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ABSTRACT

Calreticulin (CRT) is an endoplasmic reticulum (ER) chaperone which plays a role

in the regulation of intracellular Ct* homeostasis. Gene targeted deletion of CRT in mice

has been instrumental in fuither characterizing its biological functions. The CRT null mice

die late in gestation due to impaired cardiac development. Mouse embryonic fibroblast

cells isolated from CRT knockout embryos (crt-/-) survive in culture. These cells show

higher proliferation rate and are resistant to drug- and UV-induced apoptosis. On the other

hand, overexpression of CRT in cardiomyocytes increases the cell's susceptibility to drug-

induced apoptosis. These data illustrate a role for CRT in the regulation of cell survival

and apoptosis. Increased resistance to UV-induced apoptosis in crt-/- cells was shown to

be mediated by enhanced p53 degradation while a significant reduction in Akt

phosphorylation in CRT overexpressing cells led to enhanced apoptotic rate. These data

indicate a role for CRT in regulation of cell survival and apoptosis. However, to date little

is known about how CRT affects cell survival. Pl3-kinase/Akt is one of the major

signaling pathways important in the regulation of cell proliferation and cell survival.

NFrcB pathway has also been shown to play an important role in cell survival. NFrcB is

induced in several circumstances such as inflammation, ER stress, increased activation of

P13-kinase/Akt signaling and enhanced ubiquitin-mediated proteasome degradation

patlrway. Previous reports have shown that crt-/- cells are undel ER stress and have

elevated ubiquitin/pr'oteasome pathway. A role for CRT has also been described in

regulation of immune response. Therefore, the main hypothesis of tlie current study is that



loss of CRT function increases cell survival and suppresses apoptosis by activating the

Pl3-kinase/Akt pathway and inducing the NFrcB signaling pathway.

Our data demonstrated that loss of CRT function in crt-/- cells led to the activation

of the Pl3-kinase/Akt signaling pathway without any change in the expression of Akt

protein. We also demonstrated that the enhanced activity of Akt is mediated via increases

in expression of insulin receptor, platelet derived growth factor receptor (PDGFR) and

epithelial growth factor receptor (EGFR) in crt-/- cells. Using dominant negatives of

phosphoinositide dependent kinase-l (PDK-l) and integrin linked kinase (ILK) we

identified a role for these two kinases in the increased phosphorylation and activation of

Akt in ut-/- cells. We also showed that the elevated level of insulin receptor mRNA in

crt-/- cells was due to a diminished level of its transcriptional repressor, p53.

The current study also provides the f,rrst evidence for transcriptional repression of

NFrcB upon the loss of CRT function. In addition, treatment of crt-/- cells with LPS (a

potent NFrcB agonist) was not able to increase the transcriptional activity of NFrcB to the

level of wt cell. Our results also demonstrate that the reduced NFrcB activity in crt-/- cells

was not due to either decreased p65 or p50 protein but could be mediated by a significant

increase in the level of the IrcBu protein. Furthermore, we showed that the activity of a

serine/threonine phosphatase PP2A is significantly higher in crt-/- cells, which could

partly mediate the diminished transcriptional activity of NFrcB in crt-/- cells. Reduced

basal transcriptional activity of NFrcB was also associated with decreased basal DNA

binding of NFrB p65. 'We also demonstrated that short-term stimulation with LPS (30

min) could induce nuclear translocation and DNA binding of NFrcB in both cell types,

however NFKB dissociates from the DNA and exports out of the nucleus more rapidly in



crt-/- cells upon extended exposure to LPS. Our data also exclude a role for Ca2* in

reduced transcriptional activity of NFrcB upon loss of CRT.

In conclusion the data presented in this study illustrates that the anti-apoptotic cell

survival pathways, Pl3-kinase/Akt and NFKB, are distinctly regulated in the absence of

CRT. The mechanism underlying such differential regulation and their contribution in

giving rise to the anti-apoptotic property of crt-/- cells would require fuither investigation

and will be addressed in the future.
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A. REVIBW OF LITERATURE

f. Calreticulin

7. Structural orgønizøtion of the cølreticulin gene ønd protein

Calreticulin (CRT) was originally identified as a high affinity Ca2* binding

protein by Ostwald and Maclennan in 1974 (Ostwald and Maclennan, 1974). CRT

cDNA has been cloned from different organisms including human (McCauliffe et al.,

1992), mouse (Rooke et al., 1997; Waser et a1., 1997), rabbit (Fliegel et al., 1989), C.

elegans (Smith, 1992a), Drosophila melanogasrer (Smith, 1992b) and plants such as

maize and rice (Dresselhaus et al., 1996; Li and Komatsu, 2000). Evolutionarily, CRT is

expressed in all eukaryotes except in yeast and it is absent in prokaryotes (Michalak et

al., 1999). Both the CRT cDNA and protein share a high degree of identity among

different species. For example, the plant and animal CRT are 50% identical. This

similarity is also present at the gene level. Indeed, the mouse and human CRT genes

share more than 70o/o identity to each other (Michalak et al., 1999). Although for many

years there was no evidence of different CRT isoforms or splice variants, a report by

Persson et al. in 2002 identified a new CRT isoform, Crt2, which is expressed only in

testes and shows 53% and 49o/o homology with human and mouse CRT respectively

(Persson et a1.,2002).

The genomic organization of human and mouse CRT genes is very similar and

consists of nine exons and I introns. CRT gene covers around 3.6 kb of human and 4.6 kb



of mouse genomic DNAs (Michalak et a1.,1999). The promoter region of the CRT gene

consists of a number of Spl and CCAAT consensus sequences, several GC-rich districts

and an AP2 recognition site (McCauliffe et al., 1992). The CRT promoter also contains

Nkx2.5 and COUP-TFI binding sites. These two transcription factors are found to

regulate the CRT gene expression during heart development (Guo et al., 2001). Since the

promoter region of human CRT resembles those of ER resident proteins involved in

chaperone activity, such as GRP78, GRP94 and protein disulfide isomerase (PDI), it is

postulated that all these proteins are similarly regulated under certain cellular conditions

such as Endoplasmic Reticulum (ER) stress (McCauliffe et al., 1992).

The CRT protein has a predicted molecular weight of 46 kDa and is divided into

three putative domains based on biological functions and amino acid sequence (Figure 1).

The N-domain of CRT spans from residues 1-180 and forms a globular structure which

consists of eight anti-parallel B-strands (Gelebart et al., 2005; Michalak et al., 1999). It

also includes a signal sequence which directs CRT to the ER lumen (Michalak et al.,

1999). The two cysteine residues (Cyrtt and Cysr20) in this region form a disulfide bond

(Martin et al., 2006). N-domain of CRT also binds with high aff,rnity to Zn2* (Baksh et

al.,I995b) and it contains several histidine residues, one of which (Hisl53) is essential for

the CRT chaperone function (Guo et a1.,2003). The P-domain of CRT extends fi'om

residues 181-290 and it contains a large number of proline residues which is reflected in

the name (Michalak et al., 1999). Using NMR studies, the detailed structure of the P-

domian has been characterized (Ellgaard et al., 2001). This region contains both B-sheets

and CI,-helices organized in a manner that form an extended arm-structure and, together

with N-domain, generate an opening into which the substrates can enter for proper





protein folding (Gelebart et a1., 2005). The P-domain shares a high degree of homology

with calnexin (another ER resident lectin-like chaperone) (Gelebart et a1.,2005). The P-

domain of CRT harbors two tryptophan residues (Trp'ot and Trp'oa; which are essential

for its chaperone function. Trproz is found in the carbohydrate binding pocket and Trpzaa

is localized at the tip of the extended-arm (Martin et al., 2006). Mutation in Trp2aa

disrupts the chaperone function of P-domain (Martin et al., 2006). In addition to

mediating chaperone function, the P-domain also contains the high affinity and low

capacity Ca2* binding site in CRT (0.6-i mol Ca2*/mol of protein) (Baksh and Michalak,

1ee1).

The third functional domain of CRT, which covers amino acids 291-400, is

known as the C-domain and is a highly acidic region due to the presence of large

concentration of negatively charged amino acid (Gelebart et al., 2005). The C-domain

functions as a high capacity low affinity Ca2*-binding domain and binds 18 mol of Ct*

/mol of protein (Baksh and Michalak, 1991) and accounts for the Ca2* storage capacity of

the ER. The CRT C-terminal terminates with the tetrapeptide KDEL which is the

retrieval signal responsible for retention of the protein in the ER lumen (Michalak et a1.,

1999). Attempts to crystalize the full-length CRT to determine its structure have failed

Qllakamura et al., 2001b). However, the NMR structure of the P-dornain was resolved

recently (Ellgaard et al., 2001).

CRT is localized to the lumen of ER, however, a few studies have reported

alternative localization site for CRT including the acrosome of spermatids from rat testis

(Nakamura et al., 1992), cytosolic granules of cytotoxic lymphocytes (Obeid et a1.,2007;

Takemura et al., 2007) and cell the surface in neuroblastoma cell lines (Xiao et al., 1999).



CRT can also be

cells (Obeid et al.,

induced to translocate to the cell surfaces of macrophages and tumor

2007; Takemura ef a1.,2007).

2. Biologicølfunctions of CRT

2.i. CRT and chøperone øctivity

ER chaperones facilitate the proper folding of newly synthesized proteins that

enter the ER after synthesis. These proteins are composed primarily of glycosylated,

secreted or integral membrane proteins. CRT, together with calnexin (an ER integral

membrane chaperone), is involved in the correct protein folding and quality control of

newly synthesized glycosylated as well as non-glycosylated proteins (Jessop et al., 2007;

Saito et al., 1999). In addition, both PDI and ERp57 (a PDI-like thiol oxidoreductase)

interact with CRT and help in its chaperone function (Baksh et al., 1995a; Jessop et al.,

2001; Oliver et al., 1999). The corect folding of non-glycosylaed proteins is also

facilitated by other ER chaperones including; grp94, ERp72 and Bip (Gething, 1999;

Nicchitta, 1998). It has been shown that the Ca2* concentration of the ER lumen regulates

proper protein folding (Corbett et a1., 2000; Lodish and Kong, 1990). Similarly, changes

in the ER luminal Zn2* and ATP concentrations carl also impact the interaction of ER

chaperones with their substrate proteins and thus affect proper protein folding (Corbett et

aL.,2000).

Newly synthesized glyco-proteins in the ER undergo a deglucosylation-

glucosylation cycle to facilitate their association with CRT and calnexin and to ensure

their proper folding and maturation. The core carbohydrate moiety in the newly



synthesized glycoproteins consists of two N-acetylglucosamines, nine mannoses and

three terminal glucoses linked to asparagine residues (Gelebart et a1.,2005; Michalak et

al., 1999; Michalak et al., 2002). The terminal glucose as well as the terminal mannose

can be removed by the activity of glucosidases I and II, and mannosidase, respectively.

Alternatively, trimmed glucose can be replaced by the activity of UDP-

glucose:glycoprotein transferase (UGGT) in the ER lumen (Gelebart et al., 2005;

Michalak et al., 2002).It has been shown that monoglucosylation serves as a signal for

unfolded substrates, resulting in association of the protein with CRT andlor Calnexin

(Michalak et al., 2002). Once the terminal glucose is removed, the protein dissociates

from the CRT/calnexin chaperones. The interaction of the glycoprotein with CRT and

calnexin and the activity of the enzymes, glucosidase I and II, manosidase and UGGT,

may be repeated several times until proper protein folding is achieved. The interaction of

the substrates with CRT and calnexin also recruits ERp57, the activity of which is

required for the rearrangement of disulfide bonds in newly synthesized proteins (Oliver et

aL, 1999; Van der Wal et al., 1998). CRT together with calnexin is involved in correct

protein folding, assembly and maturation of many proteins including the human insulin

receptor (IR) (Bass et al., 1998) and MHC class I proteins (Harris et al., 1998). The

Chaperone function of CRT was also shown to play an important role in correct folding

of tlre bradykinin receptor Q.Jakamura et a1.,2001b).

2.ii) CRT und C02+ homeostasis

The lumen of the ER is a major Ca2* storage site for the cell. CRT has been

shown to control Ca2* homeostasis (Gelebart et al., 2005). Cells with a loss of CRT

6



function (crtJ-) as well as gain of function (CRT overexpressors) have been extensively

used to study the role of this protein in regulatin g Ct* homeostasis. It has been shown

that mouse L fibroblast cells overexpressing CRT have increased intracellular Ca2* stores

and reduced store-operatedCt* influx (Mery et al., 1996).In rat cardiomyoblast cells,

overexpression of CRT enhances free cytosolic Ca2* concentration ([Cu'|.) (Kageyama

et al., 2002). In comparison, crt-/- cells have reduced ER Ca2* storage capacity

Q.,lakamura et al., 2001b). However, the free ER luminal C** ([Cat*]en) does not show

any alteration in crt-/- cells and [Ca2*], is significantly higher compared to w/ cells

(Nakamura et al., 2001b). Furthermore, crt-/- cells have impaired bradykinin-induced

Ca2* release through InsP3 receptors (Mesaeli et al., lggg), while the InsP3-induced Ca2*

release remains intact (Nakamura et al., 2001b).

Ca2* signaling governs many signaling pathways that are involved in cell survival,

apoptosis, proliferation and differentiation (Berridge,2002). For instance in the process

of cardiac muscle differentiation, the GATA family of transcription factors are activated

in a calcineurin/nuclear factor of activated T-cells G\IF-AT) dependent manner (Morkin,

2000). Calcineurin, also called PP2B is a Ct*lcalmodulin dependent serine/threonine

phosphatase composed of catalytic subunit (calcineurin-A) and regulatory subunit

(calcineurin B) (Hemenway and Heitman, 1999). The activity of calcineurin is regulated

through its catalytic and regulatory subunits binding to calmodulin (a Ca2* binding

protein) and Caz*, respectively (Hemenway and Heitman, Iggg). As a consequence, a

sustained (rather than transient) increase of cytosolic Ca2* level leads to activation of

calcineurin (Cahalan and Lewis, 1990). NF-AT is a target of active calcineurin which

leads to its dephosphorylation and nuclear translocation (Beals et a1.,1997; Timmerman



et al., 1996). In the nucleus, NF-AT in co-operation with other transcription factors

enhances the transcription of a variety of genes, including those essential for cardiac

development and hypertrophy (Crabtree, 2001). It has been shown that in crt-/- cells

translocation of NF-AT to the nucleus is abolished (Mesaeli et a1., 1999), implying that

CRT role in Ca2* homeostasis affects the calcineurin/ NF-AT signaling pathway which

could lead to defects in heart development as seen in CRT knockout mice (Mesaeli et al.,

1999). This has been further supported through rescue of CRT knockout mice by

overexpression of constitutively active calcineurin (Guo et a1.,2002).

2.iii. CRT and cell sdhesion

One of the aspects of cellular function which is modulated by CRT is cell

adhesion. CRT N{erminal domain of was originally shown to interact with a highly

conserved amino acid sequence (KXGFFKR) found in the cytoplasmic domain of a,-

integrins in vitro (Rojiani et al., l99I).Immunofluorescence studies on human prostate

cancer cells (PC-3) showed the localization of CRT on the cell surface (Leung-Hagesteijn

et al., 1994). Moreover, biotinylation of cell surface proteins and the

immunoprecipitation and subsequent isolation of biotinylated proteins using Western blot

analysis identified CRT as being a cell surface protein of human platelets (Elton et al.,

2002). Co-immunoprecipitation analysis of human platelets also confirmed the

colocalization of CRT with integrins (Elton et al., 2002; Leung-Hagesteijn et al., 1994).

Moreover, stimulation of Jurkat cells with either anti-integrin antibodies or phorbol 12-

myristate l3-acetate (PMA) resulted in the interaction of CRT with szpr integrin

(Coppolino et a1.,1995). Anti-integrin antibodies and PMA are known to induce adhesion



of Jurkat cells to collagen type I via integrins (Coppolino et a1., 1995). Down-regulation

of CRT using antisense oligonucleotides resulted in impaired integrin-mediated

attachment and spreading of the Jurkat cells (Leung-Hagesteijn et al., 1994). Despite

evidence which indicated the interaction of CRT with integrins, several other lines of

study illustrated that CRT does not interact with integrins at the cell surface. These

studies suggest that the effect of CRT on cell adhesion is indirectly mediated from the

lumen of ER. In these studies, changes in CRT expression was linked to altered

expression of vinculin (Opas et al., 1996). The cytoskeletal protein vinculin is a key

component of adherens-type junctions where it mediates the interaction of the

cytoplasmic domain of adhesion receptors with the actin cytoskeleton (ZiegIer et al.,

2006). Overexpression of CRT increases vinculin mRNA and protein expression and

decreases cell motility, while down-regulation of CRT has opposite effects (Opas et al.,

1996). L fibroblast cells overexpressing CRT also express a higher levels of N-cadherin,

which belongs to a group of proteins involved in intercellular cell adhesion (Fadel et al.,

2001). These cells also exhibit diminished tyrosine phosphorylation of B-catenin, a

member of the Wnt signaling pathway involved in linking adherens-type junctional

components to the actin cytoskeleton (Fadel et al., 2001). In general, changes in Wnt

signaling might contribute to the stabilization of cell-cell junctions as seen in CRT

overexpressing cells (Fadel et al., 2001). In addition to cell adhesion to extracellular

matrix, cell to cell communication via connexins can also be influenced by CRT.

Cardiac-specific overexpression of CRT in mice is shown to reduce connexin 40 and 43

expression Q.{akamura et al., 2001 a).



2.iv. CRT and modulution of gene expressíon

It has been shown that the DNA binding domain of nuclear hormone receptors

share sequence homology with the cytoplasmic domains of o,-intrgrins at amino acid

motif KXFFKR (X is either G, A or V). This observation resulted in several studies

examining the ability of CRT to interact with the DNA binding domain of nuclear

hormone receptors (Dedhar, 1994). In vitro studies using glutathione S-transferase (GST)

affinity chromatography showed that CRT interacts with the DNA binding domain of the

GR (GR) (Burns et al., 1994). Gene reporter assays also identified the importance of this

interaction in the regulation of GR transcriptional activity. Using electromobility shift

assays, Bums et al showed that the N-terminal domain of CRT prevents the binding of

GR to its responsive elements on DNA (Burns et al., 1994). Using similar approaches,

CRT was also shown to inhibit the transcriptional activity of the androgen receptor and

the retinoic acid receptor (Dedhar et al., 1994) and inhibit binding of the vitamin D3

receptor and the peroxisome proliferator-activated receptor (PPAR)/retinoic acid receptor

(RXR alpha) heretodimer to DNA (Wheeler et al., 1995; V/inrow et a1.,1995). Although

all of these evidences are in favor of a direct interaction between CRT and nuclear

receptors, a yeast two-hybrid system assay has not so far been successful to verify such

an interaction. In addition, Michalak et al. showed that CRT might indirectly modulate

the transcriptional activity of GR from the lumen of the ER (Michalak et al., 1996). This

group targeted CRT into either the ER or the cytoplasm of BSC40 (Monkey kidney cell)

or NIH/3T3 (mouse fibroblast cell) cells and investigated the in vivo transactivation
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potential of GRs. Consequently, the transcriptional activation of GRs was inhibited only

by the ER form of CRT (Michalak et al., 1996).

2.v. CRT ønd apoptosis

Any change in the ER luminal milieu can alter the susceptibility of cells to

apoptotic signals. Thus, the ER resident chaperone, CRT, could affect several signaling

pathways involved in cell survival and apoptosis. CRT overexpressing HeLa cells are

more sensitive to staurosporine-induced apoptosis (Nakamura et al., 2000). On the other

hand, loss of CRT function in MEFs resulted in increased resistance of cells to drug- or

UV-induced apoptosis (Nakamura et al., 2000; Mesaeli and Phillipson, 2004). The

increased resistance of crt-/- cells to UV-induced apoptosis can be explained by a

decrease in p53 expression and function (Mesaeli and Phillipson, 2004). The decrease in

p53 protein in the crt-/- cells was due to its degradation, which was mediated by the

activation and nuclear translocation of Mdm-2 (murine double minute) (Mesaeli and

Phillipson, 2004). Nuclear localized Mdm-2 ubiquitinates p53 and shuttle it out of the

nucleus in order to be degraded by ubiquitin-proteasome pathway (Haupt et al., 1997;

Zhang and Xiong, 2001). Given that Mdm-2 phosphorylation by the serine/threonine

kinase Akt precedes its nuclear translocation (Mayo and Donner, 2001), the effect of

CRT on p53 stability and UV-induced apoptosis may be indirectly mediated by changes

in Akt activity. Indeed, overexpression of CRT in the rat cardiomyoblast H9c2 cells was

shown to increase differentiation-associated apoptosis of cardiac cells via suppression of

Akt activity (Kageyama et aL,2002).Inhibition of Akt in these cells was due to increased

expression and activity of the catalytic domain of protein serine/threonine phosphatase
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2A (PPzAco) in a C**-d,ependent manner (Kageyama et al., 2002). Recently, similar

changes in PP2Aco expression and suppression of Akt activity were reported upon the

overexpression of CRT in malignant glioma cells (Okunaga et a1.,2006). Furthermore,

these studies demonstrated that CRT overexpression in the myocardial H9c2 cells as well

as glioma cells augmented the responses of the cells to apoptotic signals (oxidative stress

and UV radiation). The increased sensitivity of these cells to apoptotic signals is

attributed to the changes in Ct* homeostasis induced by CRT overexpression (Ihara et

a1.,2006).

2.vi. CRT ønd ER stress

The ER is the largest membranous organelle found in the cell and plays crucial

roles in many cellular processes. As discussed earlier, in addition to be a primary location

for Ct* storage and release, the ER is a site of protein and lipid biosynthesis (Michalak

et al., 2002). Consequently, any perturbation in the ER environment such as Ca2*

depletion or reduction of disulfide bonds can interrupt normal process occuning in the

ER and result in accumulation of unfolded and misfolded proteins, a condition known as

ER stress. Mammalian cells adapt to ER stress through a process termed the unfolded

protein response (UPR), which includes I) early and transient attenuation of global

protein biosynthesis II) transcriptional induction of UPR genes and III) ER-associated

protein degradation (ERAD). However, if the adaptive responses are insuffrcient, the

cells will die via the apoptotic pathway (Harding and Ron, 2002; Harding et al., 1999;

Yan et a1.,2002).It has been shown that in response to stresses induced by the depletion

of ER Ca2* store, CRT gene expression is upregulated (Waser et al., I99l).Interestingly,
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the CRT promoter harbors a cis-element motif known as the ER stress response element

(ERSE) (Yoshida et al, 1998). In fact ATF6 which is a basic leucine zipper transcription

factor involved in the UPR, was shown to induce transcription of the CRT gene through

ERSE (Yoshida et al., 1998). A recent report also demonstrated that the UPR is activated

in crt-/- cells due to the accumulation of misfolded proteins, implying that these cells are

under ER stress (Knee et al., 2003).

2. Chønges in CRT expression und diseøse developmenl

Changes in CRT expression have been observed in several pathological situations.

For example, pressure overload-induced cardiac hypertrophy in rats, induces increased

CRT expression in cardiomyocytes (Tsutsui et al., 1997). Transgenic mice

overexpressing CRT in the heart develop sudden heart block a condition that is similar to

the congenital complete heart block (CCHB) seen in the children Q.{akamura et al.,

2001a). Furthermore, infants with CCHB have elevated levels of circulating anti-CRT

antibodies, suggesting that an increase of CRT is a factor in development of CCHB (Orth

et ã1., 1996). An increase in CRT expression was also shown during hypoxic

preconditioning (HPC), suggesting it could play a cardioprotective role to attenuate

cardiac injury induced by ischemia/reperfusion (Liu et al., 2006).

Altered CRT protein expression has also been reported in different forms of

cancers. Overexpression of CRT has been observed in squamous cell carcinoma of the

esophagus (Jazä et a1.,2006).In addition, CRT overexpression has also been reported in

bladder tumors and CRT was detected in the urine of the patients with bladder cancer
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(Iwaki et al., 2004). Although it has previously been reported that CRT is present in the

nuclear matrix of colon cancer cells (Brunagel et a1.,2003), a recent study showed that

there is a reduction in CRT expression in human colon adenocarcinomas (Toquet et a1.,

2007). Proteomic studies have also identified CRT as a protein that is upregulated in

MCFT breast cancer cell line (Sarvaiya et al., 2006). The sera of pancreatic cancer

patients have been shown to contain auto-antibodies against CRT which could potentially

be used as a marker for early prognosis of pancreatic cancer in human {Hong, 2004

#21sll.

Attempts to use CRT as a therapeutic intervention, has also put into clinical trials.

The purified recombinant N-terminal domain of CRT, as well as full length CRT were

shown to prevent endothelial cell proliferation and angiogenesis both in vivo and in vitro

(Pike et al., 1999). Administration of a DNA construct encoding vasostatin into the

muscle of mice with tumors was shown to prevent angiogenesis and tumor progression,

thus increasing the survival of these mice (Xiao et al., 2002). The identification of

vasostatin in the systemic circulation of these mice indicated that intramuscularly injected

vasostatin DNA can be synthesized and released into the circulation and could be used as

a method to interfere with the progression of several types of cancer (Xiao et al., 2002).

Adenoviral-mediated gene transfer of vasostatin was also reported to suppress tumor

progression in pancreatic cancer (Li et al., 2006a). In contrast to these data, a recent

reporl demonstrated that transfection of neuroendocrine tumor cells with vasostatin

enhances their malignant properties and induces faster tumor development when these

cells are transplanted into mice (Liu et a1.,2005b).
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Like other heat shock proteins, CRT binds to peptides and thus elicits

immunogenicity to tumor antigens (Basu and Srivastava, 1999). This property suggested

a possible application for CRT in cancer-specific antigen immunotherapy. Cheng et al.

showed that DNA therapy using CRT linked to the tumor antigen of human papilloma

virus type-I6 E7 (HPV16) DNA was able to reduce tumorigenicity both by increasing

antigen-specific CD8* T-cell precursors as well as reducing the angiogenesis occurring in

tumors (Cheng et a1.,2001). Furthermore, the chemotherapeutic agent anthracyclin was

demonstrated to induce translocation of CRT on the tumor cell surfaces and trigger a

cascade of events which eventually led to an immunogenic response that resulted in

removal of the tumor cells by dentritic cells (Obeid et al., 2007). These data collectively

suggest a complex role for CRT in the process of tumorigenesis and regulation of tumor

progression. This role of CRT could potentially be cell type- or tissue-dependent.

4. CRT trønsgenic mice

To study the in vivo biological functions of CRT, both CRT knockout and

transgenic mouse models have been generated (Guo et al., 2002; Mesaeli et al., 1999;

Nakamura et al., 2001a). Homozygous CRT knockout mice die from impaired cardiac

development during late embryogenesis (Mesaeli et al., 1999). Morphological and

histological analyses have revealed that the homozygous CRT knockout embryos have a

thinner ventricular wall and deep intertrabecular recesses compared to their heterozygous

littermates (Mesaeli et al., 1999). Transmission electron microscopical analysis of crt-/-

hearts showed that the number of atrial and ventricular myofibrils in the developing heart
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is significantly decreased (Lozyk et al., 2006). This decrease is also associated with

irregular arrangement of myofibrils and myofilaments in the ventricles (Lozyk et aI.,

2006). Moreover, the myocardium of CRT deficient embryos had elevated levels of

glycogen accumulation, emphasizing that loss of CRT also affects metabolic pathways

(Michalak et al., 2004) (Lozyk et al., 2006). Omphalocele (failure of umbilical hernia

absorption) was another morphological abnormality observed in these embryos (Mesaeli

et al., 1999). Transgenic mice expressing green fluorescent protein (GFP) driven by the

CRT promoter demonstrated that CRT gene is highly expressed in the cardiovascular

system during early stages of embryonic development (Mesaeli ef al., 1999). After birth,

CRT expression is down-regulated in the heart with no change in expression in the

vascular wall (Mesaeli et al., 1999).Interestingly, sustained overexpression of CRT in the

mouse heart after birth is associated with sinus bradycardia, delayed atrioventricular node

conduction and diminished systolic function which eventually results in complete heart

block and sudden death Q.{akamura et al., 200Ia). Further investigations have shown that

both the basal and the phosphorylated levels of connexin 43, a component of cell-cell

gap-junctions, is diminished in the hearts of transgenic mice overexpressing CRT

highlighting a role for CRT in the cardiac conductive system Qrlakamura et al., 2001a).

