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ABSTRACT 

Title of Dissertation:  The Regulation and Cytoprotective Function of Intracellular 
Plasminogen Activator Inhibitor Type 2 in Response to Cellular Stress 
 
Ekemini Aniema Udofa Riley, Doctor of Philosophy, 2014 

 
Dissertation Directed by:  Toni M. Antalis, Ph.D., Professor, Departments of Physiology 
and Surgery, Associate Director of Basic Research, Center for Vascular and Inflammatory 
Diseases, University of Maryland School of Medicine 

 

Cellular stress responses are evolutionarily-conserved defense mechanisms used 

by the cell to upregulate cytoprotective genes and protect against harmful damage.  If 

resolution fails, the cell will succumb to one of several programmed cell death pathways.  

Plasminogen activator inhibitor type 2 (PAI-2) is a multifunctional serine protease 

inhibitor (serpin) that is produced in response to stressful stimuli. Deregulation of PAI-2 

gene expression is implicated in cancer as well as a host of other inflammatory diseases.  

Thus, we investigated molecular mechanisms that regulate inflammatory stress-

associated PAI-2 gene expression and a mechanism for its cytoprotective activity.  

Our results demonstrate that the PAI-2 proximal promoter confers the greatest 

response to lipopolysaccharide (LPS), a hallmark inflammatory agent. Further, we found 

that the PAI-2 proximal promoter is critically dependent on a CCAAT enhancer binding 

(C/EBP) element which binds the transcription factor C/EBP-β. Importantly, both 

constitutive and LPS-induced PAI-2 gene expression was severely abrogated in C/EBP-β-

null mouse embryonic fibroblasts and primary C/EBP-β-deficient peritoneal 

macrophages. 



The major role of intracellular PAI-2 is cytoprotection, which is dependent on its 

serpin inhibitory activity; however an intracellular protease target remains unidentified.  

Interestingly, recent evidence from our lab suggests that calpain may be a candidate 

protease target for intracellular PAI-2.  Calpain activity reportedly plays a role in cell 

death; therefore we tested the hypothesis that PAI-2 mediates cytoprotection by acting as 

an intracellular inhibitor of calpain activity.  We found that recombinant PAI-2 was able 

to inhibit recombinant calpain activity in vitro.  Wildtype (WT) PAI-2, stably expressed in 

human ovarian cancer cell lines, protected against cell death induced by calcimycin and 

thapsigargin – two activators of calpain activity; whereas expression of non-inhibitory 

serpin mutants of PAI-2 abrogated this effect.  Surprisingly, we did not detect cleavage of 

common apoptotic markers which are reported calpain substrates in our cellular model.  

However, evidence suggests that PAI-2 may modulate an autophagic response because 

we found that cells expressing PAI-2 showed increased expression of microtubule-

associated light chain 3 B (LC3-II) following treatment, as well as increased 

susceptibility to Chloroquine-induced cell death.  Taken together, these data provide new 

insight into the regulation of PAI-2 gene expression and its cytoprotective activity.  
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CHAPTER 1: BACKGROUND 
 

1.1 INTRODUCTION TO PROTEASES & PROTEASE 

INHIBITORS 

Proteases are enzymes that catalyze the breakdown of proteins by hydrolyzing 

peptide bonds.  Proteases are important regulators of a wide range of physiological 

processes, ranging from digestion and protein turnover to blood coagulation, tissue 

remodeling, immune responses, and cell death.  The human genome encodes for greater 

than 500 proteases, which together comprise approximately 2% of the human genome 

(Turk, 2006).  Proteases were once thought to be solely degradative enzymes which 

performed unlimited proteolysis to break down a whole peptide into its amino acid 

components (reviewed in (Lopez-Otin and Overall, 2002; Turk, 2006)).  However, it is 

now well recognized that proteases can perform precise cleavage events resulting in the 

limited proteolysis or processing of target proteins as opposed to complete degradation 

(Davie and Neurath, 1955; Macfarlane, 1964; Davie and Ratnoff, 1964).  Consequently, 

there are a number of possible biological outcomes resulting from protease activity and 

subsequent protein cleavage, ranging from degradation, to activation or inactivation of 

protein function; therefore, proteases are recognized to be important signaling molecules 

(Lopez-Otin and Overall, 2002).  Protease signaling is quite complex and affects a broad 

range of cellular functions, due in part to the sheer number of cellular substrates that are 

targeted by proteases. Hence, proteases are very tightly regulated molecules whose 

deregulation contributes to disease. 
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1.1.1 Classification and Catalytic Mechanisms 

Proteases are classified based on the residue responsible for catalysis within the 

active site pocket (Turk, 2006).  The 5 major human protease classes are as follows: 

serine, cysteine, threonine, metallo-, and aspartic proteases.  These 5 classes can be 

further grouped based on the 2 different methods of catalysis they employ (Figure 1.1, 

top).  The serine, cysteine, and threonine protease classes are characterized by the 

presence of a catalytic triad (generally acid-base-nucleophile) within their active sites 

(Figure 1.1, bottom – a, b). These three amino acids function to generate a nucleophilic 

residue in order to achieve covalent catalysis with the formation of an acyl-enzyme 

intermediate.  The metallo- and aspartic protease classes utilize general acid-base 

catalysis to hydrolyze peptide bonds (Figure 1.1, top) (Turk, 2006).  Neither one of these 

proteases have a catalytic triad in their active site, but rather a pair of aspartate residues 

(aspartate proteases; Figure 1.1, bottom – c) or a metal ion (metalloproteases; Figure 1.1, 

bottom – d) for catalysis.  Serine proteases are the largest class of human proteases (Law 

et al., 2006). 

1.1.2 Protease – Substrate Interaction 

The tertiary structure of the active site pocket contributes to substrate specificity 

(Turk, 2006).  As illustrated in Figure 1.2, the area of the protease where a single side 

chain of the substrate interacts is termed the subsite and they are numbered outward (S1-

Sn toward N terminus; S1’-Sn’ toward C terminus) from the scissile bond according to 

the nomenclature determined by Schetcher and Berger (Schechter and Berger, 1967).  

Similarly, the substrate residues that correspond with the protease subsites are numbered 

P1-Pn and P1’-Pn’ respectively, with cleavage of the substrate at the P1/P1’ site. 
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Figure 1.1  Classification of proteases based on their catalytic mechanisms. 

Top: The 5 major protease classes grouped according to their method of catalysis.  Bottom:  The 
active sites of the major protease classes: (a) serine and (b) cysteine utilize a catalytic triad within 
their active sites (as do threonine proteases, not pictured). (c) Aspartic and (d) metallo- proteases 
do not have a catalytic triad in their active sites, but rather a pair of aspartate residues or a metal 
ion respectively.  Images taken from: (Turk, 2006), top and (Erez et al., 2009), bottom. 
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Figure 1.2  Protease – Substrate Interaction 

Depiction of a protease interacting with a substrate, and numbered according to the Schetcher and 
Berger nomenclature.  Image taken from: (Turk, 2006). 
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1.2 SERINE PROTEASE INHIBITORS (SERPINS) 

Serpins constitute the largest class of protease inhibitors and are characterized by 

their unique inhibitory mechanism.  This class is a superfamily of evolutionarily-

conserved proteins which are structurally similar, yet functionally diverse.    

Classification into this superfamily is purely structure-based, requiring the presence of a 

core domain consisting of three β-sheets (A,B,C) and 8-9 α-helices (hA-hI) (reviewed in 

(Gettins, 2002; Law et al., 2006)).  Serpins are present in all multicellular eukaryotes, 

some unicellular eukaryotes and prokaryotes, as well as viruses (Gettins, 2002; Irving et 

al., 2002; Ivanov et al., 2006; Roberts et al., 2004). 

1.2.1 Nomenclature 

In the mid-80’s the term serpin was coined due to the fact that most serpins 

identified up to that point were indeed inhibitors of serine proteases.  However, even at 

that time it was known that there were some members of this protein superfamily that 

lacked inhibitory function (Hunt and Dayhoff, 1980; Doolittle, 1983).  To date, several 

hundred serpins have been identified and grouped into 16 subgroups (termed clades) as 

determined by the Human Genome Organisation (HUGO) Gene Nomenclature 

Committee, with each clade containing anywhere from 3 to >60 members (Silverman et 

al., 2001).  Each clade is assigned a letter A-P (see Table 1.1) and each clade member is 

numbered in ascending order with the first position assigned to the prototypical serpin 

within the clade.  It is important to note that alphabetical and numerical designations are 

arbitrary – evolutionary proximity is not to be inferred from the alphabetic order of the 

clades or the assigned numerical designation of serpins within a clade (Silverman et al., 
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2001; Gettins, 2002).  Human serpins are the best characterized and they constitute the 

first 9 clades, with orthologues present in other organisms (e.g. mouse, rat, chicken, etc). 
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Table 1.1  Serpin Clades. 

The serpin superfamily is phylogenetically organized into 16 clades.  Listed below are the 
assigned clade letters and the corresponding clade names.  Each clade is typically named for the 
prototypical serpin of the group or the organism that the serpin(s) is found in.  Modified from 
Silverman GA et al. (Silverman et al., 2001)   

 
Clade letter Clade name 

A α1 proteinase inhibitor, antitrypsin 
B Ovalbumin, intracellular 
C Antithrombin 
D Heparin cofactor 
E Nexin, plasminogen activator inhibitor type 1 (PAI-1) 
F α2 antiplasmin, pigment epithelium derived factor 
G C1 inhibitor 
H Heat shock protein 47 
I Neuroserpin 
J Horsehoe crab 
K Insect 
L Nematode 
M Blood fluke 
N Viral SPI1-2/CrmA-like 
O Viral SPI3-like 
P Plant 
- Unclassified (orphans) 
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1.2.2 Cellular Localization 

Most serpins are found in the extracellular environment, while a small minority 

are either located intracellularly or in both extracellular and intracellular compartments 

(Clade B serpins).  This difference in localization is due, in part, to the absence of an N-

terminal signal sequence in Clade B serpins, thereby resulting in intracellular localization 

(Silverman et al., 2004).  On the other hand, the presence of hydrophobic regions 

interspersed within the serpin sequence can facilitate spontaneous facultative 

translocation through the Golgi complex – resulting in bi-topical localization of the serpin 

within both the extracellular and intracellular compartments (von Heijne et al., 1991; 

Medcalf and Stasinopoulos, 2005). 

1.2.3 Inhibitory Mechanism 

Serpins are stoichiometric, irreversible suicide inhibitors whose mechanism is 

dependent on a conformational change from a stressed to relaxed state (termed S-to-R 

transition).  Serpins are unique enzymes, in that their native state is a metastable fold 

(stressed state) that is achieved without the help of a prodomain or chaperone (Dolmer 

and Gettins, 2012; Gettins, 2002).  Their exposed reactive site loop (RSL, also termed 

reactive center loop (RCL)) acts as a substrate for the target protease, and is where the P1 

– P1’ site is located. 

The inhibitory reaction proceeds as follows: first, the target protease recognizes 

the serpin RSL (Figure 1.3, (a)).  Next, the serpin binds the protease, forms a covalent 

acyl-enzyme intermediate, and the protease cleaves the serpin RSL at the scissile bond 

(Figure 1.3, (b)).  Depending on the kinetics of the inhibitory reaction, there are 2 
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possible outcomes – the formation of the inhibitory complex or the substrate pathway 

(Figure 1.3, (c) or (d) respectively).  Should the kinetics favor inhibition, the serpin will 

undergo a drastic conformational change, during which the RSL:protease intermediate is 

inserted into the barrel core of the serpin (Stratikos and Gettins, 1999), resulting in 

inactivation and trapping of the target protease.  However, should the kinetics not favor 

inhibition, the serpin will only be cleaved by the protease and no complex formation will 

take place, resulting in an uninhibited, active protease and a cleaved, inactive serpin. 

There are 2 key structural components of the RSL necessary for this mechanism, 

the P1 residue and hinge site.  Mutation of the P1 residue could result in improper charge 

balance within the protease active site and thus the protease will not recognize the scissile 

bond.  Additionally, the hinge region in the RSL is important for the conformational 

change that must occur for protease inhibition to take place.  The critical residue within 

the hinge region varies depending on the particular serpin (Gettins, 2002).   

1.2.3.1 Cross-class Inhibition 

Serpins that have evolved the ability to inhibit cysteine proteases in addition to 

serine proteases are termed cross-class inhibitors (with few exceptions like SerpinB13, 

which only inhibits cysteine proteases and not serine proteases).  Viral serpin crmA was 

the first serpin to be recognized as a cross-class inhibitor due to the fact that it inhibits 

granzyme B (serine protease) and caspases 1, 8, and 10 (cysteine proteases).  Several 

more cross-class inhibitors have been identified since the mid-90’s, with cathepsins and 

caspases being the typical protease targets (reviewed in (Gettins, 2002; Izuhara et al., 

2008; Law et al., 2006)). 
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Figure 1.3  The Serpin Inhibitory Mechanism 

Serpins have a unique method of inhibition.  Depicted above are the crucial steps in the serpin 
inhibitory mechanism.  (a) The target protease recognizes the serpin RSL (b) The serpin binds the 
protease, forms a covalent acyl-enzyme intermediate, and the protease cleaves the serpin RSL at 
the scissile bond.  Depending on the kinetics of the inhibitory reaction, the 2 possible outcomes 
are – (c) the formation of the inhibitory complex or (d) the substrate pathway.  Image adapted and 
modified from (Law et al., 2006). 
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1.2.3.2 Non-inhibitory Serpins 

In humans, there are some serpins that lack inhibitory activity (9 of 36) (Law et 

al., 2006), but rather perform other functions such as: metastasis suppression (maspin, 

SERPINB5), blood pressure regulation (angiotensinogen, SERPINA8), and hormone 

transport (thyroid-binding globulin, SERPINA6). 

1.3 PLASMINOGEN ACTIVATOR INHIBITOR TYPE 2 (PAI-2) 

PAI-2 is a Clade B serpin and is the central focus of this dissertation.  PAI-2 was 

first identified in human placental trophoblasts (Kawano et al., 1970), (Wun and Reich, 

1987), and was later isolated and cloned independently by different groups (Ye et al., 

1987), (Webb et al., 1987), (Schleuning et al., 1987), (Antalis et al., 1988).  PAI-2 is a 

member of the plasminogen activation system (PAS) since it was originally identified as 

an inhibitor of urokinase plasminogen activator (uPA).  The PAS is the primary regulator 

of blood clot resolution and plays an integral role in physiological processes such as 

fibrinolysis, wound healing, and extracellular matrix turnover; as well as 

pathophysiological processes like metastasis, preeclampsia, and inflammation (reviewed 

in (Godier and Hunt, 2013),(Nicholl et al., 2006)).  Plasminogen is cleaved by uPA or 

tissue-type plasminogen activator (tPA), which converts it into plasmin, the critical 

fibrinolytic enzyme in the PAS.  Plasminogen activator inhibitors -1and -2 (PAI-1, PAI-2) 

oppose the actions of uPA and tPA.  Despite the fact that PAI-1 and PAI-2 share similar 

protease targets (uPA, tPA), they are phylogenetically very dissimilar (reviewed in 

(Kruithof et al., 1995)). Additionally, even though PAI-2 was originally identified as an 

inhibitor of urokinase-type plasminogen activator (uPA) in vitro, it is not recognized as a 

physiological inhibitor of uPA – a matter of much controversy in the field (Law et al., 
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2006).  This is mainly due to the difference in their cellular topology, as uPA is found 

extracellularly whereas PAI-2 is mostly found intracelluarly.  Further, PAI-2 is a less 

effective inhibitor of uPA than is PAI-1 (Law et al., 2006), and PAI-2-/- mice fail to 

demonstrate the fibrinolytic defects that the PAI-1-/- mice show (Dougherty et al., 1999).  

To date, direct inhibition of uPA by PAI-2 has only been shown using purified 

recombinant proteins or by addition of recombinant PAI-2 to cell culture systems in vitro 

(Baker et al., 1990). 

1.3.1 Protein Structure and Cellular Localization 

The human PAI-2 protein is encoded by a 1900 bp transcript and is synthesized as 

a single chain, 415 amino acid protein (Law et al., 2006).  The protein structure is 

comprised of nine α-helices, three β-sheets and an RSL, as with serpins in general (Figure 

1.4).  

Like all other Clade B serpins, PAI-2 is predominantly located in the intracellular 

space due to the lack of an N-terminal signal sequence.  PAI-2 has a nucleocytoplasmic 

distribution within the cell and is found in two forms: a non-glycosylated intracellular 

47kDa protein and a glycosylated extracellular 60kDa protein.  A small percentage of the 

PAI-2 protein is able to enter the secretory pathway, become glycosylated and then 

secreted due to the presence of an inefficient internal hydrophobic region – process 

known as facultative translocation (Kruithof et al., 1995). Interestingly, PAI-2 and maspin 

are the only two Clade B serpins known to be located in both the intra- and extracellular 

space. 



13 
 

Structurally, PAI-2 has another distinctive feature: an interhelical loop that bridges helices 

C and D of the protein (CD loop).  PAI-2’s CD loop is the longest of all the Clade B 

serpins, and is believed to serve as a protein binding domain that allows PAI-2 to interact 

with a host of other proteins (Jensen et al., 1996; Darnell et al., 2003; Tonnetti et al., 

2008; Fan et al., 2004; Boncela et al., 2011; Gan et al., 2008; Kasyapa et al., 2006), 

thereby extending its functional significance in the cell (Figure 1.4).  There are also 

glutamine residues in the CD loop that are subject to crosslinking by tissue 

transglutaminase or factor XIII, allowing PAI-2 to be crosslinked to fibrin and 

trophoblastic structures (Jensen et al., 1994; Jensen et al., 1993).  PAI-2 can also undergo 

spontaneous polymerization (Wilczynska et al., 2003).  In fact, it is the only serpin to 

polymerize under physiological conditions, largely dependent on the redox status of the 

cell and the CD loop (Wilczynska et al., 2003).  
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Figure 1.4  The structure of PAI-2.   

The ribbon model representing the crystal structure of PAI-2 inferred from the structure of the 
PAI-2 CD loop-deletion mutant solved by Harrop SJ et al. (Harrop et al., 1999) in the active, 
stressed state at 2.0A resolution.  The amino acid sequence of the CD interhelical loop and 
reactive site loop (RSL) are shown, along with the corresponding numbering according to the 
Schetcher and Berger nomenclature.  Secondary structure elements are labeled using the 
terminology of Loeberman et al. (Harrop et al., 1999).  The color-coded structural elements are as 
follows:  purple, α helices; green, β sheet A; red, β sheet B; cyan, β sheet C.  Sections of the 
polypeptide lacking clear electron density are indicated by breaks in the ribbon.  Amino acid 
residues of the CD loop and RSL shown are color-coded as follows:  basic, blue; acidic, red; non-
polar/hydrophobic, yellow; and polar, green.  The reactive scissile bond (P1(Arg380) - P1’ (Thr381)) 
is indicated with an arrowhead.  Image modified from (Harrop et al., 1999) and Dr. Brett W. 
Stringer. 
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1.3.2 PAI-2 Nomenclature, Gene Structure and Organization 

The official gene symbol for the PAI-2 protein is SERPINB2 (human) or SerpinB2 

(other species), as commissioned by the HUGO Gene Nomenclature Committee 

(Silverman et al., 2001).  Throughout this dissertation document, the official gene symbol 

will be used to accurately refer to the gene and mRNA of the PAI-2 protein.   

SERPINB2 is 16.9 kilobases (kb) in length containing 8 exons.  SERPINB2 is 

located in a serpin cluster on chromosome 18, mapping specifically to 18q21 (Ye et al., 

1989).  All human Clade B serpins are found clustered in two chromosomal loci, 6p25 

(n=3) or 18q21 (n=10), suggesting functional similarities and evolution from a common 

ancestor (Kaiserman and Bird, 2005).   Similarly, mouse Clade B serpins also cluster at 

specific chromosomal loci and the mouse Clade B cluster at 1D was reported to have 

nearly complete conservation of gene number, order, and orientation relative to those of 

18q21 (Askew et al., 2004).   

