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ABSTRACT 

Severe oligohydramnios (OH) due to prolonged loss of amniotic fluid can cause pulmonary 

hypoplasia. Animal model of pulmonary hypoplasia induced by amniotic fluid drainage is partly 

attributed to changes in mechanical compression of the lung. Although numerous studies on OH-

model have demonstrated changes in several individual proteins, however the underlying 

mechanisms for interrupting normal lung development in response to decrease of amniotic fluid 

volume is not fully understood. In this study, we used a proteomic approach to explore differences 

in the expression of a wide-range of proteins after induction of OH in a mouse model of pulmonary 

hypoplasia to find out the signaling/molecular pathways involve in fetal lung development. Liquid 

Chromatography-MassSpectromery/MassSpectrometry (LC-MS/MS) analysis found 474 proteins 

that were differentially expressed in OH induced hypoplastic lungs in comparison to untouched 

(UnT) control. Among these proteins, we confirmed the downregulation of AKT1, SP-D and 

CD200, and provided proof-of-concept for the first time about the potential role that these proteins 

could play in fetal lung development.  

 Keywords: Lung, mouse model, oligohydramnios, AKT1, SP-D 
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INTRODUCTION 

 

Mechanical forces are critical for fetal lung development 1. The fetus secretes fluid into the lumen 

of the lung creating a constant transpulmonary pressure that is critical for normal lung development 

2. Tracheal ligation in fetal sheep increased lung distension and promoted lung development; 

whereas the opposite effect was observed when tracheal lung fluid was drained 3. These studies 

clearly suggest that mechanical forces secondary to fluid distention are a major determinant for 

fetal lung growth. 

Underdevelopment of the lung, or pulmonary hypoplasia, is a common finding in neonatal 

autopsies (around 22%) 4.  Oligohydramnios (OH), congenital diaphragmatic hernia and renal 

agenesis are major causes of pulmonary hypoplasia and neonatal mortality and morbidity. OH is a 

state in which the volume of amniotic fluid surrounding the fetus in utero is substantially 

decreased. The sources of amniotic fluid are maternal plasma, fetal membrane, and fetal urine, 

when fetal kidneys start to function. In humans, rupture of the fetal membrane can cause OH 5. In 

an experimental model, we and others have shown the induction of pulmonary hypoplasia by 

amniotic fluid drainage in the canalicular stages of lung development 6-8. The likely mechanism is 

a reduction in the distention of the lung secondary to a decrease of the volume of fluid in the 

potential airways and air spaces 9-11. However, the molecular mechanisms by which a decrease of 

lung distention compromises lung development are not well understood. 

Prior studies have demonstrated that several factors are involved in lung development. For 

example, in a rat model of OH induced at the pseudoglandular stage of lung development, the 

crucial role of platelet-derived growth factor (PDGF) and its receptors for alveolarization during 

normal lung development was demonstrated 12. Altered extracellular matrix caused by OH might 
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correspond to altered respiratory function of the offspring 13.  Indeed, in hypoplastic human fetal 

lungs, the absence of elastic tissue is associated with maternal OH 14. Furthermore, OH induced at 

the pseudoglandular stage of lung development in rat showed decreased expression of collagen I 

15. All together, these studies indicate an important role of extracellular matrix in lung development 

mediated by mechanical signals. 

Vascular endothelial growth factor (VEGF) plays an important role in endothelial cell 

differentiation and angiogenesis. However, in a fetal rat model of OH, angiogenesis was 

compromised without affecting the expression of VEGF 13. These studies suggest that, in addition 

to VEGF, other angiogenic factors may be involved in regulating fetal lung angiogenesis. These 

studies also emphasize the complexity of fetal lung angiogenesis.   

In order to better understand the differentially expressed proteins in a mouse pulmonary hypoplasia 

model, we used a proteomic approach as a system-based screening method. The present 

investigations are a continuation of our previous studies 6   with the long-term goal of elucidating 

the underlying mechanism of lung development mediated by mechanical forces.  

This study provides a wealth of information to investigate the underlying cellular and molecular 

mechanism of the development of the lung associated with mechanical force.  
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MATERIAL AND METHODS 

 

Animal Experiment to induce Oligohydramnios (OH) 

Surgical procedures used in this study were approved by the Lifespan Institutional Animal Care 

and Use Committee (IACUC) of Rhode Island. We followed the procedure to induce pulmonary 

hypoplasia on mice by OH as previously described 6. Frozen lungs were submitted to COBRE 

Center for Cancer Research Development Proteomics Core Facility of Rhode Island Hospital, 

Providence, RI to use for the proteomics analysis. Detailed methods of OH induction in animal 

experiment is provided in supplementary file 1. 

