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1. Introduction

Idiopathic pulmonary fibrosis (IPF) is the most common type of interstitial lung

disease, with a median survival of 2-4 years from the time of diagnosis [1]. It is 

estimated that the prevalence of IPF in the US is approximately 10-60 cases per 

100,000 people, with limited pharmacological therapies available [2, 3]. IPF is a 

chronic, progressive disease characterized by alveolar injury, increased 

extracellular matrix (ECM) deposition and resultant alveolar destruction. 

Macroscopically, this leads to poor lung compliance, impaired trans-

alveolocapillary membrane gas exchange and ultimately, end-stage respiratory 

failure, necessitating lung transplantation [2, 4, 5]. Several non-genetic risk 

factors, such as male sex, older age, and smoking, increase the risk of developing 

IPF [4, 6]. More recently, several genetic risk factors for IPF have also been 

discovered, including a single-nucleotide polymorphism (rs35705950) in the 

promoter region of MUC5B [7-9], which codes for an essential protein for airway 

clearance and innate immune response, along with genes associated with 

telomere maintenance, such as telomerase RNA component (TERC) and 

telomerase reverse transcriptase (TERT) [1, 10].  

The current model for the pathogenesis of IPF includes chronic injury to the 

alveolar epithelium, specifically the type II alveolar epithelial (AT2) cells, as a 

central process leading to aberrant tissue repair and fibrosis. Several studies 

[11-16] have shown the recapitulation of developmentally expressed genes in AT2 

cells are associated with the abnormal epithelial phenotype seen in IPF. In this 
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study, we aim to characterize one such developmental transcription factor, sine 

oculis homeobox homolog 1 (Six1), which plays a role in lung development.  

Six1 is critical for the proper development of the alveolar epithelium and is 

present through the saccular stage of lung development in mice [17]. The Six 

family is composed of genes Six1-6, all of which are expressed in both mice and 

humans, and are characterized by the conserved protein interacting Six domain 

(SD; 110-115 amino acids) and the DNA-binding homeobox domain (HD; 60 

amino acids) [18]. Six1 functions as a DNA-binding transcription factor in 

complex with transcriptional co-activators and co-repressors, most notably the 

Eyes absent (Eya) and Dachshund (Dach) families, respectively [18]. Specifically, 

Eya1 and Eya2 are known transcriptional co-activators of Six1 and have been 

well studied in breast cancer [19]. The pathogenic expression of SIX1 has also 

been shown to promote the invasion of non-small cell lung cancer (NSCLC) [20, 

21]. Importantly in the context of IPF, we found increased SIX1 levels in the data 

from a study using microarray to look at the differential gene expression of whole 

lung tissue of IPF patients [22], as well as in an AT2-specific single cell RNA-

sequencing (scRNA-Seq) data set that showed increased AT2 (CD326+, HTII-

280+) cell-specific expression of SIX1 in IPF patients [23]. However, these studies 

did not demonstrate if SIX1 is expressed at the protein level or if it contributes 

to lung fibrosis and to our knowledge there are no current studies that 

investigate the role of SIX1 in IPF. Thus, we hypothesize that SIX1 expression is 

elevated in IPF and that it is a causative agent in lung fibrosis that can be 

targeted therapeutically. In this study, we built upon this hypothesis and 
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demonstrate that there is increased SIX1 transcript and protein expression in 

IPF compared to healthy controls. We also demonstrate that conditional deletion 

of Six1 in AT2 cells in mice can significantly halt development of lung fibrosis. 

We also propose a novel mechanism whereby Six1 modulates macrophage 

migration inhibitory factor (MIF) expression in AT2 cells that is important for the 

progression of lung fibrosis. MIF is a pro-inflammatory and pro-fibrotic cytokine 

that has been shown to be increased in several chronic lung diseases including 

IPF, pulmonary arterial hypertension (PAH), asthma, and in fibrotic disorders 

including skin fibrosis of patients with both limited (lSSc) and diffuse (dSSc) 

systemic sclerosis, renal, and cardiac fibrosis [24-31], however how MIF is 

regulated and it’s role in IPF is not fully understood. Importantly, using a 

bleomycin (BLM) model of lung fibrosis, we demonstrate an increase in MIF 

expression in BLM-treated mice with significant reduction of both MIF transcript 

levels and secreted MIF protein in bronchoalveolar lavage fluid (BALF) in BLM-

treated mice following conditional deletion of Six1 from the AT2 cells. We propose 

Six1 as a novel regulator of MIF expression with the SIX1-MIF axis providing a 

potential therapeutic target in lung fibrosis. 

