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Abstract

Glucocorticoid (GC) signaling via the glucocorticoid receptor (GR) is essential for lung 
maturation in mammals. Previous studies using global or conditional mouse model 
knockouts of the GR gene have established that GR-mediated signaling in the interstitial 
mesenchyme of the fetal lung is critical for normal lung development. Screens for 
downstream GC-targets in conditional mesenchymal GR deficient mouse lung (GRmesKO) 
identified Versican (Vcan), an important extracellular matrix component and cell 
proliferation regulator, as a potential GR-regulated target. We show that, of the five major 
VCAN isoforms, the VCAN-V1 isoform containing the GAGβ domain is the predominant 
VCAN isoform in the fetal mouse lung distal mesenchyme at both E16.5 and E18.5, 
whereas the GAGα-specific VCAN-V2 isoform was only localized to the smooth muscle 
surrounding proximal airways. Both Vcan-V1 mRNA and protein levels were strongly 
overexpressed in the GRmesKO lung at E18.5. Finally, we investigated the GC regulation 
of the ECM protease ADAMTS 12 and showed that Adamts 12 mRNA levels were markedly 
reduced at E18.5 in GRmesKO fetal mouse lung and were strongly induced by both 
cortisol and betamethasone in cultures of primary rat fetal lung fibroblasts. ADAMTS12 
protein immunoreactivity was also strongly increased in the distal lung at E18.5, after 
dexamethasone treatment in utero. In summary, glucocorticoid signaling via GR represses 
GAGβ domain-containing VCAN isoforms in distal lung mesenchyme in vivo by repressing 
Vcan gene expression and, in part, by inducing the ECM protease ADAMTS12, thereby 
contributing to the control of ECM remodelling and lung cell proliferation prior to birth.

Introduction

The final stages of mammalian lung development are 
characterised by a dramatic reduction in and remodelling 
of the mesenchymal compartment to provide a thinning 
of the distal airways. This process is, in part, regulated 
via the action of the glucocorticoid (GC) steroids 
acting via the glucocorticoid receptor (GR), a member 
of the nuclear receptor superfamily (Oshika et  al. 1998, 

Cole et  al. 2019). The importance of GCs in human 
lung development is highlighted by the now routine 
clinical administration of strong synthetic GCs, such as 
betamethasone, to mothers who are at risk of preterm 
birth to greatly reduce the morbidity and mortality of 
preterm infants at risk of developing respiratory distress 
syndrome (Liggins & Howie 1972, Roberts & Dalziel 2006).  
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There is, however, limited understanding of the important 
GC-regulated molecular mechanisms and gene networks 
in the developing lung required for normal development. 
Studies using global or conditional mouse knockouts of 
the GR gene (Bird et al. 2015) have established that GR 
signaling in the mesenchymal compartment of the lung 
is particularly crucial for normal lung maturation (Bird 
et  al. 2014). Both global and mesenchymal conditional 
GR knockout (GRmesKO) mice die shortly after birth due 
to respiratory failure, as a result of lung mesenchymal 
cell hyperplasia which thickens the gas exchange barrier 
(Cole et  al. 1995, Bird et  al. 2014). Previous screens for 
differentially expressed genes in GRmesKO lungs have 
identified the mesenchyme-localised extracellular  
matrix (ECM) lectican protein Versican (VCAN) as 
strongly overexpressed in distal lung compartments  
(Bird et al. 2014).

VCAN has a core protein structure consisting of 
an N-terminal G1 domain and a carboxy-terminal 
G3 domain as well as two central chondroitin sulfate 
glycosaminoglycan (GAG) attachment domains, termed 
the GAGα and GAGβ domains (Wight 2002). The Vcan 
gene can be alternatively spliced into five isoforms V0, V1, 
V2, V3, and V4, and the encoded proteins have molecular 
weights of approximately 370, 263, 180, 74, and 115 kDa, 
respectively (Zimmermann & Ruoslahti 1989, Ricciardelli 
et  al. 2009, Kischel et  al. 2010). The VCAN-V1 isoform 
is expressed in the developing lung, heart, and limbs, 
while VCAN-V2 is the predominant VCAN isoform in 
the nervous system (Milev et al. 1998, Snyder et al. 2015). 
VCAN-V1 is known to promote cell proliferation and 
mesenchymal-epithelial transitions, whereas VCAN-V2 
is known to inhibit cell proliferation (Sheng et  al.  
2005, 2006).

VCAN is an important ECM proteoglycan that, in the 
embryo, together with hyaluronan and fibronectin form 
a loose hydrated matrix to allow tissue hydration, solute 
permeability, appropriate cell proliferation, cell migration, 
and ECM assembly. This promotes cell growth and 
differentiation and tissue remodelling in a range of fetal 
tissues (Wight 2002, Ricciardelli et  al. 2009, Nandadasa 
et  al. 2014).Toward the end of embryogenesis there is a 
tightly regulated degradation and remodelling of ECM 
components in many tissues, including the fetal lung. The 
breakdown and clearance of VCAN involves a number of 
members of the A Disintegrin and Metalloproteinase with 
ThromboSpondin motifis (ADAMTS) proteinases family 
(Stanton et al. 2011). We have investigated the isoform-
specific expression of Vcan in the mouse fetal lung and 
the GC/GR-mediated repression of VCAN during the 

late stages of lung development. This was assessed using 
isoform-specific qPCR, immunohistochemistry, and 
Western blot analysis in the GRmesKO and the normal 
fetal mouse lung. Finally, we assessed the expression 
levels and mode of GC regulation of three members of the 
ADAMTS ECM protease family.

