphopeptides were 

normalized using the highest total spectral count (TSpC) for each group and phosphorylation sites with phosphoRS probabilities > 75% 

were considered to be phosphorylated with a high degree of confidence. Quantification by normalized spectral counts (NSpCs) and 

selection of DPPs detected uniquely in either of the two groups were used to identify DPPs. Statistically significant differences were 

determined by performing two-tailed Student’s t-tests on three technical replicates. (B) The volcano plot of Log10 (P value) versus Log2 

(fold-change) showed the distribution of DPPs for phosphopeptide quantification using NSpC. Significantly altered DPPs are represented 

by different colors (red, upregulated; blue, downregulated) and cutoff P value (P < 0.05) is drawn as a dotted line. (C) Bar chart depicting 

different Gene Ontology Biological Processes (GOBP) associated with DPPs. (D) Pie chart showing the percentage of Gene Ontology 

Cellular Component (GOCC) categories of significantly regulated DPPs (P < 0.01).
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Cell-based functional screening of specific phosphoryla-
tion sites in cardiac hypertrophy-related phosphoproteins
To modulate intracellular phosphorylation levels of specific 

phosphorylation sites, 18 chemically synthesized TAT-con-

jugated competition peptides were separately incubated 

with NRVMs at a final concentration of 100 nM for 1 h, and 

NRVMs were subsequently exposed to 100 µM PE for 24 h. 

Next, we investigated whether treatment with site-specific 

phosphorylation competition peptides altered hypertrophic 

cell growth by measuring the cell surface area using α-actinin 

immunostaining. The average cell surface area was mea-

sured by fluorescence microscopy of immunostained NRVMs 

using three independent biological replicates. Following 

treatment with most phosphorylation competition peptides, 

PE treatment induced an enlargement of cardiomyocytes by 

almost 1.8-fold compared with PE-untreated and TAT-treat-

ed/PE-untreated controls (Fig. 3B). Meanwhile, PE-induced 

enlargement of cardiomyocytes was drastically inhibited by 

pretreatment of competition peptides (94PPIQSPLPVIP104 and 
174AQGSVSPKVLP184) targeting Ser-98 and Ser-179 of Ldb3 

(P < 0.001 compared with TAT-treated/PE-treated controls). 

Since Ldb3 has other major phosphorylation sites that were 

not identified as differentially phosphorylated sites in the 

pathological hypertrophy model (Ser-121, Ser-123, Ser-170, 

and Ser-171), the effects of inhibiting these four phosphory-

lation sites using two phosphorylation competition peptides 

(117LATPSPSPEAR127 and 165PVAKASSEGAQ175) were also in-

vestigated to confirm specific inhibition associated with Ser-

98 and Ser-179. Immunofluorescence images of α-actinin 

following treatment with competition peptides targeting 

Ser-98 and Ser-179 of Ldb3 revealed less organized actin fila-

ment polarity in cells, even after stimulation with PE for 24 h 

Fig. 3. Site-specific phosphorylation screening by cell-based assay with competition peptides. (A) Overall scheme of disease-specific 

phosphorylated site selection. Only 47 phosphoproteins among 134 upregulated phosphoproteins were identified as phosphoproteins 

related to heart and muscle disease in the human disease database. Twenty-nine phosphoproteins were mapped in the heart tissue-

specific expression database and literature. The changes at each phosphorylation site were compared with its protein abundance to 

identify phosphorylation-specific level changes. Finally, 14 target phosphoproteins and phosphorylation competition peptides for 18 

phosphorylation target sites were selected for cell-based screening. (B) Cultured neonatal rat cardiomyocytes were treated with 100 nM 

competition peptides to inhibit site-specific phosphorylation and exposed to 100 µM PE for 24 h. The cell surface area was then determined 

by immunofluorescence staining of α-actinin, and bar graphs representing surface area were drawn. Statistical significance was assessed 

by two-tailed Student’s t-tests for each comparison group with three biological replicates. (C) Immunofluorescence images of sarcomeric 

α-actinin (a, untreated; b, PE; c, TAT; d, TAT + PE; e, Ldb3-S98 + PE; f, Ldb3-S121, 123 + PE; g, Ldb3-S170, 171 + PE; h, Ldb3-S179 + PE; i, 

