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1. INTRODUCTION 

1.1 Diffuse parenchymal lung diseases (DPLDs) 

Diffuse parenchymal lung diseases (DPLDs) or interstitial lung diseases (ILDs) represent 

a group of lung diseases that affect the interstitium, the vasculature and the 

alveolar/bronchial compartment. DPLDs can be classified into four broad categories, 

namely, DPLD of known causes such as drugs, environmental exposures, 

granulomatous DPLD (for example sarcoidosis), rare forms of DPLD (such as 

lymphangioleiomyomatosis (LAM)) and the idiopathic interstitial pneumonias (IIPs) 

(2002). Excess matrix deposition and loss of lung architecture resulting in respiratory 

insufficiency is the last stage of several DPLDs (Wuyts et al., 2013). Typically, DPLDs 

are characterized by an enhanced matrix deposition, which results in decreased lung 

compliance and an inefficient gas exchange. A common feature of some DPLDs is the 

persistent injury to the alveolar epithelium, which results in a continuous activation of 

innate repair mechanisms. This results in the activation of fibroblasts and an increased 

amount of collagen being produced in the lung together with many other proteins in the 

lung matrix (Tomashefski et al., 2000; Hardie et al., 2009).  

1.2 Idiopathic Pulmonary Fibrosis (IPF) 

Idiopathic pulmonary fibrosis (IPF) is a disease of unknown origin and typically affects 

middle-aged and especially elder people. It is progressive in nature and ultimately fatal. 

IPF is associated with severe dyspnea (Nightingale et al., 2000). One risk factor which 

has been described to contribute to the development of IPF is smoking (Baumgartner et 

al., 1997; Taskar and Coultas et al., 2006). Other diseases such as hernia and 

gastroesophageal reflux disease (GERD) have also been discussed, as have been 

exposure to pesticide, animal dust, petrochemicals, farming etc. (Iwai et al., 1994; 

Miyake et al., 2005; Noth et al., 2012; Raghu et al., 2006; Taskar and Coultas 2006). 

IPF, one of the most common forms of idiopathic interstitial pneunomias (IIPs) and 

interstitial lung diseases (ILDs), has a 5 year mean survival rate as low as 20% (Wuyts 

et al., 2013). The prevalence of IPF has been suggested to range between 2-29 patients 

in 100,000 people, with an estimated prevalence 0.2% of all people aged 75 and above 

(Raghu et al., 2011). Several epidemiological studies demonstrated that the incidence of 

IPF has been on the rise in the last couple of decades (Gribbin et al., 2006; Navaratnam 

et al., 2011). IPF spreads across ethnicities and encompasses both rural and urban 

areas (Nathan et al., 2011). It is predominant in males as compared to females and the 

incidence increases with age (Raghu et al., 2006; Fernandez Perez et al., 2010).  
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Diagnosis of IPF relies on a high-resolution computed tomography (HRCT), which 

typically shows a pattern of usual interstitial pneumonia (UIP). Other known causes of 

ILD need to be ruled out before confirming the diagnosis of IPF. In patients showing 

absence of a definite UIP pattern on HRCT, IPF might still be diagnosed based on 

combinations of results from surgical lung biopsy (SLB) and HRCT (Raghu et al., 2011). 

However, the need for lung biopsy has been greatly reduced because of the recognition 

of distinct HRCT patterns by different ILDs.  

The histological pattern defining IPF is also UIP, characterized by temporal and spatial 

heterogeneity, loss of regular lung architecture, and proof of fibroblast foci and missing 

other features. The disease usually originates in the sub-pleural region of the lung and 

develops towards the central region. Regions in the immediate vicinity of subpleural 

parenchmya are often regions of severe scar tissue and honeycombing marked by 

irregular epithelial airspaces and dense fibrosis as shown in Fig.1 (Wolters et al., 2014).  

 

Fig. 1: Histopathological and radiographic features of usual interstitial pneumonia. A. 

Representative picture of an IPF lung with usual interstitial pneumonia showing sub-pleural 

accentuation of dense fibrosis together with irregular epithelial airspaces. Hematoxylin and eosin-

stained lung section visualised at magnification of X20 (Wolters et al., 2014). B. HRCT image of 

chest from an IPF patient showing heterogenous lung alterations, reticulation, and sub-pleural 

honeycombing (Oldham and Noth, 2014). 

Although there is no existing therapy for IPF so far, pirfenidone, a non-steroidal drug and 

nintedanib, a triple tyrosine kinase inhibitor targeting VEGF, FGF and PDGF are being 

prescribed to delay the worsening of IPF (Maher, 2010). However, lung transplantation 

still serves as the only available approach to increase the life span of IPF patients (Ryu 

et al., 2014). Initially, IPF was thought to be caused by chronic inflammation but anti-

inflammatory drugs did not prove to be beneficial for IPF patients, casting doubts on the 

role of inflammation in driving the disease (Selman et al., 2001). Later on, the concept of 

epithelial injury evolved, wherein repeated injury to alveolar epithelial cells and failure to 

trigger a proper wound healing response by these cells is currently believed to be a major 



3 
 

mechanism leading to progressive lung fibrosis (Selman and Pardo, 2006). Many genetic 

or environmental factors contribute to influence the severity of the epithelial cell injury. 

Inflammation, when present, appears to be a secondary response and not the primary 

triggering factor in IPF (Gross and Hunninghake, 2001). Although multiple cell types are 

indicated to contribute to the pathogenesis of IPF, chronic injury to alveolar epithelial cell 

type II (AECII) is an accepted key event that triggers the disease  process in IPF (Selman 

and Pardo 2006). Additionally, fibroblast foci, covered by hyperplastic AECIIs are a 

hallmark feature in an IPF lung (Katzenstein and Myers 1998). AECII are the classical 

secretory cells in the lung, which synthesize, store and secrete the surface tension 

reducing surfactant (surfactant proteins and phospholipids) into alveolar spaces and also 

produce compounds of the innate immune defense system (Tierney, 1989). In non-

familial, sporadic forms of IPF, chronic ER stress, mitochondrial dysfunction and 

lysosomal stress are prominent findings in the AECII of these patients and may largely 

explain the extensive apoptosis of the epithelium under these conditions (Korfei et al., 

2008; Lawson et al., 2008). ER stress, DNA damage and excessive AECII apoptosis are 

also found in familial IPF (Tanjore et al., 2012). 

1.2.1 Genetic risk factors 

As indicated in the previous chapter, fibrotic remodeling may be initiated by a repetitive 

insult or injury to the alveolar epithelium. This insult or injury may result from genetic 

factors (familial forms of IPF) to the environmental components, usually ending up as a 

combination of several factors. Mutations in surfactant protein-A (SP-A) & SP-C (Guillot 

et al., 2009; Mulugeta et al., 2005), the surfactant lipid transporter ATP-binding cassette 

sub-family A member 3 (ABCA3) (Crossno et al., 2010), telomerase (hTERT) (Alder et 

al., 2008) have all been shown to result in IPF or other related forms of ILD. Mutations 

in surfactant proteins result in alveolar damage, ER stress or unfolded protein responses 

(UPR) (Chibbar et al., 2004). 50% of children suffering from severe idiopathic 

pneumonias show a mutation in SP-C while the remaining 50% cases are sporadic 

(Nogee et al., 2001). The ELMOD2 gene, involved in interferon related antiviral response 

regulation, has been recently implicated in IPF, where a decrease in expression of 

ELMOD2 mRNA was observed in lungs from IPF patients as compared to the healthy 

controls (Pulkkinen et al., 2010). Another gene which has been recently implicated in the 

development of pulmonary fibrosis is MUC5. MUC5 was shown to be overexpressed in 

the IPF lungs as compared to the healthy controls although the mechanism or the role 

of MUC5 in the development and progression of IPF is not well understood yet (Seibold 

et al., 2011). 
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1.2.2 Environmental risk factors 

Genetic risk factors for IPF when come together with environmental risk factors results 

in a dangerous mix, which is well known in the scientific research circles involved in IPF 

studies as "multiple hit hypothesis". It has been hypothesized that viruses are the 

initiators of fibrosis but studying viruses is highly complicated due to lack of sensitive 

reproducible cultures from the respiratory samples of the patients although the 

availability of molecular methods like PCRs has been instrumental in extending our 

understanding (Wuyts et al., 2013). Viral infection which has been most often cited in 

IPF cases is the EBV (Tang et al., 2003). Patients carrying EBV infections are known to 

have suffered from the repetitive injury to the epithelial cells, which has been postulated 

as a critical mechanism for the IPF pathogenesis (Katzenstein and Myers, 1998). 

Overwhelming evidence is available with respect to the role of EBV in IPF, for example, 

both protein and DNA expression of EBV has been found in samples from IPF patients 

with EBV proteins which are known to be expressed during the lytic phase of the viral 

infection cycle localizing to the AEC in IPF patients (Egan et al., 1995; Stewart et al., 

1999). Another study involving two IPF patients treated with antiviral therapy has shown 

signs of stability in progression of IPF (Tang et al., 2003).  

Another significantly elaborated factor believed to play a significant role in development 

and progression of IPF is transforming growth factor (TGF-β1). It has been noted that 

cytokine TGF- β1, a profibrotic cytokine showed an increased expression levels as a 

byproduct of proliferation of fibroblasts and fibrotic remodeling (Tomashefski, 

2000).TGF-β1 can be found in an inactive form in the interstitium of the lung under 

normal conditions but upon injury to lung it gets activated (Sato et al., 1990; Sheppard, 

2006). Activated TGF-β1 then binds to TGF-β1 receptors thereby resulting in a series of 

signaling cascades which play critical roles in the development of fibrosis. TGF-β1 via its 

interaction with TGF-β1 receptor kinase (ALK5) receptor can activate Smad proteins 

which activate downstream signaling in a cell type dependent manner (Barcellos-Hoff et 

al., 1994; Crawford et al., 1998). For example, TGF-β1 has been implicated in epithelial-

mesenchymal transition (EMT) signalling via activation of Smad proteins (Varga and 

Jimenez, 1986). Blocking of TGF-β1 activation by blocking its receptor was protective 

against bleomycin induced lung fibrosis (Tomashefski, 2000). Apart from lung, pivotal 

roles for TGF-β have also been indicated also in the other organs, namely kidney and 

liver (Scotton and Chambers, 2007).   

1.3 ANIMAL MODELS OF PULMONARY FIBROSIS 
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Several models of lung fibrosis have been developed so far, which include the bleomycin 

model, the fluorescein isothiocyanate model, asbestosis models, silica instillation model, 

age based models for studying fibrosis, models based on overexpression of cytokines 

such as TGF-α,β, interleukins, genetic models such as SFTPC, SFTPA2, TERT and 

mutations in the genes responsible for the development of Hermansky-Pudlak syndrome 

(HPS), radiation induced fibrosis model, alveolar type II cells injury via diphtheria toxin 

and lung injury due to acid instillation. One common feature in many of these animal 

models is the alveolar epithelial cell apoptosis which might result from several cellular 

stress events like oxidative stress, DNA damage, lysosomal stress and ER stress (B et 

al., 2013). 

Asbestosis is a fibrotic lung disease which shows a remarkable similarity to human IPF 

in terms of UIP histopathology (Kishimoto et al., 2011; Roggli et al., 2010). One 

difference between asbestosis and IPF is that asbestosis has a slower progression as 

compared to IPF, and this goes along with lower number of myofibroblastic foci (Roggli 

et al., 2010). Animal models of asbestosis are based either on inhalation or intratracheal 

instillation of asbestos. Although intratracheal instillation results in fibrosis, which 

develops much more rapidly as compared to inhalation, this model is limited by the 

unequal distribution of asbestos between the lung lobes. It is also observed that 

intratracheal instillation of asbestos results in fibrosis being more central as compared to 

inhalation which results in a subpleural fibrotic remodelling. Intratracheal application of 

asbestos results in fibrosis already at day 7, whereas it may take up to a month to 

develop fibrosis with inhalation. Oxidative stress and injured AECIIs have also been 

observed in the asbestosis models in response to inhalation application due to the 

deposition of asbestos fibers (Sanchez et al., 2009). 

Another murine model for lung injury which results in fibrosis is based on intratracheal 

administration of Fluorescein isothiocyanate (FITC), leading to lung fibrosis within a time 

span of 2-3 weeks (Moore and Hogaboam 2008; Moore et al., 2001; Roberts et al., 1995). 

Fibrosis is correlated specifically to the sites of FITC deposition, offering the advantage 

to study the injured regions using techniques such as immunofluorescence (Lawson et 

al., 2013). Another advantage of this model is that the fibrosis induced by FITC is robust 

and shows a long-lasting effect upto 9 months (Lawson et al., 2013). The drawback of 

this model is the variability in the effects of FITC which can be due to the difference in 

preparation of FITC, differences in the preparation of FITC (old vs freshly prepared) or 

size of FITC aggregates depending upon the sonification protocol (Sanchez et al., 2009).  
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TGF-β is a well characterized pro-fibrotic cytokine and is increased in fibrotic lungs prior 

to collagen synthesis (Fernandez and Eickelberg, 2012). Overexpressing TGF-β in 

mouse lungs resulted in increased mono-nuclear cell infiltration together with a two fold 

increase in total lung collagen content and apoptosis of epithelial cells (Lee et al., 2004; 

Sime et al., 1997). In addition, overexpression of TGF-β resulted in accumulation of 

myofibroblasts and epithelial-mesenchymal transition. 

A mouse model based on direct injury to AECII was recently developed in which the 

diptheria toxin receptor was expressed under the control of SP-C promoter (Sisson et 

al., 2010). Repeated exposure of mice to diptheria toxin intraperitoneally resulted in 

AECII injury and thereby hyperplastic alveolar epithelial cell proliferation, followed by 

interstitial thickening resembling IPF. The specific advantage of this model is the ability 

to study the direct downstream effect of targeted epithelial cell injury towards the 

development of lung fibrosis. 

Since IPF has a remarkable age-related onset, development of lung fibrosis has been 

studied. In aged animals, studies have shown that older mice are more prone to develop 

bleomycin induced pulmonary fibrosis as compared to younger ones (Sueblinvong et al., 

2012). Additionally, older male mice show increased susceptibility to bleomycin as 

compared to older female mice (Redente et al., 2011). A similar, age dependent, 

predisposition to lung fibrosis has been observed in senescence-prone mice as 

compared to senescence-resistant mice (Xu et al., 2009). Deletion of genes responsible 

for receptor of the advanced glycation end products (RAGE) or relaxin results in a 

phenotype which is susceptible to spontaneous development of lung fibrosis (Englert et 

al., 2008; Samuel et al., 2003). Extended experimental time periods, high costs of animal 

maintenance and choosing the appropriate age remain potential drawbacks of this 

model.  

The bleomycin model of pulmonary fibrosis has been the most extensively used model 

for understanding the pathophysiology of pulmonary fibrosis. Bleomycin induced lung 

fibrosis has been developed in a range of animals, including rats, mice, guinea pigs, 

hamsters, dogs, rabbits and primates (Degryse and Lawson 2011; Moore and 

Hogaboam 2008). Several delivery routes for bleomycin administration have been well 

established, such as intratracheal, intraperitoneal, subcutaneous and intravenous, out of 

which intratracheal delivery has been the delivery route of choice (Degryse and Lawson 

2011; Muggia et al., 1983). 

The bleomycin model of lung fibrosis has been attributed to excessive inflammation, 

apoptosis and necrosis of AECII due to DNA damage, oxidative stress and generation 
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of free radicals (Moeller et al., 2008; Moore and Hogaboam, 2008). Bleomycin 

administration in mice can induce fibrosis in a relatively short time ranging from 2 weeks 

to 12 weeks, depending on the delivery method chosen. Additionally, lung fibrosis 

development in response to bleomycin was also observed to be strain specific. For 

example, C57Bl/6 mice are more sensitive to the bleomycin induced lung injury and 

prone to fibrosis development as compared to the other strains (B, Lawson et al., 2013). 

Classically, the bleomycin model of lung fibrosis is based on a single exposure to 

bleomycin that resolves after few weeks of treatment (Lawson et al., 2005; Starcher et 

al., 1978; Thrall et al., 1979). Alternatively, repetitive intratracheal administration of 

bleomycin over several weeks (Degryse et al., 2010) was recently shown to result in lung 

fibrosis that persisted longer than the single administration. 

1.4 Hermansky-Pudlak syndrome and respective mouse models 

Hermansky-Pudlaksyndrome (HPS) was first described in 1959 by two Czech 

physicians, Hermansky F. and Pudlak P. HPS is typically characterized by 

oculocutaneous albinism (OCA) together with a bleeding diathesis due to a platelet 

degranulation defect and ceroid-liposfuscin accumulation (Gahl et al., 1998; Hermansky 

and Pudlak 1959). HPS is a rare autosomal recessive disorder linked to mutations in 

genes responsible for protein trafficking and organelle function. So far, nine different 

mutations resulting in HPS have been reported, namely HPS1-HPS9, out of which HPS1, 

HPS2 and HPS4 mutations may result in pulmonary fibrosis referred to as HPS 

associated interstitial pneumonia (HPSIP), the most common and most serious 

complication of HPS (Cullinane et al., 2011; Dell'Angelica et al., 1999; Gochuico et al., 

2012; Li et al., 2003; Morgan et al., 2006; Pierson et al., 2006; Suzuki et al., 2002). 

Albinism observed in HPS patients is not due to absence of melanosomes or 

melanocytes but has been ascribed to the incapability of these organelles to produce 

required amounts of melanin in these patients. Although HPS is seen all over the world, 

a large proportion of HPS patients have been reported in Puerto Rico where the 

incidence rate of HPS is 1 person out of every 1800 people (Witkop et al., 1990). 

HPS gene products areubiquitous transmembrane proteins (Wei, 2006) that affect 

several lysosome-related organelles in different tissues (see Fig. 2) namely 

melanosomes of melanocytes, lytic granules of cytotoxic T-cells, delta granules of 

platelets, azurophil granules of neutrophils  and lamellar bodies of lung alveolar epithelial 

type II cells (Weaver et al., 2002; Wei, 2006).  
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Fig. 2: HPS proteins and their significance in vesicle trafficking pathways. Different HPS 

proteins are involved in the generation of different lysosomal related organelles and are involved 

in different endocytic pathways. AP3 proteins are primarily involved in generation of lysosomes 

in both lower and higher eukaryotes. HPS proteins involved in the generation of BLOC complexes 

are found only in higher eukaryotes which are further involved in the generation of lysosome 

related organelles such as lytic granules, lung lamellar bodies, platelet dense granules, 

melanosomes, lysosomes etc. (Li et al., 2004). 

1.4.1 HPS1 

The HPS1 gene on the chromosomal segment 10q23.1-q23.3 codes for a 700 a.a. 

protein with a molecular weight of 79.3 kDa (Bailin et al., 1997; Dell'Angelica, 2004). To 

date, twenty three different HPS1 mutations, which end up in a disease phenotype have 

been identified but the most often cited mutation found in people from Puerto Rico is the 

16bp frameshift duplication in the exon 15 of HPS1 gene (Wijnen et al. 1996). 

HPS1 is the most affected HPS subtype displaying founder effects in Puerto Rico and 

accounts for about 50% of the HPS cases observed outside Puerto Rico (Oh et al., 1998). 

Majority of patients carrying HPS1 mutation in Puerto Rico show clinical phenotypes for 

restrictive lung disease in addition to some other noticeable clinical features including 

hemorrhage and granulomatous colitis (Witkop et al., 1990). Abnormal chest radiographs 

and abnormal high resolution computed tomography (CT) scans have been reported in 
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49% and 82% patients, respectively even though a normal oxygen saturation at rest was 

observed (Brantly et al., 2000). Pirfenidone has been shown to be effective in slowing 

down the progression of fibrosis in patients with residual forced vital capacity (FVC) 

below 50% (Gahl et al., 2002).  

HPS1 is a ubiquitous cytosolic protein with a small amount of protein being membrane 

bound (Dell'Angelica et al., 2000). A 200 kDa BLOC-3 complex found in the cytosolic 

compartment was shown to have both HPS1 and HPS4 associated to each other as part 

of the complex (Dell'Angelica, Aguilar et al., 2000; Martina et al., 2003; Nazarian et al., 

2003). Although immunoprecipitation experiments have shown a pulldown for both HPS1 

and HPS4 together, there is no evidence of a direct physical interaction between HPS1 

and HPS4, indicating the presence of atleast one more subunit within the BLOC-3 

complex (Chiang et al., 2003; Martina et al., 2003; Nazarian et al., 2003). In HPS 

fibroblasts, a dispersed staining pattern for lysosome associated membrane protein-1 

(LAMP1) and LAMP2 was reported instead ofthe usual perinuclear staining, while 

LAMP3 displayed a normal distribution pattern (Dell'Angelica, Aguilar et al., 2000). Of 

note, LAMP3 and LAMP1 showed localization to large vesicles in HPS1 melanocytes 

whereas LAMP2 showed normal distribution (Richmond et al., 2005).  