LC-MS/MS  

The LC-MS/MS analysis was performed on a fully automated proteomic technology platform that 

includes an Agilent 1200 Series Quaternary HPLC system (Agilent Technologies, Santa Clara, 

CA) connected to a Q Exactive Plus mass spectrometer (Thermo Fisher Scientific, Waltham, MA).  

The LC-MS/MS set up was used as described earlier 16. The MS/MS spectra were acquired at a 

resolution of 17,500, with a targeted value of 2×106 ions or maximum integration time of 200 ms. 

The ion selection abundance threshold was set at 8.0×102 with charge state exclusion of unassigned 

and z =1, or 6-8 ions and dynamic exclusion time of 30 seconds.  

Database search and label-free quantitative analysis  

 

Peptide spectrum matching of LC-MS/MS spectra of each file was searched against the Uniport 

Mus musculus database (TaxonID: 10090, downloaded on 02/09/2015) using the SEQUEST 

algorithm within Proteome Discoverer v 2.3 software (Thermo Fisher Scientific, San Jose, CA). 

The SEQUEST database search was performed with the following parameters: trypsin enzyme 

cleavage specificity, 2 possible missed cleavages, 10 ppm mass tolerance for precursor ions, 0.02 

Da mass tolerance for fragment ions. Search parameters permitted dynamic modification of 
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methionine oxidation (+15.9949 Da) and static modification of carbamidomethylation (+57.0215 

Da) on cysteine. Peptide assignment from the database search was filtered down to a 1% FDR. 

The relative label-free quantitative and comparative among the samples were performed using the 

Minora algorithm and the adjoining bioinformatics tools of the Proteome Discoverer 2.3 software. 

To select proteins that show a statistically significant change in abundance between two groups, a 

threshold of 1.5-fold change with p-value (0.05) were selected. Proteomics data is submitted in 

public repository (MassIVE MSV 000086641). 

 

Bioinformatics analysis 

The proteomic dataset was further analyzed by the adjoining tools of the Proteome Discoverer v2.3  

software. The gene enrichment analysis including KEGG and WiKi pathway analysis of the 

significantly abundant proteins was conducted with an open source bioinformatics platform named 

ShinyGO (http://bioinformatics.sdstate.edu/go/). STRING, an open source protein-protein 

interaction network was used to develop our protein of interest network.   

Statistics analysis 

Student t-test or Mann Whitney test (GraphPad prism software, Version 5.04) were used for 

statistical analyses to identify differences between control and OH tissues. P ≤ 0.05 was considered 

statistically significant 

Further details of the methodology are described in the supplementary materials. 
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RESULTS 

1.  Model of pulmonary hypoplasia  

To confirm the presence of pulmonary hypoplasia in OH lungs, morphometric analysis was 

performed on H&E stained histological sections. Our results confirmed our previous findings 6, 

and clearly showed a significant reduction in lung space size as measured by area and perimeter 

(Figure 1 A, B and C).  

We also tested the reproducibility of the expression of T1 alpha and SP-C (alveolar epithelial cell 

type I (AEC1) and type II (AEC2) markers respectively), and EMCN (endomucin, endothelial cell 

marker) proteins in OH lung, as a justification of using the mouse model (Figure 1D). A 

representative immunoblot shows that the expression of T1 alpha, and EMCN decreased in OH 

lung when compared to untouched controls (UnT) whereas the abundance of SP-C protein did not 

change. These studies validate the pulmonary hypoplasia mouse model, as we have previously 

reported 6. Tissues from these lungs were used to carry out the proteomic analysis in this study.  

2. Identification of differentially expressed proteins in oligohydramnios induced pulmonary 

hypoplasia  

A comparative label-free relative quantitative proteomic analysis was performed between UnT and 

OH lungs. Three biological replicates were used in each group of samples. A total of 23587 unique 

peptides corresponding to 3385 unique proteins were identified by LC-MS/MS analysis. Principal 

component analysis (PCA) demonstrated comparatively close clustering of total normalized 

protein abundance among the replicates in each condition with a clear distinction between the 

conditions (parabolic structures; light orange, UnT & light blue, OH) (Figure 2A). The total 

number of unique protein set (3385) identified by LC-MS/MS analysis was further subjected for 

label free quantitative analysis. A total of 134 and 340 proteins were found to be increased and 

decreased respectively in abundance at least -2 to 2 folds with significant p-value (≤0.05) in OH 
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lungs compared to UnT . In volcano plot, x-axis and y-axis represent the differentially expressed 

proteins with fold changes and statistical significance (-log10 of p value) respectively (Figure 2B). 

