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Abstract
The ubiqutin-mediated proteolytic pathway is a field of intense interest due to the
wide range of metabolic processes which are influenced by the covalent attachment of
ubiquitin moieties to target proteins. In most. but not all cases. ubiquitination of a protein
leads to its destruction by the 26S proteasome. Our lab is interested in the physiological role
of the murine Unp proto-oncogene. a putative ubiquitin protease. which we postulate is
involved in removing ubiquitin molecules from protein substrates. thereby preventing or
delaying their degradation by the 26S proteasome. The work presented in this thesis
describes the characterization of the Unp promoter and an analysis of Unp expression
patterns in adult mice. Polymerase chain reaction (PCR)-mediated deletion mutagenesis was
carried out using the full-length Unp promoter as a template and deletion constructs were
designed by tusion of PCR products to the chloramphenicol acetyltranstferase (CAT) reporter
gene. Unp promoter deletions were subsequently transiently transfected into 293T human
tibroblast cells and P19 murine embryonal carcinoma cells and promoter activity was
assessed by CAT analysis. Transgenic mice were created that employed a 411 bp fragment
of the Unp promoter driving expression of the E. Coli B-galactosidase reporter gene.
Expression of the transgene was then assessed by Northern blot analysis as well as tissue
sectioning and staining with 5-bromo-4-chloro-3-indolyl-B-D-galactopyranoside (X-GAL).
CAT analysis revealed significant differences in Unp promoter activity between
distinct deletion clones, confirming the presence of both positive and negative regulatory

elements within the promoter region. As well, the specific removal of a putative E2F-1
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binding site diminished Unp promoter activity approximately two-fold. raising the
possibility that the Unp promoter may be regulated by the E2F family of transcription
factors.

Northern analysis of transgenic mice showed detectable transgene expression only
in the testes of adult male mice. Inspection of X-GAL-treated testis sections revealed intense
staining in round spermatids. potentially suggesting a role for the gene in spermatogenesis.
Although the true in vivo function of Unp is unknown at this time. it is hoped that a gene
targeting approach which will produce mice homozygous null for Unp enzvme will answer

these important questions.
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1. Introduction

1.1 The Ubiquitin-Proteasome Pathway

Ubiquitin is a small (76-amino acids) peptide which is expressed in all eukarvotic
cells. It is found in many cellular compartments. including the cytosol. the nucleus and the
cell surface and is highly conserved across species lines. with only three amino acid
differences between yeast and human sequences (35). Ubiquitin can be found either free or
covalently attached to proteins within the cell. It is perhaps best known for tagging protein
substrates for proteolytic degradation (33). Ubiquitination and subsequent degradation of a
protein depends upon a series of enzymatic reactions. Briefly. the C-terminal Gly of
ubiquitin is activated by ATP to a high-energy thiol ester in a reaction catalyzed by the
ubiquitin-activating enzyme. E1. Following activation. ubiquitin is transferred from E1 to
E2 (ubiquitin-conjugating enzyme) via transthiolation. Ubiquitin is then transferred either
directly from E2 to a protein substrate (in which an isopeptide bond is formed between the
activated C-terminal of ubiquitin and e-amino groups of lysine residues within the substrate).
or with the assistance of an E3 enzyme (ubiquitin-protein ligase). The absence or presence
of E3 in the final conjugation step appears to have some dependence upon the nature of the
substrate in question. Hence. it has been postulated that the presence of E3 provides an
additional level of selectivity in substrate recognition (26).

Many stable mono-ubiquitin adducts can be found within the cell. including histones

H2A and H2B (20) and the platelet-derived growth factor (PDGF) receptor (95). Mono-
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ubiquitination appears sutficient in some cases for degradation of target proteins in vitro.
such as a-globin in reticulocyte lyvsates (74). However. in many instances polyvubiquitin
"chains’ can form on the substrate which tfeature isopeptide linkages between Lys 48
residues of adjacent ubiquitin molecules. These chains are believed to be a signal for
degradation of the protein by the 26S proteasome. a complex that is distributed throughout
the cytoplasm and the nucleus. Multiubiquitin chains are recognized by a specific subunit
of the 26S proteasome (S3a) and the substrate protein is degraded. These chains are then
released from the complex and ubiquitin is recvcled ( Figure 1). While the enzvmatic cascade
involving El. E2 and E3 is believed to be responsible for the majority of protein
ubiquitination reactions. recent evidence has shown that in certain cases. the proteasomal
degradation of the oncoproteins c-fos and c-jun may occur in a manner independent of the
El enzyme of the ubiquitin cvcle (32).

The mechanisms whereby substrates are recognized and become multiubiquitinated
have not been fully elucidated at this time. It is known. for instance. that the ubiquitination
complex can assemble ubiquitin chains directly on the protein substrate by repeated
additions of ubiquitin units or by transferring preassembled polyubiquitin chains onto the
targeted protein (7.82). However. what determines the stability of certain proteolytic
substrates of the ubiquitination complex is a matter of some debate. The half-lives of
artificial protein substrates show a strong dependence on the N-terminal residue of the

protein. an effect commonly known as the *N-end rule’ (83) and evidence suggests the
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Figure 1: The ubiquitin-proteasome pathway

Ubiquitin is transterred to a target protein (substrate) through a series of enzymatic reactions
involving E1. E2 and E3 enzymes. The ubiquitinated protein is addressed to the 26S
proteasome where it is degraded into small peptides and free ubiquitin chains are released
by deubiquitinating enzymes.

E1: Ubiquitin-activating enzyme: E2: Ubiquitin-conj ugating enzyme: E3: Ubiquitin-protein
ligase: Doa4: yeast deubiquitinating enzyme: isoT: human isopeptidaseT: 26S: proteasome:
U: ubiquitin



Ubiquitin-mediated proteolysis
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amino terminus is recognized by E3 (64). As well. several kinds of proteolytic recognition
motifs have been recognized. including hydrophobic and amphipathic recognition sequence
elements that are essential for binding of polyubiquitin chains to the S5a subunit of the 26S
proteasome (3). A fuller understanding of substrate recognition by the ubiquitination
complex will provide many clues as to why certain proteins are efficiently ubiquitinated and
degraded and others are rarely. if ever. modified.

A wide variety of cellular processes are influenced by the ubiquitin-proteasome
pathway. These include cell-cycle progression. programmed cell death. ribosomal assembly.
antigen processing. viral pathogenesis. chromosome segregation and DNA replication just
to name a few (27). The continual destruction of cell proteins may appear to be costly in
terms of energy expenditure by the cell (although only a small fraction of cell proteins
normally undergo rapid and continuous turnover). but it serves several important
homeostatic functions. Selective proteolysis enables a protein to reach a steady-state level
in a shorter period of time due to its shorter half-life. Additionally, regulated protein
degradation eliminates any chance of those targeted proteins being reactivated
inappropriately. Several lines of evidence support the theory that rapid elimination of rate-
limiting enzymes and regulatory proteins is integral to the control of growth and metabolism.
Of particular interest is the role of ubiquitin-mediated proteolysis in the timed destruction
of key regulatory proteins in the eukaryotic cell cycle. Timed proteolysis is essential for

regulating the activity of cyclin-dependent kinases (CDKs), the enzymes which promote the
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progression ot the cell cycle. This regulation is accomplished through degrading CDK
activators and inhibitors. including mitotic cvelins (53) and p27 (38). A mounting body of
evidence suggests ubiquitin also plays a significant etiological role in a variety of human
diseases. including various forms of cancer. For instance. the human papillomavirus E6-AP
protein. functioning as an E3 enzyme. contributes to oncogenic transtormation of cervical
cells by promoting the ubiquitination and degradation of the tumour suppressor p33 (72). As
well. studies have shown increased ubiquitination and degradation of the putative tumour
suppressor and CDK inhibitor. p27. in aggressive colorectal carcinomas (49). Similarly.
ubiquitination plays a prominent role in various neurological disorders. including
Huntington's disease (HD). which involves the association of the huntingtin protein with a
ubiquitin-conjugating enzyme (E2) in patients symptomatic for the disorder (37). It is
believed this association may affect the regulated catabolism of the huntingtin protein. which
could significantly affect the progression of the disease. Recent tindings on HD suggest the
huntingtin protein forms misfolded. ubiquitinated inclusions within neuronal nuclei as a
consequence of a CAG/polyglutamine repeat expansion (10. 73).

What is unknown at this time is whether alterations in ubiquitination play a causative
role in the aforementioned diseases. There are. however. specific cases of defects in protein
ubiquitination having a direct causative role in the etiology of human diseases. For instance.
it is known that Angelman syndrome. which is characterized by mental retardation. seizures

and abnormal gait, is caused by a mutation in the 5' end of the UBE3A gene. which functions
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as a ubiquitin-protein ligase (39). This mutation is believed to disrupt the ligase activity of
UBES3A. thereby preventing ubiquitination of its protein substrate. Additionally. a candidate
tumour suppressor gene. TSG101. has been found to be frequently mutated in several human
breast and prostate cancers (62. 77). The most prevalent TSG101 deletion in both breast and
prostate cancers has been shown to disrupt the active site of a ubiquitin conjugating enzyme
homologue contained within an amino-terminal domain. suggesting a role tor TSG101 in
protein ubiquitination (62).

A final example of the importance of protein ubiquitination is provided by the NFkB
signal transduction pathway. Studies have shown that the transcription factor NFkB is
activated by destruction of the inhibitorv molecule. [kB. by the ubiquitin-proteasome
pathway (9). This effectively exposes the NFkB nuclear localization signal and allows its
translocation to the nucleus. permitting the cell to respond to various extracellular stimuli
(i... mitogens. cytokines. viral proteins. etc.) and to elicit an immune response. Clearly. the
role of protein ubiquitination in regulating intracellular protein turnover is of great

significance to proper cell function and the maintenance of intracellular homeostasis.

