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Abstract

SHIP-1 is a target of miR-155, a pro-inflammatory factor. Deletion of the SHIP-1 gene in mice 

caused spontaneous lung inflammation and fibrosis. However, the role and function of endothelial 

miR-155 and SHIP-1 in lung fibrosis remain unknown. Using whole-body miR-155 knockout 

mice and endothelial cell-specific conditional miR-155 (VEC-Cre-miR-155, or VEC-miR-155) or 

SHIP-1 (VEC-SHIP-1) knockout mice, we assessed endothelial-mesenchymal transition 

(EndoMT) and fibrotic responses in bleomycin (BLM) induced lung fibrosis models. Primary 

mouse lung endothelial cells (MLEC) and human umbilical vein endothelial cells (HUVEC) with 

SHIP-1 knockdown were analyzed in TGF-β1 or BLM, respectively, induced fibrotic responses. 

Fibrosis and EndoMT were significantly reduced in miR-155KO mice and changes in EndoMT 

markers in MLEC after TGF-β1 stimulation confirmed the in vivo findings. Furthermore, lung 

fibrosis and EndoMT responses were reduced in VEC-miR-155 mice but significantly enhanced in 

VEC-SHIP-1 mice after BLM challenge. SHIP-1 knockdown in HUVEC cells resulted in 

enhanced EndoMT induced by BLM. Meanwhile, these changes involved the PI3K/AKT, JAK/

STAT3 and SMAD/STAT signaling pathways. These studies demonstrate that endothelial miR-155 

plays an important role in fibrotic responses in the lung through EndoMT. Endothelial SHIP-1 is 

essential in controlling fibrotic responses and SHIP-1 is a target of miR-155. Endothelial cells are 

an integral part in lung fibrosis.
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Introduction

Pulmonary fibrosis is characterized by aberrant accumulation of fibrotic tissue or scarring in 

the lung due to multiple causes. Idiopathic pulmonary fibrosis (IPF) is a chronic fibrosing 

interstitial lung disease with unknown etiology, poor prognosis and high mortality. 

Currently, treatment modalities for lung fibrosis, particularly IPF, are very limited.

Src Homology 2-containing Inositol Phosphatase-1 (SHIP-1) controls the intracellular levels 

of PI3K product PIP3 and functions as a negative regulator of cytokine and immune receptor 

signaling (1, 2). Deletion of the SHIP-1 gene in mice leads to an immunological phenotype 

with overproduction of pro-inflammatory cytokines, activation of myeloid cells, and severe 

inflammation in the lung (3, 4). Previous studies by our laboratory and others showed that 

whole-body SHIP-1 KO mice developed a type 2 like severe lung inflammation and lung 

fibrosis (5, 6). These studies demonstrated that SHIP-1 plays an important role in 

maintaining lung homeostasis.

MicroRNAs (miRNAs) play important roles in regulating gene expression and specific 

miRNAs participate in the fibrotic process in different tissues and organs (7–9). MiRNA-155 

(miR-155), a pro-inflammatory factor via SHIP-1 down regulation, has been identified as 

having immune regulatory functions and plays a critical role in tissue fibrosis in liver and 

lung (10–13). However, contradictory effects of miR-155, pro-fibrotic and anti-fibrotic, in 

experimental and idiopathic pulmonary fibrosis have been reported (11, 14).

Several studies proposed the concept that lung endothelial cells and endothelial-

mesenchymal transition (EndoMT) play important roles in the pathogenesis of pulmonary 

fibrosis (15–18). However, the role of endothelial cells and the function and relationship of 

endothelial miR-155 and SHIP-1 in lung fibrosis remain unknown. We hypothesized that 

endothelial miR-155 mediates fibrotic responses in the lung through EndoMT; Endothelial 

SHIP-1, a target of miR-155, is essential in controlling fibrotic responses in the lung.

Materials and Methods

Animals

Wild type (WT), miR-155 (Stock No. 007745) whole-body knockout (KO), Mir155 floxed 

(Stock No. 026700), and VEC-Cre (Stock No. 017968) mice on C57BL/6 genetic 

background were purchased from the Jackson Laboratory (Bar Harbor, ME). The SHIP-1 

floxed mice on C57BL/6 background were generated as previously described (19). 

Endothelial cell specific conditional deletion of miR-155 or SHIP-1 in mice were generated 

by cross-breeding VEC-Cre mice with Mir155 floxed or SHIP-1 floxed mice to obtain VEC-

Cre/miR-155 mice and VEC-Cre/SHIP-1 mice. Primers and PCR protocols for genotyping 

miR-155 KO and Mir155 floxed mice were the same as the original donating laboratories. 

The primers for VEC-Cre mice were: 5’-CCC AGG CTG ACC AAG CTG AG-3’ and 5’-
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AGT GCG TTC GAA CGC TAG AGC CTG T-3’. All mice were housed under specific 

pathogen-free conditions and given ad libitum access to food and water. All procedures 

performed on mice were in accordance with the National Institutes of Health guidelines for 

humane treatment of animals and were approved by the Institutional Animal Care and Use 

Committee at Yale University.