Materials and methods

Animals

The care and use of all animals was approved by the 
Monash Animal Research Platform-1 Animal Ethics 
Committee at Monash University. Time-mated pregnant 
Sprague–Dawley rats were provided by Monash Animal 
Research Platform. Global GR-null fetal mice and 
mesenchymal-specific GR-null fetal mice (Mus musculus) 
were all of an isogenic C57BL/6 genetic background and 
generated using the Cre/LoxP gene recombination system 
and ,as previously described (Cole et al. 1995, Zhan et al. 
2003, Bird et al. 2007, 2014) briefly, mice expressing Cre 
under the control of the Dermo1 promoter were crossed 
with GRloxp/loxp mice to generate GRloxp/+, Dermo1cre/+ 
mice. These mice were then time-mated with GRloxp/loxp 
to generate GRloxp/loxp, Dermo1cre/+ fetal mice. Pregnant 
dams were treated with dexamethasone (0.1 mg/kg) at 
E14.5 and E15.5, and fetal lung tissue were removed from 
pups at E18.5. The morning of a positive plug mating was 
designated as embryonic (E) day 0.5. Pregnant mice were 
killed according to approved guidelines of the Animal 
Ethics Committee at Monash University at E14.5, E16.5, 
E18.5, and PN 0.5, and the pups were killed by decapitation. 
The lungs of fetal pups (at least n = 4 for each genotype 
collected from 2–3 litters) were isolated and either snap 
frozen in liquid N2 or fixed in 4% paraformaldehyde 
for further analysis as described subsequently. Tail snips  
from pups were collected at dissection for genotyping by 
PCR and gel electrophoresis as previously described (Bird 
et al. 2014).

Isolation of primary rat fetal lung fibroblasts

At E20, pregnant Sprague–Dawley rats were killed by 
CO2, according to approved Animal Ethics Committee 
guidelines. Fetal lung fibroblasts (99% fibroblast cultures) 
were then isolated from pups via differential attachment 
as previously described (McDougall et  al. 2011, 2013). 
Fibroblast cells from a single litter were pooled together 
and treated as one biological replicate (n = 1). Cells 
were seeded onto six well dishes for RNA isolation in 
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Waymouth’s MB 752/1 medium containing 10% heat-
inactivated fetal calf serum (ThermoFisher), 50 U/mL 
penicillin, and 50 µg/mL streptomycin and were cultured 
for 6 h at 37°C in 5% CO2.

Treatment of fetal lung fibroblasts

E20 primary rat lung fibroblasts were maintained in 
Waymouth’s MB media containing 10% charcoal-stripped 
FBS, 50 U/mL Penicillin, and 50 µg/mL Streptomycin. 
The fibroblasts were treated with either corticosterone 
(1 µM in ethanol, Sigma-Aldrich), betamethasone (1 µM 
Celestone Chronodose, Schering-Plough, Australia), or 
100% ethanol (vehicle control) for 6 h at 37°C at 5% CO2.

Isolation of RNA, cDNA synthesis and qRT-PCR

Total RNA was obtained from embryonic mice and 
embryonic fetal rat lung fibroblasts using TRIzol 
(Invitrogen), and cDNA was prepared with a QuantiTech 
RT kit (Qiagen) (Moore et  al. 2000). To measure mRNA 
levels of the four Vcan isoforms quantitative real-time 
PCR using SyBr green was performed following a previous 
protocol (Wong et  al. 2007). Vcan DNA PCR primers 
were designed to overlap specific exon-exon junctions 
to amplify fragments representing the V0 (exon 7–8), V1 
(exon 7–9), V2 (exon 8–9), and V3 (exon 6–9) specific Vcan 
isoform mRNAs (Fig. 1) and for Adamts1, 12, and 15. DNA 
primers to Rps29 were also designed, and Rps29 mRNA 
levels were used as a reference gene for normalisation of 
gene expression between samples. All qPCR products were 
verified by DNA sequencing. PCR DNA sequences (5′ to 
3′) were: mouse Vcan-V0 CAAGACAGGTCGATTGAGTG 
(forward) and GCAAACAGATCATGCAGTGG (reverse); 
Vcan-V1 TGCTTTAAACGTCGATTGAGTG (forward) and  
CCTCTCCGTCTTCATCTTCC (reverse); mouse Vcan-V2  
GACAGGACCTGATCTCTGC (forward) and CCGACAAGG 
GTTAGAGTGAC (reverse); mouse Vcan-V3 GACAGGACC 
TCTCTGC (forward) and CGACAAGGGTTAGTGACA 
(reverse); mouse Rps29 GGACATAGGCTTCATTAAGTTGG 
(forward) and TCAGTCGAATCCATTCAAGGT (reverse);  
rat Vcan-V0 CAAGACAGGT CGAATGAGTGA (forward)  
and ACAGTCCTCCTCTCCATCTT (reverse); rat Vcan-V1  
ATGCTTCCCTCTCCCTGATA (forward) and ACAGTCCTC 
CTCTCCATCTT (reverse); rat Vcan-V2 CAGGACCTG 
ATCTCTGCAA (forward) and ACAGGTGCACAC 
ATAGGAAG (reverse); rat-Gapdh ACCATCTTCCAG 
GAGCGAGA (forward) and GTTCACACCC ATCACAAACA 
(reverse); rat Rps29 GACATAGGCTTCATTAAGTTGGAC 

(forward) and GCATGATTGGTATCACAGGG (reverse); 
mouse Adamts-1 CCTGTGAAGCC AAAGGCATTG 
(forward) and TGCACACAGACAGAGGTAGAGT (reverse); 
mouse Adamts-15 GCTCATCTGCCGAGCCAAT (forward) 
and CAGCCAGCCTTGATGC ACTT (reverse); and mouse/
rat Adamts-12 CCGCTGGTTCCCAGTGTTTA (forward) 
and GTCACAGCCAACCCTCTTACA (reverse).

Immunohistochemistry

Fetal mouse torsos were fixed in 4% paraformaldehyde 
(diluted in PBS) before they were processed and embedded 
in paraffin. Paraffin blocks were cut and 5 µM sections 
mounted on slides and used for immunohistochemistry. 
Sections were stained with either a rabbit anti-VCAN GAG 
β domain (1:200; Millipore, AB1033), rabbit anti-VCAN 
GAG α domain (1:300; Millipore, AB1032), or rabbit 
anti-ADAMTS12 (1:100; Abcam, ab203102) antibody. For 
VCAN antibody staining, slides were pre-digested with 
0.1 U/mL Chondroitinase ABC (Sigma-Aldrich) in 50mM 
Tris pH 8.0, 60 mM sodium acetate, and 0.02% BSA for 
1 h. Immunostaining was then performed following our 
previous protocol (Bird et al. 2014).

Immunohistochemistry analysis

Stained sections were imaged by light microscopy using 
Eclipse E400, Nikon. Three sections per animal were 
stained and the three photos per section were analysed 
using the image analysis software, Image-pro plus, Version 
6.2, media cybernetics.