2. Keywords

Idiopathic Pulmonary Fibrosis, Interstitial pulmonary disease, Six1, Eya1, 
Eya2, MIF, alveolar type II epithelial cells 
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3.    Accomplishments 
 

Sine Oculis Homeobox Homolog 1 (SIX1) and its transcriptional co-

activators EYA1 and EYA2 are elevated in IPF.  

We first analyzed results from a DNA microarray that was performed using lung 

tissue samples from patients with a diagnosis of IPF (n=6) compared to healthy 

controls (n=2). This revealed an approximate 8-fold increase in SIX1 expression 

in IPF samples concomitant with a 4 and 3-fold upregulation of EYA1 and EYA2, 

respectively (Fig. 1 A). SIX1, EYA1, and EYA2 levels were increased to the same 

or greater degree as COL1A1, COL1A2 or genes associated with an IPF 

transcriptomic signature [22] (Fig. 1 A). Next, to confirm our microarray data, 

we quantified the expression of SIX1, EYA1, and EYA2 mRNA by RT-qPCR in IPF 

(n=24), COPD (n=18) and healthy controls (n=12) and protein by immunoblot in 

IPF (n=7) and healthy controls (n=7). We found significant increases in both 

mRNA and protein expression of SIX1, as well as both EYA1 and EYA2 (Fig. 1 B-

E).  

 

Increased SIX1 levels are localized to alveolar epithelial type 2 (AT2) cells 

In order to determine the localization of increased SIX1 signals in IPF, we 

performed immunohistochemical (IHC) staining for SIX1. Dual staining for SIX1 

and surfactant protein C (SPC) showed AT2-specific localization (Fig. 2 A, red 

arrows) of SIX1 (red/brown signal) in surfactant protein C (SPC, blue signal) 

positive cells. We confirmed AT2 localization by isolating AT2 (SPC+) cells from 
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IPF and control lungs to compare SIX1 and EYA1/EYA2 gene expression. AT2 

cells were identified by the presence of SPC by immunofluorescence imaging (Fig. 

2 B, C). We demonstrated that SIX1 and both EYA1 and EYA2 mRNA expression 

was increased in AT2 cells isolated from IPF patients compared to controls (Fig. 

2 D-F). These results demonstrate that in IPF, SIX1, EYA1, and EYA2 expression 

levels are upregulated in AT2 cells.   

Six1 is upregulated in two distinct mouse models of pulmonary fibrosis. 

The bleomycin (BLM) mouse model is a widely utilized model system for the study 

of fibrotic lung disease [32]. We used a chronic, low-dose intraperitoneal (IP) 

model of BLM injury [33, 34], which has the advantages that fibrotic deposition 

is observed in a sub-pleural distribution, which more closely resembles human 

disease with fibrotic scarring that is not typically reversible. Using this model, 

we observed an increase in Six1, Eya1 and Eya2 transcript and protein 

expression levels (Fig. 3 A, B). BLM models do not recapitulate all features of 

human disease [35] and in recent years genetic models of spontaneous lung 

fibrosis have been explored [36]. Recently, it has been shown that mice lacking 

the telomere shelterin protein, telomere repeat binding factor 1 (TRF1) [36] in 

their AT2 cells develop spontaneous lung fibrosis after 9 months, thus providing 

a model that parallels what is known about telomere maintenance dysfunction 

in IPF. As such, we determined levels of Six1 in isolated AT2 cells from a 

conditional AT2-specific TRF1 (Spc-Cre TRF1fl/fl) mouse model. These studies 
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revealed increased Six1, Eya1, and Eya2 levels in the isolated AT2 cells of these 

mice at 9 months post tamoxifen treatment (Fig. 3 C). Immunofluorescence 

imaging of Spc-Cre TRF1fl/fl lung sections demonstrated increased Six1 and co-

localization with AT2 (Spc+) cells compared to TRF1fl/fl control mice (Fig. 3 D). 

Taken together, our results demonstrate that Six1, Eya1 and Eya2 are increased 

in two distinct experimental models of fibrotic lung disease.  

Deletion of Six1 from AT2 cells protects mice from BLM-induced lung 

fibrosis 

Embryonic deletion of Six1 was shown to be lethal due to impaired epithelial 

branching with mesenchymal hyperplasia leading to severe lung hypoplasia and 

respiratory failure [37]. Thus, in order to evaluate whether Six1 plays a 

pathophysiological role in lung fibrosis, we generated a tamoxifen-inducible 

conditional AT2-specific Six1 knockout mouse (iAT2Six-/-) using previously 

described surfactant protein-C (SPC) CreERT2 [38] and Six1 loxP/loxP mice [39]. 

