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Synopsis

Introduction:

Ubiquitin Proteasome system (UPS) is the major proteolytic machinery that
degrades long and short-lived proteins and is involved in a variety of cellular functions.
Ubiquitin recognizes and presents target proteins to 26S proteasome for degradation. The
26S proteasome consists of 20S core proteasome complex responsible for proteolysis and
19S regulatory particle helps in recognition, deubuiquitination and transfer of targeted
protein to 20S core particle. The 20S proteasome complex is made of outer two o rings
and inner two B rings (afjpa). Each a and B ring consists of 7 subunits i.e. al-7, B1-7. a-
subunits maintain the structure and each B-ring contains catalytically active subunits,
such as, PSMB5 (B5), PSMB6 (1), PSMB7 (B2) which possess chymotrypsin-like,
caspase-like and trypsin-like activities respectively. These activities are stringently
controlled and adjusted according to cellular requirements. However, despite the well
characterized functions of mammalian proteasome the factors regulating the proteasome
subunits remains unclear.

Inhibition of the catalytic activities of proteasome has been shown to induce
apoptosis in various dividing cells. Bortezomib (velcade) is the first proteasome inhibitor
approved by FDA and is being used in the treatment of multiple myeloma which
principally inhibits chymotrypsin-like activity albeit inhibits other activities to a lesser
extent. Most of the cancer cells have high levels of chymotrypsin like activity and
studies in yeast have reported chymotrypsin-like activity as one of the major factor for
cell survival. Cells treated with proteasome inhibitors for longer duration are known to
gain resistance by synthesizing new proteasomes, a mechanism referred as feedback
induction. Currently, bortezomib resistance is either attributed to mutations in PSMB5 or
overexpression of the PSMB5 subunit. Hence, the mechanism of regulation of PSMB5
and other catalytically active subunits becomes imperative to identify the molecular basis
of bortezomib resistance.

Previous studies have demonstrated that antioxidant response elements, such as,
Nrfl (TCFIl) and Nrf2 are responsible for feedback induction or up-regulation of

proteasome subunits in mammalian cells under the conditions of chronic inhibition of

vii



proteasome or stress. However, the endogenous levels of proteasome subunits remain
unaltered in mouse embryonic fibroblasts of nrfl and nrf2-disrupted mice. These
observations suggest that, Nrfl or Nrf2 largely regulate the feedback response to
proteasome inhibition and there may be more than one mechanism to regulate the basal

and feedback expression of the proteasome genes in mammalian cells.

Hence, the main objective of the present study is to identify the factors responsible
for the regulation of proteasome subunits. This includes;

1. To determine the role of STAT3 in the regulation of proteasomal activity and
expression.
2. To elucidate the molecular mechanism of EGF-induced activation of 20S

proteasome subunits.

Chapter 111: Regulation of PSMB5 and B-subunits of proteasome by STATS3.

STAT3 is a member of Signal Transducers and Activators of Transcription
(STATs) and an important transcription factor that mediates signaling by numerous
cytokines and growth factors. Persistent activation of STAT3 in malignant cells has been
implicated in head and neck, breast and prostate cancers. Inhibition of phospho-STAT3
(pSTATS3) either by chemical inhibitors or ShRNA targeting STAT3 has down-regulated
various 20S proteasome subunits at both transcription and translation level in DU145
cells (prostate cancer cells with constitutive pSTAT3). pSTATS3 inhibition in cell lines
expressing constitutively active STAT3, such as, A549, HeLa, MDA-MB-231 have also
shown down-regulation of PSMBS5, the catalytic subunit which is responsible for the
chymotrypsin-like activity of proteasome. In contrast, STAT3 inhibition in cells that
either do not express or with lower levels of pPSTAT3 (either normal or cancer cells) did
not result in the down-regulation of PSMB5. Reporter assays in which the expression of
luciferase gene was driven under the control PSMB5 promoter was significantly
increased in the presence of pSTAT3. Overexpression of STAT3 using Adenovirus (Ad-
STAT3) in PC3 cells (where endogenous levels of STAT3 are absent) induced PSMB5
promoter and protein. Further, the presence of putative or canonical STAT3 binding sites
have been identified by sequence analysis in the consensus promoter sequence of
PSMB5. Moreover, a direct correlation was observed between the expression of
proteasome activities, PSMB5 and pSTATS3. Inhibition of STAT3 significantly reduced

chymotrypsin-like, trypsin-like and PGPH activities of proteasome and induced caspase-
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3 activity in all the cell lines expressing constitutively active STAT3. However,
proteasome activities were unaffected by STAT3 inhibition in normal prostate cells and
prostate cancer cells possessing low or devoid of pSTAT3, but, induced apoptosis as
measured by an increase in the caspase-3 activation. Furthermore, induction of apoptosis
by proteasome inhibitors did not affect the expression of PSMB5 in DU145, suggesting
that down-regulation of PSMB5 is not a general feature of apoptosis. The obtained
results clearly demonstrate the indispensible role of STAT3 in regulating the expression

of proteasome subunits, notably PSMB5.

Chapter 1V: EGF-induced activation of proteasome subunits through STAT3:
EGFR is down regulated in normal prostate tissue by androgens, but, it is
antagonistically regulated in androgen independent prostate cancers leading to the
constitutive activation of EGFR. In addition, aberrant EGFR levels are found to be
frequently associated with activated STAT3. Hence, we investigated whether EGF
regulates PSMB5 protein expression in prostate cancer cells. EGF treatment significantly
induced protein levels of PSMB5 along with an enhancement of pSTAT3 levels in a
time-dependent manner in DU145 cells. In contrast, PSMB5 protein levels remain
unchanged in response to EGF either in STAT3-negative (PC-3) or low levels of STAT3
(LNCaP) cells. Moreover, EGF-induced activation of PI3 kinase or ERK pathway did
not affect PSMB5 expression in all the prostate cancer cells examined. Further,
inhibition of either STAT3 or EGFR per se down-regulated the expression of PSMB5
and other B-subunits of 20S proteasome in pSTAT3 constitutive DU145 suggesting that
STATS3 is required for EGF-induced proteasome sub-unit expression. Further diminished
feedback induction of proteasome was observed in DU 145 suggests the pSTAT3
dependent regulation of proteasome. Finally, co-treatments employing STAT3 inhibitors
along with bortezomib significantly enhanced cellular apoptosis and substantially
decreased the proteasome expression and activities as compared to individual treatments
alone. The observed results suggest that bortezomib and STATS3 inhibitors represent a
synergistic combination and might prove as an effective regimen for the treatment of
bortezomib resistance cancers; however, warranting further studies employing in vivo

models.



Conclusions:

The results of the present study demonstrate for the first time the regulation of
mammalian proteasome subunits by the oncogenic transcription factor, STAT3. A
majority of B-subunits and few a-subunits of 20S proteasome were found to be regulated
by STAT3. Importantly, PSMB5, which possess the chymotrypsin-like activity and also
a known target of the proteasome inhibitor, bortezomib is directly regulated by STAT3.
We have also identified a pivotal role of STAT3 even in EGF induced up-regulation of
PSMB5. The above observations could provide new avenues to overcome the resistance
of cancers towards bortezomib treatment. Also, the presented data aimed at
understanding the basal regulation of the proteasome expression would improve our
knowledge in understanding or / to develop new therapeutics for the treatment of cancer

and other proteasome associated disorders.
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INTRODUCTION



Introduction

1.1 Ubiquitin Proteasome System

Periodic degradation of proteins in various cellular organelles / compartments for
performing a variety of cellular functions is as important as their synthesis for the
survivability and development of cell. Proteolysis is essential to maintain the structural
and metabolic integrity of the cell. The ubiquitin proteasome system (UPS) controls
almost all basic cellular processes by degrading the short-lived regulatory proteins
involved in cell cycle activation and progression, and degradation of various transcription
factors involved in signal transduction pathways, immune responses, metabolism,
development and differentiation. UPS also maintains the quality and homeostasis of
proteins by degrading structurally aberrant proteins (Ciechanover, A. 2006; Tai, H. C.
and Schuman, E. M. 2008; Varshavsky, 2005).

1.1.1 Ubiquitin and Ubiquitination

Ubiquitin is a 76 amino acid globular protein that is conserved in all eukaryotes and
because it is expressed ubiquitously in both the cytosol and nucleus, it is referred as
ubiquitin. It occurs either in free form or covalently bound to other ubiquitins (poly
ubiquitin) and/or targeted proteins. Ubiquitin carries all the proteins targeted for
proteasomal degradation to 26S proteasome (Stephen et al., 1996). Glycine 76 (G76) at
the C-terminus of ubiquitin forms iso-peptide bond with g-amino group of lysine (K)
residue of the substrate protein. G76 is also involved in the formation of iso-peptide
bonds between ubiquitin molecules or ubiquitin molecules and other proteins (Vijay-
Kumar et al., 1985; Wilkinson et al., 1981). Ubiquitin has 7 lysine residues, poly-
ubiquitin is formed when the C-terminal G76 of each ubiquitin is linked to a specific
lysine residue of the previous ubiquitin (Chau et al., 1989). The attachment of ubiquitin
to target protein is called ubiquitination. Ubiquitination of target protein is accomplished
by multistep enzymatic reactions involving activation, conjugation of ubiquitin and
ligation of ubiquitin to target protein. Ubiquitin activating enzyme (EI) initiates the
ubiquitination by forming and transferring adenylated ubiquitin monomer to a conserved
cysteine residue in the El, which consumes 1 ATP molecule (Haas et al., 1982). This
activated ubiquitin in a subsequent transthiolation reaction is transferred to an active site

cysteine residue of ubiquitin conjugating enzyme (E2). E2-Ub transfers ubiquitin to
2



(uw)
PPi + AMP EE_;]] T“"im =) farget 0

X xmx .

265
Target ar l Proteasome

@9 ® %®

Step 1 Step 2 Step 3 @ 2 H @

Figure 1.1: Schematic view of the Ubiquitin-Proteasome System.

Ubiquitin (Ub) is activated by covalent attachment to E1 enzyme in an ATP-
dependent reaction (Step 1) and is subsequently transferred to an E2
(ubiquitin-conjugating) enzyme (Step 2). Ubiquitin is transferred from E2 to
target substrate with or without the assistance of an E3 (ubiquitin ligase)
enzyme (Step 3). E3s control the specificity of ubiquitination reactions. After
several cycles of ubiquitination, the multi-ubiquitin chain bearing substrate is
recognized by the 26S proteasome and targeted proteins are degraded leaving
free ubiquitin molecules.

(Wang J, et al 2006; Cell Mol Immunol. Aug;3(4):255-61 )
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ubiquitin ligase (E3) and it is here that the ubiquitin is ligated to targeted protein by
ubiquitin ligase (E3).

The N-terminus of E3 is highly variable and is responsible for specific substrate
recognition and binding. The C-terminus is involved in the attachment and transfer of
ubiquitin from E2-Ub to substrate protein to be degraded to form mono ubiquitinated
protein. In case of HECT-domain containing E3 ligases, E2-Ub is transferred to target
protein through thioester bond with E3 (E3-S-Ub), whereas, this transfer is direct without
the formation of thioester bond in case of RING-domain E3 ligases (Lorick et al., 1999).
Single E1 enzyme activates ubiquitin and interacts with all the E2 enzymes. In mammals,
at least twenty five E2 enzymes are known to exist which define broader specificity
(Sullivan & Vierstra, 1991). In the final stage, specificity of target protein is defined by a
large (~500) heterogeneous population of E3 ligases. E3 ligases sequentially add
ubiquitins to ubiquitin moiety of Ub-Protein complex to form poly-Ub chain. G76 of one
ubiquitin forms isopeptide bond with K48 of previous ubiquitin (G76-K48). G76-K48-
linked poly-Ub chains are important signals for proteasomal degradation (Chau et al.,
1989). A minimum of four ubiquitin linked chains are essential for effective targeting of
proteins for proteasomal degradation (Thrower et al., 2000). Other linkages like K63-G76
and mono ubiquitination are involved in non-proteolytic functions like regulation of
transcription, DNA repair, endocytosis and activation of kinases (Hofmann et al., 1999).
These poly-Ub tagged proteins are recognized by 26S proteasome and targeted proteins
are attached to 19S RP. Detachment of substrate protein from ubiquitin is essential to
enter into 20S catalytic complex. Deubiquitinating enzymes (DUBs) are cysteine
proteases which break the isopeptide bond after G76 residue resulting in deubiquitination.
These proteases are located adjacent to proteasome. Some of 19S RP subunits also act as
DUBs to remove ubiquitin from substrate proteins. UCH (Ubiquitin COOH-terminal
Hydrolases) and USP (Ubiquitin Specific Proteases) are the two large groups of DUBSs.
These proteins dechain poly-Ub to ubiquitin monomers and thereby deubquitinate
substrate proteins. The released ubiquitin monomers are re-used again for targeting of

proteins for proteasomal degradation (Fig. 1.1).
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1.1.2 26S Proteasome

26S proteasome is a large (2.5 MDa), ATP dependent multicatalytic protease
complex responsible for the degradation of proteins by the ubiquitin proteasome system.
26S proteasome is made up of two sub-complexes. 20S proteasome (also called as
catalytic core particle or CP) which is responsible for the catalytic degradation of targeted
proteins and 19S regulatory particle (RP) attached to one or both ends of the 20S
proteasome, which is responsible for the recognition and transfer of targeted proteins to
20S CP. Proteasome with one 20S CP and two 19S RP attached to both the ends of 20S is
referred as 26S proteasome (Baumeister et al., 1998; Coux et al., 1996; Demartino &
Gillette, 2007) (Fig. 1.2).

1.2 Structure and Assembly of 26S Proteasome

1.2.1 Structure of 20S Proteasome

20S proteasome is a 750 kDa barrel like structure with hollow space at the center. It
is made up of four stackered rings of 2 outer and 2 inner rings of o and f respectively and
are arranged in C2 symmetry. Each o and B rings are made up of 7 structurally similar
subunits of sizes ranging from 21-35 kDa called as al-07 in a ring and B1-B7 in B ring.
The subunits though structurally similar, perform common and different functions which
are essential to maintain the integrity of proteasome structure and function. These rings
are arranged in ay-7P1-7B1-701-7 (C2 symmetry) fashion. 20S CP consists of three internal
chambers called af, BB, afy. The aff chambers are located at the junctures of the a and
rings; the Bp chamber is confined to the B rings. The BP chamber is catalytically active
and is separated from cellular environment to prevent the uncontrolled degradation of
proteins (Unno et al., 2002). The B ring contains the catalytic activities, namely,
chymotrypsin-like activity (CT-L), caspase-like activity (PGPH: Post Glutamyl Peptidyl
Hydrolase), trypsin-like activity (T-L). The subunits PSMB5 (35), PSMB6 (B1) and
PSMB7 (B2) are responsible for these activities respectively. All these activities of
proteasome cleave both natural and synthetic peptides at the C-terminal side of
hydrophobic, acidic and basic amino acids respectively. Two pairs of these proteolytic

subunits reside in B chamber (Heinemeyer et al., 1997; Arendt & Hochstrasser, 1997).
4



Lid

—

%
&

®

Base 195 Complex ATP
o ——
—
205 Proteasome 265 Proteasome

Figure 1.2: Schematic representation of the 19S, 20S and the formation of
26S proteasome.

The 20S proteasome is composed of a stack of four rings composed of seven
subunits each. The two outer rings are made up of seven different a-subunits
(marked by red), whereas, the two central rings are composed of seven different
B-subunits (marked by orange). The proteolytic active sites of the 20S
proteasome are located in the central B-rings at subunits p1, p2 and g5 (marked
by yellow). 19S regulatory complexes are sub-divided into two distinct base and
lid sub-complexes and composed of 11-12 non-ATPase (marked by blue) and six
AAA-type ATPase subunits (marked by green). The 19S regulatory particle in the
presence of ATP associates with 20S proteasome to form 26S proteasome.

(Boston Biochem).
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In addition, the mammalian proteasome also has two more catalytic or proteolytic
activities called SNaaP (Small Neutral aminoacid peptide cleavage), BrAAP (Branched
chain aminoacid peptide cleavage) activity. The subunits responsible for these activities
are not yet known (Orlowski et al., 1993). 20S proteasome processively generates oligo
peptides of size in the range of 3-22 amino acids by degrading the target proteins in the
catalytic chamber (Bp). These peptides are further hydrolyzed into smaller fragments and
amino acids by oligo-peptidases, amino, carboxy peptidases present outside the
proteasome. The o rings present at both sides of B rings control the activity of the
catalytic chamber by preventing the penetration of non-targeted proteins in to the
catalytic chamber (Bf) by narrowing the opening. Only the target proteins which are
unfolded by 19S RP, unfolded abnormal proteins and proteins damaged by oxidative
stress will enter into the catalytic chamber (DeMartino & Slaughter, 1999; Glickman et
al.,, 1998; Liu et al., 2003a; Rechsteiner et al., 2000; Sorokin et al., 2005). The N-
terminal extensions of a-subunits act as barriers for access to the active sites in Bf
chamber (Groll et al., 1997; Smith et al., 2007). The a-subunits play important roles in
assembly of the B-subunits to form 20S proteasome as well as recognition and attachment
of 19S RP to the 20S proteasome. Proteasomes are present both in the cytosol and
nucleus and undergo cell cycle dependent redistribution. Four of the a-subunits possess
multiple nuclear localization signals (NLS), which assist in the localization to nucleus.
All the B-subunits except 3, B4 contain prosequences or propeptides of varying length at
their N-terminus. Prosequences helps in the correct orientation and arrangement of -
subunits during the formation or assembly of 20S proteasome and also prevent the
premature catalytic activity of B subunits by hiding Thr. The prosequences also acts as
signals for the localization of B-subunits during proteasome assembly. Once all the
subunits are arranged, prosequences will be degraded and catalytically active Threonine
will be exposed at the N-terminus. All these catalytically active subunits cleave the
peptide bond by using their hydroxyl group of N-terminal threonine residue as
nucleophile. Hence, the proteasome belongs to the class of N-terminal nucleophile
hydrolases (Ntn-hydrolases) (Kisselev et al., 2000).
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1.2.219S RP (PA700)
The catalytically active proteasomes are generally capped with regulatory particles
(RP) on either or both ends of the assembled 20S proteasome. 20S CP alone can’t
degrade the ubiquitylated proteins. These regulatory particles performs the essential
functions required for the degradation of targeted proteins like the recognition of
polyubiquitylated targeted proteins, deubiquitylation and unfolding of proteins and
transfers these unfolded proteins to 20S catalytic proteasome for the degradation by
opening the narrow o ring. Constitutive 26S proteasome contains 19S RP (also called as
PA700). 19S RP complex consists of approximately 20 different subunits of ATP
dependent Regulatory particle of triple-ATPase (Rpt) subunits and ATP independent
Regulatory particle of non- ATPase (Rpn) subunits. 19SRP contains 2 sub complexes
namely lid and base. The lid complex consists of at least 9 non-ATPase subunits (Rpn3,
Rpn 5, Rpn 6, Rpn 7, Rpn 8, Rpn 9, Rpn 11, Rpn 12 and Rpn 15). It is involved in the
detachment of poly ubiquitin chain from the targeted protein by using Rpn 11 metallo-
isopeptidase. This polyubiquitin chain is further deubiquitylated by other deubiquitylating
enzymes (DUB) present adjacent or associated with 26S proteasome to monomeric
ubiquitins (Glickman et al., 1998; Hanna & Finley, 2007; Hu et al., 2005a; Verma et al.,

2002).

The base complex is also composed of ATP dependent (Rpt 1, Rpt 2, Rpt 3, Rpt
4, Rpt 5, Rpt 6) and independent (Rpnl, Rpn 2, Rpn 10, Rpn 13) subunits. The base
complex captures the targeted proteins by recognising the polyubiquitin chains.
Recognition and binding of polyubiquitin chain does not require energy. Rpn 10 and Rpn
13 of the base complex recognizes poly-ubiquitylated substrates and acts as receptors for
the poly ubiquitin. Rpn 10 recognizes poly-ubiquitin chain with the help of C-terminal
Ubiquitin Interacting Motif (UIM), whereas, Rpn 13 does it by its novel domain of
pleckstrin-like receptor for ubiquitin (Pru) at N-terminus. Deubiquitylated client proteins
must enter into catalytic core particle (20S proteasome) for degradation (Husnjak et al.,
2008; Lam et al., 2002; Saeki & Tanaka, 2008; Schreiner et al., 2008). The proteolytic
sites inside the 20S are guarded by the narrow opening (5nm) formed by N-terminal
extensions of o-subunits to prevent the uncontrolled degradation of proteins. The
ATPases of base sub-complex acts as molecular chaperone to unfold the proteins by
6
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using ATP. The ATPases present in the base complex (Rptl-6) forms a hexameric ring
and help in the opening of the gate. Three of these ATPases, Rpt 2, 3, 5 contain a
multiple conserved C-terminal hydrophobic-tyrosine-X (HbYX) motifs. These motifs
facilitate the opening of the gate; however, binding of ATP is sufficient for opening the
gate and its hydrolysis is not required (Liu et al., 2006; Rabl et al., 2008; Saeki &
Tanaka, 2007; Smith et al., 2007).

1.2.3 Assembly of 20S Proteasome

All the subunits of 20S proteasome must be arranged in correct position to form the
functionally active proteasome. Assembly of 20S proteasome starts with a-subunits
assembly and the assembled a ring acts as a base for the assembly of B-subunits on it. a
ring formation requires 4 extrinisic chaperones, viz., PAC1-PAC2 heterodimer and
PAC3-PAC4 heterodimer (Proteasome Assembling Chaperones). Knock-down studies of
PAC1 or PAC2 have shown that they are stable only in heterodimer forms and their
absence results in aberrant a ring dimerisation (Hirano et al., 2005). PAC1-PAC2 with
the help of PAC3-PAC4 starts the a-ring formation and prevent the formation of off-
pathway products (ao ring dimers). PACI-PAC2 complex binds to proteasome
precursors and is degraded by proteasome itself when matured and functionally active
protesome is formed. PAC3-PAC4 complex helps in the correct arrangement of a-
subunits during a-ring formation (Murata et al., 2009). B-subunits are added to a-ring
sequentially. Knock-down studies of individual B-subunits inferred that P2 subunit
initiates the formation of B ring followed by B3, B4, BS, B6, B1 and finally B7 (Hirano et
al., 2008). hUmpl (human Ubiquitin mediated proteolysis, proteassemblin or POMP)
bind with B2 and recruits it to a ring. hUmpl also binds to proteasome precursors and
undergoes degradation after the formation of mature proteasome (Ramos et al.,1998; Witt
et al., 2000). Pro-peptides and C-terminal sequences of B-subunits acts as intramolecular
chaperones in correcting the orientation of B-subunits and recruitment of subsequent -
subunits. Propeptides of B2 are essential for the recruitment of B3 subunit (De et al.,
2003; Shinde & Inouye, 2000). All the subunits except B7 are arranged in a ring like
manner and this state of proteasome is referred as half-mer precursor. Finally, the C-
terminal tail of B7 subunit inserts into a groove between B1 and 2 in the opposite half-

7
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Figure 1.3: Assembly of 20S proteasome.

Heterodimeric complexes of PAC1-PAC2 and PAC3-PAC4 mediates a-ring
formation. The binding of B2 and hUmpl on the a-ring followed by sequential
incorporation of the p-subunits except B7 results in half proteasomes. PAC3-
PAC4, maintains the structural integrity of the intermediates until B3 is
incorporated on the B-ring. Dimerization of half-mers (i.e., half-proteasomes
lacking B7) is assisted by the C-terminal tail of B7 followed by removal of the
pro-peptides of subunits (B1, 2, B5, p6 and B7). hUmpl and PAC1-PAC2
degradation results in to mature 20S Proteasome.

(Tanaka K, 2009 Proc Jpn Acad Ser B Phys Biol Sci. 2009;85(1):12-36).
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mer precursor resulting in the dimerization of half proteasomes followed by processing of
B-subunits results in the catalytically active prtoeasome which eventually degrades
hUmpl and PAC1-PAC2 complex (Chen & Hochstrasser, 1996; Li et al., 2007; Marques
et al., 2007). The complete assembly mechanisms of 19S as well as 26S are not well
understood. However, studies have reported ATP-dependent chaperone activity of Hsp90
probably plays an important role in the assembly of 19S RP with 20S CP to form 26S
proteasome (Imai et al., 2003) (Fig. 1.3).

1.2.4 Localization

Proteasomes are abundant in both cytosol and nucleus. Distribution of proteasome
between cytosol and nucleus varies with cell types and their requirement. Liver cells have
more cytosolic proteasomes, whereas, lung cells have predominantly nuclear proteasomes
(Rivett et al., 1992). Rapidly growing cells show more proteasomes than non-dividing
cells (Kumatori et al., 1990). Although some subunits of the proteasome possess nuclear
localization signals, modifications on the subunits of proteasome might also signal the
translocation of proteasomes from cytosol to the nucleus. However, the precise
mechanism of intracellular distribution of proteasomes is not yet known (Benedict et al.,
1995; Nederlof et al., 1995; Wang et al., 1997). Proteasomes are also observed
extracellularly and enhanced proteasome levels found in the blood serum of leukemia,
myeloma, and carcinoma patients may be because of increased secretion of proteasomes
by the tumor cells (Wada et al., 1993).

1.2.5 Modifications of Proteasome Subunits
26S Proteasome subunits have been shown to undergo post translational
modifications to modulate the function and localization of proteasome. Phosphorylation
of al, a2, a3, B2, B3 and B7 subunits have been shown to increase chymotrypsin-like and
caspase-like activities of proteasome in vitro (Zong et al., 2006). Phosphorylation of o2
on Tyr120 has been shown to act as a nuclear localization signal for the proteasome
(Benedict et al., 1995). Phosphorylation of a7 stabilizes the association of 20S CP with
19S RP, whereas, dephosphorylation of a7 results in the immunoproteasome formation
by enhancing the association of 20S CP with PA28 a/p (11S REG) (Bose et al., 2004). S-
8
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glutathionylation of cysteine residues in various subunits of 20S CP has been shown to
inhibit chymotrypsin and trypsin-like activities without effecting caspase-like activity
(Demasi et al., 2003). Though N-myriostylation was observed in 19S, its significance is
not yet known (Wang et al., 2007). Glycosylation of 19S RP has been shown to reduce
the ATPase activity (Zhang et al., 2003).

1.3 Types of Proteasome

1.3.1 Immunoproteasome

Higher vertebrates have a special type of proteasome that helps in the processing of
antigens for adaptive or acquired immune response called as Immunoproteasome. It is
different from standard or constitutive proteasome in having subunits B1i, B2i, 5i in
place of B1, B2, BS and 11S RP (PA28) instead of 19SRP (PA700). IFN-y induces the
Immunoproteasome formation. Immunoproteasome processes intracellular peptides that
include virus, pathogens and tumours and present them to MHC class | peptides on the
cell surface. These are recognized by CTL (Cytotoxic T-Lymphocytes) and kill those
cells. IFN-y also alters the proteolytic activities of immunoproteasome. Increased
chymotrypsin and trypsin-like activities and decreased caspase-like activity have been
reported in immunoproteasome. It generates peptides of size 6-8 amino acids having
more of basic and hydrophobic amino acids containing at C-terminus, which favors MHC
class | peptide binding groove for proper recognition (Kloetzel, 2001; Rock et al., 2002;
Tanaka & Kasahara, 1998). Similar to 19S RP, immunoproteasome also has activator
called PA28 (11S regulator). It is made up of PA28a, PA28B, PA28y sub-complexes.
PA28a and PA28p forms heterodimeric complexes and are present in cytosol, whereas,
PA28y forms homopolymeric complexes and is present in the nucleus and activates the
respective immunoproteasomes. PA28y is involved in the degradation of p53 via mdm2
mediated proteasomal degradation. It also promotes the degradation SRC-3 (steroid
receptor co-activator 3) which is an oncogene and is highly expressed in breast cancer (Li
et al., 2006; Tanahashi et al., 1997; Wojcik et al., 1998; Zhang et al., 2008).
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1.3.2 Thymoproteasome

In addition to the B5, B5i, studies identified a catalytic subunit B5t which is
expressed only in cortical thymic epithelial cells. The B5t subunit along with Bli, B2i
forms a proteasome called Thymoproteasome. It is implicated in the positive selection of
developing thymocytes. Thymoproteasome shown less chymotrypsin-like activity,
whereas, no change was observed in trypsin and caspase-like activities (Murata et al.,
2007 & 2008).

1.4 Biological functions of UPS

1.4.1 Inflammation and Auto Immunity

UPS plays an important role in the immune protection of organism. First, it is
involved in the processing of antigens in antigen presenting cells. Second, it regulates the
transmission of signals from T cell antigen receptor and CD28 co-stimulatory molecule.
Third, it regulates the activation of NF-kB which is a key regulator of genes involved in
inflammation. UPS activates NF-kB in two steps, first it processes p105 and p100 to
generate p50 (NF-kB1) and p52 (NF-kB2). These are further dissociated from inhibitors
of NF-kB (IkBs) to form active transcription factors p50 and p52 by UPS dependent
degradation of Ikb, which translocates to the nucleus and activates NFKB target genes.
Abnormal activation of TH2 (T-Helper 2) leads to the JunB dependent transcription of
various interleukins such as IL-4, IL-5, IL-9, IL-10 and IL-13 which result in asthma and
allergic reactions (Hartenstein et al., 2002; Li et al., 1999). Itch is an E3 ligase that
targets JunB to UPS for degradation. Mice lacking the itch demonstrated various types of
allergies (Gao et al.,, 2004; Venuprasad et al.,, 2006). Rheumatoid arthritis is an
autoimmune disease characterized by chronic synovial tissue inflammation which results
from the activation of NFkB. Proteasome inhibitors have been demonstrated in mitigating
inflammation and allergy by inhibiting NFkB (Firestein, 2004; Tsao et al., 1997).

10
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1.4.2 Neurological Disorders

Formation of large protein aggregates is a specific feature of neurodegenerative
diseases along with loss of function and reduction in neuronal cells. Most of these
aggregates contain Ub and proteasomes (Sieradzan et al., 1999). It has been observed that
impairment in the proteasomal activity leads to the generation of protein aggregates.
Correlation between the disease development and dysfunction of UPS has been shown in
inheritable Parkinson’s and Alzheimer’s diseases. Nonetheless, the exact relationship
between neurological disorders and UPS is still under investigation. (Bence et al., 2001;
Emmanouilidou et al., 2010; Zhang et al., 2008a).

1.4.3 Development

Initiation of early embryonal mitosis and development in rodents requires
differentially regulated expression of distinct subunits of 19S RP and proteasomal
degradation of cell cycle regulatory proteins (Josefsberg et al., 2001: Kawahara et al,
2000). Changes in the molecular assembly and proteolytic activities of some subunits of
the 26S proteasome was observed during completion of meiosis in vertebrates
(Josefsberg et al., 2000; Reverte et al., 2001). It is also reported that 26S proteasome is

essential for rat oocyte maturation.

1.4.4 Differentiation
Withdrawal of cells from cell cycle is essential for the differentiation of eukaryotic
cells. This process is accomplished by inactivation or down-regulation of CDKs (cyclin
dependent kinases) during G1-phase of cell cycle. CDKs associate with CKI (cyclin
dependent kinase inhibitors) which inhibit the activity of CDKs. CKls (p21 WAF1/CIP1,
p27KIP1, p57KIP2, pl9INK4d) are known substrates of proteasome. Proteasomal
degradation of cell cycle regulators, p21 WAF1/CIP1 and cyclin D1 resulted in the
differentiation of mouse and human cells (Bernardi et al., 2000: Di Cunto et al., 1998;
Negishi et al., 2001: Spinella et al., 1999). Retinoic acid induced neuronal differentiation
of human multipotent embryonal stem cells requires inhibition of proteasome mediated
degradation of p27KIP1 (Baldassarre et al., 2000). Nonetheless, proteasomes regulate the
differentiation of eukaryotic cells either positively or negatively.
11
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1.4.5 Regulation of Gene expression

Proteasomes have been reported to control the expression of genes through
chromatin modifications, transcription, mRNA stability and translation. Proteolytic and
non-proteolytic activities of proteasomes are reported to be responsible for these

processes.

1.4.5a Transcriptional Regulation

Proteolytic activities of the proteasome regulate activation of a large number of
transcription factors either by processing or degradation of inhibitory proteins associated
with them. This process is termed as regulated ubiquitin/proteasome-dependent
processing. Mammalian NFkB and yeast SPT23 and MGAZ2 are controlled by this
process (Rape & Jentsch, 2004). Inhibition of proteasomal activities in yeast
demonstrated the inability of transcription activators to recruit RNA pol-Il to promoters
(Lipford et al., 2005). Further, in yeast accurate termination of transcription also depends
on the active proteasome (Gillette et al., 2004). Estrogen receptors (ER) belong to nuclear
hormone receptors family which associates with SRCs (Steroid Receptor Coactivator)
and activates or regulates downstream target gene transcription. SRCs have been shown
to interact directly with LMP2 of immunoproteasome. It has been shown that association
of LMP2 with SRCs is essential for the cyclic association of ER regulated transcription
complexes on ER target promoters. Proteolytic activities of the proteasome regulates
glucocorticoid hormone receptor (GR)-dependent gene transcription by proteolytic
cleavage and recycling of receptor/transcriptional-DNA complexes (kinyamu et al.,
2007). In addition to this, inhibition of proteasome modified the chromatin by increasing
trimethyl histone H3K4 levels on GR-regulated promoter regions and accumulated
phosphorylated RNA pol Il at GR-target genes leading to the enhanced transcription
(Kinyamu & Archer, 2007). Proteasomes also degrades elongating RNA pol Il and
prevents the transcription during DNA damage (Krogan et al., 2004; Reid & Svejstrup,
2004; Somesh et al., 2005).

