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ABSTRACT

USP4 is a deubiquitinating enzyme whose levels have been shown to be elevated in 

certain human lung tumors. USP4 is thought to possess oncogenic properties due to its 

ability to promote tumors in nude mice assays. The lack of an overall effect on ubiquitin 

levels in overexpression studies has led to the hypothesis that USP4 may act on a few select 

substrates to edit their ubiquitination status. Although the structure/function relationship is 

more documented, the physiological substrates and role in vivo are not. In order to elucidate 

the mechanism by which USP4 could potentially exert its tumorigenic effect, an RNA 

knockdown approach was undertaken. The effect of changes in USP4 levels was 

investigated to determine if USP4 plays a role in transcription or mRNA stability. The data 

suggest that USP4 does not affect levels of mRNAs containing an ARE sequence in NIH- 

3T3 or Cos-7 cells. Although USP4 was not shown to have an mRNA stabilizing effect, 

USP4 was found to bind CBP in vivo using an immunoprecipitation experiment and to exert 

an effect on basal transcription levels. This data suggests that USP4 levels may affect global 

transcription, perhaps through binding with the transcriptional co-activator CBP.
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INTRODUCTION

Proteolysis

Cellular proteins are in a dynamic state of synthesis and degradation. Proteolysis is 

accomplished by proteases which hydrolyze the peptide bonds between amino acids and 

releases energy. An important role of proteolysis is the removal of damaged proteins or 

proteins involved in cell cycle or signaling cascades that need to be degraded in a timely 

manner. Proteolysis is also responsible for recovering molecules that can serve in protein 

synthesis. Two different systems carry out proteolysis in the cell: lysosomal degradation and 

the ubiquitin proteasome pathway (UPP) (Ciechanover, 2005). Lysosomal degradation is 

accomplished via the fusion of endosomes or phagosomes, derived from the plasma 

membrane, to lysosomes which contain proteases. The lysosomal system is responsive to 

environmental changes, enhancing lysosomal degradation of certain proteins following 

nutrient deprivation (Dice et al., 1986). A degree of substrate specificity is observed in the 

lysosomal system, proteins require a KFERQ-like sequence in order to be transported into 

the lysosome and are the preferred ones targeted for degradation under stress conditions 

(reviewed in (Dice et al., 1990)). Proteolysis via the UPP is a highly specific process 

occurring in both the cytoplasm and nucleus. The protease activity of the UPP is found in 

the core of the 26S proteasome. Since substrates need to be unfolded to be degraded by the 

proteasome, proteins that have adopted their appropriate tertiary conformation are not good 

substrates of the proteasomes. Figure 1 represents a schematic diagram of the UPP (Gray et 

al., 2003).

1
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Figure 1. Schematic representation of the ubiquitin proteasome pathway (UPP)

The covalent attachment of ubiquitin to a protein substrate occurs through a three-step 
cascade. First the C-terminal G76 of ubiquitin is activated by an ubiquitin activating enzyme 
E l . This is followed by substrate recognition and addition of an ubiquitin moiety to the 
substrate, a step mediated by E2 conjugases and E3 ligases. Subsequent addition of ubiquitin 
moieties through the formation of an isopeptide bond between K48-G76 forms a 
polyubiquitin chain. Recognition of threshold polyubiquitin chains by the 26S proteasome 
leads to degradation of the ubiquitin-tagged substrate and the release of small peptides. 
Deubiquitinating enzymes (DUBs) recycle ubiquitin by releasing the chains from protein 
remnants and by cleaving the polyubiquitin chains into free ubiquitin monomers.

2
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Ubiquitin-proteasome pathway

Our current understanding of the ubiquitin-proteasome pathway supports the 

importance of a complex and tightly regulated mechanism for proteolysis of cellular proteins. 

This pathway has a variety of specific substrates including mutated or post-translational 

abnormal proteins, cell cycle and growth regulators, signal transduction components as well 

as housekeeping and metabolic enzymes (DiAntonio et al., 2001; Hershko, 1997; Hershko 

and Ciechanover, 1998; Wilkinson, 1995). The extensive list of substrates supports the fact 

that the UPP plays a role in many biological processes including cell cycle progression, 

signal transduction, transcriptional activation, morphology of neuronal networks, processing 

of major histocompatibility complex (MHC) antigens, receptor internalization, vesicle 

trafficking, DNA repair and apoptosis (reviewed in (Ciechanover, 1998)).

Ubiquitin is a 76 amino acid protein that is highly conserved with only 3 amino acids 

that differ between yeast and human ubiquitin (Ozkaynak et al., 1984). The role of ubiquitin 

in the UPP is to serve as a tag in order to identify proteins that are destined to be degraded. 

Proteolysis through the ubiquitin system occurs primarily in the cytoplasm (Glickman and 

Ciechanover, 2002) and in the nucleus (Cressman and Taub, 1994; von Mikecz, 2006) and 

proceeds in two successive steps: (i) covalent attachment of multiple ubiquitin moieties to 

the targeted substrate (ii) degradation of the tagged substrate by the 26S proteasome. 

Ubiquitin moieties need to be activated at the C-terminal glycine residue in order to bind to 

substrates. This ATP-dependent activation is accomplished by an ubiquitin activating 

enzyme El and results in the conversion of ubiquitin into a high energy thioester 

intermediate. This intermediate is then transferred to an ubiquitin conjugating enzyme E2 

(UBC). An ubiquitin E3 ligase attaches the activated Gly76 residue of ubiquitin to an

3
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internal lysine of a substrate via an isopeptide bond. Polyubiquitin chains can be formed by 

subsequent attachments of Gly76 of one ubiquitin moiety to Lys 48 of the preceding 

ubiquitin. Once the ubiquitin chain reaches a certain threshold level, four ubiquitin moieties 

(Thrower et al., 2000), the protein substrate is targeted to the proteasome for degradation 

(reviewed in (Glickman and Ciechanover, 2002)).

The 26S proteasome is a large multicatalytic protease that degrades polyubiquitinated 

proteins into small peptides (reviewed in (Bochtler et al., 1999)). It is composed of two 

major subcomplexes: the 20S core particle (CP) and a regulatory 19S regulatory particle.

The 20S carries the catalytic activity and is composed of four heptameric rings, two identical 

outer alpha rings and two identical inner beta rings. The two beta rings face inward into the 

barrel-shaped proteolytic chamber and contain the proteolytic active sites while the alpha 

rings are required for structural reasons (Groll et al., 1997). Each end of the 20S can be 

capped by a 19S regulatory particle which is divided into the base and the lid. The base 

contains six ATPase subunits and three non ATPase subunits (Rpnl,2 and 10). The lid is 

made up of eight non-ATPase subunits (Rpn3, 5, 6, 7, 8, 9,11,12) (reviewed in (Hilt and 

Wolf, 1995)). The 19S complex is responsible for the recognition of ubiquitinated proteins 

and other potential substrates of the proteasome (Braun et al., 1999). Through its ATPase 

activity, it is in charge of opening the alpha ring of the 20S CP in order to allow the 

substrates to enter the proteolytic chamber. In addition, it has been suggested that the 19S 

complex unfolds the substrates in order to insert them into the 20S CP (Braun et al., 1999).

The proteasome recognizes polyubiquitin chains linked by Glycine76-Lysine48 

isopeptide bonds and degrades those substrates. However, ubiquitin has been found to be 

involved in non-proteolytic cellular processes (Aguilar and Wendland, 2003; Sun and Chen, 

2004). Cases of polyubiquitin chains linked by Glycine76-Lysine63 bonds also occur.

4
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These chains do not lead to degradation but are thought to participate in DNA repair (Spence 

et al., 1995), endocytosis of cell surface receptor targeted for lysosomal degradation, stress 

response and ribosomal function (Glickman and Ciechanover, 2002). Monoubiquitination of 

proteins can also be observed and is proposed to play a role in processes including 

transcriptional control through monoubiquitination of histone proteins (Kao et al., 2004;

Pavri et al., 2006), endocytocis (Mosesson and Yarden, 2006) and internalization of 

membrane bound receptors (Haglund et al., 2003).

Deubiquitinating Enzymes

The enzymes responsible for forming ubiquitin conjugates as well as proteasome 

degradation have received much attention in recent years. However, less is known about the 

reversible process of ubiquitination, a process performed by deubiquitinating enzymes 

(DUBs), a family of enzymes with opposing effects. Although their catalytic activity has 

been tested on artificial substrates (Amerik et al., 2000; Baker et al., 1992; Layfield et al.,

1999), little is known about their in vivo function and their physiological substrates. DUBs 

are specific cysteine proteases that can hydrolyze ester, thiol ester and amide bonds of the 

G76 carboxyl group of ubiquitin (Wilkinson, 1997). DUBs can function by direct or indirect 

association with the proteasome and provide key regulation of ubiquitin-mediated pathways 

(Guterman and Glickman, 2004; Hu et al., 2005; Lam et al., 1997; Papa et al., 1999; Stone et 

al., 2004). Their activity has been implicated in many important biological pathways 

including cell growth and differentiation, development, oncogenesis, transcriptional 

regulation and neuronal disease (Amerik and Hochstrasser, 2004; Fischer, 2003; Kim et al., 

2003; Soboleva and Baker, 2004).

5
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Deubiquitinating enzymes have traditionally been classified into two major groups on 

the basis of sequence homology: ubiquitin carboxy-terminal hydrolases (UCHs) and 

ubiquitin-specific proteases (UBPs, USPs in mammals). This classification does not imply 

distinct functions to each group and needs to expand following the identification of novel 

DUB sequences. UCHs are relatively small enzymes (20-30 kDa) that possess 4 conserved 

motifs spanning a domain of approximately 200 amino acids (Chung and Baek, 1999;

D'Andrea and Pellman, 1998). UBPs/USPs vary in size (50-300 kDa) and contain 6 

conserved motifs spanning a catalytic domain of at least 400 residues. The highly conserved 

cysteine and histidine motifs are essential for the catalytic activity of these enzymes 

(reviewed in (D'Andrea and Pellman, 1998)). Many DUBS, especially UBPs/USPs possess 

extensions on both or one side of the core region. These extensions can appear at the N- 

terminal, the C-terminal or as insertions in the catalytic domain. They are thought to be 

important in substrate recognition, subcellular localization and in protein-protein 

interactions. In Saccharomyces cerevisiae, 1 UCH and 16 UBPs have been identified 

(Amerik et al., 2000) whereas mammalian genomes encode around 4-5 UCHs and 50-60 

USPs (Soboleva and Baker, 2004). The great number of deubiquitinating enzymes supports 

the idea that they possess highly specific functions and targets.