Palld-S901 + PE; j, Pallad-S1146 + PE). PE, phenylephrine; TAT, transactivator of transcription. (D) Bar graphs showing changes in cell surface 

area following treatment with different concentrations of competition peptides targeting Ser-98 and Ser-179 of Ldb3. ***P < 0.001 vs 

untreated; ##P < 0.01, ###P < 0.001 vs TAT + PE; n.s., not significant; n = 3 per group.
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(Fig. 3C). Additionally, treatment with phosphorylation com-

petition peptides targeting Ser-1146 of palladin inhibited en-

largement of the cell surface area by PE (P < 0.01) compared 

with TAT-treated/PE-treated controls. These results indicate 

that inhibition of phosphorylation on Ser-98 and Ser-179 of 

Ldb3, and Ser-1146 of palladin, may play a protective role in 

the PE-induced cardiac hypertrophy model. In addition, we 

monitored changes in cell surface area following treatment 

of NRVMs with different concentrations of phosphorylation 

competition peptides targeting Ldb3 Ser-98 and Ser-179. The 

inhibitory effects of these two phosphorylation competition 

peptides were concentration-dependent, yielding complete 

inhibition of cardiac hypertrophic growth at a concentration 

of 100 nM (Fig. 3D). These results indicate that our cell-based 

functional screening system can be used to monitor the func-

tional activities of individual phosphorylation sites. MS/MS 

spectra matched to corresponding phosphopeptides were 

manually assigned, and the locations of phosphorylation sites 

were confirmed by fragment ion analysis (Supplementary Fig. 

S4).

Generation of site-specific phospho-antibodies for Ser-98 
and Ser-179 of Ldb3
In cell-based functional screening of phosphorylation com-

petition peptides, phosphorylation of Ser-98 and Ser-179 in 

Ldb3 was identified as a strong candidate for modulating car-

diac hypertrophic growth (P < 0.001). To verify the MS results 

for these two phosphorylation sites, and monitor changes in 

phosphorylation level upon treatment with phosphorylation 

competition peptides, phosphorylation site-specific antibod-

ies were constructed. Rabbit polyclonal phospho-specific 

antibodies that recognize phosphorylation on Ser-98 and 

Ser-179 of Ldb3 were generated using synthetic phospho-

peptides as antigens. These two phospho-specific antibodies 

were first tested for their specificity and cross-reactivity. To 

evaluate reactivity toward Ser-98 and Ser-179 phosphoryla-

tion sites in Ldb3, each phospho-antibody was pre-incubated 

with a mixture of two peptides with the same sequences, 

whose phosphorylated forms were used as antigens in the 

generation of phospho-specific antibodies, and junctate-1 TG 

and control mouse heart lysates used in the discovery phase 

were probed by immunoblotting. Both phospho-specific an-

tibodies displayed higher reactivity with junctate-1 TG heart 

lysates, and the reactivity was completely abolished by addi-

tional pre-incubation with the respective antigen phospho-

peptides. Since both of these phospho-specific antibodies 

recognize serine phosphorylation, cross-reactivity between 

the two phosphorylation sites was tested by pre-incubation 

with opposite antigen phosphopeptides before immunoblot-

ting. Pre-incubation with opposite antigen phosphopeptide 

did not change the reactivity of either phospho-specific an-

tibody (Supplementary Fig. S5). Next, the reactivity of each 

phospho-specific antibody toward its specific phosphoryla-

tion site was tested by lambda phosphatase treatment of 

junctate-1 TG and control mouse heart lysates. The reactivity 

of phospho-specific antibodies was completely lost after 

lambda phosphatase treatment, indicating that these phos-

pho-specific antibodies recognize only phosphorylated forms 

of Ldb3 (Supplementary Fig. S6). Taken together, these re-

sults demonstrate that two phospho-antibodies are specific 

for Ldb3 containing phosphorylated Ser-98 and Ser-179, and 

recognize specific phosphorylation sites of Ldb3.

