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Background: Transdifferentiation of type II alveolar epithelial cells (AECII) into type

I alveolar epithelial cells (AECI) is involved in neonatal respiratory distress syndrome

(NRDS). Different ligands of the Notch pathway could have different effects on

AECII transdifferentiation.

Objective: To investigate the effects of Dlk1 and Jagged1 on the proliferation and

transdifferentiation of AECII.

Methods: Fetal AECIIs (19 days of gestation) were divided: control group, Dlk1 group,

rhNF-κB group. Proliferation was tested using the MTT assay. Expression of surfactant

protein C (SP-C) and aquaporin 5 (AQP5) was examined by immunofluorescence. mRNA

and protein levels of SP-C, AQP5, Nortch1, Dlk1, Jagged1, and Hes1 were examined

by RT-PCR and western blot.

Results: In response to Dlk1, cell number and proliferation were increased (P < 0.05),

and mRNA and protein levels of SP-C, Dlk1, Notch1, and Hes1 were up-regulated,

while AQP and Jagged1 were decreased. In response to rhNF-κB, the cell number and

proliferation were reduced, and mRNA and protein levels of Jagged1 and Notch1 were

up-regulated, while Dlk1, and SP-C were downregulated. In the Dlk1 group, SP-C, and

AQP5 expression patterns suggested that the cells were still transdifferentiating by 96 h,

while in the rhNF-κB group, most cells had transdifferentiated by 72 h and were close to

apoptosis by 96 h.

Conclusion: These results suggest that Dlk1 promoted proliferation of AECIIs and

inhibited cell transdifferentiation, while Jagged1 treatment inhibited proliferation of AECIIs

and promoted transdifferentiation to AECIs. These results provide some clue for the

eventual management of NDRS.
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FIGURE 1 | Effect of Dlk1 and rhNF-κB on the transdifferentiation of primary cultured rat type II alveolar epithelial cells (AECII). AECIIs were divided into three groups:

(1) the control group, cultured with DMEM, and 12% FBS; (2) the Dlk1 group: cells were cultured with Dlk1 (Abnova, Taipei, Taiwan) at a final concentration of

100 ng/mL; and (3) the rhNF-κB group: cells were cultured with rhNF-κB (Promega, Madison, WI, USA) at a final concentration of 1 gsu/ml. (A) After 24, 48, and 72 h

of treatment, SP-C and AQP5 mRNA expression levels were determined by RT-PCR. *P < 0.05 vs. the control group at the same time point; #P < 0.05 vs. 24 h of

the same group. (B) After 48, 72, and 96 h of treatment, SP-C and AQP5 protein expression levels were determined by western blot. ß-actin was used as control.

Loading controls were reused in Figure 2. *P < 0.05 vs. the control group at the same time point; #P < 0.05 vs. 48 h of the same group. Data are shown as

mean ± standard deviation (SD) of 3 independent experiments each conducted in 5. (C) SP-C and AQP5 protein locations were determined by immunofluorescence.

Group A = control group; Group B = Dlk1 group; Group C = rhNF-κB group.

RESULTS

Effect of Dlk1 and rhNF-κB on the Active of
Notch Pathway
SP-C mRNA expression declined with time in the control and

rhNF-κB groups (P < 0.05), while it peaked at 48 h (P > 0.05)
and then decreased in the Dlk1 group (P < 0.05). SP-C mRNA

expression was higher in the Dlk1 group compared with controls

(P < 0.05), while it was lower in the rhNF-κB group (Figure 1A).
AQP5 mRNA expression was lower in the Dlk1 and rhNF-
κB groups compared with controls (P < 0.05; Figure 1A). The
protein expression levels of Sp-C and AQP5 followed similar
patterns (Figure 1B).

Dlk1 expression decreased in time in the control group (P
< 0.05), but did not change in the Dlk1 and rhNF-κB groups
(Figure 2A). Dlk1 mRNA expression was higher in the Dlk1
group compared with controls at all-time points (P< 0.05), while
it was lower than controls in the rhNF-κB group at all-time points

(P < 0.05) (Figure 2A). Hes1 expression increased in time in the
control group (P < 0.05), but did not change in the Dlk1 and
rhNF-κB groups (Figure 2A). Hes1 mRNA expression was lower
in the Dlk1 group compared with controls at 48 and 96 h (P <

0.05), while it was higher than controls in the rhNF-κB group at
24 and 48 h (P < 0.05; Figure 2A). Jagged1 expression increased
in time in the control group (P < 0.05), but did not change
in the Dlk1 and rhNF-κB groups (Figure 2A). Jagged1 mRNA
expression was lower in the Dlk1 group compared with controls
at 48 and 96 h (P < 0.05), while it was higher than controls
in the rhNF-κB group at 24 and 48 h (P < 0.05; Figure 2A).
Notch1 mRNA expression was higher in the Dlk1 and in the
rhNF-κB groups compared with controls at 48 and 96 h (P< 0.05;
Figure 2A). Protein expression levels followed similar patterns
(Figure 2B).

