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Abstract

Idiopathic pulmonary fibrosis is a progressive and deadly disorder with very few therapeutic 

options. Palomid 529 (8-(1-hydroxyethyl)-2-methoxy-3-(4-methoxybenzyloxy)-

benzo[c]chromen-6-one; P529) is a novel dual inhibitor of mechanistic target of rapamycin 

complex 1/2 (mTORC1/2). In these studies, we investigated the effect of P529 on TGF-β-

dependent signaling and myofibroblast differentiation. TGF-β-induced phosphorylation of the 

mTORC1 targets, p70 S6 kinase 1 (S6K1) and eukaryotic translation initiation factor 4E binding 

protein 1 (4E-BP1), were both dose dependently inhibited by P529 in human lung fibroblasts with 

maximal inhibition occurring between 10–20 μM. mTORC2-mediated phosphorylation of Akt at 

the S473 site was partially inhibited with a similar dose dependency, as was TGF-β-induced 

myofibroblast differentiation. Protein levels of TGF-β-induced fibronectin and collagen were 

similarly decreased by P529. At this dose, there was also inhibition of mRNA transcript levels for 

Col1 and α-SMA, suggesting inhibition of transcriptional activation. However, there was no effect 

of P529 on canonical TGF-β-induced Smad signaling, as assessed by receptor-associated Smad2/3 

phosphorylation, Smad2/3/4 translocation, or Smad-driven gene expression, as assessed by Smad-

binding element driven luciferase. Conversely, activation of mTORC1/2 signaling was dependent 

on TGF-β type I receptor (ALK5) signaling and on Smad2/3 expression. P529 treatment disrupted 

TGF-β-induced actin stress fiber formation during myofibroblast differentiation, the deposition of 

new extracellular fibronectin matrix, and linear wound closure by fibroblasts. Likewise, mTOR 

knockdown inhibited TGF-β-induced myofibroblast differentiation. In conclusion, P529 inhibits 

TGF-β-induced myofibroblast differentiation, actin stress fiber formation, and matrix protein 

expression and deposition. Inhibition of mTORC1/2 by P529 may be a promising approach to 

inhibit in vivo fibrosis.
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Introduction

Idiopathic pulmonary fibrosis (IPF) is a progressive fibrotic disease of the lung that leads to 

death within 3–5 years of diagnosis. Unfortunately, there are very few therapeutic options 

for treatment[Raghu et al., 2015]. Myofibroblasts are specialized, activated fibroblasts that 

mediate aberrant extracellular matrix (ECM) deposition during fibrosis of the lung. They are 

characterized by increased expression of matrix genes, along with an increased ability to 

assemble nascent fibronectin matrix[Torr et al., 2015]. Thus, disrupting the formation of 

myofibroblasts and the resulting ECM deposition is a promising strategy to halt the 

development of pulmonary fibrosis.

Mechanistic target of rapamycin (mTOR) is a serine/threonine kinase that is involved in 

regulation of translation and cell survival signaling[Huang and Fingar, 2014]. mTOR forms 

a complex with raptor, deptor, mammalian lethal with SEC13 protein 8 (mLST8), and 

proline-rich Akt substrate of 40 kDa (PRAS40) to form mTOR complex 1 (mTORC1) [Hara 

et al., 2002; Thedieck et al., 2007]. mTOR can also complex with rictor, deptor, mLST8, and 

mSIN1 to form mTOR complex 2 (mTORC2)[Frias et al., 2006; Jacinto et al., 2004; 

Sarbassov et al., 2004]. mTORC1 and mTORC2 have unique downstream targets. mTORC1 

regulates protein synthesis and cell growth via the phosphorylation of p70 S6 kinase 1 

(S6K1) and eukaryotic translation initiation factor 4E binding protein 1 (4E-BP1)[Ma and 

