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Abstract. Dormant tumor cells (DTCs) serve a crucial role 
in the pathogenesis of metastasis and may compromise the 
efficacy of existing therapeutic modalities aimed at fully 
eradicating cancer. However, the mechanisms underlying 
the dormant-to-proliferating switch of DTCs remain largely 
unknown. The lung is one of the most common sites of 
metastatic recurrence. The transdifferentiation of alveolar 
epithelial cells II (AEC IIs) to AEC Is is a hallmark of alveolar 
epithelial stimulation. However, the role of AEC II transdif-
ferentiation during the reactivation of DTCs has not been fully 
elucidated. In the present study, we found that tumor cells 
promoted the transdifferentiation of AEC IIs. Furthermore, 
the supernatant of the transdifferentiation of AEC IIs to 
AEC Is (Super-TDA) promoted the dormant-to-proliferating 
switch of DTCs via the autocrine effect of TGF-β1 on the 
3D BME culture system in vitro. Monensin and LY2109761 
blocked the dormant-to-proliferating switch of DTCs induced 
by Super-TDA. Although lipopolysaccharide did not directly 
stimulate the reactivation of DTCs, it promoted DTC reactiva-
tion by increasing the secretion of TGF-β1 in the Super-TDA. 
We further demonstrated that the upregulation of SNAI2 
expression was required for Super-TDA facilitating the DTC 

dormant-to-proliferating switch. Taken together, our findings 
demonstrated that tumor cells may promote AEC II transdif-
ferentiation. Furthermore, the transdifferentiation of AEC IIs 
may, in turn, induce the reactivation of 3D-established DTCs 
by promoting TGF-β1/SNAI2 signaling. Targeting this process 
may provide novel therapeutic strategies for the inhibition of 
the dormant-to-proliferating switch.

Introduction

Dormant solitary cells, or minimal dormant metastases, have 
been recognized as the main cause of cancer recurrence (1-3). 
Tumor dormancy is maintained in a microenvironment 
unfavorable for tumor cell proliferation (3,4). When the 
microenvironmental conditions shift to support tumor 
expansion, dormant tumors may resume active growth and 
progression (3). Therefore, understanding the mechanisms 
that regulate dormancy or the switch to a proliferative state 
is crucial for identifying novel targets and designing interven-
tions to prevent disease recurrence.

Compared with highly invasive human cancer cells, 
non-invasive human cancer cells constitutively have a less 
prominent malignant phenotype, as the metastatic tumor cells 
derived from non-invasive tumor cells may be more sensitive 
to the restriction of a new microenvironment (5). Our previous 
study demonstrated that tumor cells seeded at metastatic sites 
have a lower proliferative potential, and remain quiescent over 
long periods of time (5). Following a period of dormancy in 
metastatic sites, dormant tumor cells (DTCs) may ultimately 
transit through an angiogenic switch and become clinically 
apparent metastases (5,7), whose size or proliferative potential 
is limited by the lack of a favorable tumor environment (6), 
suggesting that the microenvironment serves a key role in 
tumor cell dormancy. However, whether tumor dormancy is 
a consequence of deficiency or alteration of the proper growth 
signals in the secondary target site require further investiga-
tion.

Metastasis and recurrence is the leading cause of death in 
patients suffering from cancer, and the lung is the one of most 
common sites of metastasis (8). Alveolar epithelial cells II 
(AEC IIs) serve a multifunctional role in the lung, including 
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secretory, synthetic and remodeling reservoirs for the lung 
epithelium to host defense (9). The AEC IIs are the progeni-
tors of AEC Is, and the progenitor function of AEC IIs may 
be activated when the lung epithelium encounters a variety 
of stimulators, including acute lung injury or bacteria, among 
others, to defend the alveolus from injury (10,11). However, 
whether the tumor cells metastasizing to the lung are able to 
stimulate AEC II transdifferentiation has not been examined 
in detail.

Transforming growth factor β1 (TGF-β1) is a key factor in 
the alteration of the tumor environment (14), that is secreted 
during the transdifferentiation of AEC IIs to AEC Is (12,13); 
these alterations in the tumor environment may be implicated 
in the regulation of a variety of biological responses, including 
cell proliferation and differentiation (14). The lung is one of 
most common sites of metastasis (8). However, the role of 
AEC II transdifferentiation during reactivation of DTCs has 
not been fully elucidated.

