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Splicing regulation of BRCAL exon 11

by Claudia Tammaro

BRCAL is one of the major genes associated with familial breast cancer and
mutations in this gene are responsible for about 40-45% of hereditary breast
cancer. These include DNA changes that cause BRCA1 aberrant splicing by
affecting regulatory sequences.

Alternative splicing is a post-transcriptional process allowing the generation of
multiple protein isoforms from the same gene. BRCAL alternative splicing is
altered in breast cancer therefore mutations in splicing regulatory elements along
this gene sequence can contribute to the disease. Three BRCA1 isoforms are
present in different proportions in breast cancer due to alternative splicing of exon
11. Mutations in exon 11 that affect splicing regulatory elements can alter the

normal isoform ratio and cause breast cancer.

An Unclassified variant (UV) ¢.693G>A was found in BRCAL in a breast cancer
patient with a family history of breast and ovarian cancer. This unclassified
variant is situated in exon 11 in BRCA1 gene.

Using a mini-gene approach as a splicing assay and when possible, blood samples
from the patients, |1 show that the unclassified variant ¢.693 G>A has a strong
effect on the splicing isoform ratios of BRCAL.

Systematic site directed mutagenesis of the area surrounding the nucleotide

position ¢.693 in exon 11 and mini-gene splicing assay suggests a splicing



regulatory element exists in this region that is disrupted with the ¢.693 G>A
sequence variant.

Bioinformatic analysis and in vitro (Pull-Down) analysis have detected both
enhancer and silencer factors as the regulatory proteins that bind this area
regulating BRCAL1 alternative splicing.

Correction strategies to revert aberrant splicing of exon 11 in the BRCA1 gene in
the presence of the synonymous variant ¢.693 G>A using bifunctional
oligonucleotide were undertaken. However these failed to alter the inclusion of

exon 11.
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1 Introduction.

The central dogma of molecular biology according to Crick and Watson states that
genetic information is sequential. Information is transferred from DNA to RNA to
protein, but cannot be transferred from protein to nucleic acid (Crick, 1970). The
transfer of information includes transcription (DNA to RNA) and translation
(RNA to protein). From transcription to translation there is a maturation process
of the RNA which includes poly-adenylation and RNA capping.

In eukaryotes most transcripts undergo an additional maturation step (splicing)
where non-coding sequences (introns) are removed from the pre-mRNA and
exons (coding sequence) are joined together. One gene can produce different
mRNA and different protein products thanks to an alternative splicing (AS)
process in which different exons can be included or excluded to produce diverse
mature RNA primary transcripts.

Mutations in the DNA sequence can affect processes involved in the creation of
the correct proteins, leading to the creation of non-functional proteins or aberrant
proteins that could cause disease. These aberrant DNA sequence changes include
modifications both in the coding region of the gene and in the non-coding region.
Nonsense and missense mutations in the coding regions are commonly assumed to
cause their effect by altering protein coding. However these can also affect genes
by inducing aberrant splicing. A nonsense mutation is a point mutation that
produces a truncated protein product by creating a premature stop codon; whereas
missense mutations create a single nucleotide change which changes the amino

acid.

Conversely, silent sequence variants are thought not to result in a change of the
amino acid sequence of a protein and are usually considered to be neutral. These
assumptions could be correct in some cases, but when we consider the RNA level

these assumptions could be misleading. This is because sequence variants can also
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affect RNA sequences important for the splicing process and therefore potentially

affect the final mature RNA transcript and the final protein product.

1.1 Pre-mRNA splicing reaction.

In eukaryotes, the coding sequence of the genes, the exons, are interrupted by
non-coding sequences, termed introns. After transcription, introns are removed
from the precursor-messenger RNA (pre-mRNA) by a process called splicing and
the exons are joined together to form the mature mRNA. The splicing reaction is
an essential step in the post transcriptional regulation of gene expression in
eukaryotes. This process takes place in a complex machine called spliceosome, a
complex molecular machine containing Ul, U2, U5 and U4/U6 small
ribonucleoproteins particles (SNnRNPS), in association with almost 170 different

proteins factors (Maniatis and Tasic, 2002).

The first system used for studying mRNA splicing and the structure of the pre-
mMRNA molecule was the late stage of adenovirus infection in mammalian cells.
The presence of introns was first described in the mRNA segment of adenovirus,
coding for the Hexon polypeptide, the major virion structural protein (Berget et
al.,, 1977). In this system, different RNA molecules called “mosaics” were
identified, which contained sequences from non-contiguous sites in the viral
genome. Studying the process before infection identified that the long RNA
contained the sequence of the late RNA in addition to the sequence that has been
called “the intervening sequences” (intron). After the discovery in adenovirus of
the presence of long sequences, the introns were found in other viral and
eukaryotic gene such as haemoglobin and immunoglobulin (Breathnach et al.,
1978). After that the characterization of the RNA splicing process in viruses, the
presence of introns was also reported in eukaryotic genes.
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The maturation of RNA, which follows the pre-mRNA transcription by RNA
polymerase Il (Pol 1), is required not only for the splicing process but also for
other steps such as capping, polyadenilation and RNA editing. Some studies have
delineated functional relationships between these maturation processes and each
of them (with the exception of the editing process) can occur co-transcriptionally.
Many findings point out that during mRNA bio-genesis the different processing
machineries responsible for capping, splicing, poly-adenylation, modification and
transport of mRNAs can interact with the elongating RNA Polymerase II,
suggesting that all these processes are physically and functionally intertwined.
Consequently the RNA transcription and processing seem to take place in “gene
expression factories” and where distinct activities are functionally combined in
order to maximize efficiency and to extend possibility of regulation. In fact during
the RNA process a complex network of functional interactions are formed
between the elongation RNA polymerase 11 and the different processing machines
responsible for capping, splicing, polyadenylation, modification, and transport of
MRNAs (Bentley, 2002; Kornblihtt et al., 2004; Maniatis and Reed, 2002;
Proudfoot et al., 2002).

In fact, the process of splicing occurs in all species, and the chemistry of splicing
is highly conserved from yeast to human, although yeast has few short introns and
humans multiple long introns. The high prevalence of introns in human
contributes to the proteomic diversity in a process called alternative splicing,
where the exon can be spliced in different ways and create different mRNA
products that contribute to the formation of distinct proteins.

A change in alternative splicing can be related to human disease, unfortunately
most changes caused by alternative splicing are hard to detect, due to the

complexity of the splicing process (Kelemen et al., 2013).
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1.1.1 Chemical aspects of splicing.

The process of splicing is a complex process requiring different proteins and
several small RNAs forming the spliceosome complex. The primary signals that
determine where the process of splicing occurs, are included within the transcript
itself. These are the donor site (5 splice site), the acceptor site (3’ splice site), the
branch point that contains the branch point nucleotide Adenosine residue, and the
polypyrimidine tract (PPT) characterized by 20-40 nucleotides (nt) of pyrimidine
located between the branch point nucleotide and the 3’ splice site (Figure 1.1).
The splicing reaction takes place through two consecutive trans esterification
steps (Konarska et al., 1985; Moore and Sharp, 1993; Ruskin et al., 1984).

In the first reaction of splicing the 5’ exon is cleaved through nucleophilic attack
by the 2 hydroxyl of the specific branch-point adenosine (located within the 3’
intron) to generate a 5’ exon fragment and a lariat intermediate that contains
intron and 3’ exon sequences and the branched adenosine. In the second reaction,
cleavage at the 3’ exon/intron boundary occurs through nucleophilic attack of the
3’ hydroxyl of the 5’ exon at the 3’ splice site, which ligates the exons and

releases the intron in the form of a lariat (Figure 1.2) (Umen and Guthrie, 1995).
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5' Splice site 3' Splice site
or donor site or acceptor site
BP PPT

Figure 1.1 Schematic representation of exon/intron boundaries.

The basic elements of a transcript. The blue and the red boxes represent exons.
The green box represents the introns. The consensus sequence for the donor site
(5'splice site), acceptor site (3" splice site), Adenosine branch point (BP), and
polypyrimidine tract (PPT) are given. R=Purine, Y=Pyrimidine, N=any
nucleotide.
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Figure 1.2: Schematic representation of the chemical steps in the splicing

process.
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In the first reaction, the ester bond between the 5' phosphorous of the intron and
the 3' oxygen (red) of exon 1 is exchanged for an ester bond with the 2' oxygen
(blue) of the branch-site A residue. In the second reaction, the ester bond between
the 5' phosphorous of exon 2 and the 3' oxygen (green) of the intron is exchanged
for an ester bond with the 3' oxygen of exon 1, releasing the intron as a lariat
structure and joining the two exons.
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1.1.2 The spliceosome.

The pre-mRNA splicing reaction requires the formation of a highly dynamic
macromolecular complex called the spliceosome composed of several small
nuclear ribonucleoproteins (SNRNPs) and a large number of non-snRNPs splicing
factors (Jurica and Moore, 2003; Rappsilber et al., 2002; Wahl et al., 2009). The
spliceosome complex acts through different types of interactions such as RNA-
RNA, RNA-protein and protein-protein interactions. Each snRNPs particle is
formed from a uridine-rich small nuclear RNA (U snRNA) molecule (or two in
case of U4/U6) in complex with a common set of Sm proteins or Sm-like proteins
(Will and Lihrmann, 2001) (Figure 1.3). The snRNPs are also associated with
other different proteins to form the spliceosome (Bessonov et al., 2008).

The structural core of SnRNPs is formed by eight proteins, called Sm proteins, B’,
B, D1, D2, D3, E, F and G. These classes of common proteins play an essential
role in the biogenesis of the snRNPs. The Sm proteins form three distinct
heterogenic complexes prior to their interaction with the highly conserved Sm site
(PUAU4-6GPu flanked by two stem-loop structures) of the U1, U2, U4 and U5
SnRNAs (Raker et al., 1996).

In particular U1 snRNP consists of ten different proteins, seven common Sm
proteins, and another three (U1-70K, U1-A and U1-C) Ul-specific proteins (Stark
et al., 2001). 17S U2snRNP represents the active form of U2 that is active in
complex assembly (Behrens et al., 1993). Apart from the seven Sm proteins,
numerous U2 specific proteins have been identified. These include the stably
associated U2-A’ and U2-B’ polypeptides, and the heteromeric protein complexes
SF3a and SF3b (Kramer, 1996; Kramer et al., 1999).

Five different proteins have been described associated with U4/U6 snRNA
(Teigelkamp et al., 1998) and 8 different Sm proteins are associated with U5
SNRNA (Turner et al., 2004; Will et al., 2002) (Figure 1.3).



Claudia Tammaro Introduction

175

O .
U1 snRNA “ snRNA Us snRNA WTL{/E(_
U2 snBNA Us !-I'IHH“ U4 g EUE

[ Sm__|
70K
A
c

Figure 1.3: Proteins compositions and RNA secondary structure of
SNRNPs.

The figure represents the protein composition and SnRNA secondary structures of
the major human spliceosome snRNPs. All seven Sm proteins (B/B’, D3, D2,
D1,E, F, G1) or Lm proteins Lsm (2-8) are indicated by Sm or Lm on the top of
the box (figure adapted from (Ou et al., 1995).
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The spliceosome formation consists of a precise and ordered
assembly/disassembly of the different sSnRNP particles onto the pre-mRNA. The
spliceosome needs to recognize specific RNA sequences, known as the 5’ splice
site (MAG/GTAAGTA), the 3’splice site (NYAG/R), the adenosine branch point
and the polypyrimidine tract (M indicates C or A, N indicates any nucleotide; Y
pyrimidine; R purine; / intron-exon boundary) (Bessonov et al., 2010; Reed, 1989;
Zhang, 1998; Zhuang et al., 1989).

In mammals four distinct spliceosomal complexes, which form in the temporal
order E, A, B and C, have been detected (Jenkins et al., 2013; Jurica and Moore,
2003; Zhang et al., 2013). The E, A and B complexes contain unspliced pre-
MRNA whereas the C complex has the products of catalytic step | of the splicing
reaction (exon 1 and lariat-exon 2). Although the earliest assembly step (E
complex) is energy independent, subsequent spliceosomal steps require NTP
hydrolysis (Staley and Guthrie, 1998) (Figure 1.4). The E (Early) complex
(commitment complex) assembly starts with the recognition of the 5’splice site
driven by the Ul snRNP in an ATP-independent manner (Figure 1.4). This
interaction is mediated by base pairing of the U1 snRNA with the 5’splice site, as
well as by protein-protein and protein-pre-mRNA interaction involving U1-70K
and U1-C proteins (Will et al., 1996). In addition to the U1-5’splice site
interaction the Early complex phases also involve the binding of the splicing
factor 1/branch point protein (SF1/BBP) to the branch point, which is usually
located 20-40 nucleotides (nt) upstream of the 3’splice site (Berglund et al.,
1997). The SF1/BBP protein binds the Adenosine Branch site and interacts with
U2 Auxiliary factor (U2AF) through its C-terminal RNA recognition motif
(RRM) (Behrens and Luhrmann, 1991).

U2 snRNP auxiliary factor (U2AF) is constituted of two subunits of 65-kDa
(U2AF65) and 35-kDa (U2AF35). The U2AF65 subunit specifically recognizes
the splicing factor SF1/BBP (Valcarcel et al., 1996a), but is also able to bind the

branch site through its N-terminal arginine- and serine-rich (RS) domain. In the

11
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proline-rich region of U2AF65, between the RS motif and RNA-binding motifs, is
located the binding domain for U2AF35 (Newman, 1997; Sander et al., 2006).

The small subunit U2AF35 is involved in the recognition of the essential AG
dinucleotide of the 3’splice site during the earliest stage of spliceosome assembly
(Wu et al., 1999). U2AF35 is made up of a central homology motif (UHM motif)
flanked by two zinc fingers in the N-terminal region while the C-terminus
contains an arginine-serine-rich domain (RS domain) and a glycine tract. U2AF35
binds both U2AF65 and the pre-mRNA through its RRM domain. Both U2AF
subunits (U2AF35 and U2AF65) bind to intronic sequences only during the early
steps of spliceosome assembly and subsequently are replaced by the U5 snRNP

during the formation of the B complex (Figure 1.4).

12



Claudia Tammaro Introduction

5 [Ewend ou Ao i

é. ‘WNPS /—\l Complex E

A

SR proielns

U2AF65/35
A

Uz +ATP Complex A

PPT

u A
ue
Complex B

Complex C é..

}

‘@
2 uz2

oy

Figure 1.4: Spliceosome assembly.

The spliceosome assembles on the pre-mRNA in a stepwise manner. The E
complex contains U1 snRNP bound to the 5° splice site, SF1 bound to the branch
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point, and U2AF65 and U2AF35 bound to the pyrimidine tract and 3’ splice site
AG, respectively. In the A complex, SF1 is replaced by U2 snRNP at the branch
point. The U4/U6/U5 tri-snRNP then enters to form the B complex. Finally, a
rearrangement occurs to form the catalytically active C complex, in which U2 and
U6 interact, and U6 replaces Ul at the 5° splice site. After that the intron is
removed and exons joined together to form the mature RNA.

14
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The formation of the A complex is characterized by the ATP-dependent
recruitment of the U2 snRNP to the branch point sequence through replacement of
the BBP/SF1 factor (Figure 1.4). This U2-branch site binding is mediated by U2
SnRNA base pairing with the BP which is further stabilized through SF3a and
SF3b subunits (Gozani et al., 1996) and also by the arginine-serine-rich domain of
the U2AF65 protein (Valcarcel et al., 1996b).

The transition from the A complex to the B complex is characterized by the
recruitment of the U4/U6-U5 Tris-snRNP to the un-spliced pre-mRNA (Turunen
et al.,, 2013), making the spliceosome ready for the first trans esterification
reaction (Hall and Padgett, 1996) (Figure 1.4). However it has been reported that
the tri-snRNPs are also able to interact with the 5’splice site and the upstream 5’

exon at earlier step of spliceosome assembly (Maroney et al., 2000).

Although the B complex contains all of the snRNPs components required for
splicing, it lacks a catalytic center. In order to activate the spliceosome, it is
important to have the RNA-RNA rearrangements that involve the displacement of
U1 by U6 snRNP via base pairing at the 5’splice site through its highly conserved
ACAGAG motif, the disruption of the U4/U6 base pairing interaction and the
formation of an intricate network of interactions among the U6, U2 snRNAs. At
this stage the U1 and U4 snRNP are released from the spliceosome (Figure 1.4).
The U2 and U6 snRNAs are extensively base-paired with one another and with
the branch site sequence and 5’splice site respectively, that provide a structural
basis for making the branch site and 5’splice site ready for the first catalytic step
(Boehringer et al., 2004; Reed, 2000). All these rearrangements contribute to
transfer the premature B complex to a catalytically active B complex (B*
complex) (Turner et al., 2004; Zhang et al., 2013).

The formation of the B* complex promotes the first catalytic step of splicing in
order to generate the free 5’ exon and the lariat-3’ exon intermediates. This step is
followed by the formation of the C complex, in which the second catalytic step of
splicing reaction takes place (Figure 1.4). U5 snRNP plays an important role in

the second catalytic step because it holds the 5’and the 3’ splice site exons in
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close proximity (Roca and Krainer, 2009). After the second catalytic step the
spliceosome releases the mRNA and the U2 U5 and U6 snRNPs to be recycled for
additional rounds of splicing (Wahl et al., 2009).

In addition to the major spliceosome there is a minor spliceosome that is used for
splicing in a small fraction of mammalian cells. The minor spliceosome is present
in different complex eukaryotic species such as plant, fungi and animals as well as
single eukaryotic species but are absent in many species, including such common
model organisms as Caenorhabditis elegans and Saccharomyces cerevisiae
(Gunzl et al., 2002). The minor spliceosome uses alternative snRNPs and
alternative splicing regulatory sequences. The major spliceosome U1, U2 and
U4/U6 snRNPs are substituted with U11l, U12 and Ud4atac/U6atac (Hwang and
Cohen, 1996).

1.1.3 Cis-acting regulatory element.

The process of splicing is directed by the presence of specific consensus
sequences at the exon/intron junction known as 5’ splice site and 3’ splice site
(Burge and Sharp, 1999).

The recognition of these sequences could be a linear process; however the
nucleotides surrounding the 3” splice site and 5’ splice site are highly degenerate.
There is evidence that in mammals only the dinucleotide core of the 5 splice site
(GU), the dinucleotide core of the 3’ splice site (AG), the adenosine branch point
(BP), and the poly-pyrimidine (pY) tract between the BP and the 3’ splice site are

universally conserved (Aebi et al., 1987).
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1.1.4 The 5’ splice site.

The 5’ splice site motif in eukaryotes contains nine partially conserved
nucleotides, MAG/GURAGU (M indicates A or C, R indicates purines and the
slash the exon-intron boundary) at the exon-intron junction.

The GU dinucleotide core of the 5 splice site consensus sequence is universally
conserved and mutations in one of these two nucleotides completely abolish the
splicing process (Langford et al., 1984).

The 5’splice site has been shown to be recognized by the U1 snRNA during early
assembly of the spliceosome machinery (Horowitz and Krainer, 1994; Siliciano
and Guthrie, 1988; Zhuang and Weiner, 1986). Although base pairing between U1
snRNA and the 5’ splice site is important, there is evidence that the selection of
the 5” splice site through the U1-C subunit is also possible when there is not high
complementarity between the U1 snRNAs and the 5° splice site (Zhu et al., 2001).
Studies in literature demonstrated that the interaction between the U1 snRNP and
the 5 splice site is not highly complementary; in fact sometimes binding to a
nonspecific 5’ splice site could be possible (Hicks et al., 2010). The binding
between U1 snRNP and the 5’ splice site has been demonstrated in vitro using the
RNase H protection assay (Gunzl et al., 2002).

During the assembly of the spliceosome, other factors are also important for the
recognition of the 5’splice site, such as the U6snRNP. The interaction of U6
SNRP with the 5’ splice site is enhanced by the presence of U1 snRNP which in
turn is displaced by U6 that binds the 5’ splice site and stimulates the first trans
esterification reaction (Buratti et al., 2007; Grover et al., 1999) (Figure 1.5).
Other factors involved on the recognition of the 5’splice site and the correct
choice of the 5’ splice site, if alternative 5’ splice site are present, these factors are
the SR and the hnRNP proteins.
Hick et al. demonstrated that the SR proteins are able to bind in proximity of the 5’
splice site and are able to stimulate the use of the 5’ splice site located
downstream of their binding sites rather than the one upstream (if present) that
17
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will be inhibited (Buratti et al., 2004; Hicks et al., 2010). A major study has been
done on the one of the major SR proteins the SRSF1. The SRSF1 protein has a
RRM domain, which interacts with the RRM domain of U1-70K (an auxiliary
protein of U1 snRNP), this interaction is controlled by the phosphorylation of the
SRSF1 RS domain. In conditions of hyper-phosphorylation the RS domain allows
the RRM motif of the SR protein to bind the RRM motif of the ULsnRNP, when
not phosphorylated the RS domain sequesters the RRM motif and there will be no
binding (Cho et al., 2011; Kramer and Utans, 1991).

Interestingly, in vitro experiments over-expressing SR proteins demonstrated that
it is possible to stimulate the recognition of the 5” splice site even in the absence
of U1snRNP (Crispino et al., 1994; Tarn and Steitz, 1994).

In addition to the SR proteins, the hnRNP A1 protein has been shown to modulate
the selection of the 5’ splice site. In particular, the hnRNPAL can disrupt binding
between U1snRNP and the 5’ splice site (Eperon et al., 2000; Pagani and Baralle,
2004).

For hnRNPAL it has been demonstrated that a mutation in the 5 splice site of
exon 3 of NF1 can alter the process of splicing due to alteration of the binding site
of U1l snRNP and the binding site of hnRNPH in the presence of the mutation
G>C (Buratti et al., 2004).

It has been proposed that in some cases hnRNP Al and hnRNP H to promote the
recognition of the 5’splice site. In these cases hnRNPAL and H interact with their
binding sites on intronic RNA, bringing distal 5° and 3’ splice sites closer,

favouring the splicing process (Fisette et al., 2010; Pagani and Baralle, 2004).

In conclusion the choice of a perfect 5’ splice site depends on different factors,
including U1snRNP and U6snRNP during the spliceosome formation, as well as
the SR and hnRNP proteins. hnRNP factors are associated with two functions: the
stimulation and the inhibition of the selection of splice sites (Fisette et al., 2010).

Finally it has been shown that the presence of secondary structures close to the 5’
splice can also affect its recognition. An example is seen in the tau gene where a

mutation in the 5” splice site of the exon 10 affects a stem-loop structure (Zhang
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et al., 2005). Other diseases associated with the presence of secondary structure
are ATM and CFTR. For ATM a deletion in the repressor element causes use of
an aberrant 5” splice site. In CFTR, on the other hand, a new 5’ splice site is
created. In both cases RNA secondary structure is the key regulatory element
(Manley and Krainer, 2010).
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Figure 1.5: Schematic representations of the 5’ splice site recognition.

