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Abstract 

It is a challenge to assess the toxicity of environmental air particulate matter (PM) 

because PM composition is complex and variable, due to source contribution and 

atmospheric transformation. The goal of this study is to establish an in vitro model that can 

fingerprint the cytotoxic effects of airborne PM and their associated toxicity mechanisms. 

For this purpose, the cytotoxic effects of different reference and environmental particles on 

A549 human lung epithelial cells were characterized using multiple endpoint assays 

(cytokine release, LDH release, BrdU incorporation, cellular ATP and resazurin reduction) 

and proteomic analyses (2D-GE and MALDI-TOF-TOF-MS/MS). The results of this study 

demonstrated that proteomic analyses can distinguish the influences of different (carbon 

black and titanium dioxide) and similar (cristobalite and α-quartz) particles on various 

pathways in A549 cells (e.g., cell death and cell proliferation); and the cytotoxicity assays 

were capable of differentiating the phenotypic outcomes of the particles, which were 

complementary and supportive to pathway analyses. The ability of in vitro toxicoproteomics 

to differentiate the toxicity of environmental particles was tested on Ottawa urban dust 

(EHC-93) and its water-insoluble and soluble fractions. Findings from both cytotoxicity 

assays and proteomic analyses consistently indicated that the insoluble materials explained 

most of the toxic effects of the total PM. Interestingly, the toxic potency of EHC-93 total was 

not equal to the sum of its insoluble and soluble fractions, implying inter-component 

interactions between insoluble and soluble materials that may be reflected through 

synergistic or antagonistic in vitro responses. The insoluble and soluble fractions uniquely 

altered the expression patterns of the proteins involved in pathways such as cell death, cell 

proliferation and inflammation. For example, the insoluble and soluble fractions oppositely 



iii 
 

altered the expression of the proteins (e.g., TREM1, PDIA3, PKM and ENO1) involved in an 

inflammatory response pathway in A549 cells, and the insoluble fraction was more potent 

than the soluble fraction in increasing secretion of pro-inflammatory cytokines MCP-1 and 

IL-8 from A549 cells. In essence, in vitro toxicoproteomics is a valuable tool in relating the 

physicochemical characteristics of ambient air particles to their biological reactivity through 

understanding their mechanisms of toxicity. 
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Chapter I. Introduction 

 Environmental air particulate matter (PM) is a complex mixture of particles that 

consist of a wide range of sizes and physicochemical properties. Episodic rises in the level of 

airborne PM are known to cause adverse health effects, where the effects of the PM are 

associated with the physicochemical properties of its constituents. Thus, it is essential to 

identify the toxic components in ambient air PM and determine their mechanisms of effects 

in order to develop regulatory measures to reduce the negative health effects of air pollution. 

However, it is a challenge to fulfill this need because the particle composition in different 

geographical locations varies, depending on the local sources of release. Furthermore, it is 

also difficult to collect a sufficient quantity of PM that can be used for various in vivo, in 

vitro and physicochemical assessments. Thus, it is rare to find a study that can identify the 

toxic components of air particles and elucidate their pathways of effects. The goal of this 

Ph.D. research project is to establish an in vitro toxicoproteomic approach that can 

disentangle the toxic effects of airborne PM. In this study, a human lung epithelial cell line 

(A549) was used as a model to assess the cytotoxic effects of occupational health relevant 

particles such as titanium dioxide, carbon black, cristobalite and Min-U-Sil 5, and Ottawa 

urban air particles (EHC-93) and its fractionated water-soluble and insoluble components. 

The cytotoxic effects of these particles were assessed via multiple cytotoxicity assays (i.e., 

LDH release, BrdU incorporation, cellular ATP and resazurin reduction) and proteomic 

analyses (i.e., two-dimensional gel electrophoresis and MALDI-TOF-TOF-MS/MS). The 

results of this study demonstrate that in vitro toxicoproteomics is a valuable approach that is 

useful to investigate the molecular mechanisms that delineate the cytotoxic effects of 

airborne PM. 
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I.1. London Fog. 

A classic example of air pollution is the London smog of December 1952. At the 

time, coal was heavily used as a heating source. The combustion of coal released black soot, 

tar and sulphur dioxide (SO2) in the air, which created a thick layer of smog that spread 

through the city and persisted over a period of four days (December 5 to 8, 1952) (Scott, 

1953). During this period, the levels of smoke and SO2 were measured at 4.46 mg/m3 and 

1.339 parts per million, respectively, which were about 40 and 20 times higher than normal 

(Scott, 1953). These increases in the levels of smoke and SO2 were correlated with a drastic 

increase of deaths in the city (Scott, 1953). The death toll in the aftermath of this event rose 

above 12000, and the reported causes of death were almost exclusively due to respiratory and 

cardiovascular complications such as lung cancer, bronchitis, pneumonia, pulmonary 

tuberculosis and heart diseases (Bell and Davis, 2001; Scott, 1953). This tragic event 

provided unequivocal evidence that air pollution is toxic and a serious health concern. Since 

then, the London Fog has been the cornerstone of air pollution research and development of 

regulatory guidelines on ambient air particulate matter. 

 

I.2. Categorization of airborne particles based on physicochemical properties. 

 The environmental air contains a mixture of gases and particles with a wide range of 

origins, sizes and physicochemical properties. This study focused mainly on the toxic effects 

of environmental air particles. The level and composition of particles vary in an environment 

depending on the time of day, season and geographical location. These particles originate 

either from nature or human occurrences. The natural sources of ambient air particles include 

microorganisms, animals, plants, trees and stones (due to erosion), and occasional natural 
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disasters such as forest fires and volcanic eruptions. Most of the naturally occurring PM are 

endotoxins from bacteria (e.g., lipopolysaccharides), allergens from trees (e.g., pollens), and 

eroded mineral (e.g., silica) and metal (e.g., iron) particles from stones and rocks. Most man-

made airborne pollutants are derived from farming, mining, construction, automobile 

exhausts and industrial releases, and domestic combustion of wood, gas, coal and oil. The 

three main types of anthropogenic airborne particles that are associated with adverse health 

outcomes are metals (e.g., zinc, iron and copper), minerals (e.g., asbestos and silica) and 

carbonaceous materials (e.g., pesticides, elemental carbon and polycyclic aromatic 

hydrocarbons) (see section I.4.).  

 Epidemiological and toxicological studies generally categorize ambient air particles 

into several groups based on their physical sizes: >PM10 are coarse particles that have 

aerodynamic diameter > 10 μm, PM10 and PM2.5 are small particles with cut-off 

aerodynamic diameters < 10 and 2.5 μm, and ultrafine particles are those particles with at 

least one dimension < 100 nm (also known as nano- or ultrafine particles). The reason to 

categorize the particles based on size is because physical size is an important parameter that 

dictates the deposition behavior and the potency of PM. The levels of PM10 and PM2.5 have 

been found to associate with adverse health outcomes in humans. For example, the levels of 

PM10 correlate positively with morbidity or mortality due to respiratory illnesses and lung 

cancer (Hales et al., 2012; Pope, 1989), and the levels of PM2.5 associated with morbidity 

and mortality due to cardiovascular diseases and/or lung cancer (Burnett et al., 2000; 

Dockery et al., 1993; Pope et al., 2011). According to World Health Organization (WHO) air 

quality guidelines in 2005, the annual mean levels of PM10 and PM2.5 should not exceed 20 

and 10 μg/m3 to meet healthy standard, and the 24-hour mean levels of PM10 and PM2.5 

should not exceed 50 and 25 μg/m3. The Canadian Ambient Air Quality Standards (CAAQS) 
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are more stringent than WHO, and are mainly focused on PM2.5. The new 2015 standard of 

CAAQS under section of 54 and 55 of the Canadian Environmental Protection Act 1999 is 

to keep the level of outdoor PM2.5 below 10 and 28 μg/m3 on annual and 24-hour bases, 

respectively(http://www.ec.gc.ca/default.asp?lang=En&n=56D4043B-1&news=A4B2C28A-

2DFB-4BF4-8777-ADF29B4360BD). 

Size is an important determinant of particle toxicity owed mainly to the basis of 

physics. First, physical size dictates the probability of distribution and penetration of 

particles in the respiratory tract (Raabe et al., 1988). Generally, most coarse particles are 

filtered out by the nose and nasal cavity (Landahl and Black, 1947; Landahl and Tracewell, 

1949), while smaller particles are capable of penetrating deeper in the respiratory tract 

(Raabe et al., 1988). Second, smaller particles are present in greater number per mass unit as 

compared to larger particles. Third, smaller particles have greater surface area per mass unit, 

which permits greater surface interaction with the cells (see Figure 1 for a schematic 

illustration). For instance, inhalation of ultrafine carbon black (CB) particles (14 nm 

diameter) induced significantly greater pulmonary inflammatory and toxicity responses in 

rats as compared to its larger counterpart (260 nm diameter), based on mass (Sager and 

Castranova, 2009). However, when the doses were equalized based on surface area, the 

effects of the smaller CB particles were only slightly greater than the larger CB particles 

(non-significant difference) (Sager and Castranova, 2009). Similar observations were also 

found with other particles such as titanium dioxide (Oberdorster et al., 1994) and metallic 

nickel (Serita et al., 1999). The results of these studies suggest that surface area is a better 

dose metric to evaluate the toxic potency of a particle, especially a nano-particle, as 

compared to the conventional mass dose metric. In addition, these studies challenge the



5 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
Figure I – 1. A schematic diagram that demonstrates the relationship between size and 
surface area of the particles.  
Drawing of an 8 µm cubic particle (A). Drawings of a 2 µm cubic particle and an 8 µm cubic 
particle that was cut into 64 equal particles that are 2 µm in size (B). The interaction between 
a cell and one 8 µm cubic particle is illustrated (C). The interaction between a cell and nine 2 
µm cubic particles is illustrated (D).
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conventional mass dose metric that has been used to establish the threshold limit value 

(TLV) of a particle or substance.  

It should be noted that size is not the only property that dictates the toxic potency of a 

particle. The shape, surface charge or surface coating can also contribute to its overall 

toxicity (Johnston et al., 2009; Oberdorster et al., 2005; Sun et al., 2015a; Zhang et al., 

2012). Furthermore, the chemical properties of particles also play an important role in 

determining toxicity. The toxicity of particles with different chemical properties will be 

discussed later in Section I.4. In essence, the physicochemical properties of a particle 

contribute to its overall toxic potency. 

 

I.3. Destinations of inhaled particles in a body. 

 Epidemiological studies indicate that exposure to environmental air pollution causes 

non-accidental morbidity and mortality (Burnett et al., 2000; Goldberg et al., 2013; Hales et 

al., 2012; Scott, 1953). Early studies focused on investigating the adverse health effects of air 

pollution in the respiratory and cardiovascular system, because the respiratory tract is the 

main route of entry of airborne PM into an organism. However, more recent data indicates 

that environmental air particles can also affect extra-pulmonary organs, such as brain, liver, 

spleen and kidney (see section I.3.3. below).  

I.3.1. General entry, deposition and clearance of inhaled particles. 

Upon nosal inhalation, the majority of the coarse particles greater than 1 µm can be 

filtered out by the nose and nasal cavity (Landahl and Black, 1947; Landahl and Tracewell, 

1949). Most of the deposited particles in the nasal cavity can be quickly cleared from the 

nose by the action of nasal mucociliary clearance (Merkus et al., 1998; Proctor et al., 1973), 
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which allows the trapped particles to be sent to the gastrointestinal (GI) tract for excretion or 

directly expelled from the nose. Thus, inhaling through the nose helps to filter out a 

significant amount of particles that would not have been filtered out by mouth inhalation. 

Those inhaled particles that were not captured or filtered out by the nose can then enter the 

lower respiratory tract (tracheobronchial airways and lungs). There, deposited particles are 

cleared by the action of the mucociliary escalator, which sends the particles to the GI tract 

(Clarke and Pavia, 1980; Ferin, 1972). The deposited particles can also trigger inflammatory 

responses in the local tissue that recruit leukocytes such as neutrophils (Harmsen et al., 1987) 

and macrophages (Harmsen et al., 1985) to uptake the particles and move to the mucociliary 

escalator or local lymphatic nodes for clearance (Ferin, 1972). Although the clearance 

mechanisms of the respiratory tract are efficient, there is a limit to their clearance capacity. 

Therefore, exposures to high levels of environmental air PM can cause negative health 

effects (see sections I.3.2. and I.3.3. below).  

I.3.2. Adverse effects of PM in the respiratory pulmonary system. 

Exposure to air pollution is known to associate with the development or exacerbation 

of respiratory illnesses, such as bronchitis (Liu et al., 2014; Scott, 1953; Stocks, 1959), 

asthma (Canova et al., 2012; MacIntyre et al., 2014; Su et al., 2013), pulmonary fibrosis 

(Johannson et al., 2014) and lung cancer (Liu et al., 2014; Merlo et al., 1991; Pope et al., 

2011; Siemiatycki et al., 1989; Stocks, 1959). The development or exacerbation of these 

respiratory illnesses can be explained by the toxic effects of the particles retained in the 

respiratory tract (see Section I.4. for more detail). As the respiratory tract is directly linked to 

the circulatory system, it is not a surprise that air pollution is also associated with adverse 

cardiopulmonary functions, such as hypertension, palpitation, atherosclerosis, myocardial 
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infarction and stroke (Chen et al., 2013). A plausible pathway that can explain how airborne 

particles can affect the cardiopulmonary system is the spill-over of the respiratory system to 

the circulation (Kumarathasan et al., 2015; Sun et al., 2008). For instance, Kumarathasan and 

colleagues recently reported that exposing rats to EHC-93 Ottawa urban dust via nose-only 

inhalation can induce inflammatory responses in the respiratory tract and can elevate the 

levels of plasma carboxyhemoglobin, endothelin-1, reactive oxygen species (ROS) and 

reactive nitrogen species (RNS) (Kumarathasan et al., 2015). Thus, exposures to airborne 

PM have been linked to the development or exacerbation of cardiopulmonary diseases.  

I.3.3. Effects of air particles in extra-pulmonary organs. 

More recent data indicates that the toxic effects of environmental air particles can 

extend beyond the cardiopulmonary system. For example, exposures to air pollution have 

also been associated with non-pulmonary complications, such as declined cognitive function 

(Ailshire and Crimmins, 2014; Jedrychowski et al., 2014; Julvez et al., 2007; Tonne et al., 

2014) and increased risk of diabetes mellitus (Brook et al., 2013; Rao et al., 2015; Vora et 

al., 2014). A possible pathway to explain such systemic effects of environmental air PM is 

the translocation of the deposited particles away from the respiratory tract. For example, 

Oberdorster and colleagues demonstrated that inhalation of ultrafine TiO2 particles leads to 

the accumulation of TiO2 in the lymph nodes of rats (Oberdorster et al., 1994). Similarly, 

Kreyling et al., showed that inhaled 15 and 80 nm iridium particles (insoluble) translocate 

from the respiratory tract to the liver, spleen, heart and brain of rats (Kreyling et al., 2002). 

In addition, a recent study from our laboratory demonstrated that exposing rats to EHC-93 

Ottawa urban dust and/or ozone (nose-only inhalation) can alter the expression of genes in 

various organs, including lung, heart, liver, kidney, spleen, pituitary and cerebral hemisphere 
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(Thomson et al., 2013). These findings support epidemiological data that the effects of 

environmental air particles indeed extend beyond the respiratory tract. 

 

I.4. Toxic effects of different airborne particles.  

Identifying the drivers of toxic potency and determining the mechanisms of their 

effects in airborne PM is important and useful in the development of regulatory measures to 

reduce the negative health effects of air pollution. Most of the anthropogenic particles fall 

into three main categories, namely, metal, mineral and carbonaceous material. This section 

will briefly review the impacts of some particles in these categories and some of their 

underpinning mechanisms of toxicity.  

I.4.1. Metals.  

Epidemiological studies from U.S. and Canadian cities showed that there is a strong 

correlation between the levels of metals in environmental air PM and negative health effects 

in humans (Burnett et al., 2000; Laden et al., 2000). Examples of the respirable metal 

particles that can be found in environmental air are Zn, Ni, Fe, Cu, Al, Mn, Pb, Co and Cd, 

and the levels of these metals vary depending on the local sources of emission (Thomson et 

al., 2015; Thomson et al., 2016; Vincent et al., 2001; Zhang et al., 2016). Some of these 

metals, such as Pb and Cd, are non-essential metals and they are known to be toxic to human. 

For example, Cd is classified as a human carcinogen by the International Agency for 

Research on Cancer (IARC) (IARC monographs volume 58, 1993). Inhalation of Cd causes 

lung cancer, as this metal can cause oxidative damage to DNA (e.g., single strand DNA 

breaks) (Hassoun and Stohs, 1996). Interestingly, essential metals such as Zn, Cu and Fe that 

act as cofactors for proper folding and/or activity of a broad number of proteins can also 
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cause adverse health effects at high levels. Since these metals can be found in ambient air 

particles collected from Ottawa (Vincent et al., 1997) and other locations in Canada 

(Thomson et al., 2016), they pose a potential health risk to the public. For example, human 

exposure to Zn dust or fumes can lead to pneumonitis or metal fume fever (Cooper, 2008). 

Our laboratory has identified that Zn is a water-soluble component in Ottawa urban dust 

(EHC-93) that can induce inflammation and lung injury in rats (Adamson et al., 2000). Each 

metal may possess specific mechanisms that lead to toxicity or carcinogenicity. However, the 

most common mechanism of toxicity for most metals is their ability to generate ROS or RNS 

through the Fenton reaction (Li et al., 2008; Trachootham et al., 2008). The Fenton reaction 

is the generation of hydroxyl radical from hydrogen peroxide in the presence of a metal (e.g., 

Fe2+ + H2O2 → Fe3+ + HO• + HO-) (Fenton 1894). Increases in the level of ROS or RNS in 

cells can ultimately lead to oxidative modification of lipids (Esterbauer et al., 1991), proteins 

(Kobayashi et al., 2006) and DNA (Valko et al., 2006).  

I.4.2. Minerals.  

Minerals are abundantly present in the environment, and many minerals have been 

used in a broad range of applications worldwide. Unfortunately, excessive exposures to a 

number of mineral particles via inhalation are known to cause serious adverse health effects. 

For example, silica (SiO2) is a known occupationally hazardous respirable particle. Chronic 

exposure to silica is primarily an occupational hazard for sand blasters, miners, brick workers 

and construction workers. However, silica (sand) is a common component in ambient air; 

hence, excessive exposure to silica particle is a general public health concern. According to 

IARC, silica is a group 1 human carcinogen (IARC, 1997), and the American Conference for 

Governmental Industrial Hygienists (ACGIH) indicated that silica has a low threshold limit 
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value (TLV) of 0.025 mg/m3 (ACGIH, 2001). Exposure to silica is known to cause formation 

of scar tissue in the lungs, a condition known as silicosis (Cassel et al., 2008; Lee et al., 

2013). The cytotoxicity of silica is likely due to its ability to activate the NLRP3 

inflammasome (Cassel et al., 2008; Dostert et al., 2008; Hornung et al., 2008), stimulate the 

production of ROS (Cassel et al., 2008; Dostert et al., 2008), as well as trigger apoptotic and 

necrotic cell death (Cassel et al., 2008; Chao et al., 2001; Iyer et al., 1996; Joshi and Knecht, 

2013).  

Titanium dioxide (TiO2) is a naturally occurring oxidized mineral form of titanium. 

Historically, TiO2 was loosely used as a “negative control” for many toxicological studies 

because it was found to be relatively inert and was not considered as an occupational 

hazardous material (TLV = 10 mg/m3) (ACGIH, 2001). However, the vastly increased 

application of TiO2 in a number of products, including cosmetics, foods and medicines 

warranted more rigorous investigations of the safety of this mineral, especially nano-sized 

TiO2 particles. Recent studies found that the toxicity of TiO2 depends on various 

physicochemical parameters of the particles, including size, aggregation state, crystal phase 

and surface modification (Johnston et al., 2009). 

I.4.3.Carbonaceous materials.  

Soot or black carbon is an undesirable product of uncontrolled and incomplete 

combustion of organic materials such as wood, coal, diesel and cigarettes that results in the 

generation of varying amounts of elemental and organic carbon. These carbonaceous 

materials can cause adverse health effects in humans and animals. The toxic effects of 

organic carbon pollutants known as polycyclic aromatic hydrocarbons (PAHs) have been 

heavily investigated due to their presence in cigarette smoke and several well recognized 
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historic events. For example, Percivall Pott, an English surgeon, was the first to notice the 

high incident of scrotum cancer in chimney sweepers in London all the way back in mid 

1700, and suggested a positive relationship between occupational cancer and environmental 

carcinogen (Brown and Thornton, 1957). The Seveso disaster in July 1976 in Italy was an 

accident from the Industrie Chimiche Meda Societa Azionaria that dispersed kilogram 

quantities of 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) and TCDD-like substances in the 

air (Bertazzi et al., 1998; Walsh, 1977). It resulted in the death of thousands of animals, the  

sacrifice of thousands more suspected exposed-animals (to prevent food chain 

contamination), and several hundred people suffered from skin lesions or chloracne (a 

painful and skin disfiguring condition due to chronic inflammation) (Bertazzi et al., 1998). 

Another incident is the use of TCDD in an attempted assassination of Viktor Yushchenko in 

2004, who was campaigning for a Ukrainian presidential election. Although the dioxin 

poisoning did not kill him, he suffered severe inflammation in the liver, pancreas and 

intestines (Sterling and Hanke, 2005). He also suffered excruciating back pain over a month 

and developed chloracne that permanently disfigured him (Sterling and Hanke, 2005).  

PAHs and TCDD are known to bind to the aryl hydrocarbon receptor (AHR) in the 

cytosol of cells. Upon ligand binding, the AHR undergo conformational changes to expose 

its nuclear localization sequence and translocate to the nucleus (Ikuta et al., 1998). There, the 

AHR dissociates from its inhibitory chaperones (Hsp90, P23 and ARA9) (Perdew, 1988; 

Kazlauskas et al., 1999; Ikuta et al., 1998; Carver et al., 1998; Seok et al., 2017) and binds to 

its transcription partner (ARNT) (Reyes et al., 1992; Seok et al., 2017). The ligand-

AHR/ARNT complex activate various genes through binding to their promoter regions such 

as the xenobiotic response element (XRE) (Reyes et al., 1992) of xenobiotic metabolizing 

enzymes including cytochrome P450 1A1 (CYP1A1) and CYP1B1. The activated AHR 
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(ligand-AHR/ARNT complex) also binds directly to the promoter region of the antioxidant 

response element (ARE) of nuclear factor erythroid 2 p45-related factors (NRF2) (Beischlag 

et al., 2008), which can activate various antioxidant enzymes. Interestingly, the activation of 

NF-κB can also be induced by activated AHR or overexpression of AHR (Tsay et al., 2013). 

Finally, the activated AHR regulates itself by stimulating the expression of the AHR 

repressor (AHRR) (Gradin et al., 1999; Hankinson et al., 1985), where the AHRR competes 

with AHR to dimerize with ARNT (Gradin et al., 1999; Mimura et al., 1999). In summary, 

activation of the AHR can stimulate a large set of genes that have diverse functions in the 

cell. An earlier study from our laboratory showed that ambient air PM from various 

environments contain PAHs, and the particles from these environments can stimulate the 

expression of CYP1A1, as measured by the CAT-Tox [L] assay in HepG2 cell line (Vincent 

et al., 1997). 

 Accumulated data over the years suggest that the AHR plays an important role in 

carcinogenicity. Chronic exposure of animals to a low level of TCDD has is known to cause 

neoplasm (Kociba et al., 1979; Kociba et al., 1978; Van Miller et al., 1977). An organic 

extract of airborne particulate matter from Sapporo, Japan induced the expression of 

CYP1A1 and tumour development in AHR+/+ mice upon dermal application; the extract 

neither induced the expression of CYP1A1 nor caused the development of dermal carcinoma 

in AHR-/- mice (Matsumoto et al., 2007). The levels of CYP1A1 protein in human lung 

tissues in smokers and ex-smokers are 2.6 and 3.2 times higher than never-smokers, 

respectively (Lin et al., 2003b). Similarly, the protein and mRNA levels of AHR (Lin et al., 

2003b), CYP1A1 and CYP1B1 (Lin et al., 2003a) are higher in lung carcinoma cells as 

compared to normal cells. A few possible mechanisms have been proposed as to how the 

AHR mediates PAH-induced carcinogenicity. One of the mechanisms is that the activation of 
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AHR can increase the production of DNA adducts through up-regulation of CYP1A1 and 

CYP1B1. These enzymes convert PAHs into reactive intermediates (such as dihydrodiol 

epoxides) that can bind covalently to DNA and cause subsequent gene mutation (Denissenko 

et al., 1996; Puisieux et al., 1991).  

AHR-independent mechanisms can also generate DNA adducts from PAHs 

(Kondraganti et al., 2003). Another possible mechanism for AHR to promote tumourigenesis 

is its ability to regulate NF-kB, a key protein that modulates the inflammatory response. 

However, the role of AHR in mediating pro-inflammatory responses is not clear. For 

example, transgenic mice that express the constitutively active form of AHR in keratinocytes 

were found to develop inflammatory skin lesions (Tauchi et al., 2005). On the other hand, 

AHR knockout mice were observed to have heightened lung inflammatory response to 

cigarette smoke (Thatcher et al., 2007). Thus, more investigation is required to clarify the 

role of AHR in the inflammatory response. Regardless of whether AHR can mediate PAH-

induced pro-inflammatory response, ample evidence has shown that exposure to PAHs can 

stimulate pro-inflammatory responses. For example, it has been reported that benzo[a]pyrene 

(BAP) or diesel exhaust particles (which also contain BAP) can stimulate the expression 

(mRNA) and secretion (peptide) of the pro-inflammatory interleukin-8 (IL8) in cells in the 

respiratory system, such as macrophages (Podechard et al., 2008), bronchial epithelial cells 

(Kawasaki et al., 2001) and lung epithelial cells (Pei et al., 2002). In short, PAHs are air 

pollutants that have carcinogenic properties. 

While the toxic and carcinogenic effects of PAHs in humans and animals have been 

well documented, information on the health effect of elemental carbon (EC) is much less 

clear. Aside from a few reports showing that there is a positive correlation between the level 

of EC in ambient air and cardiovascular health risk in humans (Bell, 2012; Levy et al., 2012; 
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Schneider et al., 2010) or animals (Wagner et al., 2014), there is very little data on the 

toxicology of EC. However, the toxicity of man-made EC powder known as carbon black 

(CB) has been used as a surrogate for EC in previous studies (Donaldson and Stone, 2003). 

Carbon black is an industrial product generated from controlled pyrolysis of hydrocarbons 

that produces mainly elemental carbon, where only trace amounts of PAHs and inorganic 

materials could be found (MJ et al., 2003; Watson and Valberg, 2001). Carbon black should 

not be confused with black carbon (soot), which is an undesired by-product of uncontrolled 

combustion that contains varying amounts of EC, organic materials and metals (Long et al., 

2013; Watson and Valberg, 2001). Carbon black is commonly used as a black pigment in 

automobile tires, rubbers, paint, coating and printing inks. Exposure to CB is known to 

aggravate pulmonary inflammation in humans (Zhang et al., 2014) and mice following 

inhalation (Saputra et al., 2014; Zhang et al., 2014), and it causes toxicity to cells in vitro 

(Lee et al., 2011; Mroz et al., 2007; Sahu et al., 2014; Yamawaki and Iwai, 2006). 

 

I.5. Factors that influence the final toxicological outcomes of ambient air particles. 

Examining and comparing the adverse health effects of ambient air particles from 

different environments is complicated and requires careful interpretation. For example, the 

combined toxic effect of two particles in a cell or animal is often not equal to the sum of the 

effects of two individual particles. Moreover, a particle can be modified in the atmosphere by 

pressure, heat, UV light or the presence of other particles. Finally, the susceptibility in a 

population can vary depending on the age, genetic makeup and health state of the individuals 

in question. This section will briefly review the notable factors that can contribute to the final 

adverse health outcomes of exposure to urban air particles. 
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I.5.1. Interaction effect.  

When two or more particles are acting in an organism, which represents a more 

realistic exposure scenario outside of a laboratory, their effects as a whole are often 

unpredictable because the particles themselves can interact with each other or the biological 

effects can interact in the organism to antagonize or synergize the final effect. Antagonism 

occurs when the total toxic effect of two or more particles is less than the sum toxic effects 

the individual particles. An example of an antagonistic effect is arsenic and selenium, where 

the combined poisonous doses of As and Se together can neutralize the toxic effects of the 

individual agents (Kenyon et al., 1997; Levander, 1977; Moxon, 1938). Synergism occurs 

when the combined toxic effect of two or more particles is greater than the sum toxicities of 

the individual particles. An example of a synergistic effect is that the use of paraquat (a 

herbicide) and maneb (a fungicide) together, but not alone, increases the risk of developing 

Parkinson’s disease in humans (Costello et al., 2009; Wang et al., 2011). In addition, treating 

mice with these two agents together enhances the development of Parkinson’s disease 

(Desplats et al., 2012; Gupta et al., 2010). In our laboratory, we demonstrated that ozone (O3) 

or Ottawa urban dust (EHC-93) caused only mild or no injury to rat lungs, respectively; co-

exposure of rats to these two pollutants caused significantly greater lung injury than either to 

O3 or EHC-93 alone (Adamson et al., 1999; Bouthillier et al., 1998; Vincent et al., 1997a). 

Therefore, the toxic effect of a complex mixture of airborne PM cannot be predicted.  

I.5.2. Atmospheric transformation.  

When a particle is emitted into the air, its physical and chemical properties can be 

modified by light, temperature, pressure, humidity and/or interactions with gases and with 

other PMs in the atmosphere. For example, Zielinska and colleagues have shown that there is 
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a difference in toxicity in animals that were exposed to diesel emission particles (DEPs) in 

their pristine form versus atmospheric-transformed DEPs, where the aged DEPs were found 

more toxic than their pristine counterparts (Zielinska et al., 2010). Another example came 

directly from the results in the present study, which show that the cytotoxic potency of EHC-

93 Ottawa urban dust as a whole is less than its water-insoluble components, where the 

water-soluble materials have been stripped off (see Figure V – 2 in Chapter 5). In addition, 

Sun et al. demonstrated that the inflammatory effects of amorphous nanosilica particles can 

be reduced through calcination and metal doping (Sun et al., 2015). Thus, the toxic effects of 

ambient particles can be modified in the atmosphere, which has the capacity to alter the 

physicochemical properties of the particles.  

I.5.3. Biological susceptibilities.  

It has been established that the effects of environmental air pollution within a 

population are not homogeneous due to a number of biological factors, which include age, 

health state and genetic makeup. For example, Pope reported that the levels of PM10 near a 

steel mill in Utah Valley were more strongly correlated with hospital admissions due to 

bronchitis and asthma in children than in adults (Pope, III, 1989). On the other hand, 

increased concentration of ambient particles was found to increase mortality in elderly 

individuals suffering from chronic coronary artery diseases (Goldberg et al., 2001). These 

observations suggested that the susceptibility of humans to air pollutants can depend on their 

age and/or developmental state. Furthermore, individuals with pre-existing health 

complications, such as asthma, lung cancer, heart disease or diabetes are at greater risk than 

their healthy counterparts (Bell and Davis, 2001; Brook et al., 2013; Brook et al., 2010; 

Goldberg et al., 2000; Goldberg et al., 2001; Goldberg et al., 2013; Hales et al., 2012; Pope 
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et al., 2009; Pope et al., 2011). All these observations demonstrate that biological factors 

such as age, health state, lifestyle and genetic makeup are important determinants in PM 

susceptibility.   

 

I.6. Clean Air Regulatory Agenda.  

The federal government of Canada has recognized that emissions from industrial and 

transportation-based sources are associated with adverse impacts on health and environment. 

In 2006, they launched a Clean Air Regulatory Agenda (CARA) project that committed to 

protect the health and environment of Canadians. The main role of our group in this program  

was to obtain and characterize PM of different sizes from various industrial sites in Canada 

associated with defined sources of emission (e.g., steel mill in Hamilton, petrochemical 

refinery in Montreal, and aluminum smelter in Shawinigan), and then characterize their in 

vitro cytotoxic potencies. However, ambient air PM is a complex mixture of particles with a 

wide range of sizes and physicochemical properties. The composition of the suspended 

ambient air particles varies in different geographical locations, depending on the local 

sources of release (Burnett et al., 2000; Thomson et al., 2015; Thomson et al., 2016). Due to 

such variation in particle composition, it is difficult to disentangle the drivers of toxic 

potency in ambient air PM and investigate their mechanisms of adverse health effects. The 

goal of my Ph.D. work was to test the feasibility of an in vitro toxicoproteomic platform for 

profiling the cellular responses to conventional particulate matter of occupational health 

relevance (e.g., carbon black, titanium dioxide, silica) and to an urban dust that has been 

used worldwide for toxicological studies (e.g., EHC-93 Ottawa urban dust). This platform 
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will eventually be applied to assess the toxic effects of environmental air PM sampled from 

different locations in Canada. 

 

I.7. In vitro toxicology: Assessment of the cytotoxic potency of particulate matter 

The toxic effects of airborne particulate matter are best examined in humans and 

animals, as the results provide a direct answer to particle toxicity. Unfortunately, in vivo 

toxicological assessments can be complicated or difficult to perform for various reasons, 

such as ethics, cost, susceptibility variation among individuals (as mentioned above) and 

availability of material. Thus, a vast amount of studies have used in vitro approaches to 

evaluate the toxicity of environmental air particles. It is understood that the in vitro results 

may not be directly correlated to the physiological responses of humans and animals to PM. 

However, in vitro models are still embraced across different fields of study as they can 

provide mechanistic details on cellular responses to the substance(s) in question. Moreover, 

in vitro methods pose few or no ethical problems, are relatively inexpensive to perform, 

require smaller amounts of test material/substance and they could be conducted in an 

automated and/or high-throughput manner, enabling the screening of many different particles 

simultaneously. The goal of this study is to establish an in vitro approach that can 

differentiate the potency and pathways of effects of environmental air particles that would be 

useful for the purpose of regulatory toxicology.  

I.7.1. Cellular models used in toxicological studies. 

 The cytotoxic effects of respirable particles have been examined using various cell 

lines and primary cells from the respiratory or cardiovascular system, such as monocytes, 

macrophages, and bronchial and alveolar epithelial cells. The A549 human lung epithelial 
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cell line is one of the frequently used cell lines to examine the cytotoxic effect of 

environmental air particles. The A549 cells are derived from a solid lung tumor in a 58 year 

old Caucasian male that was explanted in 1972 (Giard et al., 1973). They possess the 

characteristics of type II alveolar epithelial lung cells that can produce, store in lamellar 

bodies, and secrete lung surfactant (Lieber et al., 1976). Type II alveolar epithelial cells are 

cuboidal cells that take up about 5 % of the total alveolar surface, but comprise 60 % of 

alveolar epithelial cells (Crapo et al., 1982). Type II cells are responsible for replacing 

injured type I cells via proliferation and differentiation (Barkauskas et al., 2013; Evans et al., 

1973). Thus, A549 cells are a useful in vitro model to examine the toxic effects of air 

pollution. In this study, A549 cells were used to investigate the cytotoxic effects of various 

airborne particles.   

I.7.2. Cytotoxicity assays. 

 The cytotoxic potencies of respirable particles have been traditionally assessed using 

various endpoint assays, such as lactate dehydrogenase (LDH) release, 5-bromo-2'-

deoxyuridine (BrdU) incorporation, cellular ATP content and resazurin reduction assays. The 

LDH release assay quantifies the loss of LDH from the cytosol of the cells, which reflects the 

level of cell membrane damage or cell lysis by dead or dying cells (i.e., apoptosis or 

necrosis). The BrdU incorporation assay measures the rate of BrdU (an analog of thymidine) 

incorporated into the DNA of proliferating cells. The ATP assay assesses the level of cellular 

ATP that reflects the extent of mitochondrial injury, plasma membrane damage and/or loss 

of metabolic energy in the cells. In the resazurin reduction assay, viable cells reduce a non-

fluorescent redox dye, resazurin (dark blue in color), to a fluorescent reaction product, 

resorufin (pink in color), and nonviable cells lose metabolic capacity to convert the indicator 
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           Figure I – 2. Schematic diagram of the integrated cytotoxicity bioassay. 
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dye. Mitochondrial, cytosolic and microsomal enzymes have been implicated in the 

reduction of resazurin (Gonzalez and Tarloff, 2001). These assays are attractive to 

researchers because they can be applied in a high through-put manner to assess the cellular 

phenotypic outcomes of particle toxicity. However, the majority of the toxicological studies 

in the literature used only one or two of these assays. Our laboratory recently adopted the use 

of all four of these assays to better understand the toxic effects of particles in vitro (Breznan 

et al., 2013; Breznan et al., 2016; Kumarathasan et al., 2014; Thomson et al., 2015; Thomson 

et al., 2016), where three assays were integrated into a sequential cytotoxicity bioassay that 

allowed the same particle-exposed cells to be examined directly (Figure I – 2). 

I.7.3. Genomics. 

Physiological changes in the cells can be controlled at the transcriptional level. Thus, 

assessing changes in the expression of genes in cells can provide a molecular basis to PM 

toxicity (Vincent et al., 1997b). It is known that exposure to airborne particles can alter the 

expression of genes in cells, animals and humans. The rapid development of genomic 

methods such as real-time polymerase chain reaction (RT-PCR), microarrays and next 

generation sequencing (NGS) has enabled toxicologists to characterize the toxic effects of 

airborne PM in great detail. For example, Kovats et al. recently used NGS to assess the 

presence of pathogenic particles that can be found in the resuspended ambient air particles in 

a Hungarian horse stable. The results of their study revealed that as many as 384 species of 

pathogen can be found (Kovats et al., 2016). Sellamuthu and colleagues have used a 

microarray approach to assess the cytotoxicity mechanisms of α-quartz (Min-U-Sil 5) in 

A549 cells, and their results showed that the particle perturbed the expression of genes that 

are involved in cellular growth and proliferation, cell death, inflammatory response and cell 
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cycle (Sellamuthu et al., 2011). Our laboratory is equipped with a robotic platform that can 

conduct RT-PCR in a high-throughput manner. We have used this platform to show that 

inhalation of ozone and/or EHC-93 provoked a similar pattern of gene expression in 

pathways such as anti-oxidant response, xenobiotic metabolism and inflammation in various 

tissues in rats such as lung, heart, liver, kidney, spleen, pituitary and cerebral hemispheres 

(Thomson et al., 2013). Therefore, different genomic methods can be used to examine 

various impacts of airborne particles in the environment, as well as to obtain detailed 

mechanisms of particle toxicity. The caveat in interpreting genomic data is that gene 

expression does not always translate into protein expression, which dictates cellular 

functions.  

I.7.4. Proteomics.  

Proteins are the functional products of the genome, and their expression is tightly 

regulated to serve different biological processes. Investigating changes in the cell proteome 

can provide clues to the molecular basis of cellular toxicity. There are different methods to 

assess the expression of proteins, depending on the purpose of the study. Immuno-based 

assays such as western blot, enzyme-linked immunosorbent assay (ELISA) or multiplex 

immunoassays are useful to determine the production of specific peptides/biomarkers. For 

example, our laboratory has utilized Bio-plex immunoassays to assess the release of various 

peptides/cytokines, such as IL-1, IL-8, IL-6, VEGF, TNF and EDN-1, from macrophages or 

A549 cells in response to respirable particles (Breznan et al., 2016; Chauhan et al., 2004; 

Chauhan et al., 2005; Thomson et al., 2015; Thomson et al., 2016). Such assays are sensitive 

and can be applied in a high-throughput manner, but they require prior knowledge about the 
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peptide sequence for the production of antibodies. These assays are expensive and only have 

a limited capacity.   

Protein separation by two dimensional gel electrophoresis (2D-GE) followed by mass 

spectrometry (MS) is a basic method used in quantification and identification of proteins in 

complex biological matrices, and shot-gun proteomic analyses are common alternatives to 

gel-based proteomic procedures. Some of the shot-gun proteomic analysis methods include 

direct analysis of digests of cell lysates using MALDI TOF-MS or LC-MS, which can 

provide detailed proteomic information. The advantage of 2D-GE is that it is a relatively 

inexpensive approach that provides high content data.   

I.7.5.Two-dimensional gel electrophoresis (2D-GE). 

2D-GE is a basic proteomic method that can capture the levels of protein expression 

in cells by separating proteins based on their isoelectric point (pI) and molecular weight 

(MW).  The concept of 2D gel electrophoresis has been around since 1950s (Poulik and 

Smithies, 1958; Smithies and Poulik, 1956), where the proteins in a sample were separated 

by starch gel and filter paper electrophoresis.  However, such 2D electrophoresis method was 

rarely applied until the technique was improved by introducing the isoelectric focusing step 

to separate the proteins in a sample according to their pI on an immobile pH gradient, 

followed by their MW in an polyacrylamide gel (Kenrick and Margolis, 1970). Since most 

proteins have a unique pI and MW, each spot in such a 2D gel generally corresponds to an 

individual protein form, although overlays are expected.  Later in 1970, it was possible to 

determine that there are 20 and 30 – 35 proteins in the S30 and S50 ribosomal subunits, 

respectively, of E. coli (Kaltschmidt and Wittmann, 1970), and since these early 

experiments, the use of 2D gel electrophoresis began to spread rapidly. With the recent 
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advancement in mass spectrometry (MS), researchers can characterize a small amount of 

protein, such as a sample from a spot in a 2D gel, and such a protein can be identified by 

comparing its MS spectrum to an existing library of proteins’ spectra that have been 

previously identified. Furthermore, the increase and/or decrease in protein expression in cells 

following a treatment can also be examined by 2D-GE. For example, 2D-GE and MS 

analyses have been used to assess changes to the proteome of cells that were exposed to 

various materials, such as silica (Yang et al., 2010), polystyrene (Morbt et al., 2009), 

chlorinated benzenes (Morbt et al., 2011) and uranium (Malard et al., 2005). Our laboratory 

has previously analyzed the proteins expressed in A549 cells by 2D-GE, where protein spots 

from 2D gels were picked and then identified by MALDI-TOF-MS (Kumarathasan et al., 

2005). Thus, 2D-GE can be used to investigate the mechanisms by which particulate matter 

affect cellular pathways.  