There are many steps in the ubiquitin pathway in which DUBs can intervene as 

depicted in Figure 2 (Wilkinson, 1997). Ubiquitin is synthesized as a polyubiquitin fusion 

arranged in tandem or as a fusion with ribosomal subunits L40 or S27a (Finley and Chau, 

1991; Redman and Rechsteiner, 1988; Redman and Rechsteiner, 1989). DUBs cleave these 

precursor proteins at the C-terminal glycine into their mature forms in order to yield mono- 

ubiquitin and/or free ribosomal subunits (Wing, 2003). Many UBPs/USPs demonstrate the 

ability to process these fusions, in vitro and in vivo, which appears to be a co-translational

6
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Figure 2. Recycling of ubiquitin by deubiquitinating enzymes

DUBs can act to co-translationally process ubiquitin multimers or fusions of ubiquitin with 
ribosomal subunits. They also disassemble degradation intermediates that arise post- 
proteasomally and serve in editing polyubiquitin chains to rescue substrates from destruction. 
They also have a role in salvaging ubiquitin that is trapped by reactions with cellular thiols or 
amines to replenish ubiquitin pools.

7
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activity (Turner and Varshavsky, 2000). DUBs, mostly UCHs, are also responsible for 

rescuing ubiquitin from small peptide remnants following proteasomal degradation of 

proteins (Pickart and Rose, 1985) and are also involved in more target specific roles such as 

preventing binding of ubiquitin ligases to protein substrates or cleaving ubiquitin once it has 

been conjugated (reviewed in (Amerik and Hochstrasser, 2004; Soboleva and Baker, 2004)). 

The editing of polyubiquitin chains can result in the prevention of proteolysis by shortening 

the ubiquitin chains (van der Horst et al., 2006). DUBs can also bind ligases and prevent 

ubiquitination through substrate-specific binding competition (Soboleva and Baker, 2004). 

Although many UBPs/USPs have been recognized for some time, not much is known about 

their specific substrates.

Some DUBs have been shown to be positive regulators of proteolysis and therefore, 

promote protein degradation. Yeast Doa4 (Ubp4) is responsible for releasing ubiquitin 

chains from substrate remnants following proteasome degradation. doa4 null yeast cells 

display an accumulation of ubiquitinated proteins which may result in a depletion in free 

ubiquitin pools (Swaminathan et al., 1999). This in turn impairs proteasome-mediated 

protein degradation and may result in a loss of cell viability (Papa and Hochstrasser, 1993; 

Swaminathan et al., 1999). More recently, it has been shown that Doa4 deubiquitinates 

uracil permease, a plasma membrane protein, prior to its endosomal degradation. Other 

membrane proteins are also missorted in Doa4 mutant cells (Reggiori and Pelham, 2001). 

This suggests an important role for Doa4 in the regulation of the endocytic pathway.

Once the polyubiquitin chain is released from the protein remnant, it is further broken 

down to monomeric form. The disassembly of this so called unanchored polyubiquitin chain 

is carried out by Ubpl4 in yeast and by isopeptidase T, the mammalian homolog (Hadari et 

al., 1992). The chains are cleaved one ubiquitin monomer at a time starting from the

8
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proximal end with the free carboxy terminus. A null yeast for a Ubpl4 strain accumulates 

polyubiquitin chains and displays a phenotype of depletion of monomeric ubiquitin (Amerik 

et al., 1997). Therefore, depletion of Ubpl4 has an overall effect on cellular ubiquitination 

and can affect the half-life of substrates that are degraded via the UPP.

Unlike isopeptidases T and doa4, the vast majority of DUBs do not affect overall 

cellular ubiquitination and are thought to have more target specificity. It is assumed that 

they modulate the protein half-life of certain specific substrates by editing their 

ubiquitination status and hence protecting them from proteasome degradation. To date, only 

a few substrates that are modified by USP proteins have been elucidated. An example is the 

deubiquitinating enzyme USP7 (otherwise known as HAUSP) which acts on the tumor 

suppressor p53. p53 is a short lived protein that is maintained at low levels by the ubiquitin 

protein ligase Mdm2 whose function is to target p53 for proteasome-dependent destruction 

(Brooks and Gu, 2004).

Another example of a deubiquitinating enzyme whose substrate has been identified is 

Faf, Drosophila fat facets, a large UBP/USP essential for early eye development in 

Drosophila (Fischer-Vize et al., 1992). Mutants of Faf have an abnormal number of 

photoreceptors in each eye facets. This phenotype can be suppressed by a mutation in a 

proteasome subunit gene suggesting that Faf is involved in the deubiquitination of certain 

substrates to protect them from proteolysis. One known substrate of Faf is Lqf, Liquid 

Facets, which is a member of the epsin family of proteins and is involved in the endocytic 

pathway (Chen et al., 2002b). There is growing evidence to suggest that Lqf may not be the 

only substrate of Faf. Considering its role in the regulation of synaptic development at the 

Drosophila neuromuscular junction (DiAntonio et al., 2001) it is conceivable that Faf acts on 

proteins involved in this process. The mouse homolog of Faf, USP9 (otherwise known as

9
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Fam), has been shown to co-localize and interact with p-catenin (Murray et al., 2004; Taya et 

al., 1999). Depletion of Fam in mouse embryos leads to a decrease in P-catenin activity 

suggesting that Fam may stabilize this protein through its deubiquitinating activity 

(Pantaleon et al., 2001).

Tre-2, a mammalian proto-oncogene, is a deubiquitinating enzyme for which the 

substrate still remains unknown. However, a truncated iso form of Tre-2 lacking the His 

domain, the domain partially responsible for its deubiquitinating activity, has been found to 

be transforming (Nakamura et al., 1992). This suggests that at least one of the substrates of 

Tre-2 is a tumor suppressor (Nakamura et al., 1992; Papa and Hochstrasser, 1993).

Usp4, a gene related to the tre oncogene, is a mouse deubiquitinating enzyme that 

was discovered during an analysis of genes linked to the Mpv20 retroviral insertion site 

(Gupta et al., 1993). It was originally named Unp (ubiquitously expressed nuclear protein) 

but has since been renamed Usp4 to be in accordance with the new nomenclature for 

deubiquitinating enzymes (Baker et al., 1999). The mouse Usp4 gene contains 22 exons 

spanning 47.2 kb and is located on chromosome 9 which is homologous to human 3p21 

(Gupta et al., 1993). A human Usp4 gene (previously named Unph), which is 91 % identical 

to the mouse gene, has also been identified and maps to 3p21.3, a chromosomal locus 

implicated in lung cancer (Naylor et al., 1987; Yamakawa et al., 1993). Human USP4 

mRNA levels are elevated in primary tissues of small cell tumors and adenocarcinomas 

(Gray et al., 1995). In addition, overexpression of murine Usp4 from the active pgk 

promoter can transform NIH-3T3 cells in a nude mouse assay (Gupta et al., 1994).

Like other DUBs, USP4 contains conserved Cys and His domains that constitute the 

deubiquitinating activity of the enzyme (Gilchrist and Baker, 2000). The deubiquitinating 

activity of USP4 has since been demonstrated in various cleavage assays (Frederick et al.,

10
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1998; Gilchrist and Baker, 2000; Gilchrist et al., 1997). USP4 also contains a nuclear 

localization signal (NLS) and has recently been found to possess a nuclear export signal 

(NES) (Soboleva et al., 2005). USP4 has originally been described as a nuclear protein, 

however, subsequent studies have placed USP4 in the cytoplasm. A recent study has shown 

that fluorescent tagged exogenous USP4 can be found in the nucleus as well as the cytoplasm 

(Soboleva et al., 2005). The same conclusion was reached while analyzing the localization 

of the endogenous USP4 protein suggesting that it may be a nucleocytoplasmic protein 

(Soboleva et al., 2005). The equilibrium of USP4 in the nucleus versus the cytoplasm varies 

between cell lines (Soboleva et al., 2005). USP4 also contains CR1 and CR2 domains that 

are highly homologous to viral protein motifs (such as El A) which are responsible for 

binding the tumor suppressor pRb. In fact, USP4 has been shown to interact with pRb, p i07 

and pl30 (Blanchette et al., 2001; DeSalle et al., 2001). This suggests that USP4 may be 

involved in stabilizing a protein in the pRb pathway and may have a role in cell cycle 

regulation. USP4 also contains a domain rich in acidic residues the role of which is 

unknown. A schematic representation of functional domains identified in USP4 is shown in 

Figure 3.

Recent findings have suggested a role for USP4 in the regulation of cell surface 

receptor expression (Milojevic et al., 2006). The endoplasmic reticulum (ER) exerts a 

quality control system that only allows properly folded membrane proteins to be exported. A 

large fraction of proteins, including membrane proteins, are misfolded during synthesis. 

Misfolded membrane proteins are ubiquitinated at the surface of the ER and retro- 

translocated to the cytoplasm by a process known as ERAD (endoplasmic reticulum 

associated degradation) where they are degraded.
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Figure 3. Functional domains identified in USP4

The Cys and His domains of USP4 join to constitute the catalytic domain of the enzyme.
The CR1 and CR2 domains are identical to viral protein motifs involved in the binding of 
tumor suppressor, pRb. The nuclear localization (NLS) and the nuclear export (NES) signals 
serve in the shuttling of the protein. The acidic domain is of unknown function.

12

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



NES Cys CR1 CR2 NLS His

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



This quality control system ensures that misfolded receptors do not reach the plasma 

membrane (Pankevych et al., 2003; Petaja-Repo et al., 2001). USP4 has been shown to 

interact with the C-terminus of the A2a adenosine receptor, a Gs-coupled receptor (Milojevic 

et al., 2006). USP4 rescues the receptor from degradation through its deubiquitinated 

activity resulting in an enhanced cell surface expression of the receptor (Milojevic et al., 

2006). Ro52, a classic autoantigen involved in Sjogen’s syndrome, has also been proposed as 

a substrate of USP4. Ro52 is a zinc-finger protein that can act as an E3 ubiquitin ligase. 

Ro52 can ubiquitinate itself as well as USP4 with the help of the E2 ubiquitin-conjugating 

enzyme UbcH5B (Wada and Kamitani, 2006). A yeast-two hybrid screening of a human 

cDNA library using Ro52 as bait has lead to the discovery that USP4 binds Ro52 in yeast 

cells. Recent evidence has shown that USP4 deubiquitinates Ro52 in human cells 

(HEK293T) (Wada et al., 2006). In addition, USP4 and Ro52 co-localize at the cytoplasmic 

rod-like structures where it stabilized Ro52 by maintaining its unubiquitinated state. The 

USP4/Ro52 complex possesses opposing activities and is thought to be involved in 

modulating the ubiquitination state of certain yet unidentified substrates.

Roles of the UPP in transcription

Although transcription and proteolysis are on opposing ends of a protein’s life, the 

transcriptional machinery and the UPP work together in regulating gene expression 

(Conaway et al., 2002). Many transcription factors, especially those involved in cell growth, 

are unstable and are degraded by the UPP (Conaway et al., 2002; Nakagawa and Yokosawa,

2000). For example, many E3 ligases have been shown to have Pol II transcription factors as 

their targets which results in ubiquitin-dependent degradation of these factors. In addition, 

Pol II transcription factors as well as nuclear factor kappa B1 (NF-kB1) are synthesized as
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inactive precursor proteins (Heusch et a l, 1999; Lewis and Manley, 1986). The proteasome 

processes these precursors into their active forms in an ubiquitin-dependent manner (Hayashi 

and Faustman, 2000; Karin and Ben-Neriah, 2000; Orian et al., 2000).