Mouse SerpinB2 cDNA encodes for a protein that is 80% homologous to human 

PAI-2 (Kruithof et al., 1995).  As such, studies on mouse Pai-2 function and SerpinB2 

regulation have provided insight into the function of human PAI-2 and the regulation of 

SERPINB2. Recently, the 5’ UTR of both mouse SerpinB2 and human SERPINB2 were 

aligned and analyzed (Udofa et al., 2013).  The presence of several repetitive sequence 

elements delineated five broadly homologous regions (A-E) between the human and 

murine promoters (Figure 1.5A).  The proximal promoter (Region E), which contains the 

essential LPS response element investigated in Chapter 3, exhibited the greatest 

homology.  Further analysis of Region E revealed that several of the cis-acting regulatory 

elements defined in the human SERPINB2 proximal promoter are conserved in the 
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murine SerpinB2 promoter (Figure 1.5B).  The putative C/EBP site is the focus of the 

studies detailed in Chapter 3. 

1.3.3 SERPINB2 Expression and Regulation 

SERPINB2 is very tightly regulated and its expression is restricted to very few cell 

and tissue types (see Table 1.2).  SERPINB2 expression is induced by a number of agents, 

namely pro-inflammatory agents, bacterial and viral pathogens, and growth factors (see 

Table 1.3), thus implicating it in a wide variety of physiological and pathophysiological 

processes.  There are both transcriptional and post-transcriptional mechanisms that 

regulate SERPINB2 expression. 

1.3.3.1 Transcriptional Mechanisms 

Transcriptional regulation of SERPINB2 expression is arguably the most 

important aspect of SERPINB2 gene regulation given that the cell-type specific and 

inducible nature of SERPINB2 gene expression is governed at the transcriptional level. 

SERPINB2 is transcriptionally regulated by an inducible proximal promoter, an upstream 

silencer (PAUSE-1), and a distal transactivator region (Antalis et al., 1996).   

It is believed that SERPINB2 is held transcriptionally-silent in most cell types 

likely due to the activity of the PAUSE-1 site in the promoter region (Ogbourne and 

Antalis, 2001).  The distal transactivator region governs the cell-type specific nature of 

SERPINB2 expression in that it is responsible for de-repressing PAUSE-1 activity, 

thereby allowing PAI-2 protein to be expressed (Stringer et al., 2012).  Our lab localized 

the distal transactivator activity to an AP-1 site that is indispensable for overcoming 

PAUSE-1 silencer activity.   
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Figure 1.5  DNA sequence conservation between the human SERPINB2 and mouse 
SerpinB2 5’ flanking region. 
(A) Schematic representation of the human SERPINB2 and murine SerpinB2 5’ flanking regions with 
regions of nucleotide sequence identity indicated by the same colored boxes.  Homologous regions are 
interrupted by repetitive sequence elements in both 5’ flanking regions.  Alu = Alu repeat, ID4 = ID4 
short interspersed nuclear repeat (SINE), L1 = L1 long interspersed nuclear element (LINE), L2 = L2 
LINE, MIR = MIR SINE, MLT1L = MLT1L long terminal repeat (LTR), (TATG)n = TATG 
tetranucleotide repeat, tis = transcription initiation site.  (B)  Potential cis-acting regulatory elements 
in Region E.  Mouse and human nucleotide sequences were aligned using Clustal W software. Cis-
acting elements conserved between the human SERPINB2 and murine SerpinB2 promoters are boxed 
and labeled. AP-1 = activator protein 1; C/EBP= CCAAT enhancer binding protein; CRE = cAMP 
response element; Oct1 = octamer transcription factor 1/POU2F1 ; PU.1 = purine box binding protein 
1. The putative transcription initiation site (tis) is indicated and exon 1 is presented in uppercase.  The 
location of the 5' ends of the -539, -189 and -87 reporter constructs are also shown.  Sequence analysis 
performed by Dr. Brett W. Stringer.  Image taken from (Udofa et al., 2013). 
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We further demonstrated that certain AP-1 transcription factors were able to de-

repress transcription from the SERPINB2 promoter, and even induce SERPINB2 mRNA 

expression in PAI-2-non-expressing cells when overexpressed (Stringer et al., 2012). 

The SerpinB2 proximal promoter governs the inducible nature of SerpinB2 gene 

expression.  SerpinB2 mRNA can be induced on the order of hundreds and even 

thousands-fold above baseline – an aspect of SerpinB2 gene expression that certainly 

fascinates investigators (reviewed in (Medcalf and Stasinopoulos, 2005), (Medcalf, 

2011)). There are certain response elements in the proximal promoter necessary for 

SERPINB2 expression to be induced by various agents.  Specifically, there are CRE and 

AP-1 sites that are necessary for PMA- and LPS-induced SerpinB2/SERPINB2 

expression (Cousin et al., 1991),(Udofa et al., 2013).  Of note, studies in this dissertation 

determined that a C/EBP response element is essential for LPS-induced SerpinB2 gene 

expression (Udofa et al., 2013). 

1.3.3.2 Post-transcriptional Regulation 

While there are significant changes that occur transcriptionally, there are post-

transcriptional mechanisms that are important for SERPINB2 expression as well.  The 

SERPINB2 mRNA transcript is inherently unstable due to several AU-rich elements 

(ARE) found in the 3’ UTR (Maurer and Medcalf, 1996) and exon 4 (Tierney and 

Medcalf, 2001).  These AREs serve as binding sites for the mRNA stabilizing protein 

HuR (Maurer et al., 1999) and the mRNA destabilizing protein tristetraprolin (TTP) (Yu 

et al., 2003).  In a sense, it can be said that SERPINB2 is regulated like an immediate 

early gene since AREs are typically found in cytokines, proto-oncogenes and growth 

factors (Garneau et al., 2007),(Khabar, 2005).  
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Table 1.2  Cell types with endogenous PAI-2 expression. 

Listed below are the few cell types with endogenous PAI-2 expression. Examples are reviewed 
(Kruithof et al., 1995) (Schroder et al., 2011). 

 
Cell Type Expression:  

Constitutive or Inducible Associated Functions 

Placental trophoblasts Constitutive PAI-2 originally identified in this cell type;  
High PAI-2 expression in pregnancy serum 

Monocytes/macrophages Inducible Cytoprotection; decreased IL-1β secretion 

Dendritic cells Inducible unclear 

Fibroblasts Inducible Increased PAI-2 expression in tumor-associated 
fibroblasts  

Keratinocytes Constitutive and 
inducible 

Increasing PAI-2 expression in differentiating 
layers of substratum  

Endothelial cells Inducible PAI-2 expression induced by angiotensin  

Microglia and 
Astrocytes  Inducible PAI-2 expression upregulated by injury 

Neurons Inducible PAI-2 identified as one of 9 genes required for 
neuroprotection 

Cumulus cells and 
granulosa-luteal cells Inducible PAI-2 expression induced by EGF  

Myogenic satellite cells Inducible  PAI-2 expression increases prior to myoblast 
fusion.  Associated with differentiation. 

Adipocytes Inducible Impaired adipose tissue development in PAI-2-/- 
mice. 

Various cancers: 
primary tumors and cell 

lines 

Range: either 
undetectable, 

constitutive, or inducible 

Cell survival; decreased migration, invasion, and 
metastasis  
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Table 1.3 Factors that regulate PAI-2 gene expression. 

PAI-2 expression is induced by a wide variety of stress stimuli.  Most of the specific examples are 
reviewed elsewhere (Kruithof et al., 1995) (Schroder et al., 2011); however, references are 
provided for more recently identified regulators. 

 
Factors/Conditions that induce PAI-2 expression 

Classification Examples 

TLR agonists LPS; CpG; dsRNA 

Cytokines TNFα ; IL-1 ; IL-2 ; M-CSF ; GM-CSF ; IFNγ  

Viruses Adenovirus ; alphavirus ; Dengue ; influenza ; HIV  

Bacteria H.pylori ; Salmonella ; N.meningitidis ; B.burgdoferi ; Cholera toxin  

Parasites Leishmania ; schistosomes ; toxoplasma; H.bakeri (Zhao et al., 2013)  

Marine sponge Okadaic acid  

Drugs PMA ; A23187 ; Dioxin ; retinoic acid ; kainite 

Growth factors and 
hormones EGF ; Angiotensin II; Insulin  

Lipid Lipoprotein(a)  

Oncogenes STAT3 ; Raf ; E1A ; ZNF198/FGFR1  

Injury Nerve, skin, and lung damage  

Factors/Conditions that downregulate PAI-2 expression 

Classification Examples 

Cortiocosteroid Dexamethasone  

Cytokines and growth 
factors IL-4 ; TGFβ  

Drugs Indomethacin  
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1.3.4 Biological Functions of PAI-2 

As mentioned previously, several serpins have evolved non-inhibitory functions.  With 

respect to intracellular PAI-2, there are a myriad of biological functions that have been 

associated with its expression which are independent of uPA inhibition, such as 

cytoprotection, innate immunity, differentiation and others (reviewed in(Kruithof et al., 

1995; Medcalf and Stasinopoulos, 2005; Medcalf, 2011)).  While these functions are 

uPA-independent, this does not rule out the possibility that PAI-2 could be inhibiting 

another protease target to mediate the aforementioned processes.  Below are brief 

discussions of some of the known biological functions associated with intracellular PAI-2 

expression. 

Cytoprotection.  This is the most well-known function associated with intracellular PAI-2 

expression and a focus of this dissertation.  The prosurvival and cytoprotective function 

of PAI-2 has been studied in a range of cell types (see Table 1.4), with most studies being 

performed in macrophages.  PAI-2’s cytoprotective activity is also selective in that PAI-2 

expression only protects from certain cytotoxic agents, such as LPS, TNFα, and several 

viruses.  Of note, its cytoprotective activity is dependent on its CD Loop (Dickinson et 

al., 1998) and its P1 site (Dickinson et al., 1995), indicating that PAI-2 requires both its 

protein interaction capabilities and serpin inhibitory activity to confer cytoprotection.  

However, a protease target for PAI-2 in this context remains unidentified. 
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Table 1.4 PAI-2 protects from cell death – published studies. 

Cytoprotection is the most well recognized function of PAI-2.  Listed below are specific examples 
from published data. 

 

Cell Type(s) Used PAI-2 Expression 
Status Cytotoxic Stimulant References 

HT1080 fibrosarcoma cells Stably-expressed TNFα (Kumar and 
Baglioni, 1991) 

HeLa cervical cancer cell 
line & HeLa-derived stable 

cell line 

Null (parent) 
Stably-expressed WT 

(S1a) 
TNFα + CHX (Dickinson et 

al., 1995) 

HeLa cervical cancer cell 
line & HeLa-derived stable 

cell lines 

Null (endogenous) 
Stably-expressed WT 

(S1a) 
Stably-expressed CD 

mutant (CDM) 

TNFα + CHX 
TNFα + IFNγ 

(Dickinson et 
al., 1998) 

Primary human peripheral 
blood monocytes Endogenous Mycobacterium avium, 

serovar 4 
(Gan et al., 

1995) 

Primary human macrophages 
 Endogenous 

Mycobacterium 
tuberculosis ± 
indomethacin 

(Gan et al., 
2008) 

Murine WT & PAI-2 KO 
splenic macrophages 

Endogenous 
expression & genetic 

knockout 

Mycobacterium 
tuberculosis ± 
indomethacin 

(Gan et al., 
2008) 

HeLa cervical cancer cell 
line & HeLa-derived stable 

cell line 

Null (parent) 
Stably-expressed WT 

(S1a) 

α-virus: Ross river virus 
(RRV) 

α-virus: Sindbis 

(Antalis et al., 
1998) 

AGS-GR  gastric 
adenocarcinoma cell line & 
AGS-GR-derived stable cell 

line 

Endogenous (H-
pylori-inducible) & 

Stably-expressed WT 
H.pylori (Varro et al., 

2004) 

THP-1 macrophages 
Null (parent) 

PAI-2 adenovirus 
infection 

LPS (Park et al., 
2005) 

Murine WT & PAI-2 KO 
bone marrow derived 

macrophages (BMDM) 

Endogenous 
expression & genetic 

knockout 
LPS (Park et al., 

2005) 

Murine IKKβΔ BMDMs EGFP-PAI-2 
retroviral infection LPS (Greten et al., 

2007) 

Tbk1 WT & KO mouse 
embryonic fibroblasts (MEF) 

Endogenous (Tbk1 
WT MEFs) 

Retroviral PAI2 
infection (Tbk1 KO 

MEFs) 
 

TNFα (Delhase et al., 
2012) 

  



23 
 

Immunomodulation of innate and adaptive immunity.  Macrophages are the main 

cellular effectors of the innate and adaptive immune response.  Macrophages become 

activated or polarized depending on the cytokine microenvironment.  Typically, 

macrophages undergo classical (M1) activation when stimulated by LPS or other Th1 

cytokines such as IFNγ.  Alternative (M2) activation occurs in response to Th2 cytokines 

such as IL-4 and IL-13 (Zhao et al., 2013).  PAI-2 is one of the most highly induced 

genes in M1-activated macrophages and constitutes up to 1% of total protein in activated 

macrophages (Wygrecka et al., 2004).  PAI-2 expression is important for macrophage 

survival in response to LPS (Park et al., 2005), and PAI-2 also antagonizes the secretion 

of the pro-inflammatory cytokine IL-1β (Greten et al., 2007; Hsu et al., 2008).  PAI-2-/- 

mice show enhanced Th1 responses following immunization with ovalbumin and 

complete Freund’s adjuvant (OVA/CFA), a Th1 immunogen (Schroder et al., 2010b).  

More recently, PAI-2 has been implicated in adaptive immunity; specifically modulation 

of Th1/Th2 immune responses.  For example, PAI-2 deficiency was found to promote 

some Th1 responses and decrease some Th2 responses following Schistosoma infection 

(Schroder et al., 2010a).  Further, PAI-2-/- mice exhibit a lack of Th2 responses as 

evidenced by decreased intestinal IL-13 production following nematode infection (Zhao 

et al., 2013).  Additionally, PAI-2-/- mice exhibit decreased macrophage recruitment to the 

intestine following nematode infection, possibly due to the decreased intestinal CCL2 

expression in these mice (Zhao et al., 2013).  These results indicate that PAI-2 is 

important for host immunity and resolution of infectious pathogens.   
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Differentiation. PAI-2 expression is highly induced in monocytes in response to PMA, a 

classic macrophage differentiation agent, and increasing levels are PAI-2 are found in the 

differentiating layers of the epidermis.  PAI-2 also has a retinoic acid (RA)-like response  

element in its promoter (Schuster et al., 1994) and RA stimulates PAI-2 mRNA 

expression in human blood mononuclear cells (Montemurro et al., 1999), promyelocytic 

cells(Schuster et al., 1993; Tapiovaara et al., 1994), and epidermal keratinocytes 

(Braungart et al., 2001); indicating that  PAI-2 has the properties of a differentiation 

antigen.  Retinoids such as all-trans-retinoic acid (ATRA) and N-(4-hydroxylphenyl) 

retinamide (4-HPR, Fenretinide) are used clinically to induce terminal cellular 

differentiation (Leszczyniecka et al., 2001). 

Metastasis suppression.  PAI-2 has been associated with metastasis suppression for 

years, however there is no consensus on how this activity is mediated (reviewed in 

(Kruithof et al., 1995), (Croucher et al., 2008)).  A metastasis suppressor is defined as a 

molecule whose expression results in the inhibition of a cancer cell’s ability to 

metastasize while having little to no effect on primary tumor growth (Bodenstine and 

Welch, 2008; Rinker-Schaeffer et al., 2006).  Clinically, PAI-2 expression in breast, 

pancreatic, and ovarian cancer is associated with positive prognostic indicators such as an 

increase in relapse-free survival, disease-free survival, and/or mean overall survival.   

There are also several in vitro and in vivo experimental cancer models which indicate that 

PAI-2 expression mediates both anti-invasive and anti-metastatic outcomes (Laug et al., 

1993; Mueller et al., 1995; Varro et al., 2004; Shimizu et al., 2003). While the mechanism 

of PAI-2-mediated metastasis suppression is not yet known, recently PAI-2 expression 

was shown to inhibit the number of metastases in a B16 tumor model.  PAI-2 was 
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reported to be secreted from the cell in microparticles where it was able to inhibit uPA 

(Schroder et al., 2014) – in a manner similar to one reported for Transglutaminase 2 (van 

den et al., 2012).  This study has exciting new implications for a possible mechanism of 

PAI-2 secretion to the extracellular space. 

Gene Expression and Cell Signaling.  PAI-2 has been reported to alter gene expression 

in several cell types. Ectopic PAI-2 expression transcriptionally downregulated the 

expression of intercellular adhesion molecule 1 (ICAM-1) in HeLa cells, thus protecting 

them cells from lytic infection (Shafren et al., 1999).  ICAM-1(or CD54) is a 

transmembrane glycoprotein expressed constitutively on many cell types and it has been 

shown that ICAM-1 may support the adhesion of cancer cells to mesothelium (Ksiazek et 

al., 2010).  This could also explain the loss of cell-cell adhesion observed in PAI-2-

expressing THP-1 cells (Yu et al., 2002).  PAI-2 expression mediates antiviral responses 

by the upregulation of antiviral genes such as IFN-stimulated gene factor 3 (ISGF3) and 

oligo(A) synthetase (OAS) (Antalis et al., 1998), and the downregulation of picornavirus 

receptors decay-accelerating factor (DAF) and coxsackie-adenovirus receptor (CAR) 

(Shafren et al., 1999).  PAI-2 expression is also implicated in cytokine gene expression as 

its expression has been reported to alter the secretory profile of cytokines in macrophages 

(Greten et al., 2007; Hsu et al., 2008; Mosser and Edwards, 2008; Zhao et al., 2013).   
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1.4 CELLULAR STRESS RESPONSES 

Cells constantly respond to stressors by activating a number of adaptive stress 

response pathways in an attempt to resolve cellular damage and establish 

homeostasis/cell survival.  Stress responses are essentially a collective of signal 

transduction pathways that, through activation of molecular transducers (i.e. kinases, 

phosphatases, proteases) and transcription factors, ultimately result in the transcriptional 

activation of cytoprotective genes whose effector protein products attempt to mitigate 

damage (Figure 1.6).  If the cell is unable to repair the damage through these 

mechanisms, the cell is then fated towards a range of cell death pathways (e.g. apoptosis, 

necrosis, pyroptosis, etc (Galluzzi et al., 2012a)) which vary depending on the type of 

inducer and duration of the stimulus.  Figure 1.7 illustrates 5 major stress response 

pathways, of which the inflammatory and endoplasmic reticulum (ER) stress response 

pathways are the most relevant to this dissertation work.  The sections below will provide 

a brief overview of these pathways, highlighting calpain – a proteolytic modulator of cell 

fate, and autophagy – an evolutionarily-conserved adaptive response, as they are relevant 

to both inflammatory and ER stress responses and this dissertation work. 

  



27 
 

 

Figure 1.6  Schematic of Stress Response Pathway Activation. 

Commonly under normal, unstressed conditions, (A) transcription factors (TF) in stress response 
pathways are held inactive through interactions with a sensor – that detect/perceive a stressful 
signal.  Upon stress induction, an extracellular stress stimulus is typically perceived through 
plasma membrane receptors, which sets off signaling pathways to mitigate potential damage. (B) 
Transducers will relay, amplify, and integrate signals that are sensed by a sensor, causing release 
of the TF to (C) translocate to the nucleus and mediate transcriptional upregulation of key effector 
proteins to either overcome the stress or undergo cell death in the case of irreparable damage.  
Image taken from (Simmons et al., 2009).  
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Figure 1.7  The Major Cellular Stress Responses Pathways. 