Figure 1
Schematic showing exon structure of the Vcan isoforms V0, V1, V2, and V3. 
Vcan-V0 contains all exons, including exons 7 and 8 that encode the GAGα 
and GAGβ domains respectively. Vcan-V1 lacks exon 7 (GAGα domain), 
Vcan-V2 lacks exon 8 (GAG β domain), and Vcan-V3 lacks both exon 7 and 
8. Primer location for real-time qPCR are shown with black arrows and the 
exon epitope recognized by the two GAG antibodies is also indicated. 
Schematic diagram is not to scale.
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Western blot

Proteins were isolated from mouse lung tissue in urea 
buffer (4 M urea, 50 mM sodium acetate, 0.2 M NaCl, and 
0.5% Trition × in H2O). Briefly, 500 µL of urea buffer was 
added to each lung sample, and the samples were then 
homogenised and incubated on ice for 15 min. Lung 
samples were centrifuged for 20 min at 4°C and 14,000 
g, supernatants collected, and protein concentrations 
determined using a DC assay (BioRad). 40 µg of protein 
was pre-treated with 0.5 U of Chondroitinase ABC (Sigma-
Aldrich) in 50 mM Tris pH 8.0 and 60 mM sodium acetate 
for 2 h before separation by electrophoresis on a TGX sain-
free 7.5% fastcast SDS-PAGE polyacrylamide gel (BioRad). 
Following a standard protocol, the protein was transferred 
onto a nylon membrane and incubated with either VCAN 
GAG-β specific antibody (0.5 µg/mL; Millipore, AB1033), 
VCAN GAG alpha specific antibody (0.5 µg/mL; Millipore, 
AB1032), or VIMENTIN (1:200 dilution; Cell signalling, 
D21H3). After X-ray imaging, the membranes were 
stripped with 0.5 M NaOH and incubated with a BETA 
ACTIN antibody (1:100,000; Sigma-Aldrich) to control 
protein loading.

Statistical analysis

GraphPad Prism software was used for all statistical 
analysis, with statistical significance nominally set at 
P < 0.05. Two groups were compared using an unpaired 
t-test, and multiple groups were compared by either a 
1-way or 2-way ANOVA with a Tukey’s post hoc test.

Results

Expression of Vcan isoforms in the developing lung 
during late gestation

The mRNA levels of specific Vcan isoforms were measured 
with isoform-specific primer pairs (Fig. 1) in total RNA 
samples from the fetal lung at various times during fetal 
lung development using qPCR (n = 4/group). mRNA levels 
were measured from E14.5 to P0.5 and showed a large 
11-, 8.5-, 6.6-, and 6.1-fold decrease of V0, V1, V2, and 
V3 isoform mRNA levels from E14.5 to P0.5 (P ≤ 0.05) 
respectively (Fig. 2A, B, C and D). We also investigated 
VCAN protein levels with a VCAN GAG-beta-specific and 
a GAG-alpha-specific antibody at E16.5 (n = 3) and E18.5 
(n = 3) in the mouse fetal lung via Western blot analysis 
(Fig. 2E, F and G) and detected a significant decrease 
in VCAN protein level from E16.5 to E18.5. These 
results show that Vcan expression at both the RNA and  
protein levels strongly decrease in the fetal lung shortly 
before birth.

Localization of GAGβ-containing VCAN-V1 and 
GAGα-containing VCAN-V2 in the mouse lung at 
E16.5 and E18.5

To determine the localization of GAGα- and GAGβ-
containing VCAN proteins at the E16.5 and E18.5 fetal 
mouse lung, immunohistochemistry was performed using 
antibodies specific for the GAGβ and GAGα domains of 
VCAN (Fig. 3). Transverse sections of whole fetal mouse 

Figure 2
Expression of Vcan isoforms during late gestation 
of lung development. The mRNA levels 
(mean ± s.e.m.) of Vcan in C57/BL6 mice (Mus 
musculus) during late lung gestation were 
determined for (A) V0, (B) V1, (C) V2, and (D) 
V3-Vcan at E14.5 (black bars), E16.5 (dark grey 
bars), E18.5 (light grey bars), and P0.5 (white bars) 
fetal lung total RNA (n = 4). The mRNA levels in all 
groups are expressed relative to mRNA levels of 
the housekeeping gene Rps29. Western blot 
analysis (mean ± s.e.m.) (E and F) for protein levels 
of GAGβ-containing VCAN (V0/V1) at E16.5 and 
E18.5 in the fetal mouse lung (n = 3). Total protein 
levels were determined relative to β-ACTIN levels. 
Significant differences were analysed by 1-way 
ANOVA with Tukey’s post hoc test (V0: P ≤ 0.0001, 
V1: P = 0.0004, V2: P = 0.0004, and V3: P ≤ 0.0001) 
or an unpaired t-test (F) and are all indicated by 
*P < 0.05, **P < 0.001, and ***P < 0.0001. (G) 
Western blot for protein levels of GAG alpha-
containing VCAN (V0/V2) at E16.5 and E18.5 in the 
fetal mouse lung (n = 3).
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torsos were used and the left lung lobes were chosen for 
all imaging. At E16.5, GAGβ-specific VCAN staining was 
observed in most mesenchymal compartments including 
the smooth muscle surrounding large proximal airways 
(Fig. 3A and E) and distal lung mesenchyme (Fig. 3B 
and F). Interestingly, GAGβ-specific staining appeared 
to show a gradient of expression. Qualitatively, staining 
appeared darker toward airways, compared to the distal 
regions of the lung. Indeed, GAGβ-specific VCAN-V1 
staining was often virtually absent in the outermost 
regions of the lung, adjacent to the mesothelium (Fig. 3B, 
black arrow, n = 3, one representative image is shown). At 
E18.5, GAGβ-specific VCAN protein staining was barely 
detectable in the distal lung mesenchyme (Fig. 3F) but 
instead was primarily restricted to the smooth muscle 
layer surrounding large proximal airways (Fig. 3E). In 
contrast GAGα-specific VCAN staining was only reliably 
detected in the smooth muscle layer surrounding the large 
proximal airways and was completely absent in the distal 
lung mesenchyme at both E16.5 and E18.5 (Fig. 3C, D, G 
and H). The VCAN immunostaining pattern observed in 
the distal fetal lung mesenchyme can be attributed to the 
GAGβ-specific VCAN-V1 isoform rather than VCAN-V0, 
as the latter also contains the GAGα domain that was not 
stained in this region of the lung by the GAGα-specific 
antibody. This demonstrates that, at E16.5, the VCAN-V1 
isoform is the predominant isoform present in the fetal 
lung and that the levels of VCAN-V1 regress dramatically 
over 2 days just before birth.

