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Diabetic cardiomyopathy is one of the complications of diabetes that eventually leads to heart failure and death. Aberrant
activation of PKC signaling contributes to diabetic cardiomyopathy by mechanisms that are poorly understood. Previous
reports indicate that PKC is implicated in alternative splicing
regulation. Therefore, we wanted to test whether PKC activation in diabetic hearts induces alternative splicing abnormalities. Here, using RNA sequencing we identified a set of 22 alternative splicing events that undergo a developmental switch in
splicing, and we confirmed that splicing reverts to an embryonic
pattern in adult diabetic hearts. This network of genes has
important functions in RNA metabolism and in developmental
processes such as differentiation. Importantly, PKC isozymes
␣/␤ control alternative splicing of these genes via phosphorylation and up-regulation of the RNA-binding proteins CELF1 and
Rbfox2. Using a mutant of CELF1, we show that phosphorylation of CELF1 by PKC is necessary for regulation of splicing
events altered in diabetes. In summary, our studies indicate that
activation of PKC␣/␤ in diabetic hearts contributes to the
genome-wide splicing changes through phosphorylation and
up-regulation of CELF1/Rbfox2 proteins. These findings provide a basis for PKC-mediated cardiac pathogenesis under diabetic conditions.

Diabetes is a group of metabolic disorders caused by high
blood glucose levels either due to lack of insulin production
(type 1) or loss of responsiveness to insulin (type 2) (1). Cardio-
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vascular complications of diabetes, which include coronary
heart disease, hypertension, and diabetic cardiomyopathy, are
the number one cause of mortality and morbidity (2– 4). Diabetic cardiomyopathy occurs in diabetic patients independent
of coronary heart disease and hypertension (5). Manifestations
include diastolic-systolic dysfunction, cardiomyocyte hypertrophy, and fibrosis, which lead to heart failure (5). Chronic
activation of PKC isozymes ␣, ␤, and ␦ promotes diastolic/systolic dysfunction, fibrosis, cardiomyocyte hypertrophy, or apoptosis observed in diabetic cardiomyopathy (6 – 8). Inhibition
of PKC activity improves cardiovascular complications of diabetes in rodent models, indicating a pathogenic role for PKC (9,
10). However, the mechanisms by which PKC induces cardiac
pathogenesis in diabetes are not well understood.
PKC␣/␤ has been previously linked to AS4 regulation (11–
13) and identified as one of the regulators of a group of AS
events in HEK293T cells activated by epidermal growth factor
(14). AS regulates eukaryotic gene expression by controlling the
inclusion and exclusion of alternative exons within the coding
and noncoding RNA transcripts (15, 16). We have previously
shown that PKC␣/␤ phosphorylates and increases the steady
state levels of an AS regulator called CELF1 (also known as
CUG-binding protein 1) in COS M6 cells (11) and contributes
to cardiac dysfunction in myotonic dystrophy (11, 17).
CELF1 is one of the RNA-binding proteins involved in AS
regulation during heart development together with Rbfox2 and
muscleblind-like 1 (MBNL1) (18). Binding sites for these proteins have been identified computationally in adjacent introns
of alternative exons that transition during heart development
(18). Overexpression of CELF1 in adult mouse hearts causes
splicing defects, and they eventually develop heart failure (19).

4

The abbreviations used are: AS, alternative splicing; NOD, nonobese diabetic; STZ, streptozotocin; RA, all-trans-retinoic acid; qRT, quantitative RT;
T1D, type 1 diabetes; Ab, monoclonal antibody; BisIX, bisindolylmaleimide
IX; IHC, immunohistochemistry; WB, Western blot; hnRNP, heterogeneous
nuclear ribonucleoprotein; cTNI, cardiac troponin I; cTNT, cardiac troponin
T; diff, differentiated; undiff, undifferentiated; MARCKS, myristoylated alanine-rich C kinase substrate.
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Background: Chronic PKC activation is the leading pathogenic component of diabetes in the heart.
Results: PKC␣/␤ promotes fetal splicing patterns in adult diabetic hearts via phosphorylation of the RNA-binding proteins
CELF1 and Rbfox2.
Conclusion: PKC␣/␤ contributes to diabetes pathogenesis by manipulating developmentally regulated alternative splicing.
Significance: Identifying downstream effectors of PKC can provide novel therapeutics for cardiac pathogenesis of diabetes.

Reactivation of Fetal Splicing in Diabetic Hearts

EXPERIMENTAL PROCEDURES
Cell Culture and Differentiation
H9c2-2 cells (ATCC CRL-1446) originally isolated from E13
(corresponds to ⬃E11 in mouse) BDX1 rat heart ventricles
were adapted to cell culture via selective serial passaging (25).
The cells were cultured and maintained in Dulbecco’s modified
Eagle’s medium (DMEM) (ATCC 30-2002), supplemented with
10% fetal bovine serum (FBS, ATCC 30-2020), 100 units/ml
penicillin and streptomycin (Invitrogen 15140) at 37 °C in a 5%
CO2 humidified incubator. Media were changed every 2–3
days, and cells were subcultured at 70 –75% confluency. The
passage number of the cells used in all experiments was 4 – 6.
Differentiation of H9c2 cells into cardiomyocyte-like cells
was induced by adding 1 M all-trans-retinoic acid (RA) daily to
the reduced serum media (1% FBS) for 7 days. H9c2 cells (1 ⫻
106) were plated in a 150-mm dish 1 day before differentiation.
Cells were harvested daily or at the end of differentiation for
RNA and/or protein extraction. Undifferentiated control cells
were mock (DMSO)-treated and harvested after 24 h for RNA
and/or protein extraction. In the PKC inhibitor experiments,
both undifferentiated and differentiated cells were mocktreated or treated with the 1.0 M PKC inhibitor BisIX
(EMD557529) daily for 7 days. The inhibitor concentration was
increased by 0.1 M each day. Cells were monitored daily by
light microscopy to observe morphological changes.
Primary rat cardiomyocytes were isolated from 1-day-old
Sprague-Dawley rat heart ventricles (Cell Application Inc.,
R357-25). Cells were maintained in rat cardiomyocyte growth
media (Cell Application Inc., R313-500) at 37 °C in a 5% CO2
humidified incubator and monitored daily by light microscopy.
Media were renewed every 2 days. Cells were trypsinized gently
(0.05% trypsin/EDTA, Invitrogen 25300-054) prior to plating.
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For experiments, 2 ⫻ 105 cells were plated on gelatin (Sigma
G1890)-coated T25 flasks (Nunc 12-565-351). Seven to 10 days
after plating, beating cardiomyocytes were either mock-treated
or treated with 2.0 M of the PKC inhibitor BisIX (EMD557529)
for 12 h.
Nuclear-Cytoplasmic Fractionation
Cells—The nuclear and cytoplasmic fractionation protocol
was modified from Kuyumcu-Martinez et al. (11). Cells were
washed twice with PBS and scraped in 500 l of hypotonic
buffer (20 mM HEPES, pH 7.5, 5 mM NaCl, 0.4% Triton X-100)
containing protease and phosphatase inhibitors and then
passed through a 26-gauge needle. Nuclei were separated by
centrifugation at 600 ⫻ g at 4 °C for 15 min. The supernatant
was kept as the cytoplasmic fraction, and nuclei were washed
with the hypotonic buffer to remove the cytoplasmic contaminants, followed by centrifugation at 600 ⫻ g at 4 °C for 5 min.
The nuclear pellet was resuspended in hypotonic buffer containing 1% SDS, followed by sonication. The protein concentrations of the cytoplasmic and nuclear fractions were determined
using BCA protein assay (Sigma B9643).
Heart Tissues—Half of a mouse heart was cut into small
pieces followed by homogenization using a glass douncer in 500
l of cytosolic buffer (10 mM HEPES, pH 7.5, 10 mM MgCl2, 5
mM KCl, 0.1 mM EDTA, 0.2 mM PMSF, 1 mM DTT, and 1⫻
Complete protease inhibitor mixture from Roche Applied Science). The minced heart tissue was dounced six times prior to
centrifugation at 3000 ⫻ g at 4 °C for 15 min. The supernatant
was collected as the cytoplasmic fraction, and the nuclear pellet
was washed twice with 1.0 ml of cytosolic buffer and centrifuged at 3000 ⫻ g at 4 °C for 5 min to remove cytoplasmic
contaminants. Nuclear pellet was resuspended in 200 l of urea
buffer (200 mM Tris, pH 7.4, 4% CHAPS, 7 M urea, and 2 M
thiourea) followed by incubation at 90 °C for 5 min (repeated
once more). For two-dimensional gel analysis, the nuclear pellet was sonicated gently on ice instead and loaded on two-dimensional gels as described previously (11). Protein concentrations of cytoplasmic and nuclear fractions were estimated using
the Bradford protein assay.
Western Blotting
30 –50 g of protein/sample was separated on 10% SDSPAGE, and proteins were transferred to a PVDF membrane
(Immobilon-P, Millipore IPVH00010). Membranes were
stained with Ponceau S (Sigma P7170) to assess the quality of
the transfer and the loading of the proteins. Membranes were
blocked with 5% dry fat-free milk solution in PBST (PBS containing 0.1% Tween 20) followed by overnight incubation with
the indicated primary antibodies (Abs) at 4 °C. Membranes
were washed three times with PBST 15 min each and incubated
with HRP-labeled relevant secondary antibody for 2 h at 4 °C.
HRP activity was determined using Immobilon Western
chemiluminescent (Millipore P90720) or SuperSignal West
Femto Chemiluminescent (Pierce PI34095) HRP substrate followed by exposure to x-ray film (GeneMate F9024) or Kodak
Gel Logic 2200. Percent increase or decrease in protein levels
was quantified using the Kodak Gel Logic software after normalizing the protein levels to the appropriate loading controls.
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Rbfox2 regulates AS in embryonic stem cells (20). Rbfox1 and
Rbfox2 proteins are important for muscle and heart function in
zebrafish (21). Tissue-specific Rbfox2-KO in the central nervous system causes developmental defects in the cerebellum
(22). MBNL1 is a repressor of embryonic stem cell-specific
alternative splicing (23). MBNL1 knock-out mice develop
skeletal muscle symptoms of myotonic dystrophy with defects
in developmentally regulated splicing (24). It is currently
unknown whether these splicing regulators have roles in diabetes pathogenesis.
Because PKC is implicated in AS regulation and diabetic cardiomyopathy pathogenesis, we wanted to determine whether
PKC signaling contributes to abnormal gene expression in diabetes via alternative splicing. In this study, transcriptome analysis revealed that conserved AS events revert back to an embryonic pattern in adult diabetic hearts. We demonstrate that
PKC␣/␤ signaling regulates embryonic to adult splicing transitions of these genes. PKC␣/␤ induces fetal splicing via phosphorylation of the RNA-binding proteins CELF1 and Rbfox2.
Notably, a CELF1 mutant that cannot be phosphorylated by
PKC is unable to regulate the splicing event altered in diabetic
hearts. Overall, our data indicate that one of the mechanisms
for abnormal gene expression in diabetes is due to a shift from
an adult to a fetal splicing pattern mediated by PKC␣/␤.