Bleomycin Induced Pulmonary Fibrosis Model

Mice 6 – 10 weeks of age were used for all experiments. No difference between male and 

female mice was noticed. Age-matched WT mice, miR-155KO mice, VEC-Cre/miR-155 

mice, VEC-Cre/SHIP-1 mice and littermate control mice were intratracheally administered 

with bleomycin (BLM) 3 mg/kg, i.t. (Teva Pharmaceuticals, North Wales, PA) dissolved in 

50 μl of 0.9% saline or saline vehicle control at day 0. Mice were sacrificed and BAL and 

lung samples were collected 28 days after bleomycin challenge.

Hematoxylin and Eosin (H&E) Staining

Paraffin sections of lung tissues were stained with H&E for structural evaluation. Briefly, the 

sections were deparaffinized with xylene and rehydrated in gradient ethyl alcohol; and then 

slides were stained with hematoxylin for 2 min and washed with hot water (60°C) for 5 min 

and eosin staining for 1 min. Finally, the slides were dehydrated and mounted.

Masson’s Trichrome Staining

The paraffin sections were stained with Masson’s trichrome for fibrosis evaluation. Briefly, 

the sections were deparaffinized with xylene and rehydrated in gradient ethyl alcohol; and 

then slides were placed in Bouin Fluid at 56°C for 1h and washed with tap water for 5 min 

as well as Weigert’s Iron Hematoxylin staining for 10 min. After staining in Trichrome for 

about 15 min, sections were placed in 1% acetic acid solution for 1 min. Finally, the slides 

were dehydrated and mounted. Five fields were randomly selected in each slide under 

microscopy (Olympus BX51).

Hydroxyproline Assay

Hydroxyproline assay was performed to estimate collagen deposition in tissues, as an index 

of fibrosis. Lung tissues (~200 mg) were homogenized in 6 N HCl, then incubated for 16 hrs 

at 110°C. After filtration with 3-mm filter paper, filtered homogenate, 50 μl each, was 

neutralized with 450 μl 2.2% NaOH in Citrate-Acetate Buffer. Chloramine-T-solution, 

Perchloric acid were added in sequence for 20 min individually at room temperature (RT), 

then Dimethyl benzaldehyde-solution was added for 20 min at 60°C. The absorbance of 

samples and standard were measured at 565 nm wavelength against blank on a microplate 

reader.

Isolation of Primary Murine Lung Endothelial Cells (MLEC)

Mice were sacrificed with overdose of anesthetic, lung tissues were excised and put in RPMI 

medium with 100 U/ml penicillin, 100 μg/ml streptomycin. After transferring lung to 100-

mm dish containing1–2 ml of 0.1% collagenase (Roche, # 1088 785) in RPMI, lung tissues 

were cut to the smallest pieces possible with sharp scissors, and incubated in 30 ml 0.1% 
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collagenase/RPMI for 1 hr, with shaking at 37°C. After removing undigested tissue 

fragments with 130–150 μm tissue strainer (BELLCO, #1985–11300), and centrifuging at 

1000 rpm for 5 min, the supernatant was discarded. The cell pellet was washed with growth 

media, re-suspended in growth medium, and then cultured at 37°C in T-75/T-175 flasks. 

Cells were cultured and small colonies of endothelial-like cells were observed. On day 5 or 

6, first immune selection was performed. Briefly, after suspending the sheep anti-rat 

magnetic beads (DYNAL #100.07) in 100 μl of PBS with 2% FBS per 10 μl of beads, 10 μl 

(10 μg) of anti-mouse CD102 (ICAM-2) Ab (Pharmingen, #553325) was added and rocked 

at 4°C overnight. The beads were added to the cells and incubated at 4°C for 1 hr. By using 

magnetic holder (DYNAL,#MPC-S), the beads/cells were harvested and plated on 0.2% 

gelatin-coated flasks. After culture for 3–7 days, another immune-selection were performed 

using anti-mouse CD31 Ab (Pharmingen, #553369).

Primary Human Umbilical Vein Endothelial Cells (HUVECs)

HUVECs were provided by the Core Facility of the Yale University Vascular Biology & 

Therapeutics Program. HUVECs were isolated from de-identified human tissues under 

protocols approved by the Yale Human Investigations Committee, cultured in Medium 199 

(M199) supplemented with 20% fetal bovine serum (FBS), 100 U/ml penicillin, 100 μg/ml 

streptomycin, and 2 mM L-glutamine supplemented with 50 mg/ml endothelial cell growth 

supplement (ECGS), and used between passages 1 – 5 for experiments.

SHIP-1 siRNA in HUVECs

SHIP-1 siRNA in HUVECs was performed according to Amaxa™ 4D-Nucleofector™ 

Protocol (Lonza Cologne GmbH, Cologne, Germany, Catalog #: V4XP-5012). Briefly, 2 

days before Nucleofection, HUVECs were passaged and cultured at 37°C with 5% CO2. 

After trypsinization and centrifugation, cells were harvested and resuspended with 

4DNucleofector™ Solution. Master mixes containing HUVECs, substrates (SHIP-1 siRNA 

or scrambled siRNA) and Nucleofector solution were prepared and transferred into the 

Nucleocuvette™ Vessels. Program CA-167 of the Nucleofection™ Process according to the 

protocol was performed. After completion of the run, HUVECs were suspended with pre-

warmed medium, and incubated in humidified 37°C, 5% CO2 incubator until analysis.

