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Abstract

Sonic Hedgehog (SHH) signaling, a developmental pathway promoting lung mesenchymal 

expansion and differentiation during embryogenesis, has been increasingly recognized as a 

profibrotic factor in mature lung, where it might contribute to the pathogenesis of lung fibrosis. 

Pathway inhibition at the level of the downstream Gli transcription factors Gli1 and Gli2 (by 

GANT61) ameliorates lung fibrosis in the bleomycin model, whereas inhibition proximally at the 

level of HH ligand (by anti Hh antibody 5E1) or Smo (by GDC-0449) of the canonical pathway 

does not, implicating Gli1 and/or Gli2 as a key target. The fact that both the Gli1-labelled cell 

lineage and Gli1 expressing cells expand during fibrosis formation and contribute significantly to 

the pool of myofibroblasts in the fibrosis scars suggests a fibrogenic role for Gli1. Therefore to 

further dissect the roles of Gli1 and Gli2 in lung fibrosis we evaluated Gli1 KO and control mice 

in the bleomycin model. Monitoring of Gli1+/+ (n = 12), Gli1lZ/+ (n = 37) and Gli1lZ/lZ (n = 18) 

mice did not reveal differences in weight loss or survival. Lung evaluation at the 21-day endpoint 

did not show differences in lung fibrosis formation (as judged by morphology and trichrome 

staining), Ashcroft score, lung collagen content, lung weight, BAL protein content or BAL cell 

differential count. Our data suggest that Gli1 is not required for bleomycin-induced lung fibrosis.
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Introduction

Sonic Hedgehog (SHH) signaling is one of the key epithelium-derived regulators of lung 

mesenchyme during lung development, inducing balanced mesenchymal lineage expansion 

and differentiation.[1–3] Whether the same signals of this pathway contribute to expansion 

and differentiation of mesenchyme in a pathologic scenario, such as the fibrotic response in 

lung fibrosis, exemplified by idiopathic pulmonary fibrosis (IPF), remains elusive. However, 

the profibrotic characteristics of the HH pathway and several important observations render 

it highly relevant to lung fibrosis. SHH signals from epithelium to mesenchyme, and 

disturbed epithelial-mesenchymal communication is thought to be central to IPF.[4] SHH 

signaling is pro-fibrotic: it promotes mesenchymal cell proliferation and differentiation (e.g., 

to myofibroblasts and bronchial smooth muscle cells) in embryonic lung development,[5,6] 

postnatal lung development[7] and in pulmonary fibrosis;[8] it also exhibits pro-survival, anti-

apoptotic effects, as in vitro studies have shown. Fibroblasts from IPF lungs are more 

resistant to induction of apoptosis,[9] and we showed prolonged fibroblast survival in a 3D-

sphere model in culture.[10] Others have observed aberrant HH pathway expression in IPF,
[11,12] in other forms of pulmonary fibrosis,[13,14] and in fibrosis of other organs, such as 

heart, liver, skin and kidney.[15–18] Furthermore, the Gli1-derived lineage expands during 

lung fibrosis in the bleomycin model and four other fibrosis models and this lineage 

contributes to the alpha smooth muscle actin (aSMA)-positive myofibroblast population in 

fibrosis scars.[19] Together these data indicate a central role for this pathway in fibrosis.

Sonic Hedgehog (Shh), the most widely expressed HH ligand in the developing lung, 

induces canonical signaling by interacting with its receptor patched 1 (Ptch1), which 

modulates the Gli transcription factors (Gli1/2/3) and transcription of target genes through 

the transmembrane protein smoothened (Smo) (reviewed in[20]). Without ligand, Ptch1 

inhibits Smo, resulting in transcriptional repressor activity of Gli3. Ligand binding to Ptch1 

removes Smo inhibition, promoting transcriptional activator activity of Gli2. Gli1, an 

obligatory, though redundant, activator of the pathway, provides positive feedback and, as a 

direct transcriptional target, has proven to be a reliable reporter of HH pathway activity.[21] 

Ptch1 and hedgehog inhibitory protein (Hhip), also direct transcriptional targets, providing 

negative feedback. Ptch1 decreases pathway activity through Smo inhibition. Hhip, which is 

expressed on the cell surface, competes with Ptch1 for SHH ligand.

