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Abstract

Endoglin (ENG) regulates signaling by transforming growth factor-b (TGF-b),
a genetic modifier of cystic fibrosis (CF) lung disease severity. We hypothe-

sized that ENG mediates TGF-b pathobiology in CF airway epithelia. Compar-

ing CF and non-CF human lungs, we measured ENG by qPCR,

immunoblotting and ELISA. In human bronchial epithelial cell lines (16HBE),

we used CFTR siRNA knockdown and functional inhibition (CFTRINH-172)

to connect loss of CFTR to ENG synthesis. Plasmid overexpression of ENG

assessed the direct effect of ENG on TGF-b transcription and signal amplifica-

tion in 16HBE cells. We found ENG protein to be increased more than five-

fold both in human CF bronchoalveolar fluid (BALF) and human CF lung

homogenates. ENG transcripts were increased threefold in CF, with a twofold

increase in TGF-b signaling. CFTR knockdown in 16HBE cells tripled ENG

transcription and doubled protein levels with corresponding increases in TGF-

b signaling. Plasmid overexpression of ENG alone nearly doubled TGF-b1
mRNA and increased TGF-b signaling in 16HBE cells. These experiments

identify that loss of CFTR function increases ENG expression in CF epithelia

and amplifies TGF-b signaling. Targeting ENG may offer a novel therapeutic

opportunity to address TGF-b associated pathobiology in CF.

Introduction

Cystic Fibrosis (CF) is due to genetic mutations in

CFTR that impede chloride and bicarbonate transport

in airway epithelia (Rowe et al. 2005). CF lung disease

is characterized by chronic infection and inflammation

that ultimately leads to respiratory failure (Stoltz et al.

2015). Disease progression in CF is quite heteroge-

neous, with transforming growth factor-beta (TGF-b)
being a major gene modifier of disease severity (Ark-

wright et al. 2000; Drumm et al. 2005; Bremer et al.

2008; Collaco and Cutting 2008; Collaco et al. 2008).

TGF-b1 genetic polymorphisms are associated with a

more rapid pulmonary decline (Arkwright et al. 2000),
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with an odds ratio >2 of having severe lung disease

(Drumm et al. 2005) and an amplified deterioration

(>20% decline) in lung function after second hand

smoke exposure (Collaco et al. 2008). TGF-b is a pleio-

tropic cytokine with effects on lung development,

immune modulation, and fibrotic response (Massague

2012).

We have previously reported that increased TGF-b sig-

naling is a major contributor to lung fibrosis in CF (Har-

ris et al. 2013), with increased plasma and

bronchoalveolar fluid (BALF) TGF-b concentrations in

subjects with more advanced lung disease (Harris et al.

2009, 2011). In addition to the effects of increased TGF-b
signaling on lung fibrosis and remodeling, TGF-b has

direct suppressive actions on CFTR expression in primary

differentiated human bronchial epithelial cells (Snodgrass

et al. 2013; Sun et al. 2014), with antagonism of recently

approved CFTR modulator therapy (Lutful Kabir et al.

2018).

As TGF-b is fundamental to normal growth, develop-

ment and immunomodulation, addressing excessive

TGF-b signaling must be nuanced, preferably utilizing

available regulatory pathways that may become dis-

turbed in chronic disease states. Multiple cells produce

TGF-b in the lung. Within the airway, macrophages and

airway epithelia are likely the main contributors, with

fibroblasts and other inflammatory cells contributing to

TGF-b production in the parenchyma. For TGF-b in

disease, dysregulated activation may be more pathogenic

than the production sources. In the CF context, dysregu-

lated activation may be secondary to increased lung

inflammation, proteases, altered pH, and mechanical

strain (Annes et al. 2003; Shi et al. 2011; Hinz 2015).

Endoglin (ENG) offers an appealing endogenous regula-

tory pathway that may be utilized to normalize TGF-b
signaling in CF lungs. ENG is a 180 kDa homodimer

cell surface glycoprotein (a TGF-b Type III co-receptor)

that binds to TGF -b1, -b3, activin A and BMP-2,-7.

Central to TGF-b signaling, ENG has previously been

identified on fibroblasts, activated macrophages,

endothelial cells, and smooth muscle cells (Conley et al.