II. AKI Puthwuy

Akt, also called protein kinase B (PKB), is a serine/threonine kinase which was

cloned in 1991 based on its homology to protein kinase A (PKA) and C (PKC). The

protein is also known as the cellular homologue of the viral oncogene (v-Akt) (Bellacosa

Signøling
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et a1.,1991; Coffer and Woodgett, 1991; Jones et al., 1991). In mammals there are three

Akt isoforms designated as Akt-liPKBo", AkI-2/PKBB and Akt-3/PKBy, which are

encoded by separate genes (Altomare ef a1.,1995; Jones et al., 199I; Masure et a1.,1999;

Nakatani et a1., 1999). These isoforms have a N-terminal pleckstrin homolgy (PH)

domain, a central catalytic domain and a C-terminal regulatory domain and arc 85o/o

homologous at the nucleotide level (l.tricholson and Anderson,2002). Phosphorylation of

a conserved serine and a conserved threonine residue, located in the catalytic and

regulatory domains of Akt respectively, activates Akt (Nlicholson and Anderson, 2002).

Although all three isoforms of Akt are ubiquitously expressed in different tissues, their

abundance varies between specific tissues. Akt-1 is predominantly found in most tissues

(Kandel and Hay, 1999), whereas Akt-2lPKBB is highly expressed in insulin-responsive

tissues such as adipose tissues, skeletal muscle, heart and liver (Walker et al., 1998)

(Altomare et al., 1998). Akt-3 is shown to be highly expressed in heart, brain and

placenta, and it has more restricted tissue distribution as compared to either Akt-1 or Akt-

2 (Masure et a1.,1999; Nakatani et al., 1999).

1. Mechunisms of Akt uctivution

Akt is activated via both Pl3-kinase dependent and Pl3-kinase independent

pathways. Insulin and growth factors form a class of ligands that activate Akt in a PI3-

kinase dependent manner (Alessi et al., 1996; Burgering and Coffer, 1995) (Figure 2).

Binding of these ligands to their cognate receptors triggers the trans-phosphorylation of

tyrosine residues on the intracellular regions of the receptors and leads to the generation
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of a docking site for the regulatory subunit (p85) and subsequent activation of the

catalytic subunit (p110) of Pl3-kinase (Wymann and Pirola, 1998). The interaction

between the regulatory subunit of Pl3-kinase and phosphotyrosine residues of receptors

can be direct as shown for the epidermal growth factor receptor (EGFR) or indirect, as

seen for insulin signaling (Zeng et al., 2000). Activated Pl3-kinase phosphorylates

plasma membrane phosphoinositides (PI) at the 3' of the inositol ring and generates

Pl(3,4)PZ and PI(3,4,5)P3 which are bound by the PH domain of Akt (Vanhaesebroeck

and Alessi, 2000). Translocation of the protein to the plasma membrane makes it

available to be phosphorylated by other kinases located at the plasma membrane

(Vanhaesebroeck and Alessi, 2000) (Figure 2). The enzyme responsible for

phosphorylation of T308 of Akt is another PH domain containing enzyme known as 3-

phosphoinositide-dependent kinase-1, PDK-1, which binds with high affrnity to

PI(3,4,5)P3 (Alessi et al., 1997). The identity of the kinase responsible for 5473

phosphorylation is still under debate. However, phosphorylation by integrin linked kinase

(ILK) (Troussard et al., 2003), autophosphorylation due to conformational changes

(Toker and Newton, 2000), a novel raft associated Akt 5473 kinase activity (Hill et a1.,

2002), phosphorylation by PKD1 itself (Balendran et al., 1999) and rictor-mTOR

(mammalian Target of Rapamycin) complex (Sarbassov et al., 2005) are several cellular

kinases has been shown to play a role in 5473 phosphorylation. Translocation of Akt to

the plasma membrane is an essential step in its activation. Indeed, constitutive membrane

localization of the v-Akt as a result of its fusion to the Gag protein renders v-Akt

constitutively active (Bellacosa et al., 1991). A constitutively active form of Akt has also

been generated by fusion of the myristoylatior/palmitylation motif from the Lck tyrosine
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kinase to the N-terminus of Akt, and this modification leads to the forced plasma

membrane localization of Akt (Andjelkovic et al., 1997).

In addition to the Pl3-kinase pathway, Akt can be activated in a Pl3-kinase

independent mechanism (Filippa et al., 1999; Moule et al., 1997; Okuno et al., 2000). A

moderate increase in intracellular free Ca2* level is shown to promote cell survival by

increasing Akt activity through the Ct*lCalmodulin dependent protein kinase kinase

(CaM-KK) (Okuno et al., 2000). B-adrenergic receptor agonists as well as PKA

activation which elevate cAMP are also known to increase Akt activity in a Pl3-kinase

independent mechanism (Filippa et al., 1999; Moule et al., 1997).

2. Negative regulation of Akt acfívity

Like most kinases, Akt can be negatively regulated by means of several district

mechanisms. Previous studies have shown that PP2A is the key enzyme involved in Akt

dephosphorylation and inactivation both in vivo and in vitro (Andjelkovic et al., 1996;

Resjo et al., 2002). Recently, a novel PH-domain containing protein phosphatase, called

PHLPP, was discovered (Gao et al., 2005) and shown to inactivate Akt by directly

dephosphorylating the serine residue at the hydrophobic motif (Bayascas and Alessi,

2005; Gao et a1.,2005). Furthermore, dephosphorylation of Ptd Ins-3,4 P2 and Ptd Ins-

3,4,5 P3 at D3 position by the tumor suppressor protein PTEN (phosphatase and tensin

homolog deleted on chromosome 10) also suppresses Akt activity (Goberdhan and

Wilson, 2003). Mutation of T308 or 5473 to alanine results in the generation of a

dominant negative inactive form of Akt (V/ang et al., 1999a). Another negative regulator
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of Akt activity is a cellular protein called Carboxy-Terminal Modulator Protein (CTMP)

which functions through a mechanism that does not involve a phosphatase activity (Maira

et aL,2001). This protein can be found in association with Akt in the plasma membrane

and maintains the kinase in the inactive state (MairaetaI.,2001). The negative regulatory

effect on Akt activity can also be exerted via cross-talk between different signal

transduction cascades in a cell such as activation of PKC (Wen et a1.,2003).

3. Biologicul Functions of Akt

Akt has many biological functions such as inhibiting apoptosis, promoting cell

growth and survival, activation of the cell cycle, glucose metabolism as well as protein

translation, to name a few.

3.i. Antí-øpoptotic role of Akt

Overexpression of Akt has an antiapoptotic effect and contributes to the

development of different types of cancer in a variety of tissues Q.{icholson and Anderson,

2002). There are several effector molecules which mediate the role of Akt in promoting

cell survival. For example, BAD (a pro-apoptotic member of Bcl-2 family of proteins)

heterodimerizes with the anti-apoptotic proteins Bcl-Z or Bcl-xl on the outer

mitochondrial membrane and prevents their antiapoptotic effect (Yang et al., 1995). Once

phosphorylated by Akt, BAD is released from Bcl-2 or Bcl-xl proteins and is restricted

to the cytosol via association with 14-3-3 proteins. The dissociation of BAD from Bcl-2

or Bcl-xl in turn results in inhibition of apoptosis (Datta et al., 1997). Akt has also been
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shown to phosphorylate and inactivate caspase-9 which is a protease important for

caspase-dependent apoptotic events (Cardone et al., 1998).

Akt can also regulate apoptosis at the transcriptional level. Forkhead transcription

factors FKHR, FKHRL1 and AFX are three members of a large family of transcription

factors which have apoptotic effects (Birkenkamp and Coffer, 2003). Akt is shown to

phosphorylate these transcription factors in response to stimulation with growth

hormones such as insulin, platelet-derived growth factor (PDGF) (Ghosh Choudhury et

a1.,2003), insulin (Schmoll et a1.,2000) and IGF-1 (Zheng et a1., 2000). Akt-mediated

phosphorylation of forkhead transcription factors inhibits their activity, thus promoting

cell survival (Biggs et al., 1999; Brunet et al., 1999; Kops et al., 1999).

Nuclear factor-rcB (ltIF-rB) is another transcription factor that mediates the

antiapoptotic effect of Akt (Kane et al., 1999). Akt has been shown to activate the

inhibitor of rcB (IrcB) kinases (IKKs) leading to the degradation of IrcB and subsequent

activation of NFrcB (Kane et al., 1999). Akt-mediated activation of NFrcB can induce

transcription of anti-apoptotic genes such as inhibitors of apoptosis (IAP) proteins c-IAP-

1 and c-IAP-2 (Kane et al., 1999). Akt can also suppress apoptosis by stimulating the

transcriptional activation of NFrB (Madrid et al., 2000). Another mechanism by which

Akt can control apoptosis is through decreasing the protein level of tumor suppressor

gene p53 the (Mayo and Donner, 2001). Active Akt phosphorylates the ubiquitin ligase

Mdm-2 which induces its activation and nuclear translocation. Once in the nucleus,

Mdm-2 ubiquitinates p53 and targets it for nuclear export and degradation via the

ubiquitin proteasome pathway (Mayo and Donner,2002).
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3.ä. Role of Akt in Glucose metøbolism

As a major effector molecule of insulin signaling, Akt modulates several aspects

of glucose metabolism. Akt phosphorylates glycogen synthase kinase (GSK-3o and

GSK-3Þ) which subsequently maintain glycogen synthase in an active state, thus

enhancing glycogen synthesis in insulin responsive tissues (Cross et al., 1995). Akt/PKB

can also affect glucose uptake by stimulating glucose transporter 4 (GLUT4)

translocation to the plasma membrane (Tanti et al., 1997; WanE et al., 1999a) and

regulating GLUT1 and GLUT3 gene expression (Barthel et a1., 1999; Hajduch et al.,

1998). Indeed, Akt is shown to have a dual role in the regulation of GLUT1 gene

expression. Insulin-mediated Akt activation increases GLUT1 mRNA expression in

mouse hepatoma cells (Barthel et al., 1999). However, exposure of human retinal

pigment epithelial cells to high glucose has been reported to suppress GLUTI gene

expression (Kim et al., 2007). This discrepancy of active Akt effect on GLUT1

expression could be attributed to different cell lines or involvement of different signal

transduction pathways in the regulation of Akt activation. In addition to the

transcriptional control of GLUT1, Akt also mediates the translocation of GLUT1 to the

cell surface of mast cells following stimulation with interleukin-3 (IL-3) (Bentley et al.,

2003). Akt has also been shown to directly activate the cardiac Phospho-fructo kinase-2

(PFK-2) and thus enhance glycolysis (Cross et al., 1995; Deprez et a1.,1997; Kohn et al.,

1996).In addition, insulin-mediated activation of Akt was repofted to phosphorylate and

activate cAMP-phosphodiesterase 38 in adipose tissue, hence regulating cellular cAMP

levels (Kitamura et al., 1999).
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3.iii. Role of Akt in protein synthesìs ønd cell cycle progression

Akt affects protein synthesis through modulation of signaling molecules involved

in mRNA translation. Under growth conditions, mammalian Target of Rapamycin

(mTOR/FRAP) has been reported to phosphorylate eukaryotic translation initiation factor

4E (eIF-4E) binding proteins (aE-BPs). Phosphorylated 4E-BP dissociates from eIF-4E,

allowing the latter to bind to the 5'-cap (7-methylguanosine) of the mRNA and to start

translation (Wang et al., 2000a). In vitro studies have shown that Akt can directly

phosphorylate and stimulate the activity of mTOR in HEK 293 cells (Nave et al., 1999).

However, recent studies suggested an indirect role for Akt in the activation of mTOR

through inhibition of tuberous sclerosis complex 2 (TSCZ), which is a negative regulator

of mTOR (Hahn-Windgassen et al., 2005). mTOR also is an upstream signaling molecule

for p70'6k. Activation of p70'6k by mTOR results in phosphorylation of the 40S ribosomal

protein 56 and initiation of the translation (Jefferies et a1.,1997).

Akt controls cell cycle progression at several levels. In mammalian cells, cell

cycle progression is regulated via cooperative activity of cyclin-dependent kinases

(CDKs) and their catalytic subunits the cyclins (Shen and Roberts, 1999). The activity of

CDKs is in turn controlled by an association with the CDK inhibitors (p2lcrPt and

p}7kivt, in the nucleus (Sherr and Roberts, 1999). Akt has been shown to phosphorylate

and sequester p2lclPl andp2Tki?t in the cytosol, thus stimulating the progression of cells

from Gr phase of the cell cycle (Viglietto et al., 2002; Zhou et al., 2001). Akt also

decreases the transcription of p2Tkivt via phosphorylation and cytosolic sequestration of

the forkhead transcription factor AFX (Medema et al., 2000). Moreovet, gene expression,

24



mRNA translation and protein stability of Cyclin Dl all are regulated by Akt (Diehl et

a1.,1998; Muise-Helmericks et al., 1998; Takuwa et a1.,1999).

4. Trønsgenic mouse models with øltered Pl3kinøse/Akt signøling

The critical role of Akt in many aspects of cell signaling such as cell survival

suggests that Akt gene deletion would potentially exert a dramatic effect on cells, organs

and eventually the entire organism. In fact mutation of the Akt gene in Drosophila is

embryonicaly lethal due to onset of apoptosis during embryogenesis (Staveley et al.,

1998). However, knockout mouse models of Aktl and Akt2 are both viable (Chen et al.,

2001c; Cho et al., 200I; Peng et al., 2003). Aktl knockout mice don't manifest gross

growth retardation, however compared to wild type they have a shorter life span in

response to y-irradiation (Chen et al., 2001c). One of the prominent features of these mice

is the increased incidence of apoptosis in their thymus and testes (Chen et al., 2001c). On

the other hand, ablation of the Akt2 gene in mice is associated with both hyperglycemia,

elevated blood insulin level and insulin resistance in liver and muscle which is the

reminiscent of human type II diabetes (Cho et al., 2001). These data, together with the

fact that Akt2 is the predominant Akt isoform in insulin responsive tissues (such as

skeletal muscle and liver), indicate a crucial role for Akt2 in controlling glucose

homeostasis (Cho et a1.,2001). The ability of mice to survive the loss of one Akt isoform

suggests that different Akt isoforms compensate for the absence of the others. Indeed,

double Akt knockout mice deficient for both Aktl and Akt2 isoforms show remarkable
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growth retardation associated with impaired skin, bone and muscle development and die

prenatally (Peng et al., 2003).

The role of Akt has been fuither addressed by generation of transgenic mice

overexpressing Akt in a tissue specific manner. Cardiac-specific overexpression of

constitutively active Akt in mice increases both cardiomyocyte size and contractility

(Condorelli et al., 2002). Similarly, overexpression of active Akt in the liver of transgenic

mice results in hepatomegaly (Ono et al., 2003). These mice also show a remarkable

hypoglycemia and hypo-insulinemia which is in consistent with the role of Akt in glucose

metabolism (Ono et a1.,2003). Furthermore, targeted overexpression of active Akt in

neuronal cells can limit infarct size following brain ischemic damage (Ohba et a1.,2004),

perhaps via increasing resistance to apoptosis.

In addition to Akt, knockout mouse models of other members of the PI3-

kinase/Akt signaling pathway have also been generated. Mice lacking PDK-I in their

cardiomyocytes were generated using the Cre/lox P method. These animals die suddenly

between 5 and 1l weeks of age due to the development of heart failure (Mora et al.,

2003). Histological analysis demonstrated a reduction in the cardiomyocytes' volume, but

not the numbers in PDKI-/- mice (Mora et a1.,2003). These results are in accordance with

previous data showing that overexpression of dominant negative PI3-kinase decreases

cardiomyocytes volume which in turn results in a leduced heart size (Shioi et a1., 2000).

Cardiac-specific ablation of PTEN results in heart hypertrophy and decreased myocardial

contractility (Crackower et al., 2002).
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III. Integrin-linked kinøse (ILK)

l. ILK gene ønd promoter

ILK was originally identified as an integrin B-subunit interacting protein using the

yeast two-hybrid system (Hannigan et al., 1996). Soon after, Fluorescence In Situ

Hybridization (FISH) analysis mapped the gene encoding for ILK to human chromosome

1lp15.5-p15.4 (Hannigan et al., 1997). The identif,rcation of ILK homologues in human

(Hannigan et al., 1997), mouse (Li et al., 1997), Drosophila (zervas et al., 2001) and, C.

elegans (Mackinnon et al., 2002) indicates that this gene is evolutionary conserved.

Characterization of the human ILK promoter has revealed a GC-rich region but

lacks TATA and CAAT boxes, which is similar to the promoter regions of housekeeping

genes (Melchior et al., 2002). Although ILK is considered the product of a single gene,

Janji et al., have charccteÅzed a new isoform of ILK, named ILK-2, in melanoma cell

lines stimulated with transforming growth factor Bl (TGFBI) (Janji et al., 2000). Given

that ILK-2 shares 99Yo sequence homology at the amino acid level, but o¡ly 93%

sequence homology at the oDNA level with the known human ILK (or ILK-1), the

authors believe that this is a new isoform, instead of being an allelic variant of ILK-I.

The four-amino acid substitutions that discriminate between ILK-1 and ILK-2 are located

in the kinase domain of the protein (Janji et al., 2000). This isoform is absent from

27



normal adult tissues but highly expressed in metastatic melanoma and fibrosarcoma

tumor cell lines; therefore, it might play a role in the metastatic properties of these cell

lines (Janji et al., 2000).

2. ILK protein

ILK consists of three structurally distinct regions. The N-terminal ankyrin repeat

domain mediates its interaction with the adaptor protein PINCH, the function of which is

to provide cross-talk between the growth factor receptor and the integrin signaling

pathways (Wu, 2001). Interaction with PINCH is also known to be required, although

not sufficient, for the localization and clustering of ILK to the focal adhesion sites (Li et

a1., 1999a). A short linker sequence of ILK resembles the pleckstrin homology (PH)

domain and connects the N-terminal of ILK to the C-terminal kinase dornain (Melchior et

a1.,2002). The C-terminal domain of ILK has intrinsic kinase activity. This region is also

able to bind to the B-integrin cytoplasmic domain as well as actin binding proteins such

as Calponin homology domain-containing ILK-binding protein (CH-ILKBP) (also called

actopaxin or u,-parvin) and therefore acts as a connection between integrins and the

cytoskeleton (Wu, 2001) (Figure 3). CH-ILKBP knock down using RNAi has identified

an essential role for this protein in mediating cell survival by facilitating membrane

translocation of Akt (Fukuda et al., 2003). As discussed earlier, translocation of Akt to

the plasma membrane facilitates its phosphorylation and activation. Interaction of iLK

with CH-ILKBP induces ILK kinase activity in a Pl3-kinase dependent manner (Attwell
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ef a1.,2003). In addition to CH-ILKBP, the C-terminal domain of ILK also interacts with

affixin (B-parvin) and paxillin ('Wu and Dedhar, 2001). Mutation of the N-terminal

domain of ILK disrupts its interaction with PINCH and prevents ILK localization to the

focal adhesion sites (Li et al., I999a). Similarly, deletion of the C-terminal domain of

ILK manifests the same effect, emphasizing that the ILK-PINCH interaction is mediated

by both its N- and C-terminal domains (Li et al.,1999a).

3. Biologicøl Functions of ILK

3. i. Role of ILK in Cell sdhesion und Signøl Trønsduction

ILK is localized to focal adhesion and fibrillar adhesion sites and thus it is

implicated in both cell-extracellular matrix (ECM) interaction and signal transduction (Li

et al., 1999a). However, ILK is not present at the E-cadherin mediated cell-cell adherens

junctions (Li et al., I999a). Many factors including ECM-cell interaction, IR as well as

growth factor receptors can positively regulate ILK activity in a Pl3kinase dependent

manner (Delcommenne et al., 1998). Activation of ILK in turn can regulate cell adhesion,

survival and ploliferation.

The role of ILK in signal transduction can be accomplished through different

mechanisms. First, the ILK interacting protein PINCH is known to bind to the adaptor

protein Nck-2 which consists of the Slc homology (SH) domains SH2 and SH3 (Tu et al.,

1998). Through these domains, Nck-2 interacts with the components of the growth factor

receptors and small GTPase signaling pathways and thus recruits them to the cell-matrix

contact sites (Tu et al., 1998). Second, as a serine-threonine kinase, ILK can be activated
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in response to ECM-cell interaction as well as growth factor binding (Campana et al.,

2003; Troussard et al., 1999; Yoganathan et a1.,2000). Active ILK can in tum stimulate

downstream kinase molecules, including Akt and GSK3P, which eventually results in

activation or repression of genes involved in cell adhesion, cell cycle regulation, cell

survival and differentiation (Wu, 2001) (Hannigan et al., 2005).

3. ii. ILK kinuse function versus ødøplor function

Given that many ILK interaction partners, such as CH-ILKBP, PINCH and

paxillin, are associated either directly or indirectly with actin filaments (Brakebusch and

Fassler, 2003; Nikolopoulos and Turner, 2001; Tu et al., 2001a; Tu et al., 1999), it

appears that ILK functions as an adaptor protein in modulating the anchorage of actin

filaments to the focal adhesion sites. Genetic studies using Drosophila Melanogaster

have questioned the significance of the kinase activity of ILK, while highlighting its

cellular effect in modulating cell-matrix adhesion (Zewas et a1.,2001). In the Drosophila

ILK-null mutants, the actin filaments fail to allach to the membrane at muscle contact

sites. This study show that ILK is essential for integrin-rnediated adhesion of muscle and

epithelial cells in Drosophila (Zervas and Brown,2002). Since a kinase-dead ILK mutant

can rescue the ILK-null mutant phenotype, the role of ILK as an adaptor protein appears

more significant than its kinase role in this model for this particular aspect (Zervas et al.,

2001). However, an independent study using PTEN-null prostate cancer cells has

underscored the importance of both kinase and adaptor functions of ILK in mediating cell

attachment, cell migration and cytoskeletal organization (Persad et al., 2000).
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The role of ILK in Akt phosphorylation at the 5473 residue is controversial. Both

direct and indirect roles for ILK in the phosphorylation of Akt at 5473 have been

proposed. Lynch et al have reported that ILK acts as an adaptor protein to recruit an

independent kinase that will in tum phosphorylate Akt at this serine residue (Lynch et al.,

1999). This conclusion was based on the fact that ILK lacks the evolutionary conserved

residues located in the kinase catalytic domain of the protein. However, subsequent

investigations using an in gel kinase assay and MOLDI-TOF mass spectrometric analysis

showed that ILK directly phosphorylates the 5473 residue of Akt (Persad et al., 2001).

Furthermore, conditional knockout of ILK using the Cre-Lox system in mouse

macrophages as well as ILK knock down by means of siRNA in HEK-293 demonstrates

a role for ILK in 5473 phosphorylation of Akt (Troussard et al., 2003). In contrast,

fibroblast cells isolated from ILK-null mice display impaired cell adhesion, cell spreading

and stress fiber formation, without any change at the level of Akt phosphorylation (Sakai

et a1.,2003).

Mutational analysis of ILK has made it possible to identiff the amino acids

essential for kinase activity and regulation of Akt phosphorylation in vivo. For example,

arginine 211 (R211) in the PH-domain of ILK is known to play an important role in

binding to phosphoinositide phospholipids in the plasma membrane (Persad et al., 2001).

Likewise, glutamic acid 359 (E359) within the kinase catalytic domain, which is

conserved within different protein kinases, is crucial for kinase activity of ILK (Hanks

and Hunter,1995; Persad et al., 2001). Serine 343 (5343) in the activation loop of ILK is

also subject to auto-phosphorylation and is essential for both kinase activity of ILK and

its interaction with Akt (Persad et al., 2001). It has been proposed that the ILK-Akt
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interaction results in the displacement of PDK-I from the Akt complex, and exposes the

hydrophobic 5473 domain of Akt to phosphorylation by ILK (Persad et al., 2001).

Although mutation of these residues prevents ILK from phosphorylating Akt at 5473, the

8359K (glutamic acid substitution by lysine) and R2114 (arginine substitution by

alanine) mutants function as dominant negatives (Persad et al., 2001).

3. iii. ILK emd its role in cøncer

The first evidence that ILK may be involved in tumorigenesis originated from the

fact that the chromosomal region harboring the ILK gene is linked to both genomic

imprinting and loss of heterozygocity in several tumors (Hannigan et al., 1997).In fact,

dysregulation of ILK expression and activity is associated with an increased incidence of

several cancers. For instance, elevated ILK expression has been reported in colonic

polyposis (Marotta et al., 2001), gastric carcinoma (Ito et al., 2003), breast tumors

(Mongroo et al., 2004) and prostatic adenocarcinoma (Graff et al., 2001). Constitutive

activation of ILK in human breast cancer cell lines as well as murine maÍìmary epithelial

cells was shown to repress anoikis (suspension-induced apoptosis) (Attwell et al., 2000).

Furthermore, overexpression of ILK in rat intestinal epithelial cells was shown to

stimulate the expression of cell cycle proteins, including cyclin D1, cyclin A and Cdk4,

which leads to the induction of cell growth in an anchorage independent manner (Radeva

et a1.,1997).Increased cyclin D1 gene expression by ILK was shown to be mediated via

activation of the cAMP-r'esponsive element binding protein (CREB) in a PI3-kinase and

Wnt-l dependent manner (D'Amico et al., 2000). Overexpression of ILK is also shown to

down-regulate the expression of E-Cadherin (Novak et al., 1998; Wu et al., 1998).
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Diminished E-Cadherin expression correlates with the loss of cell-cell junctions and

favors cell growth in an anchorage-independent manner and leads to tumor development

(Wu et al., 1998). Overall, loss of cell-cell contact, altered ECM and the ability of cells to

escape anoikis will facilitate the process of tumor invasion and metastasis. Active ILK

also could contribute to tumor development and angiogenesis by stimulating the

expression of matrix metalloproteinase-9 (MMP-9) (Troussard et al., 2000).

Angiogenesis contributes to tumor cell growth and proliferation. The mechanism

by which ILK regulates vascular structure and angiogenesis has been investigated in

cultured human prostate cancer cells (Tan et al., 2004). These cells have elevated

expression of vascular endothelial growth factor (VEGF) (a key mediator of

angiogenesis) and express constitutively active forms of ILK and Akt. They are therefore

valuable tools for studying the molecular pathways controlling the production of

angiogenic factors. A previous report showed that ILK enhances the expression of VEGF

via activation of Akt, mTOR/FRAP and hypoxia inducible factor-l (HIF-l) (Tan et al.,

2004). An llK-mediated elevation of VEGF can in turn induce endothelial cell suruival,

proliferation, invasion, migration and new blood vessel formation (Tan et al, 2004).

Overall, these data have revealed a central role for ILK in mediating tumor cell

angiogenesis. In vitro sttdies using human umbilical vein endothelial cells (HUVEC)

have also identif,red an important role for ILK in mediating VEGF induced endothelial

adhesion to collagen type I and capillary-like tube formation (Kaneko et al., 2004),

reemphasizing the role of ILK in vascular endothelial cell differentiation.

3, iv. Role of ILK in muscle cell contrsction ønd differentiufion
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In addition to the role of ILK in cell adhesion, ILK also plays a significant role in

smooth muscle cell contraction. ILK can associate with myofilaments and is capable of

Ca2*-independent phosphorylation of the myosin light chain at serine 19 (Deng et al.,

2001). The effect of ILK in smooth muscle cell contraction can also be indirect via

phosphorylation and activation of myosin light chain phosphatase (MLCP) inhibitors

CPI17 and PHI-I, which leads to inhibition of MLCP activity (Deng et al., 2002).ILK

has also been shown to negatively influence myogenic differentiation in mouse C2Cl2

myoblasts via activation of MAP kinases (Erkl and Erk2) (Huang et al., 2000). This

function of ILK allows for cross-talk between the integrin signaling pathway and MAP

kinase, which maintains myoblasts in a proliferative and undifferentiated state. Both ILK

kinase activity and ILK-PINCH interaction are required for ILK regulatory activity on

myogenic differentiation (Huang et a1.,2000). More recent studies showed a role for ILK

in promoting myoblast differentiation in L6 rat skeletal myoblasts, a process which is

Pl3-kinase dependent (Miller et à1., 2003). Although the underlying molecular

mechanism describing such opposing results has not been identified so far, one can

postulate the possibility of differential regulation of MAPK cascades in the cells of

different origins.