I.7.6. Mass spectrometry (MS).  

 Mass spectrometry is an analytical method that separates ionized molecules based on 

mass to charge ratio (m/z), which is useful to identify organic and biological molecules. The 

fundamental principle of MS is based on the pioneering works of Eugen Goldstein, Wilhelm 

Wien and Joseph John Thomson in separate studies in the late 1800s and early 1900s. In 

1886, when Goldstein examined the properties of the cathode rays (later known as electrons), 

which move from the cathode (negatively charged) to the anode (positively charged) in a 

discharge tube under low pressure, he noticed that there are also positively charged rays that 

move from the anode to and through a perforated cathode (Goldstein, 1886). Thereby, he 

called these positively charged anode rays “Kanalstrahlen” or canal rays, since they can pass 

through the canals in the cathode plate. It was later identified that these canal rays are 
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positively charged molecules that were generated by the cathode rays (electrons) that knock 

off an electron from the gas molecules in the discharge tube. In 1898, Wilhelm Wien used a 

magnetic or electric field to deflect the canal rays that came through the holes in the cathode 

plate; such deflection was useful to separate these canal rays (positively charged ions) based 

on their charge to mass ratio (Q/m). Wien’s work was latter refined by Sir Joseph John 

Thomson, who developed the first mass spectrometer and recorded the first mass 

spectrograph, showing that neon gas consisted of more than one isotope, which identified the 

existence of 20Ne and 22Ne (Thomson, 1913). In 1918 and 1919, Arthur Jeffrey Dempster and 

Francis William Aston (a student of Thomson), respectively, were the first to independently 

construct the mass spectrometers that today’s instruments were built upon (Borman et al., 

2003).   

Nowadays, various MS instruments have been developed for different purposes. All 

MS instruments consist of three principal components: ionizer, analyzer and detector. The 

ionizer causes ionization of molecules in a sample, the analyzer separates the ionized 

molecules, and the detector detects ionized molecules that come out of the analyzer. The 

ionizer is a chamber where the sample is placed or injected. The sample molecules can be 

ionized in this chamber with various techniques, such as matrix-assisted laser 

desorption/ionization (MALDI), electrospray ionization (ESI), electron impact (EI), fast 

atom bombardment (FAB), atmospheric-pressure chemical ionization (APCI) or inductively 

coupled plasma (ICP) ionization. The goal of all these techniques is common, that is to strip 

an electron from each sample molecule to generate a positively charged ion. Most ionized 

molecules carry a 1+ charge because it is more difficult (i.e., requires more energy) to 

remove a second electron in a particle. Once the ions are generated, the positively charged 

plates present in the ionization chamber propel the positively charged ions through a narrow 
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slit to generate a beam of ions that is directed into the analyzer. The ionized molecules can 

then be separated in an analyzer based on a technique such as time-of-flight (TOF), Orbitrap, 

quadrupole, linear quadrupole ion trap (LTQ), or a combination of the techniques above 

(e.g., LTQ Orbitrap and Q-TOF). The detector does not vary significantly from one 

instrument to another, as its function is to detect the separated ionized molecules and to 

record their levels of abundance. The outputs from the detector are then computerized into a 

mass spectrum that shows the m/z and intensity values of different particles in a sample. In 

the case that an ionized molecule carries a 2+ charge, it can be easily identified, because it 

produces a peak that is half of the m/z value of the peak that corresponds to the same 

molecule that carries a 1+ charge. However, the 2+ peak is much smaller than the 1+ peak.   

 The use of MS has gained significant momentum in various biological science fields 

such as proteomics and lipidomics in recent years due to the rapid development in MS 

technology and bioinformatics. To determine the identity of a protein by MS, the protein is 

typically digested by a protease such as trypsin into a predictable set of peptides based on the 

known cleavage sites of the enzyme, which are arginine and lysine for trypsin. The digested 

peptides are then subjected to ionization in a mass spectrometer to generate a set of ions with 

specific m/z and intensity that can be recorded as a mass spectrum, a peptide mass 

fingerprint (PMF) spectrum. The accuracy of protein identification took a leap forward when 

tandem mass spectrometry (MS/MS) was introduced into protein sequencing (Cody et al., 

1985; Hunt et al., 1986). This technique is based on the inducible and predictable 

fragmentation of the parent ions into a unique set of daughter ions with specific m/z and 

intensity values. Since a number of “unique” peptide segments in a protein can produce a 

very specific MS/MS spectrum, such a spectrum can be used to fingerprint the identity of a 

protein. There have been various techniques developed to cause fragmentation of ionized 
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peptides for MS/MS analysis. Examples of some of these techniques are voltage lift (Suckau 

et al., 2003), collision-induced dissociation (CID) (Hunt et al., 1986), electron-transfer 

dissociation (ETD) (Syka et al., 2004) and electron-capture dissociation (ECD) (Zubarev et 

al., 1998). The identity of an unknown peptide can be determined by comparing its MS/MS 

spectrum to that of the MS/MS spectra of known peptides in databases such as SwissProt and 

RefSeq, using Mascot search engine.  

Our laboratory has demonstrated that MALDI-TOF-MS is a useful tool to determine 

the identities of protein spots that can be visualized from 2D gels (Kumarathasan et al., 

2005). MALDI is a soft ionization technique that uses a laser beam to ionize a sample that 

has been co-crystallized with a matrix molecule (e.g., α-cyano-4-hydroxy-cinnamic acid) on 

a metal plate. The function of the matrix is to absorb the energy from the laser beam and 

transfer it to the peptides in the sample to assist the ionization process. Upon ionization, the 

peptides are desorbed from the surface and they can be sent to an analyzer using a positively 

charged anode plate. A MALDI is typically coupled to a time of flight (TOF) analyzer that 

separates the sample molecules based on the time it takes for different molecules to travel in 

the analyzer to reach the detector. As the smaller peptides travel faster than the larger 

peptides, the time of flight is inversely proportional to the mass of the peptide. The MALDI-

TOF-TOF-MS/MS instrument in our laboratory has the full capacity to perform tandem mass 

spectrometry (using voltage lift technique), which was utilized in this study to determine the 

identities of protein spots in 2D gels.  
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Objective  

The objective of this study is to establish an in vitro toxicoproteomic model that can 

distinguish the effects of airborne particles with various physicochemical properties. 

 

Hypothesis  

Previous studies demonstrated that exposure of cells, animals or humans to environmental air 

PM typically generates a distinct pattern of mRNA and protein expression that is dictated by 

the physicochemical composition of the particles. Thus, I hypothesized that proteomic and/or 

genomic analyses would be useful to determine the characteristic effects of particle toxicity. 

 

Specific aims  

The main goal of this study was to develop an in vitro toxicoproteomic approach that 

is sensitive enough to discriminate the cellular responses to respirable particles that are 

similar or different in physicochemical properties. This approach is outlined in Figure I – 3, 

where the cytotoxic effects of PM in the A549 human lung epithelial cells are examined by 

multiple cytotoxicity assays (LDH release, BrdU incorporation, cellular ATP and resazurin 

reduction assays) and proteomic analyses (e.g., 2D-GE and MALDI-TOF-TOF-MS/MS). 

Initially, the responses of A549 cells will be characterized against several occupational 

health-relevant particles with low complexity (i.e., carbon black, titanium dioxide and silica). 

Upon success, the same experimental approach will be used to examine a more complex 

sample of urban air particles (i.e., EHC-93 Ottawa urban dust). To meet the objective of my 

study, I propose to carry out the following specific aims:  
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Aim #1: To establish a proteomic platform that uses 2D-GE and MALDI-TOF-TOF-MS/MS 

to assess changes in the proteome of A549 cells following carbon black and titanium dioxide 

exposures. The purpose of this aim is to assess whether 2D-GE and MALDI-TOF-TOF-

MS/MS can distinguish cellular responses to two occupational health-relevant particles that 

are different in cytotoxic potencies and physicochemical properties, and identify their 

mechanisms of particle toxicity. This work is documented in two manuscripts published in 

Journal of Proteomics and Data in Brief, which can be found in Chapter IIa: “Proteomic 

changes in human lung epithelial cells (A549) in response to carbon black and titanium 

dioxide exposures” and Chapter IIb: “Human lung epithelial cell A549 proteome data after 

treatment with titanium dioxide and carbon black”.    

 

Aim #2: To examine changes in the proteome of A549 cells following exposures to two 

crystalline silica particles (α-quartz and cristobalite) using the 2D-GE and MALDI-TOF-

TOF-MS/MS. The purpose of this aim is to test if the developed in vitro toxicoproteomic 

platform is capable of differentiating cellular responses to two occupational health-relevant 

particles that are similar in cytotoxic potencies and physicochemical properties at the 

molecular level. This work is documented in a manuscript that has been published in Journal 

of Applied Toxicology, which can be found in Chapter III: “Responses of A549 human lung 

epithelial cells to cristobalite and α-quartz exposures assessed by toxicoproteomics and gene 

expression analysis”. 
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Figure I – 3. A graphical abstract of an in vitro toxicoproteomic approach.
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Aim #3: To use the established in vitro toxicoproteomic model to examine changes in the 

proteome of A549 cells following exposures to Ottawa urban dust (EHC-93) and its water-

soluble and -insoluble fractions. The purpose of this aim is to test if toxicoproteomics can 

distinguish the pathways of cellular toxicity in response to complex mixtures of urban air 

particles (i.e., total, insoluble and soluble fractions) that are different in cytotoxic potencies 

and physicochemical characteristics. This work is documented in a manuscript that has been 

submitted to Particle and Fibre Toxicology, which can be found in Chapter IV: “In vitro 

toxicoproteomic analysis of A549 human lung epithelial cells exposed to urban air 

particulate matter and its water-soluble and insoluble fractions”. 
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Abstract 

This study combined cytotoxicity assays with proteomic analysis to characterize the unique 

biological responses of the A549 human lung epithelial cell line to two physicochemically 

distinct respirable particles titanium dioxide (TiO2) and carbon black (CB). Cellular LDH, 

ATP, BrdU incorporation and resazurin reduction indicated that CB was more potent than 

TiO2. Proteomic analysis was done using 2D-GE and MALDI-TOF-TOF-MS. Proteomic 

changes reflected common and particle-specific responses. Particle-specific proteomic 

responses were associated with cell death (necrosis and apoptosis), viability and proliferation 

pathways. Our results suggested that these pathways were consistent with the cytotoxicity 

data. For instance, increased expressions of anti-proliferative proteins LMNA and PA2G4 

were in agreement with the decreased BrdU incorporation in A549 cells after exposure to 

CB. Similarly, increased expression of HSPA5 that is associated with ATPase activity was 

consistent with decreased cellular ATP levels in these cells. These findings reveal that 

proteomic changes can explain the cellular cytotoxicity characteristics of the particles. In 

essence, our results demonstrate that the in vitro toxicoproteomic approach is a promising 

tool to gain insight into molecular mechanisms underlying particle exposure-specific 

cytotoxicity. 
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IIa.1. Introduction 

 Airborne particulate matter (PM) is a complex mixture of inorganic and organic 

compounds. Inhalation of airborne PM has been linked to the development or exacerbation 

of respiratory illnesses such as bronchitis (Scott, 1953; Stocks, 1959; Liu et al., 2014), 

asthma (MacIntyre et al., 2014; Su et al., 2013; Canova et al., 2012), cystic fibrosis 

(Goeminne et al., 2013; Farhat et al., 2013) and lung cancer (Merlo et al., 1991; Pope, III et 

al., 2011; Siemiatycki et al., 1989; Kachuri et al., 2013; Stocks, 1959).Toxicity of urban air 

particles and their associated adverse health outcomes can vary with particle composition. 

Insight into particle exposure-specific molecular mechanisms can provide a biological basis 

of particle toxicity. In this study, we focused on an in vitro toxicoproteomic approach that 

can distinguish the toxic effects of two particles that are chemically and physically different. 

 Carbon black (CB) is a manufactured product containing predominantly (95%) 

elemental carbon (EC) with negligible amounts of inorganic and organic materials (Wang 

MJ et al., 2003; Watson and Valberg, 2001) and should not be confused with black carbon 

(soot) that contains varying amounts of EC, organic materials and metals (Long et al., 2013; 

Watson and Valberg, 2001). Recent reports have implied that exposure to EC can have a 

negative impact on the cardiovascular system (Bell, 2012; Levy et al., 2012; Schneider et al., 

2010; Wagner et al., 2014). Yet, toxicity mechanisms underpinning EC exposure-related 

adverse cardiovascular effects are not clear, and CB has been used as a surrogate for EC in in 

vitro and in vivo toxicity studies (Lee et al., 2011; Mroz et al., 2007; Sahu et al., 2014; 

Saputra et al., 2014; Yamawaki and Iwai, 2006; Zhang et al., 2014). Meanwhile, titanium 

dioxide (TiO2) is typically used as a “negative control” in many particle toxicology studies 

due to its relative low toxicity properties both in vivo and in vitro. Nevertheless, recent 
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studies have reported that the toxicity of TiO2 could depend on physicochemical parameters 

such as size, aggregation, crystal phase and surface modifications (Johnston et al., 2009). 

 Cytotoxicity of particles has traditionally been assessed by endpoint assays such as 

resazurin reduction, cellular ATP, lactate dehydrogenase (LDH) release and 5-bromo-2′-

deoxyuridine (BrdU) incorporation. These assays are attractive to researchers because they 

can be applied in a high-throughput manner to estimate the toxic potency of respirable 

particles. One of the drawbacks of these cytotoxic assays is that they do not reveal detailed 

information at the molecular level. In recent years, proteomic-based approaches have gained 

momentum in toxicology based on their ability to delineate the molecular mechanism 

underlying the toxicity of PM (Ge et al., 2015; Kumarathasan P et al., 2012). Protein 

separation by two-dimensional gel electrophoresis (2D-GE) followed by protein 

identification by mass spectrometry (MS) or tandem mass spectrometry (MS/MS) is a 

classical proteomic approach used to quantify and identify proteins in complex biological 

matrices. While shot-gun proteomic analyses (using MALDI-TOF-TOF/MS/MS or 

LC/MS/MS) are proposed alternatives to gel-based proteomic procedures, the advantage of 

2D-GE is that it is relatively in-expensive and can provide high content data. Recent studies 

have used 2D-GE to identify proteomic changes in cells to help characterize the toxicity 

caused by exposure to particles (Ge et al., 2011; Ge et al., 2015; Hosp et al., 2015; Malard et 

al., 2005; Morbt et al., 2011; Peng et al., 2014; Yang et al., 2010). 

 In this study, in order to understand particle-specific cellular changes we exposed a 

human lung epithelial cell line (A549) to two chemically and physically different respirable 

materials, CB and TiO2 particle. We then used a toxicoproteomic approach by conducting 

traditional cytotoxicity assays along with proteomics to identify the molecular signature of 

particle toxicity. 
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IIa.2. Materials and methods 

IIa.2.1. Materials. 

Culture flasks (T-25 and T-75), 96-well plate and plastic cell scrapers were obtained 

from Corning Inc. (Corning, NY). Dulbecco's Modified Eagle's Medium (DMEM) and fetal 

bovine serum (FBS) were purchased from HyClone (Logan, UT). Gentamicin, trifluoroacetic 

acid, α-cyano-4-hydroxy-cinnamic acid, Tris-HCl, NaCl, Tween-20 and Tween-80 were 

obtained from Sigma-Aldrich (Oakville, ON). Iodoacetamide, bis-acrylamide, ammonium 

persulfate, glycerol, immobilized pH gradient strips, Criterion Cassette (13.3 × 8.7 cmW × 

L), Tris/Glycine/SDS buffer, and BioSafe Coomassie Blue were purchased from Bio-Rad 

(Mississau-ga, ON). Trypsin, resazurin reduction (CellTiter-Blue®) and lactate 

dehydrogenase (LDH) cytotoxicity assay kits (CytoTox-96®) were from Promega 

Corporation (Madison, WI), ATP assay kit (ViaLight™ Plus) was purchased from Lonza 

Corporation (Rockland, ME), and 5-bromo-2′-deoxyuridine (BrdU) cell proliferation ELISA 

(chemilumines-cent) assay kit was obtained from Roche Diagnostics (Laval, QC). All water 

used was deionized/demineralized (N16 MΩ resistivity). 

IIa.2.2. Particles preparation 

TiO2 (SRM-154b) obtained from the National Institute of Standards and Technology 

(Gaithersburg, MD) was subjected to three successive washes with methanol and then 

phosphate buffered saline (PBS) to remove possible soluble metals and organic contaminants 

before use in the experiments (Vincent et al., 1997). Carbon black (Cas#1333-86-4) obtained 

from Cabot Corporation (Boston, MA) was used as received. Particles were resuspended at 

10 mg/mL in particle buffer (0.19 % NaCl and 25 μg/mL Tween-80) (Nadeau et al., 1996), 
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vortexed (30 s), sonicated (20 min on ice), homoge-nized with a Dounce Homogenizer (25 

strokes), and then heated (56 °C, 1 h). The particles were stored at −40 °C until use. 

IIa.2.3. Cell culture and particle exposure 

The A549 cell line (American Type Culture Collection - CCL-185; human, epithelial, 

lung carcinoma) was sub-cultured in DMEM supplemented with 50 μg/mL gentamycin and 

10 % FBS. The cells were maintained in T-75 flasks in a humidified atmosphere at 37 °C 

containing 5 % CO2 and 95 % air. For experiments, the cells were seeded at 1.5 × 106 cells 

(T-25), 3.75 × 106 cells (T-75) or 2.0 × 104 cells/well (96-well plate for cytotoxicity assays) 

and incubated for 24 h, resulting in approximately 75% confluence prior to dosing with 

particles. The final volume of culture medium was 5 mL (T-25), 15 mL (T-75) or 200 

μL/well (96-well plate). Solutions of particles were prepared by thawing the frozen stocks to 

aqueous solutions, sonicating on ice (20 min) then diluting in the culture medium to make up 

dosing concentrations of 0, 60, 140 and 200 μg/cm2. The cells were exposed to the particles 

by replacing the existing culture medium with the particle solutions, and the flasks/plates 

were returned to the incubator and allowed to incubate for 24 h. To harvest the exposed cells, 

the medium in each flask was removed and the cells were detached from the flasks using a 

plastic scraper. The cell sus-pension was collected in cell culture medium and centrifuged at 

350 ×g for 5 min, and the supernatant was removed. The cell pellet was then washed twice 

with PBS. The final cell pellet was aspirated dry and stored frozen at −80 °C until further 

use. The integrated cytotoxicity bioassay which combined endpoints of cell viability 

(resazurin reduction assay), cellular membrane integrity (intracellular LDH content) and 

energy metabolism (ATP assay) were conducted in 96-well plates as described in our 
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previous study (Kumarathasan et al., 2014). The cell proliferation (BrdU incorporation) 

assay was conducted in a separate 96-well plate. 

IIa.2.4. Protein extraction 

 The cell pellets were solubilized in a protein extraction/rehydration buffer from Bio-

Rad (8 M urea, 2 % CHAPS, 50 mM dithiothreitol, 0.2 % Biolyte 3/10), where the volume 

depends on the number of cells in the pellet to achieve 1–2 μg/μL, and 1 × 106 A549 cells 

was experimentally estimated to yield about 200 μg of protein. The samples were vortexed 

(30 s), sonicated (10 min), vortexed (30 s) and centrifuged (15,000 ×g, 10 min). The 

extracted protein in the supernatant was collected, and the concentration of protein in each 

extract was determined immediately using the Coomassie Plus Protein assay kit (Thermo 

Scientific). The extracted protein samples were stored at −80 °C until use. 

IIa.2.5. Two-dimensional gel electrophoresis (2D-GE) 

2D-GE was conducted as described in our previous study (Kumarathasan et al., 

2005). Briefly, an appropriate quantity of protein was suspended in a total volume of 200 μL 

of extraction buffer, and applied to an immobilized pH gradient (IPG) strips (11 cm, pH 3–10 

or pH 5–8) in a clean disposable rehydration tray and allowed to incubate for 1 h at room 

temperature. The IPG strip was then overlaid with mineral oil and allowed to continue 

incubating overnight (16–20 h). The IPG strip was then moved to an isoelectric focusing 

tray, overlaid with mineral oil and subjected to isoelectric focusing using a PROTEAN IEF 

cell (BioRad). The focusing conditions were as follows: stage 1: linear ramp to 250 V for 20 

min; stage 2: linear ramp to 8000 V for 2.5 h; stage 3: rapid ramp for 20,000 V h. The strip 

was then stored at −80 °C until use. The focused IPG strip was thawed and gently agitated 

for 10 min in equilibration buffer 1 (6 M urea, 2 % SDS, 375 mM Tris-HCl, 20 % glycerol, 
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130 mM dithiothreitol, 0.001 % bromophenol blue). Then each strip was gently agitated for 

another 10 min in equilibration buffer 2 (6 M urea, 2 % SDS, 375 mM Tris-HCl, 20 % 

glycerol, 135 mM iodoacetamide, 0.001 % bromophenol blue). The strip was then placed on 

a 12 % SDS-PAGE gel casted in a 1.0 mm thick Criterion Cassette (13.3 × 8.7 cm W × L) 

and subjected to electrophoresis at 200 V for 65 min. Following electrophoresis, the gel was 

removed from the Criterion Cassette, washed for 30 min in water, stained in BioSafe 

Coomassie Blue (Bio-Rad) overnight (16–20 h), destained twice in water, and then imaged 

with a standard scanner. 

To overcome the typical warping and distortion issues from gel to gel near the 

extremities of the pH and the molecular weight range, a common area (Figure IIa – 2; pH 

5.1–7.8 and 100 – 20 kDa) that clearly shows the protein spots across all experimental gels 

was selected to assess the proteome differences among the treatments. The protein spots 

within the gels were matched and quantified with PDQuest™ Advance V8.0.1 (Bio-Rad), 

where spot volume was quantified using the available “Local regression model (LOESS)” 

algorithm in PDQuest. The reported normalized spot volume for each protein was used to 

compare its level of expression across the treatments. Three gels representing three 

biological repeats were generated for each group in this experiment to assess the particle-

induced changes in the proteome of A549 cells. 

IIa.2.6. In-gel digest, preparing protein spots for identification 

To identify the protein in each spot of interest, a large set of preparative gels (10–12 

gels) were prepared with 175 μg of protein/gel as described above. The gels were then 

stained with Biosafe Coomassie blue and imaged. The spots in preparative gels were then 

aligned and matched to the experimental gels using PDQuest. The protein spots were then 
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excised from the preparative gels with an automated spot cutter equipped with a 1.5 mm 

cutting head (ExQuest from Bio-Rad). The excised gels corresponding to the same protein 

spot from different preparative gels were pooled into the same tube for maximum protein 

yield. The excised gels were then subjected to in-gel tryptic digest as described in our 

previous study (Kumarathasan et al., 2005). Briefly, the gel spots were destained and then 

subjected to a 16 h digestion by trypsin (pH = 7) at 37 °C. All the digested samples were 

evaporated under a gentle stream of N2(g) and were stored at −80 °C until further use. 

IIa.2.7. Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry 

(MALDI-TOF-TOF-MS) 

Each sample was reconstituted in 5 to 20 μL of 30 % acetonitrile (ACN) in 0.1 % 

trifluoroacetic acid (TFA) depending on the spot volume and was spotted (1.5 μL) on an 

AnchorChip target plate (600/384F, Bruker Daltonics Ltd, Bremen, Germany) together with 

1.5 μL of freshly prepared α-cyano-4-hydroxy-cinnamic acid (5 μg/μL in 50 % ACN in 0.1 

% TFA). The spotted sample/matrix was dried under vacuum for at least 2 h. Each dried 

sample/matrix was washed with 2.5 μL of cold 0.1 % TFA and briefly dried under vacuum. 

Each sample was analyzed by MALDI-TOF-TOF-MS using an automated analysis option 

(Bruker Daltonics, Bremen, Germany). In brief, MS scan of each spot was done to obtain the 

peptide mass fingerprint (PMF). Six major analyte peaks from the PMF spectrum were 

subjected to tandem MS (MS/MS) analysis in the “voltage lift mode”. The mass spectral 

information was matched against the SwissProt and RefSeq data bases using the Mascot 

search engine (Matrix Sciences) for protein identification. In the case that > 1 protein was 

identified per spot, we attributed the protein with the highest score to such spot. 
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IIa.2.8. Statistics and bioinformatics 

Two-way analysis of variance (ANOVA) was performed on 2D-GE and cytotoxicity 

(LDH, BrdU, ATP and CTB) data with treatment and dose as factors. When the assumption 

of equal variance and normal distribution were not met, the data were rank-transformed. 

Holm-Sidak was the post-hoc method used for all pairwise comparison procedures. A data 

point is considered as significant if p < 0.05. If the Treatment x Dose interaction was 

significant for a protein spot, its change in expression for a given treatment and dose that was 

found significant by Holm-Sidak analysis was reported as it is, as seen in Table IIa – 2. The 

same applied for those proteins that were found to have significant Treatment and Dose main 

effects. If a protein was found to have significant Treatment main effect, fold changes were 

estimated using least mean square (Searle et al., 1980; Goodnight and Harvey, 1978). In the 

case where the Dose main effect was significant, the average fold change estimate was 

reported for each significant dose group. It should be noted that multiple protein spots with 

the same protein ID may have a p-value < 0.05, which suggests different isoforms of the 

same protein were significantly altered, and thus rigorous assessment may be required for 

proper interpretation of biological implication if the directions of change of these isoforms 

are different. However, our data showed that the direction of expression of all significant 

protein spots with the same ID aligned in the same direction, thus we chose the protein with 

the greatest fold-change (either increase or decrease) to conduct pathway analysis. Protein 

interaction network and pathway analyses were con-ducted by Ingenuity Pathway Analysis 

(www.ingenuity.com). Venn diagrams used to assess the similarities and/or differences in the 

protein profile following particle exposures were generated via VENNY (Oliveros, 2015).
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Figure IIa – 1. The cytotoxicity of titanium dioxide (TiO2) and carbon black (CB).  
A549 cells after 24 h of exposures to TiO2 and CB were examined by cellular LDH (A), 
BrdU incorporation (B), cellular ATP (C) and resazurin reduction (D) assays. Data are 
expressed as mean fold effect ± standard error, relative to control (0 μg/cm2), n = 4. Two-
way ANOVA was used to determine significant effects of the particles, where Holm-Sidak 
was the post-hoc method used for all pairwise comparison procedures. * indicates a 
significant change (p < 0.05) compared to control (0 μg/cm2) and † indicates significant 
differences between the two particles. 
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IIa.3. Results 

IIa.3.1. Cytotoxicity assays 

Cellular LDH levels (Figure IIa – 1A) were found to decrease with particle dose 

(Two-way ANOVA: Dose main effect, p < 0.05; Holm-Sidak: 140, 200 vs 0 μg/cm2, p < 

0.05). Reduction in cytoplasmic LDH was more pronounced after exposure to CB than with 

TiO2, but this difference did not reach statistical significance. Cellular proliferation measured 

by BrdU incorporation (Figure IIa – 1B) was decreased by exposure to CB, but not with TiO2 

(Figure IIa – 1B; Two-way ANOVA, Treatment × Dose interaction, p < 0.05; Holm-Sidak: 

60, 140, 200 vs 0 μg CB/cm2, p < 0.05). Decrease of cellular ATP (Figure IIa – 1C) was 

statistically significant for treatment (Two-way ANOVA, Treatment main effect, p < 0.05; 

Holm-Sidak: CB vs TiO2, p < 0.05) and dose (Two-way ANOVA, Dose main effect, p < 

0.05; Holm-Sidak: 200 vs 0 μg/cm2, p < 0.05). Resazurin reduction assay (Figure IIa – 1D) 

revealed a Treatment × Dose interaction (Two-way ANOVA: Treatment × Dose, p < 0.05; 

Holm-Sidak, 60, 140 & 200 vs 0 μg/cm2, p < 0.05), where only CB, but not TiO2, 

significantly increased the reduction of resazurin. 

IIa.3.2. Two-dimensional gel electrophoresis (2D-GE) 

It was experimentally determined that approximately 200 μg of protein can be 

extracted from 1 × 106 A549 cells. The protein profile of the A549 cells was initially 

evaluated with two pH ranges (pH 3–10 and pH 5–8) in the first dimension, while keeping 

the second dimension constant (12 % SDS-PAGE). The 2D gel image in Figure IIa – 2A 

showed that the pH 3–10 range encompassed most of the proteins detected by Coomassie 

blue. The pH 5–8 range gel detected approximately 85 % of the proteins that were found in 
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Figure IIa – 2. Selection of the information-rich region in the two-dimensional gel 
electrophoresis (2D-GE) map of A549 proteins to investigate particle exposure-related 
changes. 
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Figure IIa – 3. 2D-GE map of proteins in A549 cells used for further protein identification by mass spectrometry.  
The numbers in the map correspond to the identified protein spots listed in Table IIb – 2 of the “Data in Brief” article (Vuong et al., 
2016b) submitted along with this manuscript. 
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the pH 3–10 range (Figure IIa – 2B). The protein spots in the pH 5–8 range were notably 

better resolved than that of pH 3–10. For this reason, the pH 5–8 range and 12 % SDS-PAGE 

were selected to examine changes in the proteome of A549 cells following particle exposure. 

It was determined that when using 11 cm, pH 5–8 IPG strips, the optimal protein loading to 

visualize Coomassie Blue stained protein spots was between 100 and 175 μg (data not 

shown), as lower protein amounts resulted in missing spots, and higher protein loading led to 

poor resolution between spots due to the limited separation capacity of the 11 cm IPG strip. 

Coomassie blue stain was chosen since it is economical for the purpose of large toxicity 

screening studies and it is also compatible with MALDI-TOF-TOF-MS. 

 To assess the A549 proteome differences due to particle exposures, a common area 

that clearly displayed the majority of protein spots was employed across all experimental 

gels (Figure IIa – 2B). This area (between pH 5.1–7.8 and 20–100 kDa) was chosen to 

overcome the typical warping, distortion and variation that were commonly encountered with 

2D gels, particularly near the extremities of the molecular weight and pH range. Of the 543 

protein spots detected in the common area of the gels, 333 spots were identified with 

MALDI-TOF-TOF-MS/MS (Figure IIa – 3 and Supplementary Table IIb – 2 in the related 

“Data in Brief” article (Vuong et al., 2016b)). In many cases, the same protein was detected 

in multiple spots; these multiple IDs (likely representing post-translational modifications, 

isoforms or degradation products) are summarized in Supplementary Table IIb – 2 in the 

related “Data in Brief” article. In total, the 2D-GE map resulted in the identification of 180 

unique proteins. 
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Table IIa – 1. Two-way ANOVA results for the A549 protein spot changes due to particle 
exposures (n = 3).  
The number below Treatment main effect (Trt), Dose main effect (Dose) or interaction (T × 
D) corresponds to the p-value, where the bold number is <0.05. The number below the 
particles corresponds to the adjusted fold change (versus control) of the protein. Only the 
protein spots identified by MALDI-TOF-TOF-MS are provided here. 
    Two-Way ANOVA TiO

2
 (μg/cm2) CB (μg/cm2) 

SSP Protein Trt Dose T x D 60 140 200 60 140 200 
3202 CAPZA1 0.004 0.016 0.031           1.15 
9804 FUBP1 0.039 0.947 0.044     1.29     -1.41 
7701 CCT6A 0.507 0.031 0.034           1.51 
8501 EEF2 0.571 0.004 0.020   3.00       -2.63 
6501 PA2G4 0.165 0.023 0.047           1.40 
7501 PA2G4 0.953 0.009 0.037           1.49 
1602 TUBA1C 0.793 0.015 0.049           2.43 
2902 VCP 0.457 0.002 0.024           1.63 
7603 ALDH1A1 0.096 0.131 0.034     -1.61       
6604 CCT2 0.792 0.237 0.023     -1.24     1.53 
4702 PDIA3 0.368 0.220 0.021         1.45   
3207 TRIM28 0.192 0.096 0.035     1.49     -1.44 
4102 VCP 0.554 0.083 0.036           -1.35 
2006 CRK <0.001 <0.001 0.085 1.29 1.77 1.44 4.28 6.20 5.93 
8205 AKR1A1 0.041 0.431 0.395       1.33 1.33 1.33 
102 HSPA5 0.017 0.134 0.441       1.51 1.51 1.51 
8809 LMNA 0.028 0.311 0.303 -1.10 -1.10 -1.10 1.19 1.19 1.19 
2301 TMOD3 0.005 0.201 0.139 -1.19 -1.19 -1.19 1.28 1.28 1.28 
6502 ANXA7 0.124 0.037 0.502 1.32 -1.68 1.32 -1.68 
8108 ARMCX1 0.472 0.017 0.379 1.88 1.88 
9502 DIS3L 0.298 0.000 0.504 -1.52 -1.52 
8107 EEF2 0.580 0.031 0.719 1.52 -1.30 1.52 -1.30 
7205 ENO1 0.723 0.021 0.416 1.59 -1.18 1.59 -1.18 
8503 ENO1 0.413 0.035 0.561 1.32 -1.29 1.32 -1.29 
9405 ENO1 0.876 0.043 0.593 1.57 -1.26 1.57 -1.26 
5607 HNRNPH1 0.852 0.022 0.458 -1.33 1.35 -1.33 1.35 
2701 HNRNPK 0.913 0.020 0.146 -1.77 -1.77 
3104 HSP90AB3P 0.568 0.026 0.615 1.56 -1.15 1.56 -1.15 
8106 HSPA8 0.622 0.035 0.533 1.51 -1.07 1.51 -1.07 
8117 IDH1 0.899 0.014 0.443 1.58 -1.37 1.58 -1.37 
5902 IMMT 0.510 0.019 0.761 1.35 -1.38 1.35 -1.38 
3705 INA 0.967 0.002 0.084 2.16 1.72 2.16 1.72 
8103 NIT2 0.410 0.017 0.797 1.26 -1.11 1.26 -1.11 
8110 PDIA3 0.270 0.029 0.580 1.53 -2.30 1.53 -2.30 
6306 PGK1 0.363 0.034 0.282 1.27 -1.43 1.27 -1.43 
7204 PKM 0.431 0.003 0.922 -1.86 -1.86 
8606 PKM 0.942 0.026 0.889 -1.68 -1.68 
5105 PSMB7 0.367 0.019 0.466 1.38 1.38 
8301 RBM4 0.676 0.038 0.402 1.65 1.65 
8308 RBM4 0.708 0.025 0.634 -1.27 -1.27 
2904 VCP 0.745 0.004 0.141 -2.23 -2.23 
5301 XXYLT1 0.131 0.008 0.499 1.24 1.19 1.26 1.24 1.19 1.26 
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IIa.3.3. PM-induced changes in the proteome of A549 cells 

Analysis of proteomic changes due to particle exposures revealed that the expressions 

of 60 protein spots were affected by both TiO2 and CB, of which 42 protein spots were 

identified by MALDI-TOF-TOF-MS (Table IIa – 1). For proteins represented by multiple 

spots, the spot with the greatest fold change was selected for pathway analysis as mentioned 

in the Materials and Methods. Particle dose-related changes were noticed in 24 protein spots 

(Two-way ANOVA: Dose main effect, p < 0.05), 20 of which are unique proteins. Particle 

type-specific changes were noticed in 5 protein spots (Two-way ANOVA: Treatment main 

effect, p < 0.05), all of which are unique proteins; while 13 protein spots exhibited Treatment 

× Dose interaction (Two-way ANOVA: Treatment × Dose main effect, p < 0.05), 12 of 

these are unique proteins. Figure IIa – 4A illustrates the effect of TiO2 and CB exposures on 

A549 cellular proteome, where the particles up- and down-regulated the expression of 

proteins. The proteins that were affected commonly by both particle exposures and particle-

specific alteration are shown in Figure IIa – 4B and C. Protein interaction network and 

pathway analyses revealed that all the proteins (common and unique) affected by the two 

particles were known to be associated with cell death (necrosis and/or apoptosis), 

proliferation, migration, protein metabolism, inflammation and survival/viability pathways 

(Table IIa – 2). To determine the toxicoproteomic differences between TiO2 and CB, the 

proteins that were differentially affected by the two particles were interrogated; these 

proteins were highlighted in Table IIa – 1 that two-way ANOVA identified as significant for 

interaction and treatment main effects. The results in Table IIa – 3 show that the differential 

toxicoproteomic effect between TiO2 and CB lies mainly in those proteins that regulate 

proliferation, viability, apoptosis and necrosis in cells. Figure IIa – 5 shows that there were 
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Figure IIa – 4. Two-way ANOVA results of differentially expressed proteins (p-value < 
0.05) in A549 cells following exposures to carbon black (CB) or titanium dioxide (TiO2).  
(A) The bar graph shows the number of proteins which increased or decreased in expression 
following particle treatments at doses 60, 140 and 200 μg/cm2. (B) The Venn diagram shows 
the number of proteins that exhibited specific and non-specific changes due to particle 
exposures. (C) Tabulation of unique and common proteins associated with CB and TiO2 
exposures. Only the proteins that were identified by MALDI-TOF-TOF-MS/MS are shown. 
↑ indicates increased expression and ↓ specifies decreased expression. 
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Table IIa – 2. All A549 proteins that exhibited altered expressions (fold change compared to 
control) due to particle exposures and relevant cellular functions using Ingenuity Pathway 
Analysis. 
Cellular TiO2 (µg/cm2) CB (µg/cm2) 
Function 60 140 200 60 140 200 
Cell Death (Apoptosis & Necrosis) 
ALDH1A1     -1.61 
ANXA7   1.32 -1.68 1.32 -1.68 
ENO1*   1.57 -1.26 1.57 -1.26 
FUBP1     1.29 -1.41 
CRK 1.29 1.77 1.44 4.28 6.20 5.93 
HNRNPH1   -1.33 1.35 -1.33 1.35 
HNRNPK   -1.77   -1.77 
HSPA5       1.51 1.51 1.51 
HSPA8   1.51 -1.07 1.51 -1.07 
IMMT 1.35 -1.38   1.35 -1.38 
LMNA -1.10 -1.10 -1.10 1.19 1.19 1.19 
PA2G4*       1.49 
PDIA3*   1.53 -2.30 1.53 -2.30 
PKM*     -1.86 -1.86 
TMOD3 -1.19 -1.19 -1.19 1.28 1.28 1.28 
TRIM28     1.49 -1.44 
VCP*   -2.23   -2.23 1.63 
CCT6A       1.51 
CCT2 -1.24 1.53 
Inflammation 
AKR1A1       1.33 1.33 1.33 
ANXA7   1.32 -1.68 1.32 -1.68 
EEF2*   3.00 -1.30 1.52 -2.63 
ENO1*   1.57 -1.26 1.57 -1.26 
FUBP1     1.29 -1.41 
HSPA5       1.51 1.51 1.51 
HSPA8   1.51 -1.07 1.51 -1.07 
PDIA3*   1.53 -2.30 1.53 -2.30 
PGK1   1.27 -1.43 1.27 -1.43 
PKM*     -1.86 -1.86 
TRIM28     1.49 -1.44 
TUBA1C       2.43 
VCP*   -2.23   -2.23 1.63 
Protein Metabolism 
CRK 1.29 1.77 1.44 4.28 6.20 5.93 
EEF2*   3.00 -1.30 1.52 -2.63 
HNRNPK   -1.77   -1.77 
HSPA5       1.51 1.51 1.51 
PDIA3*   1.53 -2.30 1.53 -2.30 
RBM4* 1.65 -1.27   1.65 -1.27 
VCP*   -2.23     -2.23 1.63 
* indicates protein represented by multiple spots. The spot with the highest fold change was 
used as mentioned in material and method. 
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Table IIa – 2 (Continued…) 
Cellular TiO2 (µg/cm2) CB (µg/cm2) 
Function 60 140 200 60 140 200 
Cell Survival & Viability 
EEF2*   3.00 -1.30 1.52 -2.63 
IDH1   1.58 -1.37 1.58 -1.37 
LMNA -1.10 -1.10 -1.10 1.19 1.19 1.19 
PDIA3*   1.53 -2.30 1.53 -2.30 
PKM*     -1.86 -1.86 
TRIM28     1.49 -1.44 
HSPA5       1.51 1.51 1.51 
VCP*   -2.23   -2.23 1.63 
Cell Proliferation 
ANXA7   1.32 -1.68 1.32 -1.68 
ENO1*   1.57 -1.26 1.57 -1.26 
CRK 1.29 1.77 1.44 4.28 6.20 5.93 
HNRNPK   -1.77   -1.77 
HSPA8   1.51 -1.07 1.51 -1.07 
IDH1   1.58 -1.37 1.58 -1.37 
IMMT 1.35 -1.38   1.35 -1.38 
LMNA -1.10 -1.10 -1.10 1.19 1.19 1.19 
PDIA3*   1.53 -2.30 1.53 -2.30 
PGK1   1.27 -1.43 1.27 -1.43 
VCP*   -2.23   -2.23 1.63 
ALDH1A1     -1.61 
CCT2 -1.24 1.53 
DIS3L     -1.52 -1.52 
PKM*     -1.86 -1.86 
TRIM28     1.49 -1.44 
HSPA5       1.51 1.51 1.51 
CAPZA1       1.15 
PA2G4*       1.49 
Cell Migration 
CRK 1.29 1.77 1.44 4.28 6.20 5.93 
ENO1*   1.57 -1.26 1.57 -1.26 
HNRNPK   -1.77   -1.77 
HSPA5       1.51 1.51 1.51 
IDH1   1.58 -1.37 1.58 -1.37 
LMNA -1.10 -1.10 -1.10 1.19 1.19 1.19 
PA2G4*       1.49 
PDIA3*   1.53 -2.30 1.53 -2.30 
PKM*     -1.86 -1.86 
TMOD3 -1.19 -1.19 -1.19 1.28 1.28 1.28 
TUBA1C       2.43 
VCP*   -2.23     -2.23 1.63 
* indicates protein represented by multiple spots. The spot with the highest fold change was 
used as mentioned in material and method. 
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distinctive patterns of protein expression in A549 cells in response to the two particles as 

demonstrated in the networks of cell death (apoptosis and necrosis) and cell proliferation 

pathways. 