The figure shows a schematic representation of the recognition of the 5 splice site
by the U1snRNP complex during the early assemble of the spliceosome complex
followed by the recognition of the U6snRNP in presence of ATP. The blue and
the red boxes represent the exons and the light green box represents the intron.
The green and the violet circle are respectively the U6snRNP and the U1 snRNP.
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1.1.5 The 3’ splice site.

The 3 splice site has three different conserved sequence elements: the branch
point, polypyrimidine tract and the AG dinucleotide (Figure 1.6). The 3’ splice
site is recognized during the early step of spliceosome assembly by the U2AF35
subunit (Wu et al., 1999), which is part of the auxiliary protein U2AF.

The branch point: In yeast this is a conserved sequence (UACUAAC), while in

metazoan, apart from the universally conserved A, it is not highly conserved (Lim
and Burge, 2001). However, evidence shows that the mammalian branch point is
specified primarily by its proximity to the intron/exon junction, and the general
consensus sequence YNYURAC motif (R-Purine, Y-pyrimidine). Most branch
points have been mapped within 18-40 nucleotides of the 3’ splice site (Reed and
Maniatis, 1985; Ruskin et al., 1985). However, there are exceptions where the
branch point is located further than 40 nucleotides from the 3’ splice site but are
nevertheless functional and essential for the regulation of alternative splicing.

The branch point is recognized by the SF1 factor during early spliceosome
assembly (complex E) (Berglund et al., 1997). Subsequently recognition of the
branch site involves binding of U2 snRNP through interaction with SF3a and
SF3b in order to form the spliceosome A complex (Newman, 1997; Zhong et al.,
2009).

Mutation of the adenine residue involved in the lariat formation strongly reduces

splicing efficiency of the downstream exon (Reed and Maniatis, 1988).

The polypyrimidine tract: The polypyrimidine tract is a series of pyrimidines

located between the branch site and the terminal AG at the intron/exon junction.
The polypyrimidine tract can bind several proteins, such as the auxiliary factor
U2AF65-kDa subunit, and the polypyrimidine tract binding protein (PTB)
(Gooding et al., 1998; Wagner and Garcia-Blanco, 2001). U2AF65 binds the
polypyrimidine tract during the formation of the early (E) spliceosome complex
(Kielkopf et al., 2004; Zamore et al., 1992). Binding of the Polypyrimidine Tract
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Binding protein (PTB) to the polypyrimidine tract of a 3’splice site can inhibit
splicing by directly blocking binding of U2AF65 (Sauliere et al., 2006).

The function of the U2AF65 is to bind the polypyrimidine tract and to bring the
3’splice site and the adenosine branch point closer to each other (Sauliere et al.,
2006).

It has been shown that deletion of the polypyrimidine tract abolishes the formation
of the lariat intermediate, during the second trans esterification reaction (Mullen et
al., 1991; Roscigno et al., 1993)

The terminal AG dinucleotide: The terminal AG dinucleotide defines the 3’

border of the intron. This site is characterized by a short YAG/G sequence (Y
denotes pyrimidine; the slash indicates the intron-exon boundary and the

underlined nucleotides are conserved) (Langford et al., 1984).
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U2 snRNP

complex U2AFG5

PPT NCAG

Figure 1.6: Schematic representations of the 3’ splice site recognition.

The figure shows a schematic representation of the recognition of the 3’ splice site.
The exons are represented by blue and red boxes. The U2 snRNP binding the
adenosine branch point (BP), the U2AF65 binding the polypyrimidine tract (PPT)
and the U2AF35 binds the AG dinucleotide. The blue and the red boxes represent
the exons and the light green box represents the intron. The pink and the light blue
circle are respectively the U2snRNP and the U2AF complexes (U2AF65 and

U2AF35).
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1.2 The additional cis-acting elements.

The process of splicing is directed by the presence of specific consensus
sequences at the exon/inton junction known as the 5' splice site and 3' splice site
(Burge and Sharp, 1999). These splicing signals, at the boundaries, are necessary
but alone insufficient for the correct splicing process to happen, due to their
degenerate nature.

It has been proposed that the recognition of splice sites takes place across the
exons through the initial interaction between the 5” and 3’ splice sites via the exon
definition model (Berget, 1995). This initial splice-site recognition across the
exon is the result of a combinatorial regulatory mechanism (Smith and Valcarcel,
2000) that uses additional controlling elements. Such additional splicing
regulatory elements, can act by increasing or decreasing exon recognition, are
named exonic or intronic splicing enhancers (ESE, ISE) or silencers (ESS, ISS),
depending on their location and whether they exert a positive (enhancers) or
negative (silencer) action on the recognition of splice sites (Cartegni et al., 2002)
(Figure 1.7).
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SR proteins

Regulatory complex

Figure 1.7: Schematic representation of the possible distribution of

U2AF65/35 hnRNPs

u2 ))

Intron A PPT AG

3'splice site 5'splice site

canonical and additional splicing cis-elements.

The figure shows a schematic representation of the elements involved in the
splicing process.

The canonical splicing signal that defines the exon boundaries are: the GT at the
5” splice site, the AG at the 3’splice site and the branch point adenosine.

The U1 snRNP binds to the 5’splice site, the U2 snRNP recognizes the branch site
and the U2AF recognizes the polypyrimidine tract and the 3’ splice site sequence.
Additional enhancer and silencer elements exist in the exon (ESE, ESS) and/or
intron (ISS; ISE) allowing correct recognition of the splice sites. Trans-acting
splicing factors can interact with enhancers and silencers and are broadly divided
into two main groups: the SR family of proteins and hnRNPs. In general, SR
proteins binding at ESEs facilitate exon recognition whereas hnRNPs are
inhibitory (Twyffels et al., 2011).
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1.2.1 Regulatory elements: enhancers and silencers.

ESEs are specifically recognized by various RNA binding proteins, the most
prominent of which belong to the serine/arginine-rich (SR) protein family of
splicing factors.

The commonest exon splicing enhancers (ESE) contain extended purine-rich
sequences (more than 65% purine rich) (Tian and Kole, 1995). ESEs are usually
located downstream of suboptimal 3’ splice sites (Fairbrother and Chasin, 2000).
A purine-rich ESE usually has one or more binding sites for serine-arginine rich
proteins (SR proteins). The purine-rich ESEs recruit or strengthen, through
interactions with SR proteins, the binding of U2AF to the upstream 3’ splice site
and stimulate spliceosome assembly (Graveley et al., 1998). However, an exonic
sequence having one or more binding sites for SR proteins does not necessarily
function as an ESE (Zheng et al., 1999); in fact it is possible that an exonic
splicing suppressor binds the SR protein and have a negative effect on splicing.
Usually the ESS proteins are found downstream from the ESE (Figure 1.8).
Depending on their locations purine rich sequences can function as exonic
splicing enhancers or intronic splicing suppressors. In fact, a purine rich element
can suppress the recognition of splice sites when located in the intron, and
therefore act as a silencer of splicing (Skordis et al., 2003b).

Another class of ESEs is the non-purine-rich ESEs. This class includes the exonic
AC-rich enhancer and exonic pyrimidine-rich enhancer. The AC-rich enhancers
were first identified by in vivo selection experiments and were found to stimulate
splicing in vivo and in vitro (Coulter et al., 1997).

Exonic splicing enhancers (ESESs) are implicated in constitutive splicing events, in
addition they were also identified as regulators of alternative splicing (Black,
2003) and implicated in some constitutive splicing events (Lavigueur et al., 1993;
Schaal and Maniatis, 1999). In general ESEs, through SR protein binding, create
the process of splicing by recruiting splicing factors and/or by antagonizing the

action of nearby splicing silencer elements (Cartegni et al., 2002).
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Several groups, through the functional systematic evolution of ligands by
exponential enrichment (SELEX) (Tuerk and Gold, 1990), have identified other
functional ESE sequences. This method was utilized to identify sequences that can
act as ESEs in response to specific SR proteins and have characterized SR-
protein-specific sequence motifs (Liu et al., 2000; Liu et al., 1998). The ESE
motifs identified are usually 6-8 nucleotides long with a degenerate consensus
sequences (generally more so than the consensus sequences for the canonical
splice sites). The frequencies of individual nucleotides at each position of the
consensus were used to derive score matrices in order to predict the location of SR
protein-specific putative ESEs (Liu et al., 2000; Liu et al., 1998).

Whilst enhancer elements that are able to promote the inclusion of the exons,
silencer elements exist, which usually have an opposite effect. The silencer motifs
are less well characterized: the sequence of these can be purine or pyrimidine-rich
and bind different splicing factors (Fairbrother and Chasin, 2000). Silencer
sequences generally interact with the proteins belonging to the heterogeneous
nuclear ribonucleoproteins family (hnRNP) (Figure 1.8) (Cartegni et al., 2002).

A silencer sequence can regulate splicing in different ways: by antagonizing the
function of a nearby ESE or by recruiting factors that interfere with the splicing
machinery by steric hindrance or through exon looping out of the pre-mRNA or
by nucleation and cooperative binding (Cartegni et al., 2002; Matlin et al., 2005).
Previous studies based on the exon repression mechanism have shown that
inhibition typically occurs during the initial ATP-independent recognition of
splice sites. However, the dynamic nature of the splicing machinery suggests that
any of the intermediates along the spliceosome assembly pathway are potential
targets for biologically relevant regulation (House and Lynch, 2006).

Similar studies have also been done for intronic splicing silencers (ISS). A well-
known ISS is the binding site for the poly pyrimidine tract binding protein (PTB)

splicing factor. PTB usually binds the polypyrimidine tract in the intron and acts
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by having a negative effect on the U2AF65 binding or creating a silencer across
the exon (Soret et al., 2006).
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Figure 1.8: Schematic representation of the potential distribution of
enhancing and silencing splicing regulatory elements.

The red boxes represent exons; the green boxes represent the introns. U1 and U2
are represented with the orange and violet circle respectively. The U2AF
complexes are represented in blue. The SR protein and the hnRNP are designed in
green and violet respectively.

(A) The SR proteins can function by binding to exonic splicing enhancers (ESESs),
where they can recruit U2AF and/or U1l snRNP to the 3’ and 5’ splice sites,
respectively, and can activate the splicing process.

(B) Splicing repressors such as: hnRNP proteins can inhibit splicing by binding to
intronic splicing silencers (ISSs), where they interfere with the binding of U2AF.
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1.3 Additional proteins involved in splicing: Trans-

acting factors.

During spliceosome assembly the small nuclear ribonucleoproteins particles
(snRNPs) and non-snRNP splicing factors are involved in the splicing process. In
addition two families of RNA binding proteins, the serine-arginine rich proteins
(SR proteins) and the heterogeneous nuclear ribonucleoproteins (hnRNP factors),
have been described as the main components of distinct regulatory complexes
with functional specificity in the splicing process and that usually bind the ESEs
and ESSs (David and Manley, 2008).

1.3.1 The serine-arginine proteins (SR proteins).

Serine-arginine proteins (SR), also called SR splicing factors (SRSFs) (Mayeda et
al.,, 1999) are families of structurally related RNA binding proteins, highly
conserved in metazoan cells. Besides splicing, the SR proteins play multiple roles
in all steps of MRNA metabolism such as, mRNA export, stability, quality control
and translation (Wu and Maniatis, 1993; Zhou and Fu, 2013). Defects of these
functions may contribute to disease (Blaustein et al., 2007).

The serine-arginine proteins were first discovered as splicing factors in the early
1990s. They contain one or two N-terminal RNA-recognition motifs (RRM) and a
specific C-terminal domain rich in repeating arginines and serines, the “RS”
domain (Ars et al., 2000; Birney et al., 1993). In humans this classification
identified 12 SR proteins, now designated as Serine/Arginine rich Splicing
Factors (SRSF 1-12) (Figure 1.9).
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Figure 1.9: The SR protein families.

The figure shows twelve SR proteins (SRSF1-SRF12). RRM is the RNA
recognition motif; RRMH is the RNA recognition motif homolog; RS is the
arginine/serine rich domains; Zn is the Zinc knuckle (Shepard and Hertel, 2009).
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The RRMs mediate sequence-specific binds to the RNA, and so determine
substrate specificity (Buee et al., 2000) whereas the RS domain seems to be
involved mainly in protein-protein interactions. Other proteins (for example
snRNP associated factors such as U1 70K) share this structural organization. SR
proteins are essential pre-mRNA splicing factors and critical regulators of the
selection of both constitutive and alternative splice sites. They are present in all
metazoans but, curiously, are apparently absent from lower eukaryotes such as
Saccharomyces cerevisiae (Hutton et al., 1998). SR proteins have been implicated
in many steps of spliceosome assembly, from recognition of the 5’ splice site at
the earliest step of splicing to binding and regulation of exonic-enhancer

sequences that stimulate the usage of sub optimal splice sites.

There are different models for the mechanism of SR proteins action. The most
accepted model for the mechanism of SR protein action is the ability of these
splicing factors to bind exonic splicing enhancers (ESEs) and through their RS
domain to recruit and stabilize U1 snRNP and U2AF binding to the 5’ and
3’splice site respectively and, thus, facilitate recruitment of the spliceosome
(Corrionero et al., 2011).

SR proteins have also been suggested to allow protein-protein interactions across
introns in a way that brings the 5° splice site and the 3’ splice site closer. This
intron bridge is mediated by the interaction of the SR protein through the RS
domain to the U1 snRNP-associated 70kDa protein (U1 70K) at the 5 splice site
and the U2AF at the 3’ splice site (Figure 1.10) (Cartegni et al., 2002; Sanford et
al., 2005). In addition the RS domain of the ESE bound SR protein has been
shown to interact with RNA at the Branch Point (BP) to promote pre-spliceosomal
assembly (Shen et al., 2004). SR proteins can also act by antagonizing the
negative effect on splicing of an inhibitory protein bound to a juxtaposed exonic

splicing silencer (ESS) (Figure 1.10).
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(a)

(b)

(c)

Figure 1.10: Splicing function of SR proteins.

The figure shows three different interaction of SR protein.

(a) SR proteins (green) bound to ESE by interacting with the splicing factors
U2AF.

(b) Exon independent functions of SR proteins. SR protein facilitates splice site
recognition by interaction with U1snRNP and U2AF. SR proteins also recruit the
U4/U6/U5 trisnRNP.

(c) Splicing repression is mediated when SR is associated with intronic sequence
(Shepard and Hertel, 2009).
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Thus, the structural organization of SR proteins and their ability to interact with
other proteins suggest a model for their function, where the RRM(s) mediate
sequence-specific binding to the mRNA, and so determine substrate specificity,
whereas the RS domain seems to be involved mainly in protein-protein
interactions (Cartegni et al., 2002; Valcarcel and Green, 1996), but has also been
observed to mediate RNA-protein interaction (Shen and Green, 2004).

SR protein activity is regulated through phosphorylation/dephosphorylating
(Stamm, 2008), where the RS domain of SR proteins is phosphorylated and
dephosphorylated during the spliceosome maturation by several proteins family
such as: the Serine/Arginine protein kinase (SRPKs), the CDC2-like kinase family
(CLKSs) and the AKT family (Scott et al., 2012).

This post-translational modification is a crucial step for splicing organization
inside the cell nucleus by affecting the RNA-binding activity and sub nuclear
localization of the SR proteins (Misteli and Spector, 1997). In fact, while
localized predominantly in the nucleus, some (but not all) SR proteins shuttle
continuously between the nucleus and the cytoplasm (Caceres et al., 1998). The
RS domain phosphorylation is required for the translocation of the SR proteins
from the cytoplasm to the nucleus and also for the recruitment of these factors
from nuclear speckles (“splicing factor compartments”) to the sites of pre-mRNA
synthesis (Bourgeois et al., 2004). Phosphorylation is also important for specific
RNA recognition, since the high positive charge of un-phosphorylated RS
domains masks the specificity of the RNP domains and enhances non-specific
binding (Stamm, 2008; Tacke et al., 1997).
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1.3.2 Heterogeneous ribonucleoproteins (hnRNP).

hnRNP proteins are located throughout the nucleus and some are extremely

abundant, while others are present only in small amounts.

The hnRNP family is a class of diverse RNA-binding proteins that associate with
nascent pre-mRNA. These factors remain associated with pre-mRNA until its
processing is completed and with mRNAs during export from nucleus to
cytoplasm (lzaurralde and Mattaj, 1995). At least 20 major hnRNP proteins exist
in human cells, with nuclear weight ranging from 34 to 120 kDA (Dreyfuss et al.,
1993).

The structure of hnRNP proteins is modular and consists of one or more RNA

binding domain associated with an auxiliary domain often involved in protein-

protein interactions (Dreyfuss et al., 1993). The auxiliary domain is usually rich in

amino acid, such as glycine, proline. The structure of the members of the hnRNP

family is considerably different.

The hnRNP A/B proteins contain two RNP domains at the N-terminus and a Gly-

rich auxiliary domain at the carboxyl end.

HnRNP E1-E2 proteins contain three K Homology domains (KH) (Ostareck-

Lederer et al., 1998).

The hnRNP H family members contain two (2H9) or three (H, H* and F) RNA

recognition motifs (QRRMs) and one or two glycine rich auxiliary domains

(Honore et al., 1995).

The hnRNP 1 (also known as the polypyrimidine-tract binding protein), L and M

contain four RNP domains.

The hnRNP C proteins contain a single RNP domain at the N terminus.

hnRNP proteins show general RNA-binding specificity and individual proteins

display preference for specific sequences that tend to coincide with sites of

functional importance in pre-mRNA processing. However, hnRNP proteins

generally do not bind to specific sites exclusively but recognize different RNA
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sequences with different affinities. This RNA binding ability is further modulated
by cooperative protein-protein interactions (Dreyfuss et al., 2002; Dreyfuss et al.,
1993). hnRNP proteins frequently mediate splicing repression, particularly
through binding to exonic splicing silencer elements or by sterical interference
with other protein interaction (Cartegni et al., 2002). Nevertheless, depending on
their pre-mRNA binding position, some hnRNPs can also associate with enhancer
elements and help exon inclusion (Caputi and Zahler, 2002). The hnRNPA-B
subfamily acts predominantly as repressors and the hnRNP F/H subfamily acts as
activators as well as repressors (Talukdar et al., 2011).

Although many of the hnRNPs are localized in the nucleus, some of the hnRNPs
shuttle between the nucleus and cytoplasm, which suggest a role in nuclear export
and in other cytoplasmic processes (Martinez-Contreras et al., 2007; Pinol-Roma
and Dreyfuss, 1992).

1.4 Alternative Splicing.

Genetic information flows between DNA to RNA after which it is translated into
protein. Alternative splicing plays a central role between transcription and

translation.

Alternative splicing (AS) is an important mechanism that allows the production of
a large number of mRNA and proteins from a single gene (Maniatis and Tasic,
2002). Alternative splicing in flies is crucial for sex determination; where the pre-
MRNA of DSCAM (Down syndrome cell adhesion molecule) gene can produce
more than 38000 different mature transcripts by alternative splicing.

Alternative splicing affects 95% of mammalian genes, and has been implicated in
other regulatory process such as chromatin modification and signal transduction.
There are different ways in which alternative splicing can occur; including exon
skipping, different splice site choice and intron retention (IVs) (Cartegni et al.,

2002; Ladd and Cooper, 2002). In addition the 5’-terminal exons of an mRNA can
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be switched through the use of alternative promoters and alternative splicing.
Similarly, the 3’-terminal exons can be switched by combining alternative
splicing with alternative polyadenilation sites. These individual patterns can be
combined in a single transcription unit to produce a complex array of splice
isoforms. Moreover, changes in alternative splicing can modulate transcript
expression levels subjecting mMRNAs to nonsense-mediated decay (NMD) by
creating a stop codon within the coding sequence or by altering the structure of
the gene product by inserting, or deleting, protein parts (Faustino and Cooper,
2003) (Figure 1.11). Splice site strength and binding of splice factors to enhancer

and silencer elements play an important role in alternative splicing.

Alternative splicing is not only regulated by splicing factors but also by other
processes that involve the transcription machinery. In addition to the splicing
process there are the capping and polyadenylation processes that together with the

splicing process modify the mRNA respectively at the 5” ends and the 3’ ends.
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Figure 1.11: Models of alternative splicing.

The figure shows different models of alternative splicing. In each case, one
alternative splicing event is indicated in black and the other in red. In the last
example the alternative pathway corresponds to constitutive splicing.
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1.4.1 Splicing and Disease.

Mutations in regulatory sequences that affect alternative splicing are known to
cause human hereditary disease and cancer (Chakarova et al., 2002).

Mutations can disrupt a binding site for an enhancer or silencer or can create a
new binding site. This is then associated with the formation of different mMRNAs
and different encoded proteins. In addition nucleotide changes that may create a
premature stop codon (nonsense mutation) or an amino acid change (missense
mutation), can actually be acting at the pre mRNA level by affecting the elements
that are involved on the splicing process. The same is true for silent sequence
variants. These do not alter the encoded amino acid of a protein but can disrupt a
crucial splicing regulatory sequence.

Mutations at the 3" and 5’ splice site are the most frequently reported splicing
mutations at cis splicing regulatory sequences. But it is also possible to have
mutations in trans acting factors.

Alteration of splicing has been shown to contribute to the development of several
diseases such as: cystic fibrosis (CF), hereditary non polyposis colorectal cancer
(MLH1), neurofibromatosis (NF1), spinal muscular atrophy (SMA), front
temporal dementia with Parkinson, retinitis pigmentosa, chronic lymphocytic
leukaemia (CLL) and many others. These mutations are either an alteration of the

cis or trans acting elements that cause inclusion or exclusion of exons.
In the following section are brief explanations of a few well studied diseases

caused by an alteration of the process of splicing, where the nucleotide change can

cause exclusion of the specific exon in the final transcript.
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Frontotemporal dementia and Parkinsonism linked to chromosome 17
(FTDP-17) is an autosomal dominant disorder caused by mutations in the MAPT
gene which encodes for the tau proteins (McKie et al., 2001).

The tau protein is essential for microtubule assembly. In particular the tau protein
isoform with 4R (4 repeat domain). The presence of this 4R is determined by the
inclusion of exon 10 which encodes the last four microtubule binding domains.
The normal ratio between 4R and 3R (where there is exclusion of exon 10) is one;
mutations in FTDP17 alter this ratio. The ratio between 4R and 3R is maintained
by the presence of different ESEs that facilitate the inclusion of exon 10. The
majority of FTDP-17 mutations affecting the inclusion of exon 10 do so due to the
presence of intronic changes adjacent to the 3* end of exon 10. The increase of
inclusion of exon 10 creates an accumulation of the 4R isoforms in the brain of
the patient (Makarova et al., 2002; Vithana et al., 2001).

However not all mutations in FTDP-17 increase inclusion of exon 10, in fact one
mutation, a 3 nucleotide deletion situated inside the 5° ESE (A K280) gives
skipping of exon 10 (Wang et al., 1995).

