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Abstract

Pten is a multifunctional tumor suppressor. Deletions and mutations in the Pten gene have been 

associated with multiple forms of human cancers. Pten is a central regulator of several signaling 

pathways that influences multiple cellular functions. One such function is in cell motility and 

migration, although the precise mechanism remains unknown. In this study, we deleted Pten in the 

embryonic lung epithelium using Gata5-cre mice. Absence of Pten blocked branching 

morphogenesis and ERK and AKT phosphorylation at E12.5. In an explant model, PtenΔ/Δ 

mesenchyme-free embryonic lung endoderm failed to branch. Inhibition of budding in PtenΔ/Δ 

explants was associated with major changes in cell migration, while cell proliferation was not 

affected. We further examined the role of ERK and AKT in branching morphogenesis by 

conditional, endodermal-specific mutants which blocked ERK or AKT phosphorylation. 

MEKDM/+; Gata5-cre (blocking of ERK phosphorylation) lung showed more severe phenotype in 

branching morphogenesis. The inhibition of budding was also associated with disruption of cell 

migration. Thus, the mechanisms by which Pten is required for early endodermal morphogenesis 

may involve ERK, but not AKT, mediated cell migration.
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Introduction

The mammalian lung is a highly precise branched structure consisting of epithelial airways 

and alveoli as well as mesenchymal stroma and vascular networks. Each of the latter 

components is essential to proper respiratory functions. The formation of the lungs involves 

the structuring of epithelial tissues into complex but highly organized tubular networks that 

transport gases. This process is generally referred to as “branching morphogenesis”. In 

mammalian lung, branching morphogenesis starts from formation of an anlagen and 

invagination of the epithelium to branch initiation and outgrowth. The branching pattern is 

controlled genetically and gives rise to successive rounds of branched structures in a 

predictable manner.

The formation of lung via branching morphogenesis can generally be subdivided into a 

series of steps: formation of anlagen; formation of primary bud; branch initiation; branch 

outgrowth; organization of successive branching events and differentiation of proximal-

distal structures. To generate this arborized epithelial network, each individual step depends 

on proper execution of cell proliferation, migration, apoptosis and changes in cell shape. The 

pattern of arborization depends on positive regulation by growth factors and receptors to 

promote proliferation and migration and negative regulation to inhibit excessive budding 

and bifurcation. How potential positive and negative signals are integrated to control cell 

movement, while retaining the essential character of an invasive epithelium, remains 

unclear.
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A sequence of induction of factors was found. The implication of these factors in lung 

development was based on their association with specific lung defects in knockout mouse 

models. The major factors found regulating the branching are Fibroblast Growth Factors 

(FGFs), Transforming Growth Factor-β (TGF-β) superfamily, Wnt and Sonic Hedgehog. 

Recently Pten has been identified to control lung morphogenesis (1). PTEN has a dual 

specificity protein phosphatase and lipid phosphatase activity that can dephosphorylate 

serine, threonine and tyrosine residues. This positions PTEN as a critical negative regulator 

of PI3K/AKT signaling pathway (2). Deletion of Pten in mouse models revealed that PTEN 

is critical for animal development. Pten null embryos die early during embryogenesis (3). 

Thus, much of our current knowledge regarding the roles of PTEN in development is 

acquired from animals with tissue-specific Pten deletion using the Cre-LoxP system. The 

functions of PTEN in individual tissues include stem cell self-renewal and proliferation, cell 

differentiation and migration, organ size control, and the hormone-regulated organogenesis 

(4).

The mitrogen-activated protein kinase (MAPK) /extracellular signal-regulated kinase (ERK) 

cascade is conserved in mammals and controls early developmental processes, including 

determination of morphology, organogenesis, synaptic plasticity and growth (5). Signal 

transmission via this cascade is initiated by the activation of cell surface receptors by 

extracellular ligands, which results in the phosphorylation and activation of the MAPK/ERK 

kinases. Activation of the MAPK/ERK pathway leads to transcriptional control of genes 

important for cell proliferation and differentiation (6). Evidence is provided that 

MAPK/ERK kinases influence the cells’ motility machinery. Inhibition of ERK activity 

causes decreased cell migration on extracellular matrix protein (7).

In the current study, we assessed the direct impact of epithelial Pten inactivation on lung 

morphogenesis. The results demonstrate that Pten controls early stage branching 

morphogenesis by regulating epithelial cell migration, without major or measurable changes 

in cell proliferation. This function is mediated via phosphorylation of ERK, which is also 

essential for embryonic lung epithelial cell migration.

Materials & Methods

Mouse Lines

PtenΔ/Δ mice were generated by crossing Ptenfl/fl (8) with Gata5-Cre (9) mice. MEKDN/+, 

R26StopFL-Pik3ca and mT/mG mice were purchased from The Jackson Laboratory. 