IIa.4. Discussion 

In this work, we utilized a well-established human lung epithelial cell line (A549) to 

assess the effects of CB and TiO2, two respirable particles with distinct chemical and 

physical properties. Decrease of the cytoplasmic LDH content is suggestive of alteration of 

cell membrane integrity. BrdU incorporation, which assesses DNA synthesis during cell 

proliferation, was reduced with increasing doses of CB but not TiO2. Cellular energy 

metabolism investigated by the ATP assay demonstrated that both particles reduced the level 

of ATP in A549 cells, with CB being more potent than TiO2. In the resazurin reduction 

assay, CB but not TiO2 increased the rate of reduction. In short, the results from the 

cytotoxicity assays indicate that A549 cells were reactive to the particles, with CB being 

more potent than TiO2 in eliciting cellular responses, but both particles were mildly cytotoxic 

under the experimental conditions with a cellular viability greater than 75 % at the highest 

exposure level tested. 

Cellular proteomic changes were analyzed by 2D-GE followed by protein 

identification using mass spectrometry. We chose to examine the A549 proteome in the 

window of pH 5.2–pH 7.8 and 100–20 kDa because this area contained most of the protein 

spots (543) that were well-resolved across all experimental gels (Figure IIa – 2B). Of the 543 

protein spots, we have determined the identities of 333 protein spots via MALDI-TOF-TOF-

MS/MS, and to our knowledge this is the largest repository of A549 cellular proteome 

identified by 2D-GE thus far. It should be noted that the same protein was detected in  
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Table IIa – 3. A549 proteins that are differentially affected by TiO2 and CB and associated 
cellular functions.  
The proteins in this table were identified by two-way ANOVA as Treatment main effect and 
Treatment × Dose interaction, which were highlighted in Table IIa – 1. 
Cellular TiO2 (µg/cm2) CB (µg/cm2) 

Function 60 140 200 60 140 200 

Cell Death (Apoptosis & Necrosis) 

ALDH1A1     -1.61 

CCT2     -1.24 1.53 

CCT6A       1.51 

FUBP1     1.29 -1.41 
CRK 1.29 1.77 1.44 4.28 6.20 5.93 

HSPA5       1.51 1.51 1.51 

LMNA -1.10 -1.10 -1.10 1.19 1.19 1.19 

PA2G4*       1.49 

TMOD3 -1.19 -1.19 -1.19 1.28 1.28 1.28 

TRIM28     1.49 -1.44 

VCP*   -2.23   -2.23 1.63 

Cell Viability 

EEF2   3.00 -1.30 1.52 -2.63 

HSPA5       1.51 1.51 1.51 

LMNA -1.10 -1.10 -1.10 1.19 1.19 1.19 

TRIM28     1.49 -1.44 

VCP*   -2.23   -2.23 1.63 

Cell Proliferation 

ALDH1A1     -1.61 

CAPZA1       1.15 

CCT2     -1.24 1.53 

CRK 1.29 1.77 1.44 4.28 6.20 5.93 

HSPA5       1.51 1.51 1.51 

LMNA -1.10 -1.10 -1.10 1.19 1.19 1.19 

PA2G4*       1.49 

TRIM28     1.49 -1.44 

VCP*   -2.23     -2.23 1.63 
* indicates protein represented by multiple spots. The spot with the highest fold change was 
used as mentioned in material and method. 
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multiple spots in many cases (Table IIb – 2 in the related “Data in Brief” article (Vuong et 

al., 2016b)), where these multiple IDs are likely representing post-translational 

modifications, isoforms or degradation products of the same protein. 

Two-way ANOVA revealed that 60 of the protein spots showed significant changes 

(p < 0.05) as Treatment or Dose main effects, and with Treatment × Dose interaction 

following exposure of cells to TiO2 and CB (Table IIa – 1). Figure IIa – 4A illustrates the 

effect of TiO2 and CB exposures on A549 cellular proteome, where the particles up- and 

down-regulated the expression of proteins. This figure showed that 140 μg/cm2 doses led to 

increased expression of more proteins relative to both 60 and 200 μg/cm2 doses. These 

findings can potentially be attributed to non-monotonous toxicity effects. It is possible that 

the medium dose (140 μg/cm2) enhanced protein synthesis as a response to increased toxicity 

compared to the low dose, whereas at the highest toxic dose (200 μg/cm2), reduced protein 

synthesis and enhance protein degradation can occur as a result of cellular apoptosis. 

It should be noted that the significant cut-off p-value was set at 0.05, it is possible 

that 27 significant spots (5 % of 543 protein spots examined) could be false positive by 

random chance. However, proteins do not act on their own in a cell, they normally interact 

with one another in a network or pathway to carry out a particular function. Thus, when a 

group of proteins in a particular pathway were identified as significantly altered with 

unadjusted p-value < 0.05, we posit that changes in a group of proteins are not likely to occur 

by random chance. Therefore, we decided to retain the 60 significant protein spots with p-

value < 0.05 (not adjusted for false discovery), and the identities of 42 of these spots have 

been determined via MALDI-TOF-TOF-MS (Figure IIa – 4 and Table IIa – 1). In pathway 

analysis, only those pathways that were influenced by >5 significant proteins in any 

treatment were flagged as possible pathways that were affected by exposure treatments. 
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Figure IIa – 5. The networks of cell death (apoptosis and necrosis) and cell proliferation 
pathways that emphasize the toxicoproteomic differences between TiO2 and CB at the dose 
200 μg/cm2 (Table IIa – 3). Red is for increased expression and green is for decreased 
expression. 
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Ingenuity pathway analysis revealed that TiO2 and CB can significantly alter the 

expression of proteins that are known to be involved in inflammation, protein metabolism, 

cell migration, proliferation, death and survival (Table IIa – 2). Although the use of all 

significant proteins for pathway analysis gave an overall idea of the cellular functions that 

can be affected by both particles, in order to dissect the toxicoproteomic differences between 

TiO2 and CB, we selected the proteins that were unique to TiO2 and CB exposures for 

pathway analysis (Table IIa – 3). The results in Table IIa – 3 demonstrated that the proteins 

that regulate cell proliferation, viability, apoptosis and necrosis were affected by TiO2 and 

CB differently. Nevertheless, the number of proteins that are unique to these pathways was 

found to be low. For instance, CCT6A, EEF2 and CAPZA1 were unique to cell death, cell 

viability and cell proliferation respectively, while the others were common to all three path-

ways. Even though it is possible that there can be network ambiguity through IPA analyses, 

the significant proteins that were affected by both particles in Table IIa – 2 showed more 

unique proteins specific to cell death (e.g., CCT6A, FUBP1, HNRNPH1 and TMOD3) and 

cell proliferation (e.g., CAPZA1, DIS3L and PGK1) pathways. In addition, the cytotoxicity 

assay results are indicative of induced cell death (decreased cellular LDH and ATP levels) 

and decreased cell proliferation (decreased BrdU incorporation) pathways upon particle 

exposures. Together, these observations suggest that these particle exposures affected cell 

death, cell viability and cell proliferation pathways in the A549 cells. 

 The networks of protein-protein interaction in Figure IIa – 5 showed how the two 

particles distinctively affected those proteins involved in cell death and proliferation 

pathway. In the network of cell proliferation, TiO2 specifically increased the expression of 

TRIM28 and decreased the expression of ALDH1A1, CCT2 and LMNA, while CB 

specifically decreased the expression of TRIM28 and increased the expression of CAPZA1, 
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CCT2, HSPA5, LMNA, PA2G4 and VCP. The serine/threonine kinase Akt is a well-

recognized signaling hub that orchestrates various cellular functions (including cell growth 

and survival) and this protein interacts directly and indirectly with the majority of the 

proteins that were up-regulated only by CB treatments (Figure IIa – 5). It would be 

interesting to examine the time-related functional interactions between Akt and these 

proteins. For example, the level of LMNA is reportedly regulated by the serine/threonine 

kinase Akt in C2C12 mouse myoblasts and HEK293 human embryonic kidney epithelial 

cells (Bertacchini et al., 2013), where Akt can phosphorylate LMNA and targets it for 

degradation through a lysosomal mechanism (Bertacchini et al., 2013), and Akt can also 

regulate the transcription of LMNA (Bertacchini et al., 2013). Since LMNA is an 

intermediate filament protein in the nuclear lamina that must be degraded for DNA synthesis 

and mitosis to occur, an increase in LMNA expression in A549 cells exposed to CB can be a 

marker of DNA synthesis, which was supported by BrdU incorporation assay (Figure IIa – 

1B). Another protein that interacts with Akt and affects the proliferation of cells is PA2G4 

that can bind to the androgen receptor (Zhang et al., 2002) and transcriptionally repress 

genes regulated by the receptor (Zhang et al., 2005). Overexpression of PA2G4 has been 

reported to inhibit growth in LNCaP human prostate adenocarcinoma cells (Zhang et al., 

2005), NIH3T3 human fibroblasts (Squatrito et al., 2004) and rat pheochromocytoma PC-12 

cells (Liu et al., 2006). Thus, the observed increased expression of PA2G4 in A549 mediated 

by CB exposure can be another marker that suppresses cell proliferation. In essence A549 

cellular proteomic changes relevant to CB exposure involved in reduction in cell 

proliferation are consistent with the level of BrdU incorporation. 

 Toxicoproteomics also revealed particle-specific changes in the level and/or direction 

of a unique set of proteins that are known to regulate cell death (apoptosis and necrosis) 
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(Table IIa – 3). In the protein-protein interaction network of the cell death pathway in Figure 

IIa – 5, about a dozen of A549 proteins showed a stark difference between TiO2 and CB 

exposures. For example, TiO2 specifically increased the expression of TRIM28 and FUBP1 

but decreased the expression of ALDH1A1, CCT2, LMNA and TMOD3. On the other hand, 

CB specifically decreased the expression of TRIM28 and FUBP1 but increased the 

expression of CAPZA1, CCT2, CCT6A, HSPA5, LMNA, PA2G4 and VCP. A number of 

these proteins can also be found in the cell proliferation network as these proteins have anti-

proliferative effect as discussed above. Interestingly, CB appears to cause more cell death in 

A549 cells than TiO2 based on the LDH assay (Figure IIa – 1A), but the variance in this 

assay did not allow statistical analysis to differentiate the toxic potencies between the two 

particles. Thus, toxicoproteomics is more sensitive in distinguishing the subtle effect of the 

particles on the cell death pathways. In addition, the VCP ATPase (Song et al., 2003) and 

HSPA5 heat shock protein (Wisniewska et al., 2010) in the endoplasmic reticulum are 

associated with ATPase activity, and thus CB-induced increases in VCP and HSPA5 can 

lower the level of cellular ATP by enhancing ATPase activity in A549 cells. These findings 

were supported by ATP assay (Figure IIa – 1C). In essence, the results of our study 

demonstrated that toxicoproteomics is a sensitive and informative method to differentiate the 

toxic effects of particulate matter. 

 

IIa.5. Conclusion 

 In vitro toxicoproteomics has the capacity to distinguish cellular responses to two 

particles with distinct chemical and physical properties as illustrated by TiO2 and CB 

exposures of A549 cells. The particles caused common and distinct A549 cellular responses 
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that were detectable via cytotoxicity assays and high-content proteomic analysis, which can 

be useful to investigate the molecular mechanisms of particle toxicity. This toxicoproteomic 

approach can be valuable in future particle toxicity evaluation studies. 
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Abstract 

 Here, we have described the dataset relevant to the A549 cellular proteome changes 

after exposure to either titanium dioxide or carbon black particles as compared to the non-

exposed controls, “Proteomic changes in human lung epithelial cells (A549) in response to 

carbon black and titanium dioxide exposures” (Vuong et al., 2016). Detailed methodologies 

on the separation of cellular proteins by 2D-GE and the subsequent mass spectrometry 

analyses using MALDI-TOF-TOF-MS are documented. Particle exposure-specific protein 

expression changes were measured via 2D-GE spot volume analysis. Protein identification 

was done by querying mass spectrometry data against SwissProt and RefSeq protein 

databases using Mascot search engine. Two-way ANOVA analysis data provided 

information on statistically significant A549 protein expression changes associated with 

particle exposures. 
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Specifications table 
 
Subject area Biochemistry and in vitro toxicology 
More specific 
subject area 

Toxicology of particulate matter 

Type of data  Tables 
How data was 
acquired 

2D-GE was carried out using a PROTEAN IEF cell to separate 
proteins based on isoelectric point in the first dimension, and proteins 
were separated based on molecular weight by SDS-PAGE using a 
CriterionTMDodecaTM Cell. Analysis of 2D gels was conducted by 
PDQuestTM Advance V8.0.1. Protein spots were excised from 2D 
gels using ExQuest, an automated robotic instrument. MALDI-TOF-
TOF-MS analysis of tryptic-digested peptides from 2D-GE gel spots 
for protein identification was done using a Bruker Autoflex III 
Smartbeam instrument. The mass spectral data were queried using 
Mascot against SwissProt and RefSeq. 

Data format Raw, filtered and analyzed. 
Experimental 
factors 

A549 human lung epithelial cell line was exposed to TiO2 and CB at 
4 different doses of 0, 60, 140 and 200 μg/cm2. Protein expression 
changes were based on Coomassie blue staining of 2D gels. 

Experimental 
features 

A549 cells were exposed to TiO2 and CB for 24 h. The molecular 
mechanisms underpinning particles’ toxicity were examined using 
2D-GE- and mass spectrometry-based proteomic analysis. 

Data source 
location 

Environmental Health Centre, 50 Colombine Driveway, Ottawa, 
Ontario, K1S- 0K9, Canada 

Data accessibility Data are within this article 
 
 

Value of the data 

 The 2D-GE map data set the basis for particle induced-changes in A549 proteome. 

 Identification of A549 proteins permits the analysis of A549 proteome. 

 Particle-induced A549 protein expression changes along with protein identification 

help to characterize toxicity mechanisms and related altered cellular functions.  

 These data and the toxicoproteomic approach are promising in the study of toxicity of 

environmental particles and engineered nano-materials. 
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IIb.1. Data 

There are three datasets in this article. The first is the 2D-GE protein expression 

dataset associated with A549 cells exposed to TiO2 and CB particles (Supplementary Table 

IIb – 1). The second dataset describes the corresponding protein identification results based 

on MALDI-TOF-TOF-MS analyses (Supplementary Table IIb – 2). The third dataset reveals 

the 2D-GE protein spots that significantly changed due to particle exposures (Supplementary 

Table IIb – 3). 

 

IIb.2. Experimental design, materials and methods 

IIb.2.1. Experimental design 

 Culture flasks (T-25 and T-75), 96-well plate and plastic cell scraper were obtained 

from Corning Inc. (Corning, NY). Dulbecco's Modified Eagle's Medium (DMEM) and fetal 

bovine serum (FBS) were purchased from HyClone (Logan, UT). Gentamicin, trifluoroacetic 

acid, α-cyano-4-hydroxy-cinnamic acid, Tris–HCl, NaCl, Tween-20 and Tween-80 were 

obtained from Sigma-Aldrich (Oakville, ON). Iodoacetamide, bis-acrylamide, ammonium 

persulfate, glycerol, immobilized pH gradient strips, Criterion Cassette (13.3 x 8.7 cm W x 

L), Tris/Glycine/SDS buffer, and BioSafe Coomassie Blue were purchased from Bio-Rad 

(Mississauga, ON). Trypsin, resazurin reduction (CellTiterBlue®) and lactate dehydrogenase 

(LDH) (CytoTox-96®) cytotoxicity assay kits were from Promega Corporation (Madi-son, 

WI), ATP assay kits (ViaLightTM Plus) were purchased from Lonza Corporation (Rockland, 

ME), and 5-bromo-20-deoxyuridine (BrdU) cell proliferation ELISA (chemiluminescent) 

assay kits were obtained from Roche Diagnostics (Laval, QC). All water used was 

deionized/demineralized (416 MΩ resistivity). 
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IIb.2.2. Particles preparation 

 TiO2 (SRM-154b) obtained from the National Institute of Standards and Technology 

(Gaithersberg, MD) was subjected to three successive washes with methanol and then 

phosphate buffered saline (PBS) to remove possible soluble metals and organic contaminants 

before use in the experiments (Vincent et al., 1997). Carbon black (Cas#1333-86-4) obtained 

from Cabot Corporation (Boston, MA) was used as received. Particles were resuspended at 

10 mg/mL in particle buffer (0.19 % NaCl and 25 μg/mL Tween-80) (Nadeau et al., 1996), 

vortexed (30 sec), sonicated (20 min on ice), homogenized with a Dounce Homogenizer (25 

strokes), and then heated (56 ºC, 1 hour).  The particles were stored at – 40 ºC until use. 

IIb.2.3. Cell culture and particle exposure 

The A549 cell line (American Type Culture Collection - CCL-185; human, epithelial, 

lung carcinoma) was subcultured in DMEM supplemented with 50 μg/mL gentamycin and 

10 % FBS.  The cells were maintained in T-75 flasks in a humidified atmosphere at 37 ºC 

containing 5 % CO2 and 95 % air. For experiments, the cells were seeded at 1.5x106 cells (T-

25), 3.75x106 cells (T-75) or 2.0x104 cells/well (96-well plate for cytotoxicity assays) and 

incubated for 24 hours, resulting in approximately 75 % confluence prior to dosing with 

particles. The final volume of culture medium was 5 mL (T-25), 15 mL (T-75) or 200 

µL/well (96-well plate). Solutions of particles were prepared by thawing the frozen stocks, 

sonicating on ice (20 min) then diluting in the culture medium to make up dosing 

concentrations of 0, 60, 140 and 200 μg/cm2. The cells were exposed to the particles by 

replacing the existing culture medium with the particle-containing medium, and the 

flasks/plates were returned to the incubator for a 24 hour exposure to particles. To harvest 

the exposed cells, the medium in each flask was removed and the cells were detached from 
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the flasks using a plastic scraper.  The cell suspension was collected in cell culture medium 

and centrifuged at 350 x g for 5 min, and the supernatant was discarded. The cell pellet was 

then washed twice with PBS. The final cell pellet was aspirated dry and stored frozen at – 80 

ºC until further use. The integrated cytotoxicity bioassay which combined endpoints of cell 

viability (resazurin reduction assay), cellular membrane integrity (intracellular LDH release), 

and energy metabolism (ATP assay) was conducted in a 96-well plate as described in our 

previous study (Kumarathasan et al., 2014). The cell proliferation (BrdU incorporation) 

assay was performed in a separate 96-well plate. 

IIb.2.4. Protein extraction 

 The cell pellets were solubilized in a protein extraction/rehydration buffer from Bio-

Rad (8 M urea, 2 % CHAPS, 50 mM dithiothreitol, 0.2 % Biolyte 3/10), where the volume 

depends on the number of cells in the pellet to achieve 1 – 2 µg/µL, and 1x106 A549 cells 

was experimentally estimated to yield about 200 µg of protein. The samples were vortexed 

(30 sec), sonicated (10 min), vortexed (30 sec) and centrifuged (15000 x g, 10 min). The 

extracted protein in the supernatant was collected, and the concentration of protein in each 

extract was determined immediately using the Coomassie Plus Protein assay kit (Thermo 

Scientific). The extracted protein samples were stored in –80 ºC until use. 

IIb.2.5. Two-dimensional gel electrophoresis (2D-GE) 

 2D-GE was conducted as described in our previous study (Kumarathasan et al., 

2005). Briefly, an appropriate quantity of protein was suspended in a total volume of 200 mL 

of extraction buffer, and applied to an immobilized pH gradient (IPG) strips (11 cm, pH3 – 

10 or pH5 – 8) in a clean disposable rehydration tray and allowed to incubate for 1 h at room 

temperature. The IPG strip was then overlaid with mineral oil and allowed to continue 
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incubating overnight (16 – 20 h). The IPG strip was then moved to an isoelectric focussing 

tray, overlaid with mineral oil and subjected to isoelectric focussing using a PROTEAN IEF 

cell (BioRad). The focussing conditions were as follows: stage 1: linear ramp to 250 V for 20 

min; stage 2: linear ramp to 8,000 V for 2.5 h; stage 3: rapid ramp for 20,000 V h. The strip 

was then stored at – 80 °C until use. The focused IPG strip was thawed and gently agitated 

for 10 min in equilibration buffer 1 (6 M urea, 2 % SDS, 375 mM Tris–HCl, 20 % glycerol, 

130 mM dithiothreitol, 0.001 % bromo-phenol blue). Then each strip was gently agitated for 

another 10 min in equilibration buffer 2 (6 M urea, 2 % SDS, 375 mM Tris–HCl, 20 % 

glycerol, 135 mM iodoacetamide, 0.001 % bromophenol blue). The strip was then placed on 

a 12 % SDS-PAGE gel casted in a 1.0 mm thick Criterion Cassette (13.3 x 8.7 cm W x L) 

and subjected to electrophoresis at 200 V for 65 min. Following electrophoresis, the gel was 

removed from the Criterion Cassette, washed for 30 min in water, stained in BioSafe 

Coomassie Blue (Bio-Rad) overnight (16 – 20 h), destained twice in water, and then imaged 

with a standard scanner. 

 To overcome the typical warping and distortion issues from gel to gel near the 

extremities of the pH and the molecular weight range, a common area (Figure IIa – 2; pH5.1 

– 7.8  and 20 – 100 kDa) that clearly shows the protein spots across all experimental gels was 

selected to assess the proteome differences among the treatments. The protein spots within 

the gels were matched and quantified with PDQuest™ Advance V8.0.1 (Bio-Rad), where 

spot volume was quantified using the available “Local regression model (LOESS)” algorithm 

in PDQuest. The reported spot volume for each protein was used to compare its level of 

expression across the treatments. Three gels representing three biological repeats were 

generated for each group in this experiment to assess the particle-induced changes in the 

proteome of A549 cells. 
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IIb.2.6. In-gel digest, preparing protein spots for identification 

To identify the protein in each spot of interest, a large set of preparative gels (10 – 12 

gels) were prepared with 175 mg of protein/gel as described above. The gels were then 

stained with Biosafe Coomassie blue and imaged. The spots in preparative gels were then 

aligned and matched to the experimental gels using PDQuest. The protein spots were then 

excised from the preparative gels with an automated spot cutter equipped with a 1.5 mm 

cutting head (ExQuest from Bio-Rad). The excised gels corresponding to the same protein 

spot from different preparative gels were pooled into the same tube for maximum protein 

yield. The excised gels were then subjected to in-gel tryptic digest as described in our 

previous study (Kumarathasan et al., 2005). Briefly, the gel spots were destained and then 

subjected to a 16 h digestion by trypsin (pH = 7) at 37 °C. All the digested samples were 

evaporated under a gentle stream of N2 and were stored at – 80 °C until further use. 

IIb.2.7. Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry 

(MALDI-TOF-TOF-MS/MS) 

Each sample was reconstituted in 5 to 20 μL of 30 % acetonitrile (ACN) in 0.1 % 

trifluoroacetic acid (TFA) depending on the spot volume and was spotted (1.5 μL) on an 

AnchorChip target plate (600/384, Bruker Daltonics Ltd, Bremen, Germany) together with 

1.5 μL of freshly prepared α-cyano- 4-hydroxy-cinnamic acid (5 μg/μL in 50 % ACN in 0.1 

% TFA). The spotted sample/matrix was dried under vacuum for at least 2 h. Each dried 

sample/matrix was washed with 2.5 μL of cold 0.1 % TFA and briefly dried under vacuum. 

Each sample was analyzed by MALDI-TOF-TOF-MS using an automated analysis option 

(Bruker Daltonics, Bremen, Germany). In brief, MS scan of each spot was done to obtain the 

peptide mass fingerprint (PMF). Six major analyte peaks from the PMF spectrum were 
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subjected to tandem MS (MS/MS) analysis in the “voltage lift mode”. The mass spectral 

information was matched against the Swiss-Prot and RefSeq databases using the Mascot 

search engine (Matrix Sciences) for protein identification. In the case that more than 1 

protein was identified per spot, we attributed the protein with the highest score to such spot. 

IIb.2.8. Statistical analysis 

Two-way analysis of variance (ANOVA) was performed on 2D-GE data with 

treatment and dose as factors. When the assumption of equal variance and normal 

distribution were not met, the data were rank transformed. A protein spot is considered as 

significant if p < 0.05. Particle treatment-related protein expression changes were normalized 

to the corresponding controls to obtain unadjusted fold-change values. 
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Supplementary Table IIb – 1. 2D-GE protein expression (spot volume) profiles for A549 
cells exposed to TiO2 and CB.  
The SSP number in the header of each column corresponds to the identifier number that 
PDQuest used to identify the spot based on its coordinates in the gel (Vuong et al., 2016). 
 

This table is too large to fit within the margin of this page. It can be found online at: 
http://dx.doi.org/10.1016/j.dib.2016.06.013. 
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Supplementary Table IIb – 2. Identities of the protein spots in the 2D-GE map of the A549 
cell line determined by MALDI-TOF-TOF-MS (Vuong et al., 2016). 
 
 
This table is too large to fit within the margin of this page. It can be found online at: 
http://dx.doi.org/10.1016/j.dib.2016.06.013. 
 
 
Footnotes: 
aDenotes that this protein spot has also been identified the same by Malard et al., 2005. 
bDenotes that this protein spot has also been identified the same by Morbt et al., 2009. 
*SSP number corresponds to the identifier number assigned by PDQuest based on the 
coordinates of the spot in the gel (Vuong et al., 2016a). 
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Supplementary Table IIb – 3. Unadjusted fold-changes (vs controls) and two-way ANOVA 
results for the A549 protein expression changes due to particle exposures (n = 3).   
The SSP number corresponds to the identifier number that PDQuest used to identify the spot 
based on its coordinates in the gel (Vuong et al., 2016a). 
    TiO2 (μg/cm2) CB (μg/cm2) Two-Way ANOVA (p-value) 

SSP Protein 60 140 200 60 140 200 Trt (T) Dose (D) T x D 
3202 CAPZA1 -1.10 -1.07 -1.07 -1.07 -1.07 1.15 0.004 0.016 0.031 
9804 FUBP1 1.15 1.11 1.29 -1.08 1.04 -1.41 0.039 0.947 0.044 
7701 CCT6A 1.31 -1.39 1.00 1.05 -1.29 1.51 0.507 0.031 0.034 
8501 EEF2 2.06 3.00 1.73 1.62 2.47 -2.63 0.571 0.004 0.020 
6501 PA2G4 -1.05 -1.23 -1.02 1.07 -1.11 1.40 0.165 0.023 0.047 
7501 PA2G4 1.03 -1.49 -1.00 -1.04 -1.40 1.49 0.953 0.009 0.037 
1602 TUBA1C -1.12 -2.78 -1.56 -1.18 -2.32 2.43 0.793 0.015 0.049 
2902 VCP 1.73 -1.68 1.51 -1.01 1.03 1.63 0.457 0.002 0.024 
7603 ALDH1A1 1.23 -1.16 -1.61 -1.49 -1.77 1.08 0.096 0.131 0.034 
6604 CCT2 1.21 -1.15 -1.24 -1.52 -1.23 1.53 0.792 0.237 0.023 
4702 PDIA3 1.02 -1.09 -1.27 -1.07 1.45 1.15 0.368 0.220 0.021 
3207 TRIM28 1.19 -1.47 1.49 1.08 -1.08 -1.44 0.192 0.096 0.035 
4102 VCP -1.05 1.19 1.07 -1.06 1.08 -1.35 0.554 0.083 0.036 
2006 CRK 1.29 1.77 1.44 4.28 6.20 5.93 <0.001 <0.001 0.085 
8205 AKR1A1 -1.07 1.17 -1.03 1.33 1.19 1.47 0.041 0.431 0.395 
102 HSPA5 1.02 1.36 1.15 1.22 1.97 1.33 0.017 0.134 0.441 
8809 LMNA -1.09 -1.19 -1.03 1.41 1.02 1.13 0.028 0.311 0.303 
2301 TMOD3 -1.39 -1.07 -1.10 1.22 1.11 1.50 0.005 0.201 0.139 
6502 ANXA7 -1.12 1.08 -1.67 -1.10 1.57 -1.70 0.124 0.037 0.502 
8108 ARMCX1 -1.24 1.93 1.15 1.16 1.84 -2.29 0.472 0.017 0.379 
9502 DIS3L -1.04 1.08 -1.30 -1.17 1.02 -1.73 0.298 0.000 0.504 
8107 EEF2 -1.03 1.58 -1.26 1.21 1.45 -1.34 0.580 0.031 0.719 
7205 ENO1 1.13 1.64 1.04 1.20 1.54 -1.39 0.723 0.021 0.416 
8503 ENO1 -1.05 1.28 -1.14 1.11 1.37 -1.43 0.413 0.035 0.561 
9405 ENO1 -1.04 1.61 -1.02 1.07 1.52 -1.51 0.876 0.043 0.593 
5607 HNRNPH1 -1.00 -1.48 1.24 -1.23 -1.17 1.47 0.852 0.022 0.458 
2701 HNRNPK -1.13 -2.05 -1.23 -1.28 -1.49 -1.11 0.913 0.020 0.146 
3104 HSP90AB3P -1.08 1.56 1.01 1.23 1.55 -1.31 0.568 0.026 0.615 
8106 HSPA8 1.09 1.56 -1.02 1.09 1.46 -1.12 0.622 0.035 0.533 
8117 IDH1 1.01 1.63 -1.05 1.11 1.53 -1.69 0.899 0.014 0.443 
5902 IMMT 1.40 -1.48 1.24 1.30 -1.28 1.34 0.510 0.019 0.761 
3705 INA 1.14 2.94 1.85 1.27 1.39 1.60 0.967 0.002 0.084 
8103 NIT2 -1.01 1.24 -1.08 1.14 1.28 -1.13 0.410 0.017 0.797 
8110 PDIA3 1.03 1.42 -1.35 1.22 1.65 -3.25 0.270 0.029 0.580 
6306 PGK1 -1.39 1.26 -1.20 1.01 1.27 -1.67 0.363 0.034 0.282 
7204 PKM -1.08 1.35 -2.08 1.09 1.34 -1.64 0.431 0.003 0.922 
8606 PKM -1.22 -1.09 -1.76 -1.16 -1.11 -1.60 0.942 0.026 0.889 
5105 PSMB7 1.05 1.11 1.21 -1.11 1.17 1.54 0.367 0.019 0.466 
8301 RBM4 1.60 1.74 1.41 1.69 1.41 1.72 0.676 0.038 0.402 
8308 RBM4 -1.21 -1.34 -1.12 -1.12 -1.20 -1.39 0.708 0.025 0.634 
2904 VCP 1.11 -2.75 -1.10 -1.16 -1.70 1.29 0.745 0.004 0.141 
5301 XXYLT1 1.35 1.19 1.36 1.12 1.20 1.16 0.131 0.008 0.499 
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Transparency document. Supplementary material 

Transparency data associated with this article can be found in the online version at 

http://dx.doi.org/10.1016/j.dib.2016.06.013.  

 

Appendix A. Supplementary material 

 Supplementary data associated with this article can be found in the online version at 

http://dx.doi.org/10.1016/j.dib.2016.06.013. 
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Abstract 

 In this study, we used cytotoxicity assays, proteomic and gene expression analyses to 

examine the difference in response of A549 cells to two silica particles that differ in physical 

properties, namely cristobalite (CR) and α-quartz (Min-U-Sil 5, MI). Cytotoxicity assays 

such as lactate dehydrogenase release, 5-bromo-2′-deoxyuridine incorporation and cellular 

ATP showed that both silica particles could cause cell death, decreased cell proliferation and 

metabolism in the A549 human lung epithelial cells. While cytotoxicity assays revealed little 

difference between CR and MI exposures, proteomic and gene expression analyses unveiled 

both similar and unique molecular changes in A549 cells. For instance, two-dimensional gel 

electrophoresis data indicated that the expression of proteins in the cell death (e.g., 

ALDH1A1, HTRA2 and PRDX6) and cell proliferation (e.g., FSCN1, HNRNPAB and 

PGK1) pathways were significantly different between the two silica particles. Reverse 

transcription–polymerase chain reaction data provided additional evidence supporting the 

proteomic findings. Preliminary assessment of the physical differences between CR and MI 

suggested that the extent of surface interaction between particles and cells could explain 

some of the observed biological effects. However, the differential dose–response curves for 

some other genes and proteins suggest that other physical attributes of particulate matter can 

also contribute to particulate matter-related cellular toxicity. Our results demonstrated that 

toxicoproteomic and gene expression analyses are sensitive in distinguishing subtle toxicity 

differences associated with silica particles of varying physical properties compared to 

traditional cytotoxicity endpoints. 
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III.1. Introduction 

 Inhalation of silica has been reported to cause pulmonary fibrosis or silicosis, a 

condition where scar tissue is formed in the lung (AGN, 1930; Belt, 1930; Cassel et al., 

2008). It is known that exposure to silica can cause inflammatory response (Cassel et al., 

2008; Dostert et al., 2008; Hornung et al., 2008; Peeters et al., 2013) and cell death (Cassel et 

al., 2008; Chao et al., 2001; Iyer et al., 1996; Joshi & Knecht, 2013) in the cells of the 

respiratory tract. Recent studies demonstrated the NALP3 inflammasome is a protein 

complex (composed of NLRP3, ASC and caspase-1) that is essential for the inflammatory 

response (Cassel et al., 2008; Dostert et al., 2008; Hornung et al., 2008; Peeters et al., 2013) 

and the development of silicosis (Cassel et al., 2008) from silica exposure. However, there 

are discrepancies in the molecular mechanisms reported for the effect of silica on the cells. 

For example, data from Cassel et al. (2008) and Dostert et al. (2008) demonstrated that the 

inflammatory response depends on the production of reactive oxygen species (ROS), 

whereas data from Hornung et al. (2008) suggested that the production of ROS is not 

necessary. These discrepancies may arise from the difference in materials and/or the methods 

used in these studies. The silica particles used in these three studies were 1.5 μm amorphous 

silicon dioxide (Dostert et al., 2008), Min-U-Sil 5 (MI; quartz, 5 μm top size) (Cassel et al., 

2008) and Min-USil 15 (quartz, 15 μm top size) (Hornung et al., 2008). 

 Given that silica or silicon dioxide can form various physical structures such as 

amorphous (non-crystalline) and crystalline (e.g., quartz, cristobalite [CR] and tridymite), it 

is possible that exposure to different forms of silica may lead to different health impacts. To 

date, most toxicological studies as mentioned above have focused on quartz, and very limited 

data have been reported on the toxicity of other forms of silica. There is a wide range of 

current industrial products/applications for different forms of silica, which include clay, 
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ceramics, road building, sand blasting, pet litter, electronic devices and cosmetic products 

(IARC, 1997, 2012). Thus, there is a need to distinguish the difference in toxicity of different 

forms of silica, if there is any, to inform the workers or consumers about the hazard of the 

relevantmaterials. Thereby, it is fundamental to assess whether different forms of silica can 

trigger differential responses at the cellular level. Recently, we demonstrated that 

toxicoproteomics is a useful approach to identify and differentiate the mechanisms of particle 

toxicity of two respirable particles that are physically and chemically different such as 

titanium dioxide and carbon black (Vuong et al., 2016a). In this study, we questioned 

whether in vitro toxicoproteomics in conjunction with gene expression analysis were 

sensitive enough to differentiate the effect of two particles that are identical in chemical 

formula (silicon dioxide) but differed only in their physical properties. The results of this 

study demonstrated that subtle differences in cytotoxic effects of CR and MI on A549 human 

lung epithelial cells could be addressed through in vitro toxicoproteomic and gene expression 

analyses. 

 

III.2. Materials and methods 

III.2.1. Materials.  

 Culture flasks (T-25 and T-75), 96-well plates and plastic cell scrapers were obtained 

from Corning Inc. (Corning, NY, USA). Dulbecco’s modified Eagle’s medium and fetal 

bovine serum were purchased from Hyclone (Logan, UT, USA). Gentamicin, trifluoroacetic 

acid, α-cyano-4-hydroxy-cinnamic acid, Tris-HCl, NaCl, Tween-20 and Tween-80 were 

obtained from Sigma-Aldrich (Oakville, ON, Canada). Iodoacetamide, bis-acrylamide, 

ammonium persulfate, glycerol, immobilized pH gradient (IPG) strips, Criterion Cassette 
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(13.3cm× 8.7cmW× L), Tris/glycine/sodium dodecyl sulfate buffer and BioSafeCoomassie 

Blue were purchased from Bio-Rad (Mississauga, ON, Canada). Trypsin, resazurin reduction 

(CellTiter-Blue®) and lactate dehydrogenase (LDH) cytotoxicity assay kits (CytoTox-96®) 

were from Promega Corporation (Madison, WI, USA), ATP assay kit (ViaLight™ Plus) was 

from Lonza Corporation (Rockland, ME, USA) and 5-bromo-2′-deoxyuridine (BrdU) cell 

proliferation enzyme-linked immunosorbent assay (chemiluminescent) assay kit was 

obtained from Roche Diagnostics (Laval, QC, Canada). All water used was 

deionized/demineralised (>16MΩ resistivity). 

III.2.2. Particle preparation 

 CR (SRM-1879a) was obtained from NIST (Gaithersburg, MD, USA) and MI was a 

generous gift fromthe US Silica Co. (Berkeley Springs, WV, USA). Both silica particles 

were subjected to three successive washes with methanol followed by 1× phosphate-buffered 

saline to remove possible soluble metals and organic contaminants before use in the 

experiments (Vincent et al., 1997). Particles were resuspended at 10mg/ml in particle buffer 

(0.19% NaCl and 25 μg/ml Tween-80) (Nadeau et al., 1996), vortexed (30 s), sonicated 

(20min on ice), homogenized with a Dounce homogenizer (25 strokes) and then heated (56 

°C, 1 h). The particles were stored at – 40 °C until use. 

III.2.3. Scanning electron microscopy 

The size and morphology of CR and MI samples were characterized by scanning 

electron microscopy (SEM). Images were collected on a JSM-7500F FESEM (JEOL, 

Peabody, MA, USA) instrument equipped with a field emission gun under the following 

parameters: beam acceleration voltage, 2 kV; working distance, between 7 and 9 mm; 

imaging mode, lower secondary electron image. Magnification and sizing bar are as 
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indicated in the figure captions for each individual image. Samples were prepared by 

dropping a small amount of powder on to an aluminum stage painted with carbon paint 

(electron microscope sciences). The paint was allowed to dry for 20 min, and the excess 

powder was then removed by blowing the surface with compressed, dry air. Particle size 

distributions were calculated from SEM images using the software program ImageJ. The 

measurements reported are the average of at least 100 random particles. For all particles that 

were not spherical, the longest axis was measured and reported. 

III.2.4. Cell culture and particle exposure 

The A549 cell line (American Type Culture Collection, Manassas, VA, USA; CCL-

185; human, epithelial, lung carcinoma) was subcultured in Dulbecco’s modified Eagle’s 

medium supplemented with 50 μg/ml gentamicin and 10 % fetal bovine serum. The cells 

were maintained in T-75 flasks in a humidified atmosphere containing 5 % CO2 and 95 % air 

at 37 °C. For experiments, the cells were seeded at 1.5 × 106 cells/T-25 flask (for gene 

expression analysis and proteomics) or 2.0 × 104 cells per well (96-well plate for cytotoxicity 

assays) and incubated for 24 h, resulting in approximately 75% confluence before dosing 

with particles. The final volume of culture medium was 5 ml (T-25), 15 ml (T-75) or 200 μl 

per well (96-well plate). Solutions of particles were prepared by thawing the frozen stocks, 

sonicating on ice (20 min) then diluting in the culture medium to generate dosing 

concentrations of 0, 60, 140 and 200 μg/cm2. The cells were exposed to the particles by 

replacing the existing culture medium with the particle-containing medium, and the 

flasks/plates were returned to the incubator for a 24 h exposure to particles. To harvest the 

exposed cells, the medium in each flask was removed and the cells were detached from the 

flasks using a plastic scraper. The cell suspension was collected in cell culture medium and 
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centrifuged at 350 g for 5 min, and the supernatant was discarded. The cell pellet was then 

washed twice with phosphate-buffered saline. The final cell pellet was aspirated dry and 

stored frozen at – 80 °C until further use. The integrated cytotoxicity bioassay, which 

combined endpoints of cell viability (resazurin reduction assay), cellular membrane integrity 

(intracellular LDH release) and energy metabolism (ATP assay), was conducted in a 96-well 

plate as described previously (Kumarathasan et al., 2015). The cell proliferation (BrdU 

incorporation) assay was performed in a separate 96-well plate. 

III.2.5. Protein extraction and two-dimensional gel electrophoresis 

Total protein from the A549 cells (control and particle-exposed) was extracted and 

examined by two-dimensional gel electrophoresis (2D-GE) as previously described (Vuong 

et al., 2016a,b). Following electrophoresis, the gel was washed for 30min in water, stained in 

BioSafe Coomassie Blue (Bio-Rad) overnight (16–20 h), destained twice in water (20 min) 

and then imaged with a standard  scanner. To overcome the typical warping and distortion 

issues from gel to gel particularly near the extremities of the pH range and the molecular 

weight, a common area across all experimental gels that clearly shows the protein spots was 

selected to assess the proteome differences among the treatments, where proteins in the 

window of pH5.1–7.8 and 100–20 kDa were analyzed (Vuong et al., 2016a,b). A total of 543 

well-resolved protein spots in this common area were compared across all experimental gels, 

and the identities of 333 of these protein spots were determined via matrix-assisted laser 

desorption/ionization time-of-flight/time-of-flight mass spectrometry (MALDI-TOF-TOF-

MS; Vuong et al., 2016a,b). The protein spots within the gels were matched and quantified 

with PDQuestTM Advance V8.0.1 (Bio-Rad), where spot volume was quantified using the 
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available “Local regression model (LOESS)” algorithm in PDQuest. The reported spot 

volume for each protein was used to compare its level of expression across the treatments. 