12
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Mutants of 19S RP subunits SUG1 (Rpt6), SUG2 (Rpt4) in yeast inhibited the elongation
of transcription which could be restored by the addition of 19S complex (Ferdous et al.,
2001).

1.4.5b Translational Regulation

elF4G and elF3a are the components of eukaryotic translation initiation complex.
elF4F and elF3 are selectively degraded by the UPS. This process inhibits the assembly
of ribosomal pre-initiation complexes on different cellular and viral mMRNAs leading to
the inhibition of translation. In line with the above findings, inhibition of proteasomal
activities restored the initiation of translation by preventing the degradation of elF4F and
elF3. Proteasomes are also involved in the transcription of ribosomal protein genes (Auld
& Silver, 2006). These findings provide a direct link between protein synthesis and

protein degradation in maintaining cellular protein homeostasis.

1.4.6 RNase Activity of Proteasome

Previous studies have shown that proteasomes have endoribonuclease activity and
the subunits possessing this activity are a5/zeta and al/iota (Petit et al., 1997). Though
both 26S and 20S proteasomes possess RNase activity, they differ in type of RNA to be
degraded and their dependence on divalent cations. 20S proteasome is active only in the
presence of divalent cations, whereas, 26S is active both in the presence or absence of
divalent cations (Evteeva et al., 2000; Mittenberg et al., 2002). Phosphorylation of 26S
proteasome subunits is essential for RNase activity. Studies have shown that RNase
activity of proteasome is differentially regulated during differentiation and apoptosis
(Mittenberg et al., 2007).

1.4.7 Reprogramming of Proteasomes
To perform a wide variety of cellular functions and to meet the requirements of

cells, proteasomes undergoes modification or reprogram its subunit composition and alter
their proteolytic activities. During immune response to pathogens, IFN-y, TNF-a

treatment causes the changes in the catalytic activities of the proteasome by replacement

of constitutive catalytically active subunits g1, 2 and 5 with LMP2, LMP10 and LMP7
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respectively. Further, PA28 o/f replaces 19S RP and causes efficient processing of
antigenic peptides (Groettrup et al., 2001). IFN-y also stimulates trypsin-like and
chymotrypsin-like activities (Akiyama et al., 1994). It was also reported that IFN-y
decreases the phosphorylation of proteasome subunits (Rivitt et al., 2001).

Induction of erythroid differentiation of K562 (human proerythroleukaemic cells)
by hemin is accompanied by redistribution of proteasomes to cytosol, changes in the
phosphorylation state of several proteasome subunits and changes in the
endoribonuclease activity of proteasomes (Mittenberg et al., 2002 & 2007). Enzymatic
activities and subunit composition of proteasomes were also changed in K562 cells
during apoptosis. Trypsin and chymotrypsin-like activities of proteasome were increased
in doxorubicin induced apoptotic cells of K562 compared to untreated cells (Tsimokha et
al., 2006 & 2007).

1.4.8 Role of Proteasome in Cancer
A large number of oncogenes and tumor suppressor proteins were shown to be the
targets of UPS and malfunction of UPS has been reported to either enhance the
oncoprotein activity or reduce the function of tumor suppresser proteins in variety of
cancers. Hypoxia inducible factors (HIF) mediate the response to hypoxic conditions by
activating the expression of genes that promotes angiogenesis such as VEGF (Vascular
Endothelial Growth Factor). Under normal conditions (normoxic) the HIFs are inactive
due to hydroxylation of two proline residues and this form of protein is recognized by E3
ligases and present them for degradation by proteasome. VHL (Von Hippel-Lindau) is a
E3 ligase responsible for the recognition and presentation of HIF to proteasome under
normoxic conditions (Ivanov et al., 2001; Jaakkola et al., 2001). Mutations in VHL gene
makes it unable to recognize and target HIF for degradation and leads to cancer (Clifford
et al.,, 2001). Moreover, increased HIF and VEGF in VHL mutated cells has been
observed in renal carcinomas (lliopoulos et al., 1996; Siemeister et al., 1996; Turner et
al., 2002; Yang et al., 2003).
[-catenin in association with other proteins activates the transcription of cyclin
D1 and MYC (Crawford et al., 1999; He et al., 1998; Tetsu & McCormick, 1999; Uthoff

et al., 2001). B-catenin is regulated by phosphorylation of N-terminal serine and
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threonine by casein kinase I (CKI). The phosphorylated B-catenins are ubiquitinated and
undergoes proteasomal degradation. APC is responsible for presenting the B-catenin to
CKI for N-terminal phosphorylation. In most of the colon cancers APC gene undergoes
mutations resulting in the C-terminal truncated protein, which no longer recognizes [3-
catenin (Miyoshi et al., 1992; Powell et al., 1992). In some cases, B-catenin itself
undergoes mutations at phosphorylation sites preventing it from degradation by UPS and
this leads to cancer (Sparks et al., 1998).

p53 is a tumor suppressor gene that responds to DNA damage, stress and activates
apoptosis and cell cycle arrest. p53 is a target of UPS. It regulates itself by synthesising
mdm2, an E3 ligase which ligates p53 to proteasome for degradation. Amplification of
mdmz2 results in the suppression of p53 in a variety of sarcomas (Momand et al., 1998).
Human Papilloma Viruses (HPV) causes cervical carcinoma by manipulating the UPS to
degrade the p53. High risk HPV produces E6 which binds to E6-AP, which is a ubiquitin
ligase (E3). HPV EG6 binds to N-terminal of E6-AP (E6-E6AP) and alters its substrate
specificity. The N-terminal substrate binding domain of E6-AP of E6-E6AP binds to p53
and transports it to proteasome for degradation (Scheffner et al., 1993).

Control of cell cycle is crucial to prevent transformation of a cell into a cancer
cell. Periodic turnover of cyclins and cyclin dependent kinases regulates the cell cycle.
Cyclin E levels are high at G1-S transition and it activates CDK2. CycE/CDK2 complex
is essential for cells to enter genome duplication phase (S phase). p27 is a tumor
suppressor gene which interacts with cdk2/cyckE and cdk2/cycD complexes and prevents
cell cycle progression (Pagano et al., 1995; Shirane et al., 1999) and this protein also
happens to be a substrate of UPS. Skp2 (S phase kinase protein) is a ubiquitin ligase
which ligates p27 to the UPS for degradation results in cell cycle progression to S-phase
(Carrano et al., 1999; Sutterluty et al., 1999; Tsvetkov et al., 1999). Low levels of p27
has been reported in various malignancies such as breast, prostate, lung, ovarian, colon,
lymphoma and brain (Loda et al., 1997; Moller, 2000; Slingerland & Pagano, 2000).
Cyclin A and B are also regulated by UPS. Anaphase promoting complex/cyclosome

(APC/C) acts as ubiquitin ligase (E3) to target them for proteasomal degradation.
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1.5 Inhibitors of Proteasome

Given their indispensable role for cell survival, inhibition of proteasome has been a
promising target for anticancer therapy although this approach can also be used for other
disorders or diseases. Since proteasome is a multicatalytic enzyme complex and all active
sites cleave peptide bonds by similar N-terminal hydrolase reaction, inhibitors of one
type of activity also inhibit other activities at higher concentrations (Kisselev et al.,
2006). Earlier studies carried out in yeast and human cells demonstrated that all three
catalytic activities are important for cells albeit chymotrypsin like activity was found to
be vital (Arendt & Hochstrasser, 1997; Chen & Hochstrasser, 1996; Heinemeyer et al.,
1997). All of the natural product inhibitors and most of the synthetic proteasome
inhibitors primarily target the chymotrypsin-like activity of proteasome. Cancer cells or
dividing cells requires high levels of protein synthesis and degradation than their normal
cell counterparts or non-dividing cells. This property makes the proteasome inhibitors
selective for cancer cells over normal cells, thus reducing the toxicity concerns of normal
cells (Adams, 2004; Kisselev & Goldberg, 2001).

1.5.1 Types of Inhibitors

Proteasome inhibitors are structurally diverse. Most of the proteasome inhibitors are
peptide based ligand mimetics or transition state analogs of enzyme catalyzed reactions.
They inhibit proteasomes reversibly or irreversibly by formation of a covalent or non
covalent adduct between the inhibitor and the catalytic site of the enzyme.
Peptide Aldehydes are the first inhibitors of proteasome to be developed. They inhibit
proteasome by forming hemiacetal bond with hydroxyl group of catalytic threonine
residue and are rapidly reversible due to oxidation of aldehydes. MG132 is the well
studied drug of this group (Adams et al., 1998).
Peptide Boronates are much more potent inhibitors of proteasome compared to
aldehydes and dissociates more slowly from proteasome. They also share the mode of
inhibition with peptide aldehydes by forming tetrahedral adducts with active site
threonines, which are further stabilized by a H- bond between N-terminal amino group of
threonine and one of the hydroxyl groups of boronic acid. Due to this H-bond they do not

inhibit serine proteases (Adams et al., 1998). Bortezomib had been using as front line
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treatment for relapsed and refractory multiple myeloma and few of the inhibitors of this
class, such as, CEP-18770 and MLN2238 are under clinical trials (Kupperman et al.,
2010; Piva et al., 2008).

Peptide a, B-Epoxyketones are the most specific and potent proteasome inhibitors known
to date. They form an irreversible morphilino ring with N-terminal threonine of catalytic
site. Carfilzomib has been approved for the treatment of relapsed and refractory multiple
myeloma. An example in this class of inhibitor includes, ONX-0912 which is presently
under clinical trials (Zhou et al., 2009).

p-Lactones are less specific and less potent inhibitors than epoxoketones. They inactivate
proteasome by esterfying the catalytic threonine hydroxyl group (Groll et al., 2006). All
B-Lactone adducts are slowly hydrolyzed by water and lead to the reactivation of
proteasomes (Dick et al., 1997). Marizomib belongs to this class of inhibitors and is
presently under clinical trials.

Peptidyl vinly sulfones are irreversible inhibitors of proteasome which covalently modify
the catalytic threonine residue in all the active B-subunits of proteasome (Groll et al.,
2002). Other classes of proteasome inhibitors such as cyclic peptides, non cyclic
peptides, peptide isosteres, non specific proteasome inhibitors, allosteric inhibitors and
site specific proteasome inhibitors were limited to laboratory studies due to relative lack
of potency, specificity or stability (Kisselev et al., 2012).

1.5.2 Mechanism of Apoptosis

Although the precise mechanism(s) of action of proteasome inhibitors are not yet
fully defined, there are a number of pathways that appear to be important in their
selectivity towards malignant cells. Induction of apoptosis by proteasome inhibition is
mediated through several mechanisms such as inhibition of NF«kB activity, altered
degradation of cell cycle related proteins, altered proapoptotic and anti-apoptotic protein
balance, endoplasmic reticulum stress, inhibition of angiogenesis and DNA repair. The
choice of mechanism appears to be dependent on type of cell and drug (Daniel et al.,
2005; Richardson et al., 2003).
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Bortezomib is the first proteasome inhibitor that has been using as frontline drug for
multiple myeloma. However, limited activity of bortezomib in solid tumors, development
of resistance, dose dependent peripheral neuropathy, stability and intravenous
administrations prompted the development of structurally distinct second generation
inhibitors of proteasome. These include CEP-18770, MLN2238, Carfilzomib, ONX-0912
and Marizomib. Carfilzomib has been approved for multiple myeloma which has shown
prominent results than bortezomib. These second generation drugs although superior in

selectivity, exhibit dose-limited toxicity (Kisselev et al., 2012).

1.6 Resistance to Bortezomib

Various bortezomib resistant cell lines were developed by continuous or repeated
exposure of bortezomib in order to study the cellular basis of bortezomib resistance.
Several studies reported the presence of point-mutations or overexpression of the PSMB5
subunit which is responsible for chymotrypsin-like activity and happens to be the

principle target of bortezomib.

1.6.1 Point Mutations of PSMB5
G322A, C323T, C326T point mutations of PSMB5, which results in the substitution
of Ala49Thr, Ala50Val in the functional PSMB5 (Alal08Thr, Alal09Val in proPSMB5)
were reported in Bortezomib-resistant lymphoblastic lymphoma/leukemia cells called
JurkatB (Lu et al., 2008). Oerlemans et al. (2008); Ri et al.(2010) also confirmed G322A
PSMB5 mutations in bortezomib resistant human monocytic/macrophage THP1/BTZ
cells, bortezomib-resistant MM cell lines KMS-11/BTZ and OPM-2/BTZ respectively.
Franke et al. (2012) identified G322A, C323T and G247A (Thr21Ala) PSMB5 mutations
in bortezomib-resistant MM cell line 8226/BTZ, G322A, C323T, G332T (Cys52Phe)
mutations in acute lymphoblastic leukemia cell line CEM/BTZ and G312T (Met45lle),
A310G (Met45Val) in human monocytic/macrophage THP1/BTZ cells. De Wilt et al.
(2012) proved that bortezomib resistance of Non-Small-Cell Lung Carcinoma (NSCLC)
cell lines is associated with Ala49Thr, Met45Val and Cys52Phe mutations in PSMBS.
Bortezomib binds with PSMB5 and inhibits the chymotrypsin-like activity of

proteasome. Most of these mutated residues are around the S1 specificity pocket (binding
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site) of the PSMB5 which is responsible for recognizing the peptide bond of substrate.
Ala49 and Ala50 of PSMBS5 directly interacts with bortezomib by strong H-bonding at
binding site of PSMB5, whereas, Cys52 and Met45 are in close proximity to the binding
site of bortezomib. Mutation of these amino acids causes the conformational changes of
PSMBS5 binding site that prevent binding of bortezomib to PSMB5 and confer varying
degrees of resistance. Ala49Thr, Ala50Val are involved directly and Cys52Phe,
Met45lle, Met45Val are involved indirectly in preventing the bortezomib binding to
PSMB5 (De Wilt et al., 2012; Franke et al., 2012; Lu et al., 2008 & 2009; Oerlemans et
al., 2008; Ri et al., 2010). However, studies on patients of relapsed or refractory
myeloma from bortezomib did not show any mutations (Lu et al., 2011; Politou et al.,
2006) in PSMBS.

1.6.2 Overexpression of PSMB5

Studies of Lu et al. (2010) in jurkatB cells revealed the increased expression of
PSMB5 and chymotrypsin-like activity. Increased expression of PSMB5 was also
reported in patients of multiple myeloma treated with bortezomib (Lu et al., 2011).
Findings of Balsas et al. (2012) on multiple myeloma cells displaying resistance to
bortezomib (8226/7B) have shown overexpression of PSMB5 both at the mRNA and
protein levels without possessing mutations. These cells also displayed nearly double the
quantity of DNA per cell. However, these cells (8226/7B) were as sensitive as parental
cells to other chemotherapeutic agents.

Bortezomib-sensitive human acute myeloid leukemia cell line HL-60 (HL-60a)
proteasomal activity profiling revealed an up-regulation of levels of active subunits
and activities of proteasome in contrast to control cells. Increased expression of catalytic
subunits influenced the sensitivity of hematologic maliganancies towards bortezomib
(Kraus et al., 2007). Higher basal levels of proteasome activity and subunit expression
was reported to be associated with intrinsic and acquired resistance to bortezomib in
NSCLC (De wilt et al., 2012) and HT-29 adenocarcinoma cells (Suzuki et al., 2011).
Taken together, these findings demonstrate that intrinsic bortezomib resistance is mainly
associated with high basal levels of proteasome activity, increased proteasome subunit
expression (PSMB5) or emergence of mutant PSMBS5 (B5).
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1.6.3 Altered Expression of Proteins

Studies in bortezomib resistant diffuse large B- cell lymphoma cell line (SUDHL-4)
and bortezomib sensitive cell line (SUDHL-6) reported differential expression of genes
following bortezomib treatment. Increased expression of heat shock proteins, specifically
HSP27 was identified as a mediator of bortezomib resistance in SUDHL-4. Further,
higher expression of TCF-4 (transcription factor 4), cyclin D1 and c-myc were reported
in SUDHL-4 cells (Chauhan et al., 2003; McConkey & Zhu, 2008; Shringarpure et al.,
2006). High levels of HSP27 were also reported in bortezomib resistant HT-29 cells
(Suzuki et al., 2011). Enhanced levels of B-catenin were found to be associated with
bortezomib resistance in myeloma cell lines.

Elevated IGF-1 secretion and activation of IGF-1R was reported to be responsible
for bortezomib resistance in various cell lines. Further, inhibition of IGF-IR increased the
sensitivity to bortezomib in these cells. Over expressed c-met enhanced bortezomib
resistance through activation of Akt/mTOR in human multiple myeloma cells (Que et al.,
2012). Similarly increased levels Akt/mTOR conferred resistance to bortezomib in
mantle cell lymphoma (Kim & Park, 2012). High degree of resistance was developed in
Rad (Ras associated with diabetes) expressed cells (Yeom et al., 2012).

In addition to the above mechanisms, elevated synthesis of proteasome subunits
following inhibition of proteasome or stress conditions, referred as, feedback up-
regulation of proteasome is associated with resistance to bortezomib or proteasome
inhibitor treatment (Fig.1.4).

1.7 Regulation of Proteasome

1.7.1 Feedback Up-regulation of Proteasome

Early studies in yeast (Saccharomyces cerevisiae) identified Rpn4 as a
transcriptional activator of proteasome genes. An Rpn4 binding site, a 9 bp (5'-
GGTGGCAAA-3) known as PACE (proteasome associated control element) was
observed in promoter regions of 26 out of 32 proteasome genes suggesting the concerted

regulation of proteasome. Deletion of PACE in one of the proteasome genes markedly
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decreased the levels of assembled and active proteasome in the cell. Rpn4 itself is
degraded by proteasome and inhibition of proteasome in yeast further up-regulated
proteasome expression, an observation which lead to the formulation of a negative
feedback circuit for the proteasome homeostasis (Ju et al., 2004; Mannhaupt et al., 1999;
Wang et al., 2008; Xie & Varshavsky, 2001). Various stress conditions are known to
activate Rpn4 in yeast (Hahn et al., 2006). Although bioinformatics analysis reported
lack of structural homologs for Rpn4 and PACE in higher eukaryotes, proteasome
regulators share functional similarities with yeast. Knock-down of individual proteasome
subunits in Drosophila cells or inhibition of proteasome activity by MG132 resulted in
the 5’-untranslated region dependent up-regulation of other subunits of proteasome
suggesting the concerted feedback regulation in higher eukaryotes (Lundgren et al.,
2005). In addition, inhibition of proteasome or stress induces coordinated up-regulation
of proteasome genes in mammalian cells (Meiners et al., 2003). Recent studies suggested
that Nrfl and Nrf2, members of CNC-bZIP (cap “n’ collar basic leucine zipper) family of
transcription factors which are principally involved in antioxidant response are reported
to be involved in the feedback up-regulation of proteasome subunits during proteasome
inhibition. Nrfl and Nrf2 binds to a common sequence (5-TGAnnnnGC-3') called ARE
(anti oxidant response element) in the promoter regions of target genes and activate their
transcription (ltoh et al., 1997; Johnsen et al., 1996; Myhrstad et al., 2001). It was
observed that almost all proteasome genes contain AREs, though many do not display
complete sequence identity with consensus sequence (Rushmore et al., 1991). Although
both Nrfl and Nrf2 bind to the same sequence, Nrfl appeared to activate the proteasome
gene expression with higher efficiency (Steffen et al., 2010).

Inhibition of proteasome by MG132 lead to the Nrf2 mediated feedback induction
of proteasome genes in human skin fibroblast cells (Kraft et al., 2006). Increased
expression of proteasome genes was reported in the liver of wild type, but not in Nrf2”~
mice treated with antioxidant 3H-1,2-dithiole-3-thione (D3T), a known activator of Nrf2
suggesting the involvement of stress and Nrf2 in proteasome genes up-regulation (Kwak
et al., 2003). Further, induction of proteasome subunit, PSMB5, by 3-methylcholanthrene
(3-MC) requires the presence of ARE and is mediated by Nrf2 in murine neuroblastoma

Neuro2A cells (Kwak & Kensler, 2006). Increased proteasome subunit expression and
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proteasome activity in samples obtained from colon cancer patients attributed to higher
nuclear levels of Nrf2 (Arlt et al., 2009). Furthermore, in human skin fibroblasts, Nrf2
was shown to be responsible for inducing proteasome activity in response to a low dose
of MG132 (Kraft et al., 2006). Studies on mouse embryonic fibroblasts revealed that
Nrfl but not Nrf2 is required for the feedback induction of proteasome genes in response
to proteasome inhibitors (Radhakrishnan et al., 2010). It is possible that the transcription
factors required for the feedback proteasome gene expression are cell type dependent:

The feedback regulation is regulated by Nrfl in some cell types and by Nrf2 in others.

1.7.2 Basal Regulation of Proteasome

Rpn4 has been shown to control both basal and stress induced proteasome
expression in yeast (Dohmen et al., 2007). Neither Nrfl nor Nrf2 appears to play a major
role in the basal expression of proteasome genes in mammalian cells. Both Nrfl”~ and
Nrf2”~ MEFs and the hepatic cells of Nrf2”~ mice display similar endogenous levels of
proteasome subunits as their wild-type counterparts (Kwak et al., 2006; Radhakrishnan et
al., 2010). In contrast, the expression levels of a subset of proteasome genes are down-
regulated in the neuronal cells of Nrfl™" knockout mice (Lee et al., 2011). Further,
impaired basal and induced expression of proteasome genes and diminished proteasome
activities were reported in liver-specific knockout of Nrf1™~ in mice (Lee et al., 2013).

Low expression levels of a large number of proteasome genes in Hsf2~~ mouse
embryonic fibroblast as compared to their wild type counterparts suggests the
involvement of HSF (heat shock factor 2) in the basal regulation of proteasome genes
(Lecomte et al., 2010). Recent study has shown NF-Y transcription factor dependent
basal regulation of proteasome genes requires CCAAT box in their promoters,
demonstrating that proteasome genes lacking this box are regulated by other transcription
factors (Haiming et al., 2012). These observations suggest that there may be two distinct
mechanisms that regulate proteasome genes expression in mammalian cells, one for the

basal level and the other for the feedback up-regulation.
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1.7.3 Nrfl (NF-E2-related factor 1)

It is highly conserved throughout evolution and several different Nrfl isoforms
were detected in cells due to alternative first exons, differential splicing and alternate
polyadenylation sites. Amongst them, p120 and p65 isoforms of Nrfl are predominant
and extensively studied. The p120-Nrfl is localized primarily to ER through N- terminal
amino acids as an integral membrane protein, where it is proteolytically cleaved to form
the active p95 form, which translocates into the nucleus and bind to the electrophile
response element (EpRE, also referred as antioxidant response element or ARE) and
induces antioxidant enzyme production. The nuclear p65-Nrfl isoform contains DNA
and Maf binding domains. Due to the absence of transactivation domain p65-Nrfl does
not activate antioxidant response, which makes it a competitive inhibitor of Nrfl and
Nrf2. In addition, Nrfl contains a Neh2-like domain with complete conservation of the
DLG and ETGE motifs important for Keapl binding. The Neh2 domain of Nrf2 binds
Keapl, which regulates Nrf2 stability. Although Nrfl has also been shown to interact
with Keapl, the biological significance of this interaction remains to be determined.
Despite the importance of Nrfl in proteasome biology and its potential as an anti-cancer
target, a thorough understanding of the molecular mechanism behind its regulation and

activation is currently lacking (Chepelev et al., 2011; Madhurima et al., 2010).

1.7.4 Nrf2 (NF-E2-related factor 2)

A potent transcriptional activator and plays a central role in the inducible
expression of many cytoprotective genes in response to oxidative and electrophilic insults
(Itoh et al., 1997; Motohashi & Yamamoto, 2004). Under normal conditions Nrf2 is
inactive and constantly degraded by proteasome. During stress, it gets activated and
translocates to the nucleus and induces the expression of genes involved in glutathione
synthesis (Glutamate-cysteine ligase-catalytic, glutamate cysteine ligase-modifier),
elimination of ROS (thioredoxin reductase 1, peroxiredoxin 1) and detoxification of
xenobiotics (Glutathione S-transferase, NAD(P)H dehydrogenase quinonel). Under basal
conditions Nrf2 binds with cytosolic repressor, Keapl, through Neh2 domain. Cullin3, an

Ub-ligase (E3) recognizes keapl and binds to keapl/Nrf2 complex and degrades Nrf2,
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which contains degron sequence in Neh2 domain. Keapl is a cysteine rich protein and
under oxidative stress some of the cysteines undergo oxidation impeding its ability to
bind Nrf2, thus leading to the activation of Nrf2 and its translocation to the nucleus. In
the nucleus small bZIP factors, such as, Maf F, Maf G Maf K form individual
heterodimers with Nrfl and Nrf2 (Itoh et al., 1995; Johnsen et al., 1996 & 1998). These
activated heterodimers binds to promoters containing ARE sequence (TGANNNNGC)
and activates them. Recent studies revealed EGF/EGFR mediated regulation of Nrf2
thorugh P13, AKT and ERK pathway involving ROS (Papaiahgari et al., 2006).

1.8 EGFR (Epidermal Growth Factor Receptor)

The EGF receptor family is a member of the large family of receptor tyrosine kinases
(RTKs), which activates a wide range of biological responses including mitogenesis,
migration, differentiation and apoptosis. EGFR (HER1/ErbB-1) is one of the members of
the EGFR family consisting of four members including EGFR (HER1/ErbB-1), HER2
(ErbB-2/neu), HER3 (ErbB-3) and HER4 (erbB-4). It is a 170 kDa Type-I
transmembrane glycoprotein receptor comprising of three major functional domains. The
N-terminal extracellular ligand-binding domain, a hydrophobic transmembrane domain
and a intracellular C-terminal tyrosine kinase domain. All the other members share
structural similarity with EGFR (Wells, 1999; Yarden et al., 2007).

1.8.1 Structure of EGFR

1.8.1a Extracellular Ligand-Binding Domain

The extracellular region of EGFR contains four domains (I-1V). Domains | (LB1)
and Il (LB2) are each about 160 amino acids in length and together they bind to
activating ligands. Domains Il (CR1) and IV (CR2) are cysteine rich domains and both of
them have around 150 amino acids, held together by one or two disulfide bonds in
inactive state. Ligand binding to domains | and Il induces a conformational change in
the domain Il resulting in the exposure of a loop from domain Il which further interacts

with domain Il of another ligand bound EGFR or EGF receptor family member leading to
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dimerisation (Bublil & Yarden, 2007; Hubbard, 2009; Jura et al., 2009, Wilson et al.,
2009).

1.8.1b Transmembrane Domain

The EGFR passes the cell membrane through a single o-helical domain
consisting of 23 amino acids. Schlessinger, 2002 have reported additional role of

transmembrane domain in the regulation of receptor dimerisation.

1.8.1c Intracellular Domain

It comprises of three domains, a juxtamembrane region (JM), a tyrosine Kinase
domain (TKD) and a carboxy-terminal regulatory region (CT). Various regulatory
functions have been attributed to juxtamembrane region such as regulation of down-
stream proteins (Castagnino et al., 1995), ligand dependent receptor internalization (Kil
& Carlin, 2000). Tyrosine kinase domain is the catalytic domain responsible for the auto
phosphorylation of tyrosine residues at CT region. Receptor dimerisation promotes the
trans-phosphorylation of key tyrosine within the juxtamembrane domain that disrupts the
auto-inhibitory conformation and lead to activation of TKD. The CT region contains
numerous tyrosine residues which undergo phosphorylation by activated TKD. The CT
region also contains several serine/threonine residues that are phosphorylated by down-
stream kinases which are part of the EGFR activation. The CT also regulates the activity
of TKD by inhibiting its kinase activity (Bose & Zhang, 2009;Hubbard, 2009;
Schlessinger, 2000).

1.8.2 Activation of EGFR

Cognate ligand binding to the EGFR triggers dimerisation of ligand bound
receptors. EGFR may dimerise with either EGFR (homo dimer) or other members of
EGFR family such as Her2, Her3, Her4 (hetero dimer). The dimerization results in the
activation of tyrosine kinase activity of the receptors resulting in autophosphorylation of
specific Tyrosine (Y) residues (Y 1173, 1148, 1086, 1068 and 992) in the C-terminal end
of EGFR. Phosphorylation of tyrosine residues creates binding sites for src homology 2

(SH2) and phosphotyrosine-binding (PTB) domain containing proteins and facilitates
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signal transduction. The EGFR phospho-tyrosine may directly recruit these proteins or
indirectly via binding to other docking proteins such as Grb2. In addition to auto-
phosphorylation, EGFR is also trans-phosphorylated by other tyrosine kinases (such as
Src) providing the required docking site for the adaptors and modifiers. In addition,
EGFR has been shown to interact with various ligands, such as, EGF, transforming
growth factor-a (TGF-a), heparin-binding EGF, amphiregulin, betacellulin (BTC),
epiregulin and neuregulin G2 (Gandhi et al., 2009; Gazdar & Minna, 2008; Morandell et
al., 2008; Shtiegman et al., 2007; Wells, 1999).

Previous studies reported the accumulation of EGFR in nucleus. In contrast to
canonical pathway, activated EGFR escapes internalization and translocates to nucleus
and acts as a transcriptional co-factor due to lack of DNA binding domain. Nuclear
EGFR has been shown to co-operate in the up-regulation of several genes involved in cell
cycle progression like, INOS, COX-2 and TWIST. Although numerous studies
substantiate the nuclear localization of EGFR, the precise mechanism of its translocation
is not known (Husvik et al., 2009; Lo et al., 2006a; Lo et al., 2010; Xu et al., 2009).

Activated EGFR recruits a number of down-stream signaling molecules, leading
to the activation of several major pathways that are important for tumor growth,
progression and survival. The major EGFR down-stream intracellular signal transduction
pathways include components of the Ras-mitogenactivated protein kinase (MAPK),
phosphatidyl inositol 3-kinase (P13K)-Akt, JAK2-STAT3, PLCy-PKC and phospholipase
D pathways (Alroy | & Yarden Y, 1997; Grant et al., 2002; Wells, 1999; Yarden &
Sliwkowski 2001; Yarden & Shilo, 2007) (Fig. 1.5).

1.8.3 EGFR Inactivation

In resting cells EGFR resides in lipid rafts of the cell membrane enriched in
caveolins and cholesterol. Following ligand binding, EGFR exits these domains in Src
dependent manner. The ligand bound receptor within the lipid rafts associate to coat
adaptors, such as, adaptor protein 2 (AP2) and Epsl5 involved in the endocytic
machinery. EGFR endocytosis takes place through clathrin-coated pits (CCPs), cavoelae
mediated endocytosis (CavME), or via macro-pinocytosis and finally fuses with
lysosomes. EGF dependent activation induces CCPs mediated EGFR endocytosis, IR
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Figure 1.5: Signaling pathways activated by EGFR.

Activated EGFR upon binding of ligand recruits SH2-domain containing
proteins and activates them. This further activates STAT, Akt, ERK and PLCy
leading to the activation of various cell survival pathways. The function of
each pathway is highlighted in the coloured boxes. Two inhibitors (PTEN and
MKP1) are shown to inhibit PI3K and MAPK pathway respectively.

(Mukesh K. Nyati et al 2006. Nature Reviews Cancer 6, 876-885 ).



Introduction

induces EGFR CavMe endocytosis (Oved & Yarden, 2002; Zwang & Yarden, 2009). In
addition, the phosphorylation of threonine 654 and serines1002, 1046 and 1047 have
been associated with a decrease in the ability of EGF to stimulate receptor dimerisation,
tyrosine kinase activity, phosphatidylinositol turnover and receptor internalization (Schuh
etal., 1994).

1.8.4 Constitutive Activation of EGFR

Elevated levels of EGFR expression have been correlated with increased survival
in many cancer types including head and neck, bladder, ovarian, cervical and esophageal.
Due to the overwhelming network of signal transduction pathways that are involved in
EGFR mediated cell signaling either directly or indirectly, EGFR is a major player in
various types of cellular functions. Since EGFR is involved in cell proliferation, survival
and motility through its down-stream kinases, uncontrolled regulation of EGFR is
associated with many human cancers. Several studies have reported that modulation of
EGFR-ligand system and mutations in EGFR are the prime causes for constitutive
activation of EGFR in several cancers.