MEKDN/+; Gata5-Cre and R26StopFL-Pik3ca; Gata5-Cre mice were generated by crossing 

MEKDN/+ and R26StopFL-Pik3ca with Gata5-Cre mice.

Lung culture and lung endodermal explant culture

Whole embryonic lungs were dissected at gestational stage E11.5. In each Grobstein Falcon 

dish, two to three lungs were placed on filters (Millipore, Bedford, MA) that were placed on 

top of a stainless steel grid. The filters were in close contact with BGJb (GIBCO, Carlsbad, 

CA) growth medium supplemented with penicillin (100U/ml) and streptomycin (100μg/ml), 

with 20μM MEK inhibitor U0126 (Promega, Madison, WI) or same amount of DMSO as 
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control. Heparin beads (Sigma) were incubated with FGF10 (10μl of a 50ng/μl solution; 

R&D Systems, MN) at 37°C for 2hr, grafted onto lung explants and cultured for 48 hr. The 

lungs were incubated under optimal humidity in 95% air/5% CO2. At indicated times, the 

lung explants were either homogenized in Trizol (GIBCO) for RNA isolation or fixed in 4% 

Paraformaldehyde (PFA).

For mesenchyme-free endodremal lung explant culture, distal lung tips were isolated as 

previously described (10). Briefly, lungs from mutant or control embryos were dissected at 

E13.5 and treated with Dispase (50U/ml, BD Biosciences, Franklin Lakes, NJ) at 4°C for 20 

min. Epithelial buds of distal lung tips were then isolated by removing mesenchyme with 

tungsten needles and embedded into growth factor-reduced Matrigel (Fisher Scientific, 

Fremont, CA), diluted 1:1 in culture medium (50% DMEM: 50% Ham’s F12, 0.05U/ml 

penicillin, 0.05mg/ml streptomycin). After polymerization of the Matrigel at 37°C, explants 

were covered with culture medium with FGF10 and cultured at 37°C at 5% CO2 for various 

lengths of time as indicated. FGF10-saturated beads were prepared with acrylic beads with 

immobilized heparin (Sigma). Beads were rinsed with PBS three times, manually selected 

under dissection microscope and then soaked in 50ng/μl recombinant human FGF10 at 37°C 

for 1hr. The beads were then washed in DMEM medium for 1hr at 37°C before use (11). 

MEK inhibitor U0126 was purchased from Promega.

Migration assay

Mesenchyme-free explants were treated with 0.25% trypsin/EDTA and DNase I(1:1) at 

37°C for 15min. E18.5 lung epithelial cells were isolated according to Corti et al. (12). The 

lungs were carefully chopped into pieces and treated with dispase at 37°C for 15min. 

DMEM was added to terminate the reaction. The cell suspension was filtered through 

100μm, 40μm and 20μm filters. Then the epithelial cells were plated on culture dish (BD 

Bioscience) and culture in DMEM and 10% FBS at 37°C. Cell monolayers were wounded 

with a plastic tip. Cell migration was followed for 6hr at 37°C and photographed.

Proliferation assay

Subsequent to culturing, endodermal explants were treated with bromodeoxyuridine (BrdU) 

reagent at 1μl per 400μl medium for 3hr. The explants were fixed, dehydrated and paraffin 

embedded. The sections were then re-hydrated and labeled by BrdU staining kit (Invitrogen, 

Carlsdad, CA) and Hematoxylin/Eosin staining. The sections were then photographed. The 

BrdU positive cells as well as the total number of cells (Hematoxylin/Eosin positive cells) in 

the explants per section were counted manually using photomicrograph of tissue taken at 

40X on a Zeiss Microscope. The percent of labeled cells was calculated.

Cell death analysis

The cultured endodermal explants were fixed, dehydrated and embedded in paraffin and 

5μm sections were prepared. The “In Situ Cell Death Detection Kit, Fluoresein” kit (Roche 

Allied Science, Indianapolis, IN) was used for detection and quantification of cell apoptosis 

at single cell level, based on labeling of DNA strand breaks (TUNEL technology). The sizes 

of labeled areas and whole sections were calculated for the percentage of cell death. 5 

sections from each treatment were analyzed.
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Immunohistochemistry

5μm tissue sections were prepared. Subsequent to deparaffinization, the sections were 

hydrated, heated in 10mM citrate buffer (pH6.0) and treated with 10% H2O2 in methanol for 

20min and blocked with 10% of nonimmune serum. Sections were then incubated with 

primary antibodies at 4°C overnight. Biotinylated secondary antibody and streptavidin-

peroxidase conjugate (Vector Laboratories, Inc.) were used to detect the bound antibodies. 