Cystic fibrosis (CF) is an autosomal recessive disorder caused by mutations in
the cystic fibrosis trans membrane conductance regulator (CFTR) gene.
Alternative splicing of CFTR pre-mRNA gives rise to a number of CFTR
isoforms. The Cystic Fibrosis Mutation Database lists 226 mutations (Gonzalez-
Santos et al., 2002) that have been linked with an alteration of the splicing
process.

These mutations can also either alter a cis acting element or trans splicing factor.
An example of an alteration of a cis acting element are two polymorphisms in the
CFTR gene located at the 3’ end of intron 8 which affects splicing of exon 9.

One variant contains 5, 7 or 9 uridines in the polypyrimidine tract of intron 8, the
other variant has a polymorphic poly (UG) locus situated immediately upstream
of the (U) tract. An individual with these alterations expresses a small fraction of
CFTR mRNA lacking exon 9 and expresses a non-functional protein (Wyatt et al.,
1992).
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Retinitis pigmentosa (RP) is an autosomal dominant disease and it is
characterized by sequence alterations of different genes: PRPF31, HPRP3 and
PRPC8 (Cartegni and Krainer, 2002; Kashima and Manley, 2003; Terns and
Terns, 2001).

All these three genes are involved in the function of the U4/U5-U6 spliceosome
complex. Prp31 is an important splicing factor and is part of the U4/U6snRNP-
associated proteins which promotes the interaction between U4/U6 and U5snRNP.
Mutations in Prp31 create accumulation of the U1 and U2 complex, preventing
the interaction between the U4/U6 and the U5 snRNP (Kashima et al., 2007).
Mutations in HPRP3 are missense mutations in exon 11. HPRP3 is a component
of U4/U6 complex. The effect of the HPRP2 mutations on the function of the
protein is still unknown (Danglot et al., 1995; Gutmann et al., 1995).

PRPCS8, encodes for the protein (PRP8) that is a core component of USsnRNP.
Mutations in PRPC8 have been associated with a severe form of the disease (Zhou
etal., 2011).

Spinal muscular Atrophy (SMA) is the second most common autosomal
recessive disorder. SMA is caused by the loss of the SMN1 gene that encodes the
SMN protein, which regulates sSnRNP assembly (Park et al., 1998). In humans
there is another copy of this gene termed SMN2, which differs from SMN1 by
only 5 nucleotides but produces a truncated protein due to skipping of exon 7.
Different studies have looked at the mechanism of the splicing defect in SMN2. A
silent mutation +6 C>T in exon 7 of SMN2 has been found, which causes
skipping of exon 7. Two models have been proposed to explain the mechanism of
splicing behind the exclusion of exon 7. The first model proposes disruption of a
binding site for SRSF1 in the presence of the variant. (Quesada et al., 2012). The
second model highlights the presence of a binding site for hnRNPA1 in the
presence of the sequence variant +6 C>T. Binding of hnRNPA1 blocks the use of
the 3’ splice site (Best et al., 2013; Grosso et al., 2008). The presences of these

truncated non-functional proteins are useful when considering the use of chemical
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compounds that can increase inclusion of exon 7 as potential therapy for the
disorder. Chemical compounds and oligonucleotides for this aim have been

developed (Introduction 1.4.2).

Neurofibromatosis type | (NF-1) is an autosomal dominant disorder. NF-1
disease is characterized by loss of the neurofibromin protein, which is similar to
the Ras GTPase activating protein (GAP) family. The NF-1 gene is composed of
60 exons; studies of alternative splicing on NF-1 detected the presence of different
sites of alternative splicing in particular three different alternative splicing events
involving exon 9br (predominately expressed in brain), exon 23a (present with a
different concentration in all tissue) and exon 48a (specifically present in muscle)
(Chao et al., 2003; Manoharan, 1999). The mechanisms of action of these exons
are unknown, with the exception of the splicing isoform 23a, which is regulated
by Hu proteins, TIA-1 and CEFL splicing factors (Dunckley et al., 1998).

Another important alternative splicing event that has been associated with NF-1
disease is skipping of exons 29 and 30. Three isoforms have been analysed:
skipping of exon 29, 30 or skipping of both exons. All three isoforms alter the

process of splicing introducing a stop codon (Raponi et al., 2009).

In disease it is also possible to have a mutation in the components of the splicing
process. Examples are the mutations in SF3B1. SF3B1 has been demonstrated to
be the most frequently mutated gene in chronic lymphocytic leukaemia (CLL) and
in myelodysplastic syndrome (MDS). SF3B1 has an important role in the splicing
process; as it is an essential component of U2 snRNP (Wan and Wu, 2013).

Not only mutations but also alteration in the level of splicing regulatory proteins
can cause disease and in particular cancer (Best et al., 2013; Vaughn et al., 1996).

One example of cancer related with alternative splicing is breast cancer.
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1.4.2 Oligonucleotides and therapy.

An innovative strategy to correct alternative splicing defects involves using small
molecules that target transacting factors and/or their binding sites and thus restore
normal splicing.

This new therapeutic approach includes the use of modified antisense RNA
oligonucleotides (AONs), modified bifunctional RNA oligonucleotides, modified
U1 small nuclear RNA targeting sequences situated downstream of the 5 splice
site and the use of trans splicing strategy (SMART, spliceosome mediated RNA
trans splicing) that creates a chimeric RNA where the aberrant splicing region is
replaced with a healthy region. An example of SMART was demonstrated by
Chao et al to correct the haemophilia A phenotype of FVIII (Chao et al., 2003).
Antisense oligonucleotides (AONs) are synthesized from DNA and are able to
induce RNase H-mediated digestion of target RNA. The oligonucleotides used to
modify the splicing process do not require the activity of RNase H, because it is
important to preserve mRNA for translation. Therefore the oligonucleotides used
are chemically modified to inhibit RNase H activity.

The most used oligonucleotide modifications are those that have a modification at
the 2’position of the ribose, that inhibits RNAseH activity (Aartsma-Rus, 2010)
and are: the 2’0-methyl (2’-O-Me) (Monaco et al., 1988; Muntoni and Wood,
2011), the 2’O-methoxyethyl (MOE), (Hua et al., 2010) the 2” O-aminopropyl and
bridged based where the 2’-O and 4’ positions are connected through a methylene
group (Griffey et al., 1996; Teplova et al., 1999) (Figure 1.12).

In addition to modification to the ribose ring it is possible to have an
oligonucleotide where the backbone phosphodiester is modified with a sulphur
atom (the phosphorothioate Ps).

Oligonucleotides with a combination of modification in a ribose and backbone are
often used. An example of this is the 2’0OMePs/MOEPs and morpholino
phospohorodiamidate (PMO) oligonucleotides. These oligonucleotides have been

shown to alter the process of splicing.
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A further two types of oligonucleotides that have been used in pre-mRNA splicing
alteration are the peptide nucleic acid (PNA) oligonucleotides and the locked
nucleic acid (LNA) oligonucleotides. PNA has a nucleic base binding to the
polyamide backbone of N (2aminoethyl) glycine units (Egholm et al., 1993)
whereas the LNA has 2°0-4’C methylene binding to bicyclic ribofluranosyl

nucleosides (Petersen et al., 2000).

Duchenne Muscular Dystrophy (DMD), Bcl-x in lung metastases and SMN are
good examples of disease where the modified oligonucleotides have been used to

try to correct the disease.

DMD is an X linked disease, caused by a mutation in the DMD gene. This disease
affects around 1 in 3500 live male births and it is characterized by disruption of
the DMD reading frame resulting in the production of non-functional dystrophin
protein (Taylor et al., 1999).

The AONs used for DMD disease have been shown to correct the aberrant
dystrophin transcription through exclusion of exon 44 (Liu et al., 2001). In this
case it is possible to generate a shorter but functional protein (Goyenvalle et al.,
2009). The use of these AONs can lift DMD to the milder Becker Muscular
Dystrophy (BMD).

The first oligonucleotide used to correct DMD in the dystrophic mdx mouse was
the 2-OmethylPhosphorothioate RNA (2°’-OMePS). The 2’-OMePS are able to
target the 3’splice site and the 5’splice site of exon 23 causing skipping of exon
23. After three weeks of oligonucleotide injection, skipping of exon 23 was
induced and restored the expression of dystrophin in all skeletal muscles. This
oligonucleotide recreated high levels of dystrophin, but unfortunately there was
no high expression of dystrophin in cardiac muscle (Mann et al., 2001).

For this reason the oligonucleotide was redesigned with the use of PMO
modifications. The new oligonucleotide was injected into the muscle of the mdx
mouse and in Canine X-linked muscular dystrophy (CXMD) (Moulton and
Moulton, 2010).
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Skipping of exon 51 in DMD has already been used in clinical trials. In this case
the oligonucleotide 2’-OMePs (PRO051) was injected directly into the muscle of
a patient with DMD disease (van Deutekom et al., 2007). This oligonucleotide
induced the expression of the dystrophin protein to around 16%. In addition the
muscular injection of PMO (AVI1-4658) stimulated dystrophyn exon 51 skipping
in humans, causing an increase of the expression of the protein of around 27%

which is an adequate amount of dystrophin for muscular function.

Antisense oligonucleotides have also been used also to increment the inclusion of
an exon in cases when that exon normally would have been skipped due to the
presence of a mutation. The prime example of this approach has been used to treat
SMA (Spinal muscular atrophy) (Skordis et al., 2003a).

As stated before SMA is an autosomal recessive neurodegenerative disorder of
motor neurons. The gene involved is called SMN1. Humans have a second copy
of the gene which differs from the original SMN by only 5 single bases in the
coding sequence. This 2" human specific version is called SMNZ2.

The substitution C>T in exon 7 of SMN2 causes skipping of this exon and the
protein product is not functional. With the C>T substitution the binding site for
the splicing factor SRSF1 is disrupted (Cartegni and Krainer, 2002). In addition
this substitution in SMN2 allows binding of hnRNPAL which negatively regulates
the use of splice sites (Cartegni et al., 2006).

A valid treatment for SMA is the use of antisense oligonucleotides (ASQOs), with
the aim of inducing inclusion of exon 7 in SMN2 and restores some functional
SMN protein. Different oligonucleotides have been used to do this, 2’-O-MePs,
2’0-Me, 2’-O- MOE and PNA (Cartegni and Krainer, 2003; Owen et al., 2011a;
Skordis et al., 2003b).

The difficulty with this therapy is the ability of this therapy to be delivered. For
SMA patients the oligonucleotide would have to cross the blood brain barrier
(BBB). Experiments in mouse have shown that the AOs can reach the central

nervous system through intrathecal injection (Passini et al., 2011).
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Therapeutic approaches using modified oligonucleotides have been also used to
alter the ratio of alternatively spliced Bcl-x pre-mRNA. The Bcl-x pre-mRNA can
generate two transcripts coding for either a long Bcl-xL or for a short Bcl-xS. The
long form (Bcl-xL) has been shown to inhibit apoptosis; and the short form (Bcl-
xS) has a pro-apoptotic function (Boise et al., 1993; Minn et al., 1996). In this
case the use of a 2’-O- MOE oligonucleotide increases the Bcl-xS form through
the inhibition of the 5’splice site in exon 2 of Bcl-xL RNA thereby restoring the
normal splicing pattern (Taylor et al., 1999).

Another therapeutic approach is the use of molecules that promote the inclusion of
the exon (Cartegni and Krainer, 2003). A construct termed ESSENCE (exon
specific splicing enhancement by small chimeric effectors) was created where an
antisense peptide nucleic acid (PNA) is fused with ten RS repeats at the 3’end.
This construct bound exon 7 of SMN2. Adding this construct in an in vitro
splicing experiment showed an increase of exon 7 inclusion (Cartegni and Krainer,
2003).

ESSENCE has also been tested in a BRCAL mini-gene carrying a mutation at
position 6 of exon 18, this mutation is a nonsense mutation and causes skipping of
the exon, due to disruption of a SRSF1 binding site (Liu et al., 2001). The use of
these synthetic molecules induced the inclusion of the exon 18.

A similar approach has been used by Skordis using a bifunctional 2’O-methyl
oligonucleotide complementary to the SMN2 exon 7 and with a GGA repeat tail,
which has a positive effect on the inclusion of the exon 7 (Skordis et al., 2003Db).

This demonstrated that the presence of SR protein close to the exon splicing

enhancer is sufficient to promote inclusion of the exon.
Long term efficiency of therapy is also an issue with bifunctional

oligonucleotides. This could be possible using viral vectors. In fact it has been

demonstrated that the use of small nuclear RNA (such as U7 and U1) carrying an
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antisense sequence have the advantage of long term efficiency and eliminated the
need of repeated injections of oligonucleotide.

A universal U7 snRNA carrying sequence complementary to the exon and a tail
for hnRNPAL1/A2 (repressor of the process of splicing) was developed. The
U7snRNA with tail is able to induce skipping of a particular exon having an
opposite effect of U7snRNA without tail. The U7snRNA with the tail has been
used in DMD disease giving efficient skipping of the exon 51 (Goyenvalle et al.,
2009).
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Figure 1.12: Chemical structure of RNA oligonucleotide.

A.Unmodified phosphodiester oligonucleotide. B. 2’-O-Methyl (2’-O-Me_methyl
group at position 2° of the ribose ring) C. Peptide Nucleic Acid (PNA). D.
Morpholino (PMO, morpholino group linked through phosphorodiamidate
linkage). E. N3-P5’Phosphoriamidate (contains N3-P5’ phosphoramidate linkage
in place of a bridging oxygen atom). F.Methylphosphosphonate (methyl group
inplace of a non bridging oxygen on each backbone phosphorous). G.
Phosphorothiodate (ps-Sulphur in place of a non-bridging oxygen atom on each
backbone phosphrous. H Locked Nulcleic Acid (LNA - joined 2’-0,4’-C-methylene
linked ribose ring). I 2’-O-methoxyethyl (MOE - 2’ Methoxyethyl addition on to the
ribose ring). Figure adapted from (Dias and Stein, 2002; Estibeiro and Godfray,
2001).
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1.5 BRCAL.

Breast cancer is one of the most common diseases that affect women in the world.
The risk of Breast Cancer is associated with different factors: mutations in one of
the tumour suppressor BRCAL and BRCA2 genes, other lower penetrance genes
and environmental/lifestyle factors (tobacco, radiation and xenoestrogen).

The BRCA1 gene is located on chromosome 17g21.31 and was first identified on
the basis of its linkage to early onset breast and ovarian cancer in women in the
1990. In 1994 the BRCA1 gene was cloned for the first time (Miki et al., 1994).
Inherited mutations of BRCAL are responsible of 40-45% of hereditary breast
cancer and these mutations are responsible for 2-3% of all breast cancer, since the
BRCAL gene is rarely mutated in sporadic breast cancer. BRCAl has been
classified as a “tumour suppressor gene”. Mutations in this gene cause the loss or
reduction of the BRCAL protein, and cells can progress to cancer. Women with
mutations in BRCAL can have up to 80% probability of developing cancer during
their life (Neuhausen and Marshall, 1994). BRCAL has roles in: cell cycle
progression, DNA repair, DNA damage responsive cell cycle check-point (allows
the cell to repair the damage before mitosis), regulation of specific transcriptional
pathways and apoptosis. These functions involve different portions of the BRCA
protein. The BRCAL gene contains 24 exons (22 coding and 2 non-coding),
encodes a protein of 1,863 amino acids, and contains three distinct protein
interaction regions: the ring domain, the RAD51 interaction domain and the
BRCT domain (Figure 1.13) (Miki et al., 1994; Pavlicek et al., 2004).
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Ring Finger NLS BRCT Domain

Figure 1.13: A schematic diagram of BRCAL.

The figure shows the BRCAL polypeptide which has the N terminal Ring Motif
(red), the Nuclear localization signal (NLS, violet) and the two C terminal BRCT
domains (blue).
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The N-terminal Ring finger domain interacts with different proteins, including
formation of heterodimers with BARD1 (BRCAL-associated ring domain protein)
(Hashizume et al., 2001). BRCA1 and BARD1 act as tumour suppressors
preventing cells from growing and dividing too rapidly or in an uncontrolled way.
Another function of BARDL is to maintain the BRCAL protein in the nucleus.

The BRCA1 C-terminal has a coil domain together with the tandem repeat
globular domains termed BRCT (Koonin et al., 1996). These domains are critical
in DNA repair (O'Donovan and Livingston, 2010).

Both domains, C-terminal and N-terminal, are critical for DNA repair and DNA
damage response signal.

BRCAL is implicated in all phases of the cell cycle and in the regulation of orderly
events during cell cycle progression (Deng, 2006b).

Consequently loss-of-function mutations of BRCAL result in an increase of
apoptosis, defective DNA damage repair, defective G2/M cell cycle checkpoint,
chromosome damage, and aneuploidy (Venkitaraman, 2002). BRCA1 cancer-
predisposing truncating and missense mutations, are commonly found within the
two C-terminal BARCT motifs and to a lesser extent in the critical Zn2+ binding
residues within the N-terminal RING finger, indicating that these regions are
critical for tumour suppressor function (Friedman et al., 1994). It is proposed that
mutations in BRCAL do not directly result in tumour formation, but instead cause
genetic instability thereby exposing the cells to a high risk of malignant

transformation (Kinzler and VVogelstein, 1997).

1.5.1 The function of BRCAL in the cell cycle.

The cell cycle consists of four different stages: Gap 1 (G1), that is the gap before
DNA replication; synthesis (S) during which DNA is replicated; Gap 2 (G2), the
gap phase following the DNA replication, and mitosis (M) in which chromosomes

are segregated and the cell division take place (Hartwell and Weinert, 1989).
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Cell cycle progression is regulated by the activity of protein kinase complexes
consisting of a cyclin and a cyclin-dependant kinase (Cdk). As implied in the
name, Cdks are tightly regulated through their association with cyclin proteins.

A large number of proteins are responsible for maintenance of genome integrity
and the functions of these proteins include DNA synthesis, DNA damage repair,
and regulation of cell cycle checkpoints (Hartwell and Weinert, 1989).

The cycle checkpoints are used to maintain the integrity of the genome, and
respond to DNA damage. These include the G1/S-phase checkpoint, the S-phase
(or intra-S) checkpoint, and the G2/M checkpoint. BRCAL plays an important role
in coordination of the cell cycle (Deng, 2006a; Ruffner and Verma, 1997; Vaughn
etal., 1996).

BRCAL was shown to interact with hypo-phosphorylated Retinoblastoma (RB) to
inhibit cell proliferation and induce G1l-arrest (Deng, 2006a). When RB is hypo-
phosphorylated it interacts with E2F to prevent transcription of downstream genes
required for S-phase progression of the cell cycle and consequently there is
inhibition of cell proliferation (Aprelikova et al., 1999). Therefore BRCAl
maintains RB in a hypo-phosphorylated state to have growth arrest. BRCA1 C
terminal domain (BRCT) forms a complex with RB binding proteins and histone
deacetylase 1 and 2 (HDAC1 and HDAC2) and this complex with RB and histone
deacetylase is thought to suppress transcription of E2F (Yarden and Brody, 1999).
It has been shown that BRCA1 forms a heterodimer with BARD1 (BRCALl
associated RING domain protein), and the heterodimer is required to maintain the
stability of BRCAL and BARD1. The BRCA1-BARD1 complex has been shown
to be required for ATM-mediated phosphorylation of Chk2 and p53 at Serl5
which is required for G1/S-phase arrest via transcriptional induction of
p21(Fabbro et al., 2004).

In summary BRCAL induces the arrest of the G1/S cell cycle through different
protein interactions including RB, p21, p53, ATM and BARD1.

BRCAL also controls different genes associated with the regulation of the G2/M

checkpoint.
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BRCAL represses Cyclin B, the cyclin responsible for activation of the cdc2
kinase which allows passage between the G2 to M phase (Deng, 2006b). BRCA1
also regulates the expression of Weel Kinase, which inhibits the phosphorylation
of cdc2 and consequently inhibits the cyclinB-cdc2. BRCAL1 regulate the 14-3-3
chaperon protein, which targets the cdc25C and sequesters this protein into the
cytoplasm, where the cdc25C cannot activate cyclinB-cdc2 (Hutchins and Clarke,
2004; Muslin and Xing, 2000).

It has been shown that the protein GADD45 controls the cell cycle G2-M
checkpoint through the inhibition of the cd2 and consequently regulates complex
cyclin B and CDC2 (Wang et al.,, 1999), BRCAL can regulate GADD45 and
regulate G2/M cell cycle arrest.

BRCAL induce the arrest of the G1/S cell cycle and the G2/M cell cycle, a
schematic representation of the model is showed in Figure 1.14.
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Figure 1.14: Schematic representation of BRCAL transcriptional regulation
and cell cycle control in response to DNA damage.

BRCAI1 through different mechanism can stimulate the transcription of p21, p53
and RB leading to G1/S arrest. It stimulates the transcription of different G2/M
checkpoint regulatory genes: GADD45, CDC25, 14-3-3 and Weel, which inhibit
the cdc2 Cyclin B (Mullan et al., 2006).
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1.5.2 BRCAL1 regulation and DNA repair.

Accurate repair of damaged DNA is essential for maintenance of genomic
integrity.

BRCAL plays an important role in maintaining genomic integrity by protecting
cells from DNA double strand breaks (DSB). DSBs are generated endogenously,
through consequence for example of collapsed replication fork, DNA replication
and DNA repair, and by exogenous agents such as ionizing radiation (IR) and
other genotoxic compounds (Friedberg, 2008).

The genomic instability resulting from persistent or incorrectly repaired DSBs can
lead to activation of oncogenes, inactivation of tumour-suppressor genes, or loss
of heterozygosis (LOH) at specific loci (Raynard et al., 2008).

In response to DNA damage agents there are three different pathways involved in
the repair of DNA double strand breaks: Non-homologous end joining (NHEJ),
single-strand annealing (SSA), and homology directed repair (HDR).

Non-homologous end joining (NHEJ) requires three enzymes to repair the DNA
double strand breaks; in particular it requires a nuclease to identify the DNA
damage; a polymerase to fill the gap with new DNA and the ligase to restore
DNA integrity. This pathway has an opposite effect compared to homologous
repair (HR) as the break ends are directly ligated without the use of a homologous
template. The use of NHEJ pathway it is often accompanied by modification of
the region around the broken site (Kass et al.,, 2013). The NHEJ pathway is
favoured by cells in GO/G1, where there is no homologous template available, and
involves the direct re-ligation of the broken DNA ends; this regulation is
accomplished by the cycling—dependent kinase Cdk1.
The NHEJ is considered an inherently error prone process due to the loss of the
terminal bases that are usually removed to allow ligation to occur in an efficient
manner. NHEJ does not rely on extensive sequence recognition and thus has the
capacity to ligate DNA ends from non-homologous chromosomes resulting in
increased chromosomal aberrations (Lieber, 2010).
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Single-strand annealing (SSA), is also an inherently error prone process, and
promotes DNA double strand break repair by annealing short regions of sequence
homology to the DNA break site (West et al., 2000). The process is quite simple,
when there is the DNA damage single stranded regions are created adjacent to the
break, in this way the complementary sequences can anneal to each other. This
intermediate annealing can be processed by digesting the single strand tail and

filling the gap.

