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Abstract

Uc.40 is a long noncoding RNA that is highly conserved among different species, although its function is unknown. It is highly
expressed in abnormal human embryonic heart. We previously reported that overexpression of uc.40 promoted apoptosis and
inhibited proliferation of P19 cells, and downregulated PBX1, which was identified as a potential target gene of uc.40. The
current study evaluated the effects of uc40-siRNA-44 (siRNA against uc.40) on the differentiation, proliferation, apoptosis, and
mitochondrial function in P19 cells, and investigated the relationship between uc.40 and PBX1 in cardiomyocytes. The uc.40
silencing expression was confirmed by quantitative real-time polymerase chain reaction (RT-PCR). Observation of morpholog-
ical changes in transfected P19 cells during different stages of differentiation revealed that uc40-siRNA-44 increased the number
of cardiomyocyes. There was no significant difference in the morphology or time of differentiation between the uc40-siRNA-44
group and the control group. uc40-siRNA-44 significantly promoted proliferation of P19 cells and inhibited serum starvation-
induced apoptosis. There was no significant difference in mitochondrial DNA copy number or cellular ATP level between the two
groups, and ROS levels were significantly decreased in uc40-siRNA-44-transfected cells. The levels of PBX1 and myocardial
markers of differentiation were examined in transfected P19 cells; uc40-siRNA-44 downregulated myocardial markers and
upregulated PBX1 expression. These results suggest that uc.40 may play an important role during the differentiation of P19
cells by regulation of PBX1 to promote proliferation and inhibit apoptosis. These studies provide a foundation for further study of
uc.40/PBX1 in cardiac development.
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Introduction differentiation, cell proliferation, and apoptosis (Chen and
VanBuren 2014). In a chip study of IncRNAs expressed dif-
ferently in the embryonic heart (Song et al. 2013), a group of

IncRNAs were identified that contained ultraconserved ele-

Congenital heart disease (CHD), a common birth defect that
includes cardiovascular malformations, is a main cause of

infant death (Marino et al. 2012). Long noncoding RNA
(IncRNA) is defined as noncoding RNA over 200 nt in length,
and can participate in a variety of biological processes, includ-
ing cancer and cardiovascular disease (Leung and Natarajan
2014; Han et al. 2015). The pathological mechanism of
IncRNA action includes regulation of gene expression, cell
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ments attracted our attention. Recently, Li et al. (Li et al.
2017) found that overexpression of Inc-TUC40 (uc.40)
inhibited differentiation of P19 cells into cardiomyocytes.
NKX2.5 is associated with early heart development (Paffett-
Lugassy et al. 2013), and SREF is involved in cyclization, dif-
ferentiation, and maturation of heart cells. A correlation was
found between uc.40 and heart development due to high ex-
pression of uc.40 in abnormal specimens, and inhibition of
PBXI genes associated with embryonic heart development
(Qin et al. 2004; Stankunas et al. 2008). This evidence pro-
vides a molecular basis to understand the development of
CHD, but it cannot completely prevent or treat CHD.
Therefore, it is necessary to keep investigating the mechanism
of embryonic heart development.

The P19 mouse embryonic carcinoma cell line is
multipotent and can differentiate into cardiomyocytes with
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embryonic body formation in the presence of dimethyl sulf-
oxide (DMSO) (Yang et al. 2009). We utilized this cell line to
investigate the effects of uc40-siRNA-44 (siRNA against
uc.40) on differentiation, proliferation, apoptosis, and mito-
chondrial function. We hypothesized that silencing uc.40
using small interfering RNA (siRNA) would reduce abnormal
cardiomyocytes differentiation.

Materials and Methods

Construction of the IncRNA-uc.40 (Lnc-TUC40) silencing plas-
mid Vectors were constructed by Jima Biotechnology
(GenePharma, Shanghai, China), and the recombinant vector
was named pGPU6/GFP/Neo-Uc40-siRNA-44. The negative
control vector (pGPU6/GFP/Neo-siNC), which expresses no
homology to the target gene sequence, and the positive control
vector (pGPU6/GFP/Neo-siGAPDH), which confirms the re-
liability of the method of RNA extraction and gene expression
in the transfection experiment, were constructed simulta-
neously. The sequences of the three siRNAs are as follows:
uc40-siRNA-44:5'-GGATTCTGCCAGGCGAA ATGA-3';
SINC:5-GTTCTCCGAACGTGTCACGT-3";siGAPDH:5'-
GTATGACAACAGCCTCAAG-3'.