The modulation of EGFR-ligand can be achieved by any or all of the following
mechanisms.
I) Autocrine production of EGFR ligand TGF-o has been associated with EGFR
actvation in various cancers. In addition it has also been shown that TGF-o induced
EGFR avoids endocytosis mediated degradation resulting in the constitutive activation of
EGFR.
I1) Due to the presence of numerous receptors at the membrane, ligand independent
spontaneous receptor dimerisation induces constitutive activation of EGFR (Arteaga,
2002).
I11) Increased activity of EGFR promoter, deregulation at translational, post translational
levels and gene amplification of EGFR has been observed in various cancers that express
high levels of EGFR (Gazdar & Minna, 2008; Kersting et al., 2008).
In addition to the above mechanisms, various deletion and point mutations in different
domains of EGFR have been reported to play a significant role in the constitutive

activation of EGFR in various cancers (Sharma & Settleman, 2009).
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1.8.5 Downstream Targets of EGFR

1.8.5a Activation of MAPK/ERK1/2 Pathway

Auto-phosphorylation of activated EGFR promotes the binding of growth factor
receptor-bound protein 2 (Grb2) to EGFR directly through Src Homology 2 domain
(SH2) or indirectly mediated by the binding of EGFR to Shc that then recruits Grb2
(Grant et al., 2002). The other domains of Grb2 bind continuously to a guanine
nucleotide exchange factor called SOS (Son of Sevenless). This translocated Grb/SOS
complex promotes the interaction of Ras with SOS resulting in the activation of Ras by
replacing GDP with GTP. Activated Ras recruits Raf to the membrane and activates it by
phosphorylation. Raf phosphorylates and activates serine/threonine protein kinases
MEK1 and MEK2 which subsequently phosphorylate ERK1 and ERK2 on
tyrosine/threonine residues (Crews et al., 1992; Dent et al., 1992; Kyriakis et al., 1992).
Activated ERK1/2 phosphorylates numerous substrates in all cellular compartments
thereby regulating proliferation, differentiation and cell survival (Aktas et al., 1997,
Blanchard et al., 2000; Liu et al., 1995).

1.8.5b Activation of PI3K/Akt Pathway

Class I PI3K are cytoplasmic heterodimers composed of a catalytic subunit (p110)
and an adaptor protein (p85), which contains two SH2 and one SH3 binding domain.
Through SH2 domains PI3K binds to phophorylated EGFR and gets activated and
converts phosphatidylinositol-4,5-bisphosphate (PIP2) to the second messenger
phosphatidylinositol-3,4,5-triphosphate (PIP3) (Djordjevic et al., 2002). PIP3 serves as a
docking site for subsets of proteins containing pleckstrin homology domains which are
recruited to the plasma membrane and are activated. The most characterized target of this
secondary messanger is the serine/threonine kinase Akt. Translocation of Akt to the
membrane brings it close to upstream regulatory kinases such as the phosphoinositide
dependent kinase 1 (PDK1) that phosphorylates Akt on Thr 308 (Nicholson & Anderson,
2002), which is necessary for Akt activation. However, maximal activation requires
additional phosphorylation at Ser473 by the rapamycin-insensitive mTOR complex
(mMTORC2) (Sarbassov et al., 2005). Once fully activated, Akt localizes both in the
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cytosol and the nucleus where it mediates survival, evasion of apoptosis, sustained

angiogenesis and replicative potential (Liang et al., 2002).

1.8.5¢ Activation of PLC-y

Phospholipase C- y (PLC-y) directly binds to the activated EGFR at Y1173 and
Y992 residues and is consequently activated by phosphorylation on Y771and Y1254 by
EGFR. Activated phospholipase C-y catalyses the hydrolysis of PIP2 resulting in the
accumulation of secondary messengers IP3 and 1,2 diacylglycerol (DAG). The cellular
role of IP3 is to release calcium while DAG acts as a cofactor in the activation of the
protein kinase C (PKC) kinase. Therefore, EGFR can activate Ca>*-dependent pathways
and activates other signaling pathways through the indirect activation of PKC (Dengjel et
al., 2007; Marmor et al., 2004).

1.9 STAT3 (Signal Transducer and Activator of Transcription)

STATS3 is a member of STAT family which modulates the transcriptional regulation
of diverse genes involved in cell proliferation, differentiation, apoptosis, angiogenesis,
metastasis and immune responses. Persistent activation of STAT3 amongst mammalian
STAT family members is frequently detected in majority of human cancer cell lines and
tumor tissues. These include breast cancer, lung cancer, pancreatic cancer, head and neck

cancer, prostate cancer, ovarian cancer, melanoma, leukaemias, and lymphomas.

1.9.1 Activation of STAT3

STAT3 present in cytoplasm remains in the inactive form. Activation of STAT3
requires phoshphorylation of conserved tyrosine 705 (Y705) followed by the formation
of pSTAT3 homodimer through the interaction of SH2 domain of pSTAT3 monomer
with Y705 residue of its partner. Nuclear localization signals (NLS) present in the coiled-
coil domain and dimer dependent DNA binding domain (DBD) interacts with importins.
These active dimers are carried to the nucleus through nuclear pore complex (NPC)
where they bind to specific DNA sequences in the target genes and regulate their
transcription. However, non-phosphorylated STAT3 are reported to enter nucleus at

much lower speed than the active STAT3 dimers. Further, phosphorylation of serine
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(S727) in the transactivation domain of STAT3 dimer increases the efficiency of its

transcriptional activity.

1.9.1a Tyrosine-705 Phosphorylation

STAT3 is activated by phosphorylation of a single tyrosine residue located at
position 705. Various tyrosine kinases are reported to be responsible for the activation of
STATS3. These include receptors with intrinsic tyrosine kinase activity (RTK) such as
epidermal growth factor receptor (EGFR), vascular endothelial growth factor receptor
(VEGFR), platelet derived growth factor receptor (PDGFR), and colony stimulating
factor-1 (Garcia et al., 1997). All these receptors underogo phosphorylation with the help
of receptor associated tyrosine kinase (RTK) activity after ligand binding. These
phosphorylated receptors docs to SH2 domain of inactive STAT3 followed by
phosphorylation of Y705 of STATS3.

Signaling events initiate when ligands such as cytokines (IL-6) bind to and
activate their cell surface receptors, typically by inducing receptor aggregation. Cytokine
receptors, such as, IL-6 receptors (IL-6R) which lack intrinsic tyrosine kinase activity
recruit the Janus kinase 2 (JAK2) posessing tyrosine kinase activity (TK) to mediate
activation of STAT3 (lhle, 1996). Following ligand binding, the receptor-associated
JAK2 becomes activated by auto-phosphorylation and subsequently phosphorylate
tyrosine residues within the receptor cytoplasmic tails. The receptor phospho-tyrosines
serve as docking sites for recruitment of inactive cytoplasmic STAT monomers through
interaction with the SH2 domain in STAT3 followed by JAK2 mediated Y705
phosphorylation of STAT3 and further translocation to nucleus (Seidel et al., 1995). In
addition, non-receptor tyrosine kinases, such as, Src and abl also catalyse the tyrosine

phosphorylation of STAT3 directly in the absence of ligand induced receptor signaling.

1.9.1b Serine-727 Phosphorylation

Tyrosine phosphorylation of STAT3 constitutes an early event in the activation of
STAT3 that is required for their dimerization and DNA-binding activity. In addition,
phosphorylation of a Ser-727 residue in the C-terminal transcriptional activation domain

in STAT3 enhances its transcriptional activity (Wen et al., 1995). Bromberg et al. (1998)
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and Turkson et al. (1999) further confirmed that phosphorylation of Ser-727 is essential
for Src mediated transformation.

Numerous studies reported that various serine kinases, such as, members of
MAPK family (p38MAPK, ERK, JNK), PKC§, mTOR and NLK have been involved in
phosphorylation of STATS3 at serine position 727 (Yokogami et al., 2000; Turkson et al.,
1999; Chung et al.,, 1997b; Jain et al.,, 1999; Kojima et al., 2005). These studies
demonstrated convergence of tyrosine and serine kinases in STAT3 activation.
Additionally, STAT3 is also acetylated on a single lysine residue located at position 685
by histone acetyl transferase p300. This acetylation appears to regulate both

transcriptional activity and homodimer stability (Yuan et al., 2005).

1.9.2 Negative Regulators of STAT3

1.9.2a Tyrosine Phosphatases

Since, phosphorylation of tyrosine and serine residues of STAT3 are essential for
its activation, various tyrosine and serine phosphatases have been shown to play an
important role in the inactivation of STAT3. Protein tyrosine phosphatases (PTPs), such
as, SH2- domain containing SHP-1 and SHP-2, phospho-tyrosine phosphatase 1B
(PTP1B) and T cell- protein tyrosine phosphatise (TC-PTP) have been implicated in the
regulation of STAT3. SHP-2 by virtue of its two SH-2 domains, associates with phospho-
Y-sites of growth factor receptors, cytokine receptors, gp130, JAKs, members of the Src
family of tyrosine kinases (SFKs), STAT3 and dephosphorylates them. The nuclear PTP
TC45 is reported to be important in the termination of STAT3-mediated transcriptional
activation (Han et al., 2006; Herrmann et al., 2007). In addition to these, dual specificity
phosphatases, such as, PP2A and PP2B have been reported to dephosphorylate serine and
tyrosine phosphorylated STAT3 in smooth muscle cells (Liang et al., 1999).

1.9.2b Suppressors of Cytokine Signalling (SOCS) Proteins
The family of SOCS (SOCS 1-7) proteins are classical feedback inhibitors of
STATSs family. They contain a central SH-2 domain flanked by SOCS box domain. The
SOCS SH-2 domain binds to pY-containing motifs such as in JAKs, gp130 and cytokine
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receptor chains and the SOCS box domain binds to an E3 Ubiquitin ligase complex that
can target these for proteasome mediated degradation. SOCS3 inhibits the STAT3
signaling by any of the following mechanisms: a) Binding and inhibition of activated
receptors. b) Competing with STAT3 for pY-binding sites on activated receptors. c)
Targeting signalling molecules and STAT3 for proteasomal degradation (Croker BA et
al., 2008; Endo et al., 1997; Minamoto et al.,1997 ; Nicola et al., 1999; Starr et al., 1997;
Wormald & Hilton, 2004). SOCS3 can also be up-regulated independent of STAT3
through cAMP (Naviglio et al., 2010; Woolson et al., 2009).

1.9.2c Protein Inhibitors of Activated STATSs (PIAS)

This family of proteins have been reported in the regulation of STATs and other
transcription factors. PIAS3 binds specifically to the activated STAT3 and blocks its
DNA-binding activity and transcriptional activation (Chung et al., 1997a). In contrast to
SOCS these are nuclear localised. In addition, PIAS mediated gene regulation involves
recruitment of transcriptional corepressors, promoting protein sumoylation and targeting
them for proteasomal degradation (Shuai & Liu, 2005). However, the role of sumoylation

in STATS3 regulation needs further investigation.

1.9.3 Role of STAT3 in Cancer

Malignant transformation of cells by various protein tyrosine kinases, oncogenes
and viruses is mediated through STAT3 activation (Frank, 2007). Bromberg et al. (1998)
and Turkson et al. (1998) showed that transformation of cells by src protein kinase is
mediated through the activation of STAT-3. Bromberg et al. (1999) demonstrated
activation of STAT3 alone induces transformation and referred it as oncogene.

In addition to cellular transformation, STAT3 has also been linked with
proliferation and survival of tumor cells. Up-regulation of growth promoting genes such
as c-myc (Kiuchi et al., 1999), cyclin D1 (Masuda et al., 2002) and pim-1(Shirogane et
al., 1999) by STAT3 was reported to be responsible for cell proliferation. Increased
levels of cell survival gene products such as bcl-xI (Karni et al., 1999), bcl-2 (Zushi et
al., 1998), survivin (Mahboubi et al., 2001), Mcl-1(Liu et al., 2003b) and down-
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Figure 1.6: Activation and function of STAT3 in Cancer.

Cytoplasmic STAT3 recruited to phospho-tyrosine motifs within complexes of
growth factor receptors (e.g., epidermal growth factor receptor), cytokine
receptors (e.g., IL-6 receptor), or non-receptor tyrosine kinases (e.g., Src and
BCR-ABL) through their SH2 domain. STAT3 is then phosphorylated on a
tyrosine705 residue by activated tyrosine kinases in receptor complexes.
Phosphorylated STAT3 forms homodimer and translocates to the nucleus. In
the nucleus, activated STAT3 dimers bind to specific promoter regions and
regulates the expression of genes that are critical for cell transformation and
metastasis.

Abbreviations: GF, growth factor; JAK, Janus-activated kinase; P,
phosphorylated tyrosine residue; Bcl-xL, Bcl-2-like 1; bFGF,basic fibroblast
growth factor; HIF-1a,hypoxia-inducible factor-la; RANTES,regulated upon
activation/normalT-cell expressed and secreted; IP-10,IFN-y, inducible
protein-10.

(Suyun Huang, 2007. Clin Cancer Res ;13:1362-1366).
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regulation of pro apoptotic factors such as p53 (Niu et al., 2005) and Fas (lvanov et al.,
2001) by STAT3 inhibits the apoptosis.

Several studies demonstrate that STAT3 plays a crucial role in complex multistep
cellular invasion process by regulating the expression of matrix metalloproteinases
(MMPs). Constitutively activated STAT3 have been shown to up-regulate the expression
of MMP-2, MMP-1 and MMP-9 directly (Dechow et al., 2004; Itoh et al., 2006; Xie et
al., 2004). Similarly, over-expression of STAT3 correlated with cellular invasion and
metastasis in cutaneous squamous cell carcinoma (Suiging et al., 2005). Targeting
STATS3 blocks tumor growth, invasion and metastasis in a pancreatic cell lines (Wei et
al., 2003).

Cellular migration is a central step for many biological processes including
embryogenesis, cell invasion, and cancer metastasis. STAT3 demonstrated a crucial role
in wound healing and migration of keratinocytes (Sano et al., 1999). Metastasis of human
melanoma to brain is regulated by STAT3 (Xie et al., 2006). Similarly, over-expression
of STATS3 increased migration potency of human prostate epithelial cells (Azare et al.,
2007).

Formation of new blood vessels from pre-existing vasculature is called
angiogenesis and this process is essential for tumor metastasis and proliferation. VVascular
endothelial growth factor (VEGF) is the most potent inducer of angiogenesis and is the
direct transcriptional target of STAT3. Constitutive activation of STAT3 up-regulates
VEGF and induces angiogenesis in endothelial cells (Bartoli et al., 2003; Yahata et al.,
2003) melanoma (Niu et al., 2002) and pancreatic cancer cells (Wei et al., 2003).

STATS3 activation has a major role in protecting the tumor cells from body’s
immune surveillance during their transit through circulation by modulating the secretion
of various inflammatory factors, such as, IL6 and TNFa that act as immuno suppressors
(Nguyen et al., 2009). STAT3 activation in tumor micro-environment also reduces the
activity of NK cells, thereby protecting tumor cells during circulation (Wang et al.,
2004). Collectively, all the above studies demonstrate an important role of STAT3 in the

initiation and development of cancer (Fig.1.6).
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1.10 Back ground, Aims & Objectives

The quality control of cellular proteins and their appropriate turnover rate is
essentially controlled by the 26S proteasome, which is a large multicatalytic protease
complex comprised of 20S catalytic particle and 19S regulatory particle. The
chymotrypsin-like (PSMB5), trypsin-like (PSMB7) and caspase-like (PSMB6) activities
which govern the overall function of proteasome reside in the 20S core particle.
Targeting the protein degradation pathway using proteasome inhibitors has been shown
as a viable anticancer strategy by earlier studies. Bortezomib is the first proteasome
inhibitor approved for the treatment of relapsed multiple myeloma and mantle cell
lymphoma that targets the PSMB5 subunit. Although, introduction of bortezomib resulted
in significant clinical success, incidence of drug resistance has been the major conundrum
in clinics.

Studies in various bortezomib resistant cells identified mutations in the PSMB5
subunit, over-expression of PSMB5 and proteasome or feedback up-regulation of
proteasome as the major factors governing resistance to bortezomib. Earlier studies
reported proteasome inhibitors induced activation of Nrfl, Nrf2 resulting in the feedback
induction proteasome subunits including PSMBS5 in cell line specific manner, although
with greater sensitivity to Nrfl. However, knock out studies of Nrfl”~ and Nrf2”"
revealed their limited role in the basal expression of proteasome subunits. Earlier studies
identified HSF and NF-Y dependent basal regulation of proteasome in mouse embryonic
fibroblasts and human breast cancer cells. However, the transcription factors regulating
the basal expression of proteasome in cancers are largely unknown.

In addition, up-regulation of IGF-1/IGF-1R, IL-6 and various growth promoting
pathways were reported in bortezomib resistant cell lines. Inhibition of IGF-1/IGF-1R,
Nrfl, NF-Y increased the sensitivity of cancer cells to proteasome inhibitors. Thus,
targeting the transcription factors that regulate the expression of proteasome or involved
in bortezomib resistance appears to be a promising strategy to improve the treatment
regimen. Hence, it is important to study the basal regulation of proteasome in cancer to

gain mechanistic insights.
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Hence, in the present study we have focused on the regulation of human 20S
proteasome in cancer. The main objectives include:
1. To delineate the role of STAT3 in the regulation of proteasomal activity and

expression.
2. To elucidate the molecular mechanism involved in EGF-induced activation of 20S

proteasome subunits.
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2.1 Materials
2.1.1 Sources of Chemicals

Acrylamide, bis-acrylamide, Agarose, APS, p-mercaptoethanol, BPB, BSA
fraction V, calcium chloride, DEPC, DMSO, DTT, ethidium bromide, EDTA,
formamide, Glycine, HEPES, IPTG, kanamycin, NaCl, NaHCOs, penicillin, PIPES,
PMSF, Ponceau S, propidium iodide, purified 20S proteasome fraction, Resveratrol,
RNase A, Sodium dodecyl sulphate (SDS), streptomycin, TEMED, Tris base, Triton X-
100, Trypsin-EDTA, Tween-20, X-gal were all obtained from Sigma. Spectra multicolour
molecular weight marker proteins for SDS-PAGE, DNA markers and PCR reagents were
from Fermentas. Lipofectamine 2000, Trizol Reagent, Superscript Il first strand cDNA
synthesis kit, DMEM, DPBS, FBS, F12, MEM and RPMI were obtained from Invitrogen.
324674, MG132, EGF, Epoxomicin, LY294002, PD98059, Stattic V, VEGF and
WP1066 were from Calbiochem. Bortezomib was from Natco pharma, India. 5X RLB
(reporter lysis buffer) for reporter assays, Luciferase assay substrate and buffer were
obtained from Promega. Hybond C, Hybond N, and Hybond N* membranes were
purchased from Amersham Life Science. Western lighting chemiluminescence reagent
was from Perkin Elmer Life Science. Columns for preparing transfection grade DNA
were from Qiagen or Life Technologies. Restriction enzymes, T4 DNA ligase were from
New England Biolabs and Fermentas. Tryptone, agar and yeast extract were from
Himedia Laboratories and Blotto was from Santacruz. Whatmann filter papers were from
Whatmann International Ltd; X-ray films were from Konica Corporation or Kodak. Other
reagents were from local suppliers like Qualigens, SRL, SD fine-chemicals Ltd., and
Merck India Ltd. and were of analytical grade.

2.1.2 Antibodies

Rabbit polyclonal anti-Bcl-2 antibody was from Santa Cruz biotechnology. Rabbit
polyclonal PSMB5 antibody, rabbit polyclonal anti-PSMB3, rabbit polyclonal anti-
FLAG, rabbit polyclonal anti-ubiquitin, mouse monoclonal anti-a. tubulin antibody and
mouse monoclonal anti-GFP antibody were from Sigma-Aldrich.

Rabbit polyclonal anti-AKt, anti-EGFR, anti-ERK1/2, anti-STATL1, anti-STATS3,

anti-pAKt, anti-pEGFR, anti-pERK1/2, anti-pSTAT1 and anti-pSTAT3 were obtained
37



Materials and Methods

from Cell Signalling Technologies. Rabbit polyclonal 20S antibody and anti 20S core

subunits sampler pack were from Enzo life sciences. Secondary antibodies for Western

blotting and immunofluorescence were from Amersham Life Science, Sigma-Aldrich

respectively.

2.1.3 Bacterial Strains
E. coli DH5a : F* end Al hsd R17 (r., My.) sup E44 thi-1 rec Al gyr A96 (Nal') rel Al
A (lac ZYA-arg F) y69 (¢80 lac Z6 M15) strain of Escherichia coli was used for all

transformations, plasmid isolations and for selection of recombinant clones.

2.1.4 Cell Lines
The cell lines used in this study and their tissue types, growth medium are listed

below.

S.NO | Name of cell line | Description of cell line Growth medium

1 A549 Human lung carcinoma DMEM

2 MRC5 Human lung fibroblast MEM

3 DU-145 Human prostate carcinoma MEM

4 HeLa Human cervical adeno carcinoma DMEM

5 HEK293T Human Embryonic kidney cells DMEM

6 LNCap-FGC Human prostate carcinoma RPMI

7 MDAMB-231 Human breast carcinoma MEM

8 PC-3 Human prostate carcinoma F12K

9 WPMY-1A Human prostate cells DMEM

10 HePG2 Human hepato carcinoma MEM

11 MCF-7 Human breast carcinoma MEM
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2.1.5 Plasmids

a) The mUG6-pro vector contains the mouse U6 snRNA promoter (RNA polymerase I11)
with a Bbs | cloning site arranged to allow insertion of the sShRNA template sequences
after the first nucleotide of the U6 snRNA. The vector has a GFP insert that can be
released with Bbs | and Xba | and the hairpin oligonucleotide can be subsequently cloned
in its place. This vector was a gift to Dr. Jyotsna Dhawan of CCMB from Dr. David L.
Turner, University of Michigan and has been described in (Yu et al., 2002). STAT3
shRNA cloned in mU6Pro vector which targets nucleotides 922 — 938, 2276 — 2296 of
STAT3 mRNA (NM_139276.2).

b) pGL3-Basic and promoter vectors were from Promega. pGL3-Basic vector lacks
eukaryotic promoter and enhancer sequences and was used to clone putative promoter
sequences upstream of a Luciferase (Luc) reporter gene. pGL3-PSMB5 consists of
putative promoter sequence of PSMB5 can be excised by Kpnl and Xhol digestion.

c) pPRC-CMV-FLAG-mSTAT3 plasmid has the mouse wild-type STAT3 cDNA down-
stream of CMV promoter was a kind gift from Dr. Vijay Gupta, Scripps Research
Institute.

d) pCMV-SPORT-BGal containing the E.coli p-Galactosidase gene under a CMV
promoter was from Invitrogen.

e) pEGFP-C1 vector contains enhanced GFP in which proteins of interest can be
expressed as a fusion to the GFP C-terminus. This plasmid was from Clontech.

f) pTZ75R/T was used for cloning of PCR products. This plasmid was part of the InSTA

PCR Cloning Kit purchased from Thermo Scientific (Fermentas).

2.1.6 Substrates

All fluorogenic substrates for proteasome and caspase activities were obtained from

Sigma-Aldrich.

Suc-Leu-Leu-Val-Tyr-AMC Chymotrypsin-like activity
Z-Ala-Arg-Arg-AMC Trypsin-like activity
Z-Leu-Leu-Glu-AMC Caspase-like activity (PGPH)
Ac-Asp-Glu-Val-Asp-AMC Caspase-3 activity
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2.1.7 Media, Antibiotics and Chemical Stocks

B-Gal assay buffer (2X): A solution of 1.33 mg/ml ONPG, 2 mM MgCl; and 100 mM
[B-mercaptoethanol was made in 200 mM sodium phosphate buffer (pH 7.3), and stored in
aliquots at -20°C.

1M DTT: 3.09 g of DTT was dissolved in 20 ml of 0.01 M sodium acetate (pH 5.2),
sterilized by filtration and stored as aliquots in -20°C.

1X PBS: 137 mM NaCl, 2.7 mM KCI, 4.3 mM Na,HPO, and 1.4 mM KH,PO,. A 10X
stock solution was prepared in double distilled water, pH adjusted to 7.4 with HCI and
autoclaved.

1X TBE: 89 mM Tris base, 89 mM boric acid and 1 mM EDTA were dissolved in double
distilled water. 10X stock solution prepared was filtered, autoclaved and stored at room
temperature.

30% acrylamide solution: 29.2 g of acrylamide and 0.8 g of N, N’-methylene bis-
acrylamide were dissolved in double distilled water, made up to 100 ml and stored at 4°C
in an amber-coloured bottle.

6X Agarose gel loading buffer: 0.25% bromophenol blue and 0.25% xylene cyanol in
30% glycerol.

Amido-black staining solution: 0.1% amidoblack 10B, 25% isopropanol and 10% acetic
acid in water.

Amido-black de-staining solution: 25% Isopropanol and 10% acetic acid in water.
Ampicillin: 1000X stock solution was made by dissolving 100 mg ampicillin per ml of
sterile double distilled water.

Kanamycin: 1000X stock solution was made by dissolving 50 mg kanamycin per ml of
sterile double distilled water.

Buffer saturated phenol: Melted phenol was mixed with equal volume of 0.5M Tris-
HCI pH 8.0 and 0.1% 8-hydroxyquinoline and mixed well. The upper aqueous phase was
removed and the process repeated with 0.1M Tris-HCI pH 8.0. This step was repeated till
the pH of the aqueous solution was equilibrated to 8.0. It was mixed with 0.1 volume of
0.1M Tris-HCI (pH 8.0) and stored in amber-colored bottle at 4°C.
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Chloroform:lsoamyl alcohol: 24:1 (v/v) chloroform:isoamyl alcohol mixture was
prepared.

DEPC water: Water for RNA isolation was treated with 1% DEPC, left overnight and
subsequently autoclaved to remove excess DEPC.

DMEM (1X): 13.4 g of DMEM and 3.7 g of NaHCO3 was dissolved in milli-Q water to
make 1 litre of the medium. The pH was adjusted to 7.4 using HCI and subsequently filter
sterilized.

MEM (1X): 13.4 g of MEM and 2.6. g of NaHCO3 was dissolved in milli-Q water to
make 1 litre of the medium. The pH was adjusted to 7.4 using HCI and subsequently filter
sterilized.

RPMI (1X): 13.4 g of RPMI and 2.6. g of NaHCO3; was dissolved in milli-Q water to
make 1 litre of the medium. The pH was adjusted to 7.4 using HCI and subsequently filter
sterilized.

F-12k (1X): 13.4 g of F-12k and 1.8. g of NaHCO; was dissolved in milli-Q water to
make 1 litre of the medium. The pH was adjusted to 7.4 using HCI and subsequently filter
sterilized.

Ethidium Bromide: 10 mg/ml solution in water.

LB Agar: LB media reconstituted with 1.5% Bactoagar was used for pouring LB plates.
Luria-Bertani (LB) broth: 1% Bactotryptone, 1% NaCl and 0.5% Bacto-yeast extract
were dissolved in double distilled water. pH was adjusted to 7.4 using 10N NaOH and
then autoclaved.

Mountant: 90% glycerol, 10% antifade solution (10 mg/ml para-phenylene diamine
hydrochloride in 10X PBS) and 0.5ug/ml DAPI (from 5 mg/ml stock) in 1X PBS.
Penicillin, streptomycin, kanamycin: 600 mg penicillin, 1000 mg kanamycin, 500 mg
streptomycin were dissolved in 100 ml 1X PBS and filter sterilized to make a 100X stock
which was stored frozen at -20°C. 1X antibiotic solution was used in all tissue culture
media.

Ponceau S: A 10X stock of ponceau S was made containing 2% ponceau S, 30%
trichloroacetic acid and 30% sulfosalisylic acid in water. For use with PVDF membranes,
1X solution of 0.1% Ponceau S in 5% acetic acid solution was used.
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RNase A: 20 mg/ml stock solution was made in 15 mM NaCl and 10mM Tris (pH 7.5).
It was then boiled for 15 minutes and cooled slowly to room temperature. The stock was
then aliquoted and stored at -20°C.

SDS-PAGE sample buffer (3X): 180mM Tris-Cl pH 6.8, 6% SDS, 15% glycerol, 7.5%
[-mercaptoethanol and 0.01% bromophenol blue in double-distilled water and stored at -
20°C.

Tris EDTA pH 8.0 (TE): 10 mM Tris HCI (pH 8.0) and 1 mM EDTA (pH 8.0).

Trypsin EDTA: 0.125% trypsin (cell culture grade) and 0.1% EDTA was dissolved in
1X PBS, filter sterilized and stored at -20°C.

2.2 Methods
2.2.1 Plasmid Isolation

Plasmid DNA miniprep was carried out by boiling lysis method as described by
Sambrook et al., 1989 with certain modifications. Restriction digestion of plasmids for
screening purposes was carried out after the RNase treatment. In order to prepare
plasmids for sequencing purposes, an alternate method of plasmid purification from
technical manual of the ABI prism 3700 sequencer was used. By this method, 3 ml of
overnight grown bacterial culture was pelleted and re-suspended in 100 ul of double-
distilled water. 100 ul of lysis buffer (100 pl of 10% SDS, 20ul of 0.5M EDTA and 10 pl
10N NaOH made up to 1ml with water) was added and the tube was kept in boiling water
for 2 minutes. 50 pl of 1M MgCl, was added to these, mixed and kept on ice for 2
minutes. The mixture was spun at a maximum speed in a micro-centrifuge for 2 minutes.
50 ul of 5M potassium acetate was added to the supernatant and kept on ice for 2
minutes. The tube was then spun at maximum speed for 2 minutes and the supernatant
transferred to a separate tube. DNA was precipitated by adding 600 ul of isopropanol
followed by 2 minutes incubation on ice. The tube was then spun at maximum speed for
2 minutes to pellet the plasmid DNA. The pellet was washed with 1 ml of 70% ethanol
and air-dried. The pellet was subsequently re-suspended in 100 ul of TE pH 8.0

containing RNase A.
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Plasmids for transfections were prepared using QIAGEN-tip20 (miniprep) and
QIAGEN-tip 100 (midiprep) columns or using the GibcoBRL CONCERT High Purity
plasmid columns according to manufacturer’s instructions. The protocol involves alkaline
lysis of cells followed by column purification of DNA that yields high purity plasmids

with relatively low levels of impurities.

2.2.2 Quantitation of Nucleic Acids

The nucleic acid concentration was determined by measuring the absorbance at 260
nm (Maniatis et al., 1982). Empirical relationship of 50 ug of double stranded DNA, 33
ug of single stranded DNA or 40 ug of single stranded RNA was taken to be equal to 1.0
ODyg0. Purity of the preparation was estimated using ratio of absorbance at 260 nm to 280

nm.

2.2.3 Agarose Gel Electrophoresis
DNA and RNA samples were mixed with 6X loading dye (so as to make it 1X) and
were resolved, using 0.8-1.2% agarose gels made in 1X TBE buffer. 0.25 pg/ml ethidium

bromide was added to gels during preparation for visualizing DNA.

2.2.4 Restriction Endonuclease Digestion

Plasmid DNA (1-2.5ug) was digested with 1-2.5 units of restriction enzyme in a
compatible buffer in a 20 ul final volume, as per manufacturers instructions. Digested
products were visualized by resolving in an agarose gel along with appropriate DNA

markers.

2.2.5 Gel Elution of DNA Fragments
The GeneClean purification kit from Biol01 was used to purify DNA by gel

elution. Eluted DNA was used for further protocols such as ligation.

2.2.6 Ligation
DNA fragments obtained after gel purification of PCR products or restriction

digests were ligated using T4 DNA ligase at 22°C (for blunt ended cloning) or 16°C for 8
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hrs to overnight. A molar ratio of vector to insert of 1:3 was generally used. When using
the pTZ75R/T vector for cloning PCR products, the protocol suggested in the product

literature was followed.

2.2.7 Preparation of Ultracompetent Cells

The method of Inoue et al., 1990 was used for high efficiency ultra-competent cells.
Pre-inoculum of E.coli DH-5a strain from a single colony was grown overnight in 10 ml
of LB at 37°C. 0.1% inoculum of this culture was added to 250 ml LB medium in a 2-
litre flask and kept under vigorous shaking at 18°C till absorbance reached about 0.6. The
culture was kept on ice for 10 min and the cells harvested by centrifuging at 2500 g for
10 min at 4°C. The cell pellet was resuspended in 80 ml of ice-cold filter sterilized PIPES
buffer (10 mM PIPES, 15 mM CaCl,, 250 mM KCI, 55 mM MnCl, pH 6.7) and placed
on ice for 10 min. Cells were re-centrifuged and gently resuspended in 10 ml of PIPES
buffer with 7% DMSO. The cells were kept on ice for about 10 min, aliquoted and snhap

frozen using liquid nitrogen for storage at -80°C.

2.2.8 DNA Sequencing

ABI Prism Model 3700 DNA Analyzer or Model 3730 DNA Analyzer was used for
all DNA sequencing reactions. 200 ng of plasmid DNA and 2.5-5 pmoles of primer was
constituted in a volume of 3.2 ul and mixed with 1.8 ul of the big-dye terminator
sequencing kit (Perkin-Elmer). PCR was carried out in the Gene Amp PCR System 9600
Thermal Cycler with denaturation at 96°C for 10 sec, annealing at 50°C for 5 sec and
extension at 50°C for 4 min, for a total of 35 cycles and a final extension was done for 5
minutes. DNA was ethanol precipitated and washed with 70% ethanol. The samples were
then resuspended in 10 ul High-dye-formamide (Perkin-Elmer) and 5 ul of this was

loaded in the capillaries.