In the present study, we investigated whether tumor cells 
can stimulate the transdifferentiation of AEC IIs into AEC Is, 
as well as whether AEC II transdifferentiation can induce reac-
tivation of DTCs in the lung. Our results revealed that tumor 
cells may promote the transdifferentiation of AEC IIs into 
AEC Is. Furthermore, the transdifferentiation of AEC IIs may, 
in turn, promote the switch of metastasized DTCs to reactivate 
growth via TGF-β1, secreted by AEC II transdifferentiation, 
leading to increase the SNAI2 expression in DTCs. Targeting 
this process may provide novel therapeutic strategies for the 
inhibition of the dormant-to-proliferating metastatic switch.

Materials and methods

Ethics statement. All animal experiments were conducted 
according to the relevant national and international guidelines, 
and were approved by the Ethics Committee on Animal 
Experiments of the China Three Gorges University and 
monitored by the Department of Experimental Animals of the 
Yichang Central People's Hospital.

Cells and reagents. The human breast cancer cell lines MCF-7 
and T-47D were purchased from the Type Culture Collection 
of the Chinese Academy of Sciences (Shanghai, China), and 
maintained in Dulbecco's modified Eagle's medium (DMEM) 
with high glucose, 10% fetal bovine serum (FBS) and anti-
biotics (Life Technologies, Carlsbad, CA, USA), according to 
the guidelines. Lipopolysaccharide (LPS) was purchased from 
Sigma-Aldrich (St. Louis, MO, USA). Growth factor-reduced 
3D Cultrex basement membrane extract (BME) was purchased 
from Trevigen Inc. (Gaithersburg, MD, USA). Monensin was 
purchased from Selleckchem.cn. Antibodies against surfactant 
protein C (SP-C) and aquaporin 5 (AQP5), and all secondary 
antibodies, were purchased from Santa Cruz Biotechnology 
(Santa Cruz, CA, USA) and Cell Signaling Technology Inc. 
(Beverly, MA, USA). The TGF-β receptor kinase inhibitor 
LY2109761 was purchased from Selleckchem.cn.

Gene expression assessment by reverse transcription-quan-
titative polymerase chain reaction (RT-qPCR). Total RNA 
was extracted from cells with TRIzol® reagent (Invitrogen, 
Carlsbad, CA, USA). Total RNA (100 ng) was used for reverse 

transcription using SuperScript II RNase H reverse transcrip-
tase (Invitrogen) in a volume of 25 µl. Then, 1 µl of cDNA 
was amplified with SYBR-Green Universal PCR Master Mix 
(Bio-Rad, Richmond, CA, USA) in duplicate. Quantification 
of the expression of genes was performed using the 
comparative CT method (Sequence Detector User Bulletin 2; 
Applied Biosystems, Carlsbad, CA, USA). The expression 
level of each mRNA was normalized to GAPDH mRNA 
and expressed as n-fold difference relative to the control 
(calibrator). The PCR was conducted using the following 
parameters: 95˚C for 5 min, and 40 cycles at 95˚C for 10 sec, 60˚ 
for 20 sec and 72˚C for 15 sec. The relative quantity of mRNA 
was determined by RT-qPCR, as previously described (15). 
The mRNA of GAPDH was used as the internal control. The 
primer sequences were as follows: SNAI2 sense, 5'-AGG 
AAT CTG GCT GCT GTG-3' and antisense, 5'-GGA GAA AAT 
GCC TTT GGA C-3'; SP-C sense, 5'-GTC GTC GTG GTG ATT 
GTA GGG-3' and antisense, 5'-GAA GGT AGC GAT GGT GT 
C TG-3'; AQP5 sense, 5'-CGT CAA TGC GCT GAA CAA CAA-3' 
and antisense, 5'-ACA GAC AAG CCA ATG GAT AAG G-3';  
GAPDH sense, 5'-TCA TTG ACC TCA ACT ACA TGG TTT-3' 
and antisense, 5'-GAA GAT GGT GAT GGG ATT TC-3'.

