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ABSTRACT

Polyadenylation is the process of 3' end formation of eukaryotic mRNAs. It
has been noted that 90% of mRNAs in somatic cells contain AAUAAA, which is
required as a signal for polyadenylation in vitro and in vivo. However, we have
found that 60% of mRNAs in mammalian male germ cells lack this canonical
sequence, and yet seem to be polyadenylated normally. This suggests that the
polyadenylation machinery is different in germ cells as compared to somatic
cells.
To account for this difference we have shown that there are two
immunologically distinct forms of the 64 KD subunit of CstF (Cleavage
Stimulation Factor) in mouse germ cells. These two forms are encoded by two
different genes. The gene for the somatic CstF-64 is present on the X
chromosome in both mouse and human and is subject to inactivation due to XY
body formation during meiosis in the testis. Since CstF-64 is a housekeeping
gene it is required to be functional at all stages of spermatogenesis for the cells
to be viable. Loss of the somatic protein due to inactivation of the X-linked gene
creates a need for an alternative source of the CstF-64 protein. We propose that
TCstF-64 is the alternate protein that fulfills this requirement. TCstF-64 is
encoded by an autosomal gene (mouse chromosome 19, human chromosome
10), has a slower mobility of -70,000 Mr on SDS-PAGE gels, is reactive to only
the 6A9 antibody and shares a similar peptide fragment pattern with the
resident testis 6A9-reactive protein.
These data support our hypothesis that male germ cells utilize an alternative
form of CstF-64 to recognize non-canonical polyadenylation signals. We propose
that the somatic form of CstF-64 recognizes AAUAAA and its gene is

inactivated during male meiosis creating the need for an alternative autosomal
source of the protein which is capable of polyadenylating non-canonical
messages. Experiments are underway to determine the role of TCstF-64 in male
germ cell mRNA processing.
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CHAPTER I
INTRODUCTION

1.1 Overview
Polyadenylation is the process of messenger RNA (mRNA) 3' end formation.
It results in the addition of 200-250 adenylate residues to the 3' end of the
mRNA which is referred to as the poly(A) tail. It is an essential step in the
formation of mature and functional mRNA. The poly(A) tail has been found to
have a role in almost every function of a generic messenger RNA, from
transcription termination, splicing and mRNA export to translation initiation
and message stability. Since translation does not occur co-transcriptionally in
eukaryotes due to the presence of a limiting nuclear membrane, therefore
polyadenylation appears intuitively to be a more important process in
eukaryotes than prokaryotes as it has the power to couple the processes of
transcription and translation in several different ways. The process of
polyadenylation has been studied primarily in yeast and more complex
eukaryotes and to an extent in virii. Recently, however there has been an
increasing number of studies of polyadenylation in plants (Hunt, 1994; Rothnie,
1996) and prokaryotes (Sarkar, 1996,1997).

1.2 The Association of Poly (A) Sequences with RNA
An enzyme that catalyzes the synthesis of a linear sequence of acid-insoluble
material comprising of adenine nucleotides from ATP was first purified from
calf thymus nuclei in 1960 (Edmonds, 1960). The enzyme was specific for ATP
and did not use any other nucleotide triphosphate. This was the serendipitous
purification of the first polyadenylation factor which was later called Poly(A)

Polymerase (PAP). Though its function in the cell was a mystery at that time,
subsequent studies of RNA showed that both heterogeneous nuclear RNA
(hnRNA) and mRNA from HeLa cells had comparable A-rich sequences which
were about 90% adenylic acid (Edmonds et al, 1971). Also, total mRNA had a
base composition of 24.4% cytosine, 30.1% adenosine, 21.8% guanosine and
23.8% uracil while mRNA that hybridized to HeLa DNA had 44-50% adenosine
(Darnell et al, 1971). Competition of this poly(A) fraction with large amounts of
poly(A) or poly(U) was unsuccessful in removing the poly(A) associated with
mRNA suggesting that it was covalently attached to the RNA. The same
conclusion was made based on the inability of hot phenol extraction (Edmonds
et al, 1971) or (CH3)2SO, which degrades any double stranded nucleic acid
(Darnell et al, 1971), from affecting poly(A) content of mRNA. A majority of the
poly(A) containing RNAs were associated with polysomes but sedimented with
monosomes in the presence of EDTA. This behavior corresponded with that of
mRNA which was known to dissociate from polysomes in the presence of
EDTA. Thus, the covalently linked poly(A) sequences(s) were thought to be part
of mRNA (Edmonds et al, 1971).
Acrylamide gel electrophoresis indicated that most mRNA had about 200 A
residues and different sizes of RNA all had a homogeneous poly(A) sequence.
At this point the location of the poly(A) sequence within the RNA was not
known. But, because it was a part of many monocistronic messages encoding
different proteins, it was proposed to be untranslated and probably terminal
(Darnell et al, 1971). It was not clear whether this A-rich sequence was encoded
in the DNA or if it was added post-transcriptionally. The idea arose, though,
that post-transcriptional poly(A) addition could be achieved by PAP-like
enzymes (Edmonds, 1960), which were known to exist. The ability of

Actinomycin D, an RNA polymerase inhibitor, to reduce polyadenylation by
90% suggested that polyadenylation was part of the transcriptive process
(Darnell et al, 1971; Edmonds et al, 1971). These features were seen in RNA
isolated from various sources such as rat liver cytoplasm (Hadjivassiliou and
Brawerman, 1967) and mouse sarcoma 180 ascites cells (Lee et al, 1971) and was
concluded to be a common feature of mammalian cells. Based on its apparent
universal presence in mammalian mRNA, functions such as a signal for
translation, mRNA formation, processing and export were proposed for the
poly(A) tail.
Seminal work by Nevins and Darnell further defined the relationship
between transcription and polyadenylation. Using the Adenovirus late primary
transcription unit 16-99 (Ad2) they showed that transcription did not terminate
internally and that poly(A) was added to each mRNA encoded by Ad2
independently and not to the end of the primary transcript followed by
subsequent splicing to each mRNA 3' end. Their results unequivocally showed
that cleavage of the pre-mRNA occurred during transcription, soon after the
polymerase had passed the polyadenylation site. Thus, cleavage occurs while
the polymerase is still transcribing further downstream. A lag time of 1 minute
± 30 seconds separates cleavage and polyadenylation in this system. Further, the
size of polyadenylated mRNA in the nucleus suggested that cleavage and
polyadenylation preceded splicing. This led to a model where 3' end choice for a
given transcript was predetermined and the 3' processing complex was part of
the transcription complex or followed it closely in time (Nevins and Darnell,
1978), a model which is currently gaining increased favor (Dantonel et al, 1997;
McCracken et al, 1997; Niwa et al, 1990).

1.3 Polyadenylation is Linked to the Type
of Promoter Used
Polyadenylation is primarily restricted to mRNA transcribed from RNA
Polymerase II promoters (RNA Pol II). Even among these Pol II transcribed
messages, only non-histone and non-small nuclear ribonucleic acid (snRNA)
transcripts are polyadenylated. RNA Pol I usually drives the expression of
ribosomal RNA (rRNA) genes whose messages are neither capped nor
polyadenylated in vivo. When a RNA Pol I promoter was used to transcribe a
wild type Pol II transcript such as Herpes Simplex Virus thymidine kinase
(HSVtk) in mammalian cells, transcripts were retained in the nucleus and were
non-polyadenylated. In comparison when HSVtk was transcribed from a RNA
Pol II promoter it was mainly cytoplasmic and polyadenylated (Smale and Tjian,
1985). Further, it was found that neither the snRNA enhancer nor its coding
region were essential for recognition of the snRNA 3' end signal. Transcripts
that arise from snRNA promoters remain non-polyadenylated even in the
presence of functional mRNA polyadenylation signals (Dahlberg and
Schenborn, 1988; de Vegvar et al, 1986). Thus, snRNA specific signals are
responsible for 3' end formation of snRNA promoter transcripts and mRNA
polyadenylation signals are non-functional in this context (de Vegvar et al,
1986). Similarly if the situation is reversed and a mRNA promoter is used to
transcribe a snRNA message then the normal snRNA 3' end signal is ignored
and the read-through transcript terminates further downstream at either a
cryptic or a normal polyadenylation signal. These transcripts are
polyadenylated but are not precursors of mature snRNA molecules (Lobo and
Marzluff, 1987). These studies suggest strongly that mRNA 3' end formation is
coupled to transcription in general and more specifically to the type of

promoter. Thus, 3' end signals are determined during initiation of transcription,
probably via the interaction of transcription complexes with specific processing
and or termination factors, a model alluded to earlier by Nevins and Darnell
(Dahlberg and Schenborn, 1988; de Vegvar et al, 1986; Nevins and Darnell,
1978).
Related results were obtained when a RNA Pol III promoter was used to
transcribe a normally Pol II transcribed mRNA. The transcript was not
polyadenylated even in the presence of sequences necessary and sufficient to
bring about poly(A) addition. Cryptic RNA Pol II start sites were also used
along with the Pol III sites and the former produced messages which were
polyadenylated (Sisodia et al, 1987). This is more evidence supporting the link
between nature of the promoter used and the presence of a poly(A) tail.
The consensus opinion is still that polyadenylation of a message depends on
the type of promoter and is most often restricted to RNA Pol II promoters.
However, there are a few examples where this is not the case. For example the
influenza virus neuraminidase message is polyadenylated by the reiterative
copying of a stretch of six U residues by the viral polymerase. When this Ue
poly(A) site is replaced by AATAAA the mutant viral RNA is polyadenylated
normally by the 3' processing proteins of human kidney 293T cells even though
it is transcribed by the viral polymerase (Fodor et al, 2000). There is also a report
describing RNA Pol III transcription of a human p-globin gene with
polyadenylation and splicing of the resulting transcript in bone marrow cells
and peripheral blood reticulocytes (Carlson and Ross, 1983).
Surprisingly, even bacteriophage promoters were shown to have an adverse
effect on 3' end formation of eukaryotic Pol II messages in vivo. mRNAs
transcribed using phage T7 polymerase were not cleaved as readily as

transcripts made by RNA Pol II (Mifflin and Kellems, 1991). Cleavage is the first
step in the addition of a poly(A) tail. So a decrease in cleavage would result in a
concomitant decrease in polyadenylation as well.
In summary, RNA Polymerase I is responsible for the transcription of rRNA
which produces the 18S, 5.8S and 28S ribosomal RNAs. These transcripts are not
polyadenylated. RNA Polymerase II transcribes mRNAs almost all of which are
polyadenylated at their 3' ends. Histones (Dominski and Marzluff, 1999) and
snRNAs (Zhou et al, 1999) transcribed by RNA Pol II are the notable exceptions.
Each of these classes of RNA has a unique method of 3' end formation which is
totally different from polyadenylation of other mRNAs. RNA Polymerase III
transcribes small stable RNAs such as tRNAs, 5S RNA, 7S RNA associated with
the Signal Recognition Particle, one snRNA involved in pre-mRNA splicing and
a number of other small RNAs. None of these RNAs are polyadenylated.
Therefore, polyadenylation is a feature associated with messenger RNAs
transcribed from RNA Polymerase II promoters.

1.4 The Process of Eukaryotic Somatic Polyadenylation
Polyadenylation in mammals occurs initially in the nucleus as a cotranscriptional event (Dantonel et al, 1997; Edmonds et al, 1971; McCracken et
al, 1997; Nevins and Darnell, 1978). The process consists of two steps which are
tightly, mechanistically (Manley et al, 1985) but not obligatorily coupled in vivo
(Mifflin and Kellems, 1991; Moore and Sharp, 1985). The first step involves
cleavage of the pre-mRNA, often following a CA dinucleotide (Chen et al, 1995;
Sheets et al, 1990) and is called "cleavage." The second step is the addition of
adenylate residues to form the poly(A) tail, referred to as "polyadenylation"
(Fig. 1.1). The two reactions can be uncoupled in vitro in a number of different

ways. Use of EDTA to sequester divalent cations such as magnesium allows
accurate cleavage without polyadenylation (Moore and Sharp, 1985; Takagaki et
al, 1988). Similarly, using dideoxy ATP (ddATP) or cordycepin, structural
analogs of ATP, reduce polyadenylation of pre-mRNAs to the addition of a
single terminal A residue (Christofori and Keller, 1988), limiting the message to
cleavage without polyadenylation. Use of "pre-cleaved" transcripts that
terminate at their 3' end in the CA dinucleotide allows polyadenylation without
cleavage (Christofori and Keller, 1988; Moore et al, 1986; Zarkower et al, 1986).
The polyadenylation process utilizes two sequence elements (Fig. 1.3) and a
number of protein complexes (Fig. 1.1). The main proteins involved are the
Cleavage and Polyadenylation Specificity Factor (CPSF), Cleavage Stimulation
Factor (CstF), Poly(A) Polymerase (PAP), Poly(A) Binding Protein II (PAB II)
and Cleavage Factors I and II (CFI, II) (Colgan and Manley, 1997; Gilmartin and
Nevins, 1989; Takagaki et al, 1989; Zhao et al, 1999). CPSF is composed of four
subunits of 160,100, 73 and 30 KDa (Bienroth et al, 1991; Murthy and Manley,
1992) while CstF is a heterotrimeric complex of 77, 64 and 50 KDa proteins
(Gilmartin and Nevins, 1991; Takagaki et al, 1990). CFI appears to be a complex
of three proteins of 68, 59 and 25 KDa (Ruegsegger et al, 1996). CFII has been
purified recently from HeLa cells and consists of two fractions, CFIIA and
CFIIB. The former is essential while the latter is not essential but stimulatory for
cleavage and polyadenylation. CFIIA consists of the human homologs of the
yeast Pcfll and Clpl proteins as well as CFI and several splicing and
transcription factors. CFIIB remains uncharacterized (de Vries et al, 2000). PAP
and PAB II consist of a single polypeptide each. Of the two sequence elements
required, the canonical polyadenylation signal AAUAAA is more critical
(Proudfoot, 1991; Proudfoot and Brownlee, 1976). This hexanucleotide element

is usually found 10 to 30 nucleotides upstream of the actual cleaxage site and
has been claimed to be the most highly conserved signal in eukaryotes as it is
found in 90% of their mRNAs (Colgan and Manley, 1997; Proudfoot, 1991). The
G U - or U-rich Downstream Element (DSE) is a less highly conserved sequence
which is also necessary for optimal cleavage and polyadenylation (Chou et al,
1994; Gil and Proudfoot, 1987; MacDonald et al, 1994).
The following model of mammalian mRNA 3' end formation was initially
proposed by Gilmartin and Nevins (Gilmartin and Nevins, 1989). Once the
polyadenylation signals have been transcribed into RNA by RNA Pol II, the
step-wise assembly of a functional cleavage/polyadenylation complex begins
with the initial recognition of the sequence elements. The CPSF complex binds
to the AAUAAA element via the RNA binding domain (RBD) of its 160 KDa
subunit (Murthy and Manley, 1995). This binding has been shown to be
AAUAAA-dependent, explaining how CPSF provides substrate specificity to
the cleavage reaction (Gilmartin and Nevins, 1989; Gilmartin and Nevins, 1991;
Keller et al, 1991; Moore et al, 1988; Wilusz et al, 1990). CPSF binding to the premRNA at the AAUAAA results in an unstable complex referred as the "A
Complex" (Gilmartin and Nevins, 1989). This complex has a high off rate and
dissociates completely in 20 minutes (Gilmartin and Nevins, 1989; Weiss et al,
1991). Surprisingly, the interaction is also tolerant of mutations in the canonical
AAUAAA sequence (Murthy and Manley, 1995).
CPSF binding to RNA is stabilized in vivo by CstF, which forms a ternary
complex with CPSF and RNA called the "B Complex" (Gilmartin and Nevins,
1989; MacDonald et al, 1994). CstF binds the GU-/U-rich DSE through the RRM
type RBD of CstF-64 (Takagaki et al, 1992). The B Complex is very stable and is
not competed by a 50 fold molar excess of unlabeled RNA substrate (Gilmartin
8

and Nevins, 1989). Even in the absence of competitors the B complex remains
undissociated for at least 60 minutes (Weiss et al, 1991). In contrast to isolated
CPSF, in the A complex, the ternary complex is not very tolerant of changes in
the sequence of the canonical polyadenylation signal (Murthy and Manley,
1995). The increase in stability can be attributed in part to the fact that CPSF-160
binds to CstF-77 and allows CPSF and CstF to interact (Murthy and Manley,
1995). The exact mechanism by which the cleavage site is chosen is not fully
understood but the CPSF/CstF interactions define the region in which it must
lie (Zhao et al, 1999).
At this point the Cleavage Factors I and II are recruited to the cleavagecompetent complex and bring about endonucleolytic cleavage of the pre-mRNA,
releasing a 5' fragment containing the capped transcript with a free 3' hydroxy 1
at its terminus and a 3' RNA fragment containing the DSE which is rapidly
degraded. PAP is known to bind to CPSF-160 and is probably present as part of
the B Complex. Though there is no obvious reason to expect PAP to have a role
in cleavage, it does appear to be necessary for the reaction for same substrates
(Christofori and Keller, 1988; Takagaki et al, 1988,1989). Thus, in vivo and in
vitro, CPSF, CstF and PAP are essential for cleavage along with the Cleavage
Factors, one of which is the putative nuclease. After cleavage the Cleavage
Factors and CstF probably dissociate from CPSF and PAP and are removed with
the 3' RNA fragment.
Cleavage is followed by polyadenylation. In vivo there is probably very little
lag time between these two processes. Binding of PAP to CPSF probably serves
to maintain PAP at the site of action. The free 3' hydroxyl on the 5' RNA
fragment is the site of adenosine addition. Since cleavage prefers a CA
dinucleotide, therefore the first adenosine is usually template encoded (Sheets et

al, 1990). In vitro, CPSF and PAP are sufficient for poly(A) addition, but this
process is slow (Christofori and Keller, 1988; Takagaki et al, 1988). In addition it
is known that polyadenylation is biphasic in vitro. A slow initial reaction results
in the addition of 10 to 12 adenosine residues which form a binding site for PAB
II. PAB II binding to the nascent poly(A) tail results in rapid and processive
polyadenylation until a tail length of approximately 250 adenosines is reached
(Wahle, 1995b). The method by which poly(A) tail length control is achieved is
not yet understood, but the mechanism results in all messages having the same
sized tail both in vitro (Moore and Sharp, 1985) and in vivo. At this point
termination of polyadenylation occurs by an unknown mechanism and is
probably coupled to the release of CPSF and PAP from the mRNA (Fig. 1.1, 1.3).

1.5 Proteins Required for Mammalian Polyadenylation
As discussed, polyadenylation requires two large multi-protein complexes:
CPSF and CstF as well as PAP, PAB II and the Cleavage Factors. The
purification and characterization of these factors was greatly aided by the
development of an in vitro processing assay using mammalian cells by Moore
and Sharp (Moore and Sharp, 1985).

1.5.1 Cleavage and Polyadenylation Specificity Factor (CPSF)
CPSF, the Cleavage and Polyadenylation Specificity Factor, was first purified
as a factor that conferred cleavage specificity to mRNAs containing the sequence
AAUAAA. Purification schemes separated the polyadenylation and specificity
activities and mixing experiments were required to regenerate both activities,
thereby proving that there were different proteins involved in the two reactions
both of which were essential. The factor was referred to as Cleavage
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Polyadenylation Factor (CPF) (Christofori and Keller, 1988), specificity factor
(SF) (Gilmartin and Nevins, 1989) or Polyadenylation Factor 2 (PF2) (Takagaki et
al, 1989). The consensus name for this complex is now CPSF. CPSF purified
from either calf thymus or HeLa cells consists of four polypeptides of 160, 100,
70 and 30 KDa which are referred to as the CPSF-160, CPSF-100, CPSF-70 and
CPSF-30 respectively (Bienroth et al, 1991; Murthy and Manley, 1992).

1.5.1.1 CPSF-160
A protein consisting of 1442 amino acids with a predicted molecular weight
of 160.8 KDa was cloned from calf thymus by Keller et al and from HeLa cell
cDNA by Murthy and Manley (Jenny and Keller, 1995; Murthy and Manley,
1995). Probes from this cDNA detected a single message of -5.0 Kb by Northern
blot analysis. The predicted protein contained a putative bipartite nuclear
localization signal (NLS) and sequences similar to the RNPl and RNP2 motifs
found in many RNA binding proteins (Burd and Dreyfuss, 1994; Murthy and
Manley, 1995). This is the largest subunit of the CPSF complex, and has been
shown to crosslink to RNA by several independent investigators (Gilmartin and
Nevins, 1991; Keller et al, 1991; Moore et al, 1988; Wilusz et al, 1990). The
binding was shown to be specific for RNA containing the AAUAAA sequence
(Moore et al, 1988). However, it was also seen that, in the absence of the other
CPSF subunits and of CstF, CPSF-160 could bind mutants of AAUAAA. Thus,
isolated CPSF-160 has a weak affinity for non-specific RNA sequences. Its
specific binding to AAUAAA-containing RNA is stabilized by the other CPSF
subunits and by CstF (Murthy and Manley, 1995). CPSF-160 also interacts
strongly with CstF-77 (Murthy and Manley, 1995). This would provide a
possible mechanism of interaction and co-operativity between the CPSF and
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CstF complexes. Interestingly, recombinant CPSF-160 very effectively inhibits
non-specific polyadenylation probably through its interaction with PAP
(Murthy and Manley, 1995). Thus, CPSF-160 may facilitate both poly(A)
synthesis and termination (Zhao et al, 1999).

1.5.1.2 CPSF-100
The 100,000 Mr subunit of CPSF (CPSF-100) was the first subunit to be cloned
(Jenny et al, 1994). Bovine liver and calf thymus cDNA libraries were screened
to obtain a full length clone representing CPSF-100. The cDNA had an open
reading frame of 782 amino acids encoding a protein with a calculated
molecular mass of 88.5 KDa and a highly acidic pi of 4.8, but the clone lacked a
canonical AAUAAA polyadenylation signal in its 3' end. There were no nuclear
localization signals or RNA binding motifs in this cDNA. Several transcripts of
different sizes were recognized by Northern blot analysis, and transcript sizes
differed between bovine and HeLa RNA as well (Jenny et al, 1994). Antibodies
raised against this protein were capable of immunoprecipitating all four
subunits of CPSF, suggesting that they functioned as a complex.
Immunodepletion of CPSF-100 prevented specific polyadenylation of a
precleaved substrate in a dose dependent manner in the presence of PAP,
indicating that CPSF-100 plays an essential role in poly(A) addition (Jenny et al,
1994).

1.5.1.3 CPSF-73
The 73,000 Mr subunit of CPSF (CPSF-73) was cloned from a calf aorta
endothelial cDNA expression library using affinity purified antiserum to gelpurified 73 KDa protein (Jenny et al, 1996). The full length cDNA encoded a
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single ORE of 684 amino acids and a protein of predicted molecular mass of 77.5
KDa. A single band of 2.4 Kb was detected on Northern blots. Polyclonal
antibodies to recombinant CPSF-73 recognize the protein in purified CPSF as
well as in CPSF-100 immunoprecipitate. Interestingly CPSF-100 and CPSF-73
were found to be related. They share 23% identity and 49% similarity, which
suggests they may have evolved from a common ancestor. Similarity extends to
Saccharomyces cerevisiae protein Yshl/Brr5 which is a part of the polyadenylation
protein complex PFI (Jenny et al, 1996). No further studies have been carried out
beyond the cloning to delineate the exact role played by this subunit in the
polyadenylation process.

1.5.1.4 CPSF-30
CPSF-30 is the smallest subunit of the CPSF complex and was purified along
with the other components in the early fractionation studies that determined the
components of the mammalian polyadenylation reaction (Christofori and Keller,
1988). However, in other studies it was not always detected as part of active
CPSF preparations and was claimed to be non-essential (Gilmartin et al, 1995;
Murthy and Manley, 1992). More recently, CPSF-30 has been shown to be part of
the CPSF complex, as an anti-CPSF-30 antibody precipitates other CPSF
subunits, and CPSF-30 is co-immunoprecipitated with antibodies to CPSF-100
(Jenny et al, 1994). Based on this work it was argued that CPSF-30 may be less
strongly associated with the other CPSF subunits, allowing its separation from
the complex under certain conditions. CPSF-30 plays an important role in
polyadenylation as its immunodepletion from extracts or partially purified
CPSF fractions inhibits cleavage significantly and abolishes polyadenylation
almost completely (Barabino et al, 1997).
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A bovine aorta cDNA library was screened to obtain the 243 amino acid long
full length cDNA for CPSF-30. This cDNA encodes a 31 KDa protein with five
C-X7-C-X5-C-X3-H zinc fingers and a carboxy terminal C-X2-C-X4-H-X4-C zinc
knuckle. RNA binding assays showed that CPSF-30 bound poly(U) RNA with
highest affinity and this binding was mediated by the zinc knuckle motif as
deletion of this motif drastically decreased its ability to bind poly(U) RNA
(Barabino et al, 1997). CPSF-30 shows high homology to the Danio rerio no
arches protein (93% similarity) (Gaiano et al, 1996), the Drosophila melanogaster
Clipper protein, CLP (78% similarity) (Bai and Tolias, 1996), and the
Saccharomyces cerevisiae Ythl protein (60.5% similarity), (Table 1.1) (Barabino et
al, 1997). All the homologs have zinc fingers, and are therefore putative DNA or
RNA binding molecules. No arches is essential for normal pharyngeal arch
development (Gaiano et al, 1996), while Ythl is essential for viability (Barabino
et al, 1997). The ability of CPSF-30 to bind poly(U) RNA raises the possibility of
this protein being directly involved in cleavage at the poly(A) site (Zhao et al,
1999) as the RNA downstream of this site is often U-rich.

1.5.2 Cleavage Stimulation Factor (CstF)
Cleavage stimulation factor, CstF, the second complex of proteins in
polyadenylation, is required for the cleavage step, but not for subsequent
poly(A) addition (Gilmartin and Nevins, 1989; Takagaki et al, 1989). This
complex was first recognized as the component that shifted the mobility of the
A complex (CPSF + PAP) and created the larger, more stable B complex (CPSF +
PAP + CstF) (Gilmartin and Nevins, 1989). Purification of CstF from HeLa cells
showed that it was heterotrimeric and comprised of 77 KDa, 64 KDa and 50 KDa
subunits in equimolar proportions (Gilmartin and Nevins, 1991; Takagaki et al,
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1990). These are now referred to as CstF-77, CstF-64 and CstF-50, respectixely.
All three subunits are essential for CstF activity (Takagaki and Manley, 1994).

1.5.2.1 CstF-77
The cDNA encoding full length CstF-77 was obtained from a human
placenta library and comprised a 717 amino acid protein with a calculated
molecular mass of 82,868 Da. The protein is hydrophilic overall and can be
divided into five domains, an N terminal domain (amino acids 1-76), highly
conserved domains I (77-306) and II (371-597) a less highly conserved region M
(307-370) and a carboxy terminus (598-717). Division of the protein into domains
is based on the extent of identity shared by human CstF-77 and its homologs in
Drosophila {suppressor of forked) (Mitchelson et al, 1993) and Saccharomyces
cerevisiae RNA 14 (Table 1.1) (Minvielle-Sebastia et al, 1991). The protein also has
a putative bipartite nuclear localization signal (NLS). Since the other two CstF
subunits lack nuclear localization sequences, it seems likely that heterotrimeric
CstF complex formation occurs in the cytoplasm and is a prerequisite for
transport into the nucleus (Takagaki and Manley, 1994). CstF-77 protein also has
eleven modified tetratrico-peptide (TPR) repeats referred to as HAT (half a TPR)
repeats, since they lack the conserved alanine and glycine residues (Preker and
Keller, 1998; Takagaki and Manley, 2000). CstF-77 has also been shown to bind
to both CstF-64 and CstF-50. Since CstF-64 and CstF-50 do not appear to bind to
each other, it is reasonable to assume that they interact through CstF-77
(Takagaki and Manley, 1994; Takagaki and Manley, 2000). Deletion analysis of
CstF-77 protein revealed that an approximately 100 residue amino acid prolinerich region in the carboxy terminus of the protein was required for interaction
with CstF-64 (Takagaki and Manley, 2000). CstF-77 binding to itself was an
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unexpected finding. This region was also necessary for binding to CstF-50 and
for dimerization of CstF-77 (Takagaki and Manley, 2000) (Fig. 1.2). Human CstF77 shows high similarity to Drosophila Suppressor of Forked [su(f)] protein
(69.4%) (Mitchelson et al, 1993) and moderate similarity to Saccharomyces
cerevisiae RNA14 (37.2%) (Minvielle-Sebastia et al, 1991; Takagaki and Manley,
1994). su(fl is known to suppress mutational effects due to random insertion of
transposable elements in the Drosophila genome (Rutledge et al, 1988).

1.5.2.2 CstF-64
CstF-64 has been shown to play key roles in the regulation of nuclear
polyadenylation, and binding of CstF-64 to RNA is highly correlated with
polyadenylation efficiency. It is also essential for cell viability (Takagaki and
Manley, 1998). CstF-64 was first identified as a 64,000 Mr protein that could be
crosslinked to AAUAAA-containing pre-mRNA (Moore et al, 1988; Wilusz and
Shenk, 1988). At this time it was not recognized as part of the CstF complex but
as a 68 KDa protein (Moore et al, 1988). Subsequent studies identified this
property of CstF-64 (Wilusz et al, 1990) and showed that it bound nonspecifically to RNA but could not be competed away by a 100 fold excess of cold
DSE RNA. Monoclonal antibodies raised against purified CstF from HeLa cells
were used to show that the 64,000 Mr RNA-binding protein identified earlier
(Moore et al, 1988; Wilusz and Shenk, 1988) was one of the three subunits of
CstF (Takagaki et al, 1990).
CstF-64 was the first polyadenylation factor to be cloned. The clone was
obtained from a HeLa cDNA expression library using a-64 KDa monoclonal
antibodies (Takagaki et al, 1992). The 577 amino acid protein had an estimated
molecular mass of 60,920 Da. It contained an amino-terminal RNA-binding
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domain of the consensus RNA Recognition Motif (RRM) type (Burd and
Dreyfuss, 1994), which would explain its ability to crosslink to RNA. The protein
is also characterized by regions which are proline and glycine rich as well as
twelve repeats of the sequence MEARA/G which forms a highly stable alpha
helix (Richardson et al, 1999; Takagaki et al, 1992). The CstF-64 protein was
shown to bind between 15 and 30 nucleotides downstream of the actual
cleavage site in vivo (Gilmartin and Nevins, 1991; MacDonald et al, 1994). A
stretch of four consecutive U residues can substitute for the native DSE and the
spacing between this element and the AAUAAA sequence determine the
cleavage site. The recombinant protein when used in the absence of CPSF binds
in a non sequence specific manner to RNA (MacDonald et al, 1994).
Mapping of the binding domains on CstF-64 for the other CstF subunits
determined that CstF-64 bound to CstF-77 and not to CstF-50 or to itself. This
interaction with CstF-77 was mediated by the "hinge" domain which lies
between the RBD and the proline/glycine rich region (Takagaki and Manley,
2000) (Fig. 1.2). This same region was also shown to bind to both forms of the
tight junction plaque protein, symplekin. This finding is perplexing as in all
previous purification attempts, components of the cleavage and polyadenylation
reactions have been purified to homogeneity and lacked symplekin. Highly
purified preparations of all the known polyadenylation factors have an
intrinsically low efficiency of processing and adding purified symplekin to them
does not restore processing efficiency. Therefore, the role of symplekin in
polyadenylation is currently unclear, but it has been suggested to play the role
of a scaffold protein involved in CstF assembly (Takagaki and Manley, 2000).
In vitro selection experiments using the SELEX (systematic evolution of
ligands by exponential enrichment) methodology (Tuerk and Gold, 1990)
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confirmed the RNA binding preference of CstF-64 as being U - and GU-rich
(Beyer et al, 1997; Takagaki and Manley, 1997).
One of the selection studies reported a new 70 KDa form of CstF-64 in calf
thymus nuclear extracts (Beyer et al, 1997). Subsequently an approximately
70,000 Mr form of CstF-64 called TCstF-64, and restricted in expression to a
small subset of tissues such as testis and brain has been described (Wallace et al,
1999). CstF-64 has also been cloned from a number of different organisms.
Human CstF-64 shares 62% identity with the Xenopus laevis homolog (Barbaux et
al, 1996), 42% identity with Drosophila CstF-64 (Hatton et al, 2000), 29% identity
with Cenorhabditis elegans CstF-64 and 15% identity with S.cerevisiae RNA15
(Table 1.1) (Minvielle-Sebastia et al, 1991).
Finally, CstF-64 has been implicated in the switch of IgM from membranebound to soluble form during B-cell maturation (Edwalds-Gilbert and Milcarek,
1995; Takagaki et al, 1996), as a requirement for the viability of avian cells
(Takagaki and Manley, 1998) and for progression through the cell cycle
(Martincic et al, 1998). CstF-64 interacts with the C-terminal domain of RNA Pol
II and has been suggested to couple transcription and 3' end formation
(McCracken et al, 1997). Thus, CstF-64 protein plays many different roles within
the cell and is essential for basic cell metabolism.

1.5.2.3 CstF-50
This is the least well-studied subunit of CstF, though it is clearly essential for
CstF function. Cloning of the cDNA from a HeLa cell cDNA library revealed a
431 amino acid ORE capable of encoding a 48,326 Da protein. Northern analysis
using poly(A)''' RNA revealed a single transcript of approximately 2.1 Kb.
Genomic Southern blot analysis indicated a single gene for CstF-50. Sequence
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analysis of the clone showed that the C-terminal two thirds and a short Nterminal segment were significantly similar to human and bovine G protein P
subunit transducin repeats (34.4% similarity). CstF-50 also shares smaller
regions of similarity with other (3 subunit-like proteins such as yeast STE4,
Drosophila Enhancer of Split and the chicken major histocompatibility linked
protein. Based on the established function of Gp subunits and the similarity of
CstF-50 with these proteins, it has been proposed that the transducin repeats
allow these proteins to participate in specific protein-protein interactions that
involve association and dissociation in response to the cleavage or formation of
a phosphodiester bond (Takagaki and Manley, 1992).
CstF-50 binds CstF-77 and the region of interaction was mapped by deletion
analysis of the CstF-50 protein (Fig. 1.3). C-terminal truncations removing the
final or last three transducin/WD-40 repeats greatly reduced this interaction
(Takagaki and Manley, 2000). Removing all seven WD-40 repeats completely
eliminated binding, suggesting that the WD-40 repeats are involved in CstF-50
binding to CstF-77. Interestingly, CstF-50 was also found to bind to itself in vitro,
but this interaction was not affected by any of the C-terminal truncations and is
probably mediated by the N-terminal portion of the protein (Takagaki and
Manley, 2000) (Fig. 1.2). Most recently CstF-50 has been shown to interact
directly both in vitro (Kleiman and Manley, 1999) and in vivo (Kleiman and
Manley, 2001) with the breast cancer-associated tumor suppressor BRCAl, the
BRCAl-associated RING domain protein BARDl and proliferating cell nuclear
antigen (PCNA) protein involved in DNA replication. Cleavage of pre-mRNAs
is transiently repressed in the presence of DNA damaging agents such as UV
light and this correlates with an increase in the CstF-50/BRCAl/BARDl
complex suggesting that this complex may target DNA repair sites marked by
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PCNA (Kleiman and Manley, 2001). Since BARDl like the CstF complex
interacts with RNA Pol II, therefore these studies provide evidence for a link
between DNA damage, tumor suppression and mRNA formation, both
transcription and polyadenylation (Kleiman and Manley, 1999, 2001).

1.5.3 Cleavage Factors (CFI, CFII)
The two Cleavage Factors are required only for the cleavage step of
polyadenylation. Though not yet identified one of the cleavage factors is
thought to be the endonuclease involved in hydrolysis of the pre-mRNA to
generate the free 3' hydroxyl for poly(A) addition. These two complexes are
among the least well-studied of all the polyadenylation factors. Recent
purification of mammalian CFI to homogeneity revealed that it is composed of
three major polypeptides (25, 59 and 68 KDa) and one minor protein (72 KDa)
(Ruegsegger et al, 1996; Ruegsegger et al, 1998). CFII is the most recently
characterized polyadenylation protein. Several chromatographic steps were
required to purify CFII activity from HeLa cell nuclear extract. CFII activity
separated into two components, CFIIA which was essential and CFIIB which
was stimulatory for the cleavage reaction. CFIIA contained CFI as well as
human homologs for yeast 3' end processing factors Pcfllp and Clplp (de Vries
et al, 2000).

1.5.3.1 Cleavage Factor I (CFI)
CFI-25 was cloned from a human brain cDNA library (Ruegsegger et al,
1998). The clone had an ORE of 227 amino acids capable of encoding a 25 KDa
protein. The primary sequence of CFI-25 lacks known motifs. Database searches
revealed highly similar sequences in several mouse expressed sequence tags
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(EST) and a C. elegans gene (F43G9.5; nematode sequencing project). No
potential homolog was found in the S. cerevisiae database (Ruegsegger et al,
1998).
CFI-68 was cloned from the same library as CFI-25 (Ruegsegger et al, 1998).
This cDNA encodes a protein of 59.2 KDa which has an anomalous mobility on
SDS-polyacrylamide gel electrophoresis (SDS-PAGE) of 68 KDa. Homologs of
CFI-68 were found in the mouse and C. elegans databases but not in the S.
cerevisiae database. The primary sequence of CFI-68 shows three distinct
domains: an N-terminal RNA binding domain containing the RNPl and RNP2
motifs, a proline rich middle region and a C-terminal alternating charge domain
with mainly arginine residues alternating with glutamate, aspartate and serine
residues (Ruegsegger et al, 1998). This domain structure is similar to that of SR
proteins involved in pre-mRNA splicing (Fu, 1995). To this end, CFI-68 is
recognized by the monoclonal antibody MAb 16H3 which detects most of the
classical SR proteins (Neugebauer et al, 1995).
CFI-59 is similar to CFI-68 at both N and C termini, but differs in the prolinerich central domain. CFI-59 is not a degradation product or splice variant of CFI68 (Ruegsegger et al, 1998), as proposed earlier (Ruegsegger et al, 1996).
Gel retardation and UV crosslinking studies indicate that all three major
polypeptides comprising CFI can bind RNA. The CFI complex purified from
HeLa cells crosslinks to RNA both in the presence of CstF, CPSF and PAP as
well as in the absence of all other known polyadenylation proteins. This binding
is not affected by point mutations in AAUAAA (Ruegsegger et al, 1996).
However, it does not occur on precleaved RNA or on splicing substrates.
Addition of either CstF or PAP do not affect the complex formed by CFI binding
to RNA. CPSF when added to a CFI-RNA complex resulted in the formation of
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a slower migrating complex. Thus, CFI appears to increase the stability of the
CPSF-RNA complex in vitro (Ruegsegger et al, 1996). Preincubation of RNA
with CFI alone reduces the lag phase of the cleavage reaction as well as
enhances the reaction rate resulting in increased cleavage efficiency. This effect
is not substrate specific and is dependent only on the presence of the premRNA. Preincubating CstF, CPSF and PAP and allowing complex formation
before addition of the pre-mRNA substrate also decreases the lag time but the
presence of these factors has no effect on the stimulation of cleavage by CFI
alone. CFI binds the pre-mRNA along with CPSF but prior to CstF and PAP and
leads to a quicker assembly of the 3' end processing complex (Ruegsegger et al,
1998). A reconstituted complex of CFI-25 and CFI-68 is sufficient to allow
accurate cleavage in the presence of chromatographically purified CstF, CPSF
and PAP. The possibility exists that CFI is present in at least two different forms
in vivo - complexes of CFI-25 and CFI-68 and complexes of CFI-25 and CFI-59
(Ruegsegger et al, 1998).

1.5.3.2 Cleavage Factor II (CFII)
CFII was the last of the known, essential polyadenylation proteins to be
purified to homogeneity. As mentioned previously, purified CFII separates into
two fractions, one essential (CFIIA) and the other stimulatory (CFIIB) for
cleavage (de Vries et al, 2000). The most purified CFIIA fraction contains more
than 15 polypeptides each of which was identified by microsequencing. CFIIA
was found to include splicing factors, U2AF65 and U2AF35, polypyrimidine
tract binding protein (PTB), PTB-associated splicing factor (PSF) and the human
homolog of yeast PRP8 as well as transcription factors TFIIH p89 and p52, a
DNA repair protein h M r e l l , a GPI-anchored protein pl37, the tight junction
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protein ZO-1 and two other membrane proteins. CFIIA also contains all the
subunits of CFI. Human homologs of the yeast proteins Pcfllp and Clplp were
also part of the CFIIA complex. Immunodepletion of Clpl from CFIIA results in
a loss of cleavage activity which can be restored by the addition of purified CF
IIA indicating that Clpl is important for the process and a functional part of the
CFIIA complex. hClpl co-immunoprecipitates with CFI and CPSF suggesting
that Clpl tethers CFI and CPSF to CFIIA. Clpl does not bind to purified CstF or
bovine PAP (de Vries et al, 2000).
CFIIB has no cleavage activity on its own as well as no effect on specific and
non-specific polyadenylation of pre-cleaved L3 RNA. Immunoblot analysis of
CFIIB for CFI, CstF, CPSF, PAP, PABPl, PABP2, hClpl, hPcfll, CBP80, U2AF65,
PTB, U l A and RNA Pol II were all negative. Thus, CFIIB is most probably a new
factor that has not been shown to participate in mRNA 3' end formation before
(de Vries et al, 2000).