4. Negative Regulution of ILK octivity

The tumor suppressor PTEN, which antagonizes PI3-kinase activity by

dephosphorylating phosphoinositol triphosphates, is also known to suppress ILK activity
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(Morimoto et a1.,2000). This suppression is most likely due to a disturbance in the PH

domain-mediated interaction of ILK with phosphoinositiol triphosphates in the plasma

membrane and ILK's subsequent localization to focal adhesion sites. The second

phosphatase is ILKAP (ILK associated phosphatase) which belongs to the PP2C family

of serine/threonine phosphatases and was shown to inhibit integrin- and growth factor-

induced ILK kinase activity (Leung-Hagesteijn et a1., 2001). This inhibitory effect was

reported to selectively impact ILK kinase activity towards GSK3P (rather than Akt) thus

specifically targeting the V/nt signaling pathway (Leung-Hagesteijn et al., 2001). The

mechanism of such specificity is not known.

5. ILK trunsgenic Models

The biological function of ILK has been further investigated by either global or

tissue specihc deletion of its gene. ILK knockout mice die at the pre-implantation stage

due to impaired epiblast polarization (Sakai et a1., 2003). This is likely caused by

defective actin polymerization at the sites of integrin interaction with the basement

membrane (Sakai et al., 2003). ILK has also been targeted specifically in the

chondrocytes of mice using the Crell,ox system. The phenotype of these mice is

decreased skeleton size and development of chondrodysplasia (impaired chondrocyte

proliferation and shape) which eventually leads to their death at birth (Grashoff et al.,

2003). The role of ILK in leukocytes has also been addressed by the generation of T-cell

specific ILK knockout mice. These mice demonstrated the importance of ILK in T-cell
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trafficking and survival in an Akt- and Rac-dependent manner (Liu et al., 2005a).

Interestingly, disruption of ILK in endothelial cells results in embryonic lethality due to

impaired chorio-allantoic placental circulation as well as gross defects in vascular

development (Friedrich et al., 2004). The role of ILK in vascular system development has

further been substantiated by studies showing that deletion of the ILK gene in Zebrafish

using antisense morpholino oligonucleotides leads to aberrant patterning of the trunk

vessel network and death of the animals (Friedrich et al., 2004). On the other hand,

transgenic mice that overexpress ILK specifically in mammary epithelial cells had

hyperplasia of mammary tissue, leading to the development of mammary tumors (White

et al., 2001). Hyperplastic mammary glands isolated from these mice show elevated

phosphorylation level of Akt, GSK3P and MAP kinase (Erkll2), suggesting that cell

survival and proliferation signals are augmented in these cells (White et al., 200I).

a-.tt



IV. NFrcB fumily of proteíns

The transcription factor NFKB was initially isolated from the nucleus of B cells,

as a protein which had the capacity to bind to the enhancer of the kappa light chain of

immunoglobulins (Sen and Baltimore, 1986). The mammalian NFrcB family of proteins

consists of five members including p65 (RelA), RelB, c-Rel, p50/105 (NFrcBl) and

p52lpI00 OIFKB2) (Figure 4). These proteins are found as homo- or hetero-dimers and

share a conserved 300 amino acid Rel homology domain (RHD) in their N-terminus

(Hayden and Ghosh,2004). It has been shown that the RHD is required for dimerization,

interactions with inhibitors of rB proteins (IrcBs), nuclear translocation and DNA binding

of NFrcB proteins (Baldwin, 1996;Malek et al., 1998). More specifically, the N-terminal

half of RHD (L1) is important for base-specific DNA binding while its C-terminal half is

required for dimerization, interaction with IrcBs and non-specific DNA contacts (Ghosh

and Karin, 2002). As shown in Figure 4, c-Rel, RelB and p65 contain a C-terminal non-

homologous transactivation domain (TAD) that activates transcription from NFKB

binding sites. This domain is absent from the p50 and p52 proteins which are the

proteolytic products of their plecursors p105 and p100 (Hayden and Ghosh,2004). pl05

and p100 contain ankyrin repeats in their C-terminal which is essential for protein-

protein interactions and inhibition of DNA binding by NFrcB (Hatada et al., 1992).

Generally, heterodimers of p50 or p52 and Rel are transcription activators, whereas,

homodimers of p50 or p52, which lack TAD, can bind to their cognate DNA and binding

sites act as transcription repressors (Guan et al., 2005; Schmitz and Baeuerle, 1991).
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Although several homo- or heterodimers of NFrcB proteins can be formed, the most

widespread active form of NFrB is the heterodimer of p65 and p50 subunits (Quivy and

Van Lint, 2004). The only member of the NFKB family which does not homodimerize is

Rel B, but it can form heterodimers with p50 or p52 and act as an activator or

repressor of target gene transcription (Dobrzanski et al., 1993; Ryseck et al., 1992).

In a resting cell, NFrcB is restricted to the cytosol through an association with

L<Bs. The hcB family of proteins consists of seven members including IrcBo,, IKBP, I*By,

IrcBe, BCL3 and the precursor proteins p100 and p105 which are characterized by the

presence of 5-7 ankyrin repeats that mediate protein-protein interaction. These proteins

are capable of masking the nuclear localization signal (l.tLS) on NFrcB subunits, thus

restricting them to the cytoplasm (Hayden and Ghosh, 2004; Verma, 2004). However,

recent studies have shown that the NFrcB complex continuously shuttles between the

nucleus and cytosol and this is due to the accessibility of either an NLS on the NFKB

subunits or a nuclear export signal (NES) on the NFKB and/or IrcB proteins (Huxford et

al., 1998). The continuous shuttling of the NFrcB complex between the nucleus and

cytoplasm has been further confirmed using leptomycin B (an inhibitor of nuclear export)

that results in the nuclear accumulation of p65 and IrcBa (Tam et al., 2000). IrcBs is

shown to merely mask the NLS domain of the p65 subunit, while the unmasked NLS

domain of the p50 subunit as well as the NLS domain of lrcBo, make it possible to imporl

the NFrcB/lrcBu cornplex into the nucleus (Jacobs and Harrison, 1998; Sachdev et al.,

1998). Conversely, both IrcBu and p65 contain a NES which can lead to the complex

being exported out of the nucleus (Huxford et al., 1998). The nuclear export process

occurs more efficiently than the import process, leading to the predominant cytosolic
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localization of the complex. In contrast, the association of NFrcB with IrcBB proteins

masks both the NLS domains on the NFrcB dimer and restricts the NFrcB/I"BP complex

to the cytosol (Malek et al., 200I).

7. Mechünism of NFrcB øctivution

NFKB can be activated through two major signaling pathways known as the

classical and alternative signaling pathways (Figure 5). Upon stimulation with pro-

inflammatory cytokines such as tumor necrosis factor u (TNFo) or interleukin-l (IL-l),

the IrB kinase (IKK) is activated (Yamamoto and Gaynor, 2004). IKK is a 900-kDa

protein complex composed of two enzymatically active subunits IKKo (IKK1) and IKKB

(IKK2) (Zandi et al., 1997). This complex also contains two regulatory subunits IKKI

(also called NEMO, NFrcB essential modifier) (Rothwarf et al., 1998) and ELKS (Ducut

Sigala et al., 2004). A newly identified regulatory subunit of the IKK complex, ELKS,

induces IKK and NFKB function by recruiting IrcBo to the IKK complex (Ducut Sigala et

aL,2004).IKKo and IKKB share 57Yo similarity at the amino acid sequence and contain

three functional domains, N-terminal catalytic domain, central leucine zipper motif and

C-terminal helix-loop-helix domain (HLH). Like NFrcB proteins, IKKo and IKKB can

undergo homo- and hetero-dimerization (Yamarnoto and Gaynor, 2004).

In the classical NFrcB signaling pathway, the B subunit of the IKK complex is

activated, which leads to the phosphorylation of IrcB at a specific N-terminal serine

residues (S32 and 536 of IrcBu or S19 and S23 of IrcBB) (Mayo and Baldwin, 2000).

Although the mechanism by which the IKK complex is activated has not been completely
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defined, NFrcB-inducing kinase (NIK) (Woronicz et al., 1997), Mitogen-activated protein

kinase kinase (MEKK)-i and MEKK2 (Lee et al., 1998; Yang et al.,200ib), TGFB

activating kinase 1 (TAK-i) (Takaesu et al., 2003) and NFrcB-activating kinase (NAK)

(Takaesu et al.,2003) are among the kinases shown to phosphorylate IKK and activate

NFKB in vitro. Phosphorylated kBs are poly-ubiquitinated at conserved lysine residues

(K21 and K22 on kBo) by the E3-SCFÞr'CP ubiquitin ligase complex resulting in their

subsequent degradation by the 265 proteasome pathway (Ben-Neriah, 2002).

Furthermore, kBu can also be phosphorylated by casein kinase II (CK2) in its C-terminal

region which is distinct from the N-terminal lKK-mediated serine (S32 and 536)

phosphorylation sites (Barro ga et al., 1995). Upon degradation of IrcB proteins, the NFrcB

dimer is released and accumulates in the nucleus. In the nucleus, NFKB selectively binds

to the rcB consensus sequence GGGRNNYYCC (R:purine, Y:Pyrimidine, N:any base)

in the promoter region of the target genes and activates their transcription (Shishodia and

Aggarwal,2004).

The alternative pathway of NFrcB activation is induced upon the stimulation of

fibroblasts with Lymphotoxin-B or B-cells with B-cell activating factor (BAFF)

(Dejardin, 2006). In contrast to classic pathway, the altemative pathway of NFrcB

activation is regulated mainly via IKKu, (Yamamoto and Gaynor,2004). During this

process, IKKcr phosphorylates p100 (flFKB2) at two C-terminal sites and targets it for

ubiquitination and the proteasomal degradation pathway. This leads to selective

degradation of the C-terminal region of the p100 and results in the formation of p52

(Yamamoto and Gaynor, 2004). A distinct role for IKKa and IKKB in NFrB activation

has been further investigated by genetic manipulation analysis. While deletion of IKKB
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results in impaired lrcBa, phosphorylation (Li et al.,I999c), MEF cells isolated from the

IKKo knock out mouse (IKKat-) have normal IL-l or TNFo induced IrcBa

phosphorylation and degradation (Li et al., I999b). However transcription of certain

NFrcB target genes is impaired in these cells, indicating that IKKo plays a role in the

transcriptional activation of NFKB which is independent of IrcB degradation (Hu et al.,

reee).

2. Regulution of NFrcB øctivity

The activity of NFrcB is regulated via a wide variety of mechanisms. As discussed

above, the association of NFrcB with IrcB proteins is one element that modulates the

activation of NFrcB. Other regulatory mechanisms which ensure correct DNA binding of

NFrcB and thus enable transcriptional activation are discussed here.

2. i. Trønscriptional reguløtion of NFrcB by co-uctivators

NFrcB-dependent transcription requires the recruitment of several co-activators

and co-repressor proteins. Mammalian two-hybrid studies have shown that both the C-

and N-terminal domains of CREB-binding protein (CBP) and p300 interact with the TAD

of NFrcB p65 and act as co-activators (Genitsen et al., 1997). Fufthermore, the C-

terminal part of p65 can also interact with the p160 family of co-activators, thus

facilitating the recruitment of a variety of proteins which are imporlant for NFrcB

dependent gene transcription (Sheppard et al., 1999). Phosphorylation of p65 by PKA at

5276 induces a conformational change which allows p65 to interact with the co-activator
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CBP/p300, thus enhancing p65 transcriptional activity (Zhong et al., 1998). PKA was

also shown to inhibit the NFrcB transcriptional activity, a response that is mediated via a

mechanism that impairs the transactivation potential of p65 rather than affecting

phosphorylation at the 5276 site of p65 (Takahashi et à1., 2002). Furthermore,

overexpression of CBP failed to rescue PKA-mediated impairment of p65 transactivation,

indicating that the inhibitory effect of PKA is not mediated through CBP (Takahashi et

a1.,2002). The reason for such a discrepancy is not completely understood. In addition to

CBP, CBP-associated factor (p/CAF) also acts as a co-activator for p65 via its histone

acetyltransferase (HAT) activity (Sheppard et al., 1999).

In addition to p65, the p50 subunit of NFrcB can also mediate the interaction with

co-activators. Steroid Receptor Co-activator-l (SRC-l) binds specifically to the p50

subunit of NFrcB and co-activates NFKB mediated transcription (Na et al., 1998).

Furthermore, increased transcriptional activity of NFrcB mediated by SRC-I could be

further potentiated by overexpression of p300, indicating the co-operative actions of these

co-activators Q.{a et al., 1998). Another protein that can act as a co-activator of NFrcB is

Poly (ADP-ribose) polymerase-l (PARP-l) (Hassa and Hottiger, 1999). PARP-I is a

nuclear protein associated with chromatin and catalyzes the synthesis of poly-ADP-ribose

by transfening ADP-ribose units from B-nicotinarnide adenine dinucleotide QrIAD*) to

other nuclear proteins. A wide variety of functions has been ascribed to PARP-I

including regulation of cell survival and apoptosis (Schleiber et al.,2006). PARP-1 and

p300 act synergistically to form a complex to co-activate NFrB in a promoter-specific

manner. This function of PARP-I is preceded via its acetylation by p300/CBP and

45



subsequent interaction with p50 subunit of NFrB (Hassa et al., 2005; Hassa and Hottiger,

1999).

2. ii. Post-trønsleúionøl reguløtion of p65 trctivity viø phosphorylution

ønd øcetykttion

Evidence derived from biochemical and genetic studies indicates that

posttranslational modifications including phosphorylation and acetylation play an

essential role in the regulation of NFrcB activity. Generally, the phosphorylation of

p65lRelA increases the transactivation potential of the NFKB complex (Schmitz et a1.,

2004). Eight different phosphorylation sites have been identified within the RHD and

TAD domains of NFrcB p65 (Schmitz eta1.,2004).

2. ii. l. Pltosphorylution of p65 øt RHD

Phosphorylation of 5276 in the RHD of p65 mediates TNF-ü, or IL-1-induced p65

activation (Okazaki et al., 2003). Previous studies showed that 5276 can be

phosphorylated by PKA (Zhong et al., 1998). The model describing the PKA-mediated

phosphorylation and activation of p65 has already been proposed by Zhong and his

colleagues (Zhong et al., 1998). Based on this model, the ATP binding domain of the

catalytic subunit of PKA (PKAo) interacts with IrcBcr and maintains the NFrcB/IrcB/PKAc

complex in a ternary structure in the cytosol of a resting cell (Zhong et al., 1997).

Degradation of IrcBo in response to cytokine stimulation releases the ATP binding

domain of PKAc and enables phosphorylation of p65 at 5276. This phosphorylation

event induces conformational changes in the structure of p65 which results in exposure of
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the CBP interaction domain of p65 (Zhong et al., 1998). Interaction of CBP with p65 will

in tum induce the transcriptional activity of NFrcB (Gerritsen et al., 1997). Mitogen- and

stress-activated protein kinase-1 (MSK-1) is another kinase involved in the

phosphorylation of 5276 of p65. This kinase, which unlike PKAc targets p65 to the

nucleus, is activated by both ERK and p38 kinases and induces gene transcription in

response to TNFa stimulation (Vermeulen et a1.,2003).

531 1 is another residue in the RHD of p65 which is phosphorylated. It has been

shown that PKC( phosphorylates 531 1 in the cytosol and this phosphorylation event is

also required for p65 transcriptional activity (Duran et a1.,2003). MEF cells isolated from

PKC(/- mice show normal IKK activation and p65 nuclear translocation, but they suffer

from impaired p65 transcriptional activation. Further investigation demonstrated that

531 1 phosphorylation by PKC( mediates the interaction between p65 and CBP, thus

recruiting the transcriptional machinery to the site of the target gene promoter (Diaz-

Meco et al., 1993; Duran et al., 2003). Recently Ryo et al have described a role for

ubiquitin-mediated proteolysis in regulating the stability of NFrcB p65 subunit (Ryo et al.,

2003). Phosphorylation of p65 at threonine 254, which is located in the RHD, increases

p65 association with Pinl (peptidyl-prolyl isomerase) and results in reduced proteasomal

degradation of ubiquitinated p65 and enhances its stability (Ryo et al., 2003).

2. ii. 2. Pltospltorylcttion of p65 at the TAD

Several phosphorylation sites have also been mapped to the TAD of p65. TNFo

mediated phosphorylation of the 5529 residue in the C-terminal region of p65 was

identified using phosphopeptide mapping and site-directed mutagenesis (Wang and
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Baldwin, 1998). This phosphorylation event doesn't affect nuclear translocation or the

DNA binding ability of p65, but increases the transcriptional activity of p65 (Wang and

Baldwin, 1998). Phosphorylation of 5535 of p65 was shown to be catalyzed following

the direct interaction of Calmodulin-dependent protein kinase IV (CaMKIV) with p65

(Jang et a1.,2001). This phosphorylation event also recruits the p65 co-activator CBP and

induces NFKB dependent transactivation (Jang et a1., 200I). In addition to 5529 and

5535, phosphorylation of 5536 in the TAD of p65 also plays an important role in

inducing the transcriptional activity of NFrcB. Both IKKo and IKKB have been reported

to act as kinases mediating the phosphorylation of 5536, suggesting that regulation of

NFKB activity by the IKK complex occurs not only at the level of IrcB but also via p65

phosphorylation (Sakurai et al., 1999). Studies using MEF cells lacking IKKc¿ and IKKB

showed that phosphorylation of S536 of p65 by these two kinases is stimulus-dependent

(Yang et al., 2003). This report showed that LPS-mediated 5536 phosphorylation was

completely abolished in IKK|/- cells. However, p65 was partially phosphorylated at S536

in IKK|/- cells following TNFo stimulation (Yang et al., 2003).Interestingly, there was

no significant change in 5536 phosphorylation in IKKa/- cells after LPS or TNFü,

treatment. Moreover, LPS and TNFu mediated 5536 phosphorylation in IKKa-/- and

IKK|/- cells was not dependent on the Pl3-kinase/Akt pathway (Yang et al., 2003). The

lole of IKKa and IKKB in the phosphorylation of S536 has been fuither substantiated by

targeting IKKo and IKKB with RNA interference or using dominant negative mutant

approaches, both of which resulted in impaired 5536 phosphorylation of p65 (Sakurai et

a1.,2003). On the other hand, Buss et ol have shown that siRNA mediated knock down of

IKKc¿ and IKKB gene in Hela cells does not impair IL-l induced 5536 phosphorylation
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of p65 (Buss et al., 2004b).Interestingly, siRNA mediated down regulation of IKKe did

not affect p65 5536 phosphorylation (Mattioli et aL,2006). Furthermore, it is postulated

that TNFa receptor-associated factor (TRAF)-2, TRAF-5 and TGF-B-activated kinase-1

act upstream of IKK to mediate TNFa-induced phosphorylation of p65 on 5536 (Sakurai

et al., 2003). The contradictory data described for the role of IKK complex in

phosphorylating 5536 could be due to differences in cell types and/or agonists used in

these studies. TBK1 (an IKK-related kinase), IKKe and RSK1 (which is a downstream

effector of p53) are capable of phosphorylating 5536 directly (Buss et al., 2004b).

Recently, 5468, located within the TAD of p65, has been reported to be

phosphorylated. Phosphorylation of 5468 by GSK3B was shown to down-regulate the

basal activity of p65 (Buss et à1., 2004a). While IKKe-mediated inducible

phosphorylation of 5468 in response to T cell co-stimulation with PMA/ionomycin

enhanced p65 -dependent transactivation (Mattioli et al., 2006).

2.ii.3. Post-trønsløfionul regulation of p65 øctivity viø acetylstion

Inducible acetylation of p65 in response to TNFo was originally demonstrated by

Chen et a/ using [3H] sodium acetate labeling (Chen et al., 2001b). This group showed

that treatment of the cells with deacetylase inhibitors (HDACi) enhances NFrcB

transcriptional activity in the presence of TNFû,, thus suggesting that acetylation plays a

role in NFrcB-mediated gene transcription (Chen et al., 2001b). Acetylation of NFrcB p65

is mediated by histone acetyltransferases (HATs) (Chen and Greene ,2003). HATs have a

dual role in transcriptional activation. HATs can acetylate the N terminal tails of histones,

leading to disruption of chromatin structure and making DNA at the site of specific target
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genes accessible to the transcription machinery (Berger, 1999). In addition, HATs

acetylate non-histone proteins such as transcription factors (p53, GATA-I and E2F) and

regulate diverse functions such as DNA recognition, protein-protein interaction and

protein stability (Quivy and Van Lint, 2004). Many of the NFKB co-activators like CBP

and its homolog p300, p300/CBP-associated factor (p/CAF) and SRC-lÀ{coA-l possess

intrinsic HAT activity (Berger, 1999). CBP and p300 acetyltransferases can acetylate

p65, in particular at lysine 218,22I and 310 residues, in vivo (Chen et al., 2002).

Acetylation at each of these residues is associated with a specif,rc functional property of

p65. For instance, acetylation of lysine 310 is required for full transcriptional activity of

p65. However, acetylation at lysine 221 itlhibits the association of p65 with lrcBa, and

increases its ability to bind to the DNA (Chen et aL,2002).

Given that both phosphorylation and acetylation of p65 regulate its transcriptional

activity, it raises the question whether these two processes are dependent on each other or

they are controlled by distinct mechanisms. Site-directed mutational analysis of p65

showed that phosphorylation of p65 occurs prior to its acetylation (Chen et a1.,2005). In

fact, phosphorylation of p65 at 5276 and 5536 is shown to enhance its association and

subsequent acetylation by p300 (Chen et al., 2005), resulting in increased p65

transcriptional activation.

2.iii. Reguløtion of the NtrcB p50 subunit

As mentioned earlier, the prototypical NFKB complex, which is induced in the

classical pathway of NFrcB activation, consists of the p50 and p65 heterodimer.

Accordingly, the processing of p105 into p50 as well as the activity of p50 is subject to
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tight regulation. The gene that encodes the p50 precursor of NFKB (p105) has been

mapped to chromosome four and three of human and mouse, respectively (Ten et al.,

1992). The promoter region of this gene harbors binding sites for Activator protein-l

(AP-1), Housekeeping Initiator Protein 1 (HIP-1) and NFrcB, but lacks TATA and Cfu{T

boxes (Ten et al., 1992). HIP-I plays a crucial role in the initiation of pl05 transcription;

however, no data is available on the significance of the AP-l binding site in the pi05

promoter. Furthermore, the presence of NFrcB binding sites in the p105 promoter

indicates that p105 gene expression and subsequent p50 production is regulated by its

own family members in response to TNFa (Ten et al.,1992).

Functional p50 is generated from the N-terminal domain of pi05 in an ATP-

dependent manner (Fan and Maniatis, 1991). The processing of p105 has been shown to

occur through the ubiquitin-proteasome pathway (Ciechanover et a1.,200I; Palombella et

al., 1994). The proteasome pathway was originally described as a pathway for

degradation of the ubiquitinated proteins (Ciechanover, 1994); however, recent studies

illustrate a role for this pathway in the processing of ubiquitinated proteins as well

(Ciechanover et al., 2001). In 1998, Lin et a/ showed that a truncated form of p105

(containing the first 497 amino acid of p105) failed to produce p50 (Lin et al., 1998).

Using pulse chase and specific proteasome inhibitors, they suggested that p50 is co-

translationally generated by the 265 proteasome pathway independent of p105

degradation (Lin et al., 1998). Later, the same group showed that the RHD domain of p50

undergoes co-translational dimerization to produce p50 (Lin et a1., 2000). This

dimerization and proteasome activity also generates p50-p105 heterodimers and

maintains the ratio of p50 to p105 (Lin et al., 2000). In contrast, recent studies have
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defined a role for 20S proteasome in the synthesis of p50 which is independent of

translation and does not require ubiquitination (Moorthy et al., 2006). The accurate

processing of p105 to p50 is guaranteed by the presence of specific domains in the

structure of p105. Several studies showed that the glycine rich region (GRR), located

between the RHD and ARD of p105, protects the N-terminal region of p105 from

proteasome degradation, thus leading to p50 production (Lin and Ghosh, 1996; Moorthy

et a1.,2006; Orian et al., 1999).In addition to the GRR, the ARD of p50 is also essential

for accurate processing of p105 into p50 (Moorthy et al., 2006). The ARD has another

function. The similarity between the ARD of p105 and IrcB led Fan et al to propose a role

for ARD in targeting p105 and p65llrcB to a common cytosolic anchor which helps to

associate p50/p65llrcB in a ternary structure (Fan and Maniatis, 1991). The stability of the

RHD of p105 is also an important factor for generation of p50 (Lin and Kobayashi,

2003).

In addition to the limited proteolysis that leads to p50 production, p105 is also

subject to complete degradation (Salmeron et al., 200i). In response to inflammatory

cytokines such as TNFo and IL-l, IKK has been shown to phosphorylate 5927 in the C-

terminal conserved motif (Asp-Sere27-Gly-Va1-Glu-Thr-Ser) of p105 called the PEST

domain (Salmeron et a1.,2001). This phosphorylation leads to pl05 proteolysis and the

subsequent release of the associated Rel subunits, which allows them to translocate to the

nucleus and activate gene transcription (Salmeron et al., 2001). Interestingly, the

efficiency of this procedure is determined by the dead domain (DD) of p105 which is

adjacent to the PEST domain in the C-terminal of the protein (Beinke et a1., 2002). The

balance between limited processing of the p105 into p50 and complete degradation of
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p105 protein is a tightly regulated process and requires the intervention ofseveral factors.

For instance, under resting condition GSK3P can interact with p105 and regulate its

stability (Demarchi et al., 2003), whereas TNFc¿ stimulation induces GSK3P mediated

phosphorylation of p105 at 5903 and 5907 leading to its degradation (Demarchi et al.,

2003).

p50 lacks the transactivation domain, thus its role in NFKB activity is mainly

mediated through its DNA binding activity (Hou et al., 2003). The ability of p50 to bind

DNA is regulated via post-translational modifications. For example, PMA induces

hyperphosphorylation of p50, leading to its localization in the nucleus and DNA binding

(Li et al., 1994). 5337 phosphorylation of p50 has been shown to significantly increase its

DNA binding ability (Hou et a1.,2003). This phosphorylation event, which does not

interfere with dimerization of p50, is mediated by PKA in the resting cells (Guan et al.,

2005). Acetylation of p50 by p300/CBP HAT both in vivo and in vitro increases its DNA

binding (Furia et al., 2002). While the p50/p65 heterodimer induces transactivation of the

NFrcB target genes, the p50/p50 homodimer serves primarily as a negative regulator of

NFrcB activity (Guan et al., 2005).

2.iv. Negstive reguløtion of NFrcB øctivity

Several factors are involved in the negative regulation of NFrcB. Steroid hormone

receptors such as estrogen receptol and GR are known to reduce the transcriptional

activity of NFrcB Q..lissen and Yamamoto, 2000; Speir et al., 2000). ERs and the p65

subunit of NFrcB act as mutual inhibitors because both compete for the limited pool of

p300 proteins (Speir et 41., 2000). Glucocorticoids are known as effective anti-
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inflammatory agents that inhibit NFKB activity via several mechanisms. First,

glucocorticoids can enhance the transcription of IrcBo both in vivo and in vitro (Deroo

and Archer, 2001). Second, they can recruit HDAC2 to the p65/CBP/HAT complex on

the NFrcB target genes, thus repressing their expression (Ito et al., 2000). Third,

glucocorticoids have been shown to directly interact with p65 and interfere with its

ability to bind DNA (McKay and Cidlowski, 1999). Finally, glucocorticoids interfere

with the phosphorylation of the C-terminal domain of RNA polymerase II and inhibit the

ability of NFrcB to initiate the transcription of its target genes Q.{issen and Yamamoto,

2000).