Phosphorylation of Ser-98 and Ser-179 is altered in junc-
tate-1 TG mice and NRVMs following treatment with 
phosphorylation competition peptides
Since the site-specific phosphorylation reactivity of phos-

pho-specific antibodies was confirmed, changes in site-specif-

ic phosphorylation of Ser-98 and Ser-179 in Ldb3 were mon-

itored using the two phospho-specific antibodies in NRVMs 

following treatment with phosphorylation competition 

peptides. An antibody recognizing the intact form of Ldb3 

was also used to monitor protein level changes, and the total 

amount of Ldb3 was not altered under different conditions 

(Supplementary Fig. S7A). As expected, phosphorylation of 

Ser-98 was significantly decreased following treatment with a 

phosphorylation competition peptide targeting Ser-98 under 

PE-induced hypertrophic conditions, whereas phosphoryla-

tion of Ser-98 was not altered upon Ser-179 treatment (Sup-

plementary Fig. S7B). Likewise, phosphorylation of Ser-179 

was decreased only upon treatment with the phosphoryla-

tion competition peptide targeting Ser-179 under PE-induced 

hypertrophic conditions (Supplementary Fig. S7C). Further-

more, the decrease in the phosphorylation of these two 

phosphorylation sites was similar to PE-untreated conditions. 

These results indicate that the decrease in phosphorylation of 

Ser-98 and Ser-179 is selectively mediated by treatment with 

its specific phosphorylation competition peptide, and phos-

phorylation of these residues may play independent inhibitory 

roles in cardiac hypertrophy.

 Increased phosphorylation of Ser-98 and Ser-179 in Ldb3 

was first observed by MS analysis of 12-week-old junctate-1 

TG mice. To confirm the MS results, phospho-specific an-

tibodies were used to compare the phosphorylation status 

of Ser-98 and Ser-179 of Ldb3 at two different time points 

(8 weeks and 12 weeks) in junctate-1 TG mouse models. 

A junctate-1 TG mouse model of 8 weeks can be regarded 

as early stage pathological hypertrophy because expression 

level changes of E-C coupling proteins such as the L-type Ca2+ 

channel, SERCA2A, PLN, and calsequestrin begin to become 

visible at this stage (Hong et al., 2008). Thus, it is worth 

comparing the phosphorylation levels of Ser-98 and Ser-179 

in Ldb3 at two different stages of pathological cardiac hyper-

trophy. An antibody recognizing the intact form of Ldb3 was 

also included in the immunoblot analysis to monitor changes 

in protein level, and the intact form of Ldb3 did not exhibit 

any difference in the amount of protein between junctate-1 

TG and control mouse heart lysates at the two time points. 

A significant increase in phosphorylation of Ser-98 was ob-

served for both 8- and 12-week-old junctate-1 TG mice, and 

phosphorylation was higher in 12-week-old junctate-1 TG 

mice. Interestingly, phosphorylation of Ser-179 did not differ 

much between 8-week-old junctate-1 TG and control mice; 

a significant increase in phosphorylation of Ser-179 was only 

observed in 12-week-old junctate-1 TG mice (Fig. 4). Collec-

tively, these results suggest that Ldb3 does not differ at the 

level of protein abundance, but site-specific phosphorylation 

changes were evident in pathological hypertrophy models.
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Phosphorylation of Ldb3 residues Ser-98 and Ser-179 in 
pathological and physiological cardiac hypertrophy mod-
els
Phospho-specific antibodies were used to confirm changes 

in site-specific phosphorylation of Ldb3 in in vitro NRVM pri-

mary cells following pathological stimulation (PE) and in an 

in vivo junctate-1 TG pathological hypertrophy mouse model. 

To prove whether site-specific changes in phosphorylation 

of db3 are specific to pathological cardiac hypertrophy, the 

changes must be further verified in other in vivo cardiac hy-

pertrophy models. Two generally accepted models of cardiac 

hypertrophy were subsequently selected, namely, the swim-

ming-trained mouse physiological hypertrophy model, and 

the TAC mouse pathological hypertrophy model. We investi-

gated the phosphorylation of Ldb3 in swimming-trained and 

control mice at two different time points (2 and 4 weeks) to 

assess physiological cardiac hypertrophy, and at 2 weeks for 

TAC-operated mice to evaluate pathological cardiac hypertro-

phy. The levels of Ser-98 and Ser-179 phosphorylation were 

determined in different cardiac hypertrophy models by immu-

noblot analysis using phospho-specific antibodies recognizing 

Ser-98 and Ser-179 in Ldb3. Notably, swimming models did 

not show any increase in phosphorylation of Ser-98 or Ser-

179 up to 4 weeks (Fig. 5A). By contrast, phosphorylation 

levels of both residues in Ldb3 were significantly increased 

in the TAC mouse model, and Ser-179 appeared to be phos-

phorylated to a greater extent than Ser-98 (Fig. 5B). Taken 

together, these results indicate that increased phosphoryla-

tion of Ser-98 and Ser-179 in Ldb3 is specifically associated 

with pathological cardiac hypertrophy.