Exposure to stress stimuli leads to activation of one or several evolutionarily-conserved stress 
response pathways.  Pictured above are five major stress response pathways.  It is possible for 
multiple pathways to be activated in a particular cell, either in parallel or sequentially, as such, 
there can be extensive crosstalk between these response pathways.  Image modified from 
(Muralidharan and Mandrekar, 2013) and (Simmons et al., 2009). 
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1.4.1 The Inflammatory Stress Response 

Activation of the transcription factor nuclear factor kappa B (NF-κB) is the 

hallmark of the inflammatory stress response, as it mediates the transcription of several 

key pro-inflammatory cytokines, chemokines, and interferons (Aggarwal et al., 2006; 

Grivennikov et al., 2010; Grivennikov and Karin, 2010; Karin and Greten, 2005).  The 

inflammatory stress response is mounted in various cell types in response to several 

inducers (many which also induce PAI-2 expression), such as bacterial and viral 

pathogens and pro-inflammatory mediators. 

Innate immune cells (e.g. macrophages, neutrophils, natural killer cells) utilize the 

inflammatory stress response under normal physiological conditions to mediate innate 

immunity.  Briefly, they recognize bacterial and viral pathogens through conserved 

pattern recognition receptors (PRR) such as membrane-bound toll-like receptors (TLR), 

cytosolic nod-like receptors (NLR) or RIG-I-like receptors (RLR) (Muralidharan and 

Mandrekar, 2013).  Once PRRs are activated, they recruit adaptor molecules which lead 

to the activation of the IκB kinase (IKK) signaling pathway and ultimately NF-κB.   

Acute activation of the inflammatory stress response is necessary to resolve damage from 

pathogenic insult; however, prolonged exposure to pro-inflammatory mediators is 

cytotoxic to the cell. 

Non-immune cells can mount an inflammatory stress response by activating 

signaling pathways following binding of pro-inflammatory mediators, such as TNFα, to 

their cognate membrane-bound receptors – leading to the activation of NF-κB and 

upregulation of target genes. 
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1.4.1.1 Lipopolysaccharide and TLR Signaling 

Over a century ago, Pfeiffer and Koch discovered lipopolysaccharide (LPS), the 

main component of the outer membrane of gram negative bacteria and the principle toxic 

agent in the manifestation of gram-negative infections (Guha and Mackman, 2001).  LPS 

is released from bacteria when they multiply and when they lyse as a result of death.  LPS 

signals through the TLR4 receptor resulting in the concomitant activation of several map 

kinase (MAPK) pathways as well as NF-κB activation (Akira and Takeda, 2004; Guha 

and Mackman, 2001), leading to the upregulation of target genes – of which PAI-2 is one 

(Wygrecka et al., 2004; Park et al., 2005). 

1.4.2 The ER Stress Response 

ER is a vital organelle responsible for the synthesis, folding and transport of all 

secreted and transmembrane proteins, and lipid biosynthesis.  The ER is also the site of 

the highest localized concentration of calcium within the cell, and this luminal calcium 

concentration is absolutely necessary for the ER to perform its biosynthetic functions; 

therefore it is highly regulated. Perturbation of the luminal ER calcium concentration 

results in the accumulation of unfolded proteins, and thus the ER becomes “stressed”.  

The ER stress response pathway, also known as the unfolded protein response (UPR), 

consists of 3 main signaling cascades initiated by the following ER-membrane-bound 

molecular sensors: IRE1a (inositol-requiring 1 alpha), PERK (double-strand RNA-

activated protein kinase-like ER kinase), and ATF6 (activating transcription factor 6) 

(Wang et al., 2010).  In an “unstressed” ER, these 3 sensors are held inactive by luminal 

chaperone Grp78; however once stressed, protein translation is halted and the chaperone 
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dissociates from the sensors, resulting in the initiation of several signaling cascades.  

Unresolved ER stress is cytotoxic to the cell.  

1.4.3 Crosstalk between Stress Response Pathways 

It is very well recognized in the literature that these stress response pathways are 

rarely activated in isolation, but rather, there is extensive crosstalk between these 

pathways (reviewed in (Simmons et al., 2009),(Muralidharan and Mandrekar, 2013)).  

For instance, the same stressor can activate multiple stress response pathways 

independently – as is the case with viral infection, which triggers both the inflammatory 

stress and ER stress responses in tandem.  Similarly, exogenous oxidants trigger both ER 

stress and the oxidative stress response.  Additionally, the activation of one stress 

response pathway can trigger the sequential activation of another stress response 

pathway.  For example, ER stress is critically linked to inflammatory signaling, as ATF6- 

and IRE1-mediated signaling pathways both activate NF-κB.  The complexity of the 

cellular stress response is inherent due to the multiple nodes at which each response 

pathway can interact. 

1.4.4 Calpains 

Calpains are a family of calcium-activated cysteine proteases that mediate a wide 

range of biological activities through the proteolytic processing of molecular substrates.  

To date, there are 14 identified members of the calpain family with certain isoforms being 

ubiquitously expressed or having tissue-specific expression (Yousefi et al., 2006). The 2 

ubiquitously expressed calpains, calpain-1 (μ-calpain) and calpain-2 (m-calpain) – named 

for the in vitro concentrations of calcium required for their activation – are the best 
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studied of the calpain family.  Calpains 1 and 2 are heterodimers comprised of a large 

catalytic subunit (80kDa, encoded by CAPN1 or CAPN2 respectively) and a common 

regulatory small subunit (encoded by CAPN4), which is required for calpain activity 

(Yousefi et al., 2006).  Upon activation, calpain dissociates from its small subunit and 

undergoes autolysis.  The only known endogenous inhibitor of calpains 1 and 2 is 

Calpastatin, which is specific for the calpain heterodimer (reviewed in (Yousefi et al., 

2006)). 

Calpain activity is tightly coupled to cell death resulting from chronic, unresolved 

ER stress, as calcium leak from the damaged ER may induce calpain activity.  In 

addition, a growing body of evidence implicates calpain activity in diseases associated 

with pathogenic inflammatory stress responses (Ma et al., 2012), (Li et al., 2009), most 

notably – cancer (Storr et al., 2011).  

1.4.4.1 Calpains in Cell Death 

Calpain mediates several cellular functions due to the wide range of intracellular 

proteins that it can target.  Limited cleavage of anti- or pro-apoptotic proteins can lead to 

their activation or inactivation, respectively.  Alternatively, calpain-mediated processing 

of certain pro-apoptotic substrates can result in more potent pro-apoptotic activity.  For 

example, calpain has been reported to cleave Bax, a pro-apoptotic protein, to a more 

potent 18kDa form (Wood et al., 1998),(Gao and Dou, 2000).  Also, calpain can cleave 

Bid to a 14kDa form resulting in cytochrome c release and subsequent cell death (Mandic 

et al., 2002).  Of interest to this dissertation work, our lab previously reported that PAI-2 
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modulated a calpain-mediated cleavage event, thereby abrogating calpain’s role as a pro-

death mediator in a cellular inflammatory stress model (Tonnetti et al., 2008). 

1.4.4.2 Calpains vs. Caspases 

Calpains are often compared the caspases in the literature, most likely due to their 

overlapping role in mediating cell death.  Caspases are aspartate-specific cysteine 

proteases that are best known for their role in apoptosis.  Accumulating evidence suggests 

that there is crosstalk between calpains and caspases (reviewed in (Vandenabeele et al., 

2005),(Wang, 2000)).  Specifically, calpain has been demonstrated to cleave procaspases 

3,7,8,9, and 12; thereby resulting in activation or inactivation of the target caspase 

depending on cellular context and stimulant type.  For example, calpain can cleavage 

caspase 7 at sites different from those cleaved by upstream caspases, resulting in inactive 

fragments (Chua et al., 2000).  Calpains and caspases also have many of the same 

substrate targets, such as Bcl-2 family proteins (Bcl-2, Bcl-xL, Bid), cytoskeletal proteins 

(α-fodrin, focal adhesion kinase), DNA repair/cell cycle proteins (PARP, cyclin D, p53), 

albeit cleavage of these proteins usually results in variably-sized cleavage products due to 

their difference in cleavage specificity. 

While there are many similarities between calpains and caspases, they differ 

fundamentally in two very important ways.  First, their mode of activation: caspases are 

activated by cleavage of their pro-domain as they are synthesized as inactive zymogens 

known as pro-caspases, whereas calpain activation is dependent on calcium 

concentration. Second, their cleavage specificity: although calpains and caspases are both 

cysteine proteases, in that their active site nucleophile is a cysteine residue, their substrate 
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specificities are very different.  Caspases are very specific for cleavage of peptide bonds 

C-terminal to aspartate residues, and are very specific for aspartate residues in both the 

P1 and P4 sites (P4-P3-P2-P1 = D-E-A/V-D) (Wang, 2000); whereas calpains are not 

specific for any particular residue.  Rather, calpains recognize bonds between domains 

(Suzuki et al., 2004).       

1.4.5 Autophagy 

Macroautophagy (referred to as autophagy) is an evolutionarily-conserved, 

adaptive cellular process that is often activated in response to inflammatory and ER-

stress-inducing stimuli.  Autophagy is often referred to as “self-eating” as it is an 

intracellular degradation system.  The autophagic process involves the formation of 

cytosolic, double membrane vesicles (autophagosomes) which engulf old or damaged 

organelles and fuse with lysosomes (autophagolysosomes) to degrade their luminal 

contents (Figure 1.8).  This process ensures organelle turnover and adaptation to 

increased energy demands of the cell.  The role of autophagy in cell fate decisions is 

complex and highly dependent on cellular context.  However, it is generally accepted that 

autophagy is activated downstream of both ER stress and inflammatory stress response 

pathways to aid in stress recovery (Hotamisligil, 2010).  It is becoming increasingly 

evident that autophagy has wide reaching physiological and pathophysiological 

implications as it is involved in processes ranging from cell survival and cell death 

(Platini et al., 2010), differentiation (Zhang et al., 2012), immunity and inflammation 

(Levine et al., 2011), and cancer development (White, 2012). 
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Figure 1.8  Schematic of the autophagy pathway. 

Image depicting the process of autophagy.  The process begins with the formation of an isolation 
membrane which matures into a cytosolic, double membrane vesicle (autophagosome).  
Autophagosomes engulf old or damaged organelles and fuse with lysosomes to form 
autophagolysosomes (also called autolysosome).  Degradation of the luminal contents takes place 
in the autophagolysosome.  The green box highlights agents/conditions that induce the autophagic 
process. Image taken from (Levine et al., 2011). 
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1.4.6 Clinical Significance: Cellular Stress Responses in Inflammatory Disease 

There are a bewildering array of inflammatory diseases that arise from the 

deregulation of the cellular stress response pathways, such as cancer, diabetes, heart 

disease, and neurodegeneration (reviewed in (Aggarwal et al., 2006; Grivennikov et al., 

2010; Hotamisligil, 2010; Muralidharan and Mandrekar, 2013; Calabrese et al., 2007; 

Wellen and Hotamisligil, 2005; Calabrese et al., 2010)).  The clinical implications are 

significant, as modulation of these stress response pathways could be exploited for 

therapeutic benefit.  In fact, there are emerging therapeutics drugs which either drive the 

cytoprotective or cytotoxic potential of a stress response pathway, depending on disease 

context and/or desired clinical outcome.  For example, compounds which will potentiate 

ER stress and therefore be cytotoxic to the cell are being developed for the treatment of 

cancer (e.g. thapsigargin analogs, Grp78-targeting compounds) (Kim et al., 2008).  

Alternatively, pathways which are evolutionarily designed to cope with cell stress, such 

as autophagy, represent additional pathways that are ripe with druggable targets (Yang et 

al., 2011). Autophagy modulation is being explored for possible mechanisms of 

pharmacological immune system modulation and cancer treatment (Townsend et al., 

2012). 

1.4.6.1 PAI-2 in Inflammatory Disorders 

Given both the range of biological activities as well as the wide variety of inducers 

that govern PAI-2 expression, it is not surprising that PAI-2 would be implicated in 

inflammatory disorders.  As mentioned prior, deregulated PAI-2 expression and certain 

PAI-2 polymorphisms are associated with several inflammatory diseases (Schroder et al., 
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2011) (see Table 1.5), making it evident that proper control of PAI-2 gene expression is 

paramount.   
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Table 1.5  Diseases associated with deregulation of PAI-2 expression. 

Listed below are the diseases associated with deregulated PAI-2 expression (reviewed in 
(Schroder et al., 2011)).  

 
Disease PAI-2 expression 

Cancer 

Acquired/increased expression in 
most cases.  

Polymorphism: lung cancer 
Clinical prognosis: positive: 
breast, ovarian, pancreatic, 

prostate; negative: endometrial, 
colorectal 

Lupus Polymorphism 
Peritonitis/appendicitis Increased expression 

Periodontitis Increased expression in gingival 
crevicular fluid 

Scleroderma Increased expression 
Hyperkeratosis Increased expression 

Pulmonary fibrosis Increased expression in alveolar 
macrophages 

Congenital ichthyosis Increased expression 
Asthma Increased expression 

Alzheimer’s disease Increased expression 
Myocardial infarction Polymorphism 
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1.5 SPECIFIC AIMS 

The overall goal of this dissertation project is to define molecular mechanisms that 

govern SerpinB2 gene expression and elucidate the cytoprotective function of PAI-2 

in response to cell stress.  This goal will be addressed through two aims: 

AIM 1:   To characterize promoter regulatory elements and transcription factors important 

for SerpinB2 expression in response to pro-inflammatory stimulus LPS. (Chapter 3) 

Hypothesis to be tested – SerpinB2 is transcriptionally regulated by the transcription 

factor C/EBP-β. 

• AIM 1.1:  Determine the importance of C/EBP-β to LPS-inducible transcription 

of SerpinB2. 

• AIM 1.2:  Determine the importance of C/EBP-β phosphorylation to SerpinB2 

promoter activity. 

AIM 2:  To investigate the role of calpain in PAI-2-mediated cytoprotection. (Chapter 4)  

Hypothesis to be tested – PAI-2 confers cytoprotection by acting as an inhibitor of 

calpain activity. 

• AIM 2.1:  Test whether PAI-2 protects from cell death induced by known 

activators of calpain.  

• AIM 2.2:  Test whether PAI-2 requires its serpin inhibitory function to mediate 

cytoprotection from known activators of calpain. 
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• AIM 2.3:  Identify pathways of PAI-2-mediated cytoprotection from calpain-

mediated cell death. 

  



41 
 

CHAPTER 2: MATERIALS AND METHODS 
 

2.1 Mammalian Cell Culture  

Murine macrophage RAW 264.7 cells were maintained in RPMI 1640 media (Gibco 

BRL), supplemented with 2 mM L-glutamine (Gibco BRL), 10% fetal bovine serum 

(Hyclone), 200 µg/ml penicillin, 100 µg/ml streptomycin, 25 mM N-2-

hydroxyethylpiperazine-N-2-ethane sulphonic acid (HEPES) and 25 mM sodium 

bicarbonate, in 5% CO2 and 95% humidified air atmosphere at 37oC.  Wildtype 

(Cebpb+/+) and knockout (Cebpb-/-) mouse embryonic fibroblasts (MEFs) (Roy et al., 

2002) and human ovarian adenocarcinoma cell lines NIH:OVCAR-3 and SKOV-3 were 

grown in Dulbecco's modified Eagle's medium (DMEM) (Invitrogen) supplemented with 

10% fetal bovine serum and 1% penicillin/streptomycin/glutamate solution (Cellgro). 

Precautions were taken to exclude bacterial LPS contamination from all cell cultures 

through the use of certified LPS-free serum.  Cell viability was determined using the 

trypan blue (Sigma) dye exclusion method.  All cultures were routinely checked to 

exclude Mycoplasma infection using the MycoAlert Detection Kit (Lonza).  See Table 

2.1 for a complete listing of cell lines used in these dissertation studies.   

2.2 Chemical and Biological Reagents 

Bacterial LPS (Salmonella minnesota Strain Re595) (Sigma) was used for Chapter 3 

experiments at the concentrations indicated in the text.  The following reagents were used 

for Chapter 4 experiments at the concentrations indicated in the text: thapsigargin 

(Invitrogen), calcimycin (A23187) (Sigma), PD150606 (Sigma), zVADfmk (Enzo Life 
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Sciences), necrostatin-1 (Sigma), MG132 (Calbiochem), staurosporine (Sigma), 

chloroquine (Sigma). 

2.3 Isolation of Primary Peritoneal Macrophages 

Primary peritoneal macrophages were obtained by injecting C57BL/6 mice with 1ml of 

3-5% thioglycollate broth followed by peritoneal lavage 3-5 days later, and maintained in 

50% DMEM/F12 media (Gibco BRL).  This procedure was performed in accordance 

with the University of Maryland School of Medicine Institutional Animal Care and Use 

Committee (IACUC). 

2.4 Transient Transfection and Luciferase Assays 

2.4.1 Murine macrophage RAW 264.7 cells 

RAW 264.7 cells (2 x 107) growing in log phase were transfected with the indicated 

luciferase reporter plasmid (20 µg) along with the pRL-thymidine kinase (TK) (Promega) 

internal control reporter plasmid (2 µg) by electroporation using a Bio-Rad Gene Pulser 

with a Capacitance Extender (0.25 kV, 960 µFd) .  pGL3 control plasmid which encodes 

the SV40 promoter and enhancer was included as a positive control for transfection 

efficiency, and as an internal standard for promoter and enhancer activities. Transfected 

cells were transferred to 10 ml of pre-warmed media in 6-well tissue culture plates, 

divided into two identical cell pools and incubated 16 hrs in a 5% CO2 and 95% 

humidified air atmosphere at 37oC either in the presence or absence of 100 ng/ml LPS.  

Luciferase activity was measured using a Dual-Luciferase Reporter Assay System kit 

(Promega).  Measurements represent the results of at least three independent experiments.  

Promoter activity is expressed as the number of firefly luciferase light units normalized 
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either to pRL-TK renilla luciferase light units or to cellular protein concentration (where 

co-transfected C/EBP-β or LPS affected pRL-TK activity).  Protein concentration was 

determined using the Bio-Rad protein microassay reagent. 

2.4.2 Cebpb-/- Mouse Embryonic Fibroblasts (MEFs) 

Cebpb-/- MEFs (1x105) (Roy et al., 2002) were transfected with the indicated luciferase 

reporter plasmid (400 ng) along with a β-actin-β-galactosidase reporter plasmid (200 ng) 

by electroporation using the Invitrogen Neon™ system (1 pulse, 1350 V, 30 msec).  

Transfected cells were transferred to pre-warmed media in 24 well plates and incubated 

for 48 hrs prior to incubation with LPS (100 ng/ml) for 4 hrs where indicated.  In some 

experiments, plasmids encoding C/EBP-β or C/EBP-β phospho-acceptor mutants (T188A, 

T217A, S64A) (Gade et al., 2008; Buck et al., 1999; Shuman et al., 2004) or control vector 

were co-transfected  (0.6-1.0 µg total DNA). Luciferase activity was determined and 

normalized to that of β-galactosidase (Gade et al., 2008) using the Luciferase Assay 

System and β-Galactosidase Enzyme Assay System Kits, respectively (Promega). Each 

experiment was repeated at least three times, and triplicate samples were employed for 

each sample. Expression of the C/EBP-β phospho-acceptor mutant proteins was checked 

for equal expression by Western blot.   

2.5 Cebpb Gene Knockdown: Lentiviral shRNAs, Packaging and 

Transduction 

pLKO.1-puro lentiviral vectors carrying short hairpin RNAs (shRNA) specific for human 

and mouse cebpb were used in Chapter 3 studies.  Because the human and mouse cebpb 

3’ untranslated regions are not identical, these species-specific shRNAs cannot 
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knockdown expression of endogenous C/EBP-β when used on cells of the other species; 

therefore we used the human CEBPB shRNA as a control in these experiments as in 

(Gade et al., 2008).  To produce lentiviral particles, HEK-293T producer cells were 

transfected using the 3-plasmid method: each shRNA expression plasmid (1µg), pCMV-

ΔR8.2dvpr packaging plasmid (0.75 µg), and pCMV-VSV-G envelope plasmid (0.25 µg) 

using Lipofectamine 2000 reagent (Invitrogen).  The lentiviral supernatant was collected 

48 hrs after transfection, cleared by centrifugation at 2,000 g for 10 mins and passed 

through a 0.45µm filter.  The primary peritoneal macrophages (target cells) were treated 

with the lentiviral supernatant and 8 µg/ml Polybrene (American Bioanalytical) for 24 

hrs.  The lentiviral supernatant was replaced with fresh growth media and incubated 

further for 72 hrs to allow for effective gene knockdown.  C/EBP-β knockdown was 

confirmed by Western blot analysis. 

