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Knockdown of Nucleosome Assembly Protein 1-Like 1
Promotes Dimethyl Sulfoxide-Induced Differentiation of
P19CL6 Cells Into Cardiomyocytes
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ABSTRACT

Transplantation of cardiomyocytes derived from stem cells is a promising option for cardiac repair. However, how to obtain efficient
cardiomyocytes from stem cells is still a great challenge. Understanding of the mechanism that regulates the cardiac differentiation of stem
cells is necessary for the effective induction of cardiomyocytes. A clonal derivative named P19CL6 cells can easily differentiate into
cardiomyocytes with 1% dimethyl sulfoxide (DMSO) treatment, which offers a valuable model to study cardiomyocytes differentiation in
vitro. In this study, the isobaric tags for relative and absolute quantitation (iTRAQ) proteomics were performed to identify proteins associated
with cardiomyocytes differentiation of P19CL6 cells induced by DMSO. Out of 543 non-redundant proteins identified, 207 proteins showed
significant changes during differentiation with >1.2-fold or <0.83-fold changes cut-offs. Nine proteins were confirmed by the quantitative
real-time polymerase chain reaction (QRT-PCR) and Western blot analysis respectively. Notably, broad consistency was well showed between
mRNA and protein expression for down-regulation of nucleosome assembly protein 1-like 1 (Nap111). Further study revealed that knockdown
of Nap1l1 by stable transfection of shRNA vector significantly accelerated DMSO-induced cardiomyocytes differentiation of P19CL6 cells
characterized by increases in expression of cardiac specific transcription factors, genes, and proteins (GATA4, MEF-2C, ANP, BNP, cTNT, and
B-MHC). Therefore, Nap1l1 is a novel protein that regulates cardiomyocytes differentiation of P19CL6 cells induced by DMSO. J. Cell.
Biochem. 113: 3788-3796, 2012. © 2012 Wiley Periodicals, Inc.
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C ardiovascular disease remains the leading cause of death
worldwide. Acute ischemic injury and chronic cardiomyop-
athies lead to permanent loss of cardiomyocytes and ultimately
heart failure. In recent years, cell therapy has emerged as a potential
new strategy for patients with ischemic heart disease. Studies in

into the injured heart [Sadek et al., 2009; Liang et al., 2010; Poynter
etal., 2011; Templin et al., 2011]. However, the current experimental
evidence suggests that low generation of new cardiomyocytes limits
the clinic outcomes of stem cell therapy to a great extent. In order to
enhance the efficacy of stem cell differentiation into cardiomyo-

animal models and clinical trials indicated that various stem cell cytes, identification of novel proteins or factors associated with

populations have the potential for cardiac repair and regeneration, differentiation is beneficial to develop new strategies for stem cell

and improve the function of ventricular muscle after transplanted therapy in cardiac diseases.
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P19CL6 cells, a derivative clone of P19 mouse embryonic
carcinoma cells (ECCs), can efficiently differentiate into cardio-
myocytes with 1% dimethyl sulfoxide (DMSO) treatment under
adherent culture conditions [Habara-Ohkubo, 1996]. Given this
unique property, P19CL6 cells are expected as a powerful tool for in
vitro differentiation studies of ECCs and therapeutic potential in
cardiovascular regenerative medicine. Applying proteomics to
investigate the programs that control differentiation will provide
valuable insights into how the factors involved induce differentia-
tion of stem cells to specific lineages. Recently, the isobaric tags for
relative and absolute quantification (iTRAQ)-based proteomic
technique have attracted much attention due to quantifying
proteins from different samples in a single experiment. In this
research, we employed iTRAQ technology workflow to identify
proteins associated with DMSO-induced differentiation of P19CL6
cells into cardiomyocytes. Furthermore, nine of the differentially
expressed candidates were validated by qRT-PCR and Western blot
analysis. Interestingly, we observed that knockdown of Naplll
promoted DMSO-induced differentiation of P19CL6 cells into
cardiomyocytes. This work will result in generation of new
information and knowledge about research of cardiomyocytes
differentiation and cell-therapy for cardiovascular disease.

CELL CULTURE AND DIFFERENTIATION

P19CL6 cells were kindly provided by Prof. Issei Komuro
(Department of Cardiovascular Science and Medicine, Chiba
University, Japan). P19CL6 cells were cultured and induced to
differentiate into cardiomyocytes essentially as described previously
with a slight modification [Habara-Ohkubo, 1996]. Briefly, the cells
were grown in a-MEM supplemented with 10% fetal bovine serum,
referred as growth medium, and were maintained in a 5% CO,
atmosphere at 37°C.To induce differentiation, P19CL6 cells were
plated at a density of 1.8 x 10° cells in a 35 mm dish or 6.5 x 10°
cells per well in 96-well plate with the growth medium containing
1% DMSO (Sigma-Aldrich), referred as differentiation medium, for
8 days, and then the cells were transferred to growth medium for
4 days more. The medium was changed every 2 days. Days of
differentiation were numbered consecutively after treatment with
DMSO.