Nemo-like kinase (NLK), a serine/threonine kinase, can also reduce the

transcriptional activity of NFrcB (Yasuda et al., 2004). An in vitro kinase assay was used

to show that this effect is indirectly mediated via suppression of CBP activity which is a

co-activator of NFrB (Yasuda et al., 2004). NLK phosphorylates the C-terminal region of

CBP and inhibits its activity, thus reducing NFrcB transcriptional activity (Yasuda et al.,

2004). The serine/threonine phosphatase PP2A in tum was shown to dephosphorylate p65

and reduce its activity (Yang et al 2001). Furthermore, treatment of human neutrophils

with okadaic acid (a potent inhibitor of phosphatases PPI and PP2A) leads to degradation

of nuclear IrcBo,, thus promoting continuous activation of NFKB (Miskolci et al., 2003).

These results illustrate the importance of the balance between phosphorylation and

dephosphorylation events in the regulation of NFrcB function.

Another post-translational modification capable of regulating p65 function is

acetylation. Acetylation can both activate and suppress p65 function depending on the

acetylated residues (Chen and Greene,2003; Kiernan et a1.,2003). Acetylation of p65 at
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K122 and K123 lowers the affinity of NFrcB for binding to DNA and facilitates its

removal by newly synthesized kBs and eventually reduces the transcriptional activity of

NFKB (Kiernan et al.,2003). Recruitment of Histone deacetylases (HDAC-1,2,3) to the

NFrcB site deacetylates p65 thus terminating NFrcB-dependent gene transcription

(Ashbumer et al., 200I; Chen and Greene, 2003). HDAC3 has been shown to directly

deacetylate the p65 subunit of NFrB both in vivo and in vitro and decreases the

transactivation of the NFrcB-regulated genes (Chen and Greene, 2003). Moreover,

deacetylation of p65 by HDAC3 promotes its nuclear export via enhancing its association

with hcBo. These events serve to replenish the cytosolic NFrcB/IrcBo complex which is

required for the next signal initiation (Chen et a1., 2001b). HDAC1 and HDAC2 also

interact with p65 resulting in decreased p65 transcriptional activity (Ashburner et aL,

200I). However, to date it is not clear whether HDAC1 and HDAC2 function via

conformational changes in chromatin or by deacetylating p65 (Ashbumer et al., 200i).

3. Biologicul functions of NFhB

3. i. NFtcB snd its role in immune response

NFrcB can be activated by over 200 different agonists and the protein itself

regulates the expression of over 200 genes (Pahl, 1999; Shishodia and Aggarwal, 2004).

The function of NFrcB is evolutionarily conserved among different organisms. NFrcB-like

transcription factors have been identified in Drosophila and they act as a defensive
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mechanism against bacterial and fungal infections (Fenandon et al., 2004).In mammals,

NFKB plays a crucial role in the immune response (Engstrom et al., 1993).

The role of NFrcB as a key regulatory element in the immune and inflammatory

responses has been fuither validated by reports showing that the majority of NFrcB target

genes, including cytokines, chemokines and immunoreceptors are involved in the host's

immune system (Pahl, 1999). NFrcB has a role in several aspects of immune system such

as innate immunity, immune surveillance, antigen presentation, B- and T-cell

development and proliferation as well as hematopoiesis (Shishodia and Aggarwal,2004).

The immune response mediated by NFrcB activation appear to be significant when cells

have to combat against bacterial or viral infections (Ghosh et a1., 1998; Pahl, 1999).

However, many viruses, including EBV, HSV, CMV and HIV-i, contain rcB binding site

in their promoter region, which also results in their replication in response to viral-

induced NFrcB activation. Thus, upon infection with these viruses the host's defense

mechanism acts against itself by providing the virus with permissive condition needed for

proliferation (Pahl, 1999).

3. ii. Anti-apoptotic role of NFrcB

The NFrcB family of proteins is well known for its anti-apoptotic function which

can be directly mediated by transcriptional regulation of many anti-apoptotic proteins

(Aggarwal, 2004:' Ravi and Bedi,2004). It has been shown that NFKB inhibits TNFg-

induced caspase-8 activation through transcriptional activation of IAP1, IAP2 (members

of the inhibitor of apoptosis protein family) and the TNF receptor-associated factors

TRAFl and TRAF-2 (Wang et a1.,1998). NFrcB also induces the expression of the anti-
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apoptotic Bcl-2 family of proteins, including Bcl-xr and 8fl1/41, proteins which inhibit

apoptosis by preventing cytochrome c release (Chen et al., 2000; Zong et al., 1999).

Furthermore, the anti-apoptotic effects of NFrcB can be accomplished through

transcriptional attenuation of the pro-apoptotic proteins such as BAX (Bentires-Alj et al.,

2001) and cFLIP (Kreuz etal.,200I). cFLIP prevents the binding of pro-caspase-8 to the

death receptor and thus inhibits initiation of apoptotic signals (Kreuz et al., 2001).

3. iii. Apoptotic role of NFrcB

NFKB is predominantly an anti-apoptotic protein; however, in certain

circumstances (cell- or stimulus-specific) it can play a pro-apoptotic role. Several potent

NFrcB activators such as TNF, ceramide and HzOz are capable of inducing apoptosis

(Obeid et a1., 1993; Osborn et al., 1989; Schreck et a1., 1991). Moreover, hypoxia-

induced oxidative stress of endothelial cells has been shown to induce apoptosis via

activation of NFrcB (Aoki et a1.,2001). NFKB can indirectly plomote apoptosis through

the induction of Fas Ligand (Fas L) expression during T-cell activation (Kasibhatla et al.,

1999) and caspase 11 expression in macrophage cells stimulated with LPS (Schauvliege

et a1.,2002). The NFrcB binding site has also been identified within the promoter region

of the c-nxyc gene (Duyao et al., 1992). Although c+'tyc is known to act as a proto-

oncogene, in some circumstances it can act as tumor suppressor $Jakai et al., 2000). For

instance, NFrcB was shown to induce excitotoxin mediated apoptotic cell death in striatal

nelrrons via overexpression of c-ntyc and p53 (Qin et al., 1999). Alternatively, increased

expression of c-myc can promote TNF-induced cell apoptosis via inhibition of NFrcB

(You et a1.,2002).
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NFrcB is also known to regulate the expression of the tumor suppressor p53 (Qin

et al., 1999), the activity of which is required for the induction of apoptosis and cell cycle

arrest (Fujioka et al., 2004). For example, in response to the anticancer agent doxycycline

(a tetracycline derivative), NFrcB was shown to induce apoptosis via increased expression

and stabilization of p53 (Fujioka et a1., 2004). The ability of the c-Rel subunit of NFKB to

induce the expression of death receptors (DR4 and DR5) defines another apoptotic role

played by NFrcB (Ravi and Bedi, 2004). NFKB activation also mediates apoptosis upon

serum starvation in HEK 293 cells (Grimm et à1., 1996). Although some

chemotherapeutic agents are designed to induce apoptosis in tumor cells, over time tumor

cells can acquire resistance to chemotherapy via activation of NFrcB (Tergaonkar et al.,

2002). This effect of NFrB is mediated via blocking chemotherapy-induced p53

activation and cell death (Tergaonkar et a1.,2002).

3. iv. NFtcB ønd its role in tumorigenesis

Under notmal, non-pathological conditions, activation of NFrcB occurs only

during proliferation of immune system cells (B cells, T-cells, thymocytes, monocytes and

astrocytes). Constitutive activation of NFrcB has been reported in most tumor cell lines

derived from either hematopoietic (Keutgens et al., 2006) or solid tumors (Arlt and

Schafer, 2002; Pacifico and Leonardi,2006). Thus alterations in NFKB family members

could contribute to tumor proglession (Aggarwal, 2004). For example, c-Rel is normally

amplified in diffuse large B-cell lymphomas and some follicular and mediastinal B-cell

lymphomas (Gilmore et a1.,2004; Houldsworth et al., 2004). Chromosomal alterations

such as translocations or deletions can reaffange the p100 (NFKB2) gene locus, resulting
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in production of an aberrant C-terminally truncated inactive form of p100 protein in

several B- and T-cell leukemias and lymphomas (Derudder et al., 2003). Moreover,

deletion of the gene encoding for IrcBs has been observed in Hodgkin's lymphoma

(Jungnickel et al., 2000: Wood et al., 1998).

Oncogenic proteins such as Ras, which is mutated in approximately 30Yo of

human cancers, can induce transformation, abnormal cell proliferation and

tumorigenecity via activation of NFrcB mediated transcription (Jo et al., 2000). c-myc is

another oncogenic protein involved in the neoplastic transformation (Cole, 1986). c-myc

expression has been shown to be induced in mammary epithelial cells via binding of

NFrB (Kim et al., 2000) to a binding site found in the c-myc promoter (Ji et al., 1994).

During cellular proliferation, which is another aspect of tumorigenesis, NFKB regulates

the expression of several cytokines and growth factors essential for tumor cell growth and

division. For instance, NFrcB induces VEGF expression in response to hypoxia-induced

mitogenic factor (Tong et al., 2006). Up-regulation of VEGF in turn mediates the

formation of new blood vessels and angiogenesis (Ferrara, 2005). Furthermore, the

proliferative effects of some cytokines and growth factors (including TNF and EGF) on

tumor cells are mediated through NFKB activation (Szlosarek et a1.,2006; Biswas et al.,

2000; Osborn et al., 1989).

Tlie passage through the restriction point in G1 and entry into the S phase is the

consequence of proliferative signals and requires the sequential contribution of specifìc

cell cycle proteins: cyclins and cyclin dependent kinases. The existence of the rcB binding

site in the promoter region of cyclin Dl and its transcriptional induction by NFrcB

suggests a direct role of NFrcB in cell cycle regulation (Guttridge et al., 1999). Cyclin E,
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the regulatory subunit of cyclin dependent kinase 2 (Cdk2) which drives cell cycle

progression through Gl/S phase transition, has also been found in association with c-Rel

(Chen and Li, 1998).

Metastasis is the spread of tumor cells from their original location to other tissues.

Breakdown of ECM components by matrix metalloproteinases (MMPs) and urokinase

plasminogen activator (uPA) plays an important role in tumor metastasis (Rabbani,

1998). MMP-9 and MMP-2, two members of the MMP family of proteins, are involved

in collagen degradation and were shown to regulate angiogenesis (Sang, 1998). NFrB has

been reported to regulate MMP-9 expression by binding to rB sites in its promoter

(Okada et al., 1990; Sato and Seiki, 1993). On the other hand, glucocorticoids (NFrcB

antagonists) can down-regulate MMP-9 expression via suppression of NFrcB binding to

its consensus sequence in the promoter region of MMP-9 (Eberhardt et al., 2002). NFrcB

was also shown to mediate LPS-induced MMP-2 activation in endothelial cells (Kim and

Koh, 2000). Recently, Endothelin-l was demonstrated to increase both synthesis and

activity of MMP-2 through activation of NFrcB in human osteosarcoma cell lines (Felx et

a1.,2006).

The promoter of uPA also contains an NFrcB DNA binding site and its expression

is induced by constitutively active RelA in pancreatic tumor cells (Wang et al., 1999b). In

addition to proteolysis of matrix components, metastatic cancer cells are also capable of

migrating through the blood vessel walls. This process requires tlie signal-induced

expression of specific adhesion molecules, including intracellular adhesion molecule-1

(ICAM-1), vascular cell adhesion molecule-i (VCAM-1) and E-selectin on the surface of

endothelial cells (Kobayashi et a1.,2007; van de Stolpe et al., 1994). Several studies have
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shown that NFrcB has a major role in the transcriptional regulation of these adhesion

molecules in endothelial cells (Chen and Manning, 1995; Collins et al., 1995; Ledebur

and Parks, 1995).

4. Knockout mouse models for NtrcB fumily members

The biological functions of NFKB and its related proteins have been fuither

investigated by generation of single or multi-gene knockouts of this family of proteins.

Deletion of the p65 (p65'/-) gene results in embryonic lethality at 15-16 days of gestation,

emphasizing the essential role of this protein in survival (Beg and Baltimore, 1996). p65r-

embryos have severe liver degeneration (apoptosis) and hemorrhage in their abdominal

cavity (Beg and Baltimore, 1996). The liver phenotype of these mice could be rescued

by crossing the p65-/- knockout mice with either TNFo null mice (TNFat-) or TNFo,

receptor deficient (TNFR/-) mice, emphasizing that the role of p65 in protecting

embryonic hepatocytes from apoptotic signals mediated via TNFu, signaling (Rosenfeld

et al., 2000). In contrast to p65'/' mice, ablating a part of the NFkBI (p105) gene

encoding the p50 subunit (p50"') does not result in any developmental abnormalities (Sha

et al., 1995). These mice have normal mature B cells; however, these cells show focal

defects in both mitogenic activation and basal and specific antibody production. In

addition, T cells isolated from p50-/- mice proliferate poorly in response to T cell receptor

stimulation (Sha et a1.,1995).

61



IrcBc¿ knockout mice have also been generated using homologous recombination.

These mice develop normally but die at 7-10 days after birth from severe dermatitis

(associated with epidermal hyperplasia) and granulopoiesis caused by inappropriate

expression of inflammatory cytokines (Beg et al., 1995; Klement et ã1., 1996).

Constitutive NFrcB activity is observed in the thymocytes of lrcBa-/- mice. These cells also

have elevated expression level of certain NFKB target genes (including VCAM-I and G-

CSF) (Beg et a1., 1995). Unlike thymocytes, constitutive activation of NFrcB is not

observed in the lrcBa'/' fibroblast cells. Furthermore, these cells show normal NFrcB

nuclear translocation in response to TNFo stimulation suggesting that other inhibitory

factors could induce cytosolic localization of NFrcB and termination of NFrcB activation.

However, NFrcB retention in the nucleus is delayed in lrcBa-/- f,rbroblast cells, indicating

that IrcBa is required for the timely shuttling of NFrcB out of the nucleus (Klement et al.,

1ee6).

Mice lacking IKKo (IKKat ) die prenatally and show defective skin and skeleton

development (Li et al., 1999b). The body of IKKa-/ mice has a bottle-shape due to the

failure of limbs and tail to protrude normally out of the body trunk (Li et al., 1999b;

Takeda et al., 1999). The primary MEF cells isolated from IKKat'mice have impaired

activation of NFrcB, however, they show normal IKK mediated phosphorylation of kBo

or IrcBB (Hu et aL,1999; Li et al., 1999b). This observation suggests that IKKo is not the

Lrpstream kinase for lrcBo, or IrcBB phosphorylation (Hu et al., 1999;Li et al., 1999b;Li et

a1.,2003; Takeda et al., 1999). On the other hand, IKKP knockout mice (IKK|/') die at

mid-gestation due to immense hepatocyte apoptosis similar to p65-/- (Li et al., 1999d).

Embryonic stem cells as well as MEF cells isolated from these mice have impaired NFrcB
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activation in response to TNFo, or IL-1, highlighting the important role of IKKB in NFrcB

activity (Li et al., 1999d). Later studies showed that IKKB deficiency results in significant

reduction in peripheral B cell proliferation (Li et al., 2003). Interestingly, IKKyA{EMO

deficient mice die at an earlier age (8I2.5-El3), also as a result of severe hepatocyte

apoptosis (Rudolph et a1., 2000). Due to the localization of IKK1 G{EMO) on the X-

chromosome, its deficiency resulted in distinct phenotypes in male and female mice. The

male lKKy-null mice died at mid-gestation due to immense liver apoptosis, whereas

IKKI*/- females lived to adult stages (Makris et al., 2000). Furthermore, the heterozygous

females showed severe dermatopathy which is similar to the human X-linked disease

called genodermatosis incontinentia pigmenti (Makris et al., 2000). MEF cells isolated

from these mice have impaired stimulus-induced IKK and NFKB activation (Rudoiph et

a1.,2000).
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B. RATIONALE

CRT is an ER resident chaperone which has an important role in the regulation of

Ca2* homeostasis and folding of newly synthesized proteins in the lumen of the ER

(Gelebart et al., 2005; Michalak et al., 1999; Michalak et al., 2002; Nakamura et al.,

2001b). Deletion of the CRT gene impairs cardiac development leading to embryonic

lethality at embryonic day 14.5-16.5 (Mesaeli et al., 1999). Although CRT is highly

expressed in the heart during early embryonic development, its expression is down

regulated after birth (Mesaeli et al., 1999). Overexpression of constitutively active

calcineurin (Caz*lcalmodulin dependent serine/threonine phosphatase) in the cardiac cells

rescued CRT knockout mice (Guo et a1., 2002). Therefore, the defects in cardiac

development seen in the CRT knockout mice has been attributed to an alteration in Ca2*

homeostasis (Guo et al., 2002; Mesaeli et al., 1999). Given thatC** is amajor second

messenger in these cells (Berri dge,2002), the regulatory function of CRT on Ca2* could

potentially impact a wide range of signal transduction pathways, including cell

proliferation, cell survival, insulin signaling and cell adhesion (Molero et al., 20011-

'Wor:rall and Olefsky,2002; Bedard et al., 2005; Opas et a1.,7996; Wang et al., 1993).

Moteover, as a major chaperone in the ER lumen, CRT plays an irnportant role in the

corect folding of several proteins and glycoproteins (Michalak et al., 1999). Any

alteration in the chaperone function of CRT can potentially affect many key molecules

involved in cell signaling.
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Previous studies have shown that altered CRT expression could affect cell

survival and induction of apoptosis. Indeed, CRT deficient mouse embryonic fibroblast

cells (crt-/-) are more resistant to drug- or UV-induced apoptosis (Mesaeli and Phillipson,

2004; Nakamura et al., 2000), whereas cardiomyocytes overexpressing CRT are more

susceptible to retinoic acid induced apoptosis (Kageyama et al., 2002). The increased rate

of apoptosis seen with overexpression of CRT was shown to be mediated via a significant

reduction in Akt phosphorylation. Recently, our lab has demonstrated that the lower rate

of UV induced apoptosis in crt-/- cells was due to a reduced level of p53 (Mesaeli and

Phillipson, 2004). Furthermore, data from our lab has shown that the ubiquitin-

proteasome pathway is upregulated upon loss of CRT function resulting in reduced p53

protein (Uvarov and Mesaeli, under revision). Ubiquitination and proteasome induced

degradation of p53 has been shown to be mediated via the E3 ligase function of Mdm-2

(Yu et al., 2000). Interestingly, Akt phosphorylates and stabilizes Mdm-2, thus

facilitating the ubiquitination and degradation of p53 (Feng et al., 2004). Moreover, Aktl

deficient cells have been shown to express lower levels of Mdm-2 protein accompanied

by elevated p53 expression, which results in reduced resistance to UV-induced apoptosis

(Feng et al., 2004). A previous repofi from our lab showed that the loss of CRT function

in crt-/- cells leads to the accumulation of Mdm-2 protein in the nucleus (Mesaeli and

Phillipson, 2004). However, to date no data is available on changes in Akt expression and

activity in CRT null (crtJ-) cells. The increased resistance of crt-/- cells to apoptosis and

elevated rate of cell proliferation suggests that Akt pathway is activated in CRT deficient

cells.
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The NFrB pathway is another signaling pathway involved in cell survival and

apoptosis. Enhanced proteasome activity (Miyamoto et al., 1994), induction of ER stress

(Kaneko et al., 2003), activation of the Pl3-kinase/Akt pathway (Madrid et al., 2001;

Madrid et à1., 2000; Ozes et ã1., 1999; Romashkova and Makarov, 1999) and

inflammation (Li and Verma, 2002) are some of the reported mechanisms for induction

of NFrcB activity. To date, no reports are available on the effect of altered CRT

expression on the NFKB pathway. Previous reports have shown that gene targeted

deletion of CRT results in activation of ER stress (Knee et a1., 2003) and induces the

ubiquitin proteasome pathway (Uvarov and Mesaeli, under revision). A role for CRT in

the immune response has also been reported (Obeid et a1.,2001; Takemura et al., 2001).

Therefore, it could be postulated that in the absence of CRT, the NFrcB pathway is

activated thus increasing the resistance of crt-/- cells to apoptosis.
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C. HYPOTHESIS

"Loss of CRT function increases cell survival and suppresses apoptosis by

activating both the Pl3-kinase/Akt pathway and inducing NFrcB signaling

pathway".

To test this hypothesis, we addressed the following aims:

. 1. To determine changes in the Pl3-kinase/Akt pathway in crt-/- cells by

determining

la. changes in the Akt kinase activity in crt-/- cells.

lb. The role of insulin and FBS in regulating Akt kinase activity

lc. The role of ILK in Akt kinase activation

ld. The mechanism of altered Akt activity upon loss of CRT function

2. To investigate the effect of loss of CRT function on NFxB pathway by

examining

2a. the basal level of NFrcB function in crt-/- cells as compared to wr cells

2b. effect of LPS on NFrcB activity in crt-/- cells

2c.Ihe mechanism that alters NFKB activity in crt-/- cells
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D. MATBRIALS AI{D METHODS

I) Muteriøls

Dulbecco's Modified Eagle Medium (DMEM) and OPTI-MEM@ I (Reduced

Serum Medium), Fetal Bovine Serum (FBS), Hygromycin B, LipofectaminerM 2000

Reagent and HiPure Plasmid Maxiprep kit were purchased from Invitrogen (Burlington,

ON). Proteasome inhibitors, lactacystin and MG132; PP2A inhibitor, okadaic acid

(potassium salt); PI3 kinase inhibitors, wortmannin and LY294002; and Ubiquitinated

Protein Enrichment Kit were purchased from Calbiochem (EMD Biosciences Inc., USA).

Antibodies purchased were Phosphotyrosine (BD Biosciences, Mississauga, ON,

Canada), PTEN (MEDICORP, Montreal, QB), actin (Sigma-Aldrich, Oakville, ON),

GSK3P and IR (B-subunit) (Chernicon International Inc., USA), NFKB (p65), NFrcB

(p50), IrcBo,, IKKo (Santa Cruz Biotechnology, Inc. California), P-IRS-1 (tyr'o)

(Calbiochem). The Akt kinase assay kit and P-Akt (serine 473), P-Akt (thleonine 308), P-

GSK-3P and P-IrcBo, antibodies were from Cell Signaling Technology (Pickering, ON,

Canada). Serine/threonine and tyrosine phosphatase assay kits were from Molecular

Probes (Invitrogen, Canada). Nitrocellulose Membrane, Pre-stained SDS-PAGE Broad-

range and Low-range protein standard maLkers, DC Protein Assay kit and iScriptrMOne-

Step RT-PCR kit with SYBR Green were from Bio-Rad Laboratories (Hercules, CA).

QlAquick Gel Extraction kit and RNeasy@ Mini kit were purchased from QIAGEN Inc



(Mississauga, ON). Westem Blotting Luminol Reagent was from Santa Cruz

Biotechnology. Deoxy-D-Glucose 2-[1,2-3H(N)] was purchased from PerkinElmer

(Boston, MA). LPS was from E. Coli and all primers used for Real-Time PCR were from

Sigma. Nuclear extract isolation kit and the ELISA kit for NFrcB DNA binding assay

were purchased from Panomics (Fermont, CA). All of the other chemicals were of

highest anal¡ical grade and were purchased from Sigma, Fisher, Invitrogen and BD

Biosciences.

II) Cell Culture

wt and crt-/- cells were isolated from I4-day old mouse embryos as described

previously (Mesaeli and Phillipson, 2004). Smooth muscle cells were isolated from the

descending aorta of wt and CRT overexpressing transgenic mice using an explant

technique (Saward and, Zakradka,1997).1x106 cells were plated in l0 cm culture dishes

with DMEM containingl0o/o FBS. To analyze the expression level of different proteins,

48 hrs after plating (-80% confluent cells), cells were lysed with RIPA buffer' fcontaining

250 mM NaCl, 20mM Tris, 1 mM EDTA, 1 mM EGTA, 1 mM Na3VOa, 30 mM NaF, 10

mM Na+Pz07, 0.5yo Deoxycholic acid (Sodium Salt), 1% Nonidet P-40, lyo Triton X-

100; 0.5 pM PMSF and a protease inhibitor cocktaill followed by centrifugation at 7000

rpm for 10 minutes. The supernatants were used for both protein assay and Western blot

analysis. To study the phosphorylation level of proteins belonging to the Akt signaling

pathway, cells were first starved for 14-16 hours (cultured in DMEM only) and then

stimulated with either insulin (100 nM) or FBS (10%) for 10 minutes. To determine the



level of phosphorylated IrcBa (P-kBa), 80% confluent cells were stimulated with 10

pglml LPS for different times (10, 15, 30, 60 min) prior to lysis.

ilÐ Pløsmids

The pcDNA3. I vector was purchased from Invitrogen. pcDNA3.1-B-galactosidase

(F-gal) plasmid was a generous gift from Dr. Gibson (University of Manitoba). The

pCMV-5A vector was purchased from Stratagene. pCMV5-Myc-PDK-1 kinase dead

plasmid was a generous gift from Dr. Alessi (University of Dundee). pCMV-SPORT6-

ILK was purchased from ATCC. pcDNA3.l-CRT-HA expression vector was a generous

gift from Dr. Michalak (University of Alberta). pUC-Luc containing p105 promoter was

a generous gift from Dr. Delphi ne (Institut Pasteur, Paris). pEGFP empty vector, pp53-

EGFP plasmid and pNFrB-Luc plasmid were purchased from Clontech.

fD Site-directed PCR mutagenesis

The kinase-dead ILK (KD-ILK) and dominant-negative inactive ILK (dnin-ILK)

mutants were generated by point mutation of ILK cDNA using the splice overlap PCR

technique (Figure 6). Glutamic acid 359 within the kinase domain of ILK was mutated to

lysine (E359K) to generate KD-ILK. The first PCR reaction was carried out using

primers for the 3' end of the ILK (IlK3'-tattaaagcttgtcctgcatc) and the region

encompassing amino acid 359 (ILK cctgggtggcccctaasgccctgcagaagaag). The second
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PCR reaction included the primers for the 5' end of ILK (ILKS'-

atatggatccatggacgacaflltc) and a region of ILK located near the 3' end at amino acid 359

(cgaaggccttccagtgc). The products of the two PCR reactions were combined and used as

templates for a PCR reaction using primers for the 5' and 3' ends (above) of ILK (Figure

6A).

To generate dnln-ILK, the same procedure was followed. However, the two PCR

reactions included the following sets of primers: ILK 5' and a region which was

downstream of the 3'end (atggcatccagtgtgtga) for one PCR reaction and the ILK 3' end

and the region containing the mutated sequence (gctttggaaaggcecctggcagggcaatgat) that

substitutes Alanine for Arginine 2I1 for the second PCR reaction. Mutations were

designed to create a new restriction enzyme site to be used for screening of the mutated

DNA (Figure 6B). An aliquot of the final PCR products was digested with Sl (for KD-

ILK) and KasI (for dnln-ILK) and the presence of the mutants were confirmed. Then the

PCR products were digested with BamHl and Hind 111 restriction enzymes and inserted

into the multiple cloning sites of the myc-tagged mammalian expression vector PCMV-

54. For stable transfection purposes, the inserted mutant ILK together with the N-

terminal myc (from the vector) were cut with BamHI and Xhol restriction enzymes and

cloned into hygromycin resistant pcDNA3.l. The positive clones were then tested with

digestion of the plasmids with .!û (KD-ILK) and KasI (dnIn-ILK). To confirm the

mutations, the plasmids were sequenced aT a fee for service facility at the University of

Calgary.
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V) Cell Trunsfections

Transfection of wt and crt-/- cells was carried out using Lipofectamine 2000.