The sections were developed with diaminobenzidine. GFP and Ki67 primary antibody was 

purchased from Thermo Scientific.

RNA extraction and Real-time PCR

Total RNA was isolated from lungs or endodermal explants using Trizol (GIBCO). The 

cDNA was synthesized from 1μg total RNA by following the protocol of the SuperScript™ 

First-Strand Synthesis Kit (Invitrogen). Real-time PCR was performed by a LightCycler 

System (Roche). Primer sets for following genes were used for Real-time PCR: Cdc42: 5′-

TGCTCTGCCCTCACACAG-3′ and 5′-GGCTCTTCTTCGGTTCTGG-3′; Rac1: 5′-

AGATGCAGGCCATCAATGT-3′ and 5′-GAGCAGGCAGGTTTTACCAA-3′; RhoA: 5′-

GAATGACGAGCACACGAGAC-3′ and 5′-TCCTGTTTGCCATATCTCTGC-3′.

Western Blot Analysis

Cells or lung tissues were harvested and frozen in liquid nitrogen. Protein extracts were 

prepared in RIPA buffer (Sigma, St. Louis, MO) by homogenization, and equal amounts of 

protein were separated on 4–12% NuPAGE gels (Invitrogen, Carlsbad, CA). Proteins were 

transferred onto Immobilon-P transfer membranes (Millipore Corp. Billerica, MA) and 

analyzed by western blotting using antibodies recognizing the following proteins: ERK−P, 

ERK, AKT−P, Pten and PI3 Kinase p110 (Cell Signaling Technology, Danvers, MA), and α-

tubulin (BioGenex, San Ramon, CA).

RESULTS

Epithelial-specific deletion of Pten in the murine lung

To determine the potential role of epithelial Pten signaling in lung morphogenesis, we used 

a Gata5-Cre mouse line (9) to generate Pten deletion in the lung epithelium (Figure 1, Panel 

A). The pattern, efficiency and cell type specificity of the Gata5-Cre mouse line in 

mediating LoxP-dependent DNA excision in the lung was determined by crossing with 

mT/mG reporter mice (Figure 1, Panel B). mT/mG mice possess LoxP sites on either side of 

a membrane-targeted tdTomato (mT) cassette and express strong red fluorescence in all 

tissues and cell types. When bred to Cre recombinase expressing mice, the resulting 

offspring have the mT cassette deleted in the Cre expressing tissue(s), allowing expression 

of the membrane-targeted EGFP (mG) cassette located just downstream. In E13.5 Gata5-

Cre; mT/mG double transgenic embryos, EGFP activity was found to be uniform and limited 

to the endodermally derived lung epithelium (Figure 1, Panel B, a&b). Immuno-

histochemistry (IHC) with an anti-GFP antibody showed similar epithelial cell type 

specificity (Figure 1, Panel B, c&d). To test the efficiency of Pten deletion in PtenΔ/Δ lung, 

we measured the mRNA level of Pten by real-time PCR and expression of Pten by IHC in 
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E18.5 lung. The results showed that the ablation of Pten caused significant decrease of Pten 

(Supplemental Figure 2).

Inactivation of Pten in mice, referred to simply as PtenΔ/Δ, caused abnormal branching of 

the endoderm in the lung of E12.5 embryos (Figure 1, Panel C, e–h). Compared with the 

controls, the PtenΔ/Δ lungs were consistently smaller in overall size and contained fewer 

branches (Figure 1, Panel C, e&g). However, as development proceeds there appeared to be 

compensation for these early defects. By E18.5 the lungs were indistinguishable from the 

control (Figure 1, Panel C, f&h). And, the newborn PtenΔ/Δ mice did not appear to have 

difficulty breathing (data not shown).

Pten is required for cell migration in early lung

To analyze the impact of Pten on endodermal branching, we examined the response of lung 

mesenchyme-free endoderm to FGF10. Mesenchyme-free nascent endodermal tissue can be 

isolated from mouse embryonic lungs of E12.5 gestation and explanted in Matrigel for 

various studies (8). Culturing of endodermal explants requires the presence of FGF10, which 

is necessary and sufficient to direct branching morphogenesis (10). In the following studies, 

all control and PtenΔ/Δ explant culture contained 400ng/ml of FGF10 ligand for survival and 

induction of branching morphogenesis as described previously (8). Figure 2 shows the 

results of these studies at times 0 and 48 hours. As expected, FGF10 had a robust impact on 

induction of branching morphogenesis in E12.5 control lung endoderm (Figure 2, Panel A, 

a&c). Without exception, inactivation of Pten in PtenΔ/Δ explants strongly inhibited FGF10-

induced branching (Figure 2, Panel A, b&d).