1.2 Deubiquitinating Enzymes
Just as ubiquitin conjugation can directly affect the rate of proteolysis. reaction rates
will also center on the frequency of deubiquitinating events. Polyubiquitin chains which

assemble on target proteins are highly reversible, with rapid addition and removal of
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ubiquitin from the substrate. Proteolvtic processing at the ubiquitin C-terminus is catalvzed
by a supertamily of enzymes collectively known as deubiquitinating enzyvmes. Such
processing is believed to be required for recycling of monomeric ubiquitin from
polyubiquitin chains. release of polyubiquitin chains from substrates prior to degradation by
the 26S proteasome. reversal of regulatory ubiquitination. and editing of inappropriately
ubiquitinated proteins. including removal of ubiquitin from small cellular nucleophiles like
glutathione (27). These enzymes fall into two distinct classes: ubiquitin-specific proteases
(Ubps) (2) and ubiquitin C-terminal hydrolases (UCHs) (60). Both classes of enzymes are
capable of hydrolyzing the peptide bond at the C-terminus of ubiquitin and both contain
highly divergent Cys and His residues which are essential for catalytic activity of the

enzyme(s) (89).

1.3 Ubiquitin carboxyl-terminal hydrolases (UCHs)

The UCHs are relatively small (25-28 kDa) enzymes which are capable of cleaving
peptide extensions up to 20 residues from ubiquitin with high efficiency and low sequence
preference. but unlike the Ubps. cannot cleave larger extensions (87). Deletion of a yeast
UCH shows no striking phenotypic abnormalities. suggesting an overlap of function between
the UCHSs and the Ubps (48). However, some UCHs display tissue-specific patterns of
expression. For example, PGP9.5 is a neuronal UCH that accounts for roughly 2% of the

total soluble protein in the mammalian brain (88) and is expressed exclusively in neurons



and neuroendocrine cells (90).

1.4 Ubiquitin-specific proteases (Ubps)

The Ubp enzymes (50-300 kDa) are larger than UCHs and are capable of cleaving
ubiquitin from a wide range of protein substrates in vitro. It is therefore not surprising to find
that a number of distinct Ubps have been cloned. In veast alone there are 16 Ubps. which
raises the possibility that specific protein turnover rates can be differentially regulated by
these enzymes. Various functions assigned to Ubps include cleavage of ubiquitin from the
remnants of degraded protein (59) and disassembly of polyubiquitin chains to vield
functional monomers (1). They have also been shown to act in cell fate determination in
Drosophila (29). transcriptional silencing in S. cerevisiae (51) and the cellular response to
cytokines (96). Many veast Ubp mutants do not display discernible phenotypes. suggesting
that there may be considerable overlap in Ubp functions. For example. veast which are
mutant for the deubiquitinating enzyme Doa4 are viable but show an accumulation of small
ubiquitinated species still bound to the 26S proteasome (39). suggesting that Doa4 functions
late in the proteolytic pathway by cleaving ubiquitin from substrate remnants still bound to
protease. Additionally. mutational analysis of the yeast Ubp14 enzyme (the yeast homolog
of human isopeptidase T) suggests it plays a role in disassembling unanchored ‘free
polyubiquitin chains. Yeast deficient for Ubp14 showed a striking accumulation of free

ubiquitin chains and diminished levels of protein degradation (1). Given the abundance of
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different Ubp enzymes in the cell. it would seem unlikely to find accumulation of
ubiquitinated species in doad or ubp14 mutants. The fact that these species are prevalent may
be due to high substrate specificity among the Ubps. Perhaps the most important finding to
date concerning Ubps with regards to human disease involves the characterization of the
human tre-2 oncogene. which appears to be tumorigenic when present in an inactive form
(59). The mutant form of the protein may act in a dominant-negative fashion. interfering
with tre-2 enzyme-mediated degradation of one or more regulators of cell proliferation. It
is apparent that changing the rate of ubiquitin removal from a substrate will alter the
likelihood of the multiubiquitinated intermediate being recognized by the 26S proteasome.
Taken together. these data suggest deubiquitinating enzymes play an equally important role

in regulating intracellular protein levels.

1.5 The murine Unp gene

The murine Unp gene was initially discovered during a survey of genes near the Mpv
20 retroviral insertion site (13). The gene spans 22 exons distributed over 47.4 kb. all of
which has been sequenced (12). Analysis of the Unp cDNA revealed homology to the
aforementioned human tre-2 oncogene and consensus Cys and His domains which are
essential for catalytic activity of DUB enzymes (12). Unp was initially classified as an
oncogene due to its ability to induce tumor formation in nude mice injected with NIH 3T3

cells transfected with Unp (23). Subsequently, Unp was shown to possess ubiquitin protease
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activity in vitro by virtue of its ability to cleave ubiquitin from ubiquitin-f-gal fusions (18).
Surprisingly. Unp was also shown to efficiently cleave ubiquitin-proline-B-gal fusions in
vitro (18). The ubiquitin-proline bond does not occur naturally and is poorly cleaved by
presently studied Ubps (21). The fact that it is able to precisely cleave this type of linkage
has led to the hypothesis that Unp possesses a more 'relaxed’ active site conformation that
allows it access to the sterically hindered ubiquitin-proline bond. where other Ubps fail (18).
While the biological significance of this novel cleavage activity is currently under
investigation. it is possible that Unp is capable of cleaving ubiquitin-like proteins from a

wide range of substrates.

1.6 Unp expression patterns and the Unp promoter

Northern blot analysis revealed Unp mRNA levels to be comparable in all mouse
tissues examined except testes. where the transcript is more abundant (23) and in embryonic
stem cells. where expression is considerably lower ( Gray. D.A..unpublished data). This data
has led to the hypothesis that Unp is constitutively expressed in all tissues and that the gene
plays a normal. 'housekeeping' role in order to maintain steady-state levels of regulatory
proteins inside the cell. Support for the putative housekeeping function of Unp was obtained
through an analysis of the Unp promoter. Di Fruscio et al. have demonstrated that a 1.1 kb
genomic clone containing sequences 5' of the Unp transcriptional start site possesses

promoter activity (12). Sequence analysis revealed the Unp promoter to be GC rich and



-11-
lacking both a TATA box and a CAAT motif upstream of the cap binding site. hallmarks of
a 'housekeeping gene' promoter (42). Promoters which have a high density of the
dinucleotide CpG are often found to be active in many tissues. Methylation of CpGs at the
5' ends of eukaryotic genes is believed to be an essential mechanism for repressing
transcriptional levels. thereby permitting only basal expression in a wide variety of tissues
(30). Although the possibility exists that Unp expression is influenced by methylation of
CpGs within the Unp promoter. there is no direct evidence for this to date. Interestingly. the
promoter was found to possess activity in either orientation (12). a property that is shared
with other GC-rich promoters such as the phosphoglycerate kinase promoter (M. McBumey.
personal communication) and the promoter that drives expression of both the Npat and ATM
genes (31). The bidirectional activity of the Unp promoter is informative for two reasons:
First. there is a core binding site for the 'initiator’ (Inr) protein YY1 at positions -10 to -7
(CCAT) relative to the transcriptional start site of Unp. The YY1 protein can serve to direct
the site of transcriptional initiation in promoters lacking a TATA element (75). However.
in the reverse orientation the putative YY1 site in the Unp promoter is nonexistent. and
promoter activity is readily detectable (12), implying that transcriptional initiation of Unp
is positioned less precisely. Notwithstanding these arguments, recent primer extension
experiments have shown that Unp possesses a single transcription start site (Gray, in press).
Second, bidirectional promoter activity might also indicate that there are other actively

transcribed genes upstream of Unp. indicating that this area of the murine genome is highly



-12-

active.

1.7 Unph expression in lung tumours

Characterization of the human homolog of Unp - Unph - revealed transcript levels
were elevated in a subset of human lung tumours. namely adenocarcinomas and small cell
carcinomas (SCLC). again reinforcing a role for the gene in cell transformation and
tumorigenesis (22). The possibility exists. therefore. that Unp/Unph expression may be
regulated in a tissue- or cell-type-specific fashion in various lung tumours. To support this
possibility. there are numerous examples of genes involved in the ubiquitin-proteasome
pathway displaying tissue-specific expression patterns. For instance. the human homolog of
the yeast ubiquitin fusion degradation 1 protein (UFD1L) shows tissue-specific expression
during embryogenesis in the eves and in the linear ear primordia (61). Another group was
able to show that the intracellular levels of ubiquitin mRNA were differentially regulated
during sepsis in rat muscle (81). Upregulated expression of rat ubiquitin mRNA was detected
in the fast-twitch extensor digitorum longus (EDL) muscle but not in the slow-twitch soleus
muscle (81). Additionally, sepsis increased ubiquitin mRNA levels in the diaphragm but not
in heart. liver. kidney or intestine (81). Alternatively. the normal expression patterns of Unp
may be deregulated in lung tumours due to changes in the intracellular levels of positive and
negative transcription factors. For example, it has been shown that members of the myc

family of oncoproteins are overexpressed in small cell lung cancers (SCLC) (69).
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Overexpression of c-myc has been linked in many cases to tumorigenesis. and is often
correlated with aberrant expression of other known transcription factors. namely c-fos and
c-jun (65. 92). It is possible that. under certain conditions (i.e.. tumorigenesis). the
expression of Unp is severely affected by deregulated expression of these or other
transcription factors. and aberrant expression of Unp contributes to tumour formation by

some as vet unknown mechanism.