Reactivation of Fetal Splicing in Diabetic Hearts
Immunohistochemistry

Rat Heart RNA

Whole rat (Sprague-Dawley) embryo paraffin sections at E13
and E18 stages and sagittal heart sections of newborn and adult
rats (Sprague-Dawley) were purchased from Zyagen. Paraffin
sections were incubated at 56 °C for 12–14 h, followed by
deparaffinization and dehydration in xylene for 20 min. Slides
were washed in decreasing concentrations (100 to 50%) of ethanol for 5 min at each concentration. Antigens were exposed by
incubating the sections with sodium citrate buffer (10 mM, pH
6.0) for 20 min in a steam chamber. Blocking was performed in
3% BSA in PBST (0.2% Triton X-100) at RT for 1 h. Sections were
then incubated with the appropriate primary Abs as follows: antiPKC␣, anti-CELF1, anti-cTNI, or anti-Nkx2.5 for 14–16 h at RT
in a humidifying chamber. Slides were washed with PBS containing 0.1% Triton X-100 and then incubated with fluorescently
labeled secondary Abs as follows: anti-mouse Alexa Fluor-488 or
anti-rabbit Texas Red for 2 h at 37 °C. Slides were washed four
times with PBS ⫹ 0.1% Triton X-100, followed by 4⬘,6-diamino-2phenylindole dihydrochloride (DAPI) stain for 1 h at room temperature in the dark. Excess stain was washed away with PBS
before mounting the coverslips using Mowiol mounting media;
the slides were then sealed using nail polish. Fluorescence images
were obtained with a confocal laser-scanning microscope (LSM
510META, Carl Zeiss) at the University of Texas Medical Branch
imaging core facility. To quantify the number of cardiomyocytes
that display nuclear CELF1 or PKC␣ staining, IHC images
obtained from multiple sections for each developmental stage
were used to count DAPI-stained nuclei that display both red (cardiomyocytes markers) and green (CELF1 or PKC␣) fluorescence
using ImageJ software (nuclei⬎150) (26).

Sprague-Dawley rat heart RNA at different developmental
stages (E13, E18, E20, newborn, and adult) was purchased from
Zyagen. At least four pooled hearts were used for RNA extraction at early developmental stages.

Nonobese diabetic (NOD) female mice were obtained from
The Jackson Laboratory (NOD/ShiLtJ). For STZ-induced T1D
mice, C57BL/6J male mice (8 weeks old) were either injected
with citrate buffer as a control or with 60 mg/kg STZ daily for 5
days (27). Blood glucose levels of control, NOD, and STZ mice
were determined once a week using blood from the tail vein by
a one-touch glucometer. Mice with fasting glucose levels ⬎300
mg/dl for 3, 6, and 9 weeks were used as diabetics, and fasting
glucose levels ⬍200 were used as controls. Mice were sacrificed,
and their hearts were isolated for protein and RNA extraction.
All experiments were conducted in accordance with the
National Institutes of Health Guidelines for the care and use of
laboratory animals and approved by the Institutional Animal
Care and Use Committee of University of Texas Medical
Branch.
RNA Extraction
RNA was extracted from cells and human and mouse heart
tissues using TRIzol (Invitrogen) per the manufacturer’s protocol. RNA concentrations were measured using EPOCH Microplate Spectrophotometer (BioTek). Human heart tissues were
obtained from the National Disease Research Interchange. Two
control human heart tissues were gifts from Dr. Nisha Garg,
University of Texas Medical Branch. All human heart tissues
used in this study were pre-existing and are exempt from Institute Review Board.
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PKC phosphorylation sites were identified using LC-MS/MS
on human CELF1 protein expressed in 293T cells. The predicted
sites of Ser (28, 52, 178, 179, 241, 300, 302) were mutated to
Ala and Thr-173 to Val using site-directed mutagenesis kit
(Stratagene 200516) to generate the CELF1M8 construct in
p3⫻FLAG vector.
Quantitative RT-PCR and Statistical Analysis
The qRT-PCR protocol was adapted from Kalsotra et al. (18).
125 ng of oligo(dT) was annealed to the poly(A) tail of total
RNA (1 g) at 65 °C before cDNA synthesis using avian myeloblastosis virus-reverse transcriptase (15 units/g, Life Biosciences AMV007-1), and 10 M dNTPs in a 20-l reaction at
42 °C for an hour. Primer sequences were designed to detect the
alternative exons of the following: myotubularin-related protein 3 (Mtmr3); ATPase Ca2⫹-transporting plasma membrane
(Atp2b1); Fragile X mental retardation gene 1 (Fxr1); muscleblind-like 2 (Mbnl2), and heterogeneous nuclear ribonucleoprotein H1 (hnRNPH1) (Table 4). PCR was performed
using 5 l of cDNA and 100 ng of each primer pair with Biolase
Taq polymerase (Bioline BIO-21042). PCR amplification of all
genes was carried out at the following 95 °C, 45 s; 59 °C, 45 s;
72 °C, 1 min for 25 cycles. PCR products were resolved on 5– 8%
nondenaturing polyacrylamide gels and stained with ethidium
bromide. Bands were quantified for percentage exon inclusion
using Kodak Gel Logic 2200 and molecular imaging software as
percentage inclusion ⫽ ((exon inclusion band)/(exon inclusion
band ⫹ exon exclusion band)䡠100) as described previously (18).
The quantitation method normalizes the ethidium bromide
signal to the size of PCR bands (28). Data from three independent experiments were used for statistical analysis, and significance was calculated using an unpaired t test (Figs. 1– 4 and 6).
RNA Sequencing
RNA extracted from hearts of three diabetic STZ mice (12
weeks old and diabetic for 4 weeks) and two age-matched control mice were used for RNA sequencing (paired end two times
for 15 cycles) at the University of Texas Medical Branch NextGen core facility using Illumina HiSeq 1000 system. Before
library construction, the quality of the RNA was determined
using the bioanalyzer. ⬃200 M reads per sample were generated. Alternative cassette exon inclusions were determined
using the MISO algorithm (29). Splicing event annotations
were downloaded from the MISO webserver that was based on
the ENSEMBL gene annotation.
Transfections
H9c2 cells (1.25 ⫻ 106) were transfected with different plasmids as follows: 1 g each, encoding an shRNA against PKC␣
(OriGene TG704205) or encoding a scrambled shRNA (OriVOLUME 288 • NUMBER 49 • DECEMBER 6, 2013
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T1D Mice

