
 

 

ABSTRACT 

ZHANG, HUIYING. The Expression and Regulation of Human Endosulfatase 1 (HSulf-1) in 

Human Lung Epithelial Cells and Fibroblasts: Its Role in Cell Proliferation, Survival, and 

Responses to Cadmium-induced Injury In Vitro. (Under the direction of Dr. Philip L. Sannes).  

          The pattern and level of sulfation of heparan sulfate proteoglycans (HSPGs) play 

important roles in modulating cell signaling and survival functions. HSulf-1 has been 

identified as an enzyme that hydrolyzes sulfate groups from HSPGs and thus can 

influence/modify key cellular activities. Its expression is often altered in cancer cells. In this 

study it was hypothesized that HSulf-1 influences the balance of the sulfation environment of 

cells and thus impacts signaling, proliferation, and survival. HSULF-1 was found to be 

expressed at a significantly lower level in epithelial lung cancer cell lines compared to 

normal lung cells. Adenovirally-delivered HSulf-1 gene resulted in decreased cell viability 

and increased apoptotic pathways in alveolar human epithelial cancer cells (H292), but not in 

normal human alveolar type 2 cells (hAT2). Further analysis showed that HSulf-1 over-

expression reduced ERK and Akt signaling in H292 cells, which was consistent with its cell 

viability reduction effects. The impact of over-expressing HSulf-1 in human lung epithelial 

cells in the context of toxic cadmium exposure was examined. PCR arrays indicated that 

apoptosis pathways were activated by cadmium alone in hAT2 cells but not in H292 cells, 

and were activated by HSulf-1 over-expression in H292 cells but not in hAT2 cells. However, 

its over-expression significantly exacerbated the activation of apoptosis and apoptosis 

signaling pathways by cadmium in H292 cells but not in hAT2 cells. Three factors known to 

influence extracellular matrix (ECM) composition and biological activity - TGF-β1, FGF-2, 

and heparin - were assessed for their impact on HSULF-1 expression in human primary 

alveolar type 2 (hAT2) cells, H292 cells, and fetal lung fibroblasts (HFL-1). Results 



 

 

indicated that the expression of HSULF-1 increased with time in culture in hAT2 and HFL-1 

cells but not in H292 cells. Its expression was reduced by TGF-β1 in hAT2 and H292 cells 

but increased in fibroblasts by TGF-β1, reduced in all cells with FGF-2, and unaffected by 

heparin. These collective results suggest that HSulf-1, by maintaining/modulating patterns 

and levels of sulfation of HSPGs, influences cellular signaling, survival, and cadmium-

induced injury.  Specifically, HSulf-1 1) reduced cell viability in H292 cells by inducing 

apoptotic pathways and partly by inhibiting ERK/Akt signaling, 2) exacerbated injury 

induced by cadmium in cancer cells but not hAT2 cells, and 3) is regulated by TGF-β1, FGF-

2, and heparin in different cells within the context of their specific tissue environments in 

order to support optimal growth and survival.  These studies lend new insights into the role(s) 

HSulf-1 plays in the biology of normal and cancer lung cells and their responses to their 

environment and injury. 
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Heparan sulfate proteoglycans (HSPGs) and their functions 

          HSPGs are comprised of a unique glycosaminoglycan (GAG) chain characterized by a 

linear array of alternating disaccharide units coupled to a core protein. Both the protein core 

and the GAG side chains have a variety of modifications, which are reflected in their very 

complex structures. In their totality they are highly sophisticated compounds that vary greatly 

in size, fine structure, and biology (Iozzo, 2005). Of particular relevance to the studies that 

follow, heparan sulfate (HS) and heparin have similar structures, but they are attached to 

different core proteins and found in different cellular compartments and different species. 

Heparin is found exclusively in storage vesicles of mast cells of many animal species (Nader 

et al., 1999) whereas HS are found extracellularly in both vertebrate and invertebrate species 

(Dreyfuss et al., 2009). In addition, their patterns of sulfation are different, with heparin 

having a higher degree of sulfation (2.3 – 2.8 sulfates/disaccharide) compared to heparan 

sulfates (0.6 – 1.5 sulfates/disaccharide) (Dreyfuss et al., 2009).   

         Based on the core protein to which the HS is attached and their tissue/cell site of 

localization, an HS can be categorized as a syndecan, glypican, CD44, betaglycan, perlecan, 

agrin, type XVIII collagen, or testican (Alliel et al., 1993; Bellin et al., 2002; Bezakova and 

Ruegg, 2003; Farach-Carson and Carson, 2007; Filmus et al., 2008; Henke et al., 1996; Iozzo, 

2005; Oh and Couchman, 2004). Due to their structural diversity, HS chains can bind and 

interact with a wide variety of proteins, including growth factors, chemokines, morphogens, 

extracellular matrix components, and enzymes, and influence such critical biological 

processes as cell signaling, proliferation, wound healing, and angiogenesis (Dreyfuss et al., 

2009). The primary focus of interest in the studies that follow will be on cell signaling and 

protection from cadmium-induced injury. 
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          HSPGs can trigger cell responses through signal transduction pathways by the direct 

interaction(s) of specific ligands with polysaccharide chains and/or the core proteins, as well 

as playing a role in cellular signaling either as a receptor or co-receptor for relevant ligands 

(Dreyfuss et al., 2009). HSPGs can function as low-affinity receptors which are required for 

the activation of growth factor high-affinity receptors. For example, HS can act also as a co-

receptor for fibroblast growth factors (FGFs) in their binding to specific tyrosine kinase 

receptors (Duchesne et al., 2006). This model has been extended to many other growth 

factors, such as vascular endothelial growth factor (VEGF), hepatocyte growth factor (HGF), 

platelet-derived growth factor (PDGF), placenta growth factor (PGF), and heparin binding-

epidermal growth factor (HB-EGF) (Abramsson et al., 2007; Athanassiades and Lala, 1998; 

Aviezer and Yayon, 1994; Kemp et al., 2006; Stringer, 2006). In addition to the activation of 

tyrosine kinase receptors, HSPGs can also interfere with serine/threonine kinase receptors, 

such as transforming growth factor-β (TGF-β) and bone morphogenetic protein (BMP), 

tyrosine phosphatase receptors, and other multiple-helices transmembrane receptors (Chen et 

al., 2006; Fox and Zinn, 2005; Sasaki et al., 2008).   

          Importantly, the sulfation pattern, sequence of sugars, the nature of the specific sulfate 

bond, and size of the HS chains play important roles for the binding of HS to proteins. For 

example, both N-sulfation of the N-acetyl glucosamine (GlcN) and 2-O-sulfate in the 

iduronic (IdoA) are required for binding of CCL-2 to its cognate receptor (Crown et al., 

2006). Moreover, the growth factor PDGF-A is heavily dependent on the level of 2-O-sulfate 

on the IdoA residues (Feyzi et al., 1997). The interaction of HS with FGF-4 receptor is more 

dependent on the amount of 6-O-sulfate groups than on the precise location (Loo et al., 2001), 

whereas for FGF-receptor 2, the main structure for binding is an octasaccharide containing 2-
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O- and 6-O-sulfates (Walker et al., 1994). Embryonic fibroblasts derived from knock-out 

mice for HS 6-O-sulfotransferases 1 and 2 were used to demonstrate that 6-O-sulfation 

patterns play an important role in FGF signaling as well as differentially regulating a variety 

of related FGF-dependent signaling (Sugaya et al., 2008). It has also been shown that FGF-2 

signaling requires the N- and 2-O-sulfate groups of HS for binding to FGF-2 ligands and the 

presence of 6-O-sulfate groups for the activation of FGF receptor-1 (FGFR-1) (Lundin et al., 

2000). Furthermore, 6-O-desulfated heparin, which binds FGF-2 but fails to bind the FGFR, 

decreases FGF-2-induced proliferation in CHO677 cells (Lundin et al., 2000). In addition to 

acting as a co-receptor for FGF, HSPG can act alone as a transducer for cell signaling elicited 

by a growth factor. For example, syndecan was shown to be directly involved in the 

internalization of FGF-2 and subsequent signaling events in L6 myoblast cells lacking 

endogenous functional high-affinity FGF receptors. This signaling is distinct from the well 

established transmembrane tyrosine kinase receptors (Quarto and Amalric, 1994). As stated 

above, the signaling systems, which were activated by the interaction of HSPGs with 

extracellular ligands and/or receptors, include pathways such as Ras/Raf/MAPK, PIP3/AKT, 

PLC/PKC, and cAMP/PKA (Carnero et al., 2008; Escriba et al., 2007; Leicht et al., 2007).  

          Another important function of HSPGs is in wound healing, for which the syndecan 

family of specific HSPGs has attracted considerable attention. Syndecan-1 was found to be 

up-regulated in human breast cancer tissue compared to that of normal, and its expression 

was also found to be increased in proliferating and migrating keratinocytes at the periphery 

of skin wounds (Barbareschi et al., 2003). Furthermore, dermal wounds in syndecan-1-

deficient mice have defective epithelial proliferation and delayed healing (Stepp et al., 2002). 

Syndecans-1, -2, -3, -4 mRNA levels were shown to be increased in the cardiac tissues of 
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mice and rats following cardiac injury (Finsen et al., 2004; Li et al., 2002). Up-regulated 

syndecan-4 expression enhanced FGF2- stimulated release of nitric oxide (NO) (Zhang et al., 

2003). The function of NO is to mediate endothelial cell function and promote wound 

healing; therefore, syndecan-4 expression may be of value in tissue repair (Luo and Chen, 

2005). But it’s also been found that shed ectodomains of cell surface syndecans are present in 

the dermal fluids of mice following injury which can lead to delayed repair due to their 

inhibitory effects on matrix degrading proteases (Kainulainen et al., 1998). 

Human 6-O endosulfatase 1 

       Sulfatases are enzymes that hydrolyze ester bonds of sulfate groups from many 

substrates including HSPGs, conjugated steroids, and aromatic compounds. They degrade 

sulfated molecules such as HSPGs, sulfoglycolipids, and cytosolic steroid sulfates (Diez-

Roux and Ballabio, 2005). Two human sulfatases, sulfatase 1 (HSulf-1) and sulfatase 2 

(HSulf-2), have been identified and characterized (Shridhar et al., 2002). Early studies 

focused on the quail homolog of sulfatase 1, the QSulf-1, demonstrated that it is a HS 6-O 

endosulfatase which targets trisulfated IdoA2S-GlcNS6S disaccharide units on HS chains (Ai 

et al., 2003). The HCC cell line SNU449, which does not express Sulf-1, was transfected 

with a full length Sulf-1, and immunostained with a monoclonal antibody which recognizes 

the sulfated components of HSPGs. The results indicated that immunoreactivity of 

transfected SNU449 cells was diminished compared to non-transfected cells, which reflected 

a level of desulfation caused by Sulf-1 (Lai et al., 2004b). Subsequent studies found that 

Sulf-1 desulfates HSPGs at the cell surface (Li et al., 2005; Nawroth et al., 2007).  

        The impact of Sulf-1-mediated desulfation of HSPGs on selected cell signaling events 

made it logical to presume that other signaling pathways would be similarly influenced. 
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HSPGs have been shown to act as co-receptors for binding of FGF-2 to FGF1 receptors, and 

are critical in the formation of a ternary complex required for signal activation. The sulfation 

at specific sites on the HSPGs such as 2-N, 2-O, and 6-O are critical for this process (Lundin 

et al., 2000). Sulf-1 expression is known to reduce the formation of FGF2-HSPG-FGFR 

ternary complexes and receptor dimerization (Dai et al., 2005b). Subsequent FGFR tyrosine 

kinase activity is also inhibited resulting in decreased phosphorylation of ERK1/2 MAP 

kinase and inhibition of cell proliferation (Lai et al., 2003; Lai et al., 2004a; Li et al., 2005). 

In addition to its capacity to inhibit proliferation, Sulf-1 has been shown to enhance drug-

induced apoptosis and decrease FGF-dependent angiogenesis (Lai et al., 2004b; Wang et al., 

2004). In some solid tumors, the receptor for HGF, c-Met, is up-regulated resulting in 

activation of MEK and PI3K signaling pathways and increased expression of pro-angiogenic 

IL-8 and VEGF (Dong et al., 2001). Increased expression of Sulf-1 reduced the HGF-

mediated activation of ERK and PI3K/AKT signaling pathways and inhibited proliferation of 

squamous carcinoma (SCCHN) cells in vitro (Lai et al., 2004a). Sulf-1 over-expression has 

also been shown to reduce cell signaling activated by HB-EGF in pancreatic cancer cells (Li 

et al., 2005). Furthermore, Sulf-1 expression sensitizes SCCHN cells to cisplatin- and 

staurosporine-induced apoptosis (Lai et al., 2004a). Conversely, reduced Sulf-1 expression 

resulted in increased VEGF-mediated cell proliferation in vascular endothelial cells (Narita et 

al., 2006) and HB-EGF signaling in ovarian, breast, pancreatic, renal, and hepatocellular 

carcinoma lines (Lai et al., 2003). These collective results further support an inhibitory role 

for Sulf-1 in signaling.        

 Based on the inhibitory effects of Sulf-1 on cell signaling, its down-stream, biologic 

impacts are better appreciated. For instance, it was found that over-expression of Sulf-1 
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inhibits hepatocellular carcinoma both in vitro and in vivo through activation of histone 

acetyltransferases (HATs) and down regulation of histone deacetylases (HDACs) (Lai et al., 

2006). It is also found that Sulf-1 expression reduces multiple myeloma in vivo and increases 

extracellular matrix deposition which may also decreases tumor growth (Dai et al., 2005a). It 

was also found that Sulf-1 is down-regulated in breast cancer cell lines, and over-expression 

of Sulf-1 inhibits the EGFR-induced signaling pathway in MDA-MB-468 breast cancer cells 

(Lai et al., 2003; Narita et al., 2006). However, the function of Sulf-1 in pancreatic cancers is 

complicated. In Panc-1 cells that do not express Sulf-1, the re-expression of Sulf-1 reduces 

HB-EGF-mediated cell growth and invasion (Li et al., 2005). But in Panc-1 cell lines that do 

express Sulf-1, its silencing inhibits Wnt signaling and tumor growth (Nawroth et al., 2007). 

In addition, in Panc-1 cells that express Sulf-1, the over-expression increases invasiveness 

and adhesiveness (Abiatari et al., 2006), suggesting that Sulf-1 has multiple molecular targets 

that influence a variety of biologic activities and outcomes that are individual cell dependent. 

Cadmium induced cell injury and apoptosis 

        Cadmium is an environmentally ubiquitous toxic metal that can be found in air, soil, and 

water. The major exposure route, except for occupational, is from diet or smoking (Satarug 

and Moore, 2004). Its half-life in the human body is 20 to 30 years and chiefly effects kidney, 

liver, lung, bone and cardiovascular system (Fowler, 2009). It can either act as a carcinogen 

or cause cell injury or death (Beyersmann and Hechtenberg, 1997; Lee and Thevenod, 2008). 

Cadmium as a carcinogen is known to activate the three major mitogen-activated protein 

kinases (MAPKs): ERK, JNK, and p38 kinase (Chang and Karin, 2001; Chuang et al., 2000; 

Galan et al., 2000; Hung et al., 1998). ERK is activated by tyrosine kinases and promotes 

cell proliferation while JNK and p38 are involved in genotoxicity and stress response 
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mechanisms (Garrington and Johnson, 1999; Tibbles and Woodgett, 1999). In human lung 

carcinoma cells, cadmium treatment for 3 hours at more than 100 µM activates all three 

kinases, whereas at lower concentrations, only ERK and JNK are activated (Chuang et al., 

2000; Chuang and Yang, 2001). In addition to activating proliferation signaling pathways, 

cadmium reduces apoptosis induced by toxicants such as chromium in CHO cells by 

inhibiting caspases and abrogating their ability to eliminate unwanted or infected cells 

(Shimada et al., 1998; Yuan et al., 2000). 

         Cadmium can also induce cell injury and cell death. Generally, low concentrations of 

cadmium (0 – 10 µM) cause apoptosis whereas high concentrations (> 50 µM) cause necrosis 

(Lee and Thevenod, 2008). Apoptosis can be categorized into two types:  caspase-dependent 

or -independent pathways. The caspase-9 (intrinsic) pathway involves mitochondria-

mediated activation, while the caspase-8 (extrinsic) pathway refers to death receptor-

mediated activation (Mammucari and Rizzuto, 2010). Cadmium activates apoptosis in human 

lymphoma U937 cells by the extrinsic pathway and induced apoptosis through the intrinsic 

pathway in W38 lung epithelial cells (Li et al., 2000; Oh et al., 2004). Cadmium can also 

induce caspase-independent apoptosis through calpain activation in kidney proximal tubule 

cells (Lee and Thevenod, 2008). In primary lung cells, 1 – 10 µM cadmium treatment can 

induce the formation of reactive oxygen species and apoptosis, and the levels of p53 and Bax 

are increased (Lag et al., 2002). As stated above, cadmium may act either as a carcinogen to 

promote survival and proliferation, or act to enhance cell death by apoptosis or necrosis. 