Several studies that were undertaken to study the role of HH signaling in the experimental 

model of bleomycin-induced lung fibrosis have drawn attention to the downstream 

transcription factors Gli1 and Gli2. Targeting upstream molecules of the HH pathway did 

not alter pulmonary fibrosis, as competition for Shh ligand using the pan-HH antibody 

5E1[10,22] and inhibition of Smo with the small molecule GDC-0449 failed to ameliorate 

lung fibrosis.[23] However, GANT61, a small-molecule inhibitor with binding-specificity to 

both Gli1 and Gli2[24] significantly reduced the fibrotic lesions in the study of Farrokhi et al.
[23] These data suggest, first, a fibrogenic role for Gli1 and/or Gl2 and, second, the 

possibility of HH pathway activation in a non-canonical manner.[25] Recent work of Salzer 

et al. revealed that in the CNS Gli1 by itself is critical for neural stem cell remyelination.[26]
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Studies to evaluate the role of Gli1 and Gli2 face several obstacles. At present it is not 

possible to disrupt Gli2 signaling alone and study its effect independent of Gli1 in disease 

models. First, Gli2−/− mice develop hypoplastic lungs and are not viable.[27] Second, Gli2 
loss by itself would affect expression of Gli1 as a target of the canonical HH signaling. 

Third, while the lungs of Gli2+/− mice appear normal, Gli2+/− mice that are also null for Gli1 
develop hypoplastic lungs and 50% of these embryos die at birth.[28] On the other hand, Gli1 
is redundant during embryonic and postnatal lung development, as Gli1lZ/lZ mice develop 

normally into adulthood without any spontaneous phenotype, which makes them suitable to 

test Gli1-dependence in an appropriate model, where Gli2 expression should remain 

unimpaired.

Therefore to further dissect the roles of Gli1 and 2 in lung fibrosis we used control, Gli1+/− 

and Gli1 KO mice in the bleomycin model. We hypothesized that loss of Gli1 alleles will 

ameliorate lung fibrosis.

Material and methods

Animal experiments

All experimental protocols were authorized by the Institutional Animal Care and Use 

Committee at NYU Langone Medical Center (New York, NY). Mice harboring Gli1nlacZ 

knock-in alleles (Swiss Webster background) were genotyped as described.[21] Gli1nlacZ/+ 

heterozygotes were bred to generate homozygous, heterozygous and wild type off-spring. A 

total of 67 genotyped littermates (12 Gli1+/+, 37 Gli1lZ/+, and 18 Gli1lZ/lZ mice) of both 

genders (34 females and 33 males), 8–10 weeks of age, were exposed to endotracheal 

bleomycin as previously described.[10] In brief, the animals received intraperitoneal 

anesthetics (Ketamine 80 mg/kg) and Xylazine 6 mg/kg) prior to surgical cutdown and 

endotracheal administration of 1.125 U/kg bleomycin in 50 μl sterile saline (Sigma-Aldrich, 

St. Louis, MO) via a 28-gauge syringe. Following recovery the animals were monitored for 

weight change, activity and well-being every 2–3 days and mortality was documented until 

lung harvest at day 21.

Lung histology and histochemistry

Lung harvest and processing was performed as previously described.[10] Mice were 

anesthetized with pentobarbital and exsanguinated. Bronchoalveolar lavage (BAL) was 

collected immediately for cell count, differential count following the Diff-quick method and 

protein quantification using BCA assay (Pierce). After right-ventricular perfusion with PBS, 

the right lung was collected for collagen quantification. The left lung tissue was fixed with 

4% PFA in PBS at 25 cm H2O pressure for 15 min at RT, followed by further fixation for 24 

h at 4 °C, paraffin embedding and sectioning. Lung sections were stained with Masson’s 

trichrome to assess collagen distribution. For immunofluorescence-based detection of b-gal 

and aSMA, sections were de-parafinized, antigen-retrieved with pH6-citrate buffer (DAKO, 

Carpinteria, CA), followed by blocking and incubation with primary against b-gal (Abcam, 

ab9361,1:750) and aSMA-FITC (Sigma, F3777, 1:1000), secondary antibodies (Alexa Fluor 

555, Molecular Probes, 1:1000) and DAPI nuclear dye. Trichrome- and IF-stained lungs 
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were imaged using a Ni- epifluorescence microscope and NIS-Elements AR software 

(Nikon Instruments, Inc, Melville, NY).