DISCUSSION

Combining quantitative phosphoproteomics and cell-
based screening with phosphorylation competition pep-
tides identifies functionally relevant phosphorylation sites
In this study, we tested our hypothesis that changes in phos-

phorylation levels of specific phosphorylation sites could be 

screened using phosphorylation competition peptides to 

identify functionally relevant phosphorylation sites in a cell-

based assay monitoring hypertrophic growth of NRVMs 

following PE treatment. Selection of target phosphorylation 

sites was based on information in cardiac muscle disease 

gene databases, tissue ESTs, and previous studies reporting 

relevance to cardiac hypertrophy. Since this study is a proof-

of-concept experiment, a modest set of 18 phosphorylation 

competition peptides covering 22 differentially phosphor-

ylated sites were first tested using the cell-based screening 

Fig. 4. Changes in site-specific phosphorylation of Ser-98 and Ser-179 of Ldb3 in JTT-1 TG mice. Heart lysates were immunoblotted 

with non-phospho-antibody, Ser-98 site-specific phospho-antibody, and Ser-179 site-specific phospho-antibody in (A) 8-week-old and (B) 

12-week-old JTT-1 TG mice. Bar charts show the relative intensity of site-specific phosphorylation compared with wild-type expression. 

P values determined using two-tailed Student’s t-tests; *P < 0.05, **P < 0.01; n.s., not significant; n = 3 per group. Glyceraldehyde-3-

phosphate dehydrogenase (GAPDH) served as a loading control.
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method. Significant inhibition of PE-induced hypertrophic 

growth of NRVMs was observed using phosphorylation 

competition peptides targeting Ser-98 and Ser-179 of Ldb3, 

and Ser-1146 of palladin. Changes in phosphorylation of 

Ser-98 and Ser-179 of Ldb3 upon treatment with phos-

phorylation competition peptides were further confirmed 

using phospho-specific antibodies. Our cell-based functional 

screening consists of two parts: a cell-based assay monitoring 

PE-induced hypertrophic growth of NRVMs, and functional 

screening using TAT sequence-conjugated phosphorylation 

competition peptides. Monitoring the cell surface area of 

changes in neonatal cardiomyocytes was employed as a pri-

mary parameter to discriminate hypertrophic growth from 

inhibited hypertrophic growth because NRVMs can display 

an increase in cell volume and surface area of up to 150% 

within 48 h of PE treatment (Peter et al., 2016). NRVM im-

aging has been successfully used to quantify hypertrophic 

growth in a high-throughput screening method to identify 

chemical compounds or microRNAs that inhibit cardiac hy-

pertrophic growth (Bass et al., 2012; Jentzsch et al., 2012; 

Reid et al., 2016; Ryall et al., 2014). Meanwhile, functional 

analysis using TAT sequence-conjugated phosphorylation 

competition peptides has been used to modulate site-specific 

phosphorylation of functionally important proteins without 

inhibiting cellular kinases or phosphatases following treat-

ment with kinase or phosphatase inhibitors (Du et al., 2012; 

Oh et al., 2013; Wang et al., 2014). The more conventional 

approach of phosphomimetic mutation (constitutive activa-

tion or null phosphorylation) has also been widely used to 

modulate site-specific phosphorylation (Ruppert et al., 2013; 

van Berlo et al., 2011; Yuan et al., 2015). However, wheth-

er phosphomimetic mutant proteins carry out their normal 

functions, and whether expression levels of mutated genes 

are comparable to those of endogenous proteins, must be 

confirmed experimentally (Guerra-Castellano et al., 2016; 