1.5.4 Poly (A) Binding Protein II (PAB II)
Poly(A) tail synthesis occurs in a biphasic manner (Sheets and Wickens,
1989) with the first ten to fifteen A residues added slowly in a CPSF- and
AAUAAA-dependent reaction, and subsequent As added in an AAUAAAindependent, rapid and processive reaction to a final length of 200 to 300 A
residues. The polyadenylation step has been shown to be independent of a
requirement for creatine phosphate, creatine kinase, tRNA, the 5' cap and
hydrolysis of the P-y bond of ATP (Bienroth et al, 1993).
Poly(A) Binding Protein II was first identified as a factor that restored the
synthesis of long poly(A) tails when added to purified CPSF and PAP along
with oligoadenylated mRNA. The protein was purified to homogeneity and
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shown to possess the ability to specifically increase the rate of polyadenylation
of RNAs by a rapid and processive PAP (Wahle, 1991a). The inclusion of PAB II
to a mixture of purified CPSF, PAP and pre-mRNA substrate also recreated the
biphasic nature of the reaction as originally described by Sheets and Wickens
(Sheets and Wickens, 1989). Tail length increased more slowly in the absence of
PAB II. PAB II can carry out its function in the absence of CPSF and the
AAUAAA signal but it is much more efficient in their presence. The minimum
number of adenylate residues required for CPSF independent elongation is ten.
Tails of nine adenylate residues are not extended while a fraction of Aio RNAs
and all mRNA with longer tails are polyadenylated. It is possible that short
oligo A tails are bound by PAB II but their 3' ends are not accessible to PAP
(Wahle, 1991a).
Non-denaturing gel electrophoresis provides evidence for the formation of a
quarternary complex of CPSF, PAP, PAB II and RNA. The half life of the
CPSF-RNA complex is increased in the presence of PAP, suggesting that PAP
stabilizes this complex. PAB II alone does not significantly change the stability
of the CPSF-RNA complex, however the quarternary complex is very stable
(Bienroth et al, 1993). Specific polyadenylation mediated by CPSF or PAB II
alone is much more efficient than the non-specific reaction. PAB II alone
increases PAP processivity to up to five adenylate residues, while CPSF alone
allows a processivity of five to ten adenylate residues. Combination of both PAB
II and CPSF causes a significant increase in PAP processivity to about 100
nucleotides (Bienroth et al, 1993). PAB II binds specifically to poly(A) and
poly(G) RNA with the same affinity. It does not however, bind to poly(C) RNA
or ribosomal RNA. It is also specific for single stranded RNA. This interaction is
salt sensitive and the minimal site for high affinity binding was calculated as 12
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adenylate residues. Titration of a fixed amount of protein with increasing
amounts of poly(A) revealed a packing ratio of 23 A residues per protein
monomer (Wahle, 1995b; Wahle et al, 1993).
Studies on the length control mechanism of the polyadenylation reaction
showed that it was via the measurement of the poly(A) tail present rather than
the time that PAP had spent elongating the substrate (Wahle, 1995b). The burst
of elongation of short tails is processive while the slow elongation of long tails is
distributive. The change from processive to distributive polyadenylation after
250 adenylate residues have been added is due to the inability of long tails to
mediate the simultaneous effects of PAB II and CPSF on PAP. On short tailed
RNAs, PAP perceives the presence of these complexes as a signal for a burst of
processive elongation. Also lack of processivity is not due to sequestration of the
3' end of the poly(A) tail (Wahle, 1995b). PAB II is required to coat the poly(A)
tail and therefore optimal elongation requires more than a single PAB II
molecule for each poly(A) tail.
PAB II was cloned from various bovine cDNA libraries. The clone encoded a
306 amino acid protein whose molecular weight was estimated at 32.8 KDa by
mass spectrometry (Nemeth et al, 1995). Several splice variants are represented
in EST databases and by Northern analysis (Brais et al, 1998). The most
abundant message appears to be a 2.1 Kb transcript (Nemeth et al, 1995). PABP2
the gene for PAB II, is located on human chromosome 14qll with at least one
pseudogene on Xql2-ql3. PABP2 consists of seven exons transcribed from
cen^qter. The protein has a stretch of six alanines in its N-terminal region
which, when expanded to seven or more repeats by slippage occurring during
replication, result in the adult-onset disease, oculopharyngeal muscular
dystrophy (Brais et al, 1998).
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1.5.5 Poly(A) Polymerase (PAP)
An activity capable of synthesizing an acid insoluble linear sequence of
adenine nucleotides linked by 3', 5'-phosphodiester bonds from ATP was first
purified in 1960 (Edmonds, 1960). The significance of this activity was not
appreciated till much later with the realization of a need for a poly(A)
polymerase to synthesize the poly(A) tails present at the 3' end of most
eukaryotic mRNAs. PAP is required for the enhancement of the clea\^age
reaction and for the subsequent enzymatic addition of the adenine nucleotides
at the free 3' end generated by the cleavage step (Colgan and Manley, 1997;
Wahle and Ruegsegger, 1999; Zhao et al, 1999). PAP was originally cloned from
a HeLa cell cDNA library (Wahle et al, 1991) but has since been cloned from a
number of organisms (Cao and Sarkar, 1992b; Lingner et al, 1991; Murata et al,
2001; Raabe et al, 1991; Thuresson et al, 1994). Multiple forms of PAP exist in
mammalian cells (Thuresson et al, 1994). At least two isoforms of bovine PAP
are known to be produced due to alternative splicing. The longest forms PAP I
iJ7 KDa) and PAP II (82 KDa) differ only at their C termini and are
enzymatically active (Raabe et al, 1991; Wahle et al, 1991) while truncated
versions PAPs III,V and VI are enzymatically inactive. PAP II is the most
common form isolated and may be the predominant species in vivo (Raabe et al,
1991). More recently an intronless retroposon encoding a testis-specific form of
PAP has been cloned from mouse (Kashiwabara et al, 2000; Lee et al, 2000).
Based on sequence conservation this gene, TPAP/Papt was most likely derived
from a processed PAP IV transcript (Lee et al, 2000). Increase in Papt
transcription correlates temporally with the occurrence of the first wave of
meiosis during mouse spermatogenesis and Papt appears to be the main PAP in
spermatids (Kashiwabara et al, 2000; Lee et al, 2000).
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PAP is a template independent RNA polymerase with no particular
specificity for RNAs that end at in vivo polyadenylation cleavage sites (Lingner
et al, 1991; Martin et al, 2000). It does however show great specificity in the
nature of the nucleotide it uses. Nucleotide triphosphates other than ATP are
not used even for non-specific polyadenylation in the presence of manganese
ions (Mn2+) (Lingner et al, 1991). It is known that non-specific, i.e., AAUAAAindependent polyadenylation occurs in the presence of Mn2+ while specific or
AAUAAA dependent polyadenylation requires magnesium ions (Lingner et al,
1991; Takagaki et al, 1988; Wahle, 1991b). Magnesium increases the affinity of
the enzyme for the primer (Wahle, 1991b; Wahle et al, 1991). In the presence of
magnesium, PAP has only a very low level of activity in the absence of CPSF
and PAB II (Zhao et al, 1999).
Papt, the testis-specific isoform of poly(A) polymerase is missing the second
nuclear localization signal (NLS) which is mutated and probably non-functional.
This might explain the specific localization of Papt protein primarily in the
cytoplasm of pachytene spermatocytes as well as round spermatids
(Kashiwabara et al, 2000). This also correlates well with the finding that many
male germ cell mRNAs such as actin, acrosin and zona pellucida binding
protein sp38 have a change in size due to an increase in the length of their
poly(A) tails (Kashiwabara et al, 2000). This suggests that Papt could mediate
cytoplasmic polyadenylation of stored messages in post-meiotic spermatids
thereby increasing their stability and half-life.
The recently identified hiiragi {hrg) gene encodes PAP in Drosophila (Murata
et al, 2001). Interestingly mutations in hrg which decrease the level of its
transcripts result in a notched wing phenotype. The levels of wingless and cut
transcripts at the presumptive wing margin are greatly reduced and probably
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result in the wing phenotype observed. This mutant phenotype can be reversed
by the cDNA for bovine PAP II indicating that decrease in PAP activity is
directly involved in regulating the expression of genes involved in the early
developmental steps of wing formation. The Drosophila genome does not appear
to code for any other PAP genes (Murata et al, 2001).
PAP activity throughout the cell cycle is regulated via phosphorylation. PAP
has been shown to be a substrate for phosphorylation (Thuresson et al, 1994) by
cdc2/cyclin B (Maturation Promoting Factor or MPF) (Colgan et al, 1996). MPF
phosphorylates PAP at three consensus cdk sites as well as four non-consensus
sites in the C-terminal domain. The three consensus sites are phosphorylated at
lower levels of MPF activity and are therefore the initial sites on PAP to be
activated during M phase. The non-consensus sites require higher levels of MPF
for their phosphorylation, resulting in a differential level of enzyme activity.
Complete hyperphosphorylation of PAP results in the total inhibition of its
activity. Thus, the phosphorylation sites on PAP exhibit a differential sensitivity
to MPF which may be part of a sensing mechanism that connects PAP activity to
changing levels of MPF during M phase (Colgan et al, 1996,1998).
Most PAPs are single polypeptide enzymes (Martin et al, 2000) existing as
monomers in solution (Lingner et al, 1991; Wahle, 1991b). PAP belongs to the
nucleotidyl transferase superfamily and possesses the two signature features: a
conserved catalytic domain with three invariant carboxylates crucial for activity
(near the N terminus) and a helical turn motif involved in nucleotide binding
(overlapping the NLS in the C-terminal domain) (Martin and Keller, 1996).
Deletion of the C terminal residues from 478 onward causes total loss of both
specific and non-specific activity (Martin and Keller, 1996). NLSl (residues 490-510) could be crosslinked to RNA and are involved in RNA binding. NLS2
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which lies between amino acids 644 and 659 bind RNA weakh' (Martin and
Keller, 1996; Martin et al, 2000). Three aspartate residues are involved in
catalysis as single amino acid changes to alanine at any of these three positions
resulted in less than 1% of activity (specific and non-specific) remaining (Martin
and Keller, 1996).
The crystal structure of bovine PAP lacking the C terminal 226 residues has
been solved at 2.5 A resolution (Martin et al, 2000). PAP is best described as
having three domains - catalytic, central and RNA binding. PAP does not
contain an RNP domain characteristic of the RRM type of RNA binding
proteins. RNA binding in PAP is mediated by a globular domain of a four
stranded antiparallel p sheet flanked on one side by two helices. This is
topologically similar to the RNA binding domains of sex-lethal (first RBD) and
phenyl-alanyl-tRNA synthetase (Martin et al, 2000).

1.6 Sequence Elements Required for
Mammalian Polyadenylation
The RNA sequences involved in recognition of the cleavage site act by direct
binding of specific proteins and are often poorly conserved. This is actually well
suited to the cleavage and polyadenylation process which occurs on almost all
mRNAs of differing sequences. It ensures that the process is flexible enough to
include all messages regardless of gross differences in nucleotide sequence. This
conformational flexibility is probably assisted by the single stranded nature of
the RNA template which allows structure rather than sequence to determine
biological activity and the cooperative nature of interactions between the
different protein complexes that bind these sequences in the RNA (Wahle,
1995a; Wahle and Ruegsegger, 1999). There are two main sequence elements
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involved in defining the cleavage site in the pre-mRNA. The first signal is the
highly conserved AAUAAA sequence present upstream of the cleavage site and
the second is a poorly defined GU- or U-rich region called the Downstream
Element (DSE). There is evidence that the two signals act in a cooperative
manner to bring about poly(A) site recognition (Wahle, 1995a). Additional
sequences may be present in certain messages to allow the AAUAAA and DSE
core elements to remain in an open and accessible structure (Table 1.1).

1.6.1 AAUAAA-The Canonical Polyadenylation Signal
Comparison of sequences of the 3' end of various globin and immunoglobin
cDNAs resulted in the discovery that the sequence AAUAAA was present in all
cases (Proudfoot and Brownlee, 1976). This finding was extended to other
vertebrate cDNAs present in the EMBL database at the time (Sheets et al, 1990).
It was since found to be present in 90% of all sequenced polyadenylation
elements (Colgan and Manley, 1997; Wahle, 1995a) and believed to be among
the most highly conserved sequences in eukaryotes (Proudfoot, 1991). Initial
mutagenesis studies indicated that the AAUAAA sequence was essential for
cleavage (Fitzgerald and Shenk, 1981; Montell et al, 1983; Wickens and
Stephenson, 1984) and that mutations at any of the six positions were not
tolerated. Subsequent studies concluded that the sequence is important for both
cleavage and polyadenylation (Chen et al, 1995; Manley et al, 1985; Sheets et al,
1990; Wigley et al, 1990; Zarkower et al, 1986). The only mutation that was
polyadenylated (albeit at a lower efficiency) was AUUAAA (Sheets et al, 1990;
Wilusz et al, 1989). This is also the most common variant of AAUAAA seen in
genes lacking the AAUAAA element (Sheets et al, 1990). The U at position three
appears to be critical to the process (Wigley et al, 1990). Experiments with
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AAUAAA-containing oligonucleotides suggest that eleven nucleotides is the
shortest length for a polyadenylation substrate. A decrease in length by even
one nucleotide prevents efficient poly(A) addition. These oligonucleotides are
capable of binding CPSF even at lengths where they are no longer substrates for
polyadenylation. Therefore the reason for lack of a poly(A) tail on these RNAs is
probably the inability of PAP to bind CPSF and the free 3' end of the RNA
template (Wigley et al, 1990). Altering the distance between the DSE and
AAUAAA element indicates that cleavage can occur no closer than eleven bases
and no further than twenty three nucleotides downstream of AAUAAA (Chen
et al, 1995; MacDonald et al, 1994).

1.6.2 The Downstream Element (DSE)
The presence of a sequence other than AAUAAA was postulated based on
the observation that the AAUAAA sequence was not unique to the
polyadenylation site. Several genes had more than one AAUAAA sequence in
the 3' untranslated region which were not used as signals for 3' end formation.
Thus, though AAUAAA had been shown to be necessary for cleavage and
polyadenylation it was not sufficient (Conway and Wickens, 1985; Gil and
Proudfoot, 1984; Sadofsky and Alwine, 1984). This second sequence element
loosely was found to be downstream of the cleavage site, but was not well
defined. The downstream sequence element (DSE) can function even when
mutated at one or more position or when shifted in position with respect to the
wild type cleavage site.
Several different sequences have been suggested for the DSE. The sequence
CAYUG (Y=Pyrimidine) was proposed to function in 3' end formation, as it had
complementarity to sequences found in the U4 snRNP (Berget, 1984; Gil and
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Proudfoot, 1984). At this time snRNPs (Berget, 1984; Christofori and Keller,
1988) and hnRNPs (Moore et al, 1988) were thought to be important in
polyadenylation, and this was considered evidence of the involvement of U4 in
the process. Subsequently snRNPs and hnRNPs were shown to play no critical
role in polyadenylation (Chou et al, 1994; Takagaki et al, 1989).
The CAYUG element was studied as part of the rabbit pi globin DSE by Gil
and Proudfoot. It was present in the 35 bp region 3' of the cleavage site found by
deletion analysis to be necessary for optimum efficiency of polyadenylation (Gil
and Proudfoot, 1984). Subsequently however it was shown to be able to enhance
the process marginally. CAYUG when used alone caused -10% the level of
polyadenylation seen in normal P globin mRNA (Gil and Proudfoot, 1987).
Replacement of this sequence from the pre-mRNA of Xenopus laevis pi globin
with non-CAYUG nucleotides had no effect on the processing (Mason et al,
1986). Another sequence proposed to function as the DSE was the GU-rich
YGTGTTYY element a consensus obtained by comparing the sequences of 70
different pre-mRNAs 3' of the cleavage site (McLauchlan et al, 1985). Deletion of
this element from the HSVl pre-mRNA abolished processing to 1-4% that of
wild type levels (McLauchlan et al, 1985). This sequence was found to restore
processing efficiency in rabbit p-globin mRNAs, but only in the presence of a
U-rich element, and only if the spacing between these two elements was
maintained. Shifting the position of either or both elements decreased
polyadenylation efficiency indicating that their effect is position dependent (Gil
and Proudfoot, 1984; Gil and Proudfoot, 1987).
The third candidate DSE was a run of Ts resulting in a U-rich sequence in
the RNA (McDevitt et al, 1986). Four Us in a stretch of five nucleotides was
shown to be sufficient to replace the DSE of SV40 late mRNA (Chou et al, 1994;
32

MacDonald et al, 1994; Wilusz and Shenk, 1990). Deletion analysis of various
pre-mRNAs from 3 to 60 bases downstream of the cleavage site indicate that this
is the region which contains the functional element(s) which enhance processing
efficiency (Chou et al, 1994; Conway and Wickens, 1985; Gil and Proudfoot,
1987; Mason et al, 1986; McDevitt et al, 1986; McLauchlan et al, 1985; Simonsen
and Levinson, 1983; Weiss et al, 1991). Spacing of the DSE from the actual
cleavage site was found to be critical, and deletion (Sadofsky and Alwine, 1984)
or shifting of it further 3' decreased processing efficiency as well as shifting the
actual site of cleavage 3' as well (Chou et al, 1994; Gil and Proudfoot, 1987;
MacDonald et al, 1994; Mason et al, 1986; McDevitt et al, 1986; Weiss et al,
1991). Though the DSE appears to be a small DNA sequence of low complexity,
critical residues exist within it as single base changes can have drastic effects on
processing. Altering more than one nucleotide and sometimes only two bases
can abolish normal polyadenylation (McDevitt et al, 1986; Weiss et al, 1991). The
DSE is also not optimally efficient in many cases as mutations can improve its
ability to enhance the reaction (McDevitt et al, 1986). In conclusion, the DSE is a
poorly defined U - or GU-rich sequence which enhances cleavage and
polyadenylation in a position dependent fashion and is recognized in the RNA
but not the gene (Hart et al, 1985).

1.6.3 Cleavage Site
The actual cleavage site is determined mainly by the distance between the
AAUAAA sequence and the DSE. Experiments using the SV40 late mRNA
indicated the presence of a "cleavage domain" of six nucleotides within which
the cleavage machinery selects the actual site. Cleavage was never detected
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closer than 14 bases or beyond 23 bases from the AAUAAA element (Chen et al,
1995).
The local sequence surrounding the cleavage site is not conserved, though a
survey of 269 pre-mRNAs indicates that 71% of them have an A at +1 (Sheets et
al, 1990). This suggests that the first A of the poly(A) tail is actually template
encoded (Zhao et al, 1999). This has been experimentally proven for the
Adenovirus2 L3 mRNA (Moore et al, 1986). Mason et al (1986) showed similar
findings using various mutant constructs of Xenopus laevis pl-globin mRNA in
which all processed RNAs were cleaved at an A residue. Saturation mutagenesis
demonstrated that the preferred nucleotides at the cleavage site followed the
order A > U > C » G (Chen et al, 1995). This study never found any RNA cleaved
at a G residue. This is reminiscent of histone mRNA 3' end formation where G is
the least favored nucleotide, and is mostly absent from the histone downstream
element (HDE) (Dominski and Marzluff, 1999). Additionally 59% of the 269
vertebrate cDNAs surveyed had a C as the penultimate residue which translates
into CA being the most common dinucleotide at the cleavage site (Sheets et al,
1990).

1.7 3' End Formation of Non-Polyadenylated
RNA Pol II Transcripts
As mentioned earlier (Section 1.3) only RNA Pol II transcribed messages are
polyadenylated and even among those mRNAs the cell cycle regulated histones
and snRNAs are not polyadenylated. Both histone mRNAs and snRNAs use
entirely different mechanisms to generate their 3' ends and will be reviewed
here.
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1.7.1 Histone mRNA 3' End Formation
There are two basic classes of histones: replication dependent histones and
basal histones or replacement variants. The former are synthesized in a cell cycle
dependent manner, primarily during S phase for de-novo chromatin assembly.
Replication dependent histone transcripts do not contain introns and are not
polyadenylated (Dominski and Marzluff, 1999). In contrast the latter are
expressed throughout the cell cycle and are the predominant form in quiescent,
non-dividing cells. Their mRNAs are polyadenylated and often contain introns
(Wells and Kedes, 1985). The function of these proteins is in chromatin
remodeling and repair.
The 3' ends of cell cycle-dependent histones are formed by an RNA
processing reaction rather than transcription termination (Krieg and Melton,
1984). This process requires two cis acting elements, the stem-loop and the
purine rich histone downstream element (HDE), and three known factors, stemloop binding protein (SLBP), heat labile factor (HLF) and the U7 snRNP. A
cleavage factor is also suspected.
The 16 nucleotide stem-loop found upstream of the cleavage site is a highly
conserved feature in all histones. It consists of a four nucleotide loop and a six
nucleotide stem with a high degree of sequence conservation in the surrounding
regions as well. This element strongly stimulates processing but it not absolutely
required (Dominski et al, 1999). The stem-loop binds SLBP (Williams and
Marzluff, 1995). The HDE is located 6-12 nucleotides downstream of the
cleavage site and is a purine rich sequence complimentary to U7 snRNA.
Mutations in the HDE can be overcome by compensatory mutations in U7
snRNA suggesting that the two interact directly (Bond et al, 1991). Cleavage
occurs 4-5 bases 3' of the stem-loop bound by SLBP at a CAC consensus (Furger
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et al, 1998). Guanosine is the least favored nucleotide at the cleavage site
(Dominski et al, 1999). Cleavage depends on the position of the the HDE and
not the stem-loop, though spacing between the two elements is critical to the
process (Scharl and Steitz, 1994).
U7 snRNP is a large protein and RNA complex ranging in size from -220
KDa to 300 KDa. It comprises all the core Sm proteins plus some loosely
associated proteins and one 60 nucleotide small nuclear RNA (snRNA) (Mowry
and Steitz, 1987). The 3' end of the RNA forms a stem-loop that is required for
correct assembly and function while the 5' end binds the HDE.
SLBP is a 269 amino acid protein that binds specifically to histone mRNAs at
the stem-loop structure, in the nucleus and remains bound in the cytoplasm
after the message has been processed and exported (Pandey et al, 1991; Vasserot
et al, 1989). SLBP binds the stem-loop via a central 73 amino acid RBD.
Heat labile factor (HLF) is not well characterized. It was purified based on its
inactivation by heating to 50°C (Gick et al, 1987). HLF can be separated from
SLBP and U7 snRNP and is resistant to nuclease digestion. The actual factor that
brings about cleavage is not known yet. It could be an accessory protein of U7
snRNP or a unique uncharacterized protein.
During histone mRNA 3' end formation, SLBP binds the stem-loop while U7
snRNA binds the HDE. These two protein complexes along with HLF allow
recognition of the cleavage site. The upstream cleavage product becomes the
mature mRNA and has a 3' hydroxyl end (Scharl and Steitz, 1994), while the
downstream portion contains the HDE and is rapidly degraded by a 5 ' ^ 3 '
exonuclease (Walther et al, 1998).
Cell cycle dependent histone mRNA 3' end processing is identical to the
cleavage and polyadenylation of other RNA Poll II transcripts in that both
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require endonucleolytic cleavage between two cis elements with a preference for
the CA dinucleotide at the cleavage site, no requirement for ATP or divalent
cations and release of the nascent transcript from the chromatin template due to
cleavage. Unlike histone mRNA 3' end formation, AAUAAA-dependent
processing of transcripts does not involve an RNA component and results in the
release of CPSF (equivalent to SLBP) from the transcript.

1.7.2 Small Nuclear RNA 3' End Formation
Five small nuclear RNAs U l , U2, U4, U5 and U6 (snRNAs) are essential for
the formation of the the splicing complex. All except U6 snRNA are transcribed
by RNA Pol II but differ from mRNAs in lacking a poly(A) tail. Briefly,
metazoan snRNAs are transcribed by RNA Pol II, capped with a 7-methyl
guanosine (m^-G) cap and exported to the cytoplasm where they associate with
Sm proteins through a U-rich Sm site, are exonucleolitically shortened to the
mature size (Chandrasekharappa et al, 1983; Kleinschmidt and Pederson, 1987)
and have the m^-G cap exchanged for a 2,2,7-trimethylguanosine cap (Zhou et
al, 1999). This snRNP complex is imported back into the nucleus where
additional proteins bind to form a functional snRNP complex, and where two
nucleotides are removed from the 3' end of the RNA (Yang et al, 1992).
The mechanism of U snRNA 3' end formation in vertebrates is unique
among RNA Pol II transcripts in that there is a strict requirement for
transcription initiation from an snRNA promoter (de Vegvar et al, 1986) and
there is only one sequence element, the 3' box, 9-19 nucleotides downstream of
the cleavage site which defines the site of cleavage (Ach and Weiner, 1987;
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Hernandez, 1985). This is in direct contrast to both polyadenylated mRNA and
histone mRNA 3' end formation, which utilize bipartite sequence elements to
identify the cleavage site.
When a non-snRNA promoter is used to initiate transcription of an snRNA,
normal 3' end formation does not occur. Instead the RNAs are polyadenylated
further downstream using cryptic or "normal" {i.e. AAUAAA) polyadenylation
sites (de Vegvar et al, 1986). These long read-through precursors are not
converted into mature snRNAs when injected into Xenopus oocytes (Murphy et
al, 1982). This suggests that 3' end formation occurs co-transcriptionally, either
as a termination event or as a very rapid processing event.
Additionally there is a distance relationship between the transcription start
site and the 3' box. If this distance exceeds 200 bases the efficiency of processing
decreases (Ramamurthy et al, 1996). Beyond this not much is known about the
mechanism or molecules involved in this process but there is evidence that it is
different from the processing of snRNAs in yeast which appears to be unlinked
to transcription (Chanfreau et al, 1997).

1.8 Polyadenylation in Other Organisms
Polyadenylation of messenger RNA is not restricted to higher metazoans.
There has long been evidence for the process in prokaryotes (Sarkar, 1996,1997),
archaea (Kim et al, 1993), plantae (Rothnie, 1996) and in unicellular eukaryotes
such as yeast (Zhao et al, 1999). Cleavage and polyadenylation also occurs in
organellar mRNAs such as those encoding proteins specific to the
mitochondrion in animals (Baserga et al, 1985; Koslowsky and Yahampath,
1997; Lupoid et al, 1999) and chloroplast in plants (Hayes et al, 1999; Klahre et
al, 1995; Kudla et al, 1996). These intracellular organelles are currently believed
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to have arisen originally from prokaryotic endosymbionts (Margulis, 1975;
Margulis and Chapman, 1998; Margulis et al, 2000), which might or might not
have encoded polyadenylated mRNAs.

1.8.1 Polyadenylation in Prokaryotes
Due to the lack of a nucleus and surrounding nuclear envelope, prokaryotic
mRNA is available to the translation machinery immediately as it is being
transcribed. Since the poly (A) tail is believed to play a role in mRNA transport
from nucleus to cytoplasm in eukaryotes, there appeared no reason for
prokaryotic mRNAs to have a poly(A) tail. However, this hypothesis is not
supported by current findings that 1-40% of any given mRNA has a poly (A) tail
ranging in length from 14 to 60 nucleotides attached to its 3' end (Sarkar, 1997).
Polyadenylation in prokaryotes is not always coupled to transcription, and
can occur after endonucleolytic processing of the primary transcript. It is also a
relatively indiscriminate process and can occur at any free 3' end irrespective of
its origin. A PCR strategy using gene-specific and oligo(dT) primers revealed
that there are six major classes of polyadenylation sites in E. coli.
Polyadenylation can occur at the ends of rho-dependent and rho-independent
transcripts, as well as at the ends of truncated or partially degraded mRNAs.
Poly(A) tracts are seen at sites of endonucleolytic processing in intercistronic
regions and at transcription attenuation sites, as well (Sarkar, 1997).
Polyadenylation in E. coli is performed mainly by poly(A) polymerase I (PAP
I) the product of the pcnB gene. This gene was initially identified as necessary
for replication of ColEl plasmids and later found to encode PAP I (Cao and
Sarkar, 1992a). Unlike eukaryotic polyadenylation, bacteria such as £. coli do not
appear to require sequence elements or other multi-protein complexes to signal
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cleavage and polyadenylation (Sarkar, 1997; Yehudai-Resheff and Schuster,
2000).
E. coli PAP I synthesizes short oligo(A) tails that can be removed by RNase II
(Marujo et al, 2000) or RNase E (Huang et al, 1998) or can be used as a binding
site for polynucleotide phosphorylase (PNPase), which signals degradation of
mRNAs or RNA fragments (Cohen, 1995). Deletion of pcnB is not lethal to the
cell, as there is a second PAP gene present (Kalapos et al, 1994). This protein,
PAP II, is not as well characterized as PAP I, but probably has functional
overlap with PAP II. However, even moderate overexpression of pcnB is lethal
to cells (Cao and Sarkar, 1992a).
PAP I is a -55 KDa protein with significant similarity to tRNA nucleotidyl
transferase, and more limited similarity to other yeast and mammalian PAPs
(Sarkar, 1997; Yehudai-Resheff and Schuster, 2000). Polyadenylation by PAP I in
vitro appears to be dependent on the presence of unpaired nucleotides at either
end of the substrate, and is affected by the extent of phosphorylation at the 5'
terminus (Feng and Cohen, 2000). Interestingly, the host factor Hfq involved in
phage Qp RNA replication stimulates synthesis of long poly(A) tails by making
PAP I more processive in a fashion reminiscent of eukaryotic PAB II (Hajnsdorf
and Regnier, 2000).
Currently, the primary function of polyadenylation in E. coli appears to be in
signaling mRNA degradation. mRNA stabilization is associated with reduced
levels of polyadenylation. It has been postulated that a short poly(A) tract could
provide a binding site for PNPase and other enzymes which then cause
processive degradation (Cohen, 1995; Sarkar, 1997). The process also enables
replication of ColEl plasmids by polyadenylating an antisense inhibitor, RNAI,
and targeting it for degradation via the "degradasome" (Carpousis et al, 1994).
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Finally the ability of small ribosomal subunit protein SI to bind poly(A) in a
cooperative manner has led to the suggestion that this interaction may assist
in recruitment of the mRNA to the E. coli 30S ribosome. Therefore poly(A) tracts
may help stimulate translation initiation in prokaryotes as well as eukaryotes
(Sarkar, 1997).

1.8.2 Polyadenylation in Plants
Many of the features of plant polyadenylation remain obscure. The only
polyadenylation factor that has been purified to homogeneity is plant poly(A)
polymerase. Though it is likely that plant mRNAs, like animal mRNAs, have
their 3' ends generated by processing rather than transcriptional termination,
there is no conclusive evidence to support this claim (Rothnie, 1996).
There appear to be two sequence elements important to cleavage and
polyadenylation in plants, both upstream of the cleavage site (Fig. 1.3). At
present there do not appear to be any elements downstream which can affect
cleavage efficiency (Rothnie, 1996). Plant poly(A) signals are more diffuse and
redundant than those of animals and in that sense are more similar to the signals
of S. cerevisiae. The system comprises of a near upstream element (NUE) and a
far upstream element (FUE). The processing mechanism appears to be
conserved in plants, as sequence elements from dicots function in monocots
(Mogen et al, 1992; Wu et al, 1994).
The sequence AAUAAA is often found in NUEs of many plant genes, but
saturation mutagenesis studies reveal that all single base mutations allow 60%
or greater processing efficiency (Rothnie et al, 1994). The situation is further
complicated by the finding that AAUAAA is not always optimal (Wu et al,
1994) and may even be ignored. Also, there are sequences greater than 6 bases as
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well as others which do not contain AAUAAA but retain the capability to act as
NUEs. Thus, AAUAAA comprises one class of NUEs. The NUE is 10 to 30
nucleotides upstream of the cleavage site. FUEs are further upstream of the
NUE and control the efficiency of the reaction. FUEs are essential for processing
to occur and can be used interchangeably with NUEs (Wu et al, 1994). The effect
of multiple FUEs is additive and they function in an orientation-dependent
manner (Rothnie et al, 1994). There is no conspicuous conserved sequence
element though FUEs tend to be U - or UG-rich. The sequence UUUGUA is
common and often repeated several times. However, this is only one of several
possible sequences of a functional FUE (Rothnie et al, 1994).
Sequence comparison studies reveal a YA (Y=pyrimidine) consensus at the
cleavage site downstream of the NUE/FUE. Deletion or mutation of the YA
dinucleotide does not prevent cleavage at the wild type site. Cleavage occurs at
the wild type position as well as others clustered in the surrounding area
(Mogen et al, 1992). The cleavage site is determined primarily by the position of
the NUE not the FUE (Rothnie, 1996). The spacing between the NUE and FUE is
critical and an increase in the spacing results in complete cessation of 3' end
processing (Wu et al, 1994). There is also evidence that the sequence context
around the NUE plays an important role (Li and Hunt, 1995).
As mentioned previously, no trans-acting factor other than PAP has been
purified in plants to date. PAP differs in size and composition depending on the
source (Rothnie, 1996). There appear to be two types of PAP, one of which is
similar to the yeast and mammalian PAP and acts on exogenous RNA primers
in the presence of manganese, and another of which is a multi-component
protein acting on hnRNA substrates only in the presence of magnesium
(Rothnie, 1996). The similarities between plant NUE and AAUAAA of mammals
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and plant FUE and mammalian GU-rich DSE allow the hypothesis that proteins
functionally similar to CPSF and CstF exist in plants and bind to these two
sequences respectively to bring about cleavage and polyadenylation. At this
point the parallels between plant signals and yeast sequence elements suggest
that plants utilize a mechanism of polyadenylation related to that in yeast.

1.8.3 Polyadenylation in Saccharomyces cerevisiae
Polyadenylation in S. cerevisiae is more complex than in animals as there are
a large number of factors involved in the process (Table 1.1). The nature and
arrangement of RNA sequence elements is more akin to that in plants (Fig. 1.3).
The minimal requirement for accurate cleavage and polyadenylation consists of
a UA-rich efficiency element (EE, similar to plant FUE), functioning to activate
the positioning element (PE, similar to plant NUE), an A-rich element which
positions the cleavage site and the actual site of cleavage and polyadenylation
which appears in most cases to be a Y(A)n sequence (Y=pyrimidine). There are
six distinct activities: Cleavage Factor (CF) lA, IB and II and Polyadenylation
Factor (PF) I, poly(A) polymerasel (Papl) and poly(A) binding protein (Pabl)
(Zhao et al, 1999).
Efficiency elements are often alternating sequences of the dinucleotide UA
found at a variable distance upstream of the cleavage site (Guo and Sherman,
1996; Proudfoot, 1991). The consensus appears to be UAYRUA, while U residues
at the first and fifth position are most critical (Irniger and Braus, 1994) the
sequence UAUAUA works best. The positioning element works downstream
from the efficiency element and it directs cleavage approximately 20 nucleotides
downstream. It is a different signal from the efficiency element as revealed by
mutation of the 3' end of the CYCl gene (Russo et al, 1991). AAUAAA and
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AAAAAA are the most efficient elements. Most related sequences are also
functional except for GAAGAA, GAUAAA and GAAUAA which suggests that
a G at the first position is inhibitory (Guo and Sherman, 1996). The cleavage site
is most commonly Y( A)n (Guo and Sherman, 1996; Heidmann et al, 1994) but
many yeast genes use a cluster of cleavage sites. If the cleavage site is mutated,
adjacent sub-optimal sequences are used indicating that YA is preferred, but not
essential (Guo and Sherman, 1996; Zhao et al, 1999).
Of the known factors, CF lA, IB and II are sufficient for clea\'age while
specific polyadenylation requires CF lA, CF IB, Papl, Pabl and Polyadenylation
Factor I (PF I). Most of the proteins comprising these factors have been purified
and almost all have been cloned. All the genes that have been cloned have been
shown to be essential. CF lA consists of four proteins Rnal4, Rnal5, Pcfll and
an unknown 50 KDa protein. CF IB is a single 73 KDa protein encoded by the
HRP1/NAB4 gene. CF II contains four polypeptides, Cftl/Yhhl, Cft2/Ydhl,
Brr5/Yshl and Ptal. PF I is a four component complex of Ythl, Fipl, Pfsl and
Pfs2. PF I associates with CF II and Papl (Zhao et al, 1999). Yeast Papl is a 64
KDa protein required for polyadenylation but not cleavage (Lingner et al, 1991).
Yeast Papl and mammalian PAP are very similar, especially in the N-terminal
400 amino acids (Martin and Keller, 1996). Yeast Pabl is the major protein
associated with poly(A) tails in the nucleus and cytoplasm. It is a 70 KDa protein
(Adam et al, 1986)containing four RNA recognition motif (RRM) type RNA
binding domains (Burd and Dreyfuss, 1994). Yeast Pabl is 51% identical to its
mammalian counterpart PABP though the mammalian protein is located solely
in the cytoplasm and not known to participate in nuclear processing (Keller and
Minvielle-Sebastia, 1997) (Table 1.1). In mammalian polyadenylation, a second
protein PABP II is in\'olved in nuclear poly(A) binding.
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Though most of the yeast proteins involved in mRNA 3' end formation ha\'e
been purified their interactions are not well understood. Based on the
mechanism of mammalian cleaxage and polyadenylation one can draw parallels
to the budding yeast system. Based on their similarities one can hypothesize that
CF lA and CF II are critical in the initiation of complex assembly and are most
probably associated with the RNA upstream of the cleavage site at the efficiency
and or the positioning elements. CF II binding might cause recruitment of Hrpl
and CF lA resulting in reorganization of contacts (Zhao et al, 1999). Not much
else is known about the actual mechanism of complex assembly and the
temporal events in yeast cleavage and polyadenylation.

1.9 Functions of the Poly (A) Tail
Almost all the messenger RNAs in eukaryotic cells are polyadenylated at
their 3' ends as part of the processing that occurs in the nucleus. Therefore, this
process is closely related to the general metabolic well-being of the cell. Changes
in polyadenylation have wide ranging effects on gene expression at several
levels due to the fact that the poly(A) tail has been shown to play a role in
mRNA splicing and exon definition, transcription initiation and termination,
translation, export, mRNA stability and turnover. Almost any function
attributed to mRNA can be mediated to some extent by its poly(A) tail.

1.9.1 Effect of Polyadenylation on Splicing and Capping
According to the exon definition model proposed by Berget (Berget, 1984,
1995) the 5' cap determines splicing of the first intron while the 3' splice acceptor
site of the terminal exon functions along with the polyadenylation signal to
define the terminal intron. Evidence for this has been provided from various
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systems using many different mRNAs. Changes in the cap structure decreases
cleavage (Cooke and Alwine, 1996) and uncapped pre-mRNAs are poorly
processed in nuclear extracts when compared to capped messages (Lewis and
Izaurralde, 1997). Immunodepletion of the cap binding protein, CBC-80
decreases cleavage but does not alter polyadenylation significantly (Flaherty et
al, 1997). It also diminishes stability of the CPSF-CstF-PAP complex on RNA.
These studies suggest that folding of the RNA and protein-protein interactions
allow the 5' and 3' ends to interact with each other (Cooke and Alwine, 1996;
Flaherty et al, 1997; Lewis and Izaurralde, 1997). The cap binding complex
(CBC) stabilizes the 3' end machinery which also helps form and maintain a
closed loop structure on the pre-mRNA (Flaherty et al, 1997; Lewis and
Izaurralde, 1997).
The 3' splice acceptor site insulates polyadenylation from cap effects (Cooke
and Alwine, 1996) and generally increases processing efficiency (Dye and
Proudfoot, 1999). Mutating the 3' splice site of the terminal exon has more effect
on polyadenylation efficiency than does mutating the 5' splice site of the
upstream intron. Either mutation results in a decrease in total mRNA levels
(Chiou et al, 1991). Splicing and polyadenylation are coupled via interactions
between the spliceosome complex assembled on the splice acceptor site of the
terminal exon and the polyadenylation proteins further downstream (Nesic et
al, 1993; Osheim et al, 1999) and also through the interaction of the PAP Cterminus which binds the N-terminal region of U2AF65 positioned at the
pyrimidine tract of the 3' splice site (Vagner et al, 2000). Studies using mRNAs
containing mutant AAUAAA signals suggest that maximal stimulation of
splicing by polyadenylation occur only under condition where polyadenylation
is efficient and preceeds splicing. Ordered intron removal is not dependent on
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polyadenylation or AAUAAA but it occurs more rapidly in the presence of
functional signals and processing. Splicing of the terminal intron alone is
dependent on polyadenylation (Niwa and Berget, 1991) and insertion of a 5'
splice site upstream of the polyadenylation signal is inhibitory (Cooke and
Alwine, 1996). Current findings conclude that the presence of a 3' splice site and
not just an intron per se stimulate polyadenylation and the polyadenylation
signal acts similar to the 5' splice site in the splicing of the terminal exon (Niwa
et al, 1990).

1.9.2 Effect of Polyadenylation on Transcription
Eukaryotic genes do not have a discrete termination sequence and
transcription is known to proceed for varying distances downstream of the
polyadenylation site, resulting in heterogeneous termination for any given
transcript (Connelly and Manley, 1988; Nevins and Darnell, 1978). The
connection between polyadenylation and transcription termination was
highlighted by experiments in which inactivation of polyadenylation signals
resulted in read-through transcripts with aberrant termination (Dye and
Proudfoot, 1999; Greger and Proudfoot, 1998; McCracken et al, 1997; Proudfoot,
1989, 2000). Two models have been proposed to explain how processing signals
for Pol II genes can function as transcription termination signals. In the
"torpedo" model, cleavage of the transcript results in release of the nascent
transcript from the DNA template as well as generation of a second RNA
fragment with a free 5' end still attached to the polymerase. Degradation of this
uncapped RNA by a 5 ' ^ 3 ' exonuclease assisted by a helicase triggers
termination when the former activity catches up with the polymerase (Connelly
and Manley, 1988; McCracken et al, 1997; Proudfoot, 1989).
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The "antiterminator" or "polymerase change" model does not require
cleavage to occur as an essential step in the mechanism. According to this
model, passage of the polymerase through the poly(A) signal causes a change in
its properties and switches it from elongation mode to a more processive one. In
this mode the polymerase is more likely to get released from the template DNA
either stochastically or at a pause site (Logan et al, 1987; Osheim et al, 1999).
Current findings do not allow temporal resolution of cleavage, polyadenylation,
splicing of the last intron and transcription termination. Also, it appears that the
models may not be mutually exclusive and efficient termination mechanisms
may employ a combination of the two.
Cleavage of the pre-mRNA at the 3' end was believed to preceed and to be a
prerequisite for transcription termination (Birnstiel et al, 1985; Steinmetz, 1997).
However, recent electron microscopic studies of active genes on plasmid vectors
in Xenopus oocyte nuclei indicate that termination is not necessarily coupled to
cleavage. Most frequently the polymerase was found considerably downstream
of the polyadenylation site, still attached to the uncleaved nascent transcript.
Transcripts with termination sites close to the poly(A) site (as predicted by the
torpedo model) were more rare, but were present as well (Osheim et al, 1999).
The molecular basis that would explain both these phenomena occurring
together is provided by the finding that both CPSF and CstF bind to RNA Pol II
and are carried by it until the polyadenylation site is reached (Dantonel et al,
1997; McCracken et al, 1997). It has also been shown that the C-terminal domain
(CTD) of the largest subunit of RNA Pol II is required for cleavage and
immunodepletion results in decreased cleavage which can be restored by the
addition of purified CTD protein (Hirose and Manley, 1998). Thus, the CTD is a
cleavage factor regardless of its phosphorylation status. The 160,100 and 73
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KDa subunits of CPSF bind to TFIID, a transcription factor composed of TATA
binding protein (TBP) and TBP-associated factors (TAFiis) that binds to
promoters and initiates transcription by RNA Pol II. These three CPSF subunits
are TAFiis which associate stably with the preinitiation complex but dissociate
from the TFIID complex upon initiation and reassociate with the Pol II
elongation complex (Pol IIo) (Dantonel et al, 1997). Further, it is known that
CstF-50 and 70 bind to the CTD as well (McCracken et al, 1997). This describes a
mechanism by which transcription termination can be coupled to 3' end
formation: RNA polymerase might dissociate from CPSF and CstF at the
poly(A) site, causing a change in its processivity, and ultimately resulting in
termination (Bentley, 1999; McCracken et al, 1997; Neugebauer and Roth, 1997).
It appears that a combination of the models is used whereby termination is
decided by the strength of the poly(A) site (Greger and Proudfoot, 1998; Osheim
et al, 1999) as well as pause sites in the 3' flanking sequence (Enriquez-Harris et
al, 1991; Yonaha and Proudfoot, 1999).