Cell culture, transfection, and differentiation P19 cells were
purchased from the American Type Culture Collection
(Manassas, VA), and were cultured in modified Eagle medium
(x-MEM; Gibco-BRL, Waltham, MA) containing 10% fetal
bovine serum (Gibco-BRL), 100 U/mL penicillin, and100 pg/
mL streptomycin (Gibco-BRL) in a 5% CO, atmosphere at
37°C. The medium was replaced by complete medium with-
out antibiotics 6 h before transfection. Uc40-siRNA-44, siNC,
and siGAPDH vectors were transfected into P19 cells using
the lipofectamine method (Lipofectamine 2000, Life
Technology, Carlsbad, CA), and returned to the incubator for
36 h. Cell fluorescence was observed by fluorescence micros-
copy using a ZEISS AX10 (Zeiss, Oberkochen, Germany).
The cells were also collected to confirm uc.40 silencing effi-
ciency by real-time polymerase chain reaction (RT-PCR).
Stable cell lines expressing the siRNAs were screened for
5 d, and clones were cultured with 0.5 mg/mL neomycin
(Invitrogen, Carlsbad, CA) (Wu and Adamson 1993).
During differentiation, the cells were maintained in suspen-
sion for the first 4 d in complete medium containing 1%
DMSO (Sigma, Ronkonkoma, NY) in bacteriological dishes
with a shallow high-pressured antiseptic agar, and were incu-
bated in a 5% CO, atmosphere at 37°C. On day 3, 70% of the
medium was replaced with fresh complete medium containing
1% DMSO. On day 4, the cell aggregates were transferred to a
new dish, and then cultured for 6 d (days 5-10) without
DMSO. Culture medium was replaced every 2 d, and morpho-
logical changes of transfected P19 cells were observed and

photographed using ZEISS AX10 (Zeiss). Cells at different
stages of differentiation were collected for further use.

Cell cycle and proliferation analysis The cell cycle was ana-
lyzed using the propidium iodide (PI) staining method by BD
Accuri flow cytometer (FCM) (Shen et al. 2013). When the
cells were approximately 70% confluent (70% of surface of
flask covered by cell monolayer), they were serum starved for
24 h before replacing with complete medium and cell collec-
tion every 12 h. The cells were washed twice with phosphate-
buffered saline (PBS), digested with trypsin, and resuspended
in 1 mL cold PBS, before being pelleted and fixed with 1 mL
cold 70% ethanol. The cells were then stained with 0.5 mL PI
and incubated at 37°C in the dark for 30 min. The red fluo-
rescence was detected at 488 nm using FCM, and cellular
DNA content was analyzed using the Modfit software
(Verity Software House, Topsham, ME).

Cell proliferation was analyzed using the cell counting kit 8
(CCKS8) (Dojindo, Tokyo, Japan) according to the manufac-
turer’s instructions. In brief, 1 x 10 cells were inoculated
into 96-well plates and incubated in 5% CO, at 37°C for
24 h. Next, 10 uL of CCKS solution was added to each
well once a day for 5 d. The medium was changed every
2 d. Each set of 6 replicate wells was assessed by mea-
suring absorbance at 450 nm after incubating in 5% CO,
at 37°C for an additional 2 h.

Apoptosis analysis Cells with 70% confluent were serum
starved for 18 h, and cell apoptosis was assessed using the
Annexin V-PE/7-AAD method (BD Pharmingen, San Jose,
CA). The cells were washed twice with PBS, trypsin
digested, and washed twice again with cold PBS before
being resuspended in cold 1x binding buffer to a final
concentration of 1x 10° cells/mL. An aliquot of cells
(1 x 10° cells) was then transferred to a 5-mL culture tube,
5 puL of Annexin V-PE and 5 puL of 7-AAD were added,
and the tubes were gently oscillated and incubated for
15 min at room temperature in the dark. Then, 1x binding
buffer was added to each tube, and samples were analyzed
by FCM within 1 h. The apoptosis ratio was calculated
from the resulting plot, counting to the upper left quadrant
as dead cells, the lower left quadrant as living cells, the
right upper quadrant as late apoptotic cells, and the lower
right quadrant as early apoptotic cells.