IMMUNOFLUORESCENCE

P19CL6 cells treated or not treated with DMSO on Day 12 were fixed
with 4% paraformaldehyde in phosphate buffered saline (PBS) at
room temperature for 20 min and then permeated with 0.2% Triton
X-100 in PBS at room temperature for 15 min. After being blocked
with 5% BSA in PBS for 1h, the cells were incubated with cardiac
myosin heavy chain antibody (3-MHC, Abcam) diluted in PBS at a
concentration of 1:100 overnight at 4°C, and followed by detection
with Cy™3-conjugated goat anti-mouse antibody (Jackson) diluted
in PBS at a concentration of 1:800 at room temperature in dark for
1 h. DAPI (Sigma-Aldrich) was used for nuclear stain. Images were
obtained with 200 magnifications using fluorescent microscope
(Olympus IX5). The fluorescence area of B-MHC was calculated by
Image J software.

SAMPLE PREPARATION AND iTRAQ LABELING

Total protein was extracted from P19CL6 cells on day 0, day 4, day 8,
and Day 12 using lysis buffer (8 M urea, 2 M thiourea, 200CHAPS,
60mM DTT) containing complete protease inhibitor cocktail
(Roche). Protein lysates were then clarified by centrifugation
at 4°C at 12,0009 for 20min. The protein concentration was
determined by the Bradford assay kit (Bio-Rad). A total of 100 ng
protein from each group was subjected to six volume of cold acetone
precipitation overnight at 4°C before the precipitated pellets were
resuspended with dissolution buffer containing 20 pl of 500 mM
triethylammonium bicarbonate (TEAB) and 1wl of 200 SDS.
Subsequently, the resuspended proteins were reduced with 2 pl of
50 mM tris-2-carboxyethyl phosphine (TCEP) at 60°C for 1h and
then alkylated with 1l of 200 mM methyl methanethiosulfonate
(MMTS) in isopropanol at room temperature for 10 min, followed by
digestion with 10 p.g sequencing grade trypsin (Applied Biosystems)
for 16 h at 37°C. The 114, 115, 116, and 117 iTRAQ reagents were
dissolved each in 70 ul of ethanol. Peptide samples were labeled
with iTRAQ tags at room temperature for 1h as follows: dayO-
114tag, day4-115tag, day8-116tag, and dayl12-117tag. Then all
labeled peptides were pooled and dried in a vacuum concentrator
prior to SCX fractionation. Two biological samples were prepared
and analyzed on separate occasions.

STRONG CATION EXCHANGE FRACTIONATION

The dried mixtures above were reconstituted in 100 pl buffer A
(10 MM KH,PO0, in 25% acetonitrile, pH 2.7) and fractionated using a
Poly Sulfoethyl A Column (2.1 mm x 100 mm, 5 pm, 200 A, PolyLC,
Inc.MA) on a Micro LC-20AD HPLC unit (Shimadzu) with a constant
flow rate of 200 pl/min. The 60 min gradient consisted of 100%
buffer A for 5 min, 0-25% buffer B (buffer A with 350 mM KCl) for
35 min, 25-100% buffer B for 5 min, and 100% buffer B for 5 min
and finally 100% buffer A for 5min. The chromatogram was
monitored through a UV detector which wavelengths were set at
214 nm. Fractions were collected every minute and later pooled
together according to variations in UV peak intensity. A total of
20 SCX fractions were collected, vacuumed, and stored at —80°C
prior to mass spectrometric analysis.