Homology directed repair (HDR) is the most accurate of the three repair
mechanisms, predominates over the other DNA double strand breaks repair
pathways during the S and G2 phases of the cell cycle in which sister chromatids
are readily available (Kass et al., 2013)

The homologous recombination pathway requires an identical sequence, which is
used as template for repairing the DNA break. The central mechanism of HDR is
the use of the recombined enzyme Rad51 (West et al., 2000). Rad51 forms a
nucleoprotein filament on the recently processed ssDNA and then interacts with
the sister chromatid, which acts as a template for DNA synthesis to repair the
DSB (Li and Heyer, 2008).

BRCAL plays essential roles also in homology repair and nucleotide excision
repair (NER) and is able to mediate these functions through interaction with
components of the DNA repair machinery, and through the regulation of the
expression of genes involved in the DNA damage repair pathways (Deng and
Wang, 2003). Different studies suggest that BRCAL has a role in damage repair
by acting as a link between the elements that cause damage and the that repair the
DNA damage (Boulton, 2006).

BRCAL has a critical role in responding to DNA double strand breaks through its
function in homology repair. BRCAL recruits BRCAZ2 through a mediator protein

PalB2, the interaction between BRCA1 and PalB2 occurs via the coiled-coil
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domain (situated in the C-terminal of BRCAL). Mutations found in BRCA1
coiled-coil domain abolish the PalB2 binding activity consequently compromise
the HR activity, these mutations have been found in BRCAL tumors (O'Donovan
and Livingston, 2010; Sy et al., 2009). The binding of BRCA1 and BRCAZ2
facilitates Rad51 filament formation on the ssDNA (Zhang and Powell, 2005).
Rad51 catalyzes the invasion of the homologous sequence on the sister chromatid,
which is then used as template for accurate repair of the broken DNA ends. A
recent study has shown the importance of BRCAL in DNA damage repair using
the HDR pathway in mouse (Kass et al., 2013). During HDR repair it has been
suggested that ATM is important in the generation of Replication Protein A
(RPA)-coated ssDNA which is an essential early intermediate in HDR process.
HDR is able to recruit Rad 51 to repair the DNA (Kass et al., 2013). BRCAL co-
localizes with Rad50, a member of the MRN complex, following the induction of
DNA damage; Mrell encodes nuclease activity which resects flush ends of DSBs
to generate sSDNA tracts. BRCA1 binds DNA directly and inhibits this Mrell
activity regulating the length and the persistence of sSSDNA generation at sites of
DNA damage (Haber, 1998; Wang et al., 2000). As ssDNA is a substrate for DNA
repair by HR, it appears that BRCA1 might play an essential role in HR-mediated
repair of DSBs through its inactivation of Mrell. In addition to it somewhat
unclear roles in DSB repair, BRCA1 has also been found to be a constituent
member of a large nuclear protein complex named the BRCAZl-associated
surveillance complex (BASC). This complex contains the MRN complex, DNA-
mismatch repair proteins MSH2, MLH1 and MSH6, DNA helicase BLM, ATM,
RFC and PCNA (Wang et al., 2000). Many of these proteins are involved in the
sensing and repair of abnormal DNA structures, and have been linked with the
repair of replication-associated DNA damage (Haber, 1998).

Taken together this evidence suggests that BRCAL1 might function as a
coordinator of multiple processes required for the maintenance of genome
integrity during the process of DNA replication and DNA-replication associated
repair (Gudmundsdottir and Ashworth, 2006).
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1.5.3 BRCA1 splicing isoforms.

BRCAL gene produces different splicing isoforms (Table 1.1) that have different
expression patterns in different tissues (Orban and Olah, 2003). There is evidence
that more than thirty mRNA splicing isoforms are associated with the BRCA1
gene, most of which maintain the original open reading frame and consequently
have the possibility to code for a functional protein, the most common ones are
represented in the Table 1.1.

Five m-RNA isoforms, full length, A(9,10), A(11q), A(9,10,11q), and the All
show alternative splicing between exon 9 and exon 11, are expressed in a variety
of tissues under different conditions, and are called the predominant splicing
variants (Lu et al., 1996; Orban and Olah, 2001; Xu et al., 1997).

In particular exon 11 has three functional splice sites: the exon 11 3’ splice site (at
intron 10/exon 11 junction), the exon 11 5’ splice site (at the exon 11/intron 11
junction), and an additional 5 splice site (11q 5’ splice site), which is situated 117
nucleotides downstream from the exon 11 3’splice site. The different use of this
three splicing isoform determinate the production of the three splicing isoform

such as the full isoform, the A11q and the A11 isoform (Figure 1.15).
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Table 1.1: The known BRCAL splice isoforms in humans.

Name of variants Keep the open Tissues
reading frame
Full length BRCA1 Yes Breast, Ovary Testis, Thymus
with exon 1a Yes Breast, Ovary Testis, Thymus
with exon 1b Yes Placenta
A(2-10) Yes Breast, Lymphocytes
A(5) Yes Breast, Lymphocytes, Ovary
A(5q,6) Yes Breast, Lymphocytes
A(9,10) Yes Breast, Lymphocytes, Ovary
A(9-10,11q) Yes Breast, Lymphocytes, Ovary
A(9-10,11) Yes Breast, Lymphocytes
A(11q) Yes Breast, Lymphocytes, Ovary
A(11) Yes Ovary, Thyroid
A(14-17) Yes Breast, Lymphocytes
A(14-18) Yes Breast, Lymphocytes
A(3) Yes Breast, Lymphocytes
A(3,59) Yes Lymphocytes
A(B,7) Yes Breast, Lymphocytes, Ovary
A(9) Yes Lymphocytes
A(15-17) Yes Breast, Lymphocytes
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Figure 1.15 Schematic representation of splice site in BRCAL exon 11.

The grey boxes represent exons; the black lines represent introns and the dotted
lines represent the splicing outcome according with the use of exon 11 splice sites.
The splice sites of exon 11 are represented in figure with the abbreviation ss.
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The full length isoform includes all the exons, from exon 1 to exon 22, and is
predicted to encode a protein of 1863 amino acids. This full isoform is expressed
in human cells lines and contains all the characteristic domains of BRCA1, and
plays all of the functions of BRCAL such as: DNA repair and DNA damage-
responsive cell cycle checkpoints. BRCAL is able to link BARDL1 through the N-
terminal RING domain (Fabbro et al., 2002) and has been shown to be an
alternative mechanism for the nuclear transport of BRCAL splice isoforms. For
example Al1lg and A11 lack the NLS but have the RING domain.

Another mechanism that allows BRCA1 A1l to enter into the nucleus has also
been reported. Qin et al proposed a piggy-back mechanism of BRCAL
translocation into the nucleus through the binding of BRCAL to ubiquitin
conjugation enzyme 9 (Ubc9) (Qin et al., 2011). Ubc9 is a SUMO-E2 conjugating
enzyme, which is transported into the nucleus through importin B (Figure 1.16).
Recent publications have outlined the presence of another element that can help a
BRCAL that lacks NLS to enter into the nucleus. There are two splicing isoforms
of BRCAL (A1l and Allq isoform) which are able to enter into the nucleus even
if there are not the NLS. These two splicing isoforms have 39aa of exon 11 which
could be responsible for their transport into the nucleus. Consequently these 39

amino acids function like a NLS (Korlimarla et al., 2013).

The Al1 isoform is composed of 21 coding exons arising from in-frame splicing
between exon 10 and exon 12 where the exon 11 is excluded. It retains the highly
conserved amino-terminal RING finger and carboxyl-terminal BRCT domains
found in full-length BRCA. The A11 isoform lacks the nuclear localization signals
previously identified in exon 11(Huber et al., 2001). Studies of cells homozygous
for the allele BRCA1 A1l have shown that this isoform is inefficient for binding
the protein Rad51, suggesting that exon 11 is required for recruitment of Rad51.
The inability to localize Rad51 may compromise the capacity of those cells
homozygous for A11 to repair double-stranded breaks, thereby contributing to the
defective G2/M checkpoint observed in response to ionizing radiation in these
cells (Huber et al., 2001).
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BRCAL is located in the centrosome and interacts with a variety of proteins that
are involved in centrosome duplication. The interaction between BRCAL and the
protein is mediated by amino acid domain situated in BRCAL1 exon 11 spanning
from 508 to 803aa, and this information provides information that can determine
the different effects of BRCA1 full length and BRCA1 All on centrosome
duplication (Kim et al., 2006).

Another important isoform of BRCAL is the Al1q also termed BRCA1 Al1b (Kim
et al., 2006). This isoform derives from alternative splicing in which most of the
exon 11 (from nucleotide 905-4215) but not all, is excluded from the mRNA. The
BRCAL1 Allq protein appears to be functionally different from the full length in
several aspects. First, as a consequence of loss of the nuclear localization signal
(NLS) encoded in exon 11g, BRCA1 Allq is predominantly cytoplasmic.
Although there is the possibility of transporting BRCA1 Allq isoform into the
nucleus using the alternative pathway described above (Korlimarla et al., 2013;
Qin et al., 2011). However the Allq isoform plays a role in tumour formation
(Maniccia et al., 2009). In fact overexpression of BRCAL1 Allq isoform causes an
increase of this isoform in the nucleus and therefore it is possible to have an
increase of apoptosis (McEachern et al., 2003). On the other hand, when there is
nuclear depletion of the Allq isoform (cytoplasmic retention) it is possible to

induce cell proliferation.
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Figure 1.16: Model shows how Ubc9 is an important pathway to shuttle

BRCAL1 to the nucleus.

BRCAL enter in the nucleus through an important alpha and beta pathway and or
Ubc9 BRCA1la/1b proteins can enter the nucleus by binding to Ubc9 (Qin et al.,

2011).
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1.6 Hypothesis and aims.

BRCAL gene has different isoforms. Alteration of this isoform proportions have
been observed in cancer. The alterations may be due to mutations in splicing
regulatory sequences.

Balancing these isoforms in cancer is fundamental for obtaining tumour

suppression.

Aims:

1. Development of a mini-gene construct to analyse sequence variants and
splicing mechanism;

2. Determination of the sequence variants affecting BRCAL splicing;

3. ldentification of the regulatory sequence/regions affected by these
mutations;

4. ldentification of splicing factors involved;

5. Developing antisense-based strategies to modify aberrant alternative

splicing patterns.

64



Claudia Tammaro Materials and Methods

Chapter 2

Materials and methods.
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2 Chemicals and reagents.

All chemicals used, unless otherwise stated, were obtained from Sigma, Fischer
Scientific and Bio-Rad.

2.1 Molecular biology: DNA manipulation.

2.1.1 Bacterial cultures.

Bacterial cultures were used for DNA preparation (Methods 2.2.2) and bacteria
transformation (Methods 2.1.2).

Cultures were originated from single colonies grown and selected in solid LB agar
plates (10 g/L bacto tryptone, 5 g/L yeast extract, 10 g/L NaCl, 15 g/L agar)
containing the appropriate selective antibiotic (50 pg/mL ampicillin). All bacterial
cultures were grown shaking at 250 rpm in LB broth in the presence of the
appropriate selective antibiotic. Unless otherwise stated, bacteria growth was
performed at 37 °C. Plasmids were maintained in the short term as single colonies

on agar plates at 4 °C.

All the cultures were handled in sterile conditions.

2.1.2 Bacteria transformation.

Transformations of competent cells were performed in DHS5a E. Coli cells
(Invitrogen or Promega) bacteria which were transformed to prepare DNA for the

cloning protocol (Methods 2.2.6).
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To transform DH5a E. Coli cells, 50 puL of competent bacteria were defrosted on
ice, mixed with 1-100 ng of DNA and incubated on ice for 30 minutes. Cells were
subjected to heat shock at 42°C for 45 s, incubated on ice for 2 minutes, mixed
with 200 pL of super optimal culture (SOC) solution (20 g/L bacto tryptone, 5 g/L
yeast extract, 0.5 g/L NaCl, 10 mM MgCl,, 10 mM MgSO,, 20 mM glucose), and
grown at 37°C for 1 h. Bacteria were then plated on solid LB agar containing the

appropriate selective antibiotic and incubated at 37 °C o/n.

2.2 Constructs.

2.2.1 Mini-gene constructs.

In this study a mini-gene for splicing assay has been designed.

The mini-gene used in this thesis is the pB1 wild type mini-gene that has been
created in pCDNA3 (+) vector (Invitrogen) (Figure 2.1) The polylinker of
pCDNAS3 (+) has been replaced with another polylinker that contains the
appropriate restriction sites for cloning the regions of interest (the alpha-globin
exonl/intronl and part of the genomic region of BRCA1 gene between exon 8 and

exon 12 with the flanking intron regions).

Exon 1 of alpha globin (a-globin) is the first exon of the mini-gene providing a
strong splice donor site at its 3” end and an ATG start codon at the 5’end. Using
specific oligonucleotides and the two-step PCR mutagenesis method (Senapathy,
1988), a stop codon was created in exon 12 and a single nucleotide insertion was
created in exon 8 in order to maintain the correct reading frame. Exon/intron 1 of
a-globin was amplified from human genomic DNA by polymerase chain reaction
(PCR reaction) (Methods 2.2.7), with the primers Alfa Reverse and Bam Alfa

Forward (Figure 2.1). The PCR product of 220bp was purified (Methods 2.2.10).
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A DNA fragment of 340bp containing exon 8 along with of intron 8 (117 nt) was
amplified using a PCR reaction (Methods 2.2.7), using oligonucleotides
8XhoReverse and EX8 Forward. The PCR product was purified (Methods 2.2.10).
The primer EX8 Forward inserted an additional nucleotide (cytosine) in position 3
of exon 8; this step was necessary to maintain the correct open reading frame in
the mini-gene construct (from ATG start codon in alpha globin exon 1 to the TAG
stop codon created in BRCAL exon 12). The primers EX8 Forward and Alpha
Reverse contain specific tails that allowed annealing of the two PCR products in a
second PCR step. In this second PCR step the two PCR products (containing o-
globin exon/intron 1 and BRCAL exon/intron 8) were mixed together and
amplified with the primer Bam Alpha Forward, used for the amplification of the
a-globin, and the primer 8XhoReverse, used for the amplification of the exon 8.
In this way it was possible to obtain the amplification of the two inserts joined
together. The PCR product was purified and digested with Xho and BamH1
restriction enzyme (Methods 2.2.6). The DNA fragment of ~560bp was cloned in
to pcDNA3.1 (Figure 2.1).

DNA fragment of 528bp containing exon 9 along with part of the intronic
flanking regions was amplified using a PCR reaction from genomic DNA using
oligonucleotides Ex 9 Sall forward and Ex9Xho Reverse. The PCR product was
purified and digested with Sall and Xho restriction enzyme. The DNA fragment
was cloned into pcDNA3.1 exon 8 a (Figure 2.1).

A DNA fragment of 660bp containing exon 10 along with intronic flanking
regions was amplified using a PCR reaction from genomic DNA using
oligonucleotides Ex10Xho Forward and Hindl1110R Reverse. The PCR product
was purified and digested with Xho and HindlIll restriction enzymes. The DNA
fragment was cloned into pcDNA3.1 exons 8 and 9 (Figure 2.1).

68



Claudia Tammaro Materials and Methods

A DNA fragment of 1973bp containing part of exon 11 along with intron 10
flanking regions was amplified using a PCR reaction from genomic DNA using
oligonucleotides 11Hindlll forward and 11 Reverse. The PCR product was
purified and digested with Kpnl and Hindlll restriction enzymes. The DNA
fragment was cloned into the pcDNA3.1 plasmid containing exons 8, 9 and 10
(Figure 2.1).

A DNA fragment of 2255bp containing the end of exon 11 and exon 12 along
with intron 11 was amplified using a PCR reaction from genomic DNA using
oligonucleotides 12 forward and Xbal2Stop Reverse. The PCR product was
purified and digested with Kpnl and Xba restriction enzymes. The DNA fragment
was cloned into pcDNA3.1 plasmid containing exons 8, 9, 10 and 11 (Figure 2.1).
This final mini-gene is called pB1 (Figure 2.1).

The sequence and the respective associated restriction sites of each primer are

specified in Table 2.1. All constructs were made using standard PCR methods

(Methods 2.2.7) with Taq polymerase Roche.
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Figure 2.1: Mini-gene constructs.

Diagram of pCDNAS3 vector (5446 bp), showing characteristic elements of the
plasmid (Ampr, F1 ori, SV40, PolyA, CMV and MCS) and each of the six PCR
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products (Alpha globin, Exon8, 9, 10, 11 and 12) cloned into the vector multiple
cloning sites (MCS) to produce pB1WT vector (B-H). The blue box represent the
exons and the green line the introns.
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Table 2.1: Primers for the mini-gene constructs.

Materials and Methods

Primers utilized in this study to produce the pB1 mini-gene. For each primer, the

restriction sites incorporated are also indicated and are in bold.

Primer name

Primer sequence

Restriction Site

Alfa Reverse

5 TGGTTGTCCTGCGGGGAGAA 3'

Bam Alfa Forward 5 TTGGATCCATGGTGCTGTCTCCT 3' BamH I
8XhoRewerse 5 AAAACTCGAGAGGTGTGAGCCA 3 Xhol
EX8 Forward 5'CCCGCAGGACAACCAGTCTCAGT 3'

Ex 9 Rewerse 5" GTTATAAGCGGCCTCACTAC 3

Ex 9 Rewerse 5 AAACTCGAGAAAGAAAGCAAACA 3

Ex10Xho Forward 5 CGTCTCGAGCAACCATTTCATTTIC 3 Xhol
10Hindlll Rewerse 5TTTAAGCTTTCCCGTIGTTAGTC 3 Hindlll
11HindIll Forward 5 TAAGTAAGCTTAATGGCCAGTAA 3 Hindlll
11 Rewerse 5 ACTTTCCTGAGTGCCATAATCA 3

12 Forward 5 TAGAGAGTAGCAGTATTTCATT 3

Xbal2Stop Rewerse 5 AAATCTAGATGGTAAAATGTCA 3 Xba
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2.2.2 DNA preparation.

Different DNA preparations were utilised depending on the requirements of the
experiment, the concentration, level of purity and quantity required.
DNA required for ligation, transfection, PCR and plasmid manipulations was

prepared through mini-prep purifications.

To perform mini-prep purifications various Kkits were used through the course of
this study, including Promega, QIAGEN, and Fermentas.

In general, after DNA transformation a single colony from the LB agar plate was
grown o/n in 5 mL of LB containing the appropriate selective antibiotic. The
culture was centrifuged at 12000 x g, 4 °C for 5 minutes and the resultant pellet
was resuspended in 250 pL of cell resuspension buffer (50 mM TrisHCI pH 8.0,
10mM ethylenediaminetetraacetic acid (EDTA), 100 png/mL RNaseA). Bacteria
were lysed in 250 pL of cell lysis solution (200 mM NaOH, 1% sodium dodecyl
sulphate [SDS]) and the lysate was incubated for 2 minutes at room temperature
(RT). To neutralise the lysate 350 upl of the Neutralization Solution (3.0M
potassium acetate) was added and the solution mixed gently, following this it was
centrifuged at 12000 x g for 5 minutes. The supernatant containing plasmid DNA
was added to a spin column and centrifuged at 12000 g for 1 minute. The DNA
bound to the column was washed twice: each time 500 puL of Wash Solution (1 M
NaCl, 50 mM 3-[N-morpholino] propane sulfonic acid (MOPS) pH 7.0,
15% isopropanol) was added to the column and the column was centrifuged at
12000 g for 1 minute. To avoid residual ethanol the column was centrifuged at 12
000 g for an additional minute. 50 pL of H,O was added to elute the DNA form
the column and the column was centrifuged at 12000 g for 1 minute. The DNA
was quantified through UV spectrophotometry at 260 nm wavelength (A).

The compositions of the different buffers used and the main steps followed in the

DNA purification protocols are summarized in Table 2.2 and Table 2.3.
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Table 2.2: DNA preparation.

Materials and Methods

Table summarising the main steps followed to obtain DNA preparation by mini-

prep protocols.

Miniprep

Starting culture

1 colony into 5ml LB, o/n

Pelletting

12000 g, 4 °C, 5 min

Cell Resuspension

250 pL resuspension buffer

Cell Lysis

250 pL lysis buffer
2min RT

Neutralisation

350 uL neutralisation buffer

Centrifugation

12000 g, 4°C, 5 min

DNA binding supernatant added to column
Washes 12000 g, 1 min
twice: 500 uL wash buffer
12000 g, 1 min
DNA elution 50 pL H,O
DNA quantification spectrophotometry,260 nm A
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Table 2.3: Buffer for DNA preparation.

Table summarising the different buffers utilised to obtain DNA preparations.

Buffer Buffer Composition
Cell resuspension buffer 50 nM TrisHCI pH 8.0
10 nM EDTA

200 ug/ml Rnase A

Cell lysis buffer 200 nM NaOH

1% wiv SDS
Neutralising and Precipitating 3 M potassium acetate
buffer
Equilibration buffer 750 nM NaCl

50 nM MOPS pH 7.0
15% lIsopropanol
0.15% Triton X-100T

Washes buffer 1 M NaCl
50 nM MOPS pH 7.0
15% vlv Isopropanol

Elution buffer 1.25 M NaCl
50 nM TrisHCI pH 8.5
15% v/v Isopropanol
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2.2.3 DNA quantification.

DNA obtained from mini-preps (Methods 2.2.2) was quantified through
spectrophotometry. Sample concentration was estimated by its light absorption at
260 nm A (OD2g0). DNA quality and purity was assessed by comparing the light
absorption values of the sample at 230 nm (ODy3p) compared to OD,g and at 280
nm (ODsgp) compared to ODygp. Ratio ODyg0/OD53g greater than 1.5 indicated
negligible DNA contamination by organic compounds or guanidium salt (present
in DNA purification columns); ratio OD2g/OD5go greater than 1.8 was the index

of protein-free samples.

2.2.4 DNA digestion.

DNA was digested by restriction enzymes to perform restriction analysis or to
produce intermediate fragments for cloning (Methods 2.2.6) and to eliminate

DNA template in site directed mutagenesis.

Digestions were performed in a 20-100uL reaction volume and contained 1-5 g
of DNA, 1-5U of restriction enzyme(s), 1x reaction buffer specific for the
enzyme and 100 pg/mL of bovine serum albumin (BSA) when required by the
enzyme(s) used. When double digestions were performed, the restriction buffer
enabling highest activity of both enzymes was employed. Most of the digestions
were performed by incubating the reaction volume at 37 °C for two or three hours
and inactivated by incubating at 65 °C for 20 minutes; different incubation and

inactivation temperatures were used as required by specific enzymes.
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2.2.5 DNA electrophoresis.

