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ABSTRACT 

Because TGFβ type-1 receptors are the primary mediators in the initiation of myofibroblast 

differentiation and tissue fibrosis, it appears that which TGFβ type-1 receptor present in the 

fibroblasts at a given time will determine the course of myofibroblast development and fibrosis. 

Literature suggests TGF-β type-1 receptors, activin linked kinases 1 and 5 (ALK1 and ALK5) are 

involved in promoting TGFβ effects in physiology and pathology. However, the exact TGFβ type-

1 receptor involved in myofibroblast differentiation is still unknown. Our results show that ALK1 

is significantly reduced in TGFβ1 treated fibroblasts with a significant increase in ALK5 

expression. Elevated αSMA and Akt pathway in TGFβ1-induced fibroblasts was reduced after the 

treatment with ALK5 inhibitor. Our data provides the novel molecular insight on the pathogenesis 

of myofibroblast differentiation and provides much valuable information to develop suitable drugs 

to prevent fibrosis by pharmacologically targeting the ALK5 receptor. 
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CHAPTER 1 

1. Introduction and literature review

1.1. Fibrosis and epidemiology 

Tissue fibrosis is a phenomenon associated with the pathology and progress of many diseases such 

as idiopathic pulmonary arterial hypertension (iPAH), bronchitis, cardiac fibrosis, cirrhosis, and 

benign prostatic hyperplasia, etc. Fibrosis is characterized by the overgrowth and scarring of 

granulation tissue, the end result of chronic inflammation induced by persistent tissue injury 

(Wynn, 2008). It is estimated that 45% of worldwide deaths are reported to be caused by organ 

fibrosis (Wynn, 2004). Tissue fibrosis has very limited treatment options and hence high mortality 

(Craig, Zhang, Hagood, & Owen, 2015). Thus, organ fibrosis limits patient life expectancy as a 

result of the lack of treatments mainly due to the uncertainties in the molecular mechanisms and 

due to the lack of effective early screening methods. Research efforts have been oriented to the 

pathobiology of tissue fibrosis as it has been shown that myofibroblast differentiation is crucial for 

its pathogenesis (Wunderlich, 1969).  

1.2. Fibroblast-to-Myofibroblast (FibroMF) differentiation 

Any fibrotic disease is characterized by the presence of myofibroblasts, which cause tissue 

remodeling and progressive fibrosis (Falke, Gholizadeh, Goldschmeding, Kok, & Nguyen, 2015). 

Myofibroblasts can be derived from a large variety of cell types such as fibrocytes, pericytes, and 

endothelium through epithelial-mesenchymal transition (EMT) (van der Vusse, Kalkman, & van 

der Molen, 1974). In normal condition, a fibroblast is characterized by the presence of fibronectin 

only, which plays important roles in cell adhesion, migration, growth, and differentiation (Falke 



2 

et al., 2015). On the other hand, the fibroblast is also characterized by the absence of filamentous-

actin, alpha-smooth muscle Actin (αSMA) and extra domain A fibronectin (ED-A fibronectin) 

(Falke et al., 2015). After tissue injury that causes mechanical stress to the fibroblast, it transforms 

into proto-myofibroblast that produces ED-A fibronectin, contains stress fibers and focal 

adhesions, but does not produce αSMA yet, which characterize the immature myofibroblast (Falke 

et al., 2015; Gabbiani, 2003). Mature myofibroblasts display excessive production of αSMA in 

addition to the presence of ED-A fibronectin and F-actin. The fibroblast to protomyofibroblast 

transition is reversible, but once it becomes myofibroblast, it cannot be reversible (Falke et al., 

2015). This transition from fibroblasts to myofibroblasts is mainly stimulated by Transforming 

growth factor beta (TGF-β), that modulates the fibro-contractive changes in many fibrotic diseases 

such as liver cirrhosis and renal fibrosis (Gabbiani, 2003).  

1.3. The physiological role of Myofibroblast differentiation 

Myofibroblasts play an important role in normal wound healing (Darby, Laverdet, Bonte, & 

Desmouliere, 2014). After tissue injury, wound healing process proceeds in three phases in order 

to restore the injured tissue. In the inflammatory phase, damaged capillaries trigger multiple 

chemokines, platelets, fibrin and fibronectin to fills in the lesion (Gabbiani, 2003). The second 

phase is the proliferative phase, where angiogenesis occurs. In this phase, new capillaries are 

produced to deliver nutrients to the wound in addition to the proliferation of fibroblasts. Finally, 

the regeneration phase, including maturation, scar formation, and re-epithelialization (Darby et al., 

2014). In this stage, fibroblasts start to synthesize extracellular matrix (ECM) components, EDA 

fibronectin, and αSMA, which are essential for myofibroblasts differentiation (van der Vusse et 

al., 1974). MF differentiation is a key process during normal physiological wound healing 
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but can be dysregulated in fibrotic diseases via its cellular pathways such as OXPHOS 

pathway (Lei, Lerner, Sundar, & Rahman, 2017).  

1.4. Pathological role of MF in various diseases 

During normal wound healing, myofibroblasts are disappeared via apoptosis, leaving minimum 

tissue scar. However, in fibrotic diseases, myofibroblasts fail to undergo cell death, persist and 

apoptosis is inhibited leading to pathology and scarring such as hypertrophic scarring (Darby et 

al., 2014; Gabbiani, 2003). Furthermore, dysregulation in the healing process can also affect 

FibroMF differentiation leading to tissue fibrosis. Persistent inflammation phase can impair the 

development of granulation tissue which results in the chronic wound and excessive scarring 

(Darby et al., 2014). Although almost every cell type can be compromised in the fibrogenesis, 

pulmonary fibrosis is the most devastating, progressive and fatal fibrotic disease used to illustrate 

many key points (Ludwig, 1968). In a broader context, other diseases are associated with FibroMF 

differentiation such as cardiac failure, atherosclerosis, and asthma (Ludwig, 1968).  

1.5. Myofibroblast and molecular mechanisms regulating MF 

The word ‘myofibroblast’ was first initiated years ago for fibroblastic cells located within 

granulation tissue characterized by the presence of cytoplasmic microfilament bundles and focal 

adhesions (van der Vusse et al., 1974). It contains actin, myosin, and αSMA that give the cell the 

ability to synthesize extracellular matrix component and the force for the contraction of granulation 

tissue (Gabbiani, 2003). Myofibroblasts can be generated from a variety of sources including 

fibroblasts, (EMT), endothelial-mesenchymal transition (EndMT), Mesenchymal stem cells 

(MSC) and from bone marrow-derived mesenchymal precursors (fibrocytes) (Ludwig, 1968). 

EMT can contribute to organ fibrosis through the local formation of interstitial myofibroblasts 

from organ epithelium (Thiery, Acloque, Huang, & Nieto, 2009). EMT can be triggered by 
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different mediators such as TGF-β superfamily, wingless-type MMTV integration site family 

members (WNTs), epidermal growth factor (EGF), fibroblast growth factor (FGF) (Thiery et al., 

2009). Moreover, EndMT also plays an important role in the development of fibrotic diseases, and 

can also be induced by TGF-β1 in a canonical dependent manner (Zeisberg et al., 2007). Studies 

have also shown the involvement of EndMT in vascular remodeling, renal fibrosis and many others 

(Ludwig, 1968). In addition, reactive oxygen species (ROS), which derived from the nicotinamide 

adenine dinucleotide phosphate (NAD(P)H) oxidase family, is considered a major inducer for 

FibroMF differentiation and involved in the pathogenesis of cardiovascular and kidney diseases 

(Barnes & Gorin, 2011). A recent study has demonstrated that NAD-dependent deacetylase sirtuin-

3 (SIRT3) has a critical role in the pathogenesis of pulmonary fibrosis induced by TGFβ1 and/or 

bleomycin-induced mouse model (Bindu et al., 2017).  

1.6. TGFβ: the master regulator of fibrosis 

TGFβ receptor is a serine/threonine kinases receptor activated via binding to the prototypical 

ligand of the TGFβ superfamily (Massague, 1998). TGFβ superfamily consists of 34 family 

members, but the most common studied members are TGFβ1, TGFβ2 and TGFβ3 (Biernacka, 

Dobaczewski, & Frangogiannis, 2011; Massague, 1998). It is believed that TGFβ1 is involved in 

the pathogenesis and development and metastatic cancer via suppressing the immunity and 

modulating angiogenesis and cell apoptosis. During the early stages of tumorigenesis, TGFβ 

functions as an anti-proliferative agent that suppresses the tumor. On the other hand, TGFβ act as 

a tumor promoter helping in metastatic progression (Chaudhury & Howe, 2009). Activation of the 

heteromeric complex that forms the serine/threonine kinases receptors of TGFβ Type I and types 

II is the first step toward fibrosis. When TGFβ type II receptor is bound to its ligand, the type I 

receptor is then trans-phosphorylated and thus activated. This activation will further promote 
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downstream signaling such as Smad2/3 and 1/5 phosphorylation leading to nuclear changes 

(Rahimi & Leof, 2007).  

1.7. Activin linked kinases or Activin receptor-like kinases: ALK1 and ALK5 

It is known that TGFβ to signal via ALK receptors (de Kroon et al., 2015). There are seven known 

mammalian type I receptors, activin receptor-like kinase or ALKs, ALK 1-7 (Rahimi & Leof, 

2007). SMAD pathways are important in myofibroblast differentiation and fibrosis and regulated 

through ALKs receptors. SMAD2 and SMAD3 proteins (SMAD2/3) are phosphorylated by 

ALK5, while ALK1 induces SMAD1, SMAD5 and SMAD8 proteins (SMAD1/5/8) 

phosphorylation (Nakao et al., 1997). It is reported that the two ALKs ALK5 and ALK1 pathways 

have opposite effects on endothelial cells. ALK1 stimulates EC migration and proliferation, and 

ALK5 inhibits these processes (Goumans et al., 2002). Nevertheless, it is still the unknown exact 

mechanistic role of ALK1 and ALK5 in myofibroblast differentiation and fibroblast.  

1.8. The physiological role of ALK1 and ALK5 

During normal cell function, cell migration and proliferation are inhibited by ALK5 signaling via 

Smad2/3, however, ALK1 signaling via Smad1/5 promotes these events (Goumans et al., 2002). 

In addition, it is reported that ALK1 modulates ALK5 signaling in the normal activation phase of 

angiogenesis, which increases vascular permeability, including tip/stalk cell selection, migration, 

and proliferation (Goumans et al., 2002). ALK1 plays an important role in stabilizing the binding 

of the BMP10 prodomain (Roman & Hinck, 2017). Additionally, inhibiting ALK5 cause an 

increase in the inhibition of Claudin-5 and inhibits expression of adhesion molecules (Watabe et 

al., 2003). ALK5 signaling, via Gadd45b, was shown to plays an important role in 

mediating neural plasticity and functional recovery after cerebral ischemia (Zhang et al., 
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2019). Although it was shown that both ALK1 and ALK5 are involved in the cellular mechanism 

of cell function, it is still not clearly understood the which ALK is involved in the pathology and 

physiology of cell function.  

1.9. Pathological role of ALK1 and ALK5 in various diseases 

ALK1 and ALK5 have been addressed in many various diseases. ALK1 mutation in humans causes 

vascular dysplasia disease called Osler-Rendu-Weber syndrome (Curado et al., 2014). A Defect in 

ALK1 signaling may also cause autosomal dominant vascular disorder, hereditary hemorrhagic 

telangiectasia (HHT) (Kim, Peacock, George, & Hughes, 2012). It was also demonstrated that the 

number, migration and dendritic arborization of newborn neurons have been reduced in genetic 

deletion of ALK5 (He et al., 2014). A study has shown that ALK1 and ALK5 imbalance is involved 

in the development of pulmonary artery hypertension (Lu, Patel, Harrington, & Rounds, 2009). 

Another study has shown that abnormal TGFβ/ALK5 signaling is crucial in mediating idiopathic 

pulmonary arterial hypertension iPAH development (Thomas et al., 2009). ALK1 is reported to be 

associated with coronary artery atherosclerotic lesions development in the human endothelium, 

neointima, and media (Yao, Zebboudj, Torres, Shao, & Bostrom, 2007). An in vivo and in vitro 

study has demonstrated that ALK5 gene deficiency in chondrocytes leads to the development of 

osteoarthritis (OA) (Wang et al., 2017).  

1.10. Molecular mechanisms regulating ALK5 expression 

ALK5 is the main TβR-1 that mediates most cellular responses. When the ligand binds to TβRII 

and activates it, it will consequently phosphorylate TβR1 /ALK-5 and activate the downstream 

signaling. Smad2 and Smad3 are then activated and associated with the co-Smad (Smad4) in order 

to translocate to the nucleus for gene transcription (Itakura & Carlson, 1975). ALK5 activity is 

required for EMT in Endocardial Cells (Arnold, Stewart, & Aguilar, 1990).  
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1.11. Scientific Premise, objective and central hypothesis 

Pulmonary fibrosis is a devastating, severe, and progressive lung disease characterized by an 

increasing cause of morbidity and mortality 

worldwide with limited therapeutic treatment 

that has a slight improvement in patient’s 

quality of life. Akt1 (protein kinase Bα) plays an 

important role in regulating pulmonary fibrosis 

process. Based on that, we have demonstrated 

that Akt mediates myofibroblast differentiation 

through myocardin and serum response factor 

(Abdalla, Goc, Segar, & Somanath, 2013) and 

that pharmacological inhibition of AKT, using 

triciribine, has a beneficial effect in treating pulmonary fibrosis through reversing TGFβ-induced 

pulmonary fibrosis in mice (Abdalla et al., 2015). Studies on endothelial cells have demonstrated 

the opposing roles of TGF-β type-1 receptors (ALK1 and ALK5) in physiology and pathology 

(Goumans et al., 2002). However, there is a gap in knowledge on the exact molecular mechanisms 

and the specific role of ALK1 and ALK5 in myofibroblast differentiation and pulmonary fibrosis, 

thus preventing further therapeutic development. 

           Our long-term goal is to develop suitable therapeutics for treating pulmonary fibrosis. The 

object of the current proposal is to identify the mechanism by which the switch occurs from normal 

fibroblast to myofibroblast through changing the expression of TGF-β receptors type-1 (ALK1 

and ALK5). Our hypothesis is that specific inhibition of ALK5 will inhibit TGFβ-induced 

myofibroblast differentiation and pulmonary fibrosis. The rationale for the proposed research is 

Figure 1: Diagram showing the activation pathways of 

ALK1 & ALK5 in physiological and pathological 
conditions, and that specific inhibition of ALK5 will 
inhibit TGFβ-induced myofibroblast differentiation and 
organ (E.g. Pulmonary) fibrosis.  



8 

 

that by identifying the expression changes in TGF-β receptors type-1 ALK1 and ALK5 in 

physiology and pathology, we will be in a position to develop therapeutics to treat pulmonary 

fibrosis. In addition to our supportive preliminary data, we are prepared to conduct this research 

as we have all the required equipment and materials needed to test our hypothesis and to obtain 

the definitive outcomes.  

 

1.12. Innovation/Impact 

The idea of this proposal is novel as the molecular regulator of transforming early fibroblast into 

myofibroblast such as ALK1 and ALK5 is not clear and well-studied. Therefore, the impact 

includes identifying the exact mechanism involved in FibroMF differentiation which will enable 

us to develop suitable drug targets (ALK5, in our proposal) in the treatment for organ fibrosis.  
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SPECIFIC AIMS 

 

We propose to test our hypothesis by pursuing the following specific aims:  

 

Aim 1: To determine the effect of ALK1 and ALK5 on FibroMF differentiation. We 

hypothesize that ALK1 is highly expressed in normal fibroblasts compared to ALK5 with a high 

ALK1 to ALK5 ratio. In pathology, ALK1 to ALK5 ratio is reduced due to increased expression 

of ALK5 and/or reduced expression of ALK1. 

 

Aim 2: To identify the effect of inhibiting ALK5 on TGFβ1-induced FibroMF differentiation. 

We postulate that the inhibition of ALK5 signaling pathway will abrogate TGFβ-induced FibroMF 

differentiation in vitro. Using the inhibitors of various intracellular signaling molecules, we will 

determine the candidate responsible for TGFβ1-induced ALK5 expression. 
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Abstract 

Fibroblast-to-myofibroblast (FibroMF) differentiation is crucial for organ fibrosis. Although 

transforming growth factor-β (TGFβ) is the primary mediator of FibroMF differentiation, the type-

I receptor (TGFβRI) responsible for this has not yet been confirmed. In the current study, we 

investigated the ALK1 and ALK5 expressions in TGFβ1-stimulated NIH 3T3 fibroblasts to 

compare with the data from the gene expression omnibus (GEO) repository. In our results, whereas 

TGFβ1 treatment promoted FibroMF differentiation accompanied by increased ALK5 expression 

and reduced ALK1 expression. TGFβ1 promoted FibroMF differentiation and increased 

expression of α-smooth muscle actin (αSMA) and ALK5 were inhibited by co-treatment with 

ALK5 inhibitor SB431542. GEO database analysis indicated increased ALK5 expression and 

reduced ALK1 expression in fibrotic compared to a normal mouse or human tissues correlating to 

organ fibrosis progression. Finally, the inhibitors of Akt, mTOR, and β-catenin suppressed TGFβ1-

induced ALK5 expression indicating that the Akt pathway is involved in ALK5 expression 

regulation and fibrosis promotion. 

 

Keywords: ALK1; ALK5; TGFβ1; myofibroblast; fibrosis 
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1. Introduction 

Fibroblast-to-myofibroblast (FibroMF) differentiation is the hallmark of organ fibrosis 

(Weiskirchen, Weiskirchen, & Tacke, 2019). The integral role of TGFβ1-Akt1 pathway in 

FibroMF differentiation (Abdalla, Goc, Segar, & Somanath, 2013; Goc, Sabbineni, Abdalla, & 

Somanath, 2015) and pulmonary fibrosis (Abdalla et al., 2015) has been demonstrated in our 

laboratory. Akt1 gene deletion conferred a protective effect in ischemia-induced cardiac fibrosis 

(Ma, Kerr, Naga Prasad, Byzova, & Somanath, 2014). Pharmacological inhibition of the Akt 

pathway using triciribine in an adenovirus TGFβ-induced model of pulmonary fibrosis inhibited 

fibrosis and prevented vascular rarefaction (Abdalla et al., 2015). An essential step in the 

TGFβ1/Akt1-induced FibroMF differentiation is the activation of TGFβ receptors (Morikawa, 

Derynck, & Miyazono, 2016; Wynn, 2008). Specifically, the identity of the type-I TGFβ receptor 

(TGFβRI) involved in the pathological FibroMF differentiation has not been confirmed. 

 Activin linked kinases, ALK1 and ALK5, are the two predominantly expressed and most 

studied TGFβRI in fibroblasts (Akhurst, 2017). An early study has reported that ALK1 and ALK5 

can form receptor complexes upon TGFβ stimulation and promote fibrogenesis by producing the 

extracellular matrix (ECM) (Pannu, Nakerakanti, Smith, ten Dijke, & Trojanowska, 2007), 

indicating that cooperation between ALK1 and ALK5 may be necessary for tissue remodeling and 

wound healing. A role for ALK1 has been implicated in vascular pathologies such as hereditary 

hemorrhagic telangiectasia independent of ALK5 and TGFβRII (Park et al., 2008) and in TGFβ1-

induced developmental angiogenesis (Oh et al., 2000). An elevated ALK1/ALK5 ratio has been 

reported in osteoarthritis in humans and mice (Blaney Davidson et al., 2009).  The studies indicate 

that ratio ALK1/ALK5 modulates connective tissue growth factor in hepatocytes (Gressner et al., 
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2009; Weng et al., 2007). ALK1 and ALK5 have also been reported to regulate leptin expression 

in mesenchymal stem cells via two independent mechanisms (Zeddou et al., 2012). The importance 

of ALK1/ALK5 ratio in FibroMF differentiation and fibrosis needs to be investigated. 

 In the current study, we used NIH 3T3 fibroblasts that have been extensively utilized in 

fibrosis research to determine the importance of ALK1 and ALK5 in TGFβ1-induced FibroMF 

differentiation in vitro. Our study revealed an ALK1/ALK5 ratio is reduced in TGFβ-stimulated 

myofibroblasts. Analysis of data from the Gene Expression Omnibus (GEO) repository on 

pulmonary fibrosis and liver fibrosis in humans and mice further supported our in vitro findings 

that ALK1 levels are reduced and ALK5 levels are elevated in myofibroblasts and fibrotic tissue. 

Whereas ALK5 suppression by SB431542 inhibited TGFβ1-induced FibroMF differentiation, 

TGFβ1-induced ALK5 expression was reduced by treatment with the inhibitors of Akt, mTOR, 

and β-catenin.  Altogether, our study shows that reduced ALK1/ALK5 ratio is an indicator of 

FibroMF differentiation and tissue fibrosis and that targeting ALK5 is beneficial in the treatment 

of organ fibrosis. 

 

2. Materials and methods 

2.1. Reagents and Cell culture  

NIH 3T3 fibroblasts (ATCC, Manassas, VA) were cultured in DMEM medium. All cultures were 

maintained in a humidified 5% CO2 incubator at 37 ℃ and routinely passaged when 80– 90% 

confluent. TGFβ1 was obtained from R&D Systems (Minneapolis, MN) and were reconstituted 

according to the manufacturer’s protocol. NIH 3T3 fibroblasts were treated with 100 pM dose of 

TGFβ1, in 5% serum-containing medium for 72 hours. The growth factor was replenished every 
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24 hours. The dose of ALK5 inhibitor (2.5, 5, 10, and 20 µM SB431542, Selleckchem, Houston, 

TX) was determined based on the IC50 values, its dose-dependent cytotoxicity, and our previous 

studies (Abdalla et al., 2013; Abdalla et al., 2015; Goc et al., 2015). The doses of Akt inhibitor (10 

nM Triciribine) (Abdalla et al., 2013; Abdalla et al., 2015; Gao, Alwhaibi, et al., 2017), mTOR 

inhibitor (25 nM rapamycin) (Abdalla et al., 2015), β-catenin (10 µM ICG-001) (Gao et al., 2016), 

FoxO (10 µM AS-1842856) (Artham et al., 2019), Src (10 µM PP2) (Gao, Sabbineni, Artham, & 

Somanath, 2017), and MEK/ERK (10 µM PD-98059), purchased from Selleckchem, Houston, TX 

or Calbiochem, Burlington, MA, were determined from our previous publications.  

2.2. Immunocytochemistry  

Immunofluorescence staining was performed as described previously (Gao, Alwhaibi, Artham, 

Verma, & Somanath, 2018). Briefly, HMECs and NIH 3T3 were plated on 8-well chamber slides. 

After reaching 70% confluence, cells were treated with TGFβ1 for 72 hours in the presence and 

absence of 20 µM ALK5 inhibitor (SB431542). Next, cells were fixed with 4% paraformaldehyde 

in 1× PBS followed by permeabilization with 0.1% Triton X-100 in 1× PBS. The nonspecific 

staining was blocked with 2 % BSA for 1 hour at room temperature. The fixed and permeabilized 

cells were incubated with Alexa-555 labeled phalloidin for 40 minutes (1:1000 dilution) and 

washed. The slides were mounted with Vectashield (Vector Laboratories, PA), and imaged by a 

Zeiss confocal imaging microscope (Carl-Zeiss Microscopy, LLC, Thornwood, NY). 

2.3. MTT assay  

Cell proliferation and viability were determined as previously published from our laboratory using 

the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay (Al-Azayzih, 

Missaoui, Cummings, & Somanath, 2016). Cells were seeded in 48-well cell culture plates at 

5 × 104 cells/ml and incubated at 37 °C in a 5% CO2 incubator for 24 h. Cells were treated with 20 
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µM ALK5 inhibitor (SB431542) and DMSO (vehicle) and were incubated for 24 hours. MTT was 

added at this time point, at a final concentration of 0.25 mg/ml and plates were incubated at 37 °C. 

Non-reduced MTT and media were aspirated after 2 h and replaced with DMSO to dissolve the 

MTT formazan crystals. Plates were shaken for 15 min and absorbance was read at 590 nm using 

a Biotek plate reader (Biotek, Winooski, VT). 

2.4. Western blot analysis  

Cell lysates were prepared using complete lysis buffer (EMD Millipore, San Diego, CA) with 

protease and phosphatase inhibitor cocktails (Roche Diagnostics, Indianapolis, IN). Protein 

quantification was performed using DC protein assay from Bio-Rad (Hercules, and CA). Western 

blot analysis was performed as described previously (Goc et al., 2013; Sabbineni, Verma, & 

Somanath, 2018). Antibodies used include N-cadherin and GAPDH from Cell Signaling 

Technology (Danvers, MA), αSMA and β-actin from Sigma (St. Louis, MO), and ALK1 and 

ALK5 antibodies from Abcam (Cambridge, MA). Band densitometry was done using NIH Image 

J software.  

2.5. ALK1 and ALK5 gene expression analysis from pre-clinical studies. 

Gene Expression Omnibus (GEO) is a public database repository of high throughput gene 

sequencing and microarrays that allows users to analyze the expression profiles of the gene(s) of 

interest from previously performed pre-clinical studies (Wilhite & Barrett, 2012). We searched 

GEO datasets using the keywords “ALK1 and Fibrosis/myofibroblast”, and “ALK5 and 

Fibrosis/myofibroblast”. The search resulted in several datasets that were performed during the 

last decade. The gene expression levels of ALK1 and ALK5 were downloaded for different groups 

in all studies. The gene expression was compared between control and FibroMF group using 

student t-test. The mean + SD were presented for those studies with at least a sample size of >3.  
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2.6. Statistical Analysis  

All the data are presented as Mean + SD and were calculated from multiple independent 

experiments performed in quadruplicates. For normalized data analysis, data was confirmed that 

normality assumption was satisfied and analyzed using paired sample t-test (dependent t-test) 

and/or further confirmed with non-parametric test Wilcoxon signed rank test. For all other analysis, 

Student’s two-tailed t-test or ANOVA test were used to determine significant differences between 

treatment and control values using the GraphPad Prism 4.03 and SPSS 17.0 software. 

 

3. Results 

3.1. TGFβ1-induced FibroMF differentiation is accompanied by reduced ALK1/ALK5 ratio. 

To determine whether ALK1 and ALK5 expression ratio were modulated in FibroMF 

differentiation, we treated NIH 3T3 cells with TGFβ1 for 72 hours. Our results indicated a 

significant increase in the expression of ALK5 and a significant decrease in the expression of 

ALK1 (Figure 1A-B). A higher ALK1/ALK5 ratio was observed in normal NIH 3T3 fibroblasts 

compared to TGFβ1-induced NIH 3T3 myofibroblasts (Figure 1C), indicating a pathological role 

for ALK5, but not ALK1 in FibroMF differentiation. 

3.2. ALK1 gene expression was decreased in human idiopathic pulmonary fibrosis tissues. 

GEO datasets retrieved from the studies over a decade with the search terms ‘ALK1 and 

myofibroblast/fibrosis’ were analyzed to confirm a positive correlation between ALK1 gene 

expression and fibrosis as observed in our in vitro results.  Whereas one study (GEO ID: 

GDS1252/125,37) indicated decreased ALK1 expression in human idiopathic pulmonary fibrosis 

tissues compared to normal lung tissues (Figure 2A), a second study (GEO ID: 
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GDS4580/226950_at) indicated a significant decrease in ALK1 expression in rapidly progressing 

idiopathic pulmonary fibrosis tissues compared to normal as well as slowly progressing idiopathic 

pulmonary fibrosis tissues (Figure 2B). These analyses indicated decreased ALK1 expression in 

organ fibrosis. 

3.3. ALK5 gene expression was increased in human hepatitis and mouse bleomycin-induced 

pulmonary fibrosis tissues. 

GEO datasets retrieved from the studies over a decade with the search terms ‘ALK5 and 

myofibroblast/fibrosis’ were analyzed to confirm a positive correlation between ALK5 gene 

expression and FibroMF differentiation as observed from the in vitro results.  Whereas one study 

(GEO ID: GDS4389 / 224793_s_at) showed increased ALK5 expression associated alcoholic 

hepatitis in human (Figure 2C), another study in mice with bleomycin-induced pulmonary fibrosis 

indicated increased ALK5 expression in the fibrotic lung compared to normal lung (Figure 2D). 

Together, these data from clinical and preclinical studies indicated increased ALK5 expression 

and a decreased ALK1/ALK5 expression ratio in organ fibrosis. 

3.4. TGFβ1-induced FibroMF differentiation and fibroblast expression of mesenchymal 

markers were inhibited by ALK5 inhibition. 

To determine whether ALK5 expression modulation has a prominent role in FibroMF 

differentiation, we treated NIH 3T3 fibroblasts with FibroMF-inducing TGFβ1 for 72 hours in the 

presence and absence of ALK5 inhibitor SB431542. Treatment of normal fibroblasts with ALK5 

inhibitor had no significant effect on αSMA expression (Figure 3A-B). However, co-treatment 

with ALK5 inhibitor SB431542 significantly attenuated TGFβ1-induced αSMA expression and 

phosphorylation of pro-fibrotic Akt phosphorylation (Figure 4A-B) with no changes in the total 



21 
 

Akt levels (Figure 4C) indicating ALK5 inhibition although does not affect normal fibroblasts, 

does inhibit TGFβ1-induced FibroMF differentiation. 

3.5. TGFβ1-induced actin stress fiber formation in NIH 3T3 fibroblasts was blunted by ALK1 

inhibition by SB431542. 

Next, we determined whether the promotion of FibroMF differentiation by TGFβ1 stimulation was 

associated with increased actin stress fiber formation co-regulated by Akt and RhoA signaling 

pathways (Abdalla et al., 2013). TGFβ1-stimulated NIH 3T3 fibroblasts exhibited increased actin 

stress fibers compared to NIH 3T3 fibroblasts treated with vehicle (PBS) (Figure 5A). 

Interestingly, TGFβ1-induced increased actin stress fibers was blunted by co-treatment with ALK5 

inhibitor SB431542 (Figure 5A). Whereas cell survival/proliferation was increased in TGFβ1-

stimulated myofibroblasts as measured by the MTT assay, the effect was significantly attenuated 

by co-treatment with ALK5 inhibitor SB431542 (Figure 5B).  

3.6.  Inhibition of Akt, mTOR, and β-catenin, but not FoxO, Src, and ERK inhibit TGFβ1-

induced increased ALK5 expression in NIH 3T3 fibroblasts.  

In order to identify the upstream regulator of ALK5 expression in TGFβ1-treated NIH 3T3 

fibroblasts, we performed co-treatment with the specific inhibitors of Akt, mTOR, β-catenin, 

FoxO, Src, and ERK pathways and determined their effects on TGFβ1-induced ALK5 expression. 

Our analysis indicated that TGFβ1-induced ALK5 expression in NIH 3T3 fibroblasts was 

significantly reduced upon co-treatment with mTOR inhibitor rapamycin, Akt inhibitor triciribine 

or β-catenin inhibitor ICG-001 but not with FoxO inhibitor AS-1842856, Src inhibitor PP2 or 

ERK inhibitor PD-98059 (Figure 6A-B).  
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4. Discussion 

Physiological processes such as embryogenesis, tissue repair, and wound healing necessitate 

FibroMF differentiation (Li & Wang, 2011; Patel, Baz, Wong, Lee, & Khosrotehrani, 2018). 

Unlike the physiological processes where myofibroblasts recede after they are utilized, 

uncontrolled FibroMF differentiation develops irreversible fibrosis and scar formation in 

conditions such as pulmonary, kidney, and cystic fibrosis as well as hepatitis, etc. (Weiskirchen et 

al., 2019). TGFβ pathway, TGFβ1 in particular (Abdalla et al., 2013), is the primary driver of 

FibroMF differentiation (Pardali, Sanchez-Duffhues, Gomez-Puerto, & Ten Dijke, 2017; Wynn, 

2008). TGFβ1-activated PI3-Kinase/Akt pathway and subsequent activation of myocardin and 

serum response factor transcription factors are crucial in αSMA synthesis and FibroMF 

differentiation (Abdalla et al., 2013; Abdalla et al., 2015).  

TGFβ signaling is well-known for its cell and context-specific effects, which are often 

paradoxical in nature (Biernacka, Dobaczewski, & Frangogiannis, 2011). This complexity in the 

TGFβ signaling is offered by the presence of more than 20 TGFβ isoforms in its superfamily 

belonging to the different classes of TGFβs, activins, inhibins, bone morphogenic receptors, 

growth/differentiation factors, nodal, lefty, etc. (Weiss & Attisano, 2013). To complicate this 

further, TGFβ family members bind to a series of different receptors belonging to different classes 

(Heldin & Moustakas, 2016). Primarily, TGFβ receptors are broadly categorized into type-I, type-

II and type-III receptors (Morikawa et al., 2016). Among these, type-III TGFβ receptors are not 

well characterized (Heldin & Moustakas, 2016; Morikawa et al., 2016). Upon binding of a growth 

factor to the TGFβ type-II receptor, the receptor is auto-phosphorylated subsequently trans-

phosphorylating the TGFβ type-I receptor (Abdollah et al., 1997; Souchelnytskyi et al., 1997). The 
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activated type-I receptor then transduces the signals to induce myofibroblast marker expression 

through the phosphorylation and activation of the canonical pathway transcription factors known 

as Smads (Abdollah et al., 1997; Souchelnytskyi et al., 1997). Based on which ligand binds to 

which receptor and in what cell type or tissue, the effect of TGFβ pathway activation can be very 

unpredictable. Among the type-II receptors, TGFβRII binds to TGFβ1-3, and ActRII, ActRIIB, as 

well as BMPRII interact with other isoforms (Heldin & Moustakas, 2016). Intriguingly, the 

context-specific effects of TGFβ signaling, including the physiological versus pathological effects, 

is more reliant on the diversity of type-I receptors that the cells express (Roman & Hinck, 2017). 

Type-I TGFβ receptors include ALK1 that binds to TGFβ1-3 and growth differentiation factors 

and ALK2/3 that binds predominantly to BMP receptors (Heldin & Moustakas, 2016; Roman & 

Hinck, 2017). Whereas ALK4/7 are nodal receptors, ALK1 binds to TGFβ1-3 and BMP9/10 

(Heldin & Moustakas, 2016; Roman & Hinck, 2017). The ratio between TGFβ type-I and type-II 

receptors often determines the physiological versus pathological effects of TGFβ signaling as 

described in the introduction section. 

 In the current study, the expression levels of ALK1 in the normal NIH 3T3 fibroblasts was 

significantly higher compared to the expression levels of ALK5. Interestingly, 72-hour stimulation 

of NIH 3T3 fibroblasts with TGFβ1 resulted in significantly increased ALK5 and reduced ALK1 

expression compared to the normal NIH 3T3 fibroblasts. The overall ALK1/ALK5 ratio was 

higher in normal NIH 3T3 fibroblasts compared to TGFβ1-stimulated NIH 3T3 myofibroblasts. 

Whereas ALK5 inhibitor did not exhibit any effect on normal NIH 3T3 fibroblasts on αSMA 

expression indicating the low levels of ALK5 in normal fibroblasts, ALK5 inhibitor significantly 

reversed the TGFβ1-induced FibroMF differentiation, actin stress fiber formation and 

proliferation/viability. Co-treatment with the inhibitors of Akt, mTOR, β-catenin, FoxO, Src and 
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ERK signaling pathways revealed that TGFβ1-induced ALK5 expression was regulated by 

Akt/mTOR/β-catenin pathway.  

In order to determine the clinical significance of our in vitro results, we analyzed the data 

on ALK1 and ALK5 expression changes in studies involving mice, and humans from the gene 

expression omnibus (GEO) repository. Analysis of several unpublished preclinical research data 

from the GEO repository indicated a significant increase in ALK5 expression in fibrotic conditions 

such as alcoholic hepatitis and bleomycin-induced pulmonary fibrosis. On the other end, reduced 

ALK1 expression was associated with idiopathic pulmonary fibrosis, particularly in the aggressive 

ones compared to the slow progressing fibrosis. Future research will inform us if such as a 

reduction in ALK1/ALK5 ratio is also applicable to other fibrotic diseases. 

 In conclusion, our study has demonstrated that although ALK1 expression is higher and 

ALK5 expression lower in normal fibroblasts, a ratio of ALK1/ALK5 is reduced upon TGFβ1-

induced FibroMF differentiation. Increased ALK5 expression involved activation of the Akt1-

mTOR-β-catenin pathway. Our study showed that such a correlation also exists in human and 

murine fibrotic conditions in the liver and lung. 
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Figure legends 

Figure 1: ALK1/ALK5 ratio is higher in normal compared to TGFβ1-induced NIH 3T3 

myofibroblasts. (A-B) Representative Western blot images and bar graphs with band 

densitometry analysis indicating increased ALK5 and reduced ALK1 expression in NIH 3T3 

fibroblasts with TGFβ1 treatment. (C-D) Bar graphs indicating higher ALK1/ALK5 ratio in 

control NIH 3T3 fibroblasts compared to TGFβ1-induced NIH 3T3 myofibroblasts. 

Figure 2: GEO analysis show increased ALK5 and reduced ALK1 expression in human and 

mouse fibrotic lung and liver tissues. (A) Bar graph showing reduced ALK1 expression in human 

idiopathic pulmonary fibrosis biopsies. (B) Bar graph showing reduced ALK1 expression in 

rapidly progressing human pulmonary fibrosis tissues compared to normal and slow-progressing 

pulmonary fibrosis tissues. (C) Bar graph showing increased ALK5 expression in human alcoholic 

hepatitis liver tissues. (D) Bar graph showing increased ALK5 expression in bleomycin-induced 

mouse pulmonary fibrosis samples. Data are shown as Mean + SD. 

Figure 3: ALK5 inhibitor (SB431542) treatment has no significant effect on αSMA 

expression in normal NIH 3T3 fibroblasts. (A) Representative Western blot images showing no 

significant changes in αSMA expression by treatment with ALK5 inhibitor in normal NIH 3T3 

fibroblasts. (B) Bar graph with band densitometry analysis indicating no significant changes in 

αSMA expression by treatment with ALK5 inhibitor in normal NIH 3T3 fibroblasts. Data are 

shown as Mean + SD. 

Figure 4: ALK5 inhibition by SB431542 suppressed TGFβ1-induced FibroMF 

differentiation via Akt inhibition. (A-C) Representative Western blot images and bar graph with 

band densitometry analysis showing increased expression of myofibroblast marker αSMA 

accompanied by increased phosphorylation of Akt compared to total levels of Akt, respectively, 
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with a significant inhibition by co-treatment with ALK5 inhibitor SB431542. Data are shown as 

Mean + SD. 

Figure 5: ALK5 inhibition reversed the TGFβ1-induced loss of actin stress fibers in ECs. (A) 

Confocal images of phalloidin-stained NIH 3T3-monolayers treated in the presence and absence 

of TGFβ1 alone or in combination with ALK5 inhibitor SB431542 showing increased actin stress 

fibers with TGFβ1 treatment and inhibition of actin stress fibers upon co-treatment with ALK5 

inhibitor SB431542. (B) Histogram showing increased viability of NIH 3T3 fibroblasts with 

TGFβ1 treatment, which is significantly inhibited by co-treatment with ALK5 inhibitor SB431542. 

Data are shown as Mean + SD. 

Figure 6: Inhibition of Akt, mTOR, and β-catenin, but not FoxO, Src, and ERK inhibit 

TGFβ1-induced increased ALK5 expression in NIH 3T3 fibroblasts. (A) Representative 

Western blot images showing changes in ALK5 expression in NIH 3T3 fibroblasts by treatment 

with TGFβ1 alone and in combination with one of the mTOR inhibitor rapamycin, Akt inhibitor 

triciribine, β-catenin inhibitor ICG-001, FoxO inhibitor AS-1842856, Src inhibitor PP2, and ERK 

inhibitor PD-98059. (B) Bar graph with band densitometry analysis indicating increased ALK5 

expression in NIH 3T3 fibroblasts by treatment with TGFβ1 alone and significant inhibition upon 

co-treatment with mTOR inhibitor rapamycin, Akt inhibitor triciribine or β-catenin inhibitor ICG-

001 but not with FoxO inhibitor AS-1842856, Src inhibitor PP2 or ERK inhibitor PD-98059. Data 

are shown as Mean + SD. 
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Figure 2
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Figure 3
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Figure 4
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Figure 5
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Figure 6

36

β-Actin

ALK5

+ TGFβ1

A

B

N=3
*P<0.05

+ TGFβ1

AL
K5

/β
-A

ct
in


	Asma Abstract
	Asma Index pages.docx
	Asma Chapter 1
	Asma Chapter 2
	Asma Figures
	Slide Number 1
	Slide Number 2
	Slide Number 3
	Slide Number 4
	Slide Number 5
	Slide Number 6