1.4.2 HPS2 

HPS2 encodes the β3A subunit of the heterodimeric adaptor protein complex AP-3 and 

is found on Chromosome 5. AP-3 is known for its function in the transport of protein 

cargo to transport vesicles, from where they are delivered to the lysosomes (Bonifacino 

and Dell'Angelica, 1999). The typical assembly of AP-3 molecule includes four main 

components - β3A-, µ3-, σ3- and δ- subunits. The AP3B1 (or HPS2) gene encoding β3A- 

subunit consists of 1094 a.a., resulting in a protein with molecular weight of about 121.3 

kDa. The role of AP3 complex is to regulate vesicular trafficking involving cargo proteins 

and directing them to lysosomes, platelet-dense granules, or melanosomes (Zhen et al., 

1999). AP-3 adaptor complex has also been shown to be involved in the lysosomal 

biogenesis in yeast and melanosmal production in Drosophila (Lloyd et al., 1998; 

Odorizzi et al., 1998). AP-3 deficient cells show defects in lysosomal membrane protein 

trafficking where molecules which should normally be targeted to lysosomes end up 

accumulating inside endosomes thereby increasing the size of endosomes in the 

process (Sugita et al., 2002). 

HPSIP due to HPS2 mutations can be separated from other forms of HPS based on the 

neutropenia and the resulting susceptibility to recurring respiratory infections. It 

resembles the Chediak-Higashi syndrome (CHS) very closely but is distinguished from 
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CHS by the absence of large intracellular granules. One patient diagnosed with HPS2 

showed symptoms such as occulocutaneous albinism, platelet defects, a compromised 

immune system and at cellular level, no β3A, δ or µ3A protein was detected (Clark et al., 

2003). A second patient carrying the mutations R509X and E659X showed absence of 

both β3A mRNA and protein resulting in a truncated form of AP3B1 complex (Huizing et 

al., 2002). Another patient showed severe respiratory infections, neutropenia, and 

hemorrhage (Huizing et al., 2002). 

Two brothers with HPS2 were described by Dell’Angelica et al. where heterozygous 

mutations in the β3A gene were reported, with one allele encoding a deleted 21 a.a. 

sequence whereas other allele encoding protein with an amino acid substitution 

(Dell'Angelica et al. 1999). These mutations resulted in an increased degradation of β3A 

and destabilization of other AP-3 subunits. Both brothers suffered from neutropenia, 

neurological problems such as poor balance, recurrent upper respiratory infections and 

depressed pulmonary function (Shotelersuk et al., 2000). Another patient with two 

nonsense mutations resulting in loss of detectable β3A mRNA and protein and µ3 protein 

resulted in severe respiratory infections, neutropenia, hearing loss and hemorrhage 

(Huizing, 2002). Another HPS2 patient with no detectable β3A, δ or µ3A protein showed 

occulcutaneous albinism together with platelet defects thereby requiring 

immunoglobulins and prophylactic antibiotic treatments (Clark, Stinchcombe et al., 

2003). 

The HPS2 protein plays a critical role in trafficking of proteins towards the lysosomes 

(Bonifacino and Traub, 2003; Ihrke et al., 2004). Studies performed in mouse models of 

HPS show that only HPS mutations causing a loss of AP3 also results in an increased 

expression of LAMP1 (Dell'Angelica et al., 2000). Based on this observation, it was 

speculated that loss of AP3β1 might result in a membrane trafficking disorder. 

Supporting this concept, a recent report revealed that AP-3 dependent cargo transport 

is important for lamellar body maturation and that LAMP2 dependent peroxiredoxin-6 is 

impaired in HPS2 mice (Kook et al., 2016).  

1.4.3 HPS4 

The HPS4 gene is located on Chromosome 22q11.2-q12.2 and encodes a 708 a.a. 

protein (molecular weight 76.9 kDa), expressed ubiquitously (Anderson et al., 2003; 

Martina et al., 2003). So far only about a dozen HPS4 patients carrying about ten different 

mutations have been reported. Two significant HPS4 mutations were reported in two 

patients, both in the carboxyl terminal, one being a deletion mutation on codon 685, the 

other one being an insertion mutation at codon 698. Both patients developed severe 
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pulmonary fibrosis ultimately resulting in death (Anderson et al., 2003; Bachli et al., 

2004).  

In addition to pulmonary fibrosis, one study reported that HPS4 patients exhibited clinical 

features like absence of platelet dense bodies and granulomatous colitis, similar to HPS1 

patients (Anderson et al., 2003). Another patient with a P685del mutation, who was 

diagnosed with a severe case of pulmonary fibrosis, showed normal levels of 

melanocytes, but a decrease in melanin and ceroid content in perivascular macrophages 

in skin biopsy in this patient. There was also an increase in the number of AECIIs, which 

showed a foamy cytoplasm, and an increase in ceroid pigment in macrophages (Bachli 

et al., 2004).   

The first mouse models of HPS were characterized about twenty years after the Czech 

physicians described the existence of HPS disease in 1959. These mouse models were 

results of non-allelic mutations which resulted in decreased pigmentation and severe 

bleeeding disorders (Novak et al., 1981; Novak et al., 1984). The HPS mouse models 

have greatly extended our understanding of the HPS disease at the molecular level with 

respect to biogenesis of various intracellular organelles such as lysosomes, 

melanosomes, lamellar bodies, and platelet dense granules. About 14 genes in mice 

result in HPS-like symptoms. Some of the mouse HPS genes, which have so far been 

analyzed at molecular level, are gunmetal (gm), pallid (pa), mocha (mh), pale ear (ep) 

and pearl (pe). Pallid mice show a severe hypopigmentation as compared to pearl and 

gunmetal mice which show intermediate hypopigmentation (Swank et al., 2000). 

Hypopigmentation in pale ear mice is limited to tail and ears. Oculocutaneous 

pigmentation effects are observed in pallid, pearl, and pale ear mice but no ocular 

hypopigmentation can be observed in gunmetal mice.  

1.4.4 Mouse models of HPS 

1.4.4.1 Pale ear mice 

HPS1 in mice is the pale ear (ep) gene, located on Chromosome 19 and was the first 

HPS gene to be identified in mouse genome (Feng et al., 1997; Gardner et al., 1997). 

Pale ear gene encodes for a protein weighing 79 kDa, ubiquitous distribution in all 

tissues. Pale ear protein functions are still not known, but it is known to have some 

sequence homology to the gene responsible for Chediak-Higashi Syndrome (CHS) 

syndrome, which shares certain pathological features with HPS (Oh et al., 1996). Pale 

ear gene has been shown to have a very high sequence homology to human HPS1 gene, 
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mapped to the human Chromosome 10q23, showing that the pale ear mouse model of 

HPS is an appropriate model for human HPS1 disease.  

1.4.4.2 Pearl mice 

Pearl gene (pe) located on mouse Chromosome 13 codes for β3A subunit which belongs 

to adaptor protein AP-3 complex (Feng et al., 1999). Pearl mice as well as clinical HPS2 

mutations show the same effect on AP-3, wherein a complete degradation of β3A subunit 

of AP3 is observed (Zhen et al., 1999).The HPS2 mouse model exhibits clinical features 

such as pigment dilution, impaired platelet lysosomal enzyme secretion and prolonged 

bleeding (Swank et al., 1998). In addition, kidney proximal tubule cells from HPS2 mice 

showed enlarged multi-lamellar structures which resemble lysosomes (Zhen et al., 

1999). Even though mutations in β3A gene in humans and mice are different, the net 

effect of these mutations on the AP-3 complex is very similar. Trafficking of the lysosomal 

membrane proteins such as LAMP-1, LAMP-2, CD63 etc. has been shown to be 

defective in AP-3 deficient cells (Dell'Angelica et al., 1999; Le Borgne et al., 1998). 

1.4.4.3 HPS1/2 double mutant mice   

HPS1/2 double mutant mice, also known as pale ear/pearl (ep/pe) mice were obtained 

by crossing the naturally occurring pale ear (HPS1) mice with pearl (HPS2) mice (Feng 

et al., 2002). Double mutant mice show morphological defects in melanosomes 

belonging to retinal pigment epithelium (RPE), prolonged bleeding and an increase in 

levels of lysosomal enzymes in kidneys but not in other organs such as liver, spleen or 

brain (Feng et al., 2002). These mice characteristically show AECII features such as 

increased size, foamy appearance, aberrant lamellar bodies and a decreased survival 

rate (Guttentag et al., 2005; Lyerla et al., 2003). In addition to this, these mice also show 

a defect in surfactant processing and secretion resulting in accumulation of hydrophobic 

surfactant proteins, SP-B and SP-C in the lung tissues of these mice (Guttentag et al., 

2005). It has also been shown that the double mutant mice model of HPS develops 

spontaneous fibrotic remodeling of lung as observed in HPS associated interstitial 

pneumonia (HPSIP) (Mahavadi et al., 2010). In HPS1/2 mice, an increased alveolar 

dysfunction, lysosomal stress together with an increase in the protein levels of 

Cathepsin-D has been ascribed, which might be the reason for increased apoptosis 

(Mahavadi et al., 2010). In addition to the lysosomal stress, the 9 month old HPS1/2 

double mutant mice also displayed ER stress characterized by ATF4 induction and 

CHOP activation (Mahavadi et al., 2010). 
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Fig. 3: H&E stained lung sections from HPS1/2 double mutant mice. Hemotoxylin and eosin 

stained right lung sections from HPS1/2 double mutant mice as compared to age matched WT 

mice at 3 months and 9 months of age. Magnification = X200, scale bar = 100 µm (Mahavadi et 

al., 2010). 

1.4.4.4 Other HPS mice 

Other HPS mice models such as Mocha, Pallid and Gunmetal mice have been described. 

Mocha mice carry a mutation in another subunit of AP3 complex, the δ subunit, and 

shows changes similar to HPS (Kantheti et al., 1998; Swank et al., 1998). In addition to 

HPS symptoms, these mice show balance defects, become deaf with age, and have a 

hyperactive phenotype (Miller et al., 1999). Mutations in the Pallid gene located on 

Chromosome 2 can result in abnormalities related to balance and posture in addition to 

pigmentation and platelet-dense granules related problems which are more severe in 

Pallid mice than other mouse mutants (Swank et al., 1998). Lung abnormalities in Pallid 

mice develop around one year after birth which eventually results in death of these mice 

(de Santi et al., 1995; McGarry et al., 1999). Pallid gene codes for the protein pallidin 

which is involved in regulation of intracellular vesicule trafficking (Huang et al., 1999). 

Gunmetal mice is a more severe mutant as compared to other HPS mutant mice because 

in addition to commonly found hypopigmentation and platelet-dense granule defects, 

these mice also exhibit serious problems with respect to platelet synthesis and alpha 

granule content (Swank et al., 1998). The defects in gunmetal mice are caused by 

mutations in the gene coding for the RabGGTase which results in a reduction in the 

amount of RabGGTase enzyme in these mice (Detter et al., 2000). RabGGTase enzyme 

is involved in prenylation, specifically geranylgeranylation of Rab proteins, which is 

critical for Rab proteins to function properly. Rab proteins play a key role in regulation of 
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intracellular vesicle trafficking and are involved in vesicle translocation and fusion 

(Pfeffer, 1999). 

Proteins belonging to the HPS gene family like AP3B1 are also involved in enriching and 

delivery of cargo proteins in vesicles via endosomal lysosomal pathway; VPS33A is 

involved in vesicular trafficking to vacuoles in yeast which correspond to the lysosome - 

mammalian homologue (Suzuki et al., 2003); RABGGTA is involved in regulation of 

vesicular trafficking and organelle motility (Detter et al., 2000). Thus, lysosome 

associated alterations including impaired lysosomal enzyme secretion, are shown in 

some forms of HPS (Peden et al., 2002; Wei, 2006) and lysosomal stress was shown in 

HPSIP (Mahavadi et al., 2010). Especially in melanocytes derived from HPS1 patients, 

lysosomal membrane proteins, LAMP1 and LAMP3 were shown to be sequestered in 

macroautophagosome-like structures that are essential intermediate organelles of the 

cell’s important lysosome associated degradation mechanism, commonly known as 

‘autophagy’.   

1.5 AUTOPHAGY 

Autophagy is an important, lysosome-dependent, protein quality control mechanism of 

the cell. It primarily aims for cellular survival and involves a series of tightly regulated 

steps that target long-lived proteins, dysfunctional organelles, carbohydrates, lipids, etc. 

to lysosomes for final degradation (Kelekar, 2005). The importance of autophagy 

pathway stems from the fact that the degradation products of autophagy are recycled 

back, hence generating energy for cell survival for example under starvation conditions 

(Yang and Klionsky, 2007). Degradation of damaged organelles and toxic build-up of 

proteins is taken care of by autophagy, thus keeping the cellular stress levels low 

(Lamark et al., 2009; Mortensen et al., 2010). However, under certain settings like aging 

or during neurodegeneration, autophagy has also been implicated to cause apoptosis 

(Azad et al., 2008; Yousefi et al., 2006). 

Classically, autophagy has been characterized as macroautophagy, microautophagy 

and chaperone mediated autophagy (CMA). Out of the three, macroautophagy is the 

most well studied and understood pathway both in vivo and in vitro. Macroautophagy 

also offers the possibility to be visualized using a simple light microscope with the aid of 

fluorescently tagged proteins or with an electron microscope (Klionsky et al., 2008). 

Cytosolic proteins or the organelles, which are supposed to be degraded, via 

macroautophagy (Fig. 4A), are often referred to as cargo and are encapsulated by a 

double layer limiting membrane called autophagosome. These autophagosomes with the 

entrapped cargo fuse with lysosomes forming autophagolysosomes. Once fused with 
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highly acidic lysosomes, the cargo gets degraded by the lysosomal enzymes inside the 

autophagolysosomes (Klionsky and Emr, 2000). Macroautophagy deregulation has been 

well implicated in the progression and development of some of the most common 

pathologies such as cancer and neurodegeneration among many others (Brech et al., 

2009; Menzies et al., 2015).  

A 

 

B 

 

C

 

Fig. 4: Illustrations depicting different autophagy pathways. A. Macroautophagy, B. 

Microautophay, C. Chaperone mediated autophagy (Cuervo, 2011)  

Microautophagy involves uptake of the protein cargo to be degraded by the lysomes via 

lysosomal invagination thereby resulting in the degradation of the protein cargo (Fig. 4B). 
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Under CMA pathway (Fig. 4C) proteins are labelled for degradation via the pentapeptide 

motif, KFERQ that gets directly translocated to the lumen of lysosomes via a complex 

formation which includes Hsc70 and lysosomal transmembrane protein LAMP2A 

(Cuervo and Dice, 2000).  

1.5.1 Measuring autophagy 

Several methods have been suggested to study the autophagy flux both in vivo and in 

vitro (Klionsky et al., 2008) out of which some of them are outlined below.  

1.5.1.1 Western blots for Atg8/LC3B 

Atg8 (mammalian homologue known as LC3B) is one of the most important members of 

the autophagy pathway. LC3B is produced as a pro-LC3B which gets cleaved at the C-

terminus, followed by the conjugation to phosphatidylethanoloamine (PE-conjugated). 

This PE-conjugated form of LC3B known as LC3BII is then utilized by the autophagy 

pathway to form autophagosomes where proteins/organelles labelled for degradation are 

enveloped inside the double membrane vesicle labelled by LC3BII. This autophagosome 

then fuses with lysosomes to finally degrade the labelled proteins. Hence increase of 

lipidated LC3BII protein is widely used as a marker for an increased induction of 

autophagy or increased formation of autophagosomes.  

1.5.1.2 Dynamic autophagy flux assays 

Alterations in the LC3B protein levels may indicate that autophagy is induced in response 

to a particular treatment but to precisely assess autophagic flux, LC3BII turnover needs 

to be characterised in the presence or absence of autophagy inhibitors. Some of the 

commonly used autophagy inhibitors are chloroquine, bafilomycin, pepstatin + E64D, 

and ammonium chloride. Although various inhibitors of autophagy work in different ways 

acting at different stages of autophagy, the overall effect being loss of autophagic 

degradation thereby resulting in accumulation of key autophagy marker proteins together 

with protein/organelle cargo which was supposed to be degraded via autophagy. The 

difference in LC3BII levels in response to the treatment of choice plus inhibitor as 

compared to the LC3BII levels in response to the inhibitor alone indicates increase in 

autophagic flux, while unaltered or decrease in LC3BII levels in response to treatment in 

the presence of inhibitor as compared to inhibitor alone represents autophagy inhibition. 

In such cases, the increased amount of LC3BII levels in treated cells as compared to 

controls may primarily be due to inhibition of autophagy thereby accumulation of LC3BII, 

and not due to increased autophagy (Klionsky et al., 2008). Autophagic flux under 

different conditions is depicted in Fig. 5. Normal autophagic flux when no interventions 
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are made to the autophagic pathway is shown in Fig. 5A. Fig. 5B represents interventions 

such as treatment with autophagy inhibitor 3-MA or knockdown of autophagy protein 

Atg7 which result in a decrease in the lipidation potential of LC3B thereby reducing the 

overall flux. Fig. 5C shows how the rapamycin treatment induces increase in autophagy 

flux via increase in the lipidation of LC3B. Fig. 5D shows the commonly used principle 

for measuring autophagy flux in the presence of autophagy inhibitors where inhibitors 

prevent the degradation of autophagosomes resulting in accumulation of LC3BII. 

Another commonly used method for analysing autophagy flux involves overexpressing 

GFP-LC3B in the cells and thereby assessing production of free GFP fragments in 

response to the treatment of choice. If there is an increase in autophagy flux post 

treatment, LC3B part of GFP-LC3B complex gets degraded via increased autophagic 

flux whereas GFP fragment being relatively more stable than LC3B in the acidic 

compartment of lysosomes can be detected via western blotting using GFP antibody. It 

is important to understand that GFP part of the GFP-LC3B as a protein is slightly more 

resistant to degradation as compared to LC3B but not the fluorescence of GFP as 

fluorescence is lost under highly acidic conditions inside the lysosomes upon formation 

of autophagolysosomes (Kimura et al., 2007). 

Several immunofluorescence-based methods for studying changes in autophagic flux 

have been defined, some of the common ones being the RFP-GFP-LC3B chimera or 

studying the colocalization of LC3B (LC3BII being marker for autophagosomes) and 

LAMP1 (marker for lysosomes) indicating formation of autophagolysosomes. The RFP-

GFP-LC3B chimera technique is based on the principle that the fluorescence emitted 

from RFP is more robust and stable under acidic conditions of lysosomes, whereas GFP 

fluorescence is not as stable. When the RFP-GFP-LC3B reaches autophagolysosomes, 

the predominant yellow fluorescence of the chimera would turn to stronger red 

fluorescence, indicating an increase in autophagic flux and hence degradation of GFP-

LC3B leaving out only the RFP part of the chimera. Another immunofluorescence-based 

method involves tagging LC3B (either as green/red) and tagging LAMP1 (either as 

red/green depending on LC3B tag) for co-localization studies and imaging the 

fluorescence individually. Increase in yellow structures and quantifying the intensity of 

the yellow colour indicates increased autophagic flux.  
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A 
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D 

 

Fig. 5: Effect of different autophagy specific treatments on autophagic flux. Figure illustrates 

autophagy flux under different conditions, (a) normal autophagy pathway; (b) autophagy pathway 

when inhibited by the early-stage autophagy inhibitor, 3-methyl adenine (3-MA); (c) effect of 

autophagy inducer, rapamycin on the autophagic flux; (d) effect of late-stage autophagy inhibitors 

such as bafilomycin, chloroquine and E64/pepstatin on the autophagy pathway.  



19 
 

1.5.2 AUTOPHAGY IN HUMAN DISEASES 

Autophagy has been studied quite extensively in development and progression of many 

diseases including cancer (Qu et al., 2003; Yue et al., 2003), neurological disorders 

(Anglade et al., 1997; Nixon, 2013), microbial infections (Liang et al., 1998; Nakagawa 

et al., 2004; Yuan et al., 2012) and aging related diseases (Takacs-Vellai et al., 2005; 

Toth et al., 2008). Recently, autophagy has gained interest in the field of pulmonary 

diseases since the first lung specific Atg7 knocked out from the Clara cells in mice 

resulted in a number of severe airway epithelial abnormalities resulting in visible cellular 

swelling, loss of rough endoplasmic reticulum and a disfigured mitochondria (Inoue et 

al., 2011). Autophagy has been studied quite elaborately in several pulmonary disorders, 

such as in chronic obstructive pulmonary disease (COPD), cystic fibrosis, pulmonary 

arterial hypertension (PAH) and lung cancer. 