2.6 Real-Time Quantitative PCR (qPCR) 

The RNeasy Mini Kit (Qiagen) was used to isolate total RNA from cells.  For cDNA 

synthesis, 1µg of total RNA was reverse transcribed using TaqMan® Reverse 

Transcription Reagents (Applied Biosystems).   qPCR was performed using TaqMan® 

Gene Expression 20X primers for SerpinB2 (Mm00440905_m1), Cebpb 

(Mm00843434_s1) and β-actin (Mm00607939_s1) (Applied Biosystems). 

2.7 Chromatin Immunoprecipitation (ChIP) Assay 

ChIP assays were performed using a commercially available Magna-ChIP™ kit 

(Millipore), as recommended by the manufacturer, with minor modifications. Briefly, after 

crosslinking the chromatin with 1% formaldehyde at room temperature for 10 min and 
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neutralizing with glycine for 5 min at room temperature, cells were washed with cold PBS, 

scraped and collected on ice.   Cells extracts were prepared using a commercially available 

kit (Millipore).  Nuclear lysates were sonicated 5 times for 15 sec with 1 min intervals on 

ice using a Sonic Dismembrator (Fisher).  An equal amount of chromatin was 

immunoprecipitated at 4oC overnight with at least 1 µg of the following antibodies:  

C/EBP-β (sc-150X), p-C/EBP-β (T217) (sc-16993X), normal rabbit IgG (sc-2027) (Santa 

Cruz Biotechnologies) and RNA polymerase II (Clone CTD4H8) (Millipore). 

Immunoprecipitated products were collected after incubation with Protein G coated 

magnetic beads (Millipore).  The beads were washed, the bound chromatin was eluted in 

ChIP Elution Buffer (Millipore) and the proteins were digested with Proteinase K for 2 hrs 

at 62oC.  The DNA was then purified using the QIAquick PCR Purification Kit (Qiagen).  

DNA was amplified by semi-quantitative PCR or by qPCR using the SYBR green method 

and primers specific for the SerpinB2 proximal promoter, EU5’PROX and EU3’PROX (see 

Table 2.2) 

2.8 Western Blotting 

Whole cell lysates were prepared in RIPA buffer (10 mM Tris, 150 mM NaCl, 1% Triton 

X-100, 0.5%  NP-40, 0.5% deoxycholate, 0.1% SDS), proteins (10-50 μg) were separated 

on 4-12% or 12% Bis-Tris NuPAGE gels (Invitrogen), and transferred to PVDF 

membranes. Membranes were subsequently blocked with 5% milk in PBS-T (1X PBS, 

0.1% Tween-20), and incubated with indicated primary antibodies overnight. Affinity 

purified rabbit anti-mouse PAI-2 antibodies were prepared after immunization with a 

purified recombinant GST-murine PAI-2 fusion protein produced in E. coli as in 

(Dougherty et al., 1999).  Other antibodies used for Western blot assays include: C/EBP-β 
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(sc-150) (Santa Cruz Biotechnologies), monoclonal mouse-anti human PAI-2 (3750, 

American Diagnostica), Rb (G3-245, BD Biosciences), LC3B (L7543, Sigma); and the 

following from Cell Signaling Technologies, Inc.: Bax (CST# 5023), Bcl-xL (CST# 

2762), PARP (CST# 9542), caspase 7 (CST# 9492), GAPDH (CST# 2118) and α/β 

tubulin (CST# 2148). Secondary horseradish peroxidase antibodies used were goat anti-

mouse IgG and goat anti-rabbit IgG (Jackson ImmunoResearch Laboratories, Inc).   

2.9 Construction of SerpinB2 Reporter Gene Plasmids 

2.9.1 SerpinB2 promoter series deletion 

The PCR primers DW5’LUC, containing a Kpn I restriction site (underlined), and 

DW3’LUC, containing an Xho I restriction site (underlined), were used to PCR amplify 

and clone the SerpinB2 promoter (-3261 to +92) from pDB9406 into the Kpn I/Xho I 

polylinker restriction sites of pGL3 Basic (Promega) to produce pGLmP-3261.  The 

EcoR I insert of pDB9402-42 was sub-cloned immediately upstream of the SerpinB2 

promoter EcoR I site (-3261) of pGLmP-3261 to produce pGLmP-4480.  Additional 

murine SerpinB2 luciferase reporter constructs (pGLmP-2751, pGLmP-2614, pGLmP-

1686, pGLmP-1341, pGLmP-694, pGLmP-539 and pGLmP-189) were generated as 

described previously (Schroder et al., 2011).  The PCR primers BSPCR2 and DW3’LUC 

were used to subclone the murine SerpinB2 promoter regions -87 to +92 into the Kpn 

I/Xho I polylinker restriction sites of pGL3 Basic to produce pGLmP-87. The control 

empty vector was pGL3 Basic (Promega). See Table 2.2 for all PCR primer sequences 

mentioned. 
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2.9.2 SerpinB2 proximal promoter with mutated response elements 

Luciferase reporter constructs containing mutations in the SerpinB2 promoter LPS-

responsive regions E box, PU.1, Oct-1 and C/EBP (pGLmP-539mEbox, pGLmP-

539mPU.1, pGLmP-539mOct and pGLmP-539mC/EBP respectively) were generated as 

described (Ho et al., 1989).  The mutant oligonucleotide PCR primer sequences are 

provided in Table 2.2, and were used as follows: pGLmP-539mEbox: mPAI2mEboxa and 

mPAI2mEboxb; pGLmP-539mPU.1: mPAI2mPU.1a and mPAI2mPU.1b; pGLmP-

539mOct: mPAI2mOct-2a and mPAI2mOct-2b; pGLmP-539mC/EBP: mPAI2mCEBPa 

and mPAI2mCEBPb.  The oligonucleotide PCR primers used to generate mutants, 

pGLmP-539mCRE, pGLmP-539mAP-1a, and pGLmP-539mAP-1b were reported 

previously (Cousin et al., 1991).  Recombinant PCR products were digested with EcoR I 

and Xho I and cloned between the EcoR I and Xho I restriction sites of pGLmP-539 in 

place of the -539/+92 region of the wild-type murine SerpinB2 promoter.  Sequence 

verified constructs were used in the experiments. 

2.10 Construction of Wildtype and Mutant PAI-2 Lentiviral Expression 

Plasmids 

The PCR primers EU5’PAI2, containing BamHI and EcoRI restriction sites, and 

EU3’PAI2, containing BamH I and HindIII restriction sites (see Table 2.2), were used to 

PCR amplify and subclone the wildtype, P1- and P14-mutant PAI-2 cDNA sequences 

from the pRcCMV parent vector into the EcoRI/BamH I polylinker restriction sites of 

pCDH-EF1-MCS-IRES lentiviral vector (System Biosciences) to produce pCDH-
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PAI2WT, pCDH-P1mut, pCDH-P14mut respectively (see Table 2.3).  All subcloned 

inserts were verified by restriction enzyme digestion and DNA sequencing.   

2.11 Generation of Stable Wildtype and Mutant PAI-2 Expressing Cell 

Lines: Lentiviral Plasmids, Packaging and Transduction  

HEK-293T producer cells were transfected using the 3-plasmid method: each lentiviral 

expression plasmid (1 µg), pCMV-ΔR8.2dvpr packaging plasmid (0.75 µg), and pCMV-

VSV-G envelope plasmid (0.25 µg) using Lipofectamine 2000 reagent (Invitrogen).  The 

lentiviral supernatant was collected 48 hrs after transfection, cleared by centrifugation at 

2,000 g for 10 mins and passed through a 0.45µm filter.  The SKOV-3 and OVCAR-3 

cells (target cells) were treated with the lentiviral supernatant and 8µg/ml Polybrene 

(American Bioanalytical) for 24 hrs.  The lentiviral supernatant was replaced with fresh 

growth media and incubated further for 48 hrs to allow for effective gene expression. The 

cells were then selected with puromycin (1 µg/mL) for 6 weeks.  Pooled clones were 

assayed for expression by Western blot analysis and proper PAI-2 biological function was 

assayed for using the in vitro urokinase (uPA) binding assay.. 

2.12 In vitro Urokinase (uPA) Binding Assay 

Whole cell lysates were generated using NP-40 lysis buffer (50 mM Tris, 150 mM NaCl, 

1% NP-40) and cleared by centrifugation for 15 mins at 12,000 g.  8µL of lysate was 

diluted in 8µL dilution buffer (50 mM Tris, 150 mM NaCl, 2.5 mM CaCl2) and incubated 

with 2 µL low molecular weight (LMW)-uPA (0.33 mg/ml) (Calbiochem) for 30mins at 

room temperature.  The incubation was terminated by adding 1µL 20X protease inhibitor 

cocktail (Roche), 5µL 4X SDS sample buffer (Invitrogen), and heating to 95oC for 5 
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mins.  Lysates were analyzed on 12% Bis-Tris gel (Invitrogen) and transferred to PVDF 

membrane and probed overnight with mouse anti-human PAI-2 antibody (American 

Diagnostica).  

2.13 Fluorogenic Inhibition Assay 

Recombinant calpain-1 alone or calpain-1 + recombinant PAI-2 was incubated in calpain 

reaction buffer for 30 or 60 mins at 25oC.  Residual enzyme activity was measured by 

dilution into 200 µL of reaction buffer containing the fluorogenic calpain peptide 

substrate Suc-Leu-Tyr-AMC (100 µM).  Residual calpain activity was reported as 

percentage of calpain activity alone. 

2.14 MTT Cell Viability Assays 

SKOV-3 (5,000 cells/well) and OVCAR-3 (30,000 cells/well) stable cell lines were 

plated in 96 well plates and allowed to attach overnight. Cells were treated with either 

vehicle or indicated concentrations of calcimycin and thapsigargin, alone or in 

combination, for 24 hours.   MTT solution (5 mg/ml dissolved in PBS) was added to each 

well at one-tenth the media volume and incubated for 4 hours at 37oC.  Following 

incubation, media was carefully aspirated and the purple formazan crystals were 

solubilized in 100 μl DMSO.  Absorbance was read using an Emax Precision Microplate 

Reader (Molecular Devices) at 562 nm, with 650 nm background absorbance subtracted, 

and results were normalized to vehicle-treated cells. 
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2.15 Flow Cytometry 

SKOV-3/vec and SKOV-3/PAI-2 cells were plated and allowed to attach overnight.  Cells 

were treated with 100 µM chloroquine with or without 10 µM zVADfmk for 44 hours and 

subsequently harvested, washed with PBS, and resuspended in 500 µL of FACS Buffer 

and stained with 5 µg/mL Propidium Iodide (Sigma).  Cells were analyzed using the 

FACSCalibur flow cytometer (Becton Dickinson) and 100,000 events were collected per 

cell preparation.  Flow cytometric data was analyzed using FlowJo software and 

subjected to forward by side scatter gating (FSC x SSC). 

2.16 Statistical Analysis 

Data are presented as mean ± SEM per group.  GraphPad Prism 5 software was used to 

analyze values.  Results were analyzed using the analysis of variance (ANOVA) or 

Student’s t test where relevant.  P-values < 0.05 were considered significant.  
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Table 2.1  Cell Lines used for Dissertation Studies. 

 
Cell Line and 

Type 
Primary or 
Cell Line ATCC # Organism Purpose 

RAW 264.7 
macrophages Cell line TIB-71 Mouse Ch.3 studies 

Cebpb+/+  and 
Cebpb-/- embryonic 
fibroblasts (MEFs) 

Established cell 
lines from 

C57BL/6 mice 
N/A Mouse Ch.3 studies 

Peritoneal 
macrophages Primary N/A Mouse Ch.3 studies 

HEK 293T 
embryonic kidney 

cells 
Cell line CRL-3216 Human Ch.3,4 studies 

NIH:OVCAR-3 
ovarian carcinoma 

cells 
Cell line HTB-161 Human Ch.4 studies 

SKOV-3 ovarian 
carcinoma cells Cell line HTB-77 Human Ch.4 studies 
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Table 2.2  PCR primers used for Dissertation Studies. 

 
Primer 
Name Primer Sequence Purpose 

DW5’LUC 5 GGGGTACCCCGAATTCTCCATTCAGATTTACAG3’ Subcloning 
SerpinB2 

promoter deletion 
series into pGL3 

luciferase reporter 
plasmid  
(Ch. 3) 

 

DW3’LUC 5 CTGGATTCACTCGAGATGCTCGG3’ 

BSPCR2 5 AATGTTGGTACCTACAAAGAATACAAATTA3’ 

mPAI2mEboxa 5 CCGAATTCAAGAGGAAAAGTTCTTTGGGTG3’ 

Site directed 
mutagenesis of 

response element 
in SerpinB2 

proximal promoter 
(Ch. 3) 

mPAI2mEboxb 5 CACCCAAAGAACTTTTCCTCTTGAATTCGG3’ 

mPAI2mPU.1a 5 TGTTTTTTTCTCTGAAGATTTTTGTGTGGAGG3’ 

mPAI2mPU.1b 5 CCTCCACACAAAAATCTTCAGAGAAAAAAACA3’ 

mPAI2mOct-2a 5 GATTGAGTATCATATCCATCATGCTGTCATT3’ 

mPAI2mOct-2b 5 AATGACAGCATGATGGATATGATACTCAATC3’ 

mPAI2mCEBPa 5 GGAAACGCGTAGCTTCTTGAATTTTGAATGACA3’ 

mPAI2mCEBPb 5 AAGAAGCTACGCGTTTCCAATTTTAAATCTATT3’ 

EU5’PROX 5 AAGACTCCCACAGATGGTGGCTGT3’ PCR amplification 
of SerpinB2 

proximal promoter 
from ChIP DNA 

(Ch. 3) EU3’PROX 5 TTCTTGGAAAGCTGGCACTGTGTG3’ 

EU5’PAI2 5 GCGGCAGGATCCACAGAATTCCCAGAGAACAACCAGATTG3’ 
Subcloning PAI-2 
cDNA into pCDH 

lentiviral 
expression 

plasmid  
(Ch. 4) 

EU3’PAI2 
5 GCGGCGGGATCCACAAAGCTTGAAATAGCAATTCTGAGGCA

CACAGC3’ 
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Table 2.3  Plasmids used for Dissertation Studies. 

 

Plasmid Name 
Engineered to 

express or 
target? 

Plasmid type Purpose 

pGLmP-539 SerpinB2 proximal 
promoter Luciferase reporter 

Luciferase assays 
(Ch.3) 

pβGAL β-galactosidase β-galactosidase 
reporter 

pLKO-mCebpb mouse Cebpb 3’ 
untranslated region Lentiviral shRNA Cebpb gene 

knockdown (Ch.3) 

pLKO-hCEBPB human CEBPB 3’ 
untranslated region Lentiviral shRNA Control shRNA 

(Ch.3) 

pC/EBP-β Wildtype C/EBP-β Expression vector 

Expression of 
indicated protein 

(Ch.3) 

pC/EBP-β T188A 
T188A C/EBP-β 

phosphoacceptor 
mutant 

Expression vector 

pC/EBP-β T217A  
T217A C/EBP-β 

phosphoacceptor 
mutant 

Expression vector 

pC/EBP-β S64A 
S64A C/EBP-β 

phosphoacceptor 
mutant 

Expression vector 

pCDH Empty vector Lentiviral 
expression vector 

Expression of 
indicated protein  

(Ch.4) 

pCDH-PAI2 Wildtype PAI-2 Lentiviral 
expression vector 

pCDH-P1 P1 mutant of PAI-2 Lentiviral 
expression vector 

pCDH-P14 P14 mutant of PAI-2 Lentiviral 
expression vector 
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Table 2.4  Stable Cell Lines Generated for Ch.4 Studies. 

 
Stable Cell 
Line Name 

Parent Cell 
line 

Engineered to 
express? 

OVCAR3/vec OVCAR-3 Empty pCDH  

OVCAR3/PAI-2 OVCAR-3 Wildtype PAI-2 

SKOV3/vec SKOV-3 Empty pCDH 

SKOV3/PAI-2 SKOV-3 Wildtype PAI-2 

SKOV3/P1 SKOV-3 P1 mutant form of 
PAI-2 

SKOV3/P14 SKOV-3 P14 mutant form 
of PAI-2 
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CHAPTER 3: THE TRANSCRIPTION FACTOR C/EBP-β 
MEDIATES CONSTITUTIVE AND LPS-INDUCIBLE 
TRANSCRIPTION OF MURINE SERPINB2 

 

3.1 INTRODUCTION 

The inflammatory response is a double-edged sword.  Properly orchestrated, it 

results in the clearing of foreign molecules and invading pathogens from the body.  

Uncontrolled, it may lead to organ damage, sepsis, and even cancer (Cohen, 2002; 

Grivennikov et al., 2010; Grivennikov and Karin, 2010).   Many of the pathological 

manifestations of the inflammatory response are mediated by cytokines and other 

inducible gene products expressed by macrophages upon exposure to the gram-negative 

bacterial cell wall component LPS.  As macrophages are key effectors of pathogen-

induced innate immune responses, their survival is critical for initial pathogen 

neutralization and subsequent development of adaptive immune responses.    One of the 

most LPS-inducible macrophage gene products known is the ovalbumin-like serine 

protease inhibitor (ov-serpin) SerpinB2, a widely recognized macrophage survival factor 

(Costelloe et al., 1999; Schwartz and Bradshaw, 1992).  SerpinB2 was first identified as 

an inhibitor of urokinase-type plasminogen activator (uPA)(Antalis et al., 1988; Vassalli 

et al., 1991; Webb et al., 1987), a serine protease involved in the degradation and 

turnover of the extracellular matrix through the activation of plasminogen (Vassalli et al., 

1991; Kruithof et al., 1995). Such function requires SerpinB2 to be secreted from the cell 

yet SerpinB2 exists primarily as a nonglycosylated intracellular protein (Bird et al., 

2001). Over the past decade, intracellular roles for SerpinB2 in cell survival (Kumar and 

Baglioni, 1991; Dickinson et al., 1995; Dickinson et al., 1998; Gan et al., 1995; Antalis et 
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al., 1998; Park et al., 2005; Bird, 1998), proliferation and differentiation (Hibino et al., 

1988; Yu et al., 2002; Lian and Yang, 2004; Jensen and Lavker, 1996), signal transduction 

(Antalis et al., 1998; Shafren et al., 1999; Darnell et al., 2003) and innate immunity 

(Varro et al., 2004; Gan et al., 2008; Losick and Isberg, 2006; Schroder et al., 2010a; 

Schroder et al., 2010b), have been described. 

The SerpinB2 gene is highly regulated in a cell type specific manner analogous to 

that of cytokines and oncogenes (Stasinopoulos et al., 2010; Antalis et al., 1996). It is one 

of the most responsive genes known (Medcalf, 2011), and  can be induced over 100-fold 

by LPS (Suzuki et al., 2000), and is up-regulated by a range of inflammatory mediators 

(Kruithof et al., 1995). LPS activates immune responses through multiple signaling 

pathways. The toll-like receptor 4 (TLR4) is responsible for the recognition of LPS and 

other microbial products and plays a central role in the initiation of innate immune 

responses, including cytokine release.  The binding of LPS to TLR4 on the surface of 

macrophages leads to the recruitment of adaptor molecules and the activation of protein 

kinases, generating signals to the nuclear factor-ĸB (NF-ĸB), mitogen-activated protein 

kinase (MAPK) and/or phosphoinositide 3(PI3)-kinase pathways (Akira and Takeda, 

2004).  

In studies aimed at identifying LPS-inducible pro-survival factors downstream of 

p38 MAPK, SerpinB2 was identified as a factor whose expression was upregulated by 

cooperation of the IKKβ/NF-κB and p38 MAPK/CREB pathways (Park et al., 2005). Our 

previously published data indicated that SerpinB2 is distinctly regulated from other LPS-

inducible genes in terms of kinetics, LPS dose response and sensitivity to IFN-γ co-

stimulation (Costelloe et al., 1999); however, the cis-acting elements in the SerpinB2 
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promoter responsible for LPS-dependent transcription in macrophages and the specific 

LPS-responsive transcription factors that bind the SerpinB2 promoter were not defined.  