2.2.9 RNA lIsolation
RNA was prepared using TRIZOL reagent (monophasic mixture of phenol and

guanidium isothiocyanate (GITC)). Cells were lysed by addition of 1 ml of TRI regent to
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1x10" cells and allowed to stand for 5 min at room temperature to allow complete
dissociation of nucleoprotein complexes. To this 0.2 ml of chloroform was added and
kept at room temperature for 10 min after vigorous shaking. It was then centrifuged at
12000g for 15 min at 2-8°C. Centrifugation separated the mixture into 3 phases: a red
organic phase (protein), an interphase (DNA) and colourless upper aqueous phase
(RNA). Carefully transferred upper RNA layer into a fresh tube, then 0.5 ml of
isopropanol was added and inverted few times before incubating at room temperature for
10 min. After incubation, spun down at 12000g for 10 min under cold conditions resulted
in the precipitation of RNA. After removing the supernatant the RNA pellet was washed
with 75% ethanol to remove salts and proteins and spun-down at 12000g for 5 min. RNA
pellet was allowed to dry at room temperature after removing supernatant. The RNA
pellet was solubilised in 20 ul of DEPC treated water and quantified by using
spectrophotometer as described earlier. Purity of RNA was checked by ratio of 260/280.
RNA with 260/280 > 1.8 was used for further experiments.

2.2.10 Genomic DNA isolation

After removing upper aqueous layer (RNA) 0.3 ml of 100% ethanol was added to
remaining phases and incubated at room temperature for 5 min after mixing by invertion.
To precipitate the DNA, the mixture was centrifuged at 2000g for 5 min at 2-8°C.
Supernatant containing protein was removed and the DNA pellet was washed twice with
10% ethanol solution containing 0.1 M trisodium citrate after an incubation of 30 min
each time at 2000g for 5 min. Then, the DNA pellet was incubated with 1.5 ml of 75%
ethanol at room temperature for 20 min and spun-down at same speed as above. After
drying the DNA pellet 8 mM NaoH was added to get a final concentration of 300 ng / pl.
Purity and quantification of DNA was done by using spectrophotometer as described

earlier.

2.2.11 Polymerase Chain Reaction (PCR)
PCR was done in a reaction mix containing 1X PCR buffer (10 mM Tris-HCI pH
9.0, 50 mM KClI, 1.5 mM MgCl,, 0.01% gelatin- Taq buffer 10A from Bangalore Genei),

250 mM each of the dNTPs, 200 ng primers and 1.5 units of Tag DNA polymerase. After
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an initial denaturation at 94°C for 2 min required number of cycles was carried out. Each
cycle consisted of denaturation at 94°C for 30 sec, annealing at 4°C below melting
temperature of the primer for 1 min and extension at 72°C for 1 min. A final extension

for 7 min was given at 72°C for completion of elongation products.

2.2.12 Reverse Transcription and Polymerase Chain Reaction (RT-PCR)

RT reaction was carried out using the Superscript Il first strand cDNA synthesis
kit (Invitrogen) according to the manufacturers recommended protocol. 2 pg of total
RNA was used as the template and oligo-dT was used as primers for reverse transcription
in 20 ul reaction volume. The RNA was annealed with 500 ng of oligo-dT 21 at 65°C
for 5 min in a 10 pl reaction volume. This was incubated at 42° C for 2 min in a reaction
mix containing 1X RT buffer (20 mM Tris-HCI pH 8.4, 50 mM KCI), 5 mM MgCl,, 10
mM DTT, 500 uM of each dNTP and 40 units of RNase inhibitor. The reverse
transcription was carried out at 42° C for 50 min using 50 units of Superscript Il RT
enzyme. The reaction was stopped by incubation at 70°C for 15 min. The reverse
transcription product was used as template for semi-quantitative PCR reactions. The

primers used for RT-PCR are listed below:

Amplicon | T, No. of
PRIMER | SEQUENCE _
size (bp) cycles
PSMA1-F 5’- CAGGGCAGGATTCATCAAAT -3’ 41
PSMA1-R 5’- GACATGGCTCTGCAGTCAAA -3’ 56°C, 28
PSMA2-F 5- TGAATATGCTTTGGCTGCTG -3’
539 56°C, 28
PSMA2-R 5’- GCCCTTCAAAGCTTTCCTTT -3’
PSMA3-F 5- TGCTATGAAGGCTGTGGAAA -3’
403 56°C, 26
PSMA3-R 5’- CGGCAGGTCATTTCTTTCAT -3’
PSMA4-F 5 - TTTTGCTTGCAGCAGAGAGA -3’ .
385 56°C, 27
PSMA4-R 5’- GCTGCAGCGCTATTATTTCC -3’
PSMAS5-F 5’- CCATGAGTGGGCTAATTGCT -3’ .
407 56°C, 27
PSMA5-R 5’- GCATTCAGCTTCTCCTCCAT -3’
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PSMAG6-F 5’- CAGGGTGGCCTTACATCAGT -3’ 255 s6%C. 27
PSMAG6-R 5- ATACCTGAGGGCCTTGCTCT -3’ '
PSMA7-F 5’- AGTGCGGAAGATCTGTGCTT -3’
260 56°C, 27
PSMA7-R 5’- AGAGCCTAGGAGTGCCATCA -3’
PSMB1-F 5- TTTCGCCCTACGTTTTCAAC -3’
559 56°C, 27
PSMB1-R 5’- TACAGCCCCCTTTCCTTCTT -3’
PSMB2-F 5’- AAGGCCCCGACTATGTTCTT -3’
510 56°C, 25
PSMB2-R 5’- AGGTTGGCAGATTCAGGATG -3’
PSMB3-F 5- GAAGGGGAAGAACTGTGTGG -3’
553 56°C, 27
PSMB3-R 5- CCTGGTGGTGATTTTGTCCT -3’
PSMBA4-F 5- TCAGTCCTCGGCGTTAAGTT -3’
456 56°C, 27
PSMB4-R 5- GCTTAGCACTGGCTGCTTCT -3’
PSMB5-F 5’- CCATACCTGCTAGGCACCAT -3’
404 56°C, 25
PSMB5-R 5’- GCACCTCCTGAGTAGGCATC -3’
PSMB6-F 5’- CCTATTCACGACCGCATTTT -3’
329 56°C, 22
PSMB6-R 5’- TCCCGGTAGGTAGCATCAAC -3’
PSMB7-F 5’- GCAACTGAAGGGATGGTTGT -3’
241 56°C, 22
PSMB7-R 5- AAACTAGGGCTGCACCAATG -3’
Bcl2-F 5'- CTACGAGTGGGATGCGGGAGATGT -3’
473 56°C, 28
Bcl2-R 5’- GGTGCCGGTTCAGGTACTCAGTCATC -3’
18S-F 5’- CCTGCGGCTTAATTTGACTC -3’
168 56°C, 18
18S-R 5’- ATGCCAGAGTCTCGTTCGTT -3’

2.2.13 Quantitative Real-Time PCR (QRT-PCR)

ABI prism 7500 model system was used to perform Real Time PCR. Primers
specific for real-time PCR were designed and conditions were optimized to generate >95
% PCR efficiency. Dissociation curve analysis was performed after the last cycle to
confirm amplification of a single product. Each sample was run in triplicate in a final
volume of 25 ul containing 30 ng of cDNA, 10 pmol of each primer, and 12.5 pl of
SYBR® Green 2X PCR master mix. The PCR consisted of denaturation at 95°C for 15

sec, annealing at 56°c for 30 sec and extension at 72°C for 30 sec for 40 cycles. During
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PCR, fluorescence accumulation resulting from DNA amplification was analyzed using
the sequence detector software (Applied Biosystems) at extension step. Comparative Ct
method was used to quantify the target genes abundance. RQ Manager 1.2 (Applied
Biosystems) was used to compile data from all plates and compare expression levels. The
threshold cycle (Ct) was defined as the fractional cycle number at which the fluorescence
exceeds the given threshold. Transcript abundance of genes were normalized to that of
18S RNA. The obtained data were translated into the log2 scale. The real time results are
presented as fold change in expression relative to control using target gene Ct values
normalized to that of 185 RNA gene Ct values based on the 2 method (Livak and

Schmittgen, 2001). Primers employed for Real-Time PCR are listed below.

Amplicon Tm, No.
PRIMER | SEQUENCE ]
size (bp) of cycles
PSMB3-F | 5-GAGAAACGGTTTGGCCCTTA-3’ 0
169 58°C, 40
PSMB3-R | 5’-GGGACTCACACATTCCGTAC-3’
PSMB5-F | 5’-GTTCTGGCTCTGTGTATGCA-3’ 0
152 58°C, 40
PSMB3-R | 5’-CACGTGGTAGAGGTTGACTG-3’
PSMB6-F | 5’-GGACTCCAGAACAACCACTG-3’
160 58°C, 40
PSMB3-R | 5’-TTCAATGCTGTGGAAACCGA-3’
PSMAI1-F | 5-TTCCAAACCTGTCCATCTGC-3’ 0
167 58°C, 40
PSMA1-R | 5’-GGAAGCGTCTCTCTTAAGGC-3’

2.2.14 ldentification of Putative STAT3 Binding sites in 20S Proteasome Subunits
The genomic location and sequence of human 20S proteasome subunits genes
were determined using the human genome blast at NCBI. Using the NCBI software
Spidey, intron-exon structure of the gene was determined. Presence of STAT-3 binding
sites was determined in these sequences using the MatInspector 2.2 software (Genomatix)

with a stringency level of 0.6 for both core and matrix.
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2.2.15 Construction of Vectors for Expressing Short-hairpin RNA (ShRNA)

The shRNAs targeting STAT3 were constructed using mU6 promoter based
vector. The desired synthetic oligonucleotides targeting the nucleotide sequences of
STAT3 (NM _139276.2) were annealed and cloned into the Bbsl-Xbal digested mU6 pro.
The oligonucleotides were designed so as to encode short-hairpin RNAs (shRNA) with a
duplex length of 21 nucleotides (nt) and a 9-nt loop. The sequence representing the anti-
sense strand was put before that representing the sense strand in the oligonucleotides. 2
ug of complementary oligo nucleotides were annealed by incubation at 65°C for 5 min in
a buffer containing 10mM Tris pH 8.0 and 50mM NaCl, followed by slow cooling at
room temperature (total volume- 40 ul). These oligonucleotides were designed to have
overhangs of Bbs | site at the 5” end and Xba I site at the 3’ end to enable cloning into the
mUG6pro vector between Bbs | and Xba | sites. mUGpro vector expressing ShRNA of

unrelated sequence of the same length used as control.

Hairpin siRNA template:
TTTGNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNTTTTT
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNAAAAAGATC

Cloning vector with Bbs1/Xbal overhangs:

4170 4180 770 780 790 800
...TCCCTTGGAGAAAAGCCTTG CTAGATTCTGCAGCCCTATAGTGAGTCGTATTACG...
AGGGAACCTCTTTTCGGAACAAAC TAAGACGTCGGGATATCACTCAGCATAATGC

The positive clones were identified by colony PCR and the sequence was
confirmed by sequencing. The oligonucleotides used for cloning shRNA in the study are

listed below.
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PRIMER SEQUENCE ShRNA

5'tttgCAATGGAGTACGTGCAGAAGALtcaagagaTCTTCTGCACGTACTC

Sh-STAT3-Al
CATTGHtttt 3

Sh-STAT3-1

5’ctagaaaaaCAATGGAGTACGTGCAGAAGALctcttgaaTCTTCTGCACGTA

Sh-STAT3-A2
CTCCATTG 3

5ttt gAGGAGGAGGCATTTGGAAAGTttcaagagaACTTTCCAAATGCCTC
Sh-STAT3-B1 | CTCCTtttt 3’

Sh-STAT3-2

5’ctagaaaaaAGGAGGAGGCATTTGGAAAGTtctcttgaaACTTTCCAAATGC
Sh-STAT3-B2 | CTCCTCCT &

2.2.16 Generation of Adenoviruses Expressing STAT3

Adenoviral vectors were generated using the AdEasy™ adenoviral vector system
from Stratagene. The cDNA was isolated from the pRC-CMV-FLAG-mSTAT3 plasmid
by PCR and was cloned into the Kpnl/Xhol of pAdtrack-cytomegalovirus (CMV)
plasmid co-expressing green fluorescent protein as marker to monitor infection
efficiency. The cDNA is under the control of the CMV promoter terminated by the
simian virus 40 (SV40) polyadenylation signal, resulting in pAd-STAT3. The pAdTrack-
CMV plasmid was utilized as a control vector. Both pAd-STAT3 and pAdTrack-CMV
were linearized by Pmel digestion, ethanol precipitated and resuspended in 10 ul of
water. Electro competent BJ5183 cells which harbors Adeasy-1 were prepared as
described and stored at -80°C. 20 pl of BJ5183 were electroporated at 2,500 V, 200 Q
and 25 pF with 1 pg of linearized pAd-STAT3 or pAdTrack-CMV. Recombinant
adenoviral DNAs were produced by homologous recombination of Pmel digested pAd-
STAT3 or pAdTrack-CMV with pAdeasy-1 plasmid (adenoviral) contained in the
AdEasier-1 cells (E.coli BJ5183). The transformants were selected on kanamycin plate.
Small colonies were patched on both kanamycin, streptomycin plates. The colonies
which grew on both kanamycin and streptomycin plates were selected for further
screening for recombination. After screening for the recombinants by Pacl digestion, the
plasmids containing positive inserts were transformed in E.coli DH5a to increase the
yield of the plasmids. Recombinant adenoviral vector DNA (21g), digested with Pacl and
ethanol precipitated was used for transfection of Hek293T cells in a 35mm dish. A

transfection mix was prepared by adding 2ug of linearized plasmid DNA and 4 pl of
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Lipofectamine 2000 (Invitrogen) and transfections were carried out according to the
manufacturer’s instructions. Transfections and production of virus were monitored by
GFP expression. After 7 to 10 days post-transfection, cells were scraped off along with
the medium, lysed by three cycles of freezing in liquid nitrogen and rapid thawing at
37°C. Lysed cells along with medium was centrifuged at 3000 rpm for 10 minutes at
room temperature to pellet the cell debris, the supernatants containing the viruses were
aliquoted and stored at -80°C. These harvested viral supernatants were used to infect
50,000 HEK?293T cells. The least volume of viral supernatant capable of completely
infecting cells was employed for further amplification in HEK293T cells. High titers of
viruses were generated by infecting sub-confluent HEK293T cells plated in a 60mm dish.
After 40-48h of infection viral supernatants were prepared as mentioned above.
Infections were carried out in PC-3 cells at MOI (Multiplicity of Infection), which
resulted in 100% infection.

All the procedures involved in the generation and production of recombinant
adenoviruses were performed under the conditions of Biosafety Level 2 (BL2) and

wastages containing adenoviruses were disinfected with chlorine bleach.

2.2.17 Mammalian Cell Culture

Cell lines were maintained in respective medium containing 10% FBS with
penicillin, streptomycin and kanamycin at 37° C in a humidified 5 % CO, containing
incubator. Sub-culturing was done by incubating the cells with trypsin-EDTA solution
after rinsing with sterile 1X PBS. Detached cells were re-suspended in 1:3 ratio. For
storage of cells 10% DMSO containing growth medium was added to equal volume of
cells after trypsinization and allowed to freeze slowly at — 80°C for 30 min and kept at

liquid nitrogen for long time storage.

2.2.18 Transfection of DNA in Mammalian Cells
Cells were transfected with required plasmids using Lipofectamine 2000 reagent
according to the manufacturer’s instructions. Cells were trypsinized and required
numbers were plated in antibiotic free medium the day before transfection. Plasmids
(total of 500 ng per 12 well plate and 2 pug for each 35 mm dish) and Lipofectamine 2000
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(1 pl for coverslips and 4 pl for 35 mm dishes) were diluted in serum and antibiotic-free
DMEM, mixed, incubated for 30 minutes at room temperature and added on to the cells.
Transfections were stopped after 5 hrs by replacing transfection medium with complete
DMEM.

2.2.19 Immunofluorescence

For immunofluorescence, the cells were grown on cover slips and processed as
described by Radha et al., 1994. The cells, after required treatments or transductions,
were washed with PBS and fixed with 3.7% formaldehyde in 1X PBS (pH 7.4) for 10
min at room temperature. They were then permeabilized using 0.5% Triton-X 100 and
0.05% Tween-20 in 1XPBS for 6 minutes at room temperature. The cells were then
washed and incubated with PBS containing 2% BSA for 1 hr at room temperature for
blocking. They were then incubated for 4 hr with primary antibody that is diluted in PBS
(anti-FLAG 1:100) containing 2% BSA. After washing with PBS, cells were incubated
with fluorophore-conjugated secondary antibody (anti-TRITC 1: 500) in blocking
solution for 1 hr at room temperature. The cells were again washed with PBS and
mounted on glass slides in vectashield mounting medium containing DAPI to stain
nuclei. Localization was observed using LSM510 META confocal laser scanning
microscope equipped with a x63 objective (Carl Zeiss).

For bright field images after treatment cells were directly observed under
Olympus microscope and images were captured. The cells were observed using an
Olympus BX60 fluorescence microscope and images were captured with a CCD and
analysed using the Image-Pro software.

2.2.20 Quantification of Proteins
For quantifying proteins from the lysate used for enzyme activity determinations,
Bradford method was employed and amido black method was used for Western blotting
procedures. 1 mg/ml of BSA was employed to generate standard curve. Briefly, the
clarified cell lysates were diluted to 10 ul with water and 100 ul of Bradford reagent was
added to this in a 96 well plate. Commassie G-250 in Bradford reagent binds with
positive amino acids and gives dark blue color. After keeping in dark for 5 minutes with
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constant shaking readings were taken at 595 nm and quantification of proteins was done
from standard graph. For amido black method, cell lysates collected in 1X sample buffer
were heated at 100 °C for 10 min and 1 pl of each sample was loaded on nitro cellulose
membrane. After air-drying for 10 min, amido black solution was added for 10 min
followed by washing with destaining solution to remove background stain. Band

intensities were quantified with densitometric analysis using syngene gel doc.

2.2.21 SDS-Poly Acrylamide Gel Electrophoresis (SDS-PAGE)

SDS-PAGE, as described by Laemmli, 1970, was carried out using a
discontinuous buffer system. Stacking gel (0.125 M Tris-HCI pH 6.8, 5% acrylamide and
0.1% SDS) and the resolving gel (0.375 M Tris HCI pH 8.8, 10 or 12 % acrylamide and
0.1% SDS) were polymerised using TEMED and 10 % ammonium per sulphate . The
gels were run using buffer containing 0.025M Tris, 0.192M glycine and 0.1% SDS at 20
mA constant current. After stacking of proteins at the resolving front and subsequent

entry into the resolving gel, current was increased to 30 mA till the end of the run.

2.2.22 Western Blotting

Proteins resolved using the SDS-PAGE gel were blotted onto nitrocellulose
membranes (Hybond C from Amersham or Immobilon P from Millipore) using the
semidry apparatus (Pharmacia). The semidry transfer buffer containing 39 mM glycine,
48 mM Tris-HCI, 0.0375% SDS and 20% methanol was used and transfer was carried out
at constant current at 0.8 mA / cm? for 1-2 hrs. After transfer, the proteins were stained
using ponceau S solution and the positions of molecular weight markers were marked
using pencil. Subsequently, blots were incubated in 5% Blotto (Santacruz) in TBST (10
mM Tris HCI pH 8.0, 150 mM NaCl, 0.05% Tween-20) for 1 hr at room temperature.
The blots were then incubated with the required dilution of primary antibody in 0.5%
Blotto in TBST for 1-2 hrs at room temperature or overnight at 4° C. Non-specifically
bound primary antibody was removed by three 5-minute washes with TBST.
Subsequently, blots were incubated with appropriate dilution of secondary antibody in
0.5% Blotto in TBST for 60 minutes. After three washes with TBST, blots were

processed for enhanced chemilumunescence (ECL) detection. ECL was done using the
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Western lighting chemiluminescence reagent from Amersham and different exposure
times were given to get the right intensity of the signal.

2.2.23 B-Galactosidase (B-Gal) Assay

The assay for -galactosidase activity in cell extracts was performed according to
the method described in Promega protocols and applications guide. For each assay 20 ul
of lysate was diluted to 100 ul with 1X RLB (Reporter Lysis Buffer). Equal volume of
2X B-galactosidase assay buffer was added and the tube was incubated at 37°C until
yellow colour developed (5-10 min). The reaction was stopped by the addition of 400 pl
of 1M Na,CO; and the absorbance was measured at 420 nm. Values shown are the mean
+ SD of at least three independent experiments. p< 0.05 were considered as significant.

2.2.24 Luciferase Reporter (LUC) Assay

Lysates from cells transfected in 35 mm dishes were made using 1X RLB
(Promega). 200 ul of 1X RLB was added to each well after initially removing the
medium and rinsing the cells with 1X PBS. The plate was kept in a shaker for 15 min and
the cells were subsequently scraped using a cell lifter. Repeated pipetting was done to
obtain a suspension and the debris was pelleted down by centrifugation at 10,000 rpm for
2 min under cold conditions. The supernatant was used for LUC assays and B-
galactosidase assays. Generally, a reaction containing 100 ul of LUC assay buffer with
substrate, 20 pl lysate and the volume was made up to 150 pl with 1X RLB. The amount
of luminiscence from reaction mix was measured at 37°C using Tecan multimode reader.
The obtained luminescence values were normalized with B-gal assays and represented as
fold change or relative Luc activity compared to control. Values shown are the mean =
SD of at least three independent experiments. p< 0.05 were considered as significant.

2.2.25 Sequence Analysis
NCBI programs BLASTn and BLASTp were used to analyze sequence similarity
and database search. Bl2seq was used to align two nucleotide sequences based on their

similarity (http://www.ncbi.nlm.nih.gov/BLAST/). WebCutter 2.0 was used for analyzing
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restriction enzyme sites.  Matlnspector v2.2  (http://www.genomatix.de/cgi-
bin/matinspector/matinspector.pl) was used for identifying STAT3 binding sites in
genomic sequences. Genomic sequence alignment with mRNA to identify intron-exon
organization was carried out using Spidey at NCBI
(http://www.ncbi.nlm.nih.gov/spidey/). Sequence Manipulation Suite was used to arrange
and reverse complement sequences (http://www.ualberta.ca/~stothard/javascript/).

2.2.26 Measurement of Caspase-3 Activity

Following treatments, cell pellet was washed twice with phosphate-buffer saline
and suspended in lysis buffer (50 mM HEPES, (pH 7.4) with 5 mM CHAPS and 5 mM
DTT) for 15 min on ice. Subsequently, cells were centrifuged for 15 min at 140009 in
cold conditions. Supernatant was added to assay buffer (20 mM HEPES -pH 7.4, 2 mM
EDTA, 0.1% CHAPS and 5 mM DTT) containing 40 uM of caspase-3 substrate, Ac-
DEVD-AMC). The incubation was for duration of 1 hr with readings recorded at an
interval of 5 min. Fluorescence released by AMC was measured at 360 nm and 460 nm
excitation and emission respectively. Values are normalized to protein concentration and
expressed as a fold change of activity relative to DMSO control. Values shown are the
mean + SD of at least three independent experiments.

2.2.27 Measurement of 20S Proteasome Activity
Following the termination of experiment, cells were washed and collected in
DPBS by centrifugation at 3000 rpm/5 min under cold conditions. Pellet was suspended
in lysis buffer containing 0.5 mM DTT, 0.1 % Triton X-100 in DPBS for 10 min on ice
and centrifuged at 13,200 rpm/10 min in cold conditions. Supernatant (cell lysate)
containing 20S proteasome was collected. 20 pg of supernatant was used for assay.
Peptidase activities of proteasome were measured by the addition of 50 puM of
fluorogenic peptides Suc-Leu-Leu-Val-Tyr-AMC (for chymotrypsin-like), Z-Ala-Arg-
Arg-AMC (for trypsin-like), Z-Leu-Leu-Glu-AMC (for caspase-like activity) separately
to assay buffer containing supernatant. The assay buffer is composed of 50 mM Tris-HCI
(pH 7.8), 20 mM KCI, 5 mM MgCI2, and 1 mM DTT was added to cell lysate. The
mixture was incubated for 1 hr with readings recorded for every 5 min at 37°C. Later, the
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reaction was stopped by addition 125 mM sodium borate buffer (pH 9.0) containing 7.5%
ethanol. Different peptidase activities cleave their respective peptide substrates to release
free fluorescent AMC. The released fluorescence was measured by using 360 nm/460 nm
excitation and emission wavelengths respectively in EnSpire multimode plate reader
(Perkin Elmer). Enzymatic activities were normalized to protein concentration and
expressed as percentage of activities relative to DMSO control. Values shown are the

mean £ SD of three independent experiments.

2.2.28 26S Proteasome Activity Assay

Cells were lysed using lysis buffer 50 mM Tris, pH 7.4, 2 MM DTT, 5 mM MgCl,,
2 mM ATP and 250 mM sucrose on ice for 10 min. Supernatant was collected after
centrifugation in cold condition at 13,200rpm / 10 min. 20 pg of supernatant was added
to assay buffer containing 50 uM fluorogenic proteasome substrates. The assay buffer is
as same as lysis buffer except sucrose. Proteolytic activities were measured and

expressed as similar to 20S proteasome activity.

2.2.29 Measurement of Apoptosis by Flow Cytometry

Fluorogenic propidium iodide (PI) binds to nucleic acids. Since, apoptotic cells
demonstrate low levels of DNA content or condensed nucleus, they exhibit less
fluouroscence by propidium iodide. Flow cytometry was used to measure the red
fluorescence emitted by propidium iodide. Follwoing treatments, cells were collected by
trypsinization and resuspended in 0.5 ml of PBS and fixed with 4.5 ml of 70% ethanol
under cold conditions for 10 min. Cells were spun down at 400g for 5 min and washed
with PBS under cold conditions. Cell pellet was suspended in 1 ml of DNA staining
solution containing 0.002% of propidium iodide, 0.02% of DNase free RNase in PBS and
incubated for 1 hr at room temperature in the dark. The DNA contents of 20,000 events
were measured by flow cytometer (DAKO CYTOMATION, Beckman Coulter, Brea,

CA). Histograms were analyzed using Summit Software.
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2.2.30 Statistical Analysis

Data was analyzed using Student’s t-test to make statistical decisions between
different treatment conditions and number of replicates. The hypothesis was tested at a
level of significance of 0.05 (p= 0.5), employing the software designed by Microsoft,

termed as Excel.
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REGULATION OF PSMB5 & f3-
SUBUNITS OF PROTEASOME BY
STAT3
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3.1 Introduction

The ubiquitin-proteasome system facilitates degradation of regulatory and abnormal
proteins. Polyubiquitinated proteins are targeted for degradation by the 26S proteasome.
Aberrations of this pathway lead to pleiotropic defects in all aspects of cell function.
Because of their indispensable role, inhibitors of the proteasome are routinely used as
antineoplastic agents in clinics (Coux et al., 1996; Goldberg, 2003; Demartino & Gillette,
2007; Tanaka, 2009). Most of the proteasome inhibitors target the chymotrypsin-like
activity of PSMBS5, although they co-inhibit the caspase-like and/or trypsin-like activity
at higher concentrations. Bortezomib, a peptide boronic acid congener, is used clinically
as a frontline therapy for multiple myeloma as a single agent or in combination with
standard therapies. Bortezomib binds and inhibits the chymotrypsin-like activity of the
PSMBS5 subunit. However, resistance to bortezomib develops in a majority of patients,
thereby limiting its clinical efficacy (Adams, 2004; Chen et al., 2011; Kisselev et al.,
2012). Hence, elucidation of the mechanism of regulation of PSMB5 is imperative to
identify the molecular basis of bortezomib resistance.

Suppression of the proteasome activity or autophagy in mammalian cells by
pharmacological inhibitors results in the induction of PSMB5 and other proteasome
genes in a concerted manner (Meiners et al., 2003; Wang et al., 2013). Nrfl and Nrf2 are
key transcription factors involved in the up-regulation of proteasome genes in response to
proteasome inhibition. Under normal conditions, Nrfl undergoes endoplasmic reticulum-
mediated degradation, whereas, Keapl-bound Nrf2 is degraded by the ubiquitin-
proteasome system. In response to proteasome inhibition, these transcription factors
translocate to the nucleus and form heterodimers with Maf proteins. The Nrfl/Maf or
Nrf2/Maf heterodimers transactivate proteasome genes through the antioxidant response
elements in the promoters (Kwak et al., 2006; Radhakrishnan et al., 2010; Steffen et al.,
2010). Brain specific, conditional knockout mice of Nrfl exhibit a coordinated down-
regulation of the basal levels of various proteasomal genes (Lee et al., 2011). Conversely,
endogenous levels of proteasome subunits remain unaltered in mouse embryonic
fibroblasts of nrfl- and nrf2-disrupted mice (Radhakrishnan et al., 2010 ). Therefore, on
the basis of these observations, Nrfl or Nrf2 largely regulate the feedback response to

proteasome inhibition and contribute minimally to the basal expression of proteasome
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genes. However, the transcription factors that regulate the basal level expression of
proteasome subunits are largely unknown (Xie, 2010).

Neoplastic growth is frequently associated with increased proteasome activity and
subunit expression to maintain protein homeostasis (Bazzaro et al., 2006; Chen &
Madura, 2005; Kraus et al., 2007; Ren et al., 2000; Wyke et al., 2004). Because of their
stringent mode of activation, Nrfl and Nrf2 are unlikely to promote the increased
proteasome subunit expression in malignancies unless they are deregulated. Accordingly,
colon tumors showed a gain of proteasome activity because of increased nuclear
localization of Nrf2 (Arlt et al., 2009). Thus, to cope with increased proteasome function
in malignancies, it is plausible that the proteasome genes are regulated coordinately by
oncogenic transcription factor(s).

In this study, we investigated the mechanisms underlying increased proteasome
subunit expression and activity in mammalian cell lines harboring oncogenic STAT3
protein.

3.2 Results

3.2.1 Inhibition of activated STAT3 down-regulated PSMB5 in DU 145 cells
3.2.1a Effect of Stattic treatment on PSMB5 expression

Earlier studies have shown that Bortezomib treatments of HNSCC cell lines lead
to a significant up-regulation of total and phosphorylated STAT3 (Li et al., 2009). In
another study, bortezomib-resistant clones of human monocytic cells, THP1 cell line
manifested a marked increase in PSMB5 protein levels (Oerlemans et al., 2008). These
observations suggest a possible role of STAT3 in the regulation of PSMB5 expression.
To explore this, we opted for DU 145 cells, which harbor aberrantly high levels of
activated STAT3. DU 145 cells were treated with Stattic, an inhibitor of pSTAT3 at
different concentrations 1, 2.5, 5, 7.5, 10 uM for 24 h (Schust et al., 2006). Stattic
treatments resulted in the down-regulation of PSMB5 protein levels in a dose dependent
manner while tubulin remained constant. A significant decrease in the protein levels of
PSMB5 was evident at 2.5 uM of Stattic and there was further decrease in PSMB5 levels

with increasing concentrations. PSMB5 levels were almost undectable at 10 uM of Stattic
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Figure 3.1: Dose and Time dependent inhibition of pSTAT3 down regulated
PSMBS5 expression.

Panel A, Panel B, DU 145 cells were treated with different concentrations of
Stattic as indicated for 24 h: Panel C, Panel D, Panel E, DU 145 cells were
treated for indicated time points with Stattic (10 uM). Panel A, Panel C,
Subsequently cells were harvested and antibodies were employed to detect
PSMB5, pSTAT3, STAT3, Bcl-2; Panel E pSTAT1 and STATL1. Tubulin used as
loading control. Panel B, Panel D, Total RNA was isolated by Trizol and
subsequently semi quantitative RT-PCR was performed to analyze the PSMBS5,
Bcl2. 18S RNA used as loading control.
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treatment (Fig. 3.1A). Next, we analyzed the mRNA levels of PSMB5 under similar
treatment conditions. PSMB5 mRNA levels were also down-regulated in dose dependent
manner while 18S RNA levels, which was employed as loading control were unaltered
(Fig. 3.1B).