Limited airflow, remodeling of small airways and predisposition to bacterial infections 

represent characteristic features of COPD, a disease typically caused by exposure to 

cigarette smoke for prolonged periods (Vestbo et al., 2013). Cigarette smoke has been 

shown to be consisting of approximately 4500, components which include certain heavy 

metals, phenolics, aromatic hydrocarbons etc. (Chen et al., 2008). Autophagy proteins 

such as LC3B-II, Atg4, Atg5-Atg12 complex, Atg7 etc. have been shown to be 

upregulated in the lung tissues of COPD patients in addition to an increased number of 

autophagosomes as observed under electron microscopy (Chen et al., 2008). When key 

autophagy proteins such as Beclin-1 and LC3B were knocked down, this resulted in a 

decrease in apoptosis when cells were subjected to cigarette smoke extract, establishing 

a link between autophagy and apoptosis under conditions of cigarette smoke extract 

exposure (Chen et al., 2010; Kim et al., 2008). 

An autosomal recessive disorder, cystic fibrosis (CF), affiliated to a mutation in cystic 

fibrosis transmembrane conductance regulator (CFTR) gene, is a fatal disease and 

involves recurring pulmonary infections which have been attributed to highly viscous 

mucous blocking airway potency. The most common mutation in CFTR gene is at 

position 508 where phenylalanine gets deleted (CFTRF508del) (Rommens et al., 1989). 

Several studies have established a defect in autophagy resulting in the accumulation of 

polyubiquitinated proteins together with autophagosomes (Bence et al., 2001). Another 

mutation in CFTR gene has also been shown to result in an increased oxidative stress 

together with key inflammatory response molecule transglutaminase (TG2) (Luciani et 

al., 2010). This increase in TG2 levels induces Beclin-1 inactivation and hence 
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accumulation of the autophagy substrate protein, SQSTM1/p62 protein (Luciani et al. 

2010). 

Pulmonary hypertension (PAH) is defined by a pulmonary arterial pressure higher than 

25 mm Hg while resting or higher than 30 mm Hg while exercising, together with a mean 

pulmonary-capillary wedge pressure being below 15 mm Hg (Farber and Loscalzo, 

2004). PAH typically starts in the pulmonary vasculature with initial events of insults and 

apoptosis, which are followed by excess proliferation of endothelial and smooth muscle 

cells together with a potential to avoid apoptosis and hence be able to proliferate 

uncontrolled (Dromparis et al., 2013). This kind of tissue remodelling results in a 

progressive occlusion of pulmonary arteries and is fatal in most cases (Semenza, 2011). 

Autophagy marker proteins are increased in the lung samples collected from PAH 

patients, with epithelial cells characteristically showing an increase in the lipidated form 

of LC3B as compared to healthy lung tissue (Lee et al., 2011). On one hand LC3B 

knockout mice showed severe form of PAH as compared to wild type controls in 

response to chronic hypoxia conditions, suggesting a protective role of LC3B. On the 

other hand, knockdown of Beclin1 was protective to fetal lambs suffering from persistent 

PAH by increasing the angiogenesis in pulmonary artery suggesting a negative role of 

autophagy pathway mediated by Beclin-1 (Lee et al., 2011; Teng et al., 2012). The role 

of autophagy in PAH is currently unclear and deserves future investigation. 

Autophagy has been well studied and established for playing a significant role in the 

development and progression of carcinogenesis per se, but the role of autophagy in the 

field of lung cancer is still in an early stage. Studies performed on human lung 

adenocarcinoma have found an inverse correlation of the expression of Beclin-1 with 

tumor size (Won et al., 2012). Beclin-1 levels were found to be decreased in non-small 

cell lung carcinoma (Liu et al., 2011). Autophagy has also been shown to control levels 

of a GTPase-RhoA thereby playing a key role in maintaining genomic stability (Belaid et 

al., 2013).  

Lysosomal storage disorders (LSDs) have also been shown to display defects in the 

autophagy pathway resulting in the accumulation of autophagosomes because of 

autophagic flux inhibition (Ballabio 2009; Ballabio and Gieselmann, 2009). Absence of 

lysosomal markers from the LC3B positive structures, indicating a defect in 

autophagolysosomes production, has been observed in several mouse models of LSDs 

such as juvenile neuronal ceroid lipofuscinosis (Cao et al., 2006), Batten disease (Koike 

et al., 2005), mucopolysaccharidosis type IIIa (Settembre et al., 2008) and others. 

Defects in LAMP2A, either on the basis of genetic mutations or a defective processing, 
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resulting in a dysfunctional chaperone mediated autophagy (CMA) pathway, have been 

implicated in LSDs like Danon disease (Fidzianska et al., 2007) and mucolipidosis IV 

(Venugopal et al., 2009), respectively. 

Not many studies so far have been attributed to the role of autophagy in the development 

and progression of DPLDs. More recent studies on the regulation of autophagy in lung 

fibrosis report that autophagy is either not activated or is insufficient in patients with IPF 

and that TGFβ-1 inhibits autophagy in lung fibroblasts in vitro (Araya et al., 2013; Patel 

et al., 2012). Another study revealed an alteration in the Bcl-2-binding protein Beclin1, 

providing a hint towards a dysfunction in the autophagy/apoptosis system in IPF 

fibroblasts (Ricci et al., 2013). Knockdown of key autophagy proteins, namely LC3B or 

Beclin-1, have been shown to increase the levels of fibronectin and α-smooth muscle 

actin in the fibroblasts upon treatment with TGF-β (Patel et al., 2012). A more recent 

study revealed that bleomycin induces autophagy flux and that mice deficient in the 

autophagy gene Atg4B exhibited severe fibrosis (Cabrera et al., 2015). Nevertheless, 

the precise role of autophagy within the alveolar epithelial cells largely remains 

unexplored in IPF as well as in animal models of lung fibrosis. 
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2. OBJECTIVES 

In this study, we hypothesized that autophagy pathway may play an important role in the 

development of lung fibrosis. For this purpose, we analyzed autophagy in two models: 

the HPS1/2 mouse model and the bleomycin model. To test our hypothesis, the following 

objectives were identified: 

1. Analyze the autophagy pathway in animal models of lung fibrosis as well as in in 

vitro models. 

2. Perform experimental gain/loss of function experiments to assess the impact of 

altered autophagy on the cellular phenotype. 

3. Identify interaction partners for HPS1 protein. 

4. Identify interaction partners for MAP1LC3B protein. 
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3. MATERIALS AND METHODS 

3.1 Materials 

3.1.1 Reagents 

Reagent Company 

2-(4,2-hydroxyethyl)-piperazinyl-1- 

Ethansulfonate (HEPES) 

Sigma Aldrich, Germany 

2-amino-2-hydroxymethyl-1,3-

propanediol (TRIS) 

Roth, Germany 

2-mercaptoethanol Sigma Aldrich, Germany 

Acrylamide solution, Rotiphorese® 

Gel30 

Roth, Germany 

Albumine, Bovine Serum (BSA) Roth, Germany 

Agarose (DNA electrophoresis) Carl Roth 

Ammonium persulfate (APS) Roth, Germany 

Bacto-Trypton BD-Biosciences 

Bacto-Yeast extract BD-Biosciences 

Bacto-agar BD-Biosciences 

Bleomycin Hexal 

Brilliant blue-G Sigma 

Bromophenol blue Merck 

Citric Acid Thermoscientific, USA 

Dharmafect Thermoscientific 

Dimethyl Sulfoxide (DMSO) Sigma Aldrich, Germany 

DMEM-F12 medium Gibco, Germany 

Dulbecco's phosphate buffered saline 

(PBS) 

PAA, Austria 

Dynabeads Invitrogen 

Endotoxin free maxi prep kit Qiagen 

Ethanol 99,5% Roth, Germany 

Ethylenediamine-tetraacetic acid 

(EDTA) 

Sigma Aldrich, Germany 

Fetal calf serum (FCS) Roth, Germany 

Gel red Biotium 

Glycergel® mounting medium Dako, Germany 
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Glycerol Roth, Germany 

HotstarTaq® DNA polymerase kit Qiagen 

HPS1-myc-DDK clone (hu) Origene 

Hydrobeta-estradiole Sigma Aldrich, Germany 

Hydrochloric acid (HCl) 32% Sigma Aldrich, Germany 

Hydrocortisone Sigma Aldrich, Germany 

Isopropanol Roth 

Insulin-transferring-selenium (ITS) PAN biotech 

L-glutamate Gibco 

Lipofectamine® Invitrogen 

Methanol 99,9% Roth, Germany 

Milk powder Sigma 

Miniprep kit Qiagen 

Normal donkey serum Johnson Immuno 

N,N,N',N'-tetramethyl-1,2-

diaminomethane (TEMED) 

Sigma Aldrich, Germany 

Na2HPO4.2H2O Merck, Germany 

Nucleotide mix (dNTPs) Qiagen, Germany 

Omniscript® RT kit (200) Qiagen 

Opti-MEM medium Gibco 

Oligo (dT) primer Roche, Germany 

One shot top10 competent E.coli cells Invitrogen 

Page Ruler™ prestained protein 

ladder 

Thermo scientific, USA 

Paraffin, Paraplast Plus® Sigma Aldrich, Germany 

Paraformaldehyde (PFA) Sigma Aldrich, Germany 

PCR purification kit Qiagen 

Penicillin/Streptomycin PAA, Austria 

Pierce® BCA protein Assay Kit Thermo scientific, USA 

Pierce® ECL plus western blotting 

substrate 

Thermo scientific, USA 

Potassium Chloride (KCl) Merck, Germany 

Primers  Metabion 

QIAquick Gel extraction kit Qiagen 

Rnase inhibitor Roche, Germany 

Restriction enzymes and buffers New englandbiolabs 
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Roti®-Histofix 4% Roth, Germany 

HPS siRNA Santa-cruz biotechnology 

Saccharose Roth, Germany 

Scrambled siRNA Santacruz biotechnology 

Sodium citrate tribasic dehydrate Sigma Aldrich, Germany 

Sodicum dodecyl sulfate (SDS) Sigma Aldrich, Germany 

Sodium hydroxide (NaOH) Sigma Aldrich, Germany 

T4 DNA ligase New englandbiolabs 

Triton-X-100 Sigma Aldrich, Germany 

Trypsin/EDTA PAA, Austria 

Turbofect® Thermo scientific 

Tween-20 Sigma Aldrich, Germany 

ZytoChem HRP-DAB kit Zytomed, Germany 

 

3.1.2 Equipments 

Instrument Manufacturer 

Autoclave  

Analytical balance IKA® 

Burner Campingaz 

Cell culture hood Heraeus-Thermo scientific 

Cell culture plates (10 cm) Sarstedt, Germany 

Cell culture plates (6 well) Sarstedt, Germany 

Centrifuge (table-top) Hettich 200 

8-well chamber slides VWR 

Cooling centrifuge Hettichmikro 200R 

Centrifuge (rotina 380R) Hettich 

Dynal magnetic stand Dynal Biotech 

Agarose gel apparatus Keutz labor technic 

Falcon tubes BD Falcon, USA 

Filter tips Axygen scientific 

Glass slides for IHC Langenbrinck, Germany 

Hemocytometer W. SchrechHofheim 

Thermocyler (semi-quantitative) Bio-rad 

Cell culture incubator Thermo scientific 

Orbital incubator SC 50 Stuart 
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Magnetic stirrer Heidolph, Germany 

Mini-PROTEAN® tetra cell Biorad 

Microwave oven Severin 

Microscope Nikon eclipse Ts-100 

Mirax scanner Carl Zeiss, Germany 

MJ. mini thermal cycler Bio-rad 

Nanodrop spectrophotometer Thermo scientific 

Nitrile gloves Ansell, Germany 

Power supply box Consort 

Parafilm Pechiney plastic packaging 

pH meter Hanna instruments 

PVDF trasnfer membrane Thermoscientific 

IHC slide scanner Hamamatsu 

Scalpels Feather, Germany 

Shaker Grant-bio 

Semi dry transfer cell Bio-rad 

Space and short plates Bio-rad 

Thermo mixer Ika® 

Vortexer VWR 

Water bath Julabo 

 

3.2 Methods 

3.2.1 RNA isolation 

RNA isolation from adhered cells was performed using the commercial kit RNEASY® 

plus mini kit (Qiagen) following the protocol provided by the manufacturer. Cells were 

washed with PBS and suspended in lysis buffer containing 1% β-mercaptoethanol. The 

lysate was subsequently passed through gDNA eliminator spin column and flow through 

was mixed with 70% ethanol. The solution was then passed through spin columns where 

RNA gets bound to the membrane. The membrane is subsequently washed with wash 

buffers and then transferred to a clean eppendorf tube where high quality RNA is 

obtained dissolved in RNase free water. The quality and concentration of this RNA is 

measured using Nanodrop® spectrophotometer. RNA samples are stored at -80 C̊. 

3.2.2 Reverse transcription 
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Total complimentary DNA (cDNA) was prepared from isolated RNA using Omniscript® 

reverse transcription kit from Qiagen. 10 µl mastermix was prepared using components 

provided from the kit which was further mixed with 2 µg RNA suspended in 10 µl RNase 

free water and pipetted into PCR tubes. PCR tubes were incubated at 22̊C for 10 min 

followed by incubation at 37̊C for 65 min in PCR block. Final concentration of cDNA 

obtained is around 100 ng/µl. The cDNA obtained is then stored at -20̊C. 

RT components Volume (µl) Final concn. 

10X RT buffer 2 1X 

5mM dNTP mix 2 0,5 mM 

50µM Oligo dT primers 0,5 1,25 µM 

Rnase inhibitor (20 U/µl) 0,5 0,5 U 

OmniscriptTM RT (4 U/µl) 1 2 U 

Rnase free H2O 4  

Total 10   

 

3.2.3 Semiquantitative PCR 

Semiquantitative PCR is used to study the changes in transcription of genes in response 

to different treatments or under disease conditions. Genes of interest are amplified using 

gene specific forward and reverse primers which anneal to the DNA at specific 

temperature followed by extension and elongation using the properties of Taq DNA 

polymerase and added nucleotides in the reaction mixture for a certain number of cycles. 

Semiquantitative PCRs were performed using HotStarTaq DNA polymerase kit from 

Qiagen following the manufacturer's guidelines.  

PCR components Volume (µl) Final concn.    

10X buffer 2.5 1X 

dNTPs (10 mM) 0.5 0,2 mM 

Forward primer 1 0,6 µM 

Reverse primer 1 0,6 µM 

Taq polymerase (5 U/µl) 0.25 1,25 U 

cDNA template x  1 ng 

Rnase free H2O 19.75 - x   

Total 25   

 



28 
 

After the PCR, sample buffer is added to every PCR eppendorf and sample is loaded on 

the agarose gel which contains a DNA intercalating dye such as Ethidium Bromide or 

Gel Red. DNA bands are separated on the agarose gel using electrophoresis. Negatively 

charged DNA moves towards positive terminal and gets separated based on size of DNA 

fragments. These DNA fragments are then visualized using UV lights fitted into the 

commercial Geldoc system from Biorad. 

Program conditions Temperature (C̊) Time 

Initial denaturation 94 20 min 

Denaturation 94 30 s 

Annealing Annealing temp. 30 s 

Extension 72 1 min/KB 

30 cycles   

Final extension 72 10 min 

 

Gene 

(hu/m) 

Accession 

number 

Forward primer Reverse primer 

HPS1 

(hu) 

NM_000195.3 5'GGACTTCTTGC 

TGGTGAAGAG3' 

5'CATCTGGAGTT 

TGTACCCCATG3' 

p62 (hu) NM_003900.4 5'TGGACCCATCT 

GTCTTCAAA3' 

5'TCTGGGAGAGG 

GACTCAATC3' 

β-actin 

(hu) 

NM_001101.3 5'ACCCTGAAGTA 

CCCCATCG3' 

5'CAGCCTGGATAG 

CAACGTAC3' 

GAPDH 

(hu) 

NM_002046.5 5'ACCCAGAAGACT 

GTGGATGG3' 

5'GTGTCGCTGTTGA 

AGTCAGAG3' 

LC3B 

(m) 

AF255953.1 5'TGCCCGTCCT 

GGACAAG3' 

5'CACACTCACC 

ATGCTGTG3' 

p62 (m) NM_011018.2 5'GGCCACCTCT 

CTGATAGCTT3' 

5'ATTGGGATCT 

TCTGGTGGAG3' 

β-actin 

(m) 

NM_007393.4 5'CTGGTCGTAC 

CACAGGCATT3' 

5'ATGTCACGCA 

CGATTTCCCT3' 
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50X TAE buffer Amounts 

Tris 242 g 

Acetic Acid (99.9%) 57,1 ml 

0,5M EDTA 100 ml 

H2O Upto 1000 ml 

 

50X Loading buffer Amounts 

Glycerol 5 ml 

50X TAE buffer 200 µl 

Bromophenol blue 4 mg 

H2O make final volume 10 ml 

 

3.2.4 Cloning 

The process of cloning genes into vector backbones consists of several stages. First 

stage of cloning a gene is the amplification of the gene of interest. Using the specially 

designed amplification primers coupled to the sequence specific for the restriction 

enzyme of choice.   

Plasmid 

(hu/m) 

Forward primer Reverse primer 

Myc-LC3B 

(m) 

5'TATTATGGATCCATGCCG

TCCGAGAAGACCTT3' 

5'TATTATAAGCTTCACAGCC

ATTGCTGTCCCG3' 

GFP-p62 

(m) 

5'CAGAGAATTCCA 

TGGCGTCGTTCA3' 

5'TGTCGGATCCTCA 

CAATGGTGGAG3' 

GFP-HPS1 

(hu) 

5'TATATAAAGCTTCCAT 

GAAGTGCGTCTTGGTGGC3' 

5'TATATAGAATTCCCGA 

GCAGGGGGATACGGGA3' 

 

Upon amplification of the gene of interest, the amplified product is subjected to the PCR 

purification using QIAquick PCR purification kit from QIAGEN. After purification, the PCR 

product and the vector backbone are restricted with the restriction enzymes which have 

been chosen for cloning of the gene into the backbone. Restriction digestion was carried 

out for 6-12 h at 37̊C. 
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On the following day restriction digested fragments of interest are separated from the 

irrelevant fragments by running the samples on the agarose gel. After the fragments 

have separated enough, the agarose gel is cut out and the relevant DNA fragments are 

purified from the gel using QIAquick gel extraction kit from QIAGEN. Next step in the 

process of cloning is to ligate the restriction enzyme digested DNA segments of gene of 

interest and vector backbone. Ligation reaction was carried out at 4̊C overnight. 

Vector digestion master mix Volume 

(µl) 

Vector (3-5µg) 5 

Compatible buffer (10X) 3 

Restriction enzyme 1 (10U/µl) 0,5 

Restriction enzyme 2 (10U/µl) 0,5 

H2O 21 

Total 30 

 

PCR product digestion master 

mix 

Volume 

(µl) 

PCR product 50 

Compatible buffer (10X) 7 

Restriction enzyme 1 (10U/µl) 0,5 

Restriction enzyme 2 (10U/µl) 0,5 

H2O 12 

Total 70 

 

 Ligation master mix Volume (µl) 

Vector DNA 1 

Insert DNA 5 

10X ligase buffer 1 

T4 DNA ligase 1 

H2O 2 

Total 10 
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On the following day, ligation reaction is used to perform transformation of the ligation 

reaction into the TOP10® bacterial cells from invitrogen. Transformation protocol is as 

follows: 

1. Briefly centrifuge vial contaning TOP10 cells once thawed and gently tap the vial to 

resuspend bacterial cells homogenously. 

2. Pipette ligation reaction into the vial of competent cells. 

3. Incubate on ice for 30 min. 

4. Incubate at 42̊C in water bath for 30 s and immediately transfer the vial back to ice. 

5. Add 250 µl SOC medium to each vial and incubate shaking at 37̊C for 1 h. 

6. Spread 50 µl and 150 µl of the ligation solution onto agar plates containing selection 

marker specific for the vector backbone and incubate overnight at 37̊C. 

7. On the following day select isolated colonies from the agar plate and inoculate 5 ml 

of LB media containing selection antibiotic marker with the selected colonies. 

8. Incubate overnight shaking at 37̊C. 

9. On the following day, from the cultures prepare glycerol stocks containing 600 µl of 

autoclaved glycerol and 500 µl overnight grown bacterial culture. Transfer the 

glycerol stocks to -80̊C. 

10. Using the remaining overnight cultures perform Miniprep using QIAprep Spin 

Miniprep kit from QIAGEN following manufacturer's protocol. 

11. The plasmid DNA isolated from miniprep is restriction digested with the restriction 

enzymes originally used for preparing clones to confirm "Insert Release" thereby 

validating the positive clones from the negative clones. 