Site-directed Mutagenesis

Reactivation of Fetal Splicing in Diabetic Hearts
Gene TR30015) using the Neon Nucleofection System (Invitrogen). Transfected cells were selected in DMEM with 10% FBS
containing 1.5 g/ml puromycin (Sigma P9620) 1 day before
differentiation. Cells were maintained in puromycin selection
media during 7 days of differentiation. COS M6 cells were
transfected using Lipofectamine 2000 according to the manufacturer’s protocol. 1 g of FLAG-tagged wild type human
CELF1 (CELF1WT) or mutant CELF1 (CELF1M8) plasmid was
transfected. Cells were harvested using urea buffer for protein
extraction or TRIzol for RNA extraction 48 h post-transfection.

TABLE 1
GO analysis of gene list in Table 2
GO term analysis was performed using DAVID on-line analysis tool (68).
Category

Term

p value

Count

SP_PIR_Keywords

RNA-binding
Alternative splicing
Phosphoprotein
Cell differentiation
Cellular developmental
process
Post-transcriptional regulation
of gene expression
Regulation of cellular
processes
Regulation of RNA metabolism

9.3E-05
2.4E-04
1.6E-03
6.6E-06
7.9E-03

6
13
14
6
6

6.6E-03

3

3.3E-02

10

3.0E-02

5

GOTERM_BP_ALL

TABLE 2
Comparison of alternative splicing events in diabetic mouse hearts to splicing events in developing mouse hearts
⫹ indicates inclusion, and ⫺ indicates exclusion; SH3, Src homology 3 domain.
Difference
(normal vs. diabetic)

Difference
(adult vs. embryonic)

21
16
6
5
8
Intron retention
16
4
10
8
8

⫺0.18
⫺0.15
⫺0.32
⫹0.20
⫹0.36
⫺0.33
⫺0.18
⫺0.15
⫺0.19
⫺0.07
⫺0.33

⫺0.28
⫺0.11
⫺0.20
⫹0.38
⫹0.37
⫺0.44
⫺0.13
⫺0.11
⫺0.10
⫺0.27
⫺0.11

3
8
7
16
13
4
10
23
27

⫺ 0.40
⫹ 0.24
⫺0.31
⫺0.49
⫹0.12
⫺0.28
⫹0.16
⫺0.16
⫺0.10

⫺ 0.23
⫹ 0.33
⫺0.36
⫺0.09
⫹0.11
⫺0.59
⫹0.35
⫺0.76
⫺0.66

Symbol

Gene name

Ensemble ID

Exon no.

Atp2b1
Fxr1
Vegfa
Mbnl1
Mbnl2
Mef2a
Ablim1
Ankrd10
Bnip2
Capzb
G3bp2

Plasma membrane calcium-transporting ATPase 1
FragileX mental retardation gene 1
Vascular endothelial growth factor A
Muscleblind-like 1
Muscleblind-like 2
Myocyte enhancer factor 2A
Actin-binding LIM protein 1
Ankyrin repeat domain 10
BCL2/adenovirus E1B interacting protein 2
Capping protein (actin filament) muscle Z-line, ␤
GTPase-activating protein (SH3 domain)-binding
protein 2
Heterogeneous nuclear ribonucleoprotein H2
LIM domain binding 3
Pre-B cell leukemia homeobox 3
Proline-rich coiled-coil 2B
Pumilio 2
Rab interacting lysosomal protein-like 1
Sarcolemma-associated protein
Sorbin and SH3 domain containing 1
Sorbin and SH3 domain containing 1

ENSMUSG00000019943
ENSMUSG00000027680
ENSMUSG00000023951
ENSMUSG00000027763
ENSMUSG00000022139
ENSMUSG00000030557
ENSMUSG00000025085
ENSMUSG00000031508
ENSMUSG00000011958
ENSMUSG00000028745
ENSMUSG00000029405
ENSMUSG00000045427
ENSMUSG00000021798
ENSMUSG00000038718
ENSMUSG00000039262
ENSMUSG00000020594
ENSMUSG00000029392
ENSMUSG00000021870
ENSMUSG00000025006
ENSMUSG00000025006

hnRNPH2
Ldb3
Pbx3
Prrc2b
Pum2
Rilpl1
Slmap
Sorbs1
Sorbs1
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RESULTS
Reactivation of Embryonic Splicing Events in Diabetic
Hearts—To determine whether AS is altered in adult diabetic
hearts that could contribute to abnormal gene expression, we
performed a genome-wide transcriptome analysis to compare
alternative splicing profiles between diabetic and control mice.
For this analysis, we used a well established type 1 diabetes
mouse model that develops diabetes and eventually diabetic
cardiomyopathy after injection of STZ that kills pancreatic beta
islet cells (5, 30). We chose the STZ model for the ease of diabetes induction and the well characterized diabetic heart phenotype (31). RNA from STZ-treated diabetic and mock-treated
control mice was isolated and subjected to RNA-seq library
preparation. High throughput RNA-seq data generated from

the library were mapped to the mouse genome (mm9) and analyzed for differentially included or excluded cassette exons
between control and diabetic mice using the MISO algorithm
(29). 967 alternative splicing events that change in diabetic mice
hearts were identified and categorized based on their biological
function. We found that a group of genes, which are involved in
development and RNA metabolism (Table 1), had undergone
significant changes in alternative splicing in diabetes (Table 2).
Interestingly, these genes have been implicated in the pathogenesis of diabetes and/or heart diseases (Table 3).
To determine whether the splicing reverted back to an
embryonic pattern in diabetic hearts, we compared the AS
events that change in diabetes to 147 developmentally regulated AS events identified in developing mouse hearts (18). 20
AS events displayed an embryonic splicing pattern in diabetic
hearts (Table 2). Importantly, these splicing events were not
only in the same genes but also were in the exact same exons
changing in the same direction (included or excluded) in
embryonic versus diabetic hearts (Table 2). We identified two
additional AS events that revert to an embryonic pattern using
qRT-PCR (Fig. 1A and data not shown). These two events,
including hnRNPH1 exon6, were not previously identified as
developmentally regulated events in the heart. Overall, we identified a novel set of 22 fetal-specific AS events that are reactivated in diabetic hearts.
To validate RNA-sequencing data, we checked the splicing of
several developmentally regulated AS events by qRT-PCR
using two well established T1D mouse models and type 2 diabetic human heart tissues. As type 1 diabetes models, both STZ
and NOD mice were used. NOD mice develop diabetes spontaneously due to inflammation and death of beta islet cells in
the pancreas (32). We found that there was a significant change
in the splicing of five AS events as follows: hnRNPH1 exon6,
Mtmr3 exon16, Fxr1 exon15 ⫹ 16, Atp2b1 exon21, and Mbnl2
exon9 in T1D:STZ mice versus controls (Fig. 1A, white versus
black bars). Splicing of hnRNPH1 exon6 and Mtmr3 exon16
changed similarly in T1D:NOD mice (Fig. 1B). In T1D mice, the
splicing pattern of all these genes resembled that of newborn

Reactivation of Fetal Splicing in Diabetic Hearts
TABLE 3
Genes that undergo developmentally regulated splicing changes in
diabetic hearts are implicated in diabetes and/or heart diseases
ATP2b1