Lung branching morphogenesis requires cell proliferation and migration. To examine 

whether inhibition of FGF10-induced endodermal branching morphogenesis observed in 

PtenΔ/Δ explants is accompanied by changes in cellular proliferation, we used the BrdU 

labeling approach. The ratio of BrdU positive cells as a fraction of total cells was 

determined by manual counting of multiple samples. The analysis showed no significant 

differences in cellular proliferation between control and PtenΔ/Δ explants (Figure 2, Panel 

B).

To address whether inactivation of Pten affected cell migration, we cultured the endodermal 

explants with directional FGF10 signaling. The control and PtenΔ/Δ explants were placed 

215μm to 260μm away from FGF10-saturated beads. Control explants showed clear 

chemotaxis in the direction of the FGF10 beads as early as approximately 10 hours of 

culturing. Within the same distance from FGF10 signaling source, the PtenΔ/Δ explants 

showed no evidence of chemotaxis (Figure 2. Panel C). We also isolated and cultured the 

epithelial cells from mesenchyme-free explants. The monolayer of epithelial cells from 

control or PtenΔ/Δ explants was injured by a pipette tip, and cell migration to close the 

wound was analyzed. After 6 hours, cells from control explants had undergone a 63% 

wound closure. In contrast, cells from PtenΔ/Δ explants showed a mere 36% wound closure 

(Figure 2. Panel D&E). This observation indicated that Pten is required for cell migration. 

Rho family GTPases, particularly RhoA, Rac1 and Cdc42, are key regulators of cell 

polarization and directional migration (14). Recent data proposed that RhoA functions as an 

initiator of membrane protrusion by promoting actin polymerization, whereas Rac1 and 

Xing et al. Page 6

Dev Biol. Author manuscript; available in PMC 2016 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Cdc42 might actually facilitate protrusion by regulating cell adhesion (15). Consistent with 

our earlier result, quantitative PCR analysis showed significantly decreased expression of 

RhoA, Rac1 and Cdc42 in E12.5 PtenΔ/Δ lung, when compared to controls (Figure 2, Panel 

F).

To compare with the early stages of lung development, we also analyzed migration of cell 

extracted from E18.5 lungs. No differences were observed in isolated epithelial cell 

monolayers from control or PtenΔ/Δ lungs. Both exhibited 52–53% wound closer within a 12 

hour period, suggesting similar abilities in cell migration between the control and the 

PtenΔ/Δ lung cells (Figure 2, Panel G&H). Also, in contrast to E12.5 lungs, the expression of 

RhoA, Rac1 and Cdc42 was increased in E18.5 PtenΔ/Δ lungs as compared to that of control 

lungs (Figure 2, Panel I).

Pten deletion in endoderm affects ERK and AKT phosphorylation

Both ERK and AKT pathways have been reported to be regulated by Pten (9, 16). Activation 

of ERK kinase 1/2 positively regulated airway epithelial cell migration in vitro (17). AKT is 

also well known as an important regulator of cell survival, growth and cell migration in 

various organs (18). To determine the mechanisms of Pten-regulated endodermal 

morphogenesis, we analyzed the levels of activated (phospho) ERK and AKT in developing 

lungs. By western-blot analysis, we found that activation (phosphorylation) of ERK and 

AKT was reduced in PtenΔ/Δ lung during the window (E12.5) in which defects in branching 

were observed (Figure 3, Panel A; Figure 1, Panel C). The reductions of phospho-ERK and 

phospho-AKT levels were also confirmed in PtenΔ/Δ lung explants (Figure 3, Panel B). 

Importantly, phospho-ERK and phospho-AKT levels were increased in E18.5 PtenΔ/Δ lungs 

compared to controls (Figure 3, Panel A).

The role of phospho-ERK in branching morphogenesis

As decrease of phospho-ERK and phospho-AKT in the mutant lungs occurred only during 

the early stage when branching morphogenesis was affected, we hypothesized that this 

reduction in E12.5 lungs may be responsible for the defect in branching morphogenesis 

(Figure 1, g). To test this hypothesis we generated mice with over-expression of a dominant 

negative MEK1 (dnMEK1) via deletion of a stop cassette through the activity of Gata5-Cre 

(Figure 4, Panel A). By western-blot analysis, we confirmed that the level of phospho-ERK 

was significantly reduced in mutant lungs (Figure 4, Panel B). On day E12.5, the MEKDN/+; 

Gata5-Cre lungs were much smaller and showed less branching (Figure 4, Panel C). 