Briefly, wt and crt-/- ceIIs were cultured in 10 cm plates containing DMEM and l0o/o

FBS. On the day of transfection, approximately 50-60% confluent cells were incubated at

37"Cin Opti-MEM containing i5 pg DNA mixture and Lipofectamine 2000 (DNA to

Lipofectamine:l:2). After 12 hours, the transfection mixture was replaced with DMEM

containing 10% FBS. For transient transfections,43 hours post-transfection, cells were

lysed with RIPA buffer containing a mixture of protease inhibitors. Cell lysates were

resolved on SDS-acrylamide gels followed by Westem blot analysis to detect the proteins

of interest. To generate stable cell lines, transfected cells were treated with 400 ¡tglml

hygromycin for 14 days or until single colonies were formed. Individual colonies were

then picked and expanded and screened for expression of the exogenous protein using

Western blot analysis with myc, HA or EGFP antibodies.

VD V|/estern Blot

Wild type and crt-/- cell lysates containing 30 pg protein were sepffated on a

10% SDs-polyacrylamide gel and blotted to nitrocellulose membrane. The membrane

was blocked with 5% milk powder in Tris-buffered saline (TBS) containing 0.1% Tween-

20. The primary antibodies were diluted in appropriate dilution buffer as recommended
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by the manufacturer and the blot was incubated with the diluted primary antibody. Each

nitrocellulose membrane was re-probed with cytoskeletal actin, as a loading control.

HRP-conjugated secondary antibodies (Jackson Laboratories) were used followed by

enhanced chemiluminescence solutions. The bands corresponding to each specific protein

and actin were captured with a Fluor-S Max (BioRad) and quantified using Bio-Rad

QuantityOne software. Dataare presented as the ratio of the specific proteins to the level

of actin protein.

VfD Akt kinøse ussøy

Akt kinase activity was measured using an Akt kinase assay kit (Cell Signaling,

Pickering, ON, Canada) according to the manufacturer's instruction. Briefly, cells were

lysed using 1 mL lysis buffer supplemented with 1 mM PMSF. Cell lysates containing

500 pg protein and 20 pl immobilized Akt antibody were incubated 3 hours at 4 oC, and

then centrifuged at 7000 rpm for 1 min. After washing with lysis buffer and kinase

buffer, the pellets were suspended in 40 pl kinase buffer containing 200 ¡rM ATP and 1

pg GSK3 fusion protein. The rnixture was incubated at 30 oC for 30 min and the reaction

was terminated by adding SDS sample buffer. Samples were resolved on SDS-PAGE gel

lelative activity determined by Western immunoblotting using an anti-phospho-GSK3cr/B

antibody (1 :1000 dilution).
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VIID Ubiquitin pull-down ussøy

To determine the level of ubiquitinated hcBu,, a ubiquitinated protein enrichment kit

(Calbiochem) was used. w/ artd crt-/- cells were cultured in 15 cm plates in the media

containing DMEM and l}Yo FBS. 85-900% confluent cells were treated with 10 pglml

LPS for t hour, whereas the control group did not receive any LPS treatment. Cells were

then lysed with pre-cooled lysis buffer fcontaining 50 mM HEPES pH7.5,5 mM EDTA,

150 mM NaCl and 1o/oTritonx-l00 with freshly added protease inhibitors and 1OmM N-

ethylmaleimide (NEM)1, followed by centrifugation at 7,000 lpm for 10 min.

Supematants were used for protein assay and cell lysates containing 1 mglml of total

protein concentration were incubated with 50 pl of affinity beads at 4oC for 4 hours with

gentle rocking. After 1 min centrifugation at 4oC, supernatants were discarded and the

beads were washed 3 times with 1 ml lysis buffer (without protease inhibitors and NEM).

Affinity beads were then suspended in SDS loading buffer (containing 20o/o glycerol,4o/o

SDS, 0.13 M Tris, 0.006 g bromophenol blue and 6 ml B-mercaptoethanol) and boiled for

5 min. After centrifugation of the mixture at 14,000 rpm, the supernatants were resolved

on 10Yo SDS-PAGE, followed by immunoblotting with IrcBo antibody.
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ß) Luciferuse øctivity øssøy

wt and crt-/- MEF cells were plated in 6-well culture dishes containing l2x70a

cells per well. Once appropriate confluency was reached (70-80%), cells were co-

transfected with 2 ¡rg pNFrcB-LUC (containing multiple copies of the consensus NFKB

site, from Clonetech) and 2 pg Þ-gal plasmid (as a control for transfection efficiency)

using Lipofectamine 2000 (Invitrogen). 48 hrs post-transfection, cells were washed twice

with PBS and lysed by adding 120 ¡il of NP40 lysis buffer (100 mM Tris pH 7.8

containing 0.5% NP40 and 0.5 mM DTT). Cell lysates were centrifuged at 7,000 rpm for

4 min to remove cell debris. Duplicate aliquots of the supernatants were used for

Luciferase and B-galactosidase assays. The luciferase activity of each sample was

measured by mixing 20 ¡t"l of the cell lysates with 100 ¡rl of luciferase assay buffer

(containing 470 p,M luciferin,270 ltM coenzyme 4,530 pM ATP,33.3 mM DTT,0.1

mM EDTA, 2.67 mM MgSOa, 1.07 mM MgCO3 and 20 mM Tricine) using a

Luminometer (Lumat LB 9507). B-galactosidase activity was measured by adding 80 pl

ddH2O and 20 pl ONPG (4mglml) to each well of 96-well plate containing 20 pl of cell

lysate. The plates were incubated at 37oC for 1 houl and the intensity of developed color

was measured at OD¿zo using a spectrophotometer. The final results were calculated by

normalizing the luciferase values to B-galactosidase activity. Data wele plotted as bar

graphs of mean + SE of at least 5 independent experiments carried out in duplicate.

76



X) NFrcB DNA binding Assay

wt and ut-/- cells were cultured in the DMEM containing 10% FBS. Once

confluence was reached (80%-900%), cells were treated with or without 10 pglml LPS for

30 minutes. Nuclear extracts were prepared from the cells using a Nuclear Extraction kit

(Panomics, Inc.) according to manufacturer instructions. The DNA binding activity of

NFrcB was determined using the p65 transcription factor ELISA kit (Panomics, Fermont

CA) with some modifications. Briefly, nuclear extracts containing i0 pg proteins were

incubated with 40 ¡rl binding buffer mix (containing binding buffer and NFrcB specific

probe) for 30 min at room temperature, while rocking gently at 150 rpm. This step allows

the transcription factor binding to the probe and the formation of a complex. The NFKB-

DNA complex was then captured by transferring the assay mixture to the assay plate,

followed by incubation at room temperature for t hour. After discarding the contents of

the plate, the wells were washed three times with wash buffer and incubated with mouse

anii-p65 primary antibody (1:200 dilution) (Santa Cruz Biotecnology, Inc. California) at

room temperature for t hour. Wells were then washed three times with wash buffer and

incubated with HRP-conjugated IgG secondary antibody (i:200) for another hour at room

temperature. The contents of the wells were removed, the wells were washed and the

substrate solution was added. After 10 min the reaction was terminated by adding stop

solution. The intensity of the developed color was determined using a spectrophotometer

at OD+so. The blank wells received the buffer containing no protein. Data are presented as

mean + SE of three separate experiments conducted in duplicate.
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K) Protein serine-threonine ønd lyrosine Phosphatuse

øssuys

To determine the phosphatase activity of wt and crt-/- cells, fluorescent based

assay kits for serine/threonine as well as tyrosine phosphatases were used (Molecular

Probes). Phosphatase assays were carried out according to the manufacturer's protocol.

Briefly, cells were homogenized in a buffer containing 20 mM HEPES-Tris, pH 7.4, I

mM PMSF and protease inhibitor cocktail followed by centrifugation for 10 minutes at

2000 rpm. The protein concentration in the supernatant was then measured using a DC

protein assay kit (BioRad). 30 pg of cell lysate was added to each well of a 96-well plate

containing the phosphatase substrate (6,8-difluoro-4-methylumbelliferyl phosphate). The

plate was immediately incubated at 37oC in the SpectraMax Gemini Fluorimeter

(Molecular Devices). Fluorescent signal was collected every 5 min for a total of t hour

(in kinetic mode) using excitation/emission wavelength of 3581452 nm.

XIÐ Glucose uptake ussuy

To measure glucose uptake, wt and crt-/- cells were starved ovemight in DMEM.

Next day, the cells were washed twice with i ml Krebs-Ringer HEPES (KRH) buffer

(121 mM NaCl, 4.9 mM KCl, 1 .2 mM MgSOa, 0.33 mM CaClz , and 12 mM HEPES, pH

7.4) and incubated with a cocktail of KRH buffer containing 0.1 mM 2-Deoxy-D-glucose

and 1.0 pCi/ml deoxy-D-glucose, 2-11,2-3H N)] in the presence or absence of 100 nM
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insulin at 37"C for 30 minutes. Subsequently, cells were washed with 1 ml cold KRH

buffer containing 25 mM D-glucose and lysed in 300 pl digitonin release buffer (0.25 M

mannitol, 17 mM MOPS, 2.5 mM EDTA and 0.25 M digitonin). cell lysates were

centrifuged at 7,000 rpm for 5 minutes and 100 pl of the supernatant was utilized to

determine the radioactivity in each sample using scintillation counter. The amount of 3H-

glucose in each sample was divided by protein concentration and data is presented as

pmol/mg protein.

XIII) Immun o cy to c h e mis try

Immunofluorescence staining with specific antibodies was utilized to either verify

the protein levels of exogenously introduced DNA expression constructs or to identify the

differential distribution of endogenous proteins in various cellular compartments. In brief,

wt and crt-/- cells were plated on glass cover slips and allowed to attach overnight. 50-

60% confluent plates were then washed with PBS and fixed in4o/o formaldehyde for 12

minutes at room temperature. Cells were washed with PBS to remove formaldehyde,

permeablized with PBS containing 0.1% saponin and blocked with blocking solution

(PBS containing 0.1% saponin and 2o/o milk powder) for 30 min. Cells were then

incubated with blocking solution containing the primary antibody for t hour followed by

washing and incubation with fluorescent-conjugated secondary antibodies (l:70 dilution)

for t hr. Fluorescent-labeled concanavalin A antibody was used as a marker for ER

staining. Coverslips were then mounted on slides with Vectashield mounting media
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(Vector laboratories) containing DAPI (nuclear marker). Fluorescent signals in the cells

were visualized using aZeiss Axiovert Fluorescent microscope.

Xfn Isoløtion of RNA

RNA isolation was performed using either the TRIzot method (Invitrogen) or

RNeasy Mini Kit (Qiagen).

XIV l. Isokttion of RNA using the TKIzol Method

wt and ut-/- cells were grown in 10 cm dishes containing DMEM with 10% FBS.

80-90% confluent cells were used for RNA isolation by the TRIzoL method. Briefly, 1

mL TRIzoL was added to each plate and cells were lyzed by pipetting up and down for

several times. Cell lysates were transferred to 1 mL microcentrifuge tubes and incubated

at room temperature for 5 min. 200 ¡rl chloroform were added to the lysates and the

contents of each tube were manually shaken for 15 seconds and then incubated at roorn

temperature for 3 minutes. Samples were centrifuged at 72,000 rpm for 15 min at 4oC and

the upper aqueous phase (which contains RNA) was transfemed to a new tube. RNA was

precipitated by adding 500 pl isopropyl alcohol to each tube and samples were incubated

at room temperature for 10 minutes. After centrifugation at 12,000 rpm for 10 minutes at

4oC, the supernatant was discarded and the RNA pellet was washed with 75Yo ethanol,

followed by mixing and centrifugation of the samples at 10,000 rpm for 5 minutes at 4oC.

Then the RNA pellet was dried for 15-20 minutes and then dissolved in20 p,l RNase-free
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water and stored at -80oC for later use.

XIV. 2. Isoløtion of RNA using the KNeøsy Mini Kit

wt and ut-/- cells were cultured in 10 cm plates containing DMEM with 10%

FBS. Once 80-90% confluency was reached, the media of the cells was completely

aspirated and RNA was isolated using RNeasy Mini Kit from Qiagen. Briefly, RLT

buffer (kit component) containing B-mercaptoethanol was added to each plate. Cell

lystaes were then collected from each plate and transferred to a microcentrifuge tube.

Homogenized cell lystaes (with no cell clumps) were obtained by pipetting and brief

vortexing of the contents of each tube. Next, 70o/o ethanol was added to the homogenized

cell lysates and mixed by pipetting. The mixture was then applied to an RNeasy mini

column and centrifuged at 10,000 rpm for 15 seconds. This step was repeated with the

rest of the mixture and each time the flow-through was discarded. The RNeasy column

was washed with buffer RWl (kit component) and centrifuged at 10,000 rpm for 15

seconds followed by washing with RPE buffer (kit component) containing ethanol and

centrifugation. To dry the column and ensure that no residual ethanol is present in the

column, another aliquot of buffer RPE was added onto the RNeasy column followed by

centrifugation at 10,000 rpm for 2 min. For RNA elution, the RNeasy column was placed

in 1.5 ml collection tube. 30 pl RNase free water was added to each column followed by

centrifugation at 10,000 rpm for 1 min. This step was repeated by adding anothel volume

of 30 ¡rl RNase free water onto the column. The concentration of the isolated RNAs from

wt and crt-/- cells was determined using a Spectrophotometer (GeneQuant pro

RNA/DNA calculator).
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Xn Reverse Trunscriptase Assøy

To determine the transcriptional level of several proteins of interest, total RNA

was isolated from the wt and crt-/- cells using the TRIzol method as explained above.

Isolated RNAs were subject to First-Strand cDNA synthesis using SuperScript@ II

Reverse Transcriptase (RT), followed by PCR amplification. Briefly, 10-15 ¡rg total RNA

isolated ftomwt and crt-/- cells was mixed with 500 pglml Oligo (dT) and sterile distilled

water in a total volume of 20 pl. The mixture was heated to 70"C for 10 min and then

cooled on ice for 2 min. After a quick centrifugation, the samples were mixed with Firsr

Strand Buffer, 0.1 M DTT, 10 mM dNTP and 1 pl of SuperScript@ II (RT) in a final

volume of 40 pl. The mixture was incubated at 42'C for 2 hours and then inactivated by

heating aT 70'C for 15 min. To eliminate the residual RNA, the mixture was incubated

with2 pl RNase H (10 mg/ml) for t hour at37oC. The concentration of the synthesized

cDNA was determined using a Spectrophotometer (GeneQuant pro RNA/DNA

calculator). For the PCR reaction, equal amounts the cDNA synthesized from the wt and

crt-/- cells were used. Each PCR tube contained l-2 pg cDNA, 10 mM dNTP mix, 10 pM

of each forward and reverse primers, 50 mM MgCl2, PCR Buffer and 0.5 pl Zaq DNA

polymerase in a total volume of 50 pl. In a preliminary experiment the optimum

annealing T,,, and cycle number of the PCR reaction were determined to be 60"C and 35

cycles respectively. PCR for GAPDH, a housekeeping gene, was carried out using the

same cDNA as an internal control for different samples. An aliquot of the PCR reaction
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was resolved on a2Yo agarose gel and visualized using the Bio-Rad Gel-Doc system. The

density of the bands corresponding to each sample and GAPDH were quantified using a

Bio-Rad Quantity One Program (Cambridge, MA).

XVÐ Reøl-time Quantitøtive PCR

Real-time PCR analysis was carried out to confirm data obtained from RT-PCR.

RNA was extracted from the wt and crt-/- cells using the RNeasy Mini Kit (Qiagen) as

outlined above. Isolated RNAs were subject to both cDNA synthesis and PCR

amplification using iScript One-Step RT-PCR kit (Bio-Rad).25 pl total reaction mixture

contained 200 ng template RNA,200 nM of each forward and reverse primers, 0.25 p,l

iScript Reverse Transcriptase for One-Step RT-PCR and 12.5 pl of SYBR Green RT-

PCR reaction mix. The mixture was incubated in a real-time thermal detection system

(iCycler Thermal Cycler with iQ optical module, Bio-Rad). Thermal cycle conditions

included: cDNA synthesis 10 min at 50'C; inactivation of iScript reverse transcriptase

5min at 95"C and 40 cycles of 95oC for 15 seconds and 60oC for 30 seconds. Results

were collected and analyzed using iCycler 3.11 software. Analyzed values consist of the

number of cycles required for the fluorescence signal to exceed the detection tlueshold

(C¡). The mRNA level of the target genes was normalized to the level of a housekeeping

gene GAPDH, the transcription of which is not altered between the two cell types. Values

represent normalized target gene expre ssion of crt-/- versus wr cells.
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XWI) Støtistics

The final results were plotted as mean + SE of individual experimental values.

The degree of significance between two values was calculated using Student's T-test. P

value < 0.05 was considered a significance difference.
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Tøble 1: OligonucleotÌde sequences of primers usedfor RT-PCR
and Real-Time PCR analysis

Gene of the interest Oligonucleotide sequence

InR5
InR3
IGFIR5
IGFIR3
IGFIIRs
IGFIIR3
PDGFR-A5
PDGFR-A3
PDGFR-B5
PDGFR-B3
EGFR5
EGFR3
FGFR5
FGFR3
NFKB (psO)s
NFrcB (ps0)3
NFrcB (p6s)s
NFKB (p6s)3
IKK-alpha5
IKK-alpha3
IKK-beta5
IKK-beta3
IKK-gamma5
IKK-gamma3
IrcB-alpha5
IrcB-alpha3
IrcB-beta5
IrcB-beta3
ILK3
ILK5
GAPDH3
GAPDH5

5' c attc aggaagac ctf c gagg 3'
5' tgtg gt g gctgtcacattcc 3'
5' gag gactgt catcfc caac c 3'
5' ccagggatatcatctgctcc 3'
5' gtc atc agcfff gtgt gc c g 3'
5' gcttccattc c gcacaglac 3'
5' aggtc c c att tac atc atca 3'
5' gt gctctc gt ctgcaggatl 3'
5'tccagctctc cttcaagctg 3'
5' gc agglagac c aggt gac at 3'
5' tc c aagatgaggc c acatgc 3'
5' g gtg gcac caaagctgfact 3'
5' gcagactttggcttagctc g 3'
5' afc c ggtc aaacaac gc ctc 3'
5 ' ccatcccgg agtcacgaaat 3'
5' tcagggagagtcagactctc 3'
5' agtggccatt gtgttcc g ga 3'
5' tcagaaggcc gccgtagctg 3'
5' gatgactggagaagftc gg| 3'
5' aggtccccctctctgctgtg 3'
5' tggaglgc c ac|gc ac aggc 3'
5' ggactctgcaatacctggcg 3'
5' cctggagttctc c gagcaat 3'
5 'gagggaac aggccttaaagg 3'
5' ttg gtcaggtgaagggagac 3'
5' gatcacagccaagtggagtg 3'
tcctggctctgagtgaggta
tgcaggagtgttggtggctg
tattaaagcttgtcct gcatc
atatggalccatggacgacattttc
gttgccatcaacgaccccttc
ctccatg gt g gtgaagacac c
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E. RESULTS

I. Chunges in the Akt Puthwuy

1.1. Chønges in totttl tyrosine phosphorylcttion level in crt-/- cells

MEF cells isolated from ut-/- embryos have a higher rate of proliferation in

culture as compared to wt cells (data not shown), which suggests a change in growth

signaling pathways in the absence of CRT function. Binding of growth factors to their

cell surface receptors induces phosphorylation of tyrosine residues on several signaling

molecules (Margolis and Skolnik, 1994), thus we examined changes in the total protein

tyrosine phosphorylation level in crt-/- cells by Western blot using an anti-phospho-

tyrosine antibody (p-Y-20). As shown in Figure 7, total tyrosine phosphorylation was

significantly higher in cell lysates prepared from crt-/- cells as compared to wr cells. This

increase could be due either to an increase in tyrosine kinase activity or a decrease in the

phospho-tyrosine phosphatase (PTP). To examine the latter postulate, we determined

PTP activity in these cells using a fluorescence-based PTP assay. As shown in Figure 8,

PTP activity was not significantly different between wt and crt-/- cells, suggesting that

increased total tyrosine phosphorylation level is due to increased tyrosine kinase, rather

than reduced tyrosine phosphatase activity.

1.2. Akt kinase activity in crt-/- cells

PI3 kinase/Akt signaling is a major cell survival pathway, triggered in response to
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Fig. 8. Protein tyrosine phosphatase (PTP) activity is not
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agonists such as growth factors and insulin (Chaudhary and Hruska,200l; Gerber et al.,

1998; Kandel and Hay, 1999; ong et a1.,200r; wang et a1.,2000b). In addition, activated

Akt has been shown to phosphorylate Mdm-2 leading to its nuclear localization and the

subsequent degradation of p53 (Mayo and Donner, 2001), a process which inhibits

apoptosis (Mayo and Donner, 2001). Previously, our lab showed that crt-/- cells are more

resistant to UV-induced apoptosis (Mesaeli and Phillipson, 2004; Nakamura et al., 2000)

due to nuclear localization of Mdm-2 and reduced p53 protein level (Mayo and Donner,

2001; Mesaeli and Phillipson, 2004). Thus, we examined whether Akt kinase activity is

elevated in the apoptosis resistant, fast-growing CRT deficient cells. wr and, crt-/- cells

were starved for 14-16 hours, then stimulated with DMEM alone, DMEM with 100 nM

Insulin or l0%o FBS for 10 minutes. Akt kinase activity was not detectable in cells treated

with DMEM alone (Figures 9 and 10), whereas both FBS and insulin increased Akt

kinase activity in the wt and crt-/- cells. The magnitude of increase was significantly

higher in the crt-/- cells as compared to the w/ cells (Figures 9 and 10).

. 1.3. Akt phosphorylcttion in crt-/- cells

Akt activation is mediated via its phosphorylation at 5473 in the kinase domain

and T308 in the regulatory domain (Scheid and Woodgett,2003). Therefore, to test if the

observed changes in Akt kinase activity were due to incleased protein phosphorylation or

due to increased Akt protein level itself, Western blot analysis was perforrned using cell

lysates prepared after ovemight starvation and stimulation with FBS or insulin as

described above. As shown in Figure 118, there was no difference between the cellular

level of non-phosphorylated Akt in the wt and crt-/- cells. Western blot analysis with
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Fig. 9. FBS-induced Akt kinase activity is higher in the cRT deficient
(crt-/-) MEF cells. Akt kinase activity was measured after Akt pull-down using
an Akt kinase assay kit (see Materials and Methods). The upper panel shows a
representative Western blot for p-GSK3o/B demonstrating Akt kinase activity
in the wt and crt-/- cells upon stimulation with or without FBS. Cells were
serum starved for 14-16 hours followed by incubation with DMEM alone
or DMEM with 10% FBS for 10 minutes. cell lysates were then used for
immunoprecipitation of Akt and subsequent Akt kinase assay as described in
the "Material and Methods". The intensity of the p-GSK3B band was
quantified using the BioRad Quantity One program. Bar graphs show the mean
+ SE of four independent experiments. *p<0.05, significantly different from
the wt.
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Fig. 10. Insulin-induced Akt kinase activity is increased in the CRT
defïcient MEF (crt-l-) cells. Akt kinase activity was measured after Akt
pull-down using a kit from cell signaling (see Materials and Methods).
The upper panel shows a representative Westem blot for p-GSK3o/B
demonstrating Akt kinase activity in the wild type (wt) and crt-/- cells.
Cells were serum starved for 14-16 hours followed by incubation with
DMEM alone or DMEM with 100 nM Insulin for 10 min. Cell lysates
were then used for immunoprecipitation of Akt and subsequent Akt kinase
assay as described in the "Materials and Methods". Bar graphs show the
mean t SE of four independent experiments. The intensity of pGSK3B
band from the ut-/- cells is presented as a percentage of the
corresponding wt. *p<0.05, significantly different from the w/.

300

? zso
q)

'- 200E

S rso
é)

Ë too
q)
rl.Ð50

ð
cav(n
L,

I



A

FBS

wt crt -/-

p-Akr (s473)

Actin

DMEM

trt crt -/- wt

0.4

-? o.s

ra
Þ-

ù 0.2

<fì 0.1

wt crt-/-
B

FBS

crt -/-

Akr (T 308)

Akt

Fig. 11. Akt phosphorylation following FBS stimulation is
elevated in crt-/- MEF cells. (A) A representative Western blot with
antibodies specific for p-Akt (5473) and actin (loading control) is
shown after stimulation with FBS. Cells were serum starved for 14-
16 hours followed by incubation with DMEM alone, or DMEM
containing 10% FBS for 10 minutes. Cell lystaes were prepared as

described in the "Material and Methods". The band corresponding
to p-Akt was quantified using the Quantity 1 program and data are

presented in the bar graph as mean + SE of ratio of p-Akt to actin
band intensity (n:4). *p<0.05, significantly different from the wf.
(B) A representative Western blot showing changes in the p-Akt
(T308), and non-phosphorylated Akt following stimulation with 10o/o

FBS.
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phospho-specific antibodies to Akt showed that both FBS and insulin induced

phosphorylation of Akt at the two key residues 5473 (Figures l lA & 12) and T308

(Figure 118 and 13) in both cell types. However, this induction was signif,rcantly higher

in crt-/- cells as compared to w/ cells (Figures 71, 12 e. ß). These results indicate that

the increased Akt kinase activity observed in the crt-/- cells was due to increased

phosphorylation of Akt rather than an increase in the level of Akt protein expression.

A previous report showed that overexpression of CRT in rat cardiomyoblast H9c2

cells increased differentiation-associated apoptosis ofcardiac cells via suppression ofAkt

activity (Kageyama et al., 2002). This study, in addition to our observation of increased

Akt activity in ut-/- cells, led us to postulate an inverse relationship between CRT

function and Akt phosphorylation. To test this postulate, crt-/- cells were transiently

transfected with CRT-HA plasmid and changes in Akt phosphorylation were examined as

described above. Figure 144 shows a significant reduction of p-Akt level in the crt-/-

cells transfected with CRT and cultured in 10o/o FBS. Furthermore, p-Akt (5473) level

was significantly decreased in vascular smooth muscle cells isolated from transgenic

mice overexpressing CRT in vascular smooth muscle cells (Figure 148).

1.4. Alteration of tlte PP2A øctivity in crt-/- cells

Proteins that are phosphorylated at serine and threonine residues undergo

dephosphorylation by a number of phosphatases including protein phosphatase 1 (PP1),

PP2A and PP2B (Klumpp and Krieglstein, 2002). PP2A has been shown to de-

phosphorylate Akt, thereby inhibiting its activity (Meier et al., 1998). To determine
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Fig. 12. Insulin-induced Akt phosphorylation at 5473 is higher in ut-/-
MEF cells. The upper panel shows a Western blot with antibodies specific
for p-Akt (5473) and actin (loading control). Cells were serum starved for
14-16 hours followed by incubation with DMEM alone, or DMEM
containing 100 nM Insulin for 10 minutes. Cell lysates were prepared as

described in the "Material and Methods". The bar graph shows the mean *
SE of ratio of p-Akt to actin band intensity from four different
experiments. *p<0.05, significantly different from wt.
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Fig. 13. Insulin-induced Akt phosphorylation at T308 is higher in crt-/-
MEF cells. The upper panel shows a Vy'estern blot with antibodies specific
for p-Akt (T308) and actin (loading control). Cells were serum starved for
14-16 hours followed by incubation with DMEM alone, or DMEM
containing 100 nM Insulin for l0 minutes. Cell lysates were prepared as

described in the "Material and Methods". The bar graph shows the mean t
SE of ratio of p-Akt to actin band intensity, from three different
experiments. The bar graph shows the mean + SE of ratio of p-Akt to
actin band intensity from four different experiments. *p<0.01,
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Fig. 14. p-Akt (5473) level is inversely correlated with cellular CRT
level. (A) Transfection of ut-/- cells with CRI reduces p-Akt level as

compared to non-transfected cells. wr and crt-/- cells were transfected with
either pcDNA or pcDNA-CRT-HA plasmids. 48 hours post transfection,
cells were lysed and Vy'estern blots for p-Akt (5473), actin and CRT were
performed. A representative Westem is shown. (B) A representative
Western blot shows that smooth muscle cells overexpressing CRT
(SMCRT) have a reduced level of p-Akt (ser 473). wt and SMCRT were
starved for 14-16 hours, followed by stimulation with 10% FBS for 10

min. Cell lysates containing 30 pg total protein were used to detect p-Akt
(ser 473) level by Western blot as described in 'Materials and
Methods'. *p<0.05, significantly different from the wr.



whether the increased Akt phosphorylation in the crt-/- cells is due to decreased

phosphatase activity, we compared PP2A activity between the wt and crt-/- cells. Figure

15 shows that PP2A phosphatase activity was significantly higher in the crt-/- cells as

compared to the wt cells, suggesting that the increased p-Akt level in the crt-/- cells was

not due to reduced protein de-phosphorylation.