Profiles of differentially expressed proteins are shown using clustering method by generating a 

heat map.  Proteins were grouped based on their similarity of expression pattern and is shown in a 

grid where each row and column represent protein and sample respectively. Fold change of protein 

expression was set up at ≤ -1.5 to ≥ 1.5 and p-value at ≤ 0.05. Red and green colors indicate up 

and down regulation of protein expression respectively (Figure 2C). A closer view of a group of 

proteins that have similar expression patterns in each condition in all three replicates regardless of 

any outliers (Figure 2D).                                                                                                   

3. Classification and pathway analysis of differentially abundant proteins  

Pathway enrichment analysis was performed using differentially expressed proteins in OH lungs 

to identify the enriched affected biological pathways. KEGG and Wiki pathway analysis for 340 

downregulated proteins revealed that Apelin signaling and EGF/EGFR signaling are major 

enriched pathways respectively (Figure 3A and 3B, right panel). These pathways are involved in 

several cellular processes including cell proliferation, survival, differentiation and angiogenesis 17.  

Akt1 gene is involved in the majority of the enriched signaling pathways. Huntington disease and 

signal transduction S1P receptor pathways are enriched as most affected by 134 upregulated 

proteins in OH lung by KEGG and Wiki pathway analysis respectively (Figure 3A and 3B, left 

panel).   

4. Verification of proteomic data 

A specific group of candidate proteins important for fetal lung development were selected to 

verify the proteomic dataset. These included AKT1. SP-D and CD200. 

AKT pathway plays a role in fetal lung development 18. AKT1, AKT2 and AKT3 are the three 

isoforms of AKT. Each isoform has unique and overlapping functions in the regulation of cellular 
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proliferation, differentiation, apoptosis, and survival 19. The role of specific AKT isoforms in lung 

development has not been investigated. Pathway enriched analysis in this study revealed the 

involvement of AKT1 isoform in most of the signaling pathways affected in oligohydramnios 

induced hypoplastic lung compared to the control.   

There are four surfactant associated proteins; namely SP-A, SP-B, SP-C and SP-D. Among them 

SP-C is expressed exclusively in AEC2 in the lung and is known as a canonical marker of this cell 

20.  In this study, the LC-MS/MS data revealed that among the four surfactant proteins, SP-D was 

significantly downregulated in OH lung. SP-D protein is well-known as a modulator of lung 

inflammation 21.  Our data showed that there is no differential expression of any pro-inflammatory 

factors in the proteomic dataset suggesting that an inflammatory response in OH lung is not 

activated. Thus, our proteomic data suggest the potential role of SP-D in fetal lung development 

independent of its role in inflammation. 

The proteomics data in this study showed also a significant reduction of CD200 expression in OH 

lung compare to UnT suggesting the potential role of CD200 in fetal lung development. CD200 is 

widely spread in both pulmonary and non-pulmonary tissues. CD200 participates in autoimmune 

and allergic disorders, bone development and reproductive biology 22. Developmental regulation 

of CD200 in rat lung has been documented 23 suggesting CD200 has a potential role in OH-induced 

pulmonary hypoplasia.  

Based on our findings, where the proteomic analyses showed significant changes in these proteins,  

in addition to the above discussion describing the potential role of AKT1, SP-D and CD200, we 

sought to validate the proteomic data quantitatively using western blot (Figure 4) and IHC (Figure 

5).  
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Figure 4A and 4B represent the immunoblotting and densitometry analysis respectively. Western 

blot confirmed the proteomic results by showing the significant decrease in the expression of 

AKT1 (p < 0.05), SP-D (p < 0.001) and CD200 (p < 0.05) in OH compared to UnT lung. AKT2 

was used in this assay to test whether AKT1 was the AKT isoform specifically downregulated in 

OH lung. 