MASS SPECTROMETRIC ANALYSIS

Each vacuumed fraction was reconstituted in 40 pl of mobile phase
A (0.1% formic acid in 5% acetonitrile). The reversed phase liquid
chromatograph system consisted of a Michrom Cap Trap™ column
(0.5 mm x 2 mm) and an analytical column (Magic C18AQ, 3 pm,
200 A, 0.1 mm x 150 mm, Michrom BioResources) with a constant
flow rate of 0.5 wl/min. The LC gradient started with 5% mobile
phase B (0.1% formic acid in 95% acetonitrile) for 5 min, followed by
5-35% mobile phase B for 65 min, then 80% mobile phase B for
5min, and finally 5% mobile phase B for 10 min. The Q-Star XL
Hybrid ESI mass spectrometer (Applied Biosystems) was set to
perform data acquisition in information dependent acquisition
mode, with a selected mass range of 400-1,800 m/z. Peptides with
+2 to +4 charge states were selected for tandem mass spectrometry,
and the time of summation of MS/MS events was set to 2 s. The four
most abundantly charged peptides above 20 counts threshold were

JOURNAL OF CELLULAR BIOCHEMISTRY

3789

KNOCKDOWN OF NAP1L1 PROMOTES DIFFERENTIATION



selected for MS/MS and dynamically excluded for 45s with
4100 ppm mass tolerance.

DATA ANALYSIS AND INTERPRETATION

For protein identification and quantitation, MS/MS data were
analyzed using the ProteinPilot 2.0 software (Applied Biosystems),
which applies the Paragon Algorithm [Shilov et al., 2007]. The
search was performed against an IPI Mouse 3.55 database and
Mouse UniProt Knowledgebase 15.6 database respectively. A
concatenated target-decoy database search strategy was also
employed to exclude false positives [Elias and Gygi, 2007]. The
search parameters allowed for sample type with iTRAQ 4Plex
Peptide Labeled, trypsin as the digestion agent, cysteine modifica-
tion by MMTS, thorough search effort and biological modifications
programmed in the algorithm. The bias correction was applied to
account for normalization errors. Proteins identified with at least
95% confidence (unused ProtScore >1.3) were reported for further
analysis. The differentially expressed proteins were classified with
biological processes using Gene Ontology classification system
[Ashburner et al., 2000; Consortium, 2006]. The protein-protein
interaction network was extracted using search tool STRING
(version 9.0, http://string-db.org/) [Jensen et al., 2009].

QUANTITATIVE REAL-TIME POLYMERASE CHAIN REACTION

Total cellular RNA was isolated from the cells on day 4, day 8, and
Day 12 with the Purelink RNA kit (Invitrogen) according to manual
instructions. cDNA was synthesized with the High Capacity cDNA
Reverse Transcription kit (Applied Biosystems) according to manual
instructions. The quantitative real-time polymerase chain reaction
(qRT-PCR) amplification was performed with the Power SYBR Green
PCR Master Mix (Applied Biosystems) on a Bio-Rad iQ5 real-time
PCR detection system. All primers are listed in Supplemental
Table S1. The parameters for amplification are as follows: an initial
step of 95°C for 10 min; then 40 cycles of denaturation at 95°C for
15s, and annealing at 60°C for 1 min. After amplification, melting
curve analysis was performed as described in the manufacture’s
protocol (Bio-Rad). B-actin was selected as an internal control. Data
analysis were carried out using the 2~22 method. Three biological
samples were prepared and the qRT-PCR experiments were repeated
by three times for each biological sample.

WESTERN BLOT ANALYSIS

Total protein lysates extracted from the experiments as described
above for the LC-MS/MS analysis were used for Western blot
analysis. Equal amounts of proteins from each group (day O, day 4,
day 8, and day 12) were separated by 12% SDS-PAGE gel and
transferred electrophoretically onto a polyvinylidene difluoride
(PVDF) membrane (Millipore). After blocking with 5% BSA in TBST
buffer (10 mmol/L Tris, 150 mmol/L NaCl, and 0.1% Tween-20, pH
7.5) for 1h at room temperature, the PVDF membrane was probed
with primary antibody as below in TBST buffer containing 5% BSA
overnight at 4°C, followed by horseradish peroxidase-conjugated
secondary antibody in TBST for 1h at room temperature, and
developed using the ECL Western blot detection kit (GE Healthcare)
according to manual instructions. The following primary antibodies
and secondary antibodies were used: nucleosome assembly protein

1-like 1 (Nap1l1, 1:1,000, Abcam), activated RNA polymerase II
transcriptional co-activator p15 (Sub1, 1:1,000, Proteintech), heat
shock 70kDa protein 5 (Hspa5, 1:1,000, Abcam), 14-3-3 protein
zeta/delta (Ywhaz, 1:1,000, Abcam), superoxide dismutase 1 (Sod1,
1:2,000, Abcam), peroxiredoxin 2 (Prdx2, 1:2,000, Abcam),
macrophage migration inhibitory factor (Mif, 1:2,000, Abcam),
acidic (leucine-rich) nuclear phosphoprotein 32 family, member A
(Anp32a, 1:2,000, Abcam), elongation factor 2 (Eef2, 1:1,000, Cell
Signaling Technology), cardiac troponin T (cTNT, 1:1,500, Pro-
teintech), B-actin (1:10,000, KangChen Bio-tech Inc.), goat anti-
mouse IgG horseradish peroxidase-conjugated antibody (1:10,000,
Sigma-Aldrich), and goat anti-rat IgG horseradish peroxidase-
conjugated antibody (1:10,000, Jackson).