However, the airway epithelium in the mutant lungs appeared multilayered compared to 

controls. To examine whether reduced ERK activation affected cell proliferation or cell 

death, anti-Ki67 and TUNEL staining were employed. Interestingly, there was no significant 

difference found between mutant and control lungs (Supplemental Figure 1). By quantitative 

PCR analysis, RhoA, Rac1 and Cdc42 were significantly decreased in E12.5 MEKDN/+; 

Gata5-Cre lung as compared to control lungs (Figure 4, Panel D). These data suggested that 

the observed branching morphogenesis defects in MEKDN/+; Gata5-Cre lungs might be 

caused by reduced cell migration, without discernible or measurable changes in cell 

proliferation or apoptosis. Consistent with the in vivo data, the mesenchyme-free 

endodermal explants from MEKDN/+; Gata5-Cre lung exhibited significant reduction in 
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branching morphogenesis after 48 hours of FGF10 treatment in vitro (Figure 5, Panel A). In 

addition, BrdU analysis, revealed no differences in the ratios of BrdU positive cells to total 

cell counts between mutant and control explants (Figure 5, Panel B). To further analyze the 

impact of phospho-ERK on lung morphogenesis, we used embryonic whole lung explants. 

E11.5 embryonic mouse lungs were excised from mouse embryos and cultured in a serum-

free medium (8) in presence or absence of 4ng/ml MEK inhibitor. The result showed MEK 

inhibitor had a profound inhibitory impact on branching morphogenesis (Figure 5, Panel C, 

c vs d) and blocked ERK phosphorylation (Figure 5, Panel D).

To determine whether phospho-ERK mediates embryonic lung branching morphogenesis via 

regulating cell migration, we conducted the following two experiments. First, in 

mesenchyme-free endoderm culture experiments, both mutant and control endoderm 

explants were treated with directional FGF10 signaling as described earlier. As expected, the 

control explants showed chemotaxis in the direction of FGF10 within 18 hrs of treatment. In 

contrast, chemotaxis was blocked in mutant explants (Figure 6, Panel A). Secondly, 

monolayers of isolated epithelial cells from mesenchyme-free explants were wounded to test 

cell migration. After 12 hours, cells from control explants had undergone a 66% wound 

closure. In contrast, cells from MEK inhibitor treated cells showed only a mere 20% wound 

closure (Figure 6. Panel B&C).

The role of phospho-AKT in branching morphogenesis

We also generated R26StopFL-Pik3ca; Gata5-Cre (referred to here as P110fl/fl; Gata5-Cre) 

mice to over-express P110. P110 is a constitutively active form of the mouse catalytic 

P110α subunit of PI3K (19). Interestingly, phosphorylation of AKT was completely blocked 

in P110fl/fl; Gata5-Cre lungs (Figure 7. Panel A&B). This made the P110fl/fl; Gata5-Cre a 

perfect model to examine the impact of phospho-AKT on branching morphogenesis. 

Compared with the controls, Phospho-AKT-deficient P110fl/fl; Gata5-cre mice appeared 

normal in overall size and airway branching at E12.5 (Figure 7. Panel C). In mesenchyme-

free explants culture, the mutant explants displayed normal branching morphogenesis 

(Figure 7. Panel D). Both mutant and control explants showed clear chemotaxis in the 

direction of FGF10 beads (Figure 7. Panel E). By real-time PCR analysis, there was no 

significant change detected in the expression of RhoA, Rac1 and Cdc42 between P110fl/fl; 

Gata5-Cre lungs and controls (Figure 7, Panel F).

Discussion

The purpose of the current study was to determine the precise role of endodermal-specific 

Pten in early lung branching morphogenesis. Endodermal deletion of Pten disrupted 

branching morphogenesis during early stage of lung development (between E11.5 and 

E13.5). Both in vivo, ex vivo, and cell culture experiments demonstrated that the inhibition 

of branching by Pten deletion is due to inhibition of cell migration, without measurable 

changes in cell proliferation. Since inhibition of branching morphogenesis was concomitant 

with changes in expression of phosphor-ERK and AKT, we therefore examined the roles of 

the latter molecules in embryonic lung branching and in airway epithelial cell migration. 

Examination of conditional deletion of phospho-ERK and AKT found that only phospho-
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ERK is required for cell migration and branching morphogenesis, but not phospho-AKT 

(Figure 8).