IHC also showed reduced expression of AKT1, SP-D and CD200 in OH lung tissue compared to 

UnT (Figure 5A, D and G). Representative microscopic images of IHC stained sections to detect 

AKT1, SP-D and CD200 are shown in Figure 5B, 5E and 5H respectively.  Figure 5C, 5F and 5I 

represent the quantitative analysis of the AKT1, SP-D and CD200 expressing positive cells 

respectively as analyzed by QuPath. Image analysis showed that the percentage of positive cells is 

significantly decreased for AKT1 (p<0.0001), SP-D (p<0.05) and CD200 (p<0.05) in OH 

compared to UnT lung. Optical density as a measure of protein expression level was also 

significantly reduced for AKT1 (p<0.0001), SP-D (p<0.0001) and CD200 (p<0.0001) in both the 

nuclei and the whole cells.  Figure 5 shows representative subsets of the original images, while 

image analysis was performed on the whole images (representative figures in supplementary file 

2). 
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DISCUSSION 

Pulmonary hypoplasia secondary to OH can cause significant morbidity and mortality to 

the neonatal population 5. The precise mechanism by which OH induces lung hypoplasia remains 

unknown. In this study, we used LC-MS/MS proteomic analysis to elucidate the differences in the 

lung proteomic profile between OH induced lung hypoplasia and UnT control. Our data identified 

a total of 474 proteins that were significantly differentially expressed in our experimental mouse 

model of lung hypoplasia including AKT1, SP-D and CD200. Further analysis of the 340 

downregulated proteins using KEGG and Wiki enrichments showed that the major significant 

enriched pathways were the Apelin and EGF/EGFR signaling pathways.  Both of these signaling 

pathways are involved in cell proliferation, differentiation and survival 24-26. Due to the large data 

set of differentially expressed proteins in OH lung, here we considered the down regulated proteins 

to avoid intricacy in the investigation in this study. Full list of significantly down and up regulated 

proteins are provided in supplementary data file 3. We believe these studies provide novel 

information on the potential mechanisms underlying lung development mediated by mechanical 

signals. 

 Apelin binding to apelin receptors transduces signals through G protein to a variety of 

signaling pathways including the PI3K-AKT pathway. PI3K-AKT pathway contributes to cell 

proliferation, survival and differentiation in the development of the fetal murine lung 18.  However, 

the role of specific AKT isoforms in lung development is not known. Our proteomic data revealed 

significant down regulation of AKT1 in OH induced hypoplastic fetal mouse lung which was 

confirmed by western blot and IHC. Akt1 gene is involved in most of the pathways enriched by 

KEGG analysis including thermogenesis, non-alcoholic fatty liver disease, thyroid hormone 

signaling pathway, ErbB signaling pathway, focal adhesion and insulin signaling pathway among 

others. Our investigations suggest that the pathways mediated by AKT1 may be critical in the 



13 
 

pathogenesis of the developmental lung defect in response to OH. On the other hand, our western 

data revealed no changes in the AKT2 isoform in OH compared to UnT lungs, thus suggesting 

unique roles for different isoforms in lung development. 

Alveolar epithelial cells type 1 (AEC1) and type II (AEC2) differentiation is a hallmark of 

the development of fetal lung 27.  We had previously described in a murine model of pulmonary 

hypoplasia, that the decrease of external compression secondary to severe OH can compromise the 

differentiation of AEC1 cells in the distal lung 6. In this study, proteomic analysis revealed that the 

expression of PDK1 is significantly down regulated in OH lung, suggesting a role of PI3K-AKT 

pathway in lung development. This is an interesting finding, as AKT1 investigations have 

primarily focused on cancer research with only few studies looking at the role of AKT1 in adipose 

tissue 28 and mammary gland development 29. Thus, we speculate that PI3K/PDk1- AKT signaling 

pathway may be important for ACE1 cell differentiation mediated by mechanical signals. Testing 

this hypothesis will be the focus of future studies.   

Among the four proteins associated with alveolar surfactant namely SP-A, SP-B, SP-C and 

SP-D, SP-C is known to be a canonical differentiation marker of alveolar AEC2 with its expression 

restricted to these cells 30. SP-D is expressed in different cells including non-pulmonary tissues 20. 

Our proteomic data revealed a significant down regulation of SP-D in OH lung, which was 

confirmed by western blot and IHC. The expression of SP-D is gradually increased, and 

distribution of this protein within the lung changes with the advancing gestation, where it is 

initially expressed in bronchial epithelial cells and later found in AEC2. But in lungs from patients 

with bronchopulmonary dysplasia, SP-D was barely detected 31. These data suggest an important 

role for this protein during lung development. SP-D is thought to play a role in surfactant 

homeostasis through unidentified signaling pathways 32. SP-D is a member of C-type lectin family. 
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This protein is believed to participate only in innate immunity or non-antibody mediated host 

defense system in the lung due to its structural feature of collectins 21. Studies have provided 

evidence that in addition to their role in innate immunity, collectins could have other functions 33. 