Digestion master mix Volume 

(µl) 

DNA sample 5 

Compatible buffer (10X) 2 

Restriction enzyme 1 (10U/µl) 1 

Restriction enzyme 2 (10U/µl) 1 

H2O 11 

Total 20 

 

Restriction digestion is performed for atleast 2 h upto overnight at 37̊C followed by 

running the restriction digested samples on agarose gel and confirming the positive 

clones. Once confirmed, the samples are submitted for sequencing to make sure that 

the clones do not contain any mutations which might have occurred during the process 
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of cloning. Once the sequencing data confirms the sequence of the gene of interest, 

already prepared glycerol stocks were used to generate endotoxin free stocks of 

plasmids using EndoFree® Plasmid Maxi Kit from QIAGEN. 

3.2.5 Plasmid transfections 

Plasmid transfections to the cells, A549 and MLE12 were made using Lipofectamine® 

or Turbofect® depending on different plasmids used for transfection. 1 µg DNA was used 

for transfecting 1 well of a 6 well plate. Transfection medium was changed after 4 h with 

a fresh medium without any transfection agent when Lipofectamine® was used for 

transfection but there was no such change of medium when Turbofect® was used.  

3.2.6 Protocol for transient transfection with plasmids: 

1. Appropriate number of cells was plated per well on Day 1. 

2. On Day 2, 1 µg plasmid DNA was mixed with 4 µl lipofectamine or 6 µl turbofect 

depending upon the plasmid. Final volume of the solution was made 200 µl and 

incubated for 20 min at room temperature. 

3. The final volume was made 2 ml and added per well which was supposed to be 

transfected. 

4. In case of lipofectamine, transfection medium was aspirated after 4 h and replaced 

with fresh medium without any transfection reagents.  

Plasmid (hu/m) Transfection reagent 

Myc-LC3B (m) Turbofect 

GFP-LC3B (m) Turbofect 

GFP-p62 (m) Turbofect 

HPS1-myc-DDK (hu) Lipofectamine 

GFP-HPS1 (hu) Lipofectamine 

GFP-TFEB (m) Lipofectamine 

 

Table above shows list of plasmids used for transfection and the transfection reagent 

which was correspondingly used for those plasmids. 

3.2.7 Protein isolation 

3.2.7.1 Protein isolation from cultured cells 

Cultured cells were harvested and suspended in lysis buffer containing protease 

inhibitor. Once suspended in lysis buffer, cells were snap frozen in liquid nitrogen and 



33 
 

then thawed three times followed by incubation on ice for 30 min. After this, cells were 

centrifuged at 13,000 RPM using cooling centrifuge at 4̊C. Supernatants were transferred 

to clean eppendorf tubes and stored at -80̊C. 

Protein extraction buffer Concentration 

Tris 50 mM 

NaCl 150 mM 

EDTA 5 mM 

Triton-X-100 1% 

Na-deoxycholate 0,5% 

Protease inhibitor cocktail CompleteTM 4% 

 

3.2.7.2 Protein isolation from animal/human tissues 

At the time of harvesting tissues from mice these tissues were snap frozen in liquid 

nitrogen and stored at -80̊C. Before preparing protein homogenate from these tissues, a 

small piece of lung tissue (approximately 50-80 mg) was chopped and suspended in lysis 

buffer mentioned earlier together with 1,4 mm and 2,8 mm zirconium oxide beads and 

then homogenized at a very high-speed using Precellys® (programmed at 2 cycles of 20 

s at 5500 RPM). After homogenization, protein samples were centrifuged at 13,000 RPM 

at 4̊C. Supernatants were transferred to fresh eppendorf tube and stored at -80̊C.  

3.2.8 Bicinchoninic acid (BCA) assay 

BCA was used to determine protein concentration in these protein samples. BCA was 

performed using Pierce® Protein Assay Kit following manufacturer's guidelines. BCA 

assay is a 2-step reaction where in step one copper gets chelated to the proteins in 

alkaline environment resulting in light blue complexes. In next step the bicinchoninic acid 

(BCA) makes a reaction with reduced cuprous ions producing a purple color product. 

The intensity of purple color signifies the protein concentration in the sample with a more 

intense purple color meaning a higher protein concentration and a weaker purple color 

meaning a lower protein concentration. This absorbance can be measured using a 

spectrophotometer with an absorbance around 562 nm. Since BCA is performed in a 96 

well plate, an ELISA reader (SpectraFluor Plus, Tecan) was used to measure the 

absorbance of the samples. Based on the optical density readings from 

spectrophotometer concentrations of the samples, protein concentrations are 

determined. BSA was used as standard spanning a range of concentrations ranging from 

7.8 µg/ml to 2 mg/ml.  
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3.2.9 SDS Polyacrylamide Gel Electrophoresis (PAGE) 

SDS-PAGE is performed to separate group of proteins based on their molecular weight 

under the influence of an electric field. Before loading the protein sample on the 

acrylamide gel, the protein sample is mixed with loading buffer which contains β-

mercaptoethanol and incubated at 95̊C for 10 min on the heating block.  

Loading Buffer (4X) Amount 

SDS 1,6 g 

Tris/HCl, ph 6,8 4,8 ml tris-HCl (1M) 

Glycerol 8 ml 

Bromophenol blue 8 mg 

β-mercaptoethanol 1 ml (freshly added) 

Water Upto 20 ml 

 

Depending on the molecular weight of the protein of interest different acrylamide percent 

gels are used.  

Components Resolving 

gel  

   Stacking 

gel 

 8% 10% 12% 15% 4% 

Rotiphorese 2,66 ml 3,33 ml 4 ml 5 ml 1,33 ml 

Dividing gel buffer 3,33 ml 3,33 ml 3,33 ml 3,33 ml 0 

Stacking gel buffer 0 0 0 0 2ml 

Dest. water 3,87 ml 3,20 ml 2,53 ml 1,53 ml 6,75 ml 

10% APS 50 µl 50 µl 50 µl 50 µl 100 µl 

10% SDS 100 µl 100 µl 100 µl 100 µl 100 µl 

TEMED 10 µl 10 µl 10 µl 10 µl 10 µl 

** Volumes provided for resolving gel in the table are for 1 gel 

***Volumes provided for stacking gel in the table are for 3-4 gels 

Resolving gel buffer Amounts 

Tris (1.5M) 18,17 g 

pH 8,8 

H2O Upto 100 ml 
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Stacking gel buffer Amounts 

Tris (0.5M) 6,05 g 

pH 6,8 

H2O Upto 100 ml 

 

SDS running buffer (10X) Amount 

Tris 30.2 g 

Glycine 144 g 

SDS 10 g 

Water Upto 1000 ml 

 

3.2.10 Immunoblotting 

Immunoblotting involves transfer to proteins from acrylamide gel to the polyvinylidene 

(PVDF) membrane known as western blotting followed by incubation of the membrane 

with the antibodies against protein of interest. This incubation with antibodies allows us 

to detect the protein of interest on the membrane. Proteins separated on the acrylamide 

gel under the electric field are transferred to a 0.45 µm PVDF membrane using a semi-

dry transfer chamber also under the electric field. PVDF membrane is incubated in 

methanol for 1 min to activate the membrane before using it for the transfer.  

After transfer of proteins to the PVDF membrane, the membrane is blocked with 5% milk 

buffer made in 1X-TBST for 1 h to reduce the non-specific binding of the antibody to the 

proteins. After blocking, membranes are transferred to the antibody solutions prepared 

in 5% milk buffer and incubated overnight shaking at 4̊C. Next day membranes are 

washed with 1X-TBST followed by incubation with secondary antibody labelled with 

horseradish peroxidase prepared in 5% milk buffer targeting primary antibody for 1 h at 

room temperature shaking. After incubation with secondary antibody, the membranes 

are thoroughly washed with 1X-TBST and taken for developing. Protein bands are 

visualised by incubating membranes with Pierce ECL substrate for western blotting using 

chemiluminiscence properties. Images of the membrane were made using imaging 

system from INTAS®. Quantification of the western blots was performed using ImageJ 

software. 
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Transfer buffer Amounts 

Tris 6.04 g 

Glycine 28.8 g 

Methanol 400 ml 

H2O Upto 2000 ml 

 

10X TBST buffer Amounts 

NaCl 176 g 

Tween20 20 g 

Tris 48 g 

H2O Upto 2000 ml 

pH 7,5 

 

Milk Buffer Amounts 

Milk powder 5% 

1X TBST - 

 

3.2.11 Immunohistochemistry 

Detection and localization of genes in the lung tissues harvested from mice and humans 

was performed using immunohistochemistry (IHC) by using specific antibodies against 

specific antigens. Lung tissues harvested from mice or from humans were fixed using 

phosphate-buffered formaldehyde solution (Roti®-Histofix 4%, ph 7.0) overnight at 4̊C. 

Following overnight incubation in the formaldehyde solution tissues were transferred into 

embedding cassette and then stored at 4̊C in phosphate-buffered saline. This was 

followed by dehydration in a tissue processor (ASP 300S, Leica) overnight and then 

embedded into the paraffin using Leica embedding unit (EG 1140H, Leica). Tissues were 

cooled down on a cooling plate which was then followed by sectioning of the lung tissue 

to a thickness of 3 µm using a microtome. These cut sections of the lung tissue were 

then mounted on to the glass slides. These slides were then incubated in a heating oven 

set at 37̊C for 6-12 h and then stored at room temperature until used for 

immunostainings. 
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10X PBS buffer Concentration 

NaCl 1,37 M 

KCl 26,8 mM 

Na2HPO4.2H2O 64,6 mM 

KH2PO4 14,7 mM 

Water - 

 

Before subjecting the slides mounted with lung tissues to the immunohistochemistry 

protocol, slides were incubated in an oven set at 60̊C for 2 h followed by deparaffinization 

in xylene for 10 min. Followed by deparaffinization, slides were hydrated by passing them 

through decreasing ethanol concentration solutions of 99.6%, 96%, 80%, 70% and finally 

50%, incubated in each solution for 3 min. After passing the slides through alchohol 

series, slides were washed in PBS and then boiled in citrate buffer for antigen retrieval 

three times for 10 min. 

After boiling the slides in citrate buffer, slides were washed in PBS and then subjected 

to the protocol provided by the manufacturers of ZytoChem HRP kits (DAP/Fast red). 

Tissue sections were incubated in the blocking solution for 5 min followed by incubation 

with primary antibody targeting specific antigen of interest overnight at 4̊C. Next day, 

slides were washed with 1X PBS and incubated with biotinylated secondary antibody for 

10 min. Slides were washed with 1X PBS and incubated with the Streptavidin HRP-

conjugate solution for 10 min. Slides were washed and incubated with substrate solution, 

either DAB or Fastred. All slides were incubated with the substrates for equal amount of 

time. The enzyme-substrate reaction was stopped by putting the slides in water. Slides 

were counterstained for the nucleus using hematoxylin solution by incubating for 30 s 

after which slides were washed under running water until water runs clear. The stained 

sections were mounted with the Glycergel® mounting medium and left to dry. These 

slides were scanned using scanning device (Hamamatsu) and analyzed.  

Lung tissues from HPS-1 patients were procured either from post-mortem lungs or 

explanted lungs. Written informed consent was obtained and subjects were enrolled in 

protocol (04-HG-0211) which was approved by the National Human Genome Research 

Institute’s Institutional Review Board. Lung tissue slides were received from Dr. 

Bernadette R. Gochuico (MD, Bethesda). Lung tissue samples used as control, procured 

from the organ donors have been described earlier (Korfei et al., 2013).  

3.2.12 Immunofluorescence and quantification 
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Cells cultured in 8 well chamber slides post treatments were washed with PBS followed 

by fixing cells with 4% PFA prepared in PBS. Cells were incubated with 4% PFA for 10 

min and then washed 3X with PBS. Fixed cells were then permeabilized with 0.5% Triton 

X-100 for 5 min at room temperature. Following permeabilization, cells were washed with 

PBS. Cells were blocked with 10% donkey serum prepared in PBS for 30 min at room 

temperature and then washed 3X with PBS. Cells were blocked again with 3% BSA 

made in PBS for 45 min at room temperature. After blocking, cells were incubated at 4̊C 

overnight with antibody solutions prepared in 3% BSA. Cells were washed next day 5X 

with PBS and incubated with secondary antibody prepared in 3% BSA at a concentration 

of 1:5000 for 1 h at room temperature. Cells were washed 5X with PBS before mounting 

it with DAPI. Leica M205FA fluorescent stereoscope (Leica Microsystems, Wetzlar, 

Germany) equipped with Leica DFC360 was used to make fluorescent images using 63X 

lens. Image analysis was performed using Leica Application Suite Advanced 

Fluoresence (LAS AF) software, version 4.3, Germany. Immunofluorescent images were 

quantified using ImageJ plugin ‘JACOP’, which was used for calculating Pearson’s 

coefficient. 15-30 randomly selected regions per well were imaged and quantified using 

ImageJ. Parameters for imaging and quantification were kept constant across treatments 

for all images. ‘Costes automatic threshold’ method was used for calculating Pearson’s 

coefficient of colocalization for images with two different fluorophores. 

3.2.13 Co-Immunoprecipitation and Mass spectroscopy 

Method of co-immunoprecipitation (Co-IP) allows us to pull down the protein of interest 

(bait protein) using specific antibodies against the protein and in the process, we can pull 

down the other proteins (prey proteins) which are interaction partners of the target 

protein. In simple terms, antibody which is specific against our protein of interest is 

coupled to the beads (magnetic, agarose, sepharoseetc). Antibody coupled beads are 

incubated with the protein mixture where our protein of interest exists together with many 

other proteins. Incubating these beads with the protein solution for long enough duration 

allows the proteins to bind to the antibody which can later be separated from other protein 

by various methods depending on the type of beads you use for immunoprecipitation. 

Pulled down proteins are then analysed using MS/MS or western blots. Beads are 

coupled to the antibodies on day 1. Pipette 1 mg beads per 10 cm plate into a 1.5 ml 

eppendorf tube and wash the beads twice with PBS before resuspending the beads in 

29 µl of Buffer B/mg of beads. To this suspension add 2 µg antibody for 500 µg total 

protein. To this antibody-beads suspension add 2/3rd volume of (PBS + antibody) 

solution. Incubate the beads overnight rolling at +4̊C. On day 2, wash the antibody bound 

magnetic beads 2X with PBS and resuspend the beads in 100 µl PBS. From the protein 
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lysate, pipette 10% volume into a new eppendorf and label it as input. Incubate the 

antibody coupled beads with the protein lysate and incubate overnight rolling at +4̊C. On 

day 3, wash the beads 1X with PBS and resuspend the beads in 100 µl PBS. Transfer 

this suspension to a new Eppendorf and wash again. Resuspend the beads in 50 µl PBS 

and add 4X sample buffer containing β-mercaptoethanol. Boil the samples at 95̊C for 10 

min before continuing with SDS-PAGE followed by western blots or MS/MS analysis. 

For the mass spectroscopic analysis of the pulled down proteins, pull down samples 

were subjected to SDS-PAGE. After the electrophoresis, polyacrylamide gels were 

stained with Coomasie Brilliant blue (CBB). Gels were incubated with CBB one hour at 

room temperature. Visible bands were cut out from the gel and each of the gel fragments 

were cut into smaller pieces of about 1mm per side. Gel pieces were washed twice with 

50 mM Ammonium Bicarbonate (ABC)/50% EtOH solution for 20 min at room 

temperature. Gel pieces were then dehydrated by incubating in 100 µl absolute ethanol 

for 20 min (2 X 10 min) and then dried using speed vacuum for 5 min. Dried gel pieces 

were then incubated in 100 µl DTT (prepared in 50 mM Ammonium Bicarbonate) for 45 

min at 56°C to reduce the proteins. Gel pieces were then incubated in 100 µl of 55 mM 

iodacetamide for 30 min at room temperature away from direct light to alkylate the 

proteins (block free sulphydryl group). Gel pieces were then washed with 50 mM ABC 

and dehydrated with absolute ethanol followed by drying the gel pieces. Proteins were 

then digested by incubating with 12 ng/µl trypsin for 15 min at 4°C. Gel pieces were then 

covered with 50 mM ABC and digested overnight at 37°C. On the following day, 

supernatant from the overnight incubation were collected in a clean 1.5 ml microfuge 

tube. Gel pieces were incubated with 100 µl 30% acetonitrile/3% trifluoroacetic acid 

(TFA) for 20 min at room temperature. Supernatant was collected and added to the 

previously collected supernatant. Gel pieces were incubated in 100µl 70% acetonitrile 

for 20 min at room temperature. Supernatant from the samples post incubation were 

collected and added to the previously collected supernatants. Collected supernatants 

were dried down using speed vacuum to a volume of approximately 80 µl. Samples were 

then loaded on stage tips and centrifuged at 2600 rpm for 4 min. Stage tips were then 

washed with 20 µl wash buffer and centrifuged at 2600 rpm for 2 min. Stage tips were 

then dried and stored at 4°C until analysis. Mass spectroscopic analysis of the samples 

and quantification of the signal intensities was performed by Prof. Marcus Krueger (Max 

plank institute, Bad Nauheim). Excel sheets contanining calculations and quantifications 

of the immunoprecipitated proteins were provided to us in the final form by Prof. Krueger. 

3.2.14 Bleomycin treatments (in vivo) 
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10-14 weeks old were administered 0,6 µl/g ketamine 10% (100 mg/ml) and 0,3 µl/g 

Domitor 10% (0,5 mg/ml) dissolved in 0,7% saline to anaestheisize the mice. Post 

anaesthesia, 0,7% saline or bleomycin (1,0-3,0 U/kg) was administered to the mice 

intratracheal. Post bleomycin administration, mice were daily checked for weight, activity, 

respiration, and temperature parameters. After the treatment period of bleomycin, mice 

were sacrificed, and lungs were harvested and used according to protocols for further 

studies. In case of decline in vital parameters, mice were euthanized. 

3.2.15 Small interfering RNA (siRNA) transfections 

siRNA transfections inhibit the expression of the gene against which the siRNAs are 

targeted thereby inhibiting production of the protein produced by the targeted gene. The 

siRNA against HPS1 (hu) was commercially obtained from Santa Cruz biotechnology® 

and used to silence HPS1 gene in A549 cells. 700,000 cells were seeded per well of the 

6 well culture plates previous evening and next morning the cells were transfected with 

50 nM HPS1 siRNA or scrambled siRNA (Dharmacon) in serum free medium. Dermafect 

was used as transfection reagent for transfecting both HPS1 siRNA and scrambled 

siRNA. After 24 h or 48 h, cells were harvested and used for analysis of proteins and 

mRNA accordingly.  

3.2.16 Bleomycin treatments in vitro 

Bleomycin powder from HEXAL® was suspended in 1.5 ml NaCl giving a final 

concentration of 10 mU/µl and used for treating the cells under in vitro conditions. 

1,000,000 cells were incubated per well of a 6 well plate and treated with indicated 

amount of bleomycin for 4 h in complete medium. After 4 h, cells were washed with PBS 

and harvested to extract mRNA or protein and used for further experiments. 

3.2.17 Autophagy flux assays 

To measure autophagy flux assays, MLE12 cells were first incubated with autophagy 

inhibitors, either Chloroquine (CQ) or Bafilomycin (Baf) for 1 h and then treated with 

indicated doses of bleomycin for 4 h. After treatment, cells were harvested, and total 

protein was isolated from the cells and used to perform BCA. After BCA, equal amount 

of protein was loaded onto the polyacrylamide gels and used to detect levels of LC3BII 

in the cells using western blotting.   

3.2.18 Transmission electron microscopy and immunogold labelling  

Electron microscopy was performed in collaboration with the groups of Prof. Dr. Matthias 

Ochs and Prof. Dr. Lars Knudsen, Hannover Medical School, Germany. Mice lungs were 
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isolated and perfusion fixed using multipurpose solution for fixation (4% 

paraformaldehyde, 0.1% Glutaraldehyde in 0.2 M HEPES buffer) as has been described 

earlier (Vasilescu et al., 2012) in Giessen. In Hannover, 3 lungs each from wild type mice 

and HPS1/2 mice were embedded in lowicryl resin after freeze distribution. Immunogold 

labelling for LC3B was performed as described earlier (Poornima Mahavadi, 2015). Gold 

labeling was quantitatively analyzed to determine cellular compartments with a 

preferential localization of LC3B. Relative labeling index (RLI) was determined by chi-

squared analysis (χ2-analysis) to statistically analyze distribution of gold labelling (Hsia 

et al., 2010; Mayhew and Lucocq, 2008). Three lungs per group i.e., wild type and 

HPS1/2 were used for the calculation and 2 sections per lung were analyzed. Volume 

fractions and surface densities within AECII cells were calculated using point and 

intersection counting for following compartments: lumen of lamellar body (LB), the 

limiting membrane (LM) (area of 100 nm around the limiting membrane), mitochondria 

(mito), nucleus and cytosol. Gold particles (Ngold observed) in these five compartments were 

counted. Gold particles were observed in cytosol were also counted. Cell size of the 

AECII in HPS1/2 was significantly larger than the size of wild type AECIIs. Expected 

number of gold particles per subcellular compartment was calculated by multiplying sum 

of all counted gold particles in AECIIs with volume fraction of subcellular compartment. 