Blenis, 2009]. In contrast, mTORC2 phosphorylates Akt at Ser473, thereby regulating cell 

survival[Sarbassov et al., 2005; Zou et al., 2015], but it can also promote actin cytoskeletal 

organization[Jacinto et al., 2004; Sarbassov et al., 2004]. Previous studies that have utilized 

specific mTORC1 inhibitors to inhibit pulmonary fibrosis have yielded disappointing 

results[Malouf et al., 2011]. One potential reason for the observed lack of efficacy is that 

mTORC2-dependent signals may mediate downstream profibrotic effects. For instance, 

aberrant activation of Akt at the Ser473 residue is seen in IPF lung, suggesting a potential 

role for mTORC2 in the pathogenesis of this disease[Xia et al., 2008]. Furthermore, 

previous work in our lab has identified an important role for actin cytoskeletal reorganization 

in mediating myofibroblast differentiation in response to TGF-β[Sandbo and Dulin, 2011; 

Sandbo et al., 2011]. Thus, mTORC2-mediated effects on actin organization may be 

essential for the development of the myofibroblast phenotype.

Palomid 529 (8-(1-hydroxyethyl)-2-methoxy-3-(4-methoxybenzyloxy)-benzo[c]chromen-6-

one; P529) is a novel inhibitor of mTORC1 and mTORC2 formation[Xue et al., 2008]. P529 

has shown efficacy in inhibiting angiogenesis and tumor growth in experimental models via 

its effects on mTORC1/mTORC2[Gravina et al., 2011; Xiang et al., 2011; Xue et al., 2008]. 

In our studies, we examined the effect of disruption of both mTORC1 and mTORC2 by 

P529 on myofibroblast differentiation. We found that P529 strongly inhibited the 

development of the myofibroblast phenotype in response to TGF-β, resulting in strong 

attenuation of extracellular matrix production and deposition. These results suggest that 

combined disruption of mTORC1 and mTORC2 via small molecules such as P529 may be a 

useful strategy to disrupt fibrosis in vivo.
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Methods

Isolation and Primary Culture of Human Pulmonary Fibroblasts

De-identified tissue samples of normal (non-fibrotic) lungs were obtained from thoracic 

surgical resection specimens at the Carbone Cancer Center Translational Science BioCore at 

the University of Wisconsin-Madison, under Institutional Review Board approval 

#2011-0840. Histologic assessment of the lung specimen was performed to ensure normal 

lung tissue architecture and absence of occult disease. Human lung fibroblasts (HLF) were 

isolated from resection specimens as described previously[Torr et al., 2015]. Tissue 

specimens were placed in DMEM with 100 U/ml streptomycin, 250 ng/ml amphotericin B, 

100 U/ml penicillin, and 10 μg/ml ciprofloxacin. Alveolated lung tissue was minced, washed 

in PBS, and plated onto 10 cm plates in growth media containing DMEM supplemented 

with 10% FBS, 2 mM L-glutamine, and antibiotics as above. Expanded populations of 

fibroblasts were subsequently subcultured after 4 to 5 days, resulting in the development of a 

homogenous fibroblast population. All primary cultures were used from passage 5–10, and 

maintained on tissue culture plastic until the time of experiments.

Reagents

P529 was a generous gift from Palomid Pharmaceuticals Jamaica Plain, MA (now Diffusion 

Pharmaceuticals, Charlottesville, Virginia). TGF-β was from EMD Biosciences (616455, 

Gibbstown, NJ). DAPI was from Sigma-Aldrich (D9542, St. Louis, MO). Rapamycin was 

from LC laboratories (R-5000, Woburn, MA). Mouse monoclonal antibody against smooth 

muscle α-actin (α-SMA), was from Sigma-Aldrich (A5228). Mouse monoclonal antibodies 

against Smad2 and Akt, rabbit monoclonal antibodies against phospho-4E-BP1 (P-4E-BP1), 

phospho-S6K1 (P-S6K1), mTOR, phospho-mTOR (P-mTOR), phospho-Akt (P-Akt), and 

rabbit polyclonal antibody against phospho-Smad2 (P-Smad2), Smad3, S6K1, and 4E-BP1 

were from Cell Signaling (3103, 2920, 2855, 9234, 2983, 5536, 4060, 3101, 9513, 9202, 

9644, respectively, Danvers, MA). Rabbit polyclonal antibody against total fibronectin (FN) 

was from Abcam (ab2413, Cambridge, MA). Rabbit polyclonal antibody against collagen I 

(Col1) was from Cedarlane Laboratories (CL50111AP, Burlington, ON). Mouse monoclonal 

antibody against glyceraldehyde 3-phosphate dehydrogenase (GAPDH), Smad4, and 14-3-3 

ε were from Santa Cruz Biotech (sc-32233, sc-7966, sc-23957, Santa Cruz, CA). Mouse 

monoclonal antibody against Lamin A/C was from BD biosciences (612162, San Jose, CA). 