Regulation of RNA stability and translation by the UPP

The mRNA levels in the cytoplasm reflect transcription rates, mRNA processing and 

export, as well as mRNA steady-state stability (Laroia et al., 2002; Wilusz et al., 2001). AU- 

rich elements (AREs) are located in the 3’ noncoding region of certain mRNAs and have 

been shown to exert a destabilizing effect by a mechanism which has not been elucidated 

(Espel, 2005; Mitchell and Tollervey, 2000; Wilusz et al., 2001). Some proteins can bind 

these ARE sequences resulting in either the stabilization or destabilization of the ARE 

containing-mRNA (Espel, 2005; Raineri et al., 2004). For example, HuR is a 

nucleocytoplasmic protein that can bind and stabilize certain mRNAs (Chen et al., 2002a; 

Myer et al., 1997; Tran et al., 2003). On the other hand, AUF1 and tristetrapolin are ARE- 

binding proteins that have been associated with an increased rate of mRNA degradation 

(Paschoud et al., 2006; Sarkar et al., 2003). A more recent report has implicated USP4 in the 

stabilization of ARE containing mRNAs (Laroia et al., 2002). In these studies, 

overexpression of USP4 resulted in increased stability of granulocyte-macrophage colony- 

stimulating factor (GM-CSF). This suggests that USP4 may be involved in mRNA stability.

A role for the UPP has also been proposed in translation based on findings which 

have indicated that many ribosomal proteins as well as eEFl A, a translation elongation 

factor, are substrates of ubiquitin (Peng et al., 2003). In addition, it has been shown that 

ribosomes engaged in translation are ubiquitinated and that proper assembly of ribosomes 

requires the modification of the L28 ribosomal subunit by a K63 linked polyubiquitin chain
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(Spence et al., 2000). K63R mutant strains, which have the lysine at position 63 mutated to a 

arginine, have been shown in vitro to possess an altered sensitivity to translational inhibitors 

and a reduced rate in translation (Spence et al., 1995).

Aims of the research

Although a few interacting partners of USP4 have been discovered in the past few 

years and a few possible substrates have been proposed, the physiological role of USP4 still 

remains unknown. For example, it is currently unclear why elevated levels of expression of 

USP4 have been detected in lung tumors and how this finding can not be explained by the 

recently proposed roles of USP4. pRb has previously been shown to bind El A (adenovirus 

early-region 1 A) which contains two conserved motifs namely CR1 and CR2. The 

interaction between El A and pocket proteins occurs primarily through the CR2 domain 

although CR1 has also been shown to be involved in this interaction (Helt and Galloway, 

2003). Subsequently, USP4 which also contains CR1 and CR2 motifs has been found to 

bind pocket proteins including pRb, pl07 and pl30 (Blanchette et al., 2001; DeSalle et al.,

2001). Interestingly, El A binding to pocket proteins has been shown to down-regulate 

transcription by the PARP (poly (ADP-ribose) polymerase) gene (Pacini et al., 1999). 

Similarly, the USP4 and pRb interaction might be important in transcriptional regulation. In 

addition, El A also binds p300 and CREB-binding protein (CBP) proteins through its amino 

terminus and a portion of the CR1 motif (Barbeau et al., 1994). Therefore, we speculate that 

USP4 might be involved in the regulation of gene expression levels through interactions with 

CR binding proteins such as pRb and p300/CBP.

The objective of the thesis was to determine whether manipulation of USP4 levels 

affects RNA levels, and to elucidate if this is due to RNA stability effects or effects on
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transcription. The data presented in this thesis argue that although fluctuations in USP4 

levels may affect global transcription, perhaps through binding with transcriptional activator 

CBP, they do not support a role for USP4 in ARE-mRNA stability.
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MATERIALS AND METHODS

Cell culture and transfections

NIH-3T3 cells, Cos-7 and U87MG cells were cultured in 5 % CO2 at 37 °C in a- 

MEM containing 10 % of a mixture of donor bovine serum and fetal calf serum. For 

transient transfection experiments in NIH-3T3 cells, the cells were plated in 6 well dishes the 

day before transfection at a density of 50 000 cells per well. The cells were transfected using 

GeneJuice (Novagen, LaJolla, CA) and 3 pg of plasmid DNA according to the supplier’s 

protocol. For transfections in 10 cm dishes, cells were plated at a density of 75 000 cells per 

dish and 9 pg of plasmid DNA were used. Transfections were incubated for 48 hours before 

analysis. Cos-7 cells and U87MG cells were plated at a density of 200 000 cells per well in 

6 well dishes and transfections were incubated for 24 hours before analysis.

Generation of expression constructs

A UbC promoter was inserted into the multiple cloning site of pGL3-basic R2.1 and 

pGL3-basic R2.2 expression vectors (Sigma-Aldrich Co., St-Louis, Missouri, USA) using 

Bglll (NEB Biolabs) and Hindlll (NEB Biolabs) sites to generate UbC-Luc and UbC-Luc- 

ARE. The GM-CSF ARE sequence was inserted into pGL3-basic containing a UbC 

promoter. Briefly, the following GM-CSF sense and non-sense primers were annealed 

together prior to insertion into the vector: GM-CSF ARE sense primer 5’- 

CTAGATTTATTTATTTATTTATTTACGCGT-3 ’ and GM-CSF ARE non-sense primer 5’ 

CTAGACGCGTAAATAAATAAATAAATA AAT-3’. The annealing step was performed 

following phophorylation of each primer using T4 polynucleotide kinase (NEB Biolabs).

The annealing step was performed at 95 °C for 2 min. followed by a 5 min. incubation at
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room temperature. The UbC pGL3-basic vector was linearized using Xbal digestion and 

dephosphorylated by shrimp alkaline phosphatase (SAP) (NEB Biolabs) prior to ligation 

with the ARE insert. Ligation was performed overnight at 16 °C using T4 DNA ligase (NEB 

Biolabs).

Reporter assays

NIH-3T3, Cos-7 or U87MG cells were plated in 6 well dishes and transiently 

transfected using GeneJuice as recommended by the supplier (Novagen, LaJolla, CA). Each 

well was transfected with a constant amount of plasmid DNA containing 4xCRE-Luc 

(Strategene, LaJolla, CA), Renilla expression construct (Promega, Madison, WI) and either 

with empty control vector (pcDNA3.1) or the appropriate expression vectors. Expression 

vectors consisted of pGL3-basic R2.1 (Sigma-Aldrich Co., St-Louis, Missouri, USA) 

containing the UbC promoter (UbC-Luc), pGL3-basic R2.2 (Sigma-Aldrich Co., St-Louis, 

Missouri, USA) containing the UbC promoter (UbC-Luc-ARE), pGL3 basic with a UbC 

promoter as well as GM-CSF ARE sequence (UbC-Luc GM-CSF ARE). In addition, cells 

were transfected with myc wt USP4, Flag wt USP4, myc Cys USP4 mutant, myc CR1 USP4 

mutant, myc CR2 USP4 mutant, myc CR1/CR2 USP4 mutant, myc NLS (nuclear 

localization signal) USP4 mutant, myc acidic domain USP4 mutant, shControl, shUSP4D, 

UCHL1, Cys UCHL1 mutant or Flag-HuR. Cells were harvested in passive lysis buffer 24 

(Cos-7 and U87MG) or 48 hours (NIH-3T3) post-transfection and 20 pi of cell extract was 

assayed for luciferase activity using a Dual-Luciferase™ reporter assay system as per the 

supplier’s protocol (Promega, Madison, WI). Data analysis was performed using Prism 

(Graph pad software Inc., San Diego, CA).
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ELISA assays

Cos-7 cells were plated in 6 well dishes and transiently transfected with a constant 

amount of pcDNA3.1 control, myc wt USP4, Flag HuR or co-transfected with Flag HuR and 

myc wt USP4 using GeneJuice as per the manufacturer’s protocol (Novagen, LaJolla, CA). 

Cells were harvested in lysis buffer 24 hours post-transfection and 100 pi of cell extract was 

assayed for GM-CSF expression levels using a human GM-CSF immunoassay as per the 

manufacturer’s protocol (Quantikine, R&D Systems Inc., Minneapolis, USA). The optical 

density was read using a microplate reader set to 450 nm.

Flow cytometry

For flow cytometry experiments, adherent NIH-3T3 cells were plated in 10 cm 

dishes at a density of 75 000 cells per dish and transiently transfected with expression 

plasmids encoding the shControl, shUSP4D, or wtUSP4. Forty-eight hours post­

transfection, cells were harvested and fixed o/n with 80% (v/v) ethanol in PBS. Cell nuclei 

were stained with propidium iodide. Briefly, cells were resuspended in 1 ml of staining 

buffer (ImM EDTA, 0.2 % Triton X-100 in PBS) containing 50 pg/ml of propidium iodide 

and 50 pg/ml of RNaseA and incubated for 1 hour at room temperature in the dark. DNA 

content was analyzed by flow cytometry using a BD LSR flow cytometer (Becton Dickinson, 

San Jose, CA). Data was acquired using Cell Quest software (Becton Dickinson, San Jose, 

CA) and were analyzed using Mod Fit LT software (Verity Software House, Inc., Sopsham, 

ME).
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USP4 depletion experiments

1. shRNA lentivirus method

NIH-3T3 cells were plated in 6 well dishes at a density of 50 000 cells per well and 

transiently transfected using GeneJuice as recommended by the manufacturer. Cells were 

transfected with either 1 pg of MISSION shControl lentiviral plasmid (SHC002) or 1 pg of 

one of the MISSION shUSP4 lentiviral plasmid clones (NM_011678): TRCN0000030739 

(clone A), TRCN0000030740 (clone B), TRCN0000030741 (clone C), TRCN0000030743 

(clone D) (Sigma-Aldrich Co., St-Louis, Missouri, USA). Alternatively, cells were co­

transfected with myc wt USP4 and shControl or shUSP4 clones. Cells were collected 48 

hours post-transfection for RNA or protein analysis.

2. siRNA method

NIH-3T3 cells were plated in 6 well dishes at a density of 50 000 cells per well.

Cells were transfected with 50 pmol or 100 pmol of SMARTpool USP4 siRNA (Dharmacon 

Inc., Chicogo, Illinois, USA) using oligofectamine as per the supplier’s protocol (Invitrogen 

Canada Inc., Burlington, Ontario, Canada). Cells were collected 48 hours post-transfection 

for RNA or protein analysis.
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RNA extraction

Total RNA was extracted from NIH-3T3 or U87MG cells using the Qiagen RNeasy 

Mini Kit (P/N 74104) as per the supplier’s protocol (Qiagen Inc., Canada Mississauga, 

Ontario, Canada). The quantity and quality of the RNA was assessed using a 

spectrophotometer (Eppendorf BioPhotometer).

DNA Affymetrix Microarray analysis

Total RNA was extracted from NIH-3T3 as previously described. 120 pi of RNA 

from each sample was concentrated by addition of 12 pi of 3 M sodium acetate pH 5.2 and 

400 pi of 100 % ethanol. The samples were precipitated overnight at -  20 °C. The RNA 

samples were centrifuged at 14 000 rpm for 20 minutes at 4 °C. The supernatants were 

discarded, pellets were washed with 500 pi of 70 % ethanol and centrifuged at 14 000 rpm 

for 20 minutes at 4 °C. The supernatants were discarded and the pellets were air dried.