Based on the above observations, we have treated DU 145 cells with Stattic at 10
MM concentrations for 3, 6, 12, 18, 24 h. Stattic treatments resulted in the down-
regulation of PSMB5 protein in a time dependent manner. The decrease in PSMB5
levels was evident as early as 3 h time period and the levels were hardly detectable from
12h onwards following Stattic treatment (Fig. 3.1C). To validate these results and any
non-specific effects of inhibitor, we further checked the levels of STAT3, pSTAT3, Bcl-
2, tubulin from same lysates. Stattic treatments resulted in the down-regulation of STAT3
tyrosine phosphorylation (phospho-STAT3-Y705) from 3 h and the same was
undetectable from 12 h onwards, whereas, total STAT3 protein levels remained constant
in control and all the treatments. The protein levels of Bcl-2, a target of STATS3, also
decreased significantly by 3 h following Stattic treatment and from 6 h onwards Bcl-2
levels were undectable, whereas tubulin which was employed as a loading control,
remained the same during the course of treatment (Fig. 3.1C). Further, we explored the
MRNA levels of PSMBS5 following inhibition of pSTAT3 in DU 145 cells. Results
demonstrate that STAT3 inhibition by Stattic (Fig. 3.1D) drastically reduced the mRNA
levels of PSMBS5, Bcl-2 while 18S RNA remained unchanged. Moreover, the decrease in
protein levels was preceded by mRNA levels of PSMB5 and Bcl-2 in pSTAT3 inhibited
DU 145 cells.

Since STAT3 shares a close structural similarity with STAT1, to validate the
specificity of STAT3 inhibitor, Stattic treated DU 145 cells were analyzed for phospho-
STAT1-Y701 levels. Notably, the tyrosine phosphorylated STAT1 levels were
undetectable in DU 145 cells and total STAT1 levels remain unchanged in treated and
control cells (Fig. 3.1E).

3.2.1b Effect of WP1066 on PSMB5 expression

In order to validate our observations with Stattic, DU 145 cells were treated with
another STAT3 inhibitor, WP1066 at different concentrations 1, 2.5, 5, 7.5, 10 uM for 24
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Panel A, Panel B, DU145 cells were treated with different concentrations of
WP1066 as indicated for 24 h: Panel C, Panel D, Cells were treated for
indicated time points with Stattic (10 uM). Panel A, Panel C, Subsequently cells
were harvested and antibodies were employed to detect PSMB5, pSTATS3,
STAT3 and Bcl-2. Tubulin was employed as loading control. Panel B, Panel D,
Total RNA was isolated by Trizol and subsequently semi quantitative RT-PCR
was performed to analyze the PSMB5, Bcl2. 18S RNA used as loading control.
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h (lwamaru et al., 2007). WP1066 treatments resulted in a dose dependent down-
regulation of PSMBS5 protein levels while the levels of tubulin, which was employed as a
loading control remained constant. The decrease in the protein levels of PSMB5 was
evident from 5 uM and a further decrease at 7.5 uM and undetectable levels of PSMB5
was evident at 10 uM of WP1066 treatment (Fig. 3.2A). Next, under similar treatment
conditions mMRNA levels of PSMB5 were also decreased in a dose dependent manner
while 18S RNA levels remained constant similar to Stattic treatments (Fig. 3.2B).

Further, DU 145 cells were treated with WP1066 at 10 uM for different time
points same as Stattic treatment. Treatment with WP1066 resulted in significant reduction
of PSMB5 protein levels by 18 h. Phospho-STAT3-Y705 levels also concomitantly
decreased from 18 h of treatments. Bcl-2, known target of STAT3 was also down-
regulated from 12 h onwards. Similar to Stattic, the protein levels of STAT3 and tubulin
remained unchanged in WP1066 treated cells. The difference in the inhibition of
phospho-STAT3-Y705 protein levels in Stattic and WP1066 treated cells is probably due
to the efficacy of the inhibitors. The decrease of pSTAT3-705 levels correlated with
decrease of PSMB5 protein levels (Fig. 3.2C). Furthermore, levels of MRNAs of PSMB5,
Bcl-2 were also down-regulated similar to protein levels in WP1066 treatments (Fig.
3.2D).

3.2.1c Effect of Resveratrol on PSMB5 expression

Previous studies reported that Resveratrol inhibits Src tyrosine kinase activity and
thereby blocks STAT3 protein activation in DU 145 cells (Kotha et al., 2006). To further
confirm the STAT3 dependent PSMB5 subunit expression, we have employed resveratrol
at 25, 50, 75, 100 uM concentrations for 24 h. Treatment of DU 145 cells with resveratrol
suppressed phospho-STAT3-Y705, Bcl-2 levels in a dose-dependent manner with a
profound potency at higher concentrations while total STAT3 and tubulin remain
unaffected. Reduction in pSTAT3-Y705 was associated with decreased PSMB5 protein
levels in resveratrol treated cells. Down-regulation of PSMB5 was evident from 50 uM
followed by a further decrease at 75 uM and 100 uM concentrations of resveratrol (Fig.
3.3A). Next, analysis of mMRNA levels of PSMB5 in resveratrol treatments shown dose
dependent down-regulation along with Bcl-2, while 18S RNA levels remained constant
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indicating that STAT3 induced down-regulation of PSMB5 occurs at transcription level
(Fig. 3.3B).

3.2.1d Effect of STAT3 knockdown on PSMB5 expression

To provide further evidence for the requirement of STAT3 in the regulation of
PSMBS5, we used a STAT3-directed short hairpin RNA (shRNA). Both the constructs of
STAT3-shRNA significantly knocked down total STAT3 and pSTAT3-Y705 protein
levels along with Bcl-2, while GFP and tubulin expression remain unchanged indicating
uniform transfection and protein amount. Scrambled shRNA was used as control. In
accordance with our earlier observations, knockdown of pSTAT3 protein resulted in
lower PSMB5 protein levels along with Bcl-2 (Fig. 3.4A). Further, under similar
experimental conditions, MRNA levels of PSMB5 and Bcl-2 were also corroborated with
protein levels (Fig. 3.4B).

Taken together, pharmacological inhibition of pSTAT3, shRNA-mediated knock
down of constitutive pSTAT3 down-regulated the PSMB5 protein and mRNA levels in
DU 145 cells. Hence, the observed findings suggest that STAT3 activation plays an
important role in the expression of PSMB5 in DU 145 cells.

3.2.2 STATS3 inhibition coordinately down-regulated the expression of a majority of
20S proteasome subunits in DU 145 cells

Previous reports demonstrated that proteasome genes are regulated coordinately
through a common transcription factor (Kwak et al., 2006; Radhakrishnan et al., 2010;
Steffen et al., 2010). Since, expression of PSMB5 was down-regulated by pSTAT3
inhibition (Fig. 3.1- Fig.3.4), we analyzed whether the other a and B-subunits of 20S
proteasome are also coordinately regulated by pSTAT3. To test this assumption, we
treated DU 145 cells dose-dependently with Stattic (5, 10 uM) for 24 h. It was observed
that like PSMBS protein, levels of B-subunits such as PSMB1, PSMB3, PSMB4, PSMB6,
PSMB7 and a-subunit such as PSMA4 were decreased to undetectable levels at both 5
MM, 10 uM, whereas, PSMB2, PSMAL levels were significantly reduced by Stattic

treatments at both the concentrations and the effects were more profound at higher
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DU145 cells were transfected with 2 ug of each STAT3-shRNA. After 48 h;
Panel A, cells were harvested and expression of pSTAT3, STAT3, PSMB3,
PSMB5 and Bcl-2 was analyzed with immunoblotting. Tubulin used as
loading control. GFP used as transfection control. Panel B, mRNA levels of
PSMB5, STAT3 and Bcl-2 was analyzed with Semi quantitative RT-PCR. 18S
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DU145 cells were treated with 5 uM, 10 uM concentrations of Stattic for 24 h.
Panel A, Immunoblot analysis was performed for subunits of 20S proteasome,
pPSTAT3, STAT3, and Bcl-2. Tubulin was used as a loading control. Panel B,
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concentration. Stattic also decreased the levels of pSTAT3-Y705 and Bcl-2 protein levels
at both 5 uM, 10 uM, whereas, total STAT3 remained the same. Moreover the decrease
in pSTAT3 was correlated with down-regulation of PSMA4, PSMB1, PSMB3, PSMB4,
PSMB6 and PSMB7 (Fig. 3.5A). Next we sought to verify whether similar conditions of
treatments would concertedly effect the expression of mRNA levels of o and B-subunits.
Corroborating the results obtained at protein levels, the mRNA levels of a-subunits, -
subunits and Bcl-2 were also coordinately decreased in Stattic treated cells while 18S
RNA levels remain unaffected (Fig. 3.5B).

To further validate these observations, DU 145 cells were treated with WP1066 at
5 uM, 10 pM concentrations for 24 h. Suppression of pSTAT3-Y705 by WP1066 also
resulted in the down-regulation of 20S proteasome subunits. The levels of PSMB4,
PSMB7, PSMB3 and PSMA4 were decreased, albeit to a lesser extent at both 5 uM, 10
MM which correlates with pSTAT3-Y705 and Bcl-2 levels, whereas, PSMB1, PSMB2
protein levels were decreased significantly in a dose dependent manner. PSMB6 levels
were reduced to nearly 50% at both the concentrations, whereas, the protein levels of
PSMA1 was moderately reduced at 5 puM, 10 uM of WP1066 (Fig. 3.6A). However,
abrogation of proteasome subunits, pSTAT3-Y705 as in Stattic treatments was not
observed in WP1066 treatments, suggesting that the residual pSTAT3-Y705 levels were
probably the reason for the expression of moderate levels of proteasome subunit. Next,
we determined whether similar conditions of treatments would concertedly effect the
expression of mRNA levels of 20S proteasome o and B-subunits. Similar to the
expression of protein levels, mRNA levels of 20S proteasome were substantially down-
regulated in WP1066 treated DU 145cells (Fig. 3.6B).

Thus, taken together the above results suggest that blockade of activated STAT3
coordinately reduced the mRNA and protein levels of most of the a- and B-subunits of

20S proteasome in DU 145 cells.

3.2.3 Suppression of pSTAT3 down-regulated PSMB5 in pSTAT3 constitutive cells
In addition to DU 145, few other cell lines were also shown to express
constitutively active STAT3, such as, A549, HeLa and MDA-MB-231 (Zhao et al.,
2011; Zhou et al., 2010). Hence, we analyzed in these cell lines to know whether
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suppression of STAT3 phosphorylation could affect PSMB5 protein levels as observed in
DU 145 (Fig.3.1- Fig.3.4). Consequently, all these cell lines were treated with Stattic 10
uM, 20 uM for a period of 24 h. Stattic down-regulated PSMB5 protein to negligible
levels at 10 uM and 20 uM in A549, HelLa cell lines. Reduced levels of PSMB5 protein
were observed at 10 uM followed by a further decreased levels at 20 uM in Stattic treated
MDA-MB-231 cells. It was observed that, concomitant with a decrease of pPSTAT3-Y705
levels in Stattic-treated cells, PSMB5 and Bcl-2 protein levels were reduced, whereas,
total STAT3 and tubulin levels remained unaffected (Fig. 3.7A-C).

Further, to validate the observations of Stattic treatments, the cell lines were
treated with another STAT3 inhibitor, WP1066 at 10 uM, 20 uM for 24 h. Dose
dependent decrease of PSMBS5 protein levels was evident at 10 uM followed by a further
decreased levels at 20 uM of WP1066 in HelLa cells, whereas, total STAT3 and tubulin
levels remained unaffected. The decrease in PSMB5 correlates with the observed
decrease in pSTAT3 and Bcl-2 levels (Fig. 3.8B). Decreased expression of PSMB5
protein levels were also observed at 20 uM of WP1066 in A549, MDA-MB-231 cells.
Though PSMBS levels were moderately affected at 10 uM of WP1066 in A549, MDA-
MB-231 cells, a significant decrease in PSMB5 protein was observed at 20 uM of
WP1066 and corroborates with reduced levels of pSTAT3 along with Bcl-2. Under
similar treatment conditions the total STAT3 and tubulin levels remained constant (Fig.
3.8A-C).

Hence, the above observations suggest that inhibition of pSTAT3 down-regulates

the expression of PSMBS5 in cell lines expressing constitutively active STAT3.

3.2.4 Proteasome subunits expression was unaltered by STAT3 inhibition in
prostate normal cells and cancer cells devoid of constitutive pSTAT3
Results of the present study suggest that suppression of pPSTAT3 down-regulated
the MRNA and protein levels of PSMB5 in pSTAT3 constitutive DU 145, A549, HelLa
and MDA-MB-231 cell lines. Various subunits of 20S proteasome were also down-
regulated by inhibition of pSTAT3-Y705 in DU 145 cells (Fig. 3.5- Fig. 3.6). Among all
these pSTAT3 constitutive cells, pPSTAT3 suppression dependent down-regulation of
proteasome subunits was profound in prostate cancer DU 145 cells. Several lines of
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evidence reported the indispensible role of proteasome in cell survival and various
cellular functions (Kisselev et al., 2012). In addition expression of proteasomes in cell
lines irrelevant with levels of pSTAT3 were reported (Bazzaro et al., 2006; Chen &
Madura, 2005; Kraus et al., 2007; Kumatori et al., 1990; Ren et al., 2000; Wyke et al.,
2004). To further clarify the role of pSTAT3 in proteasome expression in constitutive
pSTAT3 cells, we next analyzed the effect of pSTAT3 inhibition on the expression of
various subunits of 20S proteasome in cells possessing different levels of pSTAT3. To
examine this, we have chosen prostate normal cells WPMY-1A, prostate cancer cells,
LNCaP which possess low levels of pSTAT3 and PC-3 cells which does not possess
STATS3, pSTAT3 (Abdulghani et al., 2008; Yuan et al., 2005).

PC-3 cells were treated with Stattic at 5 uM, 10 uM for 24 h. PSMBS5 protein
levels remain unaffected by Stattic treatments similar to tubulin, whereas, levels of
STAT3 and pSTAT3 were decreased to undetectable levels (Fig. 3.9A). To further
validate these results, PC-3 cells were treated with WP1066 at 5 uM, 10 uM for 24 h.
Corroborating with Stattic treatments (Fig. 3.9A), expression levels of PSMB5 in
WP1066 treatments did not change as compared to control. Equal amount of protein in all
samples was indicated by the loading control, tubulin (Fig. 3.9B). To verify these
observations, we next explored the mRNA levels of 20S proteasome subunits in PC-3
cells treated with similar concentrations of Stattic. Semi quantitative RT-PCR analysis
exhibited similar mMRNA levels of various oo (PSMA1-7) and B (PSMBI1-7) subunits of
20S proteasome in both control and Stattic treatments along with 18S RNA, which served
as loading control (Fig. 3.9C).

Based on the above observations, we next explored whether suppression of
pSTAT3 effects the expression of proteasome subunits. To pursue this, we treated
LNCaP cells (prostate cancer cells possessing low levels of STAT3) with STAT3
inhibitors (Stattic, WP1066) at 5 pM, 10 uM for 24 h. Similar to earlier observations
(Fig. 3.9), PSMBS5 protein levels were not altered by STAT3 inhibition in LNCaP cells,
even the levels of STAT3 and tubulin were also unaffected which corroborates the
obtained results. Further, the pSTAT3 levels were reduced to undetectable levels (Fig.
3.10 A&B). Next, we determined the mRNA levels of various subunits of 20S
proteasome under similar conditions of Stattic treatments in LNCaP cells by employing
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semi quantitative RT-PCR. No significant changes were observed in the mRNA levels of
20S proteasome subunits, whereas, Bcl-2, a target of STAT3 was reduced by treatment
with Stattic (Fig. 3.10C). Under similar experimental conditions, no changes were
apparent in 18S RNA levels which was used as a loading control.

Previous studies reported that constitutive activation of pSTAT3 alone is sufficient
for malignant transformation of cells (Bromberg et al., 1999). Since results of the present
study demonstrated down-regulation of PSMB5 along with other proteasome subunits in
prostate cancer (DU 145) cells by constitutive pSTAT3 inhibition (Fig. 3.1- Fig. 3.6), we
investigated whether suppression of pPSTAT3 in normal prostate cells would result in the
down-regulation of 20S proteasome subunits. To examine this, we opted for WPMY-1A
cell line (normal prostate) and treated with Stattic at 5 uM, 10 uM concentrations for 24
h. Stattic treatments reduced the levels of Bcl-2 at both 5 uM and 10 uM, while protein
levels of STAT3 and tubulin remain unaffected. Also, PSMBS5 protein levels at 5 uM and
10 uM of Stattic remained same as untreated control cells (Fig. 3.11A) Further, mRNA
levels of 20S proteasome subunits were analyzed under similar conditions of Stattic
treatments in WPMY-1A. Similar to protein levels, PSMB5 mRNA levels remained
unaffected. In addition, mRNA levels of other a- and B-subunits of 20S proteasome were
neither down-regulated nor up-regulated in Stattic treated cells as compared to the control
(Fig. 3.11B).

The obtained results suggest that expression of 20S proteasome subunits, especially
PSMBS5, was not regulated by STAT3 in prostate normal and cancer cells either with low
levels or devoid of pSTATS3.

3.2.5 Suppression of pSTAT3 abrogated proteasome activities and cell viability in
cells expressing constitutively active STAT3
Previous studies in yeast showed that loss of one of the proteasome genes reduced
the proteasome assembly and activity (Wang et al., 2008). Since, inhibition of pSTAT3
down-regulated protein levels of PSMB5 (a catalytic subunit responsible for
chymotrypsin-like activity) in STAT3 constitutively active cell lines (Fig. 3.1- Fig. 3.8).
Also, other catalytic subunits (PSMB6, PSMB7 posessing caspase-like and trypsin-like
activities respectively) and non catalytic subunits of 20S proteasome were also down-
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Figure 3.12: Inhibition of pSTAT3 abrogates proteasome activity in
pSTAT3 constitutive cell lines.

Panel A, B and C represents proteasome activities A549, HeLa and MDA-
MB-231 respectively treated with Stattic (10 uM, 20 uM) for 24 h. Panel D
represents proteasome activities of DU145 cells treated with Stattic (5 puM,
10 uM). Peptidase activities of 20S proteasome were measured by incubating
cell lysates with assay buffer containing fluorogenic substrates (50 UM each)
for 30 min at 360nm/460nm excitation and emission respectively. Values are
normalized to protein and represented as percentage of activity relative to

DMSO control(n=3). *p<0.01 compared to control.
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Panel A, B and C, A549, HeLa and MDA-MB-231 were treated with WP1066
(10, 20 uM); Panel D, DU145 cells treated with WP1066 (5 uM, 10 uM) for 24
h. Peptidase activities of 20S proteasome were measured as described in
materials and methods. Values are normalized to protein concentration and
expressed as percentage of activities relative to DMSO control (n=3). *p<0.01

compared to control.
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regulated in DU 145 cells (Fig. 3.5- Fig. 3.6), we proposed to examine even the other
catalytic activities of the proteasome, in addition to the chymotrypsin-like activity.
Towards this end, we monitored the proteasome activities in cells that harbor
constitutively active STATS3 after treating with Stattic for 24 h.

All the three catalytic activities of proteasome were inhibited significantly in a dose
dependent manner by pSTATS3 inhibition in these cells. However, chymotrypsin-like and
caspase-like activities have exhibited greater sensitivity than trypsin-like activity of
proteasome in all these cell lines. Among these cell lines, Stattic potently inhibited
proteasome activities in DU 145 cells. Nearly 90 % and 85 % inhibition of chymotrypsin-
like and caspase-like activities was observed at 5 uM in DU 145 cells followed by even a
higher rate of inhibition at 10 uM of Stattic (Fig. 3.12D). Nearly 90 % of chymotrypsin-
like activity inhibition was achieved at 20 uM in MDA-MB-231 (Fig. 3.12C), however,
A549 and HeLa cells reflected these values following treatment with 10 uM Stattic (Fig.
3.12A&B). The caspase-like activity was inhibited to ~ 80 % in A549, HeLa at both 10
uM, 20 uM of Stattic (Fig. 3.12A&B), in case of MDA-MB-231 ~ 30 % and ~ 80 %
inhibition was observed at 10 uM and 20 pM of Stattic respectively (Fig. 3.12C).
Inhibition of trypsin-like activity was achieved to ~ 70 % and ~ 90 % in DU 145 by 5 uM
and 10 uM of Stattic (Fig. 3.12D), whereas, ~ 70 % of inhibition was observed at 20 uM
in A549, HeLa and MDA-MB-231 cell lines (Fig. 3.12).

Further, we validated the above results by treating pSTAT3 constitutive cell lines
with another pSTATS3 inhibitor WP1066 for 24 h. Similar to Stattic, inhibition of
proteasome activities were more pronounced in DU 145 cells. ~ 70 % and ~ 60%
decrease in chymotrypsin-like and caspase-like activities were observed at 10 uM and ~
50 % decrease of trypsin-like activity achieved at 10 uM in DU 145 cells (Fig. 3.13D).
A549, HeLa and MDA-MB-231 cells exhibited dose dependent reduction in all the
proteasome activities by Stattic treatments. Chymotrypsin-like and caspase-like activities
of proteasome were reduced to ~ 33 % in A549, ~ 25 % in MDA-MB-231 and ~ 20 % in
HeLa at 20 uM of WP1066. Trypsin-like activity was reduced to ~ 60 % in A549, ~ 40 %
in MDA-MB-231 and ~ 30 % in HeLa at 20 uM of WP1066 (Fig. 3.13).

Several earlier studies provided evidence that proteasome function is crucial for
cell survival and inhibition of this would lead to induction of apoptosis (Kisselev et al.,
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Figure 3.14: Inhibition of pSTAT3 induced Caspase-3 activity in pSTAT3
constitutive cells.

A549, HeLa, MDA-MB-231 cells were treated with Stattic (10, 20 uM); DU
145 cells with 5 pM, 10 uM of Stattic for 24 h. Caspase-3 activity was
measured by incubating cell lysates in an assay buffer containing Z-DEVD-
AMC for 1 h. Released AMC was measured with an excitation and emission
of 360nm/460nm respectively. Values are normalized to protein concentration
and expressed as fold change of activity relative to DMSO control (n=3).
*p<0.01 compared to control. Panel A, B, C and D represents caspase-3
activities of A549, HeLa, MDA-MB-231 and DU 145 respectively.
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2012). In addition, suppression of pSTAT3 has been shown to induce apoptosis (Frank,
2007). We next analyzed the caspase-3 activity in STAT3 inhibited cells as an indicator
for apoptosis. As expected, a 15-fold induction of caspase-3 was observed in DU 145
with Stattic (5 M) and the values were further increased to ~ 30 fold at 10 uM (Fig.
3.14D). A549, HelLa cells exhibited 10 fold increase and MDA-MB-231 cells have
shown 8 fold increase of caspase-3 activity at 20 uM of Stattic (Fig. 3.14).

Further, caspase-3 activity induction was also observed in WP1066 treated cells
with a maximum of 20-fold increase over controls in DU 145 at 10 uM (Fig. 3.15D), 12-
fold in MDA-MB-231, 8-fold in A549 and Hela cells (Fig. 3.15).

Overall, inhibition of pSTAT3 decreased proteasome activities and induced

caspase-3 in all pPSTAT3 constitutive cell lines with different potency.

3.2.6 Inhibition of pSTAT3 unaltered proteasome activities in prostate cells lacking

constitutively active STAT3

The above observations from prostate cells either with low levels or devoid of
pPSTAT3 suggest that 20S proteasome subunit expression was unaffected following
inhibition of pSTAT3 (Fig. 3.9- Fig. 3.11). Next, to validate these findings, we measured
the proteasome activities and caspase-3 activity in Stattic treated (5, 10 uM) prostate cells
after 24 h. Similar to the expression levels of 20S proteasome subunits, no gross changes
were evident in the chymotrypsin-like, trypsin-like and caspase-like activities of
proteasome in Stattic treated WPMY-1A, LNCaP and PC-3 cell lines as compared to
untreated cells (Fig. 3.16A-C). Surprisingly, a significant increase in the apoptosis as
measured by dose-dependent caspase-3 activation was observed in these cell lines
following Stattic treatments. Increased caspase-3 activity was observed in low levels
pSTAT3 containing WPMY-1A and LNCaP followed by STAT3 negative PC-3 cells in
Stattic treatments (Fig. 3.17A-C). Despite of absence or low levels of pSTATS, the
observed increase in caspase-3 by Stattic could be due to the non specific off-target
effects or/ inhibition of other SH2 domain containing proteins involved in cell survival by
Stattic.
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Figure 3.17: Stattic induced Caspase-3 activity in prostate cells.

WPMY-1A, LNCaP and PC-3 cells were treated with Stattic (5, 10 uM) for 24 h.
Caspase-3 activity was measured by incubating cell lysates in an assay buffer
containing Z-DEVD-AMC for 1 h. Released AMC was measured with an
excitation and emission of A360/A460 respectively. Panel A, B and C represents
caspase-3 activities of WPMY-1A, LNCaP and PC-3 respectively. Values are
normalized to protein concentration and expressed as fold change of activity

relative to DMSO control (n=3). *p<0.01 compared to control.
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3.2.7 Proteasome inhibitor induced apoptosis unaltered PSMB5 expression

Proteasome inhibition is known to elicit a feedback-dependent induction of
proteasome subunit gene expression (Kwak et al., 2006; Meiners et al., 2003;
Radhakrishnan et al., 2010; Steffen et al., 2010). In addition, treatment of cells with of
bortezomib also induced the activation of STAT3 in head and neck squamous cell
carcinoma cell lines (Li et al., 2009). Hence, we analyzed whether proteasome inhibitors
induce pSTAT3 and PSMBS5 protein levels. To test this possibility, DU 145 cells were
treated with bortezomib (100 nM), MG132 (1 uM) and epoxomicin (250 nM) for 24 h.
All these inhibitors primarily inhibit chymotrypsin-like activity of proteasome. In
response to proteasome inhibition, p-STAT3 and PSMB5 protein levels were unaffected
and remained similar to control levels (Fig. 3.18A). Even the mRNA levels of PSMB5
remained unchange following treatment with all the three proteasome inhibitors (Fig.
3.18B).

Under similar experimental conditions, the chymotrypsin-like activity was
inhibited significantly to 90% in cells treated with bortezomib when compared with the
control. In addition, 86% and 58% inhibition of chymotrypsin-like activity was observed
in epoxomicin and MG-132-treated cells respectively (Fig. 3.18C). Since, inhibition of
proteasome resulted in the induction of apoptosis in several cancer cells (Adams, 2004),
we next analyzed the caspase-3 activity. Nevertheless, bortezomib induced a robust 8-
fold increase in caspase 3, however, the values were 6-fold and 5-fold in cells treated
with MG132 and Epoxomicin respectively (Fig. 3.18D).

Thus, DU 145 cells were susceptible to proteasome inhibitors, although the
protein levels of PSMB5 and p-STAT3 remained unaltered.

3.2.8 Levels of proteasome activity and PSMB5 expression in cancer cell lines
3.2.8a PSMBS5 expression correlates with intracellular levels of pPSTAT3
Since decreased levels of activated STAT3 down-regulated PSMB5 expression,
we next examined the interdependency between the endogenous levels of phospho-
STAT3-Y705 and PSMB5 protein expression. In order to perform this, we opted for
human prostate cancer cell lines, DU 145, LNCaP and PC-3 which possess different
levels of either phosphorylated or total STAT3 proteins (Abdulghani et al., 2008; Yuan et
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Figure 3.18: Effect of proteasome inhibition on PSMB5 expression.

DU 145 cells were treated with Bortezomib (100 nM), MG-132 (1
uM), Epoxomicin (250 nM) for 24 h. Panel A, Immunoblot analysis was
conducted for PSMB5, pSTAT3, STAT3 and Tubulin from whole cell extracts
after termination of treatment. Panel B, Semi quantitative RT-PCR analysis was
performed to analyze the mRNA levels of PSMB5. Panel C and Panel D
represents chymotrypsin-like activity of 20S proteasome and caspase-3 activity
respectively under similar conditions of treatments. The obtained activity
values are normalized to protein concentration and expressed as relative to
DMSO control (n=3). values shown are the mean + SD of three independent

experiments. *p< 0.01 as compared to controls.
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Figure 3.19: High levels of PSMB5 in constitutively active STAT3 cells.
Panel A, Prostate cancer cells consists of low, devoid and constitutive pSTAT3
LNCaP, PC-3 and DU145 respectively were lysed. 20 pg of each lysate was
analyzed for the expression of PSMB5, STAT3 and pSTAT3 by
immunoblotting. Tubulin was used as loading control. Panel B, mMRNA levels
of PSMBS5 in various cell lines was analyzed with semi quantitative RT-PCR

after total RNA isolation. 18S RNA was used as loading control.
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al., 2005). DU 145, which possess higher levels of phospho-Stat3-Y705 (constitutively
active STAT3) exhibited high endogenous levels of PSMB5 protein. In contrast, LNCaP
and PC-3 cells which possess either undetectable or no phospho-Stat3-Y705 levels, but,
still basal levels of PSMB5 protein were observed in these cell lines. Under similar
experimental conditions, no gross change was noticed in tubulin levels, which was used
as a loading control (Fig. 3.19A).

Further, analysis of the relative mRNA levels of PSMBS5 in prostate cancer and
other cell lines as measured by semi quantitative RT-PCR revealed high levels of PSMB5
MRNA in cancer cells as compared to normal cells. However, highest level of PSMB5
expression was found in DU 145 while lowest in WPMY-1A cells which correlates with
the expression levels of pSTAT3 (Fig. 3.19B).

3.2.8b Proteasome activities are higher in cells possessing constitutively active
STAT3

In order to validate the relationship between the expression of pSTATS3 to that of
cellular proteasome activity, we analyzed both 20S and 26S proteasome activities in a
panel of normal and cancer cells. High levels of proteasome activities were observed in
cancer cells as compared to their normal cell counterparts. All the cancer cells examined
demonstrated more than 2 fold high chymotrypsin-like activity when compared to
trypsin-like and caspase-like activities of proteasome. Amongst cancer cells, the
chymotrypsin-like activity was more in cell lines in the order, DU 145 > MDAMB231 >
HeLa > A549 > LNCaP > PC-3 > HepG2 > MCF7 in both 20S and 26S proteasome
activities. Nearly 3-4 fold lower levels of chymotrypsin-like activity was observed in
MRC5 and WPMY1A, which are the normal counterparts of A549 and DU 145 cells
respectively. No significant changes were noticed in the trypsin-like and caspase-like
activities of both 20S and 26S proteasomes (Fig. 3.20A&B).

Taken together, these results suggest a strong correlation between the endogenous

levels of tyrosine phosphorylated STAT3, PSMB5 expression and Proteasome activity.
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3.2.9 Effect of exogenous expression of STAT3 on proteasome
3.2.9a Overexpression of STAT3 increased PSMB5 mRNA and protein levels

Results of the previous sections suggested that inhibition of pSTAT3 down-
regulated the expression of PSMB5 mRNA and protein levels. We hypothesized that
overexpression of STAT3 would increase the expression of PSMB5. To examine this
possibility, we have opted for PC-3 cell line which does not express endogenous STAT3
and pSTATS3. PC-3 cells were infected with adenoviruses expressing control, wild type
STATS3 protein at a multiplicity of infection that allows 70% transduction in 48 h as
visualized by the expression of GFP (Fig. 3.21A). PC-3 cells were fixed after 48 h of
infection and analyzed by immunocytochemical staining for FLAG. As expected FLAG
expression was observed only in Ad-STAT3 infected cells both in the cytosol and
nucleus (Fig. 3.21B). Neither endogenous nor overexpressed STAT3 and pSTAT3
protein levels were observed in uninfected and control infected cells. Accumulation of
phospho-STAT3-Y705 protein levels in Ad-STAT3 infected PC-3 cells resulted in a 2-
fold increase in the levels of PSMB5 protein. Bcl-2 protein levels have also increased
while the levels of tubulin, which was used as loading control remained the same (Fig.
3.21C). Furthermore, mRNA levels of PSMB5 were increased significantly in response to
overexpression of Ad-STAT3 cells as compared to control infected cells (Fig. 3.21D).
This finding corroborates with the observed increase in the protein levels of PSMB5,

suggesting the transcriptional regulation of PSMB5 by STATS3.

3.2.9b Enhanced proteasome activity by overexpression of STAT3

Next, in order to examine whether induction of PSMB5 protein levels would
affect the cellular proteasome activities, PC-3 cells were transiently transfected with
pRC-STAT3 plasmid for 48 h. Results indicate that all the three catalytic activities of the
proteasome were significantly increased by STAT3 overexpression, whereas, no apparent
changes were noticed in the proteasome activities of control plasmid and untransfected
cells. STAT3 overexpression resulted in a significant increase in the chymotrypsin-like
activity (nearly 2.3 fold), trypsin-like (1.5-fold) and caspase-like (1.4-fold) activities (Fig.
3.22C).
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Figure 3.21: Exogenous expression of STAT3 induced PSMB5 expression.
PC-3 cells were transduced with control adenovirus (AdC) or adenovirus
expressing STAT3 (AdSTAT3) and uninfected cells (Ul) for 48 h. Panel A,
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performed for PSMB5, pSTAT3, STAT3 and Bcl2. Tubulin was employed as
loading control. Panel D, Semi quantitative anlaysis of PSMB5, Bcl2 mRNA

levels is shown. 18S RNA used as loading control.
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3.2.9c STAT3 dependent transactivation of PSMB5 promoter

In order to examine whether the regulation of PSMB5 by STAT3 is by virtue of
promoter activation or direct transcriptional regulation, a 965 bp promoter for PSMB5
containing TATA box, 294 bp of 5’-untranslated region and 108 bp of exonl which was
predicted by Matlnspector was subsequently cloned in to pGL3-basic vector. A STAT3-
negative PC-3 cells were employed for experimentation to eliminate any background /
basal regulation by STAT3. Consequently, cells were transfected with the PSMB5
promoter-reporter together with STAT3 plasmid of 250 ng, 500 ng and analyzed for basal
and STATS3 induced promoter activity. STAT3 dose-dependently increased the PSMB5
promoter activity to a maximum of 4.2-fold. In addition, basal promoter activity of
PSMB5 was observed in PC-3 cells as compared to the promoter less vector (Fig. 3.22A).
Furhter, promoter assay lysates showed marked expression of tyrosine phosphorylated
and total STATS3 proteins (Fig. 3.22B).