TRANSFECTION OF Nap1l1 shRNA TO P19CL6 CELLS

For shRNA-mediated knockdown, pLKO.1-puro vectors targeting for
the mouse Napl1ll gene (NM_015781, Mission TRCN0O000092889,
Sigma-Aldrich) were transfected into P19CL6 cells with Lipofecta-
mine2000™ reagent (Invitrogen) in accordance with manual
instructions. A scrambled non-target shRNA (SHC002, Sigma-
Aldrich) was used as control. Stable puromycin-resistant clones
(2 pg/ml) were selected for further studies. The Mission
TRCN0000092889 was abbreviated as TRCN89 in follow. Nap1l1
expression level was determined by qRT-PCR and Western blot
analysis as described above. P19CL6 cells, knockdown of Nap1l1,
were cultured, and differentiated for 12 days as described above.
Cardiomyocyte differentiation was evaluated by the expression of
cardiac specific transcription factors, genes, and proteins (GATA4,
MEF-2C, ANP, BNP, ¢INT, and B-MHC), which were determined by
qRT-PCR, Western blot analysis, and fluorescence area as described
above.

STATISTICAL ANALYSIS

The statistical significance of difference was determined by ANOVA
or Student’s t-test with a value of P < 0.05. Bar charts were plotted
for matched samples with SigmaPlot 10.0 software.

CELL DIFFERENTIATION

Following treatment with growth medium and differentiation
medium, the differentiation of P19CL6 cells into cardiomyocytes
was characterized by detecting the expression of 3-MHC at Day 12
(Fig. 1A) and increases of cardiac specific transcription factors
and genes (GATA4, MEF-2C, ANP, and BNP) in the process of
differentiation from the qRT-PCR analysis (Fig. 1B). Spontaneously
contracting patches of differentiated cardiomyocytes could be
easily observed over a period of 12 days with 200 magnifications
(Supplemental Video 1). It was suggested that P19CL6 cells
successfully and effectively differentiate into cardiomyocytes after
treatment with 1% DMSO on day 12.

PROTEIN IDENTIFICATION

Proteomics is proved to be a powerful approach to gain insight into
differentiation-associated proteins. In this research, iTRAQ-coupled
2D LC-MS/MS approach was applied to profile proteins in the
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P19CL6 cells effectively differentiate into cardiomyocytes induced by DMSO. A: Inmunofluorescence staining with 3-MHC antibody for P19CL6 cells treated (bottom)

or not treated (up) with 1% DMSO on day 12. Differentiated cells were stained with 3-MHC antibody (Red); Nuclei were counterstained with DAPI (Blue). (x200
magnifications). B: The expression of cardiac specific transcription factors and genes (GATA4, MEF-2C, ANP, and BNP) for P19CL6 cells on day 4, Day 8 and day 12. The relative

expression folds were determined by qRT-PCR normalized to B-actin. Error bars show SEM day 4, day 8, and Day 12 with DMSO treatment versus day 4, day 8, and Day 12
without DMSO treatment respectively, “P < 0.05; Day 8 and Day 12 with DMSO treatment versus Day 4 with DMSO treatment, #P < 0.05; Day 12 with DMSO treatment versus

Day 8 with DMSO treatment, $P<0.05.

process of differentiation. The experiment was designed as
Figure 2A. The unused ProtScore was set to 1.3 to achieve 95%
confidence. Relative quantification ratios with statistical analysis
(P-value) were reported by ProteinPilot 2.0 with Paragon Algorithm.
In a few case, some iTRAQ ratios and P-values were not available
due to insufficient mass spectra information or single peptide
assignment. We take an additional 1.2-fold change cut-offs for
all iTRAQ ratios, that is, ratio >1.2 or ratio <0.83, to classifying
proteins as up or down regulation, respectively. The criterion of cut-
offs were also accepted by several previous researches [Guo et al.,
2007; Datta et al., 2010; Unwin et al., 2010]. Two biological samples
were prepared and analyzed on separate occasions. Each occasion
was searched against IPI Mouse 3.55 database and Mouse UniProt
Knowledgebase 15.6 database respectively. Four batches of data were
generated (Supplemental Excel). Therefore, 543 non-redundant

proteins were identified (Supplemental Excel). 207 proteins were
found to display differential expression at least day 4, day 8, or
Day 12 compared to Day O (Supplemental Table S2). As a
representative, an ESI-derived MS/MS spectrum for one of the
iTRAQ-tagged peptides of Nap1ll was showed in Supplemental
Figure S1.