Using the IP BLM model, Six1 was deleted prior to BLM exposure (Fig. 4 A). To 

confirm the deletion of Six1 from AT2 cells following BLM treatment we 

performed Six1 RNA in situ hybridization with co-IHC with SPC (Fig. 4 B). These 

experiments demonstrated that mice lacking Six1 in AT2 cells (iAT2Six-/-) did not 

develop significant fibrosis observed histologically compared to BLM-treated Six1 

competent Cre-expressing control mice (iAT2Cre, Fig 4 C,D) as assessed by 

Masson’s Trichrome showing significantly reduced Ashcroft scores (Fig. 4 E). 
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These changes were also consistent with reduced soluble collagen concentration 

in bronchoalveolar lavage fluid (BALF) of iAT2Six-/- mice compared to control 

iAT2Cre mice (Fig. 4 F). Consistent with histological analyses, transcript 

expression levels of Col1a1, Col1a2, Col2a1 and Fn from isolated whole lung 

tissue were increased in BLM-exposed iAT2Cre mice compared to PBS-exposed 

iAT2Cre and BLM-exposed iAT2Six-/- mice (Fig 5 A-D).  Since a hallmark of fibrosis 

development is the differentiation of fibroblasts to a myofibroblast phenotype [1, 

2] we looked at the myofibroblast marker alpha-smooth muscle actin (aSMA). We 

observed a significant reduction in myofibroblast development in BLM-exposed 

iAT2Six-/- compared to BLM-treated iAT2Cre mice, along with an improvement in 

alveolar architecture with reduced septal thickness (Fig. 5 E). The success of 

experimental therapeutics in animal models of lung fibrosis often rely on the 

attenuation of histologic and molecular indices of lung fibrosis (e.g., collagen 

content assays, histological scoring and fibrotic gene expression). However in 

humans, disease progression in IPF patients is often determined using imaging 

and lung function analyses [40], as such we performed lung function analyses. 

These experiments revealed that BLM-exposed iAT2Six-/- mice showed significant 

improvement in all measured parameters compared to BLM-treated iAT2Cre mice, 

including decreased whole respiratory elastance (Ers) and resistance (Rrs) (Fig. 

6 A, B), improved parenchymal tissue damping (G) and tissue elastance (H) (Fig. 

6 C, D), and increased inspiratory capacity (IC) and static compliance (Cst) (Fig. 

6 E, F). The pressure-volume curve for iAT2Six-/- mice still demonstrated a 

slightly more restrictive pattern compared to PBS controls (Fig. 6 G), but 
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revealed significant overall improved lung mechanics compared to BLM-treated 

iAT2Cre control mice. Upper airway Newtonian resistance (Rn) showed no 

significant difference amongst all treatment groups (Fig. 6 H) and served as our 

internal control since we did not anticipate any increase in the 

central/conducting airway resistance following IP BLM-induced fibrosis [33]. 

Taken together, these results demonstrate that prophylactic deletion of Six1 

prior to BLM-exposure protects mice from the development of lung fibrosis 

observed both histologically and physiologically.  

Switching-off Six1 during active fibrosis halts further lung injury 

Our data so far demonstrates that SIX1 is elevated in IPF and that conditional 

deletion of Six1 prior to BLM protects mice from the development of lung fibrosis. 

Next, we investigated whether switching off Six1 during active fibrosis was able 

to halt fibrotic progression. In these experiments we treated iAT2Six-/- and iAT2Cre 

mice with tamoxifen at day 15 after the initiation of BLM (Fig. 7 A). At this time 

point, evidence of fibrosis is already present in this model that includes 

alterations in lung function, fibrotic deposition and increased fibrotic gene 

expression as previously described [33]. Excitingly, we observed a significant 

reduction in the histological burden of fibrosis (Fig. 7 B, C) as well as decreased 

Col1a1, Col1a2, Col2a1 and Fn transcript expression (Fig. 7 D-G). To confirm 

deletion of Six1 in these experiments, we measured transcript levels in whole 

lung and additionally in isolated AT2 cells from BLM-treated iAT2Six-/- and iAT2Cre 

mice (Fig. 7 H,I). These changes were consistent with in vivo lung function 
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assessment that revealed significantly improved whole respiratory elastance 

(Ers) and resistance (Rrs) (Fig. 8 A, B) in BLM-iAT2Six-/- compared to BLM-iAT2Cre 

mice, reduced lower airway tissue damping (G) and tissue elastance (H) (Fig. 8 

C, D), and increased inspiratory capacity (IC) and static compliance (Cst) (Fig. 8 

E, F). Taken together, these results demonstrate that deletion of Six1 during 

active injury is capable of halting the progression of ongoing lung fibrosis.  