2000). Two different isoforms, L-endoglin (full length)

and S-endoglin (short) differing in the amino acid com-

position of their cytoplasmic tails(Rodriguez-Pena et al.

2001, 2002; Prieto et al. 2005; Velasco et al. 2008) share

the capacity to bind TGF-b. Recently, endoglin has been

identified as a biomarker of CF liver disease (Rath et al.

2013).

We hypothesized that endoglin may mediate increased

TGF-b signaling in CF epithelia. The results of our study

suggest ENG may contribute to CF respiratory disease

and offer a possible therapeutic target to disrupt patho-

genic TGF-b sequelae in CF lungs.

Methods

Institutional approval

University of Alabama at Birmingham (UAB) Institu-

tional Review Board approval (Protocol # X081204008

and #F070813009) was obtained prior to conducting these

studies.

Immunohistochemistry

Formalin-fixed, paraffin-embedded blocks were sectioned

at 10 lm. Sections of parenchyma were taken from the

periphery of each lobe to control for regional heterogene-

ity. Heat-induced epitope retrieval with 0.02 mol/L of

citrate buffer (pH 6.0) at 97°C for 20 min was performed

and immunohistochemistry accomplished with DAKO

EnVision kit (cat.# Rabbit K4010). Rabbit anti-human

ENG antibody (SC-20632, 1∶50 dilution, Santa Cruz

Biotechnology) was used for detection by diaminobenzine

tetrachloride (DAB). Negative control slides (lacking pri-

mary antibody) were prepared in all cases.

Quantitative real-time PCR (qPCR)

SYBR Green RT-PCR kit (Applied Biosystems) was used

in the Bio-Rad iCycler System with the following human

primer (30-50): ENG forward CGTGGACAGCATGGACC,

ENG reverse GATGCAGGAAGACACTGCTG and 18S,

TGFb1 and PAI-1 as previously described (Ambalavanan

et al. 2008a,b; Nicola et al. 2009, 2011; Olave et al. 2012).

GAPDH and actin were also used as internal qPCR

controls.

Immunoblotting

Primary rabbit antibodies pSmad2, total SMAD2 (Milli-

pore), b-tubulin (Sigma-Aldrich), b-actin (Millipore),

CFTR (Cell Signaling and Millipore) and Endoglin (Bos-

ter #PA1395) were used at 1:2000 dilutions. TGF-b signal-

ing was measured by phosphorylation of Smad2 (the

major TGF-b signaling pathway) relative to total SMAD.

Endoglin was normalized to b-tubulin.

Bronchoalveolar Lavage Sample and Lung
Tissue Preparations

Remnant pediatric CF (n = 14) and non-CF (n = 5)

bronchoalveolar lavage (BAL) fluid was obtained at the

time of clinically indicated flexible bronchoscopy utilizing

standard techniques (Harris et al. 2009; Peterson-Carmi-

chael et al. 2009). For comparison, BALF ENG was also

measured in non-CF, nonbronchiectatic children
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undergoing clinically indicated bronchoscopy for the eval-

uation of either chronic/recurrent wheeze or recurrent

pneumonia. After centrifugation (Harris et al. 2009), the

BAL supernatant was used to quantify ENG protein levels

by ELISA. Explanted CF human lung tissues were

obtained at the time of transplant (CF, n = 10) and/or

failed lung transplant donors (non-CF, n = 10). Whole

lung homogenates were subject to immunoblotting.

Cell culture

We utilized the 16HBE14o- (16HBE) cell line that models

bronchial epithelial cell phenotype (CFTR expression,

transepithelial resistance, tight-junctions, and ciliation) to

model the association between CFTR and ENG in airway

epithelia. Unless otherwise specified results were from at

least three separate experiments performed in triplicate.

The full-length ENG Plasmid DNA (pCD105) was gener-

ously provided by Dr. Calvin PH Vary (Main Medical

Research Institute, Scarborough, Main) (Liu et al. 2002;

Breen et al. 2013). Cells transfected with the pcDNA3.1

plasmid are included as a negative control (vector

control).