The RNA in each sample was resuspended in 11 pi of RNase free water. The RNA integrity 

was analyzed using the Agilent Bioanalyzer (Agilent Technologies Canada Inc., 

Mississauga, Ontario, Canada). A total of 20 pg of total RNA at a concentration of 2 pg /pi 

was sent to the Ottawa Genome Centre (The OHRI Gene Expression Facility, Ottawa, 

Ontario, Canada) for microarray analysis. Gene expression of NIH-3T3, transfected 

shControl and transfected shUSP4D were assessed using Mouse Genome 430 2.0 Array 

(MG-430_2) (Affymetrix, Santa Clara, CA, USA). Microarray data analysis was performed 

using R project for statistical computing and Stratagene ArrayAssist 3.0 (La Jolla, CA, 

USA).
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Quantitative RT-PCR analysis

A total of 1 pg of RNA of cell lysates was used to prepare the first strand cDNA 

using M-MLV Reverse Transcriptase and 01igo(dT)i2-i8 primers (Invitrogen Canada Inc., 

Burlington, Ontario, Canada) as per the manufacturer’s protocol. Gene expression levels 

were assessed with the LightCycler® 1.5 instrument using SYBR Green I (Roche Molecular 

Biochemicals, Mannheim, Germany) as the detection format.

The following primer sets were used for the amplification of the target genes by RT-PCR:

USP4: forward primer 5’-TGCAATGGCTCTAGGAG-3’ 
reverse primer 5 ’-TCCTCATCTGGTTTGAG-3 ’

TGF-betal: forward primer 5 ’-TGAGTGGCTGTCTTTTGACG-3 ’ 
reverse primer 5 ’-TCTCTGTGGAGCTGAAGCAA-3 ’

TGFbeta2: forward primer 5’-AGCTGGCCAGTACCTTTGAA-3 ’ 
reverse primer 5’-ACAGAACCATCCATCCCAGA-3’

TGF-beta receptor 2: forward primer 5’-GACTTGACCTGTTGCCTGTG-3’ 
reverse primer 5’-CTCGGTCTCTCAGCACACTG-3’

Smad3: forward primer 5’-ACTAGATGCGTGAGCGCTTT-3 ’ 
reverse primer 5’- CGGCAGAATGCTAAACATCA-3’

Smad4: forward primer 5’ -C AGGGTTTCTTCCCC AAGAC-3 ’ 
reverse primer 5’-GCAGAACAGTGAAGCAGCAG-3’

Smad7: forward primer 5’-AGAAGGCTGAACCAGAACCA-3’ 
reverse primer 5’- TTCCACATCTGGGAGAAACC-3’

Runxl: forward primer 5’- GCCAAGGATTTGCTCTGAAG-3’ 
reverse primer 5’- TTGGATCTTTGGGGTACAGC-3’

E lf l: forward primer 5’- TCTCAGGTAGCCGTCAAACA-3’ 
reverse primer 5’- ACTTGGGTTCGCCTCCTTAT-3 ’

GAPDH: forward primer 5 ’ -TT G ATGT CATC AT ACTT GGC AGGT-3 ’ 
reverse primer 5 ’-CAGTCAAGGCTGAGAATGGGA-3 ’
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The following LightCycler® cycling conditions were used for the USP4 primers: 

denaturation program (95 °C for 30 s); amplification and quantification programs were 

repeated 35 times (95 °C for 2 s, 60 °C for 10 s, 72 °C for 40 s with a single fluorescent 

measurement); melting curve program (65 °C to 99 °C continuous fluorescent measurement); 

and a cooling step to 40 °C. The following LightCycler® cycling conditions were used for 

the TGF-betal, TGF-beta2, TGF-beta receptor 2, Smad3, Smad4, Smad7, Runxl and Elfl 

primers: denaturation program (95 °C for 30 s); amplification and quantification programs 

were repeated 35 times (95 °C for 2 s, 58 °C for 10 s, 72 °C for 24 s with a single fluorescent 

measurement); melting curve program (65 °C to 99 °C continuous fluorescent measurement); 

and a cooling step to 40 °C. The following LightCycler® cycling conditions were used for 

the USP4 primers: denaturation program (95 °C for 30 s); amplification and quantification 

programs were repeated 35 times (95 °C for 2 s, 58 °C for 10 s, 72 °C for 40 s with a single 

fluorescent measurement); melting curve program (65 °C to 99 °C continuous fluorescent 

measurement); and a cooling step to 40 °C. PCR reactions were a total of 20 pi and 

contained 4 pmols of forward and reverse primer, 0.4 pi of Taq Polymerase (Invitrogen 

Canada Inc., Burlington, Ontario, Canada), 1.6 pi of 10 mM dNTPs, 0.4 pi SYBR Green I at 

a dilution of 1/1000 (Cambrex, Crambrex Bioscience Rockland Inc., Rockland, ME, USA), 

0.4 pi of 25 mg/ml BSA (Sigma-Aldrich Co., St-Louis, Missouri, USA), 4 mM MgCl2 and 

2 pi of cDNA dilution or H20  for the blank reaction. The LightCycler® software package 

Version 5.3.2 was used to determine the relative expression levels of the target genes (Roche 

Molecular Biochemicals, Mannheim, Germany). Quantification of gene expressions was 

extrapolated from a standard curve constructed from a serial dilution of cDNA. Fold 

changes were calculated relative to untransfected NIH-3T3 values.
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Protein extraction

Cells were lysed in a protein lysis buffer (20 mM Tris-HCl pH 7.5,150 mM NaCl,

1 % Nonidet P-40 (Sigma, St. Louis, Missouri, USA), 0.5 mM EDTA and 20 % glycerol) 

containing the following protease and phosphates inhibitors: ImM phenylmethylsulfonyl 

fluoride, 5 pg/mL leupeptin (Sigma-Aldrich Co., St-Louis, Missouri, USA), 2 pg/mL 

aprotinin (Sigma-Aldrich Co., St-Louis, Missouri, USA), 200 pM sodium fluoride (NaF) and 

200 pM sodium pyrophosphate (NaPPi). The extracts were sonicated three times for 10 

seconds each and placed on ice. The extracts were centrifuged at 14 000 rpm at 4°C for 30 

minutes and the supernatants were recovered. The protein concentration of each sample was 

determined using the Bradford protein assay (Bio-Rad Laboratories Canada Inc., 

Mississauga, Ontario, Canada)

Western blot analysis

A total of 30 pg of protein lysate was resolved on an 8 % SDS-polyacrylamide gel 

and electroblotted onto a hydrobond C nitrocellulose membrane (Amersham Pharmacia 

Biotechnologies, Baie D’Urfee, Quebec, Canada). Membranes were stained with Ponceau S 

(Sigma-Aldrich Co., St-Louis, Missouri, USA) in order to ensure complete transfer of 

proteins. Non specific binding was reduced by incubating the membrane in 5 % skim milk 

diluted in TBST (10 mM Tris-HCl pH 7.5, 150 mM NaCl and 1 % Tween-20) overnight at 4 

°C. The respective primary antibody, diluted in 5 % skim milk in TBST, was added to the 

membrane and incubated on the shaker for 1 hour or overnight. The membrane was washed 

3 times with TBST for 10 min. Subsequently, the corresponding secondary antibody, also 

diluted in 5 % skim milk in TBST, was incubated on the membrane for 45 min. The 

membrane was again washed 3 times in TBST for 10 min. The proteins were visualized by
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the horseradish peroxidase method using the ECL kit purchased from Kirkegaard and Perry 

Laboratories Inc. (Gaithersburg, Mayland, USA).

Immunoprecipitations

NIH-3T3 cells were plated in 10 cm dishes at a density of 750 000 cells. Twenty- 

four hours after seeding, cells were transfected with a myc-tagged wt USP4 expression 

construct. Cells were harvested in protein lysis buffer and sonicated 3 times for 5 seconds. 

Cell extracts were centrifuged at 14 000 rpm for 20 minutes at 4 °C to eliminate cell debris. 

Protein lysates were precleared with G-sepharose gamma bind beads (Amersham, Pharmacia 

Biotechnologies, Baie D’Urfee, Quebec, Canada) for 1 hour at 4 °C. Lysates were 

subsequently incubated with an anti-CBP antibody and G-sepharose gamma bind beads 

overnight at 4 °C. hnmunoprecipitates and total cell lysates were analyzed by western blot 

analysis with the appropriate antibodies.

Antibodies for Western blot analysis

The mouse polyclonal antibody used in the detection of myc-tagged USP4 proteins 

was a gift from Dr. John Bell (Ottawa Research Institute, Ottawa). The rabbit polyclonal 

antibody raised against CBP was purchased from Upstate (Upstate Biotechnologies,

Chicago, IL, USA). The rabbit polyclonal Smad2 and Smad3 antibodies were gifts from Dr. 

Barbara Vanderhyden (Ottawa Research Institute, Ottawa). EGFP was detected using a 

rabbit polyclonal antibody purchased from Santa Cruz (Santa Cruz Biotechnologies Inc., 

Santa Cruz, CA). The antibody used in the detection of HuR was a gift from Dr. Bruce 

McKay (Ottawa Research Institute,Ottawa). The mouse monoclonal actin antibody was 

purchased from Sigma (Sigma-Aldrich Co., St-Louis, Missouri, USA).
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RESULTS

Effect of USP4 on stabilization of ARE-mRNAs

DUBs have previously been implicated in the control of rapid degradation of ARE- 

mRNAs (Laroia et al., 2002). Exogenous expression of USP4 has been previously 

demonstrated to prevent degradation of ARE containing mRNAs (Laroia et al., 2002). In an 

attempt to further elucidate the mechanism/domains by which USP4 exerts this stabilizing 

effect, a luciferase assay was employed. NIH-3T3 cells transiently co-transfected with wt or 

various USP4 mutants in conjunction with either a luciferase construct (UbC-Luc) in which 

an ARE sequence had been introduced or a luciferase without the ARE sequence (Figure 4). 

As expected the UbC-Luc construct containing the ARE sequence was destabilized when 

compared to the UbC-Luc construct which did not contain the ARE sequence (Figure 5). In 

contrast to what has previously been shown, overexpression of wt or USP4 mutants did not 

appear to significantly affect the expression levels of the Ubc-Luc containing the ARE 

sequence in NIH-3T3 cells. UCHL-1, another deubiquitinating enzyme which served as a 

control, also did not demonstrate any effect. In order to rule out the possibility that the lack 

of an effect was due to expression levels in NIH-3T3 cells, twice the amount of wt USP4 was 

transfected (Figure 6A). Increasing the amount of transfected USP4 did not seem to affect 

the luciferase readout; no increase in the expression of the luciferase reporter was observed. 

The transfection efficiency in NIH-3T3 cells (approx. 30 %) was assessed by western blot 

(Figure 6C, lanes 2-5) with an antibody directed against the myc epitope.