PROTEINS CLASSIFICATION AND NETWORK

Total significant proteins detected by iTRAQ analysis were classified
according to their biological processes using Gene Ontology
classification system. Detailed information was provided in
Figure 2B. The categories were mainly involved in translation,
protein folding, regulation of transcription, transport, response to
stress, metabolic process, oxidation-reduction process, nucleosome
assembly, ribosome biogenesis, RNA splicing, etc. Protein interac-
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Fig. 2. iTRAQ-coupled protein profiling in the process of P19CL6 cells
differentiation into cardiomyocytes. A: Schematic diagram of iTRAQ-coupled
2D LC-MS/MS in P19CL6 cells differentiation into cardiomyocytes with 1%
DMSO treatment. Proteins from day O, day 4, day 8, and Day 12 were reduced
with TCEP, blocked with MMTS, digested with trypsin and then labeled with
iTRAQ tags respectively (dayO-tag114, day4-tag115, day8-tag116, and
day12-tag117). All tags were combined followed by SCX-LC-MS/MS analysis.
Two biological samples were prepared and analyzed on separate occasions.
B: Classification of the differentially expressed proteins identified in the
process of P19CL6 cells differentiation into cardiomyocytes. Proteins were
categorized with biological processes using Gene Ontology classification
system. Since some proteins may be designated with more than one GO
assignment, a total of 428 GO assignments were obtained from 207 differen-
tially expressed proteins detected. The main GO assignments were showed
above. The numbers in bracket represent the amount of differentially expressed
proteins corresponding to each GO assignment. [Color figure can be seen in the
online version of this article, available at http://wileyonlinelibrary.com/
journalfjcb]

tions among the regulated proteins were explored and an interaction
map was created using STRING based on reported protein
interaction (Supplemental Fig. S2).

VALIDATION OF DIFFERENTIALLY EXPRESSED PROTEINS

In order to confirm the relative quantitative results from iTRAQ
analysis, we performed qRT-PCR and Western blot analysis for the
expression of Naplll, Subl, Hspa5, Ywhaz, Sodl, Prdx2, Mif,
Anp32a, and Eef2, normalized to B-actin (Fig. 3). The stepwise
down-regulation of Nap111 mRNA and protein were in line with the
results from iTRAQ. Hspa5, Mif, Eef2, and Sodl showed partial
congruence between qRT-PCR and iTRAQ assay. However, Subl,
Ywhaz, Anp32a, and Prdx2 showed discordance between qRT-PCR
and iTRAQ assay. The discrepancy between mRNA and protein levels
suggests the importance of post-transcription and post-translation
during cell differentiation, including post-transcriptional alterna-
tive splicing and post-translational protein modification and

selective degradation of proteins. On the basis of chemilumine-
scence intensity measurement, Western blot confirmed the relative
quantitative changes observed in iTRAQ approach independently:
up-regulated trend for Subl, Hspa5, Ywhaz, Sodl, Prdx2, Mif,
and Anp32a; down-regulated trend for Nap1ll and Eef2. Since
iTRAQ-tagged mass spectrometry and Western blot are approaches
based on different technical principle, it is not surprising that
the changes are not always exactly coincident. Therefore, those
candidates showed the general congruence between antibodies-
based and mass spectrometry-based approaches on the whole, which
demonstrated that the iTRAQ-coupled 2D LC-MS/MS strategy is an
accuracy and effective method for time dependent samples.