Pondugula et al., 2009). This appears to explain why phos-

phomimetic mutation analyses targeting well-known phos-

phorylation sites of cardiac contractility-related proteins such 

as Ryr2 generate somewhat controversial results (Dobrev and 

Wehrens, 2014). Furthermore, this approach is not suitable 

for high-throughput or large-scale screening purposes. Unlike 

the phosphomimetic mutation approach, TAT sequence-con-

jugated phosphorylation competition peptides can induce 

site-specific changes in phosphorylation levels without affect-

ing the cellular activities of kinases and phosphatases, and 

changes in gene/protein expression levels or loss of func-

tional activity that diminish the usefulness of the phospho-

mimetic approach are avoided. Thus, functional screening 

using phosphorylation competition peptides can minimize 

doubts about whether changes in the pathological state are 

Fig. 5. Phosphorylation of Ser-98 and Ser-179 of Ldb3 is upregulated in pathological specific cardiac hypertrophy. Changes in site-

specific phosphorylation of Ser-98 and Ser-179 of Ldb3 were investigated in (A) physiological cardiac hypertrophy (swimming training for 

2 or 4 weeks), and (B) pathological cardiac hypertrophy (TAC and sham surgery for 2 weeks). Lysates were probed with non-phospho- 

and phospho-antibodies (recognizing Ser-98 or Ser-179 of Ldb3) to detect changes in endogenous site-specific phosphorylation. *P < 

0.05, **P < 0.01; n.s., not significant; n = 3 per group. con, control; sw, swimming.
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solely regulated by site-specific changes in phosphorylation 

levels. Additionally, this approach can be incorporated into a 

high-throughput, large-scale screening system. To our knowl-

edge, the present work is the first to demonstrate cell-based 

functional screening of functionally relevant phosphorylation 

sites using phosphorylation competition peptides.

Site-specific phosphorylation of Ldb3 and palladin as 
putative functional modulators in pathological cardiac hy-
pertrophy
Increased phosphorylation of Ser-98 and Ser-179 in Ldb3 was 

shown to be involved in pathological cardiac hypertrophy in 

vitro using NRVM primary cells, and confirmed in vivo using 

pathological cardiac hypertrophy mouse models. Although 

previous studies reported the relevance of Ldb3 in patholog-

ical cardiac hypertrophy, the present work is the first to asso-

ciate site-specific phosphorylation of Ldb3 with pathological 

cardiac hypertrophy. Ldb3, also known as Z-band alterna-

tively spliced PDZ motif (ZASP), Oracle, and Cypher (murine 

homologue), is a cytoskeletal protein highly expressed in the 

heart and skeletal muscle in both human and mouse (Faulk-

ner et al., 1999; Huang et al., 2003; Passier et al., 2000). 

Ldb3 is specifically localized in the Z-line where it is associated 

with maintaining Z-band integrity during muscle contraction 

in various species, and Ldb3-null mutant mice suffer neona-

tal lethality (Benna et al., 2009; van der Meer et al., 2006; 

Zheng et al., 2009; Zhou et al., 1999; 2001). Ldb3 belongs to 

the Actin-associated LIM protein (ALP)/Enigma protein family 

containing an N-terminal PDZ domain as well as one or three 

LIM domains in its C-terminal region (Zheng et al., 2010). The 

PDZ domain interacts directly with α-actinin, the major Z-disc 

cross-linker in sarcomeres, and the PWGFRL motif within 

the PDZ domain plays a central role in binding to α-actinin 

(Faulkner et al., 1999; Zhou et al., 1999; 2001). In addition, 

the PDZ domain of Ldb3 reportedly binds telethonin (T-Cap), 

forming a protein complex with the sodium channel Na(v)1.5 

in human kidney-239 cells and neonatal rat cardiomyocytes 

(Xi et al., 2012). Several studies also demonstrated that the 

PDZ region of Ldb3 also interacts with both calsarcin and 

myotilin in Z-line (Frey and Olson, 2002; Zheng et al., 2009). 