Western blot assay. Western blotting was performed as 
previously described (5). Cell lysates (30 µg of total protein) 
and prestained molecular weight markers were separated by 
sodium dodecyl sulfate-polyacrylamide gel electrophoresis 
(SDS-PAGE) followed by the transfer onto nitrocellulose 
membranes. The membranes were blocked in Tris-buffered 
saline with 0.5% Triton X-100 (TBST) containing 5% non-fat 
milk and probed with antibodies (SPC, sc-13979, 1:1,000; 
AQP5, sc-514022, 1:1,000; SNAI2, #9585, 1:1,000; β-actin, 
sc-58673, 1:5,000) at 4˚C with gentle shaking, overnight. After 
incubation with the secondary antibody (sc-2357, 1:10,000; 
sc-516102, 1:10,000) conjugated with horseradish peroxidise 
at room temperature with gentle shaking for 2 h, membranes 
were extensively washed, and the immunoreactivity was 
visualized by enhanced chemiluminescence according to the 
manufacturer's protocol (ECL kit; Santa Cruz Biotechnology). 
Antibodies were purchased from Santa Cruz Biotechnology 
and Cell Signaling Technology. The protein expression data 
were analyzed using ImageJ software (NIH; National Institutes 
of Health, Bethesda, MD, USA).

Isolation and culture of AEC IIs. AEC IIs were isolated from 
pathogen-free Kunming (KM) mice (20-25 g) by an improved 
method (16). The animal experimental protocols were 
approved by the Ethics Committee of China Three Gorges 
University. Mice were acclimated to the laboratory conditions, 
with free access to food and water in a facility with controlled 
temperature (22˚C) on a 12/12-h light/dark cycle, for 1 week 
prior to the experiments. In brief, adult mouse lungs were 
lavaged with PBS, and then digested with elastase (1 mg/ml). 
The cell mixture was filtered through a 200- and a 100-µm 
nylon mesh (twice through each), plated on mouse IgG-coated 
plates and incubated at 37˚C for 3-4 h to remove macrophages 
and other pulmonary cells containing an Fc-fragment. The 
purity of AEC IIs was >96±1.8%, as determined by modified 
Papanicolaou staining, and the viability was >98±2.1%. The 
detailed protocols were applied as previously described (16).
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Transdifferentiation of AEC IIs. AEC IIs were seeded onto 
6-well plastic culture dishes at a density of 1.5x106 cells/dish, 
and cultured in media with 10% FBS with or without breast 
tumor cells (5x103 cells/dish), with the cells contacting each 
other (co-cultured contact) or divided with a Transwell assay 
(co-cultured no contact). The media were changed after the 
first 24 h, and on alternate days thereafter. The level of TGF-β1 
and other cell factors secreted into the media were determined 
using ELISA kits from R&D Systems (Minneapolis, MN, 
USA). AEC Is are the components of the alveolar epithelium 
most susceptible to injury. Following lung injury, AEC Is 
are destroyed and AEC IIs proliferate and differentiate into 
AEC Is to repair the epithelium (17). Therefore, this in vitro 
transdifferentiation model may be closely associated with the 
process occurring in vivo during lung injury and repair. It 
should also be noted that isolating AEC IIs from the lung and 
culturing them may mimic lung disturbance and repair.

Preparation of super-TDA. The transdifferentiation of 
AEC IIs to AEC I-like cells was evident from day 3 onwards 
and complete by day 5, as shown by the present study, as well as 
previous data (16,29). AEC IIs were seeded onto 6-well plastic 
culture plates at a density of 1.5x106 cells/dish and cultured in 
media with 10% FBS for 4 days, after which time the medium 
was replaced with fresh medium (1 ml) without FBS and the 
cells were incubated for a further 24 h, followed by harvesting 
of the supernatants from the cultures. The supernatants were 
then passed through a 0.22-µm filter and stored at -80˚C until 
further use.

An in vitro 3D system inducing tumor dormancy. The cell 
culture system was pre-coated with an adequate amount of 
Cultrex growth factor-reduced BME (protein concentration, 
14-15 mg/ml; thickness, 1-2 mm) in a humidified incubator 
with 5% CO2 at 37˚C for 30 min; the culture plates were then 
rinsed 3 times with 10 ml PBS (pH 7.4) for further use. The 
tumor cells were suspended in a mixture of 2% FBS and 2% 
Cultrex® DMEM mixture (CFD). The cells were cultured on 
the pre-coated slides and re-fed every 2 days (29), and the 
proliferative ability of the cells was then determined via an 
MTT assay and flow cytometry.

