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Idiopathic pulmonary fibrosis (IPF) is a progressive fibrotic disease characterized 

by aberrant fibroblast/myofibroblast accumulation and excessive collagen matrix 

deposition in the alveolar areas of lungs. As the first approved IPF medication, 

pirfenidone (PFD) significantly decelerates lung function decline while its 
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underlying anti-fibrotic mechanism remains elusive. In this study, using 

transcriptomic and immunofluorescence analyses of primary human IPF tissues, 

we showed that myocardin related transcription factor (MRTF) signaling is 

activated in myofibroblasts accumulated in IPF lungs. Furthermore, we showed 

that PFD inhibits MRTF activation in primary human lung fibroblasts at the 

clinically achievable concentrations (half-maximal inhibitory concentration 

(IC50)=50-150uM, maximal inhibition>90%, maximal concentration of PFD in 

patients<100uM). Mechanistically, PFD appears to exert its inhibitory effects by 

promoting the interaction between MRTF and actin indirectly. Finally, PFD-treated 

IPF lungs exhibit significantly less MRTF activation in FF areas than naïve IPF 

lungs. Our results suggest MRTF signaling as a direct target for PFD and 

implicate that some of the anti-fibrotic effects of PFD may be due to MRTF 

inhibition in lung fibroblasts. 

 

 

Introduction 

Idiopathic pulmonary fibrosis (IPF) is a progressive and fatal interstitial lung disease 

with a median survival of 3–5 years after diagnosis1-4. Although the underlying 

pathobiology of IPF is complex and poorly understood, it is proposed that the disease is 

likely triggered by repetitive microinjuries to the airway and alveolar epithelium5. These 

parenchymal insults lead to the activation and accumulation of myofibroblasts in 

interstitial areas of lungs. Consequently, these myofibroblasts synthesize and deposit 

excessive amounts of extracellular matrix (ECM) proteins into alveolar regions, which 



results in progressive lung function decline and, ultimately, patient death6,7. Therefore, 

IPF represents a huge unmet medical need for the global public health system5-8. 

 

Numerous experimental therapies have failed in clinical trials of IPF and, to date, only 

two medications have been approved for the treatment of IPF patients: pirfenidone 

(PFD) and nintedanib (NTD), based on their ability to slow disease progression as 

measured by reduced lung function decline9,10. While NTD has been proposed to target 

fibroblast and myofibroblast proliferation and activation as a potent multiple receptor 

tyrosine kinase (RTK) inhibitor11,12, the anti-fibrotic mechanism of PFD remains elusive. 

In this regard, it should be noted that recent studies have linked PFD to a wide 

spectrum of biological activities such as targeting profibrotic growth factors and 

transcription factors, inhibiting collagen fibril formation, and antagonizing oxidative 

stress 13-18. However, the limitation of these studies is the use of the excessive 

concentrations of PFD and/or the lack of human evidence. Thus, the clinical relevance 

of these observations has not been fully established and the molecular target(s) for PFD 

in patients are yet to be defined19,20.  

 

The serum response factor (SRF) is an important transcription factor that regulates 

cytoskeleton and cell motility gene expression via the interaction with its two main 

coactivators, myocardin related transcription factor A and B (MRTFA/B)21-26. In 

unstimulated cells, MRTFA is largely sequestered in cytoplasm by binding to monomeric 

actin (G-actin) via its N-terminal arginine-proline-glutamate-leucine consensus 

sequence containing (RPEL) domain23,27-29. When cells are stimulated, ras homolog 



(RHO) GTPases are activated to trigger polymerization of G-actin to filamentous actin 

(F-actin), thereby releasing MRTFs from G-actin and allowing them to be predominantly 

translocated into the nucleus to induce cytoskeleton gene expression via interaction 

with SRF23,27-29
. The critical role of MRTF signaling in cell motility and cytoskeleton 

reprogramming is further supported by human genetics data that MRTFA loss-of-

function mutation causes immune susceptibility to viral infections and aberrant wound 

healing response due to compromised motility of immune cells and fibroblasts17. Mouse 

studies have also demonstrated that MRTF signaling contributes to tissue fibrosis in 

multiple preclinical models30-36. 

 

Here, we hypothesize that certain dysregulated molecular pathway(s) in human IPF 

lungs may be targeted by PFD for its anti-fibrotic action. Using transcriptomic analyses 

of human samples, we found that MRTF signaling is induced in human IPF lungs and its 

hyperactivation appears to be specific to mesenchymal cells including fibroblasts and 

myofibroblasts. Furthermore, the complementary immunofluorescence analysis 

revealed that MRTF activation appears to be mainly derived from α-smooth muscle 

actin (ACTA2) expressing myofibroblasts accumulated in IPF lungs. Next, we showed 

that PFD inhibits MRTFA nuclear translocation, a central cellular event of MRTF 

signaling activation, and MRTF target gene expression in a dose-dependent manner. 

The potency of PFD on antagonizing MRTF signaling was further experimentally 

determined as the half-maximal inhibitory concentration (IC50)=50-150uM and maximal 

inhibition>90%. Mechanistically, we observed that PFD promotes the interaction 

between MRTF and actin indirectly without impacting ras homolog family member A 



(RHOA) activation and actin polymerization. Consistent to these findings, PFD-treated 

but not NTD-treated IPF lungs exhibit less MRTF activation in FF than those in naïve 

IPF lungs without PFD treatment. In sum, these data suggest MRTF signaling as a 

direct molecular pathway that can be inhibited by PFD at the physiologically relevant 

concentrations, which may represent a new and clinically achievable anti-fibrotic 

mechanism for the drug. 

 

Results 

MRTF signature is enriched in IPF lungs 

In order to advance our understanding of the pathobiology of human lung fibrosis, we 

performed genome-wide transcriptomic analysis on freshly explanted human lungs from 

patients with IPF and non-diseased controls37. In parallel, transcriptional profiles were 

also collected from mesenchymal cells isolated directly from the same lungs via triple 

negative (CD45-EPCAM-CD31-) sorting (Figures 1A and S1). Gene ontology (GO) 

analysis revealed that biological processes such as cell projection represented by 

cilium-associated genes and cell movement were among top upregulated processes in 

IPF lungs, which is consistent with previous reports38-43 (Figure 1B). In addition, 

cytoskeleton and its related cell motility pathways were also enriched in the upregulated 

genes from IPF lungs (Figure 1B). We then sought to determine whether enrichment of 

cytoskeleton and motility genes was caused by dysregulation of gene expression in 

mesenchymal cells or, alternatively, by aberrant accumulation of mesenchymal cell 

populations such as fibroblasts/myofibroblasts in fibrotic lungs. Upon cell sorting, we 

found that cytoskeleton and cell motility were still among the top upregulated biological 



processes in sorted IPF mesenchymal cells (Figure 1B), suggesting enrichment of these 

processes is likely due to transcriptional changes rather than imbalances in cellularity.  

 

To identify underlying transcriptional conduits responsible for cytoskeleton and motility 

gene expression, we explored potential transcription factors that may contribute to 

cytoskeleton and motility reprogramming by using Molecular Signatures Database 

(MSigDB)44 and found that SRF putative target genes are highly enriched in 

cytoskeleton and motility genes upregulated in IPF lungs among top hits (Figure 1C). As 

SRF stimulate motility and cytoskeleton gene expression via MRTFs21-24,25,26, we next 

aimed to determine if MRTF signaling is hyperactive in fibrotic lungs by generating a 

MRTF response signature to measure its activity. The distribution of relative expression 

for MRTF response signature (IPF versus non-diseased lungs) displayed a marked shift 

compared to that of all other genes analyzed (Figure 1D). Unsupervised clustering 

analysis of non-diseased controls and IPF patients using the same MRTF signature 

showed a separation between non-fibrotic and fibrotic samples (Figures 1E, F). We also 

performed a similar analysis of MRTF signature in another previously reported IPF 

cohort 45. Consistently, we found a significant enrichment of MRTF signature in IPF 

lungs when compared to healthy controls (Figures S2A-C). Thus, the observations from 

two independent IPF cohorts support the hyperactivation of MRTF signaling in IPF lungs. 

 

MRTF activation in myofibroblasts in IPF lungs  

To investigate the cellular source of MRTF activation, we performed the 

immunofluorescence assays to examine the MRTFA nuclear localization, a molecular 



hallmark of MRTF activation, in IPF lungs. In this regard, we observed a prominent 

MRTFA nuclear localization in ACTA2+ myofibroblasts accumulated in the fibroblast foci 

(FF), a histological feature of IPF lungs (Figures 2A, E). It should also be noted that 

diffuse MRTFA signal was observed in both cytoplasm and nuclei in EPCAM+ epithelial 

cells (Figures 2B, E), implicating less MRTF activation in these cells than that in 

myofibroblasts. On the other hand, we only found negligible cytoplasmic and nuclear 

MRTFA signal in CD31+ endothelial cells and CD45+ immune cells (Figures 2C, D and 

E). Therefore, these results suggest that myofibroblasts may be the main cell type that 

mediates MRTF activation in IPF lungs.  

 

PFD inhibits MRTF activation in a clinically relevant dose range in lung 

fibroblasts 

The hyperactivation of MRTF signaling in IPF lung mesenchymal cells, particularly 

(myo)fibroblasts, prompts us to speculate that PFD may target this pathway to achieve, 

at least, some of its anti-fibrotic actions. Therefore, to test this possibility, we examined 

whether PFD could inhibit serum-induced MRTFA nuclear translocation in two 

independent primary human lung fibroblast lines isolated from normal and IPF human 

lungs respectively. As expected, PFD attenuated serum-induced MRTFA nuclear 

translocation in a dose-dependent manner without compromising the overall MRTFA 

protein level (Figures 3A and C). In addition, we did not observe any significant impact 

of PFD on fibrillar collagen gene expression and lung fibroblast viability (Figures S2 and 

S3) and, consistently, a latest report suggested that MRTF signaling is not required for 

these two processes in fibroblasts46. The IC50 for PFD on MRTF nuclear translocation is 



~100uM and ~150uM for each fibroblast line with the maximal inhibition reaching above 

90% (Figures 3B, D, E). Notably, the IC50 of PFD to inhibit MRTFA nuclear translocation 

is in the range of its clinically observed concentrations (<100uM)47-49, suggesting that 

partial inhibition of MRTF signaling may be achievable for PFD in human IPF patients. 

We also determined the impact of PFD on MRTF activation in non-fibroblastic cells such 

as alveolar epithelial cells, immune cells (e.g. neutrophils, macrophages, dendritic cells) 

and lung artery endothelial cells. The data showed that PFD exhibits little effect on 

serum-induced MRTF activation in those cell types even at the concentration of 1mM 

(Figure S4), indicating that PFD may selectively inhibit MRTF signaling in lung 

fibroblasts. 

 

Transcriptomic analysis of the inhibitory effects of PFD on MRTF signaling in 

lung fibroblasts 

Next, we sought to evaluate the systemic impact of PFD on the transcriptional response 

of serum-induced MRTF signaling in lung fibroblasts. We chose 1mM PFD for this 

experiment as this is the concentration that PFD can achieve 90% or more MRTF 

inhibition in both lung fibroblast lines tested. RNA-seq analysis of serum stimulated 

primary human lung fibroblasts revealed that PFD suppressed a series of MRTF direct 

target genes (Figures 4A and S5A). Consistently, GO analysis of PFD downregulated 

genes showed a significant functional enrichment for MRTF-related categories including 

cell adhesion, cell motility, migration and cell morphogenesis (Figures 4B and S5B).   

 



In addition to activating MRTF signaling, serum can strongly stimulate other pathways 

such as ternary complex factor (TCF)50 and Hippo signaling51. So, if PFD selectively 

targeted MRTF signaling, we would expect no significant impact of PFD on TCF or 

Hippo downstream target gene expression. To this end, we compared several well-

established TCF and Hippo target gene expression stimulated by serum in the absence 

or presence of PFD. As expected, we observed no significant effects of PFD on those 

gene expression (Figures 4A, D, E and S5A). Furthermore, PFD appears to suppress 

serum-induced MRTF target gene (e.g. ACTA2 and MYL9) expression through MRTFA 

as depletion of MRTFA completely abolishes PFD’s antagonistic effects (Figures 4F-H), 

supporting the specificity of PFD as an MRTF inhibitor. 

 

To further investigate if these findings are clinically relevant, we determined the PFD 

dose responsive curve of two MRTF target genes, ACTA2 and MYL9. In agreement with 

its inhibitory activity on MRTFA nuclear translocation (Figure 3E), PFD exhibits the 

similar potency on suppression of serum-induced ACTA2 and MYL9 expression: IC50 

ranges between 50 and 150uM and the maximal inhibition is more than 90% (Figures 

5A-C). Taken together, these results suggest that PFD is a selective inhibitor of MRTF 

signaling in lung fibroblasts, at least, in vitro.  

 

PFD promotes the binding of MRTF to actin indirectly 

As we observed the inhibitory effects of PFD on MRTF signaling, an intriguing question 

arises: what could be the mechanistic bases underlying its activity against MRTF?  In 

this regard, we considered the following three key upstream cellular events of MRTF 



nuclear translocation that may be affected by PFD: 1. Rho GTPase/ ras homolog family 

member A (RHOA) activation; 2. actin polymerization; 3. MRTF-actin interaction. 

 

First, we explored whether PFD inhibits serum-induced RHOA activation and we 

observed no significant impact of 1mM PFD in RHOA activation (Figure 6A). Similarly, 

we found 1mM PFD does not affect G-actin polymerization into F-actin induced by 

serum while Latrunculin B (LanB), a well-documented actin polymerization inhibitor, can 

dramatically disrupt this process (Figure 6B). Finally, we tested the possibility that PFD 

may modulate the physical interaction between MRTF and actin. We fused the actin 

binding domain of MRTFA, RPEL domain, (2-261) with 6xHis tag (His-RPEL) and 

performed pull-down assays by incubating this recombinant fusion protein with the 

cytoplasmic extract from lung fibroblasts treated with or without PFD at the indicated 

concentrations. The results showed that PFD increases the recruitment of endogenous 

actin to His-RPEL recombinant protein in a dose-dependent manner (Figure 6C). To 

determine whether PFD promotes this interaction directly, we repeated the pulldown 

assays in a reconstituted system consisting of recombinant His-RPEL fusion protein and 

purified actin protein, instead of cell extracts, in the presence or absence of 1mM PFD. 

The result showed that PFD does not enhance the interaction between RPEL and actin 

in this reconstituted system even at the concentration of 1mM (Figure 6D). Collectively, 

these data suggest that PFD is likely to promote MRTF/actin physical interaction in an 

indirect manner, which may serve as the molecular basis of PFD’s antagonistic action 

on MRTF signaling.      

 



PFD attenuates MRTF nuclear localization in FF of IPF lungs 

While our data establish PFD as an MRTF inhibitor in vitro, the evidence to support 

MRTF signaling as a clinically achievable target for PFD in human IPF patients is 

lacking. To this end, we analyzed the subcellular localization of MRTFA in the FF 

regions found in a cohort comprising IPF patients treated with or without PFD or NTD52. 

Quantification of MRTFA immunoreactivity demonstrated that the nuclear MRTFA signal 

in FF is significantly lower in IPF patients treated with PFD than that in IPF patients 

untreated with PFD (Figures 7A, B). Conversely, we observed that the cytoplasmic 

MRTFA signal in FF is significantly higher in IPF patients treated with PFD than that in 

IPF patients untreated with PFD (Figures 7A, B). Additionally, we determined the 

subcellular localization of MRTFA in FF in IPF patients treated with NTD from the same 

cohort and found no significant change when compared to untreated IPF patients 

(Figures 7A, B). In support of this observation, we did not find any impact of NTD (1uM) 

on MRTF target gene expression in lung fibroblasts in vitro either (Figure S6). On the 

other hand, we also noticed that neither PFD nor NTD affects MRTFA 

nuclear/cytoplasmic distribution in EPCAM+ epithelial cells in IPF lungs (Figure S7), 

supporting the notion that PFD may specifically antagonize MRTF activation in lung 

fibroblasts and myofibroblasts. In sum, these data suggest that PFD, but not NTD, 

inhibits in situ MRTF activation in human IPF lungs.   

 

Discussion 

Within the past few decades, the biomedical community has cured tissue fibrosis many 

times in animals. However, only PFD, as well as NTD, exhibits clinical benefits in IPF 



patients9,10. Thus, it is of utmost importance to understand how these medications work 

to benefit IPF patients. Herein, we, for the first time, establish MRTF signaling as a 

clinically relevant and achievable target for PFD. This finding is supported by a series of 

quantitative analyses of PFD’s inhibitory effects on MRTF signaling both in vitro and in 

situ. In an in vitro fibroblast culture system, we measured the inhibitory potency of PFD 

on MRTF signaling using two complementary readouts: MRTFA nuclear accumulation 

and MRTF target gene expression. The data from these independent experiments 

consistently indicate that the IC50 of PFD against MRTF signaling ranges between 50-

150uM and the maximal inhibition is more than 90%. To our knowledge, this is the first 

potency profile of PFD to be reported. More importantly, we presented the human data 

that PFD attenuates MRTF signaling by ~30% in IPF lungs. Considering that the 

clinically achievable concentration for PFD is less than 100uM in patients47-49, we 

propose that PFD is a clinically relevant inhibitor of MRTF signaling in patients.     

 

The molecular basis of PFD’s antagonistic action on MRTF signaling was also 

investigated in the current study. As the main biological activity of PFD is to inhibit 

MRTF nuclear accumulation, we thoroughly explored whether PFD may modulate the 

upstream cellular events of this process. To our surprise, we found that PFD appears to 

promote the interaction between MRTF and actin indirectly without impacting RHOA 

activation and actin polymerization. Then, what could be the direct molecular targets of 

PFD? In this regard, because actin is embedded in a complex cytoskeleton network, it is 

logical to speculate that PFD may target certain molecular interface(s)/conduit(s) within 

the cytoskeleton network to modulate MRTF/actin interaction indirectly (Figure 7C). This 



possibility may also help explain the selective effect of PFD on MRTF activation in 

fibroblasts as the cytoskeleton, a central determinant of cell shape and morphology, is 

the only subcellular structure that distinguishes fibroblasts from the other cell types53,54. 

Nonetheless, additional studies are needed to fully delineate the direct action site(s) of 

PFD within the actin/cytoskeleton network in fibroblasts. 

 

The anti-fibrotic action of PFD has often been linked to its anti-inflammatory and anti-

fibrotic activities against pathways such as transforming growth factor β (TGFβ), tumor 

necrosis factor (TNF) and p38 signaling14,55-57. However, the main caveat in most 

studies is the use of the excessive and clinically unachievable concentrations (mostly at 

the mM concentration range) of PFD to demonstrate its activity against these pathways. 

From a pharmacological point of view, the antagonistic activity of PFD on these 

pathways may be clinically irrelevant and may not contribute to PFD’s therapeutic 

efficacy in patients. In support of this notion, recent studies reported that TGFβ signaling 

was not affected by PFD in patient samples 15,52. Thus, it is in this context that our 

finding that establishes PFD as an MRTF inhibitor at the clinically achievable 

concentrations bridges the gap of PFD’s pharmacological activity between bench side 

and bedside. On the other hand, since MRTF signaling is a critical regulator of 

mechanotransduction22,28,29 and the emerging evidence suggests mechanical stress as 

a key driver of lung fibrosis progression58,59, it is possible that PFD’s antagonistic action 

on MRTF signaling might contribute to its therapeutic efficacy. 

 



The major adverse events of PFD in patients include rash, gastrointestinal events, 

decrease in body weight and elevation of the level of alanine or aspartate 

aminotransferase (ALT/AST) in livers9,60. However, MRTF deficiency in both human and 

mouse has not been reported to be linked to these safety liabilities23,61,62. One 

explanation for this discrepancy is that mechanisms underlying PFD’s side effects may 

be independent from its anti-fibrotic activity. Given the chemical nature of small 

molecules, it is plausible that PFD could modulate targets other than MRTF signaling to 

exert its adverse effects in patients. Future studies are therefore warranted to explore 

non-MRTF targets for PFD, which may enable potential modifications of PFD to improve 

its therapeutic index in patients.    

 

Up to 45% of deaths in the developed world can be attributed to progressive fibrotic 

diseases5. However, till recently, the development of safe and efficacious anti-fibrotic 

therapies has been confounded by our poor understanding of the molecular drivers of 

fibrosis progression in patients. Thus, our current study that establishes PFD as a 

clinically relevant MRTF inhibitor may not only shed a light on the puzzling anti-fibrotic 

mechanism of PFD but also illuminate MRTF signaling as a druggable driver of chronic 

fibrosis progression.  
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Figure 1. MRTF signature is enriched in IPF lungs. 

(A) Schematic overview of human sample collection. (B) Top GO biological processes 

enriched in genes upregulated in fibrotic samples. (C) Top 10 cis-regulatory motifs 

enriched in the promoter regions of upregulated cytoskeleton and cell motility genes in 

IPF lungs. (D) Density fit of log2 fold-change distributions of IPF vs normal lungs. 

Separate distributions are shown for MRTF response genes (MRTF signature) and all 

other genes with expression levels passing quality control (Background). The displayed 

density fit is truncated at the bounds of the observed log2fold-change values within each 

category of genes. MRTF signature ≠ Background. (E) Violin plot of MRTF signature in 

normal and IPF lungs (Normal lungs, n = 4; IPF lungs, n = 10). (F) Unsupervised 

hierarchical clustering analysis of MRTF signature gene expression in IPF (n = 10) and 

normal lungs (n = 4). p value is calculated using unpaired two-tailed t-test. 

 

Figure 2. Activation of MRTF signaling in myofibroblasts of IPF lungs 

(A-D) Representative immunofluorescence images of MRTFA co-stained with ACTA2 

(A), EPCAM (B), CD31 (C) and CD45 (D) in IPF lung sections. Arrowhead, nuclear 

MRTFA in ACTA2+ myofibroblasts. (E) Quantification of nuclear and cytoplasmic 

MRTFA fluorescent signal normalized by cell numbers in ACTA2+, EPCAM+, CD45+ 

and CD31+ cells in IPF lungs. (IPF samples (n=10) were used for MRTFA signal 

quantification in EPCAM+, CD45+ and CD31+ cells, and IPF samples (n=8) were used 

for MRTFA signal in ACTA2+ cells due to the lack of FFs in 2 IPF samples.) Data 

represents mean ± S.D.  

 



Figure 3. PFD inhibits serum-induced MRTFA nuclear accumulation in hLFs at the 

clinically relevant concentrations. 

(A, C) Representative western blot of nuclear (top panel) and whole cell extract (WCE) 

(bottom panel) MRTFA in human normal (A) and IPF (C) lung fibroblasts, treated with 

20% fetal bovine serum (FBS) in the absence or presence of PFD at the indicated 

concentrations. Ying Yang 1 (YY1), loading control for nuclear fractions. 

Glyceraldehyde-3-phosphate dehydrogenase (GAPDH), loading control for WCE. (B, D) 

Quantification of nuclear accumulation of MRTFA in normal (A) and IPF (C) lung 

fibroblasts. (E) Summary of PFD potency on nuclear MRTFA accumulation. Data in E 

represents mean ± standard deviation (SD) of three independent experiments. p value 

is calculated FBS vs FBS+PFD using one-way ANOVA. *: p < 0.05. **: p < 0.01. #: p < 

0.0001. ns; not significant. 

 

Figure 4. Transcriptomic analysis of PFD inhibitory effects on MRTF signaling. 

(A) Heatmap showing relative expression of MRTF, TCF and Hippo target genes in 

normal human lung fibroblasts treated with or without PFD. (B) Top GO biological 

processes enriched in the genes suppressed by PFD in 20% FBS stimulated normal 

human lung fibroblasts. (C-E) qPCR validation of PFD inhibition on MRTF target gene 

(C), TCF (D) and Hippo (E) target gene expression in normal and IPF human lung 

fibroblasts. (F-G) ACTA2 and MYL9 expression in SFM or 20% FBS stimulated normal 

(F) and IPF (G) human lung fibroblasts transfected with MRTFA or control siRNA in the 

presence or absence of PFD. (H) Representative western blot of MRTFA in WCE from 

SFM or 20% FBS stimulated human normal and IPF lung fibroblasts transfected with 



MRTFA or control siRNA in the presence or absence of PFD. GAPDH, loading control 

for whole cell extracts. PFD concentration: 1mM, n = 3 biological replicates. p value is 

calculated using one-way ANOVA. * indicates comparison of SFM vs FBS, # indicates 

comparison of FBS vs FBS+PFD. *, #: p < 0.05. **, ##: p < 0.01. ***, ###: p < 0.001. 

 

Figure 5. Determination of PFD inhibitory potency on MRTF target gene 

expression in hLFs. 

(A, B) Dose-response curve of PFD inhibition on MRTF target gene expression in 

human normal (A) and IPF (B) lung fibroblasts. (C) Summary of PFD inhibitory potency 

on MRTF target gene expression. Data in C represents mean ± standard deviation (SD) 

of three independent experiments, n=3 biological replicates. p value is calculated FBS 

vs FBS+PFD using one-way ANOVA. *: p < 0.05. **: p < 0.01. #: p < 0.0001. ns; not 

significant. 

 

Figure 6. PFD promotes MRTFA and actin interaction indirectly 

(A) RHOA activation in human lung fibroblasts stimulated with 20% FBS in the absence 

or presence of PFD at the indicated concentrations, n=3 biological replicates. (B)  F-

actin formation in human lung fibroblasts stimulated with 20% FBS in the absence or 

presence of 1mM PFD or 100nM Latrunculin B (LanB), n=3 biological replicates. (C) 

Top panel: the His-RPEL fusion protein was used to immobilize endogenous actin in 

cytoplasmic lysates isolated from FBS-stimulated human lung fibroblasts treated with 

PFD at the indicated concentrations followed by actin WB. Bottom panel: coomassie 

blue staining of membrane showing His-RPEL fusion proteins used in the pulldown 



assays. (D) Top panel: the His-RPEL fusion protein was used to immobilize purified 

actin in the absence or presence of 1mM PFD followed by actin WB. Bottom panel: 

Coomassie blue staining of membrane showing His-RPEL fusion proteins used in the 

pulldown assays. Data in C and D are representative and similar results were seen in 

three independent experiments. p value is calculated using one-way ANOVA. **, p < 

0.01. ****, p < 0.01. ns, not significant.  

 

Figure 7. PFD inhibits MRTF activation in human IPF lungs  

(A) Representative images of MRTFA immunofluorescence signal in FF regions of 

naÏve and PFD or NTD treated IPF lung sections, scale bar 20μm. Arrowhead, nuclear 

MRTFA in ACTA2+ myofibroblasts. (B) Nuclear/cytoplasmic distribution of MRTFA in 

ACTA2+ myofibroblasts accumulated within FF regions (n=8 for IPF, n=9 for PFD-

treated, n=8 for NTD-treated, certain samples are excluded due to the lack of FF). (C) 

Schematic summary of the proposed mechanism of PFD’s inhibitory activity on MRTF 

pathway. Data represents mean ± standard deviation (SD) error. p value is calculated 

using one-way ANOVA. **, p < 0.01. 

 

Figure S1. Flow sorting strategy for human lung mesenchymal cells.  

(A) Representative flow plot showing sorting strategy and percentage of populations in 

normal human lungs. (B) COL1A1, EPCAM and CD31 expression in freshly sorted 

mesenchymal cells (CD45-EPCAM-CD31-), epithelial cells (EPCAM+) and endothelial 

cells (CD31+) from normal and IPF lungs. 

 



Figure S2. Enrichment of MRTF signature in a larger IPF cohort.  

(A) Density fit of log2 fold-change distributions of IPF vs normal lungs. Separate 

distributions are shown for MRTF response genes (MRTF signature) and all other 

genes with expression levels passing quality control (Background). The displayed 

density fit is truncated at the bounds of the observed log2fold-change values within each 

category of genes. p <0.0001, MRTF signature ≠ Background. (B) Violin plot of MRTF 

signature in normal and IPF lungs (Normal lungs, n = 26; IPF lungs, n = 46). p value is 

calculated using one-way ANOVA. (C) Unsupervised hierarchical clustering analysis of 

MRTF signature gene expression in IPF (n = 46) and normal lungs (n = 26). 

 

Figure S3. PFD does not affect collagen expression and cell viability in hLFs. 

(A) RT-qPCR validation of PFD inhibition on COL1A1, COL1A2 and COL3A1 

expression in normal and IPF human lung fibroblasts. (B) Normal and IPF lung 

fibroblasts were treated with PFD at the indicated concentrations for 48 hours followed 

by CellTiter-Glo assay. PFD concentration: 1mM, n = 3 biological replicates. 

 

Figure S4. PFD does not inhibit serum induced MRTFA nuclear translocation in 

non-fibroblastic cells. 

(A-F) Representative western blot of MRTFA in WCE (top panel) and nuclear fractions 

(bottom panel) in A549 cells (A), MLE12 mouse alveolar epithelial cells (B), HL60-

derived neutrophil-like cells (C), THP1-derived DC-like cells (D), U937-derived 

macrophage-like cells (E) and primary human lung artery endothelial cells (F) under 

indicated conditions.  PFD concentration: 1mM. YY1, loading control for nuclear 



fractions. β-actin, loading control for WCE. Similar results were seen in three 

independent experiments. 

 

Figure S5. Transcriptomic analysis of PFD inhibitory effects on MRTF signaling in 

IPF LFs. 

(A) Heatmap showing relative expression of MRTF, TCF and Hippo target genes in IPF 

human lung fibroblasts treat with or without 1mM PFD. n = 3/group. (B) Top GO 

biological processes enriched in the genes suppressed by PFD in 20% FBS stimulated 

IPF human lung fibroblasts. 

 

Figure S6. NTD does not inhibit serum induced MRTF target gene expression in 

hLFs. 

MRTF target gene expression in normal and IPF lung fibroblasts treated with DMSO, 

PFD (1mM) or NTD (1µM) in the presence or absence of 20% FBS. n = 3 biological 

replicates. 

 

Figure S7. Neither PFD nor NTD impacts MRTF activation in EPCAM+ epithelial 

cells in human IPF lungs. 

(A) Representative images of MRTFA and EPCAM immunofluorescence signal in naÏve 

and PFD- or NTD-treated IPF lung sections, scale bar 20μm. (B) Nuclear/cytoplasmic 

distribution of MRTFA in EPCAM+ epithelial cells (n=10 for IPF, n=10 for PFD-treated, 

n=10 for NTD-treated). Data represents mean ± standard deviation (SD) error. 

Statistical analysis using one-way ANOVA. ns, not significant. 



 

Materials and Methods 

Patient cohort. All human sample acquisitions were approved by the UCSF institutional 

review board. The clinical profile and demographic information of IPF patients and 

healthy control subjects are listed in Table S1. The IPF patient cohort treated with or 

without PFD or NTD has been reported before52. In this cohort, the mean duration of 

PFD treatment is 22.7 months (range = 9-60 months) and the mean duration of NTD 

treatment is 13.4 months (range = 7-20 months)52. 

 

Human lung samples. Explanted lung tissues were obtained from patients with a 

pathologic diagnosis of usual interstitial pneumonia and a consensus clinical diagnosis 

of IPF assigned by multidisciplinary discussion and review of clinical materials. Written 

informed consent was obtained from all subjects and the study was approved by the 

UCSF institutional review board. Human lungs not used by the Northern California 

Transplant Donor Network were used as controls; studies indicate that these lungs are 

physiologically and pathologically normal63. After perfusion of the pulmonary 

arteries and bronchoalveolar lavage, fresh lung explant tissue was stored in complete 

media on wet ice overnight before subsequent digestion. IPF lung biopsies treated with 

or without PFD or NTD were described previously52. 

 

Primary human lung cell isolation. The tissue was washed in HBSS and then 

thoroughly minced in digestion buffer (HBSS, 2.5mg/mL Collagenase D, 100µg/mL 

DNase). Minced tissue was rocked 45 minutes at 37C. Residual tissue material was 



transferred into fresh digestion buffer and rocked another 45 minutes at 37C. Single 

cells from both rounds of digest were combined and then filtered through 70µm and 

40µm strainers. Red blood cells were removed using Red Blood Cell Lysis Buffer 

(Sigma-Aldrich). The cell preparations were stained with anti-human CD45-BUV395 

(1:250, BD Biosciences, #563792), anti-human EPCAM PE (1:250, BioLegend, 

#324206), anti-human CD31 PerCP-Cy5.5 (1:250, BioLegend, #303132), Fixable 

Viability Dye eFluor™ 780 (1:2000, ThermoFisher Scientific, #650-0865-14) and FACS 

sorted for EPCAMpos, CD31pos, CD45pos and triple negative populations using BD 

FACSAria™ and analyzed with Flowjo™.  

 

Cell culture. A539, U937, MLE12, HL60 and THP1 cells were purchased from ATCC. 

Primary human lung artery endothelial cells were purchased from ScienCell. These 

primary cells were cultured as instructed by vendors. Primary hLFs were isolated from 

crude whole lung single-cell suspension and cultured in Dulbecco's Modified Eagle 

Medium (DMEM) supplemented with 2mM L-glutamine, 100 U/ml penicillin, 100 μg/ml 

streptomycin and 10% FBS. U937 cells were differentiated into macrophage-like cells 

by 20 ng/mL phorbol-12-myristate-13-acetate (PMA) (Cayman Chemical, Ann Arbor, 

Michigan, USA) treatment for 24 hours prior to SFM starvation and FBS stimulation. 

HL60 cells were differentiated into neutrophil-like cells by 1.5% v/v DMSO treatment for 

6 days prior to SFM starvation and FBS stimulation. THP1 cells were differentiated into 

DC-like cells by 20 ng/mL of IL-4 (R&D Systems, Minneapolis, Minnesota, USA) and 20 

ng/mL of PMA for 4 days prior to SFM starvation and FBS stimulation. 

 



RNA-sequencing. RNA from lung fibroblasts were extracted using RNeasy kit (Qiagen) 

and treated with DNaseI (Life Technologies). The libraries were generated with Illumina 

TruSeq Stranded mRNA kit and were sequenced on HiSeq 2500 in high output mode. 

 

RNA-seq analysis. Sequencing reads for both lung data published herein and 

previously published liver data (ENA accession ERP109255) were filtered and aligned 

using HTSeqGenie v3.4.164. GSNAP v2011-12-28 was used for alignment, through the 

HTSeqGenie wrapper, against the GENCODE Basic gene model on the human genome 

assembly GRCh38. Only reads with unique genomic alignments were analyzed.  

 

nRPKM (normalized Reads Per Kilobase gene model per Million total reads) values 

were used as a normalized measure of gene expression, calculated as previously 

defined65. Log2 nRPKM transformations were calculated on nRPKM+1-4, and the Z-

scored log2 nRPKM ranges displayed in the heatmaps were restricted to  3 standard 

deviations of the log2 nRPKM values for visualization purposes; heatmap clustering was 

performing using Ward’s method. Differential gene expression was calculated using 

voom+limma66 with multiple-hypothesis correction of p-values performed using the 

Benjamini-Hochberg method. Significance tests of the MRTF response gene set 

compared to background where performed using the parametric camera method on the 

log-fold change distributions67. 

 

For differential gene expression and gene ontology analysis, upregulated genes were 

defined as genes having an nRPKM fold change > 0, and adjusted p-value < 0.05. 



Gene ontology (GO) analysis was performed using the MSigDB gene sets68. The MRTF 

response signature was derived from the overlap between previously reported MRTF 

direct target genes24  and cytoskeleton or motility-related genes upregulated in IPF 

lungs. Log2 nRPKM fold-change distributions include all MRTF response genes against 

all other genes (background), excluding genes which did not have at least 10 reads in at 

10% of the samples. Sample signature scores for the MRTF response gene set where 

defined as the first principal component score of a PCA analysis calculated on the log2 

nRPKM of the MRTF response gene set (eigengene). All RNA-seq analyses were 

conducted in R69. 

 

Immunofluorescence staining. 4µm sections of formalin-fixed and paraffin embedded 

specimens were deparaffinated followed by antigen retrieval using Target Retrieval 

(Dako #S1700). The sections were subsequently blocked and stained in PBS plus 1% 

BSA (Gibco), 5% nonimmune donkey serum (Jackson Immuno Research) and 0.1% 

Triton X-100. The following primary antibodies were used for IF: anti-MRTFA (1:100; 

Sigma-Aldrich, #HPA030782), anti-ACTA2-FITC (1:250; Sigma-Aldrich, #F3777), anti-

EPCAM (1:500; Cell Signaling Technology, #2929), anti-CD45 (1:400; Cell Signaling 

Technology, #55618), anti-CD31 (1:1000; Cell Signaling Technology, #3528). Human 

sections were imaged with a 20x Plan Apo DIC M objective (NA: 0.75, Nikon) on a 

Nikon Ti-Eclipse inverted microscope equipped with an Andor Neo scMOS camera 

(Andor, Oxford Instruments), a linear-encoded automated stage (Applied Scientific 

Instrumentation), and a SOLA LED light engine (Lumencor) all run by NIS Elements 

software (Nikon).  



 

Transfection of siRNAs. Transfection was carried out at a concentration 20nM of 

indicated siRNAs (Horizon Discovery) using RNAiMax transfection reagent (Thermo 

Fisher). Transfected cells were cultured without perturbation for at least 48 h prior to 

SFM starvation and 20% FBS stimulation. 

 

RT-qPCR. Cultured primary human normal and IPF LFs were starved with serum-free 

medium (SFM) for overnight and then treated with 20% FBS and PFD or NTD at the 

indicated concentrations for another 24hrs. Subsequently, cells were harvested for RNA 

extraction. Total RNA was purified using RNeasy kit (Qiagen) and treated with DNaseI 

(Life Technologies). Complementary DNA synthesis was carried out with iScript RT 

Supermix (Bio-Rad). Quantitative PCR was performed in technical triplicates using 

SYBR Green reagent (Bio-Rad). The relative standard curve method was used for 

quantitation and expression levels were calculated by normalization to HPRT.  

 

Western blot. Western blot was carried out whole cell extracts or nuclear extracts as 

previously described70. Equal amounts of protein lysates were separated by SDS–

PAGE, transferred to a nitrocellulose membrane, and subjected to immunoblotting 

analysis using following primary antibodies: MRTFA (1:200, Santa Cruz, #32909), YY1 

(1:1000, Abcam, #109237), GAPDH (1:1000, CST, #5174), ACTB (1:200, Santa Cruz, 

#sc-47778). 

 



Cell-based functional assays. For proliferation assay, primary human lung fibroblasts 

cultured in 96-well plates were treated with PFD at the indicated concentrations for 48 h 

followed by CellTiter-Glo assay (Promega). For RHOA activation assay, primary human 

lung fibroblasts were starved in serum-free medium (SFM) for 24 h then treated with 20% 

FBS plus PFD at the indicated concentrations for 2 h and intracellular RHOA activity 

was measured using RHOA G-LISA Activation Assay Kit (Cytoskeleton). For F-actin 

formation assay, primary human lung fibroblasts starved in SFM for 24 h were treated 

with 20% FBS plus PFD (1mM) or LanB (100nM) for 2 h followed by fixation in 4% 

paraformaldehyde, permeabilization in 0.1% saponin and staining with 0.33µM 

rhodamine phalloidin solution in a sequential order. Cells were then thoroughly washed, 

and bound phalloidin was extracted by 30 min incubation with pure methanol. F-actin 

content was determined by measuring rhodamine phalloidin fluorescence using 537 nm 

for excitation and 576 nm for emission.  

 

Pulldown assays. For pulldown assays using cell extracts, Ni-NTA agarose (Thermo) 

was saturated with 6xHis peptides or His-RPEL fusion protein from Escherichia coli 

lysates, washed, and used as affinity resin, which was subsequently incubated with 

cytoplasmic extracts from primary human lung fibroblasts, generated by lysis in 

hypotonic buffer (10mM HEPES [pH=7.9],  10mM KCl, 1.5mM  MgCl2, 0.1mM 

dithiothreitol [DTT] and protease inhibitors) through syringing and removal of insoluble 

material by centrifugation. An equivalent of a confluent 10-cm dish of primary human 

lung fibroblasts was used for one binding reactions. For pulldown assays in a 

reconstituted system, affinity resin saturated with 6xHis peptides or His-RPEL protein 



were incubated with purified actin protein (Cytoskeleton Inc.) instead of cytoplasmic 

extracts from primary human lung fibroblasts. Binding reactions in both assays were for 

2h in the binding buffer (50mM Tris-HCl [pH=7.5], 250mM NaCl, 1mM MgCl2, 0.2mM 

ATP, 0.1mM DTT and protease inhibitors), supplemented with 0.5% TX-100. The resin 

was then washed three times in the binding buffer without protease inhibitors and 

subjected to 4 to 20% SDS-PAGE. The high molecular weight (>25 Kd) section of the 

gel was used for actin WB (4970; Cell Signaling) and the low molecular weight (<25 Kd) 

section of the gel was Coomassie blue stained to reveal bait input. 

 

Quantification and Statistical Analysis 

Custom scripts in R v3.5.1 were utilized for RNA-seq data analysis and plotting. 

GraphPad Prism was utilized for plotting and statistical analysis. Statistical details of 

experiments can be found in figure legends, including the statistical tests used and 

value and definition of n.  

 

Data and Code Availability 

RNA-seq data will be available before publication. Further information about sample 

preparation, data collection, or data processing is described in the method details and 

can also be directed to the Lead Contact. 
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Fig S5. Transcriptomics analyses of PFD effects on IPF LFs
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Table S1

Sample Diagnosis Gender Age Ethnicity Drug therapy

N1 Normal Male 61 Caucasian NA

N2 Normal Male 76 Caucasian NA

N3 Normal Male 34 Caucasian NA

N4 Normal Female 60 Caucasian NA

I1 IPF Male 63 Caucasian None

I2 IPF Male 68 Hispanic Nintedanib

I3 IPF Female 58 Caucasian None

I4 IPF Male 69 Caucasian None

I5 IPF Female 56 Caucasian None

I6 IPF Male 70 Caucasian Pirfenidone

I7 IPF Male 65 Caucasian None

I8 IPF Male 71 Caucasian Nintedanib

I9 IPF Male 59 Hispanic None

I10 IPF Female 66 Caucasian Pirfenidone



Table S2

Primer Sequence
hHPRT-F CTCATGGACTGATTATGGACAGGAC
hHPRT-R GCAGGTCAGCAAAGAACTTATAGCC
hCOL1A1-F CAGACTGGCAACCTCAAGAA
hCOL1A1-R CAGTGACGCTGTAGGTGAAG
hCOL1A2-F GTTGCTGCTTGCAGTAACCTT
hCOL1A2-R AGGGCCAAGTCCAACTCCTT
hCOL3A1-F GGAGCTGGCTACTTCTCGC
hCOL3A1-R GGGAACATCCTCCTTCAACAG
hCD31-F AACAGTGTTGACATGAAGAGCC
hCD31-R TGTAAAACAGCACGTCATCCTT
hEPCAM-F AATCGTCAATGCCAGTGTACTT
hEPCAM-R TCTCATCGCAGTCAGGATCATAA
hACTA2-F GACCGAATGCAGAAGGAGAT
hACTA2-R CACCGATCCAGACAGAGTATTT
hMYL9-F TCTTCGCAATGTTTGACCAGT
hMYL9-R GTTGAAAGCCTCCTTAAACTCCT
hACTA1-F GGCATTCACGAGACCACCTAC
hACTA1-R CGACATGACGTTGTTGGCATA
hACTG2-F GCTGTAGCACCTGAAGAG
hACTG2-R GAATGGCGACGTACATGGCA
hCFL1-F GAGACCAAGGAG AGCAAGAAG
hCFL1-R GTCCTTGGAGCTGGCATAAA
hTPM4-F CTGAGACCCGTGCTGAAT TT
hTPM4-R AGCCCACGTTCTCTTCTTTG
hCTGF-F GCCCAGACCCAACTATGATTAG
hCTGF-R GGAGGCGTTGTCATTGGTAA
hFOSL1-F CAGGCGGAGACTGACAAACTG
hFOSL1-R TCCTTCCGGGATTTTGCAGAT
hAAAS-F GGCCTTTTTGGGGTGCTAAAT
hAAAS-R TGGGCAAATTCAGCGATCAGA
hETF1-F ATACAGAGGCTCTTACAGCACT
hETF1-R AATTTGTGCAGGACTTCTCTTGT
hANKRD1-F AGTAGAGGAACTGGTCACTGG
hANKRD1-R TGTTTCTCGCTTTTCCACTGTT
hAXL-F CCGTGGACCTACTCTGGCT
hAXL-R CCTTGGCGTTATGGGCTTC