Thus, SP-D seems to have other roles in addition to immunity, including a role in lung development 

as our findings suggest. In this study, the surgical procedure for the induction of OH did not trigger 

inflammatory signals in the fetal lung as evidenced by the proteomic analysis that did not show 

differential expression of any key pro-inflammatory cytokines. Thus, down regulation of SP-D in 

OH lung indicates a potential role in lung development independent of its role in immunity.  

CD200 is a membrane glycoprotein that functions as an immunosuppressive signaling 

molecule 34. CD200 is widely spread in both pulmonary and non-pulmonary tissues and cells 22. In 

the lung, CD200 is expressed on AEC2, Clara cells and endothelial cells. CD200 has a dynamic 

expression in the developing lung and is associated with alveolar capillary development in rat lung 

23.  Here, our results by proteomics analysis and further confirmed by western blot and IHC, 

revealed the down regulation of CD200 in a pulmonary hypoplasia mouse model. Furthermore, 

there is a reduction of lung angiogenesis, as previously demonstrated 6. Together these findings 

suggest a potential role for CD200 in angiogenesis within the developing lung. This hypothesis 

needs to be tested experimentally.   

Although changes in the expression of AKT135,36, CD20037 and SP-D 38,39 were observed in 

multiple pulmonary disorders, including lung fibrosis, BPD, RDS, Asthma, COPD  and lung 

cancer, however, the role of these proteins in lung development has not been explored. To our 

knowledge, this is the first study to report changes in these three proteins in the developing lung 

as a consequence of OH. 
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Using STRING (protein-protein interaction networks), we identified potential interactions 

among the significantly downregulated proteins and transcriptional regulators (Figure 6). Lung 

development is a complicated process, and depends on the timely interplay of highly regulated 

molecular signals 40.. For example, TFAM (transcription factor A, mitochondrial) is a nuclear gene 

critical for transcription of the mitochondrial genome 41, and is required for lung development 42. 

In protein-protein interaction networks, TFAM is present in an interaction clustered with a central 

molecule, AKT1. This could indicate its potential role in lung development via AKT-pathway.  

Another example, is the direct binding of SP-D with MFAP4 (microfibrillar associated protein 4) 

an extracellular glycoprotein thought to facilitate surfactant homeostasis 43,44 in normal 

physiological condition.  Therefore, protein-protein interaction networks provide a wealth of 

information which could be used to elucidate unknown mechanisms regulating lung development 

related to mechanical forces.  

In summary, our data revealed significant changes in the expression of a wide variety of 

proteins as a result of OH induced pulmonary hypoplasia. Our findings show for the first time that 

AKT1, SP-D and CD200 have potential roles in fetal lung development. This investigation also 

provided a proof-of-concept that one of the potential mechanisms by which mechanical signals are 

transduced to physiological signals is through the AKT-pathway with specific isoforms having 

different functions. The information gained from this study will provide the basis for future 

investigations to test the role of specific molecules and signaling pathways in fetal lung 

development. Understanding the mechanisms regulating lung development could lead to the 

development of new therapies to treat pulmonary hypoplasia. 
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Figure legends 

 

Figure 1: Confirmation of pulmonary hypoplasia mouse model. (A) to (C) represent the effect of 

oligohydramnios on the morphometry of distal air space. (A) representative H & E stained histological 

sections (20x) showing a marked decrease in the air spaces in OH lungs when compared to UnT control, 

(B) binary image of the spaces from A and (C) analysis of the size of the spaces using the area and 

perimeter parameters showing a significant decrease of space size on OH (n= 6) in comparison to UnT (n= 

5). (D) Representative western blots (blot of one replicate) showing the protein expression in OH lung 

compare to UnT. Name of the proteins were shown at the right side of the blot and corresponding 

molecular markers were shown at the left. T1 alpha and EMCN were down regulated and SP-C was 

unchanged compared to UnT lung. Vinculin served as endogenous control. Protein used in this assay was 

taken from the same samples used in proteomic analysis. *p<0.05 and ****p<0.0001 

Figure 2: Comparative label-free quantitative proteomic analysis of hypoplastic (OH) and control fetal 

mouse lungs (UnT). Proteome from three biological replicates of each condition was subjected to 

quantitative analysis. (A) PCA analysis of total proteome dataset showed comparatively close clustering 

of total normalized protein abundance of the replicates in each condition, however distinct from other 

groups/condition. Samples are colored by experimental conditions in which orange and blue represent 

normal and pulmonary hypoplasia respectively. (B) shows the volcano plot analysis of the 3387 proteins 

subjected to the analysis. Significantly increased and decreased proteins in hypoplastic lungs compared 

to control lungs are marked as red and green, respectively. X-axis represents differentially expressed 

proteins with abundance by log2 ratio and Y-axis represents statistical significance with -log 10 of p value. 