Considering that Laroia et al. demonstrated an increase in the stability of a particular 

ARE-mRNA (GM-CSF) in Cos-7 cells in the presence of exogenous wt USP4, it was 

conceivable that the discrepancy in our data can be explained by the difference in the cell
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Figure 4. Schematic representation of the UbC-Luciferase expression constructs

A) Schematic representation of the UbC-Luciferase (R2.1) expression plasmid containing an 
hPEST degradation sequence. B) Representation of the UbC-Luciferase-ARE (R2.2) 
expression construct containing two degradation sequences (hCLl and hPEST) and an ARE 
sequence (ARE).
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Figure 5. Effect of wt and mutant USP4 on the stabilization of ARE containing mRNAs

NIH-3T3 cells were co-transfected with UbC-Luc and UbC-Luc-ARE expression constructs 
with control vector pcDNA3.1, myc wt USP4, myc USP4 mutants or UCHL-1 and analyzed 
for luciferase activity. As expected, the activity of the UbC-Luc-ARE luciferase is lower 
when compared to the activity of the the UbC-Luc alone. No significant change in ARE 
luciferase activity was observed in cells overexpressing wt or USP4 mutants when compared 
to cells expressing pcDNA3.1 vector. Expressing UCHL-1, which served as a control, also 
did not result in any change in luciferase activity when compared to cells expressing 
pcDNA3.1 plasmid alone. Lysates were assayed in triplicates, wt = wild-type; NLS = 
nuclear localization signal; AD = acidic domain.
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Figure 6. Effect of wt USP4 on the stabilization of ARE-mRNAs in NIH-3T3 and Cos7

A) NIH-3T3 cells were assayed for expression of a luciferase reporter using a dual luciferase 
assay system. As expected, transfection with the UbC-Luc ARE showed decreased 
luciferase expression compared to UbC-Luc alone. No significant change in luciferase 
activity was observed in cells overexpressing different amounts of wt USP4 when compared 
to cells expressing pcDNA3.1 vector. Lysates were assayed in triplicates. B) Cos-7 cells 
were assayed for expression of a luciferase reporter by dual luciferase assay. The 
transfection with the UbC-Luc ARE showed a decrease in luciferase expression when 
compared to the UbC-Luc without the ARE sequence. No significant change in luciferase 
activity resulted from overexpression of wt USP4 or Cys USP4 constructs compared to cells 
expressing pcDNA3.1 vector. Lysates were assayed in triplicates. C) Western blot analysis 
with an anti-myc antibody demonstrated good transfection efficiency of myc wt USP4 in 
NIH-3T3 cells (lanes 2-5) and very high transfection efficiency in Cos-7 cells (lanes 6-7).
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line employed. Therefore, the experiment was repeated in Cos-7 cells. The transfection 

efficiency of Cos-7 (over 80 %) proved to be higher than that of 3T3 cells when transfected 

with an equivalent amount of DNA (Figure 6C, compare lanes 2-5 with 6-7) and the original 

luciferase experiment yielded only background readings (data not shown). In order to bypass 

this, the experiment was repeated in Cos-7 cells with less DNA. In accordance with what 

was observed in NIH-3T3 cells, overexpression of wt USP4 in Cos-7 cells did not increase 

the expression level of the UbC-Luc-ARE construct (Figure 6B). Having ruled out the cell 

line specificity, it was reasoned that USP4 was not acting as a general modifier of ARE 

containing mRNAs (and hence would not stabilize the commercial vector which contains a 

generic ARE) but rather acting to stabilize the GM-CSF message. To test this supposition, 

the GM-CSF ARE sequence was inserted downstream of the luciferase reporter of the UbC- 

Luciferase expression construct. The presence of the ARE sequence was confirmed by DNA 

digest (see material and methods). Co-transfection of this modified UbC-Luciferase 

containing the GM-CSF ARE with either wt or Cys USP4 did not result in a change in 

luciferase expression when compared to the UbC luciferase control plasmid (Figure 7).

Effect of USP4 on endogenous GM-CSF mRNA stability

To confirm the data presented above, an ELISA assay was employed to assess the 

ability of USP4 to stabilize endogenous GM-CSF mRNA in U87MG cells (Figure 8A). 

U87MG cells were selected due to their well documented ability to basally synthesize GM- 

CSF (Tweardy et al., 1990). U87MG cells were either transfected with pcDNA3.1 vector, a 

wt USP4 plasmid or a plasmid encoding HuR (positive control) or co-transfected with wt 

USP4 and HuR plasmids. Transfection efficiency was above 80 %. Lysates were 

subsequently analyzed by ELISA. As shown in figure 8A, no significant change in the levels
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Figure 7. Effect of wt USP4 on the stabilization of GM-CSF ARE-mRNA in Cos7 cells

Cos-7 cells were assayed for expression of a luciferase reporter using a dual luciferase assay. 
Contrary to what was expected, the UbC-Luc containing the GM-CSF ARE sequence did not 
demonstrate a decrease in luciferase activity when compared to the UbC construct without an 
ARE sequence. No significant change in luciferase activity was observed following 
overexpression of wt USP4 or Cys USP4 mutant constructs compared to cells expressing 
pcDNA3.1 vector.
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of secreted GM-CSF protein was observed in cells exogenously expressing wt USP4 or 

HuR. Co-transfection of wt USP4 and HuR expression constructs resulted in a significant 

change in the protein levels of GM-CSF when compared to cells expressing pcDNA3.1 

alone. The protein levels of USP4 (Figure 8B) and HuR (Figure 8C) were assessed by 

western blot analysis of extracts from transfected cells.

USP4 knockdown using a short-hairpin lentivirus

Previous attempts to generate USP4 stable overexpressors in cultured mammalian 

cells resulted in overt toxicity and cell death (Paola Blanchette, thesis 2002). Hence the role 

of USP4 in stable overexpression studies was not a feasible approach. A knockdown 

approach was adopted instead using four commercially available shUSP4 lentivirus clones 

(hereafter referred to as shUSP4A, B, C, D). A shRNA lentivirus plasmid containing an 

irrelevant hairpin was used as a control. In order to verify the knockdown efficiency of 

USP4 by lentivirus transfection, NIH-3T3 cells were transiently co-transfected with the 

various shUSP4 expression constructs and myc wt USP4 and cell extracts were analyzed by 

western blot analysis using the antibody directed towards the myc epitope. The analysis 

revealed that the protein levels of exogenously expressed USP4 were significantly decreased 

in cells expressing shUSP4D and to a lesser extent in cells expressing shUSP4C (Figure 9). 

No significant difference in USP4 protein levels was observed in cells expressing the control 

lentivirus or other shUSP4 clones (Figure 9). Furthermore, western blot analysis of cell 

extracts from cells co-expressing shUSP4D and GFP with a GFP specific antibody revealed a 

mild change in the protein level of GFP when compared to cells co-transfected with the 

shControl and GFP plasmids (Figure 10). The optimal amount of shUSP4D required for 

efficient knockdown of exogenously expressed USP4 was assessed by transfecting
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Figure 8. Effect of ectopic expression of wt USP4 on endogenous GM-CSF

A) Endogenous GM-CSF expression levels were assayed in U87MG cells using a human 
GM-CSF immunoassay. Cell extracts overexpressing wt USP4 did not demonstrate a 
significant change in GM-CSF levels when compared to cells lysates expressing pcDNA3.1 
vector alone. Cells overexpressing Flag HuR, used as a positive control also did not 
demonstrate an increase in GM-CSF levels. GM-CSF levels demonstrated a significant 
increase in cell lysates co-transfected with myc wt USP4 and Flag HuR constructs. Lysates 
were assayed in triplicates. The optical density was read at 450 nm. B) Western blot analysis 
with an anti-myc antibody demonstrating good transfection efficiency of the myc wt USP4 
construct in Cos-7 cells. C) Western blot analysis using anti-HuR showing good 
transfection efficiency of Flag HuR in Cos-7 cells. The arrow represents endogenous HuR 
and the asterisk represents exogenous Flag HuR.
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Figure 9. USP4 depletion using shUSP4 lentivirus target clones

Western blot analysis of NIH-3T3 cell extracts co-transfected with a total of 3 pg of DNA 
including 2 pg of myc wt USP4D and 1 pg of one of the shUSP4 clones (A, B, C or D) using 
an anti-myc antibody. Protein expression levels of myc-tagged wt USP4 was observed to be 
significantly decreased following overexpression of shUSP4D and to a lesser extent with 
expression of shUSP4C when compared to overexpression of other shUSP4 clones, 
shControl or pcDNA3.1 vector.

34

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



m m  «■—*  anti-m yc

anti-actin

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 10. shUSP4 is specific to USP4

Western blot analysis of NIH-3T3 cell extracts co-transfected with a total of 3 pg of DNA 
including 1.5 pg of GFP, the amount of shUSP4D indicated and the remainder being 
pcDNA3.1 using an anti-GFP antibody. A slight decrease in GFP protein expression levels 
was noted following transfection of the shUSP4D construct when compared to the shControl 
construct or pcDNA3.1 vector.
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Figure 11. Optimization of USP4 knockdown using shUSP4D lentivirus

Western blot analysis of NIH-3T3 cells co-transfected with a total of 3 pg of DNA including 
1.5 pg of myc wt USP4, the amount of shUSP4D indicated and the remainder being 
pcDNA3.1 using an anti-myc antibody. A significant decrease in myc-tagged USP4 protein 
levels was observed with all transfected amounts of shUSP4 when compared to proteins 
levels of cell extracts transfected with shControl or pcDNA3.1 vector.

36

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



shUSP4D (|jg) 
myc wt USP4

anti-myc

anti-actin

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



increasing amounts of the shUSP4D expression construct in NIH-3T3 cells. By western blot 

analysis with the antibody raised against the myc epitope it was found that cells transfected 

with the minimal amount of shUSP4D plasmid showed a similar level of USP4 depletion 

when compared to cells transfected with higher amounts of shUSP4 plasmid DNA. (Figure 

11). To ensure maximal knockdown, all subsequent USP4 depletion experiments were 

performed using lpg of shUSP4D plasmid DNA. The depletion of endogenous USP4 

mRNA levels in cells expressing shUSP4D was assessed by Real-time PCR. The analysis 

revealed that the mRNA levels of USP4 did not significantly differ when compared to cells 

expressing shControl or untransfected NIH-3T3 cells (Figure 12 A). The presence of the RT- 

PCR products was confirmed by agarose gel (Figure 12 B).

Analysis of gene expression in USP4 knockdown cells

The identification of genes affected by depletion of USP4 would be useful in 

elucidating the physiological role of USP4 in the regulation of cellular processes. In order to 

achieve this, we profiled mRNA of untransfected NIH-3T3 and cells transfected with either 

the shControl or shUSP4 by independently hybridizing each sample to an Affymetrix 

microarray. The analysis using R project for statistical computing and ArrayAssist revealed 

a large repertoire of mRNAs that were differentially expressed in cells transiently transfected 

with the shUSP4 plasmid when compared to untransfected NIH-3T3 and cells transfected 

with the shControl plasmid. Of interest were genes involved in TGF-beta signaling, a 

pathway whose dysregulation has been implicated in the onset/progression of lung 

tumorgenesis. These genes included TGF-beta2, the TGF-beta receptor 2, downstream 

effectors such as Smad2, Smad3, Smad4, Smad7, Smurfl, Runxl, Elfl and Elf4 (Table 1). 