Fxr1

Vegfa

Mef2A

Ablim1

Pbx3

Rilpl1
Slmap

Sorbs1

Mbnl1
Mbnl2
Ankrd10
Bnip2
Cabzb
G3bp2
hnRNPH2
Prrc2b
Pum2

hearts (Fig. 1, A and B, black versus gray bars). Importantly,
splicing of hnRNPH1, Mtmr3, and Fxr1 also returned to an early
developmental splicing pattern in human hearts with confirmed type 2 diabetes (T2D; Fig. 1C). Strikingly, the developmental shift in AS of these genes was observed in diabetic
human and mouse, as well as in T1D and T2D, suggesting a
conserved phenomenon in diabetes.
Diabetes-induced Alternative Splicing Events Transition during Rat Heart Development and H9c2 Differentiation—To
determine whether this network of splicing events induced in
diabetes are evolutionarily conserved and regulated during
heart development, we tested the splicing of these events during
rat heart development and in H9c2 rat embryonic cells.
H9c2 cells can be differentiated into cardiomyocyte-like cells
when supplemented with RA in low serum media, which mimic
differentiation of embryonic cardiomyocytes into adult-like
cardiomyocytes that occur during heart development (33). The
cardiac markers cardiac troponin I (cTNI) and T (cTNT) were
up-regulated in differentiated H9c2 cells indicating the cardiomyocyte lineage of these cells determined by Western blot
(WB) (Fig. 2A). Importantly, cardiac differentiated H9c2 cells
were free from myotube contamination as confirmed by myo-
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FIGURE 1. Fetal splicing programs are activated in diabetic hearts. A, qRTPCR using RNA from mouse heart tissues. Percent inclusion of hnRNPH1 exon6,
Mtmr3 exon16, Fxr1 exon15 ⫹ 16, Atp2b1 exon21, and Mbnl2 exon8 in hearts
from normal C57BL/6 newborn mice (gray bars) and saline (white bars) or STZtreated C57BL/6 adult mice (black bars) (n ⱖ 3). B, percent inclusion of hnRNPH1
exon6 and Mtmr3 exon16 in hearts from wild type newborn FVB mice and in NOD
adult mice with low glucose (control) or high glucose (T1D/NOD). Hearts from
newborn mice were pooled (n ⱖ 3). C, percent inclusion of hnRNPH1 exon6,
Mtmr3 exon16, and Fxr1 exon15 ⫹ 16 in nondiabetic (control) or type 2 diabetic
human (T2D/human) hearts (n ⫽ 3). Unpaired t test was used to calculate statistically significant difference between two samples (n ⱖ 3).

genin expression when compared with skeletal muscle differentiated cells (Fig. 2A and data not shown).
To test whether H9c2 cells can recapitulate developmentally
regulated splicing events that take place in diabetic hearts, we
designed rat-specific primers for four genes that undergo AS
changes in diabetic mouse hearts (Fig. 1 and Tables 2 and 4).
Splicing events were tested by qRT-PCR using RNA from H9c2
cells during differentiation and from rat hearts at E13, E18, E20,
newborn, and adult stages (Fig. 2C). Polyacrylamide gel shows
the inclusion of alternative exon21 of Atp2b1 in differentiating
H9c2 cells (Fig. 2B).
Splicing of four AS events that are altered in diabetes
changed in differentiated (diff) cells when compared with (versus) undifferentiated (undiff) cells (Fig. 2C). Three alternative
exons (Mtmr3 exon16, Atp2b1 exon21, and Fxr1 exon15 ⫹ 16)
were differentially included, and one alternative exon (Mbnl2
exon9 in rat is exon8 in mice) was differentially excluded in diff
VOLUME 288 • NUMBER 49 • DECEMBER 6, 2013
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Lbd3

ATP2b1 is involved in hypertension. Knockout-mice show
high systolic blood pressure (69). Several family
members of ATP2b1 modulate insulin expression in
rats (70).
Reduced Fxr1 levels cause severe embryonic
cardiomyopathy resulting in heart failure in
zebrafish (71).
VEGFA is a regulator of angiogenesis implicated in
diabetic retinopathy and microvascular complications
of diabetes (72). VEGFA is being tested to treat heart
failure (73).
Mef2A is a transcription factor and certain mutations
cause coronary artery disease and myocardial
infarction (74, 75). MEF2A also regulates expression of
insulin-responsive glucose transporter GLUT4 (76).
Ablim1 is a candidate gene for congenital heart
disease (77) and has also been linked to cardiovascular
disease, hypertension, and type 1 and type 2 diabetes by
genome association studies (78).
Mutations in Lbd3 gene are associated with familial or
idiopathic dilated cardiomyopathy (79).
Pbx3 gene variant (A136V) is a risk allele for congenital
heart defects in human (80). Pbx3-KO results in
tetralogy of fallot, a congenital heart disease (81).
Ripl proteins are implicated in obesity (82).
Slmap is a membrane protein and essential for
organization of E-C coupling apparatus (83, 84).
Misregulation causes endothelial dysfunction in type 2
diabetic mice (85).
Sorbs1 SNPs are positively associated with obesity and
type 2 diabetes in human studies and play an important
role in pathogenesis of insulin resistance (86).
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
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cells versus undiff cells (Fig. 2C, white versus black bars). Splicing changes in Mtmr3, Atp2b1, Fxr1, and Mbnl2 during H9c2
differentiation were similar to the splicing changes between

TABLE 4
Primer sequences used to amplify alternative exons in qRT-PCR
Gene name

Gene ID

Forward primer 5ⴕ to 3ⴕ

Reverse primer 5ⴕ to 3ⴕ

Atp2b1 (rat)
Atp2b1 (mouse)
Mbnl2 (rat)
Mbnl2 (mouse)
Fxr1 (rat)
Fxr1 (mouse)
Fxr1 (human)
Mtmr3 (rat)
Mtmr3 (mouse)
Mtmr3 (human)
hnRNPH1 (mouse)
hnRNPH1 (human)

ENSRNOG00000004026
ENSMUSG00000019943
ENSRNOT00000057557
ENSMUSG00000022139
ENSRNOG00000011938
ENSMUSG00000027680
ENSG00000114416
ENSRNOG00000007120
ENSMUSG00000034354
ENSG00000100330
ENSMUST00000069304
ENSG00000169045

GTGGCCAGATCTTGTGGTTT
GTGGCCAGATCTTGTGGTTT
CTCCCGGTGCTCTTCACC
ACTACCAGCAGGCTCTGACC
GATAATACAGAATCCGATCAG
GATAATACAGAATCCGATCAG
GATAATACAGAATCCGATCAG
GTTGGCTACCTGACCAC
GTTGGCTACCTGACCACCTG
GTTGGCTTCCTGACCACCTG
CTCCCTTTTGGATGTAGCAAGG
CTCCCTTTTGGATGTAGCAAGG

CATCGATAAGGGGGATGTGC
CATCAATAAGGGGGATGTGC
CTTGGCATTCCATTCCATTT
TGAGGAGGAAACGGGGTAAT
CTGAAGGACCATGCTCTTCAATCAC
CTGAAGGACCATGCTCTTCAATCAC
CTGAAGGACCATGCTCTTCAATCAC
CTCGACTGGGTTCAAAGAGC
CTCGACTGGGTTCAAAGAGC
CTCGACTGGGTTCAAAGAGC
GGCCATAAGTTTTCGTGGTGG
GGCCATAAGTTTTCGTGGTGG

TABLE 5
The effect of diabetes-induced splicing changes on gene expression/function
Symbol