Increased Vcan isoform mRNA and VCAN-V1 protein 
levels in the GRmesKO lung

We next investigated the influence of glucocorticoid 
signaling on Vcan-V1 levels in the distal lung mesenchyme 

using GRmesKO mice, where the GR has been deleted 
using the Cre/loxp recombination system in the fetal lung 
mesenchyme (Bird et al. 2014). We first measured mRNA 
levels for the specific Vcan isoforms in GRmesKO mouse 
lungs by qPCR (n = 4) (Fig. 4A, B, C and D). We detected 
a 2.3-, 1.6-, 1.8-, and 1.8-fold increase for Vcan V0, V1, 
V2, and V3 mRNAs respectively in E18.5 GRmesKO lung 
relative to control lung (P ≥ 0.01) (Fig. 4A, B, C and D). 
In comparison, we detected no difference in mRNA levels 
for all isoforms at E16.5 for GRmesKO lung vs controls 
(Fig. 4A, B, C and D). We then measured protein levels 
of GAGβ-specific VCAN in whole tissue extracts from 
E18.5 control and GRmesKO mouse lung (n = 7) using 
Western blot analysis (Fig. 4E and F, 4 representative 
wells are shown). There was a significant 3-fold increase 
in GAGβ VCAN protein in the GRmesKO mouse lung. 
Immunohistochemistry was then used to investigate 
localisation of VCAN in the GRmesKO mouse lung using 
the GAGα-specific and GAGβ-specific VCAN antibodies. 
At E16.5, there appeared to be no difference in the level 
and localisation of either GAGα- or GAGβ-containing 
VCAN proteins between the GRmesKO and control lung 
(Fig. 5A). At E18.5, strong immunostaining of GAGβ-
containing VCAN was again evident in the smooth 
muscle layer surrounding large airways in GRmesKO lungs 
(Fig. 5A), and in agreement with Fig. 4E, we detected a 
dramatic increase in GAGβ-specific staining in the distal 
lung mesenchyme in the E18.5 GRmesKO lung compared 
to aged-matched controls (Fig. 5A). Similar to Fig. 3, there 
was virtually no VCAN immunostaining detected in the 
distal lung with the GAGα-specific antibody in either the 
GRmesKO lung or controls (Fig. 5A). This indicates that in 
the absence of GR-mediated signaling there is no normal 
repression and clearance of VCAN V1 protein from  
the distal lung mesenchyme close to birth.  

Figure 3
Localization of GAGβ- and GAGα-containing VCAN 
in the fetal lung at E16.5 and E18.5 of gestation. 
Immunohistochemistry was performed with 
antibodies specific for the VCAN GAGβ (V0/V1) and 
GAGα (V0/V2) domains at E16.5 and E18.5. Boxed 
regions are magnified in the bottom left corner of 
each image. All images were of the left lobe and 
are representative of three animals per age 
group. Arrow indicates mesothelium, arrowhead 
indicates mesenchyme, and empty arrowhead 
indicates epithelium; pa = proximal airway; 
bv = blood vessel.
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Increased GAGβ-specific staining in distal lung areas were 
also quantitated and compared in GRmesKO and GR-null 
lung at E18.5 and shown to increase (Fig. 5B). To rule out 
that this increase did not just reflect on a greatly expanded 
distal area, Western blot analysis was performed with an 
antibody to the distal mesenchyme marker VIMENTIN 
(Fig. 5C). We observed a small but 1.3-fold increase in 

VIMENTIN protein level that was not unexpected, as 
GRmesKO mice have more lung mesenchymal tissue; 
however, we also observed a far greater increase in GAGβ 
protein levels with an increase of approximately 2-fold 
(Fig. 5D and E). This confirmed that there was increased 
GAGβ-specific protein content per mesenchyme area in 
the distal fetal lung.

Figure 4
Vcan isoform expression levels in the GRmesKO 
fetal mouse lung. Vcan isoform mRNA levels 
(mean ± s.e.m.) at E16.5 and E18.5 in control (black 
bars) and GRmesKO (white bars) embryonic 
mouse lung (n = 4). (A) V0 effect on embryonic age: 
P ≤ 0.0001, effect on genotype: P = 0.0177, and 
interaction: P = 0.2528; (B) V1 effect on embryonic 
age: P ≤ 0.0001, effect on genotype: P = 0.9918, 
and interaction: P = 0.0364; (C) V2 effect on 
embryonic age: P ≤ 0.0001, effect on genotype: 
P = 0.6458, and interaction: P = 0.0089; and (D) V3 
effect on embryonic age: P ≤ 0.0001, effect on 
genotype: P = 0.2804, and interaction: P = 0.0097. 
The mRNA levels in all groups are expressed 
relative to levels of Rps29 mRNA. Western blot 
analysis (mean ± s.e.m.) (E and F) for protein levels 
of GAG β at E18.5 in control and GRmesKO 
embryonic mouse lung (n = 7). (F) Western blot 
quantitation representative of seven animals per 
group. Total protein levels are relative to β-ACTIN. 
Significance in A–D was assessed by a 2-way 
ANOVA with a Tukey’s post hoc test and in F by an 
unpaired t-test. Significant differences are 
indicated by *P < 0.05 or by a specific P value. (G) 
Western blot for protein levels of GAG alpha-
contain VCAN (V0/V2) at E18.5 in control and 
GRmesKO fetal mouse lung (n = 4).