Given the association of the TGF beta family to lung cancer and the presence of
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Figure 12. RNA analysis of USP4 depletion using shUSP4D

A) Quantitative RT-PCR analysis of endogenous mRNA USP4 levels following transfection 
with shControl (green) or shUSP4D (blue) in NIH-3T3 cells. Values represent triplicates 
and are normalized to untransfected NIH-3T3 cells. No depletion of endogenous USP4 was 
noted using the shUSP4D compared to the shControl. B) Agarose gel depicting the product 
of the RT-PCR reaction of A) for an shControl sample, an shUSP4D sample and an H2O 
blank showing presence of the RT-PCR products.
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Table 1. Summary of altered genes following shUSP4D knockdown in NIH-3T3

A number of genes involved in the transforming growth factor-beta signaling pathway 
revealed dysregulation following depletion of USP4 by transfection of shUSP4D. Numbers 
represent logarithmic fold changes relative to untransfected NIH-3T3 cells. Genes marked 
with an asterisk were investigated by Real-time PCR.
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shUSP4D Untransfected
-1.99 0.00 ★ Transforming growth factor-beta2 (TGF-beta2)
-4.76 0.00 * Transforming growth factor-beta receptor2 (TGF-betaR2)
-1.09 0.00 MAD homolog 2 (Drosophila) (Smad2)

- 1.04 0.00 * MAD homolog 3 (Drosophila) (Smad3)
-2.98 0.00 * MAD homolog 4 (Drosophila) (Smad4)
-2.23 0.00 * MAD homolog 4 (Drosophila) (Smad7)
-1.42 0.00 SMAD specific E3 ubiquitin protein ligase 1 (Smurfl)

+ 3.91 0.00 ★ E74-like factor 1 (Elf1)
-2.19 0.00 E74-like factor 4 (Elf4)

- 1.35 0.00 * Runt-related transcription factor 1(Runx1)
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Figure 13. RNA analysis of genes in the TGF-beta signaling in USP4 depleted cells

Quantitative RT-PCR analysis of genes involved in the TGF-beta pathway following USP4 
depletion using shUSP4D. Values represent triplicates and are normalized to untransfected 
NIH-3T3. Patterns of expression did not reveal any significant change in the mRNA levels 
of selected genes when comparing untransfected NIH-3T3 and shControl expressing cells to 
cells expressing shUSP4D. A) transforming growth factor-beta2 (TGF-beta2) B) 
transforming growth factor-beta receptor 2 (TGF-betaR2) C) transforming growth factor- 
beta 1 (TGF-betal) D) MAD homolog 3 (Drosophila) (Smad3) E) MAD homolog 4 
(Drosophila) (Smad4) F) MAD homolog 7 (Drosophila) (Smad7) G) Runt-related 
transcription factor l(Runxl) and H) E74-like factor 1 (Elfl) I) Agarose gel depicting the 
product of some of the above RT-PCR reactions for a shUSP4D transfected sample and an 
H2O blank showing presence of the RT-products.
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elevated levels of USP4 in lung tumors, genes in the TGF family were selected to validate 

the Affymetrix microarray data using the real-time PCR LightCycler® from Roche. 

Investigated genes are marked by an asterisk in Table 1. As shown in Figure 13, the Real­

time PCR analysis did not reveal a significant change in the mRNA levels of any of the 

selected genes when comparing untransfected NIH-3T3 and shControl expressing cells to 

cells expressing shUSP4D. The presence of the RT-PCR products was confirmed by agarose 

gel (Figure 131). Due to the availability of the Smad2 and Smad3 antibodies, the protein 

levels of Smad2 and 3 were analyzed by western to further confirm the PCR results. Cell 

extracts from shUSP4D transfected cells with the Smad2 antibody did not reveal a significant 

difference in the protein level of Smad2 when compared to extracts derived from 

untransfected NIH-3T3 cells (Figure 14A). However, analysis of cell extracts from 

shUSP4D expressing cells revealed an increase in the protein levels of Smad3 when 

compared to extracts from untransfected NIH-3T3 cells (Figure 14B). When the extracts of 

shControl expressing cells were analyzed by western analysis with the Smad3 antibody along 

side with extracts from shUSP4D cells, a similar increase in Smad3 protein levels was noted 

suggesting that the effect previously observed was due to transfection rather than the 

depletion of USP4 (Figure 14C). Therefore, a second approach to knockdown USP4 was 

undertaken using SMARTpool siRNA targeting USP4. The USP4 siRNA was co-transfected 

into NIH-3T3 cells and cell extracts were analyzed by western blot with the Smad3 antibody. 

The analysis revealed that when compared to extracts from cells expressing the shControl or 

the shUSP4D, cells expressing the USP4 siRNA did not show an increase in Smad3 protein 

levels (Figure 14D). To confirm the efficient depletion of USP4 in siRNA transfected cells, 

myc-tagged wt USP4 was transfected in USP4 siRNA expressing cells and cell extracts were 

analyzed by western blot with the myc antibody (Figure 15 A).
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Figure 14. Western analysis of Smad2 and Smad3 following depletion of USP4

A) Western blot analysis of untransfected NIH-3T3 lysates or extracts overexpressing 
shUSP4D with an antibody raised against Smad2. No difference in Smad2 protein 
expression levels were observed in cell extracts expressing shUSP4D when compared to 
untransfected cell lysates. B) Western blot analysis of untransfected NIH-3T3 lysates or 
extracts overexpressing shUSP4D with an antibody raised against Smad3. An increase in 
Smad3 protein levels was observed in cell extracts overexpressing USP4D compared to 
untransfected cell lysates. C) Western blot analysis of untransfected, shControl or 
shUSP4D overexpressing NIH-3T3 cells with an antibody raised against Smad3. An 
increase in Smad3 protein levels was observed in shUSP4D overexpressing lysates as well as 
in shControl overexpressing extracts when compared to untransfected lysates. D) Western 
blot analysis of untransfected NIH-3T3 cell lysates or cell extracts expressing different 
amounts of USP4 siRNA, shUSP4D or shControl with an antibody raised against Smad3.
An increase in Smad3 protein levels was observed in cell lysates transfected using shControl 
or shUSP4D plasmids compared to untransfected cell lysates. No increase in Smad3 protein 
levels were noted in cells transfected with the siRNA when compared to untransfected 
lysates.
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Figure 15. Depletion of USP4 using siRNA

A) Western blot analysis of untransfected NIH-3T3 cell lysates or cell lysates 
overexpressing myc wt USP4 or myc wt USP4 in conjunction with different amounts of 
USP4 siRNA using an anti-myc antibody. A significant decrease in myc-tagged wt USP4 
protein levels was observed when co-transfecting the siRNA compared to cells 
overexpressing myc wt USP4 alone. B) Quantitative RT-PCR analysis of endogenous 
mRNA USP4 levels following transfection of USP4 siRNA, myc wt USP4 or co-transfection 
of myc wt USP4 and USP siRNA. Values represent triplicates and are normalized to 
untransfected NIH-3T3. No depletion of endogenous USP4 mRNA levels was observed 
following transfection of the siRNA when compared to untransfected cell extracts. A 
significant increase in USP4 mRNA levels was detected in cell lysates overexpressing myc 
wt USP4 in comparison with untransfected NIH-3T3. A significant decrease in USP4 
mRNA expression levels was observed in cell lysates co-transfected with the myc wt USP4 
and the USP4 siRNA when compared to USP4 mRNA levels of myc wt USP4 transfected 
lysates.

43

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



A

myc w t USP4 +
\5
+

c>> csy
S*  A *e? <y

+
anti-m yc

anti-actin

USP4 siRNA

myc w t USP4

myc w t USP4/USP4 siRNA

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



The analysis revealed that in cells expressing the USP4 siRNA, the protein levels of 

exogenous USP4 were significantly reduced (Figure 15 A). The efficient depletion of both 

endogenous and exogenous USP4 mRNA levels using the siRNA was assessed by Real-time 

PCR (Figure 15B). No decrease in endogenous USP4 mRNA levels was detected. However, 

the exogenous levels of USP4 mRNA increased when expressing myc wt USP4 compared to 

NIH-3T3 cells. In addition, USP4 mRNA levels were significantly reduced compared to 

cells expressing myc wt USP4 when myc wt USP4 was co-transfected with USP4 siRNA 

(Figure 15B).

Analysis of USP4 knockdown or overexpression on cell morphology and cell cycle

USP4 contains two motifs (namely CR1 and CR2), which are common to viral 

protein motifs responsible for binding the retinoblastoma gene product pRb. Given the 

known interaction of USP4 with pocket proteins pRb, pl07 and pl30 (Blanchette et al.,

2001; DeSalle et al., 2001) and the well characterized role of pRb in the regulation of the G1 

to S phase transition of the cell cycle (Dannenberg and te Riele, 2006; Grana et al., 1998) the 

effects of shUSP4D transfection on cell cycle progression of NIH-3T3 cells were assessed. 

Untransfected NIH-3T3 cells, shControl or shUSP4 transfected cells were subjected to flow 

cytometric analysis which revealed that transfection of shUSP4D did not affect the Gl/S 

phase transition of the cell cycle (Figure 16). In agreement with the flow cytometry data, 

examination of cells transiently transfected with shUSP4D or cells overexpressing either wt 

or Cys USP4 by light microscopy revealed no significant differences in the general 

appearance of cells. In addition, no increase in mitotic or arrested cells was noted (Figure

17).
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Figure 16. Effect of USP4 depletion on cell cycle by flow cytometry

Analysis of cell cycle parameters in NIH-3T3 cells transfected using shControl or shUSP4D 
by flow cytometry using propidium iodide staining. No significant difference in Gl/S 
transition and cell cycle profiles were observed between untransfected NIH-3T3 cells, and 
cells transfected with shControl or shUSP4D. Representative cell cycle profiles are shown 
for A) untransfected NIH-3T3 B) shControl C) shUSP4D
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Figure 17. Cell morphology in cells depleted or overexpressing USP4

Visualization of NIH-3T3 cells by phase contrast microscopy. No morphology changes were 
observed between untransfected cells or cells overexpressing shControl, shUSP4, myc wt 
USP4 or myc Cys USP4. Two representative panels of each transfections are depicted A) 
untransfected NIH-3T3 B) shControl C) shUSP4 D) myc wt USP4 E) Cys USP4 mutant.
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USP4 affects transcription

Given the exceptionally large number of genes that were modified by expression of 

the shUSP4, the possibility of the involvement of USP4 in modulating global transcription 

was assessed by luciferase assay. The expression of a luciferase reporter driven by a TATA 

box was assessed in cells expressing wt USP4 or depleted of USP4 using the shUSP4D. The 

analysis revealed that whereas transfection of shUSP4D decreased basal transcription of the 

reporter protein, ectopic expression of wt USP4 had the opposite effect. Overexpression of 

the catalytically inactive version of USP4 (Cys mutant) had no effect on transcription (Figure

18). This data proposes a role for USP4 in gene transcription regulation. Since CREB- 

binding protein (CBP) is a transcriptional co-activator and has been shown to bind the amino 

terminus and the CR1 motif of El A (Barbeau et al., 1994), we explored the possibility that 

USP4 and CBP interact. The interaction of USP4 with CBP was investigated by co- 

immunoprecipitation assays in cell extracts from NIH-3T3 cells transfected with myc tagged- 

versions of USP4. The analysis of the immunoprecipitates by western blot analysis with the 

myc antibody revealed that CBP interacts with USP4 and that this interaction is not 

dependent on the Cys or CR1 domains. The membrane was re-probed with an antibody 

against CBP to confirm its presence in the lysates and immunoprecipitates.
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Figure 18. USP4 modifies transcription

A) Western blot analysis with the anti-myc antibody of total cells extracts or 
immunoprecipitates from NIH-3T3 cells transfected with myc wt USP4, myc Cys USP4 or 
myc CR1 USP4. CBP was observed to be present in immunoprecipitates of myc wt USP4, 
myc Cys USP4 and myc CR1 USP4 but absent in untransfected immunoprecipitates and in 
the beads plus lysate negative control. B) NIH-3T3 cells were assayed for expression of a 
luciferase reporter containing a TATA box using a dual luciferase assay. Depletion of USP4 
using shUSP4D showed a significant decrease in luciferase activity while lysates 
overexpressing myc wt USP4 demonstrated an increase in luciferase activity when compared 
to cells transfected with the pcDNA3.1 vector alone. Cells overexpressing the myc Cys 
USP4 construct did not show a significant change compared to cells transfected with the 
pcDNA3.1 vectore alone.