Here we show that LPS induction of SerpinB2 is dependent upon cis-acting regulatory 

sequences in the region between nucleotides -189 and -539 of the murine SerpinB2 

promoter, and is critically dependent upon a C/EBP binding site at -203/-195.  C/EBP-β 

directly bound to this site in vivo and its deficiency abrogated constitutive SerpinB2 

expression and SerpinB2 induction by LPS. Importantly, a C/EBP-β phospho-acceptor 

site was found to negatively regulate LPS-induced SerpinB2 promoter activity.  Together, 

these findings provide new insight into the transcriptional regulation of the SerpinB2 

gene. 

3.2 RESULTS  

3.2.1 SerpinB2 is highly responsive to LPS 

When RAW264.7 macrophages were exposed to LPS, SerpinB2 mRNA was 

detectable as early as 30 min following LPS challenge, reaching maximal levels at 24 hrs 

(Figure 3.1A).  A similar strong induction of LPS-inducible SerpinB2 mRNA expression 

has been reported previously in murine peritoneal macrophages and human peripheral 

blood mononuclear cells (Costelloe et al., 1999; Suzuki et al., 2000).  LPS-induced 

SerpinB2 expression involves both an increase in gene transcription and stabilization of 

the mRNA (Schwartz and Bradshaw, 1992; Chang et al., 1999; Maurer et al., 1999; 

Stasinopoulos et al., 2010; Tierney and Medcalf, 2001).  SerpinB2 protein expression was 

also induced as has been reported in other cell types (Medcalf, 2011), and detectable after 

8 hrs of LPS treatment (Figure 3.1).  
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Figure 3.1  LPS induction of SerpinB2 mRNA and protein expression in murine macrophage 
cells. 

RAW264.7 macrophages were treated for the indicated times with 100 ng/ml LPS. (A) qPCR 
analysis of murine SerpinB2 mRNA levels, relative to β-actin. The plot is representative of at 
least two independent experiments performed in triplicate.   (B) Western blot analysis of 
SerpinB2 protein expression in whole cell lysates.  Blot was re-probed for GAPDH as a loading 
control. 
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3.2.2 The SerpinB2 proximal promter confers LPS responsiveness  

To investigate cis-acting regulatory elements responsive to LPS in the 5’ flanking region 

of the murine SerpinB2 gene, nucleotides -4480 to +92 and a series of generated deletion 

mutants of the 5’ flanking region were cloned upstream of a promoter-less firefly 

luciferase reporter gene (pGL3 Basic)  (Figure 3.2A). The reporter constructs were then 

transiently transfected into sub-confluent RAW264.7 macrophages and assayed for 

luciferase activity in the presence and absence of LPS or PMA, for comparison.  PMA-

induced SerpinB2 gene regulation has been extensively studied in human macrophage 

cell lines (Bergonzelli et al., 1992; Xiao et al., 1999; Stringer et al., 2012), and has been 

shown to occur through several proximal and distal AP-1 responsive elements 

(Schleuning et al., 1987; Cousin et al., 1991; Maurer and Medcalf, 1996; Antalis and 

Dickinson, 1992; Antalis et al., 1993; Antalis et al., 1996; Stringer et al., 2012).  As 

shown in Figure 3.2B, the SerpinB2 5’ flanking region from -4480 to +92 directs both 

PMA- and LPS-inducible transcription, approximately 2-fold and 7-fold, respectively.  

Deletion of the murine SerpinB2 promoter from -1686 to -1341 increased LPS-

inducibility to approximately 16-fold, indicating the presence of a silencer element in this 

region. Further deletion beyond -539 abolished the LPS-response of the promoter, 

indicating the presence of an essential LPS response element in the region between -539 

and -189; however, the response of the murine SerpinB2 promoter to PMA is less 

affected by this deletion. While deletion of the SerpinB2 promoter from -189 to -87 

eliminated the LPS response and marginally reduced the PMA response, the -87 murine 

SerpinB2 promoter construct was still partially responsive to PMA, indicating that cis-
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acting elements mediating the response of the murine SerpinB2 promoter to PMA also lie 

downstream of nucleotide -87.    

3.2.3 A C/EBP, CRE, and two AP-1 sites in the murine SerpinB2 gene proximal 

promoter are essential for optimal LPS-inducible transcription 

To investigate regulatory elements between -539 and -189 essential for LPS-

inducible transcription, several candidate binding sites for transcription factors previously 

reported to mediate LPS-inducible transcription in other genes (Sweet and Hume, 1996) 

were targeted by nucleotide substitution designed to disrupt transcription factor binding 

to the pGLmP-539 murine SerpinB2 promoter-luciferase reporter gene construct (Figure 

3.3A). As shown in Figure 3.3B, mutation of the consensus E box (-538/-533), PU.1 (-

412/-407), or the variant Oct-1 (-296/-288) site did not decrease LPS-induced promoter 

activity.  In contrast, mutation of the C/EBP site (-203/-192) completely eliminated 

promoter activity, similar to the levels observed for the -189 SerpinB2 promoter deletion 

construct. Others have also recently implicated this C/EBP site in LPS-induced activation 

of the SerpinB2 gene (Sekine et al., 2009).  

 Considering the conserved sequence and position of the CRE and two AP-1 sites 

in the murine SerpinB2 promoter and their demonstrated involvement in the PMA-

responsiveness of the human SERPINB2 promoter (Cousin et al., 1991), these sites were 

also mutated by nucleotide substitution to investigate whether they played a role in the 

LPS response of the murine SerpinB2 promoter.  As shown in Figure 3.3B, mutation of 

the CRE at -177/-172 or either of the two AP-1 sites at -106/-100 and -94/-88, completely 

or significantly reduced LPS-inducible luciferase activity from the murine SerpinB2 

promoter.  These data show that the C/EBP element, as well as the CRE and both AP-1 
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cis-acting elements are critical for LPS-inducible transcription from the SerpinB2 

proximal promoter. 
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Figure 3.2  Deletion reporter gene analysis of LPS and PMA-responsive regions in the 
murine SerpinB2 promoter. 

(A) Schematic representation of the murine SerpinB2 promoter and 5’ deletion luciferase reporter 
constructs. The murine 5’ flanking region from -4480 to +92 was inserted upstream of the 
luciferase reporter gene and 5’ deletions were generated using restriction enzyme sites or with 
specific oligonucleotide PCR primers.  Construct names indicate the most 5’ nucleotide of murine 
SerpinB2 5’ flanking sequence. (B) RAW 264.7 macrophages were transiently transfected with 
the indicated murine SerpinB2 promoter-luciferase reporter constructs and control plasmids. Cells 
were either left untreated or treated with 100 ng/ml LPS or 40 ng/ml PMA for 16 hrs.  Shown is 
the relative luciferase reporter gene activity following treatment.  The results represent the mean 
± SEM of four independent experiments.  Experiment performed by Dr. Brett W. Stringer.    
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Figure 3.3  Identification of cis-acting elements required for the LPS-responsiveness of the 
murine SerpinB2 promoter. 

(A) Schematic representation of the -539/+92 region of the murine SerpinB2 promoter with the 
location of candidate cis-acting regulatory elements indicated with boxes.  The location of the 5’ 
ends of the -539, -189 and -87 reporter constructs is also shown. Positions of murine SerpinB2 
proximal promoter-specific primers, 338/-315 and -5/+19 used in ChIP assays are indicated.  (B) 
RAW 264.7 macrophages were transiently transfected with the indicated murine SerpinB2 
promoter-luciferase reporter constructs and either left untreated or treated with 100 ng/ml LPS for 
16 hrs.  The results show relative luciferase activity following LPS treatment and represent the 
mean ± SEM of 4-7 independent experiments.  Experiment performed by Dr. Brett W. Stringer. 
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3.2.4 The C/EBP element is bound by an LPS-induced nuclear factor from RAW 

264.7 macrophages 

Nuclear factor binding to the putative C/EBP element (-203/-192)  was investigated by 

electrophoretic mobility shift assay (EMSA) using nuclear extracts from untreated and 

LPS-treated RAW 264.7 macrophages.  Three different double stranded oligonucleotide 

probes were used for EMSA, representing (1) the putative SerpinB2 C/EBP element (-

203/-192), (2) a mutant SerpinB2 element containing the same mutation as in pGLmP-

539mC/EBP and (3) the rat albumin promoter distal element 1 (DEI) region containing a 

high affinity C/EBP binding site.  Four bands of different mobilities, representing DNA-

nuclear protein complexes were detected (Figure 3.4A).  Three of these bands (I, II, III) 

represent complexes with single stranded DNA (Figure 3.4A) while the uppermost 

(slowest migrating) complex was induced by LPS.  The LPS-inducible complex was not 

detected using the mutant C/EBP oligonucleotide probe and could be abolished by an 

excess of unlabeled double-stranded oligonucleotide, carrying either the same sequence 

(Figure 3.4B, lanes 4 and 5) or the sequence of a known C/EBP binding site from the rat 

albumin promoter (Figure 3.4B, lanes 8 and 9), but not by the mutated oligonucleotide 

(Figure 3.4B, lanes 6 and 7).    Together these data indicate that the putative SerpinB2 

C/EBP site at -203/-192 binds a LPS-inducible complex that is likely to contain a 

member of the C/EBP family of transcription factors. 
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Figure 3.4  The LPS-inducible nuclear factor binding the murine SerpinB2 proximal 
promoter C/EBP site contains C/EBP-β. 

(A) EMSA with nuclear extracts from untreated (UN) and 10 hr LPS treated (LPS) RAW 264.7 
cells incubated with either the murine SerpinB2 promoter -212/-185 probe containing an intact 
(SerpinB2 C/EBP) or mutated (mutant C/EBP) C/EBP site or with the rat albumin promoter DEI 
region C/EBP (rat albumin C/EBP) probe.  (B) Cold competition EMSAs performed with the 
radiolabelled murine SerpinB2 promoter -212/-185 probe and a 100-fold molar excess of each of 
the double stranded oligonucleotides described in (A) demonstrate the specificity of the DNA-
protein complexes.  (C) Supershift assays were performed with the -212/-185 probe by after 
preincubation with the indicated specific C/EBP antibody.  The LPS-inducible complex is 
indicated with an arrowhead.  Experiment performed by Dr. Brett W. Stringer. 
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3.2.5 C/EBP-β is a LPS-induced nuclear factor that binds the C/EBP element of 

the SerpinB2 proximal promoter 

The C/EBP family of basic leucine zipper transcription factors are known for their roles 

in cellular differentiation and inflammation (Poli, 1998).  Consisting of six members, the 

C/EBP transcription factors can homo-/ heterodimerize and display similar DNA binding 

specificities (Kalvakolanu and Roy, 2005).  Four family members, C/EBP-α, C/EBP-β, 

C/EBP-δ and C/EBP-ε, are present in myeloid cells and play different roles in 

differentiating myeloid cells depending on the extracellular environment (Hirai et al., 

2006).  To determine which C/EBP proteins were involved in the formation of the 

different nucleo-protein complexes, and particularly of the LPS-inducible complex, 

EMSA was  performed after incubating the nucleo-protein complexes with antibodies 

specific for C/EBP-α, C/EBP-β, C/EBP-δ and C/EBP-ε.  Each antibody detects the 

carboxy-terminal DNA-binding region of the respective protein, so that pre-incubation of 

antibody with nuclear extract is expected to abolish DNA binding by EMSA (Bradley et 

al., 2003).  Only antibodies against C/EBP-β abolished the formation of the LPS-

inducible complex (Figure 3.4C).  Taken together these data show that the LPS-induced 

complex with the C/EBP element (-203/-192) contains C/EBP-β. 

3.2.6 C/EBP-β mediates both constitutive and LPS-induced SerpinB2 mRNA 

expression in MEF and inflammatory primary macrophages 

To investigate the importance of C/EBP-β to endogenous SerpinB2 mRNA 

expression in response to LPS, we utilized C/EBP-β-null (Cebpb-/-) and wild-type MEFs 

(Cebpb+/+), since RAW264.7 cells constitutively express endogenous C/EBP-β.  Wild-
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type MEFs express low levels of endogenous SerpinB2 and the absence of C/EBP-β 

attenuated endogenous SerpinB2 mRNA expression.  LPS stimulated an increase in 

SerpinB2 mRNA expression in wild-type MEFs (Figure 3.5A), whereas LPS-stimulated 

SerpinB2 mRNA expression was significantly dampened in Cebpb-/- MEFs as compared 

to wild-type. We next tested if similar effects could be seen in thioglycollate-elicited 

inflammatory macrophages in which C/EBP-β expression was knocked down using 

species-specific lentiviral shRNAs (Figure 3.5B, left).  As was observed in MEFs, both 

constitutive and LPS-induced SerpinB2 mRNA expression was significantly decreased in 

C/EBP-β-deficient inflammatory macrophages (Figure 3.5B, right). These data show that 

C/EBP-β is critical for mediating constitutive and LPS-inducible transcription of 

endogenous SerpinB2 mRNA. 
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Figure 3.5  C/EBP-β is essential for constitutive and LPS-induced SerpinB2 mRNA 
expression. 

(A) Endogenous SerpinB2 mRNA expression is abrogated in Cebpb-/- MEFs compared to 
Cebpb+/+ MEFs in the absence and presence of LPS.  qPCR analysis of murine SerpinB2 mRNA 
expression in untreated Cebpb+/+ and Cebpb-/- MEFs, and after simulation with LPS (100 ng/ml) 
for the indicated times.  (B) Endogenous SerpinB2 expression is abrogated in C/EBP-β-deficient 
inflammatory macrophages.  Thioglycollate-elicited peritoneal macrophages (TG macs) were 
infected with human and murine specific lentiviral shRNAs.  Human CEBPB shRNA serves as 
the non-silencing control since it does not target the murine Cebpb sequence (Gade et al., 2008).  
Lentiviral transduced macrophages were stimulated with LPS (100 ng/ml) for 4 hrs. Left: Western 
blot analysis shows effective knockdown of endogenous C/EBP-β following infection with 
murine Cebpb shRNA and not human CEBPB shRNA.  Right:  qPCR analysis of murine 
SerpinB2 mRNA expression in the lentiviral transduced peritoneal macrophages.  The results 
represent the mean ± SEM of two independent experiments performed in duplicate or triplicate. 
(*, p < 0.05, two-way ANOVA) 
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3.2.7 C/EBP-β binds the murine SerpinB2 proximal promoter in vivo in a LPS-

inducible manner 

We investigated the temporal dynamics of C/EBP-β recruitment to the murine 

SerpinB2 promoter in response to LPS in vivo by chromatin immunoprecipitation (ChIP).  

ChIP is an assay used to study transcription factor recruitment to a promoter region by 

examining protein – DNA interactions occurring in vivo using antibodies to 

immunoprecipitate chromatin.  The soluble, immunoprecipitated chromatin can then be 

analyzed by PCR to detect the degree of target DNA enrichment (Gade and Kalvakolanu, 

2012).  RAW 264.7 cells were stimulated with LPS for up to 8 hrs and soluble chromatin 

was immunoprecipitated with antibodies against various DNA binding proteins.  The 

enriched DNA was amplified by both semi-quantitative and qPCR using SerpinB2 

proximal promoter specific primers (illustrated in Figure 3.3A). The results showed that 

the SerpinB2 proximal promoter fragment was enriched in unstimulated macrophages 

when immunoprecipitated with a C/EBP-β antibody, implying that C/EBP-β is 

constitutively present at the SerpinB2 promoter (Figure 3.6).   Enrichment of the 

SerpinB2 promoter fragment increased temporally in response to LPS reaching as much 

as 10-fold over unstimulated cells after 8 hrs (Figure 3.6).  Recruitment of RNAPII to the 

SerpinB2 promoter suggests active transcription following LPS stimulation.  Minimal 

background was detected using the rabbit IgG control, indicative of the specificity of the 

ChIP reaction. 

The phosphorylation of C/EBP-β at T217 is associated with cell survival (Buck and 

Chojkier, 2007), which is similar to published evidence of the cytoprotective role of 

SerpinB2.  Since phosphorylation of C/EBP-β can affect its ability to transactivate target 
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genes (Tsukada et al., 2011; Gade et al., 2008; Spooner et al., 2007), we tested whether 

the SerpinB2 proximal promoter fragment could be enriched following ChIP with a T217- 

phospho-specific C/EBP-β antibody (p-C/EBP-βT217).    Enrichment of the SerpinB2 

promoter fragment was detected in unstimulated and LPS-stimulated macrophages 

following ChIP with the p-C/EBP-βT217 antibody, indicating that p-C/EBP-βT217 was 

constitutively bound to the SerpinB2 proximal promoter and also present after 1 hr of 

LPS stimulation (Figure 3.6).  In contrast to total C/EBP-β, the binding affinity of p-

C/EBP-βT217 for the SerpinB2 proximal promoter diminished with LPS stimulation at 

later timepoints (4 and 8 hrs) (Figure 3.6).  These data show an inverse relationship 

between C/EBP-β and p-C/EBP-βT217 recruitment, and indicate that T217-phosphorylated 

C/EBP-β may not be responsible for increased transcription from the SerpinB2 promoter 

in response to LPS. 
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Figure 3.6  Differential recruitment of C/EBP-β and C/EBP-βT217 to the murine SerpinB2 
promoter in vivo. 

Transcription factor occupancy on the SerpinB2 proximal promoter in vivo was determined by 
chromatin immunoprecipitation (ChIP) assay.  RAW264.7 macrophages were treated in the 
presence or absence of LPS for the indicated times and chromatin immunoprecipitation 
performed using antibodies against C/EBP-β or p-C/EBP-β (T217).  Soluble chromatin (600-700 
ng) was immunoprecipitated with antibodies against C/EBP-β, p-C/EBP-β (T217), RNA 
Polymerase II (RNAPII), or a rabbit IgG (rIgG) control. (A) Typical PCR pattern obtained in 
ChIP assays using murine SerpinB2 proximal promoter-specific primers, 338/-315 and -5/+19, as 
diagrammed in Figure 3.3A. Recruitment of RNAPII to the SerpinB2 promoter suggests active 
transcription following LPS stimulation.  Minimal background was detected using the rabbit IgG 
control, indicative of the specificity of the ChIP reaction.   (B) qPCR analysis of chromatin 
immunoprecipitated with antibodies against C/EBP-β, p-C/EBP-β (T217), and the rIgG control. 
The data are represented relative to rIgG signal using the 2-ΔΔCt method.  
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3.2.8 C/EBP-β promotes LPS-inducible murine SerpinB2 proximal promoter 

activity 

Since C/EBP-β binds to the SerpinB2 proximal promoter in an LPS-inducible 

manner both in vitro and in vivo, we wanted to address the question of whether C/EBP-β 

was an essential factor for driving transcription from the SerpinB2 promoter in cells in 

response to LPS.  The ability of endogenous C/EBP-β to direct transcription from the 

SerpinB2 proximal promoter was examined by transfection of the pGLmP-539 murine 

SerpinB2 luciferase reporter construct into Cebpb+/+ and Cebpb-/- MEFs.  We found that 

LPS-stimulated SerpinB2 promoter activity was significantly increased in Cebpb+/+ 

MEFs and abrogated in Cebpb-/- MEFs (Figure 3.7A), indicating that endogenous C/EBP-

β is required for LPS-induced SerpinB2 proximal promoter activity. 