Caspase-3 activity was detected using a colorimetric assay
kit (KeyGen, Nanjing, China) according to the manufacturer’s
instructions. Cells were cultured in serum-free «-MEM for
24 h and collected by adding 100 pL lysis buffer and incubat-
ing on ice. Reaction buffer and caspase-3 substrate Ac-
DEVD-pNA was added to cell lysates containing approxi-
mately 20 png protein, before incubating at 37°C in the dark
for 4 h. The absorbance value was measured at 405 nm in a
microplate reader (BioTek, Winooski, VT).
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Mitochondrial function analysis The relative amounts of mi-
tochondrial DNA (mtDNA) were determined using a DNA
extraction kit (Omega, Norcross, GA) and by qPCR according
to the manufacturer’s instructions. In brief, DNA from cells on
the 10th day of differentiation was isolated and quantified by
spectrophotometry. The ratio of mtDNA to nuclear DNA was
assessed by amplifying a 110-bp mtDNA fragment containing
the CytB gene and a 291-bp region of the nuclear 28 S internal
reference gene by qPCR.

Cellular ATP production was assessed using a luciferase-
based luminescence assay kit (Beyotime, Shanghai, China)
according to the manufacturer’s instructions. In brief, the
ATP concentration in differentiated P19 cells was determined
by homogenizing the cells in cold ATP releasing buffer and
determining ATP concentration with a Synergy H4 Hybrid
multimode microplate reader (BioTek). The level of ATP
was normalized to protein concentration (nmol/mg protein)
while cellular protein content was detected using BCA meth-
od (Beyotime).

A DCFDA fluorescent probe (Beyotime) was used to de-
termine intracellular reactive oxygen species (ROS) levels.
The cells were differentiated for 10 d, and 5 uM of H,-
DCFDA was added to each well and incubated for 30 min at
37°C. The cells were washed three times with prewarmed
PBS, and the green fluorescence was observed and
photographed using ZEISS AX10 (Zeiss). The cells were then
digested with trypsin and centrifuged at 1500xg for 5 min at
room temperature. Pellets were washed twice with PBS before
being resuspended in PBS and analyzed by FCM to determine
the relative levels of intracellular ROS.

Mitochondrial membrane potential (MMP) relative fluo-
rescence intensity was estimated using a JC-1 probe from a
MMP detection kit (Beyotime), according to the manufac-
turer’s instructions. Briefly, the cells were differentiated for
10 d, before being washed twice with PBS and incubated in
5-mL of JC-1 per dish for 30 min at 37°C. After washing three
times with prewarmed PBS, green and red fluorescence was
observed and photographed using ZEISS AX10 (Zeiss). Then,
the cells were digested with trypsin and centrifuged at 1500xg
for 5 min at room temperature. Pellets were resuspended in
prewarmed PBS and analyzed by FCM to obtain the relative
fluorescence intensity.

Quantitative RT-PCR and Western blot qRT-PCR was per-
formed to confirm the efficiency of uc.40 silencing, to deter-
mine the relative amount of mtDNA, and to analyze the ex-
pression of the potential target gene, PBXI, or cardiac
markers, such as ANP and cTnl, during differentiation of
uc40-siRNA-44-transfected P19 cells. Total RNA was extract-
ed using TRIZOL reagent (Invitrogen), and cDNA was syn-
thesized from 1 pg total RNA using a reverse transcriptase kit
(Promega, Fitchburg, WI). The reaction protocol was as fol-
lows: 42°C for 60 min and 70°C for 10 min. RT-PCR was

performed using the SYBR green select Master Mix (Life
Technology) with strand-specific primers (shown in Table 1)
in a LifeProFlex PCR detection system (Life Technology).
The reaction process was as follows: 95°C for 10 min, follow-
ed by 40 cycles of 95°C for 15 s, 60°C for 60 s. The relative
expression levels were quantified by the cycle threshold (Ct)
value using the reference gene glyceraldehyde 3-phosphate
dehydrogenase (GAPDH). Each sample was analyzed in trip-
licate in three independent experiments, and the expression
levels were calculated using 2"*“' method in which AACt
is calculated by mean ACt of transfected P19 cell minus
mean ACt of reference gene and here ACt= Ctympie —
CtgaprpHh.