Ngold expected gives us the number of particles which we would be ending up counting if the 

labeling were random. Ngold observed and Ngold expected values were used to calculate RLI 

using the following formula: RLI = Ngold observed/Ngold expected 

3.2.19 Animal ethics permissions 

Bleomycin study protocol (GI 20/20-Nr. 109/2011) was approved by University Animal 

care committee and the Federal Authorities for Animal Research of the 

Regierungspraesidium, Giessen (Hessen, Germany). 

Mice with naturally occuring HPS mutations (HPS1, HPS2) and HPS1/2 mice were 

sacrificed for the study as approved and published earlier by our research group 

(Mahavadi et al., 2010). Same lung samples were used for the current study. 

3.2.20 Patient consent 

A written and informed consent from the subjects enrolled in the protocol (04-HG-0211) 

was obtained. This protocol was approved by the Institutional review board of the 

National Human Genome Research Institute. 

3.2.21 Statistical analysis 
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Quantification of western blots, immunofluorescence images and analyses involving 

comparison between multiple groups was performed using one-way ANOVA. Graphpad 

Prism 5.0 was used to perform statistical analysis. p value summary: * p<0.05, ** p<0.01 

and *** p<0.001, n.s.: no significance. Immunogold labelling distribution in the 

ultrastructural compartments of AECII was analyzed using chi-squared analysis and 

degree of freedom of 4 (in case of 5 defined ultrastructual compartments). All 

quantifications pertaining to electron microscopy were performed by Prof. Dr. Matthias 

Ochs and Prof. Dr. Lars Knudsen, Hannover Medical School, Germany. 
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4. RESULTS 

4.1 Defective autophagy in HPS1/2 mice and HPS1 patients. 

To understand the effect of the HPS mutations on the autophagy pathway we first 

performed immunoblots on total lung homogenates of lung tissues of HPS1/2 double 

mutant mice as well as HPS1 and HPS2 single mutant mice belonging to two different 

age groups, 3 and 9 months. Immunoblots for key autophagy marker proteins namely 

LC3B, SQSTM1/p62, ATG7, ATG5, TFEB and LAMP2 for HPS1/2 mice were performed 

and compared to the age matched single mutant mice and wild type controls as shown 

in Fig. 6A-E. Western blot results showed an increase in autophagy marker proteins in 

HPS1/2 mice lungs as compared to the single mutants and controls in both 3 months 

and 9 months old mice. Interestingly though, in addition to the increase in the protein 

levels of LC3BII, which is a key marker for autophagosome production, we also observed 

a corresponding increase in the protein levels of the autophagy substrate protein, 

SQSTM1/p62, especially in the 9 months old mice. Under homeostasis conditions, the 

levels of p62 protein are well regulated by autophagy pathway and an increase in 

autophagy would result in a decrease in p62 levels. An increase in LC3BII protein levels 

together with an increase in p62 protein levels is therefore indicative of a defective 

autophagy pathway. Immunohistochemistry performed on the lungs isolated from 

HPS1/2 mice for the autophagy protein p62 as shown in Fig. 6G and 6H corroborated 

with the western blot data and showed an increase in the total levels of p62 as compared 

to single mutants and wild type mice. Fig. 6H is the zoomed view of HPS1/2 mice lung 

tissue immunostained for p62. In this image the AECII show a strong staining for p62 as 

compared to WT controls. To analyze HPS1/2 mice lungs at ultrastructural level, 

transmission electron microscopy (TEM) for these lungs was performed in collaboration 

with Profs. Ochs and Knudsen, Hannover. Immunogoldlabelling for LC3B showed a 

decrease in the amount of gold labelled LC3B from the limiting membrane of the lamellar 

bodies in HPS1/2 mice as compared to WT mice (Fig. 6F). An overall increase in the 

LC3B immunogoldlabelling was observed upon quantification in the AECII from HPS1/2 

mice but this increase in LC3B was localized to the inside of the lumen of the lamellar 

bodies and not on the limiting membrane of the lamellar bodies, as indicated in table 1. 

WT mice on the other hand showed LC3B targeting to the limiting membrane of the 

lamellar bodies in addition to the lumen of the lamellar bodies. 
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Fig. 6: Defective autophagy in HPS1/2 double mutant mice. A. Western blots from total lung 

homogenates of 3 months and 9 months old mice for autophagy marker proteins. B & C. 

Densitometric quantification for LC3BII/LC3BI ratio, 3 and 9 months, respectively. D & E. 

Densitometric quantification for p62 protein, 3 and 9 months, respectively. F. LC3B 

immunogoldlabelling on HPS1/2 and WT lung sections showing lamellar bodies within AECIIs. 

Arrowheads show LC3B gold labelling found on the limiting membrane of lamellar bodies in WT 

mice whereas asterix denotes LC3B gold labelling inside the lumen of the lamellar bodies in 

HPS1/2 mice. These images are representative images from three independent experiments. G. 

Immunohistochemical stainings for autophagy marker protein p62 (red) and AECII marker protein 

pro-SP-C (red) from HPS1/2 mice lungs. Magnification = X200 Scale bar = 100 µm H. Zoomed in 

view of AECIIs from the HPS1/2 mice lung section stained for LC3B and AECII marker protein 

SP-C. Magnification = X400 Scale bar = 50 µm for middle panel, 100 µm for the left and right 

panel. *-p<0.05, **-p<0.01, ***-p<0.001, n.s.: no significance. HPS1/2 mice: n=5, HPS1 mice: 

n=2, HPS2 mice: n=2, WT mice: n=4 mice. (Ahuja et al., 2016)  
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Compartment RLI (control) RLI 

(HPS1/2) 

χ² (control) χ² (HPS1/2) 

LB 4.55 1.58 681.33 393.64 

LM 3.69 0.38 131.63 28.05 

mito 0.22 0 39.47 47.03 

Nucleus 0.05 0.06 63.37 86.91 

Cytosol 0.41 0.06 72.71 458.18 

Total   988.51 1013.81 

 

Table 1: LC3B immunogoldlabelling distribution pattern in HPS1/2 mice as compared to 

control mice. 50 AECIIs from 2 sections in HPS1/2 mice and 30 AECIIs from 2 sections in WT 

mice were randomized followed by counting the gold particles within different cellular 

compartments. Relative labelling index (RLI) and Chi-squared value (χ2) were calculated for these 

gold particles. LB - interior of lamellar body, LM - limiting membrane, mito - mitochondria. 

In addition to the mice data, we also performed immunostaining for LC3B and p62 on 

lung sections from HPS1 patient where we observed a weak staining for LC3B in the 

AECII and a strong staining for p62 in the AECII of the HPS1 patient lung section (Fig.7 

& Fig.8). Taken together, these results so far show increased LC3BII together with an 

increase in the protein levels of autophagy substrate protein p62, indicating defective 

autophagy pathway under conditions of HPSIP. 
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Fig. 7: Weak staining for LC3B in AECII of the lung from HPS1 patient. A. Immunostaining 

for LC3B (brown) and SP-C (red) was performed on the serial sections of the lung from one HPS1 

patient. Maginification= X200, Scale bar = 100 µm. B. Higher magnification images from the same 

section. Magnification = X400, Scale bar = 50 µm. Representative images from three independent 

experiments. HPS1 lungs: n=1, Healthy donor: n=2. (Ahuja et al., 2016)  

4.2 HPS1 knockdown in A549 cells results in a defective autophagy together with 

increase in apoptosis marker proteins. 

Our results from patient and mouse samples suggested defective autophagy in HPSIP. 

To further confirm our results, we performed in vitro studies where knock down of HPS1 

gene in A549 cells was performed followed by an assessment of the autophagy 

parameters. To establish the knockdown at mRNA level, we made a knockdown of HPS1 

and harvested samples at 24 h and 48 h post knockdown. Scrambled, mock and 

untreated samples were all harvested at 48 h times point. After harvesting the cells, total 

mRNA was isolated from the cells and converted into cDNA. From this cDNA, 

semiquantitative PCR was performed for HPS1 using HPS1 (hu) specific primers. 

Knockdown of HPS1 was successful at mRNA level at both 24 h and 48 h, as can been 

seen from the representative image of an agarose gel in Fig. 9A and densitometry for 

the same in Fig. 9B.  
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Fig. 8: Increased staining for p62 in AECII of the lung from HPS1 patient. A. Immunostaining 

for p62 (red) and SP-C (red) was performed on serial sections of the lung from one HPS1 patient. 

Magnification= X200, Scale bar = 100 µm. B. Higher magnification images from the same section. 

Arrows indicate AECIIs staining for p62. Magnification = X400, Scale bar = 50 µm. Representative 

images from three independent experiments. HPS1 lung: n=1, Healthy donor lung: n=2. (Ahuja 

et al., 2016)  
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Fig. 9: HPS1 knockdown in A549 cells. A. Representative image of an agarose gel post semi-

quantitative PCR analysing the expression levels of HPS1 (hu) mRNA post HPS1 knockdown for 

24 h and 48 h of knockdown. Actin was used as loading control for the semiquantitative PCR. 

UT1 - untreated sample 1, UT2 - untreated sample 2, NT - no template sample. B. Densitometry 

for mRNA levels of HPS1 post siRNA treatment for HPS1 knockdown. *-p<0.05, **-p<0.01, ***-

p<0.001. Results from three independent experiments. (Ahuja et al., 2016)  

HPS1 siRNA transfected cells, scrambled transfected, mock transfected and 

untransfected cells were harvested 24 h post siRNA transfection and total protein were 

harvested from these cells. Total protein extracts were then used to run SDS-PAGE gels 

and immunoblotted for autophagy marker proteins LC3B and p62, as shown in Fig. 10A. 

In line with the in vivo data, our in vitro data showed an increase in LC3BII/LC3BI ratio 

together with an accumulation of p62 protein levels post HPS1 siRNA transfection, but 

not with scrambled or mock transfected and untransfected cells. This increase in p62 

protein levels, together with an increase in the LC3BII/LC3BI ratio, is indicative of a block 

or a defect in autophagy pathway. Densitometric quantification of LC3BII/LC3BI ratio and 

p62 levels in Fig. 10B and 10C respectively followed by statistical evaluation showed 

significant results, according to which LC3BII and p62 protein levels were greatly 

upregulated in HPS1 siRNA transfected but not in scrambled or untransfected cells (Fig. 

10A-C). 
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Fig. 10: HPS1 knockdown in A549 cells results in defective autophagy causing 

accumulation of p62. A. Representative western blot images for the autophagy marker proteins 

LC3B and p62 post HPS1 (hu) specific siRNA transfection for 24 h as compared to scrambled 

siRNA transfection(scr) and untransfected samples (UT). GAPDH was used as loading control for 

this experiment. B and C. Densitometries for LC3B and p62 post 24 h treatment with HPS1 (hu) 

siRNA as compared to scrambled and untransfected samples. D. Representative western blot 

images for the autophagy marker proteins LC3B and p62 post HPS1 specific siRNA transfection 

for 48 h as compared to scrambled and untransfected samples. GAPDH was used as a loading 

control. E and F. Densitometries for LC3B and p62 post 48 h treatment with HPS1 siRNA as 

compared to scrambled and untransfected samples. *-p<0.05, **-p<0.01, ***-p<0.001, n.s.: no 

significance. Results from three independent experiments. (Ahuja et al., 2016)  
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Fig. 11: HPS1 knockdown induces vacuolar accumulation and activation of caspases in 

A549 cells. A. Representative agarose gel image for semiquantitative PCR to show changes in 

mRNA levels of p62 post 24 h of HPS1 siRNA transfection as compared to scrambled and 

untransfected samples. GAPDH was used as a loading control. B. Densitometry for p62 mRNA 

levels post HPS1 siRNA transfection for 24 h as compared to scrambled siRNA and untransfected 

samples. C. Phase contrast microscope image for the A549 cells post 24 h of HPS1 (hu) 

knockdown as compared to scrambed or untransfected cells (UT). Scale bar = 100 µm. D. 

Representative immunofluorescence images for apoptosis markers cleaved caspase-3 (red) and 

caspase-8 (green) 24 h post HPS siRNA transfection as compared to scrambled and 

untransfected samples. Nuclei were stained using DAPI (blue). Scale bar = 10 µm. *-p<0.05, **-

p<0.01, ***-p<0.001, n.s.: no significance. Results from three independent experiments. (Ahuja 

et al., 2016)  

To understand if increase in p62 protein levels were caused by the autophagy defect or 

due to increased mRNA, we performed semi-quantitative PCR post HPS siRNA 
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transfection for 24 h using primers specific for p62 (hu). It can be seen in the 

representative agarose gel image shown in Fig. 11A and densitometry for the same 

shown in Fig. 11B that the mRNA levels for p62 do not change in response to HPS1 

siRNA transfection as compared to scrambled or untransfected cells. Taken together, 

this clearly shows that the knockdown of HPS1 in A549 cells results in a problem with 

autophagy pathway. In addition to western blot for autophagy marker proteins 24 h post 

HPS1 siRNA transfection, we also performed western blot for the autophagy marker 

proteins from the cells transfected with HPS1 siRNA for 48 h. As shown in the 

representative western blot image Fig. 10D and densitometry for the same shown in Fig. 

10E and 10F, the protein levels for autophagy marker proteins LC3B and p62 remained 

high as compared to controls even after 48 h post transfection. From here on, for any 

further experiments regarding knockdown of HPS1, we chose to restrict our experiments 

to 24 h timepoint, since keeping the cells for 48 h post HPS1 siRNA transfection 

subjected the cells to a lot of stress and resulted in an increased cell death easily 

observed under the light microscope. A549 cells post HPS1 siRNA knockdown also 

showed an increase in vacuolar structures inside the cells when observed under phase 

contrast light microscope as shown in Fig. 11C. It is well established that autophagy 

inhibition can result in appearance of this kind of vacuolar structures in the cells. Well 

known autophagy inhibitor chloroquine (CQ) is a commonly known chemical which 

produces similar vacuolisation. Fig. 11D is a representative immunofluorescence image 

showing increase in the protein levels of pro-apoptotic proteins cleaved caspase-3 (red) 

and caspase-8 (green) post HPS1 siRNA transfection for 24 h as compared to scrambled 

transfected and untransfected cells.  

4.3 Overexpressing LC3B reverts HPS1 knockdown induced accumulation of p62 

in A549 cells. 

The next step was to study autophagic flux post HPS1 siRNA transfection. According to 

the autophagy research guidelines, the most common way for studying autophagic flux 

is by using autophagy inhibitors, followed by the analysis of lipidation of LC3BII to confirm 

an increase or decrease in autophagy flux. The limitation that we faced in using 

autophagy inhibitors to study autophagy flux was that the cells, which were already under 

the stress of HPS1 siRNA transfection, were very sensitive to cell death induction. 

Therefore, using any kind of autophagy inhibitor would result in a very high cell death 

making it hard to study the flux. To overcome this problem, we used the GFP cleavage 

assay to study autophagy flux. Cells were transiently transfected with GFP-LC3B 

followed by HPS1 siRNA transfection for 24 h. As controls, cells were transfected with 

scrambled siRNA, mock siRNA and another set of cells was left untransfected. Empty 
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GFP vector was used as a control to show the free GFP band on western blot. As shown 

in Fig. 12A, a free GFP fragment was observed in response to HPS1 siRNA transfection 

in the cells which were pre-transfected with GFP-LC3B. A free GFP band was not 

observed in cells transfected with scrambled or mock siRNA or in untransfected cells. 

This result was a surprise to us, as we did not expect a free GFP band coming up post 

HPS1 siRNA transfection since results until now indicated a defective autophagy 

pathway in response to HPS1 knockdown. We also observed a loss of HPS1 knockdown 

induced vacuolar structures in the presence of GFP-LC3B (Fig. 12B). 

 

Fig. 12: Overexpressing LC3B reverts HPS1 knockdown induced vacuolarization in A549 

cells. A. A549 cells were transfected with GFP-LC3B and then followed by HPS1 siRNA 

transfection for 24 h. Scrambled, mock and untransfected were used as controls against HPS1 

siRNA transfection. Empty GFP transfection is a control against GFP-LC3B transfection. 

Immunoblot was performed using antibody against GFP. GAPDH was used as loading control. 

Asterisk (*) indicates free GFP fragment. B. Phase contrast images of the cells post HPS1 

knockdown showing vacuolisation in the cells which were not transfected with GFP-LC3B but the 

cells which were transfected with GFP-LC3B, no vacuolar structures are visible. Scale bar = 100 

µm. Results from three independent experiments. (Ahuja et al., 2016)  
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Fig. 13: Overexpressing LC3B revert HPS1 knockdown induced accumulation of p62 in 

A549 cells but treatment with rapamycin does not. A. Representative western blot image 

immunoblotted for the indicated autophagy proteins from the total cell lysates of the cells which 

were transfected with GFP-LC3B before knocking down HPS1. GAPDH was used as loading 

control. B. Densitometry for p62 levels post HPS1 knockdown in the cells transiently transfected 

with GFP-LC3B before knockdown. C. Representative western blot image immunoblotted for the 

indicated autophagy proteins from the total cell lysates of the cells which were transfected with 

myc-LC3B before knocking down HPS1. GAPDH was used as loading control. D. Densitometry 

for the p62 levels post HPS1 knockdown in the cells transiently transfected with myc-LC3B before 

knocking down HPS1. E. A549 cells were treated with 100 nM rapamycin before transfecting the 

cells with HPS1 siRNA. After 24 h of transfection, cell lysates from these treatments were 

immunoblotted for indicated autophagy proteins. GAPDH was used as loading control. F. 

Densitometry for p62 levels post HPS1 siRNA treatment in presence of 100 nM rapamycin. G. 
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Representative immunofluorescent images showing p62 (red) protein levels post HPS1 siRNA 

transfection as compared to scrambled transfected or untransfected cells with or without transient 

overexpression of GFP-LC3B. Scale bar = 10 µm. *-p<0.05, **-p<0.01, ***-p<0.001, n.s.: no 

significance. Results from three independent experiments. (Ahuja et al., 2016)  

Further, we performed western blots for the autophagy marker proteins LC3B and p62 

post HPS1 siRNA transfection in presence of GFP-LC3B. Representative western blots 

shown in Fig. 13A and densitometry for p62 levels shown in Fig. 13B showed us that the 

amount of p62 protein in HPS1 siRNA transfected cells did not show any accumulation 

as compared to scrambled transfected or untransfected in presence of transiently 

transfected GFP-LC3B. This data indicated to us that overexpressing GFP-LC3B in A549 

cells before knocking down HPS1 protected the cells against the possible cytotoxic 

effects of p62 accumulation. To further examine if this effect was specific for LC3B 

overexpression, or if the effect was casually linked to the GFP tag, we repeated the 

experiment using myc-LC3B instead of GFP-LC3B. Fig. 13C and the densitometry for 

the experiment shown in Fig. 13D indicated that p62 protein levels did not change 

significantly after HPS1 siRNA transfection in the presence of transiently transfected 

myc-LC3B. Next, we asked if treatment with autophagy inducers, for example, rapamycin 

would have similar results like GFP/myc-LC3B with respect to p62 levels. To answer this 

question, we treated the cells with 100 nM rapamycin before transfecting the cells with 

HPS1 siRNA. 24 h post siRNA transfection, cells were harvested and subjected to 

immunoblotting for p62. As shown in Fig. 13E & 13F, rapamycin treatment did not protect 

cells against HPS1 knockdown induced p62 accumulation. We next performed 

immunofluorescence for p62 in the cells subjected to HPS1 knockdown with or without 

GFP-LC3B. As shown in Fig. 13G, reduced fluorescence signal for p62 was observed in 

response to HPS1 knockdown in the presence of GFP-LC3B as compared to HPS1 

knockdown alone, supporting our previous observations. These results clearly show us 

that the overexpression of exogenous LC3B protects A549 cells against accumulation of 

p62 in response to HPS1 knockdown. 

4.4 HPS1 knockdown results in loss of autophagolysosomes formation but 

overexpression of LC3B restores the formation of autophagolysosomes in these 

cells. 

Our data so far indicates that HPS1 knockdown induces p62 accumulation in otherwise 

untreated cells, but not in cells overexpressing LC3B. We hence asked how the 

overexpression of LC3B helps against p62 accumulation in the absence of HPS1 protein. 

To answer this question, we further analyzed the formation of autophagolysosomes post 

HPS1 knockdown in the presence or absence of transiently overexpressed LC3B. As 
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shown in Fig 14A, co-immunofluorescence analysis for LC3B (red, Fig. 14A, upper panel) 

and LAMP1 (green, Fig. 14A, second panel) showed no colocalization for LC3B and 

LAMP1 as is evident from the lack of yellow spots in the overlay panel (Fig. 14A, third 

panel) indicating there is a lack of autophagolysosomes formation. On the other hand, 

scrambled and untransfected cells did show LC3B and LAMP1 colocalization. 