Notably, the PDZ domain of Zasp52 in Drosophila is crucial 

in the interaction with α-actinin, and an extended region of 

~50 amino acids located at the C-terminus is required for op-

timum α-actinin binding (Liao et al., 2016). This requirement 

of the C-terminal extension of the PDZ domain for α-actinin 

binding was also demonstrated in Alp family proteins (CLP36 

and ALP) (Klaavuniemi et al., 2004). Other protein-protein 

interaction studies reported that the C-terminal extension is 

involved in determining binding specificity by stabilizing PDZ 

domain folding (Elkins et al., 2007; Luck et al., 2012; Wang 

et al., 2010). Interestingly, several studies reported that phos-

phorylation of the C-terminal extension of the PDZ domain is 

associated with chaperonin activity for target protein binding. 

Feng et al. (2003) investigated the interactions of glutamate 

receptor subunits 2 and 3 (GluR2/3) with multi-PDZ domain 

glutamate receptor-interacting protein (GRIP), and found 

that the fourth and fifth PDZ domains, which are packed into 

a single supramodule via interdomain packing, are required 

for binding GluR2/3. The authors speculated that phosphory-

lation of serine residues located in the interdomain linker may 

play a critical role in destabilizing interdomain packing (Feng 

et al., 2003). Long et al. (2008) reported that interactions 

between GRIP1 and cellular matrix proteins Fras1 and Frem2 

are mediated by the first two PDZ domains of GRIP1, and 

phosphorylation of Tyr-134, located in the PDZ1 and PDZ2 

interface, may play a detrimental role in the folding of PDZ1, 

resulting in decreased GRIP1/Fras1 interaction. Zhang et al. 

(2011) demonstrated that phosphorylation of Tyr-397 locat-

ed in the C-terminal extension of the PDZ3 domain in post-

synaptic density-95 (PSD-95) allosterically regulates the PDZ3 

ligand binding affinity, and weakens the interaction of PDZ3 

and SH3. In the present study, significantly increased phos-

phorylation of Ser-98, located in the C-terminal extension of 

the PDZ domain in Ldb3, was observed in both in vitro and 

in vivo pathological cardiac hypertrophy models. Considering 

the importance of phosphorylation events in the interdomain 

or linker region, we speculated that changes in the phos-

phorylation of Ser-98 in Ldb3 may induce conformational 

changes of the PDZ domain that affect the binding affinity of 

PDZ ligands such as α-actinin.

 The ZASP-like motif (ZM) is another internal region of 

Ldb3, composed of conserved resides 26 and 27 (Lin et al., 

2013; te Velthuis et al., 2007). Several studies showed that 

the ZM motif is required for binding to the rod region of 

α-actinin, and for localization of ZM motif-containing PDZ-

Lim proteins to the Z-line (Klaavuniemi and Ylänne, 2006; 

Klaavuniemi et al., 2009). Point mutations at or close to the 

ZM motif of ZASP/Cypher have been identified in various 

heart and muscle disease patients (Griggs et al., 2007; Selcen 

and Engel, 2005; Vatta et al., 2003; Xing et al., 2006; Zhou 

et al., 2001). Klaavuniemi et al. (2009) found that deletion 

of a short region at or before the ZM motif of ALP, as well 

as a point mutation at the conserved Tyr-Ser (YS197-198FA) 

motif, disrupts localization of ALP to actin stress fibers. The 

authors speculated that this effect may be dependent on 

phosphorylation of Tyr197-Ser198. Martinelli et al. (2014) 

reported that two mutants of the ZM-motif region, A165V 

and A171T, bind weakly to α-actinin-2 compared with the 

WT protein. Lin et al. (2014) found that myofibrillar my-

opathy-associated mutants (A165V and A147T) in the ZM 

motif-containing actin-binding domain leads to disruption of 

the Z-disc structure and sarcoplasmic accumulation of actin 

filaments in skeletal muscle. In the present study, increased 

phosphorylation of Ser-179 located in the ZM motif of Ldb3 

was observed in both in vitro and in vivo pathological specific 

hypertrophy models. Considering the importance of the ZM 

motif for α-actinin binding, we speculated that phosphoryla-

tion of Ser-179 may weaken interactions between Ldb3 and 

α-actinin.