Gray dots are non-significant (p >0.05) and below the threshold of the fold change (1.5-fold). (C) shows 

the heat map clustering of total differentially expressed protein pattern of each groups. (D) a group of 

proteins showed very similar expression pattern in each condition in all three replicates regardless of 
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outliers (one replicate from each condition). R1, R2 and R3 denote three replicate experiments. One lung 

for each condition was taken from each replicate experiment in LC-MS analysis.  

Figure 3: Gene enrichment pathway analysis of the significantly abundant proteins. Significantly 

increased (340) and decreased (134) proteins in hypoplastic lung compared with the control lungs are 

used in KEGG and Wiki pathways analysis as shown in (A) and (B) respectively. The red and dark green bar 

diagrams represent the increased and decreased proteins in hypoplastic lung respectively. Green circles 

indicate the number of genes identified in each pathway. Enrichment FDR p-value ≤ 0.05 was used in the 

analysis. The Analysis was conducted with an open source bioinformatics platform named Shiny GO 

(http://bioinformatics.sdstate.edu/ go/). 

Figure 4: Quantification of protein expression in the lungs of fetal mice by western blot. Protein used in 

this assay was taken from the same pool as those were used in proteomic analysis. (A) and (B) represent 

immunoblotting and densitometric analysis respectively for the quantification of AKT1, AKT2, SP-D and 

CD200 proteins. Vinculin represents the loading control for endogenous protein. Western blot analysis 

showed decreased expression of AKT1 in OH  lungs compare to UnT  lungs whereas AKT2 was unchanged. 

The expression of SP-D and CD200 also showed significant reduction in OH lungs. repl.1, repl.2 and repl.3 

denote three replicate experiments. n=3 per group. Densitometry analysis was performed for each target 

protein individually for three replicates relative to the mean of the UnT control and correspondence 

statistical significance were measured by t-test. *p<0.05 & **p<0.01. 

Figure 5: Quantification of proteins in the tissue of fetal mice by IHC analysis. (A), (D) and (G) 

representative micrographic images of AKT1, SP-D and CD200 stained sections of lung tissue respectively. 

Left and right images (20x) are of negative control (for the detection of AKT1, SP-D, and CD200 

respectively) and OH lung respectively. Middle represents the UnT lung of corresponding proteins.  (B), 

(E) and (H) analysis of the DAB positive cells as automatically analyzed using QuPath. Positive cells are in 
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red. (C), (F) and (I) quantification of the images showed that the percentage of AKT1, SP-D and CD200 

positive cells in OH-lung were significantly decreased compare to UnT lungs (upper bar diagram 

respectively). The mean intensity of the AKT1, SP-D and CD200 expressions in both nuclei and whole cells 

were also significantly reduced in OH lungs (lower bar diagram respectively).  n=3 per group.  *p<0.05 & 

****p<0.0001. Arrows pointing to positive cells. Images in this figure are subsets of the original whole 

images (supplementary file 2). In (A) and (G) the brightness and contrast of the images were adjusted for 

publication purposes. The analyses were performed on the original untouched images. Images in (D) were 

captured with a different microscope as detailed in the methods. 

Figure 6: Protein-protein interaction networks. A protein-protein interaction network was created using 

a total of 340 proteins those were significantly (1.5-fold, p-value < 0.05) decreased in abundant in OH 

induced hypoplastic lungs. Line color indicates the strength of the data support based on the experiments 

(pink line), co-expression (black line), gene-fusion (red line) and co-occurrence (blue line) according to the 

STRING (http://string-db.org/).   Red rectangular marked proteins were further verified by immunoblot 

analysis.  Figure was created by using BioRender.Com. 
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Supplementary File 1 

Detailed Materials and Methods  

Animal Experiment to induce Oligohydramnios 

Surgical procedures used in this study were approved by the Lifespan Institutional Animal Care and Use 

Committee (IACUC) of Rhode Island. We followed the procedure to induce pulmonary hypoplasia by OH 

as previously described (Najrana et al., 2017). Briefly, timed-pregnant Swiss Webster (SW) mice at E14.5 

of gestation experienced median laparotomy under general anesthesia with isoflurane. The amniotic sacs 

from one uterine horn were punctured using a sterile 221/2 -gauge needle to induce a rapid and abundant 

leakage of amniotic fluid. Fetuses at similar positions in the opposite horn served as controls. Four days 

after the surgery (at E18.5) fetuses were delivered by cesarean section. Right superior lobe of the lungs 

was collected and fixed overnight in 10% formalin, and the rest of the lungs were immediately frozen in 

liquid nitrogen and stored at -80ᵒC. Fixed lungs were embedded in paraffin and tissue sections (5 µm in 

thickness) were placed on glass slides. Sections were stained with Hematoxylin and Eosin (H&E) or used 

for Immunohistochemistry (IHC) staining. Frozen lungs were submitted to COBRE Center for Cancer 

Research Development Proteomics Core Facility of Rhode Island Hospital, Providence, RI. 