Figure 5
Localization of the V1 (GAGβ) and V2 (GAGα) 
isoforms of VCAN at E16.5 and E18.5 in the 
GRmesKO fetal mouse lung by 
immunohistochemistry. Immunohistochemistry 
was performed with antibodies specific for the 
VCAN GAGβ (V1) and GAGα (V2) domains at E16.5 
and E18.5 for control and GRmesKO fetal mice (A). 
Boxed regions are magnified in the bottom left 
corner of each image. All images were of the left 
lobe and are representative of three animals per 
age group. GAG beta immunohistochemistry 
analysis (mean ± s.e.m.) on E18.5 control (black bar, 
n = 8), GRmesKO (light grey bar, n = 6), and GR-null 
(dark grey bar, n = 7) fetal mice (B). Three sections 
per an animal were stained with GAG beta, and 
three images from each section were analysed 
using Image-pro plus. Percentage of GAG beta 
staining is relative to total tissue in the image. (C, 
D, and E) Western blot analysis of protein levels of 
GAG beta containing VCAN (V1/V0) and VIMENTIN 
in E18.5 control and GRmesKO fetal lung (n = 3). 
Significance between the groups was assessed by 
1-way ANOVA with a Tukey’s post hoc test (B: 
P = 0.0015) or an un-paired t-test (D and E). 
Significanct differences are indicated by *P < 0.05 
or individual P value.
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ADAMTS protease expression in the fetal 
mouse lung

Degradation and turnover of VCAN in embryonic tissues 
is facilitated by the presence and action of specific 
members of the ADAMTS protease family (Stanton et al. 
2011). We assessed the mRNA levels of three Adamts 
proteases, 1, 12, and 15, whose transcripts we detected in 
a recent RNA-sequencing analysis of GC-treated cultured 
fetal rat lung fibroblasts (Seow et al. 2019). Adamts 1, 12, 
and 15 mRNA levels were measured by real-time qPCR 
in total lung RNA at both E16.5 and E18.5 in control 
and GRmesKO mouse lung. We observed an increase in 
Adamts 1, 12, and 15 mRNA levels from E16.5 to E18.5 
in control lung with fold changes of 3.3, 6.9, and 2.9, 
respectively (Fig. 6A, B and C). We also measured the 
effect of the loss of GR-signalling in the mesenchyme 
on Adamts mRNA levels at E16.5 and E18.5 in GRmesKO 
mice. At E18.5, we observed a significant loss of the 
normal increase in mRNA levels for only Adamts 12, 
with no significant effect on Adamts 1 and 15 mRNA 
levels (Fig. 6A, B and C).

Glucocorticoids induce expression of ADAMTS12 in 
the fetal lung

We detected a rapid reduction in VCAN levels in the 
fetal lung for over 2 days between E16.5 and E18.5, and 
this decrease could be facilitated by increased activity 
of specific ECM proteases such as ADAMTS12. We next 
assessed direct glucocorticoid induction of Adamts12 
mRNA using real-time qPCR with primary cultures of E20 
rat fetal lung fibroblasts stimulated with corticosterone 
and betamethasone for 6 h (Fig. 6D). We observed a 
strong 4.5-fold increase of Adamts12 mRNA levels in 
betamethasone treated fetal lung fibroblasts relative to 
control cultures, clearly implicating Adamts12 protease 
as a direct GC-induced target in the rodent fetal lung. 
To confirm induction of ADAMTS12 at the protein level  
in vivo, we analysed fetal mouse lungs at E18.5 from pups 
that had been treated in utero with dexamethasone (0.1 
mg/kg) at E14.5 and E15.5. Immunohistochemistry using a 
rabbit anti-ADAMTS12 antibody showed a strong increase 
in ADAMTS12 immunoreactivity in distal lung regions 
compared to control treated pups (Fig. 5E). These results 
suggest that reduced expression and levels of VCAN in the 
fetal lung is coordinated by glucocorticoid signaling via 
a repression of Vcan expression and a possible increase 

Figure 6
Expression of ADAMTS proteases in GRmesKO fetal mouse lung and in 
glucocorticoid treated primary rat fetal lung fibroblasts. mRNA levels 
determined by qPCR (mean ± s.e.m.) of three Adamts proteases at E16.5 
and E18.5 control and GRmesKO mouse lung for (A) Adamts 1 effect on 
embryonic age: P ≤ 0.0001, effect on genotype: P = 0.1239, and interaction: 
P = 0.8433; (B) Adamts 12 effect on embryonic age: P ≤ 0.0001, effect on 
genotype: P = 0.0002, and interaction: P = 0.0002; and (C) Adamts 15 effect 
on embryonic age: P ≤ 0.0001, effect on genotype: P = 0.1521, and 
interaction: P = 0.3341 (n = 4). (D): Adamts 12 mRNA levels (mean ± s.e.m.) 
for E20 primary rat lung fibroblasts treated with either control, 
corticosterone (cort), or betamethasone (beta) (n = 5). (E) 
Immunohistochemistry for ADAMTS 12 in mouse fetal lung at E18.5 
following injection of pregnant dams at E14.5 and E15.5 with 
dexamethasone-21-phosphate (0.1 mg/kg). Lung sections (400× 
magnification) from a control (Con) and dexamethasone (Dex) treated 
E18.5 fetal mouse. Scale bar of 50 µM. Significance in A–C was assessed 
by a 2-way ANOVA with a Tukey’s post hoc test. Significance in D was 
determined by a 1-way ANOVA with a Tukey’s post hoc test. Significant 
differences between groups are indicated by *P < 0.05, **P < 0.001, 
***P < 0.0001, or by a specific P value.
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in VCAN degradation and clearance by induction of the 
ECM protease ADAMTS12.

Discussion

In this study, we have demonstrated that GR-mediated 
signaling regulates rapid repression and regression of VCAN 
during the late stages of mouse lung development and 
that, in the absence of GR-mediated cell signaling in the 
lung mesenchyme, the Vcan gene is overexpressed and the 
VCAN-V1 isoform proteoglycan persists in the distal lung 
prior to birth contributing to a state of ECM dysfunction 
and cellular over proliferation. We have shown here that 
the mRNA levels of the Vcan V0, V1, V2, and V3 isoforms all 
normally decline rapidly during the latter stages of mouse 
lung development from E14.5 to P0.5, and using a GAGβ-
specific VCAN antibody we also observed a rapid decrease 
in VCAN-V1 protein levels primarily in the distal regions 
of the developing mouse fetal lung. This is consistent 
with previous studies in the developing sheep and mouse 
lung that showed high levels of Vcan mRNA and VCAN 
protein at early- to mid-gestation stages and then a rapid 
decline in the days before birth (Faggian et al. 2007, Snyder 
et al. 2015). Studies in sheep observed a similar expression 
pattern and reported that there was an identical reduction 
in both V0 and V1 isoforms during late lung development 
(Faggian et al. 2007). We show for the first time that this 
rapid reduction in V0/V1 VCAN is, in part, driven by 
glucocorticoid receptor mediated cell signaling in the distal 
mesenchymal compartment of the fetal lung.