3.2.9 Phosphorylation of C/EBP-β at Serine 64 negatively regulates LPS-

stimulated SerpinB2 promoter activity 

Phosphorylation of C/EBP-β is well recognized to modulate its transactivation 

potential (Tsukada et al., 2011).  To investigate C/EBP-β phosphorylation sites that may 

be important for LPS-stimulated SerpinB2 proximal promoter activity (Figure 3.7B), we 

co-expressed several C/EBP-β phospho-acceptor mutants in which the critical threonine 

or serine residue was mutated to an alanine, along with the pGLmP-539 murine SerpinB2 

luciferase reporter in Cebpb-/- MEFs.  Re-expression of wild-type C/EBP-β in Cebpb-/- 

MEFs significantly stimulated SerpinB2 luciferase reporter gene expression in the 

presence of LPS by ~3 fold (Figure 3.7C, left), confirming the importance of C/EBP-β to 

LPS-induced SerpinB2 gene transcription.  If T217-phosphorylated C/EBP-β is a negative 
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regulator of SerpinB2 proximal promoter activity, as suggested by the decrease in LPS-

stimulated SerpinB2 promoter fragment enrichment by ChIP assay in Figure 3.6, we 

would expect that expression of a T217 phospho-acceptor mutant in Cebpb-/- MEFs would 

potentiate SerpinB2 promoter activity.  However, expression of the C/EBP-β phospho-

acceptor mutant, C/EBPβT217A, did not significantly increase SerpinB2 promoter activity 

above that of wild-type C/EBP-β (Figure 3.7C, right); confirming that phosphorylation of 

C/EBP-β at T217 is not a negative regulator of SerpinB2 promoter activity and further, is 

not a major factor in the regulation of SerpinB2 promoter activity in response to LPS. 

C/EBP-β contains additional phosphorylation sites, C/EBP-βT188 and C/EBP-βS64 

(Figure 3.7B), which may be involved in modulating C/EBP-β-dependent SerpinB2 gene 

transcription.  C/EBP-βT188 is implicated in regulating DAPK1, an IFNγ-inducible gene 

involved in the regulation of cell cycle and apoptosis (Gade et al., 2008), processes with 

which SerpinB2 has also been associated (Bird, 1998).  C/EBP-βS64 is important for LPS-

induced transcription of the cytokines IL-6 and MCP-1 (Spooner et al., 2007). Similarly, 

SerpinB2 is induced by LPS and regulated in a manner similar to cytokines 

(Stasinopoulos et al., 2010).  Given the similarities in the functional significance of these 

phospho-specific isoforms of C/EBP-β and SerpinB2, we investigated whether these 

phospho-acceptor sites may play a role in SerpinB2 gene expression.  C/EBP-βT188A-

transfected MEFs exhibited SerpinB2 promoter activity similar to that of wild-type 

C/EBP-β-transfected MEFs, whereas the expression of C/EBP-βS64A potentiated SerpinB2 

promoter activity in response to LPS (Figure 3.7C, right).  These data suggest that 

phosphorylation of C/EBP-β at S64 acts to negatively regulate SerpinB2 proximal 

promoter activity.    
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Figure 3.7  C/EBP-β is necessary for SerpinB2 proximal promoter activity. 

(A) The SerpinB2 proximal promoter is significantly activated in LPS-stimulated Cebpb+/+ MEFs 
and not in Cebpb-/- MEFs. Murine SerpinB2 gene promoter activity measured in Cebpb+/+ and 
Cebpb-/- MEFs expressing the pGLmP-539 SerpinB2 promoter-luciferase reporter in the presence 
or absence of LPS (100 ng/mL).  Cells were co-transfected with the pGLmP-539 SerpinB2 
promoter-luciferase reporter and β-galactosidase reporter plasmids, and luciferase units 
normalized to β-galactosidase activity.  (B) C/EBP-β gene schematic depicting gene structure and 
phospho-acceptor sites.  (C) Phosphorylation of C/EBP-β at Serine 64 negatively regulates LPS-
stimulated SerpinB2 promoter activity.  Cebpb-/- MEFs were co-transfected with expression 
plasmids encoding wild-type C/EBP-β or the indicated C/EBP-β phospho-acceptor mutants, along 
with the pGLmP-539 SerpinB2 promoter-luciferase reporter and β-galactosidase reporter 
plasmids, and stimulated with LPS for 4 hrs.  Luciferase activity was quantified and normalized 
to β-galactosidase activity.  The Western blot (below the graphs) confirms the expression of the 
respective C/EBP-β phospho-acceptor mutants.  The C/EBP-βT217A -transfected MEFs express 
both the 38kDa and 35kDa isoforms of C/EBP-β.  The results represent the mean ± SEM of at 
least three independent experiments performed in triplicate. (*, p < 0.05, one-way ANOVA) 
  



76 
 

3.3 DISCUSSION 

Macrophages are key mediators of the innate immune response, and consequently 

provide the first line of defense against pathogens.  Pro-inflammatory stimuli, such as the 

bacterial endotoxin LPS, stimulate macrophages to mount an anti-pathogenic response 

which involves massive induction of the pro-survival factor SerpinB2.  SerpinB2 is 

transcriptionally induced by cross talk between the IKKβ/NF-κB and p38MAPK 

signaling modules in response to LPS (Park et al., 2005). Here we report that SerpinB2 

gene transcription in response to LPS is conferred by the SerpinB2 proximal promoter 

and is greatly dependent upon C/EBP-β.  LPS-induced C/EBP-β was shown to 

specifically bind the C/EBP response element in the SerpinB2 proximal promoter in vitro 

and in vivo, and loss of C/EBP-β abrogates constitutive SerpinB2 gene transcription and 

the response to LPS. 

Most of the LPS-inducible response is dependent upon cis-acting regulatory 

sequences in the proximal promoter region between nucleotides -189 and -539.   LPS 

responsiveness absolutely required the C/EBP binding site located in the region between 

nucleotides -189 and -539, with the downstream CRE and AP-1-like elements also being 

critical. Of note, there are previous reports of combinatorial interactions between C/EBP-

β and CRE binding proteins (CREB) and AP-1 (Tsukada et al., 2011), and C/EBP-β has 

been reported to physically interact with AP-1, and NF-κB to promote gene expression of 

inflammatory mediators (Matsusaka et al., 1993; Tsukada et al., 2011).  Additionally, 

CREB has been shown to control transcription of  the C/EBP-β gene (Niehof et al., 

1997).   
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In this study, C/EBP-β was found to be a major requirement for both constitutive 

and LPS-induced SerpinB2 gene transcription. In a previous microarray expression 

profiling study, SerpinB2 was identified as a gene whose induction in C/EBP-β-deficient 

peritoneal macrophages by LPS and IFNγ was severely impaired compared to wild-type 

macrophages (Uematsu et al., 2007).  Our qPCR results validate this finding, as we found 

that both constitutive and LPS-inducible SerpinB2 mRNA expression is significantly 

abrogated in C/EBP-β-shRNA transduced peritoneal macrophages, emphasizing the link 

between C/EBP-β and SerpinB2 gene transcription.  While C/EBP proteins can act as 

either homodimers or heterodimers (Tsukada et al., 2011), we identified C/EBP-β as the 

only LPS-inducible C/EBP isoform to bind the SerpinB2 C/EBP response element, 

suggesting a predominant role for C/EBP-β in LPS-induced SerpinB2 gene expression. 

C/EBP-β, like SerpinB2, plays an important role in inflammation, as it is upregulated by 

LPS and a host of other inflammatory cytokines (Poli, 1998; Bradley et al., 2003).  

Furthermore, C/EBP-β-null mice are susceptible to bacterial infection (Tanaka et al., 

1995; Lekstrom-Himes and Xanthopoulos, 1998) and SerpinB2 has been demonstrated to 

protect from bacterial and viral-induced cell death (Gan et al., 1995; Antalis et al., 1998; 

Park et al., 2005; Gan et al., 2008).  Thus the regulation of SerpinB2 gene expression by 

C/EBP-β is consistent with its functional role in inflammation.   

Phosphorylation of C/EBP-β at several different amino acid residues has been 

shown to modulate transactivation of its target genes (Tsukada et al., 2011; Ramji and 

Foka, 2002; Schrem et al., 2004). C/EBP-β phosphorylated on T217 has been reported to 

rescue macrophages from apoptosis induced by Bacillus anthracis lethal toxin (LT) 

(Buck and Chojkier, 2007), an activity that has also been attributed to SerpinB2 as well 
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(Park et al., 2005).  Given this association, we expected for the SerpinB2 proximal 

promoter fragment to be enriched following ChIP with a T217 phospho-specific antibody.  

Contrarily, we found that enrichment of the SerpinB2 proximal promoter region 

decreased temporally following LPS-stimulation, during a timeframe in which SerpinB2 

mRNA expression is increasing, which suggested initially that SerpinB2 may be 

negatively regulated by phosphorylation of C/EBP-β at T217.  However, expression of a 

C/EBP-β phospho-acceptor site mutant, C/EBPβT217A, in Cebpb-/- MEFs did not increase 

SerpinB2 proximal promoter activity over that of wild-type C/EBP-β. These data indicate 

that the T217 phospho-acceptor site is not important for the regulation of SerpinB2 gene 

expression.  Similarly, expression of the C/EBP-β phospho-acceptor site mutant, C/EBP-

βT188A, did not affect SerpinB2 promoter activity differently from that of wild-type.  In 

contrast, expression of C/EBP-βS64A significantly enhanced LPS-induced SerpinB2 

promoter activity, indicating that phosphorylation of C/EBP-β at S64 negatively regulates 

LPS-induced SerpinB2 promoter activity.  Since C/EBP-β S64 is constitutively 

phosphorylated in both RAW264.7 cells and MEFs (Roy et al., 2005), it is likely that 

dephosphorylation at this site may be a critical event during LPS-induced transcription of 

SerpinB2 to increase its promoter activity. Roy and colleagues demonstrated that Mixed 

lineage kinase-3 (MLK3)-driven dephosphorylation of C/EBP-β S64 was important for 

IFNγ-regulated signaling pathways (Roy et al., 2005). Our data suggest that MLK3-

driven dephosphorylation of S64 may also be involved in LPS-signaling pathways.  

In recent years it has become apparent that persistent infection is integrally linked to 

chronic inflammation and cancer, and immune cells such as macrophages can either 

promote or attenuate cancer progression (Karin et al., 2006; Karin and Greten, 2005; 
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Grivennikov et al., 2010; DiDonato et al., 2012).  SerpinB2 expression has been 

associated with both inflammation and cancer, and is a favorable or unfavorable 

prognostic indicator depending on cancer type (Croucher et al., 2008). The presence of 

SerpinB2 has been shown to modulate cytokine profiles which can affect immune cell 

polarization (Croucher et al., 2008; Schroder et al., 2010b; Schroder et al., 2010a; 

Schroder et al., 2011). Interestingly C/EBP-β has also been shown to modulate cytokine 

secretion from immune cells, thereby modifying their phenotype (Schroder et al., 2010a; 

Greten et al., 2007; Marigo et al., 2010; Screpanti et al., 1995). Our study has 

demonstrated that C/EBP-β plays an important role in mediating both constitutive and 

LPS-induced transcription of the SerpinB2 gene, which may have implications for the 

inflammatory phenotype of infiltrating immune cells in the tumor microenvironment.   

In summary, our studies show that the C/EBP site (-203/-195) in the murine 

SerpinB2 proximal promoter is necessary to support both constitutive and LPS-induced 

SerpinB2 gene expression.  Importantly, we were able to uncover a previously unknown 

role for C/EBP-βS64 in negatively regulating SerpinB2 promoter activity. Taken together 

these data provide new insight into the regulation of inflammation-associated SerpinB2 

gene expression. 
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CHAPTER 4: PAI-2 DIMINISHES CALPAIN ACTIVITY AND 
CONFERS PROTECTION FROM THE CYTOTOXIC EFFECT OF 
CALPAIN ACTIVATORS 

 

4.1 INTRODUCTION 

In response to stress stimuli, the cell activates cytoprotective proteins downstream 

of signaling pathways (Muralidharan and Mandrekar, 2013; Simmons et al., 2009).  Cell 

death will eventually result if resolution fails. PAI-2 protects cells from death elicited by 

a wide range of inducers (see Table 1.3 and Table 1.4).    Previously, we demonstrated 

that PAI-2’s serpin inhibitory function and protein interaction capabilities were necessary 

for protection from TNFα-induced cell death, as evidenced by the requirement of both the 

P1 site (Dickinson et al., 1995) and CD loop (Dickinson et al., 1998).  Importantly, we 

found that PAI-2 was able to directly bind and protect the retinoblastoma protein (RB), an 

important cell cycle mediator, from a calpain-mediated proteolytic cleavage event 

through interaction with the CD loop (Tonnetti et al., 2008).   

Calpains are a family of nucleocytoplasmic, calcium-activated cysteine proteases 

that cleave a number of cellular substrates (reviewed in (Croall and DeMartino, 1991; 

Yousefi et al., 2006; Leloup and Wells, 2011)).   Two calpain isoforms, μ- and m-calpain 

(calpain-1 and 2, respectively) are ubiquitously expressed in all cell types.  Calpain 

activity is regulated by its 28kDa regulatory small subunit and Calpastatin, the only 

known endogenous inhibitor of calpain. Calpains, unlike caspases, do not target 

conserved amino acid consensus motifs in their target substrates, therefore it is difficult to 

precisely predict a possible target.  Owing to their broad substrate specificity, calpains 
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play a role in several vital cellular processes, such as cell death, survival, and migration 

(Storr et al., 2011; Yousefi et al., 2006). 

Utilizing calpain-deficient MEFs, our lab previously demonstrated that upon 

reconstitution with active calpain, transient PAI-2 expression protected cells from TNFα-

mediated apoptosis (Tonnetti et al., 2008).  This PAI-2-mediated cytoprotection was 

demonstrated to be dependent on the CD loop and the P1 residue.  While our previous 

studies established a mechanism for how the CD loop contributes to the cytoprotective 

activity of PAI-2 (Dickinson et al., 1998; Darnell et al., 2003; Tonnetti et al., 2008), a 

mechanism for how the P1 site contributes to PAI-2-mediated cytoprotection has not yet 

been established.  The requirement of the P1 site suggests that PAI-2 inhibits an as yet 

unidentified intracellular protease in order to confer cytoprotection.  Given that PAI-2 

was demonstrated to prevent a calpain-mediated cleavage event, studies in this aim set 

out to investigate whether PAI-2 inhibits calpain-mediated cell death.  We hypothesize 

that PAI-2 contributes to cytoprotection by acting as an inhibitor of calpain activity. 

4.2 RESULTS 

4.2.1 PAI-2 dampens calpain activity in vitro 

To test whether PAI-2 was capable of inhibiting calpain activity directly, we 

measured the residual proteolytic activity of recombinant calpain following pre-

incubation with recombinant PAI-2 at two different timepoints.  Utilizing a fluorogenic 

inhibition assay, residual calpain activity was determined by the ability of active calpain 

to cleave the fluorogenic calpain peptide substrate Suc-Leu-Tyr-AMC.   Following pre-

incubation with recombinant PAI-2 for 30 and 60mins, residual calpain activity was 
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decreased by 47.8% and 64.4% of control, respectively (Figure 4.1).  This data suggests 

that PAI-2 could potentially be a cross-class inhibitor. 

4.2.2 PAI-2 is cleaved by calpain in vitro, producing an RSL-like cleavage 

fragment 

Important features of the serpin inhibitory mechanism include the formation of a 

covalent bond between the serpin and target protease and subsequent cleavage of the 

RSL, which acts as a substrate for the target protease (Gettins, 2002).  To test for these 

key features, Western blot analysis was performed following incubation of recombinant 

PAI-2 with increasing concentrations of recombinant calpain-1 or uPA as a control.  As 

expected, in the presence of uPA, the PAI-2 RSL is cleaved and the 80kDa SDS stable 

complex between PAI-2 and uPA is formed (Figure 4.2, lanes 8 and 9).   Similarly, in the 

presence of calpain-1, an RSL-like cleavage product is detected (Figure 4.2, lanes 2-5), 

which is a key component of the serpin inhibitory mechanism.  A SDS stable complex 

between calpain-1 and PAI-2 is not detected.  With increasing concentrations of calpain-

1, there is evidence of further proteolytic processing of PAI-2 (Figure 4.2, lanes 3-6), 

although the in vitro ratio of PAI-2:calpain-1 is not necessarily indicative of their 

intracellular concentrations.  It is important to note that while serpins and cysteine 

proteases can make complexes, these complexes are not covalent (Gettins, 2002) as they 

are with serine proteases, therefore they would not be detected by SDS-PAGE.   
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Figure 4.1  Inhibition of calpain-1 activity by PAI-2. 

Calpain-1 (50 nM) alone or with 10-fold molar excess of PAI-2 (500nM) was incubated in 10µl 
calpain reaction buffer for 30 or 60 min at 250C. Residual enzyme activity was measured by 
dilution into 200µl of reaction buffer containing the fluorogenic calpain peptide substrate Suc-
Leu-Tyr-AMC (100 µM). Residual calpain activity was 47.8% and 64.4% of control, after 30 and 
60 min, respectively.  Experiment performed by Dr. Marguerite S. Buzza, Ph.D. 
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Figure 4.2  PAI-2 is cleaved by calpain. 

PAI-2 forms an SDS-stable complex with uPA and is also cleaved in its RSL, as indicated by the 
small drop in molecular weight. PAI-2 is also cleaved by calpain, with a drop in molecular weight 
similar to that of RSL cleaved PAI-2, when PAI-2 is present at high molar ratio to calpain. At 
increasing calpain concentrations, further cleavage of PAI-2 by is detected (*). PAI-2 (200ng) was 
incubated with the indicated molar ratio of either calpain-1 or uPA in 10ul. Calpain was in calpain 
buffer (25 mM HEPES pH 7.5, 100 mM NaCl, 5 mM CaCl2, 2 mM DTT) and incubated at 25C, 
and uPA was in 100 mM Tris pH 8.0, and incubated at 37C, both for 25 min. Reactions were 
stopped by the addition of denaturing sample buffer and resolved by SDS-PAGE and Western blot 
analysis performed with mouse anti-PAI-2 antibody.  Experiment performed by Dr. Marguerite S. 
Buzza, Ph.D. 
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4.2.3 Generation of stable cell lines expressing WT and serpin inhibitory mutants 

of PAI-2. 

Calpains are known to regulate a myriad of cellular processes, of which cell death 

is one (Storr et al., 2011).  Interestingly, calpain was the first protease recognized as 

being involved in apoptosis (Squier et al., 1994) – one of the several programmed cell 

death modalities described to date (Galluzzi et al., 2012b).  Since we demonstrated that 

PAI-2 is capable of inhibiting calpain activity directly and that their interaction produces 

a RSL-like cleavage fragment, we hypothesized that PAI-2 inhibition of calpain activity 

plays a role in cell survival.  To investigate this hypothesis, we generated stable ovarian 

cancer cell lines from the PAI-2-null OVCAR-3 and SKOV-3 parent cell lines.  Cells 

were engineered to express wildtype PAI-2 and two serpin inhibitory mutant variants of 

PAI-2 by lentiviral transfection (Figure 4.3A).   The first serpin inhibitory mutant 

contains a mutation of the P1 residue from an arginine to an alanine (Figure 4.3B).  As 

the P1 site is critical for both protease recognition of the RSL and scissile bond cleavage, 

mutation of this site abrogates serpin inhibitory function.  The second serpin inhibitory 

mutant contains a mutation in the critical residue of the hinge region, P14, from a 

threonine to an arginine (Figure 4.3B).  The hinge region is necessary for the serpin to 

undergo the required S-to-R transition to inhibit a target protease, therefore mutation of 

the P14 site renders PAI-2 unable to undergo this conformational change.  These cDNA 

sequences were subcloned into lentiviral expression plasmids and both OVCAR-3 and 

SKOV-3 parent cell lines were infected with the indicated lentiviral supernatant, 

puromycin-selected, and stable clones were pooled as described in Materials and 

Methods 2.11 (page 48). 
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To confirm that the expressed PAI-2 sequences retained their appropriate 

biological activity, an in vitro uPA binding assay was performed.  As expected, WT PAI-2 

RSL is cleaved by and forms the covalent 80kDa SDS-stable complex with recombinant 

uPA (Figure 4.3C, lane 6).  The RSL in the P1 mutant is not cleaved and the 80kDa SDS-

stable complex is not formed in the presence of uPA (Figure 4.3C, lane 8); confirming 

that this mutant does not have serpin inhibitory function.  Lastly, the RSL in the P14 

mutant is cleaved in the presence of uPA – as expected since the P1 site is intact in this 

mutant – however, the 80kDa SDS-stable complex is not formed in the presence of uPA 

(Figure 4.3C, lane 10); confirming that this mutant also does not have serpin inhibitory 

function. 