1.9.3 Effect of Polyadenylation on Translation
Microinjection studies in Xenopus oocytes using poly (A)"*" or poly (A)" mRNA
first showed that the poly(A) tail was capable of stimulating mRNA translation
(Drummond et al, 1985; Galili et al, 1988; Huez et al, 1974). A common feature
of these experiments was that the deadenylated mRNA was translated with at
least 50% the efficiency of the polyadenylated mRNA in the first few hours after
injection. Subsequently the adenylated mRNA moves into larger polysomes
unlike the deadenylated RNA which remains in small polysomes possibly
explaining the increase in translation efficiency of the former (Galili et al, 1988).
Current studies reinforce the idea that the poly(A) tail alone can increase the
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rate of translation initiation as well as increase the probability of ribosomes
reinitiating on the same transcript. However the common theme appears to be a
synergistic effect due to both the 3' poly (A) tail and the 5' cap (Michel et al, 2000;
Munroe and Jacobson, 1990; Preiss and Hentze, 1998). Other reports that claim
deadenylated messages are translated as efficiently as adenylated ones in yeast,
but only in the combined absence of two RNA helicases, Ski2p and Slhlp
(Searfoss and Wickner, 2000). This indicates that the translational machinery has
no inherent requirement or preference for a 3' poly(A) structure.
mRNA translation studies in rabbit reticulocyte lysates suggested that
translational stimulation by 3' poly(A) was at the level of joining of the 60S
ribosomal subunit to the mRNA (Munroe and Jacobson, 1990). This was
consistent with the finding in yeast that bypass suppressor mutations in PABl
also resulted in alterations in the 60S subunit (Sachs and Davis, 1989).
Subsequently it was found that the translational stimulation by the poly(A) tail
required Pablp and eIF4E (a cap binding protein and part of the eIF4F complex)
in yeast (Tarun and Sachs, 1995). This mechanism involved enhancement of the
40S subunit binding to the mRNA. Pablp contacts eIF4G which binds to eIF4E
to comprise eIF4F in yeast (Tarun and Sachs, 1996). This explains how the
poly (A) tail at the 3' end of the message can affect translation initiation at the 5'
end and also postulates a method for the proposed circularization of mRNAs
(Wells et al, 1998). In humans PABP does not interact with eIF4G but
circularization can occur through PABP-interacting protein 1 (PAIP-1) which
binds PABP and eIF4A, the third component of eIF4F (Craig et al, 1998). Thus, it
appears that the poly(A) tail can play an important role in initiation and reinitiation of translation of mRNAs (Jackson and Standart, 1990; Sachs et al,
1997). Polyadenylation is also know to be important in regulating the spatial and
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temporal expression of transcripts during ovogenesis and early embrxogenesis
(see Section 2.0).

1.9.4 Effect of Polyadenylation on Nuclear mRNA Export
RNA export from the nucleus is a two step process that involves the
ribonucleoprotein (RNP) complex moving from the site of transcription to the
nuclear envelope followed by its translocation across the nuclear pore complex
(NPC) (Izaurralde and Mattaj, 1995). The NPC is a complex structure estimated
to consist of approximately hundred polypeptides. Not much is known about
the exact mechanism of translocation or the proteins involved (Fabre and Hurt,
1994). However, it is known that RNA export is energy-dependent and
saturable, therefore a carrier mediated process. Different RNAs are exported at
least in part by distinct class-specific factors (Jarmolowski et al, 1994).
Current studies implicate the poly(A) tail and 3' end formation in mRNA
export. 3' end formation at either a histone 3 ' processing signal or at a cleavage
and polyadenylation signal was sufficient for directing a bacterial RNA to the
cytoplasm. Generation of a cleaved 3' end by a c/s-acting ribozyme is not
sufficient for export, suggesting that interaction with the 3' processing
machinery is necessary for export (Eckner et al, 1991). Also the Rev protein and
Rev response element (RRE) stimulate export of HIV-related transcripts more
efficiently when the latter are polyadenylated (Huang and Carmichael, 1996).
Additionally a long stretch of poly(A) near the 3' end does not direct export,
providing further evidence that it is the process of cleavage/polyadenylation
that is required and not merely the presence of a poly(A) tail. Interestingly,
most recent findings suggest that hypothetical transport elements from
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intronless messages perform three main functions: inhibit splicing, enhance
mRNA 3' end formation and promote nuclear export (Huang et al, 1999).
The influenza virus has a evolved a unique method of circumventing host
mRNA export and subsequent transport while enhancing the export of its own
messages. The NSIA protein produced by the virus binds through two nonoverlapping domains to the CPSF-30 (Nemeroff et al, 1998) and PAB II proteins
(Chen et al, 1999). NSIA binds via its effector domain to CPSF-30 while it is part
of the CPSF complex and prevents the complex from binding to RNA. NSIA
also prevents both cleavage and polyadenylation from occurring and the
resulting unprocessed cellular mRNAs are not exported. This further highlights
the point that 3' end formation is essential to normal mRNA export (Nemeroff et
al, 1998). NSIA binds PAB II and prevents the processive elongation of short
poly(A) tails added to mRNAs by PAP and CPSF. mRNAs with short tails of
about 12 A residues are not exported. It also disables the nuclear-cytoplasmic
shuttling of PAB II (Chen et al, 1999). Thus, NSIA mounts a two pronged attack
on cellular mRNA export via the 3' end machinery, preventing cleavage as well
as complete polyadenylation (Chen and Krug, 2000). This is perhaps the most
conclusive evidence for polyadenylation having a role in mRNA transport.

1.9.5 Effect of Polyadenylation on mRNA Stability
The stability of mRNA is decided by both general and specific stability
determinants. The prime general determinants appear to be the 5' cap, the 3'
poly(A) tail and their associated proteins CBC and PABP respectively.
Additionally there are transcript specific sequence elements which confer
differential stability through the binding of various RNA binding proteins and
ribonucleases (Wang and Kiledjian, 2000). The poly (A) tail and PABP are key
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factors in determining the stability of any mRNA and deadenylation is the ratelimiting and critical first step in mammalian (Couttet et al, 1997; Shyu et al,
1991) and S. cerevisiae (Beelman and Parker, 1995; Caponigro and Parker, 1996;
Decker and Parker, 1994) mRNA turnover.
In S. cerevisiae the primary decay pathway involves interaction between the
5' and 3' ends of the mRNA, providing functional evidence for the
circularization of transcripts alluded to before (Muhlrad et al, 1994; Wells et al,
1998). PABP bound to the poly(A) tail prevents 3'-^5' exonuclease activity and
decreases exonuclease attacks at the 5' end by virtue of its interaction with the
cap and translation initiation factors (Decker and Parker, 1994). Therefore,
deadenylation is the first step to occur in most cases. Deadenylation is a two
step reaction in yeast, with the initial deadenylation being slow and the
terminal reaction being fast (Decker and Parker, 1993). Deadenylation is
mediated by PABP-dependent poly(A) nuclease 1 (PANl). This leads to
decapping at the 5' end by Dcpl which sets the stage for rapid 5'—>3'
degradation by the Xrnl exonuclease (Beelman and Parker, 1995; Carpousis et
al, 1999; Wickens et al, 1997). There are 3 ' ^ 5 ' exonucleases active as well, and
any transcript can be simultaneously degraded by proteins of more than one
decay pathway. Deadenylation independent pathways also exist (Beelman and
Parker, 1995; Carpousis et al, 1999).
The importance of cap-poly(A) tail interaction in mammalian mRNA
stability is emphasized by the finding that a poly(A) specific 3'-^5' exonuclease
DAN (Korner et al, 1998) binds directly to the 5' cap of all polyadenylated
mRNAs but only in the presence of the poly(A) tail. In vitro stability systems
suggest that the poly (A) tail stabilizes mRNAs (Ford et al, 1997) but this simple
scenario is complicated by stimulation of translation by the poly(A) tail and
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inhibition of DAN binding to the 5' cap eIF4E. This complication leads to the
hypothesis that there is a competition between translation initiation and deca\-.
When the cap is bound by translation initiation factors, it cannot be bound by
DAN and the message resists degradation. The poly(A) tail is important to both
translation and degradation of mRNAs (Gao et al, 2000). Studies using the m
vitro stability system indicate that a poly(A) tail of at least 30 A residues
stabilizes mRNAs when present within 5 nucleotides of the 3' end and can be
substituted by a histone stem-loop but not by random sequence. This suggests
that stability is mediated both by specific sequence as well as structure. PAB II
also increases stability of mRNAs (Ford et al, 1997).
Some mRNAs have sequences that are targeted by specific endonucleases
and mediate poly(A) independent degradation, a-globin mRNA stability is
controlled by a cytosine rich element (CRE) in its 3' untranslated region (UTR).
When the CRE is bound by the protein aCP it protects the message from a
sequence specific erythroid cell-enriched endonuclease (ErEN). ErEN cannot
cleave a-globin mRNA at the CRE if the latter is bound by aCP and the mRNA
is polyadenylated. PAB II and the poly(A) tail play an inhibitory role in a globin mRNA turnover and stimulate the binding of aCP. Thus a synergistic
effect is obtained with aCP decreasing ErEN activity while PAB II prevents
3 ' ^ 5 ' exonucleases from gaining a foothold at the 3' end (Wang and Kiledjian,
2000). Hence, the poly (A) tail is involved even in sequence specific pathways of
mRNA decay.

1.9.6 Polyadenylation and Disease
Alterations in the canonical polyadenylation signal, AAUAAA have been
implicated as the cause for several debilitating diseases in humans. Some cases
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of a-thalassemia are due to an A-^G transition in the sixth position of the
AAUAAA sequence in the human a2 globin gene (Higgs et al, 1983). This
mutation causes a drastic decrease in the level of a2 globin mRNA to 15"<) of
wild type amounts. It also results in many read-through transcripts being
produced, indicating that polyadenylation is coupled to some extent with
transcription termination (Higgs et al, 1983). The mutation AATAAA -^
A AC AAA in the human p globin gene results in P-thalassemia. This condition is
also characterized by aberrant transcription termination (with the transcript
extending 900 bp downstream of the normal 3' end) as well as a decrease in the
amount of stable p globin mRNA to 10-20% of wild type levels (Orkin et al,
1985). An A -^G transition at the second position of the AAUAAA signal of the
arylsulfatase A gene results in the intralysosomal accumulation of cerebroside
sulfate causing progressive demyelination and eventual death. This disease,
known as metachromatic leukodystrophy is due to the marked decrease in the
2.1 Kb arylsulfatase A transcript and the corresponding protein (Gieselmann et
al, 1989). Thus, there are several life threatening conditions that arise primarily
due to mutations in the polyadenylation signal and the resulting decrease in
transcription termination and transcript stability.

1.10 Cytoplasmic Polyadenylation
All proteins and mechanisms described so far pertain to the processes of
cleavage and polyadenylation occurring in the nucleus. However there are
specific messages which undergo polyadenylation in the cytoplasm in a
spatially and temporally regulated process. This polyadenylation occurs
independently of cleavage to messages stored in oocytes or the early embryo,
and is commonly referred to as "cytoplasmic polyadenylation" (Richter, 1999).
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In general cytoplasmic poly(A) elongation confers translational activation while
deadenylation promotes translational silencing and degradation (Hake and
Richter, 1997; Mendez et al, 2000b; Richter, 1999).
All mRNAs undergo polyadenylation in the prophase I arrested oocyte
nucleus but once in the cytoplasm a small subset of these messages is
deadenylated and stored in an inactive form (Huarte et al, 1992). Oocytes
contain large stores of quiescent messenger RNAs which are recruited to
polysomes in a sequence and location specific manner upon
activation/fertilization. The dormant mRNAs usualh- ha\'e poly(A) tails of less
than twenty nucleotides which increase to 80-150 upon activation. There also
exist mRNAs which have to be silenced during maturation and this appears to
be mediated bv deadenylation (Stebbins-Boaz and Richter, 1997).
Two sequence elements ha\'e been found to be necessar\- for cytoplasmic
polyadenylation. The first is the canonical polyadenylation signal AAUAAA.
The second is the U-rich cytoplasmic polyadenvlation element (CPE) (de Moor
and Richter, 1997) which can function whether it is adjacent to or overlapping
the AAUAAA, or is as much as 100 nucleotides upstream. The exact sequence
and the distance of the CPE from AAUAAA as well as the number of CPEs in a
specific message may determine when the message undergoes cytoplasmic
polyadenylation (de Moor and Richter, 1997; Mendez et al, 2000b; Richter, 1999).
There mav also be additional sequence elements which influence this decision.
In Xenopus oocytes c-mos mRNA is the first to get polyadenylated and
translated following progesterone activation (Kanki and Donoghue, 1991). The
mos protein is a kinase and initiates a cascade of phosphorylations and
activation of substrates resulting ultimately in development of the embryo.
mRNAs that undergo polyademlation only in the embryonic phase require
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AAUAAA and a CPE with a slightly different sequence of oligo U12-27 (Simon
and Richter, 1994). While most of the messages activated in the egg encode cell
cycle regulatory proteins such as cyclins and cdk2, the messages polyadenylated
in the embryo are important for germ layer and pattern formation (Richter,
1999).
Currently, the simplest model describes three essential trans acting factors
which can bring about cytoplasmic polyadenylation. The core protein factors
include: CPE binding protein (CPEB) (Gebauer and Richter, 1996; Hake and
Richter, 1994) which binds the CPE, CPSF which interacts with AAUAAA
(Murthy and Manley, 1992) and poly(A) polymerase. CPEB has an RNA
recognition motif (RRM) (Burd and Dreyfuss, 1994) and a zinc finger which
enable it to bind the CPE with high specificity. CPEB undergoes multiple
phosphorylations due to cdc2 which results in the ultimate destruction of CPEB
(de Moor and Richter, 1997; Richter, 1999). The CPSF complex involved in
cytoplasmic polyadenylation is different from that involved in the nuclear
process in that it consists of only three subunits, 160,100 and 30 KDa. It lacks the
70 KDa polypeptide (Dickson et al, 1999). PAP is the last essential protein
required. It is a substrate for multiple phosphorylations by cdc2 during oocyte
maturation (Ballantyne et al, 1995). These phosphorylations eventually
inactivate PAP. A second form of PAP probably exists which is not subject to
such inactivation as there is robust polyadenylation activity during late
maturation.
Current studies indicate that in Xenopus CPEB is phosphorylated at Serl74
by Eg2, a member of the Aurora family of Ser/Thr protein kinases (Mendez et
al, 2000a). CPEB interacts directly with CPSF-160 and this interaction is
enhanced by a negative charge at position 174, the phosphoserine residue. Thus,
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it appears that Eg2 catalyzed phosphorylation of CPEB ser\es to recruit CPSF
into a polyadenylation competent complex (Mendez et al, 2000b). It is assumed
that CPSF tethers PAP to the 3' end of the mRNA, similar to its role in the
nucleus.
In the nucleus CPSF is stabilized at the AAUAAA element by CstF binding
to the DSE and in some cases by other trans factors such as Ul A bound an
upstream element. Cytoplasmic polyadenylation lacks a DSE but the CPE is
equivalent to the upstream element and CPEB function is analogous to that of
U l A. Unlike the nuclear process, CPSF-stabilizing activity of CPEB is enhanced
by phosphorylation. The cytoplasmic process does not require any cleavage
event and uses a CPSF complex lacking the 70 KDa subunit. It is not evident
whether a functional substitute exists for this protein in the cytoplasm or if the
need for such an activity has been made redundant. Nuclear pre-mRNA
polyadenylation stops as cells enter M phase (Colgan et al, 1996) but
cytoplasmic polyadenylation is induced as cells enter M phase. Finally, nuclear
polyadenylation occurs on almost all pre-mRNAs whereas only a few species of
messages containing a CPE are subject to polyadenylation in the cytoplasm
(Mendez et al, 2000b).
Having described in some detail, the major proteins as well as sequence
elements involved in the somatic polyadenylation process that occurs in the
nucleus of eukayotic cells as well as the differences in this process in various
other organisms, I would like to relate this to my specific interest of studying the
process in mammalian male germ cells. This study will indicate that we have
reason to believe that there are significant differences between somatic and male
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germ cells including a different mechanism of polyadenylation in the latter. In
order to delineate the differences it is necessary to describe the known
components of the somatic system first.

1.11 Purpose of Study
The study described here is based on the hypothesis that mammalian male
germ cells utilize a different mechanism of polyadenylation than somatic cells
and this alternative polyadenylation process is mediated by the presence of at
least one altered polyadenylation protein. Chapter two records the cloning and
characterization of the cDNA encoding mouse somatic CstF-64. Mouse CstF-64
primary sequence is compared to its human ortholog, hCstF-64 and the
significance of their corresponding gene loci is explained.The cloning and
characterization of the alternative CstF, TCstF-64 from mouse testes forms the
basis for chapter three while the cloning of human TCstF-64 is described in
chapter four. The importance of TCstF-64 in mammals is expanded upon in
chapter five along with a discussion of possible functions of the protein in the
testes as well as the origin of TCstF-64 in eutherian mammals concurrent with
meiotic X-inactivation.
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Fig. 1.1 The proteins involved in the different steps of somatic
polyadenylation, the process of mRNA 3' end formation in the
eukaryotic nucleus. CPSF subunits are shown in light gray, CstF
subunits in dark gray, PAP as a shaded gray circle, CFI and II as gray
60

Fig. 1.1 Continued
striped o\'als and PAB II as a clear oval. The two sequence elements
are indicated as AAUAAA, the canonical pohadenylation signal and
G U / U for the downstream element. The pre-mRNA is indicated by
the black line with a black circle indicating the m7G cap at the 5' end.
Abbreviations used are CPSF for Cleavage and Polyadenylation
Specificity Factor, CstF for Cleavage Stimulation Factor, CF I, II for
Cleavage Factors I and II, PAP for Poly(A) Polymerase, PAB II for
Poly (A) Binding Protein II, RNA Pol II for RNA Polymerase II, CTD
for C-terminal domain and A250 indicates a poly(A) tail comprised of
250 adenosine residues.
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(Pro/Gly) as a black striped box and the 12XMEARA as a black box
in CstF-64. Black over-lines indicate the domains of interaction for
each protein with arrows indicating the proteins involved in the
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indicated in bold type below each box. Arrows mark the site of
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Fig. 1.3 Continued
cleavage. Relative spacing is indicated by numbers directly below
each element in the pre-mRNA. Abbreviations used are DSE,
downstream element; FUE, far upstream element; NUE, near
upstream element; A, adenosine; U, uracil; G, guanosine; C, cytosine
and Y, pyrimidine. Figure modified from (Guo and Sherman, 1996),
for S. cerevisiae and (Rothnie, 1996), for plants.
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Table 1.1 Protein Factors Essential For Mammalian Somatic
Polyadenylation
Mammalia]n Subunits
Factor
CFIn,

CFII^

CstF

CPSF

PAP

PAB II

Yeast
Homolog

Processing
Step

68 KDa
59
25
CFIIA

Function In
Polyadenylation

Binds mRNA,
polyadenylation
precursor preferred
Clpl
Binds CFI, CPSF to
Cleavage
CFIIA,essential for
Pcfll
cleavage
CFIIB
Stimulates cleavage
77 KDa
Crosslinks CPSF/CstF
RNA14
Cleavage
64
Binds mRNA at DSE,
RNA15
RNA Pol II C-terminal
domain
Interacts with CstF-77,
50
BARDl, BRCAl, PCNA
Binds mRNA at
160 KDa CFTl/YHHl
Cleavage &
Polyadenylation AAUAAA, interacts
with CstF, PAP
100
CFT2/YDH1
Required for specific
BRR5/YSH1
73
polyadenylation
YTHl
30
Cleavage &
Adds adenosine
82/77
PAPl
Polyadenylation residues, non-specific
with Mn2+ or without
CPSF/CstF
Polyadenylation Binds poly(A) tail,
33
PABl
controls tail length.
processivity of
polyadenylatic
ation
Cleavage

65

1.12 References
Ach, R.A. and Weiner, A.M. (1987) The highly conserved U small nuclear RNA
3'-end formation signal is quite tolerant to mutation. Mol Cell Biol, 7, 20702079.
Adam, S.A., Nakagawa, T., Swanson, M.S., Woodruff, T.K. and Dreyfuss, G.
(1986) mRNA polyadenylate-binding protein: gene isolation and
sequencing and identification of a ribonucleoprotein consensus sequence.
Mol Cell Biol, 6, 2932-2943.
Bai, C. and Tolias, P.P. (1996) Cleavage of RNA hairpins mediated by a
developmentally regulated CCCH zinc finger protein. Mol Cell Biol, 16,
6661-6667.
Ballantyne, S., Bilger, A., Astrom, J., Virtanen, A. and Wickens, M. (1995) Poly
(A) polymerases in the nucleus and cytoplasm of frog oocytes: dynamic
changes during oocyte maturation and early development. Rna, 1, 64-78.
Barabino, S.M., Hubner, W., Jenny, A., Minvielle-Sebastia, L. and Keller, W.
(1997) The 30-kD subunit of mammalian cleavage and polyadenylation
specificity factor and its yeast homolog are RNA-binding zinc finger
proteins. Genes Dev, 11,1703-1716.
Barbaux, S., Seery, L.T., Schoenberg, D.R., Sellar, G.C. and Whitehead, A.S.
(1996) The Xenopus laevis homologue of the 64-kDa subunit of cleavage
stimulation factor. Comp Biochem Physiol B Biochem Mol Biol, 114, 313-315.
Baserga, S.J., Linnenbach, A.J., Malcolm, S., Ghosh, P., Malcolm, A.D., Takeshita,
K., Forget, B.G. and Benz, E.J., Jr. (1985) Polyadenylation of a human
mitochondrial ribosomal RNA transcript detected by molecular cloning.
Gene, 35, 305-312.
Beelman, C A . and Parker, R. (1995) Degradation of mRNA in eukaryotes. Cell,
81, 179-183.
Bentley, D. (1999) Coupling RNA polymerase II transcription with pre-mRNA
processing. Curr Opin Cell Biol, 11, 347-351.
Berget, S.M. (1984) Are U4 small nuclear ribonucleoproteins involved in
polyadenylation? Nature, 309,179-182.
Berget, S.M. (1995) Exon recognition in vertebrate splicing. / Biol Chem, 270,
2411-2414.

66

Beyer, K., Dandekar, T. and Keller, W. (1997) RNA ligands selected by cleavage
stimulation factor contain distinct sequence motifs that function as
downstream elements in 3'-end processing of pre-mRNA. / Biol Chem, 272,
26769-26779.
Bienroth, S., Keller, W. and Wahle, E. (1993) Assembly of a processive
messenger RNA polyadenylation complex. Embo J, 12, 585-594.
Bienroth, S., Wahle, E., Suter-Crazzolara, C. and Keller, W. (1991) Purification of
the cleavage and polyadenylation factor involved in the 3'-processing of
messenger RNA precursors. / Biol Chem, 266,19768-19776.
Birnstiel, M.L., Busslinger, M. and Strub, K. (1985) Transcription termination
and 3' processing: the end is in site! Cell, 41, 349-359.
Bond, U.M., Yario, T.A. and Steitz, J.A. (1991) Multiple processing-defective
mutations in a mammalian histone pre-mRNA are suppressed by
compensatory changes in U7 RNA both in vivo and in vitro. Genes Dev, 5,
1709-1722.
Brais, B., Bouchard, J.P., Xie, Y.G., Rochefort, D.L., Chretien, N., Tome, F.M.,
Lafreniere, R.G., Rommens, J.M., Uyama, E., Nohira, O., Blumen, S.,
Korczyn, A.D., Heutink, P., Mathieu, J., Duranceau, A., Codere, F.,
Fardeau, M., Rouleau, G.A. and Korcyn, A.D. (1998) Short GCG
expansions in the PABP2 gene cause oculopharyngeal muscular dystrophy
[published erratum appears in Nat Genet 1998 Aug;19(4):404]. Nat Genet,
18,164-167.
Burd, C.G. and Dreyfuss, G. (1994) Conserved structures and diversity of
functions of RNA-binding proteins. Science, 265, 615-621.
Cao, G.J. and Sarkar, N. (1992a) Identification of the gene for an Escherichia coli
poly(A) polymerase. Proc Natl Acad Sci USA, 89, 10380-10384.
Cao, G.J. and Sarkar, N. (1992b) Poly(A) RNA in Escherichia coli: nucleotide
sequence at the junction of the Ipp transcript and the polyadenylate
moiety. Proc Natl Acad Sci USA, 89, 7546-7550.
Caponigro, G. and Parker, R. (1996) mRNA turnover in yeast promoted by the
MATalphal instability element. Nucleic Acids Res, 24, 4304-4312.
Carlson, D.P. and Ross, J. (1983) Human beta-globin promoter and coding
sequences transcribed by RNA polymerase III. Cell, 34, 857-864.
Carpousis, A.J., Van Houwe, G., Ehretsmann, C. and Krisch, H.M. (1994)
Copurification of E. coli RNAase E and PNPase: evidence for a specific
association between two enzymes important in RNA processing and
degradation. Cell, 76, 889-900.
67

Carpousis, A.J., Vanzo, N.F. and Raynal, L.C. (1999) mRNA degradation. A tale
of poly(A) and multiprotein machines. Trends Genet, 15, 24-28.
Chandrasekharappa, S.C, Smith, J.H. and Eliceiri, G.L. (1983) Biosynthesis of
small nuclear RNAs in human cells. / Cell Physiol, 117,169-174.
Chanfreau, G., Elela, S. A., Ares, M., Jr. and Guthrie, C. (1997) Alternative 3'-end
processing of U5 snRNA by RNase III. Genes Dev, 11, 2741-2751.
Chen, F., MacDonald, C.C. and Wilusz, J. (1995) Cleavage site determinants in
the mammalian polyadenylation signal. Nucleic Acids Res, 23, 2614-2620.
Chen, Z. and Krug, R.M. (2000) Selective nuclear export of viral mRNAs in
influenza-virus-infected cells. Trends Microbiol, 8, 376-383.
Chen, Z., Li, Y. and Krug, R.M. (1999) Influenza A virus NSl protein targets
poly(A)-binding protein II of the cellular 3'-end processing machinery.
Embo J, 18, 2273-2283.
Chiou, H.C., Dabrowski, C. and Alwine, J.C. (1991) Simian virus 40 late mRNA
leader sequences involved in augmenting mRNA accumulation via
multiple mechanisms, including increased polyadenylation efficiency. /
Virol, 65, 6677-6685.
Chou, Z.F., Chen, F. and Wilusz, J. (1994) Sequence and position requirements
for uridylate-rich downstream elements of polyadenylation signals.
Nucleic Acids Res, 22, 2525-2531.
Christofori, G. and Keller, W. (1988) 3' cleavage and polyadenylation of mRNA
precursors in vitro requires a poly(A) polymerase, a cleavage factor, and a
snRNP. Cell, 54, 875-889.
Cohen, S.N. (1995) Surprises at the 3' end of prokaryotic RNA. Cell, 80, 829-832.
Colgan, D.F. and Manley, J.L. (1997) Mechanism and regulation of mRNA
polyadenylation. Genes Dev, 11, 2755-2766.
Colgan, D.F., Murthy, K.G., Prives, C. and Manley, J.L. (1996) Cell-cycle related
regulation of poly(A) polymerase by phosphorylation. Nature, 384, 282285.
Colgan, D.F., Murthy, K.G., Zhao, W., Prives, C. and Manley, J.L. (1998)
Inhibition of poly (A) polymerase requires p34cdc2/cyclin B
phosphorylation of multiple consensus and non-consensus sites. Embo J,
17,1053-1062.

68

Connelly, S. and Manley, J.L. (1988) A functional mRNA polyadenylation signal
is required for transcription termination by RNA polymerase II. Genes Dev,
2, 440-452.
Conway, L. and Wickens, M. (1985) A sequence downstream of A-A-U-A-A-A is
required for formation of simian virus 40 late mRNA 3' termini in frog
oocytes. Proc Natl Acad Sci USA, 82, 3949-3953.
Cooke, C. and Alwine, J.C. (1996) The cap and the 3' splice site similarly affect
polyadenylation efficiency. Mol Cell Biol, 16, 2579-2584.
Couttet, P., Fromont-Racine, M., Steel, D., Pictet, R. and Grange, T. (1997)
Messenger RNA deadenylylation precedes decapping in mammalian cells.
Proc Natl Acad Sci USA, 94, 5628-5633.
Craig, A.W., Haghighat, A., Yu, A.T. and Sonenberg, N. (1998) Interaction of
polyadenylate-binding protein with the eIF4G homologue PAIP enhances
translation. Nature, 392, 520-523.
Dahlberg, J.E. and Schenborn, E.T. (1988) The human Ul snRNA promoter and
enhancer do not direct synthesis of messenger RNA. Nucleic Acids Res, 16,
5827-5840.
Dantonel, J.C, Murthy, K.G., Manley, J.L. and Tora, L. (1997) Transcription
• factor TFIID recruits factor CPSF for formation of 3' end of mRNA. Nature,
389, 399-402.
Darnell, J.E., Wall, R. and Tushinski, R.J. (1971) An adenylic acid-rich sequence
in messenger RNA of HeLa cells and its possible relationship to reiterated
sites in DNA. Proc Natl Acad Sci USA, 68,1321-1325.
de Moor, C H . and Richter, J.D. (1997) The Mos pathway regulates cytoplasmic
polyadenylation in Xenopus oocytes. Mol Cell Biol, 17, 6419-6426.
de Vegvar, H.E., Lund, E. and Dahlberg, J.E. (1986) 3' end formation of U l
snRNA precursors is coupled to transcription from snRNA promoters.
Cell, 47, 259-266.
de Vries, H., Ruegsegger, U., Hubner, W., Friedlein, A., Langen, H. and Keller,
W. (2000) Human pre-mRNA cleavage factor 11^ contains homologs of
yeast proteins and bridges two other cleavage factors. The EMBO Journal,
19, 5895 - 5904.
Decker, C.J. and Parker, R. (1993) A turnover pathway for both stable and
unstable mRNAs in yeast: evidence for a requirement for deadenylation.
Genes Dev, 7,1632-1643.

69

Decker, C.J. and Parker, R. (1994) Mechanisms of mRNA degradation in
eukaryotes. Trends Biochem Sci, 19, 336-340.
Dickson, K.S., Bilger, A., Ballantyne, S. and Wickens, M.P. (1999) The cleavage
and polyadenylation specificity factor in Xenopus laevis oocytes is a
cytoplasmic factor involved in regulated polyadenylation. Mol Cell Biol, 19,
5707-5717.
Dominski, Z. and Marzluff, W.F. (1999) Formation of the 3' end of histone
mRNA. Gene, 239,1-14.
Dominski, Z., Zheng, L.X., Sanchez, R. and Marzluff, W.F. (1999) Stem-loop
binding protein facilitates 3'-end formation by stabilizing U7 snRNP
binding to histone pre-mRNA. Mol Cell Biol 19, 3561-3570.
Drummond, D.R., Armstrong, J. and Colman, A. (1985) The effect of capping
and polyadenylation on the stability, movement and translation of
synthetic messenger RNAs in Xenopus oocytes. Nucleic Acids Res, 13, 73757394.
Dye, M.J. and Proudfoot, N.J. (1999) Terminal exon definition occurs
cotranscriptionally and promotes termination of RNA polymerase II. Mol
Cell, 3, 371-378.
Eckner, R., Ellmeier, W. and Birnstiel, M.L. (1991) Mature mRNA 3' end
formation stimulates RNA export from the nucleus. Embo J, 10, 3513-3522.
Edmonds, M., Vaughan, M.H., Jr. and Nakazato, H. (1971) Polyadenylic acid
sequences in the heterogeneous nuclear RNA and rapidly-labeled
polyribosomal RNA of HeLa cells: possible evidence for a precursor
relationship. Proc Natl Acad Sci USA, 68,1336-1340.
Edmonds, M.a.A.R. (1960) Polylnucleotide biosynthesis: Formation of a
sequence of adenylate units from adenosine triphosphate by an enzyme
from thymus nuclei. Journal of Biological Chemistry, 235,1142 -1148.
Edwalds-Gilbert, G. and Milcarek, C (1995) Regulation of poly(A) site use
during mouse B-cell development involves a change in the binding of a
general polyadenylation factor in a B-cell stage-specific manner. Mol Cell
Biol, 15, 6420-6429.
Enriquez-Harris, P., Levitt, N., Briggs, D. and Proudfoot, N.J. (1991) A pause site
for RNA polymerase II is associated with termination of transcription.
Embo J, 10,1833-1842.
Fabre, E. and Hurt, E.G. (1994) Nuclear transport. Curr Opin Cell Biol, 6, 335-342.

70

Feng, Y. and Cohen, S.N. (2000) Unpaired terminal nucleotides and 5'
monophosphorylation govern 3' polyadenylation by Escherichia coli
poly(A) polymerase I. Proc Natl Acad Sci USA, 97, 6415-6420.
Fitzgerald, M. and Shenk, T. (1981) The sequence 5'-AAUAAA-3'forms parts of
the recognition site for polyadenylation of late SV40 mRNAs. Cell, 24, 251260.
Flaherty, S.M., Fortes, P., Izaurralde, E., Mattaj, I.W. and Gilmartin, G.M. (1997)
Participation of the nuclear cap binding complex in pre-mRNA 3'
processing. Proc Natl Acad Sci USA, 94,11893-11898.
Fodor, E., Mikulasova, A., Mingay, L.J., Poon, L.L. and Brownlee, G.G. (2000)
Messenger RNAs that are not synthesized by RNA polymerase II can be 3'
end cleaved and polyadenylated. EMBO Rep, 1, 513-518.
Ford, L.P., Bagga, P.S. and Wilusz, J. (1997) The poly(A) tail inhibits the
assembly of a 3'-to-5' exonuclease in an in vitro RNA stability system. Mol
Cell Biol, 17, 398-406.
Fu, X.D. (1995) The superfamily of arginine/serine-rich splicing factors. Rna, 1,
663-680.
Furger, A., Schaller, A. and Schumperli, D. (1998) Functional importance of
conserved nucleotides at the histone RNA 3' processing site. Rna, 4, 246256.
Gaiano, N., Amsterdam, A., Kawakami, K., Allende, M., Becker, T. and Hopkins,
N. (1996) Insertional mutagenesis and rapid cloning of essential genes in
zebrafish. Nature, 383, 829-832.
Galili, G., Kawata, E.E., Smith, L.D. and Larkins, B.A. (1988) Role of the 3'poly(A) sequence in translational regulation of mRNAs in Xenopus laevis
oocytes. / Biol Chem, 263, 5764-5770.
Gao, M., Fritz, D.T., Ford, L.P. and Wilusz, J. (2000) Interaction between a
poly(A)-specific ribonuclease and the 5' cap influences mRNA
deadenylation rates in vitro. Mol Cell, 5, 479-488.
Gebauer, F. and Richter, J.D. (1996) Mouse cytoplasmic polyadenylylation
element binding protein: an evolutionarily conserved protein that interacts
with the cytoplasmic polyadenylylation elements of c-mos mRNA. Proc
Natl Acad Sci USA, 93,14602-14607.
Gick, O., Kramer, A., Vasserot, A. and Birnstiel, M.L. (1987) Heat-labile
regulatory factor is required for 3' processing of histone precursor
mRNAs. Proc Natl Acad Sci USA, 84, 8937-8940.

71

Gieselmann, V., Polten, A., Kreysing, J. and von Figura, K. (1989) Arylsulfatase
A pseudodeficiency: loss of a polyadenylylation signal and Nglycosylation site. Proc Natl Acad Sci USA, 86, 9436-9440.
Gil, A. and Proudfoot, N.J. (1984) A sequence downstream of AAUAAA is
required for rabbit beta-globin mRNA 3'-end formation. Nature, 312, 473474.
Gil, A. and Proudfoot, N.J. (1987) Position-dependent sequence elements
downstream of AAUAAA are required for efficient rabbit beta-globin
mRNA 3' end formation. Cell, 49, 399-406.
Gilmartin, G.M., Fleming, E.S., Oetjen, J. and Graveley, B.R. (1995) CPSF
recognition of an HIV-1 mRNA 3'-processing enhancer: multiple sequence
contacts involved in poly(A) site definition. Genes Dev, 9, 72-83.
Gilmartin, G.M. and Nevins, J.R. (1989) An ordered pathway of assembly of
components required for polyadenylation site recognition and processing.
Genes Dev, 3, 2180-2190.
Gilmartin, G.M. and Nevins, J.R. (1991) Molecular analyses of two poly(A) siteprocessing factors that determine the recognition and efficiency of
cleavage of the pre-mRNA. Mol Cell Biol, 11, 2432-2438.
Greger, I.H. and Proudfoot, N.J. (1998) Poly(A) signals control both
transcriptional termination and initiation between the tandem GALIO and
GAL7 genes of Saccharomyces cerevisiae. Embo J, 17, 4771-4779.
Guo, Z. and Sherman, F. (1996) 3'-end-forming signals of yeast mRNA. Trends
Biochem Sci, 21, 477-481.
Hadjivassiliou, A. and Brawerman, G. (1967) Template and ribosomal
ribonucleic acid components in the nucleus and the cytoplasm of rat liver.
Biochemistry, 6,1934-1941.
Hajnsdorf, E. and Regnier, P. (2000) Host factor Hfq of Escherichia coli
stimulates elongation of poly (A) tails by poly (A) polymerase I. Proc Natl
Acad Sci USA, 97,1501-1505.
Hake, L.E. and Richter, J.D. (1994) CPEB is a specificity factor that mediates
cytoplasmic polyadenylation during Xenopus oocyte maturation. Cell, 79,
617-627.
Hake, L.E. and Richter, J.D. (1997) Translational regulation of maternal mRNA.
Biochim Biophys Acta, 1332, M31-38.

72

Hart, R.P., McDevitt, M.A. and Nevins, J.R. (1985) Poly(A) site cleavage in a
HeLa nuclear extract is dependent on downstream sequences. Cell, 43, 677683.
Hatton, L.S., Eloranta, J.J., Figueiredo, L.M., Takagaki, Y., Manley, J.L. and
O'Hare, K. (2000) The Drosophila homologue of the 64 kDa subunit of
cleavage stimulation factor interacts with the 77 kDa subunit encoded by
the suppressor of forked gene. Nucleic Acids Res, 28, 520-526.
Hayes, R., Kudla, J. and Gruissem, W. (1999) Degrading chloroplast mRNA: the
role of polyadenylation. Trends Biochem Sci, 24,199-202.
Heidmann, S., Schindewolf, C , Stumpf, G. and Domdey, H. (1994) Flexibility
and interchangeability of polyadenylation signals in Saccharomyces
cerevisiae. Mol Cell Biol, 14, 4633-4642.
Hernandez, N. (1985) Formation of the 3' end of Ul snRNA is directed by a
conserved sequence located downstream of the coding region. Embo J, 4,
1827-1837.
Higgs, D.R., Goodbourn, S.E., Lamb, J., Clegg, J.B., Weatherall, D.J. and
Proudfoot, N.J. (1983) Alpha-thalassaemia caused by a polyadenylation
signal mutation. Nature, 306, 398-400.
Hirose, Y. and Manley, J.L. (1998) RNA polymerase II is an essential mRNA
polyadenylation factor [see comments]. Nature, 395, 93-96.
Huang, H., Liao, J. and Cohen, S.N. (1998) Poly(A)- and poly(U)-specific RNA 3'
tail shortening by E. coli ribonuclease E. Nature, 391, 99-102.
Huang, Y. and Carmichael, G.C. (1996) Role of polyadenylation in
nucleocytoplasmic transport of mRNA. Mol Cell Biol, 16,1534-1542.
Huang, Y., Wimler, K.M. and Carmichael, G.G. (1999) Intronless mRNA
transport elements may affect multiple steps of pre- mRNA processing.
Embo J, 18, 1642-1652.
Huarte, J., Stutz, A., OConnell, M.L., Gubler, P., Belin, D., Darrow, A.L.,
Strickland, S. and Vassalli, J.D. (1992) Transient translational silencing by
reversible mRNA deadenylation. Cell, 69,1021-1030.
Huez, G., Marbaix, G., Hubert, E., Leclercq, M., Nudel, U., Soreq, H., Salomon,
R., Lebleu, B., Revel, M. and Littauer, U.Z. (1974) Role of the
polyadenylate segment in the translation of globin messenger RNA in
Xenopus oocytes. Proc Natl Acad Sci USA, 71, 3143-3146.
Hunt, A.G. (1994) Messenger RNA 3' end Formation in Plants. Annual Review of
Plant Physiology and Plant Molecular Biology, 45, 47-60.
73

Irniger, S. and Braus, G.H. (1994) Saturation mutagenesis of a polyadenylation
signal reveals a hexanucleotide element essential for mRNA 3' end
formation in Saccharomyces cerevisiae. Proc Natl Acad Sci USA, 91, 257261.
Izaurralde, E. and Mattaj, I.W. (1995) RNA export. Cell, 81, 153-159.
Jackson, R.J. and Standart, N. (1990) Do the poly(A) tail and 3' untranslated
region control mRNA translation? Cell, 62,15-24.
Jarmolowski, A., Boelens, W.C, Izaurralde, E. and Mattaj, I.W. (1994) Nuclear
export of different classes of RNA is mediated by specific factors. / Cell
Biol, 124, 627-635.
Jenny, A., Hauri, H.P. and Keller, W. (1994) Characterization of cleavage and
polyadenylation specificity factor and cloning of its 100-kilodalton
subunit. Mol Cell Biol, 14, 8183-8190.
Jenny, A. and Keller, W. (1995) Cloning of cDNAs encoding the 160 kDa subunit
of the bovine cleavage and polyadenylation specificity factor. Nucleic Acids
Res, 23, 2629-2635.
Jenny, A., Minvielle-Sebastia, L., Preker, P.J. and Keller, W. (1996) Sequence
similarity between the 73-kilodalton protein of mammalian CPSF and a
subunit of yeast polyadenylation factor I [see comments]. Science, 274,
1514-1517.
Kalapos, M.P., Cao, G.J., Kushner, S.R. and Sarkar, N. (1994) Identification of a
second poly(A) polymerase in Escherichia coli. Biochem Biophys Res
Commun, 198, 459-465.
Kanki, J.P. and Donoghue, D.J. (1991) Progression from meiosis I to meiosis II in
Xenopus oocytes requires de novo translation of the mosxe
protooncogene. Proc Natl Acad Sci USA, 88, 5794-5798.
Kashiwabara, S., Zhuang, T., Yamagata, K., Noguchi, J., Fukamizu, A. and Baba,
T. (2000) Identification of a novel isoform of poly(A) polymerase, TRAP,
specifically present in the cytoplasm of spermatogenic cells. Dev Biol, 228,
106-115.
Keller, W., Bienroth, S., Lang, K.M. and Christofori, G. (1991) Cleavage and
polyadenylation factor CPF specifically interacts with the pre-mRNA 3'
processing signal AAUAAA. Embo J, 10, 4241-4249.
Keller, W. and Minvielle-Sebastia, L. (1997) A comparison of mammalian and
yeast pre-mRNA 3'-end processing. Curr Opin Cell Biol, 9, 329-336.