1.8 Regulation of eukaryotic gene expression

In order to investigate the mechanism(s) that control Unp expression. it is necessary
to understand that eukaryotic gene expression may be regulated at many levels. This may
occur by deciding which genes are transcribed into RNA (transcriptional control). by
controlling which of these RNA products are correctly spliced to produce a functional
mRNA (RNA splicing). Gene regulation could also occur by deciding which of these fully
spliced mRNAs are transported to the cytoplasm or by regulating which mRNAs are

translated into protein (protein synthesis).

1.9 Transcriptional control of gene expression
In order for a gene to be transcribed it is necessary for proteins known as
transcription factors to bind to specific regulatory regions of the gene to induce transcription

by RNA polymerase. In most eukaryotic protein-coding genes these regulatory regions are
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divided into four distinct elements: (a) The promoter. which in many genes contains the
TATA box which is a binding site for the constitutively expressed transcription factor TFIID
(70). (b) Upstream promoter elements (UPEs) which lie immediately upstream of the
promoter itself. Many genes contain either or both the CCAAT box which binds a variety
of different transcription factors. and a GC-rich sequence which binds the constitutively
expressed transcription factor Spl (6). (c) Enhancer elements. which can be located at great
distances either upstream or downstream from the promoter and oriented in either direction
relative to the promoter. Although the enhancer cannot drive transcription itself. it can
enhance the activity of the promoter by several orders of magnitude by binding several
copies of various regulatory transcription factors (36). (d) Regulatory elements. which are
often interdigitated with the UPEs and which bind transcription factors that only become
active in specific cell types or in response to a particular signal. The presence of these

sequences can confer a specific expression pattern on a gene (76).

1.10 Tissue-specific regulation of gene expression

The exact mechanism(s) responsible for the Unph overexpression phenotype in
SCLC and adenocarcinomas is unknown at the present time. There are, however. several
possibilities which might explain the upregulated expression of Unph mRNA in specific lung
tumours. One scenario might involve elevated promoter activity in cells overexpressing

Unph. In support of this theory, there are many genes which feature tissue or cell-specific
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transcriptional activation through regulation of promoter activity (Figure 2). For instance.
in some cases a transcription factor is synthesized in one cell type and is absence from all
others (Figure 2A). Such is the case for the immunoglobulin (Ig) genes. which contain a
binding site for Oct-2 (ocatmer transcription binding factor) (38). Oct-2 is synthesized only
in B cells and hence only the Ig genes are activated. leading to antibody production in B
cells. Similarly. genes expressed only in muscle cells such as creatine kinase contain binding
sites for the transcription factor MyoD which is present only in muscle cells (57).
Alternatively. a transcription factor which is expressed in an inactive form in most tissues
only becomes activated in certain cell types (Figure 2B). For example. NFxB is dissociated
from its inhibitory protein. IkB. in mature B cells and is free to translocate to the nucleus and
promote the transcription of the immunoglobulink light chain (47). In addition to the
dissociation of an inhibitory protein. transcription factors can also be activated by post-
translational modifications such as phosphorylation ( Figure 2C). Such is the case for the
CREB factor which mediates the expression of genes in response to cyclic AMP (45). This
process is dependent upon the ability of cAMP to stimulate the activity of protein kinase A
which in turn phosphorylates CREB and converts it to an active form. F inally, transcription
factors may be activated by binding a specific ligand which can induce a conformational
change (Figure 2D). This occurs with the ACE1 factor in yeast, which, upon binding copper
ions, is converted to an active form and is capable of inducing ACE1-dependent genes in

response to copper (16). Therefore, the action of transcription factors on gene expression can
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Figure 2: Mechanisms of cell-specific transcriptional activation

Activation of transcription factors by new synthesis (A). dissociation of an inhibitory protein
(B). protein modification (C) or ligand binding (D).
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be controlled not only by regulating their synthesis but also by regulating their activity.
Just as transcription of specific genes can be activated by the action of constitutively
expressed or regulated transcription factors. it is also possible for transcription to be
specifically inhibited by the action of a transcription factor (Figure 3). For example. the
glucocorticoid receptor (GR) activates steroid-responsive genes by binding to a specific site
in DNA. but can also repress other genes bv binding to a distinct but related site (67). This
etfectively prevents another positively acting factor from binding to this site. thereby
repressing transcription (Figure 3A). Similarly. the GR can also inhibit genes to which it
cannot bind by complexing with the transcription factor AP1 in solution. once again
inhibiting transcription (44) (Figure 3B). Alternatively. cases are known where inhibition
occurs when a factor binds to another. DNA-bound. factor and prevents it activating
transcription by masking its activation domain ( Figure 3C). For instance. the yeast GAL4
protein binds to DNA before exposure to galactose but can only activate transcription
following the galactose-induced dissociation of the inhibitory GAL80 protein which exposes
the GAL4 activation domain (5). Finally. transcriptional repression might occur by direct
binding of the repressor element to the DNA (Figure 3D). For example, the Nabl repressor
protein. which inhibits transcription mediated by members of the NGF1-A family of
immediate-early gene transcription factors. has been shown to act by a direct DNA-binding
mechanism (79). This repressive ability is believed to be result from tight association of

Nab1 with the promoters of genes within the NGF1-A family.
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Figure 3: Mechanisms of transcriptional inhibition

Transcription factors can inhibit transcription through a variety of mechanisms. including:
(A) Binding to DNA and preventing a positively acting factor from binding: (B) interacting
with the activator in solution and preventing it from binding: (C) binding to DNA with the
activator and preventing it from activating transcription: (D) direct repression.
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Other mechanisms which might explain the tissue-specific upregulation of Unph
mRNA include alterations in either mRN A stability and/or chromatin conformation. Briefly.
eukaryotic gene expression can be regulated at the post-transcriptional level by regulating
the stability of mature transcripts in the cvtoplasm. For example. the regulation of insulin
growth factor 1 (IGF-1) gene transcription as well as the regulation of IGF-1 mRNA stability
is tissue-specific during osteoblast differentiation (11). An additional level of gene
regulation in eukaryotes occurs in the form of chromatin conformation. [n differentiated cells
there is evidence that chromatin containing genes that are never expressed in that particular
cell type is in a different physical state from that containing genes which are actively
transcribed (15). It has been postulated that DNA methylation plays a role in regulating

chromatin condensation (30).

1.11 E2F and the ubiquitin-proteasome pathway

The Unp promoter contains many potential binding sites for the transcription factors
AP1. AP2 and Spl (12). Of particular interest is the presence of a putative E2F-1 binding
element in the promoter. The E2F family of transcription factors control the expression of
a variety of genes with important cell-cycle regulatory functions. including c-mye. cyclin
A. E2F-1. dihydrofolate reductase. DNA polymerase . p107 and thymidine kinase (14).
E2F transcription factors are heterodimers that consist of one of five related E2F

polypeptides bound to one of two possible partners: DP-1 or DP-2 (4).
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E2F-1 was originally classified as an oncogene because when co-expressed with
other known oncogenes it leads to cellular transformation (93). However. mice homozygous
tor a nonfunctional E2F-1 allele develop a broad spectrum of tumours. suggesting E2F-1
possesses anti-tumour activity (94). The seemingly paradoxical roles of both oncogene and
tumour suppressor gene imply that E2F-1 plays a critical role in the regulation of cellular
proliferation. Support for this hypothesis is shown by the finding that cells held in
quiescence by serum starvation can be driven all the way through G, into S by ectopic
expression of E2F-1 alone (36).

Control of E2F-1 activity is tightly regulated within the mammalian cell cycle. In
early G,. E2F-1 is tightly bound to the hypophosphorylated form of the retinoblastoma gene.
pRb. effectively suppressing the trans-activation potential of E2F-1 and converting E2F-1
sites from positive to negative elements (84. 85). However. in late G,. CDKs phosphorylate
pRb. dissociating the pRb/E2F-1 complexes and allowing the E2F-1/DP-1 complexes to
reach their full trans-activation potential (84. 85). Viral oncogenes have been shown to
exploit the trans-activation capabilities of E2F-1 by disrupting E2F-1/pRb complexes
through direct interaction (i.e.. adenovirus E1A). thereby promoting cellular proliferation
and. ultimately. tumorigenesis (86).