Rhodamine phalloidin was from ThermoFisher Scientific (R415, Waltham, MA).

In vitro isolation of nuclear and cytoplasmic fractions

Preparation of nuclear and cytoplasmic fractions was performed using the NE-PER nuclear 

and cytoplasmic reagents (Thermo Scientific) following the manufacture’s protocol and as 

we have done previously [Sandbo et al., 2013]. Briefly, after stimulation with desired 

agonists, cells were trypsinized and washed with PBS to remove trypsin by centrifugation at 

300 g for 3 min. Cell pellets were suspended in cytoplasm extraction reagent for 10 min, 

pelleted again at 16000 g for 5 min, and the supernatant (cytoplasmic fraction) was 

collected. The pellets were washed and then suspended in the nuclear extraction reagent for 

40 min, centrifuged at 16000g for 10 min, and the supernatant (nuclear fraction) was 

collected. Laemmli buffer was added and samples were boiled for 5 min prior to further 
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western blot analysis as described above. Immunoblotting of nuclear lamin A/C and 

cytoplasmic 14-3-3ε was performed to confirm the purity of the nuclear and cytoplasmic 

fractions, respectively.

Western Blot

After stimulation of quiescent cells with desired agonists, cells were lysed in RIPA buffer 

containing 25 mM HEPES (pH 7.5), 150 mM NaCl, 1% Triton X-100, 0.1% SDS, 2 mM 

EDTA, 2 mM EGTA, 10% glycerol, 1 mM NaF, 200 μM Na-orthovanadate, and protease 

inhibitor cocktail (Sigma). Cells were scraped, sonicated for 5 s and boiled in Laemmli 

buffer for 5 min. The samples were subjected to polyacrylamide gel electrophoresis followed 

by western blotting with desired primary antibodies and corresponding HRP-conjugated 

secondary antibodies, and developed by ECL reaction (Pierce). Digital chemiluminescent 

images were taken by a GE LAS4000 chemiluminescence imager. Densitometry was 

performed using ImageJ [Schneider et al., 2012].

Immunofluorescence Staining

Cells were washed twice with TBS, fixed with 4% paraformaldehyde/TBS for 30 min at 

room temperature (RT) and then permeabilized with 0.2% Triton X-100/TBS for 5 min at 

RT. Cells were then blocked with 10% Normal Goat Serum (NGS), 1% BSA in TBS for 1 h 

at RT and incubated overnight with the desired primary antibody at 4°C. Cells were washed 

with TBS and incubated with the corresponding rhodamine or fluorescein (FITC) conjugated 

secondary antibody for 75 min at 37°C, washed, incubated with DAPI/TBS (0.42 μg/ml) for 

10 min at RT, washed and mounted using Ibidi mounting media (Munich, Germany). 

Immunofluorescent images were obtained using an Olympus 1X71 fluorescent microscope 

and Q imaging Retiga 2000R camera.

Reverse Transcription Quantitative Real Time PCR

Real time PCR was carried out as before [Sandbo et al., 2013]. Real time PCR primers:

α-SMA:

AAAGACAGCTACGTGGGTGACGAA (forward)

TTCCATGTCGTCCAGTTGGTGAT (reverse)

Col1a1:

CCAGAAGAACTGGTACATCAGCA (forward)

CGCCATACTCGAACTGGAAT (reverse).