Ashcroft fibrosis score—The Ashcroft scoring method was performed on Masson-

Trichrome-stained lung tissue sections, following the instructions of the original publication.
[29] All trichrome stained lung sections were scanned using the Perkin-Elmer multispectral 

imaging system Vectra3 (Waltham, MA). The obtained lung images were then overlaid with 

a 10x magnification tile grid using Perkin-Elmer W-Form 2.4.2 software. Tiles covering less 

than 50% of lung area or containing dominating air-way and/or vascular structures were 

excluded. Ashcroft scores were assigned to each tile. The average Ashcroft score for each 

lung was derived by dividing the sum of scores by the number of scored tiles.

Collagen quantification—Right lung collagen was quantified using the hydroxyproline 

assay as described.[10]

Statistical analysis

Statistical analysis including Kaplan-Meier survival curves was performed using GraphPad 

Prism 7.0 (GraphPad Software, Inc. La Jolla, CA). Weight data are presented as mean ± 

standard deviation (SD). Statistical difference between groups were analyzed for parametric 

data using Student’s t-test. The data for the Ashcroft score, collagen content, lung weight, 

BAL protein and differential count are presented as individual data points and medians with 

range. For these non-parametric data sets we used one-way analysis of variance (ANOVA) 

and the Kruskal-Wallis test to test for statistical significance. A p value greater than 0.05 was 

considered significant. Our power calculations were based on previous bleomycin 

experiments, in which we calculated that approximately 10 animals per group were needed 

to show a 25% difference in collagen content with a power of 90% and a p-value of 0.05.

Results

Gli1+/+, Gli1lZ/+, and Gli1lZ/1Z littermates including both genders were monitored for weight 

loss and survival during the 21-day study period following bleomcyin injury (Figure 1). 

Swiss Webster mice show intermediate susceptibility to bleomycin-induced lung injury.[30] 

There was no significant difference in weight loss between the different genotypes (Figure 

1A). Subgroup analysis by gender shows significantly greater weight loss in the female 

Gli1+/+ animals when compared to Gli1lZ/+ and Gli1lZ/lZ mice (Figure 1B and C). Overall 

survival was 91% (61/67) and matched the expected mortality of ~10%, which we had 

established in preliminary dosing experiments for the Swiss-Webster background prior to the 

study. Survival of all three genotypes was comparable (Figure 1D).

Evaluation of lung fibrosis was performed 21 days following exposure and included lung 

morphology, Ashcroft fibrosis score, collagen quantification, lung weight and BAL studies 

(Figures 2 and 3). Representative low-, intermediate-, and high-magnification images of tri-

chrome-stained lungs of the 3 different genotypes show the presence of the typical 

bleomycin-associated fibrotic changes, which were seen to a significant extent in almost all 

of the examined lungs despite some variation between mice. Dense fibrosis lesions with 

significant alveolar-interstitial collagen deposition surrounding stromal cells and 
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inflammatory cell infiltrate, together with alveolar airspace destruction, distortion and 

bronchiectasis, were not different between Gli1+/+, Gli1lZ/+, and Gli1lZ/lZ mice (Figure 2A). 