In this study, our first aim was to determine whether Pten loss-of-function in epithelial cell 

impacts lung morphogenesis during development. Loss-of-function of Pten has been found 

in a wide range of human tumors (20). Various mouse models were generated to study the 

crucial role of Pten as tumor suppressor. Pten knock-out mice die early in development, but 

the cellular and developmental bases of lethality have not been defined. In recent years, 

several mouse models of epithelial-specific inactivation of Pten were made to study the roles 

of Pten during lung development. Surprisingly, the results from different research groups 

drove to different conclusions. By using SPC-rtTA/(tetO)7-Cre/Ptenfl/fl mice model, Yanagi 

showed that Pten was essential for normal lung morphgenesis (1), but the phenotype 

observed in E18 lung by Yanagi did not seem to occur in Dave’s mice (21). Comparing with 

their model, in our case, Gata5-Cre targets lung epithelial progenitors much early than SPC-

rtTA/(tetO)7-Cre. This allows us to see changes in early stage of lung development. In this 

paper, by generating Ptenfl/fl; Gata5-Cre mice, we found that Pten is required for early lung 

branching morphogenesis by inhibiting cell migration. Interestingly, this affection was time-

dependent and rescued in later embryonic stage. Prior to the current study, the roles of Pten 

in regulating cell migration were very different depending on the experimental materials 

used. Several reports showed that loss of Pten in developing tissues, such as neutrophils and 

B cells (22, 23), disrupted cell migration and the ability to respond to chemoattractants. 

However, the studies from human cancer cell lines showed opposite results (24, 25), the 

cells lacking Pten migrated faster. Together with our data, it suggests that the function of 

Pten in cell migration is dependent on the cellular context. During lung development, E12.5 

and E18.5 represent two distinct developmental stages, the pseudoglandular and saccular 

stages, respectively. At E12.5, lung epithelial cells remain as progenitors, while at E18.5 

lung epithelial cells have differentiated into multiple cell types which have distinct gene 

expression profiles. These intrinsic differences may underlie the stage dependent role of 

Pten in cell migration. Previous studies showed that mechanisms by the C2 domain of Pten 

and the autodephosphorylation of Pten mediate cell migration. These two mechanisms are 

both involved in phosphatase activity which can alter cell migration (24). In our case, 

whether the two mechanisms caused the differences between E12.5 and E18.5 Pten null 

epithelial cells is unknown.

Our second aim was to investigate which downstream target(s) of Pten in pulmonary 

epithelium was responsible for the Pten-regulated cell migration. By western blot analyses, 

we found deletion of PTEN results in decreased levels of phospho-ERK (Figure 3) in airway 

epithelial cells during early stage of lung development. Previous studies have demonstrated 

that the MEK/ERK cascade mediates FGF signaling (26), which functions as the major 

chemoatractants on the branching epithelium (27). These data collectively suggest a central 

role of MEK/ERK pathway in epithelial cell migration. We therefore generated the 

MEKDM/+; Gata5-Cre mice to conditionally inactivate the MEK/ERK pathway in 

embryonic lung epithelial cells. Examination of lung morphogenesis and epithelial cell 

migration in phospho-ERK mutant lungs revealed a marked reduction in number of 

branching and speed of cell movement. This study, for the first time, directly demonstrated 
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the critical roles of MEK/ERK pathway in lung branching morphogenesis and in lung 

epithelial cell migration. In the PTEN mutant lung, deletion of PTEN decreases levels of 

phospho-ERK which is essential for mediating the chemotactic effectors of FGF10 on the 

branching epithelium.

To date, it is still poorly understood how the ERK signaling pathway is involved in cell 

migration. In current study, we found that the decreased phospho-ERK level lead to 

reduction of Cdc42, Rac1 and RhoA in early lung embryonic epithelial cells. But the 

regulations or collaborations between MEK/ERK pathway and Rho family GTPases are still 

not clear. Previous published data in human skin fibroblasts showed that Cdc42 

downregulates MMP-1 expression by inhibiting the ERK pathway (28). In transformed cells, 

ERK kinase selectively uncouples RhoA from one of its effecter pathways (29). Other recent 

study also indicated that the architecture of the Rho kinase–ERK network allows bi-

directional flow of information in its default state to regulate neuronal differentiation (30). 

In our case, it needs further investigation to discover whether ERK regulated Rho family 

GTPases expression is direct interaction.

The ERK activity is stimulated by a wide variety of growth factors and mitogens (31). In 

PtenΔ/Δ lungs, levels of phospho-ERK is decreased in early stage but increased in late stages 

of lung development. The stage dependent ERK activity in Pten deficient lungs might be 

caused by interactions of Pten with other pathways that also regulate ERK cascade. For 

example, our previous results showed that TGFß/ALK5 signaling controls ERK 

phosphorylation, and this is negatively regulated by PTEN in E18.5 lung epithelial (9). 

Therefore, the balance between Pten and TGFß/ALK5 signaling (and other ERK regulators 

such as FGF10) may modify the overall ERK activity at different developmental stages. An 

activity profile of all the ERK regulators at each embryonic stage may provide a more detail 

explanation on the stage dependent ERK activity in PtenΔ/Δ lungs. Nevertheless, current 

study demonstrated that ERK activity is critical for epithelial cell migration during 

embryonic lung development.