MTT proliferation assay. Plates with 96-well were coated with 
50-100 µl BME. Non-invasive MCF-7 or T-47D cells (1.5x103 
to 2.0x103/well) were re-suspended in 200 µl CFD and grown 
on the BME pre-coated plates. The Cell Titer 96 Aqueous One 
Solution cell proliferation assay kit (Promega Corporation, 
Madison, WI, USA) was used to measure cell proliferation 
according to the manufacturer's instructions.

Cell cycle analysis by flow cytometry. The tumor cells 
(2.5x105/well) were cultured under 3D conditions in the pres-
ence of Super-TDA (50%) for 5 days; the tumor cells were 
then analyzed using propidium iodide (PI; Molecular Probes, 
Invitrogen) to distinguish non-viable cells. DNA synthesis or 
the total DNA content was measured by flow cytometry using 
a FACSCalibur flow cytometer (BD Accuri™ C6).

Cell transfection. For the downregulation of SNAI2, 
MCF-7 cells were transduced with SNAI2 shRNA lentiviral 

particles, or control shRNA lentiviral particles (Santa Cruz 
Biotechnology) according to the manufacturer's protocol. 
Following selection with puromycin, the cells were used for 
further experiments.

Statistical analysis. Data were pooled from 3 independent 
experiments with a total of 6 samples in each group. Results 
are expressed as the mean ± SD and interpreted by one-way 
ANOVA. Differences were considered to be statistically 
significant when P<0.05.

Results

Tumor cells promote transdifferentiation of AEC IIs into 
AEC Is in vitro. The isolated AEC IIs were seeded on plastic 
dishes and cultured for several days. The transdifferentiation 
of AEC IIs to AECI-like cells was evident from day 3 onwards 
and was completed by day 5, as previously shown (16). When 
the isolated AEC IIs (1.5x106/well) were co-cultured in 
the presence of tumor cells (MCF-7 or T-47D, 5x103/well), 
morphometric observation of isolated AEC IIs discerned 
characteristics almost typical of AEC Is at 3 days. To further 
characterize the cell phenotype, qPCR and western blotting 
with specific labels generated to the AEC IIs phenotypic marker 
SP-C (18) and to the AEC Is phenotypic marker AQP5 (18) 
were used. Our results revealed that the AEC IIs exhibited a 
significant decrease in SP-C mRNA expression (Fig. 1A) and a 
significant increase in AQP5 mRNA expression (Fig. 1B) when 
co-cultured with tumor cells (MCF-7 and T-47D) for 3 day. 
Furthermore, western blot analysis revealed that SP-C protein 
expression decreased and AQP5 protein expression increased 
in AEC IIs over time (Fig. 1B). In addition, the changes 
during AEC II transdifferentiation did not differ between 
the co-culture contact and co-culture no contact group. The 
transition images of AEC IIs to AEC Is is shown in Fig. 1C. 
Therefore, our results demonstrated that the tumor cells 
promoted AEC II transdifferentiation into AEC Is in vitro.

Establishment of solitary DTC model in vitro. Cell dormancy 
may be defined as a non-proliferative state or an arrested stage 
in the cell cycle that results in a prolonged G0 phase. Due to 
their small size and non-invasive nature, these DTCs remain 
asymptomatic and, in most cases, undetected. Unfortunately, 
these DTCs are resistant to conventional therapies targeting 
actively dividing cells, which likely accounts for disease 
recurrence following apparent successful treatment of the 
primary tumors (19,20). However, the reasons for the activa-
tion of DTCs are not clear, mainly due to lack of a DTC model.

The 3D BME culture system was used as a model for DTCs, 
as described above. MCF-7 cells exhibit dormant behavior 
when cultured in the 3D BME system, consistent with their 
behavior at distant sites in vivo (6,21). In the present study, we 
successfully established a solitary DTC model for MCF-7 and 
T-47D cells. We found that both MCF-7 and T-47D cells did 
not proliferate, and remained quiescent throughout the entire 
experimental 18-day culture period when cultured in 3D BME 
(P≤0.01). In addition, both breast cancer cell lines proliferated 
readily when cultured on a 2D plastic substrate (Fig. 2A).