Gene name

Effect of alternative exon inclusion/exclusion

Atp2b1
Mbnl2

Plasma membrane calcium-transporting
ATPase 1
Muscleblind-like protein 2

Mtmr3

Myotubularin related protein 3

Fxr1

Fragile X mental retardation, autosomal
homolog 1

Exon21 is a part of the C-terminal domain that affects calmodulin binding to the protein.
Exclusion of this exon reduces calcium transport affinity of the ATPase (61).
MBNL2 is a splicing regulator involved in pathogenesis of myotonic dystrophy type 1.
Exclusion of exon9 (equivalent to exon5 in mouse) is known to cause cytosolic
localization of the nuclear protein (87).
MTMR3 is a member of the “myotubularin dual specificity protein phosphatase” family.
Exon16 is in the RNA-binding FYVE domain of the protein.
Fxr1 is an RNA-binding protein important for muscle development. Exon (15 ⫹ 16) is
located in the RGG box. Inclusion of exon (15 ⫹ 16) increases the RNA binding
repertoire of the protein (88).
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FIGURE 2. Diabetes-induced alternative splicing events transition during
rat heart development and H9c2 differentiation. A, proteins from nuclear
and cytoplasmic fractions of H9c2 cells either undifferentiated (undiff) or differentiated (diff) were analyzed by Western blotting using antibodies against
cTNI and cTNT (cardiac markers), myogenin (skeletal muscle marker), GAPDH
(cytoplasmic marker), hnRNPC (nuclear marker). B and C, qRT-PCR was performed with RNA from H9c2 cells (undiff and diff) and/or from E13*, E18*,
E20*, newborn*, and adult rat hearts. B, splicing of Atp2b1 exon21 from day 0
(undiff) to day 7 of H9c2 differentiation. The included band size is 273 bp, and the
excluded band size is 186 bp. C, percent inclusion of alternative exons for Mtmr3,
Fxr1, Atp2b1, and Mbnl2 during differentiation of H9c2 cells into cardiomyocytelike cells and at different stages of rat heart development (E13*, E18*, E20*, newborn, and adult rat hearts; * indicates pooled rat hearts ⱖ4). Significance was
calculated using unpaired t test between undiff and diff cells (n ⱖ 3).

embryonic and postnatal stages of developing rat heart (Fig. 2C,
gray versus black bars). We found that most of the alternative
exons in these genes correspond to the regulatory protein
domains; thus, splicing changes will likely affect protein function (Table 5). These results indicate that diabetes-induced biologically relevant AS events undergo embryonic to postnatal
transitions in rat hearts and during H9c2 differentiation.
PKC Regulates Fetal to Adult Transitions of AS Events That
Are Reactivated in Diabetic Hearts—To test whether PKC␣/␤
regulates fetal to adult-specific AS transitions, we used BisIX, a
small molecule inhibitor that preferentially blocks the activity
of PKC␣/␤ at low doses (34). H9c2 cells were either mocktreated or treated with BisIX and differentiated for 7 days. Differentiated cells that were mock-treated expressed high levels
of the cardiomyocyte marker cTNT and displayed PKC␣/␤
activity as determined by phosphorylation of a known target
called MARCKS (Fig. 3A, lane 2 versus 1) (35). In BisIX-treated
diff cells, PKC␣/␤ activity was undetectable as shown by the
loss of MARCKS phosphorylation (Fig. 3A, lane 2 versus 3). The
inhibitor also decreased the phosphorylation of GSK3␤ at serine 9 (Fig. 3A, lane 2 versus 3), which can be phosphorylated by
both PKC␣ and Akt (36). To ensure that the inhibitor is not
affecting other kinases, we checked the ability of PDK-1 kinase
to phosphorylate PKA. We found that BisIX did not affect
PDK1 activity in H9c2 cells, but PKC activity was slightly
inhibited as the inhibitor can also block other PKC-related
kinases (Fig. 3A). BisIX-treated diff cells expressed low levels of
the cardiac marker cTNT when compared with mock-treated
diff cells, suggesting that differentiation was not efficient in
PKC inhibitor-treated cells (Fig. 3A, lane 2 versus 3). The morphology of the BisIX-treated diff cells was not as elongated as
that of mock-treated diff cells, indicating incomplete differentiation (data not shown).
To investigate whether the PKC inhibitor altered AS transitions, we checked four splicing events that are altered in dia-
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betic mouse hearts (Fig. 1 and Tables 2 and 5). Inhibition of
PKC␣/␤ activity significantly reduced the exon inclusion of two
alternative exons (Fxr1 exon15 ⫹ 16 and Atp2b1 exon21) in
differentiated cells (Fig. 3B, black versus black hatched bars).
Even though PKC inhibitor did not affect splicing of Mtmr3 and
Mbnl2 in differentiated cells, it affected their splicing in undifferentiated cells (Fig. 3C and data not shown), indicating that
PKC activity is necessary to maintain embryonic splicing pattern of these genes.
Next, we wanted to verify whether PKC controls the same
splicing events in beating primary neonatal rat cardiomyocytes.
Rat cardiomyocytes were treated with vehicle or the PKC inhibitor BisIX. Splicing of Mtmr3 exon16, Fxr1 exon15 ⫹ 16, and
Mbnl2 exon9 was tested by qRT-PCR. Treatment with BisIX
reduced inclusion splicing of Fxr1 exon15 ⫹ 16 and Mtmr3 and
increased inclusion of Mbnl2 exon9 similar to the results from
H9c2 cells treated with BisIX (Fig. 3, B–D). These results using
primary neonatal cardiomyocytes confirm our findings in H9c2
cells. Overall, these results show PKC regulates splicing of AS
events that undergo a developmental change in adult diabetic
mouse hearts.
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PKC␣/␤ Controls Splicing Events Affected in Diabetic Hearts
by Regulating RNA-binding Proteins—To verify the results
from the PKC inhibitor experiments, we used a more direct
assay to target PKC. PKC␣ was depleted using validated short
hairpin RNAs (shRNA). Cells expressing scrambled or PKC␣specific shRNA were selected using puromycin, followed by 7
days of all-trans-retinoic acid treatment. In our experiments,
we used an Ab that is raised against the ␣ isoform but can also
cross-react with ␤ isoforms of the same molecular weight (␤I
and ␤II). Therefore, we cannot definitively distinguish ␣ from ␤
isoforms by WB and immunohistochemistry (IHC) using this
antibody. For this reason, we refer to PKC␣/␤ as one kinase,
even though the isozymes have distinct functions (6).
Using the most efficient and specific shRNA, we achieved
⬃95% depletion of PKC␣ protein in H9c2 cells compared with
scrambled (sc-) shRNA, which was used as a negative control
(Fig. 4A). PKC␣ shRNA was specific to the ␣ isoform and did
not affect the levels of PKC␦/, GSK3␤, or PKA (Fig. 4A).
To determine whether AS transitions are altered in PKC␣
knocked down cells, we examined the splicing of several events
that are misregulated in diabetic hearts (Table 2). Depletion of
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FIGURE 3. PKC inhibitor BisIX (Ro-31-8220) alters embryonic to adult transitions of splicing events affected in diabetes. Cells were mock-treated (Undiff,
Diff) or treated with BisIX (1 M; UndiffBisIX, DiffBisIX) daily 1 h before RA treatment for 7 days. A, Western blot of protein lysates from cytoplasmic and nuclear
fractions using antibodies against phospho-MARCKS, cTNT, phospho-GSK3␤ (Ser-9), GSK3␤, phospho-PKA (PDK1 phosphorylation site Thr-197), PKA, phospho-PKC (autophosphorylation site Ser-916), PKC, GAPDH and hnRNPC. B, quantification of Fxr1 exon15 ⫹ 16 and Atp2b1 exon21 in mock-treated differentiated (Diff, black bars) and BisIX-treated differentiated (DiffBisIX, black-hatched bars) cells. C, percent inclusion of Mtmr3 exon16 and Mbnl2 exon9 in undifferentiated H9c2 cells that are mock-treated (Undiff, white bars) or BisIX-treated (UndiffBisIX, white-hatched bars). D, percent inclusion of Mtmr3 exon16, Fxr1
exon15 ⫹ 16, and Mbnl2 exon9 in control (rat cardiomyocytes (RCm), white bars) or PKC inhibitor-treated (RCmBisIX, white-hatched bars) primary neonatal rat
cardiomyocytes. Significant changes between two samples were calculated using unpaired t test (n ⱖ 3).
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PKC␣ affected splicing of Mtmr3, Fxr1, and Mbnl2 (Fig. 4B)
similar to the results obtained from the PKC inhibitor experiment (Fig. 3, B–D).
Reviewing the literature for potential splicing regulators that
bind to the regulatory regions on the pre-mRNAs mis-spliced
in diabetes, we found that PKC␣/␤ -responsive exons have been
identified computationally or experimentally as targets of
CELF1, MBNL1, and Rbfox2 proteins (18, 20). Splicing of Fxr1
and Mtmr3 reversed to a fetal pattern in CELF1-overexpressing
mice (18). Fxr1 and Mtmr3 pre-mRNAs have Rbfox2-binding
sites in the adjacent introns of corresponding alternative exons
in human embryonic stem cells identified by CLIP -sequencing
(20). Mbnl2 exon9 was identified as MBNL1- and CELF1-responsive exon, using MBNL1-knock-out (KO) or CELF1-overexpressing mice (18). Mbnl2 was also identified as a target of
Rbfox2 in CLIP-seq experiments with binding sites downstream and upstream intron of exon9 of Mbnl2 (20).
As PKC-regulated AS events affected in diabetes are targets
of CELF1, MBNL1, and Rbfox2, we checked the levels of these
RNA-binding proteins in PKC␣-depleted cells. CELF1 and
Rbfox2 levels were reduced by 90 and 80%, respectively, in
PKC␣ knocked down cells (Fig. 4A and data not shown). The
significant decrease in Rbfox2 and CELF1 protein levels upon
PKC␣ depletion indicates that PKC␣/␤ isozymes are the major
regulators of these proteins. There was no change in MBNL1
levels in PKC␣ shRNA-treated cells compared with sc-shRNAtreated cells (Fig. 4A). Overall, these results indicate that
PKC␣/␤ control CELF1 and Rbfox2 protein levels.
PKC␣/␤ Controls Developmentally Regulated AS via Phosphorylation of RNA-binding Proteins—To determine whether
PKC is necessary to maintain Rbfox2 and CELF1 protein levels,
DECEMBER 6, 2013 • VOLUME 288 • NUMBER 49