IF-based examination of b-gal protein shows Gli1+ cells in Gli1lZ/+, and Gli1lZ/lZ, but not in 

Gli1+/+(wild type) lungs, consistent with the presence of the lacZ knock-in allele in the 

former (Figure 2B). aSMA+ myofibroblasts are present to a similar extent in the fibrosis 

scars of all three genotypes. Of note, in Gli11Z/+ and Gli1lZ/lZ lungs a significant number of 

aSMA-positive cells are also Gli1-positive, consistent with our previous findings.[10]

We next performed histopathological evaluation of lung fibrosis by applying the established 

Ashcroft scoring method.[29] Average Ashcroft scores did not significantly differ between 

Gli1+/+, Gli1lZ/+, and Gli1lZ/lZ lungs (Figure 3A). We also compared lung collagen content 

and lung weight between the three groups (Figure 3B and C). Collagen content on average 

was 2-fold higher than in saline-treated historic control lungs, consistent with significant 

collagen deposition and fibrosis as a result of bleomycin-injury. Collagen content was not 

significantly different between the genotypes and the same was the case in the gender-based 

subgroup analysis (Figure 3B). Lung weight was similar in Gli1+/+, Gli1lZ/+, and Gli1lZ/lZ 

mice (Figure 3C), but, as expected, it was dependent on gender with an average male lung 

weight of ~340 mg and a female weight of ~310 mg independent of the genotype (data not 

shown).

Finally, we evaluated BAL protein content, cell count and differential in the three genotypes 

(Figure 3D and E). BAL protein and total BAL cell count were not significantly between the 

groups (data not shown). Although the BAL differential cell count for lymphocytosis and 

neutrophilia varied to a certain extent, the three groups did not differ significantly in their 

inflammatory cell composition in the fibrosed lungs.

Discussion

In this study we carried out a large-scale experiment using a genetic approach to determine 

the role of Gli1 in bleomycin-induced fibrosis. Despite the large number of animals and 

inclusion of both genders in a bleomycin-susceptible mouse cohort we were unable to 

discern a difference following increasing loss of Gli1 alleles.

There are several reasons why the redundance of Gli1 in the bleomycin model comes as a 

surprising result. First, we and others have shown that there is an increased number of Gli1+ 

cells localized in the fibrosis areas of bleomycin-treated lungs and that many of them are 

aSMA-expressing myofibroblasts, one of the key characteristics of pulmonary fibrosis.
[19,23,30] In the same experiment using the Gli1lZ/+ reporter, we also showed increased 

numbers of Gli1+ cells in fibrosis-adjacent areas, raising the possibility of pathway 

activation in the pool of Gli2+ cells located in the alveolar interstitial septa of uninjured 

lungs. Farrokhi and colleagues described both Gli1+;aSMA+ and Gli2+;aSMA+ double-

positive cells in the fibrotic scars of C57Bl6 wild-type mice.[23] Kramann et al., who used 

the lineage tracer Gli1creERT2;R26RtdTom, showed that the Gli1-labeled cell population 

expands during bleomycin-induced lung fibrosis and contributes significantly to the aSMA+ 

myofibroblast population in fibrosis scars.[19] Of note, they also detected the same 

phenomenon in fibrosis models of the kidney, heart, liver. Furthermore, genetic ablation of 
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Gli1 cell lineage using diphtheria-toxin receptor methodology ameliorated kidney and heart 

fibrosis,[19] implicating an important functional contribution of Gli1-expressing cells to the 

fibrosis process.

Second, if Gli1 is a central element impacting fibrosis induction and is not dependent on 

canonical HH pathway input, as suggested by Farrokhi’s results and our prior study,[10,23] 

one would still expect blockage of this non-canonical signaling axis when Gli1 is knocked 

out. As Gli1−/− mice develop normally into adulthood, its relevance for mesenchymal cell 

function could well be questioned. However, canonical HH pathway inhibition during 

embryonic and postnatal lung development decreased both total lung Gli1 gene expression 

and the number of Gli1+ cells, and these findings were accompanied by effects on key 

mesenchymal functions such as proliferation, myofibroblast and bronchial smooth muscle 

cell differentiation, and overall lung structure.[5,7]