Six1 modulates macrophage migration inhibitory factor (MIF) in AT2 cells  

We have presented data that supports the hypothesis that SIX1 is a novel 

pathogenic transcription factor involved in the progression of fibrosis. We wanted 

to further investigate how Six1 expression mechanistically functions in AT2 cells. 

Using the MLE12 mouse AT2 cell line we performed RNA-sequencing on Six1 

overexpressing MLE12 cells (SixOE) compared to GFP control (Fig 9 A). We found 

that MIF expression levels in SixOE were significantly increased compared to 

GFP controls (Fig 9 B). These results suggest that MIF is a direct target of Six1 

in AT2 cells. Six1 has been shown to bind to the MEF3 consensus motif 

(CAGGTTTC) with strong affinity (kD 34.7 + 7.9 (10-9)) and is considered its 

canonical and most widely accepted binding motif [41]. In 2012, Liu et al. 

provided evidence that Six1 has a much more diverse ability to bind to several 

iterations of this MEF3 motif and show that specific nucleotide positions were 

critical for Six1 binding, including the suffix C (position 8), while other positions 

(2,5,7) were able to change bases with similar kinetics [42]. We examined the 

promoter sequences of both mouse and human MIF genes and found both of 



13 

them to contain variations of the MEF3 motif with the critical C suffix conserved 

throughout both mouse and human (Fig 9 C).  To further test if Six1 could 

modulate MIF levels and validate our RNA-seq, we measured Six1 and MIF 

transcript levels by RT-qPCR that confirmed increased levels of Six1 and MIF in 

SixOE compared to contols (Fig 9 D,E). These results were consistent with 

increased MIF protein levels in the SixOE cells (Fig 9 F). We then wanted to 

examine if MIF expression was altered in vivo in our BLM mouse model. Our data 

demonstrates that MIF is elevated following BLM-treatment in Six1-competent 

mice and that deletion of Six1 prior to BLM-challenge results in a drastic 

reduction of Six1 mRNA levels (Fig 9G). In line with these results, in vivo deletion 

of Six1 starting on day 15 of BLM-treatment also resulted in reduced MIF 

transcripts (Fig 9H). MIF is a secreted cytokine and as such we analyzed the 

BALF of BLM-iAT2Six-/- mice compared to BLM-iAT2Cre, which demonstrates 

reduced secreted MIF protein levels (Fig 9I). In IPF, studies have shown an 

increase in MIF concentration in the BALF and increased expression in lung 

tissue from IPF patients compared to control samples [26, 29]. We thus 

demonstrate that MIF transcript levels are increased in IPF compared to healthy 

patient samples (Fig 10A). MIF has also been shown to effect the proliferation of 

neighboring fibroblasts in cardiac tissues [25] and dermal fibroblasts[43], but 

how secreted MIF affects lung fibroblasts remains poorly understood. We aimed 

to explore how direct exposure to MIF protein in vitro affected primary human 

lung fibroblasts using isolated fibroblasts from 4 independent healthy donors 

and exposing them to a known concentration of recombinant human MIF for 24 
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hours. We show that human lung fibroblasts treated with 100ng/mL of 

recombinant human MIF increased fibroblast cell proliferation as measured by 

WST-1 proliferation assay (Fig 10B). We then exposed fibroblasts to a dose 

response (4-400ng/mL) of MIF in vitro for 48 hrs to assess for changes to 

fibroblast differentiation using alpha-smooth muscle actin (aSMA) as a marker. 

We demonstrate no significant change at the lower 4ng/mL exposure to MIF, but 

a significant increase from baseline with both the 40 and 400 ng/mL as assessed 

by the integration of per cell fluorescence pixel intensity using an automated 

fluorescence cell cytometer (Fig 10C,D). 

What opportunities for training and professional development has the project provided?  

Cory Wilson an MD/PhD student in my lab has performed the majority of the 

research. The results discussed herein will be an integral part of his thesis. In 

addition, Nancy Wareing another MD/PhD student in my lab has participated in 

the study design/analysis and interpretation of results. 

How were the results disseminated to communities of interest? 

Parts of this research has been reported in scientific communications including 

abstracts, posters and oral presentations at local, national and international 

scientific meetings. 

What do you plan to do during the next reporting period to accomplish the goals? 

We plan on evaluating pharmacological approaches that either silence SIX1 or 

that inhibit the SIX1/EYA2 complex. 
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4. Impact

Increased SIX1 expression in AT2 cells plays a detrimental role in pulmonary

fibrosis and provides a novel pathway for IPF therapy.  