KNOCKDOWN OF Nap111 PROMOTES DMSO-INDUCED
CARDIOMYOCYTES DIFFERENTIATION

In order to verify the effect of Naplll in DMSO-induced
differentiation of P19CL6 cells into cardiomyocytes, sShRNA vector
targeting for Nap111 (TRCN89) was stably transfected into P19CL6
cells to silence Nap1l1 gene and a scrambled non-target shRNA was
transfected as control. qRT-PCR and Western blot analysis indicated
that Nap1l1 expression was reduced by about 80% in P19CL6 cells
transfected with TRCN89 vector compared with control group
(Fig. 4A,B). Knockdown of Nap1l1 in P19CL6 cells, promoted the
expression of cTNT, one of cardiac markers, induced by 1% DMSO at
Day 12 (Fig. 4C). However, Nap1l1 deficiency had no effect on the
differentiation of P19CL6 cells without DMSO treatment. To prove
effective differentiation of cardiomyocytes, especially under the
condition of Nap1ll knockdown, the cardiomyocytes percentage
was determined by the fluorescence area of B-MHC. The percentage
of B-MHC fluorescence area was enlarged from 30% to nearly 50%
with DMSO treatment in the condition of Nap1ll knockdown.
Meanwhile, -MHC was not detected in either control or TRCN89
group without DMSO treatment (Fig. 4D). Further research revealed
that the mRNA expression of cardiac specific transcription factors
and genes (GATA4, MEF-2C, ANP, and BNP) were significantly
increased by down-regulation of Nap1ll in P19CL6 cells treated
with 1% DMSO (Fig. 4E). Spontaneously contracting patches of
differentiated cardiomyocytes were obviously observed at Day 12
with 200 magnifications in P19CL6 cells after knockdown of Nap 111
treated with 1% DMSO (Supplemental Video 2). Our data indicated
that knockdown of Nap111 promoted DMSO-induced differentiation
of P19CL6 cells into cardiomyocytes.

Cardiovascular disease is a leading cause of death in the worldwide.
In addition to the treatments of drug administration, coronary
stenting, coronary artery bypass grafts, and electrophysiological
treatments, cell-based therapy is an emerging and promising field
with the rapid development of regenerative medicine. Future
researches aimed at disclosure of star molecules and its mechanism
of cell therapy for cardiovascular disease will be necessary for the
advancement of this field. In this study, P19CL6 cells were used as a
model for stem cell differentiation into cardiomyocytes actions in
vitro. We have generated a catalog of protein profiles of P19CL6
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Fig. 3. Validation of differentially expressed proteins detected in P19CL6 cells differentiation process. A: Verification of candidates by gRT-PCR analysis. Total cellular RNA
from day 4, day 8, and Day 12 were isolated and subjected to qRT-PCR essay with gene-specific primers, normalized to B-actin. Error bars show SEM day 4, day 8, and Day 12
with DMSO treatment versus day 4, day 8, and Day 12 without DMSO treatment respectively, “P < 0.05. B: Verification of candidates by Western blot. The proteins extracted
from day O, day 4, day 8, and day 12, abbreviated as DO, D4, D8, and D12, were separated by SDS-PAGE and then immunoblotted with antibodies against Nap111, Sub1, Hspa5,
Ywhaz, Sod1, Prdx2, Mif, Anp32a, Eef2, and B-actin to confirm their relative quantitation obtained by iTRAQ. B-actin was selected as an internal control. The iTRAQ ratios of
D4:D0, D8:DO, and D12:D0 (115/114, 116/114, and 117/114) showed the relative abundance of proteins in day 4, day 8, and Day 12 compared to day O, respectively. Two
biological samples were prepared and analyzed on separate occasions. Each occasion was searched against IPI Mouse 3.55 database and Mouse UniProt Knowledgebase 15.6
database respectively. Four batches of data were generated (Supplemental Excel). The iTRAQ ratio for the candidates was displayed with mean = SD.

cells during the differentiation process and documented a total of
207 differentially expressed proteins using iTRAQ-based proteomic
approaches. Napl1ll, Subl, Hspa5, Ywhaz, Sodl, Prdx2, Mif,
Anp32a, and Eef2 emerged as interesting candidates and were
validated with qRT-PCR and Western blot analysis. Further research
indicated that knockdown of Naplll promoted DMSO-induced

differentiation of P19CL6 cells into cardiomyocytes. This research
firstly revealed that the down-regulation of Nap1ll may exert a
critical role in facilitating stem cell differentiation into cardiomyo-
cytes.

Since the discovery of the nucleosome assembly protein 1 (NAP1)
in Laskey et al. [1978], the role of NAP1 orthologous has been
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Fig. 4. Knockdown of Nap1l1 promoted DMSO-induced differentiation of
P19CL6 cells into cardiomyocytes. A: TRCN89 vectors restrained Nap1l1
protein expression of P19CL6 cells by immunoblot normalized to B-actin.
B: TRCN89 vectors repressed Nap1l1 gene expression of P19CL6 cells. The
relative expression folds were determined by qRT-PCR normalized to B-actin.
Error bars show SEM. TRCN89 versus control, *P< 0.05. C: Knockdown of
Nap111 promoted cTNT expression, a cardiac marker, with 1% DMSO treatment
(*P< 0.05). Control or TRCN89 transfected only have no effect on cTNT
expression without DMSO treatment. D: The cardiomyocytes percentage
was determined by the fluorescence area of B-MHC. The percentage of -
MHC fluorescence area was enlarged from 30% to nearly 50% with DMSO
treatment in the condition of Nap111 knockdown. Meanwhile, 3-MHC was not
detected in either control or TRCN89 group without DMSO treatment. E:
Knockdown of Nap1l1 promoted cardiac specific transcription factors and
genes expression, GATA4, MEF-2C, ANP, and BNP, in treatment with 1%
DMSO. The relative expression folds were determined by qRT-PCR normalized
to B-actin. Error bars show SEM. Control with DMSO treatment versus control
without DMSO treatment, *P< 0.05; TRCN89 with DMSO treatment versus
TRCN89 without DMSO treatment, “P< 0.05; TRCN89 with DMSO treatment
versus control with DMSO treatment, #P < 0.05.