These differences are due to variations in concentration, time of exposure, and/or cell types. 

Generally, concentrations less than 1 µM lead to proliferation, intermediate concentrations of 

10 µ lead to apoptotic death, and concentrations higher than 50 µM induce necrosis. The 
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mechanisms of injuries caused by cadmium are illustrated in figure 1-1 (Templeton and Liu, 

2010).        

             From these collective data, it is clear that establishing and maintaining optimally 

functioning levels of sulfation of HSPGs can be a critical modulatory influence of 

fundamental biological processes in many cells, tissues, and organs. In this study we 

hypothesize that HSulf-1 influences the balance of the sulfation environment of cells and 

thus impact signaling, proliferation, and survival, in selected cells of the lung. To test this 

hypothesis, in Chapter II the impact of over-expression of HSulf-1 is examined in normal 

human lung epithelial cells and fibroblasts and cancer cells. In Chapter III, the protective 

function of sulfation is explored by over-expressing HSulf-1 in human lung epithelial cells in 

conjunction with cadmium exposure. Then in Chapter IV, regulation of HSulf-1 expression is 

studied following treatment with three established, relevant factors which influence the 

sulfated environment of the pulmonary alveolus and the biological activity of the cells found 

there: TGF-β1, FGF-2, and heparin (as a model of sulfated ECMs). It is expected these 

studies will lend new insights into the role(s) HSulf-1 plays in the biology of lung cells and 

their responses to injury. 
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Figure 1-1. Multiple outcomes of exposure of mesangial cells to cadmium (Templeton and 

Liu, 2010) 
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ABSTRACT 

 

          Heparan sulfate proteoglycans (HSPGs) are known to modulate the binding and 

activation of signaling pathways of specific growth factors, such as fibroblast growth factor-2 

(FGF-2). Human endosulfatase 1 (HSulf-1) is an enzyme that selectively removes 6-O sulfate 

groups from HS side chains and can alter their level and pattern of sulfation and thus 

biological activity. It has been shown that HSulf-1 is expressed at low levels in several 

cancer cell lines and its enhanced expression can inhibit cancer cell growth or induce 

apoptosis, but the mechanism(s) involved has not been identified. HSulf-1 mRNA expression 

was assessed in primary human lung alveolar type 2 (hAT2) cells, normal lung fibroblasts 

(16Lu), fetal lung fibroblasts (HFL) and two lung epithelial cancer cell lines (A549 and H292 

cells). Using quantitative real time PCR we found that HSulf-1 was expressed at a 

significantly lower level in the epithelial cancer cell lines compared to normal cells. Infection 

with adenovirus driving HSulf-1 over-expression resulted in decreased cell viability in H292 

cells, but not in normal hAT2 cells. In addition, HSulf-1 over-expression induced apoptosis 

and its related pathways in H292 cells, but not in hAT2 cells. Further analysis showed that 

HSulf-1 over-expression reduced ERK and Akt signaling activation in H292 cells, which 

further demonstrated its inhibitory effects on signaling related to proliferation. These results 

indicate that HSulf-1 reduced cell viability in H292 cells by inducing apoptotic pathways at 

least in part by inhibiting ERK/Akt signaling.  
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INTRODUCTION 

 

           Heparan sulfate (HS) proteoglycans are major components of extracellular matrix 

(ECM) and cell surfaces. They function as dynamic interfaces between cells and their 

external environment.  They help cells affix to and maintain the extracellular scaffolding of 

the ECM as well as directly internalize lipid factors. They can even neutralize injurious 

agents by shedding their ectodomain fragments (Clayton et al., 2001; Fujiwara et al., 2000; 

Iozzo, 1998; Iozzo, 2001). Importantly, they regulate essential cell signaling pathways which 

influence proliferation, differentiation, migration, and survival (Iozzo, 2001; Selva and 

Perrimon, 2001). HS side chains are covalently linked to core proteins to form proteoglycans, 

such as syndecans or glypicans, which associate with or integrate into the lipid bi-layers of 

cells. HS side chains are also key structural features which facilitate ligand binding and 

receptor activation for an important group of signaling molecules which includes fibroblast 

growth factors (FGFs), wingless signaling glycoproteins (Wnts), Sonic hedgehog (Shh), 

hepatocyte growth factor (HGF), and vascular endothelial growth factor (VEGF) (Ai et al., 

2003; Guimond et al., 1993; Lai et al., 2004a; Lai et al., 2004b; Narita et al., 2006). For 

example, the loss of responsiveness to FGF by cells lacking endogenous heparan sulfate can 

be restored by the addition of exogenous soluble heparin (Rapraeger et al., 1991). 

Importantly, there is strong evidence that the nature of the sulfate bonds and the pattern 

distribution of sulfation are critical factors influencing signaling pathways (Lamanna et al., 

2008; Pye et al., 2000). FGF-2 signaling, for instance, requires the N- and 2-O-sulfate groups 

of heparan sulfate for binding to FGF-2 ligands and the presence of 6-O-sulfate groups for 

the activation of FGF receptor-1 (FGFR-1). Accordingly, 6-O-desulfated heparin, which 
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binds to FGF-2 ligands but fails to bind the FGFR, can decrease the FGF-2-induced 

proliferation in CHO677 cells (Lundin et al., 2000).             

              Human endosulfatase-1 (HSulf-1) is the enzyme that specifically removes 6-O 

sulfate groups from HS side chains, thus modifying the pattern of sulfation and potentially 

changing its biological specificity. Although its quail analog QSulf-1 was found to be a 

secreted protein, HSulf-1 has been shown to be both secreted and localized on external cell 

surfaces as well as electro statically attached to cell membranes (Dhoot et al., 2001; Lamanna 

et al., 2008; Verhagen et al., 1992). Recently, the role HSulf-1 plays in cancer cell 

proliferation and embryonic development has been studied by several groups. The expression 

of HSulf-1 was found to be down-regulated in ovarian, breast, and hepatocellular cancers 

compared with normal epithelium (Lai et al., 2003; Narita et al., 2006)(Lai et al., 2003; 

Narita et al., 2006); and its restoration with over-expression reduced tumor growth in several 

cancer types (Lai et al., 2008; Li et al., 2011). 

           These collective observations support the notion that HSulf-1 plays an important role 

in the biology of some cancer cells. The aim of this study was to examine its expression and 

the effects of is over-expression and/or restored function in normal human alveolar type 2 

cells and fibroblasts as compared with transformed human epithelial cancer cells and 

fibroblasts of pulmonary origin. 
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MATERIALS AND METHODS 

 

            Cell preparation: H292, A549, HFL-1, and 16Lu cells were obtained from the 

American Type Culture Collection (ATCC) (Manassas, VA) and cultured in RPMI1640, 

F12K, and EMEM media respectively with 10% FBS and antibiotics. hAT2 cells were 

isolated by elastase digestion according to a scaled-up article by Dobbs (Dobbs, 1990) from 

organ donor lungs obtained by the University of North Carolina Cystic Fibrosis/Pulmonary 

Research and Treatment Center Tissue Procurement and Cell Culture Core (Chapel Hill, NC) 

and maintained in DMEM medium supplemented with 10% FBS and Antibiotic-Antimycotic 

solution (Mediatech, Manassas, VA)  for the first day and regular Penicillin-Streptomycin 

antibiotics thereafter.  

            hAT2 cell isolation: Cells were isolated according to a scaled-up, modified version of 

the original Dobbs (1990) procedure. In brief, an entire lobe from a donor cadaver lung was 

excised, cannulated, inflated to full capacity a PBS (phosphate buffered saline) based 

solution lacking calcium and magnesium but containing EGTA, and lavaged and drained 

multiple times to remove macrophages, air, and mucus by inflating with a PBS based 

solution containing magnesium and calcium. The lobe was inflated with an elastase solution 

(13 units/ml) and incubated at 37°C for up to forty minutes. Peripheral pieces were excised 

from the digested lobe and obvious bronchiolar tissue was removed and discarded. Tissue 

pieces were then minced into cubic millimeter size using triple scissors, in a PBS based 

solution containing DNase. The minced tissue was transferred to a flask on ice and 5 ml of 

FBS was added to each 100 ml of suspension to neutralize the elastase. The suspension was 

shaken vigorously side-to-side in a 37°C water bath for 3 minutes to mechanically release the  
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hAT2 cells from the tissue. The suspension was then filtered through a single layer of 

moistened cheesecloth several times until large pieces of undigested tissue were removed, 

then through two layers of cheesecloth twice and three layers once. The suspension was 

passed through 165 µm nylon meshes and finally through 42 µm nylon mesh. The filtrate 

was centrifuged at 1000 rpm (300 g) for 10 minutes at 4°C, and the cell pellet was re-

suspended in 5 ml DMEM (without FBS).  A 100 ml aliquot of the cells was diluted 1:10 in a 

Trypan Blue solution and counted using a hemocytometer. Cells were re-suspended in 

sufficient DMEM so that around 20 million viable cells could be seeded on each of 30 human 

IgG-coated Petri dishes. Dishes of cells were incubated at 37°C for 1 hour to allow 

macrophages and white blood cells, as well as fibroblasts, to adhere. Unattached hAT2 cells 

were recovered by gently rocking each dish several times, transferred to 50 ml tubes, and 

centrifuged. Each cell pellet was re-suspended in 5 ml DMEM and all cells were pooled in a 

single 50 ml tube. To further reduce fibroblast contamination, an anti-fibroblast antibody, 

AS02, was added to the cells for a 10 minute incubation at 4°C with gentle inversion. Excess 

antibody was removed by increasing the volume to 50 ml with DMEM/0.1% BSA and by 

pelleting the cells. The re-suspended cells (in 20 ml DMEM/0. 1% BSA) were then incubated 

with pan-mouse-IgG Dynabeads for 30 minutes at 4°C with gentle inversion. The cell 

suspension was brought to 45 ml with DMEM/0.1% BSA and divided into three 15 ml tubes. 

Tubes were placed into a magnetic holder and the Dynabead-labeled fibroblasts were 

immobilized along the tube sides. The non-selected hAT2 cells were pooled in a 50 ml tube, 

counted, plated in DMEM/10% FBS on rat-tail collagen-coated tissue culture dishes. After a 

medium change the next day, cells were cultured for 48 hours before further treatment. 
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            Cell culture and treatment: H292, A549, HFL-1, 16Lu and hAT2 cells were cultured 

for 48 hours and harvested for RNA analysis to measure the expression of HSULF-1. H292 

and hAT2 cells were then cultured to 50% confluence and infected with HSulf-1 adenovirus 

at 2, 5, 10, 20, 50, 100 MOI and cell proliferation/viability measured with MTT assay after 

24 or 48 hours. TUNEL assay was also utilized to confirm the cell death in H292 cells over-

expressed with HSulf-1. Furthermore, H292 and hAT2 cells were over-expressed for HSulf-1 

at 10 MOI and the apoptosis pathway activation analyzed by PCR array. Finally, selected 

signaling events influenced by over-expression of adenoviral-delivered HSulf-1 in H292 cells 

at 10 MOI were tested with or without heparin at 25 µg/ml.  

            Preparation of HSulf-1 adenovirus: Over-expression of HSulf1 in epithelial cells was 

accomplished by adenoviral delivery of the human Sulf-1 gene (HSulf-1) driven by a CMV 

promoter. An Ultimate ORF clone in the PENTR221 vector (Invitrogen, Carlsbad, CA) was 

used to introduce the protein coding sequence of HSulf-1 into the pAd/CMV/V5-DEST 

vector (Invitrogen, Carlsbad, CA) by a Clonase 2 transfer and ligation reaction. The 

recombinant plasmid was transformed into TOP10 E. coli hosts and successful transformants 

were selected on Ampicillin plates. The HSulf-1 coding DNA was completely sequenced by 

primer walking to confirm 100% fidelity and a perfect clone was amplified and used to 

transfect 293A cells to produce adenovirus. Amplified adenoviruses were then tittered by the 

Hexon antibody/DAB method and used to infect experimental hAT2 and H292 cells for 

transient expression of HSulf-1  

               MTT assay: A measure of cell proliferation/viability was obtained by a colorimetric 

assay which utilized the capacity of live cells to change 3-(4, 5-dimethylthiazol-2-yl)-2, 5-

diphenyltetrazolium bromide (MTT) from yellow to a purple precipitate which could be 
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dissolved in DMSO. 24, 48, or 72 hours after adenovirus infection of H292 and hAT2 cells, 

culture medium was discarded and the MTT solution (Sigma, St. Louis, MO) was added to a 

final concentration of 1 mg/ml. After 3 hours of incubation at 37
ο
C, the solution was 

removed and the formazan precipitate was dissolved in DMSO. Optical densities (OD) were 

measured at 570 nm using a microplate ELISA reader. Data was expressed in a percentage of 

untreated control cells and analyzed by ANOVA followed by Student’s t-test. 

              TUNEL assay: Apoptosis was determined by TUNEL (Terminal deoxynucleotidyl 

transferase dUTP nick and end labeling) assay which detects the DNA fragmentation 

produced in apoptotic cells. Cells over-expressing HSulf-1 or lacZ controls were cultured for 

72 hours, washed, and re-suspended in 500 µl PBS. Each cell suspension was delivered into 

5 ml of 1% paraformaldehyde. After incubation on ice for 15 minutes, cells were pelletted 

and supernatant discarded; cells were then washed twice in 5 ml of PBS and finally re-

suspended in 500 µl PBS. This cell suspension was added to 5 ml of ice cold 70% ethanol, 

incubated on ice for 30 minutes, and pelletized again. Apoptosis was analyzed by a TUNEL 

kit (Invitrogen). Cells undergoing apoptosis exhibited a bright green fluorescence at 

excitation/emission wavelength of 495/519 nm. Cell nuclei were counter-stained with DAPI 

(blue) and detected at excitation/emission wavelength of 358/461 nm. Photomicrographs 

were taken of random fields with a Meiji MT6300H fluorescence microscope at 20X 

magnification with an Infinity 3 camera; DAPI and BrdU pictures were merged using Image 

J. A minimum of 3 fields were randomly selected and total cells were counted in each field to 

achieve a minimum number of 150 total. Apoptotic ratios as apoptotic cells/total cells are 

expressed as Mean ± SD from different fields.   
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             Reverse transcription and quantitative real-time PCR: Cells were cultured as above 

for 48 hours and total RNA was isolated using RNeasy Plus Mini Kit (Qiagen, Valencia, CA) 

according to manufacturer’s protocol. Four μg RNA of each sample were reverse-transcribed 

utilizing the High-Capacity Archive Kit (Applied Biosystems). cDNAs were diluted to a final 

concentration of 10 ng/ml and 10 μl of each diluted sample (equivalent to 100 ng of RNA) 

were PCR-amplified in triplicates using Taqman probes (Applied Biosystems) on an iCycler 

(Bio-Rad, Hercules, CA). Data analysis was performed using the delta-delta CT method to 

compare the relative expression of HSULF-1 normalized to GAPDH in different cell types; 

values and standard errors were graphed in Excel. 

             PCRarray analysis of apoptosis signaling pathway: Both hAT2 and H292 cells were 

infected with lacZ or HSulf-1 adenovirus at 10 MOI for 48 hours. Cells were harvested and 

total mRNA was isolated and purified by RNeasy kit from (Qiagen). Concentrations were 

measured spectrophotometrically at 260 nm and 1 μg of total mRNA was used as template 

for cDNA synthesis utilizing the High Capacity Archive Kit (Applied Biosystems). Produced 

cDNA was added to SybrGreen PCR master mix (SABiosciences, Frederick, MD) and 

aliquoted into each well of the ready-to-use SuperArray PCR array PAHS-012 (Human 

apoptosis array, SABiosciences). Real-time PCR cycling program was performed according 

to the protocol and data was analyzed using on-line programs from SAbiosciences. The 84 

apoptosis-related genes analyzed included TNF ligand and receptor family, Bcl2 families, 

Caspases, Inhibitors of apoptosis (IAP), caspase recruitment domain family, death domain, 

death effector domain and p53 family members. 

         Preparation of cell lysates: Cells, cultured in 100 mm dishes, were rinsed with PBS. 

RIPA buffer (150 µl) containing PhosStop and Complete Protease inhibitors (Roche, 
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Indianapolis, IN) was added to dishes. Cells were scraped and collected in micro centrifuge 

tubes and sonicated three times. Samples were then shaken on ice for at least 30 minutes and 

centrifuged at 14,000 rpm for 30 minutes at 4
o
C. Supernates were transferred to fresh micro 

tubes and total proteins in each sample were quantitated by Pierce 660 nm Protein Assay Kit 

(Pierce, Rockford, IL). The lysates were stored at -80
o
C. 