Immunofluorescence (IF)

Paraffin slides were used for IF staining of α-SMA, CD31 and VE-Cadherin. Samples were 

deparaffinized with xylene and rehydrated in gradient ethyl alcohol. Next, the samples were 

treated for antigen retrieval utilizing 0.1% trypsin for 20 min at 37°C. The sections were 

permeabilized with 0.3% Triton-X 100 and blocked with 5% donkey serum at RT. Following 

the blocking step, primary antibodies were applied, including mouse anti-α-SMA (1:300; 

Sigma-Aldrich, St. Louis, MO), rat anti-CD31 (1:100, BD Pharmingen, San Jose, CA) and 

goat anti-VE-cadherin (1:200; SCBT) and incubated overnight at 4°C. The sections were 

washed and incubated with secondary antibodies conjugated to Alexa Fluor 555 or 647 

(1:300) for 30 min at RT. Samples were mounted with DAPI (Cell Signaling Technology, 

Danvers, MA) containing medium for nuclear staining.
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IF staining of MLEC for α-SMA, CD31, VE-Cadherin and Vimentin. Cells were fixed with 

0.5 ml of 4% paraformaldehyde and 0.5% triton-X-100 for 30 minutes at RT. Following the 

blocking step, primary antibodies, including mouse anti-α-SMA (1:300; Sigma), rat anti-

CD31 (1:100, BD), goat anti-VE-cadherin (1:200; SCBT) and goat anti-Vimentin (1:20, 

Sigma) were applied and cells were incubated for 2 hrs at RT. Then cells were incubated 

with secondary antibodies conjugated to Alexa 555 or 647 (1:300) for 45 min at RT. Slides 

were mounted with DAPI medium and SlowFade Gold (Thermo Fisher Scientific, Waltham, 

MA).

Quantitative PCR (Q-PCR) of mRNA

Total RNA was extracted from lung tissues and MLECs using RNeasy Plus Mini Kit 

(QIAGEN, Germantown, MD). Sample mRNA was determined by Q-PCR using One-Step 

TB Green PrimeScript RT-PCR Kit II (Perfect Real Time) (Takara Bio USA Inc., Mountain 

View, CA, Cat#RR086A) according to the manufacturer’s instructions. Q-PCR Primers for 

α-SMA, VE-Cadherin, Collagen I, Fibronectin, SHIP-1, GAPDH were shown in Table 1. Ct 

values of the indicated genes in each sample were calculated, and the transcript levels were 

calculated by the 2-ΔΔCt method. Endogenous Ct values of GAPDH were used as control.

Immunoblotting (IB or Western Blot) and Immunoprecipitation (IP)

Tissue and cell proteins were extracted using lysis buffer. Lysates were incubated on ice for 

20 min, and the soluble fraction was isolated by centrifugation at 14,000 rpm for 10 min at 

4°C. Protein concentration of the extracts was measured using the colorimetric Pierce BCA 

protein assay kit (Thermo Fisher Scientific, Waltham, MA). Equal amounts of proteins were 

loaded and separated by SDS-PAGE. Proteins transferred to 0.2-μm nitrocellulose membrane 

(Bio-Rad Laboratories) were analyzed by immunoblotting with primary antibodies, 

including mouse anti-α-SMA (1:5000, Sigma, St. Louis, MO), goat anti-VE-Cadherin 

(1:200, Santa Cruz Biotechnologies, Dallas, TX), rabbit anti-Collagen type I (1:5000, 

Abcam, Cambridge, MA), rabbit anti-Vimentin (1:1000, Cell Signaling Technology, 

Danvers, MA), mouse anti-CD31 (1:200) and mouse anti-HSP90 (1:1000, BD Biosciences, 

San Jose, CA), mouse anti-β-Actin (1: 2000, Santa Cruz Biotechnology, sc-47778). After 

washing with Tris buffered saline containing 0.1% Tween-20 (TBS/T), membranes were 

incubated with fluorophore-conjugated secondary antibodies (LI-COR, Lincoln, NE) having 

680 nm or 800 nm emission. Proteins were visualized and quantified using the Odyssey 

Infrared Imaging System (LI-COR). HSP90 or β-Actin was used as a loading control.

Immunoprecipitation (IP) was performed using the Protein A/G PLUS-Agarose protocol 

(Santa Cruz Biotechnologies, Dallas, TX, sc-2003). Briefly, HUVECs were harvested in 2 

ml RIPA buffer, cleaved on ice for 30 min, centrifuged at 12,000g for 30 min, and the 

supernatant was stored for further analysis. SHIP-1 antibody (Santa Cruz Biotechnologies, 

sc-8425) and protein A/G beads were added to the cell lysis and incubated overnight at 4°C 

with shaking. After centrifugation at 3,000g for 5 min at 4°C, the supernatant was carefully 

aspirated. Protein A/G–beads were washed 3–4 times with RIPA buffer and collected. Then, 

SDS loading buffer was added and the samples were boiled for 10 minutes for 

immunoblotting analysis as described above.
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Statistical analysis

Data were analyzed with GraphPad Prism 5 (GraphPad Software, San Diego, CA). Student’s 

t test was used to compare between groups. One-way ANOVA was used to test the 

differences among three or more groups. Differences with p < 0.05 were considered 

statistically significant. Data were expressed as Mean±SD unless otherwise indicated.