FN:

GAGTGTGTGTGTCTTGGTAATGG (forward)

CCACGTTTCTCCGACCAC (reverse)

PAI1:

GAGACAGGCAGCTCGGATTC (forward)
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GGCCTCCCAAAGTGCATTAC (reverse)

siRNA Knockdown Assays

Prior to transfection, HLF were plated at 5 × 104 cells/ml for 24 h reaching 70–80% 

confluency by the time of transfection. siRNA (Qiagen, Valencia, CA) was transfected using 

RNAiMAX transfection reagent (13778, Life Technologies) diluted in Opti-MEM 

(31985062, Gibco Life Technologies) with 1 μl RNAiMAX per 10 pmol of siRNA. Pre-

determined concentrations of siRNA were used to achieve sufficient knock-down. Cells were 

incubated for 24 h, serum starved, stimulated as indicated and cell lysates were analyzed 

using gel electrophoresis followed by Western blotting. All siRNA sequences were from 

Qiagen.

siRNA Sequences

All siRNA sequences were from Qiagen and included: Allstars 1 (scrambled, SI03650318), 

human Smad2-7 sequence AAGAGGAGTGCGCTTATACTA (SI03031875), human 

Smad3-3 sequence AAGAGATTCGAATGACGGTAA (SI00082495), human mTOR-5 

SI00300244 sequence ACTCGCTGATCCAAATGACAA.

DNA Transfection and Luciferase Reporter Assay

HLF were plated at 5 × 104 cells/ml and incubated overnight in growth media. Transient 

DNA transfections were performed using GenJet reagent (SL100488, SignaGen 

Laboratories, Gaithersburg, MD) following the standard manufacturer’s instructions. Cells 

were co-transfected with 1 μg of firefly luciferase reporter plasmid and 200 ng of 

constitutively active thymidine kinase promoter-Renilla luciferase reporter plasmid. Cells 

were placed in growth media overnight and then serum-starved for 24 h, followed by 

stimulation with the desired agonists for the time points indicated in the figure legends. Cells 

were then washed with PBS and lysed in protein extraction reagent (78501, Thermo Fisher). 

The lysates were assayed for firefly and Renilla luciferase activity using the Dual-Luciferase 

assay kit (E1960, Promega, Madison, WI).

Linear Wound Migration Assay

HLF were plated at a density of 5 × 104 cells/ml into 6-well plates that had been scored with 

a razor blade to provide reference locations for imaging. Cells were allowed to grow to 

confluency in serum containing media for 48 h. Thirty min prior to wounding, media was 

changed to serum-free media containing 0.1% bovine serum albumin. Cells were treated at 

that time with either 10 μM P529 or vehicle control. Three linear wounds were made in the 

confluent monolayer of each well with a pipette tip, and the wound closure was measured 24 

h after wound creation. Microscope images were obtained at a 10X magnification at time 0 

and time 24 from nine pre-determined, marked locations. Images were assembled using 

Photoshop 7.0 program. Analysis of the area of the remaining wound in each image was 

performed using ImageJ software. Cell edges were enhanced using ImageJ edge function. 

For presentation the black/white image was inverted and contrast enhanced. Values were 

expressed as percent wound closure: 100 × (1-Areat=24/Areat=0).
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Statistical analysis

Differences between treatment conditions were assessed via the Student’s t-test and deemed 

statistically significant at an α level of 5% (p<0.05).

Results

P529 inhibits both mTORC1 and mTORC2

We first explored whether P529 inhibited mTOR dependent pathways during myofibroblast 

differentiation induced by TGF-β. As shown in Fig. 1A, treatment with 1 ng/ml of TGF-β 
for 24 hours induces phosphorylation of S6K1 and 4E-BP1, both known targets of 

mTORC1. P529 dose-dependently inhibited TGF-β-induced phosphorylation of S6K1 at 

T389 and 4E-BP1 at T37/46, with significant inhibition occurring at 10 μM, as quantified in 

Figure 1E. Likewise, TGF-β-induced phosphorylation of the S2448 residue on mTOR, a 

downstream target of S6K1[Chiang and Abraham, 2005], was dose dependently inhibited by 

P529. In total, these results confirm the efficacy of P529 as an mTORC1 inhibitor in this 

context. We then assessed whether P529 could inhibit mTORC2 activity. As shown in Fig. 