48

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



B

Cell extracts IP anti CBP

^  ̂ vvJo* \ y  k ĵ  vjo' \jr  . nj
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DISCUSSION

USP4 and ARE-mRNA stability

A large number of proteins that belong to different biological processes and are 

important in various diseases are encoded by ARE-mRNAs (Bakheet et al., 2006; Hollams et 

al., 2002). Some tumors stabilize oncogene mRNAs which leads to protein overproduction 

and a predisposition for unrestrained growth. For example, the mRNA of the c-myc proto­

oncogene undergoes rapid turnover due to the presence of an ARE sequence in its 3’ UTR 

(Brewer, 1991; Brewer, 1998; Jones and Cole, 1987). Translocation or loss of the c-myc 

3’ UTR renders the c-myc mRNA much more stable and has been observed in some 

myelomas and human T-cell leukemias (Aghib et al., 1990; Hollis et al., 1986). Various 

cytokines and growth factors including GM-CSF, IL-1, IL-3 and IL-6 also show an increased 

mRNA stability in different tumors or cell lines (Ross et al., 1991; Schuler and Cole, 1988). 

ARE-binding proteins have been implicated in different cancers (Gouble et al., 2002; Guo 

and Hartley, 2006). HuR, an ARE-binding protein, antagonizes mRNA decay (Myer et al., 

1997; Peng et al., 1998). HuR is predominantly nuclear but can translocate to the cytoplasm 

which suggests that it binds to an ARE-mRNA in the nucleus and that the complex shuttles 

to the cytoplasm where HuR stabilizes the transcript and facilitates translation (Fan and 

Steitz, 1998). Increased HuR expression and an increase in its cytoplasmic presence has 

been observed in many cancers including induced mouse mammary tumors as well as in 

human breast carcinomas (Heinonen et al., 2005) and colon carcinomas (Denkert et al., 2006; 

Lopez de Silanes et al., 2003). Interestingly, both HuR and AUF1, a destabilizing ARE- 

binding protein, have increased cytoplasmic expression levels in induced neoplasia and 

hyperplasia of mouse lung tissue. In addition, the study suggests that the alterations in HuR
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and AUF1 expression levels might act on highly regulated mRNAs and that this impacts on 

the neoplastic pathology (Blaxall et al., 2000). The explanation behind the HuR or AUF1 

overexpression or cytoplasmic distribution still remains unclear.

USP4 has previously been implicated in the control of rapid degradation of ARE- 

mRNAs (Laroia et al., 2002). The study demonstrated that USP4 overexpression in 

mammalian Cos-7 cells prevents degradation of ARE-mRNAs. The mechanism by which 

USP4 accomplishes these effects remains unknown. One possibility by which USP4 could 

exert ARE-mRNAs stability control could be through the deubiquitination and subsequent 

stabilization of ARE-binding proteins. HuR is likely to be a substrate of the UPP since 

proteasomal inhibition increases its levels (Bonelli et al., 2004). Since HuR is a stabilizing 

ARE-binding protein of GM-CSF (Fan and Steitz, 1998; Peng et al., 1998; Raineri et al., 

2004), it is possible that it may be stabilized through deubiquitination by USP4. Therefore, 

increased levels of USP4, seen in human lung tumors (Gray et al., 1995), could lead to 

increased expression levels of HuR which in turn would result in increased mRNA stability 

of HuR-targeted ARE-mRNAs such as GM-CSF. The increased mRNA stability would 

allow increased translation of GM-CSF protein. It has been shown that during tumor 

development, GM-CSF stimulates cell proliferation and affects the microenvironment of the 

tumor as well as modulates the immune response (Diament et al., 2003). GM-CSF has also 

been attributed a role in tumor progression of lung cancer (Uemura et al., 2006). Therefore, 

abnormal GM-CSF mRNA stability exerted by USP4 may cause increased cell proliferation 

and tumorigenesis.

The role of USP4 in ARE-mRNA stability was investigated in this study in order to 

elucidate if  the catalytic activity of USP4, binding domains or localization signals are 

required and to explore if this effect is specific to GM-CSF or can be extended to other ARE
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sequences. Overexpression of USP4 or USP4 mutants did not result in increased luciferase 

activity of a construct containing a generic ARE sequence in NIH-3T3 cells (Figure 5 and 

Figure 6A). It is possible that USP4 acts on a protein that is not expressed to the same level 

in NIH-3T3 cells compared to Cos-7 cells. Interestingly, HuR expression levels are different 

across cell lines and have been found to be low in NIH-3T3 cells (Manjithaya and Dighe, 

2004). Therefore, the effects of USP4 on the generic ARE sequence were assessed in Cos-7 

cells. Once again, USP4 overexpression did not demonstrate an increased luciferase activity 

(Figure 6B) suggesting that this is not due to a cell type specific effect. Since the ARE 

sequence encoded in the luciferase construct is generic, these results suggest that the 

stabilizing effects of USP4 on ARE-mRNAs are not global and can not be attributed to every 

ARE-mRNAs. Rather, USP4 might be stabilizing certain specific ARE-mRNAs, one of 

which could be GM-CSF. In fact, if  USP4 exerts its effect by interacting or deubiquitinating 

an ARE-binding protein, its effects are most likely going to be specific to the AREs bound 

by that protein. When interpreting these results, it is important to keep in mind that the 

commercially available UbC-Luc-ARE construct contains hCLl and PEST protein 

degradation sequences (Figure 4). Since the mRNA stability effect was assessed by 

luciferase reporter assay which measures protein levels, the lack of stability effect could be 

attributed to the fact that the protein degradation sequences are degrading the proteins before 

an effect could be observed, therefore overriding the mRNA stabilization effect of USP4.

An attempt to overcome rapid protein degradation was made by using a proteasome inhibitor 

in order to block protein degradation (data not shown) however, this approach yielded 

unconvincing results. Thus, the results obtained with the commercial UbC-Luc-ARE 

construct were inconclusive and a different approach was undertaken.
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ARE-binding proteins bind selectively to different ARE sequences (Chen et al., 

2002a). Since USP4 may act on an ARE-binding protein involved in the mRNA stability of 

GM-CSF, the effects of overexpression of USP4 were investigated on a luciferase construct 

(without protein degradation sequences) containing the GM-CSF ARE sequence. The 

observation that the UbC-LuC construct containing the ARE does not show a decrease in 

luciferase activity like expected by an ARE-containing mRNA sequence (Figure 7) could be 

explained by the strong UbC promoter driving expression of the construct. The UbC 

promoter could be saturating the system to the point that rapid mRNA decay of the construct 

is masked. Therefore, endogenous GM-CSF levels were assessed following overexpression 

of UPS4. Overexpression of USP4 or HuR did not prevent rapid decay of GM-CSF whereas 

co-transfection of USP4 and HuR resulted in increased GM-CSF protein levels (Figure 8). It 

is important to note when interpreting these results that HuR, used as a positive control, did 

not result in increased levels of GM-CSF. Depending on endogenous levels of USP4 and 

HuR, it is possible that in order to observe an increase in the stability effect under the 

conditions used, both USP4 and HuR must be elevated. The most parsimonious explanation 

for these findings is that whereas endogenous HuR may be stable in its normal physiological 

location and/or complex, the exogenous HuR is recognized, ubiquitinated, and rapidly 

degraded by the proteasome, but can be protected by the deubiquitinating activity of USP4. 

Because the endogenous HuR is not ubiquitinated under our cell culture conditions, the 

addition of more USP4 protein does not lead to an increase in HuR levels and subsequent 

stability and increase of GM-CSF. It is also important to note that more than one protein can 

bind the ARE sequence of GM-CSF. AUF1 is also an ARE-binding protein that binds the 

GM-CSF ARE sequence but leads to the destabilization of the construct (Buzby et al., 1999). 

This suggests that HuR and AUF1 compete in order to determine the stability of GM-CSF
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mRNA. Without knowing whether this competition occurs in our experimental system, 

whether HuR, AUF1, or both are substrates of USP4, and whether USP4 alters the 

stoichiometry or physical dynamics of the competition it is difficult to predict how 

HuR/AUFl competition might affect GM-CSF mRNA stability in our assay.

The data in this study fails to find any support for the stability effects of USP4 on 

GM-CSF mRNA proposed in (Laroia et al., 2002). Further studies are required in order to 

convincingly evaluate if USP4 is involved in mRNA stability. For instance, investigation of 

endogenous GM-CSF, and other ARE-containing transcripts, at the RNA levels using Real­

time PCR following overexpression or depletion of USP4. It would also be useful to 

determine if HuR or other ARE-binding proteins are substrates of USP4.

Generation of USP4 knockdown

Considering the fact that no commercially antibody to USP4 is available, depletion of 

endogenous USP4 levels following shUSP4 expression could not be analyzed by western. 

Alternatively, myc wt USP4 was overexpressed and subsequently depleted using the shUSP4 

in order to assess knockdown of USP4. The shUSP4D proved to be successful in knocking 

down exogenous myc wt USP4 (Figures 9 and 11) but to decrease GFP protein levels only 

very slightly (Figure 10). Therefore, it was assumed that endogenous USP4 would be 

targeted and depleted. However, no depletion of endogenous USP4 at the mRNA level 

(Figure 12) was observed when transfecting shUSP4D. A few reasons could account for the 

observation that endogenous USP4 is not depleted. First, it is possible that endogenous 

levels of USP4 are already at the limits of detection and therefore too low to detect a 

significant knockdown. Second, although the system was designed to maximize specificity 

there is the possibility that it is unable to discriminate between USP4 and the highly related
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USP15 (Baker et al, 1999). Third, since USP4 has splicing variants (Gray et a l, 

unpublished), some of them could be escaping depletion by the shUSP4D. In addition, a 

cryptic promoter may be present in the USP4 sequence and result in a truncated transcript 

that is not targeted by the knockdown. Despite the suggestive evidence from the tagged 

exogenous USP4 knockdown there is no definitive evidence at this point demonstrating that 

endogenous USP4 is being depleted. Due to time limitations this issue was unfortunately left 

unresolved, but a sensitive non-PCR based strategy such as RNAse protection could be used 

to determine if endogenous USP4 levels were actually affected.