III.2.6. Gene expression analysis 

Total RNA from cell pellets of different treatments was extracted, quantified and 

prepared for gene expression analysis by reverse transcription–polymerase chain reaction 

(RT-PCR) as described elsewhere (Thomson et al., 2015). Four house-keeping genes 

(RPL32, ACTB, HPRT1 and YWHAZ) were assessed as potential reference genes for 

normalization purposes according to stability across treatments (Chen et al., 2011), and 

RPL32 was found as the least affected gene across all treatments (data not shown). 

III.2.7. Statistical analyses 

Two-way analysis of variance (ANOVA) was performed on 2D-GE (n = 3), RT-PCR 

(n = 3) and cytotoxicity (LDH, BrdU, ATP and CTB; n = 4) data with treatment and dose as 

factors, using R (R Core Team, 2013). When the assumptions of equal variance and normal 

distribution were not met, the data were rank-transformed. Holm–Sidak was the post-hoc 

method used for all pairwise comparisons. A data point was considered as having a 

significant effect if p < 0.05. If the Treatment × Dose interaction was significant for a protein 

spot or gene, its change in expression for a given treatment and dose that was found 

significant by Holm–Sidak analysis was reported as it is (as seen in Supporting information 

Tables S1 and S3). The same applied for those proteins or genes that were found to have 

significant Treatment and Dose main effects. If a protein was found to have a significant 

Treatment main effect, fold-changes (FCs) were estimated using least square mean 

(Goodnight & Harvey, 1978; Searle et al., 1980). In the case where the Dose main effect was 

significant, the average FC estimate was reported for each significant dose group. 
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Pearson correlation analysis was conducted on 2D-GE (n=3), RT-PCR (n = 3) and 

cytotoxicity (LDH, BrdU, ATP and CTB; n=4) data using R (R Core Team, 2013). The FC 

in all data sets was transformed to Log2(FC) to ensure that all data are linear and continuous. 

Correlation between the responses of A549 cells to the doses of silica particles was 

conducted on two dosemetrics, namely mass (e.g., of 0, 60, 140 and 200 μg/cm2 for both CR 

andMI) and surface area (SA; e.g., 0, 32, 74 and 106 mm2/cm2 for CR and 0, 54, 127 and 181 

mm2/cm2 for MI) (Table 1). Correlations were calculated based on pooled data from both CR 

andMI for each protein spot, gene or assay. Venn diagrams used to assess the similarities 

and/or differences in responses in A549 cells following particle exposures were generated 

via VENNY (Oliveros, 2015). 

III.2.8. Bioinformatic analysis (pathway analysis).  

2D-GE data showed that multiple protein spots with the same protein ID may have 

p< 0.05, which suggests different isoforms of the same protein were significantly altered, and 

thus rigorous assessment may be required for proper interpretation of biological implication 

if the directions of change of these isoforms are different. However, our data showed that the 

expression of all significant protein spots with the same ID aligned in the same direction. 

Therefore, we simply chose the protein with the greatest FC (either increase or decrease) to 

conduct pathway analysis. Furthermore, protein spots that were deemed as small 

peptides/fragments (based on molecular weight and unique peptide sequences) of their native 

proteins were excluded from pathway analysis, unless functional data can be found for such 

peptides based on PubMed (http://www.ncbi.nlm.nih.gov/pubmed) and UniProt 

(www.uniprot.org) searches. For pathway analysis, an FC cut-off of ± 1.10 and ± 1.50 were 

applied on top of the significantly changed (p < 0.05) protein spots and genes, respectively, 
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Table III – 1. Physical characteristics (density and diameter) of the silica particles, and the 
doses expressed in mass or SA in which the A549 cells were exposed. 
    Cristobalite       Min-U-Sil 5   

Density 2.27 g/cm3 2.65 g/cm3 
Median diameter    5.0 μm     2.5 μm   
Calculated SA 0.53 mm2/µg 0.91 mm2/µg 

Mass dose (μg/cm2) 0 60 140 200 0 60 140 200 

SA dose (mm2/cm2)* 0 32 74 106 0 54 127 181 
*Values were calculated based on the assumption that the individual particles have a 
spherical shape. 
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to filter out nuanced changes in expressions that may not contribute to any biological impact. 

Pathway analysis was conducted using Ingenuity Pathway Analysis (www.ingenuity.com). 

When conducting pathway analysis, only the pathways that were influenced by more than 

five significant proteins or genes in any particle treatment group were flagged. This arbitrary 

cut-off was set to identify the more probable cellular pathways that could be affected in 

A549 cells following particle exposure. 

 

III.3. Results 

III.3.1. Physical properties of the silica particles 

The SEM image in Figure III – 1B showed that MI particles cover a broad range of 

sizes. The particles are irregularly shaped, possessing both sharp edges and flat, stepped 

terraces, consistent with a crystalline sample. There is a lack of porosity observed on the 

surface of the particles, which is consistent with a highly crystalline solid sample that has 

been ground from a larger, non-porous sample. CR particles have a similar appearance to 

that of MI, but the CR particles are more uniform in size (Figure III – 1A). CR particles were 

distributed over a size range of 1.5 to >8 μm and MI were distributed over a broader size 

range of <0.5 to >8 μm (Figure III – 1C). There is an overlap in particle size distribution 

between CR and MI from 1.5 to >8 μm, and MI has more particles in smaller sizes. The 

median particle sizes for CR and MI are 5.0 and 2.5 μm, respectively. The A549 cell 

monolayers were exposed to CR andMI at particle mass doses of 0, 60, 140 and 200 μg/cm2, 

and the corresponding particle SA doses for CR were 0, 32, 74 and 106 mm2/cm2, and for MI 

were 0, 54, 127 and 181 mm2/cm2 (Table III – 1). 
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Figure III – 1. Size and shape of the particles in cristobalite (A) and Min-U-Sil 5 (B) samples 
observed by scanning electron microscopy. 
(C) Distribution of the particle size in the silica samples, where the median particle size for 
cristobalite is about 5.0 μm and Min-U-Sil 5 is about 2.5 μm. 
 

0

5

10

15

20

<
0.5

0.51 - 1.00

1.01 - 1.50

1.51 - 2.00

2.01 - 2.50

2.51 - 3.00

3.01 - 3.50

3.51 - 4.00

4.01 - 4.50

4.51 - 5.00

5.01 - 5.50

5.51 - 6.00

6.01 - 6.50

6.51 - 7.00

7.01 - 7.5

7.51 - 8.00

>
8.01

%
 C

om
po

si
ti

on

Size Range (μm)

Min-U-Sil 5
Cristobalite

C) 

A) Cristobalite B) Min-U-Sil 5 



103 
 

0.00

0.25

0.50

0.75

1.00

1.25

Cristobalite Min-U-Sil 5

R
es

az
ur

in
R

ed
uc

ti
on

0 60 140 200D μg/cm
2
 

0.00

0.25

0.50

0.75

1.00

1.25

Cristobalite Min-U-Sil 5

B
rd

U
In

co
rp

or
at

io
n

0 60 140 200

* * * 

B μg/cm
2
 

* * * 

0.50

0.75

1.00

1.25

1.50

1.75

Cristobalite Min-U-Sil 5

L
D

H
 R

el
ea

se

0 60 140 200

* 

A μg/cm
2
 

* 

0.00

0.25

0.50

0.75

1.00

1.25

Cristobalite Min-U-Sil 5

C
el

lu
la

r A
T

P

0 60 140 200

* 

C μg/cm
2
 

* 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure III – 2. Cytotoxicities of cristobalite and Min-U-Sil 5 in A549 cells after 24 h of 
exposure were assessed by LDH release (A), BrdU incorporation (B), cellular ATP (C) and 
resazurin reduction (D) assays.  
Data are expressed as mean fold effect  standard error, relative to control (0 μg/cm2), n = 4. 
Two-way ANOVA was used to determine significant effects of the particles, where Holm-
Sidak was the post-hoc method used for all pairwise comparison procedures. *Significant 
change (p < 0.05) compared to control (0 μg/cm2). BrdU, 5-bromo-2′-deoxyuridine; LDH, 
lactate dehydrogenase. 
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III.3.2. Cytotoxicity assays 

The LDH assay in Figure III – 2A, which assessed the integrity of the cell membrane, 

showed that both silica particles can cause a significant leakage of LDH from A549 cells at 

the highest dose, but there was no significant difference in cytotoxicity caused by CR and MI 

(two-way ANOVA: Dose main effect, p < 0.05; Holm–Sidak: 200 vs 0 μg/cm2, p < 0.05). 

Cellular proliferation measured by BrdU incorporation (Figure III – 2B) revealed that both 

silica particles decreased the mitotic activity of A549 cells to similar levels at all doses (two-

way ANOVA: Dose main effect, p < 0.05; Holm–Sidak: 60, 140 and 200 vs 0 μg/cm2, p < 

0.05). Both particles also significantly decreased cellular ATP at the highest dose to a similar 

level (Figure III – 2C) (two-way ANOVA: Dose main effect, p < 0.05; Holm–Sidak: 200 vs 

0 μg/cm2, p < 0.05). There was no significant change in resazurin reduction in A549 cells 

exposed to any dose of CR and MI (Figure III – 2D). 

III.3.3. Particulate matter-induced changes in the proteome of A549 cells examined by 

two-dimensional gel electrophoresis  

Changes in the proteome of A549 cells after 24 h of exposure to CR and MI particles 

were assessed via 2D-GE as described previously (Vuong et al., 2016a,b). The results 

presented in Supporting information Table III – S1 revealed that the expressions of 49 

protein spots were significantly affected by both CR and MI (two-way ANOVA: Treatment 

× Dose interaction, Treatment or Dose main effects, p < 0.05). Of the significant 49 protein 

spots, 30 of them passed the Holm–Sidak post-hoc test and their identities have also been 

determined by MALDI-TOF-TOF-MS. 2D-GE data showed that particle dose-related 

changes were observed in half (15) of the protein spots (two-way ANOVA: Dose main 

effect, p < 0.05), 14 of which are unique proteins. Particle-specific changes were observed in 
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Figure III – 3. Changes in two-dimensional gel electrophoresis protein spots (p < 0.05; two-
way ANOVA) associated with in vitro exposure of A549 cells to silica particles.  
(A) Bar graph shows the number of proteins that increased or decreased in expression 
following particle treatments at doses 60, 140 and 200 μg/cm2. (B) Venn diagram shows the 
number of protein spots that exhibited particle-specific and non-specific changes. CR, 
cristobalite; MI, Min-U-Sil 5. 

B) 

N
u

m
b

er
 o

f 
P

ro
te

in
s

Decrease
Increase

60 140 200 60 140 200 
Cristobalite (μg/cm2) Min-U-Sil 5 (μg/cm2) 

A) 

5 

5 

15 

15 



106 
 

nine protein spots (two-way ANOVA: Treatment main effect, p < 0.05), all of which were 

unique proteins, while six protein spots exhibited Treatment × Dose interaction (two-way 

ANOVA: Treatment × Dose interaction, p < 0.05), all six of these being unique proteins. It 

was noticed that greater change in the number of protein spots were observed for both 

particles at the higher doses (Figure III – 3A). The Venn diagram in Figure III – 3B provides 

an overview of the unique and similar changes in the proteome of A549 cells following CR 

and MI exposures. For pathway analysis, FC cut-off was set at ±1.10. 

Pathway analysis revealed that all the proteins affected by the two silica particles 

were known to be associated with cell death (necrosis and/or apoptosis), proliferation, 

inflammation, homeostasis and cell movement pathways (Table III – 2). It was noticeable 

that CR and MI induced distinct patterns of protein expression in these pathways. For 

example, the spider charts in Figure III – 4 demonstrated that CR and MI induced 

distinguishable characteristic changes in those proteins involved in the cell death and cell 

proliferation pathways in A549 cells. 

III.3.4. Gene expression changes in A549 cells exposed to silica particles 

To understand better the reactivity of A549 cells to the silica particles, RT-PCR was 

chosen as a gene expression analysis method to assess how CR and MI affected the 

expression of genes in the exposed cells. For this purpose, a panel of 89 genes was 

selectedfor gene expression analysis (Supporting information Table III – S2). Some of these 

selected genes were known to be affected by silica particles in the literature (Sellamuthu et 

al., 2011), some were genes upstream and/or downstream of those proteins in the identified 

pathways based on the proteomic changes in the present study, and some were selected from 

unrelated pathways. Of the genes selected, 37 were found to exhibit altered expression
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Table III – 2. Biological functions that were estimated to be affected by the particles based 
on the proteins that were significantly affected using ingenuity pathway analysis.  
Values in the table indicate the number of significant proteins affected by the treatment. Only 
the pathways that were influenced by more than five proteins in any particle treatment group 
were shown. 

  Cristobalite (μg/cm2) Min-U-Sil 5 (μg/cm2) 

Biological Function 60 140 200 60 140 200 

Mitotic Activity (Proliferation or Cell Cycle) 8 5 
 

8 5 

Cell Death (Apoptosis or Necrosis) 6 6 8 7 7 8 

Inflammatory Response 5 6 

Cell Movement 5 6 5 

Protein Metabolism 6 5 

Cellular Homeostasis     6     6 
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Figure III – 4. Characteristic changes in the expression of proteins involved in the cell death 
(A) and cell proliferation (B) pathways in A549 cells induced by CR and MI exposures at 
140 μg/cm2.  
Y-axis shows the fold-change in expression relative to the control (0 μg/cm2). CR, 
cristobalite; MI, Min-U-Sil 5. 
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following particle exposures (Supporting information Table III – S3). Only two genes 

(CDKN1A and TNFSF10) were commonly affected by both CR and MI (two-way ANOVA: 

Dose main effect, p < 0.05). The remaining genes were differentially affected by the two 

particles, where 12 showed Treatment × Dose interaction (two-way ANOVA: Treatment × 

Dose interaction, p < 0.05) and 23 exhibited Treatment main effect (two-way ANOVA: 

Treatment main effect, p < 0.05). Interestingly, the lowest dose of MI (mass: 60 μg/cm2) was 

capable of influencing a greater change in the expressions of most genes than the highest 

dose of CR (mass: 200 μg/cm2) (Supporting information Table III – S3). Only those genes 

with FC greater than ±1.50 in any treatment were used for pathway analysis. Ingenuity 

pathway analysis based on all the genes that were identified as significantly altered based on 

two-way ANOVA (Supporting information Table III – S3) revealed that most of the affected 

genes are involved in the cell death, mitosis, homeostasis, ROS metabolism and 

inflammatory response pathways (Table III – 3). For example, the signature effects of CR 

and MI on those genes involved in the ROS metabolism and inflammatory response 

pathways in A549 cells can be clearly differentiated in the spider charts in Figure III – 5. 

III.3.5. Pearson correlation 

It was mentioned earlier that the median particle size of CR (~5.0 μm) is larger than 

MI particles (~2.5 μm). Thus, a potential relationship between particle size and their 

differential response profiles in A549 cells was examined using Pearson correlation analysis. 

Pearson correlation analysis conducted on cytotoxicity assays (Supporting information Table 

III – S4) indicated that the level of cellular ATP in A549 cells correlated well with mass, 

whereas LDH leakage associated better with SA, while similar correlation coefficients were 

found for both mass and SA for BrdU incorporation. No correlation was found for either 
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Table III – 3. Biological functions indicated by ingenuity pathway analysis that were likely 
impacted by the particles based on the genes that were significantly affected.  
Values in the table indicate the number of genes that were significantly affected by the 
treatment. Only the pathways that were influenced by more than five genes in any particle 
treatment group were shown.  

  CR (μg/cm
2
) MI (μg/cm

2
) 

Biological Function 60 140 200 60 140 200 

Mitotic Activity 7 10 16 16 
Cell Death (Apoptosis & Necrosis) 7 9 16 16 
Inflammatory Response 7 10 12 12 
Cell Movement 6 5 12 10 
Protein Metabolism 5 7 
Lipid Metabolism 6 7 12 12 
Carbohydrate Metabolism 6 6 12 12 
ROS Metabolism 7 11 11 
Fibrosis 5 7 
Cell Differentiation 14 9 
Molecular Transport 11 12 
Filopodia Formation 5 
Hormone Metabolism           5 
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Figure III – 5. Signature changes in the expression of genes involved in the ROS metabolism 
(A) and inflammatory response (B) pathways in A549 cells induced by CR and MI exposures 
at 140 μg/cm2.  
Y-axis shows the fold-change in expression relative to the control (0 μg/cm2). CR, 
cristobalite; MI, Min-U-Sil 5; ROS, reactive oxygen species. 
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mass or SA with the pattern of cellular resazurin reduction. The dose–response plots in 

Figure III – 6 are representative visual demonstrations of two cytotoxicity assays, namely 

LDH leakage and cellular ATP, which showed the dose–response curves of CR and MI 

exposures are similar. Pearson correlation conducted on 2D-GE data identified 96 protein 

spots correlated significantly with either mass or SA (Supporting information Table III – S5), 

but stronger correlation was found with SA (81 protein spots, p < 0.05) than mass (46 protein 

spots, p < 0.05). Interestingly, the dose–response curves for a number of protein spots were 

different for the CR andMI treatments regardless if the protein spot is significantly correlated 

(e.g., NDUFV2 or ssp5006 in Figure III – 7) or not correlated (e.g., PRDX6 or ssp7002 in 

Figure III – 7). Similarly, Pearson correlation on gene expression in A549 cells following 

particle exposures showed that the dose–responses of 52 from the 88 genes examined were 

significantly correlated with SA and mass (Supporting information Table III – S6). Similar to 

the proteomic result, the expression of most genes associated stronger with SA than mass, 

and the dose–response curves of CR and MI were different for the majority of the correlated 

genes (Figure III – 8). 

 

Discussion 

Silica or silicon dioxide can adopt various physical structures such as amorphous 

(non-crystalline) or crystalline (e.g., quartz, CR and tridymite). However, most toxicological 

studies thus far have focused mainly on one form of silica, which is α-quartz, and very 

limited data have been reported on the toxicity of other forms of silica. The exposure 

regulatory limits for all forms of silica have been based on quartz. Yet, physical properties of 



113 
 

-1.5

-0.8

0.0

0.8

1.5

0 50 100 150 200

L
D

H
 L

ea
k

ag
e

Mass (µg/cm2)

CR MI

p < 0.001, R = 0.663

-0.8

-0.5

-0.3

0.0

0.3

0.5

0.8

0 50 100 150 200

C
el

lu
la

r 
A

T
P

Mass (µg/cm2)

CR MI

p = 0.025, R = -0.395

-1.5

-0.8

0.0

0.8

1.5

0 50 100 150 200

L
D

H
 L

ea
k

ag
e

Surface Area (mm2/cm2)

CR MI

p < 0.001, R = 0.716 

-0.8

-0.5

-0.3

0.0

0.3

0.5

0.8

0 50 100 150 200

C
el

lu
la

r 
A

T
P

Surface Area (mm2/cm2)

CR MI

p = 0.070, R = -0.324 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure III – 6. Cytotoxicity endpoints associated with mass or surface area dose metrics. 
Pearson correlation was conducted to assess the linear association between the responses (in 
Log2(fold-effect)) and the doses (in mass or surface area), where R corresponds to the 
correlation coefficient and p < 0.05 indicates a significant correlation. Orange and blue lines 
correspond to the dose–response curves for CR and MI exposures, respectively, whereas the 
grey-dashed line indicates the dose–response curve, when both particles are considered 
together. CR, cristobalite; LDH, lactate dehydrogenase; MI, Min-U-Sil 5. 
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particles can modify their toxicity characteristics. In this study, we used in vitro 

toxicoproteomic and gene expression analysis approaches to assess the difference between 

two silica particles, namely CR and α- quartz (MI). The main physical differences between 

these two silica particles are their crystalline structures, densities and sizes (Table III – 1). 

In this work, the A549 cells were exposed to CR and MI at relatively low toxic levels 

(Figures III – 2 and 3). Only the highest dose (200 μg/cm2) of CR and MI appeared to affect 

the cellular membrane integrity and a loss of energy content in A549 cells, potentially 

leading to cell death. These silica particles also decreased the mitotic activity of the cells, at 

all doses (Figure III – 2B). These cytotoxicity assays were not able to distinguish the toxicity 

differences due to CR and MI exposures, except for the LDH release assay in Figure III – 2A 

that suggested a possible difference in potencies (MI>CR). However, this difference did not 

reach statistical significance. 

Toxicity changes due to these particulate matter (PM) exposures were also analyzed 

using toxicoproteomic and gene expression analysis strategies. The goal of this study was not 

to obtain exhaustive proteomic information, but rather to obtain some information on PM 

exposure-related changes at the molecular level that can be amenable to traditional toxicity 

testing methods. This is a proof-of-principle study to test the influence of PM’s physical 

characteristics on their toxicity properties. 

Proteomic analysis was thus conducted using less costly 2D-GE separation of 

proteins, with analysis for PM exposure-related changes captured for proteins in the pH 

range 5.1–7.8, stained only by Coomassie Blue. Nevertheless, we observed statistically 

significant PM exposure-related changes, following this protocol. For instance, CR and MI 

exposures led to significant (p < 0.05) changes in 49 protein spots based on two-way 

ANOVA, where the identities of 30 of these protein spots were achieved using MALDI-
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TOF-TOF-MS (Supporting information Table III – S1). Such mild changes in the cell 

proteome were not surprising because the exposure conditions were only moderately 

cytotoxic to A549 cells as seen by the cytotoxicity assay results. 

In this study, we only considered the proteomic and gene expression changes that 

were significantly different based on the two-way ANOVA results as differential effects 

associated with particle toxicity. For example, the results shown in Supporting information 

Table III – S1 indicated that there was a significant Treatment main effect in the expression 

of AUH (SSP5205) due to particle exposures. This means on average, CR treatments 

decreased its expression by –1.22 and MI treatments increased its expression by 1.14. It is 

important to understand that such FCs were relative to the control (0 μg/cm2). More 

importantly, it must also be understood that the net difference in the expression of AUH was 

36 % (from – 1.22 to 1.14) between CR andMI exposures. Thus, such difference cannot be 

ignored, particularly when the P value is reasonably small (two-way ANOVA: Treatment 

main effect, p = 0.027), and the goal of this study is to identify differential responses of 

A549 cells to CR and MI. When choosing an appropriate FC cut-off value for pathway 

analysis, we considered that if a cut-off were set at ± 1.50, it would remove differential 

effects ranging from 50 to 98 % (e.g., FC from 1.49 to – 1.01 and FC from 1.49 to – 1.49). A 

cut-off at ± 1.25 will filter out differential effects ranging from 25 to 48 % (e.g., FC from 

1.24 to – 1.01 and FC from 1.24 to – 1.24). A cut-off at ± 1.10 can remove all differential 

effects below 10 % (e.g., FC from 1.09 to – 1.01) and up to 18 % (e.g., FC from 1.09 to – 

1.09). We believe that ± 1.10 FC cut-off for the significant protein spots (p < 0.05) and ± 

1.50 FC cut-off for significant genes (p < 0.05) were sufficient to remove nuanced changes 

in expression that may not contribute to any biological impact (see Supporting information 

Tables III – S1 and S3). 



116 
 

-2.0

-1.0

0.0

1.0

2.0

0 50 100 150 200

P
R

D
X

6 
(L

og
2(

F
C

))

Mass (µg/cm2)

CR MI

p = 0.982, R = 0.005
-2.0

-1.0

0.0

1.0

2.0

0 50 100 150 200

P
R

D
X

6 
(L

og
2(

F
C

))

Surface Area (mm2/cm2)

CR MI

p = 0.189, R = -

-2.0

-1.0

0.0

1.0

2.0

0 50 100 150 200

N
D

U
F

V
2 

(L
og

2(
F

C
))

Mass (µg/cm2)

CR MI

p = 0.025, R = 
-2.0

-1.0

0.0

1.0

2.0

0 50 100 150 200

N
D

U
F

V
2 

(L
og

2(
F

C
))

Surface Area (mm2/cm2)

CR MI

p = 0.003, R = 0.573 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure III – 7. Dose–response curves for proteins based on mass or surface area.  
R corresponds to the correlation coefficient and p < 0.05 indicates a significant correlation 
based on Pearson correlation analyses. Orange and blue lines correspond to the dose–
response curves for CR and MI exposures, respectively, whereas the grey-dashed line 
indicates the dose–response curve, when both particles are visualized together. CR, 
cristobalite; FC, fold-change; MI, Min-U-Sil 5. 
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When conducting pathway analysis, we chose to evaluate the effects of the particles 

at a subtoxic level (i.e., 140 μg/cm2) and yielded maximum responses from mostly “living” 

cells. Our results revealed that both silica particles could significantly alter the expressions of 

proteins that are known to be involved in cell death (necrosis and/or apoptosis), proliferation, 

inflammation, homeostasis, cell cycle and cell movement pathways (Table III – 2). 

Meanwhile, the cytotoxicity assay results (Figure III – 2) indicated that CR and MI can cause 

damage to the cell membrane (an indicator of cell death), decreased BrdU incorporation (an 

indicator of decreased cell proliferation) and lowered cellular ATP level (an indicator of 

energy content) in A549 cells, which were consistent with the observed proteomic results. In 

addition, these findings were supported by a large body of evidence in the literature that 

silica particles (mostly α-quartz in the form of Min-U-Sil) can induce cell death (Cassel et 

al., 2008; Chao et al., 2001; Iyer et al., 1996; Joshi & Knecht, 2013) and inflammatory 

response (Cassel et al., 2008; Dostert et al., 2008; Hornung et al., 2008; Peeters et al., 2013). 

These cellular responses were reported in respiratory tract macrophages and epithelial cells. 

The spider chart in Figure – 4A demonstrates that more than half of the proteins (e.g., 

ALDH1A1, ANXA7, CCT5, HTRA2 and PRDX6) involved in the cell death pathway in 

A549 cells are differently altered in A549 cells due to CR and MI exposures. The GTPase 

calcium-dependent phospholipid-binding protein ANXA7 can act as an anti-apoptotic protein 

(Huang et al., 2014, 2015; Liu et al., 2016; Torosyan et al., 2009), whereas HTRA2 (or OMI) 

is a pro-apoptotic serine peptidase that is known to cleave inhibitors of apoptosis to facilitate 

the activation caspase 3 (Cory & Adams, 2002; Sutton et al., 2003; Wang et al., 2013). 

Increased expression of the pro-apoptotic protein HTRA2 and decreased expression of the 

anti-apoptotic protein ANXA7 following particle exposures suggested that both silica 

particles could stimulate apoptotic cell death, which were consistent with the LDH release 
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Figure III – 8. Dose–response curves for EDNRA and EDN3 genes based on mass or surface 
area. 
R corresponds to the correlation coefficient and P < 0.05 indicates significant correlation 
based on Pearson correlation. Orange and blue lines correspond to the dose–response curves 
for CR and MI exposures, respectively, whereas the grey-dashed line indicates the dose–
response curve, when both particles are considered together. CR, cristobalite; FC, fold-
change; MI, Min-U-Sil 5. 
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assay (Figure III – 2A). The main difference between the two particles is that MI increased 

the expression of the pro-apoptotic protein HTRA2 more than its counterpart did, while CR 

suppressed the expression of the anti-apoptotic protein ANXA7 more than MI. Furthermore, 

only MI affected the expression of antioxidant proteins such as aldehyde dehydrogenase 

(ALDH1A1) and peroxiredoxin-6 (PRDX6), which are known to protect cells from apoptotic 

cell death (Luo et al., 2012; Zha et al., 2015). These results suggested that the MI exposures 

might be triggering oxidative stress pathways as MI has been reported to cause oxidative 

stress and apoptosis in human bronchial epithelial cells (Antognelli et al., 2015). 

Similarly, the signature effects of CR andMI on those proteins involved in the cell 

proliferation pathway in A549 cells can be readily identified based on the spider chart in 

Figure III – 4B. The expression of ANXA7 was inhibited by both silica particles, but a 

stronger inhibition was noticed with CR exposure compared to MI exposure. As ANXA7 

acts as an anti-apoptotic protein (discussed above), down-regulation of this protein by both 

silica particles can decrease the proliferation of cells. Interestingly, all ALDH1A1 (Moreb et 

al., 2008), actin-bundling protein FSCN1 (Kano et al., 2010), heterogeneous nuclear 

ribonucleoprotein HNRNPAB (He et al., 2005) and ATP-generating glycolytic enzyme 

phosphoglycerate kinase-1 PGK1 (Wang et al., 2010) have been reported to promote mitotic 

activity in cells. Yet, the expression of these proteins can be stimulated (increase in cell 

growth) or suppressed (decrease in cell growth) depending on the particle type in the 

exposure. Suppressing the expression of proliferative proteins can be a mechanism of particle 

toxicity in A549 cells, while increased expression of proliferative proteins is likely a survival 

mechanism of the exposed cells. The limited proteomic analysis conducted in this study was 

able to distinguish particles with different physical characteristics and provided some 

insights into potential pathways that maybe perturbed. Exhaustive proteomic analysis 
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through future works can provide more detailed information on mechanistic changes 

associated with these particle exposures. 

To understand further the particle toxicity-related molecular mechanisms, we 

conducted gene expression analysis via RT-PCR to assess how the A549 cells responded to 

the silica particles at the transcriptional level. Gene expression analysis indicated that the two 

silica particles can perturb similar transcriptional mechanisms in A549 cells following 24 h 

of exposure (Supporting information Table III – S3), but the majority of the genes altered by 

CR and MI were particle-specific (two-way ANOVA: Treatment main effect and Treatment 

× Dose interaction, p < 0.05). For example, the lowest dose of MI (60 μg/cm2) was capable 

of influencing a greater change in the expression of most genes than the highest dose of CR 

(200 μg/cm2), clearly indicating that MI is more potent than CR (Supporting information 

Table III – S3). Furthermore, the response of a number of genes to CR and MI exposures 

resulted in two different curves (representative examples can be found in Figure III – 8). 

Thus, CR and MI caused distinguishable cytotoxic effects in A549 cells at the transcriptional 

level. 

Pathway analysis showed that the majority of the affected genes are involved 

pathways such as cell death (apoptosis or necrosis), cell proliferation, inflammatory response 

and metabolism of ROS, lipid, protein and carbohydrate (Table III – 3). These results were in 

line with our proteomic and cytotoxicity assay results. In agreement, a recent genomic study 

(using microarray) on the toxicity of MI reported that the particle perturbed the expression of 

genes in A549 cells that govern cellular growth and proliferation, cell death, inflammatory 

response and cell cycle (Sellamuthu et al., 2011). More importantly, our gene expression 

analysis revealed a characteristic difference between CR and MI exposures. For example, the 

spider charts in Figure III – 5 demonstrated that the effects of CR and MI exposure were 
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unequivocally distinct in A549 cells. The chart showed that MI induced a significantly 

greater level of changes than CR in the expressions of genes involved in the ROS 

metabolism and inflammatory response pathways; where the effect of CR in these pathways 

were likely non-significant. 

A physical difference between the two silica particles that may provoke differential 

responses in A549 cells is the grain size of the particles, where the median size of CR (~5.0 

μm) particles is two times larger than MI (~2.5 μm) (Table III – 1). As A549 cells were 

exposed to equal mass dose, MI has twice the SA available to interact with the cells as 

compared to CR. Hence, it is possible that the responses of A549 cells to the two silica 

particles could be a function of SA. Thus, all the RT-PCR, proteomic and cytotoxicity assay 

data were examined by linear Pearson correlation analysis to assess whether mass or SA was 

a better physical attribute for these biological changes. Pearson correlation for different 

cytotoxicity assays indicated that certain cellular responses were better associated to mass, 

while others were better associated to SA (Supporting information Table III – S4; Figure III 

– 6). For example, LDH leakage levels are better associated with SA than with mass, which 

suggested that the cell surface–PM interaction could be an important mechanism in causing 

cell membrane damage. On the other hand, cellular ATP levels are correlated better with 

mass than with SA. Pearson correlation results in Supporting information Table III – S5 

indicated that some of the proteomic responses in A549 cells were better associated with SA 

(81 protein spots, p < 0.05) than mass (46 protein spots, p < 0.05). Intriguingly, the dose–

response relationships for a number of other proteins were not correlated with mass or SA 

suggesting that these protein changes may be better described by other particle physical 

characteristics such as crystallinity (Table III – 1). Similarly, RT-PCR data also showed that 

the expressions of the majority of the genes examined were significantly correlated with SA 
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and mass, but SA generally showed a stronger correlation than mass (Supporting information 

Table III – S6). As with protein changes, there were some gene expression changes that 

correlated less with SA or mass and these can also perhaps be explained by other 

physicochemical properties of PM. 

Association between physical properties of these particles and the observed 

proteomic and gene expression responses will need to be explored further through additional 

studies. In summary, this study demonstrated that toxicoproteomics and gene expression 

analysis are sensitive strategies to dissect cellular changes relevant to the PM’s physical 

characteristics related to the toxicity changes that are not clearly apparent by use of 

traditional cytotoxicity assays. This approach can be useful in understanding toxicity 

mechanisms mediated by environmental air PM and engineered nanomaterials. 

 

Conclusion 

In conclusion, in vitro toxicoproteomics in conjunction with gene array can provide 

insight into the effects of physical properties of respirable PM on biological responses of 

A549 human lung epithelial cells. Such high-content in vitro cellular toxicity data at the 

molecular level can be useful in discriminating toxicity mechanisms affected by the physical 

nature of particles. 
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Table III – S1. Two-way ANOVA results for the A549 protein spots changed due to particle exposures (n = 3).  
The SSP number corresponds to the identifier number that PDQuest used to identify the spot based on its coordinate in the gel. The 
number below Treatment main effect (Trt), Dose main effect (Dose) or interaction between Treatment and Dose (T x D) corresponds 
to the p-value, where the bolded number emphasized p-value<0.05. Only the protein spots identified by MALDI-TOF-TOF-MS/MS 
are provided here (Vuong et al., 2016a;Vuong et al., 2016b). The proteins indicated in red (likely degradation product of the native 
protein) and fold-change indicated in blue (cut-off at ±1.10) were excluded from pathway analysis (see Materials and Methods). 

    §Cristobalite (μg/cm2) §Min-U-Sil 5 (μg/cm2) Two-way ANOVA †Cristobalite (μg/cm2) †Min-U-Sil 5 (μg/cm2) 
SSP ID 60 140 200 60 140 200 Trt Dose T x D 60 140 200 60 140 200
1005 PNMA6C -1.03 -1.13 1.01 7.23 8.06 7.24 0.042 0.086 0.043 7.23 8.06 7.24
7002 PRDX6 1.32 1.01 1.45 -1.65 -1.72 -1.30 0.041 0.067 0.019 -1.65 -1.72
2010 ARMCX1 -1.56 1.23 -1.32 1.23 -1.61 -3.19 0.156 0.127 0.037 1.23 -1.61
9603 FSCN1 2.20 2.07 1.31 -1.26 -1.32 1.43 0.110 0.500 0.025 2.20 2.07 1.31 -1.26 1.43
7301 HNRNPAB -1.09 -1.46 -1.14 1.81 2.46 1.79 0.375 0.562 0.047 -1.46 2.46
8007 TPI1 2.32 1.23 -1.14 -1.45 -1.02 1.25 0.426 0.242 0.002 2.32 -1.45
6208 HTRA2 1.33 1.01 1.59 1.95 1.56 1.96 0.026 0.040 0.764 1.31 1.31 1.31 1.83 1.83 1.83
1009 JARID2 -1.29 -1.10 -1.38 -1.69 -1.41 -1.26 0.000 0.045 0.534 -1.26 -1.26 -1.26 -1.45 -1.45 -1.45
7504 ALDH1A1 -1.13 1.07 1.03 1.14 1.46 1.57 0.023 0.535 0.855 -1.01 -1.01 -1.01 1.39 1.39 1.39
6502 ANXA7 -1.63 -1.02 -1.42 -1.00 1.11 -1.63 0.042 0.206 0.621 -1.36 -1.36 -1.36 -1.17 -1.17 -1.17
5205 AUH -1.23 -1.14 -1.28 1.32 1.14 -1.04 0.027 0.832 0.677 -1.22 -1.22 -1.22 1.14 1.14 1.14
4701 CCT5 1.16 1.20 1.28 1.07 1.14 1.04 0.013 0.414 0.794 1.21 1.21 1.21 1.08 1.08 1.08
1008 GLRX3 -1.22 -1.39 -1.20 -1.61 -1.68 -1.63 0.016 0.189 0.948 -1.27 -1.27 -1.27 -1.64 -1.64 -1.64
301 HSPA2 -2.10 -1.56 -1.33 -1.14 -1.13 -1.61 0.022 0.178 0.305 -1.66 -1.66 -1.66 -1.29 -1.29 -1.29
6306 PGK1 -1.10 1.10 1.08 -1.18 1.19 -1.35 0.025 0.672 0.834 1.03 1.03 1.03 -1.11 -1.11 -1.11
8901 ALB 1.54 1.35 1.42 1.38 1.69 1.28 0.777 0.024 0.410 1.46 1.52 1.46 1.52
7503 CSTF1 1.19 1.05 1.44 1.42 1.40 1.73 0.510 0.033 0.822 1.59 1.59
3704 HNRNPK 1.10 -1.08 -1.01 1.80 1.29 1.53 0.116 0.008 0.070 1.45 1.45
3702 HSPD1 1.23 1.06 1.42 2.45 2.66 3.30 0.687 0.003 0.123 2.36 2.36
5403 KRT18 -1.16 -1.27 -2.05 -1.70 -1.02 -1.43 0.439 0.032 0.239 -1.74 -1.74
2601 KRT7 1.55 2.17 2.08 1.61 1.69 1.43 0.930 0.018 0.589 1.93 1.93
3204 PDHB 1.16 1.18 1.51 1.26 1.29 1.38 0.439 0.008 0.649 1.44 1.44
7204 PKM 1.10 1.35 -1.37 -1.38 1.04 -1.62 0.257 0.044 0.662 1.20 -1.49 1.20 -1.49
8301 RBM4 1.77 1.44 1.91 1.23 1.44 1.73 0.053 0.002 0.413 1.82 1.82
1203 SEC13 -1.28 -1.04 1.32 1.02 1.27 1.16 0.080 0.040 0.140 -1.13 1.24 -1.13 1.24
5706 TCP1 1.46 -1.10 1.60 -1.15 -1.60 1.01 0.134 0.034 0.375 -1.35 1.30 -1.35 1.30
1602 TUBA1C 1.27 -1.72 2.46 -1.32 -2.51 -1.29 0.296 0.019 0.117 -2.11 1.59 -2.11 1.59
2902 *VCP 1.17 -1.13 1.44 1.06 -1.17 1.58 0.091 0.005 0.730 1.51 1.51
2904 *VCP 1.22 -1.35 1.17 -1.21 -1.53 1.20 0.083 0.049 0.491 -1.44 1.19 -1.44 1.19
107 YWHAE 1.64 1.12 -1.36 1.14 1.08 -1.38 0.206 0.039 0.728 1.39 -1.37 1.39 -1.37