1B, induction of phosphorylation of Akt at the S473 residue, a known target of mTORC2, 

was significantly inhibited by P529 with a similar dose dependency. Significant inhibition of 

TGF-β-induced P-Akt (S473) occurred at 10 μM (Fig. 1C). In contrast, whereas treatment 

with rapamycin resulted in a similar degree of inhibition of P-4E-BP1 and P-S6K1, it did not 

inhibit TGF-β-induced P-Akt suggesting that rapamycin had no effect on mTORC2-

dependent signaling (Fig. 1D, 1E). Overall, these results show that P529 has the ability to 

inhibit both mTORC1 and mTORC2 activation by TGF-β.

mTORC1/2 is required for myofibroblast differentiation

We then examined the effect of mTORC1/2 inhibition by P529 on induction of the 

myofibroblast marker, smooth muscle α-actin (α-SMA), and ECM genes in response to 

TGF-β. As shown in Figs. 2A, 2B, treatment with P529 dose-dependently inhibited TGF-β-

induced FN, Col1, and α-SMA, with maximal inhibition occurring at 10 μM. This 

concentration was the same as where significant inhibition of mTORC1/2 occurred (Fig. 1). 

Similarly, treatment with P529 attenuated TGF-β-dependent increases in α-SMA and Col1 

mRNA (Fig. 2C), suggesting possible regulation of transcriptional activity. Interestingly, 

P529 did not attenuate all TGF-β-inducible genes. FN showed a trend toward decreased 

TGF-β-induced expression under treatment with P529, but this result was not statistically 

significant (p=0.11). In contrast, P529 significantly attenuated mRNA for extra-domain type 

III containing fibronectin (EDA-FN) (data not shown). P529 did not attenuate either TGF-β-

induced plasminogen activator inhibitor 1 (PAI-1) mRNA, or periostin (data not shown). 

These data suggest that there is differential inhibition of mRNA expression, which may 

suggest inhibition of specific transcriptional mediators.

P529 effects are downstream of Smad-signaling

To determine whether P529 could be affecting TGF-β receptor-mediated signaling, we 

assessed its effect on Smad signaling. As shown in Fig. 3A & 3B, TGF-β-induced Smad2 

phosphorylation was not affected by incubation with increasing doses of P529. Activation of 
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Smad-dependent transcription in response to TGF-β requires translocation of the Smad2/3/4 

complex [Hu et al., 2003; Massague, 2000; Sandbo et al., 2013]. Under treatment with P529, 

we did not see any disruption of Smad2/3/4 translocation in response to stimulation with 

TGF-β (Figure 3C, D). Likewise, P529 had no effect on Smad-mediated luciferase activity 

(Fig. 3E). Conversely, treatment with the TGF-β type 1 receptor kinase (ALK5) inhibitor, 

SB542531, did inhibit S6K1 phosphorylation (Fig. 3F,G). Similarly, siRNA-mediated 

knockdown of Smad2 or Smad3 resulted in loss of TGF-β-mediated S6K1 phosphorylation 

(Fig. 3H, I). This demonstrated that activation of mTORC1/2 requires intact TGF-β type 1 

receptor (ALK5) signaling via Smad2/3. Finally, we assessed the expression level of Smad7, 

which can inhibit the profibrotic signaling by TGF-β[Yan et al., 2016]. There was no effect 

of P529 on Smad7 expression under basal or TGF-β stimulated conditions (data not shown). 

Overall, from these findings we conclude that signaling via mTORC1/2 is downstream of the 

TGF-β type I receptor (ALK5) and Smad2/3. As a result, disrupting mTORC1/2 by P529 

does not impact TGF-β type I receptor-mediated Smad-signaling.

P529 inhibits actin stress fiber formation and fibronectin deposition

Given its lack of effect on Smad-signaling, we sought to further understand how P529 may 

be inhibiting the development of the myofibroblast phenotype. Reorganization of cytosolic 

actin into stress fibers is an essential feature of the myofibroblast phenotype and plays a role 

in transcriptional regulation of myofibroblast associated genes[Sandbo and Dulin, 2011; 

Sandbo et al., 2011]. mTORC2 has been implicated in actin polymerization[Jacinto et al., 

2004], but its effect on the formation of actin stress fibers during myofibroblast 

differentiation has not been examined. Phalloidin staining of actin filaments in cells treated 

with TGF-β demonstrated that TGF-β strongly induced the formation of actin stress fibers 