We further investigated the cell cycle of dormant MCF-7 
and T-47D cells using flow cytometry. Our results revealed 
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that a high percentage of MCF-7 and T-47D cells remained 
in the G0/G1 phase (P≤0.01), with a smaller S and G2/M cell 
population (P≤0.01), when cultured under 3D conditions for 
5 days, suggesting that the cells remained at an arrested stage 
of a prolonged G0 phase (Fig. 2B).

In brief, MCF-7 and T-47D cells were quiescent when 
cultured in the 3D BME system (3D).

The supernatant of transdifferentiation of AEC IIs to 
AEC Is (Super-TDA) may promote DTC growth by altering 
the cell cycle. To determine whether Super-TDA induces a 
dormant-to-proliferating switch of the DTCs, DTCs were 
cultured with the Super-TDA (50%), and we observed that 
the DTCs were reactivated and proliferated stably (Fig. 3A). 
We further investigated whether the Super-TDA affected 
the cell cycle of dormant MCF-7 and T-47D cells using flow 

cytometry. Our results revealed that a high percentage of 
MCF-7 and T-47D cells remained in G0/G1 when cultured 
under 3D conditions for 5 days (Fig. 3B). However, the 
established-DTCs exhibited a significantly higher S and G2/M 
cell population when co-cultured with Super-TDA (50%) for 
5 days, compared with parental cells (P≤0.01). In conclusion, 
Super-TDA promoted the dormant-to-proliferating switch by 
altering the cell cycle.

TGF-β1 secreted during the transdifferentiation of AEC IIs 
is one of the major stimulants involved in inducing DTC 
reproliferation. TGF-β1 is a key factor altering the tumor 
environment, and is implicated in the regulation of a variety of 
biological responses (14), including proliferation and differ-
entiation of tumor cells. To further identify factors involved 
in inducing the growth of DTCs in Super-TDA, TGF-β1 

Figure 1. Tumor cells promote the transdifferentiation of AEC IIs to AEC Is. (A and B) Tumor cells (MCF-7 and T-47D) enhanced the decrease in SP-C 
expression, and the increase in AQP5 expression in AEC IIs. *P<0.05, **P<0.01. (C) Representative images of AEC II and transdifferentiation of AEC IIs to 
AEC Is. SP-C, surfactant protein C; AQP5, aquaporin 5; AEC IIs, type II alveolar epithelial cells; AEC Is, type I alveolar epithelial cells.
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expression was evaluated by sandwich ELISA (Fig. 4). Our 
data revealed that the level of secreted-TGF-β1 was markedly 
increased with the progression of the transdifferentiation of 

AEC IIs to AEC Is, particularly on day 5, and the amount 
of TGF-β1 were nearly 12 times that in the control group 
(P≤0.01) (Fig. 4A). Furthermore, we observed that the amount 

Figure 3. Super-TDA promotes the dormant-to-proliferating switch of DTCs. (A) The proliferative potential of breast cancer cells was assessed using the MTT 
assay in 2D and 3D culture systems with ordinary medium or Super-TDA (50%) (MCF-7 3D-Super, T-47D 3D-Super). (B) Flow cytometry cell cycle analysis 
in MCF-7 and T-47D cells treated with Super-TDA (50%) under 2D and 3D culture conditions using PI as a non-viable DNA dye. **P≤0.01. (C) Representative 
images of cell phase. DTCs, dormant tumor cells; Super-TDA, supernatant of the transdifferentiation of AEC IIs to AEC Is; PI, propidium iodide. 

Figure 2. Establishment of the DTC model in vitro. (A) The proliferative potential of MCF-7 and T-47D cells was examined by MTT assay in 2 and 3D culture 
systems (MCF-7 2D, T-47D 2D, MCF-7 3D and T-47D 3D). **P≤0.01. (B) Flow cytometry cell cycle analysis in MCF-7 and T-47D cells treated under 2D and 
3D culture conditions using PI as a non-viable DNA dye. **P≤0.01. DTC, dormant tumor cell; PI, propidium iodide.
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of secreted TGF-β1 increased markedly and more quickly 
when AEC IIs were co-cultured with tumor cells, suggesting 
that tumor cells enhanced the production and secretion of 
TGF-β1 from AEC IIs during transdifferentiation (Fig. 4B). 
However, The secretion levels of other cell factors, such as 
TNF-α, IL-1β1, IL-10, IL-6 and INF-γ, remained unchanged. 
(P>0.05) (Fig. 4B-G). Furthermore, the addition of the TGF-β 
receptor kinase inhibitor LY2109761 or monensin inhibited 
the DTCs induced by Super-TDA (Fig. 4H), indicating that 
the autocrine effect of TGF-β1 through transdifferentiation 
of AEC IIs is one of the major stimulators inducing DTC 
growth.