Results

Endothelia-Mesenchymal Transition (EndoMT) in BLM-induced lung fibrosis

To determine whether EndoMT was involved in the process of lung fibrosis, we analyzed 

changes of endothelial and fibrotic markers in the lung of WT mice 28 days after BLM 

challenge (WT-BLM). In lung histology, H&E and Trichrome staining showed that all 

normal saline control mice (WT-NS) had no abnormalities while significant collagen 

deposition was seen in the lung tissues of WT-BLM mice (Figure 1A). Q-PCR analysis 

showed increased α-SMA mRNA but decreased VE-cadherin mRNA in the lung of WT-

BLM mice compared to WT-NS controls (Figure 1B). Using specific antibodies, 

immunofluorescence demonstrated significantly increased α-SMA but decreased VE-

cadherin and CD31 in the lung sections of WT-BLM mice (Figure 1D, E). These results 

indicate that EndoMT occurred in BLM induced lung fibrosis.

MiR-155 gene deletion alleviated lung fibrotic response and EndoMT

MiR-155 has been identified as having immune regulatory functions and plays a critical role 

in tissue fibrosis. However, opposing effects of miR-155, anti-fibrotic and fibrotic, have been 

reported in lung fibrosis. To clarify the role of miR-155, we utilized miR-155 whole-body 

knockout mice and endothelial specific conditional knockout mice to assess the fibrotic and 

endothelial responses in BLM induced lung fibrosis models. In the lung of miR-155KO-

BLM mice, tissue fibrosis, hydroxyproline content, collagen I and α-SMA were assayed by 

histology, Q-PCR, and immunoblot. H&E and Trichrome staining showed less fibrosis and 

collagen deposition in the lung of miR-155 KO-BLM mice compared to WT mice (Figure 

2A). Measurements of hydroxyproline content and Q-PCR of Collagen I mRNA showed 

both were significantly decreased in miR-155KO-BLM lung tissues (Figure 2B, C). As 

shown in Figure 2D, significantly decreased levels of α-SMA and Collagen I proteins by 

Western blot were found in the lung tissues of miR-155KO-BLM mice. Furthermore, 

EndoMT responses in miR-155KO mice were significantly inhibited, with lower levels of α-

SMA but higher CD31 and VE-cadherin, compared to WT-BLM mice (Figure 2E-G).

Endothelial miR-155 mediates lung fibrosis through regulating EndoMT

To delineate the specific cell types that contribute to the observed changes in EndoMT in 

miR-155KO mice, we assessed fibrotic and EndoMT markers in isolated mouse lung 

endothelial cells (MLEC) from WT and miR-155KO mice. We found that Fibronectin 

mRNA was significantly decreased but VE-cadherin mRNA was increased in the primary 

MLEC from miR-155KO mice after TGF-β1 stimulation for 24 hrs compared to WT-MLEC 

(Figure 3A, B). As shown in Figure 3C-E, changes in EndoMT markers α-SMA, Vimentin, 

VE-cadherin and CD31 in isolated primary MLEC from WT and miR-155KO mice after 
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TGF-β1 stimulation for 72 hrs confirmed the findings that miR-155 gene deletion reduced 

EndoMT in vivo.

To further confirm the role of endothelial miR-155 in lung fibrosis, we generated mice with 

endothelial cell-specific conditional deletion of miR-155 (VEC-Cre/miR-155 or VEC-

miR-155 mice) and assessed their endothelial responses in BLM induced lung fibrosis 

models. As shown in Figure 3F, endothelial specific conditional deletion of miR-155 led to 

less fibrosis and collagen deposition in BLM induced lung fibrosis model. The levels of 

collagen I mRNA and protein also decreased in VEC-miR-155-BLM lung tissues (Figure 

3G, H). Comparing with WT-BLM mice, endothelial marker, VE-cadherin was increased 

whereas mesenchymal marker, α-SMA, decreased in VEC-miR-155-BLM lung tissue 

(Figure 3H, I). Taken together, these data clearly demonstrate that endothelial cell-specific 

deletion of miR-155 resulted in similar responses as seen in miR-155KO mice after BLM 

challenge, indicating that endothelial miR-155 mediated lung fibrosis.

Lack of endothelial SHIP-1 facilitated lung fibrosis and EndoMT in vivo

Our previous work showed that mice lacking SHIP-1 had severe lung inflammation and 

fibrosis (5). We thought that SHIP-1, as a target of miR-155, might participate in regulating 

fibrotic and EndoMT responses in BLM-induced lung fibrosis. We determined the protein 

levels of SHIP-1 in lung tissues using Western blot. At steady state, SHIP-1 levels in 

miR-155KO and VEC-miR-155 mice were higher, compared to WT mice. After BLM 

challenge for 28 days, SHIP-1 levels decreased in all groups, but remained higher in 

miR-155KO and VEC-miR-155 mouse lungs than in WT mouse lungs (Figure 4A). Then, 

we confirmed that endothelial cells (HUVEC) expressed SHIP-1 and the levels of SHIP-1 

were higher in primary MLEC from miR-155KO mice comparing with those in WT mice 

without TGF-β1 stimulation (Figure 4C, D). We generated mice with endothelial cell-

specific conditional deletion of SHIP-1 (VEC-SHIP-1) and tested the response of these mice 

in the BLM model of lung fibrosis. H&E and Trichrome staining showed endothelial 

deletion of SHIP-1 led to more fibrosis and collagen deposition in BLM induced mice 

comparing to WT mice (Figure 4E). The levels of collagen I and α-SMA significantly 

increased but the level of VE-cadherin decreased in VEC-SHIP-1-BLM mice compared to 

WT-BLM mice (Figure 4F, G). As shown in Figure 4H and 4I, in VEC-SHIP-1 mice, α-

SMA was increased, while VE-cadherin decreased, compared to WT mice.