74

Kim, C.W., Markiewicz, P., Lee, J.J., Schierle, C F . and Miller, J.H. (1993) Studies
of the hyperthermophile Thermotoga maritima by random sequencing of
cDNA and genomic libraries. Identification and sequencing of the trpEG
(D) operon. J Mol Biol, 231, 960-981.
Klahre, U., Hemmings-Mieszczak, M. and Filipowicz, W. (1995) Extreme
heterogeneity of polyadenylation sites in mRNAs encoding chloroplast
RNA-binding proteins in Nicotiana plumbaginifolia. Plant Mol Biol, 28,
569-574.
Kleiman, F.E. and Manley, J.L. (1999) Functional interaction of BRCAlassociated BARDl with polyadenylation factor CstF-50. Science, 285, 15761579.
Kleiman, F.E. and Manley, J.L. (2001) The BARDl-CstF-50 interaction links
mRNA 3' end formation to DNA damage and tumor suppression. Cell,
104, 743-753.
Kleinschmidt, A.M. and Pederson, T. (1987) Accurate and efficient 3' processing
of U2 small nuclear RNA precursor in a fractionated cytoplasmic extract.
Mol Cell Biol, 7, 3131-3137.
Korner, C.G., Wormington, M., Muckenthaler, M., Schneider, S., Dehlin, E. and
Wahle, E. (1998) The deadenylating nuclease (DAN) is involved in poly(A)
tail removal during the meiotic maturation of Xenopus oocytes. Embo J, 17,
5427-5437.
Koslowsky, D.J. and Yahampath, G. (1997) Mitochondrial mRNA 3'
cleavage/polyadenylation and RNA editing in Trypanosoma brucei are
independent events. Mol Biochem Parasitol, 90, 81-94.
Krieg, P.A. and Melton, D.A. (1984) Formation of the 3' end of histone mRNA by
post-transcriptional processing. Nature, 308, 203-206.
Kudla, J., Hayes, R. and Gruissem, W. (1996) Polyadenylation accelerates
degradation of chloroplast mRNA. Embo J, 15, 7137-7146.
Lee, S.Y., Mendecki, J. and Brawerman, G. (1971) A polynucleotide segment rich
in adenylic acid in the rapidly-labeled polyribosomal RNA component of
mouse sarcoma 180 ascites cells. Proc Natl Acad Sci USA, 68,1331-1335.
Lee, Y.J., Lee, Y. and Chung, J.H. (2000) An intronless gene encoding a poly(A)
polymerase is specifically expressed in testis. FEBS Lett, 487, 287-292.
Lewis, J.D. and Izaurralde, E. (1997) The role of the cap structure in RNA
processing and nuclear export. Eur J Biochem, 247, 461-469.

75

Li, Q. and Hunt, A.G. (1995) A near-upstream element in a plant
polyadenylation signal consists of more than six nucleotides. Plant Mol
Biol, 28, 927-934.
Lingner, J., Radtke, I., Wahle, E. and Keller, W. (1991) Purification and
characterization of poly(A) polymerase from Saccharomyces cerevisiae. /
Biol Chem, 266, 8741-8746.
Lobo, S.M. and Marzluff, W.F. (1987) Synthesis of Ul RNA in isolated mouse
cell nuclei: initiation and 3'- end formation. Mol Cell Biol, 7, 4290-4296.
Logan, J., Falck-Pedersen, E., Darnell, J.E. and Shenk, T. (1987) A poly(A)
addition site and a downstream termination region are required for
efficient cessation of transcription by RNA polymerase II in the mouse
beta maj-globin gene. Proc Natl Acad Sci USA, 84, 8306-8310.
Lupoid, D.S., Caoile, A.G. and Stern, D.B. (1999) Polyadenylation occurs at
multiple sites in maize mitochondrial cox2 mRNA and is independent of
editing status. Plant Cell, 11,1565-1578.
MacDonald, C.C, Wilusz, J. and Shenk, T. (1994) The 64-kilodalton subunit of
the CstF polyadenylation factor binds to pre-mRNAs downstream of the
cleavage site and influences cleavage site location. Mol Cell Biol, 14, 66476654.
Manley, J.L., Yu, H. and Ryner, L. (1985) RNA sequence containing
hexanucleotide AAUAAA directs efficient mRNA polyadenylation in
vitro. Mol Cell Biol, 5, 373-379.
Margulis, L. (1975) Symbiotic theory of the origin of eukaryotic organelles;
criteria for proof. Symp Soc Exp Biol, 29, 21-38.
Margulis, L. and Chapman, M.J. (1998) Endosymbioses: cyclical and permanent
in evolution [see comments]. Trends Microbiol, 6, 342-345; discussion 345346.
Margulis, L., Dolan, M.F. and Guerrero, R. (2000) The chimeric eukaryote: origin
of the nucleus from the karyomastigont in amitochondriate protists. Proc
Natl Acad Sci USA, 97, 6954-6959.
Martin, G. and Keller, W. (1996) Mutational analysis of mammalian poly(A)
polymerase identifies a region for primer binding and catalytic domain,
homologous to the family X polymerases, and to other
nucleotidyltransferases. Embo J, 15, 2593-2603.
Martin, G., Keller, W. and Doublie, S. (2000) Crystal structure of mammalian
poly(A) polymerase in complex with an analog of ATP. Embo ], 19, 41934203.
76

Martincic, K., Campbell, R., Edwalds-Gilbert, G., Souan, L., Lotze, M.T. and
Milcarek, C (1998) Increase in the 64-kDa subunit of the
polyadenylation/cleavage stimulatory factor during the GO to S phase
transition. Proc Natl Acad Sci USA, 95,11095-11100.
Marujo, P.E., Hajnsdorf, E., Le Derout, J., Andrade, R., Arraiano, C M . and
Regnier, P. (2000) RNase II removes the oligo(A) tails that destabilize the
rpsO mRNA of Escherichia coli. Rna, 6,1185-1193.
Mason, P.J., Elkington, J.A., Lloyd, M.M., Jones, M.B. and Williams, J.G. (1986)
Mutations downstream of the polyadenylation site of a Xenopus betaglobin mRNA affect the position but not the efficiency of 3' processing.
Cell, 46, 263-270.
McCracken, S., Fong, N., Yankulov, K., Ballantyne, S., Pan, G., Greenblatt, J.,
Patterson, S.D., Wickens, M. and Bentley, D.L. (1997) The C-terminal
domain of RNA polymerase II couples mRNA processing to transcription.
Nature, 385,357-361.
McDevitt, M.A., Hart, R.P., Wong, W.W. and Nevins, J.R. (1986) Sequences
capable of restoring poly(A) site function define two distinct downstream
elements. Embo J, 5, 2907-2913.
McLauchlan, J., Gaffney, D., Whitton, J.L. and Clements, J.B. (1985) The
consensus sequence YGTGTTYY located downstream from the AATAAA
signal is required for efficient formation of mRNA 3' termini. Nucleic Acids
Res, 13,1347-1368.
Mendez, R., Hake, L.E., Andresson, T., Littlepage, L.E., Ruderman, J.V. and
Richter, J.D. (2000a) Phosphorylation of CPE binding factor by Eg2
regulates translation of c- mos mRNA. Nature, 404, 302-307.
Mendez, R., Murthy, K.G., Ryan, K., Manley, J.L. and Richter, J.D. (2000b)
Phosphorylation of CPEB by Eg2 mediates the recruitment of CPSF into an
active cytoplasmic polyadenylation complex. Mol Cell, 6,1253-1259.
Michel, Y.M., Poncet, D., Piron, M., Kean, K.M. and Borman, A.M. (2000) CapPoly(A) synergy in mammalian cell-free extracts. INVESTIGATION OF
THE REQUIREMENTS FOR POLY(A)-MEDIATED STIMULATION OF
TRANSLATION INITIATION. / Biol Chem, 275, 32268-32276.
Mifflin, R.C and Kellems, R.E. (1991) Coupled transcription-polyadenylation in
a cell-free system. / Biol Chem, 266,19593-19598.
Minvielle-Sebastia, L., Winsor, B., Bonneaud, N. and Lacroute, F. (1991)
Mutations in the yeast RNA14 and RNA15 genes result in an abnormal
mRNA decay rate; sequence analysis reveals an RNA-binding domain in
the PySfA15 protein. Mol Cell Biol, 11, 3075-3087.
77

Mitchelson, A., Simonelig, M., Williams, C and O'Hare, K. (1993) Homology
with Saccharomyces cerevisiae RNA14 suggests that phenotypic
suppression in Drosophila melanogaster by suppressor of forked occurs at
the level of RNA stability. Genes Dev, 7, 241-249.
Mogen, B.D., MacDonald, M.H., Leggewie, G. and Hunt, A.G. (1992) Several
distinct types of sequence elements are required for efficient mRNA 3' end
formation in a pea rbcS gene. Mol Cell Biol, 12, 5406-5414.
Montell, C , Fisher, E.F., Caruthers, M.H. and Berk, A.J. (1983) Inhibition of RNA
cleavage but not polyadenylation by a point mutation in mRNA 3'
consensus sequence AAUAAA. Nature, 305, 600-605.
Moore, C.L., Chen, J. and Whoriskey, J. (1988) Two proteins crosslinked to RNA
containing the adenovirus L3 poly(A) site require the AAUAAA sequence
for binding. Embo J, 7, 3159-3169.
Moore, C L . and Sharp, P.A. (1985) Accurate cleavage and polyadenylation of
exogenous RNA substrate. Cell, 41, 845-855.
Moore, C.L., Skolnik-David, H. and Sharp, P.A. (1986) Analysis of RNA cleavage
at the adenovirus-2 L3 polyadenylation site. Embo J, 5,1929-1938.
Mowry, K.L. and Steitz, J.A. (1987) Identification of the human U7 snRNP as one
of several factors involved in the 3' end maturation of histone
premessenger RNA's. Science, 238, 1682-1687.
Muhlrad, D., Decker, C.J. and Parker, R. (1994) Deadenylation of the unstable
mRNA encoded by the yeast MFA2 gene leads to decapping followed by
5'~>3' digestion of the transcript. Genes Dev, 8, 855-866.
Munroe, D. and Jacobson, A. (1990) mRNA poly(A) tail, a 3' enhancer of
translational initiation. Mol Cell Biol, 10, 3441-3455.
Murata, T., Nagaso, H., Kashiwabara, S., Baba, T., Okano, H. and Yokoyama,
K.K. (2001) The hiiragi gene encodes a poly (A) polymerase, which controls
the formation of the wing margin in Drosophila melanogaster.
Developmental Biology, 233,137-147.
Murphy, J.T., Burgess, R.R., Dahlberg, J.E. and Lund, E. (1982) Transcription of a
gene for human U l small nuclear RNA. Cell, 29, 265-274.
Murthy, K.G. and Manley, J.L. (1992) Characterization of the multisubunit
cleavage-polyadenylation specificity factor from calf thymus. / Biol Chem,
267, 14804-14811.

78

Murthy, K.G. and Manley, J.L. (1995) The 160-kD subunit of human cleavagepolyadenylation specificity factor coordinates pre-mRNA 3'-end
formation. Genes Dev, 9, 2672-2683.
Nemeroff, M.E., Barabino, S.M., Li, Y., Keller, W. and Krug, R.M. (1998)
Influenza virus NSl protein interacts with the cellular 30 kDa subunit of
CPSF and inhibits 3'end formation of cellular pre-mRNAs. Mol Cell, 1, 9911000.
Nemeth, A., Krause, S., Blank, D., Jenny, A., Jeno, P., Lustig, A. and Wahle, E.
(1995) Isolation of genomic and cDNA clones encoding bovine poly(A)
binding protein II. Nucleic Acids Res, 23, 4034-4041.
Nesic, D., Cheng, J. and Maquat, L.E. (1993) Sequences within the last intron
function in RNA 3'-end formation in cultured cells. Mol Cell Biol, 13, 33593369.
Neugebauer, K.M. and Roth, M.B. (1997) Transcription units as RNA processing
units. Genes Dev, 11, 3279-3285.
Neugebauer, K.M., Stolk, J.A. and Roth, M.B. (1995) A conserved epitope on a
subset of SR proteins defines a larger family of Pre-mRNA splicing factors.
/ Cell Biol, 129, 899-908.
Nevins, J.R. and Darnell, J.E., Jr. (1978) Steps in the processing of Ad2 mRNA:
poly(A)-i- nuclear sequences are conserved and poly(A) addition precedes
splicing. Cell, 15,1477-1493.
Niwa, M. and Berget, S.M. (1991) Mutation of the AAUAAA polyadenylation
signal depresses in vitro splicing of proximal but not distal introns. Genes
Dev, 5, 2086-2095.
Niwa, M., Rose, S.D. and Berget, S.M. (1990) In vitro polyadenylation is
stimulated by the presence of an upstream intron. Genes Dev, 4,1552-1559.
Orkin, S.H., Cheng, T.C, Antonarakis, S.E. and Kazazian, H.H., Jr. (1985)
Thalassemia due to a mutation in the cleavage-polyadenylation signal of
the human beta-globin gene. Embo J, 4, 453-456.
Osheim, Y.N., Proudfoot, N.J. and Beyer, A.L. (1999) EM visualization of
transcription by RNA polymerase II: downstream termination requires a
poly(A) signal but not transcript cleavage. Mol Cell, 3, 379-387.
Pandey, N.B., Sun, J.H. and Marzluff, W.F. (1991) Different complexes are
formed on the 3' end of histone mRNA with nuclear and polyribosomal
proteins. Nucleic Acids Res, 19, 5653-5659.

79

Preiss, T. and Hentze, M.W. (1998) Dual function of the messenger RNA cap
structure in poly(A)-tail- promoted translation in yeast. Nature, 392, 516520.
Preker, P.J. and Keller, W. (1998) The HAT helix, a repetitive motif implicated in
RNA processing. Trends Biochem Sci, 23,15-16.
Proudfoot, N. (1991) Poly(A) signals. Cell, 64, 671-674.
Proudfoot, N. (2000) Connecting transcription to messenger RNA processing [In
Process Citation]. Trends Biochem Sci, 25, 290-293.
Proudfoot, N.J. (1989) How RNA polymerase II terminates transcription in
higher eukaryotes. Trends Biochem Sci, 14,105-110.
Proudfoot, N.J. and Brownlee, G.G. (1976) 3' non-coding region sequences in
eukaryotic messenger RNA. Nature, 263, 211-214.
Raabe, T., Bollum, F.J. and Manley, J.L. (1991) Primary structure and expression
of bovine poly (A) polymerase. Nature, 353, 229-234.
Ramamurthy, L., Ingledue, T.C, Pilch, D.R., Kay, B.K. and Marzluff, W.F. (1996)
Increasing the distance between the snRNA promoter and the 3' box
decreases the efficiency of snRNA 3'-end formation. Nucleic Acids Res, 24,
4525-4534.
Richardson, J.M., McMahon, K.W., MacDonald, C.C. and Makhatadze, G.I.
(1999) MEARA sequence repeat of human CstF-64 polyadenylation factor
is helical in solution. A spectroscopic and calorimetric study. Biochemistry,
38,12869-12875.
Richter, J.D. (1999) Cytoplasmic polyadenylation in development and beyond.
Microbiol Mol Biol Rev, 63, 446-456.
Rothnie, H.M. (1996) Plant mRNA 3'-end formation. Plant Mol Biol, 32,43-61.
Rothnie, H.M., Reid, J. and Hohn, T. (1994) The contribution of AAUAAA and
the upstream element UUUGUA to the efficiency of mRNA 3'-end
formation in plants. Embo J, 13, 2200-2210.
Ruegsegger, U., Beyer, K. and Keller, W. (1996) Purification and characterization
of human cleavage factor Im involved in the 3' end processing of
messenger RNA precursors. / Biol Chem, 271, 6107-6113.
Ruegsegger, U., Blank, D. and Keller, W. (1998) Human pre-mRNA cleavage
factor Im is related to spliceosomal SR proteins and can be reconstituted in
vitro from recombinant subunits. Mol Cell, 1, 243-253.

80

Russo, P., Li, W.Z., Hampsey, D.M., Zaret, K.S. and Sherman, F. (1991) Distinct
cis-acting signals enhance 3' endpoint formation of CYCl mRNA in the
yeast Saccharomyces cerevisiae. Embo J, 10, 563-571.
Rutledge, B.J., Mortin, M.A., Schwarz, E., Thierry-Mieg, D. and Meselson, M.
(1988) Genetic interactions of modifier genes and modifiable alleles in
Drosophila melanogaster. Genetics, 119, 391-397.
Sachs, A.B. and Davis, R.W. (1989) The poly(A) binding protein is required for
poly(A) shortening and 60S ribosomal subunit-dependent translation
initiation. Cell, 58, 857-867.
Sachs, A.B., Sarnow, P. and Hentze, M.W. (1997) Starting at the beginning,
middle, and end: translation initiation in eukaryotes. Cell, 89, 831-838.
Sadofsky, M. and Alwine, J.C. (1984) Sequences on the 3' side of hexanucleotide
AAUAAA affect efficiency of cleavage at the polyadenylation site. Mol Cell
Biol, 4, 1460-1468.
Sarkar, N. (1996) Polyadenylation of mRNA in bacteria. Microbiology, 142, 31253133.
Sarkar, N. (1997) Polyadenylation of mRNA in prokaryotes. Annu Rev Biochem,
66, 173-197.
Scharl, E.G. and Steitz, J.A. (1994) The Site of 3' End Formation of Histone
Messenger RNA is a Fixed Distance From the Downstream Element
Recognized by the U7 snRNP. The EMBO Journal, 13, 2432-2440.
Searfoss, A.M. and Wickner, R.B. (2000) 3' poly(A) is dispensable for translation.
Proc Natl Acad Sci USA, 97, 9133-9137.
Sheets, M.D., Ogg, S.C. and Wickens, M.P. (1990) Point mutations in AAUAAA
and the poly (A) addition site: effects on the accuracy and efficiency of
cleavage and polyadenylation in vitro. Nucleic Acids Res, 18, 5799-5805.
Sheets, M.D. and Wickens, M. (1989) Two phases in the addition of a poly(A)
tail. Genes Dev, 3,1401-1412.
Shyu, A.B., Belasco, J.G. and Greenberg, M.E. (1991) Two distinct destabilizing
elements in the c-fos message trigger deadenylation as a first step in rapid
mRNA decay. Genes Dev, 5, 221-231.
Simon, R. and Richter, J.D. (1994) Further analysis of cytoplasmic
polyadenylation in Xenopus embryos and identification of embryonic
cytoplasmic polyadenylation element-binding proteins. Mol Cell Biol, 14,
7867-7875.

81

Simonsen, C.C. and Levinson, A.D. (1983) Analysis of processing and
polyadenylation signals of the hepatitis B virus surface antigen gene by
using simian virus 40-hepatitis B virus chimeric plasmids. Mol Cell Biol, 3,
2250-2258.
Sisodia, S.S., Sollner-Webb, B. and Cleveland, D.W. (1987) Specificity of RNA
maturation pathways: RNAs transcribed by RNA polymerase III are not
substrates for splicing or polyadenylation. Mol Cell Biol, 7, 3602-3612.
Smale, S.T. and Tjian, R. (1985) Transcription of herpes simplex virus tk
sequences under the control of wild-type and mutant human RNA
polymerase I promoters. Mol Cell Biol, 5, 352-362.
Stebbins-Boaz, B. and Richter, J.D. (1997) Translational control during early
development. Grit Rev Eukaryot Gene Expr, 7, 73-94.
Steinmetz, E.J. (1997) Pre-mRNA processing and the CTD of RNA polymerase II:
the tail that wags the dog? Cell, 89,491-494.
Takagaki, Y., MacDonald, C.C, Shenk, T. and Manley, J.L. (1992) The human 64kDa polyadenylylation factor contains a ribonucleoprotein- type RNA
binding domain and unusual auxiliary motifs. Proc Natl Acad Sci USA, 89,
1403-1407.
Takagaki, Y. and Manley, J.L. (1992) A human polyadenylation factor is a G
protein beta-subunit homologue. / Biol Chem, 267, 23471-23474.
Takagaki, Y. and Manley, J.L. (1994) A polyadenylation factor subunit is the
human homologue of the Drosophila suppressor of forked protein. Nature,
372, 471-474.
Takagaki, Y. and Manley, J.L. (1997) RNA recognition by the human
polyadenylation factor CstF. Mol Cell Biol, 17, 3907-3914.
Takagaki, Y. and Manley, J.L. (1998) Levels of polyadenylation factor CstF-64
control IgM heavy chain mRNA accumulation and other events associated
with B cell differentiation. Mol Cell, 2, 761-771.
Takagaki, Y. and Manley, J.L. (2000) Complex protein interactions within the
human polyadenylation machinery identify a novel component. Mol Cell
Biol, 20,1515-1525.
Takagaki, Y., Manley, J.L., MacDonald, C.C, Wilusz, J. and Shenk, T. (1990) A
multisubunit factor, CstF, is required for polyadenylation of mammalian
pre-mRNAs. Genes Dev, 4, 2112-2120.

82

Takagaki, Y., Ryner, L.C. and Manley, J.L. (1988) Separation and
characterization of a poly (A) polymerase and a cleavage/specificity factor
required for pre-mRNA polyadenylation. Cell, 52, 731-742.
Takagaki, Y., Ryner, L.C. and Manley, J.L. (1989) Four factors are required for 3'end cleavage of pre-mRNAs. Genes Dev, 3,1711-1724.
Takagaki, Y., Seipelt, R.L., Peterson, M.L. and Manley, J.L. (1996) The
polyadenylation factor CstF-64 regulates alternative processing of IgM
heavy chain pre-mRNA during B cell differentiation. Cell, 87, 941-952.
Tarun, S.Z. and Sachs, A.B. (1995) A common function for mRNA 5' and 3' ends
in translation initiation in yeast. Genes Dev, 9, 2997-3007.
Tarun, S.Z. and Sachs, A.B. (1996) Association of the yeast poly(A) tail binding
protein with translation initiation factor eIF-4G. Embo J, 15, 7168-7177.
Thuresson, A.C, Astrom, J., Astrom, A., Gronvik, K.O. and Virtanen, A. (1994)
Multiple forms of poly(A) polymerases in human cells. Proc Natl Acad Sci
USA, 91, 979-983.
Tuerk, C and Gold, L. (1990) Systematic evolution of ligands by exponential
enrichment: RNA ligands to bacteriophage T4 DNA polymerase. Science,
249, 505-510.
Vagner, S., Vagner, C and Mattaj, I.W. (2000) The carboxyl terminus of
vertebrate poly(A) polymerase interacts with U2AF 65 to couple 3'-end
processing and splicing. Genes Dev, 14,403-413.
Vasserot, A.P., Schaufele, F.J. and Birnstiel, M.L. (1989) Conserved terminal
hairpin sequences of histone mRNA precursors are not involved in duplex
formation with the U7 RNA but act as a target site for a distinct processing
factor. Proc Natl Acad Sci USA, 86, 4345-4349.
Wahle, E. (1991a) A novel poly(A)-binding protein acts as a specificity factor in
the second phase of messenger RNA polyadenylation [published erratum
appears in Cell 1991 Nov l;67(3):following 639]. Cell, 66, 759-768.
Wahle, E. (1991b) Purification and characterization of a mammalian
polyadenylate polymerase involved in the 3' end processing of messenger
RNA precursors. / Biol Chem, 266, 3131-3139.
Wahle, E. (1995a) 3'-end cleavage and polyadenylation of mRNA precursors.
Biochim Biophys Acta, 1261,183-194.
Wahle, E. (1995b) Poly (A) tail length control is caused by termination of
processive synthesis. / Biol Chem, 270, 2800-2808.

83

Wahle, E., Lustig, A., Jeno, P. and Maurer, P. (1993) Mammalian poly(A)binding protein II. Physical properties and binding to polynucleotides. /
Biol Chem, 268, 2937-2945.
Wahle, E., Martin, G., Schiltz, E. and Keller, W. (1991) Isolation and expression
of cDNA clones encoding mammalian poly(A) polymerase. Embo J, 10,
4251-4257.
Wahle, E. and Ruegsegger, U. (1999) 3'-End processing of pre-mRNA in
eukaryotes. FEMS Microbiol Rev, 23, 277-295.
Wallace, A.M., Dass, B., Ravnik, S.E., Tonk, V., Jenkins, N.A., Gilbert, D.J.,
Copeland, N.G. and MacDonald, C.C. (1999) Two distinct forms of the
64,000 Mr protein of the cleavage stimulation factor are expressed in
mouse male germ cells. Proc Natl Acad Sci USA, 96, 6763-6768.
Walther, T.N., Wittop Koning, T.H., Schumperli, D. and Muller, B. (1998) A 5'-3'
exonuclease activity involved in forming the 3' products of histone premRNA processing in vitro. Rna, 4,1034-1046.
Wang, Z. and Kiledjian, M. (2000) The poly(A)-binding protein and an mRNA
stability protein jointly regulate an endoribonuclease activity. Mol Cell Biol,
20,6334-6341.
Weiss, E.A., Gilmartin, G.M. and Nevins, J.R. (1991) Poly(A) site efficiency
reflects the stability of complex formation involving the downstream
element. Embo J, 10, 215-219.
Wells, D. and Kedes, L. (1985) Structure of a human histone cDNA: evidence
that basally expressed histone genes have intervening sequences and
encode polyadenylylated mRNAs. Proc Natl Acad Sci USA, 82, 2834-2838.
Wells, S.E., Hillner, P.E., Vale, R.D. and Sachs, A.B. (1998) Circularization of
mRNA by eukaryotic translation initiation factors. Mol Cell, 2, 135-140.
Wickens, M., Anderson, P. and Jackson, R.J. (1997) Life and death in the
cytoplasm: messages from the 3' end. Curr Opin Genet Dev, 7, 220-232.
Wickens, M. and Stephenson, P. (1984) Role of the conserved AAUAAA
sequence: four AAUAAA point mutants prevent messenger RNA 3' end
formation. Science, 226,1045-1051.
Wigley, P.L., Sheets, M.D., Zarkower, D.A., Whitmer, M.E. and Wickens, M.
(1990) Polyadenylation of mRNA: minimal substrates and a requirement
for the 2' hydroxyl of the U in AAUAAA. Mol Cell Biol, 10,1705-1713.

84

Williams, A.S. and Marzluff, W.F. (1995) The sequence of the stem and flanking
sequences at the 3' end of histone mRNA are critical determinants for the
binding of the stem-loop binding protein. Nucleic Acids Res, 23, 654-662.
Wilusz, J., Pettine, S.M. and Shenk, T. (1989) Functional analysis of point
mutations in the AAUAAA motif of the SV40 late polyadenylation signal.
Nucleic Acids Res, 17, 3899-3908.
Wilusz, J. and Shenk, T. (1988) A 64 kd nuclear protein binds to RNA segments
that include the AAUAAA polyadenylation motif. Cell, 52, 221-228.
Wilusz, J. and Shenk, T. (1990) A uridylate tract mediates efficient
heterogeneous nuclear ribonucleoprotein C protein-RNA cross-linking
and functionally substitutes for the downstream element of the
polyadenylation signal. Mol Cell Biol, 10, 6397-6407.
Wilusz, J., Shenk, T., Takagaki, Y. and Manley, J.L. (1990) A multicomponent
complex is required for the AAUAAA-dependent cross- linking of a 64kilodalton protein to polyadenylation substrates. Mol Cell Biol, 10,12441248.
Wu, L., Ueda, T. and Messing, J. (1994) Sequence and spatial requirements for
the tissue- and species- independent 3'-end processing mechanism of plant
mRNA. Mol Cell Biol, 14, 6829-6838.
Yang, H., Moss, M.L., Lund, E. and Dahlberg, J.E. (1992) Nuclear processing of
the 3'-terminal nucleotides of pre-Ul RNA in Xenopus laevis oocytes. Mol
Cell Biol, 12,1553-1560.
Yehudai-Resheff, S. and Schuster, G. (2000) Characterization of the E.coli
poly(A) polymerase: nucleotide specificity, RNA-binding affinities and
RNA structure dependence. Nucleic Acids Res, 28,1139-1144.
Yonaha, M. and Proudfoot, N.J. (1999) Specific transcriptional pausing activates
polyadenylation in a coupled in vitro system. Mol Cell, 3, 593-600.
Zarkower, D., Stephenson, P., Sheets, M. and Wickens, M. (1986) The AAUAAA
sequence is required both for cleavage and for polyadenylation of simian
virus 40 pre-mRNA in vitro. Mol Cell Biol, 6, 2317-2323.
Zhao, J., Hyman, L. and Moore, C (1999) Formation of mRNA 3' ends in
eukaryotes: mechanism, regulation, and interrelationships with other
steps in mRNA synthesis. Microbiol Mol Biol Rev, 63, 405-445.
Zhou, D., Frendewey, D. and Lobo Ruppert, S.M. (1999) Paclp, an RNase III
homolog, is required for formation of the 3' end of U2 snRNA in
Schizosaccharomyces pombe. RNA, 5,1083-1098.

85

CHAPTER II
TWO FORMS OF CstF-64 PROTEIN ARE EXPRESSED IN
MOUSE MALE GERM CELLS

2.1 Introduction
2.1.1 Overview
Polyadenylation is essential for normal messenger RNA 3' end formation in
eukaryotic cells and the process requires several protein complexes of which
CPSF and CstF are the most important. There are also two sequence elements
known to act as signals for polyadenylation. The sequence AAUAAA is the best
studied and clearly defined of the two and mutations at any position of this
hexanucleotide element drastically decrease processing efficiency. However, the
finding that a large proportion of mouse male germ cell mRNAs lacked the
highly conserved AAUAAA signal within 50 nucleotides of the cleavage site led
to the hypothesis that the process of polyadenylation differed in male germ cells
as compared to somatic cells. In order to test this hypothesis the mouse CstF-64
cDNA was cloned and characterized. This resulted in the finding that there are
two forms of CstF-64 in mouse, a 70,000 Mr form enriched in the brain as well as
in meiotic and post-meiotic cells of the testes and a 64,000 Mr form present in all
somatic cells and in spermatogonia and post-meiotic spermatids. Also,
characterization of the 64,000 Mr form revealed that the gene encoding this
protein was located on the X chromosome in both mouse and human. In
summary the cDNA for the 64,000 Mr form of CstF-64 was cloned from mouse
testes and its gene locus mapped.
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2.1.2 CstF-64
CstF-64 is the 64,000 Mr subunit of the heterotrimeric Cleavage Stimulation
Factor complex (Takagaki et al, 1992) which also contains CstF-50 and CstF-77
(Gilmartin and Nevins, 1989; Takagaki et al, 1990). CstF-64 binds to CstF-77 but
not to CstF-50 (Takagaki and Manley, 2000) forming the functional trimer
complex (Fig. 1.1 and 1.2). CstF-64 protein is essential for the process of
polyadenylation (Takagaki et al, 1990) as well as for viability of the cell
(Takagaki and Manley, 1998). CstF-64 also controls polyadenylation site choice
in adenovirus (Mann et al, 1993) and is thought to be involved in the
immunoglobulin switch resulting in Immunoglobulin M being produced first as
a membrane bound form and subsequently with B cell maturation as a secretory
protein (Edwalds-Gilbert and Milcarek, 1995; Martincic et al, 1998; Takagaki and
Manley, 1998; Takagaki et al, 1996). The exact role played by CstF-64 in this
process is still debatable. One study indicates there is no change in the amount
or form of CstF-64 however, there is an increase in binding affinity during B cell
maturation. It is suggested that this increase in affinity could allow preferential
binding to the weaker, promoter-proximal secretory polyadenylation site as
compared to the more distal membrane bound (|J.) polyadenylation site
(Edwalds-Gilbert and Milcarek, 1995). Further it has been shown that
augmenting the levels of CstF-64 in plasma cells is neither necessary nor
sufficient for the switch to the secretory form (Martincic et al, 1998). There are
claims to the contrary with studies showing that the concentration of CstF-64
increases during B cell maturation and that this is sufficient to switch IgM
expression from membrane-bound to secretory (Takagaki and Manley, 1998;
Takagaki et al, 1996). Both studies concur on the requirement of CstF-64 protein
for passage through the cell cycle. Thus, CstF-64 amounts increase during the
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transition from Go to S (Martincic et al, 1998) while reduction of CstF-64 levels in
DT40 cells from a chicken B cell line caused reversible arrest in Go/Gi phase
(Takagaki and Manley, 1998). CstF-64 is also involved in the cooperation of
polyadenylation with splicing (Niwa et al, 1992) and though it is present as part
of the RNA Pol II holoenzyme, it does not bind directly to the CTD of RNA Pol
II in the coupling of polyadenylation and transcription (McCracken et al, 1997).
CstF-64 was originally cloned from a HeLa cDNA library. It is encoded by a
1978 bp cDNA containing a single open reading frame (ORE) of 1731 nucleotides
(nt). The clone has a short 22 nt 5' UTR and a 225 nt 3' UTR. It also has two
canonical AAUAAA polyadenylation signal sequences beginning at nucleotides
1732 and 1925 respectively (Takagaki et al, 1992). Based on the primary
sequence of the cDNA the protein can be divided into the following domains: an
N-terminal RNA recognition motif (RRM) type RNA binding domain (RBD)
(Burd and Dreyfuss, 1994), a hinge domain, the proline/glycine rich domain,
MEARA repeat region and the C-terminal domain (Colgan and Manley, 1997).
The RBD mediates binding of CstF-64 to the pre-mRNA at the U-/GU-rich DSE
and explains the ability of CstF-64 to be crosslinked to RNA in the presence of
UV light (Wilusz and Shenk, 1988; Wilusz et al, 1990). The sequence bound by
CstF-64 was confirmed to be U - or GU-rich by in vitro RNA selection studies
(Beyer et al, 1997; Takagaki and Manley, 1997) and a computer aided
investigation of the fruitfly expressed sequence tag (EST) database (Graber et al,
1999). However, it should be noted that this binding of CstF-64 to the DSE is
weak and non-specific in the absence of the CPSF complex. Thus, it appears that
simultaneous binding of both CPSF and CstF complexes to their cognate
sequence elements stabilizes both interactions with RNA and to each other. The
hinge domain contains the site of interaction with CstF-77 and symplekin
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(Takagaki and Manley, 2000). The proline and glycine rich region includes
twelve repeats of the amino acids MEARA. These MEARA repeats have the
ability to form a very stable a helix in solution (Richardson et al, 1999) which
may have implications for an as yet unknown function for this region. However,
the number of repeats differ in CstF-64 clones obtained from other species
(Hatton et al, 2000) and thus any possible function could be species-specific. No
function has been discerned as yet for the C-terminal region. CstF-64 has
subsequently been cloned from a number of organisms (Barbaux et al, 1996;
Hatton et al, 2000; Minvielle-Sebastia et al, 1991; Takagaki and Manley, 1998).

2.1.3 Spermatogenesis in Mouse
Spermatogenesis is the process by which spermatogonia mature to form
spermatozoa. The entire process can be divided into three phases based on
functional considerations: the proliferative phase, during which the
spermatogonia undergo successive rapid divisions, the meiotic phase, when the
spermatocytes undergo reductional division and finally, differentiation or
spermiogenic phase, in which spermatids undergo drastic remodeling and
shape change to form mature sperm.
Since millions of sperm are required during periods of reproductive activity
high numbers of cells are required relatively early in the process. Thus,
spermatogonia which are the diploid predecessors of mature spermatozoa build
their numbers by undergoing rapid mitotic divisions. This also allows for
enough cells to be held in reserve for future sperm production. Spermatogonia
are present in three functional forms, (i) stem cell spermatogonia also called
Aisolated Spermatogonia (Ais) are relatively resistant to damage by various agents
and serve as a source for repopulating the testes in case of gross insult, (ii)
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Proliferating spermatogonia (Apaired and Aaiigned) give rise to (iii) differentiating
spermatogonia (Type A, Intermediate and Type B) while simultaneously
renewing their own numbers. Both these cell types are undergoing rapid
division hence they are more susceptible to damage. Stem cell and proliferati\ e
spermatogonia are seen in all seminiferous tubules and can be distinguished
from Intermediate or Type B spermatogonia based on structure and
morphology. Spermatogonia occupy the basal compartment of the testes and are
present along the periphery of the seminiferous tubule. The most mature Type B
spermatogonia divide to form preleptotene spermatocytes. In mouse, the time
taken for stem cell spermatogonia to give rise to a spermatocyte is
approximately 6.5 days.
The preleptotene cells undergo meiosis which lasts for 12.3 days. Prophase of
the first meiotic division lasts the longest and consists of leptotene, zygotene,
pachytene and diplotene stages. Leptotene cells move into the intermediate
compartment of the testis away from the base of the tubule and this is when
chromatin condensation begins in the nucleus. In zygotene spermatocytes
chromosome pairing begins and synaptonemal complexes form. Pairing is
complete in pachytene spermatocytes and genetic recombination occurs via
crossing over. This is the longest phase of meiosis and is when the sex vesicle
first appears. Diplotene is a brief phase when the chromosome pairs separate
along their length except at the chiasmata. Diplotene cells are the largest of any
germ cell type. The completion of metaphase, anaphase and telophase is rapid
and results in secondary spermatocytes. These cells then undergo the second
meiotic division to form haploid spermatids.
Spermatids undergo great morphogenic changes without any further
divisions to form spermatozoa. These changes result in a drastic reduction of
90

cytoplasm, the formation of a flagellum and an acrosome as well as a change in
shape from ovoid to elongated. The mature sperm has a head containing the
highly compacted nucleus and capped by an acrosome containing hydrolytic
enzymes, a middle piece comprising of the centrioles, base of the flagellum and
a spiral mitochondrion and ends in the tail which provides motility to the
sperm. The entire process of spermiogenesis takes 15.2 days. During the first 6.5
days round spermatids mature into elongating spermatids. These cells then
undergo further changes for another 7.8 days to form spermatozoa.
A cross section of any seminiferous tubule shows a definite association of
germ cell types, each of which is known as a stage. In mice there are twelve
stages with an established pattern of germ cell association. Further the
development of spermatids can be divided into 16 steps based mainly on form
and shape of the acrosome, spermatid head shape and degree of chromatin
condensation. A complete and ordered series of stages in a given segment of
seminiferous epithelium is considered a cycle (Fig. 2.1) (Russell et al, 1990).

2.1.4 Frequency of Occurrence of AAUAAA
The canonical polyadenylation signal AAUAAA has been claimed to
represent the most highly conserved signal sequence in eukaryotic mRNAs
(Proudfoot, 1991). This is the element which signals polyadenylation in 90% of
eukaryotic mRNAs (Colgan and Manley, 1997; Wahle, 1995). In vitro studies
have indicated that highest efficiency of cleavage and polyadenylation are
obtained for messages containing AAUAAA. Among the 18 single nucleotide
mutants of AAUAAA possible, only AUUAAA works with some efficiency
{77% and 66% of wild type polyadenylation and cleavage levels) (Sheets et al,
1990). The rest of the variants have negligible effect on either step of the
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polyadenylation reaction. Thus, it would appear that the polyadenylation
machinery recognizes only AAUAAA and sometimes AUUAAA but is
otherwise quite inflexible in choice of signal sequences (Table 3.1).
Recent studies indicate that 90% is a gross over estimate for the proportion of
AAUAAA containing messages in eukaryotes. It is still true that all species
studied show a disproportionate usage of AAUAAA but the frequency of
occurrence is between 60 and 65%. In silico analysis of Genbank and EST
databases suggest that 65% of human and 60% of Drosophila ESTs have
AAUAAA in the final 50 nucleotides (Graber et al, 1999). This finding is
supported by the studies of Beaudoing et al. (Beaudoing et al, 2000) and
Kawamoto et al (Kawamoto et al, 2000) which indicate that AAUAAA is not as
common as earlier believed. They also find that AUUAAA is the most common
alternative signal but other single nucleotide variants of this signal also occur in
vivo at frequencies that correlate with their in vitro processing efficiencies
(Beaudoing et al, 2000; Graber et al, 1999). Significantly nine of these single
nucleotide variants account for about 14.9% of the total polyadenylation signals
uncovered in a study of the human EST database (Beaudoing et al, 2000). It also
appears that messages containing non-canonical polyadenylation signals are
processed less efficiently than AAUAAA containing mRNAs as they are less
frequently represented in libraries (Beaudoing et al, 2000; Edwalds-Gilbert et al,
1997; Kawamoto et al, 2000) but they are utilized to some extent. This suggests
that the polyadenylation machinery is not as restrictive in the sequence of signal
elements it can recognize or utilize but it is most efficient when using
AAUAAA.
Additionally our analysis of the 3' ends of mRNAs from mouse testes shows
a similar discrepancy in the frequency of occurrence of AAUAAA within the
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terminal 50 nts of mRNAs. The canonical signal is present in -60",, of the
mRNAs (Redondo J.-L. and MacDonald C.C, unpublished). This is not
surprising given that the testes is known to be a site for the preferential use of
differential polyadenylation signals (Edwalds-Gilbert et al, 1997). Combined
with the knowledge that mRNAs containing multiple polyadenylation signals
tend to use a higher proportion of non-canonical sites which are most often also
the proximal signals in the 3' UTR (Beaudoing et al, 2000) these data suggested
that the mechanism of polyadenylation was not as highly conserved as earlier
claimed.
Therefore, it is hypothesized that mouse male germ cells utilize a different
mechanism of polyadenylation from somatic cells which is due to at least one
key factor being altered. Testing this hypothesis necessitated the identification of
the altered factor.