Another level of E2F-1 regulation is accomplished through its own cell cycle-
dependent expression. E2F-1 expression is undetectable in quiescent cells but rises as cells

exit G, and approach mid- to late G, (19). E2F-1. and potentially other E2F family members,
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can trans-activate the E2F-1 promoter during exit from G.. possibly contributing to the
observed increase in E2F-1 synthesis (33). Transcription of the E2F-1 gene decreases in late
G,. which depends at least in part on direct interaction of cvclin A with the extreme N-
terminal region of E2F-1 (43). Especially intriguing was the discovery that E2F-1 is
specifically targeted and degraded by the ubiquitin-proteasome pathway and that binding to
PRb protects E2F-1 from untimely destruction (25.28). Therefore. in addition to
transtorming E2F-1 into a repressor. pRb also prevents E2F-1 catabolism during a period
when pRb/E2F-1 complexes are crucial for proper cell cycle regulation. Somewhat
surprising was the finding that adenovirus transforming proteins. such as E1A. also inhibit
breakdown of E2F-1. despite E1A'sability to release E2F-1 /pRb complexes(23). Additional
support for a link between E1A and the ubiquitin-proteasome pathway was found when it
was determined that E1 A can interact with a member of the ubiquitin-conjugating family of
enzymes. named mUBC9 (24). Because the stability of the E2F-1 transcription tactor is
largely dependent upon the ubiquitin-proteasome pathway. it is possible that E2F-1 trans-
activation or repression of genes involved in the regulation of ubiquitin-mediated proteolysis
(i.e.. Unp) could conceivably initiate a feedback loop. If this were true. then under certain
conditions (i.e.. tumorigenesis). an perturbation of either E2F-1 or Unp expression could
significantly alter the expression of the other. possibly leading to an alteration in the levels
of other growth regulatory factors. The effect of E2F-1 binding to the Unp promoter and its

effect upon promoter activity will be investigated in this thesis.
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Unph is 90% and 85% identical to Unp at the protein and nucleotide level
respectively. so it is likely that both the murine and human isoforms will have similar
functions (22). It is possible that overexpression of Unph significantly alters the levels of
substrate(s) that are degraded by the ubiquitin-proteasome pathway. In an effort to determine
the in vivo substrate of Unp/Unph. mice which are homozygous null for Unp are presently
being generated. It is hoped that a detailed analysis of mice which are deficient for Unp
enzyme will provide vital clues as to what Unp's normal function in regulating intracellular
protein turnover may be. Perhaps an alteration of growth regulatory protein levels by excess
ubiquitin protease is sufficient to deregulate the normal cell cycle.

The central focus of the work presented in this thesis is to determine if Unp
expression patterns are regulated. at least in part. by regulation of Unp promoter activity
through analysis of: (a) Unp promoter activity in two distinct cell lines: (b) mutation of
putative transcription factor binding sites and determining how they affect promoter activity
(L.e.. E2F-1): (c) developmental regulation of Unp expression in transgenic mice which

feature the Unp promoter driving expression of a reporter gene. -galactosidase.
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2. Materials and Methods
2.1 Construction of promoter-chloramphenicol acetyltransferase (CAT) reporter
plasmids :

Unp promoter-CAT minigene constructs were constructed by cloning PCR products
into the vector pCAT (Promega). All PCR procedures used a plasmid (pDG 75) containing
the full-length 1.1 kb murine Unp promoter as template DNA. PCR amplification was
carried out on 50 pl reaction mixtures containing 2 ul template DNA (50 ng/pl). 2 ul sense
oligonucleotide primer (5 pmol/pl). 2 pl antisense oligonucleotide primer (5 pmol/ul). 10
pl dNTPs (1.25 mM). 1 pl Vent (exo-) polymerase (2 U/ ul. New England Biotechnologies).
5 ul 10X buffer. and 28 pi dd H,O. Reaction conditions were as follows: 4 min at 94°C. 2
min at 80°C. 30 cycles of: (30 sec at 94°C. 30 sec at 58°C and 1 min at 72°C). and 10 min at
72°C. Sense oligonucleotide primers were: delete 1 (5'-aaaaactgcagacctctgteggeticggt-3').
delete2 (3'-aaaaactgcaggcaggtgtggtgatgtatge-3'). delete 3 (5'-
aaaaactgcagacagctccaggacageage-3'). delete 4 ( 5'-aaaaactgcagacccagttgtcacccacg-3'). delete
6 (5'-aaaaactgcagcctectgeacggatttage-3'). delete 7 ( 5'-aaaaactgcagagtcagatcgcaggagec-3') and
delete 8 (5'-aaaaactgcaggttaacagcgegtgggg-3'). All PCR reactions used a universal antisense
primer. delete 9 ( 5'aaaaactgcaggegeacggegtgctatggg-3'). PCR products were electrophoresed
on 1% agarose gels and visualized by ethidium bromide staining. Products were then
digested with Pstl and ligated at 16°C overnight into the Pst [ site of the pCAT vector using

standard protocols (71). Clones were obtained having both orientations. as verified by
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restriction digest with Sal I and sequence analysis by the ABI Prism 377 DNA Sequencer
(Perkin Elmer) using the sense primers listed above and an antisense primer that hybridizes

to the CAT reporter gene. oligo102 (5'-caactgactgaaatgcc-3').

2.2 Construction of a Unp promoter-CAT reporter plasmid lacking a putative E2F
binding site

A minigene construct containing a Unp promoter mutant for a putative E2F binding
site which drives expression of the CAT reporter gene was constructed using the Boehringer
Mannheim Expand™ Long Template System. PCR procedures used a Unp promoter-CAT
reporter plasmid (-868CAT) as template DNA. PCR amplification was carried out on 50 ul
reaction mixtures containing 1 pl template DNA (10ng/ul). 3 ul sense primer (5 pmol/ul).
(5'-aaactcgagacgcgtgecacagtgtetgig-3'). 3 ul  antisense primer (5 pmol/ul). (5-
aaacicgagcaggcacacaatagtgaaatttg-3'). 7 ul dNTPs (1.25 mM). | ul enzyme mix
(Boehringer-Mannheim). 5 ul 10X buffer. and 30 ul dd H,O. Reaction conditions were: 2
min at 94°C. 10 cycles of’ (10 sec at 94°C. 20 sec at 63°C and 9.5 min at 68°C). 20 cycles of:
(10 sec at 94°C. 20 sec at 63°C. and 9.5 min at 68°C + 20 sec/cycle). and 10 min at 68°C.
PCR products were electrophoresed on 1% agarose gels and visualized by ethidium bromide
staining. Products were treated with proteinase K ( 5Smg/ml) for 20 min at 37°C to remove
any residual polymerase. extracted with phenol-chloroform (1:1). ethanol precipitated and

resuspended in TE. Samples were then digested with Xho I . ethanol precipitated.
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resuspended in TE and spun through a Sephadex™ G50 column. Products were ligated at
16°C overnight using standard protocols (71). Clones containing a unique Xho I site were
verified by restriction digest and sequence analysis using the sense primer. delete 1. and the
antisense primer. oligo 102. The resulting E2F-1 deletion construct was designated

-868ACAT.

2.3 Cell culture conditions
293T and P19 ceil cultures were maintained in «-MEM (minimal essential media)
supplemented with 10% serum containing 7.5 % newbomn serum and 2.5 % fetal bovine

serum.

2.4 Transfection of reporter constructs

Putative promoter plasmids and controls were transientlv transfected into 293T
human fibroblasts and P19 embryonal carcinoma cells. Transfections were carried out in
60mm tissue culture dishes with approximately 1 x 10° 293T celis/dish and approximately
5 x 10° P19 cells/dish. Cotransfections of 2 ug of reporter plasmid and 2 g of the plasmid
pDM2. in which the phosphoglycerate kinase promoter drives expression of E. Coli B-
galactosidase. were accomplished using LipofectAmine ( Gibco). Transfections were carried
out for 6 hrs in a total of 3 ml of serum-free media at which point 2 ml of media containing

2X P19 serum was added to dishes and cells were left to grow overnight.
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2.5 Harvesting of lysates from transfected cells for -Galactosidase and CAT analysis.

Cells were harvested 24 hours after starting transfections. Dishes were washed twice
with PBS (0.1 M). trypsinized and inactivated with serum-containing media. Cells were
transferred to microcentrifuge tubes and pelleted for 5 min at 3000 rpm (4°C). Pellets were
washed twice in 100 pul PBS (0.1 M) pH 7.2 containing neither calcium nor magnesium (65)
and centrifuged twice for 5 min at 3000 rpm (4°C). Pellets were then resuspended in 100 pl
0.25 M tris-HCI pH 7.5 and subjected to three cycles of freeze-thaw (dry ice/ethanol bath
followed by 37°C waterbath). Cell debris was removed by centrifuging at 14000 rpm for 15
min (4°C) and supernatants were collected for B-Galactosidase assays. Approximately half
the sample was set aside and heat inactivated for 10 min at 65°C then centrifuged at 14000
rpm (4°C) for 15 min. Supernatants were then collected for CAT analysis. Protein
concentrations for lysates intended for -galactosidase and CAT analysis were assessed

using a Bio-Rad Micro Protein assay.

2.6 B-Galactosidase Analysis

B-galactosidase activity of lysates from transiently transfected 293T and P19 cells
were assessed by taking 100 pg of lysate from either 293 T or P19 cells and resuspending
in dd H,O to a total volume of 400 pl. To this. 400 ul of 2X assay buffer ( 20 uM NaPO, pH

7.0.2 uM MgSO, 20 uM B-mercaptoethanol) and 200 ul of substrate ONPG (o-nitrophenyl
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B-D-galactopyranoside. BDH. 4mg/ml in 10 mM NaPO, pH 7) were added together ina 1
ml polystyrene cuvette. Activity was monitored using a Beckman DU 640 spectrophotometer
at a wavelength of 420.0 nm with the manufacturer’s kinetics program. The net change in
absorbance per minute (dA/min) over a total time interval time interval of 45 min was
assumed to be directly proportional to the B-galactosidase activity of the sample. (8-
galactosidase activity was previously shown to be linear over 45 min. This value is reflective
of the relative transfection efficiency of each individual sample and was used to optimize

the quantity of sample used for the CAT assay.