           Western analysis: Equal amounts of proteins were subjected to electrophoretic 

separation in MOPS running buffer at 200V for 60 minutes on NuPage 4-12% Bis-Tris gels 

using the Novex X-Cell II system (Invitrogen). Proteins were transferred to nitrocellulose 

membranes and blocked with TBST/5% milk for 1 hour. Blocked membranes were incubated 

in TBST (Tris Buffered Saline containing 0.1% Tween20)/5% BSA with primary antibodies 

to HSulf-1 (Abcam, Cambridge, MA), p-ERK, ERK, p-Akt, Akt, and GAPDH (Cell 

Signaling Technology, Danvers, MA) overnight at 4
o
C with agitation. After washing in 

TBS/T, secondary antibodies conjugated to horseradish peroxidase (Cell Signaling 

Technology) were added the second day for 2 hours with agitation. Bands on the membrane 

were detected by chemiluminescence using SuperSignal West Pico or Dura substrate (Pierce 

Biotechnology, Rockford, IL) and visualized by autoradiography. Integrated optical densities 

measured by ImageJ were exported to Microsoft Excel for analysis. 

        Statistical analysis: Values were expressed as mean ± standard error and statistical 

significance established by two tailed t-test. A level of P < 0.05 was considered significant. 
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RESULTS 

 

HSULF-1 expression is down-regulated in H292 and A549 cells compared to normal cells 

         To evaluate the expression of HSULF-1 in cells of pulmonary origin, normal lung 

fibroblasts (16Lu), fetal lung fibroblasts (HFL), two lung epithelial cancer cell lines (A549 

and H292 cells), and primary alveolar type 2 (hAT2) cells were cultured and mRNA 

analyzed. HSULF-1 was expressed at a higher level in hAT2 (73 fold), HFL-1 (116 fold), and 

16Lu (142 fold) compared to A549 cancer cells (Figure 2-1). It was also higher in hAT2, 

HFL-1 and 16 Lu cells by 10-, 16-, and 19-fold, respectively, when compared to H292 

epithelial cancer cells. This suggests that the expression of HSULF-1 is down-regulated in 

cancer cells compared to normal cell lines or primary cells. 

Over-expression of HSulf-1 decreased cell density in H292 cancer cells but not in human 

primary hAT2 cells. 

          H292 and hAT2 cells were infected with adenovirus for lacZ or HSulf-1 over-

expression at various multiplicities of infection (MOIs). Forty eight and 72 hours post-

infection, quantitative real-time PCR and Western Blot were performed to analyze the 

expression of HSulf-1 mRNA and protein respectively. Results showed that the level of 

HSulf-1 mRNA and protein were significantly increased (Figure 2-2 A – C). Seventy two 

hours post-infection, phase-contrast microscopy showed that hAT2 cells infected with lacZ 

adenovirus at 100 MOI (Figure 2-3A) were morphologically similar to untreated cells (data 

not shown), and were typically squamous in appearance with a centrally located nucleus. 

With increasing MOI infections (2 – 100) of HSulf-1 adenovirus, hAT2 cells showed little or 

no significant change in morphology and density (Figures 2-3 B – G) compared with those  
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infected with lacZ adenovirus alone. H292 cells infected with lacZ adenovirus were small, 

polygonal cells with a central positioned nucleus (Figure 2-3H), and morphologically similar 

to untreated cells (data not shown). In contrast to hAT2 cells, H292 cells were affected by 

HSulf-1 adenovirus, and in a MOI-dependent manner. Low MOIs (2 or 5) did not 

significantly change the morphology or the cell density (Figures 2-3 I – J), while 10 MOI 

induced a visible decrease in cell density and an increase in the number of floating cells 

(Figure 2-3K). Higher HSulf-1 adenovirus MOIs (20, 50, and 100) not only induced 

morphologic changes in H292 cells but also decreased cell density (Figures 2-3 L – N). To 

quantitatively measure the viability of HSulf-1 over-expression cells compared to lacZ 

control cells, an MTT assay was performed. MTT assay measures both the proliferation and 

cell viability by measuring the activity of enzymes that reduce MTT to formazan. In primary 

human alveolar hAT2 cells, HSulf-1 adenovirus at 100 MOI reduced cell numbers to 90%, 

83%, and 83% at 24, 48, and 72 hours, respectively, while lacZ adenovirus infection at 100 

MOI reduced cell number to 92%, 87%, and 84%, compared to uninfected controls (Figures 

2-4 A – C). In H292 cells, 100 MOI of HSulf-1 adenovirus inhibited cell growth to 85%, 

52%, and 39% at 24, 48, and 72hours, respectively, while lacZ adenorisus just reduced cell 

numbers to 95%, 88%, and 79% of uninfected controls, respectively. HSulf-1 also inhibited 

proliferation at 20 to 50 MOIs in H292 cells at 48 and 72 hours compared to lacZ adenovirus 

infection (Figures 2-4 D – F). These results indicated that HSulf-1 over-expression induced 

cell death in cancer cell lines but not in normal cells. 
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Over-expression of HSulf-1 induced apoptosis and related pathways in epithelial cancer 

cells  

                To determine whether the cell viability reduction shown in the MTT assay was 

caused by apoptosis, lacZ or HSulf-1 over-expression were subjected to TUNEL assay. 

Results, confirmed in representative photographed fields, indicated that a high level of lacZ 

adenovirus (100 MOI) did not induce apoptotic cell death in H292 cells, with only rare 

fragmentation (green) colocalization with the blue dots (DAPI) indicating cell nuclei (Figure 

5A). However, HSulf-1 adenovirus induced apoptosis in H292 cells proportional to the 

progressively increasing MOIs, as evidenced by increased numbers of green dots (FITC) 

indicating the fragmentation of DNA (Figures 2-5 B – G). Statistical analysis of a minimum 

of 150 total cells indicated that HSulf-1 over-expression, even at 5 MOI, induced significant 

apoptosis compared to lacZ control at 100 MOI (Figure 2-5H). Higher MOIs resulted in 

proportionally increasing cell death (Figure 2-5H).  

 PCR arrays were then used to determine whether apoptotic signaling pathways were 

altered by HSulf-1 over-expression. Genes that were up- or down-regulated more than 2-fold 

were selected. Data in Table 1 revealed that in hAT2 cells, a total of 6 genes (BCL2A1, 

BCL2L11, CASP7, DAPK1, IGF1R, and TNFRSF9) were activated by forced expression of 

HSulf-1. Of the 4 pro-apoptotic genes (DAPK1, BCL2L11, CASP7, and TNFRSF9) only 

DAPK1 was down-regulated and the other 3 were up-regulated. The 2 anti-apoptotic genes 

were both down-regulated. This suggested that, on balance, the apoptosis pathway was not 

activated compared to control cells. However, in H292 cells, 8 pro-apoptotic genes (CASP6, 

CASP8, BAX, CIDEA, DFFA, FAS, TNFRSF9, and TNFSF8), 4 anti-apoptotic genes 

(BAG1, BAG4, IGF1R, and BCL2A1), and 5 unrelated genes (GADD45A, MCL1, CD70, 
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TNFSF8, and TP73) were altered. Of the 8 pro-apoptotic genes, 3 (CASP6, CASP8, 

TNFSF10) were down-regulated and 5 (BAX, CIDEA, DFFA, FAS, and TNFRSF9) were 

up-regulated (Table 2). Of the 4 anti-apoptotic genes, 3 (BAG1, BAG4, and IGF1R) were 

down-regulated and only BCL2A1 was up-regulated. Collectively, the regulation of 8 of 

those genes combined with 4 specific genes would suggest that, on balance, apoptosis would 

be favored. Scatter plot analysis further illustrated that data points representing activation of 

these apoptosis-related genes deviated less from lacZ adenovirus control in hAT2 cells 

(Figure 2-6A) than in H292 cells (Figure 2-6B) after over-expression of HSulf-1. This further 

supported the interpretation that HSulf-1 over-expression activated the apoptosis pathway in 

transformed H292 cells but not in hAT2 normal cells.  

Over-expression of HSulf-1 inhibited ERK and Akt signaling in lung cancer cell lines 

        It has been shown that HSulf-1 inhibits cell proliferation in several cancers and 

attenuates the activation of ERK and Akt signaling (Dai et al., 2005; Lai et al., 2004a; Lai et 

al., 2004b; Lai et al., 2006). Figure 2-7 compares activation of two key signal transduction 

pathways, p-ERK and p-Akt, in untreated or H292 cells treated with lacZ or HSulf-1 over-

expression adenovirus. Western blot analysis indicates that lacZ over-expression slightly 

increased phosphorylation of ERK and Akt compared with untreated controls. Over-

expression of HSulf-1 reduced the phosphorylation of ERK and Akt, compared to both the 

untreated and lacZ over-expression controls (Figure 2-7A). Densitometric analysis of p-ERK 

and p-Akt bands normalized against total ERK and Akt respectively indicated that over-

expression of HSulf-1inhibited the phosphorylation of ERK (-41%) and Akt (-38%) 

compared with untreated controls and even more significantly down compared with lacZ 

controls (Figures 2-7 B – C). To test if exogenous fully sulfated heparin could reverse the 
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signaling inhibition induced by HSulf-1 (i.e. loss of sulfation), low dose heparin (25 µg/ml) 

was added to culture medium for 5 minutes. Heparin alone did not reduce the level of p-ERK 

or p-Akt, but the inhibition of p-ERK and p-Akt with HSulf-1 over-expression was reversed 

to near control levels (Figure 2-8A). This was confirmed by densitometric analysis (Figures 

2-8 B – C). These results indicate that the specific removal of 6-O-sulfate groups from 

extracellular HSPGs by HSulf-1 reduced the high level of ERK and Akt signaling in NSCLC 

cells, and this inhibition was reversed by a brief pulse of sulfated heparin, supposedly by 

counterbalancing the loss of sulfates and restoring FGF-2 signaling.  
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DISCUSSION 

 

          It has been reported that HSulf-1 is an important negative regulator of tumor/cancer 

cell growth. HSulf-1 is down-regulated in ovarian cancers, head and neck squamous 

carcinoma, breast cancer, gastric cancer, kidney cancer, and hepatocellular cancers. Part of 

the reason why it is down-regulated is epigenetic silence of the promoter region by 

hypermethylation (Chen et al., 2009; Dai et al., 2005; Lai et al., 2003; Lai et al., 2004a; Lai 

et al., 2004b; Lai et al., 2006; Narita et al., 2006). In addition, down-regulation of HSulf-1 

has been shown to enhance tumor growth, and that over-expression of HSulf-1 in tumor cell 

lines inhibited specific growth factor signaling pathways including FGF-2, HB-EGF, HGF, 

and VEGF (Lai et al., 2003; Lai et al., 2004b; Lai et al., 2006; Lamanna et al., 2008; Narita 

et al., 2006; Presta et al., 2005). Lai et al. demonstrated that reduced HSulf-1 expression in 

ovarian cancers resulted in an increased sulfated environment, which acted to enhance HB-

EGF signaling and proliferation (Lai et al., 2003; Lai et al., 2006; Li et al., 2005; Li et al., 

2011). Another study found that HSulf-1 was down-regulated in several head and neck 

squamous carcinoma cell lines, and over-expression of HSulf-1 attenuated the activation of 

ERK/MAPK/Akt signaling stimulated by FGF-2 and HGF (Lai et al., 2004a). The negative 

regulation by over-expression of HSulf-1 on the FGF-2 signaling pathway is consistent with 

the fact that 6-O-sulfate groups are requisite on HSPGs to bind FGF-2, and their removal 

would prevent this interaction (Lundin et al., 2000). These collective findings support the 

notion that down-regulated HSulf-1 provides cancer cells an environment sufficient in highly 

sulfated HSPGs, which act to promote selective growth factor signaling and attendant 

proliferation.  
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           In this study, the goal was to determine the expression of HSULF-1 in normal and 

transformed lung cells and its role in regulating cell signaling, survival, and apoptosis in vitro. 

Though investigated in several cell types recently, the role of HSulf-1 in pulmonary cells 

remains largely unknown. Results presented here demonstrated that HSULF-1 expression 

was much lower in epithelial A549 and H292 cancer cells than in hAT2 cells (normal 

primary human alveolar epithelial cells) fibroblastic HFL-1 and 16Lu cells (Figure 2-1). This 

was consistent with previous studies showing that HSulf-1 down-regulation resulted in an 

environment that promotes proliferation (Lai et al., 2003; Lai et al., 2006; Li et al., 2005; 

Narita et al., 2006). However, recent studies also found that HSULF-1 was actually up-

regulated in acute myeloid leukemia, pancreatic adenocarcinomas, T prolymphocytic 

leukemia, and in renal carcinoma compared to corresponding normal tissues (Bret et al., 

2011a). Furthermore, it has been been shown that HSULF-1 was expressed at higher levels in 

lung cancer patient samples compared with normal tissues and high HSulf-1 expression was 

associated with a poor prognosis in lung adenocarcinoma (Bret et al., 2011a). These apparent 

contradictory observations may be due in part to differences between specific cancers and 

related cell lines and variances in patient tissues, as well as to differences in how different 

cancers cells optimally take advantage of their environment(s). 

          To study the role of HSulf-1 in tumor growth, we chose to focus on its re-expression in 

H292 cells (a lung epithelial cancer cell line) compared with hAT2 cells. Consistent with 

previous findings, it was found that at 72 hours after adenovirally-mediated over-expression 

of HSulf-1, cell densities were visibly reduced in H292 cells in a concentration-dependent 

manner, but not in normal primary hAT2 cells (Figure 2-3). This was confirmed by MTT 

assay, which demonstrated that cell viability in H292 cells was significantly decreased by 
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over-expression of HSulf-1 while hAT2 cells were unaffected (Figure 2-4). These results 

confirmed previous studies in which restored/enhanced expression of HSulf-1 reduced 

hepatocellular and breast cancer cell proliferation both in vitro and in vivo (Dai et al., 2005; 

Lai et al., 2003). To further analyze the mechanisms of cell number reduction, TUNEL assay 

was performed on H292 cells and results showed that apoptosis was induced proportional to 

the HSulf-1 adenovirus MOIs (Figure 2-5). This is in agreement with previous studies that 

showed forced expression of HSulf-1 also increased the apoptosis induced by apicidin (a 

HDAC inhibitor) in Huh7 and Hep3B hepatocellular cell lines (Lai et al., 2004b). In addition, 

PCR array was utilized to analyze apoptosis activation at the gene level. Results showed that 

in H292 cells, more genes were activated by HSulf-1 over-expression than in hAT2 cells. 

Among them, the important cell death pathway effector BAX (induces mitochondrial leakage) 

and FAS (induces apoptosis when binding to its receptor) were activated, in H292 cells but 

not in hAT2 cells (Table 2-1, 2-2, Figure 2-6). These collective data suggest that normal cells 

control their expression of HSulf-1 in order to modulate a cell’s sulfated environment to 

optimize responses to relevant growth factors in most normal cells. This is in agreement with 

previous work (Fannon et al., 2000; Newman et al., 2004) demonstrating that the optimal 

interactions of FGF-2 with their low affinity HSPG receptors, or heparin surrogates, lie 

within a relatively narrow range of concentration, and that these interactions are sulfate 

dependent (Miao et al., 1996). This paradigm is shifted in cancer cells, wherein their 

requirements in a sulfated environment for maintenance and growth are high, so they are 

very sensitive to reductions in sulfation, as seen with increased HSulf-1.  

         The impact of alterations in ligand binding events at the cell surface relating to FGF-2, 

VEGF, and HGF would be expected to be reflected in subsequent signaling pathways and 
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account for the observed biological outcomes. It has been suggested that HSulf-1 hydrolyzes 

sulfate groups from HSPGs and down-regulate the receptor tyrosine kinase activity to 

attenuate cell growth and survival through signaling pathways such as FGF-2, VEGF, and 

HGF (Lai et al., 2005; Yue et al., 2008; Lai et al., 2008; Ji et al., 2011). Based on these 

findings, H292 cells were forced to express HSulf-1 and p-ERK and p-Akt, common down-

stream targets of signaling pathways FGF-2, VEGF, and HGF, were analyzed. Results 

showed that p-ERK and p-Akt were inhibited by HSulf-1, and this inhibition was 

significantly reversed by restoring sulfated proteoglycans by addition of low concentration 

heparin (Figures 2-7 and 2-8). This is in agreement with previous studies that showed the loss 

of response of cells to FGF when lacking endogenous heparan sulfate can be restored by the 

addition of exogenous heparin (Rapraeger et al., 1991). Notably, both baseline p-ERK and p-

Akt were high in the H292 cells compared with normal hAT2 cells (data not shown), which 

is typical of cancer cells (Balsara et al., 2004; Vicent et al., 2004), and may account for the 

heightened sensitivity to HSulf-1-induced reduction in signaling. It is likely that the 

significant reduction in p-ERK and p-Akt is sufficient to promote apoptosis and cell death in 

the H292 cells (Lu et al., 2010), making it a possible mechanism for the apoptosis caused by 

HSulf-1 over-expression. In addition to inhibiting FGF-2 induced signaling, HSulf-1 was 

also found to stimulate Wnt signaling and thus increase cancer cell proliferation such 

pancreatic cancers (Iacobuzio-Donahue et al., 2003; Nawroth et al., 2007), which revealed 

that the role of HSulf-1 is somewhat complicated. Bret et al. have proposed that two main 

reasons may account for these contradictions. First, as HSulf-1 is a secreted enzyme, not only 

the cancer cells but also the cancer stromal cells may produce HSulf-1, which may play 

different roles when secreted by different cell types. Secondly, the newly found splicing 
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variants of HSulf-1 apparently have different functions, as the longer isoform A functions to 

enhance Wnt signaling while the shorter isoform B inhibits Wnt signaling (Bret et al., 2011b).  