Statistical analysis Data are presented as the mean =+ standard
deviation (SD) of three independent experiments performed in
triplicate. All data were analyzed using the SPSS21.0 statisti-
cal software package (SPSS Inc., Chicago, IL). Student ¢ test
was used to determine the significance of differences between
two datasets. The threshold of statistical significance was de-
fined as p < 0.05.

Results

Confirmation of uc.40 silencing Vectors pGPU6/GFP/Neo-
Uc40-siRNA-44 and pGPU6/GFP/Neo-siNC (Fig. 1A) were
transiently transfected into P19 cells and expression of green
fluorescent protein (GFP) was observed by fluorescence mi-
croscopy. Our results indicate that the transection efficiency
was similar for all vectors from the images collected (Fig. 1B).
The expression of uc.40 was normalized to the endogenous
reference gene GAPDH by RT-PCR. As shown in Fig. 1C,
P19 cells transfected with uc40-siRNA-44 express significant-
ly lower levels of uc.40 RNA than those transfected with siNC
(**p<0.01). The steady-state expression of uc.40 RNA in
uc40-siRNA-44-transfected P19 cells was only 33.3% of
siNC-transfected P19 cells 36 h after transfection.

Uc40-siRNA-44 promotes the differentiation of P19 cells The
morphological changes at different stages of differentiation of
uc40-siRNA-44-transfected P19 cells were observed with an
inverted microscope equipped with a digital camera. As
shown in Fig. 2A, transfection with uc40-siRNA-44 promoted
P19 cell differentiation into cardiomyocytes, increasing the
size and amount of the embryonic-like bodies on the fifth
day of differentiation (from the images collected). The
cardiomyocytes aggregated on the fourth day of differentia-
tion, and beating-like myocardial cells appeared after 8 to 9 d
of differentiation. However, there were no significant changes
to cell morphology or time to the appearance of beating-like
myocardial cells between the two groups (Fig. 2b).
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Table 1. The primers for qRT-

PCR Gene Forward primer (5'-3") Reverse primer (5'-3")
uc.40 TCCTACCAGACTCCCAAGCA TCTAACAAGCTGAGGGGCTG
Pbx1 CATCGGGGACATTTTACAGCA CTCCTCTTCTTGGGCTCCC
GAPDH CTGCGACTTCAACAGCAACT GAGTTGGGATAGGGCCTCTC
ANP GGCTTCTTCCTCGTCTTG TCTTCTACCGGCATCTTCT
cTnl GATCCTCACTCTTCGGAGGGT AGATATGACGTGGAAGCAAAAGT
CytB TTTTATCTGCATCTGAGTTTAATCCT CCACTTCATCTTACCATTTATTATCG
GT C
288 GGCGGCCAAGCGTTCATAG AGGCGTTCAGTCATAATCCCACAG

Uc40-siRNA-44 promotes P19 cell proliferation and inhibits
apoptosis The cell cycle of uc40-siRNA-44- and siNC-
transfected P19 cells was evaluated using PI staining, and cell
proliferation was assessed using a CCKS viability assay. The
proportion of S phase cells in uc40-siRNA-44-transfected P19
cells was higher than in siNC-transfected P19 cells (Fig. 3A).
Uc40-siRNA-44-transfected P19 cell had an increased growth
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rate compared to siNC-transfected P19 cells. The optical den-
sity values of uc40-siRNA-44-transfected P19 cell are signif-
icantly higher than siNC-transfected P19 cells from the fourth
day of differentiation (Fig. 3B, *p <0.05).