DNA electrophoresis was performed to check plasmid preparations (Methods
2.2.2), to identify successful clones (Methods 2.2.8), to visualise PCR products
(Methods 2.2.7), or to isolate and purify specific DNA fragments from restriction
digestions or PCR reactions.

DNA samples were mixed with DNA loading buffer (0.05 % bromophenol blue,
40 % sucrose, 1 M EDTA pH 8.0, 0.5 % SDS). Electrophoresis was performed at
room temperature (RT) an agarose gels (0.8-2 % agarose, Tris-borate-EDTA
buffer) in Tris-borate-EDTA.

(TBE) buffer (40 mM TrisBase, 1 mM EDTA pH 8.0, 20 mM acetic acid),
applying a voltage of 80-100 V.

2.2.6 Cloning.

Cloning protocols were utilized to produce the different constructs used in this
thesis.

Specific primers which included 5" and 3" restriction enzymes were designed to
amplify regions of interest by PCR reaction (Methods 2.2.7). The vector and the
PCR products were digested (Methods 2.2.4) with the appropriate enzyme.
Digested vector and PCR product were analysed by DNA electrophoresis
(Methods 2.2.5), quantified (Methods 2.2.5) and gel extracted (Methods 2.2.9).
Insert (digested PCR product) and the digested vector DNA were ligated
(Methods 2.2.11) and transformed into NEB Express High Efficiency E. Coli.
Mini prep purification (Methods 2.2.2) was utilized to isolate plasmid DNA form
bacteria colonies. DNA was then screened by restriction analysis (Methods 2.2.4)
and sequenced (Methods 2.2.12) to ensure it corresponded with the product of

interest.
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2.2.7 Polymerase chain reaction (PCR reaction).

PCR reactions were performed to obtain amplification of single exons and
flanking introns for the mini-gene preparation, to perform site directed

mutagenesis, deletion, insertion and for cONA amplification.

To accurately amplify the exons and analyse the splicing process the PCR reaction
was performed using Fast Start Tagq Polymerase (Roche), in 25 pL or 100 pL

volume Table 2.4.

Every PCR reaction consisted of an initial phase of DNA denaturation, followed
by a variable number of cycles including three phases: 1) DNA denaturation; 2)
Primer annealing and 3) DNA elongation. Lastly, the reaction was completed by a

phase of final DNA elongation.

The duration of each phase and the temperatures chosen for DNA denaturation
and elongation were determined by the type of DNA polymerase employed, by
the size of the final amplification product and by the oligos melting temperature.
Annealing temperature (Ta) was a function of the characteristics of the primers
and was optimised by gradient PCR for each pair of primers and their relative
template. The number of cycles performed was 25 for PCR employed in
mutagenesis and amplification of inserts for cloning; while 35 cycles were used
for PCR amplification of cDNA products.

Table 2.5 summarises the cycling conditions used for each PCR reaction for the
creation of the mini-gene.

In addition the Table 2.6 and Table 2.7 summarizes the cycling conditions used

for site direct mutagenesis and for the entire mutant used.
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Table 2.4: PCR reaction volume.

Materials and Methods

Table summarizing the composition of the reaction buffer used to perform PCR.

DNA polymerase

Fast start Taq
DNA polymerase
(Roche)

Fast start Taq
DNA polymerase
(Roche)

LongRange Taq
DNAPolymerase
(Qiagen)

cDNA amplification

Purpose cDNA amplification PCR products

Reaction Volume 25 L 100 pL 25 pL
Template 1-10 ng cDNA 1-10 ng DNA 50-500 ng cDNA
dNTPs 200 pM each 200 pM each 500 pM each
Primers 0.25 pM each 1 uM each 0.4 pM each 10X

DNA polymerase buffer

1x Fast start DNA Buffer

1x Fast start DNA Buffer

LongRange PCR Buffer with
Mg, 10X

DNA polymerase 2U/uL Fast start Tag DNA polymerase 2U/pL Fast start Tag DNA 2U/pL of Long RangePCR
polymerase Enzyme Mix.
Water to make the final volume to make the final volume To make the final Violume
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Table 2.5: PCR cycling conditions for the mini-gene.

Materials and Methods

Table summarising the cycling conditions to perform PCR to create the mini-gene

constructs.

PCR product to aglobin,ex8 | exon 10 exon 11 exon 12
obtain andex 9
DNA polymerase | TagDNA Taq DNA Taq DNA Taq DNA
polymerase polymerase polymerase polymerase
(Roche) (Roche) (Roche) (Roche)
Initial 3 min, 95 °C 3 min, 95 °C 3min,95°C |3 min, 95°C
Denaturation
Number of cycles | 35 35 35 35
-denaturation 30 sec 95 °C 30 sec 95 °C 30sec95°C |30sec95°C
-annealing 3 min, 56 °C 3 min, 58 °C 3min, 56 °C [ 3 min, 54 °C
-elongation 30sec72°C 1:30 min, 72 °C | 2min, 72 °C 1:30 min, 72 °C
Final extension 5min, 72 °C 5 min, 72 °C 5min, 72 °C 5 min, 72 °C
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Table 2.6: PCR cycling conditions for site directed mutagenesis.

Materials and Methods

Table summarising the cycling conditions to perform PCR which has been used to
create site-directed mutagenesis.

PCR products

PCR 1

PCR 2

PCR 1+2

DNA polymerase Taq DNA polymerase Taq DNA polymerase Tag DNA polymerase
(Roche) (Roche) (Roche)
Initial denaturation 95°C 3min 95°C 3 min 95°C 3min
Number of cycles 35 cycles 35 cycles 10 cycles
Denaturation 95°C40sec 95°C40sec 95°C40sec
Annealing 60°C 45sec 58°C 45sec 48°C45sec
Elongation 72°C 1:30 min 72°C 1:30min 72°C 1:30min
Number of cycles 10 cycles
Denaturation 95°C 40sec
Annealing 50 °C45sec
Elongation 72°C 1:30min
Number of cycles 5 cycles
Denaturation 95°C40sec
Annealing 52°C45sec
Elongation 72°C 1:30 min
Final Elongation 72°C 5min 72°C 5min 72°C 5min
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Table 2.7: PCR of the mini-gene with the mutation.

Setting employed for the PCR reactions used to create the mini-gene SF2/Del and
1923A. Temperature and duration of each phase are indicated.

PCR products

PCR 1

PCR 2

PCR 1+2

DNA polymerase Tag DNA polymerase Taq DNA polymerase Taq DNA polymerase
(Roche) (Roche) (Roche)

Initial denaturation 95°C 3min 95°C 3 min 95°C 3min

Number of cycles 35 cycles 35 cycles 10 cycles

Denaturation 95°C 40 sec 95°C40sec 95°C40sec

Annealing 48°C 45secfor1923A 48°C 45secfor1923A 52°C 45secfor1923A
52 °C 45 sec for Sf2 52 °C 45 sec for Sf2 50 °C 45 sec for Sf2
56 °C 45 sec for Del 56 °C 45 sec for Del 54 °C 45 sec for Del

Elongation 72°C 1:30min 72°C 1:30 min 72°C 1:30min

Final Elongation 72°C 5min 72°C 5min 72°C 5min
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2.2.8 PCR mediated mutagenesis.

Different mutations were introduced in the pB1 mini-gene (688G>A, 689A>C,
690G>T, 691A>C, 692C>T, 692C>A, 693G>A, 693G>C, 693G>T, 694G>C,
694G>T); a deletion (between codon 688 to 694), an insertion (between codon
688 to 694) and a double mutant (c.689A>C and 693G>A).

The mutated mini-genes were generated through a two-step PCR overlap
extension using the pB1 WT constructs as a template.

The first step includes two PCR reactions. One PCR reaction uses a forward
primer (i10F; with a non complementary tail for a restriction site that will be used
for the digestion of the insert) and a mutagenic reverse primer. The other PCR
reaction uses a forward mutagenic primer and a reverse primer (NewsEx11Reco)
that, presents the restriction site that will be used for the digestion of the insert.
The mutagenic primers carry the specific mutation and also present a non
complementary tail to the DNA template. The tail was designed to allow
annealing, in the second PCR step, of the two first step PCR products.

The second PCR step mixes the two PCR products from step one. These PCR
products are the template; i10F and NewsEX11Reco are the forward and the
reverse primer respectively.

After these two steps a new insert carrying the mutation is obtained. The primers
used are summarized in Table 2.8, Table 2.9 and Table 2.10.
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Table 2.8: Primers for the mini-gene constructs.

Table indicating the name and the sequence of all primers utilised for the

mutagenesis.

Constucts

Primers Sequence

688 G>A

689 G>T

690 G>T

691 A>C

692C>T
692 C>A

693G>C
693G>T

694G>C
694G>T

18BRCAL1F (Forward)
5'’AATTTTCTYAGACGGATGTAACAAA 3

18BRCAI1R (Reverse)
5'ATTTGTTACATCCGTCTRAGAAAA 3'

19BRCA1F (Forward)
5 ATTTTCTGYACGGATGTAACAA 3
19BRCAI1R (Reverse)
5 ATTTTGTTACATCCGTCRCAGAA 3’

20 BRCAL1 F (Forward)
5' TTCTGAYACGGATGTAACAAATAC 3'
20BRCALR (Reverse)
5' TCCGTRTCAGAAAATTCACAAG 3

231 2F (Forward)
5' TTCTGAGYCGGATGTAACAAATAC 3'
231 2R (Reverse)
5' TACATCCGRCTCAGAAAATTCACAA 3

231 1F (Forward)
5' TTCTGAGARGGATGTAACAAATAC 3
231 1R (Reverse)
5'TACATCCYTCTCAGAAAATTCAC 3

231 GTC F (Forward)

5 TCTGAGACYGATGTAACAAATACTG 3
231 GTC R (Reverse)

5 TTACATCRGTCTGAGAAAATTCAC 3

231 +1F (Forward)
5' CTGAGACGYATGTAACAAATACTGAAC 3
231+R (Reverse)
5' GTGAATTTTCTGAGACGRATGTAAC
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Table 2.9: Primers for the deletion and insertion constructs.

Table indicating the name and the sequence of all primers utilised for the

deletions and insertion.

Constructs

Primers Sequence

SF2/ASF Insert

SF2F (Forward)
5' TTCTGAAGAAGATGTAACAAATACTGAACATC 3'

SF2R (Reverse)
5' TTGTTACATCTTCTTCAGAAAATTCACAAGCA 3’

1923A 1923AF (Forward)
5' CTGCGACAGATGTAACAAATACTGAACA 3
1923AR (Reverse)
5 TTGTTACATCTGTCGCAGAAAATTCAC 3'
Del DelF(Forward)

5' GTGAATTTTCTATGTAACAAATACTGAACATC 3'

DelR (Reverse)
S'TTTGTTACATAGAAAATTCACAAGCAG 3'
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Table 2.10: Primers used for the second step of PCR in the site direct
mutagenesis.

The table summarise the primer forward and reverse used in the step 2 of the site
direct mutagenesis. The sequences of primers are showed.

Primer name Primers Sequence
i10F 5 TGTCGTGGTATGGTCTGATA 3
NewEx11Reco 5 AGGCTGGTTTGCTTTTATTACAG 3
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2.2.9 DNA gel extraction.

Specific DNA products were separated by agarose gel electrophoresis (Methods
2.2.5) and extracted and purified from agarose gels using the Promega Gel
Extraction Kit or the Fermentas gel extraction kit. When the Promega Gel
Extraction Kit was employed, the band of interest was visualized under UV light,
cut from the agarose gel and transferred to a tube. 10ul Membrane Binding
Solution per 10mg of gel slice was added to the DNA. The mixture was vortexed
for 30 seconds and incubated at 50-65°C vortexing every 2 minutes; until the gel
slice was completely dissolved. The dissolved gel mixture was transferred to the
Mini-column and incubated at room temperature for 1 minute. It was then
centrifuged at 16000 x g for 1 minute and 700 ul Membrane Wash Solution
(ethanol added) was added to the column.

The solution was centrifuged at 16000 g for 1 minute and the process was
repeated with 500 pl Membrane Wash Solution. A further centrifugation was
performed at 12000 g for 5 minutes, the tube was emptied and the column
centrifuged for 1 minute with the micro centrifuge lid open to allow evaporation
of any residual ethanol. The mini-column was transferred into a clean 1.5 ml
micro centrifuge tube and 50 pul of Nuclease-Free Water added. This was then
incubated at room temperature for 1 minute and centrifuged at 16000 g for 1
minute. The eluted DNA was quantified through UV spectrophotometry at 260

nm wavelength.

Alternatively, when the Fermentas kit was employed the band of interest was
visualized under UV light, cut from the agarose gel and incubated at 65°C for 10
minutes with 1:1 volume of Binding Buffer. The dissolved gel mixture was
transferred to the GenelJet Purification Column and centrifuged at 16000 g for 60
sec. 700 ul Wash buffer with ethanol was added to the column and centrifuged for
1 minute. The tube was emptied and the column centrifuged for 1 minute with the
micro centrifuge lid open to allow evaporation of any residual ethanol. The mini-
columns were transferred into a clean 1.5 ml micro centrifuge tube and 50 pl of
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Elution Buffer was added. This was then incubated at room temperature for 1

minute. The solution was finally centrifuged at 16000 g for 1 minute.
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2.2.10 PCR purification.

PCR products for cloning protocols were purified using Wizard Genomic PCR
Purification Kit. The 100 pL PCR reaction was mixed with 100 yuL of Membrane
Binding Solution and the solution was transferred to a column and centrifuged at
16000 g for 1 minute. The column was washed with 700 pL of membrane wash
solution and centrifuged at 16000 g for 1 minute. The column was then washed
with 500 puL of membrane wash solution. The PCR product was eluted by adding
50 pL of ultra-pure water to the column, incubating 1 minute and centrifuging at
16000 g for 1 minute.

2.2.11 DNA ligation.

Ligation was performed to clone insert (restriction digested PCR products) into
the vector (restriction digested pBl mini-gene; restriction digested vector
pCDNA3 [+]).

Vector was digested with the appropriate restriction enzymes, isolated by agarose
gel electrophoresis (Methods 2.2.5) and purified by gel extraction (Methods
2.2.9). The insert of interest was obtained by PCR reaction (Methods 2.2.7),
identified by electrophoresis, isolated and purified by gel extraction (Methods
2.2.9). The ligation was set up in a reaction volume of 20 pL containing 100 ng of
total DNA, 1 U of T4 DNA Ligase (NEB) and 1 x of T4 DNA Ligase buffer
(NEB). The amount of DNA in the reaction was calculated to have a fixed molar
ratio between the vector and the insert; molar ratios of 1 to 1, 1 to 3 or 1 to 6 were
tested each time. The ligations were incubated o/n at room temperature Table 2.11

summarizes ligation protocols.
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Table 2.11: Ligation.

Materials and Methods

Table summarizing the main steps for DNA ligation.

Type of insert

Insert from gel
extraction

Reaction volume preparation

100ng total DNA

+H,0

+1X Ligase Buffer
+200U T4 DNA Ligase

Incubation

Overnight RT
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2.2.12 DNA sequencing.

All new constructs, PCR products (Methods 2.2.9) cloning (Methods 2.2.8) and
site direct mutagenesis products were sequenced by Gene service - Source

BioScience plc.

Plasmid DNA was supplied to the company at the concentration of 100 ng/ul
diluted in water; PCR products were purified and supplied at the concentration
of 1 ng/ul for every 100 bp of product; sequencing primers were supplied at

the concentration of 3.2 pmol/pl.
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2.3 Molecular biology: RNA manipulation.

2.3.1 RNA extraction.

To analyse the splicing process total mMRNA was extracted from MCF7 breast
cancer cells (Methods 2.7.1).

RNA was collected after transfection of cells (Methods 2.7.3) with the appropriate
mini-gene construct (Methods 2.2.1). 48 hours after transfection the RNA was
extracted using the RNeasy Plus Mini Kit.

RNA was collected from cells after 48 hours from the transfection. The cells were
washed with PBS and RLT Plus Buffer was added to lysate the cells (Table 2.12).
The lysate was homogenised by pipetting up and down and transferred to a gDNA
Eliminator spin column (to eliminate genomic DNA) and centrifuged for 30
seconds at 10000 x g. RNA purification was performed by adding 1 volume
(usually 350 pl or 600 pl) of 70% ethanol and mixed.

The sample was transferred into an RNeasy spin column and centrifuged for 15s
at 10000 x g. After that 700 ul of RW1 buffer was added to the RNeasy spin
column and it was centrifuged for 15s at 10000 x g to wash the spin column
membrane. The membrane was washed twice with 500 ul of RPE buffer; 50 ul of
nuclease free water was added and centrifuged for 1 min at 10000 x g to elute the
RNA. The RNA was stored at - 80 °C (Table 2.13).

RNA was quantified through UV spectrophotometry at 260 nm wavelength.
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Table 2.12: Volumes of Buffer RLT Plus for lysing pelleted cells.

Number of pelleted cells

Volume of Buffer RLT Plus

<5X10°

350 ul

5X10°-1X10’

600 ul

Table 2.13: RNA extraction.

Table summarising the main steps for RNA extraction from cell lines.

Cell homogenisation

350 plRLT <6 cmdish
centrifugation >8000 g at 30 sec

RNA Isolation

70% Ethanol

centrifugation >8000 g at 30 sec
700 yl RWI Buffer
centrifugation >8000 g at 30 sec

RNA Purification

two washes
500 ul RPE Buffer
centrifugation >8000 g at 30 sec

RNA Elution

50 ul RNAse free water

centrifugation >8000 g at 1 minute
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2.3.2 RNA extraction from blood.

To analyse the splicing process total mMRNA was extracted from blood.

Blood was collected in PAXgene RNA tubes, inverted for 10 times centrifuged
for 10 minutes at 3500 x g at room temperature and the supernatant was removed.
4ml RNase free water was added to the pellet. The pellet was vortexed until
visibly dissolved and centrifuged for 10 minutes at 3500 x g at room temperature.
The pellet was air dried for 10 minutes and resuspended in 350 ul of BR1 buffer.
Once the pellet was completely dissolved 300 ul of BR2 buffer and 40 pl
proteinase K was added, the sample was vortexed and incubated for 10 minutes at
55 °C using a shaker incubator at 1400 rpm. The sample was centrifuged for 3
minutes at 13000g. The supernatant was carefully transferred to a fresh 1.5 ml
micro centrifuge tube. 350 ul of 100% ethanol was added 700 pul of the sample
was added to a PAXgene RNA spin column placed in a 2ml processing tube, the
sample was centrifuged to maximum speed and 350 ul of Buffer BR3 was added
and again centrifuged to maximum speed.

The DNase stock solution was prepared by dissolving DNase | (1500 Kunitz
units) in 550 pl of RNase-free water (1500 Kuntz units/0.55 mls). This was mixed
by inversion and stored at -20°C. 10.5 pl Dnasel solution and 73.5 ul of Buffer
RDD was added to each sample and mixed gently by flicking the tube. This was
centrifuged briefly to collect residual liquid from the sides of the tube, and then
incubated at room temperature for 15 minutes. 350 ul of Buffer BR3 was added to
the PAXgene RNA spin column and it was centrifuged for 1 minute at 13000 x g.
500ul of Buffer BR4 was added to the PAXgene RNA spin columns and
centrifuged for 3 minutes at maximum speed. The columns were placed in a new
1.5ml elution tube and 40 ul of buffer BR5 was added and centrifuged for 1
minute. The eluted RNA was quantified through spectrophotometry at 260 nm A
and stored at -80 °C.
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2.3.3 Reverse Transcription polymerase chain reaction (RT-
PCR).

To analyse the splicing pathway of transfected mini-genes the total RNA
extracted from the cells was retro-transcribed to cDNA using a QIAGEN Long
Range 2step RT-PCR. cDNA was then amplified through PCR reaction. A
reaction volume of 20 pL was prepared by mixing 4 uL of LongRange RT Buffer
5X, 2 pL of dNTPmix (10mM each), 1 puL of pCSR primer (final concentration 1
pHM), 0.2 pL of LongRange RNase inhibitor (4U/pL) 1 pL of LongRange Reverse
Transcriptase (Qiagen), 1 pg of total RNA. The reaction volume was brought to
20 uL by adding RNase free water. The reaction was incubated for 90 minutes at
42 °C and the enzyme was inactivated by heating the reaction at 85 °C for 5
minutes.

To discriminate between the mini-gene and the endogenous the pCSR (5~
GCAACTAGAAGGCACAGTCGAGG 37) primer has been used. The pCSR binds to
a specific region of the mini-gene and is located 105 nucleotides upstream the
polyadenilation signal.

The cDNA obtained was ready to be analysed by PCR amplification reaction
(Table 2.14).

To analyse the splicing pathway of endogenous BRCAL the total RNA extracted
from the cells (or blood) was retro-transcribed to cDNA using ImProm-11 Reverse
Transcription System (Promega), see Table 2.14.

A mix of RNA and random primers was incubated for 5 minutes at 70 °C, for
denaturation, and immediately chilled in ice. The reverse transcription reaction
mix was added and incubated for 5 minutes at 25 °C and one hour at 42 °C. The
reverse transcription reaction mix was prepared as shown in Table 2.15. The
reverse transcriptase enzyme was inactivated by heating the reaction at 70 °C for
15 minutes. The cDNA obtained was ready to be analysed by PCR amplification
reactions (Method 2.2.7). The PCR condition required for each cDNA synthesis

kit are summarised in Table 2.16.
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The primers used for PCR amplification were: the 9 10 Forward (5~
ACTTATTGCAGTGTGGGAGA 37) and a mix of two reverse primers; the
12/10/11qReverse (5 CCAGATGCTGCTTCACCCT 37) and 11 full (5~
GGAGTCCTATCATTACAT 37).

The 9,10Forward primer binds the junction between exon 9 and exon 10. The
primer 12/10/11qReverse is situated at the beginning of exon 12 and presents two
nucleotide complementarity with the end of exon 10 and the end of exon 11q. The
11 full Reverse primers binds exon 11 in a region downstream the A11q donor site

and is therefore able to detect the 11 full length isoform only (Figure 2.2).
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Figure 2.2: Schematic representation of the primer used for the RT-PCR.

The diagram shows the position, in the mature spliced transcripts, of the primer
(indicated with the arrow) used to detect the full length, the Al11q isoform and the
A1l isoform. The grey boxes represent BRCA1 exon 8 to exon 12. The green box
represents aglobin exon 1. pA=polyadenylation.
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Table 2.14: Composition of Reaction Mix for Long-Range PCR (0.1-10 kb).

Table summarises the main steps for the RTPCR using Qiagen kit.

Component

Volume in each reaction

Final concentration

LongRange PCR Buffer with Syl 1X 2.5 mM Mg2+
Mg2+, 10X

dNTP mix (10mM each) 25 ul 500 uM of each dNTP
PrimerA 1l 0.4uM
PrimerB 1ul 0.4pM

Long Range PCR Enzyme mix 5 pl 2 units for 50 pl
Template cDNA Sul 50-500ng

RNAse free water

Variable up to 50pl
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Table 2.15: Composition of Reaction Mix for Promega Kit.