These collective data suggest that HSulf-1 plays important but complicated roles in cancer 

progression and inhibition depending on organ/tissue sites, cell types, environment, and 

signaling pathways it affects. It should be viewed as an important target of cancer treatment. 
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FIGURE LEGENDS 

 

Figure 2-1. Relative levels of baseline HSulf-1 expression. Fibroblasts (HFL-1 and 16Lu), 

epithelial cancer cells (H292 and A549), and human alveolar primary type 2 cells (hAT2) 

were cultured for 48 hours and the level of HSulf-1 mRNA was analyzed by RT-PCR. 

Values were normalized to HSulf-1 expression in A549 cells (lowest expression) and 

expressed as mean ± SD from 3 separate analyses. Significant differences between groups at 

p < 0.05 are indicated by the character labels above each bar as determined by Student’s t-

test with different characters indicating significant differences. 

Figure 2-2. Confirmation of HSulf-1 over-expression in hAT2 and H292 cells by 

quantitative real time PCR (qRT-PCR) and Western Blot. Cells were infected with HSulf-1 

adenovirus at MOIs from 5 to 100, with lacZ adenovirus at 100 MOI serving as a control.  48 

hours post-infection, qRT-PCR was performed to assess the expression level of HSulf-1 

mRNA. Values are shown as mean ± SD from 2 experiments and significant differences at p 

< 0.05 compared with untreated and lacZ controls are labeled by * as determined by 

Student’s t-test. 72 hours post-infection, Western Blot was utilized to assess the expression 

level of HSulf-1 protein in hAT2 and H292 cells. 

Figure 2-3. Representative photomicrographs of hAT2 and H292 cells after over-expression 

of HSulf-1. hAT2 (B – G) and H292 (I – N) cells were infected with HSulf-1 adenovirus at 

MOIs ranging from 2 to 100 (top to bottom in sequence), with lacZ-adenovirus at 100 MOI 

serving as control (A and H). Photomicrographs were taken after 72 hours under a phase 

contrast microscope at 20Х magnification. 

Figure 2-4. MTT assay for hAT2 (A – C) and H292 (D – F) cells over-expressing HSulf-1.  
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Cells were infected with HSulf-1 adenovirus at 2, 5, 10, 20, 50, 100 MOIs with lacZ 

adenovirus as control at the same MOIs for 24, 48, or 72 hours. Values were normalized to 

untreated cells and shown as mean ± SD from 3 experiments. Significant differences 

compared with lacZ controls at p < 0.05 are labeled by * as determined by ANOVA and 

followed by Student’s t-test. 

Figure 2-5. TUNEL assay of H292 cells over-expressing HSulf-1. Cells were infected with lacZ 

adenovirus alone (control, A) or HSulf-1 containing adenovirus at 2, 5, 10, 20, 50, and 100 MOIs 

(sequentially increasing, B – G).  Seventy two hours post-infection, TUNEL assay was performed on 

harvested cells. Photomicrographs were taken of random fields with a Meiji MT6300H 

Fluorescence Microscope at 20Х magnification with an Infinity 3 camera. A minimum of 3 

fields from photomicrographs were selected and total cells were counted in each field to achieve a 

minimum number of 150 total cells (H). Apoptotic ratios as apoptotic cells/total cells are expressed as 

Mean ± SD from different fields. Significant differences between groups at p < 0.05 are indicated by 

the number labels above each bar as determined by Student’s t-test with different characters 

indicating significant differences between groups. 

Figure 2-6. Apoptosis pathway activation in hAT2 and H292 cells over-expressing HSulf-1. 

48 hours post-infection with lacZ or HSulf-1 adenovirus at 10 MOI, mRNA was isolated and 

analyzed with an apoptosis PCR array. Genes significantly up- or down- regulated more than 

2-fold compared to lacZ adenovirus controls are labeled red or green, respectively. 

Figure 2-7. Effects of HSulf-1 on ERK and Akt activation in H292 cells without heparin. 

Cells were infected with lacZ or HSulf-1 adenovirus at 10 MOI and cultured for 48 hours 

before harvest. Top: Western blot analysis (A). Bottom: Densitometric analysis of p-ERK (B) 

and p-AKT (C). Values were analyzed using Image J and expressed as mean ± SD from 3 
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experiments. Significant differences at p < 0.05 compared with control cells were labeled by 

* as determined by t-test.  

Figure 2-8. Effects of HSulf-1 on ERK and Akt activation in H292 cells with heparin. Cells 

were infected with lacZ or HSulf-1 adenovirus at 10 MOI, cultured for 48 hours, and exposed 

to 25 µg/ml heparin for 5 minutes. Top: Western blot analysis (A). Bottom: Densitometric 

analysis of p-ERK (B) and p-Akt (C). Values were analyzed using Image J and expressed as 

mean ± SD from 3 experiments. Significant differences at p < 0.05 compared with control 

cells were labeled by * as determined by t-test.  

 

 

 

 

 

 

 

 

 

 



45 

 

 

Figure 2-1. Relative levels of baseline HSulf-1 expression 
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Figure 2-2. Confirmation of HSulf-1 over-expression in hAT2 and H292 cells by 

quantitative real time PCR (qRT-PCR) and Western Blot 
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Figure 2-3. Representative photomicrographs of hAT2 and H292 cells over-expressing 

HSulf-1 
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Figure 2-4. MTT assay for hAT2 and H292 cells over-expressing HSulf-1 
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Figure 2-5. TUNEL assay of H292 cells over-expressing HSulf-1 
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Figure 2-6. Apoptosis pathway activation in hAT2 and H292 cells over-expressing HSulf-1 
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Figure 2-7. Effects of HSulf-1 on ERK and Akt activation in H292 cells without heparin 
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Figure 2-8. Effects of HSulf-1 on ERK and Akt activation in H292 cells with heparin 

 

 

 

 
 
 

0% 

30% 

60% 

90% 

120% 

150% 

Ctrl Ctrl LacZ Sulf-1 

Ctrl Heparin 

O
p

ti
ca

l d
e

n
si

ty
 

p-ERK 

0% 

30% 

60% 

90% 

120% 

150% 

Ctrl Ctrl LacZ Sulf-1 

Ctrl Heparin 

O
p

ti
ca

l d
e

n
si

ty
 

p-Akt 

HSulf-1 

p-ERK 

ERK 

p-Akt 

Akt 

GAPDH 

                   Control    Control      lacZ       HSulf-1 

Heparin          -               +               +              + A 

B C 



53 

 

Table 2-1. Genes that were up- or down-regulated in hAT2 cells by HSulf-1 

AT2 cells       

Gene 
symbol Description Fold change Function 

BCL2A1 BCL2-related protein A1 -2 Anti-apoptosis 

IGF1R Insulin-like growth factor 1 receptor  -2.3 Anti-apoptosis 

BCL2L11 BCL2-like 11 (apoptosis facilitator) 2.1 Pro-apoptosis 

CASP7 Caspase 7 2.1 Pro-apoptosis 

DAPK1 Death-associated protein kinase 1 -4.2 Pro-apoptosis 

TNFRSF9 TNF receptor superfamily member 9 4.5 Pro-apoptosis 

 
hAT2 cells were infected with HSulf-1 adenovirus, total mRNA was isolated, and Real time 

PCR performed to analyze gene expression. Genes that were significantly up- or down- 

regulated more than 2-fold compared to lacZ adenovirus control were selected. Red indicates 

up-regulationa and blue indicated down-regulation 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=597
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=3480
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=10018
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=840
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=1612
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Table 2-2. Genes that were up- or down-regulated in H292 cells by HSulf-1 

H292 cells       

Gene 
symbol Description Fold change Function 

BAG1 Bcl-2-associated athanogene 1 -2.3 Anti-apoptosis 

BAG4 Bcl-2-associated athanogene 4 -2 Anti-apoptosis 

BCL2A1 BCL2-related protein A1 5.3 Anti-apoptosis 

IGF1R Insulin-like growth factor 1 receptor  -2.2 Anti-apoptosis 

BAX BCL2-associated X protein 2.1 Pro-apoptosis 

CASP6 Caspase 6 -4.5 Pro-apoptosis 

CASP8 Caspase 8 -2.1 Pro-apoptosis 

CIDEA Cell death-inducing DFFA-like effector a 3.1 Pro-apoptosis 

DFFA DNA fragmentation factor 2.2 Pro-apoptosis 

FAS TNF receptor superfamily member 6 2.3 Pro-apoptosis 

TNFRSF9 TNF receptor superfamily member 9 7.3 Pro-apoptosis 

TNFSF10 TNF superfamily member 10 -2.8 Pro-apoptosis 

GADD45A Growth arrest and DNA-damage-inducible, alpha 2 Anti-proliferation 

CD70 TNF superfamily member 7 6.6 Pro-proliferation 

TNFSF8  TNF superfamily member 8 5.3 Pro-proliferation 

MCL1 Myeloid cell leukemia sequence 1 2.1 Pro/anti-apoptosis 

TP73 Tumor protein 73 2.5 Pro/anti-apoptosis 

H292 cells were infected with HSulf-1 adenovirus, total mRNA was isolated and real time 

PCR was performed to analyze gene expression. Genes that were significantly up- or down- 

regulated more than 2-fold compared to lacZ adenovirus controls were selected. Red 

indicates up-regulations and blue indicates down-regulations 

 

 

 

 

 

http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=573
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=9530
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=597
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=3480
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=581
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=839
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=841
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=1149
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=1676
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=355
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=3604
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=8743
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=1647
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=970
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=944
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=4170
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=7161


55 

 

Chapter 3 : Over-expression of Human Endosulfatase 1 Exacerbates Cadmium-induced 

Injury to Human Lung Cells In Vitro 

by 

Huiying Zhang 
a,b

, Donna R. Newman 
a
, James C. Bonner 

b
, Philip L. Sannes 

a,
* 

a
 Department of Molecular Biomedical Sciences, Center for Comparative Molecular 

Translational Research, College of Veterinary Medicine, and  

b 
Department of Environmental and Molecular Toxicology, College of Agriculture and Life 

Sciences, NC State University, Raleigh, NC 27606 

Running Title:  "Endosulfatase expression and cadmium toxicity" 

Supported by: PHS grants HL44497 (PLS), HL95411, and the State of North Carolina 

 * Corresponding author:  

Philip L. Sannes, Ph.D. 

Department of Molecular Biomedical Sciences 

College of Veterinary Medicine 

1060 William Moore Dr. 

North Carolina State University 

Raleigh, NC 27607  

(E-mail: philip_sannes@ncsu.edu) 

 

 

mailto:philip_sannes@ncsu.edu


56 

 

ABSTRACT 

 

               Environmental exposure to cadmium is known to cause damage to alveolar 

epithelial cells of the lung, impair their capacity to repair, and result in permanent structural 

alterations. Cell surface heparan sulfate proteoglycans (HSPGs) can modulate cell responses 

to injury through their interactions with soluble effector molecules. These interactions are 

often sulfate specific, and their alteration could be expected to influence cellular injury, such 

as that caused by exposure to cadmium, by removing sulfate groups from HS side chains. 

The goal of this study was to define the role sulfate plays in cellular responses to cadmium (5 

- 60 μM) exposure of H292 cells, a pulmonary epithelial cancer cell line, and normal human 

primary alveolar type II (hAT2) cells transiently over-expressing 6-O-endosulfatase (HSulf-

1), an extracellular enzyme which specifically removes sulfate groups from HSPG side 

chains. Results showed that over-expression of HSulf-1 specifically decreased cell viability 

when combined with cadmium treatment compared to cadmium alone in H292 cells but not 

in hAT2 cells. PCR arrays also indicated that apoptosis pathways were activated by cadmium 

alone in hAT2 cells but not in H292 cells, and were activated by HSulf-1 over-expression in 

H292 cells but not in hAT2 cells. In addition, HSulf-1 over-expression significantly 

exacerbated the activation of apoptosis pathways by cadmium in H292 cells but not in hAT2 

cells. These findings suggested that HSulf-1 modified injury induced by cadmium in H292 

cells but not hAT2 cells. Furthermore, sulfate groups on HSPGs may play important roles in 

protection against environmental toxicants. 

Key words: cadmium, transformed cells, primary cells, apoptosis, over-expression. 
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INTRODUCTION 

 

          Cadmium (Cd
2+

) is a ubiquitous environmental pollutant and a contaminant of tobacco 

smoke (Chambers, Laurent, Westergren-Thorsson 1998). It is highly toxic and may cause 

multiple health problems. Its main route of exposure is through the respiratory system. 

Inhalation of cadmium results in pneumonitis, pulmonary edema, and emphysema, and may 

even promote development of certain lung cancers (Ress and others 2003). Although the 

detailed mechanisms of cadmium-induced diseases are still unclear, cadmium has been 

shown to induce apoptosis in a rat lung epithelial cell line and to increase cytokine 

production, including IL-8, in alveolar type II (AT2) epithelial cells of the lung (Hart and 

others 1999; Lag and others 2002; Lag and others 2010).   

          Lungs have the highest risk of being exposed to airborne toxicants (Valacchi and 

others 2004), and alveolar epithelial cells, as the primary barrier in air exchange, are 

particularly vulnerable to damage and loss. Following injury, they must rapidly proliferate 

and differentiate to avoid irreversible lung damage. The extracellular matrix environment 

around these cells, which contain a generous amount of sulfated components (Sannes 1984), 

is believed to play an important role in repair following injury (Kainulainen and others 

1998b). Structural studies have shown that the cuboidal-shaped AT2 cells reside on a 

basement membrane (BM) that is undersulfated and symmetrically layered, whereas the large 

squamous alveolar type I (AT1) cells are associated with more heavily and asymmetrically 

sulfated microdomains (Sannes 1984). It has been suggested that these differences in 

sulfation of the BM, predominantly in the form of heparan sulfate proteoglycans (HSPGs), 

help maintain/stabilize phenotype, potentiate the AT2 cell’s capacity to respond to growth 



58 

 

factors and divide, and promote the differentiation process (Newman and others 2004). 

However, after exposure to cadmium, the production of HSPGs in some lung cells has been 

found to decrease up to 40% and the sulfation pattern has also been found to be altered 

(Chambers, Laurent, Westergren-Thorsson 1998; Fears and Woods 2006). Furthermore, 

Kainulainen, et al., discovered that after injury, Syndecan-1 and -4 ectodomains were shed 

into acute wound fluids where they bound to elastase and balanced the proteolytic 

environment near wounds (Kainulainen and others 1998a). Such alterations could potentially 

jeopardize normal protective mechanisms and repair processes following injury. 