4.2.4 PAI-2 protects from cell death induced by the calpain activator calcimycin 

In order to test whether PAI-2 protects from cell death induced by calcimycin 

(A23187), a known activator of calpain (Molinari et al., 1994), the vector and PAI-2-

expressing cell lines were exposed to varying concentrations of calcimycin.  Calcimycin 

is a mobile ion carrier which carries Ca2+ across the plasma membrane and into the cell.  

Treatment with calcimycin leads to a direct increase in intracellular [Ca2+], and as a 

result, calpain activation.  Vector-expressing and PAI-2-expressing stable cell lines were 

treated with varying doses of calcimycin for 24 hours and cell viability assessed using the 

MTT assay (Figure 4.4).  PAI-2-expressing cells were significantly more viable following 

calcimycin treatment, demonstrating that PAI-2 protects from calcimycin-induced cell 

death. 
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Figure 4.3  Generation of stable cell lines. 

Stable cell lines were engineered using the PAI-2 null OVCAR-3 and SKOV-3 ovarian cancer 
parent cell lines..  Cell lines were made to express an empty vector, wildtype PAI-2, and two 
serpin inhibitory mutant variants of PAI-2.  (A) Following lentiviral infection and subsequent 
puromycin selection, PAI-2 expression status was confirmed in the cells by Western blot (see 
Materials and Methods 2.1, page 47). (B) Linear schematic of the PAI-2 protein with major 
structural components labeled.  The amino acid residues of the RSL from P15-P5’ are listed, and 
the mutated P1 (R380A) and P14 (T467R) residues are bolded and underlined. (C) Representative 
Western blot image of the in vitro uPA binding assay.  Equal amounts of cell lysate were 
incubated with recombinant uPA for 30 mins at room temperature.  The reactions were stopped by 
addition of sample buffer and heat denatured.  Lysates were resolved on SDS-PAGE and analyzed 
by Western blot with a mouse anti-human PAI-2 antibody. This assay was used to confirm 
appropriate biological activity of the wildtype PAI-2 and PAI-2 serpin inhibitory mutants 
following infection and selection with the corresponding lentiviral vectors as described in 
Materials and Methods section 2.12 (page 48).  
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Figure 4.4  PAI-2 protects from calcimycin-induced cell death in an ovarian cancer cell 
model. 

Generated (A) OVCAR3/vec and OVCAR3/PAI-2 and (B) SKOV3/vec and SKOV3/PAI-2 stable 
cell lines were plated in 96 well plates and allowed to attach overnight.  Cells were treated with 
either vehicle or the indicated concentrations of calcimycin for 24 hours.  Cell viability was 
determined by MTT Assay as described in Materials and Methods section 2.14 (page 49).  Results 
represent the mean ± SEM of at least two independent experiments performed in sextuplet (* p< 
0.05, ** p< 0.01, *** p< 0.001, one-way ANOVA)  Right: Western blot showing PAI-2 
expression in the stable cell lines. 
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4.2.5 PAI-2 protects from thapsigargin-induced cell death 

Intracellular calcium homeostasis is vital for proper cellular function, the 

perturbation of which activates stress response pathways and eventual cell death 

(Muralidharan and Mandrekar, 2013; Simmons et al., 2009).  The intracellular, cytosolic 

calcium concentration is low (about 100nM) when compared to the extracellular calcium 

concentration (about 1.8mM); and is held in tight balance through a network of calcium 

channels and transporters (Orrenius et al., 2003).  The ER has the highest localized 

concentration of calcium within the cell (millimolar levels) which is critical for normal 

ER function.   

To target intracellular calcium release, as opposed to extracellular calcium influx 

achieved by calcimycin treatment, we utilized thapsigargin to treat SKOV3/vec and 

SKOV3/PAI-2 cells (OVCAR3 stable cell lines were not utilized due to their resistance to 

thapsigargin-induced cell death (data not shown)). It is important to note that calcimycin 

causes quick, abrupt changes in intracellular calcium since it carries Ca2+ across the 

plasma membrane directly into the cell. Also, as a divalent cation carrier, it also has 

affinity for other divalent ions such as Mg2+, although its affinity for Ca2+ is much higher.    

Thapsigargin is a non-competitive inhibitor of the sarco-/endoplasmic reticulum calcium 

ATPase (SERCA) (Thastrup et al., 1990) which effectively blocks the reuptake of 

calcium into the ER.  This will result in increased intracellular [Ca2+] and thus calpain 

activation (Thastrup et al., 1990), in addition to activation of the ER stress response 

(Storr et al., 2011).  It is important to note that the concentration of thapsigargin utilized 

to decrease cell viability in our cellular model exceeds the concentration required to 

inhibit SERCA in somatic cells (Treiman et al., 1998; Harper et al., 2005), indicating that 
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non-SERCA effects of thapsigargin are contributing to the observed effects.  Following 

24 hour treatment with thapsigargin, PAI-2-expressing cells were significantly more 

viable than their vector-expressing counterparts (Figure 4.5), indicating that PAI-2 

protects from thapsigargin-induced cell death.  
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Figure 4.5  PAI-2 protects from thapsigargin-induced cell death. 

SKOV3 stable cell lines were plated in 96 well plates and allowed to attach overnight.  Left: 
SKOV3/vec and SKOV3/PAI2 cells were treated with either vehicle or the indicated 
concentrations of thapsigargin for 24 hours.  Cell viability was determined by MTT Assay as 
described in Materials and Methods section 2.14 (page 49).  Results represent the mean ± SEM of 
at least two independent experiments performed in sextuplet (** p< 0.01, *** p< 0.001, one-way 
ANOVA)  Right: Western blot showing PAI-2 expression in the stable cell lines. 
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4.2.6 Pharmacological inhibition of calpain abrogates thapsigargin-induced cell 

death 

While calpain requires calcium for activity, the biological result of that activity is 

dependent on cellular context (Storr et al., 2011; Leloup and Wells, 2011).  Since calpain 

activity is reported to play roles in both cell survival and cell death, we wanted to test 

whether inhibition of calpain would abrogate cell death induced by thapsigargin in our 

cellular model.  In order to achieve calpain inhibition, we utilized PD150606 – a 

selective, cell-permeable, non-competitive, non-peptide inhibitor of calpain directed 

towards the Ca2+ binding sites of calpain.  SKOV3/vec cells were pre-treated with 

PD150606 for 1 hour, followed by treatment with thapsigargin for 24 hours.  Pre-

treatment with PD150606 resulted in a significant increase in cell viability in SKOV3/vec 

cells (42.8%) (Figure 4.6, right – column 3 vs. column 2) upon exposure to thapsigargin, 

similar to the increase in cell viability seen in PAI-2-expressing cells (40.4%) (Figure 4.6, 

left).   

Cell death typically involves the cross-talk between several signaling pathways 

and molecular mediators. To investigate other possible players in this thapsigargin-

induced cell death paradigm, we utilized the following pharmacological inhibitors: 

Necrostatin-1 (Nec-1), a small molecule inhibitor of receptor interacting protein 1 kinase 

(RIP1) which acts upstream of a calpain-mediated necroptotic pathway (Hou et al., 

2013); MG132, a cell-permeable, reversible proteasome inhibitor; and zVADfmk, a cell-

permeable pan-caspase inhibitor.  SKOV3/vec cells were pre-treated with each of the 

inhibitors for 1 hour, followed by treatment with thapsigargin for 24 hours.  Results 

demonstrate that pre-treatment with Nec-1 significantly restored cell viability in 
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SKOV3/vec cells as with PD150606 (Figure 4.6, right – column 4); consistent with 

reports indicating that calpain is activated downstream of RIP1 (Hou et al., 2013).  

Proteasome inhibition with MG-132 partially rescued cell viability (although not 

significantly so) (Figure 4.6, right – column 5), and caspase inhibition did not restore cell 

viability (Figure 4.6, right – column 6), indicating that caspases are not contributing to 

thapsigargin-induced cell death in our model.  Taken together, these data implicate 

calpain activity in mediating thapsigargin-induced cell death in our cellular model. 
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Figure 4.6  Calpain activity is involved in thapsigargin-induced cell death. 

SKOV3 stable cell lines were plated in 96 well plates and allowed to attach overnight.  Left: 
SKOV3/vec and SKOV3/PAI2 cells were treated with either vehicle or 10µM thapsigargin for 24 
hours. Right: SKOV3/vec cells were pre-treated with the indicated concentrations of either 
PD150606 (calpain inhibitor), Necrostatin-1 (RIP1 kinase inhibitor, MG132 (proteasome 
inhibitor), or zVADfmk (pan-caspase inhibitor) for 1 hour, followed by 10µM thapsigargin for an 
additional 23 hours, resulting in a total treatment time of 24 hours.  Cell viability was determined 
by MTT Assay as described in Materials and Methods section 2.14 (page 49).  Results represent 
the mean ± SEM of at least two independent experiments performed in sextuplet (** p< 0.01, 
one-way ANOVA). 
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4.2.7 PAI-2-mediated cytoprotection is abrogated when P1 and P14 serpin 

inhibitory residues are mutated 

To test whether PAI-2 requires its inhibitory function to protect from both calcimycin and 

thapsigargin-induced cell death, we utilized the serpin inhibitory mutant-expressing cell 

lines, SKOV3/P1 and SKOV3/P14.  The two most important features of the RSL are the 

substrate recognition site (P1 residue) and the hinge (P14 residue).  If the P1 residue is 

mutated, the target protease can no longer cleave the reactive scissile bond; and if the P14 

residue is mutated, PAI-2 can no longer undergo the conformational change which is 

necessary for formation of the Michaelis complex (Figure 1.3) despite the fact that the 

scissile bond can still be cleaved.  Following treatment with either calcimycin alone 

(Figure 4.7A), thapsigargin alone (Figure 4.7B), or both in combination (Figure 4.7C), 

both SKOV3/P1 and SKOV3/P14 cells were susceptible to death, whereas expression of 

WT PAI-2 conferred protection in all treatment paradigms. These results suggest that 

PAI-2 requires its serpin inhibitory function to protect from calcimycin or thapsigargin-

induced cell death, in which calpain activity is a major player; thereby raising the 

possibility that PAI-2 mediates its cytoprotective effect through calpain inhibition.  
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Figure 4.7  PAI-2 inhibitory mutants abrogate the protective effect of wildtype PAI-2. 

SKOV3 stable cell lines were plated in 96 well plates and allowed to attach overnight.  Cells were 
then treated with either vehicle or the indicated concentrations of either (A) calcimycin alone (B) 
thapsigargin alone or (C) calcimycin + thapsigargin for 24 hours.  Cell viability was determined 
by MTT Assay as described in Materials and Methods section 2.14 (page 49).  Results represent 
the mean ± SEM of at least two independent experiments performed in sextuplet (* p< 0.05, ** 
p< 0.01, *** p< 0.001, two-way ANOVA). 
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4.2.8 Classic pro-apoptotic calpain substrates are not cleaved in our cellular model 

Calpains contribute to apoptotic and necrotic death pathways through proteolytic 

processing of mitochondrially-associated proteins – cleavage events which could render a 

protein active or inactive (reviewed in (Leloup and Wells, 2011; Storr et al., 2011)).  In 

particular, calpain is reported to cleave pro-survival proteins, such as BH3-family protein 

Bcl-2 (24 to 15kDa) and Bcl-xL (22 to 18kDa), rendering them inactive (Gil-Parrado et 

al., 2002). Further, activating cleavage events of pro-apoptotic proteins such as Bid (22 to 

14kDa) (Mandic et al., 2002) and Bax (21 to 18kDa) (Wood et al., 1998; Gao and Dou, 

2000; Toyota et al., 2003) are widely reported in calpain-mediated cell death pathways.  

To investigate whether PAI-2 expression protected against calpain-mediated cleavage of 

molecular cell death mediators, Western blot analysis was performed on SKOV3/vec and 

SKOV3/PAI-2 whole cell lysates which were treated with varying concentrations of 

calcimycin alone or in combination with thapsigargin.  We were neither able to detect 

cleavage of Bax, Bcl-xL in SKOV3/vec cells, nor did we detect differences in expression 

levels of either protein in the presence of PAI-2 (Figure 4.8).  Additionally, we assayed 

for expression of other apoptosis-related calpain substrates, such as caspase 7 (Gafni et 

al., 2009) and PARP, and did not detect cleavage in the vector-expressing cell line (Figure 

4.8).  To confirm that the apoptotic machinery was functional, we treated our cells with 

staurosporine (STS), a classic apoptosis inducer.  We were able to detect PARP cleavage 

in response to STS treatment, demonstrating that at least one of these classic apoptosis 

markers could be cleaved.  It appears unlikely that the classic apoptosis/necrosis-related 

calpain substrates are compromised in our cellular model.  Therefore these data suggest 
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that the cytoprotection conferred by PAI-2 is not associated with inhibition of calpain 

cleavable, apoptosis-related substrates. 
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Figure 4.8  Effect of PAI-2 on molecular markers of pro- and anti-apoptotic signaling 
pathways that are reported calpain substrates. 

Classic apoptosis-related, calpain substrates do not appear to be cleaved in response to calcimycin 
(A23187) ± thapsigargin in our cell system.  (A) SKOV3/vec and SKOV3/PAI-2 cells were 
treated with either vehicle or the indicated concentrations of calcimycin, with or without 
thapsigargin, for 24 hours.  Cells were then lysed, equal amounts of protein were resolved on 
SDS-PAGE, and analyzed by Western blot. To confirm that a molecular marker of cell death 
could be cleaved in our cell system, (B) SKOV3/vec and SKOV3/PAI-2 cells were treated with 
either vehicle or the indicated concentrations of staurosporine (STS) for either 4 or 8 hours.  Cells 
were then lysed, equal amounts of protein were resolved on SDS-PAGE, and analyzed by Western 
blot.  
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4.2.9 Presence of 16kDa light-chain 3B (LC3-II) is increased in PAI-2-expressing 

cells 

An alternative possibility is that activation of a survival/adaption pathway could 

be a consequence of PAI-2 expression in our cellular model.  Autophagy represents one 

such survival/adaptation pathway.  Briefly, autophagy is an evolutionarily-conserved 

catabolic process in which old or damaged organelles are degraded to promote organelle 

turnover and/or to meet increase energetic demands of the cell (Klionsky and Emr, 2000).  

Autophagy is characterized by the formation of autophagosomes (cytosolic, double 

membrane vesicles) which fuse with lysosomes to degrade their luminal contents 

(Mizushima et al., 2002).  A hallmark of the autophagic pathway is the cleavage of 

microtubule-associated protein light chain 3 B (LC3B), to produce LC3-I (18kDa) 

followed by its lipidation to produce LC3-II (16kDa) – the latter of which is associated 

with autophagosome formation (Tasdemir et al., 2008).   

To address the possibility that PAI-2 could be mediating its cytoprotective 

function by activating autophagy, we assayed for the presence of LC3-II by Western blot 

following treatment with varying concentrations of calcimycin alone or in combination 

with thapsigargin.  We detected higher levels of total LC3B protein and LC3-II isoform in 

SKOV3/PAI-2 cells compared to the SKOV3/vec cells (Figure 4.9), suggesting that PAI-

2 may contribute to autophagy induction. 
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Figure 4.9  Effect of PAI-2 on the autophagy associated protein LC3. 

Higher expression of LC3-II was detected in PAI-2-expressing cells compared to vector-
expressing cells.  (A) SKOV3/vec and SKOV3/PAI-2 cells were treated with the indicated 
concentrations of calcimycin (A23187) ± thapsigargin for 24 hours.  Whole cell lysates were 
collected, resolved by SDS-PAGE and analyzed by Western blot. (B) Graphical representation of 
LC3-II band density normalized to the GAPDH control for each sample and plotted relative to 
vehicle-treated SK/vec cells. Densitometry analysis was performed using ImageJ software.  
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4.2.10 PAI-2 expression promotes LC3B turnover 

An increase in LC3-II expression is generally indicative of cellular autophagic 

activity; however it could also be indicative of increased autophagosomal generation 

and/or a block in the autophagy pathway (Mizushima et al., 2010).  To distinguish 

between these two possibilities with respect to PAI-2 expression, we performed an 

autophagic flux assay to monitor LC3 turnover in SKOV3/PAI2 cells.  If PAI-2 

expression is indeed increasing autophagic activity then pre-treatment with chloroquine 

(CQ), a lysosome neutralizing agent that inhibits autophagosome-lysosome fusion 

(Tasdemir et al., 2008), followed by calcimycin treatment should result in higher levels of 

LC3-II than with calcimycin alone.    

Treatment with CQ alone resulted in higher expression of LC3-II (Figure 4.10), as 

expected, since the degradation of LC3-II is blocked as a result of the inhibition of 

autophagosome-lysosome fusion (Tanida et al., 2005).  CQ pre-treatment followed by 

calcimycin treatment led to a further increase in the levels of LC3-II compared to that of 

calcimycin alone (Figure 4.10), indicating that PAI-2 expression likely increases 

autophagic flux rather than a block in autophagosomal turnover.  
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Figure 4.10  LC3B turnover assay 

LC3-II expression was assayed for with and without pre-treatment with CQ (100μM) followed by 
calcimycin (5μM) treatment.  SKOV3/PAI-2 cells were treated with either calcimycin alone (18 
hours), CQ alone (6 hours), or CQ pre-treatment (6 hours) + calcimycin (18 hours) for a total 
treatment time of 24 hours.  Whole cell lysates were collected, resolved by SDS-PAGE and 
analyzed by Western blot. 
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4.2.11 PAI-2-expressing cells are sensitized to Chloroquine cytotoxicity 

Cancer cells are constantly under metabolic stress owing to their reprogrammed 

metabolic profile due to oncogenic events, a phenomenon known as the Warburg effect 

(Warburg, 1956; Hsu and Sabatini, 2008).  There are several reports of increased basal 

autophagy in cancer cells compared to normal cells, a phenomenon commonly referred to 

as autophagy addiction (Mathew and White, 2011; White, 2012; Townsend et al., 2012).  

Given our data demonstrating higher LC3-II levels in PAI-2-expressing cells, and thus 

suggesting enhanced autophagic activity, we wanted to test whether pharmacologic 

inhibition of autophagy would render PAI-2-expressing cells more sensitive to cell death.  

We hypothesized that if autophagy is indeed enhanced and contributing to PAI-2-

mediated cytoprotection in PAI-2-expressing cells, then abrogation of the autophagic 

pathway should sensitize PAI-2-expressing cells to death. We treated SKOV3/vec and 

SKOV3/PAI-2 cells with CQ, stained cells with propidium iodide (PI) and performed 

live-dead analysis by FACS.  Treatments were done in the presence of zVADfmk to 

negate the potential effects of caspase activation.  We observed about 2 fold more PI 

positive SKOV3/PAI-2 cells compared to SKOV3/vec cells following treatment (Figure 

4.11), indicating that PAI-2 expression renders cells more susceptible to caspase-

independent CQ-induced cell death.  These data suggest that PAI-2 may promote an 

enhanced autophagic response in cancer cells.   
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Figure 4.11  PAI-2 expressing cells are more sensitive to caspase-independent cell death 
induced by Chloroquine. 

FACS Live-dead discrimination assay performed on SKOV3/vec and SKOV3/PAI-2 cells 
following 44 hour treatment with Chloroquine (CQ) + zVADfmk (pan-caspase inhibitor) or 
zVADfmk alone.  (A) Histogram plots of cells gated on FL3 and forward by side scatter 
(FSCxSSC).  (B) Graphical representation of % PI positive cells from histogram plot.  
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4.3 DISCUSSION 

Cytoprotective proteins function to resolve cellular stress induced by a wide array 

of inducers (Muralidharan and Mandrekar, 2013; Simmons et al., 2009).  PAI-2 is a stress 

response protein that requires its serpin inhibitory capabilities to perform its 

cytoprotective function.  Here we report that PAI-2 diminishes calpain activity in vitro 

and that calpain cleaves PAI-2 resulting in an RSL-like cleavage fragment.  Further, PAI-

2 protects from cell death induced by calcimycin and thapsigargin, which are known 

calpain activators.  Further, this work raises new possibilities of PAI-2 involvement in 

cancer cell survival through autophagy. 