Overexposed images (Fig. 14A, fourth panel) revealed similar readouts. Colocalization 

for LC3B and LAMP1 was quantified using ImageJ plugin "JACOP" where Pearson's 

coefficient was calculated using Coste's automatic threshold method. Details about this 

plugin have been provided in the material and methods section. Densitometry for LC3B 

and LAMP1 colocalization based on Pearson's coefficient is shown in Fig. 14B, where a 

clear and significant decrease in colocalization is visible in HPS1 siRNA transfected cells 

as compared to scrambled and untransfected cells. In addition to that, we also quantified 

the colocalization signals of LC3B and DAPI (nucleus) using the same method to 

calculate Pearson's coefficient. Densitometry data shown in Fig. 14C clearly shows a 

significantly increased nuclear localization of LC3B in response to HPS1 siRNA versus 

scrambled siRNA or non-transfected cells. Taken together these results indicated to us 

that a knockdown of HPS1 in A549 cells results in nuclear trapping of endogenous LC3B 

which explains the lack of autophagolysosomes post HPS1 siRNA transfection and the 

accumulation of p62 protein. 
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Fig. 14: HPS1 knockdown results in loss of autophagolysosomes formation. A. A549 cells 

were transfected with HPS1 siRNA, scrambled siRNA or left untreated (UT). 24 h post transfection 

cells were fixed and subjected to immunofluorescence protocol for the endogenous LC3B (red) 

and LAMP1 (green) Scale bar = 10 µm. B. Densitometry for endogenous LC3B and LAMP1 

colocalization post HPS1 knockdown for 24 h. C. Densitometry for endogenous LC3B and DAPI 

(nucleus) colocalization post HPS1 knockdown for 24 h. *-p<0.05, **-p<0.01, ***-p<0.001, n.s.: 

no significance. Results from three independent experiments. (Ahuja et al., 2016)  

To answer whether any additional LC3B expression promotes autophagy under 

conditions of HPS1 knockdown, we performed an additional immunofluorescence 

experiment, where A549 cells were transfected with GFP-LC3B, followed by HPS1 

siRNA or scrambled siRNA transfection for 24 h. Afterwards, cells were fixed and 

subjected to the immunofluorescence protocol for GFP-LC3B (green) and LAMP1 (red). 

As was expected, GFP-LC3B did show cytosolic presence and colocalized with LAMP1, 

being visible in the representative immunofluorescence image in Fig. 15A as yellow spots 

in the overlay panel. Densitometry using the same method of calculating Pearson's 

coefficient as explained earlier clearly showed no difference between colocalization 

signal, Fig. 15B for GFP-LC3B and LAMP1 for HPS1 knockdown samples as compared 

to scrambled and untransfected cells. Fig. 15C shows the densitometric calculation for 

the colocalization of GFP-LC3B and DAPI (nucleus) not indicating any kind of GFP-LC3B 

colocalizing with DAPI. Taken together, these results clearly indicate that upon HPS1 

knockdown, additional transfection of cells with exogenous LC3B protects against p62 

accumulation. 
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Fig. 15: Overexpression of LC3B restores the formation of autophagolysosomes in A549 

cells post HPS1 knockdown. A. A549 cells were transiently transfected with exogenous GFP-

LC3B followed by HPS1 siRNA transfection. Scrambled siRNA transfected and untransfected 

cells were used as controls. 24 h post siRNA transfection, cells were fixed and subjected to 

immunofluorescence for exogenous GFP-LC3B (green) and endogenous LAMP1 (red). Scale bar 

= 10 µm. B. Densitometry for exogenous GFP-LC3B and endogenous LAMP1 colocalization 

HPS1 knockdown for 24 h. C. Densitometry for exogenous GFP-LC3B and DAPI (nucleus) 24 h 

post siRNA transfection. *-p<0.05, **-p<0.01, ***-p<0.001, n.s.: no significance. (Ahuja et al., 

2016)  

4.5 Proposed mechanism for defective autophagy under HPS1 knockdown 

conditions 

Under healthy conditions, lysosomes fuse with autophagosomes to degrade their toxic 

cargo with the help of cellular p62 thereby regulating the levels of cellular waste (Fig. 16, 

left panel). Under conditions of HPS1 knockdown, this fusion between lysosomes and 

autophagosomes seems to be inhibited. This inhibition then results in toxic accumulation 

of cellular waste together with increased levels of p62 (Fig. 16, middle panel). Upon 

exogenous LC3B overexpression, this fusion between autophagosomes and lysosomes 

is restored, thereby regulating the levels of p62 in the cells and preventing the buildup of 

toxic cargo inside the cells (Fig 16, right panel). 

 

Fig. 16: Proposed mechanism for HPS1 knockdown induced autophagy inhibition and 

exogenous LC3B mediated autophagy rescue in A549 cells. (Ahuja et al., 2016)  
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4.6 Bleomycin treated mice show increase in autophagy marker protein levels 

belonging to both macroautophagy and chaperone mediated autophagy 

pathways. 

Our next aim is to analyze the regulation of autophagy in bleomycin model of lung 

fibrosis. Age matched C57BL/6 mice were treated with bleomycin and sacrificed at days 

7, 14, 21 or 28 days. Saline treated mice were used as controls and lungs from these 

mice were harvested at day 28. Shock frozen lungs were harvested and used to prepare 

total protein lung homogenate for performing western blots or fixed and used to prepare 

serial sections for immunostainings. As shown in Fig. 17A, western blots for key 

autophagy marker proteins such as LC3B, p62, TFEB, Atg5-Atg12 complex and Atg7 

were performed. Densitometric quantifications for LC3B, p62 and beclin-1 are shown in 

Fig 17B, 17C and 17D, respectively. A significant increase in the autophagy marker 

proteins was observed in the lung homogenates at different time points of bleomycin 

treatment as compared to the vehicle treated controls. The profound increase in LC3BII 

levels in bleomycin vs. vehicle treated lungs, reflecting increased lipidation of LC3B, 

indicated possible increase in the number of autophagosomes. In addition, another key 

autophagy protein, transcription factor EB (TFEB), which is responsible for lysosomal 

biogenesis and referred to as master regulator of autophagy, showed a significant 

increase in bleomycin as compared to vehicle treated mice. Other autophagy proteins 

involved at different stages of autophagy, such as Atg7 and Atg5-Atg12 complex, were 

also found to be increased on protein level as compared to controls. However, 

SQSTM1/p62 was also found to be increased in bleomycin treated mice as compared to 

vehicle treated mice lungs. As indicated in the introduction and in the HPS results 

chapter, an increase in p62 protein levels together with an increase in autophagy proteins 

would, however, be considered as a sign for a decreased or defective autophagy.  
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Fig. 17: Bleomycin treated mice show increase in autophagy marker protein levels 

belonging to macroautohphagy pathway on western blots. A. Lungs were harvested from 

bleomycin treated mice and total protein was harvested from these lungs and used to perform 

western blots for key macroautophagy marker proteins. Representative western blot image 

showing differences between different treatment groups against controls for the indicated 

macroautophagy marker proteins. Actin was used as loading control. B. Densitometry for 

LC3BII/LC3BI protein levels in bleomycin treated mice lungs. C. Densitometry for p62 protein 

levels in bleomycin treated mice lungs. D. Densitometry for Beclin-1 in bleomycin treated mice 

lungs. *-p<0.05, **-p<0.01, ***-p<0.001, n.s.: no significance. Bleomycin D7, D14, D21, D28 

lungs: n=15, Vehicle D28 lungs: n=12.   

In addition to western blots, immunostainings were performed on the lung sections for 

macroautophagy marker proteins LC3B and p62. An overall increased staining for LC3B 

and p62 was observed in AECIIs (stained by antibody against SP-C), indicating 

accumulation of both LC3B and p62 in bleomycin, but not in vehicle treated mice in serial 

sections (Fig. 18). Taken together these results corroborate with each other and support 

the conclusion that bleomycin treatment results in an increase in LC3B and p62 in the 

lungs of these mice and their accumulation in the AECII. 
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Fig. 18: Bleomycin treated mice show increase in autophagy marker protein levels 

belonging to macroautophagy pathway on immunohistochemistry. A & B. Bleomycin treated 

mice were sacrificed at indicated time points and lungs were harvested from these mice. Serial 

sections were prepared from these lungs and stained for indicated autophagy marker proteins 

LC3B, p62 and AECII marker protein SP-C. Magnification = X200, scale bar = 100 µm. Bleomycin 

D7, D14, D21, D28 lungs: n=15, Vehicle D28 lungs: n=12. 

4.7 Bleomycin treated MLE12 cells do not show autophagy induction. 

To further test our results from the mouse model, we next performed in vitro studies on 

MLE12 cells treated with bleomycin. We treated cells with bleomycin dose ranging was 

from 10 mU to 200 mU. MLE12 cells were treated with bleomycin for 4 h before the cells 

were harvested and total protein or total mRNA was isolated from them depending upon 

the experiment planned. Cells were chosen to be treated for 4 h due to the treatment 

limitations of the autophagy inhibitors (bafilomycin, choloroquine) which will later be used 

for the autophagy flux assays. Bleomycin treatment of MLE12 cells at the indicated 

dosages failed to produce any siginificant difference in LC3BII and p62 levels at both 

protein and mRNA levels as shown in Fig. 19A-F. 
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Fig. 19: Bleomycin treated MLE12 cells do not show induction of autophagy at higher 

doses of bleomycin. A. Representative western blot image for the key autophagy proteins in 

response to cells treated with the indicated dosage of bleomycin for 4 h. Actin was used as loading 

control. B & C. Densitometry for the protein levels of autophagy marker proteins LC3B and p62 

in response to the indicated dosage of bleomycin treatment for 4 h. D. Representative agarose 

gel image for the semiquantitative PCR performed for mRNA level changes of autophagy marker 

proteins in response to bleomycin treatment for 4 h with the indicated bleomycin dosage. Actin 

was used as loading control. E & F. Densitometric quantification for the changes in the mRNA 

levels of the autophagy marker proteins LC3B and p62 in response to bleomycin treatment for 4 

h. *-p<0.05, **-p<0.01, ***-p<0.001, n.s.: no significance. 

4.8 Bleomycin treatment induces activation of caspase-3 as early as 4 h post 

treatment and induces swelling in MLE12 cells upon longer exposure. 

Treating cells with bleomycin is known to cause increased toxicity which may result due 

to oxidative stress, ER stress and DNA damage. Here, we studied the effect of bleomycin 

on the pro-apoptotic protein cleaved caspase-3 in response to the treatment with 

bleomycin. We treated MLE12 cells with different doses of bleomycin for 4 h, harvested 
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the cells and prepared total protein lysate. This total protein lysate was used to analyze 

changes in the protein levels of cleaved caspase-3 in response to the bleomycin 

treatment. Representative western blot image shown in Fig. 20A shows a dose 

dependent increase in the cleavage products of caspase-3 with 200 mU of bleomycin 

causing the highest increase in the amount of cleaved caspase-3 as compared to other 

doses and controls. Densitometric quantification for the cleaved caspase-3 levels, Fig. 

20B confirmed this result. Another interesting observation made under light microscope 

post bleomycin treatment is a characteristic increase in the size of MLE12 cells (Fig. 

20C). This swelling of MLE12 cells was observed when cells were incubated with 

bleomycin for 24 h with a gradual increase in the amount of cell death as is visible from 

the representative phase contrast image but not when the cells were incubated for a 

shorter period. The exact reason for this swelling observed in MLE12 cells post 

bleomycin treatment for longer time periods is a subject of further analysis. 

 

Fig. 20: Bleomycin treatment induces activation of caspase-3 as early as 4 h post treatment 

and induces swelling in MLE12 cells upon longer exposure. A. Representative western blot 

image for changes in cleaved caspase-3 (19 kDa & 17 kDa forms) levels in response to treatment 

with indicated dosages of bleomycin for 4 h in MLE12 cells. Actin was used as loading control. B. 
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Densitometry for the cleaved caspase-3 protein levels post bleomycin treatment with indicated 

dosages for 4 h. *-p<0.05, **-p<0.01, ***-p<0.001, n.s.: no significance. C. Representative phase 

contrast image of the bleomycin challenged MLE12 cells treated with indicated dosages for 4 h. 

Scale bar = 100 µm. 

4.9 Bleomycin treatment does not increase autophagy flux. 

To study autophagy flux, we pretreated the cells with well-known autophagy inhibitors 

chloroquine and bafilomycin for 1 h before treating the cells with bleomycin at the 

indicated dosages of 10 mU, 50 mU and 100 mU (Fig. 21, 22 and 23, respectively). 

Readouts of this experiment clearly showed that LC3BII levels did not increase when 

cells were treated either with 10 mU or 50 mU of bleomycin in presence of autophagy 

inhibitor as compared to the cells which were treated with autophagy inhibitor alone (Fig. 

21, 22 and 23, respectively). Densitometric quantification also did not reveal any 

significant increase in autophagy flux due to bleomycin treatment at all three 

concentrations in the presence of inhibitors, chloroquine and bafilomycin (B & C panels 

of Fig. 21, 22 and 23, respectively). Taken together, based on the unaltered levels of 

LC3BII levels in the presence of lysosomal/autophagy inhibitors, it may be stated that 

bleomycin is not an autophagy inducer but on contrary it is an autophagy inhibitor and 

the increase in levels of LC3BII that was observed in bleomycin treated mice was not 

due to induction of autophagy pathway but due to inhibition of autophagic flux.  

 

Fig. 21: Bleomycin treatment does not increase autophagy flux at 10 mU dosage. A. 

Representative western blot image for flux analysis in MLE12 cells treated with 10 mU bleomycin 

for 4 h in presence of autophagy inhibitors chloroquine (CQ) and bafilomycin (Baf) showing LC3BII 

levels in reponse to treatment. Actin was used as loading control. B & C. Densitometric 

quantification for LC3BII levels in response to 10 mU bleomycin treatment for 4 h in presence of 

autophagy inhibitors. *-p<0.05, **-p<0.01, ***-p<0.001, n.s.: no significance.  
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Fig. 22: Bleomycin treatment does not increase autophagy flux at 50 mU dosage. A. 

Representative western blot image for flux analysis in MLE12 cells treated with 50 mU bleomycin 

for 4 h in presence of autophagy inhibitors chloroquine (CQ) and bafilomycin (Baf) showing LC3BII 

levels in reponse to treatment. Actin was used as loading control. B & C. Densitometric 

quantification for LC3BII levels in response to 50 mU bleomycin treatment for 4 h in presence of 

autophagy inhibitors. *-p<0.05, **-p<0.01, ***-p<0.001, n.s.: no significance.  

 

Fig. 23: Bleomycin treatment does not increase autophagy flux at 100 mU dosage. A. 

Representative western blot image for flux analysis in MLE12 cells treated with 100 mU bleomycin 

for 4 h in presence of autophagy inhibitors chloroquine (CQ) and bafilomycin (Baf) showing LC3BII 

levels in reponse to treatment. Actin was used as loading control. B & C. Densitometric 

quantification for LC3BII levels in response to 100 mU bleomycin treatment for 4 h in presence of 

autophagy inhibitors. *-p<0.05, **-p<0.01, ***-p<0.001, n.s.: no significance.  

4.10 Bleomycin treatment does not increase formation of autophagolysosomes. 

Since it is established from our previous results that bleomycin does not induce 

autophagy flux in MLE12 cells, we then asked if it influences the formation of 

autophagolysosomes. To answer this, we treated MLE12 cells with bleomycin at different 

concentrations of 10 mU and 50 mU for 4 h. Following bleomycin treatment, cells were 
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fixed and subjected to immunofluorescence protocol for colocalization study of LC3B 

(red) and LAMP1 (green) followed by quantification of the fluorescence signal of these 

two proteins using ImageJ plugin "JACOP" to calculate Pearson's coefficient of 

colocalization. As shown in Fig. 24, treatment of MLE12 cells with both 10 mU & 100 mU 

of bleomycin did not result in an increase in the number of autophagolysosomes as 

compared to the vehicle treated or untreated controls. An increase in the number of 

autophagolysosomes in response to bleomycin treatment would have suggested the 

protective role of autophagy but a complete lack of any kind of increase in 

autophagolysosomes from the autophagic flux assay studies indicate that autophagy is 

inhibited by bleomycin. 

 

Fig. 24: Bleomycin treatment does not increase formation of autophagolysosomes. A. 

Representative immunofluorescent images for LC3B (red) and LAMP1 (green) showing formation 

of autophagosomes in response to 10 mU bleomycin treatment as compared to vehicle treated 

or untreated cells. DAPI (blue) shows nuclear staining. B. Densitometric quantification for the 

colocalization of the immunofluorescent signals from LC3B and LAMP1 based on calculation of 

Pearson's coefficient showing changes in formation of autophagosomes in response to 10 mU 

bleomycin treatment as compared to vehicle treated and untreated cells. C. Representative 

immunofluorescent images for LC3B (red) and LAMP1 (green) showing formation of 

autophagosomes in response to 50 mU bleomycin treatment as compared to vehicle treated or 
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untreated cells. DAPI (blue) shows nuclear staining. D. Densitometric quantification for the 

colocalization of the immunofluorescent signals from LC3B and LAMP1 based on calculation of 

Pearson's coefficient showing changes in formation of autophagosomes in response to 50 mU 

bleomycin treatment as compared to vehicle treated and untreated cells. *-p<0.05, **-p<0.01, ***-

p<0.001, n.s.: no significance.  

4.11 Overexpressing TFEB before treating cells with bleomycin (10 & 50 mU) does 

not increase autophagic flux. 

Transcription factor EB (TFEB), as indicated before, is a ‘master regulator’ of autophagy 

genes. Hence as an attempt to induce autophagy following bleomycin treatment, we 

overexpressed GFP tagged TFEB in MLE12 cells before treating them with bleomycin. 

Cells transfected with GFP-TFEB (Fig. 25) showed a protein band at approximately 100 

kDa when probed with antibodies against both GFP and TFEB at the same location but 

not when the cells were transfected with GFP alone or in untransfected cells. This 

confirmed the overexpression of GFP-TFEB. To test the effect of GFP-TFEB 

overexpression on autophagy flux, we pre-treated the cells transiently overexpressing 

GFP-TFEB with autophagy inhibitors chloroquine and bafilomycin for 1 h followed by 

bleomycin treatment at two different dosages (10 mU, Fig. 26A and 50 mU, Fig. 26D) for 

4 h. Cells were then harvested, and total protein was isolated from these different 

treatment groups. This protein lysate was used to perform western blotting for autophagy 

marker proteins LC3B and p62. In addition to autophagy marker proteins, immunoblots 

were also performed for GFP and TFEB to confirm that all groups of cells used in this 

experiment were positive for GFP-TFEB. At both bleomycin doses (10 mU and 50 mU), 

autophagy was not increased as indicated by unaltered LC3BII levels upon 

overexpression of GFP-TFEB followed by bleomycin treatment (Fig. 26B, 26C, 26E, and 

26F). This clearly indicates that the bleomycin mediated block in autophagy is not 

restored by exogenous TFEB in vitro indicating that bleomycin is a strong inhibitor of 

autophagy. 
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Fig. 25: MLE12 cells overexpressing GFP-TFEB. Representative western blot showing 

overexpression of GFP-TFEB in cells transiently transfected with plasmid coding for GFP-TFEB, 

GFP (empty vector) or untransfected cells. Immunoblots were performed for antibodies against 

GFP and TFEB to confirm the overexpression. Actin was used as loading control. 

 

Fig. 26: Overexpressing TFEB before treating cells with bleomycin does not increase 

autophagic flux. A. Representative western blot image for the autophagy flux assay performed 

on MLE12 cells transiently transfected with GFP-TFEB is shown. Cells were treated with 10 mU 

bleomycin in presence of autophagy inhibitors chloroquine (CQ) and bafilomycin for 4 h. Protein 

lysate was used to study LC3BII and p62 protein levels in these cells. GFP and TFEB blots were 

performed to confirm overexpression of GFP-TFEB in all cells. Actin was used as loading control. 

B & C. Densitometric quantification for the autophagy flux assay showing changes in LC3BII 

turnover in response to 10 mU bleomycin in presence of autophagy inhibitors performed on 
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MLE12 cells transiently overexpressing GFP-TFEB. D. Representative western blot image for the 

autophagy flux assay performed on MLE12 cells transiently transfected with GFP-TFEB is shown. 

Cells were treated with 50 mU bleomycin in presence of autophagy inhibitors chloroquine and 

bafilomycin for 4 h. Protein lysate was used to study LC3BII and p62 protein levels in these cells. 