 

Sample preparation for proteomic analysis 

Fetal mouse lungs were homogenized OH (n=3) and UnT (n=3) for 2 min at 5.5 m/s speed by Bead ruptor 

Elite  (Kennesaw, GA) with a lysis buffer (8 M urea, 1 mM sodium orthovanadate, 20 mM HEPES, 2.5 mM 

sodium pyrophosphate, 1 mM ß-glycerophosphate, pH 8.0, 20 min, 4°C) and cleared by centrifugation (14 

000 × g, 15 min, 15°C). Protein concentration was measured (Pierce BCA Protein Assay, Thermo Fisher 

Scientific, IL, USA) and a total of 200 µg of protein per sample was subjected to trypsin digestion. Tryptic 

peptides were desalted using C18 Sep-Pak plus cartridges (Waters, Milford, MA) and were lyophilized for 



48 hours to dryness. The dried peptides were reconstituted in buffer A (0.1 M acetic acid) at a 

concentration of 1 µg/µl and 5 µl was injected for each analysis.  

Lung Morphology Analysis  

Digital images of the H&E stained sections of the lung were captured at 20x magnification using a Zeiss-

Axio Imager upright microscope and an AxioCam MRC digital camera. These images were used to assess 

the area and perimeter of the lung spaces to confirm the pulmonary hypoplasia in the OH lungs. Analysis 

was performed as described [1]. Briefly, ImageJ (v 1.51r) (NIH, Bethesda, MD) was used to analyse the 

images (OH n=6, UnT n=5) by applying a Guassian Blur Filter (Sigma radius=4) to the green channel of the 

images. Otsu thresholding was then used to isolate the spaces [2] and the size of these spaces was 

assessed through measuring the area and perimeter [3]. 

Mass Spectrometry Analysis 

The peptides were separated through a linear reversed-phase 90 min gradient from 0% to 40% buffer B 

(0.1 M acetic acid in acetonitrile) at a flow rate of 3 µl /min through a 3 µm 20 cm C18 column (OD/ID 

360/75, Tip 8 µm, New objectives, Woburn, MA) for a total of 90 min run time. The electrospray voltage 

of 2.0 kV was applied in a split-flow configuration, and spectra were collected using a top-9 data-

dependent method. Survey full-scan MS spectra (m/z 400-1800) were acquired at a resolution of 70,000 

with an AGC target value of 3×106 ions or a maximum ion injection time of 200 ms. The peptide 

fragmentation was performed via higher-energy collision dissociation with the energy set at 28 

normalized collision energy. 

Antibodies  

The following antibodies were used: anti- AKT1 antibody (clone C7H10)_host rabbit, Cell Signaling Tech, # 

2938S; anti- AKT2 antibody (clone D6G4)_host rabbit, Cell Signaling Tech, # 3063; anti- SP-D antibody 

_host rabbit, Aviva system biological corporat, # OABF00765;  Anti-Prosurfactant Protein C antibody, 

abcam # ab40879;  Human/Mouse/Rat anti-CD200 antibody, R & D system, AF2724; Syrian hamster anti-



mouseT1α antibody, Hybrodoma Bank, # 8.1.1; goat anti-mouse endomucin antibody, R & D systems # 

AF4666; Peroxidase AffiniPure Donkey Anti-Rabbit IgG (H+L), Jackson Immuno Researcah, #  711-035-152; 

Rabbit IgG HRP-conjugated Antibody, R & D system, # HAF008; Goat IgG HRP-conjugated Antibody, R & D 

system, # HAF017; AffiniPure Goat Anti-Syrian Hamster IgG (H+L), Jackson Immuno Researcah, #  107-005-

142. 