SHIP-1 regulated TGF-β1 induced EndoMT in endothelial cells

Mouse lung endothelial cells (MLECs) from WT and VEC-SHIP-1 mice were isolated to 

clarify the role of SHIP-1 in the process of EndoMT. Cells were sorted with 

immunomagnetic beads and identified as endothelial cells by FACS and Western blot 

(Figure 5A, B). After TGF-β1 stimulation for 72 hrs, EndoMT markers in lung endothelial 

cells were analyzed. IF staining showed endothelial markers, VE-cadherin and CD31 

decreased, while mesenchymal markers, α-SMA and Vimentin increased in VEC-SHIP-1 

MLECs compared to WT MLECs (Figure 5C, D). Western-blot results also demonstrated 

similar changes in VE-cadherin, α-SMA and Vimentin in WT and VEC-SHIP-1 MLECs as 

shown in Figure 5E. Taken together, changes in EndoMT markers in primary MLECs from 

WT and VEC-SHIP-1 mice after TGF-β1 stimulation confirmed the in vivo findings. 
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Furthermore, knockdown of SHIP-1 in primary HUVECs showed CD31 expression 

decreased but α-SMA increased when stimulated with BLM (Figure 5F), indicating 

enhanced EndoMT.

Endothelial miR-155 and SHIP-1 in pulmonary fibrosis involving the PI3K/AKT, STAT3 and 
SMAD/STAT signaling pathways

To determine which signaling pathways were involved in endothelial miR-155 and SHIP-1 

regulation of pulmonary fibrotic responses, we analyzed the expression and activation of 

signaling molecules PI3K/AKT as well as STAT3 and SMAD/STAT in the lung tissues of 

WT, miR-155KO, VEC-miR-155 and VEC-SHIP-1 mice 28 days after BLM challenge. 

Western blot results showed that, compared to WT mice, miR-155KO and VEC-miR-155 

mice had significantly reduced activation or expression of p-Akt, Twist, Snail, p-STAT3, p-

Smad2 and p-Smad3 in the lung (Figure 6A-D). In contrast, VEC-SHIP-1 mice showed 

significantly enhanced activation or expression of fibrotic signaling molecules p-Akt, Twist, 

Snail, p-STAT3, p-Smad2 and p-Smad3, compared to those in WT mice (Figure 6E-F).

Discussion

IPF is a progressive, chronic and ultimately fatal interstitial lung disease characterized by 

enhanced extracellular matrix deposition. Although the exact etiology in IPF is unclear, 

complex, and probably diverse, previous studies have identified EndoMT as one of the 

important processes for the establishment and progression of the fibrotic changes (20–22). In 

our study, we also found that all control groups showed no abnormalities, while WT-BLM 

mice showed significant fibrotic responses in the lung; these were accompanied by 

decreased endothelial markers VE-cadherin and CD31 but increased mesenchymal cell 

marker α-smooth muscle actin (α-SMA), indicating EndoMT. Recent studies have 

demonstrated that myofibroblasts are the cells ultimately responsible for the severe organ 

fibrotic process such as in pulmonary fibrosis (23–25). Activated myofibroblasts can 

originate from various cell sources including endothelial cells that have acquired a 

mesenchymal phenotype through EndoMT (26, 27).

Emerging evidence has shown that diverse mediators such as TGF-β1, TNF-α, IL-1β, β-

catenin, Akt/NF-κB, snail and so on, tightly control the process of EndoMT in fibrotic 

diseases (28). Among these factors, microRNA (miRNAs) are critical regulators, with the 

capacity to target multiple messenger RNAs involved in the EndoMT process and disease 

progression regulation (29). MiR-155 is a key mediator in the process of pulmonary fibrosis, 

besides in other lung diseases as allergic airway inflammation (30), lung injury (31), and 

lung cancer (32). However, opposing effects of miR-155, anti-fibrotic or fibrotic, in 

experimental and idiopathic pulmonary fibrosis have been reported (11, 14). The seemingly 

contradictory findings on miR-155 in these studies may have been the results of different 

study design and use of different cells, cytokines and pathways and at different stage of the 

disease. To further clarify the role of miR-155, we utilized miR-155 whole-body KO mice 

and assessed their endothelial responses in BLM induced lung fibrosis models. Our result 

demonstrated that miR-155 gene deletion alleviated lung fibrotic and EndoMT responses in 
vivo. Furthermore, isolated primary MLEC from WT and miR-155 KO mice after TGF-β1 
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stimulation confirmed in vivo findings that miR-155 gene deletion inhibited EndoMT. To 

determine the miR-155 contribution to the EndoMT response, we generated mice with 

endothelial cell-specific conditional deletion of miR-155 and assessed their responses in 

BLM induced lung fibrosis. The data clearly showed endothelial cell-specific deletion of 

miR-155 resulted in similar responses in miR-155KO mice after BLM challenge, indicating 

that endothelial miR-155 mediated lung fibrosis.