To investigate whether the level of phospho-AKT affects lung morphogenesis and epithelial 

cell migration, we generated P110fl/fl; Gata5-Cre mouse, which constitutively active p110α. 

Western-blot result showed that the level of phospho-AKT in mutant lung is significantly 

reduced (Figure 7, Panel B). By in vivo and in vitro examination, the reduction of phospho-

AKT level does not affect early airway branching and the speed of epithelial cell movement. 

This result suggests that, contrary to the prevailing concept, Pten-regulated cell migration is 

mediated by PI3K/AKT-independent pathway in embryonic lung epithelial cells. Previous 

studies found that many of Pten’s cellular processes are through PI3K signaling. PI3Ks are 

classified into three groups (class I, II and III) based on structure and substrate specificity 

(32). Class IA PI3Ks transduce signals encoding its catalytic subunit p110α, which is the 

only PI3K gene identified with common mutations in human cancer (32). Activated PI3Ks 

catalyze the formation of PIP3 from PIP2, and PTEN directly opposes the activity of PI3Ks 

by dephosphorylating PIP3 into PIP2. AKT is a centrally important downstream effector of 

PIP3. We have showed that the expression of p110 was largely increased in mutant lung. 

Surprisingly, the level of phospho-AKT in mutant lung was significantly reduced. As 

suggested by a review from Chalhoub (33), the PI3K signaling pathway is more complex in 
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mammals due to the evolution of multiple family members for some effectors in the 

pathway and also the diversity of growth factors that transmit their signals through PI3K in 

context-dependent fashions. It is possible that the AKT phosphorylation is directly blocked 

by other factors from cross-talk pathways in mutant lung, although increased p110 may 

cause higher level of PIP3. It still needs further investigation to discover whether this 

potential signaling transition is selectively expressed in lung epithelial cells. Nevertheless, 

epithelial specific reduction of phospho-AKT in P110fl/fl; Gata5-Cre lungs does not appear 

to disrupt early lung morphogenesis. A recent study by Carter et al (34) showed that airway 

branching is increased in lung explants, in which AKT activity is globally blocked by 

pharmacological inhibitor. These indicate that the AKT activity in the mesenchymal 

compartment may also contribute to regulating airway branching. The mesenchymal 

compartment is the major source of chemotatic factors for airway branching.

A wealth of knowledge regarding Pten regulated cell migration has come from both 

development and cancer. Pten deletion in the developing nervous system shows the failure 

of neurons to complete migration (35). Whereas overexpression of Pten can inhibit glioma 

cell migration (24). Thus, both Pten loss and gain of function can inhibit migration in 

different setting. It was generally thought that Pten-regulated cell migration was through 

PI3K pathway. Interestingly, strong evidence now indicates that the principal mechanism by 

which Pten expression inhibits cell migration is PI3K-independent, and mediated through 

C2 domain of Pten (24). In present study, we have found Pten regulated lung epithelial cell 

migration is PI3K-pathway independent. Since, this effect is corrected in later stage; it is 

unlikely that the blocking of cell migration in early branching morphogenesis is mediated 

through C2 domain of Pten.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

➢ Pten controls early stage branching morphogenesis by regulating epithelial 

cell migration, but not proliferation.

➢ This function is mediated via phosphorylation of ERK, which is also 

essential for embryonic lung epithelial cell migration.

➢ Reduction of phosphorylation of AKT in epithelial cell does not affect 

branching morphogenesis and cell migration.
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Figure 1. Generation of PtenΔ/Δ; Gata5-cre mice
Panel A: PtenΔ/Δ; Gata5-Cre was generated by crossing Ptenfl/fl with Gata5-Cre mice. 

Panel B: Gata5-Cre-mediated recombination in E12.5 lung was analyzed by GFP labeling 

in Gata5-Cre; mT/mG lung (a&b). Anti-GFP antibody showed specific staining in epithelial 

cells (c&d). On E12.5, PtenΔ/Δ; Gata5-Cre lung appeared smaller in size and less branching 

(Panel C). On E18.5, there was no difference in branching morphogenesis between mutant 

and control lung (Panel C, f&h).
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Figure 2. Deletion of Pten affects endodermal morphogenesis by inhibiting cell migration
Isolated endodermal explants from E12.5 mouse embryos were cultured in presence of 

FGF10. In PtenΔ/Δ explant, FGF10-induced branching morphogenesis is blocked (Panel A). 