The early stage of cell apoptosis was analyzed using the
Annexin V-PE/7-AAD method (Hu et al. 2015). Uc40-
siRNA-44 decreased the number of apoptotic cells in response

Feature Nucleotide position
CMV IE promoter 1-589

GFP ORF 613-1410
SV40 ployA 1499-1549
T3 promoter binding site 1602-1621
MCS 1663-1720
HU6 promoter 1720-1992
T7 promoter binding site 2005-2026
F1 origin 2033-2488
SV40 promoter 2829-3011
Kanamycin/Neomycin resistance gene 3013-3807
pUC origin of replication 4392-5035

1.5
o
I
Z0 |
Sa
331.0-
<2
25 "
“w
E§°5.
Ss
o x
£

siNC " ucd0-siRNA-44

before transfection transfection for 12h transfection for 36h

upper:siNC

Figure 1. siRNA transfection and efficiency in P19 cells. (A) The
structure of the vector. Uc40-siRNA-44, siNC, and siGAPDH were
inserted into multiple cloning site (MCS). (B) The transfection
efficiency after transfection for 12 and 36 h are observed by
fluorescence microscope (x10). (C) Confirmation of uc.40 silencing in

below:uc40-siRNA-44

P19 cells by qRT-PCR. Uc.40 expression was inhibited by 66.7% in P19
cells transfected with uc40-siRNA-44 vector compared to cells
transfected with siNC vector after 36 h. Values are means + SD of three
independent experiments (n =6, **p <0.01).

@ Springer



604 WU ET AL

Figure 2. Effect of uc40-siRNA-
44 on the differentiation of P19
cells. (A) Uc40-siRNA-44 can
promote differentiation of P19
cells into cardiomyocytes and in-
creased the size and amount of
embryonic-like bodies from the
images collected. (B)
Morphological appearance of dif-
ferentiated P19 cells. P19 cells
transfected with uc40-siRNA-44
and siNC vectors were stimulated
to differentiate for 10 d. Images of
cells on days 0, 2, 4, 6, 8, and 10
were captured, but there were no
obvious differences either in the
morphology or time needed for
the appearance of beating-like
myocardial cells between the two
groups.

to serum deprivation (Fig. 3C). These results indicate that
uc40-siRNA-44 inhibited cell apoptosis after serum
starvation.

Effects of uc40-siRNA on mtDNA copy number, cellular ATP
production, intracellular ROS, and MMP in P19 cells The rel-
ative mtDNA/nuclear DNA ratio was assessed by PCR; there
was no significant difference between the two groups, which
suggested that uc40-siRNA-44 has no significant effect on the
numbers of copies of mtDNA, or that there are other compen-
satory mechanisms (Fig. 4A). ATP content in cells was detect-
ed by biological luminescence and was calibrated to protein
concentration. There was no significant difference between
the two groups (Fig. 4B).

The relative levels of intracellular ROS in the uc40-
siRNA-44 group were lower than that of the siNC group
(Fig. 4C). Compared with the siNC group, the green fluo-
rescence (JC-1 monomer) in the uc40-siRNA-44 group
was weaker whereas the red one (JC-1 aggregates) was
stronger from the images collected, which showed the cell
membrane potential was higher (Fig. 4D). The results of
FCM detection also showed that the relative fluorescence
intensity (JC-1 aggregates) in the uc40-siRNA-44 group
was higher than in the siNC group, suggesting that uc40-

uc40-siRNA-44
d2 d4 dé ds
y SN
b).... ’

a) uc40-siRNA-44

siNC
dl10

b) siNC

siRNA-44 causes and increase in MMP of myocardial-like
cells (Fig. 4F).

Uc40-siRNA-44 can upregulate expression of the myocardial-
specific gene PBX1 and downregulate markers of cardiomyo-
cyte differentiation in P19 cells The myocardial-specific gene
PBXI and myocardial-specific proteins, such as ANP and
cTnl, are expressed in a developmentally controlled manner
by embryonic stem cell-derived cardiomyocytes (Holmgren et
al. 2005; Arrington et al. 2012; Suzuki et al. 2012). As shown
in Fig. 5, the expression of all the markers investigated in-
creased gradually during the process of differentiation. The
expression of cTnl (day 8-day 10) and ANP (day 10) was
significantly reduced, whereas the expression of PBX/
mRNA (day 8—day 10) was significantly increased in cells
transfected with uc40-siRNA-44 (*p < 0.05, **p <0.01).