§ Spot volume intensity normalized to the control (n = 3). 
† Significant change in protein expression identified by multiple comparison based on Holm-Sidak method (see Materials and 
Methods), which was used for pathway analysis, and the blank entries imply non-significant changes as compared to the control (i.e., 
fold-change = 1.0). Those protein spots with p-value < 0.05 (two-way ANOVA) but did not pass Holm-Sidak test were excluded. 
* Protein represented by multiple spots. The spot with the highest fold-change was used for bioinformatics. 
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Table III – S2. Primers used in RT-PCR to detect expression of genes in A549 cells. 
Gene Forward Primer Reverse Primer % Efficiency
ALDH1A1 TGTTAGCTGATGCCGACTTG CTGGATGCGGCTATACAACA 98.32 
ANXA5 CAAGTTGAACAAGATGCTCAGG TCTTCATCTGTCCCCCATTT 95.57 
ANXA7 ACAGATGCCTTCTCAGTATC GCTGACTAGGGTAAGTAGGTT 97.84 
ATM CTATGGAAATTAAGGTGGAC AATTTACACCTCCTGCTAAG 98.18 
ACTB GCACCCAGCACAATGAAGA CGATCCACACGGAGTACTTG 93.19 
BAX AGCTCTGAGCAGATCATGAAGA GATCCTGGATGAAACCCTGA 96.67 
CASP1 GGGGTACAGCGTAGATGTGAA TGCTGTCAGAGGTCTTGTGC 99.08 
CASP3 GCTATTGTGAGGCGGTTGTAG CAGGGCTCGCTAACTCCTC 95.70 
CASP8 TCCAAATGCAAACTGGATGA TCTCCCAGGATGACCCTCTT 96.83 
CAT GCCATTGCCACAGGAAAG CCTTGTGAGGCCAAACCTT 97.09 
CCL5 CCTCATTGCTACTGCCCTCT GGTGTGGTGTCCGAGGAATA 98.67 
CCNG1 GCACAGAAGTGTGTAGAGTTAACAGA AGCTCTTGCCAGAAGGTCAG 92.12 
CDKN1A CCAGCTGAGGTGTGAGCA TGACATGGCGCCTCCT 93.62 
JUN CCCCATCGACATGGAGTC CTCTCCAGCTTCCTTTTTCG 97.81 
CSF2 TCTCAGAAATGTTTGACCTCCA GCCCTTGAGCTTGGTGAG 108.88 
CSTF1 CGGTAGATTGGGCAGGATT CTGGTCCGGTTCTCTTGGTA 106.13 
CYP1A1 CCAGGCTCCAAGAGTCCAC AAGCATGATCAGTGTAGGGATCT 106.29 
CYP1B1 ACGTACCGGCCACTATCACT CTCGAGTCTGCACATCAGGA 100.47 
DDIT3 TGCTTTTCCAGACTGATCCA GACAGTGTCCCGAAGGAGAA 95.15 
DEK CCGAGAAAGAACCCGAAAT CCTTCCACGATGAGACTCTTTT 95.25 
DNMT3A GACCCTCCAAAGGTTTACCC CCAAGTCCTTCAGCACCAG 96.94 
DNMT3B TCCTATCGAAAAGCCATGTACC TGGTCCTCCAATGAGTCTCC 101.43 
ECE1 ACAGATGCCTGCTCAACAACT GCCCAGGTTGTTTTCTGTGT 92.13 
EDNRA GCGCTCTTAGTGTTGACAGGT GAATCCCAATTCCCTGAACA 89.45 
EGR1 GGCCCTCAATACCAGCTACC AAGCGTAAGGGCGTTCGT 101.26 
NOS3 CGGAGAATGGAGAGAGATGG CTCACGTCTATAATCGCAGCA 97.79 
EPHX1 ACTGGCGGAATGAATTTGAC CACGTGGATGAAGTGGATGT 100.95 
ERCC1 GAAACCAGCGGACCTCCT CACGGTGGTCAGACATTCAG 97.53 
ERCC3 TGTCCTCATTCAGATCTCATCC TTGTACTCTTCTGCAACCATCC 92.11 
EDN1 GCTCGTCCCTGATGGATAAA CTCTTGGACCTAGGGCTTCC 92.14 
EDN2 GTGCCACCTTCTGCCTTC CACGTCTGCAGGGGACTT 91.43 
EDN3 CAAAGAAGAGGAAGGGAAGGTT GGGGGCAGGTAGATGGAG 100.98 
FMO5 ATTAGCCAAACAGCCAAGCA ACACGATTCAGGATCCAAGC 99.44 
FSCN1 GCCAACGAGAGGAACGTG GGCACACTTTTTGGTGTCG 98.14 
GADD45A GGAGAGCAGAAGACCGAAAG AGTGATCGTGCGCTGACTC 100.08 
GAPDH AGCCACATCGCTCAGACAC GCCCAATACGACCAAATCC 99.02 
GPX1 CAACCAGTTTGGGCATCAG GTTCACCTCGCACTTCTCG 98.77 
GRSF1 TGGATGATGTCTTTCTCATTCG CTCACCGTTGCGGATTCT 95.40 
GSR TGCCAGCTTAGGAATAACCAG CCTGCACCAACAATGACG 96.34 
GSTP1 CCCTCATCTACACCAACTAT AGCGAAGGAGATCTGG 96.43 
HMOX AGGGTGATAGAAGAGGCCAAG CTGGTCCTTGGTGTCATGG 99.19 
HNRNPAB CTACGACTACTCGCCCTAT TACTACCCTGACTGTAGTCGT 96.61 
HPRT1 AAGATGGTCAAGGTCGCAAG CCAACAAAGTCTGGCTTATATCC 92.99 
HSP90AB1 GCTTGGAATCCACGAAGACT TCTCCAGACTGGGAGGTATGA 91.48 
HSPA1A CCGGCCTACTTCAACGACT GATGATCCGCAGCACGTT 94.02 
HSPA2 AGGTGATCAACTGGCTCGAC CGAGCTCTTTCTGCTTGTGTT 99.42 
HSPA5 GATATTGGAGGTGGGCAAAC TAACAACTGCATGGGTAACCTTC 97.38 
HSPA6 CCGCCTATTTCAATGACTCG ATTGATGATCCGCAACACG 100.36 
HSPA9 AGGTGGGGAAGACTTTGACC TCCTTCACAATGTGCCGTAG 97.54 
HSPB1 TCCCTGGATGTCAACCACTT GATGTAGCCATGCTCGTCCT 96.02 
HSPD1 CCTGCACTCTGTCCCTCACT GGTAACCGAAGCATTTCTGC 94.88 
HSPE1 ACAGTAGTCGCTGTTGGATCG AGAACTACTTTGGTGCCTCCAT 95.81 
HSPH1 AGCCATGTTGTTGACTAAGCTG TCTGTAAAGAAGGAGGGGACTG 94.64 
HTRA2 ATTGGGGTGATGATGCTGAC AGCTTGGTTCTCGAAGCTGT 99.10 
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ICAM1 GTGCAATCATGGTTCACTGC GGTGTGGTGTTGTGAGCCTA 96.20 
IL1B CAGCCAATCTTCATTGCTCA AGTCATCCTCATTGCCACTGT 97.16 
IL8 GAGCACTCCATAAGGCACAAA ATGGTTCCTTCCGGTGGT 104.62 
INA GCGAGGAGACACGTTTTAGC GTGGGAGCAGGTAACTTGGA 98.05 
NOS2 CCAGTACGTTTGGCAATGG CCAAACACAGCGTACCTGAA 98.79 
KDM6B GGCACCAACATCGACTTGT GTGGATGTTACCCGCATGA 94.88 
LTA AACCTGCTGCTCACCTCATT TGCTCAAGGAGAAACCATCC 93.31 
MT1A GGTTCCTGCAAGTGCAAAG CCTGGGCACACTTGCTACA 97.83 
MT2A TGCACCTCCTGCAAGAAA CAGCAGCTGCACTTGTCC 97.43 
MYC AATGTCAAGAGGCGAACACA TCCGTTTTAGCTCGTTCCTC 95.19 
NFAT5 GGCACAATGAACCAACTGC GCTGGTCCAGAGGTTAAAAGC 92.84 
NFKB1 ATGCTCAGGAGCAGAAGTCC GTCCACATGGGCATCACC 99.29 
OGG1 CTCCACTCCTGCCCTGTG CAGTGTGCAGGACTTTGCTC 98.36 
PDHB CAGGTGACAGTTCGTGATGC TCCAAGCAGAAATACCTTCTCAT 95.99 
POR ACAACCTGGATGAGGAGT TGGTGATGTCCAGGTAGT 97.74 
POU4F1 CTCCCTGAGCACAAGTACCC GGCGAAGAGGTTGCTCTG 98.25 
PRDX1 GGTTGAACCCCAAGCTGATA CAGCTGTGGCTTTGAAGTTG 99.52 
PRDX2 GCCTTCCAGTACACAGACGAG GTTGGGCTTAATCGTGTCACT 95.79 
PRDX6 CCCAACTTTGAGGCCAATAC GTCTCCCAGAAAGTCGTGGA 96.15 
PTGS1 TGCGCCTGGTACTCACAGT CGAGTGTAATAGCTCACGTTGG 95.94 
RPL32 GAAGTTCCTGGTCCACAACG AGCGATCTCGGCACAGTAAG 96.49 
SEC13 CATTATCTGGAGAGAGGAAAACG AGCACACCGAGTTCACTGAG 94.07 
SEMG1 AAATGACAAGGTCGGCTCAG GATCCACCTTTTTGTCCCATC 94.49 
SOD2 AATCAGGATCCACTGCAAGG TAAGCGTGCTCCCACACAT 96.84 
TCP1 TTTTGAAGCTGCAATGTTGG TGCAGACGTACGAGCCTTAG 94.24 
TIMP1 GCTTCTGGCATCCTGTTGTT ACTTGGCCCTGATGACGA 91.78 
TNFa CAGTCAGATCATCTTCTCG GCTTGAGGGTTTGCTAC 100.23 
TNFSF10 TTCACAGTGCTCCTGCAGTC GCCACTTTTGGAGTACTTGTCC 98.45 
TP53 AGGCCTTGGAACTCAAGGAT GGTAGACTGACCCTTTTTGGAC 100.66 
TUBB4B CTGCTGCTGTTTGTCTACTTCC CTGCAAGTGCACGATTTCC 95.18 
VHL CATCCACAGCTACCGAGGTC CCGTCAACATTGAGAGATGG 95.17 
VIM CAAAGACAGGCTTTAGCGAGTT GACAAGAGCGCCCCTAAGTT 106.62 
XRCC1 AAAGAAGACCCCCAGCAAAC TGGAGCTGGCAATTTAGGTC 98.79 
XRCC2 ACCCATCTCTCTGCCTTTTG ATTGACGCGGTCTATCCAGT 95.92 
YWHAZ AGACAGCACGCTAATAATGCAA AATGAGGCAGACAAAAGTTGG 99.49 
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Table III – S3. Two-way ANOVA results showing significant alteration of genes in A549 
cells due to particle exposures (n = 3).  
The number below Treatment main effect (Trt), Dose main effect (Dose) or interaction 
between Treatment and Dose (T x D) corresponds to the p-value, where the bolded number 
emphasized p-value < 0.05. The fold-change of gene indicated in blue (cut-off at ±1.10) was 
excluded from pathway analysis. CR = Cristobalite; MI = Min-U-Sil 5. 
  

§
CR (μg/cm

2
) 

§
MI (μg/cm

2
) Two-way ANOVA

†
CR (μg/cm

2
) 

†
MI (μg/cm

2
) 

Gene 60 140 200 60 140 200 Trt Dose T x D 60 140 200 60 140 200 

DDIT3 1.10 1.19 1.44 1.86 2.12 2.28 0.000 0.000 0.014       1.86 2.12 2.28 

EDNRA -1.00 -1.02 -1.00 -1.64 -1.93 -2.29 0.000 0.004 0.005       -1.64 -1.93 -2.29

EPHX1 1.18 -1.01 -1.08 -1.41 -1.84 -2.04 0.000 0.010 0.035 1.18     -1.41 -1.84 -2.04

EDN3 -1.07 -1.07 -1.36 -1.87 -3.20 -5.64 0.000 0.000 0.005       -1.87 -3.20 -5.64

FMO5 -1.20 -1.71 -1.95 -2.78 -5.36 -7.01 0.000 0.000 0.003   -1.71 -1.95 -2.78 -5.36 -7.01

ICAM1 1.11 1.54 2.58 2.32 3.26 6.50 0.005 0.000 0.034 1.11 1.54 2.58 2.32 3.26 6.50 

IL1B 1.26 -1.34 -1.71 -1.41 -2.24 -1.26 0.048 0.006 0.030 1.26 -1.34 -1.71 -1.41 -2.24   

MT1A 1.11 -1.04 -1.09 -1.29 -1.60 -1.54 0.000 0.005 0.046 1.11     -1.29 -1.60 -1.54

MYC 1.11 1.30 1.26 1.47 1.60 1.64 0.000 0.000 0.022   1.30 1.26 1.47 1.60 1.64 

TNF -1.24 3.06 -1.60 4.80 8.55 15.40 0.000 0.010 0.024 -1.24   -1.60 4.80 8.55 15.40

HSPA2 1.02 1.05 1.05 -1.08 -1.13 -1.27 0.001 0.160 0.016   1.05     -1.13 -1.27

NFAT5 1.04 1.26 1.17 1.29 1.09 1.10 0.893 0.076 0.040       1.29     

ALDH1A1 -1.05 -1.11 -1.23 -1.38 -1.56 -1.90 0.000 0.000 0.098       -1.38 -1.56 -1.90

CAT -1.05 -1.09 -1.15 -1.24 -1.42 -1.48 0.004 0.003 0.178         -1.42 -1.48

DNMT3B 1.01 1.00 -1.06 -1.10 -1.31 -1.41 0.004 0.015 0.106       -1.10 -1.31 -1.41

EGR1 -1.65 -2.70 -4.48 -2.71 -5.82 -8.46 0.036 0.000 0.257 -1.65 -2.70 -4.48 -2.71 -5.82 -8.46

HSPA6 1.45 1.76 2.32 1.86 2.74 4.51 0.021 0.007 0.260 1.45 1.76 2.32 1.86 2.74 4.51 

IL8/CXCL8 1.24 1.46 2.30 2.23 3.09 4.96 0.001 0.000 0.062 1.24 1.46 2.30 2.23 3.09 4.96 

PDHB 1.03 -1.03 -1.08 -1.19 -1.34 -1.50 0.000 0.003 0.061         -1.34 -1.50

PRDX2 -1.10 -1.21 -1.26 -1.39 -1.59 -1.60 0.002 0.005 0.582   -1.21 -1.26   -1.59 -1.60

SEMG1 1.43 1.62 2.96 2.00 2.91 8.05 0.016 0.003 0.766   1.62 2.96   2.91 8.05 

TP53 1.18 1.00 -1.21 -1.39 -1.75 -1.90 0.008 0.028 0.161           -1.90

CCL5 -1.19 -1.04 1.27 2.00 2.83 3.20 0.010 0.068 0.187 1.01 1.01 1.01 2.68 2.68 2.68 

CSF2 2.11 4.80 2.66 11.57 10.71 35.02 0.049 0.233 0.262 3.19 3.19 3.19 19.10 19.10 19.10

CYP1A1 1.08 1.02 1.13 -1.22 1.10 -1.19 0.028 0.734 0.204 1.08 1.08 1.08 -1.10 -1.10 -1.10

DNMT3A -1.02 1.03 -1.10 -1.13 -1.29 -1.36 0.040 0.177 0.416 -1.03 -1.03 -1.03 -1.26 -1.26 -1.26

ECE1 -1.02 1.08 1.04 -1.17 -1.25 -1.34 0.008 0.571 0.208       -1.25 -1.25 -1.25

ERCC3 -1.06 1.01 -1.13 -1.13 -1.29 -1.25 0.015 0.090 0.246       -1.22 -1.22 -1.22

EDN1 1.04 1.06 -1.00 -1.07 -1.24 -1.25 0.028 0.352 0.237       -1.19 -1.19 -1.19

GADD45A 1.20 1.12 1.06 1.17 1.28 1.39 0.021 0.141 0.272       1.28 1.28 1.28 

GSR 1.02 -1.01 -1.10 -1.09 -1.20 -1.34 0.047 0.052 0.494       -1.21 -1.21 -1.21

HSPA1A 1.17 1.29 1.16 1.50 1.42 1.53 0.015 0.107 0.586 1.21 1.21 1.21 1.48 1.48 1.48 

OGG1 1.02 1.04 1.00 -1.07 -1.17 -1.23 0.018 0.375 0.290       -1.16 -1.16 -1.16

PRDX1 1.01 1.07 1.01 1.13 1.17 1.17 0.028 0.071 0.338       1.16 1.16 1.16 

PTGS1 -1.22 -1.18 -1.16 -1.55 -1.80 -2.06 0.030 0.058 0.456       -1.80 -1.80 -1.80

CDKN1A -1.26 -1.21 -1.35 -1.20 -1.33 -1.27 0.223 0.026 0.827 -1.31 -1.31

TNFSF10 -1.46 -2.00 -2.12 -1.39 -1.91 -2.02 0.850 0.000 0.990 -1.43 -1.96 -2.07 -1.43 -1.96 -2.07

§ Average fold-change of gene compared to the control (n = 3). 
† Significant change in gene expression identified by Holm-Sidak multiple comparisons, which was 
used for pathway analysis. Those genes with p-value < 0.05 (based on Two-way ANOVA) but did 
not pass Holm-Sidak test were excluded. 
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Table III – S4. Pearson Correlations indicating the cytotoxic effects that significantly 
associated (p < 0.05) with the dose of exposure in A549 cells.  
Correlation was conducted by correlating Log2(fold-effect) from each cytotoxicity assay 
against the doses expressed in mass and surface area (SA) metrics, where R corresponds to 
the correlation coefficient and p-value < 0.05 indicates a significant correlation. Two-way 
ANOVA results were also included in this table to show the significant cytotoxicity caused 
by CR and MI exposures. The highlighted numbers in blue and red pointed out p-value less 
than 0.05 based on Pearson correlation and two-way ANOVA analyses. 

Pearson Correlation 

 
Two-Way ANOVA (p-value) Mass (μg/cm2) SA (mm2/cm2) 

Cytotoxicity Assay Trt Dose TxD R p-value R p-value 

LDH Release 0.138 0.000 0.236 0.663 0.000 0.716 0.000 

BrdU Incorporation 0.683 0.002 0.915 -0.605 0.000 -0.584 0.000 

Cellular ATP 0.906 0.000 0.652 -0.395 0.025 -0.324 0.070 

Resazurin Reduction 0.472 0.506 0.944 0.170 0.352 0.089 0.626 
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Table III – S5. The protein spots that were significantly correlated between their expressions 
and exposure doses based on Pearson correlation.  
Correlation was done by correlating Log2(fold-change) of each protein spot against the doses 
expressed in mass and surface area (SA) metrics as shown in Table III – 1, where R 
corresponds to the correlation coefficient and p-value < 0.05 indicates a significant 
correlation. The SSP number corresponds to the identifier number that PDQuest used to 
identify the spot based on its coordinate in the gel. #N/A indicates the protein spots whose 
identity is not available. Two-way ANOVA result was also included in this table to show the 
protein spots that were differentially expressed in A549 cells due to CR and MI exposures. 
The highlighted numbers in blue and red pointed out p-value less than 0.05 based on Pearson 
correlation and two-way ANOVA analyses. 
          Pearson Correlation 

Two-Way ANOVA Mass (μg/cm2) SA (mm2/cm2) 
SSP Protein Trt Dose TxD R p-value R p-value 
3702 HSPD1 0.687 0.003 0.123 0.511 0.011 0.725 0.000 
4002 HSPB1 0.629 0.055 0.493 -0.537 0.007 -0.616 0.001 
6009 NT5C 0.059 0.118 0.138 -0.362 0.082 -0.613 0.001 
1005 PNMA6A 0.042 0.086 0.043 0.314 0.135 0.603 0.002 
3204 PDHB 0.439 0.008 0.649 0.654 0.001 0.597 0.002 
7503 CSTF1 0.510 0.033 0.822 0.504 0.012 0.583 0.003 
2805 HSPA9 0.360 0.158 0.313 0.361 0.083 0.574 0.003 
5006 NDUFV2 0.528 0.142 0.510 0.456 0.025 0.573 0.003 
1401 ACTB 0.642 0.100 0.830 0.510 0.011 0.573 0.003 
2603 #N/A 0.709 0.247 0.302 0.443 0.030 0.561 0.004 
9403 METTL18 0.568 0.106 0.394 0.424 0.039 0.559 0.005 
802 HSPA5 0.986 0.246 0.324 0.371 0.075 0.556 0.005 
1711 HSPA9 0.470 0.077 0.256 0.505 0.012 0.555 0.005 
8301 RBM4 0.053 0.002 0.413 0.658 0.000 0.552 0.005 
1502 #N/A 0.410 0.186 0.828 0.469 0.021 0.551 0.005 
4101 PHB 0.829 0.238 0.080 0.275 0.194 0.547 0.006 
1108 C1QTNF9B 0.225 0.066 0.540 0.405 0.050 0.544 0.006 
1004 KRT81 0.446 0.228 0.414 0.346 0.097 0.543 0.006 
6307 #N/A 0.303 0.219 0.564 0.406 0.049 0.536 0.007 
3709 #N/A 0.634 0.095 0.870 0.450 0.028 0.536 0.007 
1306 ACTB 0.787 0.204 0.693 0.362 0.082 0.534 0.007 
5102 PSME3 0.102 0.052 0.602 -0.535 0.007 -0.532 0.007 
3007 PHB 0.383 0.104 0.917 0.480 0.017 0.531 0.008 
7202 MRPS22 0.444 0.181 0.145 0.333 0.112 0.527 0.008 
5301 XXYLT1 0.633 0.200 0.446 0.460 0.024 0.527 0.008 
7508 #N/A 0.521 0.416 0.623 0.375 0.071 0.525 0.008 
3816 #N/A 0.617 0.284 0.302 0.307 0.144 0.525 0.008 
2010 ARMCX1 0.156 0.127 0.037 -0.387 0.062 -0.519 0.009 
7206 BCO2 0.498 0.543 0.507 0.351 0.092 0.516 0.010 
3705 INA 0.530 0.041 0.988 0.514 0.010 0.516 0.010 
1508 PSMC3 0.737 0.171 0.579 0.441 0.031 0.511 0.011 
8203 AKR1B1 0.947 0.304 0.607 -0.324 0.122 -0.509 0.011 
6702 BRCC3 0.921 0.109 0.554 -0.370 0.075 -0.509 0.011 
1003 EIF1AX 0.282 0.145 0.077 0.272 0.198 0.508 0.011 
4802 HSPA9 0.078 0.045 0.198 0.420 0.041 0.506 0.012 
4505 #N/A 0.692 0.136 0.683 0.358 0.086 0.502 0.012 
1203 SEC13 0.080 0.040 0.140 0.477 0.019 0.501 0.013 
2702 HSPD1 0.473 0.709 0.233 0.242 0.255 0.494 0.014 
1006 RBM8A 0.249 0.088 0.990 0.532 0.007 0.494 0.014 
6302 PSMC5 0.237 0.235 0.766 0.389 0.060 0.489 0.015 
8602 #N/A 0.951 0.172 0.065 -0.235 0.269 -0.485 0.016 
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7504 ALDH1A1 0.023 0.535 0.855 0.347 0.096 0.484 0.017 
6005 PSMB3 0.423 0.097 0.134 -0.274 0.195 -0.483 0.017 
6605 PKM 0.079 0.208 0.154 -0.294 0.163 -0.480 0.018 
3001 #N/A 0.136 0.458 0.705 0.348 0.096 0.479 0.018 
4207 #N/A 0.342 0.818 0.115 0.188 0.380 0.474 0.019 
804 #N/A 0.065 0.221 0.638 0.433 0.035 0.473 0.019 
7607 ALDH1A1 0.057 0.047 0.163 -0.391 0.059 -0.468 0.021 
3802 HSPA1A 0.391 0.274 0.758 0.374 0.072 0.465 0.022 
4303 MSN 0.511 0.177 0.466 -0.327 0.119 -0.460 0.024 
7805 ANKLE2 0.441 0.287 0.153 -0.239 0.262 -0.459 0.024 
4004 PRDX4 0.835 0.569 0.449 0.243 0.253 0.458 0.024 
9805 #N/A 0.872 0.230 0.207 0.343 0.100 0.456 0.025 
2303 ACTB 0.383 0.578 0.568 0.346 0.098 0.456 0.025 
4406 #N/A 0.883 0.063 0.976 -0.461 0.023 -0.455 0.026 
8606 PKM 0.645 0.107 0.372 -0.422 0.040 -0.454 0.026 
6704 CSTF2 0.606 0.437 0.608 0.342 0.102 0.449 0.028 
5705 PDIA3 0.234 0.166 0.465 0.515 0.010 0.448 0.028 
6504 #N/A 0.269 0.083 0.153 -0.250 0.240 -0.448 0.028 
6208 HTRA2 0.026 0.040 0.764 0.398 0.054 0.446 0.029 
6703 #N/A 0.693 0.205 0.338 0.489 0.015 0.445 0.030 
9502 DIS3L 0.781 0.146 0.103 -0.386 0.062 -0.443 0.030 
6203 PKM 0.164 0.120 0.833 -0.350 0.094 -0.441 0.031 
3701 HNRNPK 0.387 0.290 0.398 -0.411 0.046 -0.439 0.032 
1503 PSMC4 0.331 0.195 0.513 0.402 0.052 0.435 0.033 
8501 EEF2 0.058 0.078 0.643 0.273 0.197 0.435 0.034 
6402 ACTB 0.588 0.055 0.832 0.389 0.060 0.432 0.035 
8307 FAH 0.220 0.185 0.339 0.219 0.303 0.429 0.037 
2704 HSPD1 0.542 0.135 0.577 0.460 0.024 0.427 0.037 
9202 HNRNPDL 0.733 0.483 0.577 0.259 0.221 0.426 0.038 
5107 #N/A 0.840 0.098 0.111 0.414 0.044 0.424 0.039 
1804 HSPA5 0.723 0.217 0.326 0.339 0.105 0.422 0.040 
6604 CCT2 0.449 0.205 0.445 0.333 0.112 0.420 0.041 
3506 KRT8 0.161 0.144 0.233 -0.358 0.086 -0.419 0.041 
2915 HSP90AA1 0.460 0.233 0.775 -0.331 0.114 -0.418 0.042 
4702 PDIA3 0.278 0.297 0.285 -0.260 0.219 -0.417 0.042 
8105 #N/A 0.504 0.456 0.101 -0.273 0.196 -0.412 0.045 
7808 LMNA 0.564 0.755 0.301 -0.194 0.362 -0.411 0.046 
3707 HNRNPK 0.237 0.106 0.416 -0.337 0.107 -0.409 0.047 
8901 ALB 0.777 0.024 0.410 0.430 0.036 0.407 0.048 
2005 ANXA1 0.307 0.102 0.932 -0.404 0.050 -0.405 0.049 
2601 KRT7 0.930 0.018 0.589 0.570 0.004 0.401 0.052 
3101 OFD1 0.369 0.057 0.859 -0.518 0.010 -0.379 0.068 
5105 PSMB7 0.874 0.125 0.546 0.513 0.010 0.400 0.053 
8801 #N/A 0.019 0.038 0.195 0.510 0.011 0.351 0.093 
7106 #N/A 0.085 0.122 0.613 0.467 0.021 0.215 0.313 
5403 KRT18 0.439 0.032 0.239 -0.466 0.022 -0.366 0.079 
6401 TUBB4B 0.768 0.036 0.478 -0.464 0.022 -0.397 0.055 
2405 #N/A 0.429 0.181 0.556 -0.455 0.025 -0.402 0.052 
104 IPO4 0.506 0.082 0.765 0.446 0.029 0.348 0.096 
7203 RGS1 0.731 0.102 0.410 0.435 0.034 0.236 0.268 
1507 #N/A 0.592 0.151 0.771 -0.430 0.036 -0.325 0.121 
7609 GART 0.831 0.134 0.874 0.427 0.037 0.341 0.103 
7010 BAG2 0.339 0.239 0.460 0.422 0.040 0.205 0.336 
3109 #N/A 0.764 0.243 0.822 -0.418 0.042 -0.307 0.145 
5602 #N/A 0.310 0.134 0.099 0.406 0.049 0.306 0.146 
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Table III – S6. Pearson correlation conducted to identify significant responses of genes in 
A549 cell to the exposure dose regardless of the type of silica particle. 
Correlation was done by correlating Log2(fold-change) of each gene against the doses 
expressed in mass and surface area (SA) as shown in Table III – 1, where R corresponds to 
the correlation co-efficient and p-value < 0.05 indicates a significant correlation. Two-way 
ANOVA result was also included in this table to show the genes that were differentially 
expressed in A549 cells due to CR and MI exposures. The highlighted numbers in blue and 
red pointed out p-value less than 0.05 based on Pearson correlation and two-way ANOVA 
analyses. 
        Pearson Correlation 

Two-Way ANOVA Mass (μg/cm2) SA (mm2/cm2) 
Gene Trt Dose TxD R p-value R p-value 
EGR1 0.036 0.000 0.257 -0.907 0.000 -0.953 0.000 
FMO5 0.000 0.000 0.003 -0.714 0.000 -0.910 0.000 
IL8/CXCL8 0.001 0.000 0.062 0.782 0.000 0.901 0.000 
ICAM1 0.005 0.000 0.073 0.778 0.000 0.896 0.000 
HSPA6 0.021 0.007 0.260 0.743 0.000 0.861 0.000 
EDN3 0.000 0.000 0.005 -0.613 0.001 -0.858 0.000 
ALDH1A1 0.000 0.000 0.098 -0.640 0.001 -0.839 0.000 
MYC 0.000 0.000 0.022 0.702 0.000 0.832 0.000 
CAT 0.004 0.003 0.178 -0.621 0.001 -0.795 0.000 
TNFSF10 0.850 0.000 0.990 -0.865 0.000 -0.794 0.000 
SEMG1 0.064 0.020 0.235 0.652 0.001 0.789 0.000 
DDIT3 0.000 0.000 0.014 0.592 0.002 0.787 0.000 
PDHB 0.000 0.003 0.061 -0.561 0.004 -0.786 0.000 
EPHX1 0.000 0.010 0.035 -0.520 0.009 -0.757 0.000 
TP53 0.008 0.028 0.161 -0.565 0.004 -0.746 0.000 
DNMT3B 0.004 0.015 0.106 -0.535 0.007 -0.741 0.000 
CSF2 0.049 0.233 0.262 0.540 0.006 0.734 0.000 
EDNRA 0.000 0.004 0.005 -0.459 0.024 -0.732 0.000 
MT1A 0.000 0.005 0.046 -0.501 0.013 -0.717 0.000 
PRDX2 0.002 0.005 0.582 -0.541 0.006 -0.708 0.000 
CCL5 0.010 0.068 0.187 0.507 0.011 0.685 0.000 
GSR 0.047 0.052 0.494 -0.536 0.007 -0.683 0.000 
EDN2 0.088 0.067 0.496 0.571 0.004 0.652 0.001 
PTGS1 0.030 0.058 0.456 -0.475 0.019 -0.635 0.001 
INA 0.155 0.033 0.828 0.565 0.004 0.627 0.001 
TNF 0.015 0.124 0.122 0.387 0.062 0.624 0.001 
VHL 0.069 0.065 0.801 -0.525 0.008 -0.613 0.001 
CCNG1 0.415 0.064 0.646 -0.551 0.005 -0.612 0.001 
PRDX6 0.080 0.106 0.512 -0.494 0.014 -0.609 0.002 
ERCC3 0.015 0.090 0.246 -0.444 0.030 -0.608 0.002 
HSPA2 0.001 0.160 0.016 -0.328 0.118 -0.605 0.002 
DNMT3A 0.040 0.177 0.416 -0.431 0.036 -0.599 0.002 
YWHAZ 0.198 0.063 0.574 0.510 0.011 0.582 0.003 
CDKN1A 0.223 0.026 0.827 -0.545 0.006 -0.581 0.003 
PRDX1 0.028 0.071 0.338 0.412 0.046 0.575 0.003 
GADD45A 0.021 0.141 0.272 0.376 0.070 0.567 0.004 
OGG1 0.018 0.375 0.290 -0.349 0.094 -0.560 0.004 
NOS3 0.230 0.238 0.765 0.488 0.015 0.558 0.005 
JMJD 0.001 0.107 0.837 0.402 0.052 0.556 0.005 
IL1B 0.050 0.037 0.100 -0.498 0.013 -0.551 0.005 
EDN1 0.028 0.352 0.237 -0.351 0.093 -0.550 0.005 
HSPA1A 0.015 0.107 0.586 0.378 0.068 0.532 0.007 
SOD2 0.079 0.097 0.730 0.420 0.041 0.531 0.008 
HSPA5 0.586 0.102 0.964 0.530 0.008 0.501 0.013 
GAPDH 0.208 0.277 0.744 -0.412 0.045 -0.485 0.016 
CYP1B1 0.083 0.498 0.199 -0.294 0.164 -0.471 0.020 
ECE1 0.008 0.571 0.208 -0.212 0.319 -0.463 0.023 
FSCN1 0.711 0.087 0.818 0.527 0.008 0.448 0.028 
CASP1 0.707 0.016 0.202 -0.560 0.004 -0.446 0.029 
XRCC2 0.406 0.336 0.750 0.404 0.050 0.434 0.034 
NOS2 0.240 0.244 0.465 0.372 0.073 0.434 0.034 
POR 0.805 0.184 0.868 0.458 0.024 0.431 0.035 
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Abstract 

Background: Toxicity of airborne particulate matter (PM) is difficult to assess because PM 

composition is complex and variable due to source contribution and atmospheric 

transformation. In this study, we used an in vitro toxicoproteomic approach to identify the 

toxicity mechanisms associated with different subfractions of Ottawa urban dust (EHC-93). 

Methods: A549 human lung epithelial cells were exposed to 0, 60, 140 and 200 µg/cm2 

doses of EHC-93 (total), its insoluble and soluble fractions for 24 hrs. Multiple cytotoxicity 

assays and proteomic analyses were used to assess particle toxicity in the exposed cells. 

Results: The cytotoxicity data based on cellular ATP, BrdU incorporation and LDH leakage 

indicated that the insoluble, but not the soluble, fraction is responsible for the toxicity of 

EHC-93 in A549 cells. Two-dimensional gel electrophoresis results revealed that the 

expressions of 206 protein spots were significantly altered after particle exposures, where 

154 were identified by MALDI-TOF-TOF-MS/MS. The results from cytotoxicity assays and 

proteomic analyses converged to a similar finding that the effects of the total and insoluble 

fraction may be alike, but their effects were distinguishable, and their effects were 

significantly different from the soluble fraction. Furthermore, the toxic potency of EHC-93 

total is not equal to the sum of its insoluble and soluble fractions, implying inter-component 

interactions between insoluble and soluble materials resulting in synergistic or antagonistic 

cytotoxic effects. Pathway analysis based on the low toxicity dose (60 µg/cm2) indicated that 

the two subfractions can alter the expression of those proteins involved in pathways 

including cell death, cell proliferation and inflammatory response in a distinguishable 

manner. For example, the insoluble and soluble fractions differentially affected the secretion 

of pro-inflammatory cytokines such as MCP-1 and IL-8 and distinctly altered the expression 
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of those proteins (e.g., TREM1, PDIA3 and ENO1) involved in an inflammatory response 

pathway in A549 cells. 

Conclusion: This study demonstrated the impact of different fractions of urban air particles 

constituted of various chemical species on different mechanistic pathways and thus on 

cytotoxicity effects. In vitro toxicoproteomics can be a valuable tool in mapping these 

differences in air pollutant exposure-related toxicity mechanisms. 
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IV.1. Introduction 

Airborne particulate matter (PM) is a complex mixture of particles with a wide range 

of sizes and physicochemical properties. Inhalation of airborne PM  is linked to the 

development or exacerbation of respiratory illnesses such as bronchitis (Liu et al., 2014; 

Scott, 1953; Stocks, 1959), asthma (Canova et al., 2012; MacIntyre et al., 2014; Su et al., 

2013) and lung cancer (Merlo et al., 1991; Pope, III et al., 2011; Siemiatycki et al., 1989); 

and it is also associated with decline in cognitive function (Ailshire and Crimmins, 2014; 

Jedrychowski et al., 2014; Julvez et al., 2007; Tonne et al., 2014) and increased risk of 

developing diabetes mellitus (Brook et al., 2013; Rao et al., 2015; Vora et al., 2014) and 

cardiovascular disease (Gan et al., 2013; Huang et al., 2012; Pope, III et al., 2009; Schneider 

et al., 2010; Vincent et al., 2001). A number of epidemiological studies have reported that 

there is an association between particle composition and health impacts of ambient air 

particles (Bell et al., 2014; Burnett et al., 2000; Peng et al., 2005; Zanobetti et al., 2009). 

However, composition of the respirable particles can vary in different geographical locations 

depending on the local sources of release (Burnett et al., 2000). Thus, identifying the drivers 

of toxic potency and determining their mechanism of effects in airborne PM should be 

important and useful in the development of regulatory measures to reduce the negative health 

effects of air pollution.  

There are several approaches to the identification of toxic components of ambient air 

PM. Some studies examined or regressed the toxic effect of the total particles to its water-

soluble and/or insoluble components (Huang et al., 2014; Snow et al., 2014; Verma et al., 

2012; Yi et al., 2014),  whereas others investigated the effects of particles with defined 

aerodynamic size range (e.g., <10 µm (PM10), <2.5 µm (PM2.5) and/or <0.1 µm ultrafine 
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particles) in vitro or in vivo (Amatullah et al., 2012; Guan et al., 2016; Thomson et al., 2015). 

The limitation to most studies assessing the toxicity of PM is the ability to collect sufficient 

materials for physical and chemical characterization of the particles, and for in vitro and in 

vivo toxicological investigations. Thus, it is rare to find a single report that could provide all 

the important details regarding the physicochemical properties, relative cytotoxicities and 

mechanisms of particle toxicity of the total PM and its constituent components or sub-

fractions. 

In 1993, a large quantity of ambient air particles from the Environmental Health 

Centre in Ottawa  (EHC-93) was collected to serve the purpose of a reference outdoor urban 

dust sample to use in different toxicological studies (Vincent et al., 1997b; Vincent et al., 

1997a). Since then, EHC-93 has been used extensively in numerous in vivo and in vitro 

studies. EHC-93 has been partially characterized for the presence of various particle 

components such as endotoxin, polycyclic aromatic hydrocarbons and metal contents in its 

total particles (Breznan et al., 2016; Vincent et al., 1997b). The potency of EHC-93 in 

causing oxidative/nitrative stress, inflammation and cardiovascular stress in animals has been 

well documented (Adamson et al., 1999; Bouthillier et al., 1998; Kumarathasan et al., 2015; 

Thomson et al., 2005; Vincent et al., 1997a; Vincent et al., 2001). EHC-93 was also reported 

to alter the expression of several genes and cytokines in animals and cells in the respiratory 

tract (Breznan et al., 2016; Chauhan et al., 2005; Fujii et al., 2001; Sakamoto et al., 2007; 

Thomson et al., 2005; Thomson et al., 2013). However, a detailed proteomic investigation to 

assess the molecular mechanisms delineating the toxic effects of EHC-93 as a whole (total) 

or separated fractions (i.e., insoluble and soluble) has not been conducted. In our recent 

studies, we demonstrated that in vitro toxicoproteomics is an approach that is capable of 

distinguishing the pathways associated with cytotoxic effects of respirable particles that are 
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different in physicochemical properties such as carbon black and titanium dioxide (Vuong et 

al., 2016c; Vuong et al., 2016b). Furthermore, we also showed that our in vitro 

toxicoproteomic approach was capable of  differentiating the effects of particles that were 

identical in chemical formula (SiO2) but differed in physical properties such as cristobalite 

and α-quartz (Vuong et al., 2016a). In this study, we used in vitro toxicoproteomics to dissect 

the effects of insoluble and soluble components of EHC-93 on A549 human lung epithelial 

cells. The results from this study showed that cytotoxicity assays, cytokine assays and 

proteomic analyses (based on two-dimensional gel electrophoresis and mass spectrometry) 

can differentiate the subtle differences in toxicity between EHC-93 total and its insoluble 

fraction as well as the drastic difference in toxicity between the soluble fraction and the total 

or insoluble fraction in A549 cells. To our knowledge, this is the first study that is able to 

provide extensive details on the physicochemical characteristics of an urban air PM and its 

sub-fractions, followed by comparing their cytotoxic potencies with multiple assays and 

comparing their associated cellular mechanisms of effects with proteomic analyses.  

 

IV.2. Materials and methods  

IV.2.1 Materials.  

Culture flasks (T-25 and T-75), 96-well plates and plastic cell scraper were obtained 

from Corning Inc. (Corning, NY, USA). Dulbecco’s Modified Eagle’s Medium (DMEM) 

and fetal bovine serum (FBS) were purchased from Hyclone (Logan, UT, USA). Gentamicin, 

trifluoroacetic acid, α-cyano-4-hydroxy-cinnamic acid, Tris-HCl, NaCl, Tween-20 and 

Tween-80 were obtained from Sigma-Aldrich (Oakville, ON, Canada). Iodoacetamide, bis-

acrylamide, ammonium persulfate, glycerol, immobilized pH gradient strips, Criterion 
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Cassette (13.3 x 8.7 cm W x L), Tris/Glycine/SDS buffer, and Bio-Safe Coomassie Blue 

were purchased from Bio-Rad (Mississauga, ON, Canada). Trypsin, resazurin reduction 

(CellTiter-Blue®) and lactate dehydrogenase (LDH) cytotoxicity assay kits (CytoTox-96®) 

were from Promega Corporation (Madison, WI, USA), ATP assay kit (ViaLight™ Plus) was 

from Lonza Corporation (Rockland, ME, USA), and 5-bromo-2′-deoxyuridine (BrdU) cell 

proliferation ELISA (chemiluminescent) assay kit was obtained from Roche Diagnostics 

(Laval, QC, Canada). All materials were analyzed for endotoxin using the chromogenic 

Limulus amebocyte lysate assay (Lonza, Walkersville, MD, USA). All water used was 

deionized/demineralized (>16 MOhms resistivity). Water bath Branson 1510 sonicator was 

from Bransonic (Danbury, CT, USA), which provides an output of 70 watts and 42 kHz was 

used for all particle preparations and protein extraction purposes.  

IV.2.2. Particle preparation.  

The urban dust EHC-93 was collected from baghouse air filters from the 

Environmental Health Centre in Ottawa, Ontario, Canada in 1993 and its preparation for 

toxicological studies have been described previously (Vincent et al., 1997b). The water-

soluble and water-insoluble fractions of EHC-93 were prepared as follows; a sample of 

EHC-93 was removed from a – 80 ºC freezer and was warmed up to room temperature, 1 

gram of EHC-93 was placed in a clean 15 mL Falcon tube, re-suspended in 5 mL of sterile 

water and sonicated in a pre-chilled water bath for 20 minutes. The tube was then centrifuged 

(500xg, 10 min), and the aqueous supernatant was collected into another clean 15 mL Falcon 

tube. The pellet (insoluble) was resuspended in 5 mL of water, and this process was carried 

out three times to collect a total volume of 15 mL of aqueous supernatant. The pooled 

supernatant was further centrifuged (900xg, 3.5 hr), the supernatant was collected and the 
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remaining pellet was pooled with the insoluble materials. The aqueous supernatant was then 

filtered through a 0.2 μm nylon syringe-tip filter into a clean 50 mL Falcon tube. This filter 

was then washed with 5 mL of methanol and pooled with the aqueous suspension. The 

pooled aqueous suspension and the pooled pellet were then lyophylized and stored frozen at 

– 80 ºC.  The final mass percentage recoveries of the particle fractions were 17 % water-

soluble (soluble) and 83 % water-insoluble (insoluble).  

To prepare the particles for dosing, the dried particulate materials from the total, 

insoluble and soluble fractions each were resuspended in particle preparation buffer (NaCl: 

1.9 mg/mL or 32.5 mM; Tween-80: 25.0 µg/mL or 19.1 μM) in a Dounce glass-glass 

microhomogenizer. The final concentrations of the total, insoluble and soluble fractions were 

prepared according to their mass percentages (i.e., 10.0, 8.3 and 1.7 mg/mL, respectively). In 

this manner, the cytotoxicities of the insoluble and soluble fractions in relative to the total 

can be directly assessed. The suspensions were sonicated on ice for 20 minutes and then 

dispersed as much as possible by 25 strokes of the homogenizer piston. Particle suspensions 

were then aliquotted into sterile, O-ring seal microcentrifuge tubes, heated to 56 ºC in a 

water bath for 30 minutes, and were subsequently frozen at – 80 ºC until use. All materials 

were analyzed for endotoxin using the chromogenic Limulus amebocyte lysate assay (Lonza, 

Walkersville, MD, USA). 