SHIP-1 is a negative regulator of cell signaling in a variety of hematopoietic cells through 

phosphoinositide; and it dephosphorylates PIP3 to PI-3,4-bisphosphate, effectively reducing 

or terminating the downstream signaling of the PI3K pathway (33). SHIP-1 participates in 

the process of several lung diseases such as asthma, lung injury and COPD (5, 34, 35). 

Evidence showed that SHIP-1 KO mice develop a series of pathologies characterized by 

progressive non-resolving lung inflammation, fibrosis, and emphysema (34). Our previous 

work also showed mice lacking SHIP-1 had severe lung inflammation and fibrosis (5). Of 

interest, SHIP-1 has been recognized as a target of miR-155 (36). However, the expression 

and the functional role of SHIP-1 in endothelial cells are unknown. To further study 

SHIP-1in regulating lung fibrotic response, we first determined the SHIP-1 expression in 

endothelial cells. Indeed, human umbilical vein endothelial cells (HUVEC) as well as mouse 

lung endothelial cells (MLEC) expressed SHIP-1. Our results also showed that SHIP-1 

expression was upregulated in primary MLEC from miR-155KO mice, and importantly, lack 

of SHIP-1 in endothelial cells facilitated lung fibrosis.

Since miR-155 was involved in EndoMT in lung fibrosis, we reasoned that SHIP-1, as a 

target of miR-155, also participated in regulating EndoMT response. As shown in Figure 4F-

I, in VEC-SHIP-1 mice, mesenchymal marker α-SMA was significantly increased, while 

endothelial marker VE-cadherin decreased, indicating that endothelial SHIP-1 is required in 

regulating EndoMT in vivo. Changes in EndoMT markers in isolated primary MLECs from 

WT and VEC-SHIP-1 mice stimulated with TGF-β1 confirmed the in vivo findings. 

Furthermore, knockdown of SHIP-1 in HUVEC resulted in decreased CD31 expression but 

increased α-SMA when stimulated with BLM (Figure 5F), showing enhanced EndoMT. 

Taken together, endothelial miR-155 regulates lung fibrotic and EndoMT responses by 

targeting SHIP-1 as one likely mechanism.

MiR-155 and SHIP-1 have essential roles in controlling hematopoietic cell functions 

through modulating PI3K signaling pathways essential for cell survival, proliferation, 

invasion and migration (37, 38). Studies found that inhibition of miR-155 potentially 

suppresses JAK/STAT and PI-3K-mediated cytokine signaling by its direct target SHIP-1 in 

post-stroke inflammatory responses (39). However, no report has identified the signaling 

pathways regarding endothelial miR-155 and SHIP-1 in regulating EndoMT during 

pulmonary fibrotic responses.

In assessing signaling pathways involved, we detected activation of signaling molecules 

PI3K/Akt, JAK/STAT3, Smad2/3 in WT, miR-155KO, VEC-miR-155 and VEC-SHIP-1 

mouse lungs after BLM challenge. Our results showed that miR-155KO and VEC-miR-155 

mice had significantly reduced activation or expression of p-Akt, Twist, Snail, p-STAT3, p-

Smad2 and p-Smad3 (Figure 6A-D), whereas VEC-SHIP-1 mice showed the opposite, 
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significantly enhanced activation of fibrotic signaling molecules p-Akt, Twist, Snail, p-

STAT3, p-Smad2 and p-Smad3 (Figure 6E, F). Our study revealed that through activation of 

PI3K/Akt signaling, the level of Twist increased correspondingly. Evidence indicates that the 

PI3K/Akt pathway predominantly regulates Twist phosphorylation (40); and the PI3K/AKT/

Twist signaling pathway was involved in EndoMT induction. Snail, one of the EndoMT 

mediators, is essential for EndoMT and regulates the formation of endocardial cushion (41); 

and Snail acts as a transcriptional repressor of VE-cadherin when it is induced in endothelial 

cells during EndoMT (42). We found in this study that the expression of Snail was 

upregulated and p-Akt was simultaneously increased in VEC-SHIP-1 fibrotic lung tissues, 

suggesting that SHIP-1 participates in regulation of the Akt/Snail signaling pathway in lung 

fibrotic responses. Based on these findings, it is likely that hyper-activation of PI3K/Akt, a 

result of reduced dephosphorylation of PI (3, 4, 5)-P3 due to endothelial SHIP-1 deletion, is 

responsible for the induction of EndoMT in lung fibrotic responses.

The role of Smad2 and Smad3 in TGF-β1-induced EndoMT was documented in different 

types of endothelial cells (43); meanwhile, inhibition of EndoMT by SIS3, a Smad3 

inhibitor, has been reported to attenuate the development of fibrosis in diabetic nephropathy 

(44). Our study showed that miR-155 and SHIP-1 are involved in activation and regulation, 

respectively, of TGF-β1 induced Smad2/3 and EndoMT responses in endothelial cells and in 

lung fibrosis. The underlying regulatory mechanisms need to be further investigated.

The JAK/STAT signaling pathway is essential in mediating cytokine signaling and there is 

cross-talk among the JAK/STAT signaling pathway and the PI3 kinase pathway and the 

TGF-β1 signaling pathway (45). The role of STAT3 in pulmonary fibrosis is not well 

defined, though activation of STAT3 has been associated with IPF disease progression (46). 