LPS stimulates the growth of DTCs by promoting the secre-
tion of TGF-β1 in the Super-TDA. TLR4 expressed on tumor 
cells has been found to contribute to tumor progression by 
promoting tumor cell proliferation, resistance to apoptosis 
and evasion from immune attack (22,23). Therefore, we 
hypothesized that LPS may also participate in the activation 
of DTCs, and we used LPS to simulate inflammatory damage. 
We then incubated the DTCs with Super-TDA pretreated with 
or without LPS for several days, as shown in Fig. 5A. We 
found that although LPS could not induce DTC reproliferation 
directly, the reactivation and proliferation period of DTCs was 
obviously shortened to 2 days when the DTCs were co-cultured 

Figure 5. LPS promotes DTC reactivation by enhancing TGF-β1 secretion in the Super-TDA. (A) Proliferative potential of MCF-7 cells tested by the MTT assay 
under 2D and 3D culture conditions. The 3D-established-DTCs of MCF-7 were stimulated with LPS alone (100 ng/ml) (MCF-7 3D-LPS), or Super-TDA, pre-
treated with LPS (MCF-7 3D-LPS-Super) or not pretreated (MCF-7 3D-Super). (B) Amount of TGF-β1 in Super-TDA pretreated with LPS (LPS-Super-TDA) 
or not pretreated (Super-TDA) measured by ELISA. *P≤0.05. LPS lipopolysaccharide; DTC, dormant tumor cell; Super-TDA, supernatant of the transdif-
ferentiation of AEC IIs to AEC Is; Super-CTA, supernatant of co-cultured tumor cells and AEC IIs by Transwell assay; AEC IIs, type II alveolar epithelial 
cells; AEC Is, type I alveolar epithelial cells.

Figure 4. The autocrine effect of TGF-β1 is a major stimulator inducing DTC growth. (A and C-G) The amount of TGF-β1 and other cell factors in Super-TDA 
(50%) were demonstrated by ELISA. **P≤0.01. (B) The amount of TGF-β1 was demonstrated by ELISA using the supernatant of co-cultured tumor cells 
(1.5x106 cells/dish) and AEC IIs (5x103 cells/dish) (Super-CTA) by the Transwell assay. (H) The proliferative potential of MCF-7 cells inspected by MTT assay 
under 2D and 3D culture conditions with Super-TDA (50%, 3D-Super) pretreated with monensin (3D-Mo-Super) or LY2109761 (3D-LY-Super) for 5 days. 
DTC, dormant tumor cell; Super-TDA, supernatant of the transdifferentiation of AEC IIs to AEC Is; Super-CTA, supernatant of co-cultured tumor cells and 
AEC IIs by Transwell assay; AEC IIs, type II alveolar epithelial cells; AEC Is, type I alveolar epithelial cells.
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with Super-TDA pretreated with LPS. Of note, the prolifera-
tive potential of the reactivated DTCs was obviously increased 
compared with that of the control groups, suggesting that LPS 
facilitates DTC growth. We also found that LPS promoted 
the release of TGF-β1 from AEC IIs undergoing transdif-
ferentiation (Fig. 5B), indicating that LPS may participate in 
the growth of DTCs by increasing the TGF-β1 secretion from 
Super-TDA.

The transdifferentiation of AEC IIs promotes the upregulation 
of SNAI2 expression in the reactivated DTCs. SNAI2 serves an 
important role in the proliferation, metastasis and angiogenesis 
of tumors (24). SNAI2 enhances the kinase activity of cyclin 
D1/CDK4/CDK6, a central mediator in the transition from the 
G1 to the S phase, which further promotes the switch of tumor 
cell proliferation (25), indicating that SNAI2 may participate in 
the dormant-to-proliferating switch of DTCs.

Figure 7. Association of AEC II transdifferentiation and the metastasis of tumor cells. Metastasized tumor cells may promote the transdifferentiation of 
AEC IIs into AEC Is, and AEC II transdifferentiation may in turn induce the metastasized DTCs switch to reactivated growth by enhancing TGF-β1. AEC IIs, 
type II alveolar epithelial cells; AEC Is, type I alveolar epithelial cells; DTCs, dormant tumor cells.