(Fig. 4A, middle panel). Incubation with P529 significantly attenuated stress fiber formation 

(Fig. 4A, right panel), suggesting that mTORC2 may play an essential role in their formation 

during myofibroblast differentiation. Actin polymerization and the formation of a contractile 

phenotype is a prerequisite for both myofibroblast differentiation[Sandbo et al., 2011] and 

the formation of nascent extracellular fibronectin matrix by fibroblasts[Torr et al., 2015; 

Zhang et al., 1997]. Given the observed disruption in actin stress fiber formation, we then 

examined the deposition of fibronectin by fibroblasts in response to TGF-β under treatment 

with P529. HLF stimulated with TGF-β have a significant increase in the amount of 

extracellular fibronectin fibrils observed by immunofluorescent staining (Fig. 4B, middle 

panels). Treatment with P529 attenuated the observed formation of extracellular fibrils (Fig. 

4B, right panels), consistent with the observed effects on myofibroblast differentiation and 

fibronectin expression.

As an alternative approach, we utilized siRNA-mediated knockdown of mTOR to determine 

the role of mTORC1/2 in myofibroblast differentiation. As shown in Figure 4C, siRNA-

mediated loss of mTOR results in loss of mTOR-dependent signaling (S6 kinase 

phosphorylation), as expected. Additionally, loss of mTOR expression also results in 

inhibition of TGF-β-induced myofibroblast differentiation (as assessed by expression of the 

myofibroblast marker, α-SMA (Fig. 4C and 4D)). These results are consistent with the 

results we see with pharmacologic inhibition by P529, suggesting an essential role for 
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mTOR complexes (mTORC1 and mTORC2) in mediating myofibroblast differentiation in 

response to TGF-β.

Finally, because of the important role of the actin cytoskeletal organization in mediating cell 

motility[Lauffenburger and Horwitz, 1996], we examined if fibroblast migration in response 

to a wound would be affected by P529. As shown in Fig. 4E and 4F, treatment with P529 

significantly delayed linear wound closure, compared to untreated cells, suggesting that loss 

of actin filament formation (Figure 4A) may translate to disrupted migration. This suggests 

that P529 may inhibit wound repair by an additional mechanism during tissue fibrosis.

Discussion

In these studies, we have found that the novel small molecule, P529, is an effective inhibitor 

of both mTORC1 and mTORC2 in primary cultures of HLF. We have further found that dual 

inhibition of mTORC1/2 disrupts formation of the myofibroblast phenotype in response to 

TGF-β. Treatment with P529 strongly inhibited the protein expression of the myofibroblast 

marker, α-SMA, but also the expression of extracellular matrix genes such as FN and Col1. 

Novel findings from our study include an observed loss of α-SMA and Col1 transcript 

levels, attenuation of actin stress fiber formation and fibronectin deposition, and loss of 

migratory capacity in cells treated with P529. These results suggest a potential role for P529 

as an antifibrotic agent in vivo.

Given the known role of mTORC1 in exerting control on cap-dependent translation via 4E-

BP1[Hara et al., 2002; Ma and Blenis, 2009], some loss of protein expression may be 

expected in response to a TORC1/2 inhibitor such as P529. Indeed, we observed that P529 

significantly attenuated TGF-β-induced FN expression at the protein level but did not 

significantly attenuate FN mRNA, consistent with an effect on translational regulation. 

However, treatment with P529 also resulted in decreased levels of α-SMA and Col1 mRNA 

in response to TGF-β. This suggests that for α-SMA and Col1, regulation of transcription 

activation may have played an important role in modifying protein expression, rather than 

global changes in translational activity. We observed that activation of TORC1-dependent 

signals require TGF-β type I receptor signaling via Smad 2/3. However, we did not observe 

an effect of P529 on TGF-β-induced Smad2 phosphorylation, Smad 2/3/4 translocation, or 

Smad-driven gene expression. Thus, P529-induced changes in transcriptional activity would 

need to be downstream of TGF-β-mediated Smad signaling. Taken together, these data 

suggests that the inhibition of mTORC2 by P529 may regulate transcription of profibrotic 

genes, in addition to the effect of mTORC1 on protein translation.