        Human 6-O-endosulfatase 1 (Hsulf-1) is an enzyme that cleaves the 6-O-sulfate group 

from HSPGs, modifies their molecular structure, and alters their capacity to modulate 

signaling pathways (Bret et al., 2011). Due to its function of decreasing the sulfation of 

HSPGs, we hypothesize that over-expression of HSulf-1 exacerbates cellular and whole lung 

injury caused by cadmium. In this study, H292 cells, a pulmonary epithelial cancer cell line, 

and normal human primary AT2 (hAT2) cells were treated with cadmium after infecting 

them with HSulf-1 adenovirus, and cell viability and apoptosis were tested with MTT and 

TUNEL assays, respectively. A PCR array was performed to measure the activation of the 

apoptosis pathway. The resulting data indicate that HSulf-1 increases the injury induced by 

cadmium in H292 but not in hAT2 cells and suggest that sulfate groups on HSPGs may play 

important roles in protection against environmental toxicants. 
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MATERIALS AND METHODS 

 

          Cell preparation and maintenance: H292 cells were obtained from American Type 

Culture Collection (ATCC) (Manassas, VA) and cultured in RPMI1640 medium with 10% 

FBS and antibiotics. Human tissue for isolation of AT2 cells was obtained from organ donor 

lungs from University of North Carolina Cystic Fibrosis/Pulmonary Research and Treatment 

Center Tissue Procurement and Cell Culture Core (Chapel Hill, NC).  Following isolation 

(see below), hAT2 cells were maintained in DMEM medium supplemented with 10% FBS 

and Antibiotic-Antimycotic solution (Mediatech, Manassas, VA)  for the first day and regular 

Penicillin-Streptomycin antibiotics thereafter.  

            hAT2 cell isolation: Cells were isolated according to a scaled-up, modified version of 

the original Dobbs (1990) procedure. In brief, an entire lobe from a donor cadaver lung was 

excised, cannulated, inflated to full capacity a PBS (phosphate buffered saline) based 

solution lacking calcium and magnesium but containing EGTA, and lavaged and drained 

multiple times to remove macrophages, air, and mucus by inflating with a PBS based 

solution containing magnesium and calcium. The lobe was inflated with an elastase solution 

(13 units/ml) and incubated at 37°C for up to forty minutes. Peripheral pieces were excised 

from the digested lobe and obvious bronchiolar tissue was removed and discarded. Tissue 

pieces were then minced into cubic millimeter size using triple scissors, in a PBS based 

solution containing DNase. The minced tissue was transferred to a flask on ice and 5 ml of 

FBS was added to each 100 ml of suspension to neutralize the elastase. The suspension was 

shaken vigorously side-to-side in a 37°C water bath for 3 minutes to mechanically release the 

hAT2 cells from the tissue. The suspension was then filtered through a single layer of moist 
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cheesecloth several times until large pieces of undigested tissue were removed, then through 

two layers of cheesecloth twice and three layers once. The suspension was passed through 

165 µm nylon meshes and finally through 42 µm nylon mesh. The filtrate was centrifuged at 

1000 rpm (300 g) for 10 minutes at 4°C, and the cell pellet was re-suspended in 5 ml DMEM 

(without FBS).  A 100 ml aliquot of the cells was diluted 1:10 in a Trypan Blue solution and 

counted using a hemocytometer. Cells were re-suspended in sufficient DMEM so that around 

20 million viable cells could be seeded on each of 30 human IgG-coated Petri dishes. Dishes 

of cells were incubated at 37°C for 1 hour to allow macrophages and white blood cells, as 

well as fibroblasts, to adhere. Unattached hAT2 cells were recovered by gently rocking each 

dish several times, transferred to 50 ml tubes, and centrifuged. Each cell pellet was re-

suspended in 5 ml DMEM and all cells were pooled in a single 50 ml tube. To further reduce 

fibroblast contamination, an anti-fibroblast antibody, AS02, was added to the cells for a 10 

minute incubation at 4°C with gentle inversion. Excess antibody was removed by increasing 

the volume to 50 ml with DMEM/0.1% BSA and by pelleting the cells. The re-suspended 

cells (in 20 ml DMEM/0. 1% BSA) were then incubated with pan-mouse-IgG Dynabeads for 

30 minutes at 4°C with gentle inversion. The cell suspension was brought to 45 ml with 

DMEM/0.1% BSA and divided into three 15 ml tubes. Tubes were placed into a magnetic 

holder and the Dynabead-labeled fibroblasts were immobilized along the tube sides. The 

non-selected hAT2 cells were pooled in a 50 ml tube, counted, plated in DMEM/10% FBS 

on rat-tail collagen-coated tissue culture dishes. After a medium change the next day, cells 

were cultured for 48 hours before further treatment. 

          Construction of adenovirally-delivered over-expression plasmids: Over-expression of 

HSulf1 in epithelial cells was accomplished by infection with adenovirus containing the 
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HSulf1 gene driven by a CMV promoter. An ultimate ORF clone in the pENTR221 vectors 

(Invitrogen, Carlsbad, CA) was used to introduce the protein coding sequence of HSulf1 into 

the pAd/CMV/V5-DEST vector (Invitrogen, Carlsbad, CA) by a ligation reaction. Reaction 

product was transferred to TOP10 E. coli hosts and selected by Ampicillin plates for 

successful transfectants. Adenoviruses were produced in 293A cells, amplified and titered 

using an anti-Hexon antibody for future infection of H292 and hAT2 cells. 

           Cell cultures and treatment: Cells were initially infected with HSulf-1 over-

expression adenovirus then treated with 10 µM cadmium chloride for 48 hours, 

photomicrographs were taken with an Olympus IMT-2 inverted microscope under phase 

contrast, and samples were harvested and apoptosis assessed using a TUNEL assay kit 

(Invitrogen, Carlsbad, CA) and SuperArray plates (SABiosciences, Frederick, MD). In 

further experiments, H292 and hAT2 cells over-expressing HSulf-1 were seeded onto 24-

well plates at 25,000 cells per well. Cells were then exposed to a range of cadmium chloride 

concentrations, depending upon their relative sensitivity established in preliminary 

experiments (5 - 60 µM for H292 cells and 1-30 µM for hAT2 cells), for 24 or 48 hours and 

viability was assessed by MTT assay.                                                                                                             

              MTT assay: A measure of cell proliferation/viability was obtained by a colorimetric 

assay which utilized the capacity of live cells to change 3-(4, 5-dimethylthiazol-2-yl)-2, 5-

diphenyltetrazolium bromide (MTT) from yellow to a purple precipitate which could be 

dissolved in DMSO. 24 hours post-infection, H292 and hAT2 cells were exposed to various 

concentrations of cadmium chloride for another 24 or 48 hours. At the end of the exposure, 

culture medium was discarded and the MTT solution (Sigma, St. Louis, MO) was added to a 

final concentration of 1 mg/ml. After 3 hours at 37
ο
C, the solution was removed and the 
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formazan precipitate was dissolved in DMSO and the optical density (OD) measured at 570 

nm using a microplate ELISA reader. Data was expressed in a percentage of control cells and 

analyzed with ANOVA followed by Student’s t-test. 

            TUNEL assay:  Apoptosis was determined by TUNEL (Terminal deoxynucleotidyl 

transferase dUTP nick end labeling) assay which detects the DNA fragmentation produced in 

apoptotic cells. H292 and hAT2 cells over-expressing HSulf-1 were treated with 10 µM 

cadmium chloride for 48 hours, washed, and re-suspended in 500 µl PBS. This cadmium 

concentration was chosen because it was considered to be more biologic than highly toxic as 

demonstrated in previous treatments with broader concentration ranges. The cell suspension 

was delivered into 5 ml of 1% paraformaldehyde. After incubation on ice for 15 minutes, 

cells were pelletized and supernatant discarded; cells were then washed twice in 5 ml of PBS 

and re-suspended in 500 µl PBS. This cell suspension was added to 5 ml of ice cold 70% 

ethanol, incubated on ice for 30 minutes, and pelletized again. Apoptosis was analyzed by a 

TUNEL kit from Invitrogen (Carlsbad, CA). Cells undergoing apoptosis exhibited a bright 

fluorescence upon excitation at excitation/emission wavelengths of 495/519 nm. Cell nuclei 

were stained with DAPI and detected at excitation/emission wavelengths of 358/461 nm. 

Photomicrographs were taken of random fields on a Meiji MX fluorescence microscope at 

20X magnification with an Infinity 3 camera; DAPI and BrdU pictures were merged using 

Image J. A minimum of 3 fields from TUNEL assay photomicrographs were randomly 

selected and total cells were counted in each field to achieve a minimum number of 150 total 

cells in H292 and 60 total cells in hAT2. Apoptotic ratios as apoptotic cells/total cells are 

expressed as Mean ± SD from different fields.   
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           SuperArray analysis of apoptosis signaling pathway: Both hAT2 and H292 cells were 

infected with HSulf-1 adenovirus and/or treated with 10µM cadmium for 48 hours as above. 

Cells were harvested and total mRNA was isolated and purified with the RNeasy kit from 

Qiagen (Valencia, CA). Concentrations were measured spectrophotometrically at 260 nm and 

1 μg of total mRNA was used as template for cDNA synthesis utilizing the High Capacity 

Archive Kit (Applied Biosystems, Carlsbad, CA). Produced cDNA was added to SybrGreen 

PCR master mix (SABiosciences, Frederick, MD) and aliquoted into each well of the ready-

to-use PCR array PAHS-012 plates (Human apoptosis array, SABiosciences). Real-time PCR 

data was analyzed using on-line programs from SABiosciences. The 84 apoptosis-related 

genes analyzed included TNF ligand and receptor family, Bcl2 families, Caspases, Inhibitors 

of apoptosis (IAP), caspase recruitment domain family, death domain, death effector domain 

and p53 family members. 

            Data analysis and statistics: PCR array data were analyzed with the delta-delta 

method for gene regulation and subjected to scatter-plot, with online data analysis tools 

supplied by SABiosciences Inc. ANOVA was utilized to analyze the MTT assay data 

followed by Student’s t-test; two-tailed Student t-test was performed on the quantitative PCR 

data, and factorial ANOVA was performed for the association test. 
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RESULTS 

 

Cell morphology 

         Preliminary experiments indicated that both HSulf-1 over-expression and cadmium 

treatment reduced cell viability in a dose dependent fashion (data not shown). To determine 

if the loss of sulfate by HSulf-1 over-expression intensifies the toxic effects of cadmium, 

hAT2 and H292 cells were treated with 10 µM cadmium after infection of HSulf-1 

adenovirus. By phase microscopy, hAT2 cells infected with lacZ adenovirus only (Figure 3-

1A) were essentially similar to untreated cells (data not shown), and were typically large, 

round, and squamous in appearance with a centrally located nucleus. H292 cells infected 

with lacZ adenovirus only were small, polygonal cells with a centrally positioned nucleus 

(Figure 3-1E) which were essentially similar to untreated cells (data not shown). At relatively 

low concentrations of cadmium treatment (10 µM), hAT2 cells showed a visible decrease in 

cell density and size and assumed more stellate or fusiform shapes (Figure 3-1B), while 

H292 cells were relatively unaffected by comparison except for increased refractivity (Figure 

3-1F). A low MOI (multiplicities of infection) at 10 of HSulf-1 adenovirus, on the other hand, 

did not appear to reduce the cell density in either hAT2 (Figure 3-1C), but induced some 

reduction in size and density of H292 cells (Figure 3-1G). However, treatment with cadmium 

in the presence of HSulf-1 over-expression plasmids reduced cell density in both hAT2 

(Figure 3-1D) and H292 (Figure 3-1H) cells. In addition to reduction in size, an increase in 

more stellate or fusiform cells and an increase in the number of floating cells and surface 

blebbing, as suggested by increased refractility of cell borders, were seen in both cells.  
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Cell numbers were reduced by cadmium after HSulf-1 over-expression 

         Since HSulf-1 worsened the effects of low concentrations of cadmium on both hAT2 

and H292 cells, further experiments were performed to quantitatively define its impact on 

cell numbers as determined by proliferation and/or viability using a commercial MTT assay. 

In hAT2 cells treated with cadmium concentrations ranging from 1 to 30 µM, the survival 

rates decreased from 100% to 25% of untreated controls in HSulf-1 over-expressing cells 

(Figure 3-2A). By comparison, the survival rates of lacZ over-expressing hAT2 cells 

decreased from 100 to 27% of untreated controls after 24 hours (Figure 3-2A). At 48 hours, 

HSulf-1 over-expression decreased hAT2 survival percentage from 100% down to 8%, while 

in lacZ over-expressing hAT2 cells, the survival rates decreased from 100% to 14% of 

untreated controls (Figure 3-2B). H292 cells over-expressing HSulf-1 and treated in culture 

with cadmium chloride at concentrations ranging from 5 to 60 µM had viability rates that 

decreased from 98% to 33% of untreated controls after 24 hours (Figure 3-2C). By 

comparison, the survival rates of lacZ over-expressing H292 cells decreased only from 98% 

to 55% of untreated controls over the same range of cadmium concentrations (Figure 3-2C). 

At 48 hours post-cadmium treatment, HSulf-1 over-expression further decreased H292 cell 

viability percentage from 95% down to 18% of untreated controls while lacZ over-expression 

decreased H292 cell survival from 92% to only 37% of untreated controls (Figure 3-2D). 

These results indicated that in H292 cells, the loss of O-6-linked sulfate with HSulf1 over-

expression reduced cell numbers, most likely by increased cell death rates when combined 

with cadmium chloride compared to cadmium alone, both 24 and 48 hours after treatment.  
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Apoptosis was induced by HSulf-1 over-expression and/or cadmium                                                     

               To determine if the reduction in cell numbers is caused by apoptosis, hAT2 and 

H292 cells were infected at 10 MOI with HSulf-1 over-expressing adenovirus and were then 

treated with 10 µM cadmium chloride as above. TUNEL assay was performed and apoptotic 

cell numbers were normalized to total cell numbers to obtain apoptotic ratios. The data 

showed that in hAT2 cells, cadmium alone and in the presence of HSulf-1 over-expression 

induced apoptosis in 35% and 32% of cells, respectively, both of which were significantly 

higher than untreated controls. However, over-expression of HSulf-1 alone induced apoptosis 

in 4% of cells, which was not significantly different from the lacZ over-expressing control 

(Figure 3-3A). Cadmium treatment of H292 cells alone was not a significant factor in 

induction of apoptosis, while HSulf-1 over-expression alone induced apoptosis in 15% of 

treated cells. It should be noted that the combination of HSulf-1 and cadmium induced 

apoptosis in up to 28% of treated cells, which was significantly greater than for HSulf-1 

over-expression alone (Figure 3-3B).  

Gene regulation in the apoptosis pathway activated by cadmium and/or HSulf-1 

         Cadmium induced apoptosis pathway activation in hAT2 cells but not in H292 cells. 

Apoptosis array data demonstrated that in hAT2 cells, 15 pro-apoptotic genes (APAF1, 

CARD8, CASP10, DAPK1, FAS, NOD1, TNFRSF21, TNFSF10, BCL2L11, BIK, BNIP3, 

CIDEA, HRK, LTA, and TNFRSF9), 3 anti-apoptotic genes (BAG3, BIRC3, and BNIP1), and 

2 genes with unrelated functions to apoptosis (CD27, TNFSF8) were altered by cadmium 

treatment (Table 1). Of the 15 pro-apoptotic genes, 8 (APAF1, NOD1, CARD8, CASP10, 

DAPK1, FAS, TNFRSF21, TNFSF10) were down-regulated and 7 (BCL2L11, BIK, BNIP3, 

CIDEA, HRK, LTA, TNFRSF9) were up-regulated, while all of the 3 anti-apoptotic genes 
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were up-regulated. Taking into consideration the number of anti- and pro-apoptotic genes as 

well as the magnitude and direction (up- or down-regulated) of change in expression, we 

would predict that the alteration of gene expression is favored apoptosis. 

 In H292 cells, only 3 apoptotic genes were altered by cadmium alone. Of them, 2 

genes (BIK and CIDEA) were down-regulated, and 1 gene (DFFA) was up-regulated, which 

suggested a lack of significant pathway activation in H292 cells (Table 2). This is confirmed 

by scatter plot analysis which showed a clustering of relevant genes with no significant 

change and small fold change for those outside the range (Figure 3-4B). 

             HSulf-1 over-expression induced activation of the apoptosis pathway in H292 cells 

but not in hAT2 cells.  Data in Table 1 indicated that in hAT2 cells, a total of 6 genes 

(BCL2A1, BCL2L11, CASP7, DAPK1, IGF1R, and TNFRSF9) were activated by forced 

expression of HSulf-1. Of the 4 pro-apoptotic genes (DAPK1, BCL2L11, CASP7, and 

TNFRSF9) only DAPK1 was down-regulated and the other 3 were up-regulated. The 2 anti-

apoptotic genes were both down-regulated. This suggested that the apoptosis pathway was 

not imbalanced by HSulf-1 in hAT2 cells compared to control cells. However, in H292 cells, 

8 pro-apoptotic genes (CASP6, CASP8, BAX, CIDEA, DFFA, FAS, TNFRSF9, and 

TNFSF10), 4 anti-apoptotic genes (BAG1, BAG4, IGF1R, and BCL2A1), and 5 unrelated 

genes (GADD45A, MCL1, CD70, TNFSF8, and TP73) were activated. Collectively, the 

number of anti- and pro-apoptotic genes as well as the magnitude and direction (up- or down-

regulated) of change in expression would suggest a balance in favor of apoptosis. Scatter plot 

analysis further illustrated that data points representing these genes were more significantly 

different from controls in H292 cells than in hAT2 cells after over-expression of HSulf-1 

(Figure 3-5 A and B). This further supported the interpretation that HSulf-1 over-expression 
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activated the apoptosis pathway in transformed H292 cells (a transformed cell line) but not in 

hAT2 (normal) cells. 

         Cadmium treatment after over-expression of HSulf-1 activated apoptosis pathway in 

both H292 and hAT2 cells. In hAT2 cells, 13 pro-apoptotic genes (NOD1, CASP10, DAPK1, 

TNFRSF21, TNFSF10, BCL2L11, BIK, BNIP3, CASP7, CIDEA, HRK, LTA, and TNFRSF9), 

4 anti-apoptotic genes (AKT1, BAG3, BCL2A1, and BIRC3), and 6 unrelated genes (BRAF, 

CD40, CD27, CD70, TNFSF8, and TP73) were activated by the combination of HSulf-1 

over-expression and cadmium. Collectively, the activation of 9 genes favored apoptosis 

while the activation of 8 genes favored suppression of apoptosis. When compared to hAT2 

cells treated with lacZ and cadmium alone, 3 more genes were activated by the HSulf-

1/cadmium combination. When compared with HSulf-1 over-expression alone, 17 more 

genes were activated in the combination (Table 1). This suggested that more genes were 

activated in hAT2 cells by the HSulf-1/cadmium combination than in the hAT2 cells treated 

with cadmium or over-expressing HSulf-1 alone. In H292 cells, 15 pro-apoptotic genes 

(CASP9, HRK, TNFSF10, TP53, APAF1, BAX, BIK, BNIP3, CASP4, CASP7, CIDEA, DFFA, 

FAS, TNFRSF10A, and TNFRSF9), 3 anti-apoptotic genes (BAG1, AKT1, and BCL2A1), and 

7 unrelated genes (GADD45A, MCL1, CD27, CD70, TNFSF8, TP73, and TRAF3) were 

activated. Taking into consideration of the number of anti- pro-apoptotic genes and 

magnitudes they were regulated, we suggest that apoptosis is favored. Importantly, more 

genes were activated by the combined treatment compared to cadmium (3) or HSulf-1 (17) 

treatment alone in H292 cells. Furthermore, scatter plot analysis illustrated that data points 

representing these genes showed increased significance compared to control (Figure 3-6 A 
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and B). These results suggest that HSulf-1 may exacerbate apoptosis pathway activation by 

cadmium in H292 cells, but may not in hAT2 cells.  