IV.2.3. Scanning electron microscopy (SEM).  

The size and morphology of EHC-93 was characterized by SEM. Images were 

collected on a JSM-7500F FESEM (JEOL) instrument equipped with a Field Emission Gun 

(FEG) under the following parameters: beam acceleration voltage, 2 KV; working distance, 

between 7 and 9 mm; imaging mode, Lower Secondary Electron Image (LEI). Magnification 
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and sizing bar are as indicated in the figure captions for each individual image. Samples were 

prepared by dropping a small amount of powder onto an aluminum stage painted with carbon 

paint (Electron Microscope Sciences, (EMS)). The paint was allowed to dry for 20 min, and 

the excess powder was then removed by blowing the surface with compressed, dry air. 

IV.2.4. Energy dispersive X-ray spectroscopy (EDX). 

EDX spectra were collected using a JSM-7500F FESEM (JEOL) instrument with the 

following parameters: beam acceleration voltage, 20 KV; acceleration current, 10 mA; 

working distance, between 8 and 9 mm. Since this instrument is attached to the SEM 

purchased from JSM, sample analysis was run concomitantly with SEM imaging, and thus, 

sample preparation for the collection of EDX spectra is identical to that for SEM. It should 

be noted that the carbon content in the sample cannot be determined because the stage is 

coated with carbon paint. The weight percent and atomic percent results were produced 

automatically from the instrument software analysis package. 

IV.2.5. Inductively coupled plasma–mass spectrometry (ICP-MS).  

Elemental analysis on EHC-93 total and its insoluble and soluble fraction were 

analyzed by ICP-MS in a previous report (Vincent et al., 2001). The results that are pertinent 

to this manuscript were summarized in Table IV – S1. 

IV.2.6. Powder X-ray diffraction (pXRD). 

The powder X-ray diffraction plot was obtained with a Rigaku Ultima IV instrument, 

equipped with a Cu tube. The powder sample was pressed by hand into a custom sample 

holder, such that a flat powder sample with a specified surface height would be presented to 

the X-ray beam. The pXRD plot was then collected in the 2 to 70 2theta degree range in 
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continuous-scan mode, with a sample width of 0.02 degrees, and a scan speed of 0.25 

deg/min. Percent distribution was measured following identification and integration of the 

peak areas for each crystal phase observed in the spectrum. 

IV.2.7. Cell culture and particle exposure.  

The A549 cell line (American Type Culture Collection - CCL-185; human, epithelial, 

lung carcinoma) was subcultured in DMEM supplemented with 50 μg/mL gentamicin and 10 

% FBS. It should be noted that final FBS concentration the cells are exposed to is 5 % after 

dosing with particles (particle preparations that were used to dose the cells were in serum-

free media, then they were added to the 10 % FBS culture media that contained the cells). 

The cells were maintained and subcultured in T-75 flasks in a humidified atmosphere 

containing 5 % CO2 and 95 % air at 37 ºC. For exposure experiments, the cells were seeded 

at 1.5x106 cells/T-25 flask (for proteomics) or 2.0x104 cells/well in 96-well plate (for 

cytotoxicity assays), incubated for 24 hours, resulting in approximately 75 % confluence 

prior to dosing with particles. The final volume of culture medium was 5 mL (T-25), 15 mL 

(T-75) or 200 µL/well (96-well plate). Solutions of particles were prepared from frozen 

stocks, which were thawed to room temperature, sonicated on ice (20 min), then diluted in 

the culture medium to generate dosing concentrations that are equivalent to 0, 60, 140 and 

200 μg/cm2 of the total (i.e., 0, 50, 116 and 166 μg/cm2 for the insoluble fraction and 0, 10, 

24 and 34 μg/cm2 for the soluble fraction). The exposures were performed in this 

proportional manner so that the contributions of the insoluble and soluble components in 

EHC-93 total can be directly compared.  However, the concentrations for both insoluble and 

soluble fractions were expressed in equivalent concentrations to the total in all the tables and 

figures in this study in order to assess the relative impacts of the two fractions. The cells 
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were exposed to the particles by replacing the existing culture medium with the particle-

containing medium, and the flasks/plates were returned to the incubator for a 24 hour 

exposure to the particles. To harvest the exposed cells, the medium in each flask was 

removed and the cells were detached from the flasks using a plastic scraper. The cell 

suspension was collected in cell culture medium and centrifuged at 350 x g for 5 min, and 

the supernatant was discarded. The cell pellet was then washed twice with phosphate buffer 

saline (PBS). The final cell pellet was aspirated dry and stored at – 80 ºC until further use for 

proteomic analysis. This experiment was conducted in triplicate (n = 3) for all treatments. 

IV.2.8. Integrated cytotoxicity assays.  

The integrated cytotoxicity bioassays which combined endpoints of cell viability 

(resazurin reduction assay), cellular membrane integrity (intracellular LDH release), and 

energy metabolism (ATP assay) were conducted in a single 96-well plate as described in a 

previous study (Kumarathasan et al., 2014). The assays were carried out in the following 

sequence; after 24 hours of exposure to particles, 100 µL of cell culture supernatant was 

transferred in a clear 96-well plate and clarified at 300 x g for 5 min (room temperature); 25 

µL was used for LDH assay, 75 µL was frozen for other assays such as cytokine assays. 

Then, 50 µL of resazurin reduction reagent, prepared in culture medium (40 % v/v), was 

added to the remaining 100 µL of culture medium and the cells were incubated (5 % CO2, 37 

ºC) for 2 hours.  Aliquots (20 µL) were taken for measurement of resazurin reduction at 10 

min and 120 min as described below.  The cell culture supernatant was discarded by 

aspiration and the cells were lysed with 200 µL of lysis buffer (100 mM MgCl2 and 0.025 % 

Triton X-100 in PBS) at room temperature, for 10 min.  The lysate was recovered in clean 

plates and clarified by centrifugation as above; 25 µL of lysate was used for LDH 
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measurement, 50 µL was used for ATP measurement, and 100 µL was frozen for additional 

analyses.  The cell proliferation (BrdU incorporation) assay was performed in a separate 96-

well plate. For all assays, supernatants and cell lysates were clarified by centrifugation to 

prevent interference of particles in the assays. All cytotoxicity assays were conducted in 

quadruplicate (n = 4) for all treatments.  

In the resazurin reduction assay, viable cells reduce a non-fluorescent redox dye 

resazurin (dark blue in color) to a fluorescent reaction product resorufin (pink in color), and 

nonviable cells lose metabolic capacity to convert the indicator dye. Mitochondrial, cytosolic 

and microsomal enzymes have been implicated in the reduction of resazurin (Gonzalez and 

Tarloff, 2001).  For measurement of resazurin reduction, 20 µL of supernatant aliquots at 10 

and 20 min were transferred into clean plates containing 80 µL of serum-free medium per 

well, shaken at 350 rpm for 30 sec on a circular plate shaker, and clarified by centrifugation 

at 300 x g for 5 min.  Fluorescence of the diluted supernatants was measured by top reading 

at λEx = 540 and λEm = 600 nm (Synergy 2, BioTek, Winooski, VT, USA). Resazurin 

reduction is calculated by fluorescence at 120 min minus fluorescence at 10 min. 

The CytoTox 96® colorimetric assay quantitates the activity of cytosolic LDH 

released extracellularly during cell membrane damage (an indicator of cell death). The 

enzymatic activity released in the cell culture supernatants and recovered in the lysis buffer 

was measured with a coupled enzymatic reaction. LDH catalyzes the oxidation of lactate to 

pyruvate that is accompanied with the reduction of NAD+ to NADH, which in turn is 

consumed simultaneously in a diaphorase-catalysed reduction of tetrazolium salt, generating 

a soluble red formazan that can be detected by absorbance at 490 nm. For the assay of 

released LDH, 25 µL of the cell supernatants were combined with 25 µL of cell culture 

medium and 50 µL of LDH substrate from the assay kit. Absorbance at 490 nm (Synergy 2) 
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was measured after 20 and 40 min of incubation in the dark. For the assay of cellular LDH, 

25 µL aliquots of the cell lysates was combined with 25 µL of lysis buffer and 50 µL of 

substrate from the LDH assay kit. Absorbance at 490 nm was measured immediately and 

after 10 min of incubation in dark. The relative cellular LDH was calculated as a fraction of 

total LDH, that is LDH activity in cell lysate was divided by total LDH activity recovered in 

supernatant and cell lysate. 

The ViaLight Plus is a bioluminescent assay for measurement of cellular ATP. Cell 

injury leading to mitochondrial perturbation results in a decrease of cellular ATP. In the 

presence of ATP and oxygen, the luciferase enzyme oxidises luciferin to oxyluciferin that 

accompany with photons emission. Chemiluminescence in the assay is proportional to the 

concentration of ATP in the cell lysate. The ATP working reagent was prepared 15 min prior 

to conducting the assay by mixing ATP monitoring reagent and the assay buffer provided in 

the kit, where 50 µL of the cell lysate was added to 100 µL of freshly prepared ATP reagent 

in a white-walled 96 well plate. Luminescence was measured (Synergy 2, Biotek) following 

2 min incubation in the dark. 

The BrdU Cell Proliferation ELISA is an enzyme immunoassay based on the 

incorporation of the thymidine analog BrdU during DNA synthesis in proliferating cells. 

Cells were grown in black-walled 96-well plates and exposed to particles for 24 hours as 

described above. The BrdU labelling medium (10 µM BrdU) was added to each well, 

followed by a 4 hour incubation (5 % CO2, 37 ºC). The medium was discarded and the plates 

were dried at 60 ºC for 1 hour, and stored at -40 ºC until use. The cell monolayers were fixed 

with 200 µL of the fixation-denaturation reagent for 30 min and then incubated with anti-

BrdU antibody for 2 hours at room temperature. The wells were washed three times with 150 

µL of PBS containing 0.01 % Tween-80, and the substrate provided in the BrdU ELISA kit 
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was added. The plates were covered with black tape and were shaken for 4 min. 

Chemiluminescence was measured (Synergy 2) with 1 sec integrated readings per well. 

IV.2.9. ELISA-based secretory cytokine assays.  

Levels of cytokines from the supernatant were measured by a Millipore MAP 8-plex 

human cytokine panel (EMD Millipore, Billerica, MA). The simultaneous quantification of 

cytokine levels was carried out using the Bio-Rad Bioplex 200 array reader (Bio-Rad 

Laboratories, Mississauga, ON), according to Millipore recommended procedure, where a 

panel of 11 cytokines were assessed (GM-CSF, IL-1β, IL-1RA, IL-6, IL-8, IL-9, IL-10, IL-

12p70, MCP-1, TNFα and VEGF). Briefly, cell supernatants were thawed on ice and 

centrifuged at 956 x g for 5 min, at 4 °C. Next, 25 µl of samples were incubated with 25 µl 

of microbeads labeled with antibodies to the specific cytokines in a 96-well flat-bottom plate 

overnight at 4 °C. After the incubation the samples were washed twice using Bio-Rad 

Bioplex Pro II wash system, followed by incubation with the 25 µl of detection antibody 

cocktail for 1 hr at room temperature (RT). The beads were then incubated with 25 µl of 

streptavidin-phycoerythrin for 30 min at RT, washed twice, and suspended in 150 µl of 

sheath fluid. The data were analyzed using the Bio-Rad Bio-Plex ManagerTM version 6.0 

software, with 5PL curve fit and background fluorescence subtraction. The analysis was 

conducted in pooled samples of 3 wells per sample within each experiment, in quadruplicate 

experiments (n = 4). Cytokine levels in cell supernatants were determined from cytokine 

standard curves included on each plate. Only those cytokines that were detected at a 

concentration >5 pg/ml in all data points would be used to filter out noises in the data. The 

final levels of cytokines for each treatment was adjusted to the viability of cells based on 

cellular LDH, BrdU incorporation and cellular ATP assays as previously described (Breznan 
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et al., 2016). Data were expressed as normalized fold-change (FC) in relative to the control 

(0 µg/cm2).  

IV.2.10. Protein extraction and two-dimensional gel electrophoresis (2D-GE).  

Total protein from the A549 cells (control & particle-exposed) was extracted and 

subjected to 2D-GE as previously described (Vuong et al., 2016b; Vuong et al., 2016c). 

Following electrophoresis, the gel was washed for 30 min in water, stained in 

BioSafeCoomassie Blue (Bio-Rad) overnight (16 – 20 hours), destained twice in water (20 

minutes), and then imaged with a standard scanner. To overcome the typical warping and 

distortion issues from gel to gel especially near the extremities of the pH range and the 

molecular weight, a common area across all experimental gels that clearly shows the protein 

spots was selected to assess the proteome differences among the treatments, where proteins 

in the window of pH 5.1 – 7.8 and 100 – 20 kDa were analyzed (Vuong et al., 2016b; Vuong 

et al., 2016c). A total of 543 well-resolved protein spots in this common area were compared 

across all experimental gels, and the identities of 333 of these protein spots were determined 

using MALDI-TOF-TOF-MS (Vuong et al., 2016b; Vuong et al., 2016c). The protein spots 

within the gels were matched and quantified with PDQuestTM Advance V8.0.1 (Bio-Rad), 

where spot volume was quantified using the available “Local regression model (LOESS)” 

algorithm in PDQuest. The reported spot volume for each protein was used to compare its 

level of expression across the treatments. In order to calculate the fold change for a protein 

spot from a treatment group, the treatment/control ratio (n = 3) was first determined. If the 

treatment/control ratio is between 0 and 1.0, a decreased expression (e.g., 0.5), then the fold-

change is calculated by dividing “– 1.0” by the treatment/control ratio (e.g., – 1.0 / 0.5 = – 

2.0). If the treatment/control ratio is >1.0, corresponding to increased expression (e.g., 1.5), 
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then this serves as the fold-change by itself (https://www.qiagen.com/). Such fold-change 

values are used for bioinformatic analyses (e.g. IPA) as reported in Table IV – S2 and 

Figures IV – 4, 5, 6 and 7. It should be noted that there is no value between “– 1.0 and 1.0” 

when the fold-changes are expressed in this manner. For hierarchical cluster analysis, 

however, fold-changes were calculated based on Log2(treatment/control) so that the data is 

continuous (i.e., there is no gap between – 1.0 and 1.0) for the appropriate analysis. 

IV.2.11. Statistics.  

Hierarchical cluster analysis was conducted using GenePattern (Reich et al., 2006), 

and the resulting heatmap was generated with Java TreeView 

(http://www.princeton.edu/~abarysh/treeview/). Two-way analysis of variance (ANOVA) 

was performed on 2D-GE (n = 3), cytotoxicity assays (n = 4) and cytokine releases (n = 4) 

data with treatment and dose as factors, using R (R Core Team, 2013). When the 

assumptions of equal variance or normality were not met, the data were rank transformed. 

Holm-Sidak was the post-hoc method used for all pairwise comparison procedures, which is 

a step-down procedure on a sorted set of null hypotheses. The reported p-values have been 

adjusted for the familywise error rate (FWER) which is the probability of making at least one 

type I error (incorrect rejection of a true null hypothesis) in the set or family of null 

hypotheses. A protein was considered as having a significant effect if the Holm-Sidak 

adjusted p-value was less than 0.05. If the Treatment x Dose interaction was significant for a 

protein spot, its change in expression for a given treatment and dose that was found 

significant by Holm-Sidak analysis was reported as it is, as presented in Table IV – S2. The 

same applied for those proteins that were found to have significant Treatment and Dose main 

effects. If a protein was found to have significant Treatment main effect, fold changes were 
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estimated using least square mean (Goodnight JH and Harvey WR, 1978; Searle SR et al., 

1980). In the case where the Dose main effect was significant, the average FC estimate was 

reported for each significant dose group.  

IV.2.12. Bioinformatics.  

It should be noted that multiple protein spots with the same protein ID may have a p-

value < 0.05, which suggests different isoforms of the same protein were significantly altered 

(Table IV – S2). When this was the case, selection for pathway analysis was based on the 

following order: best matching MW, largest spot volume, highest MOWSE score (molecular 

weight search) and then greatest FC. Furthermore, protein spots that were deemed as small 

peptides/fragments (based on MW and unique peptide sequences) of their native proteins 

were excluded from pathway analysis, unless functional data can be found for such peptides 

based on UniProt (www.uniprot.org) and PubMed (http://www.ncbi.nlm.nih.gov/pubmed) 

searches. It should be mentioned that a few cleaved protein products were included in 

pathway analysis in this study because they are known to serve functional purposes. For 

example, the precursor of HTRA2 is a 50 kDa mitochondrial membrane protein that became 

a mature serine protease of 36 kDa (SSP6208, see Table IV – S2) in the cytosol after 133 of 

its N-terminal amino acids has been proteolytically cleaved (Suzuki et al., 2001), where the 

mature peptide serves as an inhibitor of XIAP and IAPs (Suzuki et al., 2001). Furthermore, 

an arbitrary ±1.10 FC cut-off was also applied on all significant proteins (adjusted p-value 

<0.05) when conducting pathway and network analyses. Protein interaction network and 

pathway analyses were conducted using Ingenuity Pathway Analysis (www.ingenuity.com).  
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Figure IV – 1. The particles in the EHC-93 sample observed by scanning electron 
microscopy at various magnifications to show the contents in the particulate matter.  
A is a 100X magnification image of the particles. B and C are 500X magnification images of 
the particles that shows the majority of the particles have the appearance of mineral particles, 
where the arrow in C points to a spherical ordered particle (biological origin). D is a 1,000X 
magnification image, and it shows a thin rod (arrow) in the middle of the image.  



154 
 

IV.3. Results 

IV.3.1. Physicochemical characterization of the EHC-93 particles.  

The electron micrographs in Figure IV – 1 show that the EHC-93 Ottawa urban dust 

is a complex mixture of particles with a broad range of size, shape, crystallinity, aggregation, 

porosity and surface structure. Majority of the materials appear to be crystalline particles 

with a wide range of sizes, where most particles possess flat non-porous plains and sharp 

edges. Some particles found in small quantities appeared as long thin rods (Figure IV – 1D), 

and as spherical non-porous, spherical porous and spherical ordered porous (biological 

origin) (Figure IV – 1C) materials. X-ray diffraction data in Table IV – 1 showed that calcite 

(CaCO3), α-quartz (SiO2), gypsum (CaSO4) and dolomite (CaMg(CO3)2) were the major 

crystalline particles in EHC-93, which constituted of 41, 18, 13 and 13 % of the crystalline 

particles, respectively. The EDX analysis revealed that Ca (31.9 % by mass), Si (23.2 % by 

mass) and S (11.4  % by mass) are the three dominant elements in EHC-93 (Table IV – 2). 

This EDX result is similar to that of the IPC-MS result from a previous study which also 

showed that Ca and Si are major elements in EHC-93 total (Table IV – S1) (Vincent et al., 

2001). The combined results suggested that majority of the insoluble components in EHC-93 

are calcite followed by α-quartz and gypsum.  

The results in Table IV – 3 showed that EHC-93 total particles contain a very small 

amount of endotoxin (100.0 EU/kg material). Almost all of the endotoxin was found in the 

insoluble fraction of EHC-93 (91.6 ± 1.4 EU/kg equivalent mass to the total). Only a trace 

quantity of endotoxin can be found in the soluble fraction of EHC-93 (2.5 ± 1.0 EU/kg 

equivalent mass to the total).  
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Table IV – 1. The percentage distribution of the major mineral crystals in the EHC-93 
Ottawa urban dust detected by X-ray diffraction. 

Mineral crystal % Distribution

Calcite (CaCO
3
) 41

α-quartz (SiO
2
) 18

Gypsum  (CaSO
4
) 13

Dolomite (CaMg(CO
3
)

2
) 13

Albite (NaAlSi
3
O

8
) 10

Halite (NaCl) 5
 
 
 
 
Table IV – 2. The percentage distribution of the major elements in the EHC-93 Ottawa urban 
dust detected by energy dispersive X-ray spectroscopy. 

Element Weight % Atomic %
Na 6.99 9.96
Mg 2.72 3.66
Al 6.46 7.84
Si 23.17 27.04
S 11.41 11.66
Cl 7.74 7.16
K 3.70 3.10
Ca 31.89 26.08
Fe 5.94 3.49
 
 
 
 
Table IV – 3. Endotoxin levels in EHC-93 total and its water-insoluble and soluble fractions. 
PM Endotoxin (EU/kg materiala) 
Totalb  100.0 ± 1.0  
Insoluble 91.6 ± 1.4 
Soluble 2.5 ± 1.0  

aThe quantity of endotoxin unit (EU) was expressed in relative to EHC-93 total for direct 
comparison (i.e., 91.6 and 2.5 EU can be detected from 0.83 and 0.17 kg of materials from 
the insoluble and soluble fractions, respectively) 
bData has been published (Breznan et al., 2016). 
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IV.3.2. Cytotoxic effects of EHC-93, and its insoluble and soluble components in A549 

cells.  

The cytotoxicity assays in Figure IV – 2 indicated that EHC-93 Ottawa urban air 

particles (total) had mild cytotoxic effect on A549 cells at low level of exposure (60 µg/cm2). 

However, EHC-93 total were cytotoxic to A549 cells at higher doses (140 and 200 µg/cm2), 

where they were capable of causing significant damage to the cell membrane based on LDH 

release assay (Figure IV – 2A), reducing cell proliferation based on BrdU incorporation 

assay (Figure IV – 2B) and decreasing metabolic energy content based on cellular ATP 

(Figure IV – 2C). Resazurin reduction assay did not detect any significant effect by EHC-93 

total or its sub-fractions (Figure IV – 2D). It was observed that the trend of cytotoxicity of 

the insoluble fraction was remarkably similar to that of total PM, suggesting that the 

insoluble components drove most of the toxic effects of EHC-93 in A549 cells. Nevertheless, 

subtle cytotoxicity differences between the insoluble fraction and total PM can be observed 

in most assays, where the insoluble components appeared even more potent than EHC-93 

total, and a significant difference between the two exposures was observed in the level of 

cellular ATP at the highest dose (two-way ANOVA: Treatment x Dose interaction at 200 

μg/cm2, p < 0.05) (Figure IV – 2C). The soluble materials were relatively non-toxic to A549 

cells, and their effects were significantly different than the total and insoluble components in 

most assays. 
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Figure IV – 2. The cytotoxicities of EHC-93 total and its water-insoluble (insoluble) and 
water-soluble (soluble) fractions in A549 cells after 24 hours of exposure were assessed by 
LDH release (A), BrdU incorporation (B), cellular ATP (C) and resazurin reduction(D) 
assays.  
Data are expressed as mean fold effect +/- standard error, relative to the control (0 µg/cm2), n 
= 4. Two-way ANOVA was used to determine significant effects of the particles, where 
Holm-Sidak was the post-hoc method used for all pairwise comparison procedures. * 
indicates significant difference compared to control. T indicates significant difference 
compared to EHC-93 total. I indicates significant difference compared to the insoluble 
fraction. S indicates significant difference compared to the soluble fraction.  
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IV.3.3. Changes in the expression of proteins in A549 cells following exposures to EHC-93 

and its insoluble and soluble fractions.  

Two-way ANOVA results in Table IV – S2 indicated that 206 protein spots were 

differentially altered significantly by the treatments (adjusted p-value < 0.05), and 154 of 

these protein spots have been identified via MALDI-TOF-TOF-MS. The effects of particle 

treatments on most of these protein spots (i.e., 126 out of 154 identified proteins) were 

particle-specific (i.e., Treatment main effect, Treatment & Dose main effects, and Treatment 

X Dose interaction). It should be kept in mind that two-way ANOVA results are meant to 

identify significant differential changes in protein expression among the treatments, and 

these changes are not always significantly different from the control. For example, all of the 

Treatment main effects in Table IV – S2 were not due to significant difference from the 

control after particle exposures. Rather, most of the Treatment main effects were significant 

differences between the soluble fraction and the total and/or insoluble fraction based on 

Holm-Sidak multiple pair-wise comparison tests (adjusted p-values were not shown), and 

some were due to differences between the total and insoluble fraction. On the other hand, 

significant differences from the control as well as among the treatments can be identified by 

Treatment & Dose main effect and Treatment X Dose interaction as demonstrated in Table 

IV – S2. Holm-Sidak multiple pair-wise comparison tests showed that EHC-93 total and its 

insoluble fraction affected the expression of most protein spots similarly (e.g., same direction 

of expression), and that their effects were differed from the soluble materials (e.g., opposite 

directions of expression) (Table IV – S2). Despite their similarity, differences between the 

total and insoluble fraction can be identified based on their FCs and adjusted p-values (not 

shown) following Holm-Sidak analysis. It should be noted that the two-way ANOVA results  
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Figure IV – 3. Unsupervised hierarchical cluster analysis of the protein spots that were 
significantly affected due to particle exposures (Two-way ANOVA: p < 0.05).  
The expression of each protein spot was calculated by Log2(Treatment/Control), n=3. Red is 
coded for increased expression and green is coded for decreased expression. The number 
indicates the dose in μg/cm2.  
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in Table IV – S2 revealed multiple significant protein spots with the same protein ID, an 

indication of different isoforms of the same protein and/or post-translational modification of 

the native protein. A large portion of the significant protein spots were small fragments of 

their native proteins (based on MW and unique peptide sequences). 

Hierarchical cluster analysis was conducted to visually compare changes in the 

proteome of A549 cells following 24 hours of exposure to EHC-93 and its insoluble and 

soluble fractions. The results based on all 543 protein spots examined by 2D-GE (Figure IV 

– S1) or only the significantly altered protein spots (Figure IV – 3) showed that the insoluble 

fraction and EHC-93 total formed a cluster that is separate from the soluble fraction. Such 

observations indicated that the total EHC-93 mixture and its insoluble components affected 

the proteome of A549 cells similarly, and that their effects differed from those of the soluble 

materials. It should be noted that the effects of the total PM and the insoluble were different 

enough that the two treatments formed two separate sub-clusters (Figures IV – S1 and 3). 

The significantly altered protein spots in Figure IV – 3 appeared to form five interesting 

clusters (I – V). Cluster I was dominated by those protein spots that were down regulated by 

the total and insoluble fraction; and these proteins were found to be involved in cellular 

movement, cell growth and proliferation, cell death and survival, molecular transport and 

small molecule biochemistry pathways (Table IV – S3). Cluster II was a small group of 

protein spots that were decreased in expression by all treatments, but the number of protein 

in this cluster was not large enough to conduct a reliable bioinformatics analysis. Cluster III 

displayed the protein spots that the total and insoluble fraction treatments generally 

decreased their expressions, while the soluble fraction generally increased their expressions; 

these proteins were involved predominantly in cellular movement, carbohydrate metabolism, 

cell growth and proliferation, cell death and survival, and cell morphology pathways (Table  
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Table IV – 4. Biological functions indicated by Ingenuity Pathway Analysis (IPA) that were 
likely impacted by the particles based on the proteins that were significantly affected.  
The # indicate the number of proteins that were significantly affected by each treatment 
(EHC-93 total, insoluble and soluble at 60 μg/cm2), and the p-value indicate the significance 
of the biological function based on IPA’s calculations. Only the significant functions that 
were influenced by more than 5 proteins in any particle treatment group are presented. 
  Total Insoluble Soluble
Biological Function # p-value # p-value # p-value

Cell Death and Survival 22 1.51x10
-05

24 4.39x10
-09 19 4.29x10

-05

Cell Growth and Proliferation 21 2.42x10
-04

22 6.91x10
-05 18 5.85x10

-04

Cellular Movement 17 1.83x10
-05

18 3.89x10
-06 16 6.56x10

-06

Acute Inflammation 10 1.45x10
-03

9 5.30x10
-03 8 6.33x10

-03

Chronic Inflammation 10 1.62x10
-04

8 3.39x10
-03 9 2.15x10

-04

Cytoplasm Organization 9 2.03x10
-02

10 6.95x10
-03 9 6.90x10

-03

Protein Metabolism 7 1.07x10
-02

10 1.24x10
-04 11 3.80x10

-06

ROS Metabolism 6 1.40x10
-03

8 2.74x10
-05 5 3.83x10

-03

Allergic Response 7 5.18x10
-05

6 4.31x10
-04 6 1.71x10

-04

Nucleic Acid Metabolism 6 1.62x10
-03

7 8.05x10
-05 5 1.95x10

-03

Mitochondrial Transmembrane Potential 5 1.22x10
-04

6 8.52x10
-06 5 5.47x10

-05

It should be noted that about half of the proteins used in pathway analysis derived from 
Treatment main effect, where the effect of the soluble fraction on these protein spots were 
typically opposite that of the total and insoluble fraction. The directions of protein 
expressions of several selected functions were demonstrated as heatmaps in Figure IV – S2. 
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IV – S3). Cluster IV consisted of those protein spots that were strongly increased by most 

total and insoluble exposures but were weakly increased or decreased by the soluble 

treatments. The proteins in this cluster were found to be in the lipid metabolism, small 

molecule biochemistry, and cell growth and proliferation pathways. Cluster V showed the 

protein spots that were increased in expression by all treatments; these proteins are involved 

in cellular morphology, cellular function and maintenance, cellular assembly and 

organization, and cell death and survival.  

IV.3.4. Effects of EHC-93 and its insoluble and soluble components on various pathways 

and networks in A549 cells.  

Ingenuity Pathway Analysis results in Table IV – 4 revealed that EHC-93 and its 

insoluble and soluble fractions can affect the expression of the proteins involved in a number 

of biological functions including cell death, cell proliferation, cell differentiation, cellular 

movement, inflammatory response, protein metabolism and reactive oxygen species (ROS) 

metabolism. In these pathways, the patterns of protein expression in A549 cells influenced 

by the soluble fraction were noticeably different from the total and insoluble fraction, and the 

differences between the latter two are more subtle but distinguishable (Figure IV – S2). 

Generally, most of these proteins were altered by the total and insoluble fraction treatments 

in the same direction but varying in magnitude, whereas the soluble fraction exposure may 

cause no effect or opposite effects to that of the total and insoluble fraction treatments. For 

example, the networks of cell death and proliferation in Figure IV – 4 showed that the 

expressions of proteins such as YWHAE, SRSF1, PKM, HSPA9 and ENO1 were down-

regulated in the total and insoluble fraction but were up-regulated or unaffected by the 

soluble fraction. The expression of proteins such as VCP, TREM1 and BUB3 were up- 
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A) Total B) Insoluble

C) Soluble

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure IV – 4. Protein profiles in the network of cell death and cell proliferation pathway in 
A549 cells following EHC-93 total (A) and its insoluble (B) and soluble (C) fractions 
treatments at 60 μg/cm2.  
Red indicates increased expression, green stands for decreased expression, grey implies non-
significant change and white indicates the protein was not examined in this study. The color 
scale, representing fold-change, was set at a maximum and minimum of 8 (deepest red) and -
6 (darkest green).  
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A) Total B) Insoluble 

C) Soluble 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure IV – 5. Protein profiles in the network of protein metabolism pathway in A549 cells 
following EHC-93 total (A) and its insoluble (B) and soluble (C) fractions treatments at 60 
μg/cm2.  
Red indicates increased expression, green stands for decreased expression and grey implies 
non-significant change. The color scale, representing fold-change, was set at a maximum and 
minimum of 8 (deepest red) and -6 (darkest green). 
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A) Total B) Insoluble 

C) Soluble 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure IV – 6. Protein profiles in the network of organ inflammation pathway in A549 cells 
following EHC-93 total (A) and its insoluble (B) and soluble (C) fractions treatments at 60 
μg/cm2.  
Red indicates increased expression, green stands for decreased expression and grey implies 
non-significant. The color scale, representing fold-change, was set at a maximum and 
minimum of 8 (deepest red) and -6 (darkest green). 
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regulated in the total and insoluble fraction but down-regulated or unaffected in the soluble 

fraction. All these proteins were affected by the total and insoluble fraction in the same 

direction but varying magnitude. Similarly, the network of protein metabolism in Figure IV – 

5 showed that the expression of PDIA3, HSPA8 and EIF3I were down-regulated due to the 

soluble fraction exposure, but these proteins were either up-regulated or unaffected by the 

total and insoluble fraction exposures to varying magnitude. The expression of UFD1L was 

up-regulated by the soluble fraction, but it was down-regulated by the total and insoluble 

fraction to different degrees. Of all the networks examined, the network of organ 

inflammation in Figure IV – 6 showed the most contrasting effect between the total or 

insoluble fraction against the soluble fraction, where 10/11 and 9/11 proteins in the network 

were distinctly altered, respectively. In this network, the total and insoluble fraction 

significantly increased the expression of PDIA3, TREM1, TUBA1C and VCP to various 

degrees in A549 cells, whereas exposure to the soluble fraction either did not affect or 

decreased the expression of these proteins. On the other hand, the expression of ACTB, 

ENO1 and PKM were significantly decreased in A549 cells to varying magnitude following 

exposure to the total and insoluble fraction, but these proteins were either unaffected or 

increased after exposing to the soluble fraction. 

IV.3.5. Secretion levels of IL-8, MCP-1 and VEGF from A549 cells due to exposures to 

EHC-93 and its insoluble and soluble fractions.  

From a panel of 11 cytokines assessed, only 3 cytokines (IL-8, MCP-1 and VEGF) 

were found to secret at a reliable detection level (> 5 pg/ml) and were significantly altered 

due to particle exposures (Figure IV – 7). It was found that EHC-93 total and its insoluble 

fraction displayed a similar trend in stimulating the secretion of IL-8, MCP-1 and VEGF 
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Figure IV – 7. Comparing the secretion of cytokines such as IL-8 (A), MCP-1 (B) and VEGF 
(C) by A549 cells after 24 hr exposure to EHC-93 total and its insoluble and soluble 
components.  
Data are expressed as normalized fold-change (FC) ± standard error, relative to the control (0 
µg/cm2), n = 4. Two-way ANOVA was used to determine significant effects of the particles, 
where Holm-Sidak was the post-hoc method used for all pairwise comparison procedures. * 
indicates significant difference compared to control. T indicates significant compared to 
EHC-93 total. I indicates significant difference compared to the insoluble fraction. S indicates 
significant difference compared to the soluble fraction. The bar on top of a treatment group 
indicates significant Treatment main effect. 
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from A549 cells that is different from the soluble fraction. The insoluble fraction is 

significantly more potent than the soluble fraction in stimulating the releases of the pro-

inflammatory cytokines interleukin-8 (IL-8) and monocyte chemoattractant protein-1 (MCP-

1) from A549 cells (Figures IV – 7A and B). The insoluble fraction appeared more potent 

than the total in inducing the secretion of IL-8 and MCP-1 from A549 cells, and it reached 

statistical significant for MCP-1 at the highest dose (Figure IV – 7B). Contrarily, the soluble 

fraction is significantly more potent than the insoluble fraction in causing the release of 

vascular endothelial growth factor (VEGF) from A549 cells (Figure IV – 7C). The total and 

insoluble fraction can stimulate significant release of VEGF from A549 cells, but their 

potencies were not significantly different.  

 

Discussion 

Understanding the mechanisms of particle toxicity of urban air PM is a challenge, 

because airborne PM is a complex mixture of particles with a wide range of physicochemical 

properties. In an attempt to assess the in vitro toxicity of urban air particles, we previously 

fractionated EHC-93 (Ottawa urban air particles) into water-insoluble and soluble fractions, 

and used A549 cells to examine the PM exposure-related effects on a few selected genes and 

secretory proteins in the endothelin system (Chauhan et al., 2005). The current study focuses 

on integration of multiple cytotoxicity assay and untargeted proteomic analysis results to 

gain insight into toxicity mechanisms underlying total and fractionated PM exposure- related 

changes in A549 cells.  

This is the first time that multiple cytotoxicity assays were used to investigate the 

cytotoxic effects of EHC-93 and its insoluble and soluble fraction in the same in vitro study. 
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The results from LDH release, cellular ATP and BrdU incorporation assays indicated that 

EHC-93 total and its insoluble fraction were both similarly cytotoxic to A549 cells, while the 

soluble fraction caused very little toxic effect to the cells (Figure IV – 2). It could be argued 

that the cells were actually dosed with low concentrations of soluble materials (0, 10, 24 and 

34 μg/cm2), which were 17 % mass equivalent to the dosing concentrations of the total (0, 

60, 140 and 200 μg/cm2), and thus such low quantities of the soluble materials were not high 

enough to exhibit a significant effect. However, this is the actual proportion of the soluble 

materials present in EHC-93 total, and the present study focused on comparing the cytotoxic 

effects of the insoluble and soluble fractions in the mass proportion as they were found in the 

environment. Similarly, A549 cells were dosed with 0, 50, 116 and 166 μg/cm2 insoluble 

materials, which are 83 % mass equivalent to EHC-93 total concentrations. Nevertheless, the 

insoluble fraction appeared even more toxic than the total in every equivalent dose of every 

cytotoxicity assay, and reached statistical significance at the highest dose in ATP assay (two-

way ANOVA: Treatment x Dose interaction at 200 μg/cm2, p < 0.05) (Figure IV – 2C). 

Evidently, the toxic potency of EHC-93 total is not equal to the sum of its insoluble and 

soluble fractions, suggesting that there were interactions between the insoluble and soluble 

materials. It is possible that the soluble materials coated the surface of the insoluble 

components and reduced some of their cytotoxic effects. Such inhibitory coating effect has 

been previously reported in nano-silica particles (Sun et al., 2015a). Alternatively, biological 

effects caused by the soluble materials in A549 cells may be antagonistic to some of those 

effects elicited by the insoluble materials.  

The effects of EHC-93 and its insoluble and soluble fractions on the proteome of 

A549 cells were examined via 2D-GE and mass spectrometry as previously described 

(Vuong et al., 2016b; Vuong et al., 2016c). Two-way ANOVA and Holm-Sidak (post-hoc) 
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were the statistical methods used to determine significant effects of particles across 

treatments. The results in Table IV – S2 indicated that there was a significant Treatment 

main effect for BUB3 (SSP9301), where the total and insoluble components of EHC-93 

affected the expression of BUB3 similarly but their effects were different from the soluble 

materials. On average, the expression of BUB3 in A549 cells due to EHC-93 total, insoluble 

and soluble materials exposures were listed as 1.32, 1.11 and -1.12, respectively. It is 

important to understand that such FCs were relative to the control. More importantly, it must 

be recognized that the net difference between the effects of the total and soluble fraction was 

44 % (from 1.32 to -1.12) and the net difference between the effects of the insoluble and 

soluble fractions was 23 % (from 1.11 to -1.12). Thus, such magnitudes of changes between 

treatments should not be overlooked, particularly when the adjusted p-value is very small 

(adjusted p = 0.003), and especially the goal of this study is to identify the differential 

responses of A549 cells to EHC-93 particles and its insoluble and soluble components. When 

conducting pathway and network analyses, we believe that a ±1.10 FC cut-off on all 

significant proteins (adjusted p-value < 0.05) is sufficient to remove nuanced expressions 

that may not contribute to any biological impact. 

Two-way ANOVA results in Table IV – S2 identified 206 protein spots were 

significantly altered by the treatments (adjusted p-value <0.05), and 154 of these protein 

spots have been identified via MALDI-TOF-TOF-MS, which can potentially be used for 

pathway analysis. Unsupervised hierarchical cluster analysis based on all the significantly 

altered protein spots showed that the total and insoluble fraction treatments clustered 

together (Figures IV – 3), suggesting that these two treatments had similar effects on the 

proteome of A549 cells. Such result holds true regardless if cluster analysis was conducted 

based both non-significantly and significantly altered protein spots (Figure IV – S1). In 
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addition, the total and insoluble fraction treatments formed separate sub-clusters, implying 

that their effects on the proteome of A549 cells were distinguishable (Figure IV – 3 and S1). 

These findings were similar to those in an earlier study in our laboratory that demonstrated 

that the expression of a selected set of genes (e.g., MMP2, ECE1 and EDN1) and secretory 

proteins (e.g., IL-8 and VEGF) in A549 cells were similarly affected by the total and 

insoluble components of EHC-93, and that their effects differed from those of the soluble 

materials (Chauhan et al., 2005). Results from two-way ANOVA and Holm-Sidak multiple 

comparisons analyses in Table IV – S2 were in line with the above observations. The total 

and insoluble fraction PM exposures were observed to alter the proteome of A549 cells more 

than the soluble fraction, and these changes were not additive. In brief, all proteomic and 

cytotoxicity assay results in this study unanimously pointed out that the toxic effects of 

EHC-93 in A549 cells were mainly driven by its insoluble components.  

Unsupervised hierarchical cluster analysis revealed that all the doses of the same 

treatment clustered together, and the highest dose of the total and insoluble fraction 

exposures induced the greatest change to most protein spots (Figure IV – 3). These findings 

suggested that the effects of the total and insoluble fraction would eventually converge to the 

same outcome as the dose increases. Interestingly, majority of these significantly altered 

protein spots were not full length native proteins or isoforms based on their molecular 

weights and unique peptide sequences (Table IV – S2). These peptides (e.g., SSP2010, 8302, 

3104, 4108, 305 and 8109) were possibly cleavage or degradation products of their native 

proteins, and they may be derived from dying or dead cells that have undergone or have 

committed to apoptosis or necrosis. This is plausible because functional annotation for the 

proteins in different clusters in Figure IV – 3 revealed that cell death and survival and cell 

growth and proliferation were the two dominant cellular functions affected by particle 
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exposures (Table IV – S3). In addition, the LDH release, cellular ATP and BrdU 

incorporation assays indicated that A549 cells were adversely impacted at the higher doses 

(Figure IV – 2). Altogether, these results suggested that the A549 cells exposed to the higher 

doses of PM (140 and 200 µg/cm2) engaging into terminal stage of particle toxicity (i.e., 

dead or dying cells), and the lowest dose (60 µg/cm2) revealing an early stage of particle 

toxicity (i.e., live cells). It should be noted that the chosen exposure doses for most in vitro 

toxicology studies, including the current study, are well beyond the actual environmental 

levels in order to obtain measurable responses. Therefore, there is more value to examine the 

effect of the particles on A549 cells at the low toxicity dose to capture the early signs of 

particle toxicity. 