From approximately E16.5 in the mouse, there is 
extensive remodelling of the distal lung and capillary bed 
network that involves proteolytic breakdown of matrix 
proteins (Herriges & Morrisey 2014). At this stage of 
development, the GAGβ-containing VCAN-V1 isoform 
was localised to all mesenchymal compartments, yet 
by E18.5 this was restricted to the smooth muscle layer 
surrounding the large proximal airways. This coincides 
with a period of rapid remodelling of the mesenchyme, 
during which the lung mesenchyme dramatically thins 
allowing sufficient gas exchange at birth (Herriges & 
Morrisey 2014). We have previously reported that the 
reduction in mesenchyme tissue is associated with a 
decrease of cell proliferation rather than an increase in cell 
apoptosis (Bird et al. 2014). VCAN is a known promoter 
of cell proliferation, acting as a cell-surface receptor for 
growth factors such as the epithelial cell-growth factor 
midkine (Muramatsu 2014).

In comparison, GAGα-domain containing VCAN 
isoforms were only detected in the smooth muscle layer 

surrounding the large airways at both E16.5 and E18.5, and 
these levels were unchanged during fetal development. At 
earlier time points in lung development, the localisation 
of GAGα-containing VCAN to only the smooth muscle 
in the lung was also described by Snyder et  al. (Snyder 
et al. 2015). The lack of GAGα-staining VCAN in the distal 
mesenchyme region of the lung suggests that V0 is not a 
predominant VCAN isoform in the fetal lung, as the V0 
isoform contains both the GAGα and GAGβ domains. 
The V0 isoform could still potentially be expressed in 
the bronchial smooth muscle, where GAGα and GAGβ-
specific antibody staining overlaps. Interestingly, we 
also observed a consistent proximal to distal gradient of 
high to low expression of GAGβ at E16.5. This leads us 
to speculate that the GAGβ domain plays an important 
role for recruitment of growth factors to stimulate cell 
proliferation of the more proximal mesenchymal tissue, 
particularly smooth muscle.

The importance of GC-signalling for lung maturation 
has been clearly demonstrated in GRnull mice which die 
shortly after birth due to acute respiratory distress (Cole 
et al. 1995). It has also been shown that GC-GR signaling 
in the mesenchymal compartment of the fetal lung is of 
greatest importance for normal lung development (Bird 
et al. 2014). Here we demonstrate that the V0, V1, V2, and 
V3 Vcan isoforms are all overexpressed in the GRmesKO 
mouse lung at E18.5, indicating a loss on normal GC-GR 
driven repression of Vcan gene expression. Although there 
is no significant difference between controls and GRmesKO 
at E16.5 this is somewhat expected, as the GRnull and 
GRmesKO lungs appear histologically normal until E15.5 
but from E16.5 develop a progressive hypercellularity 
(Cole et  al. 1995). The protein accumulation of GAGα 
was similar between controls and GRmesKO fetal lungs at 
both E16.5 and E18.5. However, we did observe variable 
mesenchymal GAGβ protein staining in E18.5 GRmesKO 
mouse lung. Furthermore, there was a significant increase 
in protein levels evident by Western blot. Further analysis 
of the distal mesenchyme compartment with VIMENTIN 
showed that there was a significant and higher content of 
GAG β-VCAN protein per area of distal mesenchyme.

The ADAMTS family of ECM proteases has 19 
members, and to date 6 members, ADAMTS1, 4, 5, 9, 15, 
and 20, have been shown to cleave VCAN (Nandadasa 
et  al. 2014). VCAN has ADAMTS cleavage sites in both 
the GAG beta and GAG alpha domains, Glu405-Gln406 and 
Glu1428-Ala1429, respectively (Sandy et  al. 2001, Westling 
et al. 2004). We have demonstrated that Adamts 12 mRNA 
levels were greatly reduced in the GRmesKO lung, most 
likely due to a loss of normal GC-induced expression, 
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and this loss of ADAMTS 12 may contribute to the 
higher levels of VCAN protein observed in GRmesKO. 
Multiple ADAMTS proteases have been shown to cleave 
VCAN, and further studies are required to assess the 
localisation of specific ADAMTS at the protein level in 
the fetal lung. We have shown that both corticosterone 
and betamethasone can rapidly stimulate increased 
expression of ADAMTS 12 in fetal lung fibroblasts and 
that dexamethasone treatment in vivo stimulates strong 
ADAMTS 12 immunostaining in the distal mesenchyme 
prior to birth. Therefore, loss of normal GC-stimulated 
induction of ADAMTS 12 may strongly contribute to the 
lack of normal regression and clearance of VCAN just 
prior to birth. Respiratory studies in Adamts12-deficient 
mice provide evidence for a protective effect of ADAMTS 
12 against bronchial inflammation that is in line with 
the anti-inflammatory actions of glucocorticoid steroids 
(Paulissen et al. 2012). Other studies have demonstrated 
that GCs can induce expression of Adamts enzymes, such 
as Adamts1 in C2C12 myoblasts, following treatment 
with dexamethasone (McRae et al. 2017). We, therefore, 
suggest that GCs are stimulating increased ADAMTS 12 
levels in the lung which, in turn, facilitates a lowering of 
the levels of VCAN. Further functional studies are required 
to investigate the direct genomic mechanisms involved 
between activated GC-GR signaling and regulation of the 
Adamts 12 gene.

VCAN is able to interact with many binding partners 
(Nandadasa et al. 2014). One interaction, believed to be 
important, during lung development is of extracellular 
VCAN with MIDKINE, an epithelial-derived growth 
factor. MIDKINE is a heparin-binding growth factor, 
localised to the epithelium with roles in cell survival, 
migration, cytokine expression, and cell differentiation 
(Muramatsu 2014). We predict that GC/GR signaling 
late in lung development represses Vcan expression 
through either a direct or indirect mechanism, thereby 
preventing MIDKINE binding to VCAN and promoting 
cell proliferation. It has been shown that the major form 
of VCAN that binds to MIDKINE is VCAN-V1 (Zou et al. 
2000), and we have demonstrated that VCAN-V1 is the 
dominant form expressed during fetal lung development.