2.2 Materials and Methods
2.2.1 Protein Analysis
HeLa nuclear extract was made as described (Dignam et al, 1983). Testicular
tubules were prepared by decapsulating freshly harvested mouse testes in
phosphate buffered saline(PBS) and washing them to remove interstitial cells.
Nuclei were prepared from the tubules by centrifugation over a sucrose pad as
described (Gorski et al, 1986), boiled and sonicated in sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE) loading buffer (Laemmli, 1970).
Proteins were separated by 10% SDS-PAGE and transferred to PVDF-Plus
membrane (Micron Separations Inc., Westborough, MA) for immunoblotting
(Towbin et al, 1979). Membranes were stained with Ponceau S (Sigma
Chemicals, St Louis, MO) to check for proper transfer of proteins. Membranes
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were then washed in water to remove the stain and incubated for 1-16 hours in
block solution (TBS with 10% non fat dry milk). Monoclonal antibodies 3A7 and
6A9, specific for human CstF-64 protein (Takagaki et al, 1990) were used at a
dilution of 1:50 in blocking solution. After incubation with primary antibody
membranes were incubated for two hours in horseradish peroxidase coupled
sheep anti-mouse IgG (1:10,000), secondary antibody. After washing the
membranes in TBS, immunoreactive bands were visualized by
chemiluminesence using the Pierce SuperSignal kit.

2.2.2 Immunohistochemistry
Immunohistochemistry of paraformaldehyde-fixed paraffin-embedded
sections of adult mouse testis was done according to Ravnik and Wolgemuth
(Ravnik and Wolgemuth, 1996) by using the Vectastain ABC kit (Vector
Laboratories, Burlingame, CA). Sections were blocked with IXPBS, 0.1%TritonX100, 2.5% normal horse serum for two hours and were incubated with primary
antibody (3A7 or 6A9) at 1:100 in IXPBS, 0.1% Triton X-100,1.5"o normal horse
serum for 16-18 hours at 4°C. After washing in PBS, sections were incubated
with biotinylated secondary antibody (anti-mouse IgG, 1:200) and were
incubated with avidin-biotin complex according to the manufacturer's directions
(Vector Laboratories, Burlingame, CA). Antibody staining was developed in
O.IM TrisHCl, pH7.2 with 0.2 m g / m l of 3,3' diaminobenzidine. Slides were
counterstained using Harris' hematoxylin and were \ iewed with an Olympus
(New Hyde Park, NY) BX-60 photomicroscope.
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2.2.3 Isolation of Mouse CstF-64 cDNA
A 263 bp EcoRI fragment from the 5' end of the human CstF-64 cDNA clone
(Takagaki et al, 1992) was used to screen a mouse mixed germ cell cDNA library
in a Uni-ZAP XR vector (a gift from G. Cornwall, Texas Tech University Health
Sciences Center). Screening of 2X106 pfu led to the identification of 39 positive
bacteriophage in the initial round. Plaque-purified bacteriophage were rescued
as pBluescript SK~ plasmids according to the manufacturer's directions
(Stratagene, Lajolla, CA). Sequence analysis involved a combination of primer
walking of single and double stranded templates and conventional Sanger
sequencing of subcloned fragments. Long range automated sequencing was
used to facilitate contig assembly using the SeqMan program (DNAStar).
Comparison of the compiled sequence of this cDNA (Genbank Accession
Number AF317552) to the human cDNA (Takagaki et al, 1992) and to restriction
maps of CstF-64 cDNAs from somatic cell libraries and from the EST database
confirmed that this was the somatic form of mouse CstF-64 (Wallace et al, 1999).

2.2.4 RNA Analysis
2.2.4.1 Northern Blotting
Tissues were collected from adult male CD-I mice (Charles River
Laboratories), frozen in liquid nitrogen and stored at -80°C. Total RNA was
prepared from frozen tissues using Trizol (Gibco Life Sciences, Gaithersburg,
MD) according to the manufacturer's instructions. RNA integrity was estimated
by examination of mobilities of 18S and 28S rRNA following ethidium bromide
staining of formaldehyde gels (Binder et al, 1990).
Poly(A)+ RNA and RNA blots were prepared as described, except that
transfer to nylon membranes was by capillary blotting in lOX SSC overnight.
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Prehybridization and hybridization were carried out at 55°C and washes were
to a final stringency of 1XSSC,0.1%SDS, at 65°C followed by autoradiography
with an intensifying screen at -80°C.
The probe used was a 309 bp KpnI-Aatll fragment (nucleotides 1666-1975)
from the 3' UTR of mouse CstF-64 cDNA. Probes were labeled by incorporation
of [32p]dCTP into gel purified DNA fragments using random priming
(Stratagene, La Jolla, CA).

2.2.4.2 In situ Hybridization Analysis
In situ hybridization of paraformaldehyde fixed paraffin embedded slides of
adult mouse testes was done according to the method of Ravnik and
Wolgemuth (Ravnik and Wolgemuth, 1996). After deparaffinization,
postfixation, deproteinization and refixation, sections were acetylated in a O.IM
triethanolamine, 0.25% acetic anhydride solution followed by dehydration in an
increasing ethanol series. Sections were then prehybridized in prehybridization
buffer (50% formamide, 4XSET, IXDenhardt's solution, 0.1 m g / m l yeast tRNA
and 0.1 m g / m l salmon sperm DNA. 20XSET is 3M NaCl, 0.4M Tris base, 0.04M
EDTA, pH8.0) and hybridized overnight in a humidified chamber at 50°C with
35S-labeled antisense and sense riboprobes from mouse CstF-64 3' UTR or
coding region. Hybridization was carried out in prehybridization buffer
containing 10% dextran sulfate, 0.1% SDS and lOmM dithiothreitol and 0.05
n g / m l of denatured probe (10-15,000 cpm/ng). After hybridization, sections
were washed extensively, treated with RNase A and dehydrated with ethanol.
Slides were dipped in a 1:1 solution of Kodak NTB-2 emulsion (Kodak,
Rochester, NY), dried and exposed in the dark for two weeks at 4°C. Then the
slides were developed and stained with hematoxylin and eosin. Sections were
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viewed with an Olympus (New Hyde Park, NY) BX-60 photomicroscope under
combined bright field fluorescence optics. Photographs were taken on Fujicolor
Super HGV 100 film.

2.2.5 Mapping of CstF-64 Gene Locus
2.2.5.1 Interspecific Mouse Backcross Mapping
Interspecific backcross progeny were generated by mating (C57BL/6J X Mus
spretus) Fl females and C57BL/6J males as described (Copeland and Jenkins,
1991). A total of 205 N2 mice were used to map the Cstf2 locus. Southern blot
analysis was performed as described with Hybond-N+ nylon membranes
(Amersham Pharmacia) (Jenkins et al, 1982). The probe, a 342 bp fragment of
mouse CstF-64 cDNA from the 3' UTR (nucleotides 1809-2151) was labeled with
[a-32P]dCTP using a random primed labeling kit (Stratagene); washing was
done to a stringency of 0.5XSSCP, 0.1%SDS at 65°C. A fragment of 7.9 Kb was
detected in Ta^I-digested C57BL/6J DNA, and a fragment of 6.0 Kb was
detected in M.spretus DNA. Presence or absence of the 6.0 Kb Taql M. spretusspecific fragment was followed in backcross mice. Probes and restriction
fragment length polymorphisms for the loci linked to Cstfl have been reported
(Rawlings et al, 1993). Recombination distances were calculated by using MAP
MANAGER 2.6.5 (Roswell Park Cancer Institute, Buffalo, NY;
http://mcbio.med.buffalo.edu/mapmgr.html). Gene order was determined by
minimizing the number of recombination events required to explain the allele
distribution patterns.
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2.2.5.2 Fluorescence In Situ Hybridization fFISH^
A PI artificial chromosome containing the human genomic CstF-64, d]347M6
(loannou et al, 1994), GenBank accession number Z95327, provided by G.
Howell (The Sanger Centre, Cambridgeshire, U.K.), was labeled with
digoxigenin-11-dUTP (Boehringer Mannheim) using the Oncor large fragment
labeling kit (Oncor, Gaithersburg, MD). The probe was hybridized with human
Cot-1 DNA (Gibco BRL, Rockville, MD), resuspended in hybridization solution
(50% formamide, 10% dextran sulfate, 2XSSC) and denatured at 80°C before use.
Metaphase spreads from human peripheral white blood cells were denatured in
2XSSC, 70"o formamide at 72°C, dehydrated in an increasing ethanol series and
air dried. Chromosomes were hybridized at 37°C for 12-16 hours in a humid
chamber. Post-hybridization washes were for 5 minutes at 65°C in 2XSSC, pH7.0
followed by IX phosphate buffered detergent (PBD, [Oncor]). Slides were then
incubated with FITC-antidigoxigenin antibody for 45 minutes at 37°C, washed
in IXPBD, and mounted in antifade (Oncor) with a propidium iodide
counterstain. Chromosomes were visualized using a Zeiss Axioskop microscope
with epifluorescence using FITC and propidium iodide single band pass filters.
Images were captured using a charge-coupled device camera and MACKTYPE
5.4 imaging software (Perceptive Scientific Instruments, League City, TX) with
the lOOX, 1.3 NA objective under oil.

2.3 Results
2.3.1 Two Forms of CstF-64 are Expressed in Mouse Testes
Monoclonal antibodies to human CstF-64 were used to examine the presence
of the orthologous protein in various mouse tissues (Fig. 2.2). Protein
immunoblots of nuclear extracts from the different mouse tissues (brain, kidney,
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liver, lung, spleen, testis and thymus) were incubated with the monoclonal
antibodies 3A7 and 6A9 (Takagaki et al, 1990). The 3A7 antibody detected a
protein of --64,000 Mr in HeLa cells (Fig. 2.2A, lane 1) as well as in all the other
mouse tissues examined (lanes 2-8), corresponding to CstF-64 first described in
HeLa cells (Takagaki et al, 1990; Wilusz and Shenk, 1988).
With the 6 A9 antibody, a 64,000 Mr reactive protein was detected in HeLa
nuclear extract (Fig. 2.2B, lane 1). In contrast, a protein of -70,000 Mr was
detected in mouse testicular extracts (Fig. 2.2B, lane 7) and in small amounts in
brain (Fig. 2.2B, lane 2). No protein was detected in other tissues (Fig. 2.2, lanes
3-6 and 8). To ensure that the two antibodies were recognizing two proteins of
different mobilities that did not comigrate, the experiment were repeated with
3A7 and 6A9 antibodies after bisecting the lane containing testes nuclear extract
(Fig. 2.2C, lanes 5a/5b). After realignment of the filter membranes, it was
evident that the protein detected with 6A9 had a substantially different mobility
than that detected by 3A7.

2.3.2 70,000 Mr CstF-64 is the Only Form Expressed
in Spermatocytes
Expression of 3A7-reactive (64,000 Mr) and 6A9-reactive (-70,000 Mr) CstF64 forms was examined immunohistochemically in mouse testes sections. The
3A7 antibody detected immunoreactivity in nuclei of testicular somatic cells,
primarily Leydig, Sertoli and macrophage cells (Fig. 2.3A) and detected protein
in the nuclei of kidney, liver, thymus and epididymal cells (data not shown).
This is consistent with 3A7 immunoblot data showing the 64,000 Mr form in
every tissue examined (Fig. 2.2A).
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The associations of different germ cell types within each section of the
seminferous tubule was used to stage the epithelium (Fig. 2.1) (Russell et al,
1990). 3A7 detected strong immunoreactivity in all spermatogonia and early
spermatocytes with the intensity of staining diminishing in pachytene
spermatocytes of stage II-IV tubules. 3A7 reactivity was not detected again until
after meiosis in round spermatids of stage IV tubules (Fig. 2.3A, summarized in
Fig. 2.10). Spermatid staining with 3A7 remained until spermatid elongation
(stage X) at approximately the same time as cessation of protein translation in
spermatids (see Fig. 2.10).
In marked contrast, 6A9 recognized an epitope beginning in stage V
pachytene spermatocytes and continuing in all spermatocytes upto early
spermatids (Fig. 2.3B). Expression continued in spermatocytes through meiosis
and terminated in elongating spermatids at stage X. No staining with 6A9 was
detected in early germ cells or any somatic cells (Fig. 2.3B), including those from
the liver, thymus and kidney (not shown). When testes sections were incubated
with a mixture of 3A7 and 6A9, staining was observed in all testicular cell types
except late elongating spermatids and spermatozoa (Fig. 2.3C), suggesting that
no metabolically active cell type lacks one or the other form of CstF-64. The
2A6/E1B antibody is of the same isotype (IgGi) as 3A7 and 6A9 and was used
as a negative control (Takagaki et al, 1990). This antibody displayed no
appreciable nuclear or cytoplasmic staining of any testicular cell type (Fig. 2.3D).

2.3.3 Cloning and Sequencing of Mouse CstF-64 cDNA
Thirty nine cDNAs were isolated from a mouse mixed germ cell cDNA
library using the human CstF-64 cDNA (Takagaki et al, 1992) as a probe.
Seventeen of these cDNAs were shown to contain CstF-64 sequences by
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Southern blot analysis. The longest clone obtained (2128 bp) was designated
mCstF-64 and was sequenced and characterized (Fig. 2.4). The largest open
reading frame was 1740 bp, encoding a protein of 580 amino acids with a
predicted molecular weight of 61,345.5. The conceptual translation product is
93% identical to that of a clone isolated from a HeLa cell cDNA library (Fig. 2.5).
Mouse CstF-64 contains 158 bp of 5' UTR and 231 bp of 3' UTR with 23 bp of
poly(A) tail. A canonical polyadenylation signal, AATAAA, is located 24 bp
from the site of poly(A) addition.
Differences between the mouse and human proteins (Fig. 2.5) include an
insert encoding three proline residues at amino acids 349-353 so that five
contiguous prolines are observed in the mouse where two are seen in the
human. The 12X MEARA/G domain (Takagaki et al, 1992) consists of twelve
nearly identical repeats of the amino acids MEARA/G. However there are some
conservative changes, with a leucine replacing an isoleucine in the first repeat
and two alanines in place of a valine and a glycine in the tenth repeat of mouse
CstF-64. This also differs from the IIX LEPRG repeat reported for the
orthologous gene in chicken (Takagaki et al, 1996). There are no differences in
the RBD (amino acids 17-91) which are identical to that in the chicken (Takagaki
et al, 1996) and Xenopus CstF-64 (Barbaux et al, 1996). The C terminus (amino
acids 534-577) is also highly conserved between mouse and human suggesting
an essential function for this region of the protein. There is a single amino acid
difference (alanine 202^serine) in the region reported to interact with CstF-77
and symplekin (amino acids 185-208) (Takagaki and Manley, 2000). There are
also other amino acid changes in regions of the protein for which functions are
yet to be ascribed.
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As expected, UTRs differ to a greater extent between the mouse and human
cDNA clones. The 5' UTR of the mouse clone is longer (158 bp \'s. 23 bp) than
the published clone from human and is only 59.1% identical in the region of
overlap. The 3' UTRs are more similar at 82.7%.

2.3.4 mRNA Levels for mCstF-64 are Overexpressed
in Testes
RNA blot analysis using a 3' UTR probe for CstF-64 gives a strong signal at
approximately 2.2 Kb and a much weaker signal at 3.5 Kb in testicular RNA as
judged by comparison with DNA markers and 18S and 28S rRNAs (Fig. 2.6A,
lane 7). The band seen at - 5 Kb in every lane is likely due to nonspecific
hybridization with the 28S rRNA. The 2.2 Kb signal was most intense. No signal
was seen in RNA from any other tissue tested (Fig. 2.6A, lanes 1-6,8). For
comparison the filter was reprobed with a cDNA for glyceraldehyde phosphate
dehydrogenase (not shown) which corresponded to the rRNA levels (Fig. 2.6B).
This finding suggests that CstF-64 mRNAs are over expressed in one or more
testicular cell types.

2.3.5 CstF-64 mRNA is Highly Expressed
in Postmeiotic Germ Cells
Further characterization of mCstF-64 included carrying out in situ
hybridization analysis on paraformaldehyde fixed sections from adult mouse
testes using [35S]-labeled antisense RNA probes from mCstF-64 (Fig. 2.7).
In situ hybridization with either the coding region (Fig. 2.7, A-C) or 3' UTR
(not shown) antisense probes from mCstF-64 revealed small clusters of silver
grains over Leydig cells, resident macrophages, spermatogonia and early stage
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VIII to stage XII spermatocytes (Fig. 2.7A,B). This indicates that low levels of
CstF-64 is present in these cell types. As primary spermatocytes enter the
pachytene stage there are fewer grains over these later stage spermatocytes. This
pattern continues through the remainder of meiosis, indicating a paucity of
CstF-64 mRNA in the meiotic cells. Control hybridization with sense probes
indicated the low, background levels of signal for all cell types in this tissue (Fig.
2.7D).
Round and early elongating spermatids expressed very high amounts of
CstF-64 mRNA. This level of signal begins in approximately step 5 round
spermatids in stage V and continues to step 11 elongating spermatids in stage XI
(Fig. 2.7A,B). Thus, there are "somatic" levels of CstF-64 (Fig. 2.7C) mRNA in
spermatogonia and early meiotic germ cells, which then decline to background
levels during the later stages of meiosis in pachytene and diplotene
spermatocytes. Following meiosis, CstF-64 mRNA expression is initiated again
in the haploid cells, terminating at the same time as normal haploid gene
transcription ceases (Wallace et al, 1999).

2.3.6 Cstf2, the Gene Encoding mCstF-64 is on
the X Chromosome
The mouse chromosomal location of Cstf2 was determined by interspecific
backcross analysis using progeny derived from matings of [(C57BL/6J X M.
spretus) Fl X C57BL/6J] mice. This panel has been typed for >2800 loci that are
distributed among all autosomes as well as the X chromosome (Copeland and
Jenkins, 1991). C57BL/6J and M. spretus genomic DNAs were digested with
several restriction enzymes and analyzed for informative restriction fragment
length polymorphisms using a mCstF-64 3' UTR probe. The 6.0 Kb Taql M.
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spretus restriction fragment length polymorphism (see Materials and Methods)
was used to follow segregation of the Cstf2 locus. Results indicated that Cstf2 is
located in the central region of the X chromosome linked to Pgkl and Btk (Fig.
2.8). One hundred and thirty five mice were analyzed for every marker, and up
to one hundred and eighty five mice were typed for some pairs of markers. Each
locus was analyzed for recombination frequencies by using the additional data.
Ratios of the number of mice with recombinant chromosomes to the number
analyzed for each pair of loci and the most likely gene order are:
centromere—P^/cl—6/135—Csf/2—1/185—Bf/c. The recombination frequencies
(genetic distances in centimorgans ± the standard error) are Pgkl—4.4 ±
1.8—Csf/2—0.5 ± 0.5—Btk. Hybridization with a full length cDNA probe
detected multiple restriction fragments, at least one of which is autosomal (data
not shown). These results suggest that Cstf2 maps to the X chromosome though
there are several Csi^/2-related genes in the mouse genome.

2.3.7 CSTF2 is an X-linked Gene
The PI artificial chromosome dJ347M6 contains the CstF-64 genomic clone
and maps to the long arm of the X chromosome (Xq22). This genomic clone is
entirely colinear with the human cDNA, as confirmed by sequence comparison
and Southern hybridization (data not shown). Further confirmation of X
chromosome assignment was obtained by FISH analysis of human metaphase
chromosome spreads using dJ347M6. Over 150 spreads were examined in
samples from females and 75 were used from males. FISH showed two high
intensity signals from females (Fig. 2.9A) and one from male (Fig. 2.9B), on
medium sized, group C chromosomes, consistent with an X chromosomal
location for CSTF2.
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2.4 Discussion
In our im estigation of possible factors contributing to an alternati\^e
mechanism of polyadenylation we have found that two distinct forms of the
essential polyadenylation protein CstF-64 are expressed in mouse testis. The
64,000 Mr somatic form, detected by the 3A7 monoclonal antibody, was found in
all mouse tissues examined and is undoubtedly orthologous to the CstF-64
described in HeLa cells (Takagaki et al, 1992). A -70,000 Mr form, detected with
the 6A9 antibody, was seen only in extracts from mouse testes and to a small
extent in brain. No other somatic tissues had levels of 6A9 reactive protein
detectable by immunoblot analysis.
It was surprising to find two forms of CstF-64 in mouse tissues using
antibodies that recognize only a single form in HeLa cells. Subsequent
experiments have shown that the human cDNA for the somatic CstF-64 encodes
determinants for both the 3A7 and 6A9 epitopes (Fig. 3.1). Further, we have
found that the mouse somatic cDNA encodes only the 3A7 epitope (Fig. 3.6).
This would suggest that the mouse testis-specific CstF-64 cDNA would encode
only the 6A9 epitope. This serendipitous discovery of the segregation of the two
epitopes has made it possible to examine the two forms individually in mouse
which would not be possible in human.
Immunohistochemical studies (summarized in Fig. 2.10) revealed that the
6A9 reactive protein was not simply restricted to the testis but it was expressed
in a definite stage-specific pattern within this organ. The 70,000 Mr 6A9 reactive
protein was the only form expressed during most of meiosis. In comparison the
3A7 reactive, somatic CstF-64 was expressed in spermatogonia and early
spermatocytes. Subsequently, in round spermatids and early elongating
spermatids, both the somatic and testis-specific forms were expressed. This
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suggests three phases for polyadenylation in male germ cells: phase I (premeiosis), in which normal polyadenylation is mediated by the somatic CstF-64
protein. Phase II (meiosis) mediated by the testis-specific form and phase III
(post-meiosis) mediated by both forms of CstF-64. This suggests the intriguing
possibility that the testis-specific form of CstF-64 is responsible for the increased
use of non-AAUAAA polyadenylation signals in germ cell mRNAs during and
after meiosis (Edwalds-Gilbert et al, 1997; Wallace et al, 1999).
The testis appears to have a larger proportion of messages utilizing noncanonical polyadenylation signals than somatic cells. This coupled with the
finding that the somatic CstF-64 protein is apparently absent during most of
meiosis in male germ cells leads to the belief that the 70,000 Mr form could play
an important role in recognizing the non-AAUAAA signal sequences. The
functional significance of these unconventional polyadenylation signals in male
germ cells is not clear. Many mRNAs are expressed in multiple tissues, but the
testicular message uses a different polyadenylation site (Edwalds-Gilbert et al,
1997; Wallace et al, 1999). In case of the genes pim-1 (Wingett et al, 1992),
CREMx (Foulkes et al, 1993) and cyclin A2 (Ravnik and Wolgemuth, 1996) the
polyadenylation machinery overlooks a canonical AAUAAA signal for a germ
cell-specific site to produce a normal poly(A) tail.
In contrast to the apparent function of a testis-specific form of CstF-64 during
meiotic development of spermatocytes, the somatic 64,000 Mr CstF-64 may assist
in polyadenylation of messages containing non-AAUAAA polyadenylation
signals during spermatogenesis by either or a combination of the mechanisms
by which it brings about the IgM switch (see Section 2.1.2). There is a marked
upregulation in somatic CstF-64 transcription in mouse testes as seen by in situ
hybridization analysis (Fig. 2.7). An increase in CstF-64 protein levels would be
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akin to the mechanism suggested by Takagaki et al (Takagaki and Manley, 1998;
Takagaki et al, 1996) where the increased amounts of CstF-64 allowed
recognition of weaker polyadenylation signals, i.e non-AAUAAA sequence
elements. It is also possible that there is an increase in binding affinity of CstF-64
for its cognate binding sequence in the mRNA (Edwalds-Gilbert and Milcarek,
1995) which allows more efficient use of non-canonical signals.
Expression of somatic CstF-64 mRNA is highest at around step 11 elongating
spermatids just prior to the cessation of transcription in these cells. This
coincides with the upregulation in transcription of a large number of the core
transcription factors such as TATA binding protein (TBP), RNA Pol II, TFIIB
(Schmidt and Schibler, 1995) and TFIIAa/p-like factor (Han et al, 2001) as well
as other haploid specific mRNAs (Erickson, 1990; Penttila et al, 1995). The
reason for the simultaneous over-expression of transcriptional and
polyadenylation factors late in spermatogenesis is not understood. It is possible
that this is required for some aspect of haploid gene expression or due to the
highly compacted nature of the chromatin at this stage of development (Ward,
1994).
In other respects the mouse clone of somatic CstF-64 is very similar to the
reported human CstF-64 (Takagaki et al, 1992). They are identical in the RBD
and C-terminal domains and share twelve repeats of the amino acids MEARA.
The only striking difference is the insertion of three prolines in the
proline/glycine rich domain. Interestingly, genes for both mouse (Fig. 2.8) and
human CstF-64 (Fig. 2.9) are located on the X chromosome. This region of the
mouse X chromosome lacks mutations with a phenotype that might be expected
for an alteration in the Cstf2 locus according to a linkage map of uncloned
mouse mutations (Mouse Genome Database, The Jackson Laboratory).
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However, this region does share homology with the long arm of the human X
chromosome which is consistent with our data indicating the CSTF2 locus on
Xq.
Although CstF-64 is known to be a phosphoprotein (Takagaki and Manley,
2000), this is not the likely cause for the difference in mobility between the
64,000 and 70,000 Mr forms (Wallace et al, 1999). Thus, there are various
mechanisms that can account for the observed difference.The 70,000 Mr form
could be the product of a different gene, an alternatively spliced product of the
somatic CstF-64 mRNA or due to a post-translational modification other than
phosphorylation. Our data most strongly supports the hypothesis that the testisspecific form is encoded by a different gene than the somatic form. The main
evidence supporting this belief is the X chromosomal location of Cstfl. The X
and Y chromosomes are known to get highly heterochromatinized to form the
transcriptionally inactive sex vesicle during male meiosis (Goetz et al, 1984;
Handel et al, 1991; Solari, 1970; Solari, 1974). This necessitates a second source
for X-linked house keeping gene products in meiotic male germ cells as is the
case for phosphoglycerate kinase 1 {Pgkl) (McCarrey et al, 1992; McCarrey and
Thomas, 1987), pyruvate dehydrogenase E l a subunit (Dahl et al, 1990; lannello
and Dahl, 1992) and glucose-6-phosphate dehydrogenase (Hendriksen et al,
1997). Mapping of Cstfl, the gene for mouse somatic CstF-64 also uncovered
potential loci for CstF-64 related genes on other mouse autosomes (data not
shown). One of these could be the locus for the testis-specific CstF-64 gene.
Other than testes the 70,000 Mr CstF-64 protein is present in brain but this is
not as surprising because there are reports of several testis-specific proteins
being expressed in the brain as well (Elliott et al, 2000; Morales et al, 1998; Oyen
et al, 1990; Schumacher et al, 1995; Shackleford and Varmus, 1987; Sherbany et
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al, 1987; Slaughter and Means, 1989). The brain is a rich source of alternatively
spliced transcripts as well as differentially polyadenylated messages (Amara et
al, 1982; Nagai et al, 1998; Schumacher et al, 1995). So it is interesting but not
totally unexpected to find expression of a testis-specific polyadenylation factor
in the brain.
Based on these data it can be proposed that the testis-specific form of CstF-64
is the product of an autosomal gene and the protein encoded is 70,000 Mr and
immunoreactive to only the 6A9 monoclonal antibody. This protein is also
probably the same as that purified by Beyer et al. from calf thymus (Beyer et al,
1997).
A substantial portion of this chapter was published as Wallace et al. 2000
(Wallace et al, 1999) and Dass et al. 2001 (Dass et al, 2001).
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Fig. 2.1 Stages of spermatogenesis in a normal adult mouse testis. Twelve
stages I-XII are depicted as columns and spermatogenesis proceeds
in rows starting from the bottom left corner of stage I. Abbreviations
used are In, Intermediate spermatogonia; B, B type spermatogonia;
PL, preleptotene spermatocyte; L, leptotene; Z, zygotene; P,
pachytene; D, diplotene; m, meiosis; 1-16, steps in spermiogenesis.
From (Russell et al, 1990).
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Fig. 2.2 Protein immunoblot detection of CstF-64 in mouse tissues (A and B).
HeLa nuclear extract (lane 1), nuclei from indicated mouse tissues
(lanes 2-6, 8) or whole testicular tubules (lane 7) were examined by
protein immunoblotting. Testis tubules were used rather than nuclei
because of the difficulty in obtaining germ cell nuclei. Immunoblots
were incubated with 3A7 (A) or 6A9 (B) monoclonal antibodies. (C)
A single immunoblotted membrane was split along one lane (5a/5b)
and incubated with 3A7 (left) or 6A9 (right) and then reassembled.
Lanes contain HeLa nuclear extract (lanes 1 and 6), whole testicular
tubules (lanes 2, 5a/5b and 7), liver (lanes 3 and 8) or thymus (lanes
4 and 9) nuclei. Arrows indicate approximate sizes of CstF-64
proteins.
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Fig. 2.6 Northern blot analysis of CstF-64 transcripts in various mouse
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transferred to nylon membranes and hybridized to a 32p-labeled
probe from the 3' UTR of mCstF-64 (A). The ethidium bromide
stained gel is shown for comparison of loading (B).
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Fig. 2.9 Fluorescence in situ hybridization (FISH) analysis of human
metaphase chromosomes. Metaphase spreads from peripheral
blood were prepared as described in the text. Hybridization was
with dJ347M6, a PAC clone containing the human CstF-64 gene.
(A) Representative metaphase spread from a female. (B) Metaphase
spread from a male. Yellow arrows indicate X chromosomal signals
from probe hybridization. The blue arrow indicates signal in an
intact interphase nucleus.
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CHAPTER III
TCstF-64 IS THE ALTERNATIVE GERM CELL-SPECIFIC
POLYADENYLATION FACTOR IN MOUSE

3.1 Introduction
3.1.1 Overview
Mammalian male germ cell-specific mRNAs appear to have a high frequency
of occurrence of non-canonical polyadenylation signals as compared to somatic
cell transcripts (Meijer et al, 1987; Oppi et al, 1987; Oyen et al, 1989). This
observation led to the proposal that male germ cells had an altered mechanism
of polyadenylation that allowed the recognition and utilization of these nonAAUAAA sequences (Wallace et al, 1999). This hypothesis was supported by
the discovery that there were two distinctly different forms of the essential
polyadenylation protein CstF-64 in mouse testis. The 64,000 Mr somatic form
had been cloned and characterized in humans (Takagaki et al, 1992) prior to our
finding it in mouse (Dass et al, 2001). The 70,000 Mr form was restricted in its
expression to the meiotic and post-meiotic stages of spermatogenesis (Dass et
al, 2001; Wallace et al, 1999) and had not been observed as part of the
polyadenylation protein complex in the early purification schemes or other
studies. Our data allowed certain predictions to be made about the
characteristics of the germ cell-specific 70,000 Mr CstF-64 isoform. These include
it being a protein that, migrated at 70,000 Mr by SDS-PAGE, was
immunoreactive to the 6A9 but not to the 3A7 monoclonal antibody, had a
different peptide map compared to the 64,000 Mr somatic CstF-64 isoform, and
was encoded by an autosomal gene that was similar but not identical to the
somatic CstF-64 cDNA. This 70,000 Mr protein is predicted to play an integral
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role in germ cell-specific polyadenylation and in the probable relaxed specificity
of recognition of polyadenylation signals (Dass et al, 2000). Such a change in
RNA binding specificity of the 70,000 Mr isoform from that of the 64,000 Mr
form could allow non-AAUAAA signals to function within acceptable limits of
efficiency in vivo.

3.1.2 Non-Canonical Signals in Germ Cell mRNAs
As mentioned in Section 2.1.4, the earlier estimate of 90% of all messenger
RNAs having AAUAAA as their polyadenylation signal (Colgan and Manley,
1997; Wahle, 1995) is most probably an overestimation and a more realistic
frequency of occurrence would probably be around 60-65% (Beaudoing et al,
2000; Graber et al, 1999; Kawamoto et al, 2000).
In an attempt to estimate the proportion of male germ cell mRNAs that used
a non-AAUAAA polyadenylation signal in mouse, the 3' ends of cDNA clones
chosen at random from a mouse mixed germ cell cDNA library were sequenced
(Redondo J.-L. and MacDonald C.C, unpublished). Analysis of these sequences
indicated that about 60% of mRNAs in male germ cells were able to get
polyadenylated even in the absence of an AAUAAA signal within 50
nucleotides of their cleavage site. These results are in agreement with various
studies done by independent investigators involving the analyses of sequences
obtained from EST and other databases (Beaudoing et al, 2000; Graber et al,
1999; Kawamoto et al, 2000).
Additionally, with the cloning of new genes and their cDNAs there was
increasing evidence for transcripts utilizing non-AAUAAA sequences as
polyadenylation signals. These cDNAs were obtained from libraries made by
reverse transcription of tissue-specific mRNAs, usually using oligo(dT) primers.
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Therefore, the results can be interpreted to mean that the cDNAs obtained
correspond to mRNAs which were polyadenylated to some degree in vivo.
In mouse testis, a shorter 4 kb transcript for the c-abl oncogene was detected
which lacked the AAUAAA signal in its 3' end. The closest variant observed in
this region which could possibly substitute was UACAAA (Meijer et al, 1987;
Oppi et al, 1987). Meanwhile, the regulatory subunit Rlla of protein kinase A
(PKA) from human testis was suggested to use the signal UAUAAA, which is a
single base variant of the consensus signal AAUAAA (Oyen et al, 1989) and
occurs in 3.2% of the 3' ends of human ESTs (Beaudoing et al, 2000). In
comparison, the mRNA for PKA RIIp from rat testis has the most common of all
single nucleotide variants observed, AUUAAA which is also thought to be the
functional polyadenylation signal for various other transcripts such as, the
murine laminin A mRNA (Gottschling et al, 1993), human iduronate 2 sulfatase
(IDS), 2.1 kb transcript (Cudry et al, 1999), RAN-GTPase activating protein 1
(RAN-GAPl) testis-specific 2.8 kb mRNA (Krebber and Ponstingl, 1996), human
translocon-associated protein a {TRAP a), 1.2 kb message stimulated by the
cytokine granulocyte-macrophage colony-stimulating factor in various cell types
(Hirama et al, 1999), and the normal human testis-specific CDYl minor
transcript (Lahn and Page, 1999).
AUUAAA is proposed to occur as the potential polyadenylation signal in
14.9% of the human ESTs. In vitro studies indicate that this signal has 77±4.7%
polyadenylation and 66±6.4% cleavage efficiency of the canonical sequence
(Sheets et al, 1990). Based on this, AUUAAA is probably the only single
nucleotide variant that functions in vivo at a level comparable to AAUAAA.
Therefore, the correlation between its high observed frequency in the EST
database and in other studies compared to other possible single nucleotide
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variations of AAUAAA suggests that it is a functional polyadenylation signal
sequence. This is supported by computer-aided studies where the frequency of
occurrence of the 18 possible single nucleotide variants correlates well with their
measured in vitro cleavage and polyadenylation efficiency (Graber et al, 1999;
Sheets et al, 1990) (Table 3.1). This strengthens the argument that these signals
are used by the polyadenylation machinery and processing of the mRNA at
these sites is not due to a stochastic aberrant event.
There are other single nucleotide variant signals observed in other mRNAs.
For instance, the sequence AAGAAA is seen in the 4.5 kb message for
prostaglandin endoperoxide H synthase 1 (PGHSl) from a human
megakaryoblastic cell line (Plant and Laneuville, 1999), the 1.68 kb mRNA for
TRAPa (Hirama et al, 1999) and the alternate CDYl minor transcript from
human testis (Lahn and Page, 1999). Database searches suggest that this signal
occurs as a scattered hexamer in 1.1% of human EST 3' ends (Beaudoing et al,
2000) and is minimally polyadenylated in vitro (6±1% of AAUAAA) (Sheets ef
al, 1990). Others include GAUAAA in a calmodulin mRNA from brain
(Sherbany et al, 1987), AGUAAA in the 2.3 kb mRNA for germ cell nuclear
factor (GCNF) (Zhang et al, 1998), AACAAA in the testis specific 2.7 kb message
for HSP 70.2 (Zakeri et al, 1988) as well as AAUAAU, AAAAAA, and
AAUAUA from four messages, each of different length from the TRAPa gene
(Hirama et al, 1999).
Other putative polyadenylation signal sequences vary at more than one of
the positions. These have a higher degree of complexity in that regard, and are
probably even less readily used by the polyadenylation machinery in vivo. Thus,
the a-Liduronidase message from canine testis is proposed to use CUUAAA
(Stoltzfus et al, 1992), the 2.16 kb mRNA for TRAPa is proposed to use
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AUUAUU (Hirama et al, 1999), and the human testis-specific CDY2 mRNA is
proposed to use AGGAAG (Lahn and Page, 1999). Of all these transcripts,
TRAPa is the most intriguing because it has eight potential polyadenylation
signals giving rise to eight transcripts of different lengths, none of which is of
the canonical AAUAAA type (Hirama et al, 1999).
Though several of the cDNAs were from somatic cell libraries, a significant
number of testis-specific cDNAs lacking the AAUAAA sequence in their 3' end
were also surveyed. It was observed that these testis-specific messages were
often shorter in length than their somatic counterparts (Meijer et al, 1987;
O'Brien et al, 1994; Oppi et al, 1987; Oyen et al, 1989; Russell and Kim, 1996;
Zhang et al, 1998). Thus, it was suggested that shorter transcripts were more
stable in the testis and that cells of the testis contained special enzymes with
different sequence specificity for both transcription termination and
polyadenylation compared to somatic cells (Meijer et al, 1987; Oppi et al, 1987;
Oyen et al, 1989). No experimental data have been offered to support these
suggestions. The idea that the testis contains different enzymes for transcription
termination and polyadenylation as compared to somatic cells corresponds with
and lends support to our hypothesis that mammalian male germ cells utilize an
alternative mechanism of polyadenylation.

3.1.3 The X Chromosome in Mammalian Spermatogenesis
The phenomenon of meiotic X inactivation adds an additional layer of
complexity to that created by the diversity in polyadenylation signals used to
synthesize functional messenger RNAs in the testis. It has been known for some
time now that the sex chromosomes, i.e., both the X and Y chromosome,
undergo a high degree of heterochromatinization and become a clearly visible
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heteropyknotic structure in the nucleus of pachytene spermatocytes. This
structure is known as the XY-body or the sex vesicle (Lifschytz and Lindsley,
1972; Sachs, 1954; Solari, 1974). Though it results in X chromosome inactivation,
this phenomenon appears to be significantly different from the somatic X
inactivation (Lyon, 1961) that occurs in mammals to bring about dosage
compensation [reviewed in [Avner, 2001 #360; Pannuti, 2000 #361; Marin, 2000
#362]]. The formation of the XY-body results in the total cessation of
transcription of genes on these two chromosomes (Lifschytz and Lindsley, 1972;
McCarrey et al, 1992b; Monesi, 1965). The XY-body formed during
spermatogenesis is not characterized by a change in general nuclease sensitivity,
histone acetylation or DNA methylation (McCarrey, 1998). However, these
changes in chromatin structure are significantly different between the active and
inactive X chromosomes in female somatic nuclei. In somatic cells the active X
chromosome, is hypomethylated, has hyperacetylated histones and increased
sensitivity to nucleases. In contrast the XY-body maintains characteristics more
akin to the active X than the inactive X chromosome with respect to histone
acetylation (Armstrong et al, 1997), general nuclease sensitivity, and
methylation (McCarrey, 1998; McCarrey et al, 1992a). Also Xist, the RNA
involved in causing and maintaining X inactivation in the somatic nucleus
(Brockdorff et al, 1991; Brown et al, 1991a, 1991b) does not appear to play an
essential role in XY-body formation or maintenance (Marahrens et al, 1997),
even though it is expressed in the testis at low levels (McCarrey and Dilworth,
1992; Richler et al, 1992; SaHdo et al, 1992).
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3.1.4 Timing of XY-Body Formation
Based on the observation of air-dried and microspread preparations of
spermatogenic nuclei from mice, it was concluded that the XY-body was formed
during prophase of meiosis I. The X and Y chromosomes are the last to pair at
zygotene and the first to start desynapsis around mid-pachytene. Thus, the sex
chromosomes appear to be delayed in pairing relative to the autosomes (Goetz
et al, 1984; Lifschytz and Lindsley, 1972).
Preleptotene nuclei are small with homogeneous and dispersed chromatin
(Russell et al, 1990). Chromatin condensation is first apparent in the leptotene
stage with the formation of fine threads. Paired elements appear in zygotene
when XY pairing also occurs. Autosome pairing is almost complete by late
zygotene. The largest XY synaptonemal complex is seen during the early
pachytene stage, when the XY-body becomes distinguishable as a nuclear
feature (Goetz et al, 1984). Mid pachytene cells are much larger with a
prominent XY-body in the nucleus. By late pachytene, the bivalents are clearly
visible and end to end pairing with differential thickening of the XY-body is
apparent. The sex vesicle is very prominent in the large diplotene nucleus and
the differential thickenings now form fusiform swellings. Autosomes begin
desynapsis at subterminal regions. In late diplotene nuclei, desynapsis is
prominent except for the ends of the chromosomes and the XY-body has a
smooth dark staining, round body associated with it. This round structure is not
seen prior to early pachytene and its function is not clear (Goetz et al, 1984).
Thus, the XY-body is primarily a characteristic feature of spermatogenic cells in
the prophase of meiosis I.
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3.1.5 Effect of XY-Body Formation
The formation of the XY-body results in complete heterochromatinization
and inactivation of these chromosomes. Markers such as histone macroH2A1.2
and XYbp are commonly found on the inactive X chromosome and
heterochromatin in somatic nuclei are also found localized to the XY-body
(Hoyer-Fender et al, 2000; Parraga and del Mazo, 2000). The inactivation of
these chromosomes also results in their transcriptional repression (Monesi,
1965; Stewart et al, 1984) which is maximal during the pachytene stage of the
first meiotic prophase (Kumari et al, 1996). RNA Polymerase II and splicing
factors are excluded from the region of the nucleus containing the XY-body,
providing additional evidence that there is no transcription of sex-linked genes
during meiosis I in male germ cells (Richler et al, 1994). This inactivation relaxes
in the round spermatid phase of spermatogenesis and is therefore of a transient
nature when compared to somatic X-inactivation (Kumari et al, 1996).
The X chromosome encodes a large number of genes for essential
housekeeping functions such as phosphoglycerate kinase {Pgk) (McCarrey and
Thomas, 1987; Mori et al, 1986), lactate dehydrogenase {Ldhc) (Sakai et al, 1987),
hypoxanthine phosphoribosyl transferase {Hprt) (Shannon and Handel, 1993),
glucose-6-phosphate dehydrogenase {G6pd) (Zollo et al, 1993) and pyruvate
dehydrogenase E l a {Pdhal) (Brown et al, 1989; Takakubo and Dahl, 1992).
Therefore, inactivation of the X chromosome during spermatogenesis would
prevent the expression of these essential genes. Absence of housekeeping
proteins involved in normal metabolic functions such as glycolysis and purine
salvage could potentially halt spermatogenesis. There are three possible ways in
which a cell can overcome the absence of such essential gene products during
male meiosis: (1) transcription can be up regulated just prior to XY-body
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formation and the resulting transcripts stabilized such that they have longer half
lives and are present throughout meiosis I; these transcripts can then undergo
regulated translation during the period of X-inactivation, (2) the cell can increase
the stability and half-life of the mRNA or the protein such that the protein
persists throughout meiosis I and the lack of new transcription is no longer a
limiting factor, (3) an alternative gene that is on an autosome and therefore not
subject to inactivation can act as a second source for the transcript and thereby
the protein, for a gene that is inactivated due to its location on the sex
chromosome (Dahl et al, 1990; Handel et al, 1991). By and large, male germ cells
have chosen the third option.