GFP and TFEB blots were performed to confirm overexpression of GFP-TFEB in all cells. Actin 

was used as loading control. E & F. Densitometric quantification for the autophagy flux assay 

showing changes in LC3BII turnover in response to 50 mU bleomycin in presence of autophagy 

inhibitors performed on MLE12 cells transiently overexpressing GFP-TFEB. *-p<0.05, **-p<0.01, 

***-p<0.001, n.s.: no significance.  

4.12 Identifying interaction partners of HPS1 protein. 

To understand the functions of HPS1 protein, myc tagged human HPS1 was first 

amplified and the plasmid was purified using endotoxin free maxi plasmid purification kit. 

The purified plasmid was overexpressed in A549 cells as described in the methods 

section and the myc antibody was used to pull down the myc-tagged HPS1. Empty myc 

vector transfection was used as control for the co-immunoprecipitation assay. After 

pulldown, a portion of the pulldown sample was used to confirm the pulldown and the 

other part was used to perform LC-MS/MS to identify proteins which interact with HPS1. 

Sample processing and preparation for LC-MS/MS analysis is given the methods 

section. As shown in Fig. 27, immunoprecipitation of HPS1 was confirmed by western 

blotting using antibody against HPS1 and myc.  

 

Fig. 27: Immunoprecipitation of HPS1-myc (hu) overexpressed in A549 cells. HPS1-myc 

was overexpressed in A549 cells and immunoprecipitated using an anti-myc antibody. Western 

blots show HPS1-myc immunoprecipitated from cells transfected with HPS1-myc as compared to 

the cells transfected with empty vector (EV). *** - non-specific cross reaction with samples by the 

myc antibody. 
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About 300 interaction partners were identified for the overexpressed HPS1 protein after 

mass spectroscopy of the pulldown sample. Out of those proteins, key interaction 

partners identified from MS/MS analysis are presented in Table 2. 

Classification Identified proteins 

Autophagy related Atg3 

Mevalonate pathway Mevalonate kinase 

 Diphophomevalonate 

decarboxylase 

 phosphomevalonate kinase 

 farnesyl pyrophosphate synthase 

Microtubule related MAP6 

 Tubulin alpha chain like 3 

Vesicle trafficking Vps28 

 BNIP1 

 Sec23ip 

 Prenylatedrab acceptor protein 

 Clathrin light chain B 

 Syntaxinbindng protein 

 Vamp 

 Snap 25 

 Rab3gap1 

 Golgi phosphoprotein 3 

 exocyst complex component 2 

Extracellular matrix protein ECM1 

 Focal Adhesion kinase 1 

 Claudin 1 

Other important proteins Plasminogen activator inhibitor 1 

(SERPINE1)- a profibrotic 

mediator, 

 Anaphase promoting complex 

subunit 7 (ANAPC7) 

  

 

Table 2: List of novel interaction partners (shortlisted) after the MS/MS analysis of 

immunoprecipitated HPS1-myc. 
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Some of the proteins which play a direct role in the autophagy pathway, like Atg3 show 

that HPS1 proteins might be involved in the direct regulation of autophagy and are 

supporting our results showing autophagy deregulation post HPS1 knockdown in A549 

cells. Atg3 plays an active role in the conjugation of LC3B to the lipid 

phosphatidylethanolamine (PE), which is a critical step in the autophagosomal 

biosynthesis (Ichimura et al., 2000). Atg3 has also been shown to be a direct target of 

caspase-8 and plays a vital role in regulating autophagy under conditions of cell death 

and survival (Oral et al., 2012). Interaction of proteins belonging to the microtubule family 

like MAP6 and tubulin alpha chain like 3 may indicate involvement of HPS1 protein in 

the cytoskeleton. Microtubules have been shown to be playing a key role in the 

autophagosome trafficking although the exact mechanism has not yet been fully 

understood. Immunoprecipitation of proteins involved in mevalonate pathway together 

with HPS1 protein opens yet another area to study the role of HPS proteins. The 

mevalonate pathway plays a key role in prenylation of Rab proteins and Rab proteins 

are essential regulators of vesicle trafficking. The HPS mouse model, gunmetal mouse, 

carrying a mutation in Rabggta results in defects in prenylation and has been shown to 

have defective trafficking pathways resulting in accumulation of melanosomes together 

with prolonged bleeding (Seixas et al., 2013). Other proteins like vacuolar sorting protein-

28, syntaxin binding protein, Vamp, Rab3gap1 etc. further indicate the importance of 

HPS1 protein in the vesicle trafficking pathway regulation. Pulldown of proteins belonging 

to extracellular matrix family such as ECM1, claudin-1, focal adhesion kinase-1 etc. 

further reveal a possible direct role of HPS1 protein in the development of HPSIP, since 

these proteins have been studied in relation to IPF and tumors (Lagares et al., 2012; 

Lappi-Blanco et al., 2013; Wang et al., 2003).  

4.13 Identification of alveolar epithelial cell specific interaction partners for LC3B. 

Our lab has previously demonstrated that knockdown of LC3B under increased 

autophagy conditions due to amiodarone treatment in MLE 12 cells decreased the extent 

of amiodarone induced apoptosis of the cells (Mahavadi et al., 2015). Here, we show 

that exogenous LC3B is protective under HPS1 knockdown conditions (Figure 14 & 

(Ahuja et al., 2016)). Addtionally, LC3B has been shown to be pivotal in certain cell types 

and especially in osteoclasts which are secretory cells containing secretory lysosomes 

like the alveolar epithelial cells, the lipidation of LC3B determines the secretory function 

(Chung et al., 2014). Mouse LC3B was amplified from healthy mouse lung and cloned 

into myc-tagged-PCMV3 vector and overexpressed in MLE12 cells as detailed in the 

methods section. Antibody against myc-tag coupled with magnetic beads was used to 

immunoprecipitated myc-tagged LC3B from the overexpressing cells. Empty vector 
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transfections and untransfected cells were used as control for the experiment. 

Immunoprecipitation of myc-LC3B was confirmed by western blots using antibody 

against LC3B. LC3B tagged with myc protein shows a slight shift above the endogenous 

LC3B because of the extremely small size of myc protein (about 2 kDa) shown in Fig. 

28. These samples after immunoprecipitations were processed and prepared for LC-

MS/MS analysis. About 249 LC3B interacting proteins were identified.   

 

Fig. 28: Immunoprecipitation of myc-LC3B (m) overexpressed in MLE12 cells. myc-LC3B 

was overexpressed in MLE12 cells and immunoprecipitated using anti-myc antibody. Western 

blot showing myc-LC3B immunoprecipitated from cells transfected either with plasmid encoding 

myc-LC3B, empty vector carrying myc alone and untreated cells.  

Table 3 shows a selection of proteins, known as well as novel partners for LC3B identified 

in this study. Many other proteins, which are not very well understood, might well be 

involved in the regulation of LC3B, and hence autophagy. 

Classification Related proteins 

Autophagy related BAG3 

 VPS4b (vacuolar protein sorting 

associated protein 4B) 

Acetylation Naa (N-acetyltransferase) 

E3 Ub-ligase RBX1 

 TRIM23 

Lysosomal protein NCU-G1  

Other importantproteins Phospholipid scramblase 
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 LAMTOR1 (late endosome/lysosome 

biogenesis) 

 Drebrin 1 (neuronal growth, 

implicated in Alzheimers) 

 

Table 3: List of interaction partners of interest shortlisted after the MS/MS analysis of 

immunoprecipitated HPS1-myc. 

LC3B has been majorly understood as a protein which is mainly referred to as 

autophagosomal marker helping us understand regulation of autophagy pathway but to 

limit the function of LC3B only as autophagosomal marker might be undervaluing of an 

important protein. There are interaction partners of LC3B which are well known such as 

SQSTM1/p62 but understanding more proteins with which LC3B interacts would further 

allow us to understand the role and function of LC3B and the pathways beside autophagy 

pathway it might be involved in. VPS4b has previously been shown to be involved in 

vesicular trafficking and autophagsome maturation in mammalian cells, any direct 

evidence of direct interaction with LC3B has not yet been shown (Lin et al., 2012). LC3B 

deacetylation is critical for the LC3B to be able to shuttle across nuclear membrane into 

the cytosol and participate in the autophagosome formation (Huang et al., 2015) thereby 

hinting at the possibility of LC3B having Naa as a direct interaction partner. Ubiquitination 

has been well accepted as a method of protein targeting to the autophagosomes for the 

degradation with proteins like optineurin playing a bridge between ubiquitylated proteins 

and autophagy machinery, not much has been studied and understood in terms of the 

roles of E3 ubiquitin ligases. Immunoprecipitation of Ubiquitin ligases like RBX1 and 

TRIM23 as interaction partners of LC3B might well provide further evidence into the 

possible roles of these ligases towards autophagy pathway. Proteins like phospholipid 

scramblase and LAMTOR1 have been shown to be regulating autophagy pathway 

(Mastorci et al., 2016; Zada et al., 2015). Phospholipid scramblase is involved in the 

phospholipid translocation across lipid bilayer of cell membrane thereby being involved 

in lipid metabolism, thrombosis as well as apoptosis. LAMTOR1 protein is a part of 

Ragulator complex whose main role is amino acid sensing and activating mTORC1. It is 

also involved in the late endosomal/lysosomal biogenesis and cholesterol homeostasis.  
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5. DISCUSSION 

In the current study, two models of pulmonary fibrosis, the HPS model and the bleomycin 

model were studied to understand the significance and role of autophagy pathway in the 

development and progression of the disease. We reported that the autophagy pathway 

in HPS1/2 mouse model in vivo and under HPS1 knockdown conditions in vitro in A549 

cells is defective, as demonstrated by the p62 accumulation and by the absence of 

autophagosome-lysosome fusion. Overexpression of MAP1LC3B before knocking down 

HPS1 rescued the autophagy pathway by promoting autophagosome-lysosome fusion, 

thereby decreasing the accumulated p62 protein levels in vitro. Further, co-

immunoprecipitation of the overexpressed HPS1 (myc tagged) protein with subsequent 

mass spectrometry analysis revealed about 280 novel interaction partners. Bleomycin 

model although showed an increase in the levels of autophagy marker proteins under in 

vivo conditions, treatment with bleomycin under in vitro conditions resulted in a defective 

autophagy. TFEB overexpression was used to rescue bleomycin induced defect in 

autophagy pathway as TFEB is known to be the master regulator of autophagy. 

Overexpression of TFEB did not rescue the bleomycin-induced defective autophagy in 

vitro. Both models of pulmonary fibrosis used in this study display defective autophagy. 

Further, analysis of MAP1LC3B interacting proteins revealed novel binding partners 

within the alveolar epithelial cells. Taken together, this study concludes that autophagy 

pathway does play an important role in the development of lung fibrosis in the studied 

mouse models.  

5.1 Lysosomal stress and Hermansky-Pudlak syndrome 

It is well-established that HPS affects lysosomal related organelles (LROs) and lamellar 

bodies (LBs) are one of the LROs that are affected by many of the HPS mutations. LBs 

are extremely important cellular organelles that store and secrete surfactant material to 

maintain surface tension in the lung. Previous work from our group revealed that 

cathepsin D, a lysosomal stress marker was increased in the AECII under HPSIP 

conditions and contributed in their apoptosis (Korfei et al., 2008). Apart from this, HPS 

proteins are well known to be involved in development and biogenesis of lysosome 

related organelles and any kind of mutation in these HPS gene products can result in a 

defect in lysosomal trafficking and secretion resulting in loss of cellular homeostasis. 

Biogenesis of organelle complex-3 (BLOC-3) is a large protein complex known to be 

comprised of two HPS proteins, HPS1 and HPS4 (Nazarian et al., 2003). Although exact 
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functions of this complex are not yet very well known, it has been shown that this complex 

can regulate distribution and microtubule dependent movement of lysosome related 

organelles in the cells (Falcon-Perez et al., 2005). Autophagy has not been directly 

analyzed under HPSIP conditions so far with the exception of one study in melanocytes 

isolated from HPS1 patients: tyrosine related proteins and lysosome associated 

membrane proteins, LAMP1 and LAMP3 get degraded via membranous structures which 

resemble macro-autophagosomes (Boissy et al., 1998).  

Out of all HPS proteins known, HPS2/adaptor protein-3 complex is one of the most well 

researched HPS proteins. HPS2 is characterised by mutations in β3A subunit of the 

adaptor protein-3 complex and this complex is known to play role in sorting of membrane 

proteins from endosomes to lysosomes or to tissue specific lysosome related organelles 

and cells which lack AP-3 protein show targeting of LAMP1 and LAMP2 proteins non-

specifically (Peden et al., 2004). AP-3 deficient fibroblasts showing misdirected LAMP2, 

a key protein involved in fusion of autophagosomes and lysosomes to form 

autophagolysosomes, show a deregulated autophagy pathway implicating that 

autophagy might well be involved in other forms of HPS as well. Previous studies of 

HPS1/2 double mutant mice have shown instances of early lysosomal stress which might 

be due to the accumulation of autophagosomal membranes in these mice (Mahavadi et 

al., 2010). On similar lines and supporting all this available data, the current study shows 

that autophagy, a very important lysosomal degradation pathway is defective under 

HPSIP conditions. This defect in autophagy pathway might be one of the key factors 

involved in typically observed apoptosis in AECII of HPS1 patients in addition to other 

phenotype such as increase in the size of AECIIs. Accumulation of p62 (as observed in 

HPS associated lung fibrosis) labeled cargo in cells lacking functional autophagy 

pathway can result in generation of oxidative stress, ER stress, unfolded protein 

response which might eventually lead the cells towards apoptotic pathways.  

Our conclusion that the HPS1/2 double mutant mice have a loss of functional autophagy 

pathway is based on p62 accumulation in both lung homogenates as well as in lung 

sections.  It is a well-established fact that a defect in autophagy pathway would result in 

accumulation of p62 protein which under conditions of homeostasis is supposed to be 

degraded via autophagy (Puissant et al., 2012). In addition to immunoblots, we also 

observed increase in p62 staining in lung sections from HPS1/2 mice as compared to 

controls together with an increase in LC3B protein levels. Electron microscopy data from 

these mice further showed us that the LC3B protein observed on the limiting membrane 

of lamellar bodies isolated from AECII in control mice was missing from the limiting 

membrane of the lamellar bodies in HPS1/2 mice. All these results taken together clearly 
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indicate defective autophagy pathway in HPS1/2 mice. In addition to the in vivo data, we 

also presented compelling evidence from in vitro studies that knockdown of HPS1 in 

A549 cells resulted in increased amount of LC3B lipidation i.e., LC3BII protein levels and 

a simultaneous accumulation of p62 protein levels. To provide autophagy flux data for 

this study we chose to perform GFP cleavage assay which involves production of free 

GFP from the overexpressed GFP-LC3B as a product of increased autophagy flux. To 

our surprise we observed free GFP fragment in response to HPS1 knockdown in A549 

cells which transiently overexpressed GFP-LC3B. This was opposite to our claim that 

HPS1 knockdown results in autophagy becoming dysfunctional. But to our interest and 

of note, we also observed that cells overexpressing GFP-LC3B did not show 

accumulation of p62 post HPS1 knockdown. In addition to this, cells overexpressing 

GFP-LC3B show a co-localization of GFP-LC3B and LAMP1 indicating formation of 

autophagolysosomes even after knockdown of HPS1 which was clearly missing when 

HPS1 was knocked down in the absence of GFP-LC3B. The HPS1 knockdown induced 

p62 accumulation was restored when cells were overexpressed with GFP-LC3B. This 

might protect cells against the toxic effects of p62 labeled cargo accumulation. Similar 

results were observed by the overexpression of myc-LC3B confirming that the readouts 

are not tag specific. These results fully support previous literature which show that 

overexpression of autophagy related proteins can protect cells or even mice against 

potentially toxic challenges (Mai et al., 2012; Pyo et al., 2013). 

Not only HPS, but several lysosomal storage disorders (LSDs) have been shown to be 

characterized by a dysfunctional autophagy pathway, for example, Niemann-Pick type C 

(NPC) disease, a disease characterised  by sphingolipidosis, has been shown to have 

accumulation of autophagosomes in skin fibroblasts from the NPC patients and NPC 

mice brain (Liao et al., 2007; Pacheco et al., 2007). It has been shown in the NPC 

neuropathological studies that a dysfunctional autophagy pathway can result in 

production of reactive oxygen species (ROS) or accumulation of ubiquitinated proteins 

which can be quite toxic (Lieberman et al., 2012). Diseases like Gaucher or Fabry, also 

characteristically marked by sphingolipidoses have also been reported to have induction 

of autophagy marked by lipidation of LC3B but still resulting in p62 accumulation, both 

in patients as well as in mouse models (Chevrier et al., 2010; Liebau et al., 2013; 

Osellame and Duchen, 2013; Sun et al., 2010). Some other LSDs which have been 

characterized by defect in autophagy pathway are Pompe disease, Dannon disease, 

mucolipidosis and neuronal ceroidlipofuscinoses (Koike et al., 2005; Raben et al., 2009; 

Tanaka et al., 2000; Vergarajauregui et al., 2008). Pompe disease has been 

characterised by a defective autophagosome-lysosome fusion event and thereby 
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resulting in the accumulation of p62 and other ubiquitinated proteins in muscle fibers 

(Raben et al., 2008). It has also been shown in Pompe muscle cells that the induction of 

exocytosis resulting in removal of autophagolysosomes was cytoprotective for the cells 

resulting in removal of potentially toxic buildup inside the cells (Spampanato et al., 2013). 

Our data on similar lines shows accumulation of autophagy substrate protein p62 in 

response to a defect in autophagy pathway resulting from the knockdown of HPS1 

protein in A549 lung cell line. Defective autophagy and giant lamellar body degeneration 

may be interconnected in HPSIP conditions which needs further investigations. 

Additionally, we also observed LC3B localization to the nucleus and thereby not being 

able to form autophagolysosomes although we did observe lipidation of LC3B post HPS1 

knockdown. It is well-documented that LC3B in the nucleus gets deacetylated with the 

help of sirtuin 1 (Sirt1) which then translocates to the cytosol where lipidation of LC3B 

takes place. In addition, nuclear LC3B puncta under certain settings has been previously 

documented (Huang et al., 2015; Karim et al., 2007; Martinez-Lopez et al., 2013). 

Although autophagy pathway has been quite well studied and understood, the principles 

guiding the processing of LC3B are not yet very well understood. Further studies on the 

role of nuclear LC3B may hence be important also to understand the autophagy pathway 

in greater detail. Atg4B is a known autophagy protein believed to play a role in acetylating 

LC3B post-production in the nucleus. This acetylation of LC3B is a key to holding the 

protein inside the nucleus until the autophagy pathway gets activated and more LC3B 

protein is required in the cytosol but recently it has been shown that a mutation in Atg4B 

protein does not impact the lipidation of exogenous GFP-LC3B resulting in production of 

GFP-LC3BII (Fujita et al., 2008). This result to an extent helps us understand that the 

exogenous over-expression of GFP-LC3B and its processing takes an alternate route 

thereby explaining why the overexpression of GFP-LC3B was able to reverse the p62 

accumulation in A549 cells resulting from the knockdown of HPS1.  

5.2 Lysosomal stress and bleomycin induced lung fibrosis 

Although bleomycin model for inducing lung fibrosis is the most studied model of lung 

fibrosis, the underlying principles and mechanisms underlining the disease post 

bleomycin injury continue to be evasive especially given the fact that bleomycin mice 

model has a potential to heal itself. Bleomycin is impermeable to plasma membrane and 

hence primarily enters the cells through receptor-mediated endocytosis (Pron et al., 

1999). While bleomycin is well-known to cause DNA damage (Byfield et al., 1976) as 

well as oxidative stress (Gao et al., 2008) in many cell types, the effect of this drug on 

the lysosomal structures is not yet fully elucidated. It has long been demonstrated that 

radiolabeled bleomycin was observed in mitochondrial as well as lysosomal fractions 
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(Konings and Rasker 1978). In addition, an increase in cell size and lysosomal mass was 

reported in lung epithelial cells, both primary AECII as well as in tumor cells (A549) 

following bleomycin exposure (Aoshiba et al., 2003). Of late, although the autophagy 

pathway was not fully characterized, Patel et. al., (Patel et al., 2012) showed that 

rapamycin, an mTORC1 inhibitor and subsequent autophagy inducer, attenuated 

bleomycin induced lung fibrosis in mice, indirectly implicating defective autophagy in this 

model. In full support our data also shows that bleomycin treatment indeed causes 

defective autophagy in lungs as well as in MLE 12 cells.  