we determined the steady state levels and phosphorylation status of these splicing regulators in mock-treated cells or cells
treated with the PKC inhibitor BisIX. CELF1 was predominantly nuclear in undiff H9c2 cells, and the protein levels were
lower in diff cells (Fig. 5A, nuclear fractions, lane 1 versus 2).
Treatment with the PKC inhibitor further down-regulated
CELF1 levels in the nuclear fractions of diff cells (Fig. 5A,
nuclear fraction, lane 2 versus 3) resembling its low levels in
adult heart tissues (Fig. 5B).
CELF1 expression in developing rat hearts was also tested to
ensure changes are not cell culture-specific. Quantification of
the IHC data shows that 87% of the cardiomyocyte nuclei were
positive for CELF1 at E13 and 90% at E18. In contrast to the
considerably low levels of CELF1 in adult hearts (29% CELF1
positive nuclei), CELF1 levels were high in newborn cardiomyocyte nuclei marked with cTNI (92% CELF1-positive
nuclei) (Fig. 5B). CELF1 cytoplasmic presence was evident in
newborn hearts suggesting that cytoplasmic functions of
CELF1 in mRNA stability and translation might be important at
neonatal stages (37, 38).
Because BisIX treatment decreased CELF1 levels in H9c2
cells (Fig. 5A), we investigated the phosphorylation status of
CELF1 in rat hearts and during H9c2 differentiation. We found
that endogenous CELF1 (pI ⬃8.5) was hyperphosphorylated in
undiff cells as indicated by acidic shifts and the loss of shifted
spots after phosphatase (calf intestinal phosphatase, CIP) treatment on two-dimensional gels followed by WB using antiCELF1 antibody (Fig. 5D, gel 1 versus 3). CELF1 hyperphosphorylation status (Fig. 5D) correlated well with high levels of
protein at embryonic and neonatal stages of developing rat
hearts (Fig. 5B). In undiff cells, CELF1 was hyperphosphoryJOURNAL OF BIOLOGICAL CHEMISTRY
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FIGURE 4. Depletion of PKC␣ impairs alternative splicing events by regulating CELF1 and Rbfox2 protein levels. H9c2 cells were transfected with
scrambled or PKC␣-specific shRNA. After PKC␣ depletion, H9c2 cells were differentiated using RA. A, WB of cell lysates using antibodies against PKC␣/␤, PKC␦/,
CELF1, Rbfox2, MBNL1, phospho-GSK3␤ (Ser-9), GSK3␤, and PKA. Ponceau S staining was used to assess protein loading. B, percent inclusion of Mtmr3 exon16,
Mbnl2 exon9, and Fxr1 exon15 ⫹ 16. qRT-PCR was performed using RNA from H9c2 cells expressing sc-shRNA or PKC␣ shRNA that were differentiated to
cardiomyocyte-like cells. The fold change in alternative exon inclusion was calculated by the following formula, (inclusion in PKC␣ depleted cells)/(inclusion in
sc-shRNA treated cells), and values were represented as negative (⫺) if inclusion was decreased or as positive (⫹) if inclusion was increased. (⫾ indicate
standard deviation; two independent experiments with duplicate samples were used.) * denotes statistical significance of p ⬍ 0.05 determined by unpaired t
test (n ⱖ 3).

Reactivation of Fetal Splicing in Diabetic Hearts

Downloaded from http://www.jbc.org/ at Biomedical Library, UCSD on November 10, 2015

FIGURE 5. Inhibition of PKC activity reduces the phosphorylation and steady state levels of CELF1 and Rbfox2. A, WB analysis of nuclear and cytoplasmic
fractions from undiff, mock-treated (Diff), and PKC inhibitor-treated differentiated (DiffBisIX) H9c2 cells using antibodies against CELF1, Rbfox2, MBNL1, and
GAPDH. B, IHC of sagittal rat heart sections using antibodies against CELF1, Nkx2.5 (cardiomyocyte marker for E13 and E18), and cTNI (cardiomyocyte marker
for newborn and adult). Nuclei are stained with DAPI. Cardiomyocytes that are CELF1-positive were quantified counting ⬎150 nuclei at each developmental
stage. Arrows indicate representative cells. C, relative Rbfox2 mRNA levels was determined by semi-quantitative RT-PCR using RNA from H9c2 cells (Undiff, Diff,
and DiffBisIX) by net intensity calculation of the PCR product using Kodak gel Logic 2200. D and F, two-dimensional/Western blot analysis of nuclear fractions
from undiff, undiffCIP (calf intestinal phosphatase-treated), diff, and diffBisIX H9c2 cells using anti-CELF1 (D) or anti-Rbfox2 (F) Abs. The red arrows indicate
PKC-dependent phospho-isoforms. E and G, protein lysates from E20, newborn, and adult (6-month old) rat hearts were separated on two-dimensional gels
followed by WB using anti-CELF1 (E) and anti-Rbfox2 (G) antibodies. The red arrows indicate PKC-induced phosphorylated isoforms. E20 and newborn hearts
were pooled, n ⫽ 4. Results are representative of at least three independent experiments.

lated similarly to the pattern observed in embryonic and newborn rat hearts (Fig. 5E) but was less hyperphosphorylated in
diff cells as the protein became more basic (Fig. 5D, gel 4). Inhibition of PKC␣/␤ by BisIX reduced CELF1 phosphorylation in
both undifferentiated and differentiated cells (Fig. 5D, gels 2
and 5, red arrow) to a hypophosphorylated pattern seen in
phosphatase-treated cells and adult rat hearts (Fig. 5, D and E).
The hypophosphorylated state of CELF1 in adult rat hearts was
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consistent with low CELF1 levels (Fig. 5B). CELF1 mRNA levels
remain constant throughout heart development (18). These
findings indicate that CELF1 hyperphosphorylation and
increased steady state levels in embryonic hearts and undifferentiated H9c2 cells are regulated by a PKC␣/␤-dependent
manner.
We also examined the protein levels and localization of
Rbfox2, which regulates AS in embryonic stem cells (20) and
VOLUME 288 • NUMBER 49 • DECEMBER 6, 2013
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FIGURE 6. Nonphosphorylatable mutant of CELF1 is unable to promote
embryonic splicing of its target pre-mRNA that is reactivated in diabetes. A, two-dimensional/FLAG-specific WB analysis of protein lysates from
COS M6 cells expressing either FLAG-tagged wild type (CELF1WT) or nonphosphorylatable mutant of (CELF1M8) CELF1 treated with or without PKC activator phorbol 12-myristate 13-acetate (PMA). B, WB analysis of protein lysates
from COS M6 cells transfected with either FLAG-CELF1WT or FLAG-CELF1M8
using anti-CELF1 and anti-FLAG antibodies. Loading was determined by Ponceau S staining. C, percent exon16 inclusion of endogenous Mtmr3 in COS M6
cells transfected with empty vector, CELF1WT, or nonphosphorylatable
CELF1M8. Significant changes between two samples were calculated using
unpaired t test from three independent experiments, n ⬎12.