3.1.6 Functional Retroposons in the Testis
There are a large number of X-linked genes that have been found to have
functional retroposed copies on autosomes in both mice and humans (Table 3.2).
These processed genes have all the features of pseudogenes in that they lack
introns, are flanked by direct repeat sequences which mark the position of
insertion by a retroposon and often the remnant of a poly(A) tail corresponding
to the 3' end of the original message that was reverse transcribed by the virus or
endogenous retroviral element (McCarrey, 1994; Vanin, 1985). Retroposition in
itself is not a rare phenomenon, but the retroposed pseudogene producing a
functional product is less common. Most often the pseudogene does not contain
the original parental promoter sequence, preventing transcription. Also, the lack
of a functional transcript allows the pseudogene to accumulate point mutations
which include inframe stop codons causing premature translation termination
of the ORE. Only those pseudogenes which are fortuitously expressed by being
inserted downstream of a promoter sequence will lack mutations or premature
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stop codons, and therefore remain functional. It appears that the phenomenon of
XY-body formation has forced the need for an alternative source of essential Xlinked gene products and created sufficient selection pressure to activate and
maintain a cohort of functional retroposons (Table 3.2).
The resulting hypothesis (McCarrey et al, 1992b) is that gene products which
are not required to function post-meiotically would not need functional
retroposons even if the somatic gene was X-linked, e.g., phosphorylase kinase
{Phka) (McCarrey et al, 1992b). X-linked genes that function post-meiotically yet
lack functional retroposons are expected to have much more stable mRNAs than
X-linked genes that have functional autosomal versions, e.g., Hprt (Shannon and
Handel, 1993; Singer-Sam et al, 1990). Thus, the X-linked Hprt gene which lacks
an autosomal version in eutherian mammals is hypertranscribed in leptotene
and zygotene spermatocytes. The resulting mRNA is stabilized so that it persists
throughout meiosis I until reactivation of the gene in round spermatids. This
ensures equivalent Hprt activity in testicular somatic and germ cells (Shannon
and Handel, 1993).
There are various ways in which evolution has worked to overcome the
inactivation of genes on the X and Y chromosomes during their transient
inactivation in spermatogenic meiosis. Thus there are X-linked genes which
have given rise to autosomal testis-expressed retroposons such as glycerol
kinase (Pan et al, 1999; Sargent et al, 1994), Pdhal (Dahl et al, 1990; Takakubo
and Dahl, 1992) and Pgk (McCarrey and Thomas, 1987) in human and mouse,
and the mouse Zfx and Zfa (Ashworth et al, 1990; Erickson et al, 1993) genes.
Surprisingly there is a gene which is autosomal {CDYL) and has a functional
testis-specific retroposon, CDY on the Y chromosome in human (Lahn and Page,
1999) (Table 3.2). There are also autosomal genes with testis-specific retroposons
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expressed from a different autosomal locus such as LDHC4 (Sakai et al, 1987)
and cytochrome CT (Virbasius and Scarpulla, 1988). The reason for the existence
of this last class of genes is probably not the same as the others as they are
neither sex -linked nor subject to inactivation. However, there is a need for a
testis-specific isoform for these genes. It is possible that a large number of
retroposons become active in the testis due to a change in the chromatin
condensation during the interval when the histones are replaced by the
transition proteins and then the protamines.
Pgkl is X-linked in both mouse (X 45.0cM) (Mori et al, 1986) and human
(Xql3) (McCarrey and Thomas, 1987) and expressed in all somatic cells as well
as spermatogonia and pachytene spermatocytes. The gene is inactivated during
meiosis I and does not become functional post-meiotically (McCarrey et al,
1992a). The Pgk2 gene is expressed from preleptotene stage and is present even
in the cytoplasmic fragments of mature sperm (Goto et al, 1990). This gene maps
to an autosome (mouse chromosome 17 and human chromosome 6pl2-21.3) and
has all the characteristics of a processed pseudogene (McCarrey and Thomas,
1987). It is unique however in that it contains the promoter of the somatic Pgk
gene and thus was retroposed from an aberrant transcript that included the
parental gene promoter sequence (McCarrey, 1987,1990). This is the best
studied testis-expressed autosomal retroposon and led to the finding of several
other genes that use a similar mechanism to overcome inactivation effects in
male germ cells.

3.1.7 Result of XY-Body Formation
One effect of XY-body formation is the activation of paralogous copies of
genes, often retroposons encoding testis-specific versions of genes (Table 3.2).
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Another indirect result is that the X and Y chromosomes segregate during
meiosis and the resulting haploid spermatids possess either an X or a Y
chromosome. Since the X and Y chromosomes are partially reactivated after
meiosis, haploid expression of sex-linked genes has a potential to create
differences between X- and Y-bearing spermatids. Not all sex-linked genes
become transcriptionally active post-meiotically. Pgkl (McCarrey et al, 1992a)
and Pdhal (Hendriksen et al, 1995) are not reactivated in spermatids whereas Xlinked Fmrl and Hprt genes are and their transcripts are present in round
spermatids and residual bodies (Hendriksen et al, 1995; Shannon and Handel,
1993). X-linked genes, Ubelx, a ubiquitin activating enzyme (Odorisio et al,
1996), MHR6A, a ubiquitin conjugating enzyme (Hendriksen et al, 1995) and
Cstf2 (Wallace et al, 1999) are transcribed post-meiotically. Some Y-linked genes
such as, Zfy (Nagamine et al, 1990), Sry (Capel et al, 1993) and Ubely
(Hendriksen et al, 1995) are also transcribed in spermatids. There is also a subset
of genes whose expression is restricted solely to post-meiotic spermatids (Eddy
and O'Brien, 1998; Penttila et al, 1995), such as the X-linked AKAP82, which
encodes the major fibrous sheath protein of the mouse sperm flagellum (Carrera
et al, 1994; Moss et al, 1997). These proteins are specific to spermatozoa and
hence their function is not required in any other cell type. Hence, it is reasonable
to expect their expression to be limited to spermatids even if they are sex-linked
genes. There is a long list of genes that are transcribed and translated postmeiotically. Some of these are testis-specific isoforms and others are not. Since
most of these genes are autosomal there is less chance of their expression
causing any inequality among the haploid spermatids.
Differential gene expression in haploid spermatids could create differences
between X- and Y-bearing cells, but this is circumvented by the presence of
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intercellular bridges. Spermatogenic cells develop as a syncytium with all
members of a single progenitor being held together by cytoplasmic connections
1|LI wide in diameter (Dym and Fawcett, 1971). It has been shown for a number
of messages such as protamine (Braun et al, 1989; Caldwell and Handel, 1991)
and TB-RBP (Morales et al, 1998) that transcript sharing occurs via these
cytoplasmic bridges. Thus equalizing gene products in all spermatids
irrespective of their genetic constitution. However, sharing is limited to proteins
that are not membrane bound, secreted or sequestered in any way. The main
disadvantage of transcript sharing is that it allows mutant sperm to survive and
thereby shift the selection stage for such mutants to the next generation.
Depending on the nature of the mutant gene, this may cause the future
generation to be sterile.
Our data suggests that CstF-64 is encoded by two genes in mouse and
human. The somatic isoform corresponds to an X-linked gene, Cstf2, in the
vicinity of Pgkl, which is presumably inactivated during meiosis. Protein
corresponding to CstF-64 is not seen in pachytene spermatocytes (Wallace et al,
1999). A second gene, Cstf2t encoding the testis-specific TCstF-64 isoform is
autosomal (mouse chromosome 19) (Dass et al, 2000) and is expressed only in
meiotic and post-meiotic spermatogenic cell types. Unlike Pgkl, the Cstfl gene is
reactivated post-meiotically in mice and a high level of transcription is seen
from this locus. Cstflt continues to be co-expressed with Cstfl until transcription
stops due to extensive compaction of the chromatin in elongating spermatids
(Fig. 2.10). Thus, it appears that Cstfl is very similar to Pgkl in its evolutionary
origin.
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3.2 Materials and Methods
3.2.1 Epitope Mapping
Full length cDNA encoding human CstF-64 (Takagaki et al, 1992) was cloned
in frame into the pGEX2T vector (Amersham Pharmacia). 3' end truncations
were made by limited enzymatic digestion of the above construct to obtain
versions that terminated at amino acids 524, 418 and 318. A fourth construct was
made by introducing a 290 bp BamHI fragment of CstF-64 encoding amino acids
309-403 into pGEX2T. Each construct was introduced into Escherichia coli DH5a
cells by transformation, grown to mid-logarithmic phase and induced for 3
hours at 37°C with 1 mM isopropyl P-D-thiogalactoside. Bacterial extracts were
prepared for immunoblotting with either the 3A7 or 6A9 monoclonal antibody
as described previously (Section 2.2.1 Protein Analysis).

3.2.2 Complementary DNA Isolation
An adult mouse pachytene spermatocyte cDNA library in Uni-Zap XR vector
(McCarrey et al, 1999) was screened using the 290 bp BamHI cDNA fragment of
human CstF-64 encoding amino acids 309-403. Filters were denatured in 0.5M
NaOH, 1.5M NaCl, neutralized in 0.5M Tris-HCl pH7.4,1.5M NaCl and
hybridized with [a32P]dCTP-labeled cDNA probe in hybridization solution
(lOxSSC, 0.05M sodium phosphate, pH6.5, 5x Denhardt's solution, 0.1%
Na4P207, 0.5% SDS, 0.05 m g / m l salmon sperm DNA) overnight at 65°C. Filters
were washed at a final stringency of 2xSSC, 0.1%SDS at 65°C and exposed to
film at -80°C with an intensifying screen. Positive plaques were purified by two
additional rounds of screening. Plasmid rescue into pBluescript SK~ was
according to the manufacturer's directions (Stratagene, La Jolla, CA). Of two
million plaques screened initially, 24 hybridized to the probe, all of which
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represented the same mRNA transcript (see Section 3.3 Results). The longest
clone (3612 bp) was designated mTCstF-64 and was sequenced by a combination
of primer walking and subcloning, using the Sequenase 2.0 kit (USB Corp.).
Sequences were aligned and grouped into contigs using the SeqMan analysis
program (DNAStar).

3.2.3 In Vitro Transcription and Translation
Polypeptides corresponding to human (hCstF-64) (Takagaki et al, 1992),
mouse (mCstF-64) and the mouse (mTCstF-64) (Dass et al, 2000) cDNAs were
prepared in vitro using the T3 and T7 TNT coupled Reticulocyte Lysate System
(Promega, Madison, WI). Products from the transcription/translation reactions
were separated on a 10% SDS-PAGE gel and immunoblotted with either the 3A7
or 6A9 monoclonal antibody.

3.2.4 Peptide Mapping by Partial Proteolysis
Radiolabeled proteins corresponding to mCstF-64 and mTCstF-64 were made
in vitro using the T3 TNT reticulocyte lysate system (Promega) with
[35S]methionine (New England Nuclear). Translated products were separated by
10% SDS-PAGE and the band corresponding to full-length mTCstF-64 protein
was excised and eluted overnight at 4°C in Cleveland Buffer (0.125M Tris-HCl,
pH6.8, 0.5%SDS, 1% glycerol, 0.0001% bromophenol blue [Takagaki, 1992 #30;
Cleveland, 1977 #89]).
Radiolabeled mTCstF-64 was made in vivo by incorporation of
[35S]methionine during short term culture of mouse seminiferous tubules. Testes
from 8 CD-I mice (Charles River Breeding Laboratories) were decapsulated and
washed several times in cold PBS to remove interstitial cells. Tubules were then
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washed in prewarmed DMEM (Dulbecco's Modified Eagle Medium) lacking
methionine (Cellgro, Mediatech Inc.) followed by incubation in DMEM
containing lOmM methionine, 2mM glutamine and 1.25 mCi/ml Tran35S-label
(ICN) for 7 hours at 32°C (O'Brien, 1987). Following incubation, tubules were
washed in DMEM, resuspended in RIPA (150mM NaCl, 1% Nonidet P-40, 0.5%
deoxycholate, 0.1% SDS, 50mM Tris, pH8.0) and sonicated on ice. After
preclearing, samples were immunoprecipitated at 4°C using the 6A9
monoclonal antibody and protein A-Sepharose beads as described (MacDonald
et al, 1994). Following immunoprecipitation, beads were washed in RIPA,
boiled in Laemmli buffer (Laemmli, 1970) and digested with 0.1 or 1.0 |Lig of V8
protease (Sigma, St Louis, MO) in the presence of 5 \ig of bovine IgG protein
(Bio-Rad, Hercules, CA) for 30 minutes at 37°C (Cleveland et al, 1977; Takagaki
et al, 1992). Polypeptide fragments were separated by 15% SDS-PAGE, followed
by fluorography. The image was captured on X-ray film exposed in the presence
of an intensifying screen at -80°C for the times indicated in Fig. 3.7.

3.2.5 Mouse Interspecific Backcross Mapping
Interspecific backcross progeny were generated by mating (C57BL/6J x Mus
spretus) Fl females and C57BL/6J males as described (Copeland and Jenkins,
1991; Wallace et al, 1999). A total of 205 N2 mice were used to map the Cstflt
locus. DNA isolation, restriction enzyme digestion, agarose gel electrophoresis
and Southern blot analysis were performed as described (Jenkins et al, 1982).
The probe, a 514 bp Dral/Xhol fragment of mTCstF-64 from the 3' UTR, was
labeled with [a-32P]dCTP using a nick translation primed labeling kit (Roche
Molecular Biochemicals); washing was done to a final stringency of 0.8xSSCP,
0.1% SDS at 65°C. A fragment of 0.5 kb was detected in Taql digested C57BL/6J
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DNA and a fragment of 1.8 kb was detected in Taql digested M. spretus DNA.
The presence or absence of the 1.8 kb Taql M. spretus-speciiic fragment was
followed in backcross mice. A description of the probes and RFLPs for the loci
linked to Cstflt including Gnaq and Fas has been reported previously
(Watanabe-Fukunaga et al, 1992; Wilkie et al, 1992). Recombination distances
were calculated using Map Manager, version 2.6.5 (Roswell Park Cancer
Institute, Buffalo, NY). Gene order was determined by minimizing the number
of recombination events required to explain the allele distribution patterns.

3.2.6 Recombinant RBD Protein Purification
RNA binding domains (RBDs) from human (hRBD), mouse CstF-64 (mRBD)
and mouse TCstF-64 (mTRBD) were prepared as fusion polypeptides with Nterminal hexahistidine tags. Construction of the plasmid hRBD (formerly known
as rHis64A247) was described previously (Takagaki et al, 1992). The RBDs of
mCstF-64 (nucleotides 53-897) and mTCstF-64 (nucleotides 77-598) were cloned
in frame with the hexahistidine tag of the pQE9 vector (Qiagen, Valencia, CA) to
make mRBD and mTRBD, respectively. hRBD, mRBD and mTRBD plasmid
DNAs were transformed into ULTRAmaxDH5a-FT cells (Life Technologies
Inc.), grown to mid-logarithmic phase and induced at 37°C for 3 hours by the
addition of isopropyl |3-D-thiogalactoside to 1.5mM. His-tagged recombinant
proteins were isolated as described (Takagaki et al, 1992) and dialyzed against
buffer D [20mM HEPES, pH7.9, O.IM KCl, 0.2mM EDTA, 1.5mM MgCh, 10%
glycerol, 0.5mM dithiothreitol, 0.5mM phenylmethylsulfonyl fluoride [Dignam,
1983 #90]] overnight at 4°C. Recombinant proteins were quantified by
comparison to bovine serum albumin standards after staining of 12.5% SDSPAGE gels with Coomassie Brilliant Blue R-250.
145

3.2.7 UV Cross-Linking
Zero point three microgram each of hRBD, mRBD, mTRBD or bovine IgG
(Bio-Rad) was mixed with 32p-labeled SVL substrate (3X104 cpm) (Wilusz and
Shenk, 1988) in buffer D for 30 minutes at 30°C. Reaction mixtures were exposed
to 107 |ij/cm2 of ultraviolet light in a CL-1000 Ultraviolet Cross-linker
(Ultraviolet Products, Upland, CA). Control reactions were processed without
exposure to UV. Reaction mixtures were incubated with 10 units of RNaseONE
(Promega) at 37°C for 15 minutes. SDS-PAGE loading buffer was added, the
samples were boiled and separated on a 12.5% SDS-PAGE gel. The gel was
stained with Coomassie Blue to ensure equal loading of the recombinant
proteins, destained, dried and subjected to autoradiography at -80°C with an
intensifying screen.

3.3 Results
3.3.1 Epitopes for 3A7 and 6A9 Map to Two
Distinct Regions of CstF-64 cDNA
The monoclonal antibodies 3A7 and 6A9, raised against the human CstF-64
protein purified from HeLa cells, can distinguish the somatic (3A7) and variant
(6A9) forms of CstF-64 in mice (Wallace et al, 1999). In human, however, both
antibodies recognize the somatic form of CstF-64 (Takagaki et al, 1990) (Fig.
3.1). Therefore, to map the recognition sites of each antibody, polypeptides
corresponding to different regions of human CstF-64 were expressed as fusions
to glutathione S-transferase in bacteria and immunoblotted with either the 3A7
(Fig. 3.1A) or 6A9 (Fig. 3.1B) antibody.
The deletion construct 524 (Fig. 3.1 A, lane 2) retained the 3A7 epitope which
was lost in the subsequent 3' truncations, constructs 418 and 318 (Fig. 3.1 A, lanes
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3 and 4). Protein encoded by the 290 bp BamHI fragment was not
immunoreactive to the 3A7 protein either (Fig. 3.1A, lane 5). This suggests that
the epitope for 3A7 was located in the region between amino acids 418 and 524.
In comparison proteins corresponding to the constructs 524 and 418 reacted
positively with the 6A9 antibody (Fig. 3.IB, lanes 2 and 3) while construct 318
(Fig. 3.IB, lanes 4) did not. Therefore, the 6A9 epitope can be deduced to be
present in the peptide comprising amino acids 318 to 418 of human CstF-64. To
delineate this region further protein was expressed from the 290 bp BamHI
fragment. Since this protein was reacti\'e to 6A9 (Fig. 3.IB, lane 5) it shows that
this peptide contains the region of interaction with this monoclonal antibody.
Hence, it was discovered that the 3A7 epitope was between amino acids 418
and 524 which was further downstream of the 6A9 epitope present in the region
comprising amino acids 318 to 418. Since TCstF-64 was recognized by the 6A9
antibody but not the 3A7 antibody (Wallace et al, 1999), we chose to screen a
mouse pachytene spermatocyte library with the BamHI fragment of human
CstF-64 that includes the 6A9 epitope, to isolate its cDNA.

3.3.2 Isolation of mTCstF-64 cDNA
An adult mouse pachytene spermatocyte library was the kind gift of John R.
McCarrey (Southwest Foundation for Biomedical Research, San Antonio, TX
(McCarrey et al, 1999)). Our previous results suggested that cells during this
period of spermatogenesis expressed mTCstF-64 exclusive of the somatic CstF-64
(Wallace et al, 1999) (Fig. 2.3). Two million plaques were screened using the 290
bp BamHI cDNA fragment to obtain 24 positi\'e clones which were rescued into
pBluescript SK" vector. Each of these clones represented nearly identical
transcripts that differed in length at the 5' ends. None of the cDNAs represented
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the mouse somatic CstF-64 as determined by Southern analysis using a mCstF64 specific probe (data not shown). The plasmid containing the longest insert
was designated mTCstF-64 (GenBank accession number AF322194) and was
characterized further.
Sequence analysis of mTCstF-64 revealed a cDNA of 3596 bp and a 16 bp
poly(A) tail. A single open reading frame of 1890 bp was deduced and it
encoded a 630 amino acid protein with an estimated molecular mass of 65,893.8
Da and an isoelectric point of 7.10. The putative translation initiation codon
ATG at nucleotide 77 is in good Kozak consensus (Kozak, 1984; Kozak, 1987).
The mTCstF-64 cDNA has 76 bp of 5' UTR and 1640 bp of 3' UTR. There is a
canonical polyadenylation sequence AATAAA at nucleotides 3576-3581 (Fig.
3.2).
The protein encoded by the mTCstF-64 cDNA is similar to other known
forms of CstF-64 and is 69.8 and 71.6% identical, to the mouse and human
somatic forms of CstF-64 respectively (Fig. 3.4 and 3.5). Interestingly, the protein
encoded by mTCstF-64 is more highly related (85.6% identical) to the protein
encoded by KIAA0689, a cDNA obtained in a survey of long open reading
frames expressed in human brain (Ishikawa et al, 1998). mTCstF-64 also has two
peptide inserts (amino acids 213-231 and 498-555) relative to human, mouse and
Xenopus; these inserts are shared by KIAA0689 (Fig. 3.3). This suggests the
possibility of KIAA0689 being the human ortholog of mTCstF-64. The inserts
also probably account for the larger apparent molecular size of the variant CstF64 protein on SDS-PAGE (Fig. 3.6B). The downstream insert (498-555) is in a
region containing 13 imperfect repeats of the 5 amino acid motif MQG(A/G)G;
two such repeats are seen in human CstF-64. Although it is unlikely that these
repeats form a stable structure such as that formed by the MEAR(A/G) repeats
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(Richardson et al, 1999). It is possible that they perform a related but as yet
undefined function.
Fig. 3.3 shows an alignment of the mTCstF-64 protein with human CstF-64.
The mTCstF-64 protein shares features of known CstF-64 proteins as follows: an
N-terminal RBD of the RNA recognition motif type (Burd and Dreyfuss, 1994)
(amino acids 17-92), proline and glycine rich regions (amino acids 198-425 and
464-579), a highly conserved C terminus (Hatton et al, 2000) (amino acids 589630) and eight imperfect repeats of the amino acids MEARA/G (amino acids
425-464) that are repeated 12 times in human (Takagaki et al, 1992), mouse and
chicken (Takagaki and Manley, 1998) CstF-64. The RBD of mTCstF-64 is identical
to that of CstF-64 from human, mouse and Xenopus (Barbaux et al, 1996) except
for a serine replacing the proline at position 41 of the protein.

3.3.3 Antibody Reactivity of mTCstF-64 Protein
Proteins encoded by the clones for human CstF-64, mCstF-64 and mTCstF-64
were obtained by in vitro transcription and translation of the respective cDNAs
in the rabbit reticulocyte lysate system. These proteins were then tested for
reactivity against the 3A7 and 6A9 monoclonal antibodies (Fig. 3.6). As expected
CstF-64 from human reacted with both the 3A7 and 6A9 antibodies (Fig. 3.6,
lanes 1). CstF-64 from mouse reacted with 3A7 but not 6A9 (Fig. 3.6, lanes 2,
compare A and B). This is in agreement with earlier findings including western
analysis (Fig. 2.2) and immunohistochemical studies (Fig. 2.3) on mouse testis
sections showing that the somatic form of mouse CstF-64 is recognized by 3A7
but not by 6A9 monoclonal antibody (Wallace et al, 1999). In contrast the
protein encoded by mTCstF-64 reacted with 6A9 but not 3A7 (Fig. 3.6, lanes 3
compare A and B). Also the protein recognized by 6A9 had a larger apparent
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molecular weight than either the mouse or the human somatic CstF-64 proteins.
This suggests that the mTCstF-64 protein has the same antibody reactivity as the
variant form of CstF-64 found in mouse testis. The slowest migrating band in
the human CstF-64 sample (Fig. 3.6, lanes 1) may be due to posttranslational
modification, possibly phosphorylation. The small amount of immunoreactivity
in control samples that were incubated with empty vector DNA is probably
endogenous CstF-64 in the rabbit lysates (Fig. 3.6 lanes 4).

3.3.4 Partial Peptide Map of mTCstF-64 Compared to That
of 6A9-Reactive Protein in Mouse Testes
To determine whether the protein encoded by mTCstF-64 is the same as that
present in mouse testes and recognized by 6A9 in immunohistochemistry
studies, we compared partial protease digestion patterns of the two proteins.
Radiolabeled mTCstF-64 protein was produced in vitro in rabbit reticulocyte
lysate translation extracts in the presence of [35S]methionine. Radiolabeled
TCstF-64 was isolated in vivo by short term culture of mouse seminiferous
tubules in medium containing [35S]methionine followed by
immunoprecipitation of the variant CstF-64 with the 6A9 antibody. Both
proteins were treated identically with either 0.1 or 1.0 |Xg of Staphylococcus aureus
V8 protease and analyzed by 15% SDS-PAGE and fluorography (Fig. 3.7).
By comparing the partial protease digestion patterns of the protein
synthesized in vitro (Fig. 3.7, lanes 1-3) with the protein synthesized in vivo
(lanes 4-6), the two profiles appear to share many common peptides. This
suggests strongly that the two proteins share the same primary structure. In
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contrast, the protein encoded by the cDNA for the somatic form of mouse CstF64, mCstF-64, has a distinctly different digestion profile, indicating that it has a
different primary structure (data not shown).

3.3.5 Cstf2t is on Mouse Chromosome 19
The mouse chromosomal location for the mTCstF-64 gene {Cstflt) was
determined by interspecific backcross analysis using progeny derived from
matings of ((C57BL/6J x M.spretus)Fi x C57BL/6J) mice. This interspecific
backcross mapping panel has been typed for over 2900 loci that are well
distributed among all the autosomes as well as the X chromosome. C57BL/6J
and M.spretus DNAs were digested with several enzymes and analyzed by
Southern blot hybridization for informative restriction fragment length
polymorphisms (RFLPs) using a mouse cDNA probe from mTCstF-64. The 1.8
kb Taql M.spretus RFLP was used to follow the segregation of Cstflt in backcross
mice. The mapping results indicated that Cstflt is located in the central region of
mouse chromosome 19 linked to Gnaq and Fas. Although 120 mice were
analyzed for every marker and are shown in the segregation analysis (Fig. 3.8),
upto 167 mice were typed for some pairs of markers. Each locus was analyzed in
pairwise combinations for recombination frequencies using the additional data.
The ratios of the total number of mice exhibiting recombinant chromosomes to
the total number of mice analyzed for each pair of loci and the most likely gene
order are as follows: centromere—Gnaq—24/167—Cstflt—1/122—Fas. The
recombination frequencies (expressed as genetic distances in centimorgans±S.E.)
are as follows:

centromere—Gnaq—14.4±2.7—Cstflt—0.8±0.8—Fas.
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3.3.6 RNA Binding Ability of mTCstF-64 RBD
The RBDs of all vertebrate CstF-64s are identical except for mTCstF-64, which
contains a single amino acid difference (amino acid 41). Since this domain is
known to be very highly conserved among all somatic CstF-64 cDNAs cloned
this difference was significant enough to warrant testing the ability of the
mTCstF-64 RBD to bind RNA in a UV cross-linking assay. The RNA binding
domains of human CstF-64 (amino acids 1-247), mouse CstF-64 (amino acids 1247) and mTCstF-64 (amino acids 1-174) were incubated with 32p-labeled RNA in
vitro and subjected to cross-linking with UV light (Fig. 3.9) (MacDonald et al,
1994; Takagaki et al, 1992; Wilusz and Shenk, 1988). Under the conditions used,
each RBD containing polypeptide bound covalently to RNA only in the presence
of UV light (Fig. 3.9, lanes 2, 4 and 6). Minor differences in the intensity of the
RNA cross-linked protein bands were not reproducible (data not shown). A
non-RNA binding protein, (IgG) did not bind to RNA irrespective of UV
radiation (Fig. 3.9, lanes 7, 8). This suggests that all three RBDs are capable of
binding a complex RNA substrate, although it does not address the question of
RNA-binding specificity.

3.4 Discussion
Two forms of CstF-64 protein have been found in mouse testes. They are
clearly restricted in expression with one form present in somatic cells and premeiotic spermatogenic cells and the other only in meiotic spermatocytes and
post-meiotic spermatids (Wallace et al, 1999). Evidence now exists that the
testis-specific form of CstF-64 is encoded by a separate gene that appears to be
turned on only in spermatocytes undergoing meiosis. TCstF-64, the cDNA
corresponding to this gene has been cloned and we have shown that it has all
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the characteristics expected of a clone for the testis-specific xariant form of CstF64. Specifically, the cDNA designated mTCstF-64, (i) is found in a pachytene
spermatocyte cDNA library, (ii) encodes a protein with an apparent mobility on
SDS-PAGE of about Mr 70,000, (iii) protein derived from this cDNA is
recognized by the 6A9 but not the 3A7 monoclonal antibody, (iv) is encoded by
the gene Cstflt on mouse chromosome 19, which is an autosome, (v) encodes a
protein that has a partial peptide map that is identical to that of TCstF-64 from
testis, and (vi) is most similar to KIAA0689 (Ishikawa et al, 1998), a cDNA from
the brain where TCstF-64 is also found. The RNA binding domain (RBD) of
TCstF-64 was also shown to be functional in binding RNA in vitro despite having
a Pro->Ser substitution at amino acid 41 with in the RBD.
The mTCstF-64 protein is clearly the product of a different gene than is the
mouse CstF-64 protein. The cDNAs are only 69.8% identical leading to a number
of amino acid substitutions throughout the protein, rather than the inclusion or
exclusion of individual exons; thus, excluding the possibility of the proteins
being splice variants. This is substantiated by the finding that Cstflt maps to
mouse chromosome 19 (Fig. 3.8) and not to the X chromosome which is the site
of the Cstfl gene. Backcross analysis also uncovered two additional potential
pseudogenes for Cstflt on mouse chromosomes 1 and 2. A human brain cDNA
clone, KIAA0689 is quite similar to mTCstF-64 and is probably the human
ortholog of this gene. These similarities between mTCstF-64 and the human and
mouse somatic CstF-64s suggest that mTCstF-64 is the result of a duplication or
retroviral insertion of the CstF-64 gene prior to the divergence of rodents and
primates (Fig. 3.5).
The RNA recognition motif type RBD at the N-terminus, which is identical in
all vertebrate CstF-64s examined (human, (Takagaki et al, 1992); mouse, (Dass et
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al, 2001); Xenopus, (Barbaux et al, 1996) and chicken, (Takagaki and Manley,
1998)), except mTCstF-64, which has a single Pro->Ser change at amino acid 41.
RBDs of this type have a well defined Pa(3Pa|3 motif (Burd and Dreyfuss, 1994;
Gorlach et al, 1992; Nagai et al, 1990) and Ser41 is part of the second loop
following the first a-helix in the RBD (Nagata et al, 1999). This might cause
mTCstF-64 RBD to have an altered RNA substrate specificity as compared to that
of the somatic CstF-64. This would contribute to the differences seen in germ cell
polyadenylation.
Many of the amino acid substitutions in mTCstF-64 relative to CstF-64 are in
regions that have as yet unknown functions, including the Gly/Pro-rich regions
(Fig. 3.3, amino acids 198-425 and 464-579). Interestingly a number of
substitutions and a 19 amino acid insertion occur in the region thought to
interact with CstF-77 (Fig. 3.3, amino acids 180-260), which bridges CstF and
CPSF as well as interacting with symplekin, a nuclear protein of unknown
function (Takagaki and Manley, 2000). This suggests the possibility that mTCstF64 interacts differently than CstF-64 with other proteins of the polyadenylation
complex and this difference may have a bearing on its function in germ cellspecific polyadenylation.
The MEAR(A/G) repeat region of mTCstF-64 is significantly different than
the 12 repeats in CstF-64 (Takagaki et al, 1992). The region in mTCstF-64
contains only 8 recognizable repeats (425-464), one of which is incomplete (441444), some of which have proline substitutions (430,438) and none of which
match the consensus precisely. The MEAR(A/G) repeats in CstF-64 probably
form a stable, monomeric a-helix that might serve as a rigid structural element
in polyadenylation (Richardson et al, 1999). It is possible that the degenerate
MEAR(A/G) region in mTCstF-64 forms a shorter structural variant or that it is
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completely dispensable as in the case of Xenopus which completely lacks this
repeat region (Barbaux et al, 1996). However, the second insert in mTCstF-64
(498-555) includes 13 repeats of the amino acids MQG(A/G)G that might
substitute for the MEAR(A/G) function. This insert along with the first insert in
the CstF-77 interaction region also make for a longer ORE in mTCstF-64 and
enable it to code for a larger protein than the somatic CstF-64.
The similarity between mTCstF-64 and KIAA0689 (Ishikawa et al, 1998),
which is a cDNA from human brain suggests that humans share this separation
of function of CstF-64 in spermatogenic cells versus somatic cell. Since brain is
the only somatic tissue found to express TCstF-64 protein, it is interesting to find
a brain cDNA to be most similar to mTCstF-64. Thus, the possibility exists that
KIAA0689 is the human ortholog of mTCstF-64. Subsequent cloning of hTCstF-64
from a human testis cDNA library confirmed this finding (Chapter IV). It also
provided evidence for the use of non-canonical polyadenylation signals not only
in mouse but also in human.
With respect to the incidence and use of non-canonical polyadenylation
signals in mammals, it is intriguing that searches of the human EST database
(Beaudoing et al, 2000) reveal a frequency of occurrence of only 58.2% for the
canonical sequence, AAUAAA suggesting that 41.8% of the message use noncanonical signals. The second interesting feature revealed by these analyses is
that in most cases the frequency of occurrence of the single nucleotide variants
of AAUAAA is much lower than the in vitro cleavage and polyadenylation
efficiency of these variants (Sheets et al, 1990) (Table 3.1). Even though it has
been stated that the frequency of occurrence of non-canonical signal sequences
in the 3' ends of ESTs corresponds well with their in vitro cleavage and
polyadenylation activity levels. It is possible that the in vitro efficiencies are
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higher because the signals were all used in concert with the SV40 DSE. This DSE
may be a strong element in comparison to the one used by each signal in vivo
and may therefore increase the efficiency of all the polyadenylation signals
tested. In other words if each variant was used with its cognate DSE the
efficiencies obtained would be closer to the true in vivo situation. Also if the
frequency of occurrence of each signal is a reflection of how often it is used in
vivo, then the in vitro measures of their efficiencies would be expected to be
lower specially if the corresponding DSEs were used. The other possibility is
that the increase in efficiency may be an artifact of the in vitro assay because it
has greater than physiological levels of all the polyadenylation proteins. There is
evidence that increasing the levels of CstF-64 protein allow better recognition
and use of weak polyadenylation sites (Edwalds-Gilbert and Milcarek, 1995).
Having cloned and characterized mTCstF-64 we suggest a number of ways in
which it maybe involved in promoting polyadenylation of non-AAUAAA
containing mRNAs in male germ cells. One possibility is that the Pro->Ser
substitution at amino acid 41 alters the RNA binding affinity of the variant CstF64, allowing binding to a different DSE (Beyer et al, 1997; Takagaki and Manley,
1997). An altered affinity of CstF for a DSE could then influence the binding of
CPSF to an upstream element, which may or may not match the AAUAAA
consensus because the two complexes bind RNA in a cooperative fashion and
stabilize each other at their respective RNA binding sites (Fig. 5.2). The RNA
binding experiments conducted by us suggest that mammalian CstF-64 RBDs
have similar affinities for non-specific RNAs. However, it is known that the
RNA binding specificity of CstF-64 is quite different in isolation than in complex
with CstF-77, CstF-50 and CPSF (MacDonald et al, 1994; Wilusz et al, 1990).
Therefore, other regions of mTCstF-64 and other interacting proteins might have
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a strong influence on RNA substrate specificity. In light of this, mTCstF-64
contains a number of amino acid differences in the region that interacts with
CstF-77 and symplekin (Takagaki and Manley, 2000). Changes in this region
(Fig. 3.3, amino acids 108-229) could disrupt binding of CstF-64 with CstF-77 or
even to symplekin, thus dramatically altering CstF interaction with the premRNA and with CPSF. Therefore, a stronger interaction of TCstF-64 with its
downstream element could offset the weaker affinity of CPSF at an upstream
non-canonical signal.
This chapter was published as Dass et al. (2000) (Dass et al, 2000).
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Fig. 3.1 Mapping the epitopes for the 3A7 and 6A9 monoclonal antibodies on
the human somatic CstF-64 cDNA. Proteins corresponding to full
length CstF-64 and three 3' truncations at amino acids 524, 418 and
318 as well as a peptide corresponding to amino acids 309-403 were
obtained after inducing E.coli containing each of these plasmids with
ImM IPTG. Bacterial extracts were separated on 10% SDS-PAGE and
immunoblotted with either 3A7 (panel A) or 6A9 (panel B)
monoclonal antibody to human CstF-64. Signal was detected using a
chemiluminescent substrate.
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GGAGTGGGCCTGTTCACTTTGTCACTGTTACTCTACCACGTACCCTGAAAATAACTACATCATCC
ACCAAGTAAGGCTATGAGGAAGATGCAGGAGGAATAACATGTCTGCACTTTGTTAACTGCGTCT
TTAAAAATCCCGAGTAAGCTGGGAACTACATAAAAATTGAAAGTGACTTGTTACAGTATTGATAT
ACTAAGATGGTTTAAAGGTTTTTGGTTGTATATTAACTGAATGTCAGCATCTTAAGATACACTTTT
TGGTAAACCAAAATACTGTAGAGTAATAAGATTAATGTTTAGTTATTTTGGAATTATTTTGAAATA
TTGGAGCTAACAGTCTGTGGTGTAGATGTAGGGTTTTTTTTGTTTTTGTTTTTTTTTTTTTAAGCATT
GTTATCTGTAAAAAGGTAATTTTCATTTACCTGACTTTTTTGAGACAACTAATATTCTTGCCTGGTC
CCACCTGGTGATTTTGCAGAATAGTTGTAGTGTCAGCTGAATTATATAAAGCCGCCTCTGAGGAG
ACTCAAGTGATTTCCTAATACATTTCTCTAAAAAAATTCTTAAGCACCAAGTCTGGTTGTAAGTAG
TTTTTTCATGTCATCTGAAAATAGCAGTTAGACATGGGGTCGGACTTTCTTGAGTAATGGAGGGT
TTTTCAGTAAAGCTCCCACCCAGGTTCTTGATAAACCACTATCCATACGCAGATGGAATCCATTT
GGTCAGGAATCAGAAGTTAAAAAATCTTAGTCTTCGAATTTTGACGTGTCTTACAGTTTGATAACT
TTCACAAAGTACTTTCCTGCCATCAGCTTAACTAGAACTGAGGCCCAAGTGATCTGACAGCTCTG
CTCAACTTAGTATTTTATTTCTTAGAACTCTCAAGAGCCATTTGGTCATAACATACATTCCTATCA
GATGTGTTTTAAAATAAGGAGTGTGGAATTTAATACATTTCCTTTAGAGCTACCATACATCAGATG
TGTTTTAAAATAAGGAGTGTGGAATTTAATACATTTCCTTTAGAGCTACCATACTAi M M I G A C A T
TAAGTGTGTGGCACCTAGACACCATGTCATATCTAGTTAATGAGCAGAAACAAGCACAAGTTCC
CACTTGACCAAGTGATAGTCCTCTGTAGGAAACTAACTACCCAGCTACAGAGGGAAGAGTAGCC

TTAGGGAGAGAGCTGACCCAAGGGTCTACTTTGTCCTTGGAAAGTTTGAGCATTTTCAGTGTACA
GAGTTTTCATTCCTAGGCTATTTTCCATCGACTTAGTTTTTTGTGCTAGTGTTAAACTCTCTGTGGT
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TTCCTCTGCTTCTCCTTTGCTGAAGTTGGTTTGTGTTTTGTACTTTTGTGCTAGTTCTGGCTAATTC
CAATTGCTTGCTTTCGAAATTGCGGTTGCTAGCCCAAAACTTCTTATAGTCTTTGTTATAAGAAAA
TCTCTGCATTGTTTAATGAAAATTAAATAAAAAGGTTGTATAATTAAAAAAAAAAAAAAA
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Fig. 3.3 Amino acid alignment of the mTCstF-64 encoded protein (bottom
line) compared to that coded for by the somatic mCstF-64 cDNA (top
line). Numbering and alignment are based on the mTCstF-64
sequence. Differences in sequence are indicated by boxes. The RBD is
shown as a light gray box, the two insert regions as dark gray boxes,
the MEARA repeat region by a gray overline, the CstF-77 interaction
domain by a black overline and the conserved C-terminal region by
a black hatched line.
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mCstF-64
mTCstF-64

s^

,^ .