What was the impact on the development of the principal discipline(s) of the project?  

Completion of these experiments will position activation of SIX1 as a central 

pathway in the development of lung fibrosis. 

What was the impact on other disciplines?  

Our demonstration that SIX1 promotes lung fibrosis has been tested in models 

of skin fibrosis where increased SIX1 has been detected in patients with systemic 

sclerosis (SSc) where skin fibrosis is an important feature of disease.   

What was the impact on technology transfer? 

Our data points at the activation of SIX1 as central pathway for the development 

of lung fibrosis. We anticipate that our future experiments utilizing 

pharmacological agents that inhibit or silence SIX1 to pave the way for 

technological transfer opportunities.  

What was the impact on society beyond science and technology? 

Nothing to report at this time 

5. Changes/Problems

A key problem that was encountered was the lack of in vitro effect of 
commercially available LNA that targeted SIX1/EYA1/EYA2, as such we have 
initiated a collaboration with IONIS to develop anti-sense oligonucleotides as 
an alternative approach to commercial LNAs. 

In addition, due to COVID-19, our capacity to obtain and test SIX1/EYA2 
inhibitor was delayed. We will continue to work on this approach but we will 
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also perform studies where SIX1 is deleted starting on day 33 of our model 
(once fibrosis is established) to test whether deletion of SIX1 in advanced lung 
fibrosis has therapeutic benefit. 

6. Products
Gene silencing and SIX1/EYA protein-protein inhibitors have yet to be fully
tested.

7. Participants & Other Collaborating Organizations

Name: Karmouty-Quintana, Harry 
Project Role PI 
Research Identifier HARRYKQ 
Nearest person month worked 2 
Contribution to the project Dr. Karmouty-Quintana is 

responsible for the overall goals and 
objectives of the project 

Name: Bi, Weizhen 
Project Role Research Associate 
Research Identifier 
Nearest person month worked 4 
Contribution to the project 
Name: Wareing, Nancy 
Project Role Graduate Research Assistant 
Research Identifier 
Nearest person month worked 1 
Contribution to the project 
Name: Wilson, Cory 
Project Role Graduate Research Assistant 
Research Identifier 
Nearest person month worked 1 
Contribution to the project 
Name: Blanco, Elvin 
Project Role Co-Investigator 
Research Identifier 
Nearest person month worked 1 
Contribution to the project 

There has been no change in the active other support of the PD/PI(s) or 
senior/key personnel since the last reporting period. 
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8. Special Reporting Requirements

We would like to note that many of the material in this report will be submitted 
for publication.  

9. Appendices

Figure Legends 

Figure 1. (A) Microarray showing SIX1, EYA1, and EYA2 expression fold change in 

IPF lungs relative to healthy controls. (B) Western blot showing protein expression 

of SIX1, EYA1, and EYA2 in IPF (n=7) versus control lungs (n=7) (C)-(E) SIX1, EYA1, 

and EYA2 mRNA expression in IPF (n=21) compared to COPD (n=18) and control 

lungs (n=12). Data shown + s.d. *p < 0.05 using one-way ANOVA with Holm-Sidak 

post hoc test. 

Figure 2.  (A) IHC staining of IPF lung (40X) with expanded area showing type II 

alveolar epithelial cells (denoted with red arrows) with co-localization of surfactant 

protein-C (blue) and Six1(red/brown) (B) 10X image showing surfactant protein-C 

(SPC, green) and DAPI staining of AT2 cells isolated from IPF lungs with 20X (C) 

image. (D)-(F) Transcript levels of SIX1, EYA1 and EYA2 in isolated AT2 cells from 

IPF (n=5) compared to control lungs (n=5). Data shown +  s.d.  *p < 0.05 using two-

tailed, unpaired Student’s t test with Welch’s correction. 

Figure 3. (A) Six1 mRNA levels and (B) Six1, Eya1, and Eya2 protein expression in 
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C57Bl/6 mice treated with 8 injections of bleomycin (BLM, 0.035 U/g). (C) Six1, 

Eya1, and Eya2 mRNA expression in AT2 cells isolated from Spc-Cre TRF1fl/fl and 

TRF1fl/fl control mice. (D) Immunofluorescence image (40X magnification) of Six1 

(green signal) expression and the co-localization with Spc+ (red signal/merged) cells 

in lung tissue from SPC-Cre TRF1fl/fl and TRF1fl/fl control mice. Data shown +  s.d.  

*p < 0.05 using two-tailed, unpaired Student’s t test.  