erated a nonphosphorylatable CELF1 by mutating eight phospho-sites identified by mass spectrometry to alanine or valine
(CELF1M8) using site-directed mutagenesis. We tested the
phosphorylation status of FLAG-tagged wild type (CELF1WT)
or nonphosphorylatable mutant of CELF1 (CELF1M8) in cells
stimulated by the phorbol ester (phorbol 12-myristate 13-acetate, PMA) that activates PKC. CELF1WT displayed acidic shifts
in comparison with its pattern in mock-treated cells representing PKC-induced phospho-isoforms (Fig. 6A). However,
CELF1M8 did not shift to an acidic pH in phorbol 12-myristate
13-acetate-treated cells suggesting that mutations blocked the
phosphorylation by PKC (Fig. 6A).
Next, we checked whether the nonphosphorylatable mutant
CELF1M8 regulates PKC␣/␤-dependent splicing of Mtmr3 (Fig.
3, C and D, and Fig. 4B) that reverses to a fetal pattern in both T1
and T2 diabetic hearts (Fig. 1B). Overexpression of CELF1WT in
COS M6 cells reduced inclusion of exon16 of endogenous
Mtmr3 similar (Fig. 6C) to its pattern in neonatal and embryonic rat hearts (Figs. 1A and 2C). Nonphosphorylatable
CELF1M8 did not cause exon exclusion in comparison with the
wild type protein even though both proteins were expressed at
similar levels as determined by both FLAG- and CELF1-specific
WBs (Fig. 6B). Importantly, there was no change in endogenous
levels of CELF1 (Fig. 6B). As a negative control, we overexpressed the empty vector. Exon inclusion of Mtmtr3 in
CELF1M8-expressing cells was similar to that of in empty vector-expressing cells. This result indicates that phosphorylation
of CELF1 by PKC is critical for regulation of developmentally
regulated splicing.
JOURNAL OF BIOLOGICAL CHEMISTRY
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during brain development (22, 39). Rbfox2 also binds to Mtmr3,
Fxr1, and Mbnl2 intronic regions near the alternative exons
that are affected in diabetes. Rbfox2 has two isoforms due to
alternative promoter and/or cassette exon usage, short and long
(40 – 42). Although there was no obvious change in the protein
levels of Rbfox2 isoforms between undiff and diff cells, both
isoforms were severely down-regulated in PKC inhibitortreated cells (Fig. 5A, lanes 1 and 2 versus lane 3) without significant changes in Rbfox2 mRNA levels (Fig. 5C).
To determine whether Rbfox2 down-regulation is due to
changes in its phosphorylation by PKC, we used two-dimensional gels followed by WB using Rbfox2-specific antibody. We
detected both the long and short isoforms of Rbfox2 with isoelectric points ranging from ⬃6.5 to 9 in embryonic rat hearts
and undiff cells (Fig. 5, G, gel 1, and F, gel 1). The Rbfox2 pattern
in embryonic/newborn heart was similar to that in undiff H9c2
cells, and the pattern in differentiated cells resembled the pattern in adult rat hearts (Fig. 5, F, gel 4, and G, gel 3).
The long isoform of Rbfox2 displayed four spots labeled as
1– 4 and pH ranging from 5.5 to 6.5 in undifferentiated H9c2
cells (Fig. 5F, arrows). Treatment with either the phosphatase
(calf intestinal phosphatase) or the PKC inhibitor BisIX
resulted in loss of spot 4 in undiff cells representing the PKCdependent phospho-isoform (Fig. 5F, red arrow). The same
spot 4 was present in E20 and newborn rat hearts but not in
adult rat hearts (Fig. 5G). In differentiated cells, spots 1–3 disappeared in comparison with undiff cells (Fig. 5F, gel 1 versus 4).
Spots 1–3 were unaffected in phosphatase and BisIX-treated
cells suggesting that they are not phosphorylated species. These
spots might be representative of another post-translational
modification (i.e. acetylation) that is regulated during differentiation of H9c2 cells.
The short faster migrating isoform displayed six spots
labeled from 5 to 11 in undifferentiated H9c2 cells (Fig. 5F,
arrows). The levels of spots 10 and 11 were reduced in differentiated cells (Fig. 5F, gel 1 versus 4). Both the PKC inhibitor and
the phosphatase treatment led to the loss of spots 5 and 11 in
undifferentiated cells indicating that these spots are the PKCdependent phosphorylated forms (Fig. 5F, gels 2 and 5). In differentiated cells, spot 5 disappeared after BisIX treatment (Fig.
5F, red arrow, gel 4 versus 5). Importantly, spot 5 was present in
E20 and newborn rat hearts but not in adult rat hearts, resembling the findings in H9c2 cells (Fig. 5G). These data suggest
that spots 4, 5, and 11 are PKC-dependent phosphorylated species of Rbfox2. In sum, these results indicate that Rbfox2 is
phosphorylated in a PKC-dependent manner at early developmental stages and also in undifferentiated H9c2 cells.
Next, we checked the steady state levels of MBNL1 during
H9c2 differentiation. MBNL1 is identified as a regulator of
Mbnl2 exon9 splicing together with Rbfox2 (18, 20). MBNL1
protein levels and localization remained unchanged during the
differentiation of H9c2 cells (Fig. 5A, lane 1 versus 2). PKC
inhibitor treatment affected neither the protein levels nor the
cellular distribution of MBNL1 (Fig. 5A). These results show
that PKC promotes phosphorylation of CELF1 and Rbfox2 and
regulates their steady state levels at early developmental stages.
To test whether phosphorylation of CELF1 by PKC is necessary for splicing regulation of genes altered in diabetes, we gen-
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Under Diabetic Conditions, PKC␣/␤ Localizes to the Nucleus
Similar to Its Subcellular Distribution at Early Developmental
Stages—Finally, we tested whether the predominantly cytoplasmic PKC␣/␤ undergoes localization changes during heart
development because the splicing regulators CELF1 and
Rbfox2 regulate splicing in the nucleus and are hyperphosphorylated by PKC␣/␤. Using IHC, we labeled the rat cardiomyocytes with Nkx2.5 at embryonic stages and cTNI at newborn
and adult stages. Embryonic cardiomyocytes (E13 and E18)
became more elongated and branched as they matured into
adult cardiomyocytes (Fig. 7A). In embryonic rat cardiomyocytes, PKC␣/␤ could be found in the nucleus and cytoplasm but
was slightly more cytoplasmic after birth becoming completely
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cytoplasmic in adult cardiomyocytes (Fig. 7A, insets). In adult
rat left ventricles, PKC␣/␤ colocalized with the contractile
apparatus (cTNI) in striations, in agreement with the previous
findings that PKC␣/␤ phosphorylates cTNI and cTNT (43, 44)
and is important for cardiac contractility (45). At embryonic
stages, ⬃90% of cardiomyocytes showed nuclear PKC␣ staining
in contrast to adult hearts where only 10% of cardiomyocytes
were positive for nuclear PKC␣ (Fig. 7A).
We also examined the distribution of PKC␣/␤ in mouse
heart tissues by WB. Activated PKC␣/␤ was nuclear and cytoplasmic in the newborn but only cytoplasmic in normal adult
mouse hearts like in rat hearts (Fig. 7, A and B). The nuclear
localization of PKC␣/␤ at embryonic stages (Fig. 7A) correlated
VOLUME 288 • NUMBER 49 • DECEMBER 6, 2013
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FIGURE 7. PKC␣/␤ localizes to the nucleus at embryonic stages and in adult diabetic hearts. A, IHC of PKC␣ in sagittal sections of rat heart at embryonic
(E13 and E18), newborn and adult stages using anti-PKC␣ Ab. Cardiomyocytes were labeled with Nkx2.5 at embryonic stages and with cTNI at newborn and
adult stages. The nucleus was stained with DAPI. Percentage of cardiomyocytes that display nuclear PKC␣ in the nucleus was calculated using multiple images
from each developmental stage (⬎150 nuclei). Insets indicate representative cells at ⫻80 magnification. B, WB of nuclear and cytoplasmic fractions in mouse
hearts at newborn and adult stages using Abs against PKC␣/␤, phospho-PKC␣/␤II, and GAPDH (cytoplasmic marker). Loading was determined by Ponceau S
staining. C, nuclear and cytosolic proteins from mice hearts were resolved on 10% acrylamide gel followed by WB using antibodies against phospho-PKC␣/␤,
PKC␣/␤, CELF1, Rbfox2, ␣-tubulin, and histone H3 (nuclear marker). To calculate fold change in protein levels, cytoplasmic protein levels were normalized to