,^
T

^' / ^^ # ^' i e ^
100 93.2 71.6 65.0 66.2 38.7 40.2 22.3 hCstF-64
100 69.8 63.4 62.6 39.0 39.6 22.3 mCstF-64
100

85.6 63.8 37.2 38.7 19.3 mxCstF-64
100 49.7 27.1 38.7 13.9 KIAA0689
100

36.3 39.9 22.3 xCstF-64
100

28.0 22.0 ceCstF-64
100

14.2 dCstF-64
100 y R N A l S

Fig. 3.4 Percentage similarity between the various mammalian (in black) and
other non-mammalian (in gray) CstF-64 cDNAs cloned to date.
hCstF-64, human somatic CstF-64; mCstF-64, mouse somatic CstF64; KIAA0689, putative human alternative CstF-64; mTCstF-64,
mouse alternative CstF-64; xCstF-64, Xenopus Isevis CstF-64; dCstF64, Drosophila melanogaster CstF-64; ceCstF-64, Cenorhabditis elegans
CstF-64 and yRNAlS, yeast (S. cerevisiae) homolog of CstF-64.
hCstF-64
mCstF-64
mTCstF-64
KIAA0689
xCstF-64
dCstF-64
ceCstF-64
yRNA15

r

Fig. 3.5 Tree diagram showing evolutionary relationship of all the CstF-64
homologs cloned. Mammalian homologs are indicated in black and
non-mammalian CstF-64 genes are in gray. Abbreviations used are
same as in Fig. 3.4 above.
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64 kDa

70 kDa
64 kDa

Fig. 3.6 Immunoreactivity of the proteins encoded by the human somatic
CstF-64 (hCstF-64) cDNA, lane 1 and the two forms present in
mouse, mCstF-64 (somatic), lane 2 and mTCstF-64 (alternative), lane
3. Proteins were expressed from the corresponding cDNAs using a
rabbit reticulocyte lysate system for in vitro transcription and
translation. Programmed lysates were separated on a 10% SDSPAGE gel, transferred to PVDF and immunoblotted with either 3A7
(panel A) or 6A9 (panel B) monoclonal antibody to human CstF-64.
Signal was detected using a chemiluminescent substrate and
subsequent exposure to X-ray film.
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In vitro In vivo
\ig V8 ' o

0.1 1.0' ^

1 2
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4

Fig. 3.7 Partial peptide map of the protein encoded by mTCstF-64 {in vitro)
c o m p a r e d to that of the intrinsic testis protein that is
immunoreactive with the 6A9 monoclonal antibody {in vivo).
Radiolabeled protein encoded by the cDNA clone was obtained by
expressing the latter in a rabbit reticulocyte lysate system in the
presence of 35S-methionine. Full length protein was gel purified,
digested with V8 protease from Staphylococcus aureus and separated
on a 15% SDS-PAGE gel (lanes 1-3) alongside 6A9-reactive 35Smethionine labeled protein from a short term organ culture of
mouse testes which was obtained by immunoprecipitation followed
by digestion with V8 (lanes 4-6). Three different amounts of V8 were
used, 0,0.1 and 1.0 |Xg. Signal was enhanced by fluorometry and
observed by exposure to X-ray film. Dots indicate bands common to
both proteins. Lanes 1-3 were exposed to film for 10 days and lanes
4-6 were exposed for 105 days.
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y
Fig. 3.8 Mapping the locus for Cstflt, the gene for the mTCstF-64 protein in
mouse. Left, columns represent the chromosomes identified in back
cross progeny that inherited from the (C57BL/6J X M. spretus) Fl
parent. Shaded boxes represent a C57BL/6J and white boxes a M.
spretus allele. Number of offspring inheriting each type of
chromosome is listed at the bottom. Right, partial linkage map of
chromosome 19 showing Cstflt
in relation to linked genes.
Recombination distances between loci are shown to the left, and
positions of loci in human chromosomes are show in parentheses.
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hRBD mRBD mtRBD
I

UV-+

1I

1I

- + - +

1 I

IgG

-

+

1

h/mRBD —
mxRBD —

Fig. 3.9 RNA binding of RBDs from different CstF-64 proteins. 32p-labeled
RNA was mixed with synthetic RBD domains from human (hRBD,
lanes 1 and 2), mouse (mRBD, lanes 3 and 4), mouse alternative
(mTRBD, lanes 5 and 6) or with bovine IgG (lanes 7 and 8). Mixtures
were allowed to incubate for 30 minutes at 30°C., exposed to UV
light (lanes 2,4, 6 and 8) to cross link RNA to protein, treated with
RNase then subjected to 10% SDS-PAGE and autoradiography.
Control samples were not exposed to UV light (lanes 1,3,5 and 7).
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Table 3.1 Alternative Mammalian Polyadenylation Signals
Gene

Polyadenylation Frequency
In vitro Efficiencv^
Signal
In EST db
fo/\a
Cleavage Polyadenylation

Canonical

AAUAAA

Single Nucleotide Changes:
AUUAAA
PKA RIIp*
Laminin A

58.2

100

100

14.9

66±6.4

77±4.7

(Sheets et al, 1990)
(Oyen et al, 1990)
(Gottschling et al, 1993)
(Shashidharan et al, 1994)
(Cudry et al, 1999)

GLUDl
IDS 2.1kb*
RAN-GAPl*
2.8kb
TRAPa 1.2kb

(Hirama et al, 1999)

CDYl minor
normar
PKA Rllot*

Reference

(Lahn and Page, 1999)
UAUAAA

17±3.0

3.2

(Oyen et al, 1989)
(Hart et al, 1999)

Cetnl*
Calmodulin

GAUAAA

1.3

30±2.8

11±1.0

(Sherbany et al, 1987)

PGHSl
1.5kb
CDYl minor

AAGAAA

1.1

—

6.0±1.0

(Plant and Laneuville, 1999)
(Lahn and Page, 1999)

alternate*
(Hirama etfl/.,1999)

TRAPa
1.68kb
30±7.2

29±8.1

(Zhang effl/.,1998)

ND

4.7±2.3

(Hirama etfl/.,1999)

4.6±3.7

(Hirama etfl/.,1999)

—

10±2.3

(Hirama et al, 1999)

—

—

4.0±2.0

(Zakeri et al, 1988)

1.2

—

11±2.3

(Parraga and del Mazo, 2000)

GCNF/RTR*

AGUAAA

2.7

TRAPa
3.2kb

AAUAAU

—

TRAPa
2.2kb
TRAPa
1.66kb
1.29kb
HSP70.2

AAAAAA

0.5

AAUAUA

1.7

AACAAA
AAUACA

2.7kb*
XYbp 2.8kb*

Multiple Nucleotide Changes:
c-abl*

UACAAA

—

(Meijer et al, 1987)
(Oppi et al, 1987)

a-Liduronidase* CUUAAA

—

—

(Stoltzfus et al, 1992)

CDY2*

—

—

(Lahn and Page, 1999)

AGGAAG

fl- From (Beaudoing et al, 2000), b- From (Sheets et al, 1990)
— = not tested, N D = levels not detectable by assay used, *= Testis-specific mRNA
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Table 3.2 Retroposons Expressed In Mammals
P a r e n t Gene^
TT
'
N a m e Locus
PGKl
Pgkl

Xql3.3

Tissue
Expressed^
^

Reference'^

SOM,

(McCarrey ?f a/.,

SG,

'''^^^

early SC (Mon et al, 1986)
X
45.0 cM

Zfx

X
34.8 cM

PDHAl

Xp22.1

Retroposon"

Tissue

TT
Name

Z
Locus

Expressed^
^

PGKI

6p23-

SC, ST,
CyF

q?2
Pgk2

(Szaboeffl/., 1984)
(Tani et al, 1985)
(McCarrey and
Thomas, 1987)
(Singer-Sam et al,
1990)

17
20.8cM

U b i q u i - (Nagamine ef A/., 1989)z/fl
tous
(Mardonand
Page, 1989)

Reference/

10
SC,ST
27.5 cM Testisspecific
4q22-23 pSC (max)
eST
19cen

(Ashworth effl/., 1990)
(Erickson et al, 1993)
(DahUffl/., 1990)

SOM, LC (Brown effl/., 1989)
StCSG
(Takakubo and
X66.5 cM
Dahl, 1992)

PDHA2

G6pd-1

X
SOM, LC (Zollo effl/., 1993)
30.02 cM StC, SG

G6pd-2

5
39.0cM CyF (low) ^^^^^

GyK

Xp21.3

HTST-1
HTST-2
Gfc-rsI
Gfc-rs2

4
5D5
18D18

Pdhal

SOM,

(Sargent ef a/., 1994)

Testis
Gyk

X33.0 cM

HNRNPG
Xq26
XAP5

Xq28
^

Xap5

(Huq et al, 1996)
(Delbridge et al,
1999)

Pdhal

(Takakubo and
Dahl, 1992)
(lannello and Dahl,
1992)
ST (max) (Hendriksen et al,

HNRNPG-T

U b i q u i - (Mazzarella ef A/.,
^ ^
1997)
tous

X5L

Ubiqui- (Sedlacek ef a/.,
^ ^
1999)
tous
'

X5l

Testis-

(Sargent et al, 1994)

specific
Testis-

(Pari et al, 1999)

specific
SC(max)

(Elliott effl/., 2000)

llpl5

rST (low)

6p25pter

U b i q u i t o u s (Sedlacek et al, 1999)
testis, b r a i n
(high)
+SC, rST (Sedlacek et al, 1999)
n o n e in SG,
StC, LC, eST

EIFlyX

Xp22.122.2

U b i q u i - (EhrmannefA/.,
tous
^^^^^

EIFlyA 12pl3.2 - Testisspecific
12.3

CDYL

6p

U b i q u i - (Lahn and Page,
^ ^
1999)
tous

CDYl

Y6F

CDYl

Y5L

U b i q u i - (Nishimura ef A/.,
^ ^
1999)
tous

Amdl

12
6.0cM

Atndl

10B2
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(htirmanneffl/., 19y»)

Testisspecific

(Lahn and Page, 1999)

Liver

(Marie effl/., 1995)
(Perssoneffl/., 1999)

Table 3.2 Retroposons Expressed In Mammals (continued)
Parent Gene^
'
Locus
Pabpl

Cetnl
CETNl

Ti<;<;iiP
Tissue

r)_i.
R e t r o p o s o n "H

Expressed^
^

Autosome

SOM,SG
SC, ST
Ubiquitous
X
Ubiqui28.85 cM tous,
Xq28

nReference'^
^r
r

neonate
testis (max)

rT
Name

;
Locus

Ti';<;iiP
Tissue

rReference'
)„r„

Expressed^
^

(Wangef A/., 1992)

Pabp2

A u t o - Testiss o m e specific,
SC, rST

(Hart ef a/., 2001)

Cetnl

18A2 A d u l t testis (Hart et al, 1999)
(max).
Testis(Chatterjee et al,
18
specific
1995)

CETNl

(Kleene et al, 1998)

11A5 Ubiquitous (Lieffl/., 1999)
SOM
(Zaiss and Kloetzel,
1999)
(Anagnou ef fl/., GLUDl Xq
GLUDl 10q23.3 Brain,
Testis
(Shashidharan et al,
1993)
22-23
liver
retina, brain
(Tzimagiorgis et al, Gludl
7
Gltidl
1415.5cM
(Tzimagiorgis et al,
1991)
1991)
(Tasken et al, 1996) PRKACG
PRKACA
UbiquipSC (max)
(Uhler et al, 1986)
19pl3.1 t o u s
9 q l 3 rST ,
(Beebe et al, 1990)
eST(low)
caput,
(Nhim et al, 1997)
Epi, yolk sac, (Sutton and
r.Peml
4
r.Peml X
. ..
Wilkinson,
Cauda epi
testis, ovary, ^ggy.
placenta

Psmel

14
22.5 cM

Ubiquitous, S O M

(Kandilef a/., 1997) Psmelb

«Gene of origin and its chromosomal locus. ^Tissue in which expression has been determined by RT-PCR,
Northern or Western blot analysis. <^ First reference for mapping or cloning of the parental gene. ^ Name
and chromosomal location of expressed retroposon/pseudogene. ^Tissue in which expression has been
determined by RT-PCR, Northern or Western blot analysis./ First reference for mapping or cloning of the
retroposon or pseudogene. Abbreviations used: SOM, somatic cells; SG, spermatogonia; SC,
spermatocytes; ST, spermatids; CyF, cytoplasmic fragments; StC, Sertoli cell; LC, Leydig cell; pSC,
pachytene spermatocyte; rST, round spermatid; eST, elongating spermatid; cM, centiMorgan; epi,
epididymis. Human genes are in full capital letters and mouse and rat (r) gene names begin with a capital
letter as is the convention.
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CHAPTER IV
THE ALTERNATE POLYADENYLATION MECHANISM
IS CONSERVED AMONG RODENTS AND HUMANS

4.1 Introduction
4.1.1 Overview
Cloning of xCstF-64 from mouse supported the hypothesis that inactivation
of the X chromosome during meiosis in spermatogenic cells necessitated
activation of an alternative, autosomal version of the CstF-64 gene. Because of
the striking parallels between germ cell polyadenylation in mouse and human,
we proposed that there was an autosomal TCstF-64 in humans as well as in mice
(Dass et al., 2000). For instance, the gene encoding the somatic CstF-64 isoform is
X-linked in both mice and humans (Wallace et al., 1999) and mouse TCstF-64 is
86% similar to a human brain cDNA KIAA0689 (Ishikawa et al, 1998) in its
coding region and 3'UTR. We proposed that KIAA0689 might be the alternative
version of CstF-64 expressed in human brain and male germ cells. To extend the
hypothesis of alternative polyadenylation mediated in part by TCstF-64 to
humans, it became essential to clone the gene for the human TCstF-64. This
human testis-specific CstF-64 was predicted to be most similar to mTCstF-64 and
be encoded by an autosomal gene. It was not certain if the protein encoded by
human TCstF-64 would resemble mTCstF-64 and retain immunoreactivity to
only the 6A9 monoclonal antibody or if it had retained epitopes to both 3A7 and
6A9 antibodies and was more similar in this respect to hCstF-64. The presence of
an alternative version of CstF-64 in humans would suggest that this gene
duplication event occurred before the separation of rodents from primates and
other eutherian mammals.
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4.1.2 Mobile Elements in the Genome
Processed pseudogene formation has been related to the presence of xarious
mobile elements in the genome. The need for retrotransposition in the formation
of these genes indicates a role for a reverse transcriptase (RT) in the process. It is
commonly believed that either endogenous retroviral agents (ERVs) (Sverdlov,
2000) or long interspersed nuclear elements (LINEs) (Dhellin et al, 1997; Esnault
et al, 2000; Kazazian, 1999) encode endogenous RT activity, and thus were
responsible for processed pseudogene formation.
In this chapter, I present evidence that the human TCstF-64 gene is a
processed pseudogene, so I will briefly review what is known about these genes.
Mobile elements can be classified into three main groups, DNA based
transposable elements, autonomous retroposons and non-autonomous
retrotransposons .

4.1.2.1 DNA Based Transposable Elements
DNA based transposable elements resemble bacterial transposons, and move
within the genome by a DNA intermediate via a "cut and copy" or "copy and
paste" mechanism. The element-encoded transposase catalyzes the excision of
the transposon from its original location and promotes its reintegration
elsewhere in the genome. These elements account for approximately 1.6% of the
human genome (Kazazian and Moran, 1998) and consist of Tcl/mariner and hAT
{hobo/Ac/Tam) family members. "Vertical inactivation," the process of
accumulation of mutations in these elements over time, is the reason for the lack
of any active autonomous DNA based elements in humans. However,
reconstruction of a synthetic non-autonomous salmonid type element. Sleeping
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Beauty, shows that these elements can transpose via a "cut and paste"
mechanism in different vertebrate genomes (Ivies et al, 1997).

4.1.2.2 Autonomous Retroposons
Mobile elements of the autonomous retroposon class are mobilized via an
RNA intermediate and can be further classified as those with LTRs (long
terminal repeats) and those without LTRs. The former have a structure
resembling retroviruses but lack a functional env (envelope) gene. The most
abundant member of this class is HERV (human endogenous retrovirus) which
comprises 1-2% of the human genome (Kazazian and Moran, 1998). HERVs
entered the genome early in primate evolution and a major amplification event
occurred in the germ line 30-35 million years ago, after the separation of New
and Old world monkeys. Most HERVs are mutated or truncated. However,
some are transcriptionally active, encode viral proteins and form particles,
indicating the possibility that some transposase active HERVs still exist. HERVs
preferentially integrate into GC and Alu-rich DNA in actively transcribed and
early replicating regions of the genome. For this reason, HERVs have been
suggested to mediate Alu transposition (Sverdlov, 2000).
Autonomous retroposons lacking LTRs consist primarily of LINEl (LI)
elements. There are approximately 105 LI forms which corresponds to -15% of
the human genome. Only 3,000 of these are full length and of these 40-50 are
active retroposons (Branciforte and Martin, 1994; Kazazian, 1999; Kazazian and
Moran, 1998). LI can retropose in both somatic (Miki et al, 1992) and germ cells
(Branciforte and Martin, 1994). They encode a reverse transcriptase which has
been shown to act both in cis and trans to allow insertion of LI itself or other
"naive" mRNA resulting in pseudogene formation (Dhellin et al, 1997; Esnault et
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al, 2000; Maestre et al, 1995). Retroposition of LI does not rely on endogenous
LI in trans (Kazazian, 1999). LI elements are concentrated in AT rich regions.

4.1.2.3 Non-Autonomous Retrotransposons
The non-autonomous retrotransposon group consists primarily of SINEs
(short interspersed nuclear elements) including Alu elements and processed
pseudogenes. This group of elements is not independently mobile, and requires
a cellular or viral source of transposase (Kazazian and Moran, 1998). Some
propose that ERVs by virtue of their preference for GC-rich DNA and Alu
sequences are probably the transposase providers for Alu transposition
(Sverdlov, 2000) but there is also increasing evidence that LI encodes an active
transposase which is not sequence specific and could help mobilize Alu
sequences (Dhellin et al, 1997; Esnault et al, 2000). Saccharomyces cerevisiae has
LTR retrotransposons but not LINEs, SINEs or pseudogenes providing a
correlation between the presence of LINEs and non-autonomous retroposons
(Esnault et al, 2000). Alu elements at 0.5-1.0 X 106 copies per genome are the
most successful colonizers present. The length and sequence of target site
duplications of LI and Alu elements suggest insertion by the same endonuclease
(Jurka, 1997; Kazazian and Moran, 1998). However, Alu prefers GC-rich DNA
while LI inserts more often in AT-rich regions. Though LI prefers its own RNA
it will bind other cellular RNAs including Alu mainly due to their proximity to
the LI RNA on the ribosome (Kazazian and Moran, 1998) [see section 4.1.4 for
details on RNA binding activity of LI].
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4.1.3 Transposable Elements and Pseudogene Formation
Transposable elements are a primary cause for genetic diseases due to
insertional mutagenesis. Of the transposable elements, transposition of the LI
element is the most common cause for these disease conditions. Its insertion into
the tumor suppressor gene APC (Miki et al, 1992) and the myc gene (Morse et al,
1988) is believed to have resulted in many instances of colon and breast cancer,
respectively, and insertion into human Factor VIII can cause hemophilia
(Kazazian et al, 1988). Insertion of Alu repeats have also been associated with
human diseases (Kazazian and Moran, 1998).
The primary effect of transposable elements is as genome modelers. For
example, 19% of the coding sequences on human chromosome 22 are
pseudogenes and 82% of these are processed pseudogenes (Mighell et al, 2000).
With an estimated endogenous germ line insertion frequency of 1 in 50-100
individuals, LI elements are the probably the primary agents of large scale
genome modification. With - 5 % of the human genome encoding exons and
regulatory sequences most of these insertions will not have adverse effects
(Kazazian, 1999). Some of them can actually be beneficial by activating
downstream pseudogenes, e.g., PMSElb (Zaiss and Kloetzel, 1999) or by
creating processed pseudogenes that are functional, e.g., Pgkl (McCarrey, 1990;
McCarrey and Thomas, 1987).
Pseudogenes are found in bacteria, plants, insects, Xenopus and other
vertebrate species. They can arise either due to duplication of genomic DNA or
by retrotransposition. Pseudogenes can be present on any chromosome. Those
that do not provide a selective advantage or a disadvantage in evolutionary
terms accumulate mutations and get inactivated over time. Most persist with
minimal selection pressure as long as they are not deleterious, and therefore
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mutate at a faster rate than their functional paralogs (Mighell et al, 2000).
Pseudogene transcripts can be more prevalent than those of their functional
paralog and they can undergo alternative splicing, e.g., rat Peml (Nhim et al,
1997). Processed pseudogenes are characterized by the absence of introns,
presence of full length coding sequence, 7-17 bp flanking direct repeats and a 3'
poly(A) tail (Dornburg and Temin, 1990; Kleene et al, 1998; Mighell et al, 2000;
Vanin, 1985). Later in this chapter, we offer evidence that CSTF2T, the human
gene for TCstF-64 is a processed pseudogene.
Recently, several experiments have been designed to elucidate the
mechanism of pseudogene formation in vertebrates. Since ERVs and LINEs are
the only RT encoding elements, they would be the natural source for the RT
required to retropose processed pseudogenes. ERVs are probably not involved
in the process, though retroviral particles can encapsidate cellular RNAs in the
absence of retroviral cis sequences. These RNAs are reverse transcribed and
integrated to form "cDNA genes." These cDNA genes differ from conventional
processed pseudogenes in that they are commonly truncated at both ends
resulting in loss of the internal 3' poly(A) tract and sometimes even part of the
coding region. Flanking repeats are conspicuous by their absence (Dornburg
and Temin, 1990; Levine et al, 1990). In addition reverse transcription starts at
the 3' end of the RNA and not at the retroviral tRNA primer binding site at the
5' end of the RNA. Retroviral encapsidation sequences are also dispensable for
pseudogene formation (Tchenio et al, 1993). This suggests that endogenous
retroviruses are not important in pseudogene formation except for the 5% of
pseudogenes that are truncated or lack internal poly(A) tails (Dornburg and
Temin, 1990). Further support is provided by evidence showing that
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pseudogene formation is a strictly intracellular process and therefore excludes
transduction and horizontal transmission through germ line infection (Tchenio
et al, 1993).
It appears that LI autonomous retrotransposons are most likely to be the
cause for pseudogene transposition. In vivo assays indicate that LI increases the
frequency of pseudogene formation in both mouse and human cell lines. Cotransfection of LI along with plasmid encoded mRNA results in pseudogenes of
the latter being formed at a frequency of 10-8-10-6 for a transcript representing
0.01-0.1% of the total cellular RNA (Maestre et al, 1995; Tchenio et al, 1993). The
resulting retroposons have all the characteristic features of processed
pseudogenes (Esnault et al, 2000; Maestre et al, 1995; Tchenio et al, 1993).
LI encodes two reading frames, ORFl and ORF2, both of which are required
for retroposition (Kazazian and Moran, 1998). ORFl is a sequence specific RNA
binding protein while ORF2 encodes a multifunctional protein with distinct
functional domains. The minimal functional domain defined within ORF2
encodes RT. The LI RT has been shown to generate reverse transcripts of RNAs
without sequence specificity, including RNAs without LINE sequences (Dhellin
et al, 1997). LINE-1 has a 20-fold higher affinity for integrating its own RNA
than other mRNAs present in trans (Esnault et al, 2000).
These data provide strong evidence for LINEs playing an essential role in the
retrotransposition of processed genes. Further, the hypothesis that
heterochromatic condensation may function to silence LINEs/transposons by
preventing access to trans acting factors supports the idea that pseudogene
formation is still an ongoing process in vertebrate cells. DNA methylation may
stabilize and help maintain the heterochromatic state so that "parasitic" elements
are controlled (Henikoff, 2000). 5-azacytidine, a demethylating agent strongly
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increases the rate of pseudogene formation providing evidence in support of
this theory (Tchenio et al, 1993).

4.1.4 The Process of Retrotransposition
In order for retroposons and processed pseudogenes to be inherited they
have to be formed in primordial germ cells, germ cells or the early embryo
before the germ cell lineage has been decided. If LI is truly the candidate RT
responsible for the mobilization of these elements, then it should be expressed in
the above mentioned cell types. Cytoplasmic ORFl protein is detected in
prepubertal mouse leptotene and zygotene spermatocytes as well as Leydig and
myoid cells. Testes from post natal day 14 mice contain both full length sense LI
RNA and ORFl protein, indicating that functional LI is present in meiotic male
germ cells where it could cause heritable genome-wide alterations (Branciforte
and Martin, 1994). Additionally a weak polyadenylation signal in LI RNA
causes inefficient transcription termination leading to read through transcript
formation and thereby transfer of double stranded genomic sequences and exon
shuffling (Esnault et al, 2000).
The testis is an optimized environment for retroposon formation for various
reasons. There is generalized transcriptional derepression (Schmidt and
Schibler, 1995) coupled with strong translational repression (Kleene, 1996) in
male germ cells. This allows high level transcription of many genes not just
haploid specific genes as well as the use of cryptic promoters and multiple start
sites to generate all possible variations of transcripts encoded by any ORE. Since
the truncated transcripts are rarely translated resulting mutant effects are not
deleterious to the cells and thus the patterns of gene expression in sperm
function in the creation of new genes (Kleene et al, 1998). Also XY body
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formation and inactivation of the sex chromosomes provides an added impetus
for the activation of alternative sources encoding X-linked house keeping
proteins (Dahl et al, 1990; Elliott et al, 2000; McCarrey and Thomas, 1987). There
is also a greater tendency for retroposon expression in meiotic and haploid
sperm (Table 3.2). The reason for this phenomenon is not completely
understood. It could be due to the generalized transcriptional derepression or
differences in DNA compaction or the over-expression of splicing and
transcription factors (Han et al, 2001; Schmidt and Schibler, 1995).
ORFl and 2 are transcribed in the nucleus and translated in the cytoplasm.
ORFl, p40 binds LI RNA near the 5' end of ORF2. It is essential for the
retroposition process. LI RNA re-enters the nucleus either passively or after
nuclear membrane dissolution during mitosis. Target primed reverse
transcription occurs. An endogenous endonuclease within LI creates a single
stranded nick in the genomic DNA (Feng et al, 1996). The free 3' hydroxyl
generated serves as a primer for reverse transcription. LI is not site specific but
prefers the general sequence (Py)n/(Pu)n (Jurka, 1997). Second strand synthesis
and the ligation mechanism are still unclear (Kazazian and Moran, 1998).
Preliminary examination of the genomic sequence of human testis-specific
CstF-64 suggests that it is a processed pseudogene that is expressed in meiotic
and post-meiotic male germ cells, primarily due to the inactivation of the Xlinked gene encoding the somatic CstF-64 protein. It is likely that the processed
pseudogene currently known to be expressed in the testis of mouse (Dass et al,
2000) and humans (Wallace A.M. and MacDonald C.C, unpublished) arose
early in the evolution of eutherians before the separation of rodents from
mammals. Based on the established view of how processed pseudogenes arose,
it is most likely that a spliced full length CstF-64 mRNA was retrotransposed by
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a LINE in the germ line of the ancestral animal and actixated in the first
eutherian thereafter that had an XY chromosome based system of sex
determination. We have no evidence at present for the existence of a functional
TCstF-64 isoform in metatherians so it is not possible to estimate the time of the
actual retrotransposition event and whether it occurred before or after the
radiation of eutherians. It will be necessary to examine TCstF-64 in noneutherian mammals and other vertebrate species to answer this question.
However, if the Cstflt gene is present and produces functional protein in protoand metatherians, it would most probably be an autosomal gene while the
somatic version would be an X-linked gene. This location of genes encoding
Cstfl homologs in non-placental mammals is based on our hypothesis that Cstflt
was activated in the testis of eutherians due to inactivation of Cstfl from XYbody formation as well as the fact that Cstfl is on the most ancient strata of the X
chromosome, a region shared in common among all mammals, from
prototherians to eutherians (Lahn and Page, 1999).

4.2 Materials and Methods
4.2.1 Cloning of a cDNA for Human TCstF-64
Two million pfu of a human testis cDNA library in Lambda ZAP Express
EcoRI/XhoI vector (Stratagene Cat.#939201), a gift from Gail Cornwall (Texas
Tech Uni\ ersity Health Sciences Center, Lubbock, TX.), was screened using an
850 bp EcoRI fragment from the mTCstF-64 cDNA clone (Dass et al, 2000). The
probe comprised the 5' portion of the mouse alternative CstF-64 cDNA from
nucleotides 43-885 (amino acids 1-270) which corresponds to a part of the 5'
UTR, the RNA binding domain and the first insert. Filters were denatured in
0.5M NaOH, 1.5M NaCl, neutralized in 0.5M TrisHCl pH7.4,1.5M NaCl and
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hybridized with [a32p]dCTP-labeled cDNA probe in hybridization solution
(lOXSSC, 0.05M sodium phosphate pH 6.5, 5X Denhardt's solution, 0.1%
Na4P207, 0.5% SDS, 0.05 m g / m l salmon sperm DNA) overnight at 65°C. Filters
were washed at a final stringency of 2XSSC, 0.1%SDS at 65°C and exposed to
film at -80°C with an intensifying screen. Positive plaques were purified by two
additional rounds of screening. Plasmid rescue into pBK-CMV was according to
the manufacturer's directions (Stratagene, La Jolla, CA). Thirty-eight positive
clones were identified. DNA for each clone was digested with the restriction
endonuclease EcoRI and Xhol, separated by agarose gel electrophoresis and
subjected to Southern transfer. The Southern blot was probed with a
[a32p]dCTP-labeled 140 bp Kpnl-Nhel cDNA fragment from mTCstF-64
(nucleotides 1598-1727, amino acids 508-551) which corresponded to the second
insert region, this region was specific to the alternative form of CstF-64 and was
absent from both mouse and human somatic CstF-64 (Takagaki et al, 1992). The
blot was hybridized in hybridization solution at 55°C and washed at a final
stringency of 2XSSC, 0.1%SDS at 65°C. The filter was exposed to film at room
temperature to develop the signal. Only three of the 38 clones were positive for
this TCstF-64 probe. All three clones were identical and encoded full length
human TCstF-64 (hTCstF-64) based on their sequence. All sequencing was done
using an ABI Prism automated sequencer (Core Facility, Texas Tech University).
Thirty of the remaining clones corresponded to the somatic CstF-64 based on
Southern hybridization using a hCstF-64 specific probe, a 188 bp EcoRI/Sspl
fragment encoding the terminal portion of the 3' UTR of this cDNA.The
remaining five clones were of unknown coding potential.
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4.2.2 Protein Coding Ability of hTCstF-64 cDNA
cDNAs encoding hCstF-64 (Takagaki et al, 1992) and hTCstF-64 were
transcribed and translated in vitro using the T7 and T3 TNT coupled rabbit
reticulocyte lysate systems (Promega, Madison, WI), respectively. Programmed
lysates were separated on 10% SDS-PAGE gels and immunoblotted with either
3A7 or 6A9 monoclonal antibodies (Takagaki et al, 1990) according to (Wallace
et al, 1999). No DNA was used to program the control lysate.

4.2.3 Peptide Map of hTCstF-64 by Partial Proteolysis
Radiolabeled protein corresponding to hCstF-64 and hTCstF-64 was obtained
by adding the respective cDNA to an appropriate in vitro transcription and
translation reticulocyte lysate system (Promega) in the presence of translation
grade [33S]-methionine (New England Nuclear). Full length protein was gel
purified from the programmed lysates and eluted in Cleveland Buffer (0.125M
Tris HCl pH6.8, 0.5% SDS, 1% glycerol, 0.0001% bromophenol blue) (Cleveland
et al, 1977). Eluates were subjected to partial proteolysis by V8 protease from
Staphylococcus aureus (Sigma, St Louis, MO) for 30 minutes at 37°C in the
presence of 5 |ig of purified recombinant IgG protein (BioRad, Hercules, CA)
(Dass et al, 2000). Peptide fragments were separated on a 15% SDS-PAGE gel,
followed by fluorography to enhance the signal. The gel was dried and exposed
to film at -80°C

4.2.4 Mapping the Locus for CSTFIT
Two sets of primers and PCR conditions specific for amplification of hTCstF64 were used to analyze the presence of the hTCcstF-64 gene. The primer pairs
used were (1) GCT CTG CCC AGG ACC TAA TGT TC and TTG TCC CCG CTC
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TAA AGG CAC TGG G and (2) CCA CGT GGA GGG ACT TTG CTT TCA and
TGC CCC TTG CTT CCA TCC CTC TG. PCR was performed using 50 ng of
DNA and 4mM magnesium under the following conditions: denaturing at 94°C
for two minutes followed by thirty cycles of denaturation at 94°C for one
minute, annealing at 65°C (primer pair 1) or 70°C (primer pair 2) for 30 seconds
and extension at 72°C for thirty seconds with a final extension for two minutes
at 72°C. Templates used included mouse-human hybrid cell DNA
monochromosomal for human chromosome 9 or 10, total human genomic DNA
as positive control, total mouse genomic DNA and no DNA as negative controls.
The entire PCR reaction for each template and primer pair was separated on a
1% agarose gel. PCR products were visualized by ethidium bromide staining in
the presence of UV light. The expected size of PCR products was 252 bp for
primer pair 1 and 347 bp for primer pair 2.

4.3 Results
4.3.1 Isolation of a cDNA for hTCstF-64
A human testis cDNA library made from pooled samples of four Caucasian
male subjects (Stratagene) was screened to obtain a full length clone for the
alternative human clone of CstF-64 called hTCstF-64. A probe consisting of
nucleotides 43 to 885 of the mouse alternative CstF-64, mTCstF-64 (Dass et al,
2000) was used. This probe contained the highly conserved N-terminal RBD
(Burd and Dreyfuss, 1994) and was expected to identify all CstF-64 isoforms
present in this library. Of the thirty-eight positive amplified and plaque
purified, only three corresponded to hTCstF-64 as judged by Southern blot
analysis using a probe specific to the second insert region found in mTCstF-64
(nucleotides 1598-1727) (Dass et al, 2000).This region is absent in the somatic
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isoforms of CstF-64 and can therefore be considered specific to the altemati\e
form of CstF-64. The majority of the clones were shown to be hCstF-64, the
somatic isoform of CstF-64 in human (Takagaki et al, 1992) as determined by
Southern blot analysis using a hCstF-64 specific probe. The remaining five
clones were unidentified.
Sequence analysis revealed that hTCstF-64 had an insert of 2341 bp which
included a 17 bp poly(A) tail at the 3' end. There was a single open reading
frame (ORE) of 1850 bp capable of encoding a 616 amino acid protein with an
estimated molecular mass of 64,442.9 Da and an isoelectric point of 7.105. The
putative translation initiation codon, AUG at nucleotide 39 appears to be in
reasonable Kozak consensus (Kozak, 1984). Although it lacks a G at position +4,
the highly conserved A at -3, C at -4 and preferred G at -6 are maintained
(Kozak, 1987). The full length clone also has a 38 bp 5' UTR (nucleotides 1-38)
and a 434 bp 3' UTR (nucleotides 1890-2324). There is a putative AAUAAA
polyadenylation signal spanning nucleotides 2310-2315.
The protein encoded by the single ORF is closely related to the other CstF-64
homologs. It is most similar to mTCstF-64 (85.6%) (Dass et al, 2000) and less
similar to the human (Takagaki et al, 1992) and mouse somatic CstF-64 isoforms
at 65.0 and 63.4% similarity respectively (Figs. 4.2, 4.3). Interestingly hTCstF-64 is
identical to the human brain cDNA KIAA0689 (Ishikawa et al, 1998) in the
coding region and 3' UTR. The KIAA0689 cDNA appears not to extend
completely 5' when its sequence is aligned and compared to the mammalian
CstF-64 cDNAs. hTCstF-64 is different from KIAA0689 in that it has a much
shorter 3' UTR. This suggests that hTCstF-64 mRNA is a tissue-specific variant of
KIAA0689, with the latter probably contributing to expression in the brain while
the former is the predominant protein in the germ cells of the testis. hTCstF-64
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shares all the common features with the other mammalian CstF-64 homologs
cloned to date. It has an N-terminal RNA recognition motif (RRM) type RBD
(Burd and Dreyfuss, 1994) (nucleotides 87-317) which is 100% identical to that of
mTCstF-64 including the Pro^Ser change at amino acid 41 (Dass et al, 2000).
The hTCstF-64 cDNA also shares nine of twelve MEARA/G repeats (nucleotides
1290-1424) (Richardson et al, 1999) known to exist in the somatic CstF-64 cDNAs
of human (Takagaki et al, 1992), mouse and chicken (Takagaki and Manley,
1998) isoforms. It also shares the highly conserved C-terminal domain (Hatton et
al, 2000) (nucleotides 1761-1886) of as yet undetermined function. hTCstF-64
also maintains the Pro/Gly region as well as the CstF-77 interaction domain
(Takagaki and Manley, 2000)(Fig. 4.1) though the latter more closely resembles
that of mTCstF-64 than hCstF-64 or mCstF-64. hTCstF-64 also possess the two
insert regions that are present in mTCstF-64 but are missing from the somatic
paralogs. The first insert region is from nucleotides 675 to 704 and amino acids
213 to 222 and is shorter than the corresponding insert in mTCstF-64 by nine
amino acids. The second insert in hTCstF-64 is similarly shorter than the one in
mTCstF-64 by thirteen amino acids. This insert extends from nucleotide 1530 to
1661 (amino acids 498-542) and includes ten of the thirteen MQG(A/G)G repeats
(Fig. 4.1). These inserts allow this cDNA to encode a larger protein
corresponding to the Mr 70,000 variant CstF-64 as compared to the Mj- 64,000
somatic CstF-64.

4.3.2 Antibody Reactivity of hTCstF-64 Encoded Protein
Rabbit reticulocyte lysates programmed with cDNA encoding either hCstF64 or hTCstF-64 were used to obtain the corresponding protein by in vitro
transcription and translation. When these lysates were separated by SDS-PAGE
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and immunoblotted (Dass et al, 2000; Wallace et al, 1999) with either 3A7 (Fig.
4.4A) or 6A9 (Fig. 4.4B) monoclonal antibody to hCstF-64 (Takagaki et al, 1990)
it was evident that hTCstF-64 protein was recognized by only the 6A9
monoclonal and not by 3A7 (Fig. 4.4, lanes 2, compare A and B) while the hCstF64 encoded protein was reactive to both antibodies as previously shown (Fig.
4.4, lanes 1, compare A and B) (Dass et al, 2000). The antibody reactivity of
hTCstF-64 protein is like that of the mTCstF-64 (Dass et al, 2000): it has retained
the epitope for the 6A9 antibody, but lost the epitope recognized by the 3A7
antibody. In addition, both mouse and human alternative CstF-64 cDNAs
encode a protein with a slower mobility than their respective somatic homologs.
The low level of protein seen in the control lane which is not programmed with
any cDNA is likely due to cross reactivity of the endogenous rabbit CstF-64
protein in the lysate (Fig. 4.4, lane 3).

4.3.3 Partial Peptide Map of hTCstF-64 Encoded Protein
Protein encoded by the two cDNAs, hTCstF-64 (Fig. 4.6 lanes 1-3) and hCstF64 (Fig. 4.6 lanes 4-6) show distinctly different partial peptide maps when
digested using V8 protease from Staphylococcus aureus. Also the full length
protein for each cDNA has a different relative molecular weight as evident by
the difference in their mobilities. These data are evidence that the two isoforms
are indeed distinct entities encoded by different cDNAs and therefore different
genes and not for example splice variants or post-transcriptional modifications
of the same transcript.
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4.3.4 CSTFIT Maps to Human Chromosome 10
Using monochromosomal DNA for human chromosome 9 or 10 in a mouse
background, and primers and PCR conditions specific for the amplification of
human alternative CstF-64, DNA fragments of expected size were obtained only
from human chromosome 10 (Fig. 4.7, lane 5). This indicated that CSTFIT, the
gene for hTCstF-64 was located on human chromosome 10. The CSTFIT locus
thus obtained was syntenic to the locus for the mTCstF-64 gene, Cstflt on mouse
chromosome 19 and supports the hypothesis that CSTFIT is the human ortholog
of Cstflt. Further fine mapping done using radiation hybrid analysis determined
CSTFIT to be located at 10q22-23 (Courtesy of Dr. Lisa McDaniel and Dr. Roger
Schultz, University of Texas Southwestern Medical Center, Dallas, TX).