 

Figure 4. (A) Experimental BLM model with pretreatment of tamoxifen. (B) 

Representative RNA in situ hybridization images showing the absence of Six1 [44] 

signal in tamoxifen-treated, BLM-exposed iAT2Six1-/- (scale bar, 50um) and the 

presence of Six1 colocalized with SPC (blue) in tamoxifen-treated, BLM-exposed 

iAT2Cre mice (scale bar,100um). (C) Representative Masson's trichrome staining in 

low power field (scale bar, 200um) and (D) higher power field (scale bar, 100um). 

(E) Ashcroft scores. (F) Soluble collagen concentration (mg/ml) in bronchoalveolar 

lavage fluid (BALF). 

 

Figure 5. (A)-(D) RT-qPCR of Col1a1, Col1a2, Fn, and Col2a1. Data shown +  SEM.  

*p < 0.01 (comparing iAT2Cre PBS vs BLM), # p < 0.01 (comparing iAT2Cre BLM vs 

iAT2Six-/- BLM), using one-way ANOVA with Holm-Sidak post hoc test. (E) Alpha-

smooth muscle actin (a-SMA) IHC (red signal) with DAPI counterstain. 
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Figure 6. (A)  Whole respiratory elastance (Ers) and (B) resistance (Rrs) measure 

using the single frequency flexiVent forced oscillation [45] perturbation under 

closed chest conditions. (C-D) Partitioned, broadband FOT showing tissue damping 

(G) and tissue elastance (H). (E-G) Inspiratory capacity (IC) with static compliance

(Cst) and pressure-volume (PV) curve (G) using a ramp-style pressure-driven (PVr-

P) maneuver. (H) Newtonian resistance (Rn) of central airways. Data shown + s.d. *

p < 0.05 (comparing iAT2Cre PBS vs BLM), # p < 0.05 (comparing iAT2Cre BLM vs 

iAT2Six-/- BLM), using One-way ANOVA with Holm-Sidak post hoc test. 

Figure 7. (A) Experimental BLM model with delayed treatment of tamoxifen. (B) 

Representative Masson's trichrome images low power field (LPF) and high power 

field (HPF) ( LPF scale bar 200um, HPF 100um). (C) Ashcroft scores. (D-G) RT-qPCR 

of fibrotic markers FN, Col1A1, Col1A2, and Col2A1. (H,I) RT-qPCR of Six1 from 

whole lung tissue and  isolated AT2 cells, respectively. Data shown + SEM * p < 0.05 

using Mann-Whitney test. 

Figure 8. (A)  Whole respiratory elastance (Ers) and (B) resistance (Rrs) measure 

using the single frequency flexiVent forced oscillation [45] perturbation under 

closed chest conditions. (C-D) Partitioned, broadband FOT showing tissue damping 

(G) and tissue elastance (H). (E-G) Inspiratory capacity (IC) with static compliance

(Cst) and pressure-volume (PV) curve (G) using a ramp-style pressure-driven (PVr-
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P) maneuver. (H) Newtonian resistance (Rn) of central airways. Data shown +  s.d.

* p < 0.05 using One-way ANOVA with Holm-Sidak post hoc test.

Figure 9. (A) Western blot showing Six1 protein overexpression (Six1OE) compared 

to control MLE12 cells. (B) RNA-sequencing data expressed as Log2 fold-change + 

SEM comparing GFP control MLE12 cells (n=3) to SixOE (n=3); * p < 5.92E-14 (C) 

Representative picture depicting the MEF3 binding sites in the mouse and human 

MIF promoters. (D) RT-qPCR showing increased expression of Six1 and (E) MIF in 

SixOE cells. (F) Western blot showing increase in Six1 and MIF protein levels in 

SixOE cells compared to GFP controls. (G) RT-qPCR showing increased expression 

of MIF in BLM-treated mice with reduced expression in BLM-treated mice following 

conditional Six1 deletion in AT2 cells prior to BLM exposure and (H) at day 15 of 

BLM.  Data shown +  s.d. * p < 0.05 using One-way ANOVA with Holm-Sidak post 

hoc test and Mann-Whitney test. (E) ELISA data of MIF protein concentration 

expressed as ng/mL of MIF concentration in BALF of BLM-treated mice with 

reduced expression in BLM-treated mice following conditional Six1 deletion prior to 

BLM exposure. Data shown + s.d.  * p < 0.01 using Mann-Whitney test. 