Table summarises the main steps for the RTPCR using Promega Kit.

Component Volume in each reaction Final concentration
RNA Xl upto 1 pg/reaction
Random Primers 1l 0.5 pg/reaction
Final Volume 5l 0.4uM

Incubation 70 °C 5 minute

ImProm Il Reaction Buffer Sl 1x; 2.5mM Mg2+

dNTP mix (10mM each) 1 pl 500uM of each dNTP
MgCl, 1.2l 1.5-8.0mM

Recombinant RNAse ribonuclease 0.5l 20u

Inhibitor

ImProm Il Reverse Trascriptase Tl

Incubation

25 °C 5 minute
42 °C 60 minute

Inactivation enzyme

70 °C 15 minute

99




Claudia Tammaro

Table 2.16: PCR conditions used to analyse the cDNA.

Materials and Methods

Settings employed for the PCR reactions used throughout this study. Temperature
and duration of each phase are indicated, depending on the PCR product to

amplify.

cDNA using Qiagen Kit

cDNA using Promega Kit

DNA Polymerase

Long Range PCR Mix

Taq DNa Polymerase

Initial Denaturation 93 °C 3 minute 93 °C 3 minute

Cycle 35 Cycles 35 Cycles

Denaturation 93 °C 30 sec 95°C 40 sec
Annealing 54 °C 45 sec 56 °C 45 sec
Elongation 68 °C 40 sec 72°C 45 sec

Final Extension

72 °C 5 minute

72 °C 5 minute
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2.4 Biochemistry: Protein analysis.

2.4.1 Nuclear extraction.

To perform a biochemical analysis, the protein samples were extracted from HelLa
cells. The extraction was performed using a CelLytic Nuclear Extraction Kit
(Sigma).

Nuclear extract was extracted from a large number of cells (10%-10% cells ~1ml of
packed cell volume PCV) were collected and centrifuged for 5 minutes at 450g.
500 ml of 1X Lysis Buffer (including DTT and protease inhibitors) was added to
the packed cell (volume 100ml). The cells were incubated on ice for 15 minutes,
allowing swelling. In order to assess the degree of lyses before centrifugation
trypan blue solution was added to a cell sample.

The crude nuclei pellet was resuspended in ~70 ml (2/3X PCV) of Extraction
Buffer containing a 1 ml of 0.1 M DTT solution and 1 ml of protease inhibitor
cocktail. This was vortexed at medium speed for 15-30 minutes, and centrifuged
for 5 minute. The supernatant was then transferred to a clean tube and snap frozen

in aliquots with liquid nitrogen and stored at -80 °C.

2.4.2 Protein quantification.

Protein preparations from cells were quantified through colorimetric assays by
using a DC Protein Assay kit (Biorad) based on the Lowry method (Lowry et al.,
1951).

To prepare the calibration curve as an internal reference, 5 protein samples of 5
puL each were analysed and prepared by diluting BSA at different known
concentrations from 0.1 mg/mL to 10 mg/mL. Samples of 5 pL each were also

prepared from the total cell lysates to be quantified. Two different dilutions, 1:1
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and 1:5 were used. To allow red/ox reactions, 25 uL of alkaline copper tartrate
solution (98 % proprietary buffer A, 2 % proprietary buffer S) was added to each
sample, the solution was mixed and 200 uL of buffer containing folin (proprietary
buffer B) was then added. The reaction volume was incubated at RT for 15
minutes to allow the reduction of the folin and the oxidation of the aromatic
residues in the proteins samples, mediated by the reduction and oxidation of the
copper. The concentration of the reduced folin in the sample was quantified
through UV spectrophotometry at 750 nm wavelength. Being proportional to the
reduced folin concentration, the total cell lysate protein concentration was

deduced by referring to the calibration curve.

2.4.3 Protein electrophoresis.

Protein electrophoresis was performed to detect proteins with the pull down assay
(Methods 2.6.1) and to separate protein prior to Western Blot analysis (Methods
2.5.4).

Protein samples were mixed with 4x loading buffer (8 % SDS, 250 mM TrisHCI
pH 6.8, 35 % glycerol, bromophenol blue, 50 mM DTT), incubated at 95 °C for 5
minutes and centrifuged at 12 000 x g for 1 minute (Table 2.17).

Polyacrylamide gels were prepared by polymerising a short 4 % polyacrylamide
layer on top of a main 7-15% layer.
Preparation of 4% polyacrylamide (40% acrylamide/ bis-acrylamide (Biorad),
0.125M TrisHCI pH 6.8 10 % SDS, 0.1 % tetramethylethylenediamine (TEMED),
10% ammonium persulfate [APS]), and the preparation of the 7-12%
polyacrylamide layer (40% acrylamide/ bis-acrylamide (Biorad), 0.375 M
TrisHCI pH 8.8, 0.1 % SDS, 0.05 % TEMED, 0.05 % APS (Table 2.18) was
performed without protein contamination and all devices were previously cleaned
with 70% ethanol.
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Samples were separated by SDS gel electrophoresis (SDS-PAGE) on 7.5-15%
polyacrylamide gels. The short layer of 4% polyacrylamide gel on the top,
allowed the protein present in the sample to be compacted. The SDS-PAGE gel
was run in a running buffer (25 mM Tris, 192 mM glycine, 0.1 % SDS) by
applying voltage 60-100V. Proteins on the gel were either transferred to a
nitrocellulose membrane for western blot analysis (Methods 2.5.4) or stained
(Methods 2.5.1 and Methods 2.5.2) to be visualised and eventually identified by
mass spectrometry (Methods 2.5.3).

Compositions of the different buffers and reagents used for protein electrophoresis

are summarized in Table 2.18.
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Table 2.17:Protein electrophoresis protocol.

Summary of the protocol used for protein electrophoresis.

Protein Pre-treatment 95°C 5 minute in loading buffer
12000 g in 1 minute

Protein electrophoresis 10-12% polycrylamide gel running buffer
60-100 V
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Table 2.18: Protein electrophoresis buffers.

Composition of the buffers and reagents employed for protein electrophoresis.

Buffer

Buffer Composition

4X Loading Buffer

8%SDS
250mM TRIS HCI pH 6.8
35% glycerol

Bromophenol blue

4% Polyacrylamide gel

40% Acrylamide Bis-solution
0.5mM TRIS Hcl pH 6.8
10% SDS
10% APS
0.05% Temed

7-15% Polyacrylamide
gel

40% Acrylamide Bis-solution
0.5mM TRIS Hcl pH 8.8
10% SDS
10% APS
0.05% Temed

Running Buffer

25 mM TRIS
192 mM glycine
0.1% SDS
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2.5 Protein staining.

2.5.1 Coomassie blue staining.

To verify the presence of bands in a SDS page gel, the gels were stained using a
Coomassie based protocol.

Coomassie based staining was performed by incubating the SDS gels in the
Coomassie Blue staining solution (Biorad) for 30 minutes, the solution was
removed and Coomassie distaining solution was added until the gel became clear.
Gels were rinsed with water and visualised. Another way used to visualize the
protein in SDS page was to use the Instant-Blue solution (Expedeon) for 15-30
minutes, after that the solution was removed and the gel rinsed with water and

visualised.

2.5.2 Silver staining.

To distinguish and isolate proteins resulting from binding assays SDS gels were

silver stained to achieve a better and more sensitive band resolution.

Silver staining was performed by using the ProteoSilver PROTSIL1 kit (Sigma).
The gel was fixed by incubation in 100 ml of fixing solution (50% ethanol, 10%
acetic acid) for 20 minutes and washed firstly in 100 ml of 30% ethanol for 10
minutes, then in 200 ml of water for 10 minutes. The gel was incubated in 100 ml
of proprietary sensitizing solution for 10 minutes and washed in 200 ml of water
for 10 minutes twice. A silver equilibration was performed by incubating the gel
in 100 ml of proprietary silver solution for 10 minutes, after which the gel was
washed in 200 ml of water for 1 minute. The gel was developed by incubation in

100 ml of proprietary developer solution for 3-6 minutes, until the bands were
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clearly visible but not too strongly stained. Finally, the reaction was terminated by
adding 5 ml of proprietary stop solution to the developer solution and by
incubating for 5 minutes. The gels was washed in 200 ml of water for 15 minutes

and visualised.

2.5.3 Protein identification.

After protein electrophoresis (Methods 2.4.3) and gel staining (Methods 2.5.1-2)
the bands of interest were excised from the polyacrylamide gel, and transferred
into a tube and kept in water. The proteins were identified by mass spectrometry
by the Medical Biomics Centre at St. George’s, University of London, United
Kingdom.

2.5.4 Western Blot.

A western blot analysis was performed to detect proteins of interest after protein
electrophoresis (Methods 2.4.3.).

Following protein electrophoresis, polyacrylamide gels were transferred to a
nitrocellulose membrane (GE Healthcare). The transfer chamber was assembled
inside a plastic perforated cassette by stacking the polyacrylamide gel and the
nitrocellulose membrane and placing them between 2 stratified layers, each of
them composed internally of 2 filter papers and externally by a sponge. Protein
transfer was performed was performed at 250 mA, 4°C for 2 h, in transfer buffer
(20 mM tris, 153 mM glycine, 20 % methanol). Proteins remaining in the

polyacrylamide gels were visualised by Coomassie blue staining.

Proteins transferred to the nitrocellulose membrane were stained by incubating the

membrane in Ponceau red solution (1 % acetic acid, 0.1 % ponceau red) for
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5 minutes, after which the solution was removed and the membrane was rinsed
with water.

The membrane was incubated in blot solution (0.5% of blocking reagent solution
[Roche]) diluted with Tris buffer saline (50 mM Tris base 150 mM NaCl pH 7.5)
for 1 h or overnight. When antibodies detecting phosphorylated proteins were
utilised, the membrane was diluted in blocking solution. The membrane was
incubated from 2 h to o/n at 4 °C with the primary antibody diluted in Tris buffer
saline solution (TBS) (50 mM tris-HCI pH 7.4, 150 mM NacCl, 0.1 %), plus blot
solution (Roche). After hybridation, to wash the antibody in excess, the membrane
was incubated 3 times at room temperature for 10 minutes each with Tris buffer
saline tween (TBST) solution (50 mM tris-HCI pH 7.4, 150 mM NacCl, 0.1 %,
0.1% tween 20%).

The secondary antibody, horse radish peroxidise (HRP) conjugated, diluted in blot
solution, was applied to the membrane for 1 h. Washes of 10 minutes each were
performed 3 times with TBST solution to eliminate the antibody in excess. The
antibodies used and their working dilutions are specified in section Methods 2.5.5.
After the last wash in TBST solution, the membrane was incubated for 5 minute
with enhanced chemiluminescence (ECL) solution (GE Healthcare). The solution
was prepared by mixing the proprietary solution A with the proprietary solution B
in equal volumes. Protein signal was detected either with the bio-imager
ChemiDoc XRS (Biorad), or by photographic film. The treated membrane was
exposed to a light that is able to capture the image, the exposition is for a variable
period of time during which images were registered every 30 s to determine the
best exposure duration, using the ChemiDoc XRS.

When using photographic film, a film was exposed to the membrane for a time
variable from 30 seconds to o/n depending on the signal intensity. After
exposition, the film was incubated shacking for 2-5 minutes in developer solution
(Kodak), rinsed in water, and incubated shacking for 5 minutes in fixing solution
(Kodak) and rinsed in water before being air-dried. Images of dried films were

acquired by scanning.
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The main steps followed to perform Western blot analysis are summarised in

Table 2.19. Composition of different buffer and reagent used for Western blot

analysis are summarised in Table 2.20.
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Table 2.19: Western blot protocol.

Summary of the protocol used for western blot analysis, with main steps outlined.

Blotting on nitrocellulose membrane
transfer buffer
70V, 2h, 4 °C
Labelling -1h or o/n in blotting solution (Roche)

-2h or o/n with primary antibody in: blot solution
or PBST + 2.5% Milk

-3x 10 min in: TBST solution or PBST

-1h with secondary antibody in: blot solution
+ 0.1% Tween

-3x 10 min in: TBST solution or PBST

Detection 5 min in ECL solution

2s-o/n film exposition

2-5 min in developer solution
rinse in H,O

5 min in fixing solution

rinse in H,O

air-drying
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Table 2.20: Buffers for western Blot analysis.

Composition of the buffers and solutions employed to perform western blot
analysis.

Buffer Buffer Composition

Transfer Buffer 20mM TRIS
153mM glycine
20% Methanol

Ponceau red solution 1% Acetic Acid
0.1% ponceau red

Blot solution 0.5% of Blocking Solution (Roche)
50mM TRIS Base
150mM NaCl pH 7.5

TBST Solution 50 mM TRIS HCI pH 7.4
150mM NaCl

0.1% Tween 20

PBST Solution PBS1X
0.1% Tween 20

PBS 2.5-5% Solution PBS1X
0.1% Tween 20
2.5-5% Milk
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2.5.5 Antibodies.

To detect proteins of interest while performing western blot analysis, different
primary and secondary antibodies were used, as listed below. Table 2.21
summarises all antibody used in this study with host organism and working

dilution for the techniques they were employed for.
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Table 2.21: Antibodies.

Table reporting all antibodies utilised in this study and their dilution.

Antibody Specifications Host WB diluition
a TDP43 rabbit 1:1000

a hnRNPA1 rabbit 1:1000

a SF2/ASF Invitrogene 32-4500 mouse 1:1000

Millipure MABE163

a 9G8 Abcam 72616 mouse 1:1000

a Tra2p Abcam 31353 mouse 1:1000

a 1H4 Invitrogene 33-9400 mouse 1:1000

a hnRNP L Abcam 6106 mouse 1:2000
a Hsc70 Santa Cruz SC 7298 mouse 1:2000

a rabbit HRP DAKO P0448 goat 1:2000
a mouse HRP DAKO P0447 goat 1:2000
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2.5.6 Quantification using Image J.

Image of films obtained following Western Blot analysis were quantified using

the software Image J (http://rsb.info.nih.gov/ij/ ). A square box including the

biggest band to quantify was drawn; the same box was placed around each of the
bands to quantify. Intensity of each band was measured by calculating the
integrated density over the area defined by the box. Background value was
subtracted. The intensity of each band was then normalized against the intensity
of normalization protein blotting
(http://lukemiller.org/index.php/2010/11/analyzing-gels-and-western-blots-
with-image-j/).

The splicing isoform has been calculated using Image J programme. A box was

designed around each splicing isoform and the relative quantity of each isoform is

presented as a percentage of the total transcript levels.

114


http://rsb.info.nih.gov/ij/
http://lukemiller.org/index.php/2010/11/analyzing-gels-and-western-blots-with-image-j/
http://lukemiller.org/index.php/2010/11/analyzing-gels-and-western-blots-with-image-j/

Claudia Tammaro Materials and Methods

2.6 In vitro RNA method

2.6.1 RNA preparation for pull down analysis.

The pull down analysis is schematically shown in Figure 2.3. One nanomole of
RNA oligonucleotide

(WT short 5”UUUCUGAGACGGAUGUAACAA3?),

(WT Long 57UGAAUUUUCUGAGACGGAUGUAACAA3),

(Syn 5” UUUCUGAGACAGAUGUAACAA 37),

(Syn Long 5> UGAAUUUUCUGAGACAGAUGUAACAA 37),

was placed in a 400 pl reaction mixture containing fresh 0.1 M NaOAc, pH 5.0,
and 5 mM sodium m-periodate (Sigma).

The RNA oligonucleotides were treated with sodium m-periodate in order to
oxidize its 3’ end making it able to bind the adipic dehydrazide-agarose beads in a
covalent manner. For each reaction the same amount of RNA control hnRNP L
(contains specific binding sites for the protein hnRNP L) has been added.

Reaction mixtures were incubated for 1 h in the dark at room temperature. The
RNA was ethanol-precipitated and resuspended in 100 pl of 0.1 M NaOAc, pH
5.0. Then, 300 ul of adipic acid dehydrazide-agarose bead 50% slurry (Sigma)
was washed four times in 10 ml of 0.1 M NaOAc, pH 5.0, and pelleted after each
wash at 4000 rpm for 5 min in a 15 ml falcon tube. After the final wash, 300 ul of
0.1 M NaOAc, pH 5.0, was added to the beads. The slurry was then divided into
equal aliquots that were mixed with each periodate-treated RNA sample and
incubated overnight at 4 °C on a rotator. The beads with the bound RNA were
then pelleted and washed three times in 1 ml of 2 M NaCl and three times in 1.5
ml of RNA washing buffer (LM HEPES-KOH, pH 7.5, 0.5 M EDTA, 100mM
dithiothreitol, v/v glycerol, 1 M KCI). They were incubated in 1X RNA binding
buffer (RNA washing buffer plus 600 pg of HelLa nuclear extract, and Spg/ul of
heparin) for 30 min at room temperature in a 500 pl final volume, pelleted by

centrifugation at 1000 rpm for 5 min, and washed five times with 1 ml of RNA
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washing buffer. Numerous washes have been done to allow the elimination of all
the nuclear proteins with no affinity for our RNA. After the final centrifugation 60
ul of SDS-PAGE sample buffer were added to the beads and heated for 5 min at
90 °C before loading the surnatant containing proteins onto a 12% SDS-PAGE
gel.

The SDS-PAGE was stained using a Coomassie Blue stain, and the bands of
interest were excised and identified by mass spectrometry (Methods 2.5.3).
Alternatively, a western blot analysis was performed using specific antibodies to
detect protein of interest.
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Linearized DNA sequence
—— 1. RNA treatment with sodium-m-periodate
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Ocp 2. Binding to adipic acid dehydrazide beads
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A 3. Incubation with protein extract
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@ 4. Repeated cycles of centrifugation and washing

'

SDS-PAGE (and Comassie Staining)

!

Mass spectrometric Analysis

Figure 2.3: Schematic representation of the pull down analysis procedure.

The steps of the pull-down are indicated on the right of the figure and in the text.
Following separation of the proteins in SDS-PAGE acrylamide gel the protein
bands can be visualized by Coomassie staining or recognized by western blot
analysis and incubation with specific antibodies.
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2.6.2 Modified Oligonucleotides.

The sequences of the modified RNA oligonucleotide are shown in Table 2.22.
Oligonucleotides Syn NT, Dell, Del 1 NT, SF2D7a, and Scramble were
synthesised by Eurogenetec. The oligonucleotide Syn Oligo was a gift from
Francisco Baralle, ICGEB Trieste, Italy.

Oligonucleotide abbreviations: s=phosphorothioate, 0=2"-O-methyl.
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Table 2.22:RNA Modified Oligonucleotide.
Summary of the modified oligonucleotide.

Bifunctional oligo Sequence
Syn oligo (MAMG)IG("A(")GCGACCGAGGACGGAGGACAMUMAMC(* )MA(*)mU(*)IMC(*)mU(*)ImGmUmCmU(*)mCmA
Syn NT [UA*C*A*UCUG*U*C U*C*A]
Del 1 (A*G*"G*-A*G"G-ACG-GAG-GAC-GGA-GGA-CA)[C-AG™A™-A"AA*-UUC-AC*A*-A"G]
Del 1 NT [C*A*G*A"ATAAUUCAC ATA™G]
SF2D7a (A*"G*G*A"G*"GACGGAGGACGGAGGACA)[UUC ' C*U'U*G*UCACUC A G A]
Scramble [A*C*C*C*U*GUCUU*A*G*G*U]
KEY
* = Phosphorothioate
[1= 2'0 Methyl
m = 2'0 Methyl
(RNA)

119



Claudia Tammaro Materials and Methods

2.7 Tissue culture.

2.7.1 Maintenance and analysis of cells in culture.

Cell cultures were used for transient transfection of mini-genes (Methods 2.2.1) or
to prepare nuclear extracts.

Different cell lines were cultured, which included human epithelial carcinoma
cells (HeLa), breast cancer cell lines (MCF7), human mammary epithelial cell
(HMEC), and Lymphocyte cell line.

Cultures were initiated from cells frozen at -80 °C in freezing medium (90% fetal
bovine serum (FBS) 10% DMSOQO). HeLa and MCF7 cells were cultured at 37°C in
standard culture medium composed by Dulbecco's Modified Eagle Medium
(DMEM) (Invitrogen) with 10% Fetal Bovine Serum (Invitrogen), 100 u/ml
Penicillin (Invitrogen) and 100 pg/ml Streptomycin (Invitrogen). The Lymphocyte
cell line was derived from the patient: heterozygote for the synonymous mutation
€.693G>A by HPA cultures. The Lymphocyte cells were grown in suspension in
RPMI 1640 Medium supplemented with 10% fetal bovine serum (Euro Clone)
and 100 u/ml Penicillin (Invitrogen) and 100 pg/ml Streptomycin (Invitrogen).

A human Mammary Epithelial Cell line was grown in HMEC (HMEC Basal
Serum Free Medium, HMEC Supplement, Bovine Pituitary Extract, Invitrogen).
Cells were maintained in standard growing conditions of 20% oxygen and 5%
CO; unless otherwise stated. Cells were cultured on 75 cm? flask, 10 cm-Petri
dishes or 6 wells plates.

Plates containing a confluent monolayer of cells were treated with Trypsin
(Invitrogen) as follows. Cells washed with PBS solution, were incubated at 37° C
with 1 ml of 1X trypsin solution for 2 minutes or until cells were dislodged. After
adding 10 ml of media, cells were pelleted by centrifugation and resuspended in 5
ml pre-warmed medium. 1-2 ml of this cell suspension was added to 10 ml
medium in a fresh plate and was gently mixed before incubation.

All cultures were handled in sterile conditions.
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2.7.2 Cell counting.

The cells were counted using a haemocytometer. Two different readings were
taken for each count and the average were multiplied by 1 x 10 to calculate the
number of cells per millilitre. The average number was multiplied by 2 x 10 if

trypan blue was added to discriminate dead cells.

2.7.3 Transfections.

The DNA used for transfection was prepared with Promega purification kit
(Promega) or Fermentas kit as previously described (Method 2.2.2).

2 x 10° cells were plated in 6 well plates 24 h before transfection. 1.5ug or 0.5 pg
of DNA was diluted in 100 ul of DMEM without FBS serum and without
antibiotic, and then 4 ul of FuGene 6 (Promega) transfection reagent was added.
After 15 minutes of incubation at room temperature, the transfection mix was
added to the cells. Cells were incubated at 37° C, 5% oxygen and after 48h the
RNA was extracted (Methods 2.3.1).

siRNA transfection was performed in 6 well plates where 2 x 10° cells were plated
24 h before transfection (Table 2.23). Different concentration of siRNA were
diluted with DMEM without FBS and serum, 4 ul of Interferin (Polyplus
transfection) was added to the diluted siRNA and after 20 minutes (incubation)
the mix was added to the cells.