4.4 Discussion
In an attempt to explain the mechanism of 3' end formation used by the large
pool of messenger RNA in mammalian germ cells that lack a canonical
AAUAAA polyadenylation signal, we proposed the existence of a second form
of the 64 KDa subunit of the essential polyadenylation factor CstF (CstF-64)
(Wallace et al, 1999). We subsequently showed that two forms of CstF-64 exist in
mouse testis and that the two forms show stage specific patterns of expression in
germ cells. The 64,000 Mr form was present in premeiotic spermatogonia and
post-meiotic spermatids, but was absent from meiotic pachytene spermatocytes.
A larger protein of 70,000 Mr was found in meiotic spermatocytes and postmeiotic spermatids (Wallace et al, 1999). The pattern of expression of the two
protein isoforms in testis along with the fact that the gene for the 64,000 Mr
somatic form is X-linked in the mouse led us to the propose that the gene
encoding the 70,000 Mr, variant CstF-64 was autosomal. Cloning and mapping
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of the cDNA encoding the the \ ariant CstF-64 cDNA from mouse verified these
predictions in that species (Dass et al, 2000). This led us to investigate the
presence of an alternative form of CstF-64 in human. Since we know that, as in
the mouse, the somatic isoform of CstF-64 in encoded by an X-linked gene in
human (Wallace et al, 1999), the presence of such a protein would lend credence
to our hypothesis that this alternative protein arose due to the inactivation of the
X-linked gene for the somatic isoform in order to allow male germ cells to
progress through spermatogenesis. Evidence of an alternative CstF-64 in human
testis would indicate a common mechanism of polyadenylation via the
activation of an autosomal version in the testes persists through evolution from
mouse to human.
Based on primary sequence, the human alternative CstF-64 protein, hTCstF64 is most similar (85.6%) to that encoded by mTCstF-64, suggesting that they
are orthologs. Also hTCstF-64 is less related (65% similar) to its somatic paralog,
hCstF-64, as seen for the mouse CstF-64 (Dass et al, 2000)(Figs. 4.2, 4.3). hTCstF64 has all the conserved features common to the CstF-64 gene family, yet is
sufficiently distinct from the somatic paralogs to allow it to function as a tissuespecific variant.
hTCstF-64 has an N-terminal RNA binding domain (RBD) of the RNA
recognition motif (RRM) type (Burd and Dreyfuss, 1994) which mediates its
ability to bind the pre-mRNA presumably at the downstream element. The RBD
which extends from amino acids 17 to 92 of hTCstF-64 (Fig. 4.1) is identical to
that of mTCstF-64 in that it retains the single amino acid change at position 41
where a proline is replaced by a serine. This indicates that the two testis-specific
orthologs have closely related RNA binding affinities that might differ from the
somatic paralogs.
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The similarity between hTCstF-64 and mTCstF-64 extends to them sharing
two unique regions inserted in-frame at amino acids 213-222 and 497-541 (Fig.
4.1). Though both insert regions are present in hTCstF-64, they are shorter by
nine and thirteen amino acids, respectively. The presence of these two inserts is
also the probable reason for hTCstF-64 encoding a larger protein (as determined
by SDS-PAGE) than the somatic CstF-64 (see Fig. 4.4B, lane 2).
The C-terminal domain is highly conserved among all CstF-64 homologs and
this suggests a highly conserved albeit undetermined function (Hatton et al,
2000). hTCstF-64 is like other homologs in maintaining high sequence
conservation in this region (amino acids 568-616) but again it is most similar to
mTCstF-64 in that it shares two sequence alterations, H i s ^ G l n at position 574
and P r o ^ S e r at position 616 compared to the somatic isoforms.
There are many single amino acid changes scattered throughout the protein
including the Gly/Pro rich region (amino acids 198-416 and 461-566) and the
CstF-77 interaction domain (amino acids 180-251) (Takagaki and Manley, 2000).
The difference in sequence between hTCstF-64 and the other mammalian CstF64 homologs in the CstF-77 interaction domain suggest that hTCstF-64 probably
interacts in a unique fashion sufficiently different from the other homologs but
probably most similar to mTCstF-64. hTCstF-64 differs from mTCstF-64 in this
interaction domain at positions 207, 210, 211, 228 and 243 while also lacking the
first nine amino acids of the first insert region which is also part of the domain
(Fig. 4.1). All other amino acid changes in this region are similar to those in
mTCstF-64. Thus, though the nature of its interaction with CstF-77 has not been
tested yet, it is predicted to be most similar to that of mTCstF-64 when compared
to all the CstF-64 homologs cloned so far.
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Both mouse and human somatic CstF-64 have twelve complete repeats of the
amino acid sequence MEAR(A/G) (Takagaki et al, 1992). mTCstF-64 differs in
having eight imperfect repeats including one which is incomplete (Dass et al,
2000). hTCstF-64 varies marginally from mTCstF-64 in having nine complete
repeats (amino acids 417-461). It shares all the differences that mTCstF-64 has
from the somatic isoforms except for four changes at positions 417, 430, 432 and
437. Interestingly none of the repeats completely match those found in the
somatic homologs. The exact function of this repeat region has not been
characterized, though it is known to form a very stable a-helix in solution
(Richardson et al, 1999). In some species it appears to be dispensable, as Xenopus
CstF-64 lacks this region (Barbaux et al, 1996).
Characterization of the hTCstF-64 encoded protein also indicates it is more
similar to the mTCstF-64 protein. Both proteins are reactive to the 6A9
monoclonal antibody and have lost the epitope for the 3A7 antibody. In
addition, both testis-specific proteins migrate more slowly than the somatic
forms in SDS-PAGE gels and correspond to a 70,000 Mr protein (Fig. 4.4). The
hTCstF-64 protein has a partial peptide pattern which is distinct from that of
human somatic CstF-64 protein when they are both digested with S. aureus V8
protease (Fig. 4.5), showing that though highly related the proteins have
diverged considerably.
Both hTCstF-64 and mTCstF-64 are encoded by autosomal genes. PCR based
mapping indicates that the gene CSTFIT encoding hTCstF-64 is present on
human chromosome 10 (Fig. 4.6). This locus was fine mapped using radiation
hybrid panels to the region 10q22-23 (data not shown) which is syntenic to the
mouse Cstflt gene on chromosome 19. This is consistent with the hypothesis that
inactivation of the X-linked somatic gene CSTFl in male germ cells creates the
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need for transcription from the alternative locus on the autosome in humans as
well as in mice. This along with the difference in peptide patterns suggests that
the two isoforms are distinct gene products that are independently activated
and are not splice variants or due to post-translational modifications.
Due to the high similarity between mTCstF-64 and the brain cDNA clone
KIAA0689, it was initially believed that they were orthologs and that the latter
was the same as the human testis-specific CstF-64. This finding also
corresponded well with the protein profile in mouse tissues where a 6A9reactive form was observed only in the testis and brain (Wallace et al, 1999).
However, cloning of hTCstF-64 from a testis-cDNA library indicates that this is
not entirely true. hTCstF-64 is 100% identical to KIAA0689 in the coding region
and the 3' UTR. Since the brain clone did not extend completely 5\ it is not
possible to compare the two cDNAs in this region. The only difference between
them is in terms of the length of the 3' UTR. hTCstF-64 terminates at nucleotide
2081 of KIAA0689 and this is a quarter the length of the UTR in KIAA0689.
Further analysis shows that there are three possible AAUAAA polyadenylation
signals downstream of the one used by hTCstF-64 in the 3' UTR of KIAA0689.
They are at nucleotides 3347, 3399 and 3838 of KIAA0689. KIAA0689 appears to
use the last of these three signals in order to polyadenylate its own message.
This implies that hTCstF-64 and KIAA0689 are tissue specific splice variants
with the former being expressed in the testis and the latter primarily in the brain
of humans. If transcripts from the human CSTF2T gene are alternatively spliced
this situation would complement that of rat Peml which is a retroposon that
undergoes splicing (Nhim et al, 1997). In addition, based on our PCR and
radiation hybrid data we are confident that hTCstF-64 is encoded by an
autosomal gene on chromosome 10. Therefore, we conclude that the KIAA0689
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gene locus mapped to chromosome 5 using GeneBridge 4 radiation hybrid
panels by Ishikawa et. al. was probably erroneous (Ishikawa et al, 1998). It is
possible that there are other pseudogenes for hTCstF-64, one of which is located
on human chromosome 5 and cross reacted in the hybridization screen for
KIAA0689.
With the completion of the human genome sequencing project it is now
possible to obtain the genomic DNA sequence for any human gene. Comparing
the cDNA sequence of hTCstF-64 to its genomic counterpart it was apparent that
the latter completely lacked introns. Eleven base pair, direct repeat sequences 5'
TTTTTTAAATG 3' flank the genomic sequence at nucleotides -2059- -2069 and
+2163- +2173 relative to the ATG, translational start site used by hTCstF-64
cDNA. These features strongly suggest that CSTF2T is a processed pseudogene
that originated due to reverse transcription and transposition of mRNA from the
X-linked CSTF2 gene. CSTF2T has the key features of a processed pseudogene: a
full length coding sequence, flanking direct repeats between 7 and 17 bp in
length and no introns. Remnants of the original poly(A) tail are not discernible
and this is probably because the original ancestral gene for TCstF-64
retrotransposed very long ago and has had sufficient time to diverge to the
point where a functionally unimportant sequence in the 3' UTR such as the
poly(A) tail could have diverged from the parental sequence. Evolutionarily
younger pseudogenes are more likely to retain a more easily recognizable
internal poly(A) tract.
Comparison of Alu and ID retroposon sequences showed that the sequence
of insertion of the element was most often 5' TTiAAAA 3\ where " i " denotes
the cleavage site. Therefore, upstream of the cleavage site the sequence is very
T-rich while 3' of the cleavage site it is A-rich. This appears to hold for flanking
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repeats that are 9 bp or longer (Feng et al, 1996; Jurka, 1997). This sequence is
present in the flanking repeats seen in CSTF2T suggesting that Alu elements
were mobilized at the same locus. Since both Alu elements and pseudogenes are
non-autonomous it is most likely that RT from a LINE was responsible for the
actual transposition of CSTF2T. The length of the direct repeats makes it more
plausible for them to be the real sites of integration as repeats that are 7 bp or
shorter are probably artifactual primarily for stochastic reasons while those
longer than 16 bp are rare for the same reasons (Jurka, 1997).
In keeping with Alu sequences being an indication of retroposition events
within any chromosome, it was seen that there were many short (shorter than 15
bp) AT rich regions scattered both upstream and downstream of the CSTF2T
coding region. These are possible marks of previous integration events of Alu
sequences. It is interesting to note that the sequence downstream of CSTF2T has
more Alu repeats than the upstream sequence. The region that was used for this
comparison included sequence 2982 bp upstream of the ATG encoding the first
methionine of hTCstF-64 and 3595 bp downstream of the 3' UTR encoded by the
hTCstF-64 clone we obtained. There were no Alu sequences with in the coding
region of CSTF2T but there was a 40 bp sequence at nucleotides+1984-2022
(relative to Ala of the first ATG as +1) which shared 87% similarity to AluJ. A
second sequence 32 bp long bears 93% similarity to both AluJ and AluSX
elements. The first sequence is in the 3' UTR of hTCstF-64 while the second is
4005 nucleotides downstream of the stop codon in the genomic DNA. Alu
sequences are present in some functional genes and their RNAs but are rare in
protein coding regions (Mighell et al, 2000). In this respect, it is perhaps not
unusual to find Alu repeats in hTCstF-64 or the surrounding genomic DNA
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especially since Alu sequences are the most common form of transposable
elements in the human genome (Kazazian and Moran, 1998).
Thus, it appears that CSTF2T is a processed pseudogene that was actixated
due to XY-body formation and the resulting inactivation of the X-linked CSTF2
gene in the testis. In this respect CSTFl is similar to PGK and other X-linked
house keeping genes whose function is vital to the survival and development of
spermatogenic cells in mammals. This makes a case for the autosomal version
being a candidate target in males with decreased fertility, oligospermia or
azospermia. Decreased or mutated TCstF-64 protein would prevent sperm from
undergoing meiosis and maturation and would therefore result in decreased
viability and number of sperm. There is at least one reported case of an
oligospermic man with a reciprocal translocation involving 10q22 and llq25 and
an otherwise normal set of chromosomes (2N=46) (Bourrouillou et al, 1978). The
region of the translocation is close to the locus for CSTF2T (10q22-23) and could
therefore be an example of the effect of mutations in this gene on
spermatogenesis.

209

10

1
M S S L A V R D P A
M S S L A V R D P A

F
F

S E V G
S E V G

S V V
S V V

S
S

M D R S
M D R S

S A M R N L N G R E F
S A M R N L N G R E F

1

I
I

I D S
I D

s

P Y G D P
P Y G D P

I
I

180

S G

[3G

_

_

_

.hi:M..a^M

_

. ^

I A L K I
I A L K I

1

s ::0:„L-A

A

P G P

260

1

wPG

0

s[v|
S G

240

1

l l•

P

G P N V M L N Q Q N P P A
280

270

1
L M Q T [p]l Q G G I
L M Q T S I Q G G I

290

1
P A P G P
P A P G P

I
I

P A A
P A A

310

300
1

1
L T
L T

1

P G K S Q S V
V
P G K S Q

r. p G L C P G P N V L L N Q Q N P P A

Q . E...liil..:.E:.

1

210

1

230
p n

1

L P P E Q M
L P P E Q M
170

I H V T P L I
I H V T P L I

L H R K
L H R K

1
-

P G A G P G S
P G0 G P G S

T R A V A S
T R A V A S

20C

220

250

320

S I
S I

L G
L G
140

130

1

I M D P E
I M D P E

E K N K E E L K S
E K N K E E L K S

H Q E A R N M L L Q N P Q L A Y A L L Q A
H Q E A R N M L L Q N P Q L A Y A L L Q A

P Q P Q H L A R R P V K D I P P
P Q P Q H L A R R P V K D I P P

V
V

1

190

1

Q V V M R
Q V V M R

100

D P E D A P E
D P E D A P E

I
I

E Y Q D Q E T A
E Y Q D Q E T A

1

160

E L M K Q M K L C V Q N S
E L M K Q M K L C V Q N S

c
c

90

120

150
F
F

P Y E A T E E Q L K D
L K D
P Y E A T E E

S G R A L R V D N A A S
S G R A L R V D N A A S

110
P
P

1

F R L V Y D R E T G K P K G Y G F
F R L V Y D R E T G K P K G Y G F

1

P A A
P A A

30

1
L R S V F V G N I
L R S V F V G N I

80
L
L

20

1

P G G A M Q P Q [L]G M P G V G p V P L E R G Q V Q
V G p V P L E R G Q IMJ Q
P G G A M Q P Q V G M P

0

330

340

350

_
I
I
\
L
[MJSDPRAPI P R G P V T [ P ] G G L P P
R G L L G D A P N D P R G G T
I s D p R[^P[M]PRGP [F^
S G G [ I ] P P R G L L G D A P N D P R G G T

Fig. 4.1 Sequence alignments of hTCstF-64 (top line) and mTCstF-64 (bottom
line) encoded proteins. The primary protein sequence coded by the
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domain is indicated by a light gray box, a dark gray box marks the
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Fig. 4.2 Percent similarity between the various known vertebrate CstF-64
proteins whose cDNAs have been cloned to date. hCstF-64, human
somatic CstF-64; mCstF-64, mouse somatic CstF-64; mTCstF-64,
mouse alternative CstF-64; hTCstF-64, human alternative CstF-64
and xCstF-64, Xenopus Ixvis CstF-64.
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Fig. 4.3 Tree diagram showing the relative similarities between the different
vertebrate CstF-64 proteins whose cDNAs have been cloned to date.
hCstF-64, human somatic CstF-64; mCstF-64, mouse somatic CstF64; mTCstF-64, mouse alternative CstF-64; hTCstF-64, h u m a n
alternative CstF-64 and xCstF-64, Xenopus Ixvis CstF-64.
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Fig. 4.4 Immunoblot analysis of the products from an in vitro transcription
and translation reaction using rabbit reticulocyte lysates
programmed with the cDNAs for human somatic CstF-64 (hCstF64), human alternative CstF-64 (hTCstF-64) or no DNA (negative
control). Lysates were separated on 10% SDS-PAGE gels,
transferred to PVDF membranes and immunoblotted with either
3A7 (panel A) or 6A9 (panel B) monoclonal antibody to hCstF-64.
Signal was detected using a chemiluminescent substrate.
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Fig. 4.5 Comparison of partial peptide maps of hTCstF-64 (lanes 1-3)
encoded protein with the hCstF-64 (lanes 4-6) encoded protein.
Radiolabeled protein was obtained by in vitro transcribing and
translating the corresponding cDNA in a rabbit reticulocyte lysate.
The full length protein was gel purified and digested with 0 (lanes
1,4), 0.1 (lanes 2, 5) and 1.0 (lanes 3, 6) |ig V8 protease from
Staphylococcus aureus. Fragments were separated on a 15% SDSPAGE gel. Signal was enhanced by fluorometry and observed by
exposure to X-ray film.
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Fig. 4.6 Mapping the locus of the gene CSTFIT encoding hTCstF-64. PCR
carried out using hTCstF-64-specific primer pair 2 (see Section 4.2.4)
and mouse genomic DNA (lane 2), human genomic DNA (lane 3),
human monochromosomal 9 DNA in mouse nuclei (lane 4), human
monochromosomal 10 DNA in mouse nuclei (lane 5), or no DNA
control (lane 6) as templates. PCR products were separated on a 1%
agarose gel and visualized by ethidium bromide staining. Product
size expected is 347 bp. Molecular size markers are in lane 1.
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CHAPTER V
DISCUSSION

5.1 Overview
The initial observation that the majority of mRNAs in the testes lack a
canonical AAUAAA polyadenylation signal led to the hypothesis that
mammalian male germ cells utilize a different mechanism to polyadenylate
messages as compared to somatic cells. In testing this hypothesis we have
shown that the gene encoding the somatic CstF-64 in both mouse and human is
X-linked and inactivated during meiosis. Subsequently, an autosomal gene
encoding the testis-specific CstF-64 is activated allowing polyadenylation to
proceed in meiotic germ cells. cDNAs for both isoforms of CstF-64 from mouse
and human have been cloned and characterized. Chromosomal locations of the
respective genes have also been verified. These findings have led to the
conclusion that CstF-64 is similar to several other X-linked housekeeping genes
in male germ cells, where inactivation of the X and Y chromosomes during
meiosis creates a need for an alternative source of the essential protein and
therefore the activation of an autosomal gene, often a retroposon, occurs during
this stage of spermatogenesis.
Having characterized the somatic CstF-64 cDNA from mouse (Dass et al,
2001) as well as the TCstF-64 cDNA from mouse (Dass et al, 2000) and human, it
is interesting to note that all of the clones use a canonical polyadenylation
signal. Thus, polyadenylation of CstF-64 mRNAs appears to be via the most
efficient method regardless of tissue type and for reasons that are not
completely understood CstF-64 expression is not regulated at the level of 3' end
formation to the same extent as we propose other messages containing non220

canonical signals in the testis would be. We believe that TCstF-64 allows
recognition and processing of mRNAs at non-AAUAAA signals in the testis. If
this is true then a corollary to this hypothesis would be an increase in the
incidence of mRNAs containing non-canonical polyadenylation signals in
spermatogenic cells undergoing meiosis when compared to mitotic
spermatogonia. This is due to the fact that the former population of cells
contains only the TCstF-64 isoform and completely lacks the somatic isoform
while the opposite situation holds for the latter cell type which have only the
somatic CstF-64 protein. Interestingly, we have observed a difference between
mouse and rat in that somatic CstF-64 protein reappears post-meiotically in
mouse but not in rat, suggesting that the X-inactivation at the Cstfl locus is
transient in mouse but not in rat (Wallace A.M., unpublished). To incorporate
this finding into the hypothesis we could also propose that the occurrence of
messages containing non-AAUAAA signals decreases post-meiotically in mouse
but not in rat due to the reactivation of the Cstfl gene in the former. Thus, the
discovery of a testis-specific CstF-64 gene provides a starting point in the
investigation of a possible germ cell specific polyadenylation process but it also
raises several questions regarding the origin and evolution of this gene and the
need for such a process in mammalian spermatogenic cells.

5.2 Evolution of Sex Chromosomes
Mechanisms by which sex is determined in various taxa comprising the
animal kingdom are very diverse. They include chromosomal sex determination
(CSD) with either male or female heterogamety, mono or polyfactorial sex
determination not associated with heteromorphic sex chromosomes,
environmental sex determination, cytoplasmic sex determination and
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arrhenotoky (haplodiploidy). Of all these methods, CSD is used by many taxa
(Platyhelminthes, Nematoda, Crustacea, Insecta, Teleostomi, Amphibia,
Reptilia, A\ es and Mammalia) which suggests that it evolved independent!}^
several times during evolution in many animal groups as they radiated. Among
these animal groups only Aves and Mammalia use CSD obligatorily to
determine the sex of an individual. Muller and Sturtevant (Muller, 1914)
proposed that sex chromosomes evolve into one active and one degenerate copy
from an initial state of similarity. Therefore, implying that the ancestral state
should generally have been a pair of autosomes. Sequencing of the mouse and
human genome allows this hypothesis to be tested. However evidence from
other taxa is minimal. There is data suggesting that a gradual change from an
undifferentiated homomorphic chromosome pair led to the highly differentiated
ZW sex chromosomes in different families of snakes. Birds have female
heterogamety and current evidence indicates that the chicken ZW sex
chromosomes arose from an autosome pair that is different from the one that
evolved into the mammalian X and Y chromosomes (Fridolfsson et al, 1998).
Also the formation of Z and W occurred 60-100 million years ago (Ma) which is
more recent than the origin of the mammalian X and Y (Fridolfsson et al, 1998).
In contrast to birds, mammals utilize male heterogamety. The chromosome
determining the heterogametic sex in both birds and mammals is characterized
by a gross decrease in size, signs of rampant degeneration, low gene content,
high heterochromatin and often multiple copies of the same gene (Fridolfsson et
al, 1998; Lahn et al, 2001). So the consensus on how heteromorphic sex
chromosomes arose during evolutionary radiation of animals is that a pair of
autosomes had an alteration at one or more loci which resulted in the
modification of one chromosome such that it specified either male or female sex
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determination. Following this critical alteration chromosomal rearrangements
and inversions isolated portions of this modified chromosome such that
recombination between the sex chromosomes halted. The lack of recombination
allowed the chromosome with inversions to mutate at a faster rate. This caused
both the lack of functional genes as well as the formation of genes which were
sex specific in function. Shrinkage of the chromosome was a natural outcome as
well. Eventually evolution of the sex chromosomes is believed to end in a stable
merohaplodiploid situation (e.g., XX:XO) where the shrinking chromosome is
completely lost (Lahn and Page, 1999; Lahn et al, 2001).
It has been hypothesized that the ancestral SOX3 gene was located on the
autosomes or the partially differentiated protoX/protoY chromosomes of
mammals. SRY arose as a variant form of SOX3 and then evolved male specific
function in testis determination. It is not possible to determine whether SRY
initiated sex chromosome differentiation or whether it was a consequence of the
same (Foster and Graves, 1994). This was probably one of the early events which
specified the X and Y chromosomes in ancestral mammals.
Human X and Y chromosomes pair with each other during meiosis at
regions of identity called pseudoautosomal regions (PAR). Recombination
occurs only in these paired regions of the chromosomes. In the remainder of the
chromosomes, recombination is suppressed and the two chromosomes are
highly differentiated with few similarities persisting (Lahn and Page, 1999; Lahn
et al, 2001). A study of the nineteen genes which have homologs on both X and
Y chromosomes indicates that these gene pairs are stratified by age along the X
but scattered or in small clusters in the euchromatic part of the Y (Lahn and
Page, 1999). Based on these gene pairs there are four strata on the X
chromosome. Differentiation of the X from the Y, initiated one stratum at a time
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along with recombination repression which began at stratum 1 in the long arm
of the X (Lahn and Page, 1999). SRY arose -290-350 Ma and stratum 1 stopped
recombining due to the first Y inversion event at this time. Monotremes began
their separate evolution at this time. A second inversion occurred on the Y
between 130 and 170 Ma. The non-recombining region of the Y (NRY) expanded
to include SMCY and UBEIY. This is when marsupials branched off from the
rest of the mammals. A portion of an autosome was translocated to the PAR on
the short arm of both X and Y around 80-130 Ma (Lahn and Page, 1999; Lahn et
al, 2001). This is also borne out by the fact that genes on the long arm and
proximal short arm of human X are present on both marsupial and monotreme
X suggesting that this region belonged to the ancestral protoX chromosome.
Genes on the distal short arm of human X are absent from monotreme and
marsupial X chromosomes implying that this region was added later only to the
eutherian X. Since both the X and Y in human have this region it was
translocated to both probably by recombination within the original PAR (Foster
and Gra\^es, 1994; Watson et al, 1991). The third and fourth Y inversions
occurred between 80-130 Ma and 30-50 Ma respectively. This corresponded with
sex chromosome formation in non-anthropoid and non-hominid anthropoids.
Thus, XY divergence began shortly after the mammalian lineage arose and a
series of inversions, translocation and other mutations has resulted in the
heteromorphic sex chromosomes seen today in hominids (Fig. 5.1).
This model for the formation of X and Y chromosomes does not preclude the
occurrence of additional inversions or rearrangements within the NRY or
similar rearrangements on the evolving X as long as they do not disturb the
fundamental order among the four strata. Interestingly in humans the
inversions appear to have occurred only on the Y and not the X. In mouse both
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chromosomes have the gene order scrambled and no such stratification can be
postulated. Further, the proximal boundary of the PAR on the X is spanned by
an intact gene which is grossly interrupted on the Y, consistent with inversions
being a major reason for the cessation of recombination (Lahn and Page, 1999).
Suppression of recombination allows accumulation of mutations in the
affected Y-linked genes which often become non-functional. This creates an
imbalance in gene dosage in the individual and thus the need for X-inactivation
or dosage compensation mechanisms (Jegalian and Lahn, 2001; Lahn and Page,
1999; Lahn et al, 2001). Thus, the X and Y chromosomes are unique and have
created a need for new regulatory pathways to maintain similar levels of sex
linked gene products in both sexes. Similarly the use of alternative pathways to
obtain sufficient levels of protein from X and Y linked housekeeping genes has
arisen in the testis due to the temporary loss of function of these genes as a
result of XY body formation.

5.3 XY Body Formation and Testis Gene Expression
XY body formation has been characterized as a cytological phenomenon as
early as 1924 (Painter, 1924). Subsequent studies have not been able to provide
very many clues as to the nature of the process or the need for it. Since XY body
formation occurs during gametogenesis in the heterogametic sex of many
species with heteromorphic sex chromosomes, it has been proposed that this
process is necessary for proper gamete formation in these organisms (Lifschytz
and Lindsley, 1972). Another hypothesis for the occurrence of sex chromosome
inactivation is that it prevents inappropriate recombination between the X and Y
chromosomes outside the PAR. Thus, isolated regions of homology outside the
PAR which could allow promiscuous recombination will not have access to the
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recombinases due to heterochromatinization of the sex chromosomes (Handel et
al, 1991). According to this hypothesis, cessation of transcription is an
inconvenient side effect of heterochromatinization whose primary goal is to
prevent aberrant recombination. This forces the cell to find "coping strategies" to
combat the absence of transcripts of X-linked housekeeping genes (Shannon and
Handel, 1993). There is no concrete evidence to support this hypothesis but it is
possible to see how recombination outside the PAR could affect both the process
of sex determination as well as the future evolution of the Y chromosome.
Constant recombination outside the PAR is not the norm and that is the reason
for shrinkage of the Y as well as loss of many genes once shared in common
with the X chromosome (Jegalian and Lahn, 2001; Lahn et al, 2001). It is possible
that activation of retroposons and alternative coding regions formed by gene
duplication, during meiosis and XY body formation, is a mechanism by which
the cell can "cope" with the lack of the X-linked forms seen in normal somatic
cells. In this regard it is surprising to note the large numbers of essential or
housekeeping genes that are found on the X chromosome, e.g., Pgkl, G6pd-1,
Pdhal, GyK, Cstfl and HNRNPG. This increases the burden on the cell to find
alternative sources for a large number of proteins, all of which are essential for
viability of the cell. The presence of so many genes for which alternatives must
be found also corresponds rather serendipitously with the activation of record
numbers of retroposons in the testis (Table 3.2) (Kleene et al, 1998). It is not clear
whether activation of retroposons is due to the environment in the
spermatogenic cell population, changes in DNA compaction, upregulation of
transcription (Schmidt et al, 1997; Schmidt and Schibler, 1995) and repression of
translation (Kleene, 1996; Schmidt and Schibler, 1997) or due to the need for
alternative sources of X-linked gene products. The presence of an autosomal
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retroposed version of CstF-64 in both mouse and human, which is acti\ated
during meiosis in the testis appears to fit the model where the cell is forced to
search for alternative sources for an essential polyadenylation protein, CstF-64
(Fig. 5.2). TCstF-64 is one of many functional retroposons expressed in the testis
(Dass et al, 2000) and is similar to Pgkl (McCarrey and Thomas, 1987), G6pd-1
(Hendriksen et al, 1997) and Pdhal (lannello and Dahl, 1992; Takakubo and
Dahl, 1992) in this respect.

5.4 Expression of Functional Retroposons
As discussed previously (Section 4.1.4), the testis is a hot-spot for retroposon
formation and activation. The vast majority of retroposons formed in any
organism evolve into nonfunctional processed pseudogenes (Kleene et al, 1998;
Vanin, 1985). This is due to a combination of reasons: insertion or transposition
is a random event and in most cases the retroposed sequence is not downstream
of a promoter element. This precludes transcription of the retroposon and
allows it to accumulate mutations freely. Even those pseudogenes that are
expressed can undergo changes in their sequence which can create in-frame stop
codons or other mutations rendering them non-functional. This is common
especially if their function is not essential to the survival of the cell. However,
retroposons such as Cstflt which encodes TCstF-64 are essential to the survival
of meiotic spermatocytes and post-meiotic spermatids (Wallace et al, 1999) and
the resulting evolutionary pressure prevents them from becoming nonfunctional.
Functional retroposons can acquire promoters in four ways. This is perhaps
the most important step with respect to their maintaining functionality and
preventing the accumulation of mutations within their coding region. (1)
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Reverse transcription of an aberrant mRNA upstream of the normal
transcription start site such that the transcript generated contains the parental 5'
flanking promoter sequence in it can provide the pseudogene with its own
promoter e.g., Pgkl (McCarrey, 1987; McCarrey, 1990). (2) Insertion of the
retroposon at a site in the genome which is downstream of a preexisting
promoter allows expression of the retroposed sequence. (3) Alternatively,
mutations occurring after retroposition can create a promoter upstream of the
pseudogene thereby allowing it to be functional. (4) Finally, the 5' UTR of the
progenitor mRNA can contain cryptic promoter sequences which are used by
the retroposon e.g., Pabpl (Kleene et al, 1998). At this time it is not possible to
draw any conclusions about the mechanism by which Cstflt/CSTFIT obtained
its promoter. Comparison of the 5' flanking sequence and promoter regions of
the genomic clones for human CstF-64 and hTCstF-64 will provide some idea of
the nature of the promoter used to express the hTCstF-64 gene, CSTFIT.

5.5 Germ Cell Specific Polyadenylation
The protein encoded by CSTFIT is not identical to the somatic CstF-64
isoform so there is potential for this testis-specific version to be functionally
unique from the the somatic CstF-64 protein. TCstF-64 protein may have allowed
the use of non-canonical polyadenylation signals or it may have arisen as a
consequence of the high incidence of mRNAs containing these signal sequences
in conjunction with inactivation of the sex chromosomes. The high frequency of
occurrence of non-canonical polyadenylation signals in the testis correlates well
with the expression pattern of the TCstF-64 protein suggesting that this protein
may have the ability to allow recognition and utilization of signals other than
AAUAAA. AAUAAA would probably still be the most efficient sequence for 3'
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end formation but other variants could now function at acceptable levels to
provide sufficient levels of mature transcripts in the testis. The reason for
regulation of 3' end formation by such a mechanism in the testis is not apparent
other than to increase the ribotype in these cells (Herbert and Rich, 1999) and
thereby allow greater genetic diversity in the form of a larger, more varied pool
from which retroposons can be created in each generation. For retroposons or
new genes to be created and transmitted vertically the process has to occur in
the germ cells (Branciforte and Martin, 1994) and this would be sufficient cause
for alternative polyadenylation to be restricted to the testis. Loss of the somatic
CstF-64 protein due to X-inactivation is another reason for a germ cell specific
polyadenylation mechanism. This would indicate that the mechanism involving
activation of processed pseudogenes due to XY body formation arose after the
evolution of heteromorphic sex chromosomes in mammals and as a direct result
of the same. Yet another reason for such a tissue specific method of
polyadenylation could be temperature. The testis is known to be sensitive to
changes in temperature and prefers to maintain itself at temperatures lower
than the core body (Hughes, 2000; Partsch et al, 2000; Peltola et al, 1995). It is
possible that TCstF-64 performs better at a lower temperature than the somatic
CstF-64 protein which is better suited to 37°C, the temperature of other somatic
organs.
The exact mechanism by which TCstF-64 protein allows polyadenylation of
messenger RNAs containing non-AAUAAA signal sequences has not been
determined. Intuitively one would propose that CPSF-160 being the protein that
interacts directly with AAUAAA would be the site at which regulation or
recognition occurs in these messages. However, our model revolves around
TCstF-64, the alternative version of CstF-64 which binds to the downstream
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element (DSE) and not the polyadenylation signal, as this is the only alternative
testis-specific polyadenylation protein we have identified to date. Since no
alternative version of CPSF-160 has been cloned yet, therefore, we hypothesize
that TCstF-64 binds to the DSE with higher affinity than the somatic CstF-64
does and this stabilizes a weaker interaction upstream between CPSF-160 and
the variant polyadenylation signal. Thus, a weak binding of CPSF-160 at the
non-AAUAAA polyadenylation signal maybe offset by the cooperative nature
of interaction of the polyadenylation factors and more specifically by an increase
in binding affinity of TCstF-64 at the DSE. This interaction maybe sufficient to
allow cleavage and polyadenylation even for sub-optimal signal sequences (Fig.
5.3).
In summary, we have found that mouse testes have two distinct
immunoreactive forms of the polyadenylation protein, CstF-64 (Wallace et al,
1999). Subsequently we showed that the two forms corresponded to two clearly
distinguishable and different proteins. The cDNAs encoding these proteins were
obtained by screening a mouse mixed germ cell cDNA library (for mCstF-64)
(Dass et al, 2001) and a pachytene spermatocyte cDNA library (for mTCstF-64)
(Dass et al, 2000). Characterization of the clones indicated that CstF-64 was a
64,000 Mr protein, immunoreactive to only the 3A7 monoclonal antibody and
encoded by an X-linked gene while TCstF-64 was a larger 70,000 Mr protein,
immunopositive to only the 6A9 monoclonal antibody and encoded by an
autosomal gene. The two proteins did not arise due to variations in splicing,
alternative transcription start sites or polyadenylation signals within the same
gene. This was confirmed by the absence of a common partial peptide map for
the proteins encoded by CstF-64 and TCstF-64.
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The findings were extended to human where the 64,000 Mr somatic isoform
was shown to be encoded by the X-linked gene CSTFl and the alternate 70,000
Mr protein hTCstF-64 was shown to be the product of an autosomal gene
CSTFIT on human chromosome 10 (syntenic with the mouse Cstflt locus).
Availability of the genomic sequence for hTCstF-64 allowed us to confirm that
the CSTFIT gene was a processed pseudogene and has all the features of an
expressed retroposon (Vanin, 1985). The mechanism by which CSTFIT acquired
a promoter is still undetermined but it appears to have inserted in an AT rich
sequence typical of Alu repeats (Jurka, 1997). This suggests that insertion of
CSTFIT was mediated by a LINE (Kazazian and Moran, 1998).
It is proposed that inactivation of the X-linked gene, Cstfl/CSTFl

due to XY

body formation creates a need for CstF-64 protein in spermatogenic cells
undergoing meiosis, which is supplied by the product of the autosomal
Cstflt/CSTFIT

gene. This would suggest that organisms lacking XY body

formation or an X-linked Cstfl/CSTFl
Cstflt/CSTFIT

gene would lack a functional

gene. The TCstF-64 protein is postulated to play an important

role in the recognition of non-AAUAAA polyadenylation signals but this
hypothesis remains to be tested. The exact function of the protein remains
undetermined at present.

5.6 Future Studies
Having cloned the cDNAs for both the somatic and alternative isoforms of
CstF-64 from mouse and human we now have the tools to focus on the
functional aspects of the proteins. According to our hypothesis the alternative
version plays a role in the recognition of non-canonical polyadenylation
sequences. Preliminary analysis using proteins obtained from bacterially
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expressing constructs that encode only the RNA binding domains (RBD) of the
four mouse and human CstF-64 homologs we have shown that all four of the
isoforms can bind to RNA. The same proteins will be used in a UV crosslinking
assay to compare the relative affinity of the somatic CstF-64 RBD with the TCstF64 RBD for each species. Initially the experiment will involve radiolabeled
homopolymer RNAs of a known, fixed length as binding substrates and
competition with the same homopolymer but unlabeled. The next step will be to
compete with different "cold" homopolymers. Dissociation constants calculated
for each homopolymer will provide a means of comparison between the somatic
and alternative protein for both mouse and human and uncover any differences
in affinity for these substrates.
TCstF-64 RBD protein can also be used to perform in vitro selection
experiments (SELEX) (Tuerk and Gold, 1990) to obtain RNAs capable of serving
as binding sites for the protein. However, the SELEX methodology has been
used been used to obtain aptamers for human (Takagaki and Manley, 1997) and
calf CstF-64 (Beyer et al, 1997) proteins. The former utilized only the RBD region
and was a bacterially expressed GST fusion protein while the latter study used
chromatographically purified full length calf thymus CstF-64 protein. The two
studies obtained different pools of unrelated aptamers. Purification of CstF-64
from calf thymus was the first report of a 70 KDa form which appeared as a
persistent contaminant in the preparation (Beyer et al, 1997). We believe that
this 70 KDa protein corresponds to the alternative CstF-64 isoform in the calf
and therefore the aptamers obtained in this study are a mixture of aptamers for
both the somatic and alternative isoforms. Since the SELEX studies have already
been carried out we will use the aptamers from the two studies in the UV
crosslinking assay to determine whether they are specific for each isoform. We
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predict that TCstF-64 will have a higher affinity for the aptamers obtained using
calf CstF-64 while the somatic CstF-64 will have greater affinity for the HeLa
aptamers. This would indicate that the two isoforms of CstF-64 have different
binding affinities and substrate preferences in vitro and the findings can be
extrapolated to suggest the proteins can bind non-canonical polyadenylation
signals with varying affinities in vivo.
A better test of TCstF-64 ability to allow polyadenylation at non-AAUAAA
sequences would be to perform the following set of experiments which involves
transfecting various constructs into a cell line that lacks TCstF-64 protein. A
suitable cell line will have low to no detectable TCstF-64 protein as assayed by
immunoblot analysis and immunocytochemistry using the 3A7 and 6A9
monoclonal antibodies. Several cell lines (C2C12, Cosl, HepG2, UMR106, U20S,
F9, NIH3T3, R2C and MA-10) have already been screened by western analysis.
Of these Cosl, HepG2 and U20S being monkey and human cell lines could not
provide us with suitable answers because of the limitations of the antibodies
used. In higher mammals the somatic isoform of CstF-64 is reactive to both
antibodies hence 6A9 can no longer serve as a marker for the alternative protein
though 3A7 remains a suitable indicator for the somatic protein. Of these cell
lines, MA-10, R2C and NIH3T3 were used for immunocytochemistry as well.
Both the Leydig tumor cell lines, MA-10 (Fig. 5.4) and R2C (Fig. 5.5) possess
proteins that are immunoreactive to 3A7 and the anti-snRNP antibody Y12 but
appear to be negative for any 6A9 and Adenovirus reactive proteins. The
Adenovirus antibody was used as a negative control. So either of these cell lines
are suitable for the transfection experiments. NIH3T3 cells are positive for
Adenovirus and have a low level of 6A9 reactivity as well and hence they are
unsuitable for our purposes.
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The constructs would fall into two main groups-'Reporters" and
"Expressers" (Fig. 5.6). There are three reporter constructs. Reporter A is full
length Renilla Luciferase with genomic DNA from the mouse Zonadhesin (Gao
and Garbers, 1998) gene containing the downstream element (DSE). This would
be representative of a mRNA with a non-AAUAAA signal. Reporter B is similar
to A except that the Zonadhesin DSE is replaced by the SV40 DSE. This would
represent a message with a canonical polyadenylation sequence. Reporter C
would be a control where the Luciferase gene is mutated such that it is no longer
functional. There are two expresser constructs. The first has the full length
cDNA for mTCstF-64 upstream of a SV40 polyadenylation signal. The second is
a mutated and non-functional version of the previous construct. A plasmid
encoding Firefly Luciferase will be co-transfected in all experiments as a
measure of transfection efficiency.
Each reporter will be co-transfected with each expresser to obtain a
polyadenylation index, where the polyadenylation index =
Reporter A+Expresser A-Reporter C
Reporter A+Expresser A-Reporter C
An index >1 indicates increased use of non-AAUAAA signals for
polyadenylation and expresser A is expected to give a high index with reporter
A if the hypothesis is true while expresser B is expected to give a low index
which is close to background.
These experiments will give some indication of mTCstF-64 protein's ability to
recognize and polyadenylate messages that contain non-AAUAAA signals. It is
designed to determine whether mTCstF-64 has a different function in germ cells
than the somatic isoform and if it has any functional relevance to the increase in
mRNAs containing non-canonical polyadenylation signals in these cells.
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The most conclusive study would be to knock out Cstflt, the gene encoding
mTCstF-64 in mouse. There is evidence suggesting that loss of this gene in
humans corresponds to loss of fertility in the male. Based on its pattern of
expression we hypothesize that mTCstF-64 is important for normal
spermatogenesis to occur in mouse and knocking out the gene would halt
spermatogenesis in the meiotic stage where the somatic protein gets exhausted
and no CstF-64 protein remains.
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Fig. 5.1 Proposed Sequence for the Evolution of Heteromorphic Sex
Chromosomes in Humans. The four strata are numbered with 1
being the oldest stratum. The overall shrinkage of the Y
chromosome is shown as a decrease in length. The nonrecombining regions are shown in gray and changes in length
denote periodic expansions. Pseudoautosomal region (PAR) is
shown as an open box and is the region that recombines. Main
evolutionary events are listed above the figure along with
approximate time of occurrence. Genes which were assimilated
into the non-recombining region of the Y (NRY) are mentioned
below the chromosomes. Evolution of heteromorphic sex
chromosomes in other animals are indicated at the bottom of the
figure. Modified from (Lahn and Page, 1999; Lahn et al, 2001).
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Heteromorphic (XY) Sex
Chromosomes Evolve

I
Lack of Recombination
Between X and Y

XY Body Formation During
Meiosis In Spermatogenesis

I
Inactivation of X-linked Genes
e.g. Cstfl, Pgkl

I
Activation of Alternate Versions/
Retroposons/ Processed Genes
e.g. Cstflt, Pgkl
TCstF-64 Protein
Germ Cell-Specific Polyadenylation
Fig. 5.2 Hypothesis: Evolutionary Reasons for the Activation of the
Cstflt/CSTFIT Gene And Germ Cell-Specific Polyadenylation. The
flow chart shows one possible scenario which could have resulted in
the germ cell-specific mechanism of polyadenylation that exists in
mammals today. The hypothesis is based on the evolution of
heteromorphic sex chromosomes in these organisms.
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Fig. 5.3 Hypothetical Mechanism by Which TCstF-64 Allows Recognition of
N o n - c a n o n i c a l Polyadenylation Signals. Top panel shows
polyadenylation in somatic nuclei while the bottom panel shows
hypothetical polyadenylation in male germ cell nuclei. The premRNA is depicted as a black line containing the polyadenylation
signal (AAUAAA or a germ cell-specific variant, UAUAAA (Hart et
al, 1999)) and the downstream element [DSE, (UUUU or an
undetermined germ cell variant, NNNN)]. For simplicity only the
RNA binding components of CPSF and CstF are shown. CPSF-160
binds the polyadenylation signal and CstF-64 binds the DSE. Arrows
indicate interaction or binding and increasing thickness implies
increased affinity. TCstF-64 is distinguished from CstF-64 as a gray
rectangle.
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Fig. 5.4 Immunocytochemistry of MA-10 cells (mouse Leydig tumor cell line)
using 3A7 and 6A9 monoclonal antibodies to CstF-64, Y12aSM
antibody to hnRNPs (positive control), AdenovirusalOOK antibody
(negative control) and secondary antibody alone. Presence of protein
was detected using the Vectastain kit (Vector Labs). White color
within the cell is indicative of a positive signal.
239

Fig. 5.5 Immunocytochemistry of RzC cells (rat Leydig tumor cell line) using
3A7 and 6A9 monoclonal antibodies to CstF-64, Y12aSM antibody to
hnRNPs (positive control), AdenovirusalOOK antibody (negative
control) and secondary antibody alone. Presence of protein was
detected using the Vectastain kit (Vector Labs). White color within
the cell is indicative of a positive signal.
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Fig. 5.6 Reporter, expresser and control plasmids for use in transfection
experiments.Reporter plasmids contain the Renilla luciferase gene
(LucR) under the control of a CMV promoter. Either mouse
zonadhesin (mZAN, reporter A) or SV40 polyadenylation signal
(Reporters B,C) will be used in place of the endogenous luciferase
signal. Reporter C has a mutant Luciferase gene which cannot encode
functional luciferase. Expresser plasmids contain mTCstF-64 (A) or a
mutant mTCstF-64 cDNA which is non-functional under the control
of a CMV promoter. Control plasmid A has full length mCstF-64
cDNA under the control of a CMV promoter while control B has the
firefly luciferase gene under the control of the SV40 promoter.
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