Figure 10. (A) MIF transcript levels in IPF (n=8) compared to control (n=8) patient 

samples. (B) Absorbance values of WST-1 assay at 24 hrs read at 450nm for control 

human lung fibroblasts (n=12 (4 donors in triplicate)) with or without 100ng/mL 

recombinant human MIF. Data shown + s.d.  *p < 0.05 using two-tailed, unpaired 
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Student’s t test with Welch’s correction. (C) Human lung fibroblasts treated with a 

dose response (4-400ng/mL) of MIF in vitro for 48 hrs stained with alpha-smooth 

muscle actin (aSMA; red signal). (D) Quantification of aSMA fluorescent signal 

using integration of per cell fluorescence pixel intensity using an automated 

fluorescence cell cytometer. Data shown +  s.d. * p < 0.05 using One-way ANOVA 

with Holm-Sidak post hoc test.  

 

 

 

 

 

Supplemental Data 

 

Table 1. Human lung donor information. Data is shown as mean ± SEM. BMI, 

body mass index; FEV1, forced expiration volume over 1 second; FVC, forced 

vital capacity; IPF, idiopathic pulmonary fibrosis; COPD, chronic obstructive 

pulmonary disease. Control lungs were collected from lung explants rejected for 

lung transplantation with a PaO2:FiO2 ratio > 300 

 

Table 2. Primary and secondary antibodies used for both mouse and human 

experiments with manufacturer, target, species, catalog numbers, and dilutions 
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used for either immunoblot (WB) or 

immunohistochemistry/immunofluorescence (IHC/IF). 

 

Table 3. Human and Mouse primers used with gene name and forward (FW/F1) 

and reverse (RV/R1) sequences.  

.  
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Table 1. Human lung donor information. Data is shown as mean ± SEM. BMI, body 
mass index; FEV1, forced expiration volume over 1 second; FVC, forced vital capacity; 
IPF, idiopathic pulmonary fibrosis; COPD, chronic obstructive pulmonary disease.  

 CONTROL COPD IPF 
AGE (years) 42 ± 20.4 64.4 + 6.0 66.4 ± 1.9 

GENDER 
(female/male) 

4/7 10/8 7/14 

HEIGHT (cm) 164.4 ± 37.2 170.6 + 10.6 170.8 ± 10.7 
WEIGHT (kg) 78.2 ± 20.3 74.2  + 16.2 83.4 ± 16.0 

BMI 26.5 ± 6.2 24.5  + 5.5 29.0 ± 6.0 
FVC (%) - 52.4  + 11.5 48.6 ± 17.6 

FEV1 (%) - 23.9  + 8.4 51.7 ± 19.5 
 
 
    Supplemental Table 2. Primary and Secondary Antibodies 

Antibody Source Target Provider Catalog Dilution 
MIF mouse mouse abcam ab65869 

 
1:1000 
(WB) 

aSMA rabbit hu,mo,rat abcam ab5694 1:1000 
(IHC) 

SIX1 rabbit hu,mo Novus 
biologicals 

NBP1-
84264 

1:100 
(IHC/IF) 

SIX1 rabbit hu,mo,rat CST 12891S 1:100 
(IHC/IF) 
1:1000 
(WB) 

ß-actin rabbit hu,mo,rat CST 4967S 1:3000 
(WB) 

SIX1 rabbit hu,mo Sigma 
Aldrich 

HPA001893 1:100 
(IF) 

EYA1 mouse hu Abnova H00002138-
A01 

1:1000 
(WB) 

EYA2 rabbit hu Abcam ab92505 1:3000 
(WB) 

SPC rabbit hu,mo,rat Millipore Ab3786 1:200 
(IHC) 
1:1000 
(IF) 

EYA2 rabbit hu,mo Thermo 
Scientific 

PA5-68561 1:10,000 
(WB) 

Alexa 
Fluor 488 

rabbit mouse Thermo 
Scientific 

A11059 1:1000 
(IF) 



Alexa 
Fluor 594 

goat rabbit Thermo 
Scientific 

A11012 1:1000 
(IF) 

Alexa 
Fluor 488 

goat rabbit Thermo 
Scientific 

A11008 1:1000 
(IF) 

Alexa 
Fluor 633 

goat mouse Thermo 
Scientific 

A21052 1:1000 
(IF) 

Alexa 
Fluor 594 

donkey goat Thermo 
Scientific 

R37119 1:500 
(IF) 

Alexa 
Fluor 488 

donkey rabbit Thermo 
Scientific 

R37114 1:500 
(IF) 

 
Supplemental Table 3. Human and Mouse Primers 

Gene Primer name Sequence 
GAPDH GAPDH_homo_FW AAGGTGAAGGTCGGAGTCAAC 
GAPDH GAPDH_homo_RV GGGGTCATTGATGGCAACAATA 
18S 18S_homo_mus_FW GTAACCCGTTGAACCCCATT 
18S 18S_homo_mus_RV CCATCCAATCGGTAGTAGCG 
EYA2 EYA2_homo_FW CTACCAGATGCACGGCACAA 
EYA2 EYA2_homo_RV AGCCGGGGTAGGAAGGATAG 
EYA4 EYA4_homo_FW TCTGATTCTGTGCACGTTTTCT 
EYA4 EYA4_homo_RV CTACTTGGGAGTGGCAGGAG 
EYA1 EYA1_homo_FW TCCATGACTCCCAATGGCAC 
EYA1 EYA1_homo_RV GGGTATGGTCTGTTGGAAGGG 
FN1 FN1_homo_FW GGTGGAATAGAGCTCCCAGG 
FN1 FN1_homo_RV GCAGCCTGCATCTGAGTACA 
SIX1 SIX1_homo_FW CTGCCGTCGTTTGGCTTTAC 
SIX1 SIX1_homo_RV GCTCTCGTTCTTGTGCAGGT 
SIX2 SIX2_homo_FW CGGGTTGTGGCTGTTAGAAT 
SIX2 SIX2_homo_RV CACCACACAGGTCAGCAACT 
SIX4 SIX4_homo_FW GGGAGCAAGAGAGCTCAAGA 
SIX4 SIX4_homo_RV GTCAGTGGCAGCTTCACAAG 
SIX6 SIX6_homo_FW CTGTGACAGGACCTGCTGC 
SIX6 SIX6_homo_RV CAACCGGACTGACCCCTAC 
SP-C SP-C_homo_FW CGATAAGAAGGCGTTTCAGG 
SP-C SP-C_homo_RV AGCAAAGAGGTCCTGATGGA 
Col1A1 Col1A1_mus_F2 GGTTTCCACGTCTCACCATT 
Col1A1 Col1A1_mus_R2 CGGCTCCTGCTCCTCTTAG 
Col1A2 Col1A2_mus_F1 AGCAGGTCCTTGGAAACCTT 
Col1A2 Col1A2_mus_R1 AAGGAGTTTCATCTGGCCCT 
Six1 Six1_mus_FW GAAAGGGAGAACACCGAAAACA 
Six1 Six1_mus_RV GTGGCCCATATTGCTCTGGA 
MIF MIF_homo_FW GAACAACTCCACCTTCGCCT 
MIF MIF_homo_RV CCGTTTATTTCTCCCCACCA 
Dach1 Dach1_mus_F1 CTTAGGAGGCCTTCCAGGTC 
Dach1 Dach1_mus_R1 GAACCGCTGCAAACTCATCT 



18S 18S_homo_mus_FW GTAACCCGTTGAACCCCATT 
18S 18S_homo_mus_RV CCATCCAATCGGTAGTAGCG 
Eya2 Eya2_mus_F1 GATAATCCTGGTGCACGCTC 
Eya2 Eya2_mus_R1 CAGAGCCCCTACACCTACCC 
Eya4 Eya2_mus_F3 AACCCAGCTGATTCCTGCTC 
Eya4 Eya2_mus_R3 GGCATGTTGTGCTGGTTAGC 
Eya3 Eya3_mus_F1 GGACTGAATTGCAGGTCTCTG 
Eya3 Eya3_mus_R1 GTTCCAGAGTGGGTCCGTAA 
Fn1 Fn1_mus_F1 ACTGGATGGGGTGGGAAT 
Fn1 Fn1_mus_R1 GGAGTGGCACTGTCAACCTC 
CD74 CD74_ Mus_F1 AGTGCGACGAGAACGGTAAC 
CD74 CD74_ Mus_R1 CGTTGGGGAACACACACCA 
Six4 Six4_mus_F2 CTGTGGCTGGCTCACTTGTA 
Six4 Six4_mus_R2 GGAGCATTGGATTCTCTCCA 
Sftpc Sftpc_mus_F1 ATGAGAAGGCGTTTGAGGTG 
Sftpc Sftpc_mus_R1 AGCAAAGAGGTCCTGATGGA 
CXCR4 CXCR4_ Mus_F1 GAAGTGGGGTCTGGAGACTAT 
CXCR4 CXCR4_ Mus_R1 TTGCCGACTATGCCAGTCAAG 
MIF MIF 1_ Mus_F1 GCCAGAGGGGTTTCTGTCG 
MIF MIF 1_ Mus_R1 GTTCGTGCCGCTAAAAGTCA 
MMP11 MMP11_ Mus_F1 CCGGAGAGTCACCGTCATC 
MMP11 MMP11_ Mus_R1 GCAGGACTAGGGACCCAATG 