It was reported in mouse cortical tissues in a post-stroke inflammation model that the level 

of miR-155 positively, whereas that of SHIP-1 inversely, correlated with the status of STAT3 

phosphorylation (39). We observed in this study that changes in miR-155 and SHIP-1 

corresponded to the activation status of STAT3 in a similar pattern, indicating an interaction 

among miR-155, SHIP-1 and STAT3, perhaps through the PI3 kinase pathway.

In this study, we demonstrate that endothelial miR-155 plays an important role in mediating 

fibrotic responses in the lung through EndoMT; endothelial SHIP-1, a target of miR-155, is 

essential in controlling fibrotic responses through regulating the PI3K/Akt and JAK/STAT 

signaling pathways; and endothelial cells are an integral part in lung fibrosis.
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Nonstandard abbreviations

α-SMA Alpha-smooth muscle actin

BAL Bronchoalveolar Lavage

BLM Bleomycin
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COPD Chronic Obstructive Pulmonary Disease

Cre Cre Recombinase

DAPI 4′,6-diamidino-2-phenylindole

ECGS Endothelial Cell Growth Supplement

EndoMT Endotheial-Mesenchymal Transition

FACS Fluorescence-Activated Cell Sorting or Flow Cytometry

H&E Hematoxylin and eosin

HUVEC Human Umbilical Vein Endothelial Cells

IB Immunoblot

IF Immunfluorescence

IPF Idiopathic Pulmoanry Fibrosis

KO Knockout

miR MicroRNA

MLEC Mouse Lung Endothelial Cells

NS Nornal Saline

SHIP-1 Src homology 2 (SH2) domain containing inositol polyphosphate 5-

phosphatase 1

VEC Vascular Endothelial Cadherin or VE-Cadherin

WT Wildtype
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Figure 1. Endothelial-mesenchymal transition (EndoMT) was involved in BLM-induced lung 
fibrosis.
(A) Hematoxylin and eosin (H&E) and Masson’s Trichrome stained lung sections from WT 

mice with BLM challenge or NS control for 28 days (WT-NS, WT-BLM, n=7–8 mice/

group). (B) Q-PCR analysis of α-SMA and VE-cadherin mRNA in the lung tissues of WT-

NS and WT-BLM mice. Results are Means±SEM from triplicate samples of 3 repeats. (C) 

Western blot of α-SMA and VE-cadherin proteins in the lung tissues of WT-NS and WT-

BLM mice. HSP-90 was used for sample loading control. Shown are representative blots of 

3 independent experiments. (D) Immunofluorescence of CD31 and α-SMA in WT-NS and 
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WT-BLM lung tissues and (E) Immunofluorescence of VE-Cadherin and α-SMA in WT-NS 

and WT-BLM lung tissues. Images were from different animals (n=7–8 mice/group). DAPI 

stained for nuclei (blue). *p<0.05, **p<0.01.
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Figure 2. Deletion of MiR-155 alleviated fibrotic and EndoMT responses.
(A) H&E and Trichrome stained lung sections from WT and miR-155−/− mice with BLM 

stimulation for 28 days (WT-BLM, MiR-155−/−-BLM, n=6–8 mice/group). (B) 

Hydroxyproline content in the lung tissues of WT and miR-155−/− mice challenged with NS 

or BLM (n=6–8 mice/group). (C) Q-PCR of Collagen I mRNA in WT and MiR-155−/− lung 

tissues after NS or BLM challenge. Results are presented as Means±SEM of triplicates of 3 

repeats. (D, E) Western blots of α-SMA, Collagen I and VE-cadherin in the lung tissues of 

WT and miR-155−/− mice with or without BLM. HSP-90 or β-Actin as loading controls. 
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Shown are representative blots of 3 independent experiments. (F) Immunofluorescence of 

CD31 and α-SMA in WT-BLM and miR-155−/−-BLM lung tissues. Images were from 

different aniamls (n=6–8 mice/group). (G) Immunofluorescence of VE-Cadherin and α-

SMA in WT-BLM and miR-155−/−-BLM lung tissues (n=6–8 mice/group). DAPI for nuclei 

(blue). *p<0.05; **p<0.01.
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Figure 3. Role of endothelial MiR-155 in lung fibrosis.
(A, B) Q-PCR of Fibronectin and VE-cadherin mRNA in isolated MLEC from WT and 

MiR-155KO mice. Results are Mean±SEM of triplicates with 3 repeats. (C) Western blot of 

α-SMA, Vimentin and VE-cadherin in isolated WT and MiR-155KO MLEC stimulated with 

TGF-β1 for 72 hrs. Shown are representative blots from 3 independent experiments. (D, E) 

Immunofluorescence of CD31, Vimentin, VE-Cadherin, and α-SMA in MLEC after 

stimulation with TGF-β1. Results reprensent 3 independent experiments. (F) H&E and 

Trichrome staining of lung sections of WT and VEC-miR155 mice after BLM for 28 days 
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(n=6–8 mice/group). (G) Q-PCR of Collagen I mRNA in WT and VEC-miR155 mouse 

lungs with or without BLM. Results are Mean±SEM of triplicates with 3 repeats. (H) 

Western blot of Collagen I, α-SMA and VE-cadherin in WT and VEC-miR155 mouse lungs. 