2.7 CAT Analysis

CAT analysis was performed using a Molecular Probes FAST CAT™ Green (deoxy)
chloramphenicol acetyltransferase assay kit. CAT activity of lysates from transiently
transfected 293T and P19 cells were assessed via the following procedure: a sample (the
quantity is determined from the B-galactosidase value for the sample) was resuspended in
dd H,O 1o a total volume of 30 ul. To this. 5 ul of FAST CAT Green substrate (Molecular
Probes) were added and placed at 37°C for 5 min. Then. 5 ul of acetyl coenzyme A (9mM)
were added and the sample was placed at 37°C for 1 hr. Subsequently. 160 pl of ice-cold
ethyl acetate were added to stop the reaction and the sample was extracted. The product was
then spotted (5 X 1 pl)ona TLC (thin layer chromatography) sheet (aluminum. 20 X 20 cm.

silica gel 60. EM™ Separations) and developed for approximately 15 min in a TLC tank
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containing 200 ml of a chloroform/methanol mixture (170 ml chloroform + 30 ml methanol).

The TLC plates were analyzed on a Storm fluoroimager (Molecular Dynamics) using

ImageQuant software.

2.8 Establishment of Unp-LacZ transgenic mice

Transgenic mice expressing the B-galactosidase (Lac Z) reporter gene under control
of the Unp promoter were created to study the in vivo expression pattern of Unp. Blastocyst
microinjections were performed using a 3.8 kb Hind III/Kpn I fragment that contained a 411
base pair Unp promoter fragment (derived from -41 1CAT) driving expression of Lac Z. The
411 bp promoter fragment was excised from -411CAT by Pst I digestion and ligated into the
Pst I site of the SDK LacZ vector (a generous gift from Dr. M.W. McBurney) at 16°C

overnight using standard protocols (71).

2.9 Genomic DNA Isolation from mouse tails

Genomic DNA was isolated from mouse tails via the following protocol: tail
clippings were digested overnight at 37°C in microcentrifuge tubes in 400 ul DNA extraction
buffer (75 mM NaCl. 25mM EDTA. 10 mM tris-HC! pH 7.6. 1% SDS) containing 400
ng/ml proteinase K. Subsequently. 112 pl of a saturated NaCl (approximately 6M) solution
were added to the warm DNA solution and vortexed immediately on high for 15 sec.

Samples were then centrifuged for 10 min at 3000 rpm (4°C) and the supernatant was
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transferred to a fresh tube. An equal volume of isopropanol was added to precipitate the

DNA and the sample was centrifuged for 5 min at 14000 rpm (4°C). Pellets were washed

with 70% ethanol. allowed to air dry and dissolved in 300 ul TE at 4°C overnight.

2.10 Genotype analysis of transgenic mice

Genomic DNA from mouse tails was digested overnight at 37°C using the following
conditions: 60 pl of genomic DNA sample. 3.5 ul Bam HI (70 units). 10 pl 10X digestion
buffer. 1 pl BSA (10mg/ml). and 25.5 ul dd H,O. Samples were then precipitated with 2.5
volumes 95% ethanol and 0.1 volumes 3M sodium acetate. resuspended in 20 u! TE and
electrophoresed on 0.8% agarose gels overnight at 25 V. DNA was then transferred to
Hybond-N membranes (Amersham) overnight and UV cross-linked using the GS Gene
Linker (Bio-Rad) at a setting of 125 mJ. Membranes were prehybridized for at least two
hours at 42°C in a hybridization solution containing 50% de-ionized formamide. 5X SSC
(standard sodium citrate). 1% SDS. 0.1 mg/ml sheared herring sperm DNA and 5X
Denhardt’s solution. Hybridization was carried out using a *P-labelled LacZ probe and
labelling was accomplished using the Random Primed Labelling Kit (Boehringer-
Mannheim). Hybridization was carried out at 42°C for 18-24 hours. Membranes were
washed in 2 X SSC at room temperature and in 0.1 X SSC. 0.1% SDS at 65°C for I hour.

then analyzed using the PhosphorImager SI system (Molecular Dynamics).
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2.11 RNA Isolation and Northern Blot analysis from transgenic mice

Tissues were isolated from transgenic and non-transgenic mice by dissection and
total RNA was prepared via the following procedure: the entire organ was placed in 2.5 ml
of a cold 6M urea/3M LiCl (lithium chloride) solution. Tissues were homogenized with a
polytron blender (Kinematica) at a setting of 7 until the solution appeared foamy. The
samples were left on ice at 4°C overnight to precipitate RNA. Samples were then centrifuged
at 10K for 30 min at 0°C at which point the supernatant was poured off and the pellet was
resuspended in 2.5 ml cold 6M urea/3M LiCl solution. The sample was centrifuged again
at 10K for 30 min. the supernatant was removed and the pellet was resuspended in 2 ml of
a solution containing 10 mM tris-HCl pH 7.5. 0.5 % SDS and 50 png/ml proteinase K then
incubated for 20 min at 37°C. Samples were then extracted twice with phenol-chloroform
(1:1). To precipitate RNA. sodium chloride solution was added to a final concentration of
0.1 M along with 2.5 volumes of 93% ethanol then placed at -20°C overnight. Subsequently.
samples were centrifuged for 30 min at 10K and pellets were resuspended in 200 ul DEPC-
(diethylpyrocarbonate) treated dd H,O. RNA concentration was determined using a
Beckman DU 640 spectrophotometer at a wavelength of 260 nm. (1 ODsg = 40 pg RNA).
Samples containing 20 ug total RNA. MOPS (3-[N -Morphorpholino]propane-sulfonic acid)
pH 6.8. formaldehyde. formamide. RNA dye and ethidium bromide were electrophoresed
on 1% agarose gels containing 2.2 M formaldehyde. 20 mM MOPS. | mM EDTA. and 5

mM sodium acetate at 35 V overnight. Electrophoresed RNA was transferred to Hybond-N
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membrane (Amersham) overnight. and UV cross-linked using the GS Gene Linker (Bio-
Rad) at a setting of 125 mJ. Membranes were prehybridized for at least 2 hours at 42°C in
a hybridization solution containing 50% de-ionized formamide, 5 X SSC. 1% SDS.
0.1mg/ml sheared herring sperm DNA and 5 X Denhardt’s solution. Hybridization was
carried out with a **P-labelled LacZ probe and labelling was accomplished using the
Random Primed Labelling Kit (Boehringer-Mannheim). Hybridization was carried out at
42°C for 18-24 hours. The same membrane was stripped in boiling distilled water for 15
minutes and rehybridized with a fragmemt containing the full-length (3.7 kb) Unp ¢cDNA
(also known as T4). Membranes were washed in 2 X SSC at room temperature and in 0.5
X SSC. 0.1% SDS at 50°C for 30 min then analyzed using the Phosphorimager SI system
(Molecular Dynamics). The positions of 18S and 28S rRNA were determined by ethidium

bromide staining.

2.12 Sectioning of tissues and X-Gal staining

Freshly dissected tissues from transgenic and non-transgenic mice were placed in
Lana’s fixative (pH 7.1) containing 4.5 % paraformaldehyde. 0.25 M NaPO,. and 14 %
picric acid for 1 hour at 4°C. The fixative was then poured off and the tissues were perfused
in a 10 % sucrose/0.1 M PBS solution containing sodium azide overnight at 4°C. Tissues
were sectioned using a Microm HM 500 OM microtome and stained overnight at 37°C with

X-Gal (8 mM potassium ferrocvanide. 8 mM potassium ferricyanide. 100 mM PBS pH 7.4.
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I mM MgSO,. and Img/ml 5-bromo-4-chloro-3-indolyl-B-D-galactopyranoside). then
mounted on glass coverslips. Slides were examined with a Zeiss Axiophot fluorescence

microscope and visualized using Intellicam software.
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3. Results
3.1 CAT assays
3.1.1 CAT analysis of Unp promoter deletions in lysates from 293T and P19 cells

PCR fragments were generated using the full-length 1.1 kb Eco RI/Sac I genomic
fragment previously described (12) as template DNA and subcloned into the Pst I site of the
promoterless pCAT reporter plasmid (Promega). All constructs were sequenced with an
ABI Prism 377 automated sequencer to verifv the absence of PC R-generated mutations.
Promoter deletions were designed with a common 3' terminus such that the CAT reporter
gene is under the control of progressively smaller fragments of the Unp promoter (see Figure
4 and refer to Materials and Methods). The Unp promoter deletions were subsequently
transfected into both the 293T (human embrvonal kidney) and P19 (murine embryonal
carcinoma) cell lines. The rationale for choosing these cell lines are as follows: (a) previous
studies examining Unp promoter function had been performed using 293T cells (12): (b)
species differences between the two cell lines was not a concern based on results from prior
experiments examining Unp and Unph expression patterns (Gray. D.A.. unpublished: see
also Discussion for more detail). Since Unph expression had been shown to be substantially
elevated in adenocarcinomas of the lung as well as small cell lung carcinomas (22). we were
interested in investigating the possibility that alterations in Unp/Unph expression in lung
tumours could partly be a result of cell or tissue-specific promoter function.