In conclusion, we have shown that the GAGβ 
domain-containing VCAN-V1 isoform is the predominant 
VCAN proteoglycan present during the fetal stages of 
lung development in rodents. GCs, acting via the GR, 
drive the repression of Vcan gene expression and also 
the rapid reduction and potentially the clearance of 
VCAN from the fetal lung prior to birth. GCs do this, in 
part, by mediating induction of the ADAMT 12 protease 

that could then degrade and potentially mediate the 
clearance of VCAN from distal lung regions. Together, 
these results demonstrate that GC steroids acting via 
the GR co-ordinately regulate repression of Vcan gene 
expression and VCAN protein to contribute to the normal 
development of the fetal respiratory system in mammals.

Declaration of interest
The authors declare that there is no conflict of interest that could be 
perceived as prejudicing the impartiality of the research reported.

Funding
This work was funded by a Program Grant (384100) from the National 
Health and Medical Research Council of Australia and Grant-in-Aid from 
the Rebecca Cooper Foundation (10497).

Author contribution statement
T J C, A D B, and K L S designed the experiments and wrote the manuscript. 
K L S, A D B, B K L S, and J N performed the experiments. M W, A M, and S H 
helped finalise the manuscript.

Acknowledgements
The authors acknowledge the facilities and the scientific and technical 
assistance of Monash Histology Platform, Department of Anatomy and 
Developmental Biology, Monash University, and the Monash Animal 
Research Platform for their technical expertise.

References
Bird AD, Tan KH, Olsson PF, Zieba M, Flecknoe SJ, Liddicoat DR, 

Mollard R, Hooper SB & Cole TJ 2007 Identification of 
glucocorticoid-regulated genes that control cell proliferation during 
murine respiratory development. Journal of Physiology 585 187–201. 
(https://doi.org/10.1113/jphysiol.2007.136796)

Bird AD, Choo YL, Hooper SB, McDougall AR & Cole TJ 2014 
Mesenchymal glucocorticoid receptor regulates the development of 
multiple cell layers of the mouse lung. American Journal of Respiratory 
Cell and Molecular Biology 50 419–428. (https://doi.org/10.1165/
rcmb.2013-0169OC)

Bird AD, McDougall AR, Seow B, Hooper SB & Cole TJ 2015 
Glucocorticoid regulation of lung development: lessons learned from 
conditional GR knockout mice. Molecular Endocrinology 29 158–171. 
(https://doi.org/10.1210/me.2014-1362)

Cole TJ, Blendy JA, Monaghan AP, Krieglstein K, Schmid W, Aguzzi A, 
Fantuzzi G, Hummler E, Unsicker K & Schutz G 1995 Targeted 
disruption of the glucocorticoid receptor gene blocks adrenergic 
chromaffin cell development and severely retards lung maturation. 
Genes and Development 9 1608–1621. (https://doi.org/10.1101/
gad.9.13.1608)

Cole TJ, Short KL & Hooper SB 2019 The science of steroids. Seminars in 
Fetal and Neonatal Medicine 24 170–175. (https://doi.org/10.1016/j.
siny.2019.05.005)

Faggian J, Fosang AJ, Zieba M, Wallace MJ & Hooper SB 2007 Changes 
in versican and chondroitin sulfate proteoglycans during structural 
development of the lung. American Journal of Physiology: Regulatory, 

Downloaded from Bioscientifica.com at 04/03/2020 04:39:29AM
via Monash University



https://doi.org/10.1530/JME-19-0235
https://jme.bioscientifica.com © 2020 Society for Endocrinology

Printed in Great Britain
Published by Bioscientifica Ltd.

164K L Short et al. Glucocorticoids repress versican 
in fetal lung

64 3:Journal of Molecular 
Endocrinology

Integrative and Comparative Physiology 293 R784–R792. (https://doi.
org/10.1152/ajpregu.00801.2006)

Herriges M & Morrisey EE 2014 Lung development: orchestrating the 
generation and regeneration of a complex organ. Development 141 
502–513. (https://doi.org/10.1242/dev.098186)

Kischel P, Waltregny D, Dumont B, Turtoi A, Greffe Y, Kirsch S, De 
Pauw E & Castronovo V 2010 Versican overexpression in human 
breast cancer lesions: known and new isoforms for stromal tumor 
targeting. International Journal of Cancer 126 640–650. (https://doi.
org/10.1002/ijc.24812)

Liggins GC & Howie RN 1972 A controlled trial of antepartum 
glucocorticoid treatment for prevention of the respiratory distress 
syndrome in premature infants. Pediatrics 50 515–525.

McDougall AR, Hooper SB, Zahra VA, Sozo F, Lo CY, Cole TJ, Doran T & 
Wallace MJ 2011 The oncogene Trop2 regulates fetal lung cell 
proliferation. American Journal of Physiology: Lung Cellular and 
Molecular Physiology 301 L478–L489. (https://doi.org/10.1152/
ajplung.00063.2011)

McDougall AR, Hooper SB, Zahra VA, Cole TJ, Lo CY, Doran T & 
Wallace MJ 2013 Trop2 regulates motility and lamellipodia 
formation in cultured fetal lung fibroblasts. American Journal of 
Physiology: Lung Cellular and Molecular Physiology 305 L508–L521. 
(https://doi.org/10.1152/ajplung.00160.2012)

McRae N, Forgan L, McNeill B, Addinsall A, McCulloch D, Van der 
Poel C & Stupka N 2017 Glucocorticoids improve myogenic 
differentiation in vitro by suppressing the synthesis of versican, a 
transitional matrix protein overexpressed in dystrophic skeletal 
muscles. International Journal of Molecular Sciences 18 E2629. (https://
doi.org/10.3390/ijms18122629)

Milev P, Maurel P, Chiba A, Mevissen M, Popp S, Yamaguchi Y, 
Margolis RK & Margolis RU 1998 Differential regulation of 
expression of hyaluronan-binding proteoglycans in developing 
brain: aggrecan, versican, neurocan, and brevican. Biochemical and 
Biophysical Research Communications 247 207–212. (https://doi.
org/10.1006/bbrc.1998.8759)