Collectively, the observed findings clearly demonstrate that forced expression of

STATS3 leads to the induction of PSMB5 protein and proteasomal activities.

3.2.10 Identification of STAT3 responsive sites in the consensus promoters of

proteasome subunits

Results from previous sections suggest a STAT3 dependent regulation of PSMB5
by virtue of its promoter activation resulting in the enhanced transcription (Fig. 3.21- Fig.
3.22). We further reasoned that the presence of putative STAT3 responsive sites in the
promoter or proximal regions of PSMB5 and other subunits of 20S proteasome might be
responsible for the concerted down-regulation by pSTATS3 inhibition. DNA sequence up
to -2 kb from TSS of all the 20S proteasome subunits was analyzed for consensus
sequence for STAT3 protein binding, TTN (4-6)AA (Bard et al., 2009). We found that
most of the subunits of 20S proteasome contains one or more TTN (4-6)AA sites in their
promoter regions (Fig. 3.23).

Discussion
STATS3 is activated persistently in various malignancies and induces oncogenic
processes through expression of various prosurvival genes (Yu et al., 2009). Hence,
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Figure 3.22: Increased PSMB5 promoter and activity by pSTATS3.

Panel A, PC-3 cells in 24 well plates were transfected with wild type promoter
reporter construct of pWT-PSMB5 (100 ng), along with pCMV.SPORT-pGal
plasmid (100 ng) and pRC-CMV-STAT3 plasmid (250, 500 ng) or control
plasmids for 30 h. Cell lysates were prepared for reporter assays. Luciferase
activities were measured by normalizing B-gal and were shown as relative to
control (n=3). Panel B, Lysates employed in reporter assay were analyzed for
p-STAT3, STAT3 and tubulin proteins using specific antibodies. Panel
C, Peptidase activities of proteasome transfected with 1 pug of pRC-CMV-
STAT3 for 30 h is shown. values shown are the mean = SD of three

independent experiments. *p< 0.01 as compared to controls.
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Gene Name/Subunit STAT3
a- Subunits
PSMA1/06
PSMA2/a2 103, 955
PSMA3/a7 486
PSMA4/a3 319, 522
PSMADS5/a5 92, 287, 319
PSMAG6/al 333
PSMA7/a4
B- Subunits
PSMB1/B6 233,742
PSMB2/B4 321
PSMB3/B3 257, 925
PSMB4/B7 657
PSMB5/B5 439, 769
PSMB6/p1 677, 700, 915
PSMB7/p2 647, 703, 713, 933

Figure 3.23: Putative STAT3 binding sites in the promoter regions of 20S

proteasome subunits:
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small-molecule inhibitors of tyrosine-phosphorylated STAT3 are explored actively for
tumor therapy. The inhibition of constitutively active STAT3 induced apoptosis in DU
145 cells (Mora et al., 2002). In the present study, STAT3 inhibitors reduced PSMB5
expression and induced apoptosis (Fig. 3.1-3.4; Fig. 3.12&3.13). Similarly, proteasome
inhibitors also triggered apoptosis, corroborated by increased caspase 3 activity (Fig.
3.18). However, under similar experimental conditions, PSMB5 or phospho-STAT3-Tyr-
705 levels remained unaffected, suggesting that the decrease in the levels of PSMBS5 is
not a general feature of apoptosis. Thus, lower levels of transcriptionally active STAT3
resulted in decreased levels of PSMB5 protein. The possibility of STAT1-dependent
regulation of PSMB5 was ruled out because Stattic selectively binds the SH2 domain of
STAT3 over STATL1 (Schust et al., 2006). In addition, phospho-STAT1 levels were
undetectable in DU 145 cells (Fig. 3.1E), which is in accordance with an earlier report
(Patterson et al., 2006).

A reduction in the mRNA levels of PSMB5 by STAT3 inhibitors further
substantiates STAT3-dependent regulation of PSMB5 (Fig. 3.1-3.4). Moreover, the
MRNA and protein levels of Bcl-2, a known STAT3 target, concomitantly decreased with
PSMBS5, suggesting a transcriptional role of STAT3 (Fig. 3.1-3.4). Furthermore, the
promoter analysis of PSMB5 revealed putative STAT3 binding sites with the canonical
TT(N) 4-6 AA at —439 bp,+87 bp, and +230 bp relative to TSS (Bard et al., 2009).
Accordingly, the PSMB5 promoter was activated in a dose-dependent manner by STAT3.
In addition, exogenous expression of STAT3 in PC-3 cells resulted in the induction of
PSMB5 expression and proteasome activity (Fig. 3.21-3.22). Hence, it is likely that
STATS transcriptionally activates the gene expression and promoter activity of PSMB5
through the STAT3-responsive sites. Earlier studies revealed the transcription factor
binding sites in the promoter regions of proteasome genes mediates the feedback or basal
regulation (Kwak et al., 2006; Meiners et al., 2003; Radhakrishnan et al., 2010; Steffen et
al., 2010; Xu et al., 2012). Further, presence of more than one putative STAT3 sites in
the promoter regions of various subunits of 20S proteasome except PSMA1 substantiates
the concerted regulation by STAT3 (Fig. 3.23). Although putative STAT3 were not
detected in PSMA7Y the down regulation is probably due to indirect regulation or co
activator activity of STATS3.
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Induction of apoptosis unaltered expression and activity of proteasome or its
subunits followed by inhibition of STAT3 in WPMY-1A, LNCaP and PC-3 cells
substantiate the STAT3-dependent regulation of proteasome expression and activity in
pSTAT3 constitutive cells and also apoptosis independent regulation of proteasome in all
these cells (Fig. 3.9-3.11 & Fig. 3.16-3.17). Intriguingly, LNCaP and PC-3 cells
expressed basal levels of PSMBS5 protein when compared to DU 145 cells (Fig. 3.19). An
abundance of proteasome is important for normal cell survival and indispensable for
malignancies (Kisselev et al., 2012). Other oncogenic transcription factors may regulate
the expression of PSMBS5 in cell types lacking constitutive STAT3 levels.

Malignant conditions are often associated with high rates of protein synthesis.
Hence, a wide range of cancers exhibit either higher proteasome activity or subunit
expression or both to overcome this predicament (Bazzaro et al., 2006; Chen & Madura,
2005; Kraus et al., 2007; Ren et al., 2000; Wyke et al., 2004). However, the molecular
determinants responsible for the regulation of proteasome activity remained unclear.
Accordingly, cancer cells shown high levels of proteasome activities and PSMB5
expression when compared to normal cells (Fig. 3.19-3.20). The results of this study
demonstrate, for the first time, that activated STAT3 modulates the proteasome activities
through the regulation of PSMBS5 and other a and B-subunits. Hence, decreased protein
levels of o and B-subunits resulted in reduced proteasome activities in STAT3-suppressed
cells (Fig. 3.12-3.13). However, proteasome inhibitors reduced proteasome activity in
DU 145 cells without affecting the endogenous levels of PSMB5 (Fig. 3.18). This was
probably due to the presence of copious amounts of constitutive STAT3 regulating the
basal expression of PSMB5. Overall, persistently activated STAT3 levels function as an
important determinant of proteasome activity in cell lines harboring constitutive
pSTATS.

Conclusions
Overall the results presented in this chapter show that
(1) pSTAT3 induces or regulates the expression of PSMB5 in pSTAT3 constitutive cells.
(2) STAT3 also activates promoter of PSMBS5.
(3) pSTATS3 regulates the expression of various subunits of 20S proteasome.
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(4) Induction of apoptosis do not regulate the expression of PSMB5.
(5) Cells with low levels or devoid of pSTAT3 regulates proteasome in STAT3
independent manner.

6) pSTATS3 constitutive cells exhibit high levels of proteasome activities and PSMB5.
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4.1 Introduction

EGFR/ErbB1 is a member of ErbB family of receptor tyrosine kinases (RTKSs).
Elevated levels of EGFR expression was widely noticed in several different human
cancers including breast, head and neck, gastric, prostate, NSCL, ovarian, bladder,
colorectal carcinomas and glioblastomas (Yewale et al., 2013). In general,
overexpression of EGFR is associated with advanced disease, poor prognosis and
resistance to hormonal and radio therapies (Akimoto et al., 1999; Chen et al., 2000).
Increased expression of EGFR and its ligands have been identified in prostate tumors.
Autocrine activation of EGFR signaling regulates the growth of androgen independent
prostate cancer cell line, such as, DU145. High levels of EGFR have also been identified
even in androgen independent prostate tumors and is associated with development of
castration resistant prostate tumors (Traish & Morgentaler, 2009). Activation of EGFR by
autocrine pathway in cancer cells could be attributed to several mechanisms, such as,
overexpression of the EGFR, increased concentration of ligand(s), decreased phosphatase
activity, decreased receptor turnover and the presence of aberrant receptors, including
EGFR gene alterations (Yewale et al., 2013).

Activated EGFR results in the activation of several down-stream signaling
pathways, such as, Ras-Raf-MAPK, PI3K-Akt, JAK2-STAT3 that are important for
tumor growth, progression and survival (Nyati et al., 2006). Enhanced EGFR expression
in prostate tumors is associated with the elevated levels of STAT3. In addition to this,
nuclear EGFR has been shown to be associated with STAT3 and involved in the
activation of various genes (Lo & Hung, 2007). Inhibition of proteasome also resulted in
the enhanced expression of EGFR in prostate cancer cells by decreasing receptor
mediated down-regulation. Studies in pulmonary epithelial cells demonstrated an EGF
dependent regulation of Nrf2, a known regulator of proteasome expression (Papaiahgari
et al., 2006). Further, EGF-induced enhancement of ubiquitn proteasome system was
observed in C.elegans (Liu et al., 2011).

Previous studies reported that prostate cancers possess enhanced levels of
EGF/EGFR. Also, STATS3 activation was also found to be dependent on EGF/EGFR.

Even, our observations in the previous chapter also suggest a STAT3 dependent
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regulation of proteasome subunit expression. Hence, in the present study we sought to
delineate the role of EGF/EGFR pathway in the regulation of mammalian proteasome.

4.2 Results
4.2.1 EGF up-regulates the expression of PSMB5

Elevated levels of epidermal growth factor receptor (EGFR) are associated with
loss of androgen regulation resulting in the androgen-independent growth of DU-145
cells (Traish et al., 2009). In addition, aberrant EGFR levels are found to be frequently
associated with activated STAT3 (Yu et al., 2009). Hence, we investigated whether EGF
or VEGF regulates PSMB5 in DU-145 cells. To examine this possibility, serum starved
cells were treated with EGF (100 ng/ml) and VEGF (100 ng/ml) for 24 h. Although
MRNA levels of PSMB5 were induced by both the growth factors, relatively high
induction of PSMB5 was observed in EGF treatments compared to 0, 24 h controls (Fig.
4.1A). Since induction of PSMB5 mRNA was more by EGF, we next investigated
whether EGF induces PSMB5 protein. In order to pursue this, serum starved DU-145
cells were treated with EGF for various time-points till 24 h. Induction of PSMBS5 protein
levels were observed by 3 h and gradually reached to a maximum expression of 2-fold by
24 h (Fig. 4.1B). Based on our earlier results of this thesis (chapter 3) on pSTAT3
dependent up-regulation of PSMB5 expression, we analyzed the expression levels of
pSTAT3 and STAT3 following EGF treatment. The maximal level of PSMB5 protein
was associated with higher phospho-STAT3-Y705 levels, while total STAT3 and tubulin
remained unchanged (Fig. 4.1B). Similar to the protein levels mRNA levels of PSMB5
were also increased from 3h (Fig. 4.1C).

Taken together, these results demonstrate that treatment of DU-145 cells with
EGF induces the mRNA and protein levels of PSMB5 and pSTAT3 levels.

4.2.2 EGF/ EGFR induced expression of PSMB5 requires STAT3 activation

In continuation to the above studies, we hypothesized whether STAT3 would play
a pivotal role in EGF-induced expression of PSMBS5. To elucidate this possibility, serum
starved DU-145 cells were pre-treated with inhibitors of EGFR (324674 (EIl)) or STAT3

(Stattic and WP1066) for 2 h. Subsequently, cells were treated with EGF for 24 h. Similar
79



0 24 EGF VEGF

PSMB5

X X X BI8SRNA

EGF EGFE
0 3 6 18 24 h 0 3 6 18 24 h

et 155 RNA

Figure 4.1: EGF induces the expression of PSMB5.

24 h serum starved DU 145 cells were washed thrice with serum free
medium and treated with EGF (100 ng/ml), VEGF (100 ng/ml). Panel
A, After 24 h of treatment, total RNA was isolated and mRNA expression
levels of PSMB5 were analyzed with semi quantitative RT-PCR. 18S RNA
was used as loading control. Cells were treated with EGF (100 ng/ml) in a
time-dependent manner for 24 h. Panel B, Whole cell lysates were analyzed
for PSMBS5, p-STAT3 and STAT3 proteins by immunoblotting. Tubulin used
as a loading control. Panel C, mRNA levels of PSMB5 was examined by

semi quantitative RT-PCR.
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to earlier observations, EGF-induced PSMB5, pSTAT3, pEGFR protein levels (Fig.
4.2A), which corroborating with earlier observations (Fig. 4.1). Inhibitors of STAT3
down-regulated both basal and EGF induced expression of PSMB5 more profoundly in
Stattic treatments. In addition, inhibition of EGFR also abolished the expression of
PSMB5. The specificity of inhibitors was validated by monitoring the expression of their
down-stream targets, such as, phospho-EGFR and pSTATS3. Under similar experimental
conditions, no gross changes were noticed in the expression levels of EGFR, total STAT3
as well as tubulin, which served as a loading control (Fig. 4.2A).

Previous studies reported that EGF/EGFR can activate down-stream JAK/STAT,
PI3K/Akt and MEK/ERK signaling pathways (Mizoguchi et al., 2006). In order to
identify the precise down-stream pathway of EGF/EGFR responsible for the regulation of
PSMBS5, serum starved cells were pre-incubated with inhibitors of PI3K/Akt (LY294002)
and MEK/ERK (PD98059) for 2 h and then with EGF for 24 h. In agreement with
previous reports, treatment of cells with EGF induced pAkt, pERK1/2, pEGFR levels.
Interestingly, EGF-induced PSMBS5 levels were unaltered by treatments with inhibitors of
PI3K/Akt and MEK/ERK. EGFR inhibitor down-regulated both the basal and EGF
induced PSMB5 protein levels. Efficacy of the individual inhibitor was verified by
monitoring the suppression of their respective down-stream targets, such as, pAkt,
pERK1/2 and pEGFR while panAkt, ERK1/2 and EGFR levels were unaltered by EGF
treatments. Tubulin was employed as a loading control (Fig. 4.3A).

In agreement with protein levels, inhibitors of PI3K/Akt ( LY294002) and
MEK/ERK (PD98059) had no effect on the EGF induced mRNA levels of PSMB5 (Fig.
4.3B). However, PSMB5 mRNA levels were significantly inhibited in cells treated with
either EGFR or STATS3 inhibitors, which substantiates our early observations on the
transcriptional regulation of PSMB5 by STAT3 and EGF (Fig. 4.2B).

Taken together, EGF induced PSMB5 mRNA and protein levels were mediated by
pSTAT3 although other down-stream targets of EGF, such as, PI3K/Akt, MEK/ERK are
activated in DU-145 cells.
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Figure 4.2: Blockade of EGFR, STAT3 down-regulates EGF induced
PSMB?5 expression.

Serum starved DU145 cells were washed and pre-treated for 2 h in the
presence or absence of inhibitors of EGFR (324674 (EI) ; 10 uM), STAT3
(Stattic and WP1066; 10 uM). Later, cells were stimulated with EGF (100
ng/ml) for 24 h. Panel A, Whole cell lysates were subjected to western blot
analysis using specific antibodies of
PSMB5, pSTAT3, STAT3, pEGFR, EGFR. Tubulin was used as loading
control. Panel B, mRNA levels of PSMB5 were examined by semi
quantitative RT-PCR.
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Figure 4.3: EGF induced PSMB5 protein levels were unvaried due to
ERK/MAP and PI3K/Akt inhibition.

After serum starvation for 24 h, DU 145 cells were washed and pre-
incubated for 2 h in the presence or absence of inhibitors of EGFR (324674
(El); 10 uM), MEK/ERK (PD98059; 50 pM), Akt (LY294002; 20 pM).
Subsequently, cells were stimulated with EGF (100 ng/ml) for 24 h. Panel
A, Immunoblot analysis of various proteins expression form whole cell
lysates is shown. All phospho forms served as positive control and non
phospho forms served as loading control along with Tubulin. Panel
B, represents mRNA levels of PSMB5 and 18S RNA.
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4.2.3 Blockade of EGFR coordinately down-regulated the expression of proteasome
subunits

Since EGF/EGFR induced expression of PSMB5 requires pSTAT3 (Result: 4.2.2)
and the results of previous chapter of this thesis (Result: 3.2.3) demonstrated a concerted
down-regulation of 20S proteasome subunits by pSTAT3 inhibition. We surmised
whether EGF also induces the expression of other 20S proteasome subunits. Towards this
end, DU-145 cells were pretreated for 2 h with or without EGFR inhibitor (324674) and
exposed to EGF for 24 h (Fig. 4.4). Although EGF induced the protein levels of various
PSMA (o) and PSMB (B) subunits, high levels of induction was observed in case of
catalytic subunits. EGF induced the expression of PSMB5, PSMB6 and PSMB7 to nearly
2.5 fold, whereas, the expression of PSMB1, PSMB2, PSMB3, PSMB4 and PSMA4
were found to be between 1.5-2-fold. No gross changes were apparent in the PSMAL
protein levels. In accordance with the previous results (Fig. 4.2&4.3), El (324674)
significantly down-regulated both basal and EGF induced catalytic subunits, whereas,
PSMB1, PSMB2, PSMB 3, PSMB4 and PSMA4 were down-regulated by 0.3- 0.5 fold.
However, the levels of PSMAL protein remained unchanged. Even, EGF-induced
PEGFR, pSTAT3 were also abrogated by EIl and under similar treatment conditions, the
levels of EGFR and STAT3 were unaffected. Bcl-2, a known target of STAT3 (hence the
target of EGF) was also induced by EGF and its expression was abolished by EGFR
inhibition (EI) corroborating the observation that EGF regulates proteasomal subunits
through a STAT3 dependent mechanism (Fig. 4.4).

Next, we analyzed the mRNA levels of 20S proteasome subunits in DU-145 cells
treated with EGF in the presence or absence of EGFR inhibitor (Fig. 4.5). Similar to
changes in protein levels, it was observed that mRNA levels of all PSMB1-7 subunits,
PSMA4 of 20S proteasome are up-regulated by EGF treatments, which could be inhibited
following pretreatment of cells with EGFR inhibitor. PSMA1 was relatively unaffected
by EGF or EGFR inhibitor treatments. In addition, EGF induced mRNA levels of
PSMA2, PSMA3, PSMA5, PSMA6 and PSMA7 were also down-regulated by EGFR
inhibitor (Fig. 4.5).

The obtained results suggest that EGF or EGFR induced concerted increase in the
protein levels of 20S proteasome subunits is STAT3 dependent.
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Figure 4.4: Blockade of EGFR down-regulates the expression of EGF
induced various 20S proteasome subunits. Serum starved DU145 cells were
pre-treated in the presence or absence of EGFR inhibitor (324674 (El); 10
uM) for 2 h, subsequently treated with EGF (100 ng/ml) for 24 h. Cells were
harvested and lysates were analyzed with specific antibodies for various
PSMA (o) and PSMB B) subunits of 20S
proteasome, pSTAT3, STAT3, pEGFR, EGFR and Bcl-2. Tubulin was used as
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4.2.4 PSMBS5 protein levels are unresponsive to EGF in STAT3-negative PC-3 cells

PC-3 cells display higher levels of endogenous EGFR and are responsive to EGF
(Gan et al., 2010). Hence, to validate that EGF induced PSMB5 activation requires
STATS3, serum-starved PC-3 cells were pre-treated with EGF pathway inhibitors for 2 h.
Subsequently, cells were treated with EGF for 24 h. EGF induced the phosphorylation of
EGFR (Fig. 4.6A). In contrast, p-STAT3 and STAT3 were undetectable in PC-3 cells.
Moreover, phosphorylation of Akt and ERK was also observed with EGF treatment (Fig.
4.6B). Substantiating our results, PSMB5 mRNA and protein levels remain unaffected by
EGF or pharmacological inhibition of EGFR, ERK, and Akt proteins (Fig. 4.6B).

Taken together, sustained proteasome activities and loss of EGF-induced PSMB5

expression was due to the absence of STAT3 in PC-3 cells.

4.2.5 Feedback regulation of proteasome subunits in prostate cancer cells

Earlier studies reported a feedback up-regulation of proteasome subunits
following proteasome inhibition (Radhakrishnan et al., 2010; Steffen et al., 2010). We
further analyzed whether inhibition of STAT3 would affect the feedback regulation of
proteasome subunits in prostate cells. To examine this, DU 145, LNCaP and PC-3 cells
were treated with optimal concentration of bortezomib or Stattic for 12 h (Fig. 4.7 — 4.9).
Real time-PCR analysis has demonstrated a 2.3-fold induction of PSMB3, 1.5 fold of
PSMBS5, 2.2 fold of PSMB6 and 1.8 fold of PSMAL mRNA levels in bortezomib treated
PC-3 cells (Fig. 4.7). Proteasome inhibition also induced mRNA of PSMB3 by 1.8 fold,
PSMBS5 by 2.2, PSMB6 by 2 fold and 1.9 fold of PSMA1 in LNCaP cells (Fig. 4.8).
Inhibition of pSTAT3 in LNCaP and PC-3 showed similar expression levels of PSMB3,
PSMB5, PSMB6 and PSMA1 which is in agreement with our earlier results (Fig. 4.7 &
4.8). However, Stattic treatment in DU 145 cells reduced the expression levels of PSMB3
to 40 %, PSMBS5 to 20 % and PSMB6 to 40 % while PSMAL levels remained the same as
control. Further, no significant changes in the expression levels of PSMB3, PSMB5,
PSMB6 and PSMAL were observed in bortezomib treated DU 145 cells suggesting that
compromised feedback response in DU-145 (Fig. 4.9).
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Figure 4.6: Lack of STAT3 impedes EGF-induced PSMB5 expression in
PC-3 cells. PC-3 cells after 24 h of serum starvation washed and were pre-
incubated for 2 h in the presence or absence of inhibitors of EGFR (324674
(El); 10 pM), STAT3 (Stattic and WP1066; 10 pM) Panel A: Inhibitors of
EGFR (324674 (El); 10 uM), PI3K/AKT (LY294002; 20 uM) and MEK/ERK
(PD98059; 50 uM) Panel B. Later, cells were stimulated with EGF (100
ng/ml) for 24 h and whole cell lysates were subjected to Western blot analysis

using specific antibodies.
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Figure 4.7: Feed back induction of proteasome sub units are not
regulated by STATS.

PC-3 cells were treated with Bortezomib (100 nM), Stattic (2.5 uM) for 12
h. After termination of treatment total RNA was isolated and mRNA levels
of PSMB3 (Panel A), PSMB5 (Panel B), PSMB6 (Panel C) and PSMAL
(Panel D) were analyzed by Real Time-PCR using 18S RNA as endogenous
control. Values represented are at least three independent experiments
performed in triplicates and are expressed as fold change of expression

relative to control. *p<0.01 compared to control.
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Figure 4.8: Inhibition of pSTAT3 unaltered the feed back induction of
proteasome sub units.

LNCaP cells were treated with Bortezomib (100 nM), Stattic (2.5 uM) for 12
h. After termination of treatment total RNA was isolated. Quantitative RT-
PCR analysis was performed to analyze the mRNA levels of PSMB3 (Panel
A), PSMB5 (Panel B), PSMB6 (Panel C) and PSMA1 (Panel D) using 18S
as endogenous control. Values represented are at least three independent
repeats and are expressed as fold change of expression relative to control.

*p<0.01 compared to control.
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Figure 4.9: Feed back induction of proteasome sub units are regulated by
STATS.

DU145 cells were treated with Bortezomib (100 nM) and Stattic (2.5 uM) for
12 h. Total RNA was isolated and expression of PSMB3 (Panel A), PSMB5
(Panel B), PSMB6 (Panel C) and PSMA1 (Panel D) transcripts were
analyzed by Real Time-PCR using 18S as endogenous control. Values
represented are at least three independent repeats and are expressed as fold

change of expression relative to control (n=3). *p<0.01 compared to control.
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Overall, the present results suggest that feedback up-regulation of proteasome
genes was compensated by constitutively activated pSTAT3 in DU-145 cells.

4.2.6 Bortezomib exacerbates STAT3 inhibitor-induced loss of proteasome
expression, function and cellular apoptosis

Results of previous chapter demonstrated decreased proteasome subunit
expression and activity following inhibition of pSTAT3 in cell lines expressing
constitutively active STAT3 (Fig. 3.1-3.8). In comparison, bortezomib treatments also
reduced proteasome activity, however, PSMB5 protein levels remained unchanged (Fig.
3.22). Moreover, earlier reports have shown synergistic activation of cell death in
response to combined treatments of bortezomib and STAT3 inhibitors in HNSCC cell
lines (Li et al., 2009). Hence, we reasoned that co-treatments employing bortezomib and
STATS3 inhibitor would further reduce the proteasome function and potentiate cell death.
To examine this, DU 145 cells were treated with Stattic, WP1066, bortezomib or a
combination of STAT3 inhibitors with bortezomib for 18 h (Fig. 4.10A). As expected,
chymotrypsin-like activity was decreased to 90% in response to bortezomib. In
comparison, the values were reduced to 70% in WP1066 and 98% in Stattic treated cells.
However, co-treatments with STAT3 inhibitors and bortezomib completely abolished the
chymotrypsin-like activity. In addition, trypsin-like and caspase-like activities of the
proteasome were significantly inhibited in co-treatments (Fig. 4.10A). Further, we
elucidated whether the decreased proteasome activities were indeed due to down-
regulation of proteasome expression by pSTATS3 inhibition. To test this, we determined
the chymotrypsin-like activity of purified 20S proteasome with varying concentrations
0.1 uM, 5 uM, 10 uM of bortezomib and STAT3 inhibitors. Neither Stattic nor WP1066
blocked chymotrypsin-like activity of 20S proteasome in vitro suggesting that lack of
non-specific inhibition of proteasome by both STATS3 inhibitors. In contrast, bortezomib
significantly reduced the chymotrypsin-like activity of 20S proteasome (Fig. 4.10B).
Next, we analyzed the protein levels of PSMB5, which is responsible for the
chymotrypsin-like activity of 20S proteasome. As expected, significantly lower protein
levels of PSMB5 and 20S core complex were observed with co-treatments when
compared to STATS3 inhibitors. Whereas, no marked change in the protein levels of
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Figure 4.10: Synergistic inhibition of proteasome activities by Co treatments
of proteasome and STAT3 inhibitors.

Panel A, DU145 cells were treated with Bortezomib (BTZ, 100 nM) or Stattic (10
uM) or WP1066 (10 uM) or a combination of Bortezomib and STAT3 inhibitors
for 18 h. DMSO was used as a vehicle control. Chymotrypsin-like (CT-
like), trypsin-like (T-like) and caspase-like (C-like) activities of the proteasome
were measured. Panel B, Chymotrypsin-like (CT-like) activity of the purified 20S
proteasome incubated with different concentrations (0.1 uM, 5 puM, 10 uM) of
Bortezomib, Stattic or WP1066. Values represented are atleast three independent

repeats (n=3). *p<0.01 compared to control.
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Figure 4.11: Bortezomib enhanced pSTAT3 inhibition induced loss of
PSMB5 and proteasome expression and function.

DU-145 cells were treated with Bortezomib (BTZ; 100 nM) or Stattic ( 10 uM)
or WP1066 (10 uM) or a combination of bortezomib and STAT3 inhibitors for 18
h. Panel A, Expression levels of PSMB5, pSTAT3, STAT3 and 20S proteasome
core complex were analyzed with immunoblotting. Tubulin used as loading
control. Panel B, Under similar conditions of treatments, levels of poly-
ubiquitinated proteins were determined by immunoblot analysis and fold changes

were normalized to Tubulin, deduced by densitometry.
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Figure 4.12: Enhanced activation of apoptosis by pSTAT3 and proteasome
inhibition. DU-145 cells were treated with Bortezomib (100 nM) or Stattic (10
uM) or WP1066 (10 uM) or a combination of Bortezomib and STAT3 inhibitors
for 18 h. Panel A represents caspase-3 activity of treatments. Values represented
are at least three independent repeats (n=3). *p<0.01 compared to
control, #p<0.01 compared to Bortezomib. Panel B, Cell cycle analysis was
performed employing propidium iodide as described in Materials and Methods.
The percentage of cells in each phase of cell cycle was quantified by flow

cytometry.
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PSMBS5 and 20S proteasome were observed in cells treated with bortezomib alone (Fig.
4.11A). Inhibition of proteasome function is known to result in the accumulation of poly
ubiquitinated proteins (De wilt et al., 2012), we next examined the poly ubiquitinated
protein levels in cells treated either with bortezomib alone or in combination with STAT3
inhibitors. In agreement with our results, co-treatments, individual exposure to STAT3
inhibitors and bortezomib caused an increase in the intracellular levels of poly-
ubiquitinated proteins (Fig. 4.11B). Moreover, a combination regimen of bortezomib with
Stattic or WP1066 resulted in a significant enhancement of caspase-3 enzyme activity in
cells as compared to individual treatments alone. Cellular apoptosis as measured by
caspase-3 activation was increased by 8-fold with bortezomib, 15-fold with Stattic, 10-
fold with WP1066, whereas, the values increased significantly to nearly 30-fold and 22-
fold in co-treatments of bortezomib with Stattic and WP1066 respectively (Fig. 4.12A).
The obtained result was further supported by flow cytometric analysis of cells treated
with bortezomib and STATS3 inhibitors. Flow cytometry analysis of cell cycle events
revealed that the percentage of cells accumulated at sub-G1 phase of cell cycle to be
90%, 82% and 60% in Stattic, WP1066 and bortezomib treated cells respectively.
However, nearly 98% of cells were accumulated in sub G1 phase of cell cycle in co-
treatments employing bortezomib and STAT3 inhibitors (Fig. 4.12B).

Taken together, co-treatments of bortezomib with inhibitors of STAT3

synergistically increased proteasomal dysfunction and enhanced cellular apoptosis.

Discussion
Androgen-independency of DU 145 cells has been shown to be associated with
the higher levels of EGFR. In addition, aberrant EGFR levels are found to be frequently
associated with activated STAT3 (Traish et al., 2009; Yu et al., 2009). Accordingly,
EGF-induced expression of PSMB5 mRNA and protein levels correlated with
concomitant induction of pSTAT3 in DU 145 cells. This further substantiates the results
from the previous chapter of this thesis on STAT3 dependent regulation of PSMB5.
STATS3 has been shown as one of the targets of EGF signaling in addition to the PI3K
and ERK pathways (Mizoguchi et al., 2006). In line with this concept, EGF increased the
levels of pERK1/2, pAKT along with pSTAT3 in DU 145 cells. However, EGF induced
84
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activation of the PI3K or ERK pathway did not affect PSMB5 expression in DU 145 (Fig.
4.3). In contrast, EGF-dependent activation of p-STAT3 induced PSMB5 protein in DU
145 cells. Hence, EGF-activated STAT3 possibly regulates the expression of subunits of
the 20S proteasome and may contribute to the optimal growth of DU 145 cells through
efficient protein homeostasis. In support of these observations, recent studies in
Caenorhabditis elegans also demonstrated that EGF signaling activates the ubiquitin
proteasome system to modulate the life span of the worm (Liu et al., 2011). In contrast,
activation and inhibition of EGFR did not alter the expression of PSMB5 in PC-3 cells
which are STAT3 negative. Further, inhibition of EGF induced activation of the PI3K or
ERK pathways did not affect PSMB5 expression in PC-3 cells which corroborates with
the earlier results that EGF induced activation requires STAT3 (Fig. 4.6). This would also
suggest that proteasomes of PC-3 cells may be regulated by factors other than EGFR or
other transcription factors.