Figure 6. The transdifferentiation of AEC IIs promotes the upregulation of SNAI2 expression in reactivated-DTCs. The 3D-established-DTCs of MCF-7 
and T-47D cells were cultured with Super-TDA (50%, 3D-Super) pretreated with monensin (3D-Mo-Super) or LY2109761 (3D-LY-Super) for 5 days. SNAI2 
expression was detected by (A-C) RT-qPCR and (F) western blotting in the indicated groups. *P≤0.05, **P≤0.01. (D) Control MCF-7 cells and MCF-7 cells 
expressing control shRNA or SNAI2 shRNA were unstimulated (un-stimulated) or treated with Super-TDA (50%, stimulated) for 5 days. (E) The proliferative 
potential of MCF-7 cells in a 3D culture system was detected via an MTT assay. AEC IIs, type II alveolar epithelial cells; AEC Is, type I alveolar epithelial 
cells; DTCs, dormant tumor cells; Super-TDA, supernatant of the transdifferentiation of AEC IIs to AEC Is.
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To confirm the role of SNAI2 in the dormant-to-prolif-
erating switch of DTCs, we analyzed the dormant and 
reactivated tumor cells by qPCR and western blotting. As 
shown in Fig. 6A and B, Super-TDA promoted DTC upregula-
tion of SNAI2 expression, and the upregulation of SNAI2 was 
inhibited by monensin or the TGF-β receptor kinase inhibitor 
LY2109761 (Fig. 6C and F). We then used SNAI2 shRNA to 
inhibit the Super-TDA-induced increased expression of SNAI2 
(Fig. 6D), which significantly hindered the re-proliferation of 
DTCs induced by Super-TDA (Fig. 6E), indicating that the 
upregulation of SNAI2 expression is required for the dormant-
to-proliferating switch of DTCs.

Discussion

Metastatic recurrence of carcinomas frequently occurs after 
a long latency period following removal of the primary 
tumor and administration of adjuvant therapy. Accumulating 
evidence suggests that tumor cells that have seeded to meta-
static sites are resistant to conventional therapies, and remain 
dormant over long periods of time in target organs (26). A 
likely explanation of this phenomenon is that the presence of 
DTCs in secondary sites is maintained if the microenviron-
ment is unfavorable for tumor cell proliferation (3,4). However, 
it remains unclear whether tumor cells become dormant as a 
consequence of intrinsic defects, or in response to inhibitory 
signals that they encounter in foreign microenvironments.

Normal tissue homeostasis is maintained by signals 
from cell-cell communication, cell-cell adhesion and 
cell-matrix interactions, as well as more systemic mechanisms 
(e.g. hormones, cytokines) of growth and differentiation 
control (27). When the tumor microenvironment is disturbed, it 
may stimulate DTCs to resume active growth and progression; 
otherwise, they would remain dormant in the secondary target 
site (3,28). The lung is one of the most common sites of metas-
tasis (8). Our previous and other studies demonstrated that the 
metastatic tumor cells derived from non-invasive tumor cells 
exhibit lower expression of the proliferation marker Ki-67 (5). 
It is well-known that the new microenvironment may restrict 
the proliferation of disseminated tumor cells (38). Different 
from highly invasive tumor cells, the metastatic tumor cells 
derived from non-invasive tumor cells may be more sensitive 
to the restrictions of the new microenvironment.

In the present study, we demonstrated that tumor cells 
may promote the transdifferentiation of AEC IIs. Of note, 
the transdifferentiation of AEC IIs may in turn induce a DTC 
switch to reactivated growth by enhancing TGF-β1/SNAI2 
signaling (Fig. 7). Targeting this process may provide novel 
therapeutic strategies for inhibition of the dormant-to-prolifer-
ating metastatic cell switch.