When the siRNA were transfected together with the DNA (mini-gene), 1.5ug or
0.5ug of DNA were diluted in 200ul of 150nM NaCl (Jet Prime buffer) to this
solution 4 ul of jetPrime Reagent was added. After 15 minutes of incubation the

mix was gently added to the cells.
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Table 2.23 siRNA sequence.

Materials and Methods

Schematic representation of the siRNA used.

siRNA name Sequence
Luciferase CGUACGCGGAAUACUUCGA
SRSF1 AGUUAUGGAAGAUCUCGAU
SRSF6 1 GCAGAUCUAAGGAUGAGUA
2 AAGAUGAGGCUCUAAGGAA
SRSF9 AGAGGAUGCUAUUUAUGGA
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2.8 In-silico analysis.

In silico analyses were performed to predict splicing signals using bioinformatics

tools.

2.8.1 Human Splicing finder (HSF).

The Human Splicing Finder (http://www.umd.be/HSF/) is a tool to predict the

effect of mutations on splicing signals or to identify splicing motifs within
nucleotide sequence (Desmet et al., 2009). The splicing Finder was queried with
sequence of interest to analyses mutations creating or destroying putative splicing

regulatory sequences.
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Chapter 3

Results

Analysis of synonymous variant c.693G>A in
BRCAL exon 11.
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3 Introduction.

It is important in diagnostic testing to look at unclassified sequence variants
(UVs) and to assess their pathogenicity (Baralle et al., 2009; Tosi et al., 2010).

A proportion of these unclassified variants have been linked with an alteration of
the process of splicing, however it is difficult to reliably predict their effect.

A more reliable test would be RNA analysis direct from the patient samples;
however this is not always possible. For example, some genes are expressed only
in a particular tissue, their regulation of splicing may differ between tissues, or
RNA samples may not be available.

In this study | analysed an unclassified sequence variant which had been found in
a patient with a strong family history of breast cancer, identified at the genetic
diagnostic service laboratory in Salisbury. The sequence variant is a synonymous
substitution in BRCALl exon 11 at codon position 231 (p.231 Thr>Thr;
C.693G>A).

Synonymous variants change the DNA sequence without directly affecting the
protein sequence; the encoded amino acid residues remain unchanged. However,
it is possible for a synonymous change to mutate exonic sequences necessary for
splicing regulation. In this case the synonymous variant should not be considered
neutral as it may cause aberrant splicing and therefore be potentially pathogenic.

The ¢.693 G>A variation was chosen because it lies at codon position 231 which
was reported by Hurst et al. to be in a critical region and was suggested by Orban
et al. to be a particular hot spot for splicing regulation (Hurst and Pal, 2001; I.
Orban and Olah, 2001).

Hurst et al. demonstrated that in the BRCAL gene there is an area which they
termed the “critical region” between the end of BRCA1l exon 10 and the
beginning of exon 11 (in particular around codons 200-300), where the ratio of
synonymous substitutions - termed the Ks, is low compared with the rest of the

gene, when comparing human/dog and mouse/rat (Hurst and Pal, 2001).
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In the critical region different codons (codons 195, 196, 215, 231, 244 and 313),
were predicted to be a hot spot for synonymous mutations; because the ratio
Ka/Ks at these codon positions was higher than 1. Ka is the ratio of
nonsynonymous substitutions per non-synonymous site. These hotspots may
highlight regulatory sequences and therefore be important for splicing; the
synonymous variant ¢.693G>A (on the hotspot codon 231) was analysed for its
effect on splicing using different approaches which included bioinformatic

analysis, RNA and mini-gene splicing assays.

3.1 Analysis of synonymous variant c.693G>A in
comparison to wild type using the Human

Splicing Finder website.

Bioinformatic algorithms are useful tools to predict the impact of nucleotide
variants on the splicing process. Websites are available to predict the consensus
sequence disrupted or created with a mutation that include ESEFinder, SpliceAid,

and The Human Splicing Finder.

ESEFinder 3.0 is a web tool that analyses putative exon splicing enhancers
responsive to the human SR proteins SF2/ASF (SRSF1), SC35 (SRSF2), SRSF5
(SRSF5) and SRp55 (SRSF6). It is able to predict if a mutation could disrupt or
create these elements. The ESEFinder performs searches for putative ESEs by
using weight matrices that are linked with the motifs for the four different human
SR proteins.

These ESE elements were identified using the SELEX (Systematic Evolution of
Ligands by Exponential enrichment) approach. The score is considered a high
score when it is higher than the threshold value defined in the input page, the

thresholds for the SR proteins are:
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SRSF1 1.956, SRSF2 2.383, SRSF5 2.670, and SRSF6 2.676 (Cartegni et al.,
2003).

A second bioinformatic tool available is SpliceAid. This is a collection of RNA
sequences experimentally proven to bind splicing proteins (Piva et al., 2009).
SpliceAid2 has also been developed over the last year updating the splicing
factors binding the pre-mRNA sequence, and also updating information about
tissue specificity (Piva et al., 2012).

More recently a new web site called SpliceAid-F has been developed that gives
detailed information from literature about expression, functional domain, protein
and chemical interactions, RNA binding and no-binding site of splicing factors
(Giulietti et al., 2013).

In this thesis 1 have mainly wused Human Splicing Finder,

(http://www.umd.be/HSF/credits.html). This tool is free on-line and predicts

which splicing factor motifs will be destroyed or created given a mutation. It
incorporates many know algorithms used for splicing prediction (e.g. ESEFinder
3.0) and it also uses new algorithms derived from the Universal Mutation
Database (UMD) (Desmet et al., 2009). Moreover, the Human Splicing Finder

allows easy comparison of a mutated sequence with a wild type sequence.

Two sequences were analysed for the effect of the variant ¢.693G>A on splicing.
The wild type sequence:
agctgcttgtgaattttctgagacggatgtaacaaatactgaacatcat
The mutant sequence (the synonymous change ¢.693 G>A is shown in

red):
agctgcttgtgaattttctgagacagatgtaacaaatactgaacatcat

The sequences included 24 nucleotides upstream and downstream from the
variant to allow prediction of splicing regulatory sequences whose length may
vary from 4 to 8 nucleotides (ESE/ESS) to more than 10 (for example the 3’

128


http://www.umd.be/HSF/credits.html

Claudia Tammaro Results

splice site). The two sequences were run in the Human splicing Finder programme
choosing the option “analyse mutations” from the drop down menu.

The main differences predicted were the disruption of the binding site for SRSF1,
SRSF5 and SRSF7 within the mutated sequence (Table 3.1and Table 3.2).

In presence of the nucleotide change in position ¢.693G>A the binding sites for
SRSF1 and SRSF5 are predicted to be completely destroyed. Whereas, the two SR
proteins are predicted to bind the wild type sequence with threshold respectively
of 82.93 for SRSF5 and 85.09 for SRSF1 (Table 3.1). For this prediction, Human
Splicing Finder used the same concept of Position Weight Matrices used in
ESEFinder but in order to simplify the interpretation of results obtained it uses a
normalized range of scale from 0 to 100 as default thresholds.

The Human Splicing Finder used new matrices to predict SRSF7 binding based on
experimental data. Comparison between the wild type sequence and the sequence
carrying the mutation ¢.693G>A showed that SRSF7 was predicted to bind the
wild type sequence with a score value of 71.34 (where the standard threshold is
59.245), but not the mutant sequence (Table 3.2).

Therefore analysis with Human Splicing Finder suggests that the variant
€.693G>A is a potential splicing mutation since it is predicted to alter the binding
of positive regulatory proteins of splicing (SR proteins SRSF1, SRSF5 and
SRSF7).

Therefore the patient heterozygous for the variant ¢.693G>A was recruited in

order to collect a blood sample for further analysis.
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Table 3.1: Human Splicing Finder using ESE Finder matrices.

Table shows that in position 17 and 18 of the wild type sequence begin the ESE
motifs for the binding of SRSF5 and SRSF1 respectively which are predicted to
be destroyed in the presence of the variation c.693G>A. The thresholds used are
indicated.

Sequence Linked SR Reference Motif | Linked SR protein Mutant Motif Variation
Position Protein (value 0-100) (value 0-100)
17 SRSF5 tgagacg (82.93) Site Broken
-100
18 SRSF1 gagacgg (85.09) Site Broken
-100

Enhancer motifs
ESE Finder matrices for SRSF5, SRSF2, SRSF1 and SRSF6 proteins

Thereshold values:

-SRSF1:72.98
-SRSF5:78.08
-SRSF2:75.05
-SRSF6:73.86

Table 3.2: Human Splicing Finder using experimental data.

Table shows that in position 20 of the wild sequence begins a predicted binding
site for SRSF7 which is predicted to be destroyed in presence of the variation
€.693G>A. The thresholds used are indicated.

Sequence Linked ESE Reference Motif Linked ESE | Mutant Motif Variation
Position protein (value 0-100) protein (value 0-100)
20 SRSF7 gacgga(71.34) Site Broken
-100

ESE motifs from HSF - Experimental

Thereshold values:

-SFRS10: 75.964
-SRSF7: 59.245
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3.2 RNA analysis of c.693G>A.

Whilst bioinformatic tools are available online to predict the effect on splicing of
particular mutations, this is not enough evidence alone and can give false-
positives or miss weaker associations. For this reason it is important to complete
further investigation.

This can be done using either patient RNA (not always available) or by mini-gene
analysis (Vibe-Pedersen et al., 1984). Both these approaches have been used here
to confirm that the synonymous variant c.693G>A affects splicing of BRCA1

exon 11.

Firstly the effect of the synonymous variant ¢.693 G>A, on the splicing process,
was evaluated through RNA extraction (Methods 2.3.2) from a whole blood
sample of the patient and from which cDNA was made (Methods 2.3.3). The
splicing products were amplified by PCR reaction using specific primers. The
primers were designed to analyse the three splicing isoforms: the full length 11,
(inclusion of exon 11); the Al1q (with inclusion of partial exon 11) and the Al1
isoforms (exon 11 is completely excluded). A schematic representation of the
primers used relative to the exons and isoforms studied is shown Figure 3.1.
Comparing the splicing products resulting from the patient blood sample (patient
heterozygous for the variant ¢.693G>A) with the normal control blood sample, a
difference is evident in the proportion of the three splicing isoforms full 11, Allq
and A1l (Figure 3.2).

Both normal control and patient express the three splicing isoforms. However, the
patient (heterozygous for ¢.693G>A) shows a decrease of full 11 and Allq
isoform and an increase of All isoform. This indicates that the synonymous
€.693G>A variant affects BRCAL splicing.
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Figure 3.1: Schematic organization of the primers used for PCR
amplification following RTPCR.

Diagram showing a schematic representation of the three isoforms (Full 11, Allq,
A11) detected using the forward primers 9,10F and the two reverse primers 12R
and 11R (black bars)
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Figure 3.2: RTPCR from blood of a patient carrying the variant c.693 G>A.

Figure shows the result of RT-PCR of RNA from blood of the patient with the
synonymous substitution. The PCR products were loaded on 1.5% agarose gel for
electrophoresis. On the right of the gel is reported the isoform corresponding to
each of the 3 bands: Full length 11 (Full 11), the A11q and the Al1. The sizes of
these bands are 572bp for the full length isoform, 374bp for the Al11q and 297bp
for the Al11 isoforms. M is the 100bp marker; the corresponding size is reported
next to each band. The experiment was performed in triplicate using each time a
control sample from a different donor.

133



Claudia Tammaro Results

3.2.1 Development of mini-gene to analyse splicing of BRCAl

sequence variant.

In order to test the effect of the variant in a cellular context a mini-gene for
splicing assay has been used. The mini-gene assay has the advantage that
sequence variants can be investigated in appropriate cell lines (for instance a case
breast cancer cell line).

The mini-gene is a simple version of a gene, and contains the genomic region of
interest that usually includes the alternatively spliced exons and flanking intronic
sequence. A genomic region of interest containing a specific mutation that could
effect splicing mechanism, can be amplified from normal and affected individuals
and cloned into a mini-gene. The mini-gene is then transiently transfected into cell
lines of interest, where it is transcribed by RNA polymerase Il. The resulting pre-
MRNA is processed to obtain the mature mRNA. A schematic representation of
the mechanism of the mini-gene is shown in Figure 3.3. The mRNA splicing
pattern is analysed by RT-PCR and PCR amplification with appropriate primers
designed to discriminate endogenous transcript from those of the mini-gene.

An 11kb mini-gene was created that included BRCA1 genomic sequence from

exon 8 to exon 12 in the pPCDNA 3(+) vector Figure 3.4. The mini-gene construct
was termed pB1WT.
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Figure 3.3: Schematic representation of a mini-gene system.

The mini-gene for splicing assay is a eukaryotic expression plasmid (for instance
pCDNAJ3) that contains a simple version of a gene. In this case the reported mini-
gene is comprised of 3 exons (shown as 2 grey boxes and 1 blue). The mini-gene
is transfected in specific cell lines, followed by RNA extraction and RT-PCR and
gel electrophoresis. In the example the lane 1 represents the inclusion of the “blue
exon” whereas the lane 2 corresponds to its exclusion.
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Figure 3.4: Schematic representation of the pB1WT mini-gene.

The grey boxes represent exons and black line introns. PCMV is the
Cytomegalovirus promoter of the pCDNA3 vector. ATG is the start codon, TAG
the stop codon and the +3c is the insertion of a cytosine into exon 8 to maintain
the reading frame. Dotted lines represent the possible splicing events. pA is the
polyadenilation signal.
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The pB1WT mini-gene was tested for transcript to be produced for each of the
three splicing isoforms (Full 11, A11q and A11) when transfected into the breast
cancer cell line MCF7. Following transfection, total RNA was extracted (Method
2.3.1) and the splicing products analysed by RT-PCR and PCR amplification
(Method 2.3.3).

To discriminate between splicing products originating from the mini-gene and
endogenous BRCAL, a specific primer (pcsR) was used for the synthesis of mini-
gene cDNA. This primer binds to a specific region of the mini-gene
corresponding to a pCDNA3 sequence located 105 nucleotides upstream of the
polyadenylation signal (Methods 2.3.3) (Figure 3.5).

The results show that the pBl wild-type (WT) mini-gene produces all three
splicing isoforms to different degrees (Figure 3.6 lane pB1 WT). Endogenous
BRCAL expression was also analysed which showed that the pBIWT mini-gene
isoform expression pattern to be similar (Figure 3.6 lane endogenous WT).

In addition the mini-gene carrying the synonymous variant ¢.693 G>A was tested
in a splicing assay following transfection in MCF7 cells (Figure 3.5 lane pBl
€.693G>A). The results showed that transcripts with the synonymous variant had
decreased of the Allq isoform and increase of the All isoform similar to the
pattern found in the patient (Figure 3.6 and Figure 3.2). To test another cell type
the mini-gene was transfected in mammary epithelial cell line (HMEC) and gave
similar results (Figure 3.7). Together these results strongly suggest that the

synonymous variant ¢.693G>A affects splicing in breast tissue.
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Figure 3.5: Schematic representation of the pcsR primer.

Figure show the pB1 mini-gene, the grey box represent the exons and the black
lines between exons represent the introns inserted into the modified vector
pPCDNAS3 (+). The black lines on either side are vector sequences. The pcsR
primer used is represented with a short black bar.
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Figure 3.6: Splicing products of the endogenous BRCA1 gene and the mini-
gene transfection in the breast cancer cell line MCF7.

The figure shows splicing products for the endogenous BRCAL gene, the pBIWT
mini-gene and the mini-gene pB1c.693 G>A in the breast cancer cell lines,
MCF7). The amplified RT-PCR products are shown on a 1.5% agarose gel. To the
right of the gel is reported the isoform corresponding to each of the three bands:
Full length 11 (Full 11), Allq, and Al1l isoforms. M is the 50bp DNA ladder
marker and the corresponding molecular weight for each band is shown on the
left.
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Figure 3.7: Splicing product of the mini-gene transfection in the mammary
epithelial cell line (HMEpC).

The figure shows the splicing product for the pBIWT mini-gene and the mini-
gene carrying the variant ¢.693 G>A transfected in to a mammary epithelial cell
line (HMEC). On the right of the gel is reported the isoform corresponding to
each of the 3 bands: Full length 11 (Full 11) the Al1q and the A11. The RTPCR
splicing products are shown on a 1.5% agarose gel.
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3.3 Site directed mutagenesis, deletion and

manipulation of a putative regulatory region.

The mini-gene splicing assay is also a useful system to study the mechanistic
effect of splicing. Several studies have been able to identify splicing regulatory
sequences using site directed mutagenesis of positions surrounding splicing
mutations in mini-gene systems. Examples of mini-genes already used for
mechanistic studies include BRCA1 exon 18 where different mutations created
binding sites for silencer proteins. In particular the nonsense change ¢.5199G>T,
initially predicted to disrupt a putative binding site for a SR protein, SRSF1, has
been shown to create a silencer which binds hRNPA1 and DAZI (Deleted in
Azoospermia-Associated protein 1) (Goina et al., 2008). Several other variants
were detected in exon 18 of BRCAL that cause skipping of the exon due to the
creation of a silencer. One of the most common is the missense ¢.5123C>A (new
nomenclature), creating a specific binding site for hRNPA1 and hnRNPH/F
(Millevoi et al., 2010).

On the other hand, a mutation situated in an exon can also destroy a binding site
for enhancers. An example of this is the presence of two synonymous
substitutions in exon 5 of PDHAL gene (c.483 and c.498). These two mutations
cause disruption of the binding site for SRSF6 exonic splicing enhancer motifs

which are essential for the inclusion of exon 5 (Boichard et al., 2008).

Human diseases are often correlated with exon sequence changes, where the
association with the disease phenotype is unclear. For instance nucleotide changes
in exon 12 of the CFTR gene may cause skipping of exon 12 and are associated
with cystic fibrosis. In exon 12 of CFTR gene site directed mutagenesis
demonstrated the presence of overlapping enhancer and silencer regions which
were termed the composite regulatory element of splicing (CERES) (Pagani et al.,
2003Db).
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In order to investigate putative splicing regulatory elements that could be affected

by the synonymous variant ¢.693 G>A, site directed mutagenesis of the region

surrounding this nucleotide position (c.693) was performed (Figure 3.8).
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Figure 3.8: Schematic representation of the site directed mutagenesis.

The figure shows the mini-gene pB1WT and the single nucleotide changes from
nucleotide ¢.688 to c.694 made to create mutant mini-genes.
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3.3.1 Site directed and deletion analysis.

Single nucleotide changes were inserted in the pB1WT mini-gene. These were
introduced from nucleotide ¢.688 to ¢.694 which included the predicted binding
sites for SRSF1, SRSF5 and SRSF7. Generally, purines where changed to

pyrimidine, and pyrimidine to purines.

Using the Human Splicing Finder, as already shown for the variant c.693G>A,
each nucleotide change was predicted to alter the binding site for more than one
SR proteins.

Following transfection of all the mutated mini-genes around the region c.688 to
€.694 in MCF7 cells, the mRNA was analysed through RT-PCR and PCR
amplification. The relative quantity of each isoform is presented as a percentage
of the total transcript levels (Figure 3.9 shows a schematic representation).

The results of mutant mini-genes transfection are shown in Figure 3.10. The
proportion of each of the three isoforms, expressed as a percentage of the total
was calculated and the results show that all the variants, except for 689 A>C,
show a relative increase in Al1 isoform and decrease in Al1q compared with WT
mini-gene (Figure 3.10). The degree of change in isoforms depended on the
nucleotide change involved.

These results therefore delineate a region between nucleotides ¢.688 and ¢.694 in

exon 11 important for BRCAL alternative splicing regulation.
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Figure 3.9: Schematic representation of the isoforms percept of the total

transcript levels.
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The figure shows a schematic representation of a mini-gene splicing isoforms
(isoform 1, isoform 2, and isoform 3). The histograms show the percentage of
isoform 1, 2 and 3 which is calculated against the total expression of the three
isoforms.
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Figure 3.10: Mini-gene analysis by site directed mutagenesis of BRCA1
exonll.

A) Single point mutation analysis of the exon 11 putative regulatory region. The
constructs were transfected in the MCF7 cells, and the splicing pattern analysed
by RT-PCR. Any change from position 688 to position 694 shows altered splicing
process. On the right of the gel is reported the isoform corresponding to each of
the 3 bands: Full length 11 (Full 11), the A11q and the A11. M is the 100 bp DNA
ladder marker and the corresponding molecular weight for each band is shown on
the left.

B) The histograms show the percentage (%) of Full 11, Al1q and A11 isoform
respectively, calculated against the total expression of the three isoforms. The
intensity of each band (in A) was calculated using image-J (Methods 2.5.6).
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In addition | have investigated if deletion of the region around the synonymous
variant can affect the process of splicing.

Figure 3.11 shows that the mini-gene carrying deletion of the region between
nucleotides ¢.688 and c.694 (lane 3) shows an increase of the All isoforms and
decrease of the Allq isoforms compared with the pB1 WT mini-gene (lane 1).
This result is comparable with the mini-gene carrying the synonymous variation
€.693G>A (lane 2). A further mini-gene was created with binding site that
matched one for the common SR protein, SRSF1, between position ¢.688 to ¢.694
(schematic representation in Figure 3.12). This mini-gene was termed pBl
SRSF1. In this mini-gene, the replacement of the wild-type GAGACGG sequence
with the GAAGAAG sequence produced only the full length and A11q isoforms
(Figure 3.11 lanes 4). This suggests that the replacement of a perfect binding site
for SRSF1 may promote inclusion of exon 11. Therefore SRSF1 is a strong
candidate for binding the region of interest and interfering with the splicing
products. However, bioinformatic analysis predicted that the synonymous variant
€.693 G> A could destroy binding sites for other splicing regulatory proteins,
indicating that it is possible to have multiple composite exon regulatory elements

distributed over the entire region of interest.

Site directed mutagenesis between the codon positions ¢.688 to ¢.694 has shown
an alteration of splicing (Figure 3.10). In particular, most of the nucleotide
changes caused a decrease of the Allq isoform and an increase of the All
isoform. However in position ¢.689 the nucleotide change A>C caused an
increase of the Allq and a decrease of the All isoform (Figure 3.10). For this
reason a double mutant has been created in position ¢.689 (where the adenosine
was substituted with a cytosine ¢.689 A>C) and in position ¢.693 G>A (the
patient mutation) to verify whether c.689A>C could compensate for the aberrant
splicing caused by ¢.693 G>A. Indeed the mini-gene with the double mutation
(Figure 3.13 lane 2) was able to rescue the original mutant and recreate the wild

type splicing pattern (Figure 3.13 lane 1).
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Figure 3.11: Splicing products of the mini-gene deletion ¢.688-c.694 and the
mini-gene pB1SRSF1 transfection in the breast cancer cell line MCF?7.

(A) The figure shows the splicing product for the pBIWT mini-gene (lane 1) the
mini-gene carrying the mutation ¢.693 (lane 2) the pB1 mini-gene with the
deletion of the region between c.688 to c.694 (lane 3) and the mini-gene
pB1SRSF1 (lane 4). On the right of the gel is reported the isoform corresponding
to each of the three bands: Full length (Full 11) the Al1q and the Al. M is the
100bp DNA ladder marker and the corresponding molecular weight for each band
is shown on the left. All the mini-genes are transfected in Breast cancer cells lines
(MCFT7).