␣-tubulin, and nuclear protein levels were normalized to histone H3. Protein levels in control mice were standardized to 1.0, and the average fold change in
protein levels was quantified and summarized for each group of mice (three normal, two T1D/STZ6 weeks, and three T1D/STZ9 weeks).
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DISCUSSION
Advances in RNA sequencing technology and extensive analysis of the transcriptome indicate that AS is a highly regulated
and tissue-specific process affecting ⬎90% of human genes
(46 – 48). AS generates differentially spliced isoforms of primary gene products and also affects gene expression (16, 49,
50). AS of genes that are important for cardiac morphogenesis
and maturation undergo significant AS changes during postnatal mouse heart development (18). In addition, AS patterns shift
during differentiation of embryonic stem cells into cardiomyocytes in favor of isoforms that are involved in differentiation
(51). These studies strongly suggest that AS is vital for embryonic gene expression in the heart.
It has been previously shown that fetal gene expression is
up-regulated in diabetic hearts (52). The mechanisms responsible for embryonic gene expression in diabetes are largely
unknown. In this study, we demonstrate that an embryonic
splicing program is activated in diabetic hearts that could partly
explain the expression of fetal genes. Importantly, we identified
PKC␣/␤ as regulators of this embryonic network. These findings may have implications in heart conditions induced by
ischemia or hypertrophy, which can induce fetal gene expression and PKC activation (53–57).
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Prolonged activation of PKC␣ and/or -␤ leads to diabetic
complications (7, 58, 59). Here, we demonstrate that PKC␣/␤regulated alternative exons are mis-spliced in both type 1 and 2
diabetic hearts reverting to an embryonic pattern. It is known
that AS of pre-mRNAs transition during heart development
such that only embryonic spliced isoforms are expressed in
embryonic hearts but not in adult hearts for proper heart function (18). Therefore, these conserved splicing changes likely
contribute to cardiac complications in diabetes by promoting
the expression of embryonic protein isoforms. For example,
Atp2b1 encodes plasma membrane calcium ATPase, an essential enzyme that regulates cytosolic calcium concentrations
(Table 5). Exclusion of alternative exon21 makes the ATPase
less sensitive to calcium levels (60, 61) that may contribute to
abnormal calcium levels observed in diabetic hearts (Table 5).
Exon15 ⫹ 16 of Fxr1 corresponds to a domain that is responsible for substrate specificity of the RNA-binding protein (Table
5). Exclusion of these exons may shift the substrates of FXR1 in
diabetic hearts. Exon16 of Mtmr3 is within the zinc finger FYEV
domain of myotubularin-related protein 3, which is important
for cell migration by regulating cellular inositol levels and signaling (62, 63). Inclusion of exon16 is predicted to prevent zinc
binding, likely affecting substrate binding (Table 5).
In this report, we demonstrate that PKC␣/␤ mediate AS regulation by phosphorylation of Rbfox2 and CELF1. Both protein
levels are down-regulated with corresponding changes in the
splicing of their target pre-mRNAs in PKC␣/␤-depleted or -inhibited cells without changes in mRNA levels (Figs. 3, 4, and
5C). Notably, the nonphosphorylatable mutant of CELF1 is
unable to regulate the splicing of a PKC␣/␤ target, which displays fetal splicing pattern in both type 1 and 2 diabetic heart
tissues (Figs. 1 and 6). CELF mutant M8 has a total of eight
residues mutated to alanine/valine to prevent phosphorylation
by PKC. Three of these residues are within the divergent
domain of the protein and five within the RNA recognition
motifs. It is likely that these mutations affect RNA binding ability of CELF1. Further mapping of PKC phospho-sites is necessary to define the exact role of PKC phosphorylation on CELF1
function especially in RNA binding.
Our findings also provide new insights into the novel functions of PKC␣/␤ in the nucleus during heart development and
in diabetic hearts. PKC␣ localization to the nucleus has been
reported in cultured cells upon activation (64, 65). For the first
time, our findings connect PKC␣/␤ nuclear localization to
hyperphosphorylation of RNA-binding proteins and AS regulation in diabetic and embryonic hearts (Figs. 5 and 7).
Further studies are needed to determine the mechanism of
PKC␣ localization to the nucleus and the proteins necessary for
this process during development. PKC␣ does not have a classical nuclear localization/export signal, but its hinge region and
C-terminal tail are necessary for its translocation to the nucleus
in cells treated with phorbol esters that activate PKC␣ (66). It is
not clear whether the hinge domain or the C-terminal tail is
essential for localization to the nucleus at embryonic stages and
in diabetic adult hearts. Our data suggest that nuclear localization of PKC␣/␤ might be a trigger for increased phosphorylation and levels of CELF1 and Rbfox2, which in turn activate
embryonic AS, as observed in adult diabetic heart tissues (Figs.
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well with increased steady state levels and the hyperphosphorylated status of CELF1 and Rbfox2 proteins (Fig. 5, B, E, and G).
These results suggest that the conserved nuclear localization of PKC␣/␤ at early developmental stages may play a role
in phosphorylation of splicing regulators in the nucleus at
early developmental stages. If this is the case, we expect
PKC␣/␤ to be nuclear in diabetic hearts where fetal splicing
patterns are induced. To test this, we determined the steady
state levels and autophosphorylation status of PKC␣/␤
in STZ-induced diabetic mice and found that phosphoPKC␣/␤ levels were increased ⬃1.6-fold in the nuclear fractions of 6-week-old and ⬃1.3-fold in 9-week-old diabetic
mice (Fig. 7C). We noticed that phospho-PKC␣/␤ levels
were reduced in the cytoplasmic fractions of 6-week-old diabetic mice with a corresponding increase in the nuclear fraction of these mice (Fig. 7C), but this was not apparent in
9-week-old diabetic mice.
To examine whether nuclear PKC␣/␤ activity in turn
increased the steady state levels of CELF1 and Rbfox2, we measured the protein levels of RNA-binding proteins in the same
lysates by WB. Although CELF1 levels were constant in cytoplasmic fractions of control and 9-week-old diabetic mice, protein levels were elevated ⱖ2-fold in the nuclear fractions of all
diabetic mice consistent with increased nuclear activity of
PKC␣/␤ (Fig. 7C). CELF1 levels were reduced in the cytoplasmic fractions of 6-week-old diabetic mice consistent with
reduced phospho-PKC␣/␤ levels in the cytoplasmic fractions of
these mice. The short isoform of Rbfox2 protein levels were also
elevated ⱖ1.9-fold in the nuclear fractions of all diabetic mice
as expected (Fig. 7C). Interestingly, the long isoform of Rbfox2,
which was predominantly cytoplasmic, was also up-regulated
3.3-fold in 9-week-old diabetic mice (Fig. 7C). These results
indicate that increased nuclear PKC␣/␤ levels correlate with
up-regulation of splicing regulators in diabetic hearts.

Reactivation of Fetal Splicing in Diabetic Hearts
3, 4, 5, and 7). Overexpression of CELF1 in heart causes cardiomyopathy (19), and increased steady state levels of CELF1 in
diabetic hearts may contribute to diabetic cardiomyopathy.
Additional investigations are necessary to determine the role of
CELF1 and Rbfox2 in diabetic complications of the heart using
cardiac-specific overexpression or knock-out mouse models.
In summary, our results provide insight into the novel role of
PKC␣/␤ in fetal gene expression via AS in cardiomyocytes
under diabetic conditions. PKC is an attractive target to treat
many diseases, including diabetes (7, 67). Identification of
RNA-binding proteins or specific splicing events as downstream effectors of PKC may provide us new tools to design
safer and novel therapeutics such as the oligo-based therapy to
correct these splicing defects.
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