AEC IIs have a multifunctional role in the lung, including 
secretory, synthetic and remodeling reservoirs for the lung 
epithelium to host defense (9). The progenitor function of 
AEC IIs is activated when the lung epithelium encounters a 
variety of conditions, including acute lung injury and inflamma-
tion, among others (10). AEC II proliferation and hyperplasia, 
followed by transdifferentiation, is a hallmark of alveolar 
epithelial injury, and defends the alveolus from injury (10). 
Apart from alveolar injury, the present study confirmed that 
the tumor cells also stimulated the transdifferentiation of 

AEC IIs into AEC Is and TGF-β1 secretion, suggesting that 
the metastasized tumor cells may participate in the induction 
of the transdifferentiation of AEC IIs to AEC Is in vivo, and 
AEC II transdifferentiation may be a common occurrence 
during lung metastasis.

In addition, AEC II transdifferentiation may in turn induce 
the DTC dormant-to-proliferating switch, which may explain 
why the lung is one of most common metastatic and recur-
rence sites (9); in addition, the metastasized tumor cells may 
also affect the microenvironment of the metastatic sites, which 
may be correlated with the dormant or proliferative behavior 
of tumor cells at the metastatic sites in vivo.

TGF-β1, produced by AECs, is secreted during the transdif-
ferentiation of AEC IIs to AEC Is, and the autocrine production 
of TGF-β1 has been shown to promote the transdifferentiation 
of primary rat AEC IIs to AEC Is in vitro (11,12). An autocrine 
loop of TGF-β1 in mammary epithelium of pregnant mice has 
been shown to aid the differentiation process (29). The level 
of autocrine TGF-β1 was found to be markedly increased 
when the AEC IIs were undergoing transdifferentiation 
phase, as shown by ours and other data (13,29). Notably, the 
amount of TGF-β1 during transdifferentiation of AEC IIs was 
12-times higher than the basic secretion level in the present 
study, suggesting that the amount of TGF-β1 secreted by 
AEC IIs during transdifferentiation may be sufficient to alter 
the tumor microenvironment and cause a variety of biological 
responses, including cell proliferation (14). In addition, both 
monensin and LY2109761 were able to block the dormant-to-
proliferating switch for DTCs induced by Super-TDA, further 
indicating that the TGF-β1 from Super-TDA may be the main 
stimulator of DTC reactivation and proliferation in the lung.

The progenitor function of AEC IIs is activated when the 
lung epithelium encounters a variety of conditions, including 
acute lung injury and inflammation (10). TLR4 ligands (LPS) 
may be present in vivo due to surgery, cell damage, or the 
presence of bacteria in the tumor (30-32). TLR4 expressed on 
tumor cells has been found to contribute to tumor progression 
by promoting tumor cell proliferation, resistance to apoptosis 
and tumor evasion from immune surveillance (22,23). Our 
results confirmed that LPS could not induce DTC reactiva-
tion directly, but rather by enhancing the secretion of TGF-β1 
from AEC IIs undergoing transdifferentiation, suggesting 
that inflammatory damage of the lung may participate in 
enhancing the reactivation process of DTCs. This may explain 
the fact that, when the lung epithelium encounters a variety of 
conditions, including acute lung injury, the progenitor function 
of AEC IIs is activated (10), promoting self-repair as well as 
DTC reactivation at the same time.

Although the expression of SNAI2 is very low in DTCs, 
the proliferative potential of DTCs was reactivated along with 
the increased expression of SNAI2 induced by Super-TDA. In 
addition, the upregulation of SNAI2 expression was inhibited 
by pretreatment with monensin and LY2109761 during the 
transdifferentiation of AEC IIs. The increased expression of 
SNAI2 is a major risk factors for the tumor recurrence and 
metastasis (33,34). SNAI2 may enhance the kinase activity of 
cyclin D1/CDK4/CDK6, a central mediator in the transition 
from the G1 to the S phase, which further promotes the prolif-
eration switch of tumor cells (25). Thus, SNAI2 may serve a 
pivotal role in the dormant-to-proliferating switch of DTCs.
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In summary, tumor cell metastasis to the lung may 
promote the transdifferentiation of AEC IIs to AEC Is in vitro. 
In addition, Super-TDA may in turn induce the reactivation 
of DTCs by enhancing TGF-β1/SNAI2 signaling. Recurrence 
and metastasis are responsible for the majority of cancer 
deaths. Given that the transdifferentiation of AEC IIs and 
the enhanced expression of TGF-β1/SNAI2 are required for 
inducing the reactivation and proliferation of DTCs, targeting 
one of these stimuli or signaling pathways may be a viable 
approach to a comprehensive strategy for cancer treatment.
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