 Several members of the serpin superfamily have evolved to inhibit cysteine 

proteases in addition to serine proteases, and are known as cross-class inhibitors (Gettins, 

2002; Izuhara et al., 2008).  The studies undertaken here provide evidence that PAI-2 can 

not only indirectly modulate the effects of calpain activity by preventing cleavage of a 

protein substrate, as in the case of Rb (Tonnetti et al., 2008), but may also directly inhibit 

calpain activity.  Characterizing serpin:cysteine protease interactions is challenging due 

to the nature of their interaction and the difficulty of capturing/visualizing the inhibitory 

complex, as the serpin:cysteine protease complex is not SDS stable as with serpin:serine 

protease complexes.    

 Calpains are important for several cellular processes and are recognized as critical 

mediators of cell death, though their precise role is not fully understood (Storr et al., 

2011; Yousefi et al., 2006; Leloup and Wells, 2011).  Calpains cleave a number of 

proteins during cell death including BH3 family proteins (Bcl-2, Bcl-XL, Bid, Bax), 
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procaspases 3 and 7, structural proteins (focal adhesion kinase (FAK), spectrin, actin), 

and DNA repair/cell cycle proteins (Rb, p53, PARP).  Due to the sheer number of its 

substrates, calpain mediates crosstalk between programmed cell death pathways.  It is 

common to detect modulation of calpain activity by assaying for cleavage (or lack 

thereof) of its substrates.  In our cellular model, we were unable to detect cleavage of 

apoptosis/necrosis-related calpain substrates (Bax, Bcl-xL, Rb, caspase 7, PARP) in 

vector-expressing cells; suggesting that they may not be the main calpain substrates 

targeted in response to the calcimycin ±thapsigargin stimulus.  Nonetheless, this does not 

negate the involvement of PAI-2 serpin inhibitory activity.  It is possible that we simply 

have not identified the critical calpain targets relevant to our model.  Interestingly, Hitomi 

et al. found that procaspase 4 (the human homologue of mouse caspase-12) is cleaved 

and activated when cells are treated with ER stress-inducing agents, but not apoptotic 

agents (Hitomi et al., 2004).  In addition to being calpain activators, calcimycin and 

thapsigargin are also an ER stress inducers and therefore activate the ER stress response 

pathways mediated by PERK, IRE-1α, and ATF6.  Procaspase 4, which is activated 

downstream of the IRE1-mediated ER stress pathway, is closely related to caspase 1 

which cleaves and processes IL-1β in order for it to be secreted (Fink and Cookson, 

2005) – an activity that PAI-2 has been reported to antagonize (Greten et al., 2007; 

Chuang et al., 2013).  It may be productive to investigate ER stress-specific proteins in 

order to identify molecular evidence of PAI-2-mediated calpain inhibition. 

 An intriguing result from this study is the possible connection between PAI-2 

expression and the activation of autophagy.  In PAI-2-expressing cells, we observed 

higher levels of LC3-II than in vector-expressing cells.  The conversion of LC3-I to LC3-
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II is an important hallmark of autophagy (Tasdemir et al., 2008).    Further, results 

indicate that the increased LC3-II expression observed in PAI-2-expressing cells is likely 

due to an increase in autophagic flux rather than a block in autophagosome turnover since 

pre-treatment with CQ, an inhibitor of autophagosome-lysosome fusion, led to a further 

increase in LC3-II expression compared to calcimycin treatment alone.  The suppression 

of autophagy by pharmacological inhibitors, such as CQ, can sensitize cells to death 

(Boya et al., 2005; Tasdemir et al., 2008).  Our results indicate that PAI-2-expressing 

cells were more sensitive to caspase-independent, CQ-induced cell death, further 

implicating PAI-2 expression in the promotion of autophagy.   

What precise role PAI-2 plays in autophagy is a key question for further studies.     

Recently, PAI-2 expression has been linked to autophagy in the literature (Castello-Cros 

et al., 2011; Chuang et al., 2013).  Chuang et al. demonstrated that TLR-induced PAI-2 

expression suppressed IL-1β processing via increasing autophagy and NLRP3 

(inflammasome) degradation (Chuang et al., 2013).  Additionally, autophagy induction is 

essential for monocyte-macrophage differentiation (Zhang et al., 2012), a process in 

which PAI-2 is known to play a role.   Of particular interest, calpain silencing is 

reportedly coupled to the accumulation of overexpressed LC3 in MEFs (Demarchi et al., 

2006), raising the possibility that calpain could be a possible link between PAI-2 and 

autophagy. 

  The role of autophagy in cancer remains controversial in the literature.  There is a 

growing body of literature implicating autophagy in cell death, a phenomenon called 

autophagic cell death, and there are reports of interplay between autophagy and other 

programmed cell death modalities depending on cell context (Galluzzi et al., 2012b; 



110 
 

White, 2012).  However, the general consensus is that autophagy is primarily activated in 

cancer cells as an adaptive mechanism to promote cell survival in response to stress 

(Townsend et al., 2012; White, 2012).  The mechanisms that contribute to PAI-2-

mediated cytoprotection have important clinical implications for cancer treatment.  

Thapsigargin prodrugs are being tested as potential anti-cancer treatments (Denmeade et 

al., 2003), especially for those cancers which are highly sensitive to changes in 

intracellular calcium like prostate cancer (Lin et al., 1997; Christensen et al., 1999; 

Haverstick et al., 2000).  In this case, cancer cells expressing PAI-2 are likely to be 

resistant to such therapy.  However, autophagy inhibition is another potential anti-cancer 

treatment currently in clinical trials as either a monotherapy or in combination with other 

drugs (Kimura et al., 2013; Mancias and Kimmelman, 2011). Currently, most clinical 

trials exploring autophagy inhibition as a therapeutic strategy are using CQ, given its 

record of safety in humans (Kimura et al., 2013; Mancias and Kimmelman, 2011).  In this 

therapeutic paradigm, PAI-2-expressing cancer cells may be sensitized to death by 

autophagy inhibition.   

 In summary, this work demonstrates that PAI-2 can directly inhibit calpain 

activity and implicates PAI-2’s inhibitory capabilities as essential for mediating ER stress 

induced cytotoxicity, possibly through inhibition of a calpain-mediated pathway.  This 

work also suggests that autophagy contributes to PAI-2-mediated cytoprotection in a 

cancer cell model. 
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CHAPTER 5: SUMMARY AND PERSPECTIVES 
 

5.1 SUMMARY 

This dissertation work centered on the stress response serpin PAI-2 in the context of 

cytoprotection.  As a gene, PAI-2 has a truly remarkable regulatory profile, and as a 

protein, it executes a myriad of functions that are only just beginning to be elucidated.  

The overall goal of this dissertation work focused on two aims: 1) to   investigate 

molecular mechanisms that govern SerpinB2 expression and 2) to elucidate the 

cytoprotective function of PAI-2 in response to cell stress.  With respect to the former, we 

utilized mouse macrophages as they are an abundant source of PAI-2 expression, and 

further because PAI-2 expression has a more well-defined phenotype in these cells.  With 

respect to the latter, we utilized ovarian cancer cells since they represent a clinically 

relevant cancer type in which PAI-2 expression has a positive clinical prognostic 

association.  Further, this cell type is susceptible to cell death induced by calcimycin and 

thapsigargin. 

Chapter 3 reports the investigation of inflammatory stress-associated PAI-2 

expression using LPS, a classic inflammatory agent which induces cell death that PAI-2 

expression protects from.  We discovered that a previously undefined C/EBP element 

within the SerpinB2 proximal promoter was essential for maximal LPS-induced SerpinB2 

proximal promoter activity.  We then identified C/EBP-β, a member of the C/EBP bZIP 

family of transcription factors, as the key transcription factor that binds the C/EBP 

element in an LPS-inducible manner.  We demonstrated that C/EBP-β was indeed 

essential for both basal and LPS-inducible SerpinB2 promoter activity and further  
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showed that C/EBP-β is essential for basal and LPS-inducible SerpinB2 mRNA 

expression in primary peritoneal mouse macrophages as well as cebpb-/- and cebpb+/+ 

MEFs.  These findings were consistent with previously published microarray expression 

profiling study that identified abrogated SerpinB2 expression in LPS and IFNγ-stimulated 

C/EBP-β-deficient peritoneal macrophages (Uematsu et al., 2007).  There is also a 

functional overlap between PAI-2 and C/EBP-β.  For example, C/EBP-β-null mice are 

susceptible to bacterial infection (Tanaka et al., 1995; Lekstrom-Himes and 

Xanthopoulos, 1998), which PAI-2 has been reported to elicit cytoprotection from (see 

Table 1.4).  Therefore, the regulation of SerpinB2 gene expression by C/EBP-β is 

consistent with its functional role in inflammation.  

Chapter 4 reports an exploration of the hypothesis that PAI-2 mediates its 

cytoprotective function by acting as an inhibitor of calpain activity.  We demonstrated 

that PAI-2 was able to dampen calpain activity in vitro, which has not been demonstrated 

previously, and more importantly suggests that PAI-2 possesses cross-class inhibitory 

capabilities.  We then went on to utilize cytotoxic, known activators of calpain 

(calcimycin and thapsigargin) with the aim of identifying a calpain-mediated signaling 

pathway that PAI-2 directly targets to mediate its cytoprotection.  We generated wildtype 

and two serpin inhibitory mutant PAI-2-expressing cell lines to perform this line of 

investigation.  While we were able to determine that PAI-2 protected from calcimycin and 

thapsigargin-induced cell death, we could not identify a modified calpain substrate in our 

cellular model.  Calpain is a cysteine protease which engages in limited processing of its 

substrates, which is how it modulates cellular function.  However, as calpain has no 

defined cleavage specificity, it is difficult to determine which substrates will be the most 
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critical targets.  We assayed for classical pro-apoptotic, anti-apoptotic and cell cycle-

related proteins, and did not detect the reported calpain-cleavage products in our stable 

cell line system. Nonetheless, we do not believe that this negates the involvement of PAI-

2 inhibitory activity – it is possible that we simply have not identified the critical calpain 

targets relevant to our model.  On the other hand, these studies raised the possibility that 

PAI-2 may be acting to induce a protective autophagic response as a cytoprotective 

mechanism, as evidenced by the increased LC3-II expression in PAI-2-expressing cells 

and increased susceptibility to CQ-induced cell death, a classic inhibitor of 

autophagosome-lysosome fusion.  Interestingly, there are connections between PAI-2, 

calpain and autophagy in the literature; so it is possible that PAI-2 could be indirectly 

modulating an autophagic response by modulating calpain activity or directly modulating 

autophagy through an undetermined mechanism. 

5.2 PROPOSED MODEL 

Collectively, the work detailed in this dissertation represents an important 

contribution to the understanding of SerpinB2 gene regulation and PAI-2 protein 

function.  Figure 5.1 illustrates a hypothetical working model from the studies detailed in 

this dissertation and previously published data.  Briefly, LPS activates TLR4-mediated 

signaling pathways, such as the IKK signaling pathway and p38MAPK signaling 

pathway, resulting in the activation of transcription factors, namely C/EBP-β, NF-κB, 

AP-1, and CREB.  These transcription factors bind the SerpinB2 proximal promoter, 

resulting in both constitutive and LPS-induced SerpinB2 promoter activity and 

transcription, ultimately resulting in PAI-2 protein expression.   The perturbation of 

intracellular calcium is a cellular stressor that can result in calpain-mediated cell death if 
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left uncontrolled.  We propose that PAI-2 expression antagonizes calpain-mediated cell 

death, possibly through direct inhibition of calpain and/or activation of adaptive 

autophagy, ultimately resulting in cytoprotection. 

5.3 FUTURE DIRECTIONS 

One of the most exciting features of the data presented here is the connection 

between PAI-2 expression and autophagy.  Since autophagy is a dynamic process, the 

new line of investigation in our lab will be to examine how PAI-2 controls autophagy.  In 

addition to the LC3-II expression and turnover assays we performed by Western blot, the 

number of autophagosomes can also be assayed for by monitoring the formation of 

endogenous LC3 puncta using indirect immunofluorescence or the formation of GFP-

tagged LC3 puncta using fluorescence microscopy (reviewed in (Tasdemir et al., 2008; 

Ni et al., 2011; Tanida and Waguri, 2010)).    

There are several aspects of PAI-2 biology that can be altered in order to investigate 

the mechanistic link between autophagy and PAI-2.  For instance, the P1 and P14 mutants 

can be used to test whether PAI-2 requires its serpin inhibitory activity to promote 

autophagic flux.  Proteases such as ATG4B, a cysteine protease implicated in regulating 

LC3-II delipidation and turnover (Nakatogawa et al., 2012), could be a possible target of 

PAI-2.  Additionally, the contribution of PAI-2’s CD loop to the autophagic process 

should be investigated.  As mentioned prior, PAI-2 is a candidate for TG2-mediated 

crosslinking to membrane structures through critical glutamine residues in the CD loop 

(Jensen et al., 1993; Jensen et al., 1994).  Since TG2 is implicated in the autophagy-  
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Figure 5.1  Hypothetical Working Model 

This depiction combines the published findings from Chapter 3 on the involvement of C/EBP-β 
in SerpinB2 gene transcription with the studies from Chapter 4 which investigated a mechanism 
of PAI-2-mediated cytoprotection. 
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dependent clearance of ubiquitinated proteins (D'Eletto et al., 2012), a CD loop deletion 

mutant and a Gln-83, Gln-84,and Gln-86 mutant should be utilized to test whether the CD 

loop and/or critical glutamine residues are important for PAI-2’s role in autophagy. 

The hypothesis raised from these studies that increased autophagy may contribute 

to PAI-2-mediated cytoprotection could have clinical implications for cancer 

therapeutics.  One attractive approach has been to inhibit autophagy for therapeutic 

benefit, as cancer cells typically utilize autophagy as a survival and anti-

chemotherapeutic mechanism.  Targeting PAI-2 overexpressing tumor cells may be an 

avenue for autophagy-inhibition therapy.  Interestingly, PAI-2 expression has been 

associated with resistance to chemotherapy-induced cell death (Dong et al., 1997); 

suggesting an intriguing overlap of autophagy and PAI-2 in chemotherapeutic resistance.  

In that same vein, modulating other stress response pathways, such as the ER stress 

response, are tactics that are being explored in the clinic (Kim et al., 2008). For example, 

compounds which will potentiate ER stress and would therefore be cytotoxic to the cell 

are being developed for the treatment of cancer.  Results reported in Chapter 4 would 

suggest that such compounds should not be used for treating PAI-2-expressing tumors, as 

PAI-2 is likely to confer cytoprotection from such agents.  Given that deregulation of 

PAI-2 expression is implicated in several inflammatory disorders (Schroder et al., 2011), 

taking PAI-2 expression status and desired clinical outcome into account could represent 

an advantageous use of personalized medicine.  

There is a growing recognition that autophagy also plays a role in immune 

responses and overall immunity, concomitant with PAI-2’s role in both innate and 

adaptive immunity and is becoming more defined in the literature (Schroder et al., 2011; 
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Zhao et al., 2013).  Autophagy protects against pathogens that invade the intracellular 

space (Levine et al., 2011) and mutation of autophagy genes is associated with increased 

susceptibility to infection (Levine et al., 2011).  Autophagy has also been reported to 

negatively regulate inflammasome activity (Nakahira et al., 2011).  The inflammasome is 

a multiprotein complex that is an integral component of the innate immune system, being 

expressed by immune cells. Caspase 1, a component of the inflammasome, processes the 

inflammatory cytokines IL-1β and IL-18 (Latz et al., 2013).  Importantly, inflammasome 

activity can lead to pryoptosis – a distinct caspase-1 dependent programmed cell death 

subroutine (Galluzzi et al., 2012a).  The exciting connection here is that PAI-2 was 

reported years ago to attenuate the secretion of IL-1β (Greten et al., 2007), suggesting 

that PAI-2 is also a negative regulator of inflammasome activity, like autophagy.  Further, 

Chuang et al. recently reported that autophagy is a mechanism for PAI-2-mediated 

suppression of IL-1β processing (Chuang et al., 2013).  Investigating the autophagy-

immunomodulation-PAI-2 connection could be a whole new avenue for PAI-2 research.   

Interestingly, calpains have also been proposed as anti-cancer targets as calpain 

activity is found to be deregulated in various cancer types (Figure 5.2 (Leloup and Wells, 

2011)). Calpains play diverse roles within the cell since they target so many substrates; 

however, the best studied calpain-mediated processes are cell migration, adhesion, and 

invasion – all processes which PAI-2 opposes (Varro et al., 2004),(Mueller et al., 

1995),(Croucher et al., 2008),(Schroder et al., 2014).  It would be interesting to explore 

the hypothesis of PAI-2-mediated silencing of calpain activity within these cellular 

contexts as there is overlap between calpain’s pro-migratory and pro-invasive functions 

and PAI-2’s reported anti-invasive and anti-metastatic functions.  
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Figure 5.2  Schematic representation of calpain’s diverse roles in cancer. 

Deregulation of calpain activity is implicated in various cancer processes, and as such, calpain 
has emerged as a potential anti-cancer target.  Image taken from (Leloup and Wells, 2011). 
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There is a growing appreciation for the link between persistent infection, chronic 

inflammation and cancer (Grivennikov et al., 2010),(Grivennikov and Karin, 2010).  The 

tumor microenvironment is a hotbed of tumor-associated fibroblasts, infiltrating immune 

cells, and inflammatory cytokines.  Specifically, tumor-associated macrophages (TAMs) 

can either promote or attenuate cancer progression depending on cellular context (Karin 

et al., 2006; Karin and Greten, 2005; Grivennikov et al., 2010; DiDonato et al., 2012).  

PAI-2 expression has been associated with both inflammation and cancer, and is a 

favorable or unfavorable prognostic indicator depending on cancer type (Croucher et al., 

2008).  It is possible that PAI-2’s influence on prognostic outcome may differ depending 

on the cell types within the tumor microenvironment that express PAI-2.   

It would be interesting to study how PAI-2 affects the polarity of TAMs and under 

which circumstances PAI-2 could alter the secretory profile of these TAMs, as this could 

have implications for PAI-2’s role in a particular cancer type.  It has been reported that 

PAI-2 can modulate cellular cytokine profiles which can directly affect immune cell 

polarization (Croucher et al., 2008; Schroder et al., 2010b; Schroder et al., 2010a; 

Schroder et al., 2011) and may have implications for the inflammatory phenotype of 

infiltrating immune cells in the tumor microenvironment.  Interestingly C/EBP-β has also 

been shown to modulate cytokine secretion from immune cells, thereby modifying their 

phenotype (Schroder et al., 2010a; Greten et al., 2007; Marigo et al., 2010; Screpanti et 

al., 1995) – representing another instance in which there may be interplay between 

C/EBP-β and PAI-2.   

This dissertation work could provide a rationale for investigating some of the other 

functions associated with PAI-2 expression, given that we now know a little more about 
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which response elements and transcription factors are important for PAI-2 expression.  

That C/EBP-β is implicated in the constitutive and inducible expression of PAI-2 opens 

up new mechanistic connections to investigate common functions shared by both 

proteins.  For example, C/EBP-β plays a major role in both macrophage and adipocyte 

differentiation – as does PAI-2; however there are no clear mechanisms delineated for 

how PAI-2 mediates this function, and C/EBP-β represents a likely connection.  

Autophagy is also required for monocyte differentiation (Zhang et al., 2012), again 

adding a likely connection to mechanistically explain some of PAI-2’s reported biological 

functions.   

In all, this dissertation has assisted in elucidating molecular mechanisms of LPS-

inducible SerpinB2 expression and the contribution of C/EBP-β to that processes.  

Further, we have explored calpain as a possible protease target of PAI-2 and how PAI-2 

attenuates calpain-mediated cell death.  The work contained herein has contributed to the 

current knowledge of PAI-2 biology. 
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