These results suggest that both Dlk1 and Jagged1 can
activate the Notch pathway, but had opposite effects on
AECII transdifferentiation.
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FIGURE 2 | Effect of Dlk1 and rhNF-κB on the Notch signaling pathway in primary cultured rat type II alveolar epithelial cells (AECII). AECIIs were divided into three

groups: (1) the control group, cultured with DMEM, and 12% FBS; (2) the Dlk1 group: cells were cultured with Dlk1 (Abnova, Taipei, Taiwan) at a final concentration of

100 ng/mL; and (3) the rhNF-κB group: cells were cultured with rhNF-κB (Promega, Madison, WI, USA) at a final concentration of 1 gsu/ml. (A) After 24, 48, and 72 h

of treatment, Dlk1, Jagged1, Nortch1, and Hes1 mRNA expression levels were determined by RT-PCR. *P < 0.05 vs. the control group at the same time point;
#P < 0.05 vs. 48 h of the same group. (B) After 48, 72, and 96 h of treatment, Dlk1, Jagged1, Nortch1, and Hes1 protein expression levels were determined by

western blot. ß-actin was used as control. Loading controls were reused in Figure 1. *P < 0.05 vs. control group at the same time point; #P < 0.05 vs. 48 h of the

same group. Data are shown as mean ± standard deviation (SD) of 3 independent experiments each conducted in 5. Group A = control group; Group B = Dlk1

group; Group C = rhNF-κB group.

Dlk1 Increased AECII Proliferation, While
rhNF-κB Decreased Their Proliferation
The cell growth curves shows that Dlk1 increased AECII
proliferation while rhNF-κB decreased their proliferation
(Figure 3). (Table 2) Results detected by MTT colorimetry
showed that cell proliferation ability in Dlk1 group
increased significantly than control group (P < 0.01), while
in rhNF-κB group significantly lower than control group
(P < 0.05).

All cells looked like islands at 24 h; the nuclei and nucleoli

were clear, and many particles could be observed in the
cytoplasm. Figure 4 shows that at 48 h, in the control group, the

cell volume was increased, their number was increased, visible

dual-core cells were visible, island-like cells grew to the peripheral
region, and the cells had a paving stone appearance (Figure 4-

Group A). At 72 h, AECIIs were larger, but their number had no
change (Figure 4-Group A). At 96 h, the cell stretch was more
pronounced, they became wide, flat, and thin, and a few cells
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FIGURE 3 | Effect of Dlk1 and rhNF-κB on the proliferation of primary cultured

rat type II alveolar epithelial cells (AECII). AECIIs were divided into three groups:

(1) the control group, cultured with DMEM, and 12% FBS; (2) the Dlk1 group:

cells were cultured with Dlk1 (Abnova, Taipei, Taiwan) at a final concentration

of 100 ng/mL; and (3) the rhNF-κB group: cells were cultured with rhNF-κB

(Promega, Madison, WI, USA) at a final concentration of 1 gsu/ml. Cells were

incubated for 24, 48, 72, and 96 h. (A) Cell numbers were determined by cell

counting plates under light microscopy. Cell growth curves were made.

(Table 2) Cell Proliferation was determined by MTT. Cell proliferation curves are

shown as absorption value. Data are shown as mean ± SD of 3 independent

experiments each conducted in 5. *P < 0.05 vs. the control group at the same

time point; #P < 0.05 vs. 24 h of the same group. Group A = control group;

Group B = Dlk1 group; Group C = rhNF-κB group.

TABLE 2 | The proliferation rate of cells among every time spots in group A,B,C

(value A).

Cell Proliferation Rate (value A)

Groups 24 h 48 h 72 h 96 h F P

Group A 0.241 ± 0.03 0.462 ± 0.08# 0.535 ± 0.04 0.540 ± 0.02

Group B 0.233 ± 0.02 0.699 ± 0.05*# 0.912 ± 0.08*# 0.726 ± 0.05* 37.16 0.02

Group C 0.267 ± 0.06 0.398 ± 0.03*# 0.402 ± 0.07* 0.380 ± 0.11*

#Compared with preceding time spots of the same group P < 0.05, *compared with the

same time spots of the normal group P < 0.05.

showed pseudopodia or cavity change (Figure 4-Group A). In the
Dlk1 group, at 48 h, cell proliferated greatly, more dual-core cells
appeared, and cell volume was increased (Figure 4-Group B). At
72 h, the cell number was still increasing, a few cells had a paving
stone appearance, and their size was bigger (Figure 4-Group B).
At 96 h, the cells started to transdifferentiate (Figure 4-Group B).
In the rhNF-κB group, at 48 h, the cells were larger than control
cells (Figure 4-Group C). At 72 h, the cell became to stretch,
and a few cells had vacuoles (Figure 4-Group C). At 96 h, cell
form was highly irregular and the number of suspended cells was
increased (Figure 4-Group C).