One possible explanation for our results is that Gli2 rather than Gli1 contributes to the 

regulation of mesenchymal cell function in adult lung. Alveolar Gli2+ cells are more 

numerous than Gli1+ cells. Therefore, inhibition of Gli2 might affect a greater number of 

cells, even if it does not include the whole Gli2+ cell population. The significance of this 

idea is supported by a recent study of Wang and colleagues, in which Gli2-labelled cells 

were sorted into Gli1high and Gli1low groups, which anatomically localized to small air-ways 

and to alveoli, respectively, and were able to show that over-activation of Gli2 that included 

distal Gli1low cells using the SmoM2 allele resulted in loss of alveoli and enlarged airspace 

size.[31] Therefore it is conceivable that inhibition of the same population could shift the 

balance towards mesenchymal expansion and extracellular matrix deposition and maybe 

even spontaneous fibrosis formation. Altering the Gli2 cell pool in Wang’s study was also 

accompanied by shifted expression of genes that regulate alveolar stem cell regeneration and 

suggests a role of Gli2 in stem cell maintenance, a link that has been observed in the 

mammary gland.[32] In light of this idea, the inhibitory effect of GANT61 on bleomycin-

induced lung fibrosis was most likely due to its inhibitory effect on Gli2 rather than on Gli1.
[23] However, the concern of pharmacologic inhibitors has always been that they might exert 

nonspecific effects that could affect the outcome, in this case fibrosis. Therefore, we tried to 

circumvent this problem by using a genetic approach of Gli1 allelic loss for our study. Of 

note, there is a Gli2flox conditional allele available for targeted Gli2 deletion,[33] however, 

given the essential requirement of Gli2 during embryonic lung development,[27,28] this 

approach in homozygote mice might require restriction of Cre recombination to either a lung 

cell population or to a postnatal time point.

One of the limitations of our study is that we used an outbred background, Swiss-Webster, of 

intermediate bleomycin-susceptibility while the inbred C57Bl6 background would be most 

the most susceptible lung fibrosis. However, based on the extent of fibrosis we observed, we 

believe that there was sufficient fibrosis formation to reliably detect a difference between the 

different genotypes if present.

In the future we need to more closely evaluate the requirement for Gli2 in pulmonary 

fibrosis, as Gli2 appears to be a promising target and inhibitors that specifically target Gli2 

could be used to target pulmonary fibrosis and IPF.
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Figure 1. 
Comparison of bleomycin injury-induced weight loss and survival between Gli1+/+, Gli1lZ/+, 

and Gli1lZ/lZ mice. (A-C) Relative weight changes in % from original weight at the day of 

bleo administration were calculated from recorded weights and reported overall by (A) 

genotype and (B, C) by gender and genotype. (D) Survival curves for each group were 

calculated from recorded deaths over the 21-day study period. Data are shown as mean and 

SD of each group.*:p < 0.05.
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Figure 2. 
Comparison of morphologic changes in bleomycin-injured Gli1+/+, Gli1lZ/+, and Gli1lZ/lZ 

lungs. (A) Low-, intermediate-, and high-magnification images of trichrome-stained sections 

were taken from representative female and male lungs for each genotype. Scale bar upper 

panel: 250 mm, scale bar middle panel: 100 mm, scale bar lower panel: 50 mm. (B) High-

magnification IF images of aSMA (green), Gli1 (red) and DAPI (blue) staining from 

representative female and male lungs for each genotype. Scale bar: 50 μm.
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Figure 3. 
Comparison of quantitative parameters of bleomycin- Gli1+/+, Gli1lZ/+, and Gli1lZ/lZ lungs. 

(A) Extent of lung fibrosis was assessed using the Ashcroft score method. Average score 

values for each lung are shown. (B) Lung collagen content was calculated from measured 

hydroxyproline content and is shown in mg collagen per lung. Bleomycin-treated lungs were 

compared to each other and to historic saline control (ctl) lungs. (C) Wet lung weight was 

measured during lung harvest. (D) BAL protein was quantified using a BCA assay. (E) Cell 

differential counts were performed on Diff-Quik stained cytospin samples. Data are shown 

as median with range of each group.*: p < 0.05.

Kugler et al. Page 11

Exp Lung Res. Author manuscript; available in PMC 2020 April 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	Introduction
	Material and methods
	Animal experiments
	Lung histology and histochemistry
	Ashcroft fibrosis score
	Collagen quantification

	Statistical analysis

	Results
	Discussion
	References
	Figure 1.
	Figure 2.
	Figure 3.