Moore XL, Hoong I & Cole TJ 2000 Expression of the 11beta-
hydroxysteroid dehydrogenase 2 gene in the mouse. Kidney 
International 57 1307–1312. (https://doi.
org/10.1046/j.1523-1755.2000.00967.x)

Muramatsu T 2014 Structure and function of midkine as the basis of its 
pharmacological effects. British Journal of Pharmacology 171 814–826. 
(https://doi.org/10.1111/bph.12353)

Nandadasa S, Foulcer S & Apte SS 2014 The multiple, complex roles of 
versican and its proteolytic turnover by ADAMTS proteases during 
embryogenesis. Matrix Biology 35 34–41. (https://doi.org/10.1016/j.
matbio.2014.01.005)

Oshika E, Liu S, Ung LP, Singh G, Shinozuka H, Michalopoulos GK & 
Katyal SL 1998 Glucocorticoid-induced effects on pattern formation 
and epithelial cell differentiation in early embryonic rat lungs. 
Pediatric Research 43 305–314. (https://doi.org/10.1203/00006450-
199803000-00001)

Paulissen G, El Hour M, Rocks N, Gueders MM, Bureau F, Foidart JM, 
Lopez-Otin C, Noel A & Cataldo DD 2012 Control of allergen-
induced inflammation and hyperresponsiveness by the 
metalloproteinase ADAMTS-12. Journal of Immunology 189  
4135–4143. (https://doi.org/10.4049/jimmunol.1103739)

Ricciardelli C, Sakko AJ, Ween MP, Russell DL & Horsfall DJ 2009 The 
biological role and regulation of versican levels in cancer. Cancer 

Metastasis Reviews 28 233–245. (https://doi.org/10.1007/s10555-009-
9182-y)

Roberts D & Dalziel S 2006 Antenatal corticosteroids for accelerating 
fetal lung maturation for women at risk of preterm birth. Cochrane 
Database of Systematic Reviews Cd004454. (https://doi.
org/10.1002/14651858.CD004454.pub2)

Sandy JD, Westling J, Kenagy RD, Iruela-Arispe ML, Verscharen C, 
Rodriguez-Mazaneque JC, Zimmermann DR, Lemire JM, Fischer JW, 
Wight TN, et al. 2001 Versican V1 proteolysis in human aorta in 
vivo occurs at the Glu441-Ala442 bond, a site that is cleaved by 
recombinant ADAMTS-1 and ADAMTS-4. Journal of Biological 
Chemistry 276 13372–13378. (https://doi.org/10.1074/jbc.
M009737200)

Seow BKL, McDougall ARA, Short KL, Wallace MJ, Hooper SB & Cole TJ 
2019 Identification of betamethasone-regulated target genes and cell 
pathways in fetal rat lung mesenchymal fibroblasts. Endocrinology 
160 1868–1884. (https://doi.org/10.1210/en.2018-01071)

Sheng W, Wang G, Wang Y, Liang J, Wen J, Zheng PS, Wu Y, Lee V, 
Slingerland J, Dumont D, et al. 2005 The roles of versican V1 and V2 
isoforms in cell proliferation and apoptosis. Molecular Biology of the 
Cell 16 1330–1340. (https://doi.org/10.1091/mbc.e04-04-0295)

Sheng W, Wang G, La Pierre DP, Wen J, Deng Z, Wong CK, Lee DY & 
Yang BB 2006 Versican mediates mesenchymal-epithelial transition. 
Molecular Biology of the Cell 17 2009–2020. (https://doi.org/10.1091/
mbc.e05-10-0951)

Snyder JM, Washington IM, Birkland T, Chang MY & Frevert CW 2015 
Correlation of versican expression, accumulation, and degradation 
during embryonic development by quantitative 
immunohistochemistry. Journal of Histochemistry and Cytochemistry 
63 952–967. (https://doi.org/10.1369/0022155415610383)

Stanton H, Melrose J, Little CB & Fosang AJ 2011 Proteoglycan 
degradation by the ADAMTS family of proteinases. Biochimica and 
Biophysica Acta 1812 1616–1629. (https://doi.org/10.1016/j.
bbadis.2011.08.009)

Westling J, Gottschall PE, Thompson VP, Cockburn A, Perides G, 
Zimmermann DR & Sandy JD 2004 ADAMTS4 (aggrecanase-1) 
cleaves human brain versican V2 at Glu405-Gln406 to generate glial 
hyaluronate binding protein. Biochemical Journal 377 787–795. 
(https://doi.org/10.1042/BJ20030896)

Wight TN 2002 Versican: a versatile extracellular matrix proteoglycan in 
cell biology. Current Opinion in Cell Biology 14 617–623. (https://doi.
org/10.1016/s0955-0674(02)00375-7)

Wong S, Brennan FE, Young MJ, Fuller PJ & Cole TJ 2007 A direct effect 
of aldosterone on endothelin-1 gene expression in vivo. 
Endocrinology 148 1511–1517. (https://doi.org/10.1210/en.2006-
0965)

Zhan Y, Purton JF, Godfrey DI, Cole TJ, Heath WR & Lew AM 2003 
Without peripheral interference, thymic deletion is mediated in a 
cohort of double-positive cells without classical activation. PNAS 
100 1197–1202. (https://doi.org/10.1073/pnas.0237316100)

Zimmermann DR & Ruoslahti E 1989 Multiple domains of the large 
fibroblast proteoglycan, versican. EMBO Journal 8 2975–2981. 
(https://doi.org/10.1002/j.1460-2075.1989.tb08447.x)

Zou K, Muramatsu H, Ikematsu S, Sakuma S, Salama RH, Shinomura T, 
Kimata K & Muramatsu T 2000 A heparin-binding growth factor, 
midkine, binds to a chondroitin sulfate proteoglycan, PG-M/
versican. European Journal of Biochemistry 267 4046–4053. (https://
doi.org/10.1046/j.1432-1327.2000.01440.x)

Received in final form 13 January 2020
Accepted 17 January 2020
Accepted Manuscript published online 20 January 2020

Downloaded from Bioscientifica.com at 04/03/2020 04:39:29AM
via Monash University