CFTR knockdown in 16HBE cells

Downregulation of CFTR in 16HBE cells was performed

utilizing siRNA knockdown techniques as previously

described (Dalby et al. 2004). CFTR siRNA (Thermo

Fisher, Cat#4392420-s2945, -s2946, -s2947) and scrambled

siRNA was used as a negative control (Cat# 4390843).

Current data shows CFTR siRNA (Cat#4392420-s2945) as

a representative. CFTR siRNA knockdown lowered CFTR

expression by 70-80%.

CFTR functional inhibition

CFTR functional inhibition was performed with 20 lmol/L

CFTRINH-172 (Sigma, Cat#C2992-5MG), a thiazolidinone

that selectively blocks the CFTR channel (Ki= 300 nmol/L)

in a voltage-independent manner (Ma et al. 2002; Taddei

et al. 2004). CFTRINH-172 directly modulates chloride gat-

ing at the channel and does not prevent elevation of cAMP

or inhibit other pumps or channels (Peterson-Carmichael

et al. 2009; Olave et al. 2012).

ELISA to quantify ENG protein

Quantitative analysis of ENG levels was measured in BAL

fluid of CF and non-CF subjects by following manufacturer’s

protocol using the human CD105 ELISA kit (Boster Biologi-

cal Technology, Cat#EK0644). BALF was centrifuged at

500 g 5 min with the cell-free supernatant stored at �80°C

for subsequent assays. The standard product used in this kit

is extracellular part of recombinant human CD105, from

E26 to G586. Previously, we published increased TGF-b1 in

BAL fluid from children with cystic fibrosis (Harris et al.

2009; Lutful Kabir et al. 2018).

TGF-b1 production

Protein levels of TGF-b were measured in cell culture

studies using a mink lung cell bioassay (Abe et al. 1994).

Statistics

Parametric data was analyzed by t-test for comparison of

two variables, and ANOVA with Tukey–Kramer posttest

analysis for multiple comparisons. Analysis of nonpara-

metric data utilized the Mann–Whitney test. For all ana-

lytical studies, significance was assigned to P ≤ 0.05.

Results

In vivo

ENG is increased in CF lung

Bronchoalveolar lavage (BAL) fluid

Remnant BAL fluid was obtained in CF (mean age

8.7 years, FEV1 78%, 35% Pseudomonas positive) and

non-CF controls for ENG quantification. ENG was

increased more than fivefold in CF BAL fluid compared to

the non-CF sample (ENG mean�SEM, CF: 5.935 � 1.493,

n = 14 vs. non-CF: 1 � 0.3233, n = 5; P < 0.05; Fig. 1A).

Immunohistochemistry for ENG on paraffin-embedded

lung sections showed increased staining (brown) in CF dis-

ease as compared to non-CF lung (Fig. 1B).

Lung homogenates

Lung tissue was also obtained from CF subjects (ex-

planted end-stage lung tissue obtained at the time of lung

transplant, n = 5, mean age (�SEM) 24 � 2.0 years) and

non-CF controls (failed tissue donor, n = 5, mean age

35 � 6.5 years). Real time qPCR revealed a threefold

increase in ENG mRNA (CF 3.5 � 1.8 vs. non-CF:

1.0 � 0.4, n = 5; P < 0.05; Fig. 2A), a twofold increase in

the representative TGF-b signal PAI-1 mRNA (CF

2.2 � 0.3 vs. non-CF: 1.0 � 0.2, n = 5; P < 0.01; Fig. 2B)

and a 1.5-fold increase in TGF-b1 mRNA (CF 1.5 � 0.3

vs. non-CF: 1.0 � 0.3, n = 5; P < 0.05, data not shown)

in lung homogenates of CF compared to non-CF lung

indicating that ENG and TGF-b signaling (PAI-1) are

increased at the transcription level.
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Immunoblotting

This data from lung homogenates shows a twofold

increase in ENG protein levels in severely diseased CF

lungs compared to normal lung (ENG/b-actin ratio: CF

1.75 � 0.1403, n = 6 vs. non-CF: 1 � 0.1385, n = 6;

P < 0.01). These findings indicate that ENG protein is

increased in diseased CF tissue (Fig. 2C–D).