 Phosphorylation of Ser-1146 in Palladin was also shown to 

be involved in pathological cardiac hypertrophy in the present 

study. Palladin is one of the cytoskeletal proteins responsible 

for organizing the actin cytoskeleton. It is widely expressed 

in various cells and tissues, and localizes to stress fibers, focal 

adhesions, growth cones, embryonic Z-lines, and other ac-

tin-based subcellular structures (Otey et al., 2005). Previous 

studies showed that palladin plays a crucial role in smooth 

muscle differentiation, migration, contraction, and tissue de-
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velopment, and it has been associated with the development 

of cardiovascular diseases and cancers (Goicoechea et al., 

2014; Jin, 2011; McLane and Ligon, 2015; Najm and El-Sibai, 

2014). Palladin exists in multiple isoforms, and a common 

characteristic of all isoforms is the presence of three C-ter-

minal immunoglobulin-like (Ig) domains (Parast and Otey, 

2000; Rachlin and Otey, 2006; Wang and Moser, 2008). 

Since this tandem repeated Ig domain was reported to serve 

as the binding site for F-actin, studies investigating this inter-

action have been performed to investigate the role of palla-

din in the actin cytoskeleton. Dixon et al. (2008) found that 

the Ig3 domain of palladin binds directly to F-actin, and the 

tandem Ig3-Ig4 region is able to bundle F-actin. Beck et al. 

(2013) demonstrated interaction of the Ig3 domain in bind-

ing F-actin, and cross-linking of F-actin via electrostatic forces 

enhances the actin-binding affinity and bundling ability of the 

tandem Ig3-Ig4 region. Vattepu et al. (2015) proposed that 

the flexibility of the tandem Ig3-Ig4 linker region induces a 

critical conformational change in the dimerization of palladin 

that is important for F-actin binding and bundling. Although 

the functional relevance of phosphorylation in palladin has 

not been thoroughly investigated, Akt1-mediated phosphor-

ylation of Ser-507 in the linker region between the Ig3 and 

Ig4 domains of human palladin was shown to inhibit breast 

cancer cell migration and promote actin bundling activity 

(Chin and Toker, 2010). Phosphorylation of human palladin 

occurs at Ser-507 within the AKT phosphorylation consensus 

motif (RXRXXS/T) that is highly conserved in other palladin 

isoforms from different species. Ser-507 in human palladin 

corresponds to Ser-1143 in the mouse isoform, which also 

has an RXRXXS motif. Interestingly, Ser-1146 was shown to 

be the palladin phosphorylation site that inhibited cardio-

myocyte hypertrophy in response to PE in the present study. 

The Ser-1146 phosphorylation is different from the Ser-1143 

phosphorylation site and is located close to the original AKT 

phosphorylation site (three residues distant) within a similar 

motif sequence (RXRXXXS). Moreover, Ser-1146 is highly 

conserved in palladin among different species, including 

human. Due to the presence of multiple arginine residues 

around Ser-1143 in palladin, phosphorylation of Ser-1143 

was not identified by our mass spectrometric analysis. We 

cannot rule out the possibility of differential phosphoryla-

tion of Ser-1143, or changes in Ser-1143 phosphorylation 

following incubation with phosphorylation competition 

peptides targeting Ser-1146 (1141SRSRDSGDENE1151). It is still 

unclear how phosphorylation of Ser-1146 in the tandem Ig3-

Ig4 linker region contributes to the role of palladin in regu-

lating pathological cardiac hypertrophy. However, cMyBP-

Cs contain three Ig-like domains (C0, C1, and C2) (Craig et 

al., 2014; Flashman et al., 2004; Luther et al., 2011) at the 

N-terminus, and an M-domain in the linker region between 

C0 and C1 that includes four highly conserved serine residues 

(Jia et al., 2010). Previous studies demonstrated that phos-

phorylation reduces the extensibility of the M-domain, induc-

ing conformational changes of the N-terminal domain that 

modulate cardiac contractility (Michalek et al., 2013; Previs 

et al., 2016). Taken together, these results imply that phos-

phorylation of the tandem Ig3-Ig4 linker region of palladin 

may have local or global effects on the palladin structure that 

influence interactions with multiple binding partners in the 

actin cytoskeleton. Further studies are needed to elucidate 

how phosphorylation of Ser-1146 in palladin regulates the 

development or progression of pathological cardiac hypertro-

phy.

Note: Supplementary information is available on the Mole-

cules and Cells website (www.molcells.org)
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