Pathway analysis revealed that the significantly altered proteins in A549 cells 

following exposure to the particles at 60 µg/cm2 dose were involved in pathways such as 

ROS metabolism, inflammatory response, cytoplasm organization, cellular movement, cell 

growth and proliferation, and cell death and survival (Table IV – 4). These pathways were 

likely the mechanisms employed by A549 cells to handle the effects of the exposed particles 

at a low toxicity level. It should be noted that about half of the significantly altered proteins 

in these pathways were derived from Treatment main effect, where their expressions were 

not necessarily different from the control significantly. Rather, their expression were mostly 

opposite in direction between the soluble fraction and the total or insoluble fraction (Figure 

IV – S2). It should be clarified that the proteomic results based on 2D-GE data were not 

strong enough to confidently determine if any of the pathways in Table IV – 4 was actually 

activated or inactivated. Rather, we relied on the cytokine release (Figure IV – 7) and 

cytotoxicity assays (Figure 2) data to determine the phenotypic effects of the particles.  
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It is interesting to note that a large number of significantly altered proteins were 

involved in the cell death and survival pathways (Figure IV – S2), suggesting that this dose 

(60 µg/cm2) was sufficient to cause such effects. This is consistent with the cytotoxicity 

assay results (Figure IV – 2A, B, C). Examining the pattern of proteins expressed in the 

networks of cell death and cell proliferation pathways in Figure IV – 4 may provide insights 

to the molecular mechanisms that dictate the contrasting effects of the insoluble and soluble 

fractions. In this network, the extracellular signal-regulated kinase 1/2 (ERK1/2) was found 

in one of the main nodes, where this protein is known to modulate a broad biological 

functions in cells, including cell death and cell proliferation (Roskoski, Jr., 2012). It was 

noticeable that the soluble fraction treatment did not significantly alter the expression of a 

number of proteins up- and down-stream of ERK1/2. For example, only the total and 

insoluble treatments significantly decreased the expression of 14-3-3 protein epsilon 

(YWHAE), pyruvate kinase (PKM) and enolase-1 (ENO1) and significantly increased the 

expression of triggering receptor expressed on myloid cells 1 (TREM1). Down regulation of 

ENO1 and PKM may explain the decreased ATP levels in A549 cells follow the total and 

insoluble fraction exposures in Figure 2C (significant only in the insoluble fraction treatment 

at dose 60 µg/cm2) as these two proteins are known to serve distinct enzymatic functions in 

the last two steps of glycolysis (Voet and Voet, 2010). Interestingly, these proteins are 

known to serve several other biological functions such as cell death, cell proliferation and 

stress response, and their expressions can be modulated in response to various stimuli (Yang 

et al., 2012;Zhou et al., 2013). ENO1 has been reported to regulate the kinase activity of 

ERK1/2 in A549 cells (Zhou et al., 2013), and ERK1/2 can modulate the nuclear 

translocation of PKM in U251 human glioblastoma cells that is necessary for PKM’s auto-

regulation of expression (Yang et al., 2012). Knockdown of PKM expression PKM (via 
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siRNA) have been shown to decrease the production of ATP and induce apoptosis and 

autophagy in A549 cells (Chu et al., 2015;Sun et al., 2015b), which is consistent with the 

LDH release and BrdU incorporation trends (Figures IV – 2A and B). These findings were 

similar to the proteomic results observed for the total and insoluble fraction exposures and 

were also consistent with the cytotoxicity data (Figure IV – 2C) in this study. Furthermore, 

PKM has been shown to phosphorylate the mitotic checkpoint protein BUB3, which is 

essential for the BUB3-BUB1 complex to be recruited to the kinetochore spindle during 

mitosis (Jiang et al., 2014). The expression of BUB3 in A549 cells was increased by the total 

and insoluble fraction treatments, but its expression was decreased by the soluble fraction 

(Figure IV – 4). It is evident that the cytotoxicity assay and proteomic results were mutually 

complementary in explaining the toxic effects of the particles, extensive investigations would 

be required to better understand the PM-driven mechanisms of particle toxicity in the cell 

death and cell proliferation pathways.    

Of all the networks examined, the network related to inflammatory process in Figure 

6 showed the most contrasting effect between the total or insoluble fraction against the 

soluble fraction, where 10/11 and 9/11 proteins in the network were distinctly altered, 

respectively. It should be caution that the relationships of the proteins involved in this 

network are not straight forward to interpret because inflammation is a process that is 

involved with multiple cell types such as epithelial cells, neutrophils and macrophages. 

Interestingly, inflammatory stimuli are known to increase the expression of triggering 

receptor expressed on myeloid cells 1 (TREM1) on neutrophils, monocytes and 

macrophages, where this receptor is known to amplify the secretion of pro-inflammatory 

mediators such as IL-1β, IL-6, IL-8, MCP-1 and TNFα from these cells (Bouchon et al., 

2001;Schenk et al., 2007). Furthermore, TREM1 has been reported to be expressed in lung 
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cancer epithelial cells. For instance, A549 cells exposed to silica nano-particle has been 

associated TREM1 signaling (Pisani et al., 2015). Increased expression of this receptor in the 

cells exposed to the total and insoluble fraction is a possible mechanism for the release of IL-

8 and MCP-1 in A549 cells (Figure IV – 7). In addition, a recent mouse lung injury model 

demonstrated that increased expression of protein disulfide-isomerase associated 3 (PDIA3) 

and ENO1 were important for alveolar epithelial type II (AT-II) cells to repair bleomycin-

induced injury in the lung of mice (Mutze et al., 2015). Over-expression of PDIA3 in murine 

embryonic fibroblast cells is known to exacerbate apoptosis via Bak signaling (Zhao et al., 

2015). Mutze et al (2015) and Zhao et al (2015) hinted that increased level of PDIA3 in 

injured cells may determine whether the cells would commit to injury repair or apoptosis. As 

increased level of PDIA3 (Figure IV – 6) in A549 cells in the present study coincided with 

increased LDH release and decreased BrdU incorporation and cellular ATP levels (Figure IV 

– 2) after exposure to the total and insoluble fraction at the 60 µg/cm2 dose, the results point 

perhaps to an inflammatory process directed-apoptosis. EHC-93 is known to contain 

inflammatogenic particles such as silica (Table IV – 1) and endotoxins (Table IV – 3). 

Moreover, previous studies have shown that EHC-93 was capable of stimulating the release 

of pro-inflammatory cytokines such as IL-8 (Breznan et al., 2016; Chauhan et al., 2005; Fujii 

et al., 2001; Sakamoto et al., 2007) and MCP-1 (Breznan et al., 2016) from bronchial or lung 

epithelial cells. Sakamoto et al (2007) demonstrated that the secretion of IL-8 from human 

epithelial bronchial cells by EHC-93 total was induced by the influx of calcium from the 

extracellular media, where the signalling was suspected to be mediated by a membrane 

receptor and/or ion channel (Sakamoto et al., 2007). Whether EHC-93 total or its insoluble 

components induced secretion of IL-8 and MCP-1 from A549 epithelial cells were mediated 
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by calcium influx, and the involvement of a membrane receptor/ion channel, will be explored 

in future studies. 

It should be noted that correlating the in vitro results in this study to those in vivo 

results from previous studies is not straight forward. When EHC-93 total particles were 

inhaled by rats, the inhalation did not result in lung injury but it elicited inflammatory 

responses and cardiovascular effects (Bouthillier et al., 1998; Thomson et al., 2005; Vincent 

et al., 1997a; Vincent et al., 2001). These results suggested that the efficient clearance 

mechanism in the respiratory tract of healthy animals and humans would make the inhaled 

particles only mildly toxic. Intriguingly, the data based on in vitro and intratracheal 

instillation studies suggested that the particles can be toxic if they were deposited and 

retained in the lungs. For example, the in vitro results in the present study demonstrated that 

A549 human type II lung epithelial cells were sensitive to the cytotoxic effects of EHC-93 

and its water-insoluble components upon exposure, where the particles are potent in 

stimulating proteins involved in inflammatory responses and cell death, while decreasing 

cellular ATP and cell proliferation. On the other hand, direct injection of either EHC-93, its 

soluble or insoluble fractions into the lungs of rats via intratracheal instillation triggered 

inflammation based on the number of cells and protein levels in lavaged lung fluid 

(Adamson et al., 1999). However, exposure to EHC-93 and its soluble, but not insoluble, 

fraction caused mild lung injury in rats based on the observed necrosis to type I alveolar cells 

and the subsequent 3H-thymidine uptake by type II alveolar cells (Adamson et al., 1999), 

which would proliferate and differentiate to replace type I cells. It is not clear why the 

instilled insoluble fraction did not induce lung injury even when it contains varying amount 

of insoluble minerals (Table IV – 1), endotoxins (Table IV – 3), PAHs and metals (Vincent 

et al., 1997b). It is possible that the insoluble particles were cleared from the lung. As for the 
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instilled soluble materials, they can be readily absorbed by the cardiovascular system and 

affect various cell types, where the observed lung injury was attributed to the presence of 

soluble zinc and copper (Adamson et al., 2000; Prieditis and Adamson, 2002). In addition, 

the immunoassay results in this study showed that the soluble materials had greater potency 

than the insoluble materials in stimulating the secretion of a potent vasculogenic/angiogenic 

signaling protein vascular endothelial growth factor (VEGF) from A549 cells (Figure IV – 

7C), which are type II alveolar cells. In this point of view, the effects of the soluble materials 

could be mediated by type II alveolar cells via paracrine signalling. 

In summary, most of the results in this study and previous in vitro study (Chauhan et 

al., 2005) consistently showed that the cytotoxic effects of EHC-93( total) and its insoluble 

fraction in A549 cells were similar to each other and their effects were differed from the 

soluble fraction. These results indicated that the insoluble materials in EHC-93 are the 

drivers of toxic potency in A549 human lung epithelial cells. The culminated 

physicochemical characterizations from the previous (Vincent et al., 1997b; Vincent et al., 

2001) and present studies have built a repertoire of identified insoluble components in EHC-

93 including metals (e.g., iron, lead, magnesium and zinc), minerals (e.g., calcite, silica and 

gypsum), carbonaceous materials (e.g., phenanthrene, pyrene, fluoranthene and 

benzo[b]fluoranthene) and endotoxins at defined quantities or relative quantities. This 

repertoire would allow present and future studies to better assess the contribution of toxic 

potency and assess the pathways of effects of one or a combination of particles. The majority 

of the insoluble components are mineral crystal particles such as calcite (CaCO3), α-quartz 

(SiO2), gypsum (CaSO4) and dolomite (CaMg(CO3)2) (Table IV – 1). As these insoluble 

mineral particles can contribute to the total cytotoxic effects of EHC-93, other minor 

insoluble components such as endotoxins (Table 3), metals (e.g., Fe, Al, Pb, Mg, Sn and Ti) 
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(Table IV – S1) and PAHs (Vincent et al., 1997b) may also add significant cytotoxicity to 

A549 cells. The insoluble materials in EHC-93 affected markers of inflammatory responses 

(Figures IV – 6 & 7) as well as cell death and proliferation in A549 cells (Figures IV – 2 & 4 

and Table IV – 4). Importantly, the proteomic results in this study provided molecular details 

associated with the toxicity of EHC-93 and its insoluble fraction. 

 

Conclusion 
To our knowledge, this is the first study that used in tandem multiple cytotoxicity 

assays and proteomic analyses to assess the phenotypic outcomes and molecular mechanisms 

of particle toxicity of an urban air PM (i.e., EHC-93) and its insoluble and soluble fractions 

on human lung epithelial cells (A549). Both cytotoxicity assays and proteomic results 

consistently indicated that the insoluble materials explained most of the toxic effects of the 

total PM. Furthermore, the toxic potency of EHC-93 total is not equal to the sum of its 

insoluble and soluble fractions, implying inter-component interactions between insoluble and 

soluble materials that may be reflected through synergistic or antagonistic in vitro responses. 

Finally, this study demonstrated that in vitro toxicoproteomics is a valuable tool in 

delineating the toxicity mechanisms of environmental air particles.  
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Figure IV – S1. Unsupervised hierarchical cluster analysis demonstrating the effect of all the 
tested particles on the proteome of A549 cells.  
The expressions of all the well-defined protein spots in the 2D gels were examined. The 
expression of each protein spot was calculated by Log2(Treatment/Control), n = 3. Red is 
coded for increased expression and green is coded for decreased expression. The number 
indicates the dose in μg/cm2.  
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Figure IV – S2. Changes in the expression of proteins in various pathways in A549 cells that 
were exposed to EHC-93 total and its insoluble and soluble fractions (at 60 μg/cm2).  
These selected pathways were based on the top biological functions identified by Ingenuity 
Pathway Analysis (in Table IV – 4). The color scales that show fold-changes, Log2 
(Treatment/Control), were set between -3 to 3 in panels A – C and -2 to 2 in panels D – F. 
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Table IV – S1. Elemental content of EHC-93 and its water-insoluble and soluble fractions 
were examined by IPC-MS (Vincent et al., 2001).  
  Total Insoluble Soluble

Element (μg/g) Mass % (μg/g) Mass % (μg/g) Mass %

Aluminum (Al) 23,700 7.3 25,400 8.1 650 0.6

Barium (Ba) 411 0.1 470 0.1 123 0.1

Boron (B) 61 0.0 48 0.0 20 0.0

Cadmium (Cd) 23 0.0 8 0.0 16 0.0

Calcium (Ca) 122,000 37.7 114,000 36.3 65,000 64.6

Chromium (Cr) 70 0.0 71 0.0 0 0.0

Cobalt (Co) 11 0.0 9 0.0 2 0.0

Copper (Cu) 763 0.2 742 0.2 500 0.5

Iron Fe) 20,200 6.2 22,500 7.2 350 0.3

Lead (Pb) 6,780 2.1 7,210 2.3 1,500 1.5

Magnesium (Mg) 15,200 4.7 15,800 5.0 3,000 3.0

Manganese (Mn) 594 0.2 584 0.2 220 0.2

Molybdenum (Mo) 19 0.0 18 0.0 1 0.0

Nickel (Ni) 60 0.0 66 0.0 20 0.0

Silicon (Si) 95,400 29.5 112,000 35.6 0 0.0

Sodium (Na) 23,900 7.4 6,480 2.1 19,000 18.9

Strontium (Sr) 363 0.1 378 0.1 225 0.2

Tin (Sn) 1,230 0.4 1,300 0.4 25 0.0

Titanium (Ti) 1,830 0.6 2,010 0.6 10 0.0

Vanadium (V) 120 0.0 140 0.0 20 0.0

Zinc (Zn) 11,200 3.5 5,230 1.7 10,000 9.9

Total 323,935 100.0 314,464 100.0 100,682 100.0

It should be noted that the mass of each element presented did not take into account that the 
insoluble and soluble fractions corresponded to 83 and 17 mass % of the total. 
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Table IV – S2. Two-way ANOVA results for the A549 protein spots that changed significantly due to particle exposures (n = 3).  
The SSP number corresponds to the identifier number that PDQuest used to identify the spot based on its coordinate in the gel. The 
number below Treatment main effect (Trt), Dose main effect (Dose) or interaction between Treatment and Dose (T x D) corresponds 
to the p-value, where the bolded number emphasized p-value < 0.05. Only the protein spots identified by MALDI-TOF-TOF-MS/MS 
are provided here (Vuong et al., 2016a; Vuong et al., 2016b). The proteins indicated in red (likely degradation product of the native 
protein) and fold-change indicated in blue (cut-off at ±1.10) were excluded from pathway analysis. Orange colored spots were used for 
pathway analysis in the 60 μg/cm2 dose. The yellow highlight shows multiple protein spots with the same protein ID. See the Materials 
and Methods section for more information on the protein spot selection criteria for pathway analysis.  
    §

ET (µg/cm2) §
EI (µg/cm2) §

ES (µg/cm2) 2WayANOVA †ET (µg/cm2) †EI (µg/cm2) †ES (µg/cm2) Spot Obs/Theor Observed Theoretical MOWSE
SSP ID 60 140 200 60 140 200 60 140 200 Trt Dose TxD 60 140 200 60 140 200 60 140 200 Volume MW ratio MW pI MW pI Score 
2010 ARMCX1 -10.14 -13.80 -10.44 -6.93 -9.23 -2.97 1.22 1.43 1.19 0.000 0.000 0.000 -10.14 -13.80-10.44 -6.93 -9.23 -2.97 229,493 50.9% 25,040 5.6 49,150 9.3 59 
8302 CCT2 -1.85 -2.55 -4.50 -1.54 -1.37 -6.14 -1.37 1.01 -1.23 0.000 0.000 0.010 -1.85 -2.55 -4.50     -6.14 155,115 70.1% 40,300 7.4 57,452 6.0 85 
5010 TREM1 7.55 16.03 23.36 10.46 21.01 32.61 -1.94 -1.95 -1.26 0.000 0.000 0.000 7.55 16.03 23.36 10.46 21.01 32.61 53,697 86.4% 22,780 6.5 26,370 6.4 72 
8506 ENO1 2.02 3.24 5.58 1.53 2.26 2.45 2.24 -1.40 1.05 0.003 0.005 0.019 5.58       83,320 105.4% 49,690 7.3 47,139 7.7 201 
3104 HSP90AB3P -2.07 -3.07 -4.93 -1.76 -1.72 -1.87 1.17 1.48 1.06 0.000 0.044 0.027 -2.07 -3.07 -4.93 -1.76 -1.72   1.48 231,963 47.5% 32,400 5.9 68,282 4.6 48 
3705 INA 1.25 1.25 2.76 2.41 1.76 2.41 1.54 1.43 1.62 0.019 0.000 0.013 2.76       117,488 112.5% 62,290 5.9 55,357 5.2 302 
7207 LASP1 1.23 2.96 2.78 1.95 1.68 1.62 -1.44 -1.29 1.56 0.000 0.003 0.014 2.96 2.78 1.95     170,775 125.1% 37,140 7.1 29,698 6.7 60 
6309 METTL18 -3.76 -2.74 -1.94 -1.64 -1.28 -5.71 1.15 1.27 1.01 0.000 0.042 0.041 -3.76 -2.74 -1.64 -1.28 -5.71 147,958 95.2% 40,080 6.7 42,122 6.3 31 
8606 PKM -1.47 -2.19 -3.46 -1.71 -1.39 -2.67 -1.14 -1.29 -1.28 0.000 0.000 0.009 -1.47 -2.19 -3.46 -1.71   -2.67 664,391 97.7% 56,550 7.4 57,900 9.0 286 
4108 SYNCRIP -1.30 -1.19 -3.38 1.04 -1.01 -1.74 1.03 1.21 1.04 0.000 0.000 0.017 -3.38     -1.74 182,365 48.2% 33,560 6.2 69,560 9.1 65 
2802 ACTG1 1.63 1.88 2.02 1.22 -1.07 -1.66 -1.43 -1.13 1.26 0.015 0.567 0.022 2.02     -1.66 409,216 160.8% 67,180 5.7 41,766 5.2 197 
305 HSPA1A 1.09 -1.50 -2.40 -1.15 -1.10 -1.59 1.21 1.48 1.32 0.004 0.095 0.024 -2.40       1,357,282 59.9% 41,960 5.4 70,009 5.4 234 
5701 PKM -1.41 -1.04 -2.49 1.20 1.02 1.17 -1.01 1.17 1.05 0.042 0.161 0.013 -2.49       162,132 110.3% 63,840 6.3 57,900 9.0 73 
8304 PCBP2 -1.28 -1.40 -1.44 1.20 1.06 -1.20 1.00 1.23 1.00 0.003 0.050 0.016 -1.40       1.23 228,483 109.3% 42,160 7.4 38,556 10.1 67 
104 IPO4 1.02 -3.69 -1.99 -1.25 -3.49 -3.63 1.02 1.40 2.14 0.003 0.423 0.033 -1.99     -3.63 2.14 324,908 24.2% 28,730 5.3 118,640 5.1 46 
3704 HNRNPK 1.03 1.28 1.95 -1.28 -1.05 1.26 1.40 -1.03 -1.16 0.353 0.175 0.044 1.95       -1.16 288,171 128.1% 65,250 5.9 50,944 5.3 278 
9401 IDH1 1.25 1.16 1.01 -1.05 -1.15 -1.68 -1.31 -1.31 -1.00 0.421 0.218 0.013     -1.68 493,723 98.0% 45,700 7.5 46,630 6.6 278 
8809 LMNA 1.12 1.29 2.07 1.48 1.27 -1.06 -1.24 -1.08 1.10 0.073 0.201 0.014 2.07       149,249 104.6% 77,530 7.4 74,095 6.6 115 
8109 SEPT9 -1.93 -1.98 -5.73 -1.44 -1.24 -2.46 -1.07 -1.05 -1.18 0.000 0.000 0.290 -1.93 -1.98 -5.73 -1.44 -1.24 -2.46 180,146 49.9% 32,600 7.4 65,361 9.7 104 
3009 ALDH1A1 -2.13 -2.85 -8.75 -1.52 -1.34 -6.96 -1.29 1.23 -1.29 0.002 0.036 0.632 -8.75     -6.96 167,406 47.7% 26,150 6.0 54,827 6.3 134 
7608 ALDH1A1 2.78 3.71 4.82 2.52 2.96 2.36 1.17 1.08 1.60 0.004 0.011 0.273 3.71 4.82       158,569 103.0% 56,450 7.0 54,827 6.3 187 
2001 ANXA1 -1.84 -1.76 -2.62 -1.12 -1.12 -1.64 -1.02 1.01 -1.06 0.000 0.003 0.083 -2.62     -1.64 1,771,082 69.6% 26,940 5.6 38,690 6.7 558 
1001 ANXA1 -2.10 -1.81 -2.63 -1.39 -1.11 -1.69 -1.02 1.03 -1.05 0.000 0.022 0.296 -2.63     -1.69 613,766 69.0% 26,680 5.5 38,690 6.7 498 
2106 ANXA1 3.04 3.35 3.83 2.72 1.85 2.67 1.43 1.30 1.90 0.005 0.005 0.576 2.72 1.85 2.67 177,777 72.1% 27,910 5.6 38,690 6.7 234 
4109 ANXA3 -1.74 -8.44 -11.72 1.09 -2.93 -4.86 1.26 1.02 -1.12 0.009 0.002 0.285 -8.44 -11.72       156,920 89.0% 32,350 6.1 36,353 5.5 84 
6502 ANXA7 -1.63 -1.79 -2.27 -1.30 1.07 -1.68 -1.16 1.12 -1.14 0.004 0.049 0.473     -1.68 302,446 92.1% 48,560 6.8 52,706 5.4 89 
2007 ARMCX1 -2.35 -2.16 -5.09 -1.48 -2.53 -3.44 1.10 -1.16 -1.38 0.000 0.000 0.111 -2.35 -2.16 -5.09 -1.48 -2.53 -3.44 719,199 47.0% 23,120 5.7 49,150 9.3 68 
4208 ARMCX1 -4.25 -4.64 -10.17 -2.18 -1.47 -2.83 -1.04 1.10 -1.06 0.000 0.031 0.406 -4.25 -4.64 -10.17 -2.18 -1.47 -2.83 146,949 79.8% 39,220 6.1 49,150 10.1 40 
7001 C14orf166 1.14 1.49 1.50 1.00 1.19 1.32 -1.09 -1.18 -1.04 0.000 0.025 0.190 1.50     1.32 395,225 94.8% 26,600 7.0 28,051 6.2 217 
3206 CIAPIN1 -1.23 -2.37 -2.14 -1.09 -3.24 -5.48 -1.19 1.08 -1.07 0.003 0.035 0.272     -5.48 163,277 118.4% 39,750 5.9 33,561 5.3 119 
5604 DLST -1.64 -2.12 -4.47 -1.78 -1.32 -2.91 -1.24 -1.18 -1.37 0.004 0.001 0.605 -1.64 -2.12 -4.47 -1.78 -1.32 -2.91 396,951 110.0% 53,600 6.5 48,724 9.9 121 
2008 EEF1D -1.36 -3.19 -6.79 -1.08 1.05 -4.12 -1.06 1.06 -1.39 0.038 0.044 0.677 -6.79     -4.12 -1.39 266,974 77.1% 23,990 5.8 31,103 4.8 111 
8107 EEF2 -2.04 -1.82 -3.45 -1.23 -1.23 -2.30 -1.18 1.13 -1.30 0.000 0.013 0.685 -3.45     -2.30 413,269 29.6% 28,190 7.2 95,277 6.4 178 
3203 EIF3I -1.67 -3.31 -10.92 -1.84 -1.59 -7.48 1.03 -1.14 -1.38 0.007 0.020 0.760     -7.48 535,369 103.3% 37,700 5.9 36,479 5.3 48 
9405 ENO1 -1.78 -1.43 -3.16 -1.10 1.07 -1.57 1.22 1.43 -1.14 0.000 0.010 0.254 -3.16     -1.57 704,299 92.3% 43,500 7.7 47,139 7.7 338 
6201 ENO1 -2.00 -1.87 -2.09 -1.30 -1.25 -1.66 1.09 1.24 -1.19 0.000 0.046 0.250 -2.09     -1.66 420,493 84.3% 39,720 6.6 47,139 7.7 162 
8504 ENO1 1.23 1.47 1.90 1.14 1.14 1.44 -1.08 -1.41 -1.24 0.000 0.033 0.064 1.90     1.44 2,108,093 107.3% 50,580 7.4 47,139 7.7 432 
8503 ENO1 -1.53 -1.23 -2.04 1.01 1.09 -1.46 -1.08 1.31 -1.19 0.004 0.024 0.668 -1.60 -1.60 -1.60 -1.12 -1.12 -1.12 1.01 1.01 1.01 578,887 109.7% 51,730 7.4 47,139 7.7 237 
7509 ENO1 2.24 4.58 3.38 1.52 2.19 1.38 -1.21 1.03 -1.24 0.023 0.006 0.200   2.19   193,070 107.9% 50,850 7.1 47,139 7.7 203 
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6010 EPHX3 -2.58 -2.86 -9.31 -1.64 -1.39 -2.63 1.14 1.30 -1.03 0.000 0.020 0.129 -9.31     -2.63 196,626 52.8% 21,600 7.0 40,882 8.7 35 
7609 GART -1.10 2.32 1.92 2.18 1.50 1.96 1.71 2.20 2.37 0.005 0.001 0.124 -1.10 2.32 1.92 2.18 1.50 1.96 1.71 2.20 2.37 68,884 50.0% 53,810 7.2 107,699 6.3 114 
2006 CRK -1.07 1.79 1.99 1.81 2.17 1.92 1.03 1.17 1.14 0.038 0.001 0.119 1.79 1.99   2.17 1.92 1.17 1.14 269,480 75.3% 25,470 5.8 33,810 5.3 68 
2201 HSP90AA1 -2.28 -2.24 -4.13 -1.41 -1.30 -1.04 -1.20 -1.01 -1.65 0.027 0.032 0.299 -4.13       743,932 42.5% 36,000 5.6 84,607 4.8 130 
1804 HSPA5 -1.91 -1.84 -2.01 -1.67 -1.44 -2.04 1.04 -1.08 -1.16 0.009 0.016 0.533     -2.04 170,968 96.7% 69,930 5.6 72,288 5.1 74 
8106 HSPA8 -1.75 -1.42 -2.52 1.05 -1.01 -1.24 1.01 1.52 -1.07 0.001 0.042 0.145 -1.90 -1.90 -1.90 -1.07 -1.07 -1.07 1.15 1.15 1.15 408,038 39.6% 28,030 7.3 70,854 5.2 357 
5203 IDH3A -1.80 -1.66 -2.25 1.03 1.16 -1.38 1.15 1.32 -1.13 0.000 0.029 0.148 -2.25       583,564 100.4% 39,720 6.4 39,566 6.5 241 
4303 MSN -1.36 -1.66 -2.78 -1.46 -1.20 -2.02 -1.29 -1.22 -1.32 0.037 0.000 0.450 -1.36 -1.66 -2.78 -1.46 -1.20 -2.02 -1.29 -1.22 -1.32 1,804,595 62.9% 42,660 6.2 67,778 6.0 134 
6007 AKR1C2 -2.54 -3.33 -5.58 -1.34 -1.20 -2.65 -1.29 1.10 -1.53 0.001 0.014 0.520 -5.58     -2.65 411,705 58.3% 21,400 6.7 36,712 8.5 56 
3204 PDHB 1.29 1.34 1.20 1.32 1.56 1.58 1.13 -1.02 1.30 0.030 0.005 0.204 1.32 1.56 1.58 507,694 90.6% 35,530 6.0 39,208 6.2 119 
5109 PGP -2.23 -2.37 -11.19 -2.49 -1.72 -4.50 -1.07 1.07 -1.30 0.000 0.000 0.352 -2.23 -11.19 -2.49   -4.50 209,506 99.8% 33,920 6.3 33,985 5.8 80 
3007 PHB -1.14 -1.01 1.46 1.73 1.67 2.26 1.47 1.82 1.82 0.024 0.019 0.665     2.26 178,576 92.3% 27,500 6.0 29,786 5.5 257 
7204 PKM -1.86 -1.46 -2.92 -1.14 -1.16 -1.74 1.05 1.21 -1.14 0.000 0.025 0.573 -2.92     -1.74 621,084 66.1% 38,270 7.2 57,900 9.0 233 
5204 PKM -1.51 -1.48 -2.41 -1.29 -1.07 -1.53 1.16 1.12 -1.19 0.000 0.012 0.366 -2.41     -1.53 885,786 63.2% 36,570 6.5 57,900 9.0 349 
6203 PKM -1.91 -1.56 -2.93 -1.16 -1.06 -1.74 -1.00 1.15 -1.13 0.000 0.022 0.514 -2.93     -1.74 508,286 67.2% 38,890 7.0 57,900 9.0 190 
5504 PKM -1.36 -1.47 -1.67 -1.45 -1.18 -2.09 -1.09 1.01 -1.26 0.002 0.011 0.821 -1.67     -2.09 292,702 89.3% 51,710 6.5 57,900 9.0 191 
5208 PKM -2.25 1.16 -2.81 -1.90 -1.33 -2.18 -1.04 1.11 -1.66 0.016 0.020 0.828 -1.90 -1.33 -2.18 262,691 61.3% 35,510 6.3 57,900 9.0 117 
8502 PLIN2 1.23 1.48 1.85 1.15 1.27 1.65 -1.15 -1.69 1.31 0.000 0.000 0.065 1.85     1.65 109,370 109.6% 52,680 7.3 48,045 6.4 140 
5105 PSMB7 1.42 1.49 1.77 1.12 1.51 1.43 1.25 -1.02 1.21 0.010 0.001 0.088 1.42 1.49 1.77       585,590 94.4% 28,260 6.4 29,946 7.6 47 
1508 PSMC3 1.10 1.67 1.70 1.12 1.38 1.69 1.03 1.05 -1.01 0.024 0.010 0.269     1.69 256,400 103.9% 51,070 5.5 49,172 5.1 239 
1006 RBM8A -1.09 -2.10 -4.54 -1.56 -1.41 -3.67 1.52 1.02 -1.04 0.014 0.018 0.364     -3.67 223,798 116.7% 23,200 5.6 19,877 5.4 42 
7203 RGS1 1.72 2.24 1.85 1.43 1.40 1.44 1.27 1.06 1.40 0.034 0.010 0.512 1.72 2.24 1.85 1.43 1.40 1.44 1.27 1.06 1.40 198,141 159.7% 38,080 7.0 23,843 9.5 41 
6407 SFPQ -2.84 -1.52 -3.46 -1.54 -1.25 -1.77 1.15 1.14 1.05 0.000 0.013 0.078 -2.84 -3.46 -1.54   -1.77 120,670 62.0% 47,200 6.8 76,102 9.9 49 
9503 SFPQ -1.40 -1.25 -2.46 1.03 -1.25 -1.47 1.39 1.28 1.12 0.000 0.039 0.164 -1.40 -1.25 -2.46       1.39 1.28 1.12 561,886 64.9% 49,370 7.6 76,102 9.9 305 
3201 TUBB -1.54 -2.27 -2.58 -1.27 -1.24 -2.08 -1.17 1.11 -1.19 0.000 0.001 0.067 -1.54 -2.27 -2.58 -1.27 -1.24 -2.08 2,149,465 70.5% 35,010 5.9 49,639 4.6 413 
5201 TUBB -1.54 -1.44 -1.86 -1.17 -1.23 -1.57 1.10 1.19 -1.00 0.000 0.006 0.075 -1.86     -1.57 315,588 79.0% 39,220 6.3 49,639 4.6 303 
4102 VCP -1.69 -1.51 -2.71 -1.29 -1.24 -1.47 -1.09 -1.05 -1.03 0.000 0.002 0.096 -1.69 -1.51 -2.71 -1.29 -1.24 -1.47 1,048,678 37.8% 33,700 6.1 89,266 5.0 204 
1706 VCP -1.61 -2.05 -3.28 -1.40 -1.27 -2.21 1.05 1.08 -1.08 0.002 0.001 0.089 -3.28     -2.21 680,342 72.1% 64,320 5.5 89,266 5.0 374 
107 YWHAE -1.53 -1.57 -3.06 -8.07 -2.08 -2.68 -1.21 -1.25 -1.23 0.003 0.005 0.222 -1.53 -1.57 -3.06 -8.07 -2.08 -2.68 231,369 105.1% 30,640 5.4 29,155 4.5 94 
7304 ACAT2 -1.38 -1.35 -2.46 -1.24 1.09 -1.03 1.25 1.65 1.26 0.000 0.186 0.096 -1.73 -1.73 -1.73 -1.06 -1.06 -1.06 1.39 1.39 1.39 159,527 100.5% 41,540 7.0 41,324 6.5 55 
1306 ACTB -2.23 -1.45 -2.33 -2.37 -1.07 1.29 1.22 1.86 1.87 0.001 0.153 0.140 -2.00 -2.00 -2.00 -1.38 -1.38 -1.38 1.65 1.65 1.65 259,237 101.8% 42,460 5.5 41,710 5.5 111 
1702 ACTN4 -3.01 -2.46 -4.38 -1.06 1.36 -1.02 1.19 1.58 1.02 0.001 0.271 0.192 -3.28 -3.28 -3.28 1.09 1.09 1.09 1.26 1.26 1.26 290,581 59.2% 62,060 5.4 104,788 5.2 293 
2005 ANXA1 -1.22 1.01 -1.14 1.25 1.15 -1.23 1.04 1.22 1.07 0.006 0.380 0.647 1.06 1.06 1.06 1.11 1.11 1.11 483,661 70.4% 27,240 5.8 38,690 6.7 434 
6106 ANXA1 -1.04 -1.20 -1.48 -1.02 1.13 -1.39 -1.04 1.17 1.05 0.028 0.471 0.822 -1.09 -1.09 -1.09 1.06 1.06 1.06 177,548 82.9% 32,070 6.7 38,690 6.7 297 
8108 ARMCX1 -2.41 -2.36 -7.73 -1.11 1.24 -1.93 1.62 2.17 1.27 0.000 0.092 0.066 -4.17 -4.17 -4.17 -1.27 -1.27 -1.27 1.69 1.69 1.69 126,891 58.0% 28,490 7.4 49,150 10.1 39 
6111 MRS2 -1.79 1.09 -2.73 1.05 1.01 -1.51 1.49 1.57 1.51 0.000 0.103 0.059 -1.81 -1.81 -1.81 -1.15 -1.15 -1.15 1.52 1.52 1.52 113,234 57.8% 29,080 6.8 50,285 6.2 66 
7008 ATP5A1 -1.39 -1.27 -1.12 1.18 1.19 1.09 1.14 1.36 1.06 0.017 0.803 0.642 -1.26 -1.26 -1.26       1.19 1.19 1.19 203,990 40.8% 24,390 7.2 59,714 9.6 170 
5205 AUH -1.74 -1.75 -1.68 -1.21 -1.20 -1.05 1.60 1.30 1.23 0.001 0.826 0.129 -1.72 -1.72 -1.72 -1.15 -1.15 -1.15 1.38 1.38 1.38 237,214 112.0% 39,870 6.5 35,586 10.2 31 
9301 BUB3 1.29 1.34 1.33 -1.02 1.04 1.30 -1.10 -1.24 -1.00 0.003 0.192 0.401 1.32 1.32 1.32 1.11 1.11 1.11 -1.12 -1.12 -1.12 221,901 112.8% 41,880 7.5 37,131 6.4 96 
1108 C1QTNF9B -1.91 -1.93 -2.04 -2.20 -1.56 -1.11 1.08 1.22 1.37 0.008 0.414 0.531 -1.96 -1.96 -1.96 -1.62 -1.62 -1.62 1.22 1.22 1.22 217,430 86.8% 30,100 5.5 34,691 9.1 37 
4202 CAPZA2 1.13 -1.09 1.58 -1.36 1.10 -1.36 -1.52 -1.32 -1.26 0.034 0.712 0.323 1.21 1.21 1.21       -1.37 -1.37 -1.37 225,841 106.9% 35,190 6.2 32,929 5.5 300 
5008 CYB5R3 1.09 1.60 1.65 1.22 1.25 1.39 -1.22 -1.27 -1.08 0.023 0.093 0.196 1.45 1.45 1.45       -1.19 -1.19 -1.19 296,740 71.8% 24,580 6.4 34,213 7.9 47 
1011 DLST -1.36 1.42 -1.78 -1.04 -1.07 -1.42 1.60 1.91 1.54 0.002 0.227 0.490 -1.24 -1.24 -1.24 -1.18 -1.18 -1.18 1.68 1.68 1.68 149,091 46.0% 22,400 5.5 48,724 9.9 83 
7107 ECH1 1.46 1.60 1.25 1.34 1.16 1.10 1.06 1.12 1.19 0.044 0.082 0.570 1.20 1.20 1.20 1.13 1.13 1.13 196,345 89.4% 32,010 7.2 35,793 9.2 279 
6304 EEF2 -1.17 -1.30 -2.45 -1.10 -1.18 -1.98 1.08 1.12 1.09 0.002 0.053 0.369 -1.64 -1.64 -1.64 -1.42 -1.42 -1.42 1.10 1.10 1.10 688,440 43.6% 41,560 6.9 95,277 6.4 129 
3205 EIF3I 1.05 1.06 1.15 1.18 1.12 1.26 -1.19 -1.20 -1.08 0.003 0.401 0.548 1.19 1.19 1.19 -1.16 -1.16 -1.16 804,804 102.4% 37,360 6.0 36,479 5.3 420 
7205 ENO1 -1.35 -1.30 -2.93 -1.03 1.05 -1.06 1.12 1.52 1.07 0.001 0.216 0.368 -1.86 -1.86 -1.86 -1.01 -1.01 -1.01 1.24 1.24 1.24 219,034 84.7% 39,930 7.1 47,139 7.7 125 
1008 GLRX3 -1.51 -2.64 -1.33 1.09 -1.04 -1.70 1.30 1.34 1.36 0.001 0.727 0.076 -1.82 -1.82 -1.82 -1.22 -1.22 -1.22 1.34 1.34 1.34 290,884 67.1% 25,110 5.5 37,408 5.2 39 
9004 HNRNPA1L2 -2.29 -1.83 -7.04 3.13 3.68 2.18 1.11 2.24 1.47 0.022 0.391 0.384 -3.72 -3.72 -3.72 3.00 3.00 3.00 1.61 1.61 1.61 133,772 61.7% 21,090 7.5 34,204 9.6 56 
7005 HNRNPH1 -1.26 1.00 -1.47 1.04 -1.09 -1.22 1.10 1.13 -1.03 0.001 0.087 0.558 -1.24 -1.24 -1.24 -1.09 -1.09 -1.09 1.07 1.07 1.07 1,391,050 51.6% 25,410 7.2 49,198 5.9 389 
8002 HSPA1A -2.14 -2.07 -3.43 1.10 -1.03 -1.64 1.03 1.43 1.14 0.000 0.169 0.098 -2.55 -2.55 -2.55 -1.19 -1.19 -1.19 1.20 1.20 1.20 253,850 39.2% 27,470 7.3 70,009 5.4 318 
3806 HSPA1A 2.32 2.40 1.72 -1.13 1.22 1.26 1.14 1.11 1.18 0.043 0.235 0.410 1.12 1.12 1.12 1.14 1.14 1.14 200,887 98.0% 68,580 5.9 70,009 5.5 82 
301 HSPA2 -2.00 -1.79 -2.80 1.10 -1.39 -1.82 1.04 1.23 -1.11 0.033 0.145 0.496 -2.20 -2.20 -2.20       1.05 1.05 1.05 246,403 60.7% 42,470 5.3 69,978 5.4 124 
7102 HSPA5 -1.26 -1.07 -1.38 1.06 1.01 -1.17 1.44 1.34 1.21 0.001 0.278 0.247 -1.24 -1.24 -1.24 -1.03 -1.03 -1.03 1.33 1.33 1.33 538,874 42.3% 30,590 7.0 72,288 4.9 287 
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102 HSPA5 -1.66 -1.15 -1.54 1.30 1.10 1.35 1.43 1.80 1.41 0.007 0.642 0.322 -1.45 -1.45 -1.45 1.25 1.25 1.25 1.54 1.54 1.54 276,531 40.1% 28,970 5.4 72,288 4.9 157 
2801 HSPA8 1.36 1.08 1.06 1.02 1.06 1.03 -1.08 -1.56 -1.24 0.021 0.622 0.713 1.04 1.04 1.04 -1.29 -1.29 -1.29 231,884 103.2% 73,090 5.6 70,854 5.2 166 
6804 HSPA9 -6.53 -5.08 -6.09 -2.72 -2.26 -3.42 -1.08 1.24 -1.32 0.000 0.054 0.388 -5.90 -5.90 -5.90 -2.80 -2.80 -2.80 -1.05 -1.05 -1.05 189,640 99.2% 73,020 6.8 73,635 5.8 69 
1711 HSPA9 -1.13 1.09 -1.16 1.22 1.39 -1.72 1.45 1.71 1.29 0.008 0.101 0.670 -1.07 -1.07 -1.07 -1.04 -1.04 -1.04 1.48 1.48 1.48 177,004 86.7% 63,870 5.6 73,635 5.8 222 
8117 IDH1 -1.78 -1.07 -1.80 1.09 1.20 -1.37 -1.02 1.43 -1.03 0.009 0.126 0.823 -1.55 -1.55 -1.55 -1.03 -1.03 -1.03 1.13 1.13 1.13 207,072 65.9% 30,730 7.2 46,630 6.6 119 
4304 IDH3A -1.58 -2.08 -2.48 -1.12 -1.02 -1.41 -1.01 1.23 -1.27 0.019 0.188 0.622 -2.04 -2.04 -2.04 -1.19 -1.19 -1.19 -1.02 -1.02 -1.02 254,496 101.7% 40,230 6.2 39,566 6.5 126 
1009 JARID2 -1.44 -4.05 -2.75 -1.48 -1.54 -1.37 1.24 1.24 -1.02 0.006 0.136 0.189 -2.75 -2.75 -2.75 -1.47 -1.47 -1.47 1.15 1.15 1.15 280,001 18.7% 25,970 5.5 138,648 10.2 50 
2601 KRT7 1.34 1.01 -1.12 2.05 1.30 1.19 1.05 1.52 1.08 0.037 0.200 0.430 1.08 1.08 1.08 1.51 1.51 1.51 191,581 108.2% 55,540 5.6 51,354 5.3 111 
7808 LMNA -2.05 -3.86 -2.80 -1.12 -2.29 -1.70 -1.06 1.22 -1.06 0.005 0.160 0.363 -2.90 -2.90 -2.90       1.03 1.03 1.03 142,552 102.8% 76,150 7.0 74,095 6.6 55 
7302 NONO -1.25 -1.08 -1.58 1.04 -1.02 -1.18 1.23 1.16 1.21 0.000 0.417 0.199 -1.30 -1.30 -1.30 -1.05 -1.05 -1.05 1.20 1.20 1.20 613,065 77.0% 41,720 7.1 54,197 9.6 104 
7211 OSBPL8 -1.49 -1.01 -1.99 -1.06 1.11 -1.29 1.17 1.52 1.02 0.000 0.088 0.775 -1.50 -1.50 -1.50 -1.08 -1.08 -1.08 1.24 1.24 1.24 141,140 35.6% 36,020 7.1 101,132 6.5 54 
4702 PDIA3 1.92 1.46 1.59 1.45 1.38 1.66 1.05 -1.23 -1.32 0.001 0.128 0.444 1.66 1.66 1.66 1.50 1.50 1.50 -1.17 -1.17 -1.17 535,433 105.0% 59,590 6.2 56,747 5.9 264 
8110 PDIA3 -1.84 -1.76 -2.97 1.09 1.00 -1.59 1.39 1.90 1.25 0.002 0.516 0.568 -2.19 -2.19 -2.19 -1.17 -1.17 -1.17 1.51 1.51 1.51 177,911 52.2% 29,620 7.3 56,747 5.9 91 
6306 PGK1 -1.93 -1.31 -2.16 1.05 1.25 -1.24 1.06 1.31 1.03 0.003 0.099 0.423 -1.80 -1.80 -1.80 1.02 1.02 1.02 1.13 1.13 1.13 323,291 91.1% 40,600 7.0 44,586 9.2 275 
5207 PGK1 -1.93 -1.48 -2.23 1.00 1.41 -1.22 1.20 1.55 -1.12 0.004 0.156 0.577 -1.88 -1.88 -1.88 1.06 1.06 1.06 1.21 1.21 1.21 140,379 88.4% 39,430 6.6 44,586 9.2 108 
4101 PHB 1.04 1.10 1.04 1.11 1.17 1.25 1.16 1.05 1.13 0.024 0.428 0.917 1.18 1.18 1.18 1.11 1.11 1.11 1,520,426 95.8% 28,540 6.0 29,786 5.6 775 
206 PHB 1.59 1.62 1.84 1.78 1.02 1.42 1.29 1.10 1.10 0.035 0.066 0.546 1.40 1.40 1.40 1.16 1.16 1.16 714,153 131.4% 39,150 5.4 29,786 5.5 370 
5003 PKM -1.62 -1.86 -3.03 -1.28 -1.09 -1.95 1.08 1.16 -1.06 0.000 0.051 0.425 -2.17 -2.17 -2.17 -1.44 -1.44 -1.44 1.06 1.06 1.06 449,384 45.8% 26,540 6.5 57,900 9.0 177 
6605 PKM -1.78 -2.15 -4.20 -1.40 -1.27 -2.54 -1.27 -1.08 1.36 0.004 0.336 0.228 -2.71 -2.71 -2.71 -1.73 -1.73 -1.73 1.01 1.01 1.01 520,191 95.0% 55,020 6.9 57,900 9.0 335 
5904 PNMA6A -1.46 -1.70 -2.92 -2.48 -1.49 -3.60 1.33 1.15 1.05 0.009 0.190 0.558 -2.53 -2.53 -2.53 1.18 1.18 1.18 135,164 187.9% 82,390 6.4 43,847 5.1 43 
7904 PPP1R7 1.05 -1.22 -1.47 -1.18 -1.44 -1.41 1.38 1.20 1.29 0.000 0.143 0.122 -1.21 -1.21 -1.21 -1.34 -1.34 -1.34 1.29 1.29 1.29 226,167 203.6% 84,560 7.1 41,539 10.1 58 
5507 SDHAF1 -1.47 -2.02 -5.25 -1.96 -1.10 -3.71 1.05 -1.08 1.08 0.009 0.059 0.246 -2.91 -2.91 -2.91 -2.26 -2.26 -2.26 1.02 1.02 1.02 124,954 397.2% 50,840 6.5 12,799 12.0 45 
8507 SFPQ -1.93 -1.61 -2.21 -1.63 -1.19 -1.72 1.13 1.29 1.02 0.000 0.066 0.317 -1.92 -1.92 -1.92 -1.51 -1.51 -1.51 1.15 1.15 1.15 186,216 64.3% 48,930 7.3 76,102 9.9 113 
4110 SRSF1 -1.08 -1.87 -4.59 -1.10 -1.33 -1.01 2.39 2.42 2.28 0.001 0.730 0.225 -2.51 -2.51 -2.51 -1.15 -1.15 -1.15 2.36 2.36 2.36 129,112 121.9% 33,810 6.0 27,728 10.8 91 
6003 TPI1 -1.66 -1.43 -2.10 -1.13 1.19 -1.34 1.19 1.27 1.10 0.001 0.155 0.304 -1.73 -1.73 -1.73 -1.09 -1.09 -1.09 1.19 1.19 1.19 1,117,908 83.8% 25,800 6.8 30,772 5.6 266 
8007 TPI1 -1.33 -1.32 -2.41 -1.11 -1.91 -2.31 -1.14 1.08 -1.08 0.023 0.063 0.419 -1.69 -1.69 -1.69       -1.05 -1.05 -1.05 167,408 88.5% 27,230 7.4 30,772 5.6 60 
1602 TUBA1C 1.69 1.03 1.26 1.52 1.15 1.97 -1.42 -3.79 -1.45 0.006 0.235 0.543 1.33 1.33 1.33 1.55 1.55 1.55 -2.22 -2.22 -2.22 1,663,093 114.6% 57,160 5.5 49,863 4.8 425 
113 TUBB -1.88 -1.62 -2.02 -1.14 -1.20 -1.65 1.02 1.39 1.36 0.002 0.554 0.267 -1.84 -1.84 -1.84 -1.33 -1.33 -1.33 1.26 1.26 1.26 361,526 63.2% 31,390 5.4 49,639 4.6 252 
6101 TUFM -1.10 -1.20 -1.73 1.14 1.24 -1.17 1.28 1.45 1.35 0.021 0.200 0.213 -1.35 -1.35 -1.35 1.07 1.07 1.07 1.36 1.36 1.36 310,204 64.1% 31,760 6.7 49,510 7.9 462 
7214 UFD1L -1.63 -1.75 -9.79 -1.04 -1.35 -1.16 1.16 1.48 -1.29 0.002 0.133 0.303 -4.39 -4.39 -4.39 -1.18 -1.18 -1.18 1.12 1.12 1.12 118,902 115.2% 39,730 7.2 34,478 6.3 206 
9404 UGDH -1.49 -1.23 1.26 -1.07 1.15 -1.66 1.40 1.48 -1.22 0.049 0.780 0.340 -1.19 -1.19 -1.19 1.22 1.22 1.22 254,675 81.8% 44,970 7.6 54,989 6.9 330 
8001 UQCRFS1 1.08 1.03 1.26 1.39 1.13 1.24 1.04 1.09 1.12 0.039 0.074 0.505 1.25 1.25 1.25 1.08 1.08 1.08 600,541 86.2% 25,560 7.3 29,649 9.4 162 
2902 VCP 1.93 2.32 3.04 1.32 1.47 1.99 -1.22 -1.79 -1.13 0.002 0.051 0.302 2.43 2.43 2.43 1.59 1.59 1.59 -1.38 -1.38 -1.38 185,353 107.2% 95,730 5.6 89,266 5.0 124 
7607 ALDH1A1 -1.00 -1.93 -2.21 -1.40 -1.50 -3.44 -1.22 -1.90 -1.39 0.720 0.008 0.703 -1.78 -2.35   -1.78 -2.35 -1.78 -2.35 10,928,604 100.5% 55,080 7.2 54,827 6.3 271 
7816 CSTF2 1.03 1.23 1.86 2.73 2.22 2.15 1.60 -1.02 1.77 0.513 0.019 0.316 1.78 1.93 1.78   1.93 1.78 1.93 246,739 112.3% 68,440 7.1 60,920 6.4 85 
9502 DIS3L -1.14 -1.14 -2.07 -1.25 -1.37 -2.42 -1.19 1.00 -1.21 0.092 0.007 0.690 -1.90     -1.90 -1.90 490,554 44.3% 53,480 7.6 120,711 6.1 53 
6001 ECHS1 1.23 1.29 1.55 1.28 1.14 1.31 1.27 1.01 1.18 0.135 0.017 0.694 1.26 1.35 1.26   1.35 1.26 1.35 757,526 87.9% 27,570 6.6 31,367 8.3 221 
3505 EZR -1.45 -1.55 -2.89 -1.01 -1.04 -1.58 -1.17 -1.28 -1.21 0.050 0.001 0.206 -1.29 -1.89   -1.29 -1.89 -1.29 -1.89 2,080,083 71.7% 49,710 6.0 69,370 5.9 156 
8811 GMPS -1.13 -1.14 -1.33 -1.11 -1.28 -1.67 -1.18 -1.13 -1.30 0.309 0.021 0.966 -1.44     -1.44 -1.44 385,935 98.2% 75,270 7.4 76,667 6.4 475 
207 HNRNPC 1.19 1.39 1.42 1.06 1.10 1.91 1.15 1.31 1.69 0.736 0.050 0.936 1.67     1.67 1.67 519,104 118.6% 39,920 5.4 33,650 5.0 115 
3707 HNRNPK 1.11 -1.42 -1.36 -1.21 -1.36 -2.03 -1.35 -1.66 -1.23 0.495 0.013 0.432 -1.48 -1.54   -1.48 -1.54 -1.48 -1.54 873,963 127.1% 64,770 5.9 50,944 5.3 135 
2701 HNRNPK -1.44 -1.29 -1.46 -1.12 -1.34 -1.39 -1.32 -1.57 -1.55 0.493 0.030 0.966 -1.29 -1.40 -1.47 -1.29 -1.40 -1.47 -1.29 -1.40 -1.47 1,039,838 129.4% 65,930 5.6 50,944 5.4 196 
2915 HSP90AA1 -4.31 -3.72 -5.58 -2.72 -2.88 -4.59 -2.07 -1.84 1.02 0.080 0.011 0.607 -3.03 -2.81 -3.38 -3.03 -2.81 -3.38 -3.03 -2.81 -3.38 219,580 107.3% 90,760 5.8 84,607 4.8 175 
2206 HSP90AB1 -2.40 -2.71 -3.19 -3.01 -2.82 -2.43 -1.43 -1.55 -2.31 0.135 0.011 0.984 -2.28 -2.36 -2.65 -2.28 -2.36 -2.65 -2.28 -2.36 -2.65 216,453 45.5% 37,900 5.8 83,212 4.8 89 
401 HSPA8 -1.98 -1.62 -3.13 -1.10 -1.28 -1.37 -1.32 -1.06 -1.61 0.313 0.028 0.754 -2.04     -2.04 -2.04 1,196,183 61.3% 43,430 5.2 70,854 5.2 420 
5004 HSPB1 -1.11 -1.18 -1.14 -1.22 -1.14 -1.12 -1.21 -1.39 -1.19 0.507 0.022 0.878 -1.18 -1.24 -1.15 -1.18 -1.24 -1.15 -1.18 -1.24 -1.15 2,997,085 117.3% 26,710 6.6 22,768 6.0 446 
6011 HSPB1 -2.63 -1.30 -4.24 -3.28 -1.17 -1.62 -1.14 -1.17 -1.70 0.076 0.033 0.707 -2.35 -2.52 -2.35   -2.52 -2.35 -2.52 164,719 117.8% 26,810 6.7 22,768 6.0 79 
2704 HSPD1 1.17 1.23 1.48 2.42 2.25 2.65 1.68 1.36 1.74 0.631 0.009 0.786 1.76 1.61 1.95 1.76 1.61 1.95 1.76 1.61 1.95 5,804,994 99.2% 60,500 5.7 61,016 5.6 305 
6208 HTRA2 1.30 1.38 1.83 2.14 2.06 3.86 2.95 2.62 2.71 0.707 0.001 0.452 2.13 2.02 2.80 2.13 2.02 2.80 2.13 2.02 2.80 134,109 73.5% 35,870 6.8 48,811 10.5 125 
9207 METTL18 -1.36 -1.15 -1.21 -1.27 -1.33 -1.21 -1.11 -1.14 -1.28 0.796 0.050 0.871 -1.21 -1.23   -1.21 -1.23 -1.21 -1.23 639,668 83.4% 35,110 7.6 42,122 6.3 38 
7202 MRPS22 -1.05 1.12 -1.03 1.29 1.31 1.73 1.33 1.37 1.38 0.713 0.039 0.261 1.36     1.36 1.36 363,309 95.7% 39,470 7.0 41,254 8.7 358 
8303 NANS -1.14 -1.02 -1.58 -1.20 -1.01 -1.42 -1.21 -1.13 -1.12 0.130 0.009 0.545 -1.37     -1.37 -1.37 188,709 101.4% 40,860 7.4 40,281 6.3 127 
1101 NCAPD3 1.01 -1.43 -1.80 1.07 -1.09 -3.14 -1.12 1.28 -1.48 0.555 0.012 0.526 -2.14     -2.14 -2.14 523,714 19.3% 32,550 5.5 168,783 8.0 39 
2809 NDUFS1 -1.17 1.06 1.29 1.49 1.64 1.87 1.30 1.65 1.48 0.756 0.043 0.779 1.55     1.55 1.55 143,988 98.0% 77,820 5.8 79,417 5.8 73 
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5006 NDUFV2 1.03 1.67 1.39 1.20 1.29 1.73 1.47 1.17 1.37 0.323 0.006 0.115 1.38 1.50   1.38 1.50 1.38 1.50 258,970 92.0% 25,190 6.5 27,374 9.2 181 
3101 OFD1 -1.36 -1.88 -2.86 1.14 -1.28 -1.94 -1.42 1.10 -1.52 0.555 0.006 0.245 -2.11     -2.11 -2.11 592,406 26.1% 30,460 5.9 116,599 5.8 61 
8204 PDLIM1 -1.35 -1.14 -1.70 -1.24 -1.37 -1.36 -1.23 -1.28 -1.44 0.592 0.033 0.961 -1.50     -1.50 -1.50 2,901,166 103.9% 37,460 7.4 36,049 6.6 101 
6002 PRDX3 1.31 1.11 1.35 1.28 1.21 1.39 1.27 1.04 1.28 0.062 0.022 0.993 1.29 1.34 1.29   1.34 1.29 1.34 1,082,225 90.5% 25,050 6.7 27,675 7.7 247 
7003 PSMA6 1.33 1.31 1.16 1.47 1.29 1.22 1.02 -1.09 1.25 0.096 0.042 0.188 1.27 1.27     1.27 564,995 99.3% 27,200 7.1 27,382 6.4 328 
5704 SF3B1 -1.20 -1.23 -2.29 -1.01 -1.28 -1.20 1.08 -1.06 -1.13 0.062 0.008 0.236 -1.54     -1.54 -1.54 328,062 43.5% 63,350 6.4 145,738 6.7 92 
9103 VDAC2 1.60 1.86 2.39 1.36 1.55 1.51 1.88 1.75 1.41 0.177 0.003 0.354 1.62 1.72 1.77 1.62 1.72 1.77 1.62 1.72 1.77 221,772 103.7% 32,730 7.6 31,547 8.7 175 