In vitro

Effect of CFTR manipulation on ENG and TGFb
synthesis

To elucidate the relationship between CFTR dysfunction,

and endoglin-associated TGF-b signaling, we utilized CFTR

siRNA to knockdown CFTR in bronchial epithelial cells

(16HBE cell line). CFTR siRNA knockdown doubled both

endoglin protein levels (CFTR siRNA 1.07 � 0.02 vs. Sham

siRNA 0.47 � 0.2, n = 6; P < 0.05, Fig. 3B) and Smad2

phosphorylation (the canonical signaling pathway for TGF-

b)(Derynck and Zhang 2003) in airway epithelial cells

(CFTR siRNA 2.688 � 0.6189, n = 6, Sham siRNA

1.078 � 0.1236, n = 6; P = 0.0502, Fig. 3C). Similarly,

TGF-b protein levels were increased more than fourfold

(CFTR siRNA: 912 � 31.3 pg/mL vs. Sham siRNA:

234 � 23 pg/mL, n = 6; P < 0.005, Fig. 3D) in cultured

media as measured by standard bioassay (Abe et al. 1994).

Our CFTR siRNA knockdown efficiency was 70–80%.

Loss of CFTR by siRNA knockdown in 16HBE cells also

increased ENG mRNA threefold (CFTR siRNA

2.73 � 0.17 vs. Sham siRNA 1.00 � 0.04, n = 6; P < 0.01,

Fig. 4A), increased TGF-b1 mRNA 2-fold (CFTR siRNA

1.96 � 0.84 vs. Sham siRNA 1.00 � 0.37, n = 6; P < 0.5,

Fig. 4B) and TGF-b signaling 2.5-fold (PAI-1 mRNA,

CFTR siRNA 2.54 � 0.9 vs. Sham siRNA 1.00 � 0.31,

n = 6; P < 0.01, Fig. 4C) compared to control cells.

In addition to siRNA knockdown, functional inhibition

of CFTR was achieved with 20 lmol/L CFTRINH-172 in

16HBE cells. Loss of CFTR function resulted in a fivefold

increase in ENG mRNA (Control 16HBE 1 � 0.04 vs.

CFTRINH-172: 5.02 � 0.85, n = 6; P < 0.01, Fig. 4D), a

twofold increase in TGF-b1 mRNA (Control 16HBE

1 � 0.31 vs. CFTRINH-172: 2.21 � 0.23, n = 6; P < 0.01,

Fig. 5E) and TGF-b signaling 2.5-fold increase (PAI-1;

Control 16HBE 1 � 0.06 vs. CFTRINH-172: 2.37 � 0.08,

n = 6; P < 0.01, Fig. 4F) compared to control cells, sug-

gesting a direct impact of CFTR dysfunction on ENG and

TGF-b1 transcription.

Effect of ENG overexpression on TGF-b signaling

The previous studies showed that loss of CFTR function

increased ENG expression with corresponding increase in

TGF-b1 transcription and signaling. We then wanted to

evaluate the effect of ENG overexpression on TGF-b1 sig-

naling. To test the hypothesis that upregulated ENG

increased TGF-b1 signaling in airway epithelia, we overex-

pressed ENG by plasmid-DNA transfection. In 16HBE

cells, ENG overexpression increased TGF-b1 mRNA (con-

trol 1 � 0.43; 1.67 � 0.38, n = 6; P < 0.05, Fig. 5A) and
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Figure 1. Increased endoglin in CF bronchoalveolar lavage fluid (BAL) fluid. Quantitative analysis by human CD105 ELISA kit (Cat.# EK0644,

Boster Immuno-Leader Biotechnology) indicates a fivefold increase in endoglin in severe CF (n = 14) compared to non-CF samples (*P < 0.05,

n = 5; A). Immunohistochemistry on paraffin-embedded lung sections shows increased ENG (brown staining) in CF lungs with severe disease as

compared to non- CF (100x; primary Ab: Rabbit polyclonal anti-human ENG, 1:50 dilution, Santa Cruz, Calibration bar = 250 lm) (B).
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TGF-b signaling (PAI-1; 1 � 0.27; 1.5 � 0.23, n = 6;

P < 0.05, Fig. 5B) showing a direct relationship between

ENG stimulation and TGF-b1 signaling in airway epithelia.