Interaction between HSulf-1 over-expression and cadmium treatment 

            In hAT2 cells, out of the 23 genes whose expression was either up- or down-regulated 

by cadmium after over-expression of HSulf-1, synergistic/antagonistic effects were seen on 3 

genes (HRK, TNFRSF9, and CD70), which accounted for only 13% of total activated genes 

(Figure 3-7). The dashed line indicates the gene expression change from that in the lacZ 

over-expression control to that with HSulf-1 over-expression with horizontal lines indicating 

no change, positively-sloped lines indicating up-regulation and negatively-sloped lines 

indicating down-regulation. The solid line indicates the gene expression change from that 

with lacZ over-expression control to that with HSulf-1 over-expression in the presence of 

cadmium. Solid and dashed lines in parallel indicate no synergistic or antagonistic effects. 

Solid lines with more positive slopes than dashed lines indicates a synergistic effect while 

dashed lines with more positive slopes than solid lines means an antagonistic effect. 

Accordingly, the HSulf-1 and cadmium combination showed synergistic effects on TNFRSF9 

(pro-apoptotic) and CD70 (unrelated functions) (Figure 3-7 B – C). Alternatively, the 

combination exhibited antagonistic effects on HRK (pro-apoptotic) in hAT2 cells (Figure 3-

7A). In H292 cells, of the 25 genes whose expression was either up- or down-regulated by 

cadmium after over-expression of HSulf-1, synergistic/antagonistic effects were seen on 9 

genes (BAX, BIK, BNIP3, CASP4, CASP7, FAS, GADD45A, TNFSF10, and TP53), which 

accounted for 36% of the 25 activated genes (Figures 3-8 A – I). Based on the slope of the 

lines, the HSulf-1 and cadmium combination showed synergistic effects on 6 pro-apoptotic  
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genes (BAX, BIK, BNIP3, CASP4, CASP7, and FAS) (Figure 3-8 A – F) and 1 unrelated 

functioning gene GADD45A (Figure 3-8 G) and antagonistic effects on the other 2 genes 

which were pro-apoptotic as well (TNFSF10 and TP53) (Figure 3-8 H – I). The results 

indicated that HSulf-1 enhanced the expression of several pro-apoptotic genes in H292 cells 

treated with cadmium but not in hAT2 cells, which suggests that HSulf-1 may exacerbate the 

apoptotic effects induced by cadmium in H292 cells.    
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DISCUSSION 

 

           HSPGs are important components of extracellular matrix and have been shown to play 

key roles in tissue structure, cell signaling, responses to injury/disease, wound healing, and, 

importantly, in protecting the tissues and cells from extracellular injury (Barash and others 

2010; Dreyfuss and others 2009a; Elenius and others 2004; Fears and Woods 2006; Iozzo 

2001). Depending upon their location and cell of origin, the functional characteristics of 

HSPGs can be largely attributed to their degree/level of sulfation and their specific sulfate 

bonds (Dreyfuss and others 2009b; Gupta and others 1998). It has been suggested that the 

heavy sulfation of some HSPGs may function as an effective barrier between cells and their 

soluble and insoluble environments (Bode and others 2008; Levy-Adam, Ilan, Vlodavsky 

2010; Tuve and others 2008). This is particularly true of the lung, where exposure to 

potentially toxic agents is virtually constant and protection is crucial for survival. Pulmonary 

exposures to heavy metals remain a very real occupational and environmental hazard (Jarup 

2003). Of interest here is cadmium, which is a ubiquitous toxicant with industrial emission 

and cigarette smoking as major sources (Jarup 2003). Acute exposures to cadmium can cause 

bronchial and pulmonary irritation in the lung and chronic exposures can induce bronchiolitis 

and emphysema. In addition, studies in rats have shown that long term exposure to cadmium 

induces lung cancers and occupational studies have indicated the positive relation between 

lung cancer and cadmium inhalation (E.J. Calabrese and E.M. Kenyon 1991; Agency for 

Toxic Substances and Disease Registry 1997). The main mechanisms leading to acute 

toxicity are apoptosis at low concentrations (0 – 10 µM) and necrosis at high concentrations (> 

50 µM) (Kwon and others 2006; Lee and Thevenod 2008). HSPGs and polysaccharides have 
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 been suggested to play a protective role against cellular and tissue injury. For example, 

heparan sulfate has been found to protect cells from injuries caused by calcium oxalate (Iida 

and others 2003) and herpes simplex virus (Witvrouw and De Clercq 1997). 

Glycosaminoglycans (GAGs), components of proteoglycans, were also found to limit the 

oxidative injury by iron (Campo and others 2005). More importantly, metals such as 

cadmium and mercury, which utilize reduced sulfur as a ligand, were more toxic to cells, and 

they inhibited the incorporation of sulfate into HSPGs (Templeton and Chaitu 1990). Taken 

together, it was hypothesized that the HSPGs, especially their heavily charged sulfate groups 

function as a barrier between cells and metals such as cadmium. HSulf-1 is an enzyme that 

specifically removes 6-O-sulfate from HS side chains of HSPGs (Bret and others 2011), thus 

modifying their sulfation pattern and possibly changing their biological activities and 

influencing protection/injury. The goal of this study was to determine if alterations in the 

expression of HSulf-1, and thus sulfate content of HSPGs, induce changes in cellular 

response to exposure of cadmium in transformed human lung epithelial cells and normal 

human primary alveolar type II (hAT2) cells. 

              Results initially showed that neither cadmium at low concentrations (10 μM) nor 

HSulf-1 over-expression (10 MOI) alone reduced visible cell density in H292 cells, while 

cadmium appeared to reduce cell density in primary hAT2 cells and HSulf-1 over-expression 

did not. However, their combination clearly reduced cell density in both cells (Figure 3-1). 

To further investigate this finding, both H292 and hAT2 cells were infected for over-

expression of lacZ (control) or HSulf-1 at a constant 10 MOI and treated with 5 – 60 µM (for 

H292) or 1 – 30 µM (for hAT2) cadmium chloride. Control cells were infected with a lacZ 

over-expression adenovirus because adenovirus itself and the presence of an over-expressed 
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protein have some effects on cells, and results were normalized to these controls. hAT2 cells 

had been determined in preliminary experiments to be more sensitive to cadmium injury than 

H292 cells, so the range of treatment concentrations was adjusted accordingly. In H292 cells, 

HSulf-1 over-expression resulted in significantly reduced survival rates after 24 hours with 

cadmium treatment at 50 and 60 μM, and after 48 hours at 10 – 60 μM, compared to lacZ 

controls. hAT2 cells were clearly more sensitive to cadmium on a molar basis as measured 

by MTT assay, but they were not as influenced by HSulf-1 over-expression as H292 cells 

(Figure 3-2). To further investigate the mechanisms involved in this apparent reduction in 

cell viability, both hAT2 and H292 cells over-expressing lacZ or HSulf-1 were cultured with 

or without cadmium (10 μM) and TUNEL assay was performed. It was important to examine 

these events at low concentrations in order to minimize possible confounding signaling 

events that might overwhelm the endpoints. The results were similar to those of the MTT 

assay, reinforcing the observation that hAT2 cells were more sensitive to cadmium injury 

than H292 cells while H292 cells were more sensitive to HSulf-1 over-expression than hAT2 

cells (Figure 3-3). These results appear to be consistent with previous findings that liver 

epithelial cancer cells may acquire resistance to apoptosis after cadmium treatment (Qu and 

others 2006), while rat AT2 cells were found to be sensitive to cadmium-induced apoptosis 

(Lag and others 2002). Data here also indicates that combined exposure to cadmium with 

over-expression of HSulf-1 resulted in apparent synergistic enhancement of apoptosis in 

H292 cells but not in hAT2 cells (Figure 3-3) which suggested that cancer cells which may 

have acquired cadmium resistance could be re-sensitized by desulfation of relevant biological 

reactive sites at cell surfaces.  
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           To further study the roles of HSulf-1 and cadmium in the initiation of apoptosis, 

specific gene array technology was employed on H292 and hAT2 cells over-expressing lacZ 

or HSulf-1 (10 MOI) and cultured with or without low concentration cadmium (10 μM) as 

above. It was found that H292 cells over-expressing HSulf-1 alone activated a total of 

seventeen genes including eight pro-apoptotic genes and four anti-apoptotic genes, thus 

favoring the apoptotic pathway. However, only six genes were activated in HSulf-1 over-

expressing hAT2 cells and to a low fold-change, which indicated a lack of apoptosis 

activation (Figure 3-5). This adds support to the MTT and TUNEL assay findings that cell 

survival rates were significantly reduced by over-expression of HSulf-1 in H292 cells but not 

in hAT2 cells. Similarly, cadmium treatment activated apoptosis pathways in hAT2 cells but 

not H292 cells (Figure 3-4), which is also in agreement with MTT and Tunnel assay findings 

that apoptosis was induced in hAT2 cells by cadmium. Finally, cadmium treatment after 

HSulf-1 over-expression activated apoptosis pathways in both hAT2 and H292 cells, 

although the enhancement by HSulf-1 over-expression was greater in H292 than hAT2 cells 

(Figure 3-6). A relevant difference between H292 and hAT2 cells is that HSulf-1 is 

expressed at much lower basal levels in H292 cells than in hAT2 cells so that the over-

expression of HSulf-1 in H292 cells may cause a greater change in sulfation. It is likely that 

hAT2 cells are better adapted to or tolerant of lower sulfated environments engendered by the 

higher levels of HSulf-1 and lower growth factor requirements for homeostasis (Sannes, 

1984). But H292 cells, which lack HSulf-1 and have greater growth factor requirements for 

maintenance, are likely to be more sensitive to low sulfate surroundings caused by increased 

HSulf-1. Sulfation, as a key factor in cell proliferation and survival, may affect cell viability 

when changed, as its alteration activates/inhibits specific gene targets such as BAX, CIDEA, 
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and FAS as shown in the PCR array data for H292 cells. Specific genes such as BAX are key 

regulators in the activation of apoptosis and this may result in initiation of cell death in H292 

but not hAT2 cells. Taken collectively, these data suggest the likelihood that HSulf-1 acts to 

modulate a cell’s sulfated environment to optimize responses to relevant growth factors 

and/or toxicants in transformed H292 cells. But hAT2 cells, which express HSulf-1 at higher 

levels, are not as sensitive as H292 cells to the change of sulfation levels, and the 

combination of HSulf-1/cadmium did not exacerbate the toxic effects induced by cadmium 

alone. 

            Further analysis was performed to determine whether the effects of cadmium are 

dependent on HSulf-1. Results showed that out of the twenty three genes activated in hAT2 

cells, synergistic/antagonistic effects of the HSulf-1/cadmium combination were seen on only 

three genes HRK, TNFRSF9, and CD70, which indicated that the effects of cadmium were 

dependent on HSulf-1 in those three genes. Synergistic effects were seen with TNFRSF9 

(pro-apoptotic) and CD70 (unrelated function) while antagonistic effects were evident with 

HRK (pro-apoptotic). However, in hAT2 cells, HSulf-1 may not influence the apoptotic 

effects caused by cadmium, due to the small percentage (13%) of genes affected. In H292 

cells, synergistic/antagonistic effects were seen with nine of the twenty five genes including 

eight pro-apoptotic genes (BAX, BIK, BNIP3, CASP4, CASP7, FAS, TNFSF10, and TP53) 

and one gene with function unrelated to apoptosis (GADD45A). Synergistic effects were 

seen on seven genes and antagonistic effects were seen on the remaining two genes. This 

suggested that the HSulf-1 and cadmium combination not only increased the number of 

activated genes, but also increased the expression levels of 35% of activated genes compared 

to cadmium treatment alone. This indicates that in H292 cells, but not in hAT2 cells, HSulf-1 
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may exacerbate the activation of apoptosis pathways induced by cadmium, and may induce 

more cell death.             

            Extracellular matrix HSPGs have been recognized for their functional involvement in 

cell/tissue shape, mechanisms of cell recognition, and facilitation of cell signaling (Dreyfuss 

and others 2009b). However, the potential protective roles of HSPGs against metal toxicity 

and the possible mechanisms involved are less well understood. Studies have demonstrated 

that injuries caused by metals such as Zn, Ba, and Hg were related to the sulfation status of 

HSPGs, and reduced sulfation was also induced after their treatment (Purdey 2004; 

Templeton and Chaitu 1990). In the current study, it was proposed that the alteration of 

sulfation would affect cellular injury induced by cadmium, and HSulf-1, an enzyme that 

hydrolyzes 6-O sulfate groups, was selected as a target for modifying the sulfation 

characteristics of relevant HSPGs. Results of these studies demonstrate that HSulf-1 over-

expression (reduced sulfation) reduced the tolerance of H292 cells to cadmium and induced 

more cell death and apoptosis, while hAT2 cells were sensitive to cadmium with or without 

HSulf-1 over-expression. It is concluded that sulfation of HSPGs may be an important 

mechanism that contributes to protection of cells against certain environmental metal 

toxicants such as cadmium. 
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FIGURE LEGENDS 

 

Figure 3-1. Representative photomicrographs of hAT2 and H292 cells treated with HSulf-1 

and/or cadmium. hAT2 cells and H292 cells were exposed with 10 µM cadmium for 48 

hours after over-expression of lacZ or HSulf-1. Photomicrographs were taken under a phase 

contrast microscope.  

Figure 3-2. MTT assay of hAT2 and H292 cells treated with HSulf-1 and/or cadmium. Cells 

over-expressing lacZ or HSulf-1 at 10 MOI were exposed to increasing concentrations of 

cadmium for 24 or 48 hours. Cells were cultured in 1mg/ml MTT solution and read at 570 

nm in an ELISA reader. Data was expressed as percentage of the value of untreated control 

lacZ over-expressing cells as mean ± SD from duplicate experiments. Significant differences 

at p < 0.05 were indicated by * as determined by ANOVA followed by Student’s t-test. 

Figure 3-3. TUNEL assay in hAT2 and H292 cells treated with HSulf-1 and/or cadmium. 

hAT2 (A) and H292 (B) cells were infected with adenovirus that contains HSulf-1 at 10 MOI 

alone or in the presence of 10 µM cadmium for 48 hours. TUNEL assay was performed on 

harvested cells. A minimum of 3 fields from TUNEL assay photomicrographs (20Х 

magnification) were selected and total cells were counted in each field to achieve a minimum 

number of 150 total cells in H292 and 60 total cells in hAT2. Apoptotic ratios as apoptotic 

cells/total cells are expressed as Mean ± SD from different fields under microscope. 

Significant differences between groups at p < 0.05 are indicated by the character labels above 

each bar as determined by Student’s t-test.  

Figure 3-4. PCR array results for hAT2 and H292 cells exposed to cadmium. hAT2 and 

H292 cells were exposed to cadmium for 48 hours after over-expressing lacZ control 

plasmids. RNA was isolated and PCR array was performed. Genes up- or down- regulated 

more than 2 fold are labeled red or green, respectively.  

Figure 3-5. PCR array results for hAT2 and H292 cells over-expressing HSulf-1. hAT2 and 

H292 cells were infected with adenovirus which contains HSulf-1 over-expression plasmids 

for 48 hours, RNA was isolated and PCR array was performed. Genes up- or down- regulated  
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more than 2 fold are labeled red or green, respectively.  

Figure 3-6. PCR array results for hAT2 and H292 cells treated by cadmium after over-

expression of HSulf-1. hAT2 and H292 cells were exposed to cadmium for 48 hours after 

over-expression of HSulf-1. Genes up- or down- regulated more than 2 fold are labeled red or 

green, respectively.  

Figure 3-7. Gene expression interaction analysis in hAT2 cells. Genes up- or down-regulated 

in hAT2 cells by HSulf-1/Cadmium were tested with association test. Data was analyzed by 

Factorial ANOVA and p-value of 0.05 was set as standard for interaction. 