Discussion

The latest research shows that the pathogeny of CHD is main-
ly related to genetic defects (Morlando et al. 2014). The heart
is the first organ formed in the embryo, and any intrinsic or
extrinsic factors that affect heart development may cause heart
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Figure 3. The effect of uc40-siRNA-44 on cell proliferation and apopto-
sis. (A) uc40-siRNA-44 promoted the proliferation of P19 cells through
promoting more cells to enter the S phase. Cell cycle stages were assessed
each 12 h. (B) Cell proliferation was measured over 5 consecutive days.

malformation. The growth and development of the fetal heart
depends on the balance of proliferation and apoptosis of
cardiomyocytes. Any imbalance of proliferation and apoptosis
may lead to heart deformity or CHD (Ji et al. 2003; Bernard et
al. 2010). Genes such as NKX2.5, TBX1, MEF2A, and
MEF2C, and the Wnt/Notch signaling pathway, are involved
in regulation of cardiac development, which provides some of
the molecular basis for understanding the occurrence and de-
velopment of CHD. However, there is still much that is un-
known in the mechanism of embryonic heart development
(Xu et al. 2004; Srivastava 2006; Prall et al. 2007).

The discovery of noncoding RNA greatly broadens the
horizon for understanding the mechanism of disease occur-
rence and development (Bartel 2004). There are a large num-
ber of studies on microRNAs in cardiac development and
cardiovascular diseases, but the studies on IncRNA are rare
(Qin et al. 2013; Harada et al. 2014). The exploration of the
mechanism of action of IncRNAs will promote understanding
of the mechanisms of heart development greatly. LncRNA
regulation is likely to be very complex, as it may be related

SINC uc40-siRNA-44

Transfection with uc40-siRNA-44 promoted the proliferation of P19
cells. Cell apoptosis was detected using Annexin V-PE/7-AAD staining
by FCM (C) or caspase-3 activity. The results from two assays indicated
that uc40-siRNA-44 could inhibit serum deprivation-induced apoptosis.

to chromosome recombination or epigenetic factors, if they
are mainly distributed in the nucleus (Gendrel and Heard
2014). Uc.40 is an IncRNA with an unknown role in embry-
onic heart malformations that is highly conserved in multiple
species and is expressed in cardiomyocytes (Song et al. 2013).
The high expression of uc.40 in abnormal samples, and its
highly conserved sequence, suggests that it has an important
function. Li et al. found that overexpression of uc.40 could

Figure 4. (A) Effect of uc40-siRNA-44 on mitochondrial function of P
differentiated P19 cells. Effects of uc40-siRNA-44 on mtDNA copy num-
ber on the 10th day of differentiation; there was no significant difference
between the two groups (n =6, p > 0.05). (B) Effects of uc40-siRNA-44
on intracellular ATP level; there was no significant difference between the
two groups (n =6, p>0.05). (C) Effects of uc40-siRNA-44 on intracel-
lular ROS content in differentiated P19 cells; treatment with uc40-
siRNA-44 significantly reduced intracellular ROS (n=6, * p <0.05).
(D) The green fluorescence was observed and photographed using
ZEISS AX10. (E) Effects of uc40-siRNA-44 on MMP in differentiated
P19 cells; treatment with uc40-siRNA-44 significantly increases MMP
(n=6, *p<0.05). The green and red fluorescence was observed and
photographed using ZEISS AX10.
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Figure 5. Effect of uc40-siRNA-44 on the genes expression of P19 cells.
The mRNA levels of cTnl, ANP, and PBX1 at various time points (day 0—
day 10) during P19 cell differentiation. Data are presented as means + SD
of three independent experiments (*p < 0.05, **p <0.01).