No significant difference was observed in the ratio of BrdU positive cells (in total cells) 

between the control and PtenΔ/Δ explants. P=0.84 (Panel B). Endodermal explants from 

both PtenΔ/Δ and control lungs are treated with FGF10-soaked beads. The control explants 

move towards FGF10 source after 10 hrs. In opposite, PtenΔ/Δ explants show no sign of 

movement (Panel C). Cells isolated from endodermal explants were cultured and scratched 
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to create a wound. The migration of the cells was photography at 0 hr and 6 hr after 

wounding (Panel D). The percentage of wound healing was calculated from the mean of 20 

wound widths per condition with SD measured at 6 hr (Panel E). By real-time PCR 

analysis, the expression of RhoA, Rac1 and Cdc42 is reduced largely in E12.5 PtenΔ/Δ lungs 

(Panel F). In contrast, the epithelium cells from E18.5 PtenΔ/Δ lung showed no difference in 

cell migration vs control (Panel G&H). The expression pattern of RhoA, Rac1 and Cdc42 

in E18.5 PtenΔ/Δ lung is opposite from E12.5 (Panel I).
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Figure 3. The expression patterns of phospho-ERK and phospho-AKT in PtenΔ/Δ lungs
Panel A: Comparing with control lungs, the level of ERK and AKT phosphorylations is 

reduced in E12.5 PtenΔ/Δ lungs but it is increased in E18.5 PtenΔ/Δ lungs. Panel B: In 

consistent with in vivo data, the level of ERK and AKT phosphorylation is reduced in 

PtenΔ/Δ endodermal explants.
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Figure 4. Generation of MEKDN/+; Gata5-cre mice
MEKDN/+; Gata5-Cre mice were generated by crossing MEKDN/+ mice with Gata5-Cre 

mice (Panel A). By western blot analysis, the level of ERK phosphorylation was 

dramatically reduced in MEKDN/+; Gata5-Cre mice (Panel B). Panel C: On day E12.5, 

MEKDN/+; Gata5-Cre lungs appeared smaller in overall size and less branching, although 

the thickness of epithelial airway appears different. Panel D: By real-time PCR analysis, the 

expression of RhoA, Rac1 and Cdc42 is reduced largely in E12.5 PtenΔ/Δ lungs.
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Figure 5. Reduction of ERK phosphorylation blocks branching morphogenesis
Panel A: Endodermal explants from E12.5 control and MEKDN/+; Gata5-Cre lungs are 

cultured in presence of FGF10. After 48 hr, the control explants undergo robust 

morphogenesis (a&c). Whereas MEKDN/+; Gata5-Cre explants shows reduction of 

branching (b&d). Panel B: By BrdU analysis, the ratio of proliferating cells in total cells 

shows no difference between control and MEKDN/+; Gata5-Cre explants, P=0.31. Panel C: 
Lungs from E12.5 mice are cultured and treated with MEK inhibitor vs DMSO as control. 

After 48 hr, the control lung undergoes branching morphogenesis (a&c). Whereas MEK 

inhibitor-treated lung shows significant reduction in branching (b&d). Panel D: Western-

blot result shows that MEK inhibitor can fully block ERK phosphorylation in treated lung.
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Figure 6. Deletion of ERK phosphorylation reduces cell migration
Panel A: Endodermal explants from both control and MEKDN/+; Gata5-Cre lungs were 

treated with FGF10-soaked beads. The control explants move towards FGF10 source after 8 

hr culture. In opposite, MEKDN/+; Gata5-Cre explants show no sign of movement. Panel B: 
Epithelial cells from E12.5 lungs were cultured and wounded. After 12 hour, the control 

cells show 66% wound healing, where as MEK inhibitor treated cells show 20% (Panel C).
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Figure 7. Reduction of AKT phosphorylation does not affect lung morphogenesis and cell 
migration
Panel A: Generation of P110fl/fl; Gata5-cre mice. Panel B: Western-blot result shows that 

phospho-AKT is significantly reduced in P110fl/fl; Gata5-Cre lung. Panel C: On day E12.5, 

P110fl/fl; Gata5-Cre lung shows no defects in overall size and branching morphogenesis. 

Panel D: In mesenchyme-free explants culture, P110fl/fl; Gata5-Cre explants undergo 

budding as control explants after treated with FGF10. Both mutant and control explants 

show clear chemotaxis in the direction of the FGF10 beads (Panel E). Panel F: Comparing 
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with control lungs, the lungs from E12.5 P110fl/fl; Gata5-Cre show no difference in RhoA, 

Rac1 and Cdc42 expressions.
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Figure 8. A simplified model illustrating Pten signaling in early lung branching morphogenesis
In E12.5 lung, Pten positively regulates ERK and AKT phosphorylation. The Pten-ERK 

pathway controls airway branching via regulation of epithelial cell migration, without 

measurable alterations in cell proliferation. The Pten-AKT pathway does not appear to affect 

epithelial cell migration.
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