Previous work examining Unp promoter function had shown the existence of a




Figure 4: CAT reporter constructs

CAT reporter minigene constructs were prepared by PCR such that the CAT gene is under
control of progressively shorter fragments of the Unp promoter. The nucleotide representing
the 5’ end of the Unp DNA indicated for each construct represents the position of truncation
relative to the transcriptional start site and differs for each individual minigene. All
constructs feature a common 3' end, which contains the first 8 bases of the Unp cDNA. The
full-length 1.1 kb Eco RI/Sst I genomic fragment (pDG 75) which served as the template
DNA for all PCR reactions is indicated at the top of the figure. The arrows in each minigene
construct indicate the direction of transcription. +1 is used to indicate the position of
transcriptional initiation for the Unp gene. -411CAT was constructed by M. DiFruscio (12).
The name of each deletion reflects the relative position of its 5' end respective to the site of
transcriptional initiation (i.e. -868CAT).
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putative repressor element contained within a Bgl IT fragment in the upstream region of the
promoter (12) (Figure 4). When this region is deleted from the promoter. the resulting
construct displayed between two and eight fold higher CAT activity than the full-length
promoter (12). We were interested in the possible existence of other regulatory regions in
the Unp promoter that may have an effect on CAT activity. Results show that particular Unp
promoter deletions display different relative levels of CAT activity in different cell types
(Figures 5-8). Because the relative transfection efficiencies were not comparable between
293T cells and P19 cells. a direct comparison of CAT activities for the promoter deletions
between cell types was not possible. However. examination of the data does show distinct
differences between CAT activities for the individual promoter deletions. For instance. the
construct with the highest CAT activity in 293T cells was -104CAT while the construct with
the lowest promoter activity was -206CAT (Figures 5.6 ). Conversely. the construct with the
highest CAT activity in P19 cells was -411CAT while the construct with the lowest
promoter activity was -868CAT. (Figures 7.8). These data suggest there may be regulatory
regions within the Unp promoter which are cell-specific and have differing effects on
promoter activity in different cell types. There were other results that were also of particular
interest to us here. First. construct -104CAT displayed relatively high levels of CAT activity
in both 293T and P19 cells (approximately 13% and 8% acetylation in 293 T cells and P19
cells respectively). supporting the presence of a positive regulatory domain in this region of

the promoter (Figures 5-8). This data also positions the minimal promoter for the Unp gene
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Figure 5: CAT analysis of Unp promoter deletions in 293T cells

Activities of the CAT minigene constructs were determined by transient transfection into
cultures of the 293T cell line followed by measurement of CAT activity in cellular extracts.
The activities shown are representative of results obtained from three independent sets of
transfections (n=3). Numbers above each lane indicate the identity of the deletion construct
used for each transfection. The positive control for CAT activity is pgkCAT. in which the
phosphoglycerate kinase promoter drives expression of the CAT gene. The negative controls
are the promoterless vector. pCAT. and a mock transfection containing no DNA. 10- and
10~ refer to dilutions of a reference standard for acetylated products (provided by Molecular
Probes).
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Figure 6: Quantification of the activity of Unp-CAT reporter minigene constructs in
293T cells

CAT activities for each construct were measured using a Storm fluorimager (Molecular
Dynamics) with ImageQuant software. The data shown represent results obtained from three
independent experiments (n=3). Data are mean + SEM (bars) values.
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Figure 7: CAT analysis of Unp promoter deletions in P19 cells

Activities of the CAT minigene constructs were determined by transient transfection into
cultures of'the P19 embryonal carcinoma cell line followed by measurement of CAT activity
in cellular extracts. The activities shown are representative of results obtained from three
independent sets of transfections (n=3). Numbers above each lane indicate the identity of the
deletion construct used for each transfection. The positive control for CAT activity is
pgkCAT. in which the phosphoglycerate kinase promoter drives expression of the CAT
gene. The negative controls are the promoterless vector. pCAT. and a mock transfection
containing no DNA. 10 and 10~ refer to dilutions of a reference standard for acetylated
products (provided by Molecular Probes).
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Figure 8: Quantification of the activity of Unp-CAT reporter minigene constructs in
P19 cells

CAT activities for each construct were measured using a Storm fluorimager (Molecular
Dynamics) with [mageQuant software. The data shown represent results obtained from three
independent experiments (n=3). Data are mean = SEM (bars) values.
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to within 104 nucleotides upstream of the transcriptional start site. Second. all Unp promoter
deletion constructs displayed CAT activity in both orientations relative to the CAT gene.
demonstrating that the promoter was functional in both orientations under the experimental
conditions utilized (data not shown). Finally, construct -662CAT displays higher CAT
activity in 293T cells than does -496CAT ( Figures 5.6). The significance here is that while
-662CAT contains a putative E2F-1 binding site at position -523. whereas this site is absent
from -496CAT. To determine more precisely if E2F-1 binding had an effect on Unp
promoter activity. a more subtle deletion of the putative E2F-1 binding site was generated.
The results from this set of experiments are discussed in section 3.1.2.

Figure 9 shows the sequence of the initial 1.1 kb Eco RI/Sac I genomic DNA
fragment used to construct the various Unp promoter deletions. The promoter is GC rich and
lacks a TATA box. both hallmarks of a housekeeping gene. Additionally. the promoter
contains potential binding sites for the transcription factors Spl. AP1. AP2 and E2F-1 as

determined by a database search using the Matinspector program (63).

3.1.2 Analysis of a Unp promeoter construct mutant for a putative E2F-1 binding site

Using -868CAT as template DNA. a Unp promoter construct mutant for a putative
binding site for the transcription factor E2F-1 was generated using PCR ( See Materials and
Methods). The potential E2F-1 binding site at position -523 (TTTGGCGA) is replaced by

a Xho [ site (CTCGAG) in plasmid -868ACAT (Figure 9). Construct -868ACAT was
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Figure 9: Sequence of the Unp promoter

The sequence of the full-length 1.1 kb Eco RI/Sst I genomic fragment containing the Unp
promoter is shown. Uppercase letters indicate the Unp cDNA and * denotes the initiating
methionine. [talics show the Bgl II restriction sites used to create the original deletion
(described in reference 12). Underlined are a few potential binding sites for transcription
factors common to several housekeeping genes. The putative E2F-1 binding site is also
indicated. (+) indicates the consensus sequence is present in the same orientation of the
promoter sequence. (-) denotes that the consensus sequence is present in the opposite
orientation.



gaattcagagatctgcctacctctgcctcctgagtgectgggttaaaagectgtgecatea

ccgcccggaagaaaacggaatcattgtttcaggaaaaaattaagatgcctggacctctgt
SP1 (-)

cggcttecggtggttgctactctectecttgacctggatggctgacaggatacaaagttgtt
AP1 (+) AP1 (+)

taagacaactttgttttttgcgtctatttatgactttatttttgttttttgcaggtgtgg
APl (+)

tgatgtatgcttttaatcccagcactctggagaaaagggcaaatgggcctaaattecgaga

ctagcctagattacataaacagctccaggacagcagctagaagaaacctgtcccaaacaa

acaacaaatttcactattgtgtgcctgtttggcgaacgcgtgccacagtgtctgtgtega
E2F-1 (+)

gaacaaaggacaactttaaagagtcagttttctttttccacttttacacgggttctgggg
APl (-)

atcaaaccgcadgttgtcacccacgtagccatcgecgececggeccttgtttgaaacaactatta
AP1 (-)

atggctggaccacaccggacagtccagatctcaatgecgtccgtgtgcacttggectacagg

ggctgccgaggcagtaaattcaatctcgecatttaggcagtcttgetgaaagececgcatgga

accgagtggaaacaagaaaagcaagcggcaggctoctoctgecacggatttagcatcaggce

SP1 (+)
taacctcacaggccaggatggagcgagtgactgatgggtcgagggcgggccageagtcag
APl (+) SP1 (+) AP1 (-)
atcgcaggagccgctcagacacgggtggatgtggeccgecgectetgggegtccagectge
AP2 (-)
ttctgtccgetteggetccggagggggcgaggggggdttaacagegegtgggggegggga
AP2 (-) SP1 (+) AP2 (-) SP1 (+)

gaagaggcgaaagtcgacggeggtgececgggegegegcacgtgegtggttacgtgegtgeg

tgggcgcggeccatageacgCCGTGCGCTAGGCGGATGT CCGGGCCGGCTGGGCCGGGGC
SP1 (+)

GGCGGACGAGATGGCGGAAGGCCGGGGCAGCCGTGAGCGACCGGATGTGGAGACCCAGAA

*
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sequenced to verify the absence of additional mutations. Constructs -868CAT and
-868ACAT were each co-transtected along with pDM?2 into 293T cells and lysates were
analyzed tor CAT activity. The results obtained from the P19 cell line for this set of
experiments are not shown because the low CAT activity of -868CAT in P19 cells (Figures
7. 8) made it difficult to accurately quantify differences in reporter gene activity resulting
from the E2F deletion. The same trend in CAT activities for each construct was consistently
observed in 293T cells (Figures 10. 1 1). These data show that the loss of the potential E2F-1
binding site in -868 ACAT reduced the CAT activity of this construct approximately two-fold
relative to the CAT activity detected from -868CAT (16% acetylation and 8% acetylation
from -868CAT and -868ACAT. respectively). This data suggests that Unp promoter activity
may be influenced by the binding of the transcription factor E2F-1. Further supportive
evidence for an E2F-1 binding site in the Unp promoter has been shown by electrophoretic
mobility shift assays (data not shown). Complete verification of this result. however. is

ongoing.