One potential mechanism by which mTORC2 could affect transcriptional regulation 

downstream of Smad-signaling would be via its effects on the actin cytoskeleton. Our group 

has previously shown that myofibroblast differentiation requires actin stress fiber formation, 

via modulation of megakaryoblastic leukemia 1/serum response factor (MKL1/SRF) 

activity[Sandbo et al., 2009; Sandbo et al., 2011]. Inhibition of mTORC2 with P529 results 

in a marked attenuation of actin stress fiber formation, suggesting a putative mechanism by 

which myofibroblast differentiation could be attenuated. From a functional standpoint, 

P529-induced loss of actin stress fiber formation and myofibroblast differentiation was 
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associated with a reduction in deposited extracellular FN. Extracellular fibrillar FN is 

required for the binding of other ECM proteins, and thus serves as a scaffold for new ECM 

formation[Sottile and Hocking, 2002; Torr et al., 2015]. Thus, therapies that disrupt the 

formation of nascent extracellular matrix may be important for treating pulmonary fibrosis.

This work demonstrates that dual inhibition of mTORC1/2 may be an attractive target for 

therapeutic intervention in pulmonary fibrosis. mTOR expression has been associated with 

higher levels of fibrosis and pulmonary function decline[Park et al., 2014] and is associated 

with mesenchymal cell activation and collagen expression[Walker et al., 2016]. Our work in 

primary cultures of HLF shows that inhibition of mTORC1/2 by P529 inhibits development 

of the myofibroblast phenotype in response to the profibrotic cytokine, TGF-β. In addition, 

we observed disruption of fibronectin extracellular matrix and fibroblast migration by 

treatment with P529, suggesting that P529 may have additional antifibrotic effects. 

Disappointingly, previous studies using the mTORC1 inhibitor everolimus did not show 

significant benefit in treating idiopathic pulmonary fibrosis[Malouf et al., 2011]. The 

antifibrotic effect of mTORC1-inhibitors may be have been limited by the lack of inhibition 

of mTORC2, which has its own distinct downstream signaling targets. Supporting this 

notion, recent preclinical studies have found that mTORC2 is important in mediating 

pulmonary fibrosis[Chang et al., 2014]. Our studies, using P529, a novel small molecule 

inhibitor of formation of mTORC1/2, build upon this previous work, strengthening the 

evidence that mTORC2 mediates critical cell functions important for the development of 

pulmonary fibrosis. As the studies presented here are based in cell culture models of 

fibroblast activation, future studies will need to be performed in animal models of 

pulmonary fibrosis to determine the potential efficacy of P529 in vivo.

In summary, we have found that dual inhibition of mTORC1/2 by the novel small molecule 

P529 strongly inhibits the development of myofibroblast differentiation and deposition of 

nascent ECM. This suggests that this may be a promising approach to modify the 

development of fibrosis in vivo.
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Fig. 1. P529 inhibits TGF-β-induced mTOR signaling, but not Smad-signaling in HLF
HLF were treated with 1 ng/mL TGF-β for 24 hours in the presence of the indicated 

concentrations of P529. N=3 biologic repeats. A) Western blot of whole cell lysates showing 

inhibition of TGF-β-induced P-mTOR (S2448), P-S6K1 (T389), and P-4E-BP1 (Thr 37/46) 

by P529. B) Western blot of whole cell lysates and C) quantitation of indicated proteins 

showing dose-dependent inhibition of TGF-β-induced P-Akt (S473) by P529. Statistical 

significance was tested using student’s t-test. * denotes statistically significant differences 

(p<0.05) between P-Akt levels in the TGF-β and TGF-β/P529 treatment conditions. D) 
Western blot of whole cell lysates showing inhibition of TGF-β-induced P-Akt (S473) by 

P529, but not rapamycin. E) Quantitation of P-Akt/Akt, P-4E-BP1/4E-BP1 and P-S6K1/

S6K1 blots by densitometry. Statistical significance was tested using student’s t-test. * 
denotes statistically significant differences (p<0.05). NS denotes not significant.
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Figure 2. P529 Inhibits myofibroblast differentiation
A) HLF were treated with 1 ng/ml TGF-β for 24 h and the indicated concentrations of P529. 