1.5. Activation of Akt in response to FBS or insulin in crt-/- cells is

mediated through ø PI3 kinøse-dependent mech&nism

Akt activation can occur via Pl3-kinase dependent or Pl3-kinase independent

mechanisms (Scheid and Woodgett,2003; Yano et al., 1998). Vy'e examined the effect of

Pl3-kinase inhibition on the increased Akt phosphorylation observed in the crt-/- cells. wt

and crt-/- cells were starved for 14-16 hours and treated with either wortmannin (200 nM)

orLY294002 (10 ¡rM) for I hour prior to stimulation with 10% FBS or i00 nM insulin

for 10 min. Both woftmannin and LY294002 (Figure 164 and 168) treatment were able

to completely abolish Akt phosphorylation at S4l3 following FBS or insulin stimulation

in crt-/- and wt cells. These data indicate that the increase in Akt phosphorylation and

activity is mediated via a PI3-kinase dependent pathway in these cells.

1.6, Increased Akt activity in crt-/- cells is PDK-L dependent

Activated PI3-kinase phosphorylates plasma membrane phosphoinositides (PI) at

the 3' position of the inositol ring and generates PI(3,4)P2 and PI(3,4,5)P3 which are

recognized by PH-domain containing proteins, including PDK-1 and Akt
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Fig. 16. Effect of Pl3-kinase inhibition on FBS- or insulin-induced
Akt phosphorylation in crt-/- cells. Representative Western blots
showing that both FBS- and insulin-induced phosphorylation of Akt at
5473 were inhibited following pretreatment of cells with wortmannin
or LY294002. Cells were serum starved and treated with 200 nM
wortmannin or 10 ¡tM LY294002 for I hour then treated with 10% FBS
(A) or 100 nM insulin (B) in the presence of inhibitors for an additional
10 min. Cells were then lysed and proteins were processed for V/estern
blot analysis with anti-p-Akt (5473) antibody as described in 'Materials
and Method'.



(Vanhaesebroeck and Alessi, 2000). To test the role of PDK-I in Akt activation, wt and

crt-/- cells were transiently transfected with a myc-tagged dominant negative version of

PDK-1 (dnPDK-1-myc), followed by starvation and FBS stimulation as described

previously. Figure 17 shows that transiently transfectedwt and crt-/- cells expressed the

dnPDK-l-myc protein, although crt-/- expressed less of this protein. Furthermore,

expression of dnPDK-l inhibited p-Akt (T308) phosphorylation in bothwt and øt-/- cells

[Figure 17, p-Akt (T308)]. Transfection of the cells with dnPDK-l also reduced the level

of p-Akt (5473) in crt-/- cells to a level which was comparable with wf cells [Fig. 17, p-

Akt (5473)1. These results suggest that PDK-I activity is higher in the absence of CRT

and this activation plays a role in increased 5473 phosphorylation of the Akt protein.

1.7. Role of Integrin Linked kínase in activation of Akt in crt-/- cells

A role for Integrin Linked Kinase (ILK) in the phosphorylation of Akt at 5473 has

been previously shown (Troussard et al., 2003). Therefore we investigated the role of

ILK in mediating increased Akt phosphorylation in crt-/- cells. As shown in Figure 18,

ut-/- cells express significantly higher levels of ILK protein in comparison to wr cells.

Fufihermore, using real-time RT-PCR, we observed a2.5 fold increase in ILK mRNA in

the crt-/- relative to wt cells. To determine whether increased ILK expression in crt-/-

cells played any t'ole in the elevated Akt phosphorylation in these cells, two different ILK

tnutants were generated using PCR rnutagenesis as described in 'Materials and Methods'.

One mutant is a kinase-dead ILK (KD-ILK) version and the other is a dominant-negative

inactive ILK (dnIn-ILK) form. KD-ILK which lack kinase activity was generated by the

substitution of glutamic acid at amino acid residue 359
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Fig. 17. Increased FBS-induced Akt phosphorylation in crt-/-
cells is PDK-I dependent. A representative Western blot showing
that suppression of PDK-I activity upon expression of dominant
negative PDK-I (dnPDK-l) prevents Akt phosphorylation in crt-/-
cells. w/ and crt-/- cells were transiently transfected with myc-
tagged dnPDK-l, as described in 'Materials and Methods'. 30
hours post-transfection, cells were starved for 14-16 hrs followed
by stimulation with 10% FBS for 10 min. Cell lysates were
resolved on a I}Yo polyacrylamide gel and Western blot for p-Akt
(5473), p-Akt (T308), actin and myc antibodies was carried out as

described earlier. Anti-myc antibody was used to confirm the
expression of exogenous DNA (dn-PDK-l).



ILK ->
Actin

wt crt-/-

ffi

'E H r.sq)g

Ve ,ìãl
CE

Êa

Fig. 18. Increased protein levels of Integrin-linked kinase (ILK)
in the absence of CRT. The upper panel shows a representative
Western blot with the anti-ILK antibody. wt and crt-/- cells were
grown in media containing 10% FBS followed by cell lysis and
Western blot analysis. The bar graph shows the mean t SE of the
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experiments. *p<0.05, significantly different from the wr.
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with lysine (8359K). DnIn-ILK was generated by substituting Arginine 211 in the PH

domain of wild type ILK with Alanine (R21 1A). The PH domain of ILK is important in

mediating the interaction of ILK with the phosphoinositide phospholipids of the plasma

membrane, which promotes localization of ILK to the plasma membrane at the site of

focal adhesions (Persad et al., 2001). The R2114 mutation interferes with this interaction

and prevents anchorage of ILK to the plasma membrane, thus preventing its normal

activity. Both of the above mutants have been shown to act as dominant negatives for

ILK upon overexpression in cells (Persad et al., 2001). Figures 19 and 20 show that

expression of KD-ILK or dnln-ILK inwt and ut-/- cells suppresses both insulin and FBS

mediated phosphorylation of Akt in these cells. The inhibition of Akt phosphorylation in

crt-/- cells was less pronounced after insulin and FBS treatment (Figure 19 and 20) as

compared to wt cells. This could be due to a lower level of mutant ILK expression as

demonstrated by the lower level myc signal seen in the western blot (Figure 19 and 20).

L8. Expression of PTEN in ut-/- cells

PTEN is one of the molecules that regulate tlie PI3-kinase pathway. It functions as

a lipid phosphatase and catalyzes the removal of phosphate from the third hydroxyl group

of phosphoinositides located in the plasma membrane. Therefore, PTEN exeús a negative

regulatory effect on PDK-1 and Akt activation by decreasing the levels of PI(3,4)P2 and

PI(3,4,5)P3 (Goberdhan and Wilson,2003; Leslie and Downes,2002). To determine

whetlrer changes in the expression of PTEN modulated Akt functio n in crt-/- cells we

caried out Western blot analysis with a PTEN specific antibody. As shown in Figure 21,

there was no change in the level of PTEN protein in the crt-/- cells when
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Fig. 19. Role of ILK kinase activity in mediating increased Akt
phosphorylation in crt-/- cells. A & B show that overexpression of
kinase-dead ILK (KD-ILK) inhibits Akt phosphorylation (5473) in both
wt and ut-/- cells. Cells were transfected with KD-ILK using
Lipofectamine 2000 followed by selection with 400 pglml hygromycin
as explained in 'Materials and Methods'. To generate stable cell lines
colonies were screened for the expression of the exogenous KD-ILK
using Westem blot analysis with the anti-myc antibody. In addition,
stimulation with either 10% FBS (A) or insulin (100 nM) (B) for 10

minutes did not alter the level of p-Akt in either cell type. Data shown
are representative Western blots from af least three different
experiments.
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Fig. 20. Dominant negative inactive ILK (dnIn-ILK) prevents
insulin mediated Akt phosphorylation in both wt and crt-/- cells.
wt and crt-/- cells werc transfected with dnln-ILK using
Lipofecatmine 2000 followed by selection with hygromycin for
establishment of stable cell lines. Cells were screened for the
expression of the exogenous myc-dnln-IlK using Western blot
analysis with the anti-myc antibody. Control and stably transfected
cells were starved for 14-16 hours followed by stimulation with
insulin (100 nM) for 10 minutes. Cell lystaes were used for Western
blot analysis with p-Akt (5473), myc and actin antibodies.
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Fig. 21. Endogenous levels of PTEN in the crt-/- cells. A
representative Western blot with PTEN antibody showing no
changes in the level of PTEN protein expression in the crt-/- cells as

compared to the w/ MEF cells.



when compared to vrl cells.

1.9. Insulin stimulated phosphorylcttion of GSK3P is higher in crt-/-

cells

Activated Akt is known to phosphorylate GSK3B and inhibit its function (Doble

and Woodgett,2003; Kandel and Hay, 1999). To determine whether elevated Akt activity

seen in these cells can affect the level of GSK3B phosphorylation in vivo, cell lysates

from control and insulin treated cells were used for immunoblotting. Insulin stimulation

increased GSK3P phosphorylation in both wt and crt-/- cells (Figure 22), however, this

increase was significantly higher in the ut-/- cells as compared to the wr cells (Figure

22). To establish that this observed increase in p-GSK3p was not due to an alteration in

the GSK3B protein, Western blotting was caried out on wt and crt-/- cells using an anti-

GSK3B antibody. As shown in Figure 23, loss of CRT function is not associated with any

change in the level of non-phosphorylated GSK3P protein. The change in the in vivo

phosphorylation level of GSK3B corresponds with the increased Akt kinase activity

(Figures 10).

L10. mRNA and protein levels of tlxe IR ltss increased in crt-/- cells

Increased insulin-induced Akt phosphorylation and activation in ut-/- cells

(Figure 10,12 and l3) suggested apossible change inthe insulin signaling inthe absence

of CRT. Indeed, the CRT knockout mice which are rescued upon overexpression of a

constitutively active forrn of calcineurin B in the heart of CRT knockout mice have

severe lrypoglycemia, the cause of which is not understood (Guo et a1.,2002).
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Fig.22. Insulin-mediated phosphorylation of endogenous GSK3p is
increased in crt-/- cells. The upper panel illustrates a representative
Western blot for p-GSK3p (serine 9) in u,t and ut-/- cells. Cells were
starved for i4-16 hours, stimulated with either DMEM or DMEM
containing 100 nM insulin for 10 min and then lysed for Western blot
analysis. The lower panel is a bar graph of mean t SE of the p-GSK3B
band intensity to actin band intensity ratio from three different
experiments. *p<0.05, significantly different from the insulin treated wt
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Fig. 23. GSK3P protein level in CRT deficient cells. Western
blot analysis of cell lysates from non-treated wt and crt-/- cells
were carried out using GSK3B specific antibody, as described in '
Materials and Methods'. A representative Western blot showing
no changes in the level of GSK3B proteinin crt-/- cells.



Furthermore, a recent report has shown the accumulation of glycogen in the ventricular

cardiomyocytes of CRT knockout embryos (Lozyk et al., 2006). Therefore, we first

determined whether the increased insulin-induced Akt activity in the crt-/- cells is

associated with elevated IR density. As shown in Figure 24, there is a significant increase

in the IR B subunit protein in the crt-/- cells as compared to the w/ cells. To investigate

whether this increase was due to transcriptional regulation or protein stability, we

determined the level of IR mRNA in crt-/- cells using RT-PCR. As shown in Figure 25,

the IR mRNA was also significantly higher in crt-/- cells as compared to w/ cells.

1.11. IRfunction in crt-/- cells

Calnexin and CRT are two ER chaperones which are impoftant for the folding

and maturation of the IR (Bass et al., 1998). Therefore, it is probable that deletion of CRT

function can result in impaired IR folding, localization and function despite its higher

level of expression at the protein and mRNA levels. To investigate this possibility, we

assayed IR function by measuring'H-glr,"ose uptake inwt and crt-/- cells. As shown in

Figure 26,the level of glucose uptake in non-treated and insulin treated (10, 100, 1000

nM) crr/- cells is signif,rcantly higher than equivalently treated wr cells. Furthermore, 100

nM and 1000 nM insulin rnediated higher glucose uptake in crt-/- cells when compared to

wr cells.

Binding of insulin to its receptor induces phosphorylation of the downstream

signaling molecule IR substrate I (IRS-l) at tyrosine 941 [for review see (Johnston et al.,

2003)1. Thus, we examined the level of tyrosine 941 phosphorylation of IRS-1 as another

measure of IR function. As shown in Figure 27, there was
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Fig.24. Changes in insulin receptor B protein level with altered
CRT expression. A representative 'Western blot for insulin receptor B
(IR P) subunit in the wt and ut-/- cells is shown in the upper panel.
The bar graph shows a significant increase in the ratio of insulin
receptor B subunit to actin in the crt-/- cells as compared to the
w/ cells. *p<0.05, signif,rcantly different from the insulin treated wt
cells. Data presented are mean + SE of three independent experiments.
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Fig. 25. Changes in insulin receptor B mRNA level with altered
CRT expression. RT-PCR showing the mRNA level of IR and

GAPDH (internal control) in wt and crt-/- cells. The bar graph
summarizes data from four different KI-PCR experiments and

demonstrates a significant increase in the ratio of IR to GAPDH
mRNA in crt-/- cells as compared to w/ cells. *p<0.05, significantly
different from the wr cells.
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Fig.26. Dose-response of insulin mediated glucose uptake in the
absence of CRT. Cells were starved in DMEM overnight and then
incubated with a buffer containing 3H deoxy-D-glucose with 0, 10,

100 or 1000 nM insulin for 30 min. Data presented are mean + SE of
nmole 3H-glucose uptake/mg protein, from three separate
experiments.
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Fig. 27. p-Insulin Receptor Substrate-l (p-IRS-1) level is

increased in the absence of CRT. wt and crt-/- cells were
serum starved ovemight followed by incubation with DMEM
containing 100 nM insulin for 10 minutes. Cell lysates were then
used for Western blotting with an antibody specific for p-IRS-
1 (Tyr 941). The bar graph shows the mean t SE of ratio of p-
IRS-I band intensity to actin, from three different experiments.
*p<0.05, significantly different fromthe wt.



a significant (40%) increase in IRS-I phosphorylation in the absence of CRT. To

examine whether the increased p-IRS-1 was due to changes in IRS-i protein expression,

Western blotting was carried out using cell lysates from wt and crt-/- cultured in DMEM

and 10% FBS. As seen in Figure 28,there was an approximately 30o/o increase in the

IRS-I expression. These data suggest that increased IR activity in crt-/- cells leads to

activation of IRS-I thus mediating increased Akt activation in response to insulin

stimulation.

1.12. Altered CRT expression øffects IR pprotein levels

To examine whether the elevated IR B expression was due to loss of CRT

function, wt and crt-/- cells were transiently transfected with CRT-HA expression

plasmid. Figure 29 shows that expression of CRT-HA significantly decreases IR B

expression in both wt and ut-/- cells. Westem blotting for HA confirmed that exogenous

CRT was expressed by both of these cells (Figure29, HA). However, the level of CRT

expression in the CRT-HA transfected crt-/- cells was still significantly less than the non-

transfected w/ cells (Figure 29, CRT).

L13. Mecltønism of øltered IRp in ut-/- cells

p53 has been shown to inhibit IR transcription (Webster et al., 1996).

Furlhermore, we previously showed that loss of CRT function results in a significant

decrease in p53 protein level and its function (Mesaeli and Phillipson, 2004), which can

be prevented upon inhibition of proteasome
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Fig. 28. Insulin Receptor Substrate-l (IRS-I) protein level is
up-regulated in the absence of CRT. wt and ut-/- cells were
cultured in DMEM containing 10% FBS. Cell lysates were then
used for Western blotting with an antibody specific for IRS-I.
The bar graph shows mean t SE of IRS-I band intensity to actin
band intensity ratio, from four different experiments. *p<0.05,

significantly different from the w/.
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Fig. 29. CRT negatively regulates insulin receptor P (IR P)
protein levels. Westem blots showing the expression of IR B in
the cells transfected with CRT. wr and crt-/- cells were transiently
transfected with pcDNA-CRI:HA using Lipofectamine 2000 as

described in "Materials and Methods". 48 hours post-
transfection, cells were lysed and cell lysates were utilized for
Western blot analysis with IRB, HA, CRT and actin antibodies.



activity (Uvarov and Mesaeli, unpublished observations). Therefore, we examined

whether the decreased level of p53 could affect IR expression in the crt-/- cells by

transfecting the cells with p53-EGFP or using a proteasome inhibitor (MG132). As

shown in the Figure 304, transient transfection of crt-/- cells with p53 resulted in a

significant decrease of IR B protein expression. In addition, treating crt-/- cells with

MG132 (25 p,glml for 8 hrs) resulted in a significant increase in the level of p53 protein

which was accompanied by a significant decrease in the IR B protein (Figure 308).

1.14. Expression pøttern of growth fuctor receptors in crt-/- cells

Growth factor receptors residing on the cell membrane are the first mediators of

signal transduction in response to growth signals from outside of the cell. Akt is a key

downstream targets of growth factors. Therefore, we examined changes in the expression

pattern of different growth factor receptors in the crt-/- cells to determine whether they

played any role in the activation of the Akt pathway in these cells. Table 2 summarizes

the results of real-time PCR of sevelal growth factors. Among tested growth factor

receptors, PDGFR-B is the only gene that was upregulated in the absence of CRT.

Interestingly, the mRNA level of EGFR, FGFR, and IGFR receptors was decreased in the

crt-/- cells as compared to the wr cells. To test whether changes at the mRNA level was

translated to the protein level, Western blot analysis was carried out (Figure 3i). As

shown in Figure 314, PDGFR-B protein expression was significantly highel inthe crtJ-

as compared to wr cells. Furthermore transient transfection of CRT into crt-/- cells

resulted in decreased PDGFR-B level (Figure 318). The level of PDGFR-B in CRT-crt-/-
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Fig. 30. Expression of IRB in the crt-/- cells is regulated by the level of
p53. (A) A representative Western blot shows the effect of increased p53
expression on IRB protein level in crt-/- cells. wt and crt-/- cells werc
transiently transfected with either EGFP or EGFP-p53 containing
plasmids. 48-hours post-transfection, cells were lysed and the level of IRB,
p53 and actin was determined by V/estern blot analysis. (B) V/estern
blotting illustrates the effect of proteasome inhibition on IRB and p53
proteins inwt and crt-/- cells. cells were treated with 20 pg/ml MGl32 for
8 hrs at 37"c. cell lysates were then used for western blot analysis
with antibodies to IR B, p53 and actin.
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Fig. 31. Increased levels of PDGFRp and EGFR protein in ut-/-
cells. (A) A representative Western blotting shows that PDGFRB levels
are increased in crt-/- cells. (B) The increase in PDGFRB protein in
crt-/- cells is reversed upon re-introduction of CRT to these cells. w¡
and ut-/- cells were transfected with either pcDNA or pcDNA-CRI-
HA plasmids (crt-/- + CRT) using lipofectamine 2000. 48 hours post-
transfection, cells were lysed for 'Westem blot analysis of PDGFRP.
(C) A representative Western blotting with EGFR antibody shows
increased expression of EGFR in the crt-/- cells.



Tâble 2: Real-time PCR analysis showing expression pattern
of growth factor receptors in crt-/- cells.

gene Relative mRNA level
crt-/- / wt

EGFR
FGFR
PDGFRA
PDGFRB
IGF-I
IGF-II

0.66 * 0.12
0.57 + 0.09
0.42 + 0.Il
t.4t +0.26
0.66 + 0.12
0.64 + 0.15

Values represent normalized target gene expression of crt-/-
versus w/ cells. Data are presented as mean + SE of three
independent experiments



cells was still higher Than wt cells due to low expression of ectopic CRT in the transfected

cells (Figure 3lB, lower panel). Overall, these data indicate that both gene expression and

protein levels of PDGFR-B are elevated in the absence of CRT. Interestingly, crt-/- cells

also showed a higher level of EGFR protein expression (Figure 31C), despite a reduced

amount of EGFR mRNA in these cells. These data suggest a change in EGFR protein

stability in crt-/- cells.

II. NFtcB Pøthwuy

11.1. Basøl trønscriptionøl erctivity of NFrcB in the absence of CRT

One mechanism by which the Pl3kinase/Akt signaling pathway exerts its anti-

apoptotic flinction is via activation of NFrcB signaling. Akt has been shown to stimulate

the transactivation domain 1 of NFrcB p65 in an IKKB-dependent manner (Madrid et al.,

2000). Akt-mediated activation of NFrcB can also be mediated via degradation of IrcB and

translocation of the NFrcB to the nucleus (Ozes et al., 1999). In addition to Akt, NFrcB

activity could be increased through many other signals. For instance, both increased ER

stress and enhanced proteasome activity are known to induce NFrcB activity (Hung et al.,

2004; Miyamoto et al., 1994). A previous study showed that deletion of the CRT gene

results in activation of ER stress (Knee et al., 2003). Furthermore, recent data from our

lab demonstrated that proteasome activity is significantly liigher in ut-/- cells (Uvarov &

Mesaeli; under revision). These data, in combination with our observation of increased

Akt activity upon loss of CRT function, suggest that NFrcB function is increased in crt-/-

cells. To examine this postulate, wt and crt-/- cells were transiently co-transfected with a

t22



NF-KB luciferase reporter plasmid and a B-gal reporter plasmid. Basal transcriptional

activity of NFrcB was then determined using luciferase and B-gal assays. To our surprise

the basal transcriptional activity of NFrcB was repressed in crt-/- cells (Figure 32) instead

of being activated.

11.2. LPs-induced NFrcB trønscription uctivity in the eúsence of CRT

To determine whether agonists can induce NFKB transcriptional activity in crt-/-

cells, cells was treated with the NFrcB agonist LPS. w/ and crt-/- cells were co-transfected

with plasmids containing NFrcB luciferase reporter and B-gal constructs. Cells were then

treated with 0.5 pg/¡rl LPS for a period of 4 hrs prior to lysis and reporter gene assays.

LPS enhanced the transcriptional activity of NFrcB in both wt and crt-/- cells (Figure 33),

however, the LPS-induced NFKB activity in the crt-/- cells was significantly lower than

the basal and LPS-mediated activity in wt type cells (Figure 33). These data indicate that

the overall transcriptional activity of NFrcB is down-regulated in crt-/- cells.

11.3. Trsnscriptionøl activity of NFrcB correløtes with expression level

of cRT

To examine the correlation between the endogenous CRT level and NFrcB

activity, MEF cells isolated frorn CRT heterozygous embryos (crt+/-) were used for

reporter gene assays. crt*/- cells express 50% less CRT than wt cells (Mesaeli et al.,

1999). As shown in Figure 34, there is a dose-dependent relationship between

transcriptional activity of NFrcB and the cellular level of CRT. These data suggest that the
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Fig. 32. Transcriptional activity of NFxB is reduced in the
absence of CRT. wr and øt-/- cells growing in DMEM
containing 10% FBS were co-transfected with NFrcB-Luc and

B-gal reporter vectors. 48 hrs post-transfection, cells were
lysed. Luciferase and B-gal assays were carried out as described
in 'Materials and Methods' to determine the transcriptional
activity of NFrcB. Values represent mean + SE of six diff,erent
experiments. *p<0.00 1, significantly different from fhe w t.
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Fig. 33. LPS-induccd transcriptional activity of NFmB in
the absence of CRT. wt and crt-/- were cultured in DMEM
containing 10% FBS and co-transfected with plasmids containing
NFkB-Luc and B-gal using Lipofectamine 2000. 48 hrs post-
transfection wt and crt-/- cells were treated with normal media or
media containing LPS (0.5 pglpl) for 4 hrs. Cells were then lysed
and the luciferase assay was carried out as described in 'Materials
and Methods' to determine the transcriptional activity of NFrcB.
Values represent mean i SE of six different experiments. *p<0.05

are significantly different from non-treated cells. fp<0.01 are

significantly different from wr cells.
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Fig. 34. Transcriptional activity of NFxB is regulated by the
cellular level of CRT in MEF cells. A) A representative westem

blot showing the CRT level in the MEF cells isolated from
heterozygous mice deficient for CRT gene expression (crl+/-).
B) Results of luciferase assays show a dose-dependent

relationship between CRT level and NFrcB transcription activity.
crtt/- cells were cultured alongside with wt and crt-/- cells in
DMEM containing 10% FBS and co-transfected with NFrcB-luc

and p-gal plasmids. 48 hours post-transfection, cells were lysed

and the lysates were utilized for western blotting and the

luciferase assay as explained in 'Materials and Methods'. The

values represent mean t SE (n:5). *p<0.05 un¿ ip<0.001 are

significantly different from the w/.
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level of CRT expression in a cell affects the activity of NFrcB.

11.4. NFtcB p65, hcBa, und IKKa protein expression in crt-/- cells

Activation of NFrcB requires a cascade of events that are initiated in the cytosol.

Induction of IKK activity results in the liberation of the NFrcB heterodimer from

inhibitory proteins (IrcBs) in the cytosol, leading to its translocation to the nucleus (Ghosh

et al., 1998). Accordingly, any alteration these events can affect NFKB activity. To

elucidate the underlying mechanism of NFrB activity down-regulation in CRT deficient

cells, we determined the amount of the NFKB p65 subunit, IrcBo, and IKKu, in crt-/- cells.

As shown in Figure 35, in spite of areduction intranscriptional activity of NFrcB, total

protein levels of NFrcB p65 arc increased in the absence of CRT. However, crt-/- cells

also express higher amounts of lrcBq, protein as compare d to wt cells (Figure 3 6), which is

in agreement with our result showing diminished NFkB activity. Furthermore, crt-/- cells

express lower levels of IKKo protein as compare d to wt cells (Figur e 37). To test whether

the changes at the protein level were due to altered mRNA expression, quantitative real-

time PCR was carried out using gene specific primers. Table 3 summarizes the changes

in mRNA for each gene in crt-/- cells relative to wt cells. Interestingly, there was no

increase in the relative ratio of mRNA of the tested NFrcB family members. Indeed, the

ratio of crt-/- lu,t mRNA of IrcBu, p65 and p i 05 was less than 1, indicating lower level of

these mRNAs in ut-/- cells. These data suggest a possible increase in protein stability of

these proteins in CRT deficient cells.
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Fig. 35. NFxB (p65) protein level in ut-/- cells. A
representative Western blot shows higher endogenous p65
levels in crt-/- cells. w/ and crt-/- cells were grown in
DMEM containing 10% FBS. 80% confluent cells were
cultured and Western blotting for p65 was performed as

described in 'Materials and Methods'. The bar graph

shows the ratio of p65 to actin band density. Values
represent mean + SE of four individual experiments. 'F

p<0.05, significantly different from the w/.
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Fig. 36. IxBc¿ protein level in crt-/- cells. Western

blotting shows that the amount of hcBo protein is higher in
crt-/- cells compared to wt cells. w/ and crt-/- cells were
cultured in DMEM containing 10% FBS. Cell lysates were
prepared and used for Western blotting with an hcBc¿

antibody. The bar graph shows the ratio of IrcB to actin band
density. Values are mean I SE of four individual
experiments . *p<0.05, significantly different from the w/.
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Fig. 37. IKKo protein level in crt-/- cells. A representative
'Western blot shows IKKct levels are reduced in the absence of
CRT. w/ and crt-/- cells were cultured in DMEM containing
10% FBS. Cells were harvested and processed for 'Western

blotting with an IKKo antibody as described in 'Materials and

Methods'. The bar graph shows the ratio of IKKo to actin band

density. Values represent mean + SE of four individual
experiments . *p<0.05, significantly different from the w/.