3.2 Analysis of Unp-LacZ transgenic mice
3.2.1 Genotyping of transgenic mice

Blastocyts were microinjected with a 3.8 kb Hind [II/Kpn I fragment containing a
411 bp fragment of the Unp promoter (derived from -411CAT: See F igure 4) driving

expression of the E. coli f-galactosidase (LacZ) reporter gene (Figure 12). The 41 1bp region
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Figure 10: CAT analysis of a Unp promoter mutated for a potential E2F-1 binding site

A CAT minigene (-868ACAT) mutant for a potential E2F-1 binding site was constructed by
PCR using -868CAT as template DNA. The potential E2F-1 binding site (tttggega) in
-868CAT is replaced by a Xho [ site in -868ACAT (ctcgag; see Materials and Methods).
Activities of the CAT minigene constructs were determined by transient transtection into
cultures of the 293T cell line followed by measurement of CAT activity in cellular extracts.
The activities shown were obtained from triplicate transfections and are representative of
results from two independent experiments (n=2). The letters above each lane indicate the
identity of the deletion construct used for each transfection. The positive control for CAT
activity is pgkCAT. in which the phosphoglycerate kinase promoter drives expression of the
CAT gene. The negative controls are the promoterless vector. pCAT. and a mock
transfection containing no DNA. 107 and 10~ refer to dilutions of a reference standard for
acetylated products (provided by Molecular Probes).
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Figure 11: Quantification of CAT activity for a Unp promoter mutated for a potential
E2F-1 binding site

CAT activities for each construct were measured using a Storm fluorimager (Molecular
Dynamics) with [mageQuant software. Two independent experiments were performed with
each sample transfected in triplicate each time (n=2). Data are mean = SEM (bars) values.
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Figure 12: Schematic of the 3.8 kb Unp-LacZ transgene

A 3.8 kb Hind III/Kpn I fragment containing a 411 bp Unp promoter fragment driving
expression of the -galactosidase reporter gene was microinjected into blastocysts. The 2kb
Eco RV/Xba [ probe used for Southern and Northern analysis which spans the 3' end of the
LacZ gene is also shown.

SDK: Shine-Dalgamo/Kozak sequences for prokarvotic and eukarvotic translation.
respectively: polyA: SV40 polyadenylation sequence.
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was chosen because at the time of construction of the transgenic cassette. the panel of
deletions in Figure 4 had not vet been designed and significant CAT activity had been
previously reported in this region by M. DiFruscio (12). One of the goals for this set of
experiments was to determine if the Unp promoter would prove useful as a general-purpose
transgenic promoter by permitting expression of the transgene in a wide range of tissues. [t
was hypothesized that since the 411bp fragment possessed much higher CAT activity in
vitro than the full-length promoter (12). this fragment would prove to be more active in vivo
as well.

Atotal of 111 potential founders were screened for the presence of the transgene. and
four independent lines were established (34702. 3587". 36279 and 3630¢") that contained
a 3.8 kb genomic fragment which hybridized with a 2 kb Eco RV/Xba I LacZ probe (shown
in Figure 12). FI heterozygotes were obtained for each line. as verified by Southern blot
analysis (Figures 13-16). Homozygous mice are currently being generated for each line. The

verification of homozygosity will be accomplished through test crosses with wild-type mice.

3.2.2 Northern blot analysis of transgenic mice

Total RNA was isolated from various tissues of F1 heterozygous mice and analyzed
by Northern blot for the expression of the LacZ transgene. Initially, RNA was extracted from
tissues of a wild-type mouse (3874¢") and a heterozygous F1 progeny (3876¢") from the

3470¢% line. Transgene expression was detectable only in the testis. while a background
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Figure 13: Genotype of progeny derived from founder 34702

Southern blot analysis of genomic DNA from mouse tails digested with Bam HI detected a
band of approximately 3.8 kb in all F1 heterozygotes. corresponding to the size of the
microinjected fragment. Membranes were probed with a 2kb Eco RV/Xba I LacZ probe and
visualized following overnight exposures using a Psi Phosphorlmager (Molecular
Dynamics). The lower panel is an image of the ethidium bromide stained gel prior to transter
to demonstrate loading of genomic DNA.
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Figure 14: Genotype of progeny derived from founder 3587

Southern blot analysis of genomic DNA from mouse tails digested with Bam HI detected a
band of approximately 3.8 kb in all F1 heterozygotes. corresponding to the size of the
microinjected fragment. Membranes were probed with a 2kb Eco RV/Xba I LacZ probe and
visualized following overnight exposures using a Psi Phosphorimager (Molecular
Dynamics). The lower panel is an image of the ethidium bromide stained gel prior to transfer
to demonstrate loading of genomic DNA.
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Figure 15: Genotype of progeny derived from founder 36279

Southern blot analysis of genomic DNA from mouse tails digested with Bam HI detected a
band of approximately 3.8 kb in all F1 heterozygotes. corresponding to the size of the
microinjected fragment. Membranes were probed with a 2kb Eco RV/Xba I LacZ probe and
visualized following overnight exposures using a Psi Phosphorimager (Molecular
Dynamics). The lower panel is an image of the ethidium bromide stained gel prior to transfer
to demonstrate loading of genomic DNA.
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Figure 16: Genotype of progeny derived from founder 3630

Southern blot analysis of genomic DNA from mouse tails digested with Bam HI detected a
band of approximately 3.8 kb in all F1 heterozygotes. corresponding to the size of the
microinjected fragment. Membranes were probed with a 2kb Eco RV/XbaI LacZ probe and
visualized following overnight exposures using a Psi Phosphorimager (Molecular
Dynamics). The lower panel is an image of the ethidium bromide stained gel prior to transfer
to demonstrate loading of genomic DNA.
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smear was detected in brain. kidney and lung samples from transgenic mice (Figure 17). At
least three distinct transcripts hybridized to the 2 kb Eco RV/Xbal Lac Z probe in the testis
sample. possibly indicating alternatively spliced isoforms of the transgene. To verify the
relative amounts of RNA loaded on the gel. the membrane was stripped and reprobed with
a fragment containing the full-length Unp cDNA (Figure 18). Unp expression levels shown
in Figure 18 were comparable to those reported previously (23). so RNA loading was
presumed to be accurate. Next. total RNA was isolated tfrom various tissues of F1
heterozygous females from the other transgenic lines (i.e.. the 3587¢". 36272 and 36300
lines) and analyzed by Northern blot. Tissues examined here included ovaries. kidneys and
skeletal muscle. No expression of the transgene was detected in any of the mice examined
(data not shown). as the 2kb Eco RV/Xba I LacZ probe failed to hybridize with any distinct
transcripts. It appears. therefore. that the expression of the Unp-LacZ transgene is testis-

specific.

3.2.3 Analysis of tissue sections from transgenic mice

Tissue sections were prepared using samples from both wild-type mice and F1
heterozygous transgenic males from the 34702 line and stained with X-GAL to detect
expression of the B-galactosidase protein. Tissues analyzed here included kidney, lung,
skeletal muscle and testis. As before, expression of the transgene was detectable only in the

testis (Figure 19). Closer scrutiny of the transgenic testis revealed that expression is first
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Figure 17: Northern blot analysis of transgene expression in adult mouse tissues

Approximately 20 ug of total RNA isolated from adult mouse tissues (brain. heart. kidney.
liver. lung. testis) were subjected to Northern blot analysis using the 2kb Eco RV/Xba I
LacZ fragment as a probe. Exposures were pertformed overnight and membranes were
visualized using a Psi Phosporlmager (Molecular Dynamics). At least three distinct
transcripts are detectable in the 38764 testis lane. The lower panel is an image of the
ethidium bromide stained gel prior to transfer to demonstrate loading of RNA.

38740 wild-type
38764 F1 heterozygote trom 34702 line
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Figure 18: Northern blot analysis of Unp expression in adult mouse tissues

The membrane shown in Figure 17 was stripped and reprobed with a 3.7 kb tragment
containing the full-length Unp cDNA.. Exposures were performed overnight and membranes
were visualized using a Psi Phosphorimager (Molecular Dynamics). The lower panel is an
image of the ethidium bromide stained gel prior to transfer to demonstrate loading of RNA.

38743 wild-type
38764" F1 heterozygote from 34702 line
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Figure 19: X-GAL staining of testis sections from adult mice

Testis from adult mice were sectioned and stained overnight with X-GAL to detect
expression of the (-galactosidase protein. Sections A-D are taken from 4087<. a F1
heterozygote of the 34702 line. and section E is from 43020 (wild-type).
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seen In early spermatocytes as a 'spot’ which might represent Golgi. This pattern is seen
sparsely in all phases of spermatocyte development and persists and increases in the round
spermatids. When the round spermatids begin to elongate. the expression changes from the
'spot’ pattern to a diffuse cytoplasmic staining. Finally. when the elongate spermatids are
released. the LacZ staining is seen in the residual bodies (the spermatid cytoplasm is retained
by the Sertoli cells and degraded) (K. Bockelheide. Brown University. personal

communication).
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4. Discussion

The Unp gene displays characteristics of typical housekeeping genes. including
expression in a wide variety of tissues and a GC-rich promoter. However. it is apparent that
the human homolog of Unp (Unph) displays a tissue-specific pattern of expression in a
subset of lung tumours (22). This discovery raised the possibility that transcription of the
Unp gene may be regulated in a cell-specific manner. Results from the CAT analysis of Unp
promoter deletions suggest that such regulation may occur at the level of the promoter. One
concern might be that the observed differences in CAT activities of the individual deletions
between cell types (i.e.. 293T. P19) is due to species difference rather than actual differences
in promoter function. This was not a concemn for this study. however. as extensive
experimentation that examined Unp expression patterns in primary human and mouse
tibroblasts as well as cell cyvcle analvsis of both Unp and Unph expression indicated no
species difference in regulation of expression (Gray. D.A.. unpublished). These results were
not surprising. given the fact that Unph is 90% and 85% identical to Unp at the protein and
nucleotide level. respectively. suggesting that both genes are regulated similarly. Finally, if
there are differences in regulation of gene expression between 293T and P19 cells. it is more
likely that these differences have arisen due to transformation events both cell lines have
been subjected to than due to species differences per se. Initially, attempts were made to
perform the promoter function analysis in SCLC cell lines, but technical problems (i.e., low