Taken together, these results suggest that Dlk1 facilitated
AECII proliferation, while rhNF-κB reduced AECII proliferation.

Dlk1 Inhibited AECII Transdifferentiation,
While rhNF-κB Promoted This Process
The expression of SP-C (green) and AQP5 (red) fluorescence
was observed by laser scanning confocal microscope (LSCM;
Figure 1C). In the control group, SP-C expression in the

cytoplasm was visible at 48 h, while AQP5 expression was low.
At 72 h, the expression of SP-C in the cytoplasm was lower,
accompanied by higher AQP5 expression, suggesting that the
cells were in an intermediate state of transdifferentiation from
AECII to AECI. At 96 h, AQP5 expression was higher, while
SP-C was mostly negative, showing that most of the cells had
transdifferentiated to AECI (Figure 1C-Group A).

In the Dlk1 group, strong expression of SP-C could be seen
at 48 h, while AQP5 expression was negative. After 72 h, the
expression of SP-C was still strong, while AQP5 expression
was mostly negative, suggesting that the cells did not begin
to transdifferentiate and kept the AECII phenotype. At 96 h,
cells with double expression of SP-C and AQP5 could be
seen, indicating that the cells had begun to transdifferentiate
and were in an intermediate state of transdifferentiation
(Figure 1C-Group B).

In the rhNF-κB group, expression of SP-C could be seen
in the cytoplasm at 48 h, and expression of AQP5 was weak,
suggesting that the cells had already began to transdifferentiate.
At 72 h, the expression of AQP5 was increased, while SP-C was
decreased. It showed that most cells had transdifferentiated to
AECI. At 96 h, SP-C had disappeared, AQP5 had also weakened
or even disappeared. These results suggest that part of the
transdifferentiated AECIs were close to apoptosis(Figure 1C-
Group C).

Ultrastructure observation (Figure 5) showed that AECII had
layer bodies in the cytoplasm and microvilli on cell surface
(Figure 5-Group A). Transdifferentiating AECII had layer bodies
in the cytoplasm but no microvilli on cell surface (Figure 5-
Group A). Transdifferentiated AECII had microvilli on cell
surface, but no layer bodies in the cytoplasm (Figure 5-Group A).
AECI showed vacuolar degeneration (Figure 5-Group C).

DISCUSSION

Transdifferentiation of AECIIs into AECIs is involved in NRDS.
Different ligands of the Notch pathway could have different
effects on AECII transdifferentiation. Therefore, the present
study aimed to investigate the effects of Dlk1 and Jagged1 on
the proliferation and transdifferentiation of AECII. The results
suggest that Dlk1 promoted proliferation of AECIIs and inhibited
cell transdifferentiation, while Jagged1 treatment inhibited
proliferation of AECIIs and promoted transdifferentiation to
AECIs. These results provide some clue for the eventual
management of NDRS.

AECIIs cover about 5% of the alveolar surface, account
for 60% of the alveolar epithelial cells and for 15% of the
peripheral lung tissue cells (2). AECIIs can not only self-
renew and proliferate to form new AECIIs, but they also can
undergo transdifferentiation to AECIs under the conditions of
alveolar epithelial injury to repair the alveolar epithelium (8).
Nevertheless, the most important role of AECIIs is the synthesis
and secretion of active substances on lung surface that are
essential to the functions of the lung, such as maintaining
normal lung water transport, proliferation after injury of
alveolar epithelial cells, maintaining alveolar wall integrity, and
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FIGURE 4 | Effect of Dlk1 and rhNF-κB on the morphology of primary cultured rat type II alveolar epithelial cells (AECII). AECIIs were divided into three groups: (1) the

control group, cultured with DMEM, and 12% FBS; (2) the Dlk1 group: cells were cultured with Dlk1 (Abnova, Taipei, Taiwan) at a final concentration of 100 ng/mL; and

(3) the rhNF-κB group: cells were cultured with rhNF-κB (Promega, Madison, WI, USA) at a final concentration of 1 gsu/ml. Cells were incubated for 48, 72, and 96 h.

Cell morphology was observed under inversion microscope (magnification × 200). Group A = control group; Group B = Dlk1 group; Group C = rhNF-κB group.

ensuring normal gas exchange (14). In accordance with these
characteristics, the present study showed that transdifferentiation
of AECIIs led to decreased expression of SP-C and AQP5, as well
as marked changed in the cellular ultrastructure.