inhibit differentiation of P19 cells into cardiomyocytes (Li et
al. 2017). Furthermore, bioinformatic analyses indicated that
PBX1 was a possible target gene of uc.40, providing us with
an avenue of further investigation (Li et al. 2016). Uc40-
siRNA-44-transfected P19 cells were less susceptible to apo-
ptosis induced by serum starvation, with many cells gathering
in the S phase, and the rate of proliferation in the uc40-siRNA-
44 group was higher than that of the siNC group, suggesting
that cell cycle shortening occurs in the uc40-siRNA-44 group,
in addition to faster cell proliferation. This suggests that uc.40

plays a role in regulating cardiac cell proliferation and apopto-
sis, and may influence morphogenesis in the embryonic heart.

Mitochondria are important organelles that determine the
survival and death of the cells, and changes in their function
will affect the transmission and amplification of the apoptotic
signal (Crow et al. 2004), leading to dynamic changes in the
structure and function of mitochondria (Martinou and Youle
2011; Ugarte-Uribe and Garcia-Saez 2014). Therefore, we
analyzed possible mechanisms by which uc40-siRNA-44 re-
duced apoptosis using mitochondrial function analysis. We
found that uc40-siRNA-44 inhibited production of ROS in
cardiomyocytes, which suggests that uc40-siRNA-44 may
protect mitochondrial function. In addition, the size of MMP
can directly reflect the function of mitochondria (Matsusaka
and Ichikawa 1997). In the present study, we found that uc40-
siRNA-44 could slightly increase the MMP of
cardiomyocytes, suggesting that mitochondrial function was
normal. Mitochondria are the energy sources of
cardiomyocytes (Hatefi 1985); thus, cellular ATP levels can
be used to assess the function of mitochondria. When mito-
chondrial function is damaged, the production of ATP is de-
creased, which leads to deficiency of the energy supply. In the
uc40-siRNA-44 group, cellular ATP content was similar to
that of the siNC group. These results indicate that the expres-
sion of uc40-siRNA-44, and reduction of the level of uc.40 in
the cells, may be beneficial to the maintenance of mitochon-
drial function. Uc40-siRNA-44 expression may further exert
its protective effects by inhibiting the initiation of apoptosis by
reducing the number of ROS.

In addition, we analyzed the interaction between uc.40 and
PBXI to investigate the molecular mechanism of uc.40-in-
duced cardiac malformations in embryos. In our study, uc40-
siRNA-44 upregulated PBX] gene expression, although the
level by day 10 decreased rapidly. Therefore, we believe that
uc.40 plays its role in the growth and development of myo-
cardial cells through the regulation of its target gene PBXI.
The expression of uc.40 is negatively correlated with the
amount of its regulating gene PBX1, which means uc.40 plays
a negative role at the pretranscription and /or transcriptional
level. These data are consistent with a previous study suggest-
ing that uc.40 overexpression reduced PBX1 expression and
cardiomyocyte induction and differentiation and inhibited
proliferation (Li et al. 2017). However, the expression of
ANP and cTnl was deceased when the cells were transfected
with uc40-siRNA-44. For a general case of paradoxical func-
tion, the different conditions of the microRNA can bring the
threshold to binding to the different target molecules. The
uc.40 downstream signal pathway should be further
elucidated.

In summary, our study shows that inhibiting levels ofuc.40
may promote the differentiation and proliferation of P19 cells,
and inhibit the apoptosis of P19 cells, which may result in
cardiac malformation. Uc.40 may also regulate the balance
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of proliferation and apoptosis through the regulation of PBX1.
Although uc40-siRNA-44 can inhibit production of ROS, the
MMP increased slightly and there was no significant differ-
ence in mtDNA and ATP between the two groups. However,
the detailed molecular mechanisms and signal pathways that
mediate the imbalance between proliferation and apoptosis in
response to uc.40 silencing or overexpression require further
exploration in future studies.

Conclusion

uc40-siRNA-44 may play an important role during the differ-
entiation of P19 cells by regulation of PBX1 to promote pro-
liferation and inhibit apoptosis, which may induce abnormal
heart development. These studies provide a foundation for
further study of uc.40/PBX1 in cardiac development.
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