USP4 depletion and gene dysregulation

Transforming growth factor-beta (TGF-beta) signaling is a suppressor of cell growth 

and loss of this pathway can result in tumorigenesis (Bian et al., 2003; Kaklamani and 

Pasche, 2004). A number of studies have focused on inactivation of the TGF-beta signaling 

cascade in lung cancer (Baek et al., 2006; Domagala-Kulawik et al., 2006; Kang et al., 2006; 

Park et al., 2002).

TGF-beta signaling (reviewed in (Massague and Gomis, 2006; Massague and 

Wotton, 2000)) is activated by a family of cytokines divided into two subfamilies: the TGF- 

beta/Activin/Nodal subfamily and the BMP (bone morphogenetic protein)/GDF (growth and 

differentiation factor)/MIS (Mullerian inhibiting substance). The signaling cascade is 

initiated when a TGF-beta ligand binds and brings together type I and type II receptor 

serine/threonine kinases on the cell surface. Subsequently, receptor II phosphorylates the 

kinase domain of receptor I which results in phosphorylation of downstream Smad 

transcription factor proteins and propagation of the signal. Smad proteins are divided in 

three functional classes: 1) receptor-regulated Smad (R-Smad) which includes Smadl, 2, 3, 5
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and 8; 2) co-mediator Smad (Co-Smad) which has Smad4 as its sole member; 3) inhibitory 

Smad (I-Smad) which includes Smad6 and 7. R-Smads are directly phosphorylated and 

activated by the receptor I kinase activity. These Smads can homotrimerize or form a 

complex with Co-Smad4. Once the complexes are activated, they move into the nucleus 

where, in cooperation with other nuclear co-factors, they regulate transcription of target 

genes. Smad6 and Smad7 negatively regulate signaling by competing with R-Smad for the 

receptors or Smad4 interactions and by selecting the receptors for degradation by the 

proteasome. Tight regulation of TGF-beta signaling is crucial in maintaining homeostasis 

and preventing carcinogenesis. The UPP is one mechanism through which cells regulate the 

expression levels and activity of TGF-beta signaling effectors (Izzi and Attisano, 2004; Izzi 

and Attisano, 2006). Smurfs are responsible for the regulation of the cascade through 

ubiquitination and proteasomal degradation of TGF-receptor and Smads (Arora and Warrior, 

2001; Izzi and Attisano, 2004). A recent report has demonstrated that the deubiquitinating 

enzyme UCH37 (ubiquitin C-terminal hydrolase) interacts with Smad2, Smad3 and Smad7. 

In addition, UCH37 has been shown to deubiquitinate and stabilize the TGF-betal receptor 

(Wicks et al., 2005). These findings support the role of ubiquitin and DUBs in the control of 

TGF-beta signaling. In light of the fact that USP4 mRNA levels are elevated in human 

primary tissue of small cell tumors and adenocarcinomas (Gray et al., 1995) and that a 

number of genes involved in the TGF-beta pathway were observed to be dysregulated 

following depletion of USP4, TFG-beta signaling was investigated. USP4 could be 

implicated in the TGF-beta cascade at a number of possible levels. USP4 could interact with 

TGF-beta itself or one of the TGF-beta receptors potentially stabilizing them. Therefore, 

depletion of USP4 would lead to inhibition of the TGF-beta pathway. Alternatively, USP4 

could act on downstream effectors of the TGF-beta signaling cascade. The data presented
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here demonstrates no change in mRNA expression levels of investigated genes of the TGF- 

beta pathway (Table 1) transfection of shUSP4D (Figure 13). The observation that Smad3 

protein levels (Figure 14B) increased following shUSP4D transfection but also increased 

with the shControl transfection suggests that the observed upregulation of Smad3 protein 

levels were due to the short-hairpin transfection itself through unspecific interactions of the 

hairpin or viral protein effects. This was confirmed by the fact that Smad3 demonstrated no 

increase in protein level in cells expressing USP4 siRNA (Figure 14D) compared to 

untransfected NIH-3T3. This suggests that the gene deregulation observed by microarray 

analysis was a result of the short-hairpin transfection and explains why the investigated 

genes did not demonstrate any mRNA changes when validated by Real-time PCR.

Therefore, the data presented here does not support the proposed model of USP4 in TGF- 

beta signaling.

Cell cycle and cell morphology following changes in USP4 expression levels

USP4 contains domains, CR1 and CR2, which are identical to viral protein motifs 

responsible for binding the retinoblastoma gene product pRb. In fact, USP4 has been shown 

to interact with pocket proteins pRb, pl07 and pl30 (Blanchette et al., 2001; DeSalle et al., 

2001). The pRb tumor suppressor is involved in the regulation of the G1 to S phase 

transition of the cell cycle (Dannenberg and te Riele, 2006; Grana et al., 1998). It has been 

proposed that pRb is unlikely to be a substrate of USP4. Rather, pRb is thought to bring 

USP4 in close association with other proteins found in complex with it (Blanchette et al., 

2001). Some pRb-binding proteins are degraded through the UPP including c-myc (Gregory 

and Hann, 2000), E2F-1 (Hofmann et al., 1996) and E2F-4 (Hateboer et al., 1996). USP4 

could potentially provide a mode of regulation for these proteins via deubiquitination. Given
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the fact that pRb is involved in cell cycle regulation, changes in USP4 expression could 

affect levels of a protein involved in cell cycle and lead to a dysregulation in cell cycle 

progression. The data presented in this study does not support a role for USP4 in the Gl/S 

phase transition of cell cycle (Figure 16). One explanation for this could be related to the 

fact that the shRNA lentivirus transfection itself is affecting the cells and that the 

endogenous USP4 mRNA levels were not shown to be depleted. Therefore, the fact that 

USP4 is not involved in cell cycle can not be ruled out. Over a hundred pRb-binding 

proteins have been identified to date suggesting that pRb possess many different functions 

(reviewed in (Morris and Dyson, 2001). Therefore, USP4 could be regulating a pRb-binding 

protein which is implicated in cell cycle or in a different pathway involving pRb such as 

transcription. These experiments need to be repeated using the USP4 siRNA in order to 

overcome the lentivirus effect. As well, a combination of siRNAs targeting different regions 

of USP4 could be used in an attempt to deplete endogenous USP4. Visualization of cells 

following shUSP4D transfection or USP4 overexpression revealed no significant differences 

in the general appearance of cells (Figure 17). Once again it is important to note that the 

shUSP4D transfection is not totally reliable. However, overexpression of myc wt USP4 also 

revealed no change in cell appearance suggesting that USP4 is not acting on a gene affecting 

cell morphology.

Role for USP4 in transcription

The assumed depletion of USP4 and analysis of gene expression by microarray has 

demonstrated dysregulation of a great number of genes. This suggests that USP4 exerts a 

global effect which could be attributed by involvement in transcription or translation. This 

study demonstrates that the deubiquitinating enzyme USP4 and the transcriptional co-
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activator CBP interact in a mouse fibroblast cell line. Interestingly, CBP is a target of the 

ubiquitin-proteasome pathway (Lonard et al., 2000) which has recently been shown to be 

accomplished via UBC3 (Yan et al., 2003). It is possible that ubiquitination and 

deubiquitination of transcriptional co-activators such as CBP provide a transcriptional mode 

of regulation by ensuring appropriate protein levels of these co-activators. Since CBP is 

such an important player in transcriptional regulation, the fact that USP4 is in the same 

complex as CBP supports the observation that depletion of USP4 leads to the mRNA 

deregulation of a large number of genes. The role of USP4 in transcriptional regulation is 

supported by the fact that shUSP4D transfection decreased and USP4 overexpression 

increased basal transcription activity. It is conceivable that USP4 stabilizes CBP, or another 

protein in the same transcription complex, through deubiquitination. Consequently, 

depletion of USP4 would lead to a decrease of transcription activity through increased 

ubiquitin-dependent degradation of CBP which is what is observed in regards to basal 

transcription activity. On the other hand, overexpression of USP4 would stabilize CBP and 

result in increased basal transcription like observed. Further studies need to be conducted to 

assess if USP4 binds other proteins in the CBP complex. It would be interesting to know if 

USP4 directly deubiquitinates CBP or if CBP acts as a bridge between USP4 and some other 

unidentified component of the transcriptional complex that it stabilizes. CBP and its 

homolog p300 are known to interact with many proteins involved in transcription, general 

transcription and nuclear receptors (see Table 2) (reviewed in Shikama et al., 1997) which 

suggests many possible substrates for USP4. In order to identify such a substrate, a pull­

down using anti-CBP (from cells overexpressing or depleted in USP4) followed by mass 

spectrometry could be contemplated.
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Table 2. p300/CBP target proteins

List of multiple p300/CBP binding partners including transcription factors, viral 
oncoproteins and nuclear receptors. The p300/CBP regions responsible for the binding 
activity with the target proteins are depicted.
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Target Binding domain Comment
p300 CBP

CREB 1-663 590-669 Transcription factor
c-Fos - 1621-1877 Transcription factor
c-jun, v-jun 1596

1752-2370
461-662 Transcription factor

JunB 744-1571
1572-2370

- Transcription factor

YY1 1572-2370 - Transcription factor
E1A 1767-1816 1805-1854 Viral oncoprotein
SV large T 1709-1913 1746-1951 Viral oncoprotein
c-myb - 461-661 Transcription factor
Nuclear receptors 1-117 1-101 Transcription factor
(RXR, RAR, TR, ER,
PR, GR)
pl60®c'7 2046-2157 2058-2163 Coactivator
Sap-la - 451-721 Transcription factor
Stat2 CH-1 - Transcription factor
MyoD 1514-1922 - Transcription factor
E2F-1 - 1621-1877 Transcription factor
TBP 1-743

1737-2414
“ General transcription factor

TFIIB 1737-2414 1680-1812 General transcription factor
P/CAF 1763-1966 1801-1880 Acetyltransferase
pp90fofc 1737-1836 1805-1891 Kinase
Tax 566-663 451-682 Viral transactivator
SREBP-2 1-663 451-682 Transcription factor

adapted from Shikama et al., 1997
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Conclusions

In the past few years, studies have been identifying binding partners of UPS4 and have 

shown Ro52 to be a substrate of USP4. To date, none of these findings have explained the 

increased lung carcinoma pathology associated with elevated USP4 mRNA levels. This 

study demonstrates that the mammalian deubiquitinating enzyme USP4 is in complex with 

the CBP transcriptional co-activator. This interaction could suggest a role for USP4 in 

transcriptional regulation. In addition, changes in USP4 expression levels were shown to 

impact on basal transcriptional activity. Further studies need to be conducted in order to 

explore this interaction further and elucidate its physiological relevance.
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