§ Spot volume intensity normalized to the control (n = 3). 
† Significant change in protein expression identified by multiple comparison based on Holm-Sidak method (see Materials and 
Methods), which was used for pathway analysis, and the blank entries imply non-significant changes as compared to the control (i.e., 
fold-change = 1.0). Those protein spots with p-value < 0.05 (based on Two-way ANOVA) but did not pass Holm-Sidak test were 
excluded.  
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Table IV – S3. Top cellular functions in which the proteins in various clusters (in Figure IV 
– 3) were involved based on IPA.  
Only those functions that were significantly (p < 0.05) influenced by more than 5 proteins 
were presented. 

Cluster Cellular Function

Cluster I 

Cellular Movement

Cellular Growth and Proliferation

Cell Death and Survival

Molecular Transport

Small Molecule Biochemistry

Cluster II *Too few protein available for analysis

Cluster III 

Cellular Movement

Carbohydrate Metabolism

Cellular Growth and Proliferation

Cell Death and Survival

Cell Morphology

Cluster IV 
Lipid Metabolism

Small Molecule Biochemistry

Cellular Growth and Proliferation

Cluster V Cell Morphology

Cellular Function and Maintenance

Cellular Assembly and Organization

Cell Death and Survival
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Chapter V. Discussion 

 V.1. Overview 

There is an association between particle composition in ambient air particulate matter 

(PM) and adverse health effects (Burnett et al., 2000; Dockery et al., 1993; Scott, 1953). In 

order to develop regulatory measures to reduce the negative impact of air pollution, it is 

necessary to disentangle the driver(s) of toxic potency in ambient air particles and identify 

their mechanisms of effects. However, such a task is challenging, because PM composition 

in different environments varies, depending on the local sources of release (Vincent et al., 

1997b). In attempt to assess the toxic effects of different components in ambient air PM via 

in vitro models, earlier studies in our laboratory fractionated Ottawa urban air particles 

(EHC-93) into water-insoluble and water-soluble fractions, and used A549 cells to examine 

the PM exposure-related effects on a few selected genes and/or proteins of targeted pathways 

(Chauhan et al., 2005; Thomson et al., 2015; Thomson et al., 2016). As a continuing effort to 

our previous studies, my Ph.D. research project focuses on integrating multiple cytotoxicity 

assays and untargeted shotgun proteomic analyses to gain insight into toxicity mechanisms 

underlying total and fractionated PM exposure-related changes in A549 cells.  

 The work conducted in this Ph.D. thesis investigated the impact of EHC-93 (total) 

and its insoluble and soluble fractions and several occupational health-relevant particles, 

such as titanium dioxide (TiO2), carbon black (CB), cristobalite (CR) and α–quartz (MI: 

Min-U-Sil 5), on A549 cells, in three separate studies (Chapters II – IV). It should be noted 

that A549 cells were exposed to these particles at the same time (i.e., blocked together) when 

cytotoxicity assays and proteomic experiments were conducted. This experimental set up 
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allowed all of these particles to be appropriately analyzed as individuals, pairs or groups. The 

differential effects of TiO2 and CB (Chapter IIa,b), CR and MI (Chapter III), EHC-93 (total) 

and its insoluble and soluble fractions (Chapter IV) have already been discussed in detail in 

three separate research manuscripts. This discussion section focuses mainly on comparing 

the toxic effects of EHC-93 and its sub-fractions against the occupational health-relevant 

particles based on the published/submitted cytotoxicity assays and proteomic data. 

 

V.2. Contrasting cytotoxic potencies of the tested particles in A549 cells. 

The toxic potencies of all tested particles were compared based on multiple 

cytotoxicity assays (Figure V – 1). All cytotoxicity assays in Figure V – 1 showed that the 

soluble fraction and TiO2 elicited little or no toxic effect on A549 cells at the doses tested. In 

contrast, carbon black, silica (both CR and MI), EHC-93 total and its insoluble fraction were 

substantially cytotoxic to A549 cells. It was noticeable that the total and insoluble fraction 

had similar toxic potencies on A549 cells, where both caused extensive damage to the cell 

membrane based on the LDH release assay (Figure V – 1A), reduced cell proliferation based 

on the BrdU incorporation assay (Figure V – 1B) and decreased metabolic energy content 

based on the cellular ATP assay (Figure V – 1C). These observations indicated that the 

insoluble components drove most of the toxic effects of EHC-93 in A549 cells. Nevertheless, 

subtle differences between the insoluble fraction and total PM can be observed in most 

assays, where the insoluble fraction was more potent than EHC-93 total. It is plausible that 

soluble materials in EHC-93 total may impose some inhibitory effects or damper some of the 

acute effects of the insoluble fraction, as the total particles were less cytotoxic than the 

insoluble fraction. The soluble materials may coat or mask potency determinants at the
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Figure V – 1. Contrasting cytotoxic potencies of all tested particles. 
A549 cells were exposed to EHC-93 total, its insoluble and soluble fractions, titanium 
dioxide (TiO2), carbon black (CB), crisobalite and Min-U-Sil 5 (MI) for 24 hr and cellular 
toxicities were assessed by LDH release (A), BrdU incorporation (B), cellular ATP (C) and 
resazurin reduction (D) assays. Data are expressed as mean fold effect +/- standard error, 
relative to the control (0 µg/cm2), n = 4.  
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surface of the insoluble materials and reduce some of their cytotoxic effects. Such an 

inhibitory coating effect has been reported in nano-silica particles (Sun et al., 2015a), where 

it was demonstrated that the inflammatory effects of amorphous nano-silica particles can be 

reduced through calcination (high heat treatment) and metal doping. In brief, the cytotoxic 

potency of EHC-93 total is not equal to the sum of potencies of its insoluble and soluble 

fractions, revealing toxicological interactions at the cellular level between particle 

components.  

The trends and magnitudes of LDH release induced by the insoluble particles, such as 

silica (CR and MI) and elemental carbon (CB), appeared similar to those of the total and 

insoluble fraction (Figure V – 1A). Thus, silica (Table IV – 1) and elemental carbon present 

in ambient air and urban particles may account for some of the impacts of EHC-93 on the 

plasma membrane of A549 cells. Silica and carbon black are known to cause apoptotic cell 

death to macrophages (Chao et al., 2001; Iyer et al., 1996) and bronchial epithelial cells 

(Hussain et al., 2010), respectively. Despite the strong potencies of silica and elemental 

carbon in causing LDH release from A549 cells, other insoluble component in EHC-93, such 

as minerals other than silica, metals, PAHs and endotoxins, could also have induced the 

release of LDH from the exposed cells.  

The potencies of the particles to reduce ATP content and BrdU incorporation in A549 

cells were low by CR and MI exposures, moderate by CB exposure, and high by the total and 

insoluble fraction exposures (Figure V – 1). This suggests that silica as a component in EHC-

93 may have a limited role in affecting energy production and cellular proliferation pathways 

in A549 cells. Elemental carbon may have some influences on these pathways if it was 

present in an appreciable amount in EHC-93, which is unlikely, since the levels of resazurin 

reduction in the total and insoluble fraction treatments appeared negligible as compared to 
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the CB exposures. Thus, the observed marked reduction in cellular ATP and BrdU 

incorporation in A549 cells may be influenced by a combination of insoluble materials in 

EHC-93.  

 

V.3. Proteomic analyses using 2D-GE and MALDI-TOF-TOF-MS/MS. 

 Changes in the proteome of A549 cells following particle exposures were assessed by 

2D-GE followed by protein identification with MALDI-TOF-TOF-MS/MS. Since 2D gels 

tend to warp and distort near the extremities of the pH and the molecular weight ranges, a 

defined area away from these extremities (Figure IIa – 2; pH 5.1 - 7.8 and 100 - 20 kDa) was 

selected to investigate exposure-related changes in the proteome of cells across experimental 

treatments. This area allowed 543 well resolved protein spots across all experimental gels to 

be cross-examined. Of the 543 protein spots, the identities of 333 protein spots were 

determined via MALDI-TOF-TOF-MS/MS. To my knowledge this is the largest repository 

of A549 cellular proteome identified by 2D-GE. This 2D-GE map of A549 cells was 

compared with those that were published by two independent groups of investigators 

(Malard et al., 2005; Morbt et al., 2009). Of the protein spots identified by 2D-GE that were 

matched to two published maps based on their coordinate and constellation, the identities 

agreed well with each other (Table V-1).  

 It was noticeable that the same protein was annotated in multiple spots in the 2D-GE 

map of A549 cells in the data set (Table IIa – S2) and those that have been previously 

published (Malard et al., 2005; Morbt et al., 2009). These multiple identifications of the same 

protein were likely due to post-translational modifications, isoforms or degradation products. 

This is an advantage of using 2D-GE to examine changes in the proteome of cells as
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Table V – 1. Comparing the IDs of the protein spots in the 2D-GE map of A549 cells in this 
study to two independently published data sets (Malard et al., 2005; Morbt et al., 2009). 
Comparison was only done on the well-defined protein spots, and the comparison was based 
on the matching constellation and coordinate of spots in the 2D gels. Uncertain spots were 
either not compared or were given blank spaces. MASCOT scores of each spot from the 
three studies are provided for comparison purpose.  
  Vuong et al., 2015a Morbt et al., 2009b Malard et al., 2005c

SSP ID Score ID Score ID Score
SSP2303 ACTB 417 ACTB 520 ACTB 83 
SSP7605 ALDH1A1 232 RUVBL1 76 
SSP7607 ALDH1A1 271 ALDH1A1 844 ALDH1A1 110 
SSP7602 ALDH1A1 385 ALDH1A1 325 ALDH3A1 144 
SSP7603 ALDH1A1 424 ALDH1A1 74 
SSP8201 ANXA1 198 ANXA1 123 
SSP1501 ATP5B 206 ATP5B 136 
SSP0001 CAPNS1 158 CAPNS1 70 
SSP4105 CAPZB 242 ANXA4 830 ANXA4 69 
SSP6604 CCT2 475 ALDH1A1 322
SSP3708 CCT5 137 CCT5 69 
SSP4701 CCT5 206 CCT5 55 
SSP7701 CCT6A 139 CCT6A 138 CCT6A 140 
SSP8504 ENO1 432 ENO1 894
SSP6103 ERP29 382 ERP29 104
SSP7903 EZR 95 MSN 107 
SSP4001 GSTP1 367 GSTP1 622 GSTP1 70 
SSP7005 HNRNPH1 389 HNRNPH1 236
SSP2701 HNRNPK 196 HNRNPK 83 
SSP0803 HSPA5 224 HSPA5 1437 HSPA5 148 
SSP3801 HSPA8 138 HSPA8 69 
SSP2804 HSPA8 486 HSPA8 173 
SSP4802 HSPA9 604 HSPA9 99 
SSP4002 HSPB1 273 HSPB1 54 
SSP2704 HSPD1 305 HSPD1 177 
SSP9401 IDH1 278 IDH1 640
SSP8703 IMPDH2 447 G6PD 753
SSP4604 KRT8 488 KRT8 156 
SSP5002 NME1 294 NME1 345
SSP7009 PAFAH1B3 301 PAFAH1B3 299
SSP1513 PDIA6 75 PDIA6 75 
SSP9101 PGAM1 255 PGAM1 296
SSP4101 PHB 775 PHB 263
SSP6002 PRDX3 247 PRDX3 288
SSP7002 PRDX6 404 PRDX6 528
SSP6005 PSMB3 249 PSMB3 138
SSP5704 SF3B1 92 TCP1 73 
SSP9503 SFPQ 305 PGD 234
SSP4005 SOD1 76 SOD1 230
SSP8805 STIP1 243 STIP1 185 
SSP7006 TPI1 185 TPI1 97
SSP9001 TPI1 246 TPI1 65 
SSP1602 TUBA1C 425 VIM 662 VIM 143 
SSP0603 TUBB 562 TUBB 143 
SSP8402 TUFM 543 TUFM 861
SSP3002 UCHL1 240 UCHL1 344 UCHL1 58 
SSP2904 VCP 416 VCP 240 VCP 152 
SSP6906 ZYX 160 EZR 196 
Protein identification was done by:  
a
MALDI-TOF-TOF-MS/MS 

b
MALDI-TOF-TOF-MS/MS or nano-LC-ESI ion trap MS 

c
MALDI-TOF-MS 
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compared to non-gel-based shotgun proteomic methods (e.g., LC-MS), where 2D-GE can 

clearly identify different isoforms and post-translational modification products of proteins. 

For future studies, however, non-gel based proteomic methods will be used to assess various 

environmental air particles, as they possess higher sensitivity, reproducibility and proteome 

coverage. 

 

V.4. Impacts of the particles on the proteome of A549 cells. 

The influences of all tested particles on the expression of proteins in A549 cells were 

compared, based on unsupervised hierarchical cluster analysis. The result in Figure V – 2 

revealed that the total and insoluble fraction treatments form a small cluster, suggesting that 

their effects on the proteome of A549 cells are closely related. Yet, their effects can be 

distinguished, because they formed separate sub-clusters. These two treatments are part of a 

larger cluster that includes CR and CB, implying that the particle components in these four 

treatments may share a commonality in impacting the expression of proteins in A549 cells, in 

contrast to the other particle exposures including the soluble fraction, TiO2 and MI 

exposures, which clustered separately. Based on the clustering distance, CR and CB 

resembled the effects of the total and insoluble fraction the most. In brief, the soluble fraction 

altered the expression of proteins in A549 cells differently than the total or insoluble fraction. 

Thus, the proteomic results are in line with the cytotoxicity assay data. Intriguingly, 

individual impacts of the insoluble and soluble fractions on majority of the protein spots 

examined by 2D-GE did not sum up to same magnitude of effect of the total. It is likely that  

there are inter-component interactions between insoluble and soluble materials that may be 

synergistic or antagonistic in terms of in vitro effects. 
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Figure V – 2. Characteristic effects of all tested particles on the proteome of A549 cells. 
A549 cells were exposed to EHC-93 total, its insoluble and soluble fractions, titanium 
dioxide (TiO2), carbon black (CB), crisobalite and Min-U-Sil 5 (MI) for 24 hr, and the 
effects of the particles on the proteome of the exposed cells were examined via 2D-GE, 
where all 543 protein spots were assessed. The expression of each protein spot was 
calculated by Log2(Treatment/Control), n=3. The number indicates the dose in μg/cm2. 
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It was noticeable that the silica particles CR and MI did not cluster together, which 

indicated that they likely affected the proteome of A549 cells distinctly. The observation was 

in line with the RT-PCR results in Table III – S3, showing that these two silica particles 

perturbed the transcriptome of A549 cells differently, despite their similarity in toxic 

potencies (Figure III – 2). This contrast in their effect on the proteome and expression of 

genes in A549 cells was attributed to their differences in physical properties, such as 

crystalline structure (cristobalite Vs. α–quartz) and median size (5.0 Vs. 2.5 µm). Thereby, 

proteomic analysis is sensitive in distinguishing the effects of similar and distinctive 

particles.   

 

V.5. Statistical analyses 

 Two-way ANOVA coupled with Holm-Sidak (post-hoc) analysis were the statistical 

methods used to determine significant effects of particles across treatments on cytotoxicity 

assays, proteomic (2D-GE) and gene expression (RT-PCR) data. The Treatment main effect 

assessed by two-way ANOVA is particularly sensitive for detecting a significant net 

difference in effect in opposite directions between two treatments, where the effect of each 

treatment compared to its own control is not significantly changed. For example, the results 

in Table IV – S2 indicated that there was a significant Treatment main effect for BUB3 

(SSP9301), where the total and insoluble components of EHC-93 affected the expression of 

BUB3 similarly but their effects were different from the soluble materials. On average, the 

expression of BUB3 in A549 cells due to EHC-93 total, insoluble and soluble materials 

exposures were listed as 1.32, 1.11 and -1.12, respectively. It is important to understand that 

such fold-changes (FCs) were relative to the control. More importantly, the net difference 
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between the effects of the total and soluble fraction was 44 % (from 1.32 to -1.12) and the 

net difference between the effects of the insoluble and soluble fractions was 23 % (from 1.11 

to -1.12). Such magnitudes of changes between treatments should not be overlooked, 

particularly when the p-value is very small (p = 0.003), and especially since the goal of this 

study is to identify the differential responses of A549 cells to various airborne particles.  

 The proteomic results in Table IV – S2 showed that almost all of the significant 

changes in expression due to Treatment and Dose main effect and Treatment X Dose 

interaction were strong changes, where the FCs were typically greater than ±1.5. However, 

the changes that were due to significant Treatment main effects were more subtle, and a FC 

cut-off strategy that can help to remove the noises from data prior to conducting pathway 

analysis was needed. The changes in expression of proteins in A549 cells that were caused 

by the total and insoluble fraction were mostly in the same direction, but their expression 

was in opposite direction between the soluble and insoluble/total. Hypothetically, a FC cut-

off set at ± 1.50 has the potential to remove differential effects ranging from 50 – 98 % (e.g., 

FC from 1.49 to -1.01 and FC from 1.49 to -1.49). Similarly, a cut-off at ± 1.25 has the 

potential to filter out differential effects ranging from 25 – 48 % (e.g., FC from 1.24 to -1.01 

and FC from 1.24 to -1.24). A cut-off at ± 1.10 can potentially remove all differential effects 

below 10 % (e.g., FC from 1.09 to -1.01) and up to 18 % (e.g., FC from 1.09 to -1.09). Based 

on this logic, a cut-off of ± 1.10 FC was selected for those proteins with p-value < 0.05, so as 

to sufficiently filter out nuanced expressions that may not contribute to any significant 

biological effect. Furthermore, proteins do not act on their own in a cell; they normally 

interact with one another in a network or pathway to carry out a particular function. Thus, 

when a group of proteins in a particular pathway were identified as significantly altered with 

p < 0.05 and FC > ± 1.10, such changes in a group of proteins are not likely to occur by 
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chance. Importantly, this notion is well supported by a concordance between the proteomic 

and pathway analysis and the cytotoxicity assays data. 

 

V.6. Pathway analysis on sub-lethal doses 

The effects of airborne PM on various pathways in A549 cells were examined only at 

a sub-toxic dose. The toxic concentrations were not assessed because pathway analysis 

outcomes would be dominated by cell death pathways, such as apoptosis and necrosis. This 

rationale was based on the cytotoxicity results (Figure V – 1) and pathway analysis (Table IV 

– S3). The cytotoxicity assay results in Figure V – 1 indicate that the higher doses of the total 

and insoluble fraction caused substantial release of LDH and decrease of cellular ATP and 

BrdU incorporation. Functional annotation analysis (Table IV – S3) for different protein 

clusters (Figure IV – 3) revealed that cell death and survival, and cell growth and 

proliferation were the two dominant cellular functions that were affected by the total and 

insoluble fraction. In addition, the chosen exposure doses for most in vitro toxicology 

studies, including the current study, are well beyond the actual environmental levels in order 

to obtain measurable responses. Therefore, there is more value to examine the effect of the 

particles on A549 cells at a sub-toxic dose, to capture the early signs of particle toxicity.  

 Pathway analysis demonstrated that the sub-toxic dose (60 µg/cm2) of insoluble and 

soluble fractions of EHC-93 distinctly affected the expression of a number of proteins 

involved in various pathways in A549 cells, such as cell death and proliferation, protein 

metabolism and inflammatory response (Figure IV – S2 and Figures IV – 4, 5, 6). For 

example, the networks of cell death and proliferation in Figure IV – 4 showed that the 

expressions of YWHAE, SRSF1, PKM, HSPA9 and ENO1 were down-regulated in the 
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insoluble fraction but were up-regulated or unaffected by the soluble fraction. On the other 

hand, the expressions of VCP, TREM1 and BUB3 were up-regulated by the insoluble 

fraction but down-regulated or unaffected by the soluble fraction. Such contrasting patterns 

of protein expressed in A549 cells after exposure to the insoluble and soluble fractions 

provided the molecular insight to interpret the differential phenotypic outcomes that were 

observed by cytotoxicity assays. For example, down-regulation of ENO1 and PKM could 

explain the decreased ATP levels in A549 cells following the insoluble fraction exposures 

(Figure IV – 2C), as these two proteins serve distinct enzymatic functions in the last two 

steps of glycolysis (Voet and Voet, 2010). However, this interpretation would have to be 

experimentally tested. Knockdown of PKM expression (via siRNA) decreases the production 

of ATP and induce apoptosis and autophagy in A549 cells (Chu et al., 2015; Sun et al., 

2015b). These findings were similar to the proteomic results observed for the insoluble 

fraction exposure and were also consistent with the cellular ATP and LDH release assays 

(Figure IV – 2C and A). The results for cytotoxicity assays and proteomic analyses were 

coherent in interpreting the toxic effects of the insoluble fraction of EHC-93. 

 

V.7. Conclusions 

 In conclusion, the results in this Ph.D. thesis demonstrated that multiple cytotoxicity 

assays and proteomic analyses have the capacity to discriminate the phenotypic outcomes 

and toxic mechanisms of respirable ambient air particles. This is the first time that such a 

proof of principle is observed. The biological effects of occupational health-relevant particles 

that are different (i.e., TiO2 and CB) or similar (i.e., CR and MI) in toxic potency, based on 

cytotoxicity assays, can both be distinguished by proteomic analyses. Importantly, sub-
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fractions of urban dust PM (i.e., insoluble and soluble fractions of EHC-93 Ottawa urban 

dust) that are different in toxic potency can also be distinguished by proteomic analyses, 

which provides the molecular basis to understand the toxicity of environmental air particles 

of defined physicochemical properties. Therefore, in vitro toxicoproteomics and multiple 

cytotoxicity assays are valuable tools to assess the toxicity mechanisms of environmental air 

pollutants. 

 

V.8. Future direction. 

The results in this study indicated that individual particles or mixtures of particles 

induced differential toxicity profiles in A549 human lung epithelial cells which were 

observed through multiple cytotoxicity assays, protein and gene expression. These 

observations demonstrate that in vitro toxicoproteomics can differentiate the toxic effect of 

PM at the molecular level, and the pathways of effect can be interpreted. In this study, 

cellular responses to a selection of occupational health-relevant respirable materials (i.e., CB, 

TiO2, CR and MI) and an urban PM (EHC-93) and its insoluble and soluble fractions were 

characterized. For future work, the established in vitro toxicoproteomic and multiple 

cytotoxicity assays approach could be utilized to assess the toxic effects of environmental 

particles in the air that were collected in various Canadian cities that are specifically linked 

to defined sources of emission as mention in Section I.6. in the Clean Air Regulatory Agenda 

project. Such work would allow the toxic effects of ambient air PM from different Canadian 

cities to be estimated and compared, and also the work would provide important data for 

clean air regulatory purpose.  
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(<1.0 µm) that are used to collect ambient air particles. 
-Extract particles from PM10, PM2.5, PM1 and ultrafine filters. 
-Prepare the extracted particles for different toxicological studies. 
-Examine, collect and process tissues and organs from the particle exposed animals in 
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-Assist in the writing of scientific reports and papers for publication, which include 
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resolution imaging with atomic force microscopy (AFM).  
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University of Ottawa, Ottawa, Ontario, Canada 
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-Supervise and instruct a large group of students to perform and interpret simple 
experiments such as recrystallization, distillation, extraction, as well as Grignard, E1, 
SN1 and SN2 reactions.  
-Teach the students to write report in a concise manner, and assess their 

comprehension.  
Introduction to Biochemistry Laboratory  

-Demonstrate to second year students basic biochemistry experiments such as ion 
exchange chromatography, amino acid titration and SDS-PAGE in a precise and time 
efficient manner.  
-Constructively criticize lab reports to encourage students to develop critical thinking.  

Protein Structure and Function  
-Assist third year students to grasp the principles behind modern physics methods use 
to study protein structures and function, protein folding and engineering, mechanisms 
of enzyme action, enzyme kinetics, and regulation of enzyme activity.  
-Taught the students to view and generate protein structure model from Protein Data 
Bank with molecular modeling software such as PyMol.  
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Technical Officer              2003 – 2004  
National Research Council of Canada, Ottawa, Ontario, Canada 

-Develop a method for the preparation of a solid support bilayer and monolayer. 
-Use atomic force microscopy to examine whether the reconstituted rhodopsin has 
preferential interaction with liquid disordered phase in a domain forming membrane.  
-Assist in the photochemistry study of psoralen and coumarin in HSA complexes and 
DMPC vesicle by UV/Vis and fluorescence spectroscopy.  

 
Student/Research Assistant              2000 – 2003   
Ottawa Health Research Institute (OHRI), Ottawa, Ontario, Canada  

-Work with mice to study in vivo and in vitro fertilization.  
-Collect and culture sperm from the epididymis of mice, and obtained oocytes from 
the ovaries of mice by microscopic dissection.  
-Investigate the toxicological of air particles such as ozone and airborne PM collected 
in the Ottawa region on the male reproductive system of rat.  

 
 

 
† AWARDS † 

 
1)  Excellence Scholarship from the University of Ottawa (2010 - 2015) 
 
2) Ontario Graduate Scholarship (2011 - 2012, 2012 - 2013 and 2013 - 2014) 
 
3) Queen Eliziabeth II Graduate Scholarship in Science and Technology (2010 - 2011) 
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