(B) The histograms show the percentage (%) of Full 11, Al1q and All isoform
respectively, calculated against the total expression of the three isoforms. The
intensity of each band (in A) was calculated using image-J (Methods 2.5.6).
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Figure 3.12: Schematic representation of the mini-gene with the binding site

for SRSF1

The figure shows the mini-gene pB1WT with a sequence AAGAA (represented in
red) which has been replaced in the pPB1SRSF1 mini-gene.
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Figure 3.13: Splicing products of the double mutant mini-gene transfection
in the breast cancer cell line MCF7.

(A) The figure shows the splicing product for the pB1WT mini-gene (lane 1) and
the mini-gene with the double mutation (pB1c.689A>C+c.693G>A) (lane 2). All
the mini-genes are transfected in Breast cancer cells lines (MCF7). On the right of
the gel is reported the isoform corresponding to each of the three bands: Full
length (Full 11) the Al11 and the Al1g. M is the 100bp DNA ladder marker and
the corresponding molecular weight for each band is shown on the left. The
RTPCR products are shown on a 1.5% agarose gel.

(B) The histograms show the percentage (%) of Full 11, Al1q and Al1 isoform
respectively, calculated against the total expression of the three isoforms. The
intensity of each band (in A) was calculated using image-J (Methods 2.5.6).
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3.4 Conclusion.

Bioinformatic analysis using Human Splicing Finder strongly suggested that the
sequence variant ¢.693G>A affects splicing due to the disruption of binding sites
for SR proteins. This was confirmed by analysis of the RNA from the blood of the
patient carrying the variant. In order to study unclassified variants when the RNA
from the patient is not available or to investigate the splicing mechanism a mini-

gene splicing assay can been used.

In this thesis | designed a mini-gene for a splicing assay that allows a study of
unclassified variants in the BRCAL gene using a large region, from exon 8 to exon
12, with intronic flanking regions. | found that the synonymous variant c.693G>A
affects the splicing process of the mini-gene, matching the splicing seen in vivo in
the patient blood sample. | also demonstrate that it was possible to create a large

mini-gene for the study of unclassified sequence variants.

Given the validity of the pB1 mini-gene | proceeded with the mechanistic studies
which enabled the identification of a splicing regulatory region in exon 11.
Human splicing finder predicted more than one splicing factor binding to the
region around the synonymous variant c.693G>A, strongly suggesting the
presence of an ESE in this region. Different mini-genes carrying single nucleotide
changes from codon positions ¢.688 to ¢.694 suggested that there are composite
regulatory elements as different nucleotide changes alter the inclusion or the
exclusion of exon 11. The presence of these regulatory elements in this region
makes exon 11 an interesting and complicated exon for analysis. Previous
examples of exons that act in the same way are exons 9 and 12 of the CFTR gene.
Site directed mutagenesis in CFTR exon 9 and exon 12 showed overlapping
enhancer and silencer function; indicating the presence of composite regulatory
elements (called CERES) (Pagani et al., 2003a; Pagani et al., 2003b).

However only one nucleotide change (c.689A>C) showed a decrease of the A1l

isoform suggesting the creation of a new enhancer or the disruption of a silencer
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interfering with the recognition of the 3’ splice site. For this reason an experiment
of a double mutation was undertaken to understand if the mutation in c.689A>C
could compensate for the presence of the synonymous variant c.693G>A.

The double mutant at codon positions ¢.688 and ¢.693 demonstrated that the
substitution c.689A>C can restore inclusion of exon 11 caused by the
synonymous substitution ¢.693G>A. This result is important because it suggests
that the effect of the variant c.693G>A could be corrected by recruitment of
enhancer protein or by masking the binding sites for a silencer protein.
Identification of these proteins would be important to understand the mechanism

underlying the altered splicing associated with c.693C>A.
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Chapter 4

Results

Identification of binding proteins.
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4 Introduction.

Data presented in chapter 3 demonstrated that the synonymous sequence variant
€.693 G>A in a patient with a strong family history of breast cancer, is involved in
the alteration of the splicing process. In particular in silico prediction using The
Human Splicing Finder tools suggested that ¢.693G>A disrupts the binding sites
for different SR proteins including SRSF5 (SRp40), SRSF1 (SF2/ASF) and
SRSF7 (9G8) and creates a binding site for hnRNPAL. Results of site directed
mutagenesis also suggested that ¢.693 G>A disrupts binding sites for enhancer

proteins.

Binding of splicing regulatory proteins to RNA can be demonstrated using various
techniques which are able to compare binding between a wild type sequence and
mutant sequences. The techniques used are Electrophoretic Mobility Super-shift

Assay (Super shift-EMSA), UV cross linking and Pull down analysis.

EMSA is a low cost technique to analyse the interactions between RNA and
proteins. It is gel electrophoresis under native conditions where the interaction
between the RNA and a recombinant protein is detected using radioactively
labelled RNA. The protein is separated based on size, charge and conformation. In
the Super shift-EMSA, an antibody is added that is specific for the RNA-binding
protein. If the protein is binding the RNA, then the antibody against this specific
protein can bind to the complex and a shift in mobility is detected in the gel. With
this technique prior knowledge is required as to the likely protein binding the
sequence of interest in order to choose the appropriate antibody.

UV cross-linking assay usually uses P radiolabeled RNA substrate which is
incubated with proteins (E.g. HeLa nuclear extract) to allow complex formation.
The complex is irradiated with UV light to cross-link the RNA to its binding
proteins and the remaining free RNA is digested with RNaseA. The cross-linked

complex is analysed by SDS-PAGE and autoradiography. An advantage of this
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assay is that proteins that bind to the RNA, either known or unknown can be
identified on the basis of the molecular weight of the proteins.

In a pull down assay, RNA is bound on to agarose beads. The beads are pulled
down by centrifugation together with RNA and its binding proteins. These
complexes are denatured and the proteins are separated on SDS-PAGE acrylamide
gel and visualized by Coomassie staining. The advantage of this technique
compared with the other methods is the possibility of analysing the interaction
between RNA and proteins without using radioactive RNA; in addition it is
possible to identify unknown proteins binding the RNA of interest through mass

spectrometry and to confirm binding by western blot analysis.

4.1 Identification of nuclear proteins binding to the
splicing regulatory element of BRCA1 exon 11

by pull down analysis.

In order to verify that the enhancer proteins identified by the in silico analysis,
specifically interact with the regulatory sequence identified (Chapter 3); |
performed a pull down analysis (Methods 2.6.1).

The binding of proteins from a HeLa cells nuclear extract to a synthetic RNA
oligonucleotide spanning a region of 21 nucleotides around position ¢.693 (wild
type oligo), was compared with binding to the same synthetic RNA oligo carrying
the variant ¢.693 G>A (¢.693 G>A oligo). The sequences of the RNA oligos are
shown in Figure 4.1

Two bands were detected in the WT lane that were not seen in the c.693G>A lane
(Figure 4.1). Each band was isolated and analysed by mass spectrometry analysis
(Methods 2.5.3) to identify the proteins. For each band, a corresponding slice of
gel (at the same molecular weight) was also isolated from the negative control line

and analysed as control (Figure 4.2). As reported in Table 4.1 mass spectrometry
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analysis on the nine isolated bands revealed differential binding of TDP43, SRSF9
(SRp30c) and hnRNPAL.

Differential binding of TDP43 was detected between wild type and mutant
(c.693G>A) oligos. 22 peptides corresponding to TDP43 were identified in the
wild type sample and only 8 peptides in the synonymous sample with a final
protein score of 626 and 343 respectively. 13 hRNPA1 peptides were identified in
the wild type sample and 23 peptides in the synonymous sample with a final score
of 410 and 841 respectively Table 4.1.

In addition mass spectrometry analysis identified binding of SRSF9 in the WT

lane (14 peptides) with a final protein score of 398 but not to the mutant oligo.

Identification of proteins by mass spectrometry analysis is considered significant
if more than one matching peptide is recognized and if the protein score
calculated is greater than 30. The results therefore indicate that TDP43 and
hnRNPAL are binding both the wild type and the mutated oligo, and SRSF9 is
binding the WT RNA oligo only.

However, the score for TDP43 is much lower for the c. 693 G>A sample
compared to WT. Also the score for hnRNPAL is much lower in the WT sample
compared to ¢.693 G>A. In order to determine the relative binding of these
proteins to the RNA oligos WT and ¢.693 G>A, | performed a western blot
analysis comparing with binding to hnRNP L. An RNA oligo with the sequence
CACACACA which is able to bind hnRNP L has been added to the WT and the
synonymous ¢.693G>A RNA oligo samples during the pull down assay in order

to estimate the amount of protein pulled down and allow normalisation.
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Figure 4.1: Schematic representation of the RNA oligo.

Figure shows the exon 11 and the two RNA oligonucleotides used for pull down
assay. The WT oligo and the ¢.693 G>A oligo carrying the variant (showed in
red).
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Figure 4.2: Pull down binding assay showing bands with different intensity.

Coomassie blue staining of a 12 % polyacrylamide gel.

The lanes WT and ¢.693G>A contain proteins purified from pull down assay. The
lane —ve shows a negative control of beads only, with no RNA.

(A) Pull down binding assay. The red box indicates the selected region of interest
where differences in bands intensity were detected. Two bands (indicated by
green arrows) are visible in the WT lane but not in the ¢.693G>A lane. One band
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(indicated by the orange arrow) is visible in the c.693G>A lane but not in the WT
lane.

(B) Reproduction of the selected region from the Pull down binding assay shown
in panel A. Red boxes (1-9) indicate the nine bands of interest isolated from the
gel and analysed by mass spectrometry.
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A

Band Lane Protein Protein
visible identified
1 WT yes TDP43
2 c.693G>A no TDP43
3 -ve no -
4 WT no hnRNPA1
5 c.693G>A yes hnRNPA1
6 -ve no -
7 WT yes SRSF9
(SRp30c)
8 c.693G>A no -
9 -ve no -
Lane Protein | Number of Hits | Score
WT TDP43 22 626
c.693G>A TDP43 8 343
WT hnRNPA1 13 410
¢.693G>A | hnRNPA1 23 841
WT SRSF9 14 398
Srp30c
c.693G>A SRSF9 0 0

Results
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Table 4.1: Identification of the proteins in the wild type and c¢.693 G>A
variant samples

(A) Table summarising the results from mass spectrometry analysis. For each
sample (band), the gel fragment number (referring to Figure 4.2) and the proteins
identified by mass spectrometry in the sample are indicated.

(B) Table summarising the mass spectrometry results for the proteins identified in
sample 1, 5 and 7. For each protein, the number of matching peptides (number of
hits) and the protein score are indicated.
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4.2 Identification of regulatory proteins binding

RNA by western blot analysis.

In order to verify TDP43 binding, | performed a pull down analysis (Method
2.10.1) followed by western blot (Method 2.5.4) using the specific polyclonal
antibody anti- TDP43.

The results shown in Figure 4.3 confirmed that the WT RNA oligo and the RNA
oligo carrying the synonymous ¢.693 G>A variant both have the ability to bind
TDP43. The TDP43 antibody detected the presence of TDP43 in both the WT and
the ¢c.693G>A lane (Figure 4.3 A), although the intensity of the TDP43 band
relative to the loading control hnRNP L is higher in the WT lane (Figure 4.3 B).

Mass spectrometry analysis also identified binding of hnRNPAl to the
synonymous ¢.693G>A variant. In order to verify binding of hnRNPA1 a pull
down analysis followed by western blot has been undertaken using a specific
polyclonal antibody to hnRNPAL. As shown in Figure 4.4 the antibody against
hnRNPAL detects hnRNPAL binding to the wild type RNA oligonucleotide, as
well as to the oligonucleotide with the synonymous variant ¢.693G>A, although
the intensity of the hnRNPAL band relative to the loading control hnRNP L is
higher in the c.693G>A lane.
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Figure 4.3: Western blot of pull down analysis of BRCA1 oligo WT and
synonymous ¢.693 G>A variant to determine the presence of TDP43.

(A) Western blot of pull down samples using specific antibodies against TDP43
and hnRNP L. The first lane (input) contains 1/10 of input nuclear extract. The
lane —ve shows a negative control of beads only, with no RNA. WT and
€.693G>A lanes contain proteins purified from pull down assays.

(B) The histogram shows the percentage (%) of intensity of the TDP43 band
calculated against the loading (intensity of the hnRNP L band) using Image J
(Methods 2.5.6). The percentages and standard deviation (error bars) are
calculated from two biological replicates.
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Figure 4.4: Western blot of pull down analysis of BRCA1 oligo WT and

synonymous ¢.693 G>A variant to determine the presence of hnRNPAL.

(A) Western blot of pull down samples using specific antibodies against
hnRNPAL. The first lane (-ve) is the negative control of beads, with no RNA. WT
and ¢.693G>A lanes contain proteins purified from pull down assays. Input
contains 1/10 of input nuclear extract.

(B) The histogram shows the % of intensity of the hnRNPA1 band calculated
against the loading (intensity of the hnRNP L band) using Image J (Methods
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2.5.6). The percentages and standard deviation (error bars) are calculated from
two biological replicates.
The bioinformatic approach initially suggested that the synonymous c.693G>A

variant destroyed binding sites for SRSF1, SRSF5 and SRSF7 (Table 3.1 and
Table 3.2). However, it has not been possible to demonstrate binding of these
proteins to the RNA oligos with pull down analysis and Coomassie staining. As
these low molecular weight proteins can be easily identified by combining a
western blot analysis with the pull down, | used this approach for further
confirmation. (Methods 2.5.4). Antibodies to SRSF1, SRSF7 and 1H4 (detects
phosphorylated SR proteins including SRSF5) were available and used to detect
binding to WT and mutant RNA oligos.

The western blot result using anti SRSF1 antibody shows that SRSF1 is able to
bind the wild type RNA sequence, but not the RNA sequence with the
synonymous variant ¢.693 G>A (Figure 4.5).

The pull down analysis followed by western blot using the 1H4 antibody,
demonstrated that SRSF6 and SRSF9 are able to bind the RNA WT sequence only
(Figure 4.6); while binding of SRSF5 was not detected.

These results suggest that SRSF1 SRSF6 and SRSF9 are the splicing factors
binding the regulatory region in exon 11. The synonymous variant ¢.693G>A
disrupts this binding capacity which in turn may cause the altered splicing

observed in the patient.
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Figure 4.5: Western blot of pull down analysis of BRCA1 oligo WT and c¢.693
G>A variant to determine the presence of SRSF1.

(A)Western blot of pull down samples using SRSF1 antibody (upper panel) and
hnRNP L (lower panel). hnRNP L represents the loading control. The —ve lane
represents the control sample from beads only with no RNA. WT and ¢.693 G>A
lanes contain proteins purified from pull down assays. The input lane contains
1/20 of input HeLa nuclear extract.

166



Claudia Tammaro Results

(B) The histogram shows the % of intensity of the SRSF1 band calculated against
the loading (intensity of the hnRNP L band) using Image J (Methods 2.5.6). The
percentages and standard deviation (error bars) are calculated from two biological
replicates.
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Figure 4.6: Western blot of pull down analysis of BRCA1 WT and c¢.693 G>A
variant to determine the presence of SR proteins.

(A)Western blot of pull down samples using 1H4 antibody (upper panel). This
antibody is able to detect several SR proteins (input lane) but only two bands
corresponding to SRSF6 and SRSF9 are visible in the WT lane. The band detected
with the hnRNP L antibody (lower panel) represents the loading control. The
input lane contains 1/10 of input HeLa nuclear extract. The —ve lane represents the
control sample from beads only with no RNA. WT and ¢.693 G>A lanes contain
proteins purified from pull down assays.

(B) The histograms show the % of intensity of the SRSF6 and SRSF9 bands
calculated against the loading (intensity of the hnRNP L band) using Image J
(Methods 2.5.6). The percentages and standard deviation (error bars) are
calculated from two biological replicates.
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The Human Splicing Finder predicted that in the presence of the synonymous
variant ¢.693G>A the binding site for SRSF7 is destroyed. Using an antibody
against SRSF7 it was not possible to detect any binding either in the wild type
oligo or the RNA oligo with variant c.693G>A (Figure 4.7).

It has been shown in the literature that the binding site of SRSF7 to the RNA may
require binding of accessory SR proteins and in particular SFRS10. Therefore,
using The Human Splicing Finder, 1 checked for potential binding sites for
SFRS10 near the predicted binding sequences for SRSF7 in BRCA1 exon 11. The
Figure 4.8 shows that binding sequences for SFRS10 are predicted to be
downstream of the binding sequences for SRSF7.

The RNA oligonucleotide that has been used for the pull down analysis covered a
region of 21 nucleotides that are not enough to cover the binding site of both
SRSF7 and SFRS10. For this reason another RNA oligonucleotide was then used,
spanning a longer region of RNA (a schematic representation of the RNA oligo is

shown in Figure 4.9).
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Figure 4.7: Western blot of pull down analysis of BRCA1 WT and c¢.693 G>A
variant to detect SRSF7.

Western blot of 12 % polyacrylamide gel from pull down samples using RNA
short oligonucleotide WT or carrying the variation ¢.693G>A. The —ve lane
represents a control sample from beads only with no RNA. WT and ¢.693 G>A
lanes contain proteins purified from pull down assays. The input lane contains
1/10 of input HelLa nuclear extract. The band detected with the hnRNP L antibody
(lower panel) represents the loading control.

SRSF7
SRSF7

SRSF7

Intron
s CTGCTTGTGAATTTTCTGAGAC GGATGTiACﬂATACTGAACATCATCAA

SFRS10

SFRS10 SFRS10

Figure 4.8: Schematic representation of the binding sequences for SRSF7
and SFRS10.

The figure shows the beginning of exon 11 with flanking introns. In red is the
synonymous variation ¢.693G>A. The square lines indicate the predicted binding
sites for SRSF7 and for SFSR10 along exon 11.
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——— 1 p—
TGAATTTTCTGAGACGGATGTA ACAAATA CTGAACATCATCAA

UGAAUUUUCUGAGA CGGAUGUAACAAAUAC UGAACAUCAUCAA WT OligoL

UGAAUUUUCUGAGA C AGAUGUAACAAAUACUGAACAUCAUCAA €.693 G>A OligoL

Figure 4.9: Schematic representation of the synthetic RNA long oligos.

The figure shows exon 11 with flanking introns and the two RNA Long
oligonucleotides used for the pull down analysis and the western blot analysis.
The WT Oligo L and the ¢.693G>A oligo L carrying the variant. In red is the
synonymous variation c.693G>A.
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The pull down analysis using the long RNA oligo for the RNA WT and the RNA
carrying the c.693G>A variant was performed. Western blot analysis has been
done using a polyclonal antibody against SRSF7 which demonstrated that the
antibody is not able to detect the presence of the SRSF7 protein both in the wild
type and the ¢.693G>A lane (Figure 4.10).

On the other hand the SFRS10 antibody is able to detect the presence of the
SFRS10 protein in both the wild type and the c.693G>A lane (Figure 4.11).

In conclusion, western blot analysis demonstrated that SRSF1, SRSF9 and SRSF6
are able to bind wild type sequence but are not able to bind the sequence with the
variant ¢.693G>A. The western blot analysis also demonstrated, that TDP43 and
hRNPAL are able to bind wild type and the c.693G>A variant with different
affinities and that SRSF10 is able to bind a region downstream position ¢.693 both

in presence or absence of the c.693G>A variant.
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Figure 4.10: Western blot of pull down analysis of BRCA1 WT and c.693
G>A variant to detect SRSF7.

Western blot of 12 % polyacrylamide gel from pull down samples using RNA
long oligonucleotide WT or carrying the variation ¢.693G>A. The —ve lane
represents a control sample from beads only with no RNA. WT and ¢.693 G>A
lanes contain proteins purified from pull down assays. The input lane contains
1/10 of input HeLa nuclear extract. The band detected with the hnRNP L antibody
(lower panel) represents the loading control.
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Figure 4.11: Western blot of pull down analysis of BRCA1 WT and c¢.693
G>A variant to detect SFRS10.

(A)Western blot of 12 % polyacrylamide gel from pull analysis, the antibody used
are the SFRS10 antibody (upper panel) and hnRNP L antibody (lower panel).
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hnRNP L represents the loading control. The —ve lane represents at the control
sample from beads only with no RNA. WT and ¢.693 G>A lanes contain proteins
purified from pull down assays. The input lane contains 1/10 of input HelLa
nuclear extract.

(B) The histogram shows the % of intensity of the SFRS10 band calculated
against the loading (intensity of the hnRNP L band) using Image J (Methods
2.5.6). The percentages and standard deviation (error bars) are calculated from
two biological replicates.
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4.3 Exploring the functional role of SRSF1, SRSF6,
and SRSF9 in the regulation of BRCAL1 exon 11

splicing.

The sequence variant ¢.693G>A has been shown to cause skipping of exon 11 and
decreased production of the Allq isoform. (Chapter 3). In addition in vitro
analysis showed that binding sites for SRSF1, SRSF6 and SRSF9 are disrupted in
the presence of the variant. Therefore it is possible that all these proteins
contribute to the inclusion of exon 11. This hypothesis predicts that depletion of
these proteins should cause skipping of exon 11 and/or reduction of exon 11q
isoform in the pBIWT mini-gene but not in the pB1 mini-gene with the variant
€.693G>A because the proteins SRSF1, SRSF5 and SRSF9 have been previously
shown not to bind the RNA oligo containing this variant (Results 4.2).

In this section, experiments of silencing and overexpression of SR proteins in
MCF7 cell lines were used to confirm a functional role of these proteins in the
regulation of BRCA1 exon 11. Silencing (siRNA) was performed as described in
Methods 2.7.3.

| observed that following knockdown of SRSF1 the pB1 WT mini-gene shows an
increase of 10% of the Full 11 isoform and a decrease of 10% of the Al1 isoform
compared with pB1 transfected alone (without knockdown of SRSF1) as is shown
in Figure 4.12.

Western blot analysis against HSC70 was performed in order to control that the
protein levels loaded on the gel were similar as measured by nanodrop
(Figure 4.12B).

The knocking down of SRSF1 was also done in association with the pB1l1
€.693G>A mini-gene. As expected there was no particular difference between the
splicing outcome of pB1l ¢.693G>A alone and pB1 ¢.693G>A following knock-
down of SRSF1 (Figure 4.13).

176



Claudia Tammaro Results
A siRNA SRSF1 - +
pB1WT + +
GO0 — ~-Full 1
S -A11g
200
-A11
Full 11 Dllq D11
100 100 100
20 80 80
60 60 60
. . - . . .
20 20 20
0 . r . 0 0 - r
pB1WT SIRNA SRSF1 pE1WT SiRNA SRSF1 pB1WT SiRNA SR5F1
B