80.x vt)

åE
ì.=Vevã

60

40

20



Table 3: Real-time PCR analysis showing the relative mRNA
levels of NFxB family members in crt-/- cells

gene Relative mRNA expression level
crt-/- / wt

IKKo
IKKB
IKKy
IrcBo
I"BB
p65
p105

1.02 t 0.13

0.64 + 0.11

1.03 +0.16
0.68 + 0.09
0.49 + 0.16
0.77 t 0.05
0.53 + 0.16

Values represent normalized target gene expression of crt-/-
versus w/ cells. Data are presented as mean + SE of four
independent experiments



11.5. Chønges in NFrcB pl05 in the ubsence of CRT

As described in the literature teview, the transcription factor NFrcB is composed

of either hetero- or homo-dimers. The most predominant heterodimer form of NFrcB is

composed of the p65 and p50 subunits (Mayo and Baldwin, 2000). p50 is originally

synthesized as a precursor protein p105, which is processed into p50 in a proteasome-

dependent manner (Lin et al., 1998; Lin et al., 2000; Moorthy et al., 2006). To examine

whether there is any alteration in transcription of the p105 gene, wt and crt-/- cells were

transiently co-transfected with lucifcrasc plasmids containing p105 promotcr and B-gal

constructs, followed by a reporter gene assay. As illustrated in Figure 384, the promoter

activity of pl05 is significantly lower in crt-/- cells when compared to wt fype cells. This

reduction was also associated with a decrease in both p105 mRNA as tested by real-time

PCR (Figure 388) and protein level (Figure 38C, top panel). However, the amount of p50

protein did not change as a result of CRT loss (Figure 37, middle panel), implying that

pl05 processing into p50 occurs at a faster rate in crt-/- cells.

IL6. Effect of PP2A on NFrcB in crt-/- cells

Activation of NFrcB is associated with the phosphorylation of its signaling

molecules. In fact, the IKK complex, IrcBo, and both NFrcB heterodimer proteins (p65 and

p50) are subject to phosphorylation by related kinases. Alternatively, dephosphorylation

of these molecules by specific phosphatases can modulate the activity of these ploteins

(Perkins, 2006). A role for PP2A in dephosphorylating p65 has been reported previously

(Yang et a1.,2001a). PP2A has also been shown to interact and dephosphorylate
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Fig. 38. Suppression of p105 (NFmB) gene expression in ut-/- cells. A)
Luciferase assay showing a decrease in p105 ( NFKB) promoter activity in
crt-/- cells. wt and crt-/- cells were transiently co-transfected with reporter
gene plasmids containing p105-luc and B-gal constructs. 48 hours after
transfection, cells were lysed and the luciferase assay was carried out as

described in 'Materials and Methods'. Values are depicted as mean + SE of
five individual experiments. *p<0.05, significantly different from the w/. B)
Real-time PCR analysis shows that the mRNA level of p i 05 is reduce d in crt-
,/- cells. The level of mRNA in ut-/- cells is depicted as percentage decrease
compared to wt cells and presented as mean + SE of three individual
experiments. i p<0.05, significantly different from wt. C) A representative
Western blot showing the decreased level of p105 protein in crt-/- cells
relative to w/ cells, with no detectable changes in the p50 protein level.
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the IKK complex (Li et al., 2006b). Moreover, inhibition of PP2A using okadaic acid was

shown to increase phosphorylation and degradation of kBs and result in continuous

NFKB activation (Miskolci et al., 2003). To investigate whether the increased PP2A

activity observed in crt-/- cells (Figure 15) contributes to the suppression of NFrcB

activity in these cells, w/ and crt-/- cells were transiently transfected with the NFrcB-luc

reporter plasmid and B-gal plasmid. Cells were treated with 500 nM okadaic acid for 12

hours followed by reporter gene assays. In a preliminary time-course experiment, 12

hours treatment with okadaic acid was determined to be the optimal time for induction of

the transcriptional activity of NFrcB compared to non-treated cells (data is not shown). As

shown in Figure 39, okadaic acid induced the transcriptional activity of NFrcB

significantly in both wt and crt-/- cells, however the fold induction was much higher in

crt-/- cells as compared to wt cells (144.30lo increase in crt-/- cells versus 51.8% in wt).

On the other hand, okadaic acid failed to activate NFrcB-dependent transcription in the

crt-/- ceIls to the sane level as the w/ cells. The failure of okadaic acid treatment to

completely rescue the reduced NFrcB activity suggests the involvement of other factors in

down-regulating NFrcB activity in CRT deficient cells. Overall, these data indicate that

increased phosphatase PP2A activity is parlly involved in mediating the diminished

transcriptional activity of NFrcB.

To examine whether PP2A is also implicated in the increased IrcBu level as seen

in the absence of CRT, cells were treated with 500 nM okadaic acid for 8 hours and

Western blotting was canied out with an anti-IrcBo antibody. As shown in Figure 40,

okadaic acid treatment of crt-/- cells diminishes the level of lrcBu, to a greater extent

compared to w/ cells, emphasizing that dephosphorylation of IrcBo by active PP2A in
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Fig. 39. Increased PP2A activity plays ^ role in reducing
transcriptional activity of NFxB. Luciferase reporter gene assay was

used to show that okadaic acid (PP2A inhibitor) increases NFKB-

dependent transcriptional activity and the percentage of this increase is

higher in ut-/- cells compared to wf cells (144.3% increase in gt-/-
cells versus 51.8% in wt). wt and crt-/- cells were transiently co-

transfected with NFrcB and B-gal reporter plasmids' 48 hours post-

transfection, cells were lysed and followed by luciferase assay. Test

groups were treated with 500 nM okadaic acid for 12 hours prior to
lysis and the luciferase assay. Data are presented as mean + SE of six

experiments. *p<0.05 is significantly different from non-treated cells.
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Fig. 40. Effect of Okadaic acid treatment on hcBa
protein level. A representative Western blot shows that
inhibition of PP2A by okadaic acid decreases IrcBs level to
a greater extent in crt-/- cells as compared to wt cells. w¡
and crt-/- cells were treated with or without 500 nM
okadaic acid for 8 hours followed by lysis and Westem blot
analysis with an kBcr antibody (n:3).



crt-/- cells (Figure 1 5) may play a role in the accumulation of IrcBa in crt-/- cells.

11.7. Nucleør trønslocøtion of NFtcB p65 in the øbsence of CRT

The activity of NFrcB is regulated at different stages which includes both cytosolic

and nuclear events. Agonist-mediated dissociation of NFrcB from its inhibitory proteins

(IrcB) in the c1'tosol precedes its subsequent translocation to the nucleus. Regulatory

elements present in the nucleus fuither contribute to the modulation of DNA binding and

transcriptional activity of NFrcB (Yamamoto and Gaynor, 2004). To investigate whether

the decreased transcriptional activity of NFrcB in crt-/- cells is the result of a defect in its

nuclear localization, we first determined the cellular localization of p65 using

immunocy'tochemistry. As shown in Figure 41, in the presence of 0.5 pglml LPS for 8

hours, p65 becomes localized in the nucleus of w/ cells; however, this treatment failed to

promote translocation of p65 to the nucleus of crt-/- cells. To confirm the

immunocytochemical data, nuclear extracts \¡/ere prepared from the wt and crt-/- cells and

utilized to detect the p65 level using 'Western blot analysis. Figure 42 shows that there is

less p65 protein in the nucleus of non-stimulated crt-/- cells as compared to w¡ cells.

Interestingly, 30 min LPS treatment induced nuclear translocation of p65 inwt and crt-/-

cells to the same extent (Figure 42). Similar levels of p65 protein were detected in the

nucleus of wt and crt-/- cells after 1 hr LPS treatment (Figure 42). However, after 4 hrs

LPS treatment, the level of p65 in the nuclear extracts of crt-l- was lower than the treated

y,/ cells, similar to that observed for the non-treated cells (Figure 42). Overall, these data

suggest that loss of CRT does not affect NFrcB p65 nuclear localization after acute LPS

treatment.
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ßig. 42. Time dependent effect of LPS on nuclear localization of
p65 NFxB. 'Western blotting was used to illustrate the p65 level in
nuclear extracts isolated from non-treated and LPS treated cells (30
min, t hr and 4 hrs). wt and crt-/- cells were cultured in media
containing 10% FBS. Nuclear extracts were then prepared from
80% confluent cells as described in 'Materials and Methods'.
Isolated nuclear extracts were utilized for Western blot analysis
with p65 antibody.



11.8. Loss of CRT results in increased phospho-ItcB (p-IrcB) level in

MEF cells

Any change at the level of kB phosphorylation can alter its degradation, thus

affecting NFKB activity. Accordingly, the elevation in IrcBc¿ levels accompanied with the

reduction in nuclear translocation and transcriptional activity of NFrcB in crt-/- cells may

be the consequence of reduced IrcBcr phosphorylation. To examine changes in the

phosphorylation of hcBcr as a result of loss of CRT function, 'Western blotting with anti-

p- IrcBcr (serine 32) antibody was carried out. In untreated wt and crt-/- cells, p-IrcBo, was

not detectable (data not shown), however, IrcBo, phosphorylation was observed upon

treatment with LPS (10 pglml) for varying lengths of time (10, 15, 30, 60 min) (Figure

43). The level of p-IrcBcr was higher in the ut-/- cells at all times following LPS

treatment as compared to url cells (Figure 43). Furthermore, there was a progressive

reduction in the p-IrcBo level in both wf and crt-/- cells with time after LPS treatment.

Interestingly, 10 min LPS stimulation resulted in no change in IrcBc¿ protein level in both

wt and crt-/- cells (Figure 43, middle panel). Longer stimulation (i5 and 30 min) with

LPS resulted in a gradual decrease in IrcBo protein. However, after t hour treatment with

LPS the IrcBü,level was increased again to the level of untreated cells. This latter increase

in kBcr explession could be due to decreased proteasornal degradation of hcBcr or

increased expression of this protein, or both.
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Fig. 43. Time dependent effect of LPS on p-hcBu and InBa
levels in wt and crt-/- cells. Cells were cultured in DMEM
containing i0% FBS. 70-80% confluent cells were treated with 10

Vgml LPS for different times (10, 15, 30, 60 min). Cell lysates
were used for Westem blotting using p-IKB or IrcBa, antibodies.
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11.9. Ubiquitination pøttern of IrcB a in the crt-/- cells

Ubiquitination of IrcBo occurs prior to its degradation. To measure changes in the

ubiquitination of IrcBc¿ in the absence of CRT, wt and crt-/- cells were treated with the

proteasome inhibitor MGl32 (25 p"glml) for 4 hrs. Cell lysates were used to isolate

ubiquitinated proteins using a ubiquitin enrichment kit. The proteins were then separated

on a SDS polyacrylamide gel and Western blotting with IrcBcr antibody was carried out.

In non-treated cells, the level of ubiquitinated kBcr was very low, with no obvious

difference in the level of ubiquitinated IrcBo in the two cell types (Figure 44).Inhibition

of proteasomes with MG132, however, illustrated a higher level of ubiquitinated IrcBcr in

w/ cells as compared to the ut-/- cells (Figure 44). Given that the amount of IrcBo and p-

IrcBcr is higher in the ut-/- cells (Figure 43), these data suggest that basal ubiquitination

of IrcBc¿ is reduced in the absence of CRT.

II.l0. Effect of proteasome inhibition on p-hcBa end IrcBa levels in

crt-/- cells

To examine the role of the proteasome in the LPS-induced decrease in both p-

kBü and IrcBo proteins, cells were pre-treated with a proteasome inhibitor, Lactacystin,

for 5 hrs. Then LPS was added to the cells in the presence of lactacystin for' 30 min. As

shown in Figure 45, pre-treatment with lactacystin inhibited the LPS-mediated decrease

in p-IrcBcr levels in both wt and ut-/- cells. However, proteasome inhibition resulted in a

more significant accumulation of p-IrcBo, in crt-/- cells as compared to w/ cells.
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Fig. 44. Ubiquitination of IxBa is reduced in the CRT deficient
cells. Cells were cultured in DMEM containing I0%o FBS and treated
with 25pglml MGI23 for 4 hours. Control group received solvent.
Cells were then lysed and ubiquitinated proteins were precipitated
from the cell lysates using ubiquitinated protein enrichment kit as

described in 'Materials and Methods'. Proteins were resolved on 10%
SDS polyacrylamide gel and western blotting carried out with anti-
IrcBo antibody.
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Fig. 45. Effect of inhibition of proteasome activity on p-IxBa
and IxBu levels in crt-/- cells following LPS treatment. A
representative Westem blot shows that lactacystin treatment
increases p-IrcBo and IrcBs levels in crt-/- cells stimulated with
LPS for 30 min. wt and crt-/- cells were pre-treated with
lactacystin (10 pM) or DMSO for 5 hrs and then stimulated with
LPS (10 pglml) for 30 min. Cell lysates were used for Westem
blotting with p-IrcBo, kBa, and actin antibodies (n:2).



Furthermore, inhibition of proteasome activity resulted in a higher level of IrcBa protein

in both cell types. However, the increase in IrcBc¿ in crt-/- cells was more pronounced

after lactacystin treatment. These data suggest a role for the proteasome in the

degradation of IrcBo in both cells as have previously reported for other cells.

II.1I. NFtcB (p65) DNA binding in ut-/- cells

To investigate whether the reduced transcriptional activity of NFrcB in crt-/- cells

is due to a change in the DNA binding properties of NFrcB, nuclear extracts were

prepared from non-treated and LPS treated v)t aîd crt-/- cells and used for a NFrcB DNA

binding assay. As shown in Figure 46, in the absence of treatment, DNA binding of

NFrcB (p65) is significantly reduced in CRT def,rcient cells. However, 30 min stimulation

with LPS (10 pglml) significantly increased the DNA binding of NFrcB (p65) in both wt

and crt-/- cells (Figure 46). Longer treatment with LPS (1 hr and 4 hrs) resulted in

decreased NFKB DNA binding in both cells. However, NFrcB binding (1 hr and 4 hrs)

was significantly less in crt-/- cells as compared to wf cells (Figule 46). These data

demonstrate that although p65 binding to DNA inwt and crt-/- cells was equivalent upon

stimulation with LPS, this association was more rapidly terminated in crt-/- cells.

Overall, our data suggest that short-term LPS treatment (30 miri) could induce NFKB

activity (by increased IrcBo, degradation, increased nuclear localization and DNA binding

of p65) to the same extent in crt-/- and wt cells, while longer LPS treatment is less

effective in crt-/- cells as compared to Ì4l/ cells.
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Fig. 46. DNA binding of NFxB (p65) in the absence of CRT. The
bar graph shows the time dependence of LPS-induced NFrcB DNA
binding in wt and crt-/- cells. The nuclear extracts isolated from
control and LPS-treated (10 pglml) wt and crt-/- cells were utilized for
NFKB DNA binding assay described in 'Materials and Methods'. Data
are shown as percentage change relative to wt non-treated cells.
Values represent mean + SE of four individual experiments. *p<0.05,

significantly different from w/ cells.
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11.12. Effict of Ca2* perturbøtions on NFrcB trunscriptionul øctivity

in crt-/- cells

CRT is Ca2n binding protein and regulates intracellular Ca2* homeostasis. Indeed,

a recent report showed that the cytosolic free Ct* is significantly higher in crt-/- cells

with no change in ER free C** concentration Qrlakamura et al., 2001b). Thus, to examine

the role of cytosoli c Ca2* on NFrcB activity, wt and. crt-/- cells were transiently co-

transfected with the NFrB-luc reporter and B-gal reporter plasmids. Cells were treated

with 1 pM thapsigargin (inhibits SERCA pump, thus transiently increases cytosolic Ct*

and depletes ER Ca2*) ,7 lt}y'r A23187 or 3 ¡rM Ionomycin (both increase cytosolic Caz*)

for 6 hours prior to lysis and luciferase assay. Our data showed that increased cytosolic

Ca2* resulted in higher NFrcB transcriptional activity in w/ cells, but not in crt-/- cells

(Figure 47).

To investigate the role of ER Ca2* content on NFrcB transcriptional activity , crt-/-

cells were transfected with calsequestrin (CCO. CCQ is a sarcoplasmic reticulum (SR)

Ca2* binding protein which is similar to CRT; however, it does not possess a chaperone

activity (Milner et al., 1 992). wt and crt-/- and crt-/- +CCQ cells were co-transfected with

plasmids containing NF-rcB-luc reporter and B-gal repofter. Figure 48 shows that CCQ

expression in crt-/- cells did not affect NFrcB activity in these cells. Collectively, these

data exclude a role for Ca2* in the suppression of NFrcB activity in CRT deficient cells.
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Fig. 47. Effect of altered intracellular Caz* on NFxB transcriptional
activity. The bar graph shows that depletion of ER Ca2* (thapsigargin
treatment, TG) or increasing cytosolic C** (A23187 or Ionomycin
treatment, IC) enhances NFrB transcriptional activity in w/ but not crt-/-
cells. Cells were transienlty co-transfected with plasmids containing
NFrcB-luc and B-gal plasmids. Cells were then treated with thapsigargin
(TG, 1 pM), 423187 (7 pM), or ionomycin (IC, 3 ¡rM) for 6 hours prior to
cell lysis and luciferase assay as described in 'Materials and Methods'.
Data shown are mean t SE of nine independent experiments canied out in
duplicate. * p<0.05, significantly diflerent from non-treated cells.
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Fig. 48. Effect of calsequestrin expression in crt-/- cells on
NFxB activity. Bar graph shows that transfection of ut-/- cells
with calsequestrin does not affect transcriptional activity of
NFKB. wt and crt-/- cells were transiently co-transfected with the
plasmids containing NFrB-luc B-gal with/without calsequestrin.
48 hours post-transfection cell were lysed and cell lystaes used
for luciferase assay. Data shown are mean + SE of nine
independent experiments carried out in duplicate. *p<0.05,

significantly different from wr cells.



11.13. Effect of CRT mutunts on trunscription by NFrcB

In addition to its function as a C** binding protein, CRT is also a major ER

chaperone (Michalak et al., 2002). To delineate whether down-regulation of NFrcB

activity in crt-/- cells is indirectly derived from the lack of its chaperone activity, crt-/-

cells were transiently co-transfected with plasmids containing NFrcB-luc repofier and B-

gal reporter together with either full-length or mutant forms of CRT. The mutants were

designated as CRT-PC (lacks the N-domain chaperone function but still contain the P-

domain chaperone function) and CRT-NP (lacks the Ca2* binding function). 48 hours

post-transfection, the cells were lysed and the lysates were used for reporter gene assays.

As shown in Figure 49, full-length CRT and CRT mutants were able to partially increase

the NFrcB activity in crt-/- cells. This small increase in NFrcB activity could be due to a

low level of expression of ectopic CRT and its mutants upon transient transfection of crt-

,/- cells.
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Fig. 49. Changes in NFxB transcriptional activity upon re-
introduction of CRT or its mutants in crt-/- cells. A) Expression of both
N-domain or C-domain deletion mutants of CRT in ryt-/- cells increases

NFrB-luc activity. wt and crt-/- cells cultured in DMEM containing 10%

FBS were co-transfected with NFrcB-Luc and B-gal expression vectors
together with pcDNA alone or pcDNA containing either CRT, CRT-NP or
CRIPC. 48 hrs post-transfection, cells were lysed and luciferase activity
was carried out to determine NFrcB transcriptional activity as described in
'Materials and Methods'. Data are presented as mean t SE of three

independent experiments carried out in duplicate. *p<0.05, significantly
different fromwt cells. Tp<0.05, significantly different from utJ- cells.B)
A representative Western blot showing expression of exogenous full-
length and mutant forms of CRT in the ut-/- cells.
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F. DISCUSSION

CRT is an ER resident chaperone molecule that has a role in C** homeostasis

(Michalak et al., 1999). A previous report showed that overexpression of CRT in

cardiomyoblasts significantly decreases Akt phosphorylation (Kageyama et al., 2002).

These cells were also shown to be more susceptible to apoptosis following treatment with

retinoic acid. On the other hand, gene targeted deletion of CRT resulted in increased

resistance to drug- and UV-induced apoptosis (Mesaeli and Phillipson, 2004; Nakamura

et a1.,2000). These data illustrate a role for CRT in the regulation of cell survival and

apoptosis. However, to date little is known about how CRT affects cell survival. PI3-

kinase/Akt is one of the major signaling pathways important in the regulation of cell

proliferation and cell survival (Kandel and Hay, 1999). The NFrcB pathway has also been

shown to play an important role in cell survival (Karin, 1998). Therefore, the aim of our

cunent study was to examine the effect of loss of CRT function on these two pathways as

mechanisms to mediate regulation of cell survival and resistance to apoptosis.

The present study is the first to demonstrate that loss of CRT function lesults in

a significant increase in Akt phosphorylation and function (Figures 9, 10, 7I,12 and 13).

These changes were not due to the altered expression of Akt protein in the crt-/- cells

(Figure l1). Furthermore, we demonstrated that the increased Akt phosphorylation was

mediated via increases in IR mRNA and protein (Figures 24 and 25) and increased

expression of the growth factor receptor (PDGFR and EGFR) levels (Figure 3I) in crt-/-

cells. We also showed that the elevated level of IR mRN A in crt-/- cells was due to the
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diminished level of its transcriptional repressor, p53 (Figure 30). The NFrcB pathway was

also examined as a possible mechanism for the activation of cell survival. Surprisingly,

we showed that under resting conditions, the transcriptional activity, nuclear localization

and DNA binding of NFrcB were significantly reduced upon loss of CRT function

(Figures 32,41,42 and 46). The suppression of NFrcB function was not due to altered

p65 or p50 expression (Figures 35 and 38), but resulted from an increase in IrcBa, stability

(Figures 36 and 43). Moreover, a short (30 min) exposure to LPS increased nuclear

localization of p65 and its DNA binding in crt-/- cells to a similar level as seen for w/

cells (Figurc 46). However, upon longer treatment with LPS (1 hr and 4 hrs) the DNA

binding and nuclear localization of p65 was significantly lower in crt-/- cells as compared

to w/ cells (Figure 42 and 46).

CRT und Akt pathwuy

crt-/- cells cultured in media containing 10% FBS show an increased rate of cell

proliferation as compared to w/ cells cultured under identical conditions. These

observations suggested that signal transduction pathways involved in cell growth,

survival and proliferation are Llpregulated in the absence of CRT. Signals originating

from growth factors induce phosphorylation of tyrosine residues on several signaling

molecules ranging fi'orn integral membrane receptors to adaptor molecules (Margolis and

Skolnik, 1994).Indeed, our results show that the total cellular phosphotyrosine (p-Y-20)

level was significantly higher in the crt-/- cells (Figure 7). These data are in agreement

with a previous report showing that overexpression of CRT induced by either ER stress
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or genetic manipulation in mouse L fibroblasts reduces the level of total cellular tyrosine

phosphorylation (Fadel et al., 2001). Increased total protein phosphotyrosine level in crt-

,/- cells can be a consequence of either reduced PTP activity or elevated tyrosine kinase

activity. In this study we demonstrated that the activity of PTP was not altered in the

absence of CRT (Figure 8), suggesting that in crt-/- cells the activity of tyrosine kinase is

upregulated. Indeed, we also showed that at the protein level the expression of several

tyrosine kinase receptors including the IR, PDGFRP and EGFR are significantly higher in

crt-/- cells (Figures 24 and 31). Interestingly, the increase in the IR and PDGFRB proteins

was due to increases in mRNA levels whereas EGFR mRNA (and that of several other

receptor tyrosine kinases) level was decreased upon loss of CRT function (Table 2).

Overall, overexpression of receptor tyrosine kinases could enhance the rate of cell

proliferation and promote cell survival.

One of the effector molecules downstream of receptors with tyrosine kinase

activity is Akt (Porter and Vaillancourt, 1998). A role for Akt in the regulation of cell

proliferation, cell survival and suppression of apoptosis has been reporled (Kandel and

Hay, 1999). Overexpression of CRT in cardiomyoblasts has been shown to suppress Akt

activity (Kageyama et al., 2002). Furthermore, diminished Akt phosphorylation in these

cells was shown to induce differentiation-associated cardiac apoptosis (Kageyama et al.,

2002). Interestingly, our lab recently demonstrated that loss of CRT function increases

cellular resistance to UV induced apoptosis (Mesaeli and Phillipson, 2004). This

resistance was mediated by a decrease in p53 protein levels and suppression of its

function due to increased activation of Mdm-2 (Mesaeli and Phillipson, 2004). Mdm-2 is

activated upon phosphorylation by Akt, leading to its nuclear localization when it
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ubiquitinates the p53 (Feng et a1.,2004; Yu et a1.,2000). These data collectively suggest

that in crt-/- cells where Akt phosphorylation and activity is enhanced (Figures 9, 10, I 1,

72 and 13) Mdm-2 is stimulated and mediates p53 ubiquitination, nuclear export and

degradation thus increasing the resistance of crt-/- cells to UV induced apoptosis.

Akt is activated in response to growth factor and insulin stimulation and mediates

insulin signaling and cell survival and proliferation (Kandel and Hay, 1999). Our current

study shows that in response to I0o/o fetal bovine semm (FBS) or insulin (100 nM), there

is a significant increase in Akt kinase activity (Figures 9 and i0). Increased Akt kinase

activity in crt-/- cells was due to increased phosphorylation of Akt at both serine (5473)

and threonine (T308) residues (Figures 71, 12 and 13), rather than any changes in Akt

protein levels (Figure I i). Furtheffnore, a recent study showed that overexpression of

CRT in rat cardiomyoblast H9c2 cells suppresses Akt activity (Kageyama et a1.,2002).

These data illustrate an inverse relationship between the level of CRT protein and Akt

function.

Pl3-kinase is a lipid kinase which acts downstream of insulin and growth factor

receptors. Activation of Pl3-kinase in turn stimulates downstream signaling molecules

including PDK-I, p70S6K, SGK and Akt (Scheid and Woodgett, 2003). Akt could also

be activated via PI3-kinase-independent mechanisms (Filippa et al., 1999;' Moule et al.,

1997; Yano et a1., 1998). Our data demonstrate that insulin and FBS mediated activation

of Akt in both ut-/- and w/ cells could be completely blocked by the Pl3-kinase

inhibitors woftmannin and LY29004 (Figure 164 and 168). These data emphasize the

role of PI3-kinase activation and exclude any role for PI3-kinase-independent

mechanisms in the FBS and insulin induced activation of Akt inwt and crt-/- MEF cells.
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The observed elevation of Akt phosphorylation in ut-/- cells can be mediated via

decreased phosphatase activity or increased kinase activities. PP2A has been shown to

de-phosphorylate both Akt (Meier et al., i998) and PDK-I (Chen et al., 2001a).

Interestingly, in this study we showed that the activity of PP2A is significantly higher in

crt-/- cells as comparedto wt cells (Figure 15). Thus, our observation illustrates that in

the CRT deficient cells the higher level of Akt phosphorylation is not due to impaired

PP2A function but perhaps the upstream kinases (involved in phosphorylation of Akt) are

activated in these cells. Increased PP2A activity can also explain the high tumover of

phosphorylation and dephosphorylation of Akt in the absence of CRT. Loss of CRT

function has also been shown previously to affect the activity of calcineurin (PP2B),

another serine/threoninephosphatase (Guo et a1.,2003; Lynch et al., 2005; Mesaeli et al.,

1999). Whether PP2B could affect Akt phosphorylation status in ut-/- awaits further

investigation. Interestingly, overexpression of CRT in human Glioblastoma U251MG

Cell lines has been reported to increase the expression of catalytic subunit of PP2A

(PP2Aco) which can dephosphorylate Akt directly and lead to increased susceptibility of

these cells to UV induced apoptosis (Okunaga et al., 2006). The increased protein

phosphatase activity in U251MG cells (Okunaga et al., 2006) and H9C2 cells

(Kageyama et a1.,2002), however, were not associated with altered upstream PI3-kinase

or receptor tyrosine kinase activity. To date there are no data on changes in the

expression of PP2A subunits upon loss of CRT function and this issue could be addressed

in future studies.