Our data suggest a relationship between CFTR, ENG

and TGF-b1. Loss of CFTR increases both ENG and

TGF-b1, with increased TGF-b1 further potentiating

TGF-b1 signaling.

Discussion

This study is the first to show that endoglin is increased

in CF lungs and that loss of CFTR directly stimulates

endoglin production in CF epithelia. Increases in endoglin

(either from loss of CFTR or after plasmid overexpres-

sion) amplifies TGF-b signaling, demonstrating a poten-

tially modifiable pathway to ameliorate TGF-b
pathobiology in CF tissue. Marked Elevations of endoglin

in end-stage CF lung specimens underscores the impor-

tance of endoglin to tissue fibrosis, and suggests a contri-

bution of endoglin to CF lung disease progression.

Our study has several significant strengths. First, we

have utilized multiple in vivo measures to indicate endo-

glin upregulation in CF lungs. Quantitative PCR,

immunoblotting of lung homogenate, ENG immunohisto-

chemistry, and ELISA of BAL fluid all demonstrate

increased endoglin in CF pulmonary disease. Circulating

endoglin levels have recently been identified as a biomar-

ker of CF liver disease (Rath et al. 2013), and our find-

ings suggest endoglin may also be significantly higher in

CF respiratory samples.

Second, we have utilized in vitro studies to demonstrate

that specific loss of CFTR, by siRNA knockdown or by

CFTRINH-172, significantly increases endoglin transcription

and protein levels in bronchial epithelia, with correspond-

ing upregulation of TGF-b synthesis and signaling. Poten-

tial limitations of siRNA are off-target effects, but to

eliminate the possibility that the phenotype we see is due to

off-target effects we used: (1) three different siRNA target-

ing CFTR, (2) siRNAs are chemically modified to eliminate

off-target effects of the passenger strand, and (3) we verified
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Figure 2. Increased endoglin and TGF-b signaling in CF lungs. (A) ENG (threefold, * P < 0.05) and (B) PAI-1 mRNA (twofold, ** P < 0.01) are

increased in human lung homogenates of CF (n = 5) compared to non-CF lung tissue (n = 5) by (A–B) qPCR and (C–D) immunoblotting

(ninefold, C–D, * P < 0.01) normalized to b-Actin.
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the effects by using CFTRINH-172. Similarly, we acknowl-

edge that CFTR inhibitors could exert nonspecific effects

regarding ROS production, mitochondrial failure, and acti-

vation of the NF-jB signaling pathway, independently of

CFTR inhibition (Kelly et al. 2010; Melis et al. 2014). How-

ever, the fact that the siRNAs and inhibitor have the same

effect shows that the effects are specific to CFTR, and not

due to possible nonspecific action of the inhibitor.

We have previously identified an inhibitory effect of

exogenous TGF-b on CFTR function (Sun et al. 2014;

Lutful Kabir et al. 2018), but these are the first data to

identify the feedback relationships in the opposite direc-

tion (e.g. that loss of CFTR increases TGF-b signaling

with endoglin possibly mediating this interaction).

Additionally, we have utilized an ENG overexpressing

construct to demonstrate the direct effect of increased

endoglin on TGF-b signaling in airway epithelia. These

data suggest an interlinked pathologic triad in CF

whereby loss of CFTR increases endoglin production

which further potentiates profibrotic TGF-b signaling.

Future studies will determine the potential of endoglin

inhibition to interrupt the feed–forward relationship

between CFTR dysfunction and exuberant TGF-b signal-

ing in primary airway epithelia.

Endoglin invokes discrete TGF-b responses across cell

types, prompting this investigation of endoglin-mediated

effects in airway epithelia. Pharmaceutical agents are cur-

rently under development to manipulate endoglin as a

TGF-b “brake” that may have potential application to CF.

The most established of these is TRC105, an endoglin

antibody that has been studied for the treatment of multi-

ple solid tumor types, including soft tissue sarcoma, renal

cell carcinoma, glioblastoma, hepatocellular carcinoma

and colorectal cancer (Rosen et al. 2012, 2014; Gordon

et al. 2014; Paauwe et al. 2016). TRC105 has generally

been well tolerated as a single agent and in combination

with VEGF inhibitors in these clinical oncology trials, but

safety (and efficacy) would obviously need to be evaluated

in preclinical CF model systems.