transfection efficiency) prevented this approach.
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Although there are a variety of mechanisms which might account for the up-
regulation of Unph mRNA in lung cancers (for a full discussion. see Sections 1.10. 1.11 of
Introduction). it is quite possible that there are regulatory elements within the Unp promoter
which only become active in specific cell types or in response to a particular signal. The Unp
promoter contains many binding sites tor factors common to housekeeping genes (i.e.. Spl.
AP1. AP2) that contribute to basal transcriptional levels in a wide range of tissues. However.
the gene also possesses a single transcription start site (Gray. D.A.. unpublished data).
implying Unp may potentially be regulated differently than other C pG-type genes. many of
which contain multiple transcription start sites (75). To support the hypothesis of tissue-
specific regulation. there are several examples of housekeeping genes which exhibit tissue-
specific activity. For instance. the murine Surf-4 and Surf-35 genes (part of the surfeit locus
which contains at least six housekeeeping genes) have GC rich promoters and are expressed
in a wide variety of tissues (17). However. the levels of alternatively spliced isoforms of
both Surf-4 and Surf-5 mRNA are dramatically different between tissues. implying tissue-
specific post-transcriptional processing mechanisms are at work (17). Additionally. levels
of mRNA for PIM-1 (a proto-oncogene that encodes a cytoplasmic serine-threonine kinase)
show a wide variation between various tissues and cell lines. although the gene is transcribed
from a GC-rich housekeeping promoter (54). F inally, deregulation of Unp expression may
also result from changes in expression of a variety of positive and negative transcription

factors, including c-myc, c-fos and c-jun (65,69.92). These factors are often found to be
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expressed at abnormal levels in various tumours which may contribute to deregulating Unp
expression in lung tumours. Clearly. control of housekeeping gene expression can be exerted
at many levels and can occur in a tissue or cell-specific fashion.

CAT analysis of a Unp promoter construct lacking a putative E2F-1 binding site
suggests that E2F-1 is capable of binding to and transactivating the promoter (Figures 10.
11). Further confirmation of preliminary results from mobility shift assays should verify this
finding. This result is particularly intriguing because of the observation that E2F-1
undergoes ubiquitin-mediated proteolysis (25.28). E2F-1 is a transcription factor whose
expression during the cell cycle is tightly regulated and which has binding sites in several
genes associated with cell cycle progression (14). We are interested in the possibility that
Unp is capable of regulating E2F-1 activity through a deubiquitinating mechanism. In this
scenario. an alteration in the levels of Unp enzyme (i.e.. during tumorigenesis) could
substantially alter the stability of E2F-1 and contribute to uncontrolled cell cycle progression
(93). A feedback loop involving Unp and E2F-1 could conceivably be initiated under these
conditions. If Unp has an effect on E2F-1 stability, one would predict that in mice which are
homozygous null for Unp that E2F-1 protein levels would be altered relative to levels in
wild-type mice.

One of the goals in creating Unp-LacZ transgenic mice was to determine if the Unp
promoter would be useful in future transgenic experiments as a general-purpose transgenic

promoter. Often, tissue-specific activity is a problem with various transgenic promoters
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when the goal is to achieve global tissue expression (68). It was hoped that the postulated
housekeeping role for the Unp promoter would facilitate expression of the transgene in a
wide variety of tissues. However. expression ot the Unp-LacZ transgene appears to limited
to the testis in adult mice (Figure 17). This result would appear to indicate that the Unp
promoter will not be entirely useful as a general-purpose promoter for future transgenic
applications. but may prove useful in testes research. The X-GAL staining patterns in the
testis do yield important clues as to which cells express Unp within the tissue. however. The
observation that the transgene appears to be highly expressed in the round spermatids is
informative due to the fact that these cells are postmeiotic and undergo rapid chromatin
remodelling in order to ensure proper genome packaging in the mature spermatid. The fact
that the Unp promoter seems to be most active in these cells may imply a role tor Unp in the
remodeling process. Other evidence that supports a role for Unp in testis development
include the observations that testis is the only tissue that has an overabundance of Unp
mRNA and there is a testis-specific isoform which may arise from alternative splicing (23).

Although endogenous Unp is expressed in all tissues. the possibility remains that it
plays a specific role in testis. This could result from differences in compartmentalization of
Unp protein in testis as compared with other tissues as well as differences_ in the
phosphorylation status of Unp in testis. Other ubiquitin-related genes have shown similar
expression patterns in the testis. For instance. studies have shown that a rat homolog of the

Saccharomyces cerevisiae ubiquitin conjugating enzymes UBC4 and UBCS. 8A. is
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expressed mainly in round spermatids (91). Immunoblot analysis showed that the 8A protein
is found not only in subfractions of germ cells enriched in round spermatids but also in
subfractions containing residual bodies extruded from more mature spermatids. much like
the staining found in the Unp-LacZ transgenic mice. This data supports the hypothesis that
the ubiquitin-proteasome pathway plays an important role in testis function. possibly as a
regulator of spermatogenesis. Indeed. there is more evidence of a role for ubiquitin in this
complex pathway. The yeast ubiquitin-conjugating enzyme RAD 6 and its human homologs
hHR6A and hHR6B (41) are implicated in postreplication repair and damage-induced
mutagenesis (46). [t is postulated that RAD 6 may modulate chromatin structure via histone
ubiquitination (34). Additionally. inactivation of the hHR6B homolog in mice has been
demonstrated to cause male infertility due to failures in spermatogenesis during the
postmeiotic condensation ot chromatin in spermatids (66). Interestingly. like Unp. both
hHR6 proteins are expressed in all mammalian tissues and cell types examined. vet still
appear to play an important role in testis function (40). [t has been proposed that
deubiquitination of histones serves as the trigger for condensation (50). and there is indirect
evidence that ubiquitinated histones are crucial to chromatin remodelling in male germ cells
(66). Ubiquitinated histones are most abundant in interphase cells and are completely
removed from chromatin during DNA condensation at mitosis (52). An attractive hypothesis
would involve Unp acting as a deubiquitinating enzyme to remove mono-ubiquitin tags from

histones. thereby facilitating chromatin condensation. In support of this model. Unp has been
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shown to be capable of cleaving ubiquitin from histone H2A in vitro (Baker. R.T..
unpublished data). Clearly. a definitive role for Unp in chromatin remodelling requires
turther investigation. It remains to be seen if the staining patterns will be identical for all
Unp-LacZ transgenic lines. or whether the expression patterns seen to date result from
tounder etfect (80) and are representative of only one line. It could also be argued that the
Unp-LacZ transgenic lines shown here are not representative of true endogenous Unp
expression. on the basis that only 411 bp of the Unp promoter is used to drive expression of
the LacZ transgene. It is conceivable that a different expression pattern might be observed
in transgenic mice that utilized the full-length Unp promoter to drive expression of LacZ.
as important regulatory elements may have been removed in creating the 411 bp promoter
fragment. Additionally. if transgene expression in these transgenic mice emploving the full-
length Unp promoter was detected in several tissues. this might help to identify which
element(s) in the 411 bp fragment is/are responsible for the testis-specific expression
phenotype. A search of promoter elements that are found in some testis-specific genes was
pertormed on the 411 bp promoter fragment using the Matlnspector program (63). however.

no consensus sequences were found.
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5. Conclusion

The Unp gene has a housekeeping role in maintaining intracellular homeostasis. but
also displays tissue-specific expression in various lung tumours. This supports a role for the
gene in tumorigenesis. but it is unclear at this point what effect overexpression ot Unp exerts
at the molecular level inside the cell. In order to understand the oncogenic properties of Unp.
its in vivo substrate(s) must first be identified. The goal of ongoing gene targeting
experiments in mice is to identify which proteins are affected by the absence of functional
Unp enzyme. That is. to determine if the stability of specific substrates are altered in a Unp-
deficient background. Hopetully. these experiments will answer many questions as to the
nature ot Unp's in vivo function(s) and provide clues as to how the gene contributes to
tumour formation when overexpressed.

The mechanisms that cause the overexpression of Unp are unknown at the present
time. although there is evidence that transcriptional control of expression plays a large role.
The data presented in this thesis support a role for cell-specific regulation of Unp promoter
activity. One mechanism that has not yet been mentioned is the possibility of transcriptional
attenuation in regulating expression of Unp. It is conceivable that premature transcriptional
termination within the Unp gene could be one of the mechanisms regulating the alterations
in steady state levels of Unp mRNA. One way of verifying such a hypothesis would be to
conduct nuclear run-on assays of nascent RNA from normal cells and tumour cells and

determine if there are differences in the transcripts produced in each. Finally, the possibility
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that Unp promoter mutations may contribute to a loss of transcriptional control in lung
tumours has not yet been investigated. To date. no evidence has been reported that the Unp
promoter is mutated in lung cancers. although this phenomenon has been reported in
sporadic cases (8.78).

The fact that E2F-1 binding to the Unp promoter appears to exert an etfect upon the
activity of the promoter is informative because E2F-1 is cell cycle regulated. is oncogenic
and is degraded by the ubiquitin-proteasome pathway. To definitively prove a physical
interaction between Unp and E2F-1. colocalization experiments could be performed either
by immunoprecipitation or by immunotluorescence using confocal microscopy. Because the
subcellular localization of Unp is still uncertain. it is difficult to say whether both proteins
reside in the same cellular compartment.

We are particularly interested in the hypothesis that deregulating Unp expression
contributes to tumorigenesis by altering the steady state level(s) of important growth
regulatory factors. It is conceivable that a perturbation in Unp enzyme levels substantially
affects the stability of proteins which play a role in cellular proliferation and which
normally undergo ubiquitin-mediated proteolysis. [t is unlikely. however, that deregulation

of Unp expression alone is sufficient for tumorigenesis.
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