Proteasome genes have been shown to be regulated coordinately by Nrfl and Nrf2

in response to proteasome inhibition (Kwak et al., 2006; Meiners et al., 2003; Steffen et
al., 2010; Radhakrishnan et al., 2010). In line with this observation, EGF induced various
proteasome subunits are concertedly down-regulated by inhibition of EGFR (Fig. 4.4-
4.5). This finding further substantiates the results from the previous chapter that
inhibition of pSTAT3 coordinately down-regulated various proteasome subunits (Fig.
3.5-3.6) and EGF induced expression of PSMB5 requires STAT3 (Fig. 4.2).
Inhibition of proteasome resulting in the elevated levels of proteasome synthesis by
feedback response was reported in LNCaP and other cells (Radhakrishnan et al., 2010).
In agreement with these results, feedback response of proteasome subunits was observed
in LNCaP and PC-3 cells (Fig. 4.7-4.8) with bortezomib but not in Stattic treatments (Fig.
3.9-3.10). Xu et al., 2008 demonstrated a diminished feedback expression of proteasome
genes in cancer cells in response to proteasome inhibitors due to constitutively active
feedback response. Accordingly, no significant feedback induction was observed in DU
145 treatments with bortezomib. In addition, reduced levels of PSMBs by Stattic suggest
a compromised feedback response or STAT3 dependent regulation of feedback response
(Fig. 4.9).
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STATS3 inhibitors impair cellular proteasome activities, leading to accumulation
of poly-ubiquitinated proteins similar to proteasome inhibitors (Fig. 4.11B). However,
STATS3 inhibitors do not interact with mammalian proteasome subunits because the
molecular structures of STAT3 inhibitors differ markedly from known structural classes
of proteasome inhibitors. The lack of inhibition by STAT3 inhibitors on chymotrypsin-
like activity of the purified 20 S proteasome clearly indicates that there is no cross-
reactivity between the STAT3 inhibitors and the proteasome per se (Fig. 4.10B). Overall,
persistently activated STAT3 levels function as an important determinant of proteasome
activity in cell lines harboring constitutive STAT3. PSMB5 is the molecular target of
bortezomib, a Food and Drug Administration-approved proteasome inhibitor used
clinically to ameliorate relapsed multiple myeloma and mantle cell lymphoma (Fisher et
al., 2006; Richardson et al., 2003). However, bortezomib resistance mechanisms pose a
major obstacle in clinical therapy (Chen et al.,, 2011). The status of PSMB5 was
elucidated in bortezomib-resistant cell line models. These studies suggested that
bortezomib resistance was either due to mutations in or overexpression of the PSMB5
subunit (Lu et al., 2009; Ri et al., 2010). However, observations from these cell line
models remain unverified in clinical samples (Leung et al., 2013; Lichter et al., 2012;
Politou et al., 2006). In addition, the feedback regulation of proteasome gene expression
also contributes to bortezomib resistance (Xie, 2010). Hence, constitutively activated
STATS levels in cancers may presumably circumvent the effect of bortezomib regimen
through up-regulation of PSMB5 protein. Therefore, co treatment with bortezomib and an
inhibitor of STAT3 may suppress bortezomib resistance. Because STAT3 regulates the
basal expression of various subunits, blockade of STAT3 activation may, in part,
alleviate the feedback response to proteasome inhibition. Moreover, lower expression of
proteasome subunits reduces the number of active sites required for proteasome
inhibition. In agreement with this hypothesis, knockdown of the 20S core subunits of the
proteasome sensitized HCT116 cells to bortezomib (Chen et al., 2010). Therefore, co
treatment involving bortezomib and STATS3 inhibitors might prove useful to inhibit
proteasome function and STAT3 signaling in cancers (Fig. 4.12). Overall, the findings of
STAT3 dependent PSMB5 regulation underscore an alternative mechanism for
bortezomib insensitivity. Overall, the findings of the present study suggests that the
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oncogenic properties of STAT3 regulates the expression of PSMB5 and other subunits
and activities of the mammalian proteasome and this feature may be responsible for

supporting the malignant progression.

Conclusions:

Overall the results presented in this chapter show that

(1) EGF/EGFR induces the expression of PSMB5.

(2) pSTAT3 is essential for EGF/EGFR induced expression of PSMB5.

(3) EGFR regulates the expression of various 20S proteasome subunits.

(4) Constitutive feedback response was mediated by pSTAT3 in DU 145 cells.
(5) Synergistic abrogation of proteasome and cell viability by co-treatments of

proteasome and STATS3 inhibitors.
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Summary

Overexpressed as well as endogenous pSTAT3 regulates the expression of PSMB5

and cellular proteasome activity.

pSTATS3 regulates the proteasomal subunits, PSMB5, and cellular proteasome
activities in pSTATS3 constitutive cells, as inhibition of pPSTAT3 decreased the
expression of PSMB5 and proteasome activities.

Adenoviral mediated expression of pSTAT3 induced the expression of PSMB5
MRNA and protein levels.

Overexpression of pSTAT3 induced PSMB5 promoter and proteasome
activities.

Apoptosis independent regulation of proteasome was evidenced by the lack of
apparent changes in the expression of PSMB5 and proteasome activities by
inducers of apoptosis.

PSMBS5 expression is not dependent on STAT3 in cells expressing either low
levels or devoid of pSTATS3, as blocking of pSTAT3 unaffected proteasome
activities and PSMB5 expression.

Elevated levels of pSTATS3 directly correlates with the proteasome expression
and activities as shown by enhanced expression of PSMB5 and proteasome
activities in pSTATS3 constitutive cells.

pSTAT3 mediates constitutive feedback up-regulation of proteasome, as
inhibition of proteasome function diminished up-regulation of proteasome
subunits in pSTATS3 constitutive cells, but not, in pPSTAT3 negative cells.
EGF/EGFR induced PSMB5 expression requires pSTAT3 as suppression of
pSTATS3, but not, PI3K/Akt, MEK/ERK down-regulated the expression of
PSMBS.

Blockade of EGFR down-regulated the expression of various 20S proteasome
subunits.

Synergistic effects following co-treatments with STAT3 and proteasome
inhibitors on proteasomal dysfunction and cell viability suggests that
combination treatment with STAT3 inhibitors as a promising approach for

improving the therapeutic efficiency of bortezomib in cancer treatment.
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Background: Malignancies are frequently associated with altered abundance of proteasome and elevated proteasome

activity.

Results: EGF-induced PSMB5 expression requires STAT3 activation.
Conclusion: The catalytic subunits and activities of the mammalian proteasome are regulated by STAT3.
Significance: Proteasome function is regulated by oncogenic signaling.

The ubiquitin-proteasome system facilitates the degradation
of ubiquitin-tagged proteins and performs a regulatory role in
cells. Elevated proteasome activity and subunit expression are
found in several cancers. However, the inherent molecular
mechanisms responsible for increased proteasome function in
cancers remain unclear despite the well investigated and
defined role of the mammalian proteasome. This study was ini-
tiated to elucidate the mechanisms involved in the regulation of
B subunits of the mammalian proteasome. Suppression of
STAT3 tyrosine phosphorylation coordinately decreased the
mRNA and protein levels of the 3 subunits of the 20 S core com-
plexin DU145 cells. Notably, PSMB5, a molecular target of bort-
ezomib, was shown to be a target of STAT3. Knockdown of
STAT3 decreased PSMB5 protein. Inhibition of phospho-
STAT3 substantially reduced PSMB5 protein levels in cells
expressing constitutively active-STAT3. Accumulation of acti-
vated STAT3 resulted in the induction of PSMB5 promoter and
protein levels. In addition, a direct correlation was observed
between the endogenous levels of PSMB5 and constitutively
active STAT3.PSMB5 and STAT3 protein levels remained unal-
tered following the inhibition of proteasome activity. The EGF-
induced concerted increase of B subunits was blocked by inhi-
bition of the EGF receptor or STAT3 but not by the PI3K/AKT
or MEK/ERK pathways. Decreased proteasome activities were
due to reduced protein levels of catalytic subunits of the protea-
some in STAT3-inhibited cells. Combined treatments with
bortezomib and inhibitor of STAT3 abrogated proteasome
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activity and enhanced cellular apoptosis. Overall, we demon-
strate that aberrant activation of STAT3 regulates the expres-
sion of B subunits, in particular PSMB5, and the catalytic activ-
ity of the proteasome.

The ubiquitin-proteasome system facilitates the degradation
of regulatory and abnormal proteins. Polyubiquitinated pro-
teins are targeted for degradation by the 26 S proteasome. The
19 Sregulatory complex recognizes polyubiquitinated proteins,
whereas proteolytic activity resides within the 20 S catalytic
core of the 26 S proteasome. The 20 S proteasome is comprised
of two outer « and two inner 3 rings (a3Ba). Each of the a and
B rings consists of seven subunits, termed al-a7 and B1-B7.
The o subunits maintain the structure, whereas the core B rings
contains proteolytically active subunits such as PSMB5 (35,
chymotrypsin-like), PSMB6 (1, caspase-like), and PSMB7 (32,
trypsin-like). The proteasome activity is controlled stringently
and attuned to cellular requirements. Aberrations of this path-
way lead to pleiotropic defects in all aspects of cell function.
Because of their indispensable role, inhibitors of the protea-
some are routinely used as antineoplastic agents in clinics
(1-4). Most of the proteasome inhibitors target the chymotryp-
sin-like activity of PSMB5, although they coinhibit the caspase-
like and/or trypsin-like activity at higher concentrations. Bort-
ezomib, a peptide boronic acid congener, is used clinically as a
frontline therapy for multiple myeloma as a single agent or in
combination with standard therapies. Bortezomib binds and
inhibits the chymotrypsin-like activity of the PSMB5 subunit.
However, resistance to bortezomib develops in a majority of
patients, thereby limiting its clinical efficacy (5-7). Hence, elu-
cidation of the mechanism of regulation of PSMB5 is impera-
tive to identify the molecular basis of bortezomib resistance.

Suppression of the proteasome activity or autophagy in
mammalian cells by pharmacological inhibitors results in the
induction of PSMB5 and other proteasome genes in a concerted
manner (8, 9). Nrfl and Nrf2 are key transcription factors
involved in the up-regulation of proteasome genes in response
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to proteasome inhibition. Under normal conditions, Nrfl
undergoes endoplasmic reticulum-mediated degradation,
whereas Keapl-bound Nrf2 is degraded by the ubiquitin-pro-
teasome system. In response to proteasome inhibition, these
transcription factors translocate to the nucleus and form
heterodimers with Maf proteins. The Nrfl/Maf or Nrf2/Maf
heterodimers transactivate proteasome genes through the anti-
oxidant response elements in the promoters (10-12). Brain-
specific, conditional knockout mice of Nrfl exhibit a coordi-
nated down-regulation of the basal levels of various
proteasomal genes (13). Conversely, endogenous levels of pro-
teasome subunits remain unaltered in mouse embryonic fibro-
blasts of nrfl- and nrf2-disrupted mice (11). Therefore, on the
basis of these observations, Nrfl or Nrf2 largely regulate the
feedback response to proteasome inhibition and contribute
minimally to the basal expression of proteasome genes. How-
ever, the transcription factors that regulate the basal level
expression of proteasome subunits are largely unknown (14).

Neoplastic growth is frequently associated with increased
proteasome activity and subunit expression to maintain protein
homeostasis (15-19). Because of their stringent mode of acti-
vation, Nrfl and Nrf2 are unlikely to promote the increased
proteasome subunit expression in malignancies unless they are
deregulated. Accordingly, colon tumors showed a gain of pro-
teasome activity because of increased nuclear localization of
Nrf2 (20). Thus, to cope with increased proteasome function in
malignancies, it is plausible that the proteasome genes are reg-
ulated coordinately by oncogenic transcription factor(s). In this
study, we investigated the mechanisms underlying increased
proteasome subunit expression and activity in cell lines harbor-
ing oncogenic STAT3 protein. Importantly, PSMB5 has been
shown to be a STAT3 target.

EXPERIMENTAL PROCEDURES

Cell Culture and Transfections—All cell lines were purchased
from the ATCC and maintained at 37 °C in a humidified incu-
bator with 5% CO,. DU145, A549, HeLa, MDA-MB-231, and
LNCaP cells were cultured in DMEM with 10% FBS. HEK293T
and PC-3 cells were grown in minimal essential medium and
F12, respectively, supplemented with 10% FBS. Transfections
were carried out using Lipofectamine 2000 reagent (Invitrogen)
according to the instructions of the manufacturer. All plasmids
for transfection were prepared using Qiagen columns (Hilden,
Germany). DU145 cells were washed three times with medium
without serum following 24 h of serum starvation. Human EGF
(catalog no. 324831, Calbiochem, Darmstadt, Germany) was
added whenever required at a final concentration of 100 ng/ml.

Chemicals, Expression Vectors, and Antibodies—Stattic (cat-
alog no. 573099), WP1066 (catalog no. 573097), EGFR inhibi-
tor 324674 (EI)? (catalog no. D00067055), PI3K/AKT inhibitor
LY294002 (catalog no. 440202), and MEK/ERK inhibitor
PD98059 (catalog no. 513000) were obtained from Calbiochem.
Bortezomib was from Natco Pharma, India. The pRC/CMV/
STAT3-FLAG expression construct was a gift from Dr. Vijay

3 The abbreviations used are: El, EGFR inhibitor; DMSO, dimethyl sulfoxide;
p-STAT3, tyrosine 705-phosphorylated STAT3; EGFR, EGF receptor; Ac,
acetyl; AMC, 7-amino-4-methyl coumarin.
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Gupta (Scripps Research Institute). Resveratrol (catalog no.
R5010); epoxomicin (catalog no. E3652); MG-132 (catalog
no. C2211); a purified fraction of 20 S proteasome (catalog no.
P3988); and antibodies for PSMB5 (catalog no. SAB2101895),
GFP (catalog no. G1546), ubiquitin (catalog no. U5379), and
tubulin (catalog no. T5168) were from Sigma-Aldrich. Bcl-2
(catalog no. sc-492) antibody was from Santa Cruz Biotechnol-
ogy. AKT (catalog no. 4691), phospho-AKT-Ser-473 (catalog
no. 4060), ERK1/2 (catalog no. 4695), phospho-ERK1/2 (catalog
no. 4370), EGER (catalog no. 4267), phospho-EGFR-Tyr-1068
(catalog no. 3777), STAT1 (catalog no. 9175), phospho-
STAT1-Tyr-701 (catalog no. 9167), STAT3 (catalog no. 9132),
and phospho-STAT3-Tyr-705 (catalog no. 9145) were from
Cell Signaling Technology (Danvers, MA). The antibodies for
the B subunits and 20 S proteasome core (catalog no. PW 8905)
were from Enzo Life Sciences. The secondary antibodies anti-
mouse IgG HRP (catalog no. NA9310) and anti-rabbit IgG HRP
(catalog no. NA9340) were from Amersham Biosciences
Pharmacia.

Construction of siRNA—The shRNAs targeting STAT3 were
constructed using a U6 promoter-based vector as described
previously (21). The desired synthetic oligonucleotides target-
ing the nucleotide sequences of STAT3 (NM_139276.2) were
annealed and cloned into the BbsI-Xbal-digested mU6 pro vec-
tor. The two sequences of oligonucleotides cloned were
STAT3shl (5'-tttgCAATGGAGTACGTGCAGAAGAttcaaga
gaTCTTCTGCACGTACTCCATTGttttt-3'); and STAT3sh2
(5'-tttgAGGAGGAGGCATTTGGAA AGTttcaagagaACTT-
TCCAAATGCCTCCTCCTtt ttt-3"). This vector expressed the
sense, 9 bp of hairpin, and antisense sequence. The mU6pro
vector expressing shRNA of an unrelated sequence of the same
length was used as a control (21).

Measurement of Caspase 3 Activity—Following treatment,
cell pellets were washed twice with phosphate-buffered saline
and suspended in lysis buffer (50 mm HEPES (pH 7.4) contain-
ing 5 mm CHAPS and 5 mm DTT) for 15 min on ice. Subse-
quently, cells were centrifuged for 15 min at 14,000 X g under
cold conditions, and clear supernatant was collected. The
supernatant was added to assay buffer (20 mm HEPES (pH 7.4),
2mMm EDTA, 0.1% CHAPS, and 5 mMm DTT) containing caspase
3 substrate (Ac-DEVD-AMC, 40 uM) in a final volume of 100 ul
as described earlier (22). The incubation was performed for 1 h
at 37 °C with readings recorded at 5-min intervals. Fluores-
cence released by AMC was measured at 360-nm and 460-nm
excitation and emission wavelengths, respectively. Values were
normalized to protein concentration and expressed as fold
change of activity relative to DMSO control.

Construction of Adenoviral Vectors—Adenoviral vectors
were generated using the AdEasy™ adenoviral vector system
from Stratagene. The cDNA was isolated from the pRC-CMV-
FLAG-mSTAT3 plasmid by PCR and cloned into the Notl/
Xhol site of pAdtrack-CMV plasmid coexpressing green fluo-
rescent protein as a marker to monitor infection efficiency. The
c¢DNA was under the control of the CMV promoter terminated
by the simian virus 40 (SV40) polyadenylation signal, resulting
in pAdSTAT3. The pAdtrack-CMV plasmid was utilized as a
control vector. The adenoviruses were generated as described
previously (23).
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Cloning of the PSMBS Promoter and Luciferase Assays—
Genomatix software predicted a 965-bp PSMB5 promoter. The
sequence was amplified by PCR employing human genomic
DNA with sequence-specific primers (PSMB5, 5'-GGGGTAC-
CTGGTACATATTTATGCAGTCTC AACCGTC-3" (for-
ward) and 5-CCGCTCGA GACTGAGACTCCCTGGAC-
CTAGATCCAG-3" (reverse)). Subsequently, the PSMB5
promoter was cloned into the pGL3-basic luciferase vector and
sequenced to ensure the absence of mutations. The sequence
matched with Homo sapiens chromosome 14 with sequence
identification NC_000014.8 from nucleotides 23,503,983—
23,504,947. Putative transcription factor binding sites were
determined by using MatInspector from Genomatix software.
To determine the promoter activity, PC-3 cells plated in 12-well
plates were transfected with 100 ng of pWT-PSMB5 promoter-
reporter construct and required concentrations of STAT3 plas-
mids. The plasmid concentrations were kept constant at 1 ug
by the addition of control plasmids. 30 h post-transfection, cel-
lular lysates were prepared for luciferase activity assays accord-
ing to protocols described by Promega. Relative luciferase
activities were calculated after normalizing the values with
B-galactosidase enzyme activities (24).

Measurement of Proteasome Activities—Peptidase activities
of the proteasome were measured in cellular lysates by the addi-
tion of 50 uM fluorogenic peptide substrates, Suc-Leu-Leu-Val-
Tyr-AMC (for chymotrypsin-like), Z-Ala-Arg-Arg-AMC (for
trypsin-like) and Z-Leu-Leu-Glu-AMC (for caspase-like activ-
ity) in assay buffer (50 mm Tris-HCI (pH 7.8), 20 mm KCl, 5 mm
MgCl,, and 1 mm dithiothreitol). The reaction mixture was
incubated for 20 min at 37 °C. Later, the reaction was stopped
by the addition of 125 mm sodium borate buffer (pH 9.0) con-
taining 7.5% ethanol, as described previously (12). Fluorescence
released by AMC was measured at 360-nm and 460-nm excita-
tion and emission wavelengths, respectively, in an EnSpire mul-
timode plate reader (PerkinElmer Life Sciences). Enzymatic
activities were normalized to protein concentration and
expressed as a percentage of activities relative to the DMSO
control.

RT-PCR—Total RNA was isolated using TRIzol reagent
(Invitrogen). Semiquantitative RT-PCR was carried out as
described previously (21). RNA was reverse-transcribed using
reagents from the first-strand cDNA synthesis kit (Invitrogen).
The PCR conditions for PSMB1-PSMB7 were one cycle of 3
min at 95 °C, 1 min at 95 °C, 1 min at 56 °C, and 1 min at 72 °C
and one cycle of 7 min final extension at 72 °C. The primers
employed for the amplification of individual subunits were as fol-
lows: PSMB1, 5'-TTTCGCCCTACGTTTTCAAC-3' (forward)
and 5'-TACAGCCCCCTTTCCTTCTT-3’ (reverse); PSMB2,5'-
AAGGCCCCGACTATGTTCTT-3' (forward) and 5'-AGGTT-
GGCAGATTCAGGATG-3' (reverse); PSMB3, 5'-GAAGGGG-
AAGAACTGTGTGG-3' (forward) and 5'-CCTGGTGGTGAT-
TTTGTCCT-3' (reverse); PSMB4, 5'-TCAGTCCTCGGCGTTA-
AGTT-3' (forward) and 5'-GCTTAGCACTGGCTGCTTCT-3’
(reverse); PSMB5, 5'-CCATACCTGCTAGGCACCAT-3' (for-
ward) and 5'-GCACCTCCTGAGTAGGCATC-3' (reverse);
PSMB6, 5'-CCTATTCACGACCGCATTTT-3' (forward) and
5-TCCCGGTAGGTAGCATCAAC-3' (reverse); PSMB7, 5'-
GCAACTGAAGGGATGGTTGT-3' (forward) and 5 -AAACT-
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AGGGCTGCACCAATG-3' (reverse); 18 S, 5'-CCTGCGGCT-
TAATTTGACTC-3' (forward) and 5'-ATGCCAGAGTCT-
CGTTCGTT-3' (reverse); and Bcl2, 5'-CTACGAGTGGG-
ATGCGGGAGATGT-3' (forward) and 5'-GGTGCCGGT-
TCAGGTACT CAGTCATC-3’ (reverse). PSMBI, 3, and 4
were amplified for 27 cycles. PSMB2 and 5 were amplified for
25 cycles. PSMB6 and 7 were amplified for 22 cycles. Bcl-2
and 18 S RNA were amplified for 28 and 18 cycles, respec-
tively, in 25-ul volumes of PCR mixture (Fermentas) in an
Eppendorf Master Cycler®.

Western Blot Analysis—Following treatments, cells were
washed twice with PBS and lysed in 1X SDS sample buffer.
Proteins were separated on 10% SDS-polyacrylamide gels and
transferred onto nitrocellulose membranes. The membranes
were washed twice with Tween Tris-buffered saline before
blocking nonspecific binding with 5% nonfat dry milk (Blotto,
Santa Cruz Biotechnology) or 3% bovine serum albumin. The
primary antibodies were used at 1:1000 dilutions, and the mem-
brane was incubated for 2 h at room temperature. The phos-
phoproteins were detected using primary antibodies at 1:500
dilution and incubation of 2 h at room temperature in 0.3% BSA
containing Tween-Tris-buffered saline. The membranes were
washed three times, and the detection was performed by using
horseradish peroxidase-conjugated secondary antibody as
described previously (21).

Statistical Analysis—Statistical differences were calculated
using Student’s ¢ test. When significant differences were observed,
p values for pairwise comparisons were calculated by employing a
two-tailed ¢ test. p < 0.01 was considered significant.

RESULTS

Suppression of Activated STAT3 Down-regulated PSMBS5
Expression—Bortezomib treatment of head and neck squa-
mous cell carcinoma cell lines lead to a significant up-regula-
tion of total and phosphorylated STAT3 (25). In another study,
bortezomib-resistant clones of human monocytic cells (THP1
cell line) manifested a marked increase in PSMB5 protein levels
(26). These observations suggest a possible role of STAT3 in the
regulation of PSMB5 expression. To explore this, we opted for
DU145 cells, which harbor aberrantly high levels of activated
STAT3 (27). DU145 cells were treated with Stattic, an inhib-
itor of STAT3, at 10 wM concentrations for various time
periods (28). Stattic treatment resulted in the down-regula-
tion of STAT3 tyrosine phosphorylation (p-STAT3) from 3 h
onwards, whereas total STAT3 protein levels remained unaf-
fected. The protein levels of Bcl-2, a target of STATS3, also
decreased significantly by 3 h of treatment. Similar to p-STAT3
and Bcl-2, PSMB5 protein levels also decreased correspond-
ingly. Moreover, PSMB5 protein levels were undetectable from
12 h of treatment (Fig. 14). To validate the observations with
Stattic, we employed another STAT3 inhibitor, WP1066 (29).
Treatment with WP1066 resulted in a significant reduction of
PSMBS5 protein levels by 18 h. p-STATS3 levels also concomi-
tantly decreased from 18 h of treatment. Similar to Stattic,
STAT3 protein levels remain unchanged in WP1066-treated
cells (Fig. 1B). The difference in the inhibition of p-STAT3 pro-
tein levels in Stattic- and WP1066-treated cells was probably
due to differences in the efficacy of the inhibitors. Previous
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FIGURE 1. STAT3 inhibitors reduce PSMB5 expression in DU145 cells. A
and B, DU145 cells were treated with Stattic (10 um) or WP1066 (10 um) for
different time periods. DMSO was used as a vehicle control (C). Following
termination of treatment, cells were harvested and subjected to Western blot
analysis employing specific antibodies for PSMB5, p-STAT3, STAT3, and Bcl-2.
The p-STAT3/STAT3 antibodies detect the e and Bisoforms of STAT3. Tubulin
was used as a loading control. C, DU145 cells were treated with different
concentrations of resveratrol (25-100 um) for 24 h, and an immunoblot anal-
ysis was performed for proteins. D, DU145 cells were treated with Stattic (10
um) for 3-24 h. Following treatment, total RNA was isolated. PSMB5 and Bcl-2
mRNA levels were examined by semiquantitative RT-PCR. 18 S RNA was used
as a loading control. E, DU145 cells were transfected with 2 ug of STAT3
shRNA constructs for 30 h. Scrambled shRNA was employed as control. GFP
and tubulin were used as transfection and loading controls. Cells were har-
vested 30 h after transfection and probed for PSMB5, p-STAT3, STAT3, and
Bcl-2 proteins. F, p-STAT1 and STAT1 protein levels were analyzed in DU145
cells treated with Stattic (10 um) for the indicated time intervals. RT-PCR anal-
ysis and Western blot images were from pooled samples of triplicate cultures,
and data are representative of three independent experiments.

studies report that resveratrol inhibits Src tyrosine kinase activ-
ity and, thereby, blocks STAT3 phosphorylation in DU145 cells
(30). To further confirm STAT3-dependent PSMB5 subunit
expression, we employed resveratrol. Treatment of DU145 cells
with resveratrol suppressed p-STAT3 levels in a dose-depen-
dent manner. The reduction in p-STAT3 levels was associated
with decreased PSMB5 protein levels in resveratrol-treated
cells (Fig. 1C). Further, STATS3 inhibition drastically reduced
the mRNA levels of PSMB5 (Fig. 1D). The decrease in protein
levels was preceded by reduced mRNA levels of PSMB5 in Stat-
tic-treated cells. To provide further evidence for the require-
ment of STAT3 in the regulation of PSMB5, we employed a
STAT3-directed shRNA. Both constructs of STAT3 shRNA
significantly knocked down total STAT3 and p-STAT3 protein
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FIGURE 2. Suppression of p-STAT3 reduces mRNA and protein levels of
subunits of the 20 S core complex. A, DU145 cells were treated with Stattic
at5 umand 10 um concentrations for 24 h. DMSO was used as a vehicle control
(Q). Total proteins from control- and Stattic-treated cells were subjected to
Western blotting using antibodies against 8 subunits, p-STAT3, STAT3, Bcl-2,
and tubulin. B, DU145 cells were treated with Stattic (5 umand 10 um) for 24 h.
Later, semiquantitative RT-PCR analysis was performed for the mRNA levels of
B subunits, Bcl-2, and 18 S RNA. Data are representative of three separate
experiments.

levels. In accordance with our earlier observations, knockdown
of STAT3 protein resulted in lower PSMB5 protein levels (Fig.
1E). To validate the specificity of STAT3 inhibitors, Stattic-
treated DU145 cells were analyzed for p-STAT1 levels. Notably,
the tyrosine-phosphorylated STAT1 levels were undetectable
in DU145 cells, and total STAT1 levels also remained
unchanged (Fig. 1F). Overall, pharmacological inhibition and
shRNA-mediated down-regulation of STAT3 levels decreased
PSMB5 protein in DU145 cells. Thus, STAT3 activation is
essential for PSMB5 expression.

Coordinated Decrease of B Subunits of Proteasome because of
STAT3 Inhibition—Previous reports demonstrated that pro-
teasome genes are regulated coordinately through a common
transcription factor (10 —12). Because the expression of PSMB5
is regulated by STAT3, we analyzed whether the other 3 sub-
units are also regulated coordinately by STAT3. To test this
assumption, we treated DU145 cells dose-dependently with
Stattic for 24 h. It was observed that, like PSMBS5, protein levels
of PSMB6, PSMB7, and other 8 subunits decreased signifi-
cantly in a concerted manner in STAT3-inhibited cells (Fig.
2A). Stattic also decreased the levels of p-STAT3 and Bcl-2
protein levels. Next, under similar treatment conditions, we
examined the mRNA levels of other 8 subunits. Similar to pro-
tein levels, the mRNA levels of B subunits decreased substan-
tially in Stattic-treated cells (Fig. 2B). Thus, blockade of acti-
vated STAT3 coordinately reduced the mRNA and protein
levels of the B subunits of the proteasome in DU145 cells.

Stattic Down-regulated PSMBS Protein Levels and Decreased
Proteasome Activities—In addition to DU145, other cancer cell
types, such as the A549, HeLa, and MDA-MB-231 cell lines,
display constitutively active STAT3 (31, 32). Hence, we ana-
lyzed whether suppression of p-STAT3 affects PSMB5 protein
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FIGURE 3. STAT3 inhibition decreases PSMB5 protein levels and protea-
some activities in cell lines possessing constitutively active STAT3. A-C,
panels of cell lines harboring constitutively active STAT3 were treated with
Statticat 10 um and 20 um concentrations for 24 h. Whole-cell lysates of A549,
Hela,and MDA-MB-231 cells were analyzed for PSMBS5, p-STAT3, STAT3, Bcl-2,
and tubulin by Western blotting. DMSO served as vehicle control (C). Data are
representative of three separate experiments. D-F, chymotrypsin-like (CT-L),
trypsin-like (T-L), and caspase-like (C-L) activities of the 20 S proteasome in
A549, HelLa, and MDA-MB-231 cells under similar conditions of treatment as
in A-C. G, DU145 cells were treated with Stattic (5 um and 10 um) for 24 h, and
20 S proteasome activities were measured as described under “Experimental
Procedures.” The obtained activities were normalized to protein concentra-
tion and expressed as a percentage of activities relative to the DMSO control
(n = 3). D-G, data are mean = S.D. of three independent experiments. *, p <
0.01 compared with controls.

levels as observed in DU145 cells. Consequently, these cell lines
were treated in a dose-dependent manner with Stattic for 24 h.
Concomitant with a decrease of p-STAT3 levels in Stattic-
treated A549 cells, PSMB5 and Bcl-2 protein levels were also
reduced (Fig. 34). PSMB5 protein levels also decreased in the
HeLa and MDA-MB-231 cell lines because of compromised
activation of p-STAT3 (Fig. 3, B and C). Previous studies in
yeast showed that loss of one of the proteasome genes reduced
proteasome assembly and activity (33). Because PSMB5 protein
levels decreased due to inhibition of p-STAT3, we hypothesized
that chymotrypsin-like activity would reflect the reduction of
subunit expression. Hence, we monitored the proteasome
activities in cells that harbor constitutively active STAT3. Chy-
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FIGURE 4. Overexpression of STAT3-induced PSMB5 promoter and pro-
tein. A, PC-3 cells were infected with control adenovirus (AdC) or adenovirus
expressing the STAT3 gene (AdSTAT3) and uninfected cells (Ul). Following
48 h of infection, Western blotting was performed from cell lysates with anti-
bodies of PSMB5, p-STAT3, STAT3, and tubulin. The fold induction of PSMB5
was analyzed by densitometry relative to the control adenovirus. B, PC-3 cells
were transfected with the wild-type pWT-PSMB5 promoter-reporter con-
struct (100 ng) along with the pCMV.SPORT-BGal plasmid (100 ng) and
pWT-STAT3 (250 and 500 ng) for 30 h. Luciferase activities relative to the
control are shown. G, lysates employed in the reporter assay were analyzed
for p-STAT3, STAT3, and tubulin proteins using specific antibodies. D, endog-
enous protein levels of PSMBS5, p-STAT3, and STAT3 in three different human
prostate cancer cell lines with tubulin as aloading control. A, C,and D, data are
representative of three separate experiments. In each experiment, pooled
samples from triplicate cultures were used for Western blot analysis. B, data
are mean * S.D. of four independent experiments. *, p < 0.01 compared with
the control.

motrypsin-like activity significantly decreased to 90% in A549
cells. In comparison, the same activity was reduced to 78 and
85% at 10 uM concentrations of Stattic in the HeLa and MDA-
MB-231 cell lines, respectively (Fig. 3, D—F). Similarly, chymo-
trypsin-like activity was reduced significantly to 92% in DU145
cells (Fig. 3G). In addition, trypsin-like and caspase-like activi-
ties were also reduced significantly in STAT3-inhibited cells
(Fig. 3, D—G). Taken together, suppression of p-STAT3 levels
decreased PSMBS5 protein and reduced proteasome activities in
cell lines possessing constitutively activated STAT3.