Shown are representative blots of 3 independent experiments. (I) Immunofluorescence of 

VE-Cadherin and α-SMA in WT and VEC-miR155 mouse lungs (n=6–8 mice/group). DAPI 

for nuclei (blue). *p<0.05; **p<0.01.
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Figure 4. Lack of endothelial SHIP-1 facilitated lung fibrosis and EndoMT in vivo.
(A) Western blot of SHIP-1 in miR-155−/−, VEC-miR-155 and WT mouse lungs before and 

after BLM challenge for 28 days (n=6 mice/group). (B) Immunoprecipitation (IP) and 

Western blot (IB) of SHIP-1 protein in HUVEC. Shown are representative results of 3 

independent experiments. (C) Q-PCR of SHIP-1 mRNA in mouse lung endothelial cells 

(MLECs) from WT and VEC-miR155 mice before TGF-β1 stimulation. Results are Mean

±SEM of triplicates with 3 repeats. (D) Western blot of SHIP-1 in MLECs from miR-155−/−, 

WT and VEC-SHIP-1 mice before and after TGF-β1 stimulation for 72 hrs. Results 
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represent 3 independent experiments. (E) H&E and Trichrome stained lung sections from 

WT and VEC-Cre-SHIP-1 (VEC-SHIP-1) mice after BLM challenge for 28 days (n=7–8 

mice/group). (F) Q-PCR of Collagen I and VE-cadherin mRNA in WT and VEC- SHIP-1 

mouse lungs. Results are Mean±SEM of triplicates with 3 repeats. (G) Western blot of 

Collagen I and α-SMA in WT and VEC-SHIP-1 mouse lung tissues and (H) Western blot of 

α-SMA and VE-cadherin in WT and VEC-SHIP-1 mouse lung tissues. Blots are 

representative results of 3 independent experiments. (I) Immunofluorescence of VE-

Cadherin and α-SMA in WT and VEC-SHIP-1 mouse lung sections. Images were from 

different animals (n=6–8 mice/group). DAPI for nuclei (blue). *p<0.05; **p<0.01.
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Figure 5. Effect of endothelial SHIP-1 on TGF-β1-induced EndoMT in vitro.
(A) Flow cytometry analysis of CD31 and SHIP-1 expression in isolated lung cells from WT 

and VEC-SHIP-1 mice. Upper right panels show the percentage of CD31 and SHIP-1 double 

positive cells. Results represent 3 independent experiments. (B) Western blot of SHIP-1 

expression in WT and VEC-SHIP-1 mouse lung endothelial cells (MLECs). Shown is a 

representative blot of 3 separate experiments. (C) Immunofluorescence of VE-Cadherin and 

α-SMA in WT and VEC-SHIP-1 MLECs and (D) Immunofluorescence of CD31 and 

Vimentin in WT and VEC-SHIP-1 MLECs. Images were taken from 3 independent 

experiments. (E) Western blot of VE-Cadherin, α-SMA and Vimentin in WT and VEC-

SHIP-1 MLECs with or without TGF-β1 stimulation for 72 hrs. Shown are representative 

results of 3 independent experiments. (F) Western blot of CD31 and α-SMA in primary 

HUVECs treated with siRNA to SHIP-1 or scrambled siRNA and with/without BLM for 72 

hrs. Shown are representative results of 3 independent experiments.
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Figure 6. Endothelial miR-155 and SHIP-1 in pulmonary fibrosis involving PI3K/AKT, STAT3 
and SMAD2/3 signaling pathways.
(A) Western blot of PI3K, p-AKT-1, Twist and Snail in WT and miR-155KO mouse lung 

tissues after BLM challenge for 28 days (n=6–8/group). (B) Expression of STAT3, Smad2/3 

as well as activation of p-STAT3, p-Smad2, and p-Smad3 were detected by Western blot in 

WT and miR-155KO mice lung tissues (n=6–8/group). (C) Western blot of PI3K, p-PI3K, p-

AKT-1, Twist and Snail in WT and VEC-miR-155 mice lung tissues (n=6–8/group). (D) 

Expression of STAT3 as well as activation of p-STAT3, p-Smad2, and p-Smad3 in WT and 

VEC-miR-155 mouse lung tissues were analyzed by Western blot (n=6–8/group). (E) 
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Protein expression of PI3K, Twist, Snail as well as activation of p-PI3K, and p-AKT1 in WT 

and VEC-SHIP-1 mouse lung tissues (n=6–8/group). (F) Western blot of p-STAT3, STAT3, 

p-SMAD2 and p-SMAD3 in WT and VEC-SHIP-1 mouse lung tissues (n=6–8/group).
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Table 1.

Primer Sequences Used for qPCR Analyses

Gene Sequences (5’−3’)

α-SMA-F CCAGCACCATGAAGATCAAG

α-SMA-R TTCGTCGTATTCCTGTTTGC

VE-Cadherin-F TCCTCTGCATCCTCACTATCACA

VE-Cadherin-R GTAAGTGACCAACTGCTCGTGAAT

Collagen I-F CATAAAGGGTCATCGTGGCT

Collagen I-R TTGAGTCCGTCTTTGCCAG

Fibronectin-F GACTCATGGTGGCACTAAATA

Fibronectin-R CTTCTTGGAGGGCTAACATTCT

SHIP-1-F CAGGGATGAAGTACAACTTGCC

SHIP-1-R TCTCCTTCCTGACTCTTGACA

GAPDH-F ACAACTTTGGCATTGTGGAA

GAPDH-R GATGCAGGGATGATGTTCTG
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