Figure 3-8. Gene expression Interaction analysis in H292 cells. Genes up- or down-regulated 

in hAT2 cells by HSulf-1/Cadmium were tested with association test. Data was analyzed by 

Factorial ANOVA and p-value of 0.05 was set as standard for interaction.  
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                                                     FIGURES   

 

                       

 

Figure 3-1. Representative photomicrographs of hAT2 and H292 cells treated with HSulf-1 

and/or cadmium 
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Figure 3-2. MTT assay of hAT2 and H292 cells treated with HSulf-1 and/or cadmium 
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Figure 3-3. TUNEL assay in hAT2 and H292 cells treated with HSulf-1 and/or cadmium 

 

 

      

Figure 3-4. PCR array results for hAT2 and H292 cells exposed to cadmium 
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Figure 3-5. PCR array results for hAT2 and H292 cells over-expressing HSulf-1 

 

 

 

       

Figure 3-6. PCR array results for hAT2 and H292 cells treated by cadmium after over-

expression of HSulf-1 

 

 

A B 

A B 

 

 

hAT2 H292 

hAT2 H292 



87 

 

 

 

 

 

 

 

 

Figure 3-7. Gene expression interaction analysis in hAT2 cells 
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Figure 3-8. Gene expression Interaction analysis in H292 cells 
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Table 3-1. Genes that were up- or down-regulated in hAT2 cells by HSulf-1 or cadmium 

hAT2 cells   lacZ Hsulf-1   

Gene  Description        Ctrl      Cd Ctrl    Cd Function 

AKT1  v-akt murine thymoma viral oncogene homolog 1 1 -1.8 -1 2.3 Anti-apoptosis 

BAG3  Bcl-2-associated athanogene 3 1 4.5 -1.1 2.2 Anti-apoptosis 

BCL2A1  BCL2-related protein A1 1 2 -2 2.8 Anti-apoptosis 

BIRC3 Baculoviral IAP repeat containing 3 1 5 1.2 5.4 Anti-apoptosis 

BNIP1  BCL2/adenovirus E1B 19kDa interacting protein 1 1 2 1.2 1.7 Anti-apoptosis 

IGF1R  Insulin-like growth factor 1 receptor  1 -1.7 -2.3 -2 Anti-apoptosis 

APAF1  Apoptotic peptidase activating factor 1 1 -2.7 -1.8 -1.5 Pro-apoptosis 

BCL2L11 BCL2-like 11 (apoptosis facilitator) 1 5.7 2.1 4.9 Pro-apoptosis 

BIK BCL2-interacting killer 1 3.3 -1.3 3.8 Pro-apoptosis 

BNIP3  BCL2/adenovirus E1B 19kDa interacting protein 3 1 2.2 1.3 2 Pro-apoptosis 

NOD1  Nucleotide-binding oligomerization domain 1 1 -4 1.1 -3.4 Pro-apoptosis 

CARD8  Caspase recruitment domain family, member 8 1 -2.5 -1.2 -1.6 Pro-apoptosis 

CASP10 Caspase 10 1 -2.9 -1.3 -5.5 Pro-apoptosis 

CASP7  Caspase 7 1 1.2 2.1 2.4 Pro-apoptosis 

CIDEA Cell death-inducing DFFA-like effector a 1 2.3 -1.4 2.8 Pro-apoptosis 

DAPK1  Death-associated protein kinase 1 1 -3.6 -4.2 -3.8 Pro-apoptosis 

FAS  TNF receptor superfamily member 6 1 -2.2 1.3 -1.7 Pro-apoptosis 

HRK Activator of apoptosis harakiri 1 56.7 1.6 14.3 Pro-apoptosis 

LTA Lymphotoxin alpha 1 16.9 0.83 9.2 Pro-apoptosis 

TNFRSF21 TNF receptor superfamily member 21 1 -2.6 -1.1 -2.7 Pro-apoptosis 

TNFRSF9 TNF receptor superfamily member 9 1 3.3 4.5 21.8 Pro-apoptosis 

TNFSF10  TNF superfamily member 10 1 -3.5 1.2 -2.3 Pro-apoptosis 

CD40 TNF receptor superfamily member 5 1 -2 -1.2 -2.2 Pro-proliferation 

CD70 TNF superfamily member 7 1 1.1 -1.7 5.8 Pro-proliferation 

TNFSF8  TNF superfamily member 8 1 2 1.7 3.4 Pro-proliferation 

BRAF v-raf murine sarcoma viral oncogene homolog B1 1 -1.7 1 -2.7 Unknown 

CD27 TNF receptor superfamily member 7 1 5.3 1.4 5.1 Unknown 

TP73 Tumor protein P73 1 1.2 -1.3 2.2 Pr/An-apoptosis 

 

http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=207
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=9531
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=597
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=330
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=662
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=3480
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=317
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=10018
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=638
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=664
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=10392
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=22900
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=843
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=840
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=1149
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=1612
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=355
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=8739
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=27242
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=8743
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=958
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=970
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=944
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=673
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=7161
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hAT2 cells were infected with lacZ or HSulf-1 adenovirus and/or treated with cadmium. 

Total mRNA was isolated and Real time PCR was performed to analyze gene expression. 

Genes that were up- or down- regulated more than 2-fold were selected. Red indicates up-

regulation, blue indicates down-regulation, and black indicates non-significant change. 
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Table 3-2. Genes that were up- or down-regulated in H292 cells by HSulf-1 or cadmium 

H292 cells   lacZ HSulf-1   

Gene  Description     Ctrl   Cd    Ctrl   Cd Function 

AKT1 v-akt murine thymoma viral oncogene homolog 1 1 1.2 2 2.4 Anti-apoptosis 

BAG1  Bcl-2-associated athanogene 1 1 -1.2 -2.3 -2 Anti-apoptosis 

BAG4  Bcl-2-associated athanogene 4 1 -1 -2 -1.3 Anti-apoptosis 

BCL2A1  BCL2-related protein A1 1 1.2 5.3 5.4 Anti-apoptosis 

IGF1R  Insulin-like growth factor 1 receptor  1 -1.2 -2.2 -1.4 Anti-apoptosis 

APAF1  Apoptotic peptidase activating factor 1 1 1.1 1.5 2.1 Pro-apoptosis 

BAX  BCL2-associated X protein 1 1.2 2.1 2.9 Pro-apoptosis 

BIK BCL2-interacting killer 1 -2 1.1 2.2 Pro-apoptosis 

BNIP3  BCL2/adenovirus E1B 19kDa interacting protein 3 1 1.1 1.7 3 Pro-apoptosis 

CASP4  Caspase 4 1 1.2 1.7 2.3 Pro-apoptosis 

CASP6  Caspase 6 1 -1.1 -4.5 -1.1 Pro-apoptosis 

CASP7  Caspase 7 1 1 1.2 2.2 Pro-apoptosis 

CASP8  Caspase 8 1 -1.1 -2.1 1.1 Pro-apoptosis 

CASP9  Caspase 9 1 -1.1 -1.7 -3.2 Pro-apoptosis 

CIDEA Cell death-inducing DFFA-like effector a 1 -3.4 3.1 3.4 Pro-apoptosis 

DFFA DNA fragmentation factor 1 2.2 2.2 2.7 Pro-apoptosis 

FAS  TNF receptor superfamily member 6 1 1.1 2.3 3.6 Pro-apoptosis 

HRK Activator of apoptosis harakiri 1 -1.2 -1.9 -2.1 Pro-apoptosis 

TNFRSF10A TNF receptor superfamily member 10A 1 1.2 1.7 2.4 Pro-apoptosis 

TNFRSF9  TNF receptor superfamily member 9 1 -1.3 7.3 7.7 Pro-apoptosis 

TNFSF10  TNF superfamily member 10 1 -1.6 -2.8 -3.5 Pro-apoptosis 

TP53 Tumor protein 53 1 -1.2 -1.9 -2.2 Pro-apoptosis 

GADD45A Growth arrest and DNA-damage-inducible, alpha 1 1.1 2 2.6 Anti-proliferation 

CD70 TNF superfamily member 7 1 1.6 6.6 5.8 Pro-proliferation 

TNFSF8  TNF superfamily member 8 1 1 5.3 6.2 Pro-proliferation 

CD27 TNF receptor superfamily member 7 1 -1 1.7 2.3 Unknown 

TRAF3  TNF receptor associated factor 3 1 1.1 1.7 2.1 Unknown 

MCL1  Myeloid cell leukemia sequence 1 1 1.3 2.1 2 Pro/anti-apoptosis 

TP73 Tumor protein 73 1 1.1 2.5 3 Pro/anti-apoptosis 

http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=573
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=9530
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=597
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=3480
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=317
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=581
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=638
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=664
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=837
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=839
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=840
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=841
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=842
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=1149
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=1676
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=355
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=8739
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=8797
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=3604
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=8743
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=7157
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=1647
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=970
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=944
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=939
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=7187
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=4170
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=7161
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H292 cells were infected with lacZ or HSulf-1 adenovirus and/or treated with cadmium. 

Total mRNA was isolated and Real time PCR was performed to analyze gene expression. 

Genes that were up- or down- regulated more than 2-fold were selected. Red indicates up-

regulation, blue indicates down-regulation, and black indicates non-significant change. 
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Chapter 4 : TGF-β1, FGF-2, and Heparin Modulate HSULF-1 Gene Expression in 

Human Lung Epithelial Cells and Fibroblasts 
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ABSTRACT 

 

          Human endosulfatase 1 (HSulf-1) is an enzyme that selectively hydrolyzes 6-O 

sulfates from HSPGs, alters sulfation level and pattern, and influences signaling. However, 

the factors which regulate HSULF-1 expression have not been fully elucidated. In this limited 

study, three factors known to influence extracellular matrix (ECM) composition and 

biological activity - TGF-β1, FGF-2, and heparin - were assessed for their impact on HSULF-

1 expression in human primary alveolar type 2 (hAT2) cells, H292 cells (a model lung 

epithelial cancer cell line), and fetal lung fibroblasts (HFL-1). The expression of HSULF-1, 

and other indicators of epithelial or fibroblast activity or phenotype, AQP5, PCNA, or SMA, 

were selectively analyzed with quantitative real time PCR (qRT-PCR). Results indicated that 

the expression of HSULF-1 increased by culture with time in hAT2 and HFL-1 cells but not 

in H292 cells. Its expression also differs between human lung epithelial cells and fibroblasts 

in response to TGF-β1, but in similar patterns to heparin and FGF-2 treatments. These 

limited results suggest that HSULF-1 is regulated by TGF-β1, FGF-2, and heparin in 

different cells within the context of their specific tissue environments in order the support 

optimal growth and survival.     
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INTRODUCTION 

 

             In addition to the long established functional roles of the extracellular matrix (ECM) 

in support of lung structure and mechanics, it is evident that ECM impacts a wide variety of 

other physiological events which can regulate many cellular processes (Frevert and Sannes, 

2005). Heparan sulfate proteoglycans (HSPGs), a major component of ECM, can bind and 

modulate a variety of proteins such as effector molecules, and thus play critical roles in lung 

development and repair process (Smits et al., 2010). The sulfate groups on HSPGs possess 

properties for binding and activating molecular ligands such as fibroblast growth factors 

(FGFs), heparin binding epidermal growth factor (HB-EGF), and hepatocyte growth factor 

(HGF), thus regulating signaling pathways involved in proliferation, differentiation, and 

repair. Although alveolar epithelial cells and fibroblasts interact on a number of different 

levels, they each reside in microenvironments which are different in their sulfation level and 

pattern. It has been found that fibroblasts incorporate more sulfate groups than epithelial cells 

and the synthesis of sulfated HSPGs by epithelial cells decreases during fetal lung 

development (Caniggia et al., 1992). In addition, even between alveolar epithelial type 1 (AT1) 

and type 2 (AT2) cells, the sulfation level differs on both basal and apical surfaces. The 

basement membrane near AT2 cells is shown to be less sulfated than that adjacent to AT1 

cells - which is reversed on the apical surface of each (Sannes, 1984).  

              Human 6-O-endosulfatase 1 (Hsulf-1) is an enzyme that hydrolyzes the 6-O-sulfate 

group from HSPGs, modifies their molecular structures, changes their sulfation, and alters 

their capacity to modulate signaling pathways. Due to its function, we hypothesize that 

HSulf-1 plays important roles in maintaining the balance of sulfation of microenvironment as 
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 well as responding to shifts in sulfation following cellular/tissue damage and subsequent 

repair. To modulate the sulfation change in ECM, transforming growth factor beta 1 (TGF-

β1), FGF-2, and heparin were chosen as relevant modulatory influences of sulfation in the 

alveolar microenvironment. TGF-β1 can enhance ECM biosynthesis and manipulate 

epithelial-mesenchymal transition (EMT) which is associated with wound healing (Kalluri and 

Weinberg, 2009). FGF-2, which is involved in AT2 cell proliferation and differentiation, is 

also selected (Warburton et al., 2000; Warburton and Bellusci, 2004). Heparin is a highly sulfated 

glycosaminoglycan that can serve as a model of shedding and fragmentation of ECM 

following injury and during repair, and can influence the deposition of ECMs (Kainulainen et 

al., 1998a; Newman et al., 2007) .  

            The regulatory relationship(s) between HSulf-1 and ECM modulation factors TGF-β1, 

FGF-2, and heparin has not been fully examined except for one study showing that TGF-β1 

up-regulates the expression of HSULF-1 in cultured human lung fibroblasts both in vivo and 

in vitro (Yue et al., 2008). The central aim of this study is to determine whether selected 

factors, known to modulate sulfated ECM, also influence the gene expression of HSULF-1 in 

epithelial cells and fibroblasts in a dose and time dependent manner. Human Primary alveolar 

type 2 (hAT2) cells, H292 epithelial cells (a model epithelial cancer cell line), and fetal lung 

fibroblasts (HFL) were treated with TGF-β1, FGF-2, or heparin for 1 – 10 days in culture and 

the expression of HSULF-1 and gene expression of selected indicators of phenotype and 

proliferation analyzed by real time PCR. 
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MATERIALS AND METHODS 

 

            Cell preparation: H292 and HFL-1 cells were obtained from American Type Culture 

Collection (ATCC) (Manassas, VA) and cultured in RPMI1640 and F12K medium 

respectively with 10% FBS and antibiotics. hAT2 cells were isolated by elastase digestion 

according to a scaled-up article (Dobbs, 1990) from organ donor lungs from University of 

North Carolina Cystic Fibrosis/Pulmonary Research and Treatment Center Tissue 

Procurement and Cell Culture Core (University of North Carolina Hospitals, Chapel Hill, NC) 

and maintained in DMEM medium supplemented with 10% FBS and Antibiotic-Antimycotic 

solution (Mediatech, Manassas, VA)  for the first day and regular Penicillin-Streptomycin 

antibiotics thereafter. 

                hAT2 cell isolation: Cells were isolated according to a scaled-up, modified version 

of the original Dobbs (1990) procedure. In brief, an entire lobe from a donor cadaver lung 

was excised, cannulated, inflated to full capacity a PBS (phosphate buffered saline) based 

solution lacking calcium and magnesium but containing EGTA, and lavaged and drained 

multiple times to remove macrophages, air, and mucus by inflating with a PBS based 

solution containing magnesium and calcium. The lobe was inflated with an elastase solution 

(13 units/ml) and incubated at 37°C for up to forty minutes. Peripheral pieces were excised 

from the digested lobe and obvious bronchiolar tissue was removed and discarded. Tissue 

pieces were then minced into cubic millimeter size using triple scissors, in a PBS based 

solution containing DNase. The minced tissue was transferred to a flask on ice and 5 ml of 

FBS was added to each 100 ml of suspension to neutralize the elastase. The suspension was 

shaken vigorously side-to-side in a 37°C water bath for 3 minutes to mechanically release the 
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 hAT2 cells from the tissue. The suspension was then filtered through a single layer of 

moistened cheesecloth several times until large pieces of undigested tissue were removed, 

then through two layers of cheesecloth twice and three layers once. The suspension was 

passed through 165 µm nylon meshes and finally through 42 µm nylon mesh. The filtrate 

was centrifuged at 1000 rpm (300 g) for 10 minutes at 4°C, and the cell pellet was re-

suspended in 5 ml DMEM (without FBS).  A 100 ml aliquot of the cells was diluted 1:10 in a 

Trypan Blue solution and counted using a hemocytometer. Cells were re-suspended in 

sufficient DMEM so that around 20 million viable cells could be seeded on each of 30 human 

IgG-coated Petri dishes. Dishes of cells were incubated at 37°C for 1 hour to allow 

macrophages and white blood cells, as well as fibroblasts, to adhere. Unattached hAT2 cells 

were recovered by gently rocking each dish several times, transferred to 50 ml tubes, and 

centrifuged. Each cell pellet was re-suspended in 5 ml DMEM and all cells were pooled in a 

single 50 ml tube. To further reduce fibroblast contamination, an anti-fibroblast antibody, 

AS02, was added to the cells for a 10 minute incubation at 4°C with gentle inversion. Excess 

antibody was removed by increasing the volume to 50 ml with DMEM/0.1% BSA and by 

pelleting the cells. The re-suspended cells (in 20 ml DMEM/0. 1% BSA) were then incubated 

with pan-mouse-IgG Dynabeads for 30 minutes at 4°C with gentle inversion. The cell 

suspension was brought to 45 ml with DMEM/0.1% BSA and divided into three 15 ml tubes. 