PDK-I (Filippa et al., 2000) and ILK (Persad et al., 2001) are two upstream

kinases which mediate the phosphorylation of threonine (T308) and serine (5473)
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residues of Akt, respectively. Thus, we postulated that loss of CRT function could alter

the activity of these enzymes resulting in elevated Akt phosphorylation in crt-/- cells. To

date, there were no reported changes in either PDK-I or ILK with altered CRT

expression. Our results provide the first evidence for increased ILK expression upon loss

of CRT function (Figure 18) with no changes in PDK-I expression (data not shown). We

also demonstrated that the dominant negative PDK-I (dnPDK-l) completely abolished

the FBS-induced phosphorylation of Akt at T308 residue in wt and øt-/- cells (Figure

17). The complete loss of Akt T308 phosphorylation in crt-/- cells upon expression of

dnPDK-l suggests that the PDK-I activity is increased in these cells and facilitates the

T308 phosphorylation. A role for PDK-i in the phosphorylation of serine residues of Akt

has also been suggested (Balendran et al.,1999), however, this function of PDK-I could

be indirect via induction of another enzyme involved in Akt 5473 phosphorylation.

Interestingly, dnPDK-1 also decreased the level of p-Akt 5473 in both crt-/- andwt type

cells (Figure 17). However, this decrease was more robust in crt-/- cells, suggesting that

activated PDK-1 also promotes the phosphorylation of Akt at this serine residue in these

cells.

Several studies have shown that ILK phosphorylates Akt at serine residues

(Troussard et al., 2003). Our results show that both the mRNA (2.5 fold increase) and

protein levels of ILK are increas ed in crt-/- cells (Figure 18). Thus in ut-/- ce71s, elevated

ILK activity could induce phosphorylation and activation of Akt. Indeed, KD-ILK (with

no kinase activity) and dnln-ILK (incapable of binding to the PH-dornain in the plasma

membrane) diminished Akt phosphorylation at serine residue (5473) in both wt and crt-/-

cells (Figures 19 and 20). These data also show a role for ILK in mediating both FBS and
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insulin induced activation of Akt (Figures 19 and 20). The residual difference in p-Akt at

5473 between wt and crtJ- cells after expression of KD-ILK and dnln-ILK could be due

to the lower expression of these mutant proteins in crt-/- cells (Figures 19 and 20) or

increased activity of other kinases (such as PDK-1) which are capable of phosphorylating

Akt at this serine residue. As discussed earlier, numerous signals could regulate the

activation of Akt kinase. Establishing the changes in all the regulatory mechanisms

involved in increased Akt phosphorylation in crt-/- cells requires fuither investigation

and is beyond the scope of this study.

II. CRT, Akt und insulin signuling

Normal glucose metabolism is facilitated by signaling pathways initiated by

insulin (Summers et al., 1999). As a result, any alteration at the level of insulin or a

defect in insulin signaling can potentially contribute to the development of diabetes. The

present study is the first to demonstrate that CRT function is important in the regulation

of glucose uptake and the insulin signaling pathway. Our results demonstrate that

targeted deletion of CRT significantly induces insulin mediated glucose uptake (Figure

26). This observation could explain the reporled severe hypoglycemia observed in the

rescued CRT null mice (Guo et al., 2002) and increased glycogen deposition in the

myocardium of CRT null embryos (Lozyk et al., 2006). Fufthermore, we illustrated that

this increased responsiveness to insulin was due to increased IR P expression (Figure 24),

increased IRS-1 phosphorylation (Figure 27), and elevated Akt phosphorylation and

function (Figures 9,I0,11,I2 and 13). Furthermore, we demonstrated that increased Akt
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phosphorylation following treatment with insulin was PI3 kinase dependent as this

increase was completely blocked by two different PI3 kinase inhibitors; wortmannin and

LY294002 (Figures 164 and 168). The increased activity of Akt in the crt-/- cellsleads

to a higher level of phosphorylation of its endogenous substrate, GSK3P, upon

stimulation with insulin as demonstrated in Figure 22. This is in agreement with a recent

paper showing the increased accumulation of glycogen in the ventricular cardiomyocytes

of the CRT knockout embryos (Lozyk et al., 2006). In fact, insulin mediated

phosphorylation of GSK3P has been shown to activate glycogen synthase and increase

glycogen accumulation (Stryer, 1 988).

Insulin regulates glucose uptake by binding to its cognate receptor and activating

the IRS-1-dependent and Pl3-Kinase/Akt pathways (Conejo and Lorenzo, 2001). In our

study we frcst analyzed alterations in IR density as well as function in the absence of

CRT. Our data demonstrate that loss of CRT function results in a significant increase in

both the expression of IR B figures 24 and 25) and its function (Figure 26). Many

oligomeric membrane receptors, including the IR, undergo subunit folding and assembly

in the lumen of the ER before they are transporled through the Golgi apparatus to the cell

membrane (Bass et al., 1998; Sakagami et al., 1999). This process of maturation and

folding recruits a number of endoplasmic reticulum chaperones, specifically the lectin-

like chaperones (calnexin and CRT) (Hebert et al., 1997; Michalak et al., 1999).

Previously, Bass et al., demonstrated a requirement for calnexidcRT function as lectin-

like chaperones and Grp78 (non-lectin chaperone) in the proper folding of the IR (Bass et

al., 1998). They showed that glucose trimming by castanospermine abolished the binding

of IR to the lectin-like chaperones and resulted in the formation of misfolded oligomers
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of the IR, which is accompanied by decreased surface expression of the receptor (Bass et

al., 1998). More recently, Saitoh et al., showed that the monomeric form of the IR

precursor binds to calnexin alone and the function of another chaperone, HSP90, is

necessary for IR dimerization and function (Saitoh et a1.,2002). Calnexin and CRT are

known to work synchronously as lectin-like chaperones to ensure the proper folding of N-

glucosylated proteins in the lumen of the endoplasmic reticulum (Hebert et al., 1991).

Thus loss of CRT function might affect the folding of these proteins. However, in crt-/-

cells the endoplasmic reticulum levels of both calnexin and Grp78 are significantly

increased (Knee et al., 2003).In these cells, the association time between calnexin and its

substrates has been shown to be reduced, implying that maturation of newly synthesized

proteins by calnexin is faster in the crt-/- cells (Knee eta1.,2003). Furthermore, our data

showed that in the crt-/- cells the increase in IR B subunit expression (Figure 24) was

accompanied by a similar increase in IR B mRNA (Figure 25) and these cells demonstrate

a higher IR function (Figure 26). All together these data exclude the possibility of direct

involvement of CRT chaperone function in IR folding, maturation and function in crt-/-

cells.

Our data also provide the first evidence that the level of endogenous CRT affects

the expression of IRB at the mRNA level (Figure 25). Furthermore, we showed that

transient transfection of wt and crt-/- cells with a plasmid containing CRT-HA resulted in

a significant decrease in the IR protein level (Figure 29). Nevertheless, the level of IR

protein was still higher in the CRT-HA transfected crt-/- cells (Figure 29, IRP) which was

due to the lower level of ectopic CRT expression achieved in these cells. A recent paper

demonstrated a role for CRT in the destabilization of the GLUT1 mRNA and reduction of
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its protein level upon exposure to high glucose (Totary-Jain et al., 2005). However, in the

current study we show that the role of CRT on regulation of IR mRNA is indirect and

mediated via transcriptional regulation (Figure 30). p53 has been shown to suppress IR

promoter via C/EBP and Spl transcription factors (Webster et al., 1996).Intriguingly, a

previous study from our lab showed a significant decrease in p53 protein level and

function in ut-/- cells (Mesaeli and Phillipson, 2004). Therefore, we postulated that the

increase in IR mRNA in the crt-/- cells could be mediated by reduced repression of the IR

promoter by p53. Indeed, introduction of p53 into crt-/- cells resulted in a reduction in

IRB protein expression (Figure 304). Furthermore, as shown in Figure 308, inhibition of

proteasome activity by MG132, which leads to increased p53 protein levels, significantly

reduces the IRB protein level in crt-/- cells, again emphasizing the role of p53 in the

regulation of IRB in these cells. Several reports have demonstrated that in addition to IR

F, p53 negatively regulates the promoter activity of IRS-3 (Sciacchitano et al., 2002),

GLUTI, GLUT4 (Schwartzenberg-Bar-Yoseph et al., 2004) and insulin like growth

factor (Ohlsson et a1., 1998). Whether CRT can affect the expression of these proteins

which are involved in the regulation of glucose uptake awaits further investigation.

IIL CRT ønd NttcB Pøtltwuy

NFrcB is another signaling pathway involved in cell survival and anti-apoptotic

activity (Ravi and Bedi, 2004). The NFrcB family of transcription factors consists of

several members including RelA (p65), NFKB1 (p50 and its precursor p105), NFrcB2

(p52 and its precursor p100), c-Rel and RelB (Ravi and Bedi,2004). The N-terminal
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domain of these proteins includes the dimerization, nuclear localization and DNA binding

domains (Hayden and Ghosh, 2004). In addition, RelA, c-Rel and RelB contain

transactivation domains which robustly activate transcription from NFKB binding sites

(Verma, 2004). Although the members of this family can form homodimers and

heterodimers with one another, the most commonly activated form of NFrcB is a

heterodimer composed of p65 and p50 subunits. NFrcB proteins are regulated by binding

with inhibitory proteins, IrcB, in the cytosol (Perkins, 2006; Shishodia and Aggarwal,

2004; Verma, 2004). Activation of NFrcB is mediated by phosphorylation, ubiquitination

and subsequent degradation of IrcBs which allows NFKB to translocate to the nucleus

where it binds to its cognate DNA binding sites and activates transcription of its target

genes (Perkins, 2006; Shishodia and Aggarwal,2004; Verma, 2004). However, various

cellular stimuli can also activate NFrcB in a manner which doesn't affect nuclear

translocation of NFrcB. These stimulatory signals generally induce transactivation domain

of p65 in the nucleus (Mercurio et al.,I99l; Sakurai et a1., 1999). Sustained activation of

NFrcB can occur via several mechanisms. For instance, defects in IrcB (truncated) (Wood

et al., 1998) or increased degradation of IrcB due to enhanced proteasome activity

(Miyamoto et al., 1994) and up-regulation of inflammatory cytokine expression

(Shishodia and Aggarwal,2004) are postulated to be some of the mechanisms involved in

NFKB activation. In addition, growth factor-driven or constitutive activation of PI3-

kinase/Akt signaling pathway is shown to induce NFrcB activity (Madrid et al., 2001;

Madrid et a1.,2000; Ozes et aI., 7999; Romashkova and Makarov, 1999). Activation of

NFKB in response to ER stress has also been reported (Kaneko et a1.,2003). As discussed

above, loss of CRT function activates tyrosine phosphorylation (Figure 7), Pl3-kinase
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dependent Akt activation (Figure 9-14), increased IR expression and function (Figure 24,

25 and 26), and growth factor receptor expression (Figure 31 and Table 2). Furthermore,

deletion of the CRT gene has been shown to activate ER stress (Knee et a1.,2003) and

significantly increase ubiquitin-proteasome activity (Uvarov and Mesaeli, under

revision). These data led us to postulate that the NFrcB pathway is activated upon loss of

CRT function. Surprisingly, our results showed that the basal transcriptional activity of

NFrcB is significantly down-regulated in the absence of CRT (Figure 32). This reduction

was also observed after 4 hrs stimulation of the crt-/- cells with LPS (Figure 33).

Although treatment with LPS was able to increase NFrcB activity in both wt and ut-/-

cells, this activity was still significantly lower in crt-/- cells as compared to untreated w/

cells (Figure 33). Indeed, a recent report from our lab demonstrated that the levels of

MMP-9 mRNA were significantly diminished in crt-/- cells (Wu et al., 2007). MMP-9 is

one of the downstream genes regulated by the transcriptional activity of NFrcB (Farina et

al.,1999; Himelstein et al., 1997; Takeshita et aI.,1999). Vascular cell adhesion molecule

1 (VCAM-l) (Lee et a1., 2006; Tu et al.,200lb) and cyclin Dl (Loercher et al., 2004;

Park et al., 2006) are two other transcriptional targets of NFrcB. Unpublished data from

our lab also shows a significant attenuation in the expression of both VCAM-I and

Cyclin Dl in ut-/- celll These data suggests that upon loss of CRT ftinction NFrcB

activity is reduced resulting in suppression of many of its targets. Interestingly, the

transcriptional activity of NFrcB in heterozygous CRT def,icient cells, crt-r/- (expressing

50% less CRT) was 50% higher than that of crt-/- cells (Figure 34) illustrating a CRT

level and NFrcB activity.
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One of the underlying mechanisms for suppressed NFrcB activity in crt-/- cells

could be due to reduced expression of the many proteins involved in the NFKB pathway.

However, as shown in Figure 35, crt-/- cells express higher level of total p65 protein as

compared to w/ cells. Up-regulation of p65 expression can be a compensatory mechanism

for its repressed activity. Moreover, there were no significant changes in p50 protein

level in ut-/- cells (Figure 38) despite lower levels of its precursorpl05 (Figure 38). The

decrease in the p105 protein was due to a significant reduction in p105 promoter

activation and mRNA production (Figure 38). The promoter of p105 contains NFrcB

DNA binding consensus sequences and it has been reported to be regulated by the

p50lp65 heterodimer (Cogswell et a1., 1993). Thus, the decreased transcription of pl05 in

crt-/- cells could be explained by the observed reduction in transcriptional activity of

NFrcB (Figure 32 and 33). Despite this reduction in p105 protein, we observed no

difference in the cellular level of p50 in crt-/- cells. The precursor protein p 105 has been

shown to be processed into p50 in an ubiquitin-proteasome dependent manner

(Ciechanover et a1.,200I; Fan and Maniatis, 199i; Palombella et al., 1994). Given that

crt-/- cells have elevated proteasome activity (Uvarov and Mesaeli, under revision), pl05

could therefore be eff,rciently processed to produce p50 protein resulting in no change in

the p50 protein (Figure 38). Collectively, our data illustrate that the decreased NFrcB

activity in the absence of CRT, is not mediated by changes in p50 or p65 protein

expression.

As discussed above, NFKB is retained in the cytosol via its binding to the IrcB

inhibitory proteins (Shishodia and Aggarwal,2004). Here we have shown a significant

increase in lrcBo, protein expression in the crt-/- cells (Figure 36) which could be the
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underlying mechanism for reduced transcriptional activity of NFrcB. This observed

increase in lrcBq, protein in crt-/- cells was not due to an increase in its mRNA level

(Table 3), but rather due to increased stability of IrcBcr protein as seen by lower amounts

of ubiquitinated IrcBü, in crt-/- cells (Figure 44). Phosphorylation of IrcBo, by agonist-

mediated IKK activation is a prerequisite for its ubiquitination and subsequent

degradation (Hayden and Ghosh,2004).Indeed, our data showed that LPS stimulation

increases the level of p-IrcBo in crt-/- cells (Figure 43). Previously, inhibition of PP2A

activity has been shown to increase the level of kBo phosphorylation and its degradation

with the end result of continuous NFrcB activity (Miskolci et a1.,2003). However , in crt-/-

cells we have shown a significant increase in PP2A activity (Figure 15), which could

increase the rate of IrcBs dephosphorylation and prevent its ubiquitination and

degradation. We also demonstrated that inhibition of PP2A by okadaic acid significantly

reduced IrcBo level in both wt and crt-/- cells (Figure 40). Okadaic acid treatment also

reduced IrcBo protein to the same level in the wt and ut-/- cells (Figure 40). Furthermore,

okadaic acid treatment resulted in higher percentage increase in NFrcB transcriptional

activity (Figure 39) supporting the importance of increased IrcBo, protein level in

suppressing NFKB activity in crt-/- cells. In addition to IrcBa dephosphorylation, PP2A

can also regulate other effector molecules in the NFrcB signaling pathway (Perkins,

2006). A recent report illustrated an interaction between the serine/threonine phosphatase

PP2A and the IKK complex leading to their dephosphorylation (Li et a1.,2006b). p65

itself was also shown to be a target for dephosphorylation by PP2A (Yang et al.,200Ia).

Whether there are any changes in the phosphorylation level of IKK or p65 in crt-/- cells

needs fuither investigation. The failure of LPS to fully recover the suppressed
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transcriptional activity of NFrcB in ut-/- cells (Figure 33) suggests that there is an

alteration in the transcriptional regulation of NFKB. Previously the interaction of p65

with co-activators CBP/p300 has been shown to be required for p65-regulated gene

transcription (Genitsen et al., 1997). Post-translational modification of p65 via

phosphorylation and acetylation can also have an effect on its transcriptional activity. For

instance, PKA-mediated phosphorylation of the 5276 residue of p65 promotes its

transcriptional activity (Zhong et al., 1998). In a similar manner, PKC(-mediated

phosphorylation of p65 at 5311 also increases the transactivation potential of p65 (Duran

et a1.,2003). Moreover, phosphorylation of 5529 located in the TAD of p65 does not

affect its nuclear translocation or DNA binding activity, but increases its transcriptional

activity (Wang and Baldwin, 1998). IKKB-mediated phosphorylation of p65 at 5536 has

also been shown to enhance p65 transcription activity in response to LPS stimulation

(Yang et al., 2003). Therefore, decreased phosphorylation of p65 subunit can result in

suppressed transcriptional activity of NFrcB, particularly when the activity of a

phosphatase responsible for p65 dephosphorylation (PP2A) is increased (Yang et al.,

200Ia). Further studies are needed to focus on examining alterations in the

phosphorylation level of p65 and identifying the phosphorylation status of the above

specific residues in the ut-/- cells. The acetylation state of p65 also needs to be examined

in the ut-/- cells to test its role in the regulation of NFrcB activity in these cells.

TNFa, mediated activation of IKK results in the phosphorylation of lrcBo,, thereby

leading to its ubiquitination and degradation (Karin, 1999). Similarly, we demonstrated

that LPS treatment results in a significant increase in lrcBo, phosphorylation in both cell

types that is accompanied by a time-dependent decrease in kBu protein level (Figure
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43). Interestingly, the level of IrcBü, protein was higher in ut-/- cells at all time points

except 30 min LPS treatment (Figure 43, middle lane). On the other hand, the level of p-

IrcBs was higher in ut-/- cells at all time points (Figure 43). This decrease in IrcBs in crt-

,/- cells following 30 min LPS treatment was due to its degradation via the ubiquitin-

proteasome system and could be inhibited by pretreatment with the proteasome inhibitor

lactacystin (Figure 44). These data suggest that 30 min LPS exposure is necessary to

enhance NFKB activation and it DNA binding in crt-/- cells (Figure 46). However, a

longer exposure to LPS induced a robust increase in the IrcBu protein level (Figure 43)

and decreased p65 DNA binding. The increase in kBo protein levels upon longer LPS

treatment could be due to increased transcription of IrcBo. GR activation has been

reported to trans-activate the IrcBo gene and result in inhibition of NFrcB activity (Auphan

et a1., 1995; Scheinman et al., 1995). These observations suggest that increase in IrcBo

protein levels in ut-/- following longer exposure to LPS could promote its association

with NFrcB in the nucleus, thus leading to the dissociation of NFrcB from DNA and

cessation of transcription.

Increased levels of cellular IrcBu protein could restrict NFrcB to the cytosol and

suppress its activity (Shishodia and Aggarwal,2004). In addition to maintaining NFrcB

protein in the cytosol, the IrcBo protein plays an important role in shuttling NFrcB out of

the nucleus, thus terminating its transcriptional activity (Klement et al., 1996).Indeed,

our data illustrate that in non-treated crt-/- cells where the level of IrcBo protein is higher

(Figure 40) the level of nuclear p65 protein is significantly lower (Figure 42). However,

upon 30 min LPS treatment the level of kBu protein is significantly diminished (Figure

a3) by efnicient phosphorylation and degradation, resulting greater p65 translocation to
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the nucleus in crt-/- cells (Figure 42). The increased nuclear p65 promptly binds to DNA

(Figure 46). These data illustrate that the nuclear translocation of p65 occurs within 30

min of LPS treatment and rules out any defect in nuclear import of p65 in crt-/- cells as

has been reported for other transcription factors such as NFAT (Mesaeli ef al., 1999), p53

(Mesaeli and Phillipson, 2004) and MEF2C (Lynch et a1.,2005) in these cells. Upon

longer (60 min) LPS treatment, however, the expression of IrcBs protein is significantly

increased in both cell types but more so in crt-/- cells (Figure 43). Although a 60 min

LPS treatment results in equal amounts of p65 in the nucleus of both cell types (Figure

42), p65 DNA binding is significantly reduced in crt-/- cells as compared to w/ (Figure

46). This observation suggests that IrcBü in crt-/- cells is able to dissociate p65 from

DNA and inhibit its transcriptional activity.

The effect of CRT on NFrcB activity can be via its activity as a chaperone

molecule or its role in regulating Ca2* homeostasis. In this study, we utilized deletion

mutants of CRT (CRT-NP and CRT-PC) to differentiate between these two functions of

CRT and their role in the regulation of NFrcB activity. Transient transfection was utilized

to re-introduce the full length or deletion mutants into crt-/- cells, however, this technique

did not fully restore the CRT level (or CRT mutant levels) to the wt level (Figure 498).

Nonetheless, we demonstrated that full length CRT, the mutant lacking Ca2* binding

(CRT-NP), or the mutant lacking the major chaperone function of CRT (CRT-PC) were

able to partially restore NFrcB transcriptional activity in the ut-/- cells (Figure 49A).

A previous study showed that the cytosolic free C** in crt-/- cells is significantly

higher than in w/ cells but there is no change in the free ER Ca2* levels (lrlakamura et al.,

2001b). The same group also demonstrated that full length CRT or CRT-PC was able to
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partially restore the defects in intracellular Ca2* (Nakamura et al., 2001b). In the current

study, we also illustrated that increasing intracellular Ca2* lFigure 47, A23187 or

ionomycin) alone or depletion of ER Ca2* lFigure 47, Thapsigargin) could not restore

NFrcB activity in the crt-/- cells.Interestingly, these agents were able to increase NFKB

transcriptional activity in wr cells (Figure 47). Furthennore, we showed that restoring the

Ca2n storage capacity of crt-/- cells by introducing calsequestrin (a muscle Ctn binding

protein which shares a great degree of homology with CRT but lacks chaperone function)

in these cells was not able to elevate the transcriptional activity of NFrcB (Figure 48).

Therefore, our data collectively suggests that the chaperone function of CRT plays a

more impoftant role in the regulation of NFrcB function. In the future, fuither studies

should be focused on examining the role of CRT (both Ca2* binding and chaperone

function) in the interaction of NFrcB with its co-activators and co-repressors and its post-

translational modification as a mechanism for regulating NFrcB function.

Finally, CRT could regulate NFrcB function indirectly via its effect on GR

function. Several reports have shown an anti-inflammatory role for the GR (Amsterdam

and Sasson,2002; De Bosscher et a1.,2000; Hermoso and Cidlowski,2003), which is

mediated by suppression of NFKB transcriptional activity (Brostjan et al., 1996; De

Bosscher et al., 1997; De Bosscher et al., 2000; Nelson et al., 2003). The exact

mechanism of GR-mediated inhibition of NFrcB function is controversial. Several studies

have demonstrated the importance of direct protein-protein interaction (Brostjan et al.,

1996; Nissen and Yamamoto,2000), induction of IrcBo expression (Auphan et al., 1995;

Scheinman et al., 1995), competition between the GR and NFrcB for binding to the

promoter of the target gene Q.{ovac et al., 2006), and interference with the nuclear
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localization of NFrcB by the GR Qrlelson et al., 2003) in the suppression of NFrcB. Most

of these differences could be attributed to the different cell types and agonists used in

these studies. Interestingly, overexpression of CRT has been shown to inhibit GR

function (Burns et al., L994; Michalak et al., 1996). Thus it is plausible that upon loss of

CRT function the activity of the GR is upregulated leading to suppression of NFrcB

transactivation. Indeed, data from our lab showed that treatment of crt-/- cells with

dexamethasone induces a significantly higher activity of a glucocorticoid reporter gene as

compared to w/ cells (data not shown). Furthermore, we have observed a 2.5 fold increase

in the expression of serum-glucocorticoid kinase in crt-/- cells, supporting enhanced

activity of GR in the absence of CRT (data not shown). Further investigations are

necessary to dissect the role of changes in GR activity on the expression of IrcBû, protein,

availability of co-activators and co-repressors of NFrB and rate of nuclear export of

NFKB in crr-/- cells. The role of GR in NFKB transactivation upon loss of CRT function

will be addressed in the future.
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G. CONCLUSIONS

In this study we characterized changes in two cell survival pathways in the CRT

deficient fibroblast cells. These signaling pathways are the Pl3-kinase/Akt pathway and

the NFrcB pathway. From these studies we conclude that:

1. The Pl3-kinase/Akt pathway is activated upon the loss of CRT function.

However, there was no change in Akt protein expression

2. Activation of Akt in crt-/- cells was due to changes in several upstream

receptors. In the current report we showed an increase in the expression and

activity of the insulin receptor, PDGF receptor, EGF receptor and ILK

3. Increased IR expression mediated the enhanced phosphorylation of IRS-i,

increased GSK3P phosphorylation and elevated glucose uptake in crt-/- cells

4. Increased IR expression was due to the loss of p53 suppression of IR gene

transcription

5. Basal NFKB transcriptional activity is suppressed in crt-/- cells. Furthermote,

LPS fails to activate NFKB transcriptional activity in crt-/- cells to the same

extent as wr cells

6. There was an inverse relationship between the intracellular level of CRT and

the transcriptional activity of NFrcB

7. Reduced NFrcB activity in crt-/- cells was not due to diminished p65 or p50

protein levels. Our data showed that in crt-/- ceIIs, the level of lrcBo, protein

was significantly higher as compared to the wt cells
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8. The activity of PP2A was significantly higher in crt-/- cells which could result

in increased IrcBo protein stability (by reducing IrcBa ubiquitination) and

reduced NFrcB activity. Indeed, inhibition of PP2A by okadaic acid results in

the degradation of IrcBa

9. The basal nuclear localization and DNA binding ability of NFrB p65 was

significantly lower in crt-/- cells as compared to w/ cells. However, our data

suggest that short-term LPS treatment could induce NFKB activity (by

increased kBo, degradation, increased nuclear localization and DNA binding

of p65) to the same extentin crt-/- andwt cells, while longer LPS treatment is

less effective in crt-/- cells as compared to w/ cells.

10. Finally, our data illustrates that the Ca2*-binding function of CRT does not

affect NFKB activity in crt-/- cells
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H. FUTURE DIRECTIONS

In the current study we demonstrated for the first time that the deletion of a chaperone

molecule (CRT) results in alteration of the cell survival signaling pathways; PI3-

kinase/Akt and NFrB. As many other studies, these observations raise further questions

which should be addressed in the future. The following is a list of suggested investigation

for the future:

To examine the cell surface density of IR in crt-/- cells.

To determine the translocation of GLUT4 to cell membrane following insulin

stimulation in crt-/- cells

3- Investigating effect of knock down of IR in crt-/- cells on cell's response to

apoptotic signal.

4- Unpublished observation from our lab illustrated altered ut-/- cell adhesion Thus

it would be interesting to examine the role of ILK in relation to cell adhesion in

these cells

5- In view of the inhibitory effect of glucocorticoid receptor on NFrcB activity, and

our preliminary data on increased glucocorlicoid receptor activity in crtJ- cell, it

would be necessary examine the interaction between glucocorticoid receptor and

NFrcB activity in the absence of CRT.

1-

.,
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7-

8-

6- To determine the mechanism of inhibition of NFrcB activity in crt-/- cells, it is

necessary to examine changes in the phosphorylation and acetylation levels of

p65 in these cells

Immunocytochemical studies with anti-kBo antibody will allow to determine the

nuclear and cytosolic distribution of IrcBo in crt-/- cells

In addition to IrcBo, IrcBB also could modulate NFKB activity. Thus changes in

IrcBB level in response to LPS treatment in crt-/- cells should also be determined.

Finally, to determine if the changes in NFrcB activity is affected by the expression

level of CRT, NFKB activity should also be characferized in the CRT

overexpressing cells.

9-
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