Western blot  

250 ng of lung tissue lysate was loaded on precast gel (NuPAGE 4-12% Bis-Tris Midi Gel, # WG1403BX10) 

and electrophoresis (Instrument: Invitrogen, XCell4 SureLockTM Midi-Cell) was done at 125 volts (Power 

supply: Bio-Rad, model no PowerPac HCTM, serial number 043BR05036) for 1.5 h using running buffer 

(NuPAGE # NP0002) followed by semidry-transfer (Instrument: Bio-Rad, model Trans-Blot® SD Cell, serial 

number 221BR 52475) on PVDF membrane at 16 volts (used above mentioned power supply) for 1 h at 

room temperature. 5% nonfat milk (Bio-Rad, # 170-6404) in 1 x PBS (Bio-Rad # 161-0780)) containing 0.1% 

tween-20 (blocking solution; Sigma # P2287-500 ML) was used to block the membrane for 1h at room 

temperature. The membrane was incubated with the primary antibody in blocking solution at 4° C 

overnight followed by incubation with HRP-conjugated secondary antibody in blocking solution for 1h at 

room temperature. Membrane was washed with PBS containing 0.05% of tween-20 for 45-60 min 

followed by chemiluminescent reagent (GE Healthcare, #RPN 2232) treatment and signal was detected 

on X-ray film. Densitometric analysis of the protein level was performed using ImageJ (v 1.51r) (NIH, 

Bethesda, MD). 

Immunohistochemistry 

The tissue was deparaffinized with citrus clearing solvent (ref. 8301, Thermo Scientific) and subsequently 

rehydrated with 100%, 95% and 75% alcohol.  For immunohistochemistry (IHC), antigen retrieval was by 

incubating the tissue for AKT1 and SP-D in antigen unmasking solution (Vector, # H3301), for CD200 in 

antigen unmasking solution (Vector, # H3300) in the steamer  (Hamilton Beach, type VS02,  model 37537, 



series A1721CU) for 25 mins and cooled down at room temperature for 20 min. Tissue sections were 

blocked in blocking solution (10% serum of species used to produce the secondary + 1% BSA + 1% Tween-

20 (Sigma # P2287-500 ML) + 0.3 M glycine (solution in PBS) in 1 x PBS)  for 1 hour at room temperature. 

Tissues were incubated overnight at 4° C with anti-AKT1 or anti-SP-D antibodies in blocking solution 

containing 0.1% Triton-x-100 (Sigma #T8532-500 ML), and with anti- CD200 antibody in blocking solution 

followed by incubation with 3% H2O2  (Fisher #H324-500) for 10 min at room temperature to eliminate 

the endogenous peroxidase activity. Tissue sections were incubated with HRP-conjugated secondary 

antibody in PBS containing 0.01% Triton-x-100 1 hour in room temperature. DAB (DAB substrate kit, cat. 

No. 550880, BD Pharmingen) staining and counter staining was done with hematoxylin (IHCWORLD, #IW-

1400). Subsequently tissues were dehydrated with 75%, 95%, 100% alcohol and citrus clearing solvent 

and used cytosealTM XYL (Ref. 83124, Thermo Scientific) to put coverslip on tissue. For quantification, 7-

12 pictures representative from each quadrant of the sample were randomly chosen and photographed 

at 20x using a Zeiss-Axio Imager upright microscope and an AxioCam MRC digital camera for the SP-D. 

Nikon ECLISE 80i upright microscope and SPOT RT3 Color digital camera for AKT1 and CD200. 

Quantification of the positive cells was performed using QuPath software (0.2.0-m2) [4]. 
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Supplementary data file 2: Quantification of proteins in the tissue of fetal mice by IHC analysis. Upper 

panel: (A), (B) and (C) representative micrographic images of AKT1, SP-D and CD200 stained sections of 

lung tissue respectively. Left and right images (20x) are of negative control and OH lung respectively. 

Middle represents the UnT lung of corresponding proteins.  Lower panel (A), (B) and (C) analysis of the 

DAB positive cells as automatically analyzed using QuPath. Positive cells are in red. n=3 per group.  *p<0.05 

& ****p<0.0001. Arrows pointing to positive cells 

In (A) and (C) the brightness and contrast of the images were adjusted for publication purposes. The 

analyses were performed on the original untouched images. Images in (B) were captured with a different 

microscope as detailed in the methods. 

  



Supplementary data file 3A: Significant downregulated proteins 
 

 
 

 

 

 

 

 



Supplementary data file 3B: Significant upregulated proteins 

 
 

Supplementary data file 3: Heat maps providing the down and up regulated proteins lists. (3A) shows 

the heat map clustering of significantly down regulated protein pattern of each group. (3B)  shows the 



heat map clustering of significantly up regulated protein pattern of each group. R1, R2 and R3 denote 

three replicate experiments. One lung for each condition was taken from each replicate experiment. 
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