Previously, we have explored the mechanisms of the

TGF-b/CFTR axis in the forward direction, in which

miRNA mediate this interaction (Lutful Kabir et al.
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2018). We have specifically identified that miR-145 medi-

ates TGF-b suppression of CFTR synthesis and function.

TGF-b stimulates miR-145 expression and miR-145 has a

specific binding site on the 30-untranslated region of

CFTR to limit transcript stability and protein translation.

miRNA may similarly regulate the feedback relationship

whereby loss of CFTR alters levels of miRNA that regulate

endoglin expression.
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Figure 4. Loss of CFTR by siRNA knockdown or by functional CFTRinh-172 inhibition increases endoglin and TGFb signaling. CFTR siRNA

knockdown increases (A) ENG mRNA twofold (**P < 0.01, n = 6), (B) TGFb1 mRNA twofold (*P < 0.05, n = 5) and (C) PAI-1 mRNA, a

representative marker of TGF-b signaling (**P < 0.01, n = 5) compared to control (CTRL). Functional inhibition of CFTR with CFTRinh-172

increases (D) ENG mRNA fivefold (**P < 0.01, n = 4) and doubles both (E) TGFb1 mRNA (**P < 0.01, n = 4) and (F) PAI-1 mRNA (**P < 0.01,

n = 3) compared to control (CTRL).
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Figure 5. Endoglin plasmid overexpression increases TGF-b transcription and signaling. Overexpression of ENG (pCD105 plasmid) in 16HBE

bronchial epithelial cells significantly increases (A) TGF-b1 mRNA (*P < 0.05) and (B) TGF-b signaling (PAI-1 mRNA, * P < 0.05, n = 6)

compared to vector control (CTRL).
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We acknowledge the limitations of our study that uti-

lizes manipulated cell culture models, tissue from end-stage

explanted lung tissue, and bronchoalveolar lavage fluid

from children with relatively mild disease. To address this,

we have utilized multiple specimens and biochemical tools

to ascertain the relationship of endoglin to TGF-b in CF

cells. Although we have shown increased endoglin and

TGF-b signaling in lung tissue, and manipulated both

CFTR and endoglin in airway epithelia to isolate direct

interactions in epithelial model systems, we acknowledge

the complexity of the CF microenvironment and the mul-

tiple triggers for increased TGF-b signaling in the disease.

Although we have attempted to demonstrate that loss

of CFTR increases endoglin expression that potentiates

TGF-b signaling in CF epithelia, more definitive delin-

eation of a pathogenic contribution of endoglin to respi-

ratory decline may require a manipulated animal model.

We also acknowledge the complexity of the regulation of

TGF-b signaling to CF disease. While TGF-b is a genetic

modifier of disease progression and CFTR modulator

response, TGF-b is also a potent immunomodulatory that

is essential to inflammatory resolution. Addressing TGF-b
pathobiology will require interruption of the extremes of

TGF-b signaling with a focus on bolstering regulatory

pathways, while preserving normative function. We posit

the current findings lay the foundation for considering

endoglin inhibition as a nuanced mechanistic tool to

dampen TGF-b signaling in CF epithelia.

In summary, we are the first to report the association

between endoglin and TGF-b pathobiology in CF lung

disease. We have investigated both human lung specimens

and CF cell culture models to propose an interdependent

relationship between loss of CFTR and endoglin upregula-

tion that results in enhanced TGF-b signaling in respira-

tory cells. Our results suggest that mechanistic evaluation

and therapeutic consideration of endoglin inhibition in

CF model systems merits further investigation.
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Non‐CF CF

Increased ENG in CF lungs

Endoglin (ENG) regulates signaling by transforming growth factor-b (TGF-b), a genetic modifier of cystic fibrosis (CF) lung

disease severity. Our experiments indicate that loss of CFTR function increases ENG expression in CF epithelia and ampli-

fies TGF-b signaling. ENG may be a targetable mediator of TGF-b associated pathobiology in CF.