Tubes were placed into a magnetic holder and the Dynabead-labeled fibroblasts were 

immobilized along the tube sides. The non-selected hAT2 cells were pooled in a 50 ml tube, 

counted, plated in DMEM/10% FBS on rat-tail collagen-coated tissue culture dishes. After a 

medium change the next day, cells were cultured for 48 hours before further treatment. 
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        Cell culture and treatment: H292, hAT2 and HFL-1 cells were cultured in the presence 

of TGF-β 1(0, 1, or 10 ng/ml), FGF-2 (0, 5, 50, or 100 ng/ml), or heparin (0, 50, or 500 

μg/ml) for 1, 2, 4, 7, and 10 days.  Cells were harvested for real time PCR analysis. 

         Reverse transcription and real-time PCR: Cells were cultured as above and total RNA 

was isolated using an RNeasy Plus Mini Kit (QIAGEN, Valencia, CA) according to 

manufacturer’s protocol. 4 μg RNA of each sample were reverse-transcribed utilizing a High-

Capacity Archive Kit (Applied Biosystems). cDNAs were diluted to a final concentration of 

10 ng/ml and 10 μl of each diluted sample (equivalent to 100 ng of RNA) were PCR-

amplified in triplicates on an iCycler (Bio-Rad, Hercules, CA). The gene expression of 

HSULF-1, AQP5, PCNA, and SMA was evaluated and GAPDH was used as a housekeeping 

gene. Data analysis was performed using the delta-delta CT method to compare the relative 

expression of genes stated above in different cell types; values and standard errors were 

graphed in Excel.   

           Statistical analysis: Values were expressed as mean ± standard error and statistical 

significance established by two tailed t-test. A level of P < 0.05 was considered significant. 
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RESULTS 

 

Relative HSULF-1 gene expression  

 HSULF-1 expression was increased significantly by time in culture in hAT2 cells at 

day 7 and day 10 (Figures 4-1 A, D, G) and in HFL-1 cells at all time points independent of 

treatment (Figure 4-1 C, F, I). TGF-β1 decreased HSULF-1 at 1 and 10 ng/ml at day 7 and 

day 10 in hAT2 cells (Figure 4-1A) and in H292 cells at all time points (Figure 4-1B) while 

increasing it significantly at all time points but day 4 in HFL-1 cells (Figure 4-1C). FGF-2 

also significantly decreased HSULF-1 at all concentrations at days 4-10 in hAT2 cells 

(Figure 4-1D) and HFL-1 cells (Figure 4-1F), but had little effect on H292 cells (Figure 4-

1E). However, heparin did not affect HSULF-1 gene expression except at higher 

concentrations (50 or 500 μg/ml) at later time points (day 10) in hAT2 cells (Figure 1G), and 

at 500 μg/ml in H292 cells at days 1 and 2 (Figure 4-1H) and in HFL-1 cells at day 10 

(Figure 4-1I).  

Relative Aquaporin 5 (AQP5) gene expression  

 The expression of AQP5, a biological marker for AT1 cells, increased by time until 

day 7 and decreased significantly at day 10 in untreated cells (Figures4- 2A). AQP5 

expression was significantly decreased TGF-β1 at 1 and 10ng/ml at all time points (Figure 4-

2A) but was not influenced by FGF-2 (Figure 4-2B). Heparin on the other hand increased 

AQP5 at 50 and 500ng/ml at day 1, 4, 7, and 10 (Figure 4-1C). FGF-2 did not change the 

expression level of AQP5 (Figure 4-1F).  AQP5 expression is not a relevant measure of H292 

or HFL-1 phenotype or function and was therefore not used with these cells.  
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Relative SMA gene expression  

 The gene expression of smooth muscle actin (SMA), a biological marker of interstitial 

fibroblast differentiation into myofibroblasts, was increased gradually with time in culture up 

to day 10 (Figures 4-3 A-C). TGF-β1 increased SMA from days 1 to day 4, had no effect on 

day 7, and actually decreased its expression on day 10 (Figure 4-3A). FGF-2 by contrast 

significantly decreased the expression of SMA at all time points measured (Figure 4-3B), 

while heparin had no effect (Figure 4-3C). 

Relative PCNA gene expression 

 The gene expression of PCNA as analyzed by RT-PCR was hoped to be of potential 

use as a marker for proliferation during culture with time and treatment coinciding with 

expected expansion of cell numbers and differentiation (except for H292 which do not 

differentiate per se).  Unfortunately, the data was so uneven with little significance so as to 

be no use in detailed analysis here (Figures 4-4 A-H). 
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DISCUSSION 

 

              The alveolar microenvironment involves a complex interaction of ECM and multiple 

cell types (AT1 and AT2 cells, fibroblasts, endothelium, and macrophages) to promote 

gaseous exchange and the necessary balance and control required to effect repair following 

injury. This in part is facilitated by these cells maintaining direct contact with one another 

(Sirianni et al., 2003). It has been shown that fibroblasts and fibrillar collagen regulate the 

growth and maturation of AT2 cells (Adamson et al., 1990) while AT2 cells secret factors and 

inhibit fibroblast proliferation in vitro (Pan et al., 2001). In addition, ECMs also regulate AT2 

cell proliferation and differentiation during homeostasis and in response to injury (Olsen et al., 

2005). Notably their sulfated nature has been demonstrated to play influential roles in such 

fundamental cellular processes as signaling, proliferation and differentiation. The balance of 

sulfated ECMs within organs, tissues, and even between adjacent cells appears to vary 

widely and specifically regulated. For example, the concentration of sulfated heparin (a 

model of for sulfated heparan sulfate proteoglycans) dramatically influences fibroblast 

growth factor signaling. Fannon et al. (Fannon et al., 2000) have shown that at high concentration, 

sulfated heparin blocks FGF-2 signaling while at low concentrations it does nothing.  But within a 

very narrow concentration it actively promotes signaling events that promote proliferation. In support 

of these findings, in lung cells we’ve demonstrated that desulfated heparin increased the response 

of AT2 cells to FGF-2 (Sannes et al., 1998) and fully sulfated heparin inhibited FGF-2 while 

promoting FGF-1 induced signaling (Newman et al., 2004). Inhibition of molecular sulfation 

of ECMs during their biosynthesis with sodium chlorate interrupted the epithelial bud 

development in embryonic lung rudiments (Izvolsky et al., 2003). Deficiency of N- 
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deacetylase/N-sulfotransferase 1 (NDST-1), an enzyme that adds sulfate groups to HSPGs, 

inhibited lung development (Crawford et al., 2010). In the present context, TGF-β1, FGF-2, 

and heparin were used to modify extracellular microenvironment. TGF-β1 (pro-inflammatory 

and anti-proliferative) and FGF (pro-proliferative and pro-survival) are key mediators of 

epithelial mesenchymal transition (EMT) and enhance the deposition of extracellular matrix 

(ECM) (Moustakas and Heldin, 2007; Zavadil and Bottinger, 2005). Heparin increases sulfation 

and ECM deposition as well (Newman et al., 2007), and as indicated above, can significantly 

impact cellular proliferation. HSulf-1 is an enzyme that removes sulfate groups at 6-O 

positions from HSPGs, decreases sulfation level of ECMs, affects cell signaling, and 

therefore indirectly plays critical roles in proliferation, differentiation, and development. 

Although HSulf-1 has been found to modify the sulfation of ECMs, how it is regulated by 

ECM has not been studied. The goal of this study is to determine if the micro-environment 

regulators TGF-β1, FGF-2, and heparin regulate HSulf-1 differently in lung epithelial cells 

and fibroblasts. 

              Results showed that HSULF-1 expression was increased with time in culture in 

hAT2 cells (Figures 4-1 A) and HFL cells (Figures 4-1 C) but not affected in H292 cells 

(Figures 4-1 B). The up-regulation of HSULF-1 in hAT2 cells may due partly to the increase 

in sulfation of the basement membrane components of hAT2 cells, which become more 

heavily sulfated as they different into hAT1 cells in vitro (Sannes et al., 1997), and this 

increase in sulfation may influence the expression of HSULF-1. HFL cells on the other hand 

showed myofibroblast morphology during culture (data not shown) such as increased 

expression of SMA (Figures 4-3 A), and the suspected increased ECM deposition may  
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influence the expression of HSULF-1 as well. However, H292 cells, being a cancer cell line, 

evidenced little or no visible changes in culture, and the expression of HSULF-1 was not 

affected with time in culture. Aquaporin 5 as an indicator of hAT2 cells was up-regulated at 

early time points in culture but decreased at day 10, which is typical at the expression level 

for this gene and may relate to the cell achieving maximal protein expression levels. 

Alternatively, this could be due to the depletion of fibroblasts which are essential for the full 

maturation of hAT1 cells. SMA was up-regulated by culture time in HFL cells indicating that 

HFL began to develop a myofibroblast phenotype. 

         TGF-β1, a modulator of ECM production, was predicted to influence the expression of 

HSULF-1. In hAT2 and H292 cells TGF-β1 decreased the expression of HSULF-1 

significantly (Figures 4-1 A and B), which may be due to its capacity to induce EMT (Chen et 

al., 2011; Kalluri and Weinberg, 2009). However, in HFL-1 cells, TGF-β1 increased the 

expression of HSULF-1 significantly (Figure 4-1C).  This is in agreement with Yue et al. that 

TGF-β1 up-regulates the expression of HSULF-1 in normal human lung fibroblasts (NHLF), 

which may be partly explained by TGF-β1-induction of the myofibroblast phenotype in 

HFL-1 cells (Gu et al., 2004). Notably, the difference in TGF-β1 regulation of HSULF-1 

between hAT2/H292 and HFL-1 cells may be due to how epithelial cells and fibroblasts 

manage and respond to their microenvironments, as the latter reside in a more sulfated area 

(Sannes, 1986). 

 FGF-2, which is involved in AT2 cell differentiation and affects signaling and 

proliferation was also used to stimulate the expression of HSULF-1. Results showed that 

FGF-2 reduced the expression of HSULF-1 significantly in both hAT2 cells and HFLs, but 

not in H292 cells. This was interpreted to reflect the requirement for critical levels of 
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sulfation in support of FGF-stimulated proliferation, and reduced sulfation induced by too 

high levels of HSulf-1 could have a negative impact on the outcome (Fannon et al., 2000). 

 Heparin as a model of soluble ECM fragments, as might occur during active cell 

shedding of surface HSPGs or generated during/following inflammation (Kainulainen et al., 

1998b), may influence the expression of HSULF-1. However, results showed that heparin did 

not have significant effects on HSULF-1 expression in different types of cells, except at day 

10 in culture of HFL-1 cells (Figures 4-1 G-I), suggesting that addition of exogenous 

sulfation may not affect the endogenous expression of HSULF-1. 

                Collectively, the changes observed in HSULF-1 expression in response to relevant 

growth factors or heparin may provide important clues about how epithelial cells (hAT2 and 

H292) and fibroblasts (HFL-1) modulate and maintain the balance of sulfation in their 

microenvironment after stimulations that model responses to injury, inflammation, and repair. 

Furthermore, epithelial cells and fibroblasts likely maintain this balance within their specific 

microenvironments in different ways by regulating HSulf-1 differently under varied 

conditions as examined here.  Further study would be required to clarify this important issue 

in the context of normal tissue biology and its extension in pathology.  
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FIGURE LEGENDS 

 

Figure 4-1. Relative gene expression of HSULF-1. Cells were exposed to TGF-β1, FGF-2, 

and heparin at various concentrations for 1, 2, 4, 7, and 10 days, mRNA was isolated and 

gene expression analyzed by qRT-PCR. Significant differences at p < 0.05 compared with 

untreated controls are labeled by * as determined by Student’s t-test. 

Figure 4-2. Relative gene expression of AQP5. hAT2 cells were exposed to TGF-β1, FGF-2, 

and heparin at various concentrations for 1, 2, 4, 7, and 10 days, mRNA was isolated and 

gene expression analyzed by qRT-PCR. Significant differences at p < 0.05 compared with 

untreated controls are labeled by * as determined by Student’s t-test. 

Figure 4-3. Relative gene expression of SMA. HFL-1 cells were exposed to TGF-β1, FGF-2, 

and heparin at various concentrations for 1, 2, 4, 7, and 10 days, mRNA was isolated and 

gene expression by RT-PCR. Significant differences at p < 0.05 compared with untreated 

controls are labeled by * as determined by Student’s t-test. 

Figure 4-4. Relative gene expression of PCNA. Cells were exposed to TGF-β1, FGF-2, and 

heparin at various concentrations for 1, 2, 4, 7, and 10 days, mRNA was isolated and gene 

expression by RT-PCR. Significant differences at p < 0.05 compared with untreated controls 

are labeled by * as determined by Student’s t-test. 
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Figure 4-1. Relative gene expression of HSULF-1 
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Figure 4-2. Relative gene expression of AQP5 

 

   

Figure 4-3. Relative gene expression of SMA 
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Figure 4-4. Relative gene expression of  PCNA 
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Chapter 5 : Conclustions and Future Studies 

          The pattern and level of sulfation of HSPGs has been shown to be an important 

modulator of key biological activities, including cell signaling, proliferation, and injury. 

HSulf-1, which hydrolyzes sulfate groups and modifies the biological activity of ECMs, has 

gained growing attention for its roles in developmental and cancer biology. It is often 

dysregulated in cancers and involved in cancer progression. In Chapter 2 HSULF-1 was 

shown to be down-regulated in lung epithelial cancer cell lines (H292 and A549) compared 

with primary human lung hAT2 cells, normal lung fibroblasts (16Lu) and fetal lung 

fibroblasts (HFL-1). Over-expression of HSulf-1 reduced cell viability/proliferation and 

induced cell death in H292 cells but not in hAT2 cells. Additional analysis showed that the 

re-expression of HSulf-1 activated apoptosis signaling pathways in H292 cells but not in 

hAT2 cells. Furthermore, phosphorylation of ERK and Akt, common down-stream targets of 

FGF, VEGF, HGF sigalings, was inhibited by HSulf-1 over-expression but was reversed by 

addition of low concentration exogenous heparin in H292 cells. Future studies should explore 

additional signaling pathways that are sensitive to sulfated ECMs, such as Wnt/β-catenin, 

HB-EGF, and VEGF and their possible modulation by HSulf-1. Interestingly, HSulf-1 has 

been shown to be up-regulated in patient samples in some lung cancers compared with 

normal samples – the reverse of those described above. This presents intriguing possibilities 

in both instances for the development of new strategies for cancer therapies using HSulf-1 as 

a regulatory target.  

           In Chapter 3 it was determined that HSulf-1 can exacerbate the toxic effects of an air 

borne metal toxicant cadmium, which has been shown to cause pneumonitis, pulmonary  
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edema, and lung cancers. Results showed that cadmium alone induced apoptosis and 

activated apoptosis pathways in hAT2 cells but not in H292 cells. However, the combination 

of HSulf-1-overexpression/cadmium enhanced both the apoptosis and activation of its 

pathways in H292 cells but not in hAT2 cells compared to cadmium treatment alone. These 

results suggest modulation of sulfation in the extracellular matrix (ECM) by HSulf-1 will 

influence the injury caused by cadmium in some cells, and that sulfation of ECMs have 

protective roles against certain toxicants.  

           To understand some of the potential mechanisms involved in the regulation of Hsulf-1 

expression in vitro, its response to TGF-β1, FGF-2, and heparin in hAT2, H292, and HFL-1 

cells was measured. In untreated cells HSulf-1 mRNA expression increased significantly 

with time in culture in both hAT2 and in HFL-1 cells but not in H292 cells. The ECM 

modifier TGF-β1 decreased HSULF-1 expression in hAT2 cells but increased it in HFLs. 

Heparin did not significantly influence HSULF-1 expression in the three cell types used in 

this study. FGF-2 decreased HSULF-1 in both hAT2 cells and HFLs. This suggests that 

HSulf-1 can be differentially regulated by TGF-β1, FGF-2, and heparin in diverse cell types. 

The collective data suggests that modulators of ECM appear to regulate HSulf-1 differently 

in epithelial cells and fibroblasts, which might be due to different ways epithelial cells and 

fibroblasts maintain their microenvironment balance in different ways. Future work should 

investigate additional stimulatory molecules related to development, inflammation, repair, 

and cancer to help clarify the range of control of this important enzyme.                    

            In summary, these observations suggest that epithelial cells, fibroblasts, and cancer 

cells react to and optimize their microenvironments through regulation of their pattern and  
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levels of sulfation to promote their responsiveness to growth factors and protection from 

toxic cadmium exposure. Increased HSulf-1 expression reduces the level of sulfation, which 

reduces growth factor responsiveness and protection from cadmium toxicity, resulting in 

reduced proliferation and increased cell death. However, normal cells with a balanced 

sulfation content and HSulf-1 expression are not as sensitive to sulfation changes as cancer 

cells, and over-expression of HSulf-1 will not affect their survival. This suggested that not 

only specific genes but also the specific microenvironment around cells will play critical 

roles in their biological functions. Simultaneously, as an emerging target for cancer treatment, 

HSulf-1 has been shown to play important and complex roles in development, and cancer 

growth and progression. It inhibits or promotes cancer proliferation and survival depending 

on different cancer types and it usually regulates signaling through FGF or Wnt pathways. 

Targeting HSulf-1 should be of great interest in cancer treatment and possibly other relevant 

therapies in the future. 

 