PSMBS5 Expression Is Induced by STAT3—Compromised
STATS3 activation leads to decreased PSMB5 protein. There-
fore, we examined whether increased levels of activated STAT3
induce PSMB5 expression. To investigate this possibility, we
used a human prostate cancer cell line, PC-3, that does not
express endogenous STAT3 (34). PC-3 cells were infected with
adenovirus expressing wild-type STAT3 protein for 48 h.
Endogenous or overexpressed STAT3 protein levels were
absent in uninfected and control-infected cells. Accumulation
of p-STAT3 protein levels in PC-3 cells resulted in a significant
increase of PSMB5 protein levels to 1.8-fold relative to control-
infected cells (Fig. 44). Next, we analyzed whether STAT3
enhanced expression of PSMB5 through promoter activation.
A bioinformatics analysis predicted a 965-bp promoter for
PSMBS5, with a TATA box harboring 294 bp of the 5’ untrans-
lated region and 108 bp of exon 1. Consequently, the cloned
promoter in the pGL3-basic vector was analyzed for basal and
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STAT3-induced promoter activity in STAT3-negative PC-3
cells. Wild-type STAT3 dose-dependently increased the
PSMBS5 promoter activity to a maximum of 4.2-fold (Fig. 4B). In
addition, basal promoter activity was observed in PC-3 cells
compared with a promoterless vector. Promoter assay lysates
showed a marked expression of tyrosine-phosphorylated and
total STAT3 proteins (Fig. 4C). Because increased levels of
p-STAT3 induced PSMB5 protein and its promoter, we exam-
ined the interdependency between the endogenous levels of
p-STAT3 and PSMB5 proteins. The human prostate cancer cell
lines DU145, LNCaP, and PC-3 displayed dissimilar levels of
either phosphorylated or total STAT3 proteins (35). DU145
cells with constitutive levels of p-STAT3 exhibited high levels
of PSMB5 protein. p-STAT3 levels were undetectable in
LNCaP and PC-3 cells (Fig. 4D). However, basal levels of
PSMB5 protein were observed in LNCaP and PC-3 cells when
compared with DU145 cells. Collectively, overexpression of
STAT3 leads to the induction of the PSMB5 promoter and pro-
tein. Moreover, a strong correlation exists between the endog-
enous levels of p-STAT3 and PSMB5.

EGF-induced Up-regulation of PSMBS Is Mediated by STAT3
Activation—The elevated levels of epidermal growth factor
receptor (EGFR) in association with loss of androgen regulation
results in androgen-independent growth of DU145 cells (36). In
addition, aberrant EGFR levels are found to be frequently asso-
ciated with activated STAT3 (37). Hence, we investigated
whether EGF regulates PSMB5 protein in DU145 cells. To
examine this possibility, cells were serum-starved for 24 h and
later treated with EGF (100 ng/ml) for various time points until
24 h. PSMB5 protein levels were increased by 3 h and gradually
reached a maximum by 24 h. The maximal levels of PSMB5
protein were associated with higher p-STAT3 levels (Fig. 54).
Next, we analyzed whether EGF-induced PSMB5 expression
requires STAT3. To elucidate this, serum-starved DU145 cells
were pretreated with inhibitors of EGFR (324674) and STAT3
(Stattic and WP1066) for 2 h. Subsequently, cells were treated
with EGF for 24 h. EGF-induced STAT3 activation and PSMB5
protein levels were decreased significantly either by EI or
STAT3 inhibitors (Fig. 5B). EGF/EGFR can activate the PI3K
and MEK/ERK signaling pathways (38). Next, we investigated
whether these downstream pathways were also responsible for
PSMBS5 induction. However, treatment with inhibitors of PI3K/
AKT (LY294002) and MEK/ERK (PD98059) did not prevent
EGF-induced PSMB5 expression (Fig. 5C). The efficacy of all
inhibitors was substantiated by suppression of their target
kinases. Because B subunits are coordinately regulated by
STATS3, we determined whether EGF also induced the expres-
sion of B subunits. EGF was added to cells pretreated with or
without EGFR inhibitor for 24 h. EGF-induced concerted
increases in the protein levels of 8 subunits were reduced in
EGER inhibitor-treated cells (Fig. 5D). Taken together, these
results suggest that EGF induced the expression of 8 subunits
and, in particular, that the induction of the PSMB5 subunit was
through STAT3 activation.

PSMBS Protein Levels Are Unresponsive to EGF in STAT3-
negative PC-3 Cells—PC-3 cells display overexpressed EGFR
and are responsive to EGF (39). Hence, to validate that EGF-
induced PSMB5 activation requires STAT3, serum-starved
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FIGURE 5. EGF induced PSMB5 expression by activation of STAT3. A,
DU145 cells were serum-starved for 24 h, and, subsequently, cells were
treated with EGF (100 ng/ml) in a time-dependent manner for 24 h. Later,
whole-cell lysates were analyzed for PSMB5, p-STAT3, and STAT3 proteins. B
and C, serum-starved DU145 cells were pretreated for 2 h in the presence or
absence of inhibitors of EGFR (El) (324674, 10 um), STAT3 (Statticand WP 1066,
10 um), PI3K/AKT (LY294002 (LY), 20 um), and MEK/ERK (PD98059 (PD), 50
uM). Later, cells were stimulated with EGF (100 ng/ml) for 24 h, and whole-cell
lysates were subjected to Western blot analysis using specific antibodies. The
Akt (pan) antibody detects total Akt proteins. The efficiencies of various inhib-
itors against their target kinases were analyzed by reduced phosphorylation
status of EGFR (El, 324674), STAT3 (Statticand WP1066), AKT (LY294002), and
ERK1/2 (PD98059). D, serum-starved DU145 cells were pretreated with or
without EGFR inhibitor (324674, 10 um) for 2 h and subsequently treated with
EGF for 24 h. Cells were harvested, and lysates were analyzed for 3 subunits,
p-STAT3, STAT3, Bcl-2, pEGFR-Tyr-1068, and EGFR by Western blotting. Bands
corresponding to PSMB1 and PSMB2 are indicated. Tubulin was used as a
loading control. The Western blots shown were from pooled samples of trip-
licate cultures and are representative of three independent experiments.

PC-3 cells were pretreated with EGF pathway inhibitors for 2 h.
Subsequently, cells were treated with EGF for 24 h. EGF
induced the phosphorylation of EGFR (Fig. 6A). In contrast,
p-STAT3 and STAT3 were undetectable in PC-3 cells. More-
over, phosphorylation of AKT and ERK proteins was also
observed with EGF treatment. Notably, PSMB5 protein levels
remained unaffected by EGF or pharmacological inhibition of
EGEFR, ERK, and AKT proteins (Fig. 6, A and B). Blockade of
p-STAT3 decreased PSMB5 protein levels and proteasome
activities in STAT3-activated cells (Fig. 3, A—G). We analyzed
whether PC-3 cells respond similarly to STAT3 inhibition.
Treatments of cells with STAT3 inhibitors did not alter the
protein levels of PSMB5 in PC-3 cells that lack endogenous
STATS3 (Fig. 6, C and D). Correspondingly, chymotrypsin-like,
trypsin-like, and caspase-like activities of the proteasome
remained unaltered in Stattic-treated cells (Fig. 6E). Taken
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FIGURE 6. Lack of STAT3 impedes EGF-induced PSMB5 expression in PC-3 cells. A and B, PC-3 cells were serum-starved for 24 h. Subsequently, cells were
pretreated for 2 h with inhibitors of EGFR (324674, 10 um), STAT3 (Statticand WP1066, 10 um), PI3K/AKT (LY294002 (LY), 20 wm), and MEK/ERK (PD98059 (PD),
50 uM). Later, cells were stimulated with EGF (100 ng/ml) for 24 h,and whole-cell lysates were subjected to Western blot analysis. The phosphorylation statuses
of EGFR (El, 324674), STAT3 (Stattic and WP1066), AKT (LY294002), and ERK1/2 (PD98059) were analyzed for the efficacy of the inhibitors. C and D, PC-3 cells
were treated with Statticand WP1066 (5 um and 10 um) for 24 h. Following treatment, whole cell lysates were probed for PSMB5, p-STAT3, STAT3, and tubulin
by Western blotting. C, control. E, 20 S proteasome activities were measured in PC-3 cells treated with Stattic (5 um and 10 um) for 24 h (n = 3). CT-L,
chymotrypsin-like; T-L, trypsin-like; C-L, caspase-like. A-D, data are representative of three separate experiments. In each experiment, pooled samples from
triplicate cultures were used for Western blot analysis. E, data are mean = S.D. of three independent experiments.

together, sustained proteasome activities in STAT3 inhibitor-
treated cells and loss of EGF-induced PSMB5 expression was
due to the absence of STAT3 in PC-3 cells.

PSMBS and STAT3 Protein Levels Are Not Altered by Protea-
some Inhibitors—Proteasome inhibition elicits a feedback-de-
pendent induction of PSMB5 gene expression (8, 10-12). In
addition, bortezomib also induced the activation of STAT3 in
head and neck squamous cell carcinoma cell lines (25). Hence,
we analyzed whether proteasome inhibitors activate STAT3
and PSMBS5. To test this possibility, DU145 cells were treated
with bortezomib, epoxomicin, and MG-132 for 24 h. In
response to proteasome inhibition, p-STAT3 and PSMB5 pro-
tein levels were unaffected and remained similar to control lev-
els (Fig. 7A). Because the protein levels of PSMB5 and STAT3
were unaltered, we analyzed whether cells exhibit resistance to
proteasome inhibitors by examining the chymotrypsin-like and
caspase 3 enzyme activities. Chymotrypsin-like activity was
inhibited significantly to 90% in cells treated with bortezomib
when compared with the control. In addition, chymotrypsin-
like activity in epoxomicin- and MG-132-treated cells was
reduced to 86 and 58%, respectively (Fig. 7B). Nevertheless,
bortezomib induced a robust caspase 3 response compared
with the other two inhibitors (Fig. 7C). Thus, DU145 cells were
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susceptible to proteasome inhibitors, although the protein lev-
els of PSMBS5 or p-STAT3 remain unaltered.

Combination Treatment of Bortezomib and STAT3 Inhib-
itors Exacerbates Proteasome Dysfunction and Cellular
Apoptosis—Abrogation of p-STAT3 was found to decrease pro-
teasome subunit expression and activity in DU145 cells (Figs.
2A and 3G). In comparison, bortezomib treatment reduced
proteasome activity. However, PSMB5 protein levels remained
unchanged (Fig. 7, A and B). Furthermore, synergistic activa-
tion of cell death in response to combined treatment of bort-
ezomib and STAT3 inhibitors was observed in head and neck
squamous cell carcinoma cell lines (25). Hence, we reasoned
that cotreatment would further reduce proteasome function
and potentiate cell death. To examine this, DU145 cells were
treated with Stattic, WP1066, bortezomib, or a combination of
STAT3 inhibitors with bortezomib for 18 h. Chymotrypsin-like
activity was decreased to 90% in response to bortezomib. In
comparison, the same activity was reduced to 70% in WP1066-
treated and 98% in Stattic-treated cells (Fig. 84). However,
cotreatment with STAT3 inhibitors and bortezomib com-
pletely abolished chymotrypsin-like activity. In addition, tryp-
sin-like and caspase-like activities of the proteasome were
inhibited significantly in cotreatment (Fig. 84). We also exam-
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FIGURE 7. Proteasome activity inhibitors do not alter the endogenous
levels of PSMBS5 and p-STAT3/STAT3. A, DU145 cells were treated with pro-
teasome inhibitors (bortezomib (B72), 100 nm; MG-132 (MG), 1 um; and epox-
omicin (EPO), 250 nw) for 24 h. Later, an immunoblot analysis was performed
for PSMBS5, p-STAT3, STAT3, and tubulin employing specific antibodies. Data
are representative of three separate experiments. C, control. B, the chymo-
trypsin-like activity of proteasome inhibitor-treated DU145 cell lysates was
measured employing fluorogenic substrate (n = 3). C, DU145 cells were
treated with different proteasome inhibitors, and cellular caspase 3 enzyme
activity was determined as described under “Experimental Procedures” (n =
3).*,p < 0.01 compared with the control.

ined whether the decreased proteasome activities were due to
STATS3 inhibitors. To test this, purified 20 S proteasome was
incubated with varying concentrations of bortezomib and
STATS3 inhibitors. Neither Stattic nor WP1066 inhibited the
chymotrypsin-like activity of purified 20 S proteasome in vitro.
In contrast, bortezomib significantly inhibited the chymotryp-
sin-like activity of the purified 20 S proteasome (Fig. 8B). Fur-
thermore, significantly lower protein levels of PSMB5 and the
20 S core complex were observed with STAT3 inhibitors and
cotreatment compared with bortezomib treatment alone (Fig.
8C). Because inhibition of proteasome function is known to
result in the accumulation of polyubiquitinated proteins (40),
we next examined the polyubiquitinated protein levels in cells
treated either with bortezomib alone or in combination with
STATS3 inhibitors. Cotreatment, STAT3 inhibitors, and bort-
ezomib caused an increase in the intracellular levels of polyubiq-
uitinated proteins (Fig. 8D). Moreover, cotreatment employing
bortezomib with Stattic or WP1066 caused a significant increase
in caspase 3 activity compared with bortezomib treatment alone
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(Fig. 8E). Taken together, cotreatment of bortezomib with inhibi-
tors of STATS3 synergistically increased proteasomal dysfunction
and enhanced apoptotic cell death.

DISCUSSION

In this study, we report that PSMB5 is a target of STAT3.
Suppression of STAT3 tyrosine phosphorylation by either
chemical inhibitors or saRNA-mediated knockdown of STAT3
reduced PSMBS5 protein levels. Blockade of p-STATS3 resulted
in the concerted down-regulation of mRNA and protein levels
of B subunits, leading to reduced proteasome activities. PSMB5
promoter and protein levels were induced by p-STATS3.
EGF-induced expression of PSMB5 requires STAT3 activa-
tion. PSMB5 and STAT3 protein levels were unresponsive to
proteasome inhibition. Bortezomib-induced loss of chymo-
trypsin-like activity and cell viability was potentiated by
STAT3 inhibitors.

STATS3 is activated persistently in various malignancies and
induces oncogenic processes through expression of various
prosurvival genes (37). Hence, small-molecule inhibitors of
tyrosine-phosphorylated STAT3 are explored actively for
tumor therapy. The inhibition of constitutively active STAT3
induced apoptosis in DU145 cells (27). In our study, STAT3
inhibitors reduced PSMB5 expression and induced apoptosis.
Similarly, proteasome inhibitors also triggered apoptosis, cor-
roborated by increased caspase 3 activity. However, under sim-
ilar experimental conditions, PSMB5 or phospho-STAT3-Tyr-
705 levels remained unaffected, suggesting that the decreased
levels of PSMB5 were not a general feature of apoptosis. Thus,
lower levels of transcriptionally active STAT3 resulted in
decreased levels of PSMB5 protein. The possibility of STAT1-
dependent regulation of PSMB5 was ruled out because Stattic
selectively binds the SH2 domain of STAT3 over STAT1 (28).
In addition, phospho-STAT1 levels were undetectable in
DU145 cells, which is in accordance with an earlier report (41).
A reduction in the mRNA levels of PSMB5 by STAT3 inhibitors
further substantiates STAT3-dependent regulation of PSMB5
(Fig. 1D). Moreover, the mRNA and protein levels of Bcl-2, a
known STAT3 target, concomitantly decreased with PSMBS5,
suggesting a transcriptional role of STAT3. Furthermore, a pro-
moter analysis of PSMB5 revealed putative STAT3 binding
sites with the canonical TT (N) , (AA at —439 bp, + 87 bp,
and + 230 bp relative to TSS (42). Accordingly, the PSMB5
promoter was activated in a dose-dependent manner by
STAT3. In addition, exogenous expression of STAT3 in PC-3
cells resulted in the induction of PSMB5 protein. Hence, it is
likely that STATS3 transcriptionally activates the gene expres-
sion and promoter activity of PSMB5 through the STAT3-re-
sponsive sites. Intriguingly, LNCaP and PC-3 cells expressed
basal levels of PSMB5 protein when compared with DU145
cells. An abundance of proteasome is important for normal cell
survival and indispensable for malignancies (6). Other onco-
genic transcription factors may regulate the expression of
PSMBS5 in cell types lacking constitutive STAT?3 levels.

Malignant conditions are often associated with high rates of
protein synthesis. Hence, a wide range of cancers exhibit either
higher proteasome activity or subunit expression or both to
overcome this predicament (15-19). However, the molecular
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FIGURE 8. The synergistic effect of bortezomib and STAT3 inhibitors on proteasome dysfunction and apoptosis. A, DU145 cells were treated with
bortezomib (BTZ, 100 nm), Stattic (10 um), or WP1066 (10 um) or a combination of bortezomib and STAT3 inhibitors for 18 h. DMSO was used as a vehicle control.
Chymotrypsin-like (CT-like), trypsin-like (T-like), and caspase-like (C-like) activities of the proteasome were measured. B, the chymotrypsin-like activity of the
purified 20 S proteasome incubated with different concentrations (0.1, 5, and 10 um) of bortezomib, Stattic, or WP1066. C, control. C, Under similar treatment
conditions as in A, cell lysates were analyzed for PSMB5, p-STAT3, STAT3, 20 S core, and tubulin by Western blotting. D, levels of polyubiquitinated (Poly-Ub)
proteins were determined by immunoblot analysis, and tubulin was employed as loading control. The bottom panel demonstrates the densitometric analysis
of polyubiquitinated proteins. E, caspase 3 activity of cells treated with Stattic (10 um) or WP1066 (10 um) in the presence or absence of bortezomib for 18 h (n =
3).*,p < 0.01 compared with controls; #, p < 0.01 compared with the BTZ-treated group. Western blot images are the pooled samples from triplicate cultures.

Data are representative of three independent experiments.

determinants responsible for the regulation of proteasome
activity remain unclear. The results of this study demonstrate,
for the first time, that activated STAT3 modulates the protea-
some activities through the regulation of PSMB5 and other 3
subunits. Hence, decreased protein levels of 8 subunits resulted
in reduced proteasome activities in STAT3-suppressed cells.
However, proteasome inhibitors reduced proteasome activity
in DU145 cells without affecting the endogenous levels of
PSMB5. This was probably due to the presence of copious
amounts of constitutive STAT3 regulating the basal expression
of PSMB5. Thus, STAT3 inhibitors impair cellular proteasome
activities, leading to accumulation of polyubiquitinated pro-
teins similar to proteasome inhibitors. However, STAT3 inhib-
itors do not interact with mammalian proteasome subunits

12620 JOURNAL OF BIOLOGICAL CHEMISTRY

because the molecular structures of STAT3 inhibitors differ
markedly from known structural classes of proteasome inhibi-
tors. The lack of inhibition by STAT?3 inhibitors on chymotryp-
sin-like activity of the purified 20 S proteasome clearly indi-
cates that there is no cross-reactivity between the STAT3
inhibitors and the proteasome per se. Overall, persistently acti-
vated STAT3 levels function as an important determinant of
proteasome activity in cell lines harboring constitutive STATS3.

Proteasome genes are regulated coordinately by Nrfl and
Nrf2 in response to proteasome inhibition (8, 10 —12). Similarly,
the expression levels of other 3 subunits were reduced concert-
edly because of EGFR or STAT3 inhibition. It is likely that pro-
moters of B subunits may contain STAT3-responsive sites.
STAT3 has been shown as one of the targets of EGF signaling in
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addition to the PI3K and ERK pathways (38). However, EGF-
induced activation of the PI3K or ERK pathway did not affect
PSMBS5 expression in DU145 and PC-3 cells. Further, PSMB5
protein levels remained unchanged in response to EGF in
STAT3-negative PC-3 cells. In contrast, EGF-dependent acti-
vation of p-STAT3 induced PSMB5 protein in DU145 cells.
Hence, EGF-activated STAT3 possibly regulates the expression
of B subunits of the 20 S proteasome and may contribute to the
optimal growth of DU145 cells through efficient protein home-
ostasis. In support of these observations, recent studies in
Caenorhabditis elegans also demonstrated that EGF signaling
activates the ubiquitin proteasome system to modulate the life
span of the worm (43).

PSMBS5 is the molecular target of bortezomib, a Food and
Drug Administration-approved proteasome inhibitor used
clinically to ameliorate relapsed multiple myeloma and mantle
cell lymphoma (44, 45). However, bortezomib resistance mech-
anisms pose a major obstacle in clinical therapy (7). The status
of PSMB5 was elucidated in bortezomib-resistant cell line mod-
els. These studies suggested that bortezomib resistance was
either due to mutations in or overexpression of the PSMB5
subunit (46, 47). However, observations from these cell line
models remain unverified in clinical samples (48 —50). In addi-
tion, the feedback regulation of proteasome gene expression
also contributes to bortezomib resistance (14). Hence, consti-
tutively activated STAT3 levels in cancers may presumably
circumvent the effect of bortezomib regimen through up-reg-
ulation of PSMB5 protein. Therefore, cotreatment with bort-
ezomib and an inhibitor of STAT3 may suppress bortezomib
resistance. Because STAT3 regulates the basal expression of 8
subunits, blockade of STAT3 activation may, in part, alleviate
the feedback response to proteasome inhibition. Moreover,
lower expression of proteasome subunits reduces the number
of active sites required for proteasome inhibition. In agreement
with this hypothesis, knockdown of the 20 S core subunits of
the proteasome sensitized HCT116 cells to bortezomib (51).
Therefore, cotreatment involving bortezomib and STAT3
inhibitors might prove useful to inhibit proteasome function
and STAT3 signaling in cancers (Fig. 8, A—E). Overall, the pres-
ent findings on STAT3 dependent PSMB5 regulation under-
score an alternative mechanism for bortezomib insensitivity.
Finally, the oncogenic properties of STAT3 regulate the expres-
sion of PSMB5, 3 subunits, and activities of the mammalian
proteasome to support malignant progression.
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Phytochemical investigation of CHCI;:MeOH (1:1) extract from the rhizomes of
Nardostachys jatamansi led to the isolation of two new sesquiterpenoids (5 and 6),
along with six known compounds (1-4, 7, and 8). The structures of two new
compounds were established using IR, MS, 1D, and 2D NMR techniques. In addition,
all the isolates were tested for their cytotoxicities against the A549 (lung cancer), DU-
145 (prostate cancer), MCF-7 (breast cancer), and SK-N-SH (neuroblastoma).

Keywords: Nardostachys jatamansi; Valerianaceae; sesquiterpenoids; cytotoxicity

1. Introduction

Nardostachys jatamansi, a plant belonging
to the family Valerianaceae, is commonly
known as Indian spikenard or muskroot. It
is an erect perennial herb, 10—60 m high
with long stout, woody rootstock found in
the alpine Himalayas from Punjab to
Sikkim and Bhutan at altitude of 3000—
5000 m. Its rhizomes and roots are used as
anti-stress agents in traditional medicines
and marketed in India as an anticonvulsant
Ayurvedic drug Ayush 56 [1]. The
rhizomes are used as aromatic adjunct in
the preparation of medicinal oils, to
promote growth of hair and also impart
blackness [2]. In Ayurveda, N. jatamansi is
used for nervous headache, excitement,
menopausal symptoms, flatulence, epi-
lepsy, and intestinal colic. Previous studies
on this species have shown the plant to be
particularly rich in sesquiterpenoids [3],

though other classes of compounds such as
sterols [4], alkaloids [5], neolignans, and
lignans [6] have also been reported. As a
part of our continuing efforts in the
isolation of structurally interesting and
biologically active compounds from the
Indian medicinal plants [7—10], an initial
screening procedure was conducted using
the cancer cell lines. It was found that
CHCl5:MeOH (1:1) extract of N. jatamansi
showed cytotoxic activity against lung
cancer (A-549), prostate cancer (DU-145),
breast cancer (MCF-7), and neuroblastoma
(SK-N-SH) cell lines. Bioassay-guided
fractionation of active extract of N.
Jjatamansi led to the isolation of two new
sesquiterpenoids (5, 6), along with six
known compounds (1-4 and 7-8). Herein,
we report the isolation and structural
elucidation of two new compounds, along
with their biological activities against
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ABSTRACT: A new series of resveratrol analogues was designed, y e .
synthesized, and demonstrated to be tubulin polymerization in- w’?
hibitors. Most of these compounds exhibited antiproliferative . - S\Zéf -

activity and inhibited in vitro tubulin polymerization effectively at ,Tu_b ‘fl,m ) N
concentrations of 4.4—68.1 and 17—62 uM, respectively. Flow inhibition  Apoptosis
cytometry studies showed that compounds 7¢, 7e, and 7g arrested
cells in the G2/M phase of the cell cycle. Immunocytochemistry H3CO X N02
revealed loss of intact microtubule structure in cells treated with 7c¢
and 7e. Docking of compounds 7c and 7e with tubulin suggested
that the A-ring of the compounds occupies the colchicine binding
site of tubulin, which coordinates with Cys241, Leu242, Ala250, . OCH?,
Val318, Val328, and 1378, and that the nitrovinyl side chain forms Anchorto bind

two hydrogen bonds with the main loop of the -chain at Asn249 aith tubulin
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H,CO . -
=R High affinity
~”  towards tubulin

and Ala250.

B INTRODUCTION

Microtubules are cytoskeletal filaments consisting of a,3-
tubulin heterodimers and are involved in a wide range of cellular
functions that are critical to the life cycle of the cell.' In the
mitotic phase of the cell cycle, microtubules are in dynamic
equilibrium with tubulin dimers as tubulin is assembled into
microtubules, which are disassembled to tubulin. Because inhibi-
tion of tubulin polymerization increases the number of cells in
metaphase arrest,” the interference with the dynamics of tubulin
and cell division has been proven to be clinically useful for
designing anticancer agents such as paclitaxel, vinblastine,* and
docetaxel and vincristine.®

Resveratrol, 1 ((E)-3,5, 4'-trihydroxystilbene, Figure 1), a
polyphenolic stilbene found in the skin of red grapes, various
other fruits, and root extract of the plant Polygonum cuspidatum,
has been an important constituent of Chinese and Japanese folk
medicine.® Resveratrol has been extensively investigated as a
cardioprotective, anti-inflammatory, and antiaging agent.” Re-
cent studies have shown that resveratrol has potent anticancer
effects. This was evidenced by its in vitro and in vivo inhibitory
effects on the growth of a number of tumor cell lines including
lymphoma, myeloma, melanoma, breast, pancreatic, colorectal,
hepatocellular, and prostate carcinoma.® Resveratrol has been
reported to have diverse effects on signaling molecules, such as
downregulation of the expression of angiogenesis-associated
genes, activation of the apoptotic mechanisms,” and induction
of cell cycle arrest.'® Resveratrol was also found to sensitize resistant

v ACS Publications ©2011 american chemical Society

tumor cell lines to a variety of chemotherapeutic agents, such as
paclitaxel, thalidomide, and bortezomib.”

In view of the great potential of resveratrol as a potent
chemotherapeutic agent against a wide variety of cancers, the
trihydroxystilbene scaffold of resveratrol has been the subject of
synthetic manipulations with the aim of generating novel resver-
atrol analogues with improved anticancer activity. The trans-
3,4,5,4-tetramethoxystilbene analogue, 3 (Figure 1), of 1 has
been shown to possess stronger antiproliferative properties than
resveratrol in HeLa cervical cancer cells, LnCaP prostate cancer
cells, and HepG2 hepatoma cells, as well as HCA-7, HCEC, and
HT-29 colon cancer cells."'

Compounds having a nitrovinyl side chain attached to the
aromatic ring (f-nitrostyrenes) have been reported as pro-
apoptotic anticancer agents, and the nitrovinyl moiety was
identified as the pharmacophore for this activity.'> These com-
pounds have also been described as highly potent and selective
inhibitors of human telomerase, by which the essential telo-
meres that protect chromosomes from exonucleolytic degrada—
tion are added to the end of eukaryotic chromosomes."> Re-
cently, we have reported nitrovinylbiphenyls as 1potent cytotoxic
agents against a wide range of cancer cell lines.'* In the present
study we report the synthesis and antitumor evaluation of nitro-
vinylstilbenes that are resveratrol analogues. The trans-stilbene

Received:  May 19, 2011
Published: August 18, 2011

6751 dx.doi.org/10.1021/jm200639r | J. Med. Chem. 2011, 54, 6751-6760



]O C‘The Journal of Organic Chemistry

pubs.acs.org/joc

Stereoselective Total Synthesis of (+)-Oploxyne A, (—)-Oploxyne B,
and Their C-10 Epimers and Structure Revision of Natural Oploxyne B

J. S. Yadav,*"* Kumaraswamy Boyapelly, Sathish Reddy Alugubelh, Srihari Pabbara)a,

Janakiram R Vangala, and Shasi V Kalivendi*®

*Organic Division-], Indian Institute of Chemical Technology, CSIR, Hyderabad-500 607, India

*King Saud University, Riyadh-11451, Saudi Arabia

SChemical Biology, Indian Institute of Chemical Technology, CSIR, Hyderabad-500 607, India

e Supporting Information

ABSTRACT: The first total synthesis of recently isolated diacetylene alcohols OH OH
oploxyne A, oploxyne B, and their C-10 epimers was accomplished. The structure =z Uk Z 7T
of natural oploxyne B has been revised. The key steps involved are base-induced =7 ° Z
double elimination of a carbohydrate-derived 3-alkoxy chloride to generate the on Oploxyne A OH 8;&5&’2‘;{
chiral acetylenic alcohol and Cadiot—Chodkiewicz cross-coupling reaction. The gy
target compounds displayed potent cytotoxicity against neuroblastoma and g oMe
prostate cancer cell lines. =z //m

= OH 7

A OH

Oploxyne B (ent B) C10-epimer Oploxyne B (ent B)

B INTRODUCTION

Polyacetylene containing molecules attract significant atten-
tion due to their impressive biological properties such as anti-
tumor, antiinﬂammatory, antimicrobial, antiviral, cytotoxic, and
phytotoxic activities." For example, the diacetylene panaxydol 1
(Flgure 1) displayed antiproliferative effects against malignant
cells” and panaxytriol 2, obtained from Red ginseng, was found to
show inhibitory activity against MK-1 cells with ICs 8.5 ng/mL
and suppress the growth of B16 melanoma cells in mice.’
Recently, investigations on the inhibitors for the formation of
NO and prostaglandin E, (PGE,) in lipopolysaccharide (LPS)-
induced murine macrophage RAW 267.7 cells resulted in isola-
tion of two new diynes oploxynes A and B from the CH,Cl,
extract of the stem of Oplopanax elatus.* The structures of
oploxyne A 3 and oploxyne B 4 were established based on
NMR spectroscopy through chiral derivatization. Oploxyne A
was found to display inhibition of NO and PGE, production with
an ICso of 1.90 &= 0.28 and 3.08 & 0.37 mg/mL. In continuation
to our program toward the development of new protocols and
their apphcatlons in the total synthesis of biologically potent
natural products,® we herein describe the first total synthesis of
oploxyne A, oploxyne B, and their C-10 epimers 5 and 6, wherein
a strategy that allows facile access to all four molecules (3—6) has
been employed. These target compounds when screened against
cancer cell lines were found to display potent cytotoxicity.

We initially focused on the total synthesis of oploxynes A and B
and also accomplished the total synthesis of their C-10 epimers.
Retrosynthetically, oploxyne A and oploxyne B were envisaged to be
obtained in a convergent fashion wherein two fragments 10 and 11
are coupled together by Cadiot—Chodkiewicz cross-coupling to

v ACS Publications ©2011 American chemical Society

give the key intermediate 9. The intermediate 9 can be easily
maneuvered to synthesize the final targets involving two steps:
tosylation to obtain 7, one-pot PMB cleavage, acetonide deprotec-
tion, and epoxide formation to yield the target oploxyne A or
methylation of 9 to obtain methyl ether 8 followed by PMB and
acetonide deprotection to yield oploxyne B 4. While the fragment
10 can be obtained from readily available sugar p-mannitol, the
other key fragment 11 could be obtained from D-ribose (Scheme 1).

B RESULTS AND DISCUSSION

Our synthesis of fragment 10 is delineated in Scheme 2, which
departs from the prior work at the readily available secondary
alcohol 12 obtained from p-mannitol.® PMB protection of
compound 12 vyielded the corresponding PMB ether 13,
which was treated with 1 M HCI to obtain the diol 14. The diol
14 upon _ treatment with NalO, vyielded the corresponding
aldehyde,” which was converted to alkyne 16 by employing
Ohira—Bestmann reagent 15.° The free terminal acetylene was
converted to the key intermediate bromo alkyne 10 by using
NBS and catalytic silver nitrate in 98% yield (Scheme 2).

For the synthesis of fragment 11, we started with the mixture
of esters 18 and 19 synthesized from D-ribose following the
known procedures.” The mixture of esters 18 and 19 was reduced
to a mixture of aldehydes 20 and 21 and subjected to a Wittig
reaction with n-pentyltriphenylphosphonium bromide in the
presence of NaNH, to afford diastereomers 22 and 23 in
68.5:31.5 ratio (diastereomers 22, 23 were in turn a mixture of
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