Notch is highly conserved in evolution and consists of
three parts: receptor, ligand, and DNA binding protein. The
activation of Notch signaling pathway relies on the combination
of its receptor and ligand (15, 16). In mammals, the receptors
include Notch1-4 and the ligands include DLLl-4 and Jagged
l. Studies showed that Notch signaling can control cell fate
through signal induction as well as lateral differentiation. The
substantive characteristics of interaction between cells mediated
by Notch lie in the different expression of receptors and
ligands between adjacent cells (17, 18). Researches on Drosophila
suggest that normal development is unusually sensitive to the
expression of Notch and Delta genes. In addition, feedback
mechanism between receptor and ligand of the Notch signaling
system amplify the differences of expression of Notch and
its ligand in the process of development to determine the
different differentiation directions of the cells. Notch1/Hes1
signal regulates the expression of C/EBPα and affects the

proliferation and differentiation of AECII after exposure to
hyperoxia (19).

Dlk1 is a transmembrane protein belonging to the family
of notch/delta/serrat (6–8). Dlk1 is a non-canonical ligand
of the Notch pathway (6–8). Activation of Notchl reduces
the expression of the target gene Hes1 (20). Dlk1 plays an
important role in the development and differentiation of various
tissues and cells (21). Dlk1-Mediated Temporal Regulation of
Notch Signaling Is Required for Differentiation of Alveolar
Type II to Type I Cells during Repair (22). In the present
study, Dlk1 was added to the cell culture system. The results
showed that compared with the control group, the expression
of Notch1 was increased and Jagged1 expression was low or
absent. The number of AECIIs increased, transdifferentiation
was slowed down, and the cells showed good phenotype
maintenance. Those results are consistent with a study by
Kobayashi et al. (19) that showed that DLKl is mainly
to maintain the proliferation state of undifferentiated cells
in tissues.

Jagged1 is a canonical ligand of Notch, and several authors
confirmed the expression of Jagged1 and Notch1-4 in the lungs of
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FIGURE 5 | Effect of Dlk1 and rhNF-κB on the ultramicrostructure of primary cultured rat type II alveolar epithelial cells (AECII). AECIIs were divided into three groups:

(1) the control group, cultured with DMEM and 12% FBS; (2) the Dlk1 group: cells were cultured with Dlk1 (Abnova, Taipei, Taiwan) at a final concentration of

100 ng/mL; and (3) the rhNF-κB group: cells were cultured with rhNF-κB (Promega, Madison, WI, USA) at a final concentration of 1 gsu/ml. Cells were incubated for

2 h. Ultramicrostructure was determined with a CM10 transmission electron microscope (Philips, Best, The Netherlands) (×12,000). Group A = control group; Group

B = Dlk1 group; Group C = rhNF-κB group.

mice (23). In studies of lymphocyte differentiation, Li et al. (24)
showed that Jagged1-2 and Deltal3-4 were expressed differently
in the bone marrow and thymus. Different ligands play different
roles in lymphoid cell differentiation of the central immune
system (24). In the present study, after adding rhNF-κB in the
culture system to promote the expression of Jagged1, AECII
transdifferentiation was accelerated and their proliferation was

inhibited. It suggested that the function of Jagged1 on Notch
combination was opposite to the function of Dlk1.

Hes1 is one of the target of Notch signaling, and the expression
levels of Hes1 can represent the signal intensity of Notch
(19). The mechanism of Hed1 is to recruit transcription co-
inhibitors like Groucho/TLE, then hindering the gene expression
of differentiation effect, and inhibiting the transcription of
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the cyclin-dependent kinase inhibitor (CKI) p27Kip1 (22).
In the present study, when the expression of Hes1 was
increased, cell proliferation of AECIIs was inhibited. When cell
transdifferentiation was activated, Hes1 expression was reduced
which is contrary to the previous studies presented above. It
is possible that factors like Hes1 have different activating or
inhibiting actions to various effectors in different tissues. Hes1 is
an inhibitor of itself and the automatic regulation function keeps
its expression unstable (25).

Of course, the present study is not without limitations. The
results were obtained in vitro experiments by using an animal cell
line, which are required to examine Notch regulation in complex
human systems. In addition, only a small panel of factors and
regulators were examined and additional studies are necessary to
understand the regulation of Notch in AECII and to achieve some
management approaches for NDRS.

CONCLUSIONS

In conclusion, these results suggest that Dlk1 promoted
proliferation of AECIIs and inhibited cell transdifferentiation,
while Jagged1 treatment inhibited proliferation of AECIIs and
promoted transdifferentiation to AECIs. These results provide an
avenue for further exploration into cellular factors that govern
the presentation of NRDS and ultimately possibly some future
novel management strategies.
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