Bleomycin treated mice in our study showed an increase in the amount of autophagy 

proteins at all treatment time points. Autophagy marker proteins like LC3B show that the 

bleomycin results in an increase in the turnover of LC3BI to LC3BII indicating increased 

lipidation of LC3B post bleomycin treatment. The increase in lipidated LC3BII levels 

alone is not enough to say that the autophagy is increased. To further support a claim 

that autophagy has been upregulated, a commonly used method is to show a decrease 

in the levels of autophagy substrate protein p62 whose role in autophagy pathway is to 

tag the proteins and organelles to be degraded and then interact with LC3B interacting 

region to bind with LC3B and enter autophagosomes. These autophagosomes then fuse 

with lysosomes to form autophagolysosomes, thereby degrading p62 labelled cargo 

together with p62 (Komatsu et al., 2007; Pankiv et al., 2007). In our study we did not see 

a decrease in levels of p62 post bleomycin treatment together with increased lipidation 

of LC3B but found p62 protein to be accumulating.  

To further test our understanding of the effect of bleomycin on MLE12 cells we treated 

the cells with different concentrations of bleomycin and studied the effect of bleomycin 

on autophagy related proteins. Bleomycin treatment was given in two sets of 

concentrations, a low range of bleomycin concentration and a higher range of bleomycin 

concentration. Bleomycin treatment at lower concentrations showed an increase in 

LC3BII levels in the protein lysate obtained from these cells after treating the cells with 

bleomycin for 4 h but p62 levels did not change significantly as compared to vehicle and 

untreated controls. SQSTM1/p62 has been shown to be transcriptionally regulated under 

certain conditions so it is important to show the changes in p62 protein levels are not due 

to an increase in the expression of p62 at mRNA level. Both LC3B and p62 did not show 

any change in the regulation of transcription of these genes in response to bleomycin 

treatment. In addition to the effect of bleomycin treatment on autophagy proteins, we 

also tried to establish the effect of higher doses of bleomycin on the pro-apoptotic protein 

cleaved caspase-3 when cells were treated with bleomycin for 4 h. As indicated in many 

studies before, it was interesting to note that bleomycin induces cleavage of pro-
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caspase-3 protein as early as 4 h post treatment in a dose dependent manner. It is well 

established that autophagy pathway sits at a crossway between cell survival and cell 

death and autophagy has been referred to as a pro survival mechanism for the cells 

(Maiuri et al., 2007; Marino et al., 2014). Based on our results so far, it may be stated 

that the cellular stress induced by the bleomycin treatment on MLE12 cells is huge and 

possibly autophagic machinery is not able to adapt to this kind of stress and shuts down. 

Once the autophagic machinery gets shut down, it becomes imperative for the apoptotic 

mechanisms to kick in and try to protect the overall system by sacrificing those cells 

where bleomycin induced toxicity is too high. In addition to the increased levels of 

cleaved caspase-3 observed in MLE12 cells post bleomycin treatment, we also observed 

a characteristic swelling in MLE12 cells when the cells were incubated with bleomycin at 

higher doses for 24 h. Vehicle and untreated cells did not show any such swelling. The 

exact reasons for this kind of swelling are not very clear but this can also be an effect of 

autophagy shutdown resulting in the inability of cells to clear out the toxic buildup of the 

proteins and organelles which might have been damaged due to the oxidative stress or 

other stress inducing mechanisms of bleomycin. In addition to the cellular swelling, 

increase in cell death of MLE12 cells in a dose dependent manner was clearly seen 

under light microscope.  

Our autophagy flux assay using two concentrations of bleomycin in the presence or 

absence of autophagy inhibitors chloroquine and bafilomycin did not show any increase 

in the turnover of LC3BI to LC3BII. This implicates that bleomycin is not an inducer of 

autophagy but an inhibitor of autophagy at either of the two concentrations used to study 

autophagy flux. These observations are however in striking contrast to a new study by 

Cabrera and colleagues (Cabrera et al., 2015), where they report enhanced autophagy 

following bleomycin treatment. The discripency may be attributed to the fact that Cabrera 

et.al. studied autophagy flux after 24 h in the presence of autophagy inhibitor 

chloroquine, a time point which may be too long to study autophagy flux as suggested 

before (Barth et al., 2010; Klionsky et al., 2016).  

In addition to flux assay, we also performed immunofluorescence on bleomycin treated 

MLE12 cells using two different concentrations as used earlier. The immunofluorescence 

was performed to study changes in the colocalization pattern of the autophagosome 

marker LC3B and lysosomal membrane protein marker LAMP2. An increase in the 

colocalization of these two proteins is widely accepted as an indicator of increased 

autophagolysosome formation which is essential for the autophagic degradation to 

happen. Lack of this fusion event would result in a toxic buildup of the p62 labeled cargo 

inside the cells resulting in activation of apoptotic or other cell death pathways. As shown 



79 
 

in our immunofluorescence images for LC3B and LAMP1 colocalization, no increase in 

autophagolysosomal formation was observed in response to bleomycin treatment as 

compared to vehicle and untreated cells.  

Based on the results discussed above it is clear to us that autophagy pathway has been 

hindered in response to bleomycin treatment and we next asked if it would be possible 

to rescue this autophagy defect to protect the cells from bleomycin induced damage and 

ultimately apoptosis. One of the approaches that we used here to overcome bleomycin 

induced block in autophagy pathway was to transiently overexpress GFP-TFEB in 

MLE12 cells before exposing them to bleomycin. TFEB has been shown to a key player 

in the regulation of autophagy although it has only quite recently been discovered to be 

playing a significant role in autophagy. It has been referred to as a “master regulator” of 

autophagy in addition to its significant role in lysosomal biogenesis (Sardiello et al., 2009; 

Zhao and Czaja, 2012). Based on our previous results where we did not see increase in 

the formation of autophagolysosomes, we hypothesised that increase in the number of 

lysosomes in MLE12 cells due to overexpression of TFEB might result in an increase in 

the number of autophagolysosomes thereby increasing autophagy flux. We 

overexpressed GFP-TFEB in MLE12 cells overnight, treated the cells with bleomycin 

following day with 10 or 50 mU of bleoymcin for 4 h and then analysed the changes in 

lipidation of LC3B protein to study the turnover of LC3BI to LC3BII in presence of 

autophagy inhibitors. Surprisingly, neither the turnover of LC3BI to LC3BII nor autophagy 

flux was increased upon GFP-TFEB overexpression. It however remains to be answered 

if overexpression of TFEB may prove beneficial to cells treated with higher dose of 

bleomycin (100 mU for example). It has been shown that cellular localization of TFEB is 

regulated by mTORC1 by phosphorylating it at S142. Treatment of cells with TORIN1, a 

selective mTOR inhibitor efficiently induced nuclear localization of TFEB, implicating a 

lysosome to nucleus signaling (Settembre et al., 2012). Following this line, further studies 

are underway to activate autophagy pathway in bleomycin treated cells using TORIN1 

which might trigger the lysosome to nucleus signaling of TFEB and thereby autophagy.  

5.3 Autophagy in lung health and disease 

Regulation of autophagy in lung diseases represents a growing field of research. So far, 

increased autophagy resulting in apoptotic cell death has been shown under conditions 

of chronic obstructive pulmonary disease (COPD) (Chen et al., 2008). In cystic fibrosis, 

defective autophagy seems to occur and rescuing the autophagy pathway improved the 

trafficking of the cystic fibrosis transmembrane conductance regulator (CFTR) (Luciani 

et al., 2010). More recent studies on the regulation of autophagy in lung fibrosis report 
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that autophagy is either not activated or is insufficient in patients with idiopathic 

pulmonary fibrosis (IPF) and that TGFβ-1 inhibits autophagy in lung fibroblasts in vitro 

(Patel et al., 2012). Another study revealed an alteration in the Bcl-2-binding protein 

Beclin1, providing a hint towards a dysfunction in the autophagy/apoptosis system in IPF 

fibroblasts (Ricci et al., 2013). In addition, PINK1 dependent autophagy was indicated in 

IPF AECIIs (Bueno et al., 2015). Nevertheless, the precise role of autophagy within the 

alveolar epithelial cells largely remains unexplored in IPF as well as in animal models of 

lung fibrosis.We recently reported increased autophagy flux and apoptosis of AECII that 

is mediated by autophagy in amiodarone induced lung fibrosis (Mahavadi et al., 2015). 

Now, in the current study, we document that autophagy is defective in HPS associated 

and in bleomycin induced lung fibrosis. These observations completely corroborate with 

the previously reported defective autophagy within the AECII of IPF patients (Bueno et 

al., 2015). Based on all these different observations, it may be stated that depending on 

the kind of insult, autophagy is regulated differently in different models of lung fibrosis. 

In any case, altered autophagy (either too much or too little) triggers lysosomal stress in 

alveolar epithelial cells and might be a critical pathway contributing towards AECII injury 

and apoptosis under conditions of lung fibrosis. 

5.4 Interaction partners for HPS1 and LC3B 

HPS1 protein has not yet been studied in detail. So far it is known that HPS1 interacts 

with HPS4 in the BLOC-3 complex. Rab9 is the only direct interaction partner reported 

for the BLOC-3 complex (Kloer et al., 2010). Identification of interaction partners of HPS1 

would hence throw light on the yet unknown cellular functions of this protein. Hence, we 

performed mass spectrometry analysis of myc tagged HPS1 protein following its 

overexpression in A549 cells and its pulldown. The full list of specific HPS1 interacting 

proteins was about 280 proteins which included members of vesicle trafficking, 

microtubule related proteins, members of the autophagy family, etc. Confirmation studies 

for the identified partners are currently underway. Since HPS1 is known to play important 

role in vesicular trafficking, the currently identified interacting partners of vesicle 

trafficking and microtubule associated proteins are extremely exciting to study 

further(Huizing et al., 2000; Natsuga et al., 2005; Shotelersuk and Gahl, 1998).  

In addition, it may be of great interest to study the functional and biological significance 

of the HPS1 protein with the identified proteins of the autophagy pathway like ATG3 and 

BNIP1. This will particularly enhance our current understanding about the underlying 

reasons behind defective autophagy that we have reported under conditions of HPS1-

lung fibrosis. 
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Likewise, to understand the interactome of the LC3B proteinin alveolar epithelial cells, 

we performed mass spectrometry analysis for LC3B-myc in MLE12 cells as a first step. 

We were able to identify about 250 LC3B specific interacting proteins, and the list 

includes both known and novel interaction partners for LC3B. While proteins like 

SQSTM1 (p62), Bag3, and VPS1 are known interacting proteins that were identified in 

our analysis, lysosomal protein NCUG1, LAMTOR1, Drebrin1 etc. are novel and are not 

yet reported binding partners of LC3B. Confirmational experiments including 

immunoprecipitation of LC3B followed by western blots of the selected proteins and 

reverse immunoprecipitation, meaning pulldown of the interaction partner using specific 

antibodies followed by western blot for LC3B are some ways to confirm the identified 

interaction partners in the immediate future followed by long term goals to identify the 

biological and functional significance of the interactions in alveolar epithelial cells and 

how aberration of such interactions influence and trigger alveolar epithelial injury and 

thereby lung fibrosis.  
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6. CONCLUSION 

We conclude that autophagy is defective in alveolar epithelial cells of two mouse models 

of lung fibrosis that we used in this study, the HPS model and the bleomycin model. Such 

aberrant autophagy triggers lysosomal stress events which might affect other cellular 

stress mechanisms of the cell. This contributes towards apoptosis of this cell type 

ultimately leading to the development of lung fibrosis. The complexities and intricacies 

of the autophagy pathway in these two mouse models might be very different from each 

other but they are united by the fact that autophagy is silenced in the alveolar epithelial 

cells of both the models which might contribute towards AECII injury and thereby fibrosis. 

In case of HPS1 knockdown, with the overexpression of LC3B in A549 cells, we were 

able to reverse the HPS1 knockdown induced accumulation of p62. Although this was 

not the case with bleomycin treated MLE12 cells where we were not able to induce 

recovery of autophagic pathway, the readouts so far clearly implicate towards targeting 

autophagy to combat alveolar epithelial cell injury in this model. Identification and 

confirmation of novel interacting partners for HPS1 as well as for autophagy proteins will 

open new avenues to target this pathway in the context of lung fibrosis. 
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7. Summary 

Idiopathic pulmonary fibrosis (IPF), characterized by progressive decline in lung function, 

is associated with histological appearance of usual interstitial pneumonia (UIP). To 

define pathogenesis of lung fibrosis, several mouse models have been developed. 

Bleomycin is the most frequently used agent to drive lung fibrosis in mice. Apart from 

bleomycin model, AECII injury and apoptosis were reported as important triggers in other 

mouse models like Hermansky-Pudlak syndrome (HPS) associated lung fibrosis and 

amiodarone induced lung fibrosis. HPS is an autosomal recessive disorder characterized 

by bleeding diathesis, occuculocutaneous albinism and pulmonary fibrosis in patients. 

Aim of this study is to analyze regulation of autophagy in HPSIP and bleomycin model 

of lung fibrosis. Autophagy is a lysosome dependent quality control mechanism of cell to 

maintain cellular homeostasis and promote cell survival under stressful conditions. 

In our study, key autophagy proteins including LC3BII and p62 were found to be 

increased in HPS1/2 double mutant mice lungs. Electron microscopy revealed preferable 

LC3B binding to the lumen of lamellar bodies in HPS1/2 while it was found in both the 

lumen as well as on the limiting membrane of lamellar bodies in wildtype mice. After 

HPS1 knockdown in A549 cells, p62, an autophagy substrate protein accumulated 

indicating defective autophagy pathway. Exogenous LC3B normalized HPS1 knockdown 

induced p62 protein levels. A549 cells post HPS1 knockdown also showed a decrease 

in the formation of autophagolysosomes. We overexpressed and immunoprecipitated 

HPS1 protein from A549 cells and identified specific autophagy related proteins as HPS1 

interacting proteins via mass spectrometric analysis.  

Bleomycin treated mice lungs showed increase in autophagy proteins. MLE12 cells, 

upon bleomycin treatment revealed decrease in autophagy flux but showed increased 

levels of cleaved caspase-3 indicating induction of apoptosis post bleomycin treatment.  

We performed co-imunoprecipitation followed by mass spectrometric analysis to identify 

interaction partners for autophagy marker protein, LC3B within the alveolar epithelial 

cells. Our analysis revealed novel interacting partners for LC3B. 

This study concludes that defective autophagy pathway observed both, in response to 

HPS1 knockdown and bleomycin challenge might play a critical role in the development 

and progression of pulmonary fibrosis. Understanding functions of autophagy by 

analyzing novel interaction partners of its marker proteins within the alveolar epithelial 

cells may help to further understand the mechanisms behind the contribution of defective 

autophagy towards the development of lung fibrosis. 
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8. Zusammenfassung 

Die idiopathische Lungenfibrose (IPF) repräsentiert eine der aggressivsten Formen von 

Organfibrosen. Sie ist durch eine fortschreitende Verringerung der Lungenfunktion 

charakterisiert und wird mit dem histologischen Erscheinungsbild einer herkömmlichen 

interstitiellen Pneumonie assoziiert (UIP). Um die Pathogenese der Lungenfibrose zu 

definieren, wurden bereits einige Mausmodelle entwickelt. Hierbei stellt Bleomycin das 

am häufigsten verwendete agens dar, um eine Lungenfibrose bei Mäusen auszulösen. 

Abgesehen von diesem Bleomycin Modell wurden auch Schädigungen der AEII und 

Apoptose als mögliche Auslöser erkannt, etwa bei Mausmodellen für Hermansky-Pudlak 

Syndrom (HPS) assoziierte Lungenfibrose und Amiodarone induzierter Lungenfibrose. 

HPS ist eine autosomal rezessive Erkrankung, die charakterisiert ist durch 

Blutungsdiathese, Ceroid-Lipofuszin Akkumulation, okulokutanen Albinismus und 

pulmonale Fibrose. Mutationen im HPS Gen verursachen Fehler im Proteintransport. 

Das Ziel dieser Studie ist es, die Regulation der Autophagie in HPSIP und im Bleomycin 

Modell für Lungenfibrose zu analysieren.  

Bei der Autophagie handelt es sich um einen von den Lysosomen abhängigen 

Qualitätskontrollmechanismus einer Zelle, der darauf abzielt, die zelluläre Homöostase 

aufrecht zu erhalten und das Überleben der Zell in Stresssituationen zu unterstützen.  

In unserer Untersuchung konnten wir zeigen, dass Autophagie Proteine inklusive LC3B 

Lipidation und p62 in den Lungen der HPS 1/2 Doppelmutanten Mäusen erhöht waren. 

Elektronenmikroskopische Untersuchungen zeigten eine zu bevorzugende LC3B 

Bindung an das Lumen der Lamellarkörper bei den HPS1/2, während diese sowohl im 

Lumen als auch in der limitierenden Membran der Lamellarkörper in wild-typischen 

Mäusen zu finden war. Unter HPS1 knock-down Bedingungen in A549 Zellen, 

akkumulierte das Autophagie Substrat Protein SQSTM1/p62, was auf einen defekten 

Autophagie Signalweg hindeutet. Exogenes LC3B normalisierte die von HPS1knock-

down induzierten p62 Proteinlevel. A549 Zellen zeigten nach HPS1 knock-down 

ebenfalls eine Verringerung der Formation von Autophagie Lysosomen. Wir über-

exprimierten und immunpräzipitierten HPS1 Protein aus A549 Zellen und identifizierten 

spezifische Autophagie bezogene Proteine wie etwa HPS1 interacting Proteine durch 

massenspektrometrische Analyse.  

Mit Bleomycin behandelte Mäuselungen zeigten einen Anstieg der Autophagie 

Markerproteine. MLE12 Zellen zeigten bei Bleomycin Behandlung eine Verringerng des 
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Autophagie Flux, aber gesteigerte Level an gespaltenen Caspase3, was eine Induktion 

der Apoptose nach Bleomyzin Behandlung nahelegt. 

Wir führten eine Co-Immunopräzipitation durch, gefolgt von einer 

massenspektrometrischen Analyse, um wichtige Interaktionspartner für das Autophagie 

Marker Protein LC3B in den alveolaren Epithelzellen zu identifizieren. Unsere Analyse 

zeigte neuartige Interaktionspartner für LC3B.  

Die Studie kommt zu dem Schluss, dass defekte Autophagie Signalwege wie sie sowohl 

als Antwort auf HPS1 knock-down als auch bei Bleomyzin Behandlung beobachtet 

werden, eine Rolle bei der Entwicklung und Progression der Lungenfibrose spielen 

könnten. Die Funktionen der Autophagie durch die Analyse neuer Interaktionspartner 

ihrer Markerproteine in den alveolaren Epithelzellen zu verstehen könnte helfen, die 

Mechanismen hinter dem Beitrag defekter Autophagie an der Entwicklung von 

Lungenfibrose zu verstehen.  
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10. APPENDIX 

10.1 List of primary antibodies 

Name Source Dilution Purpose Company 

atg5 Rabbit 1:1000 WB Abcam 
atg5-atg12 Rabbit 1:1000 WB Abcam 
atg7 Rabbit 1:1000 WB Sigma 
b-actin Rabbit 1:30000 WB Abcam 
Beclin1 Sheep 1:1000 WB R&D systems 
Caspase 8 Rabbit 1:100 IF Abcam 
Cl. caspase 3 Rabbit 1:50 IF Cellsignalling 
Cl. caspase 3 Rabbit 1:1000 WB  Cellsignalling 
GAPDH Rabbit 1:10000 WB Abcam 
GFP Goat 1:2000 WB Abcam 
HPS1 Mouse 1:1000 WB Santacruz 
LC3B Rabbit 1:5000 WB Abcam 
LC3B Rabbit 1:200 IHC Abcam 
LC3B Rabbit 1:100 IF Abcam 
LAMP1 Rat 1:25 IF Santacruz 
LAMP2 Rat 1:1000 WB Millipore 
myc Rabbit 1:1000 WB  Abcam 
p62 Rabbit 1:3000 WB Sigma 
p62 Rabbit 1:100 IF Sigma 
p62 Rabbit 1:200 IHC Sigma 
pro SP-C Rabbit 1:500 IHC Millipore 
TFEB Goat 1:1000 WB Novus Biologicals 

 

10.2 List of secondary antibodies 

Name Source Dilution Company 

Anti-rabbit Swine 1:2000 Dako 
Anti-goat Rabbit 1:2000 Dako 
Anti-rat Rabbit 1:2000 Dako 
Anti-sheep Rabbit 1:2000 Dako 

 

10.3 List of fluorescent labelled secondary antibodies 

Name Dilution Company 

Donkey Anti-Rabbit IgG (H+L) secondary 
antibody, AlexaFluor® 488 conjugate 

1:400 Life Technologies 

Donkey Anti-Rabbit IgG (H+L) secondary 
antibody, AlexaFluor® 555 conjugate 

1:400 Life Technologies 

Donkey Anti-Rat IgG (H+L) secondary 
antibody, AlexaFluor® 488 conjugate 

1:400 Life Technologies 

Donkey Anti-Goat IgG (H+L) secondary 
antibody, AlexaFluor® 488 conjugate 

1:400 Life Technologies 
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