studied in a variety of eukaryotic species. NAP1 family members
share a structurally conserved fold, the NAP domain. Although
NAP1 was initially identified as histone chaperones and chromatin-
assembly factors, additional functions include roles in tissue-
specific transcription regulation, histone shuttling, apoptosis, and
cell-cycle regulation [Park and Luger, 2006; Zlatanova et al., 2007;
Attia et al., 2011]. In humans and mice, NAP1 gene family consists
of at least five members, Nap1l1, Nap1l2, Nap1l3, Nap1l4, and
Nap1l5. An interesting finding is that three of NAP1-like proteins
(Nap112, Napl1l3, and Napll5) are expressed exclusively or

predominantly in brain [Rougeulle and Avner, 1996; Watanabe
et al., 1996; Shen et al., 2001; Smith et al., 2003]. However, Nap111
and Napll4 are expressed ubiquitously in all vertebrates. Some
publications described Naplll as a cancer-related protein [Al-
Dhaheri et al.,, 2006; Kidd et al., 2006; Drozdov et al., 2009].
Diacylglycerol kinase (DGK) is involved in the regulation of lipid-
mediated signal transduction through the metabolism of a second
messenger diacylglycerol. Nap111 and Nap 114 serve as a cytoplasmic
anchor of DGK{ and have a potential protective effect against
stressed conditions. The molecular interaction of DGK{, Nap111, and
Nap1l4 affects the subcellular localization of DGK{: Nap1ll and
Nap 114 prohibit nuclear import of DGK{ by blocking its interaction
with import carrier proteins. Furthermore, overexpression of Nap111
and Nap1l4 exerts a protective effect against doxorubicin-induced
cytotoxicity [Okada et al.,, 2011]. Nap1ll are mainly located in
nucleus and melanosome. It participates in DNA replication and
biological process of nucleosome assembly, which indicates that
Nap1l11 play an important role in modulating chromatin formation
and contribute to the regulation of cell proliferation. Two-hybrid
analysis has revealed a strong interaction of Nap1ll and Nap1l4
proteins with neuron-specific Nap112 protein [Attia et al., 2011].
Nap112 likely represents a class of tissue-specific factors interacting
with chromatin to regulate neuronal cell proliferation. The murine
Nap1l2 gene has been indicated to play an essential role in neural
tube development and neuronal differentiation [Rogner et al., 2000].
Nap 112 regulates transcription in developing neurons via the control
of histone acetylation [Attia et al., 2007]. There is also evidence that
zygotic Xenopus nucleosome assembly protein-like 1 has a specific,
non-cell autonomous role in hematopoiesis [Lankenau et al., 2003].
Repressing alternative differentiation pathways may be important
for pluripotent cells to become a specific lineage. Since P19CL6 cells
are capable of differentiating into neurons upon stimulation with
retinoic acid and into cardiomyocytes upon stimulation with DMSO
[Habara-Ohkubo, 1996; Peng et al., 2002], it is reasonable to assume
that inhibition of the neural pathway may be important for these
cells to develop a cardiac fate. However, there are few reports
concerning the role of Nap111 in stem cell differentiation, especially
in cardiomyocytes differentiation. Thus, our research indicated that
knockdown of Nap1l1 promoted the expression of cardiac special
transcription factor, genes and proteins in P19CL6 cells induced by
DMSO. Further research aimed at elucidating the biological roles
and mechanisms of Nap1l1 during cell differentiation in vivo or in
vitro seems particularly important and significant.

Hspab, alternatively named 78kDa glucose-regulated protein
(GRP78), presents multifaceted subcellular position and participates
in several biological process: when endoplasmic reticulum reten-
tion, it acts as the switch of unfolded protein response; when cell
surface residing, it recognizes, and transduces extracellular ligands
and signals [Zhang and Zhang, 2010]. During early heart
organogenesis, GRP78 can be activated through cooperation
between the cell type-specific transcription factors (GATA4) and
endoplasmic reticulum stress response element binding factors
(ATF6 and YY1) [Russell, 1998; Mao et al., 2006]. Consistency with
their results, our results also showed that the expression of Hspa5
increased in differentiated P19CL6 cells. Its particular role in
cardiomyogenesis needs further investigation. Anp32a is one
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mammalian member of three highly conserved acidic nuclear
phosphoprotein 32 kDa families of gene products (Anp32a, Anp32b,
and Anp32e) and has been implicated in a broad array of
proliferation, differentiation, apoptosis, suppression of transforma-
tion, and inhibition of acetyltransferases [Cvetanovic et al., 2007].
There is a hierarchy of Anp32 family proteins function in which
Anp32b is the most important family member for embryogenesis,
with Anp32a being of moderate importance and Anp32e being of
the least importance [Reilly et al., 2011]. Our results showed that
Anp32a was highly expressed in differentiated P19CL6 cells.
Notably, Anp32b was also detected in the differentiation process,
and have a transient increase in early stages (Supplemental Table
S2). Therefore, we reasonably speculated that Anp32a participated
in the control of P19CL6 cells differentiation. The 14-3-3 protein
isoforms act as an adapter protein and interact with signaling
molecules including protein kinase C to mediate a wide variety of
cellular events such as cell cycle regulation, cell growth and
differentiation, anti-apoptosis, and synaptic transmission [Russell,
1998; Skoulakis and Davis, 1998; Fu et al., 2000]. The expression
level of 14-3-3 epsilon and Raf-1 is found to be regulated
coordinately during rat heart development [Luk et al., 1998]. 14-3-3
eta may play a possible role in growth and differentiation of neurons
and astrocytes, and govern coordinated and well-controlled
developmental events in the brain to ensure normal neural functions
[Chen et al., 2005]. Similarly, our results found that 14-3-3 zeta,
theta and beta was richly located in differentiated P19CL6 cells,
which allowed further studies to focus on those 14-3-3 protein
isoforms and their mechanisms in cell differentiation. Macrophage
Mif, discovered as a cytokine inhibited the random migration of
macrophages, plays versatile roles in the immune system. Recently,
Mif has been reported to be involved in embryonic development in
higher vertebrates, such as nervous and sensory systems, and it
functions as a growth factor for the proliferation and differentiation
of embryonic tissues [Ito et al., 2008; Shen et al., 2012].
Interestingly, Mif is also associated with adipocyte biology during
adipogenesis and it regulates differentiation of 3T3-L1 preadipo-
cytes, at least partially, through inhibition of mitotic clonal
expansion and/or C/EBPS expression [Ikeda et al., 2008]. Similarly,
we discovered that the expression of Mif increased with the process
of P19CL6 cells differentiation. It is worthy of further research,
especially the mechanism of participation in regulation of
cardiomyogenesis.

Restoring damaged heart tissue, through stem cell repair or
regeneration, is a potentially new and promising strategy to treat
heart failure, myocardial infarction and various other cardiovascu-
lar diseases. Many types of the stem cells, including side population
cells, mescenchymal stem cells, endothelial progenitor cells, and
cord stem cell, have been reported to make the effect of cell therapy
for cardiovascular disease [Sumi et al., 2007; Sadek et al., 2009;
Gopinath et al.,, 2010; Poynter et al., 2011]. A crucial issue in
designing more rational cell-based therapy approaches for
cardiovascular disease is understanding the mechanisms by which
each of the stem cell or progenitor cell types can affect myocardial
performance. It should be alerted that potential side effects
associated with cell therapy including arrhythmogenesis, tumori-
genesis, myocardial injury, infection, and immunologic responses.

In conclusion, this research has characterized changes in
proteome pattern of P19CL6 cells differentiation into cardiomyo-
cytes induced by DMSO. Using the iTRAQ shot-gun proteomics, 543
non-redundant proteins were identified. Among them, 207 proteins
showed differential expression in the differentiation process.
Spotlight was focused on a remarkable change, Nap1l1, involved
in nucleosome assembly. Our results suggest that knockdown of
Nap1l1l promotes DMSO-induced differentiation of P19CL6 cells
into cardiomyocytes. Therefore, further studies aimed at elucidating
the biological roles and mechanisms of Nap1l1 in vivo or in vitro
will provide more important insights into P19CL6 cells differentia-
tion and effective therapy strategies for cardiovascular disease.
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