Lysates were subjected to western blotting for α-SMA, collagen-1, fibronectin, and 

GAPDH. N=3 biologic repeats. B) Densitometry of Col1/GAPDH and α-SMA/GAPDH. 

Measurements are normalized to the TGF-β treatment condition. Statistical significance was 

tested using student’s t-test. *, # denote statistically significant differences (p<0.05) between 

expression of α-SMA (*) or Col1 (#) in the TGF-β and TGF-β/P529 treatment conditions. 

C) Real time PCR of the indicated genes. Statistical significance was tested using student’s 

t-test. *, # denote statistically significant differences (p<0.05) between expression of α-SMA 

(*) or Col1 (#) in the TGF-β and TGF-β/P529 treatment conditions. N, denotes not 

statistically significant (FN and PAI-1).
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Fig. 3. P529 has no effect on TGF-β-induced Smad signaling
A, B) HLF were treated with 1 ng/mL TGF-β for 30 min in the presence of the indicated 

concentrations of P529 followed by western blotting of cell lysates and densitometry for the 

indicated (phospho) proteins. Statistical significance was tested using student’s t-test. NS 

denotes a non-significant differences (p>0.05) between conditions. C, D) HLF were treated 

with 1 ng/mL TGF-β for 2 h in the presence of the indicated concentrations of 10 μM P529 

or vehicle control. Nuclear and cytosolic extracts were prepared as and subjected to western 

blotting for the indicated proteins, followed by densitometry. Statistical significance was 

tested using student’s t-test. NS denotes a non-significant differences (p>0.05) between 

conditions. E) HLF were transiently transfected with Smad-binding element driven 

luciferase, treated with TGF-β for 24 h in the presence of P529 or vehicle control, followed 

by assessment of cell lysates for luciferase activity. N=4 biologic repeats. F, G) HLF were 

treated with 1 ng/mL TGF-β for 24 h in the presence of the indicated concentrations of the 

ALK5 inhibitor SB531542 or vehicle control. Total cell lysates were subjected to western 

blotting for the indicated (phospho) proteins, followed by densitometry of the indicated 

bands. Statistical significance was tested using student’s t-test. * denote statistically 

significant differences (p<0.05) between conditions. H, I) HLF were transfected with siRNA 

targeting Smad2, Smad3, or scrambled control, followed by treatment with 1 ng/ml TGF-β 
for 24 h, followed by western blotting and densitometry of the indicated proteins. Statistical 

significance was tested using student’s t-test. * denote statistically significant differences 

(p<0.05) between the indicated conditions.
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Figure 4. P529 inhibits TGF-β-induced actin stress fiber formation and fibronectin deposition 
into the ECM
HLF were treated with 1 ng/ml TGF-β for 24 h and P529 or vehicle control, as indicated. A) 
Cells were then subjected to staining with phalloidin (red) and DAPI (Blue) and visualized 

with a 60x objective. Scale bar = 50 μm. B) Cells were stained with anti-fibronectin antibody 

(green) and DAPI (Blue) and visualized with a 10x objective (top row) or a 60x objective 

(bottom row). Scale bar = 250 μm. C, D) HLF were transfected with siRNA targeting mTOR 

or scrambled control, followed by treatment with 1 ng/ml TGF-β for 24 h, followed by 

western blotting and densitometry of the indicated proteins. Statistical significance was 

tested using student’s t-test. * denote statistically significant differences (p<0.05) between 

conditions. E) HLF were plated and grown overnight on tissue culture plastic. Serum-free 

media with DMSO or 10 μM P529 was then added to induce growth arrest. Linear wounds 

were made at the time of serum removal and imaged. Cells were fixed after 24 h and imaged 

with a 10x objective. Images shown have been processed with ImageJ to enhance edges and 

contrast for clarity. F) Closure after 24 h was measured using Image J. Scale Bar = 200 μM. 

Statistical significance was tested using student’s t-test. * denote statistically significant 

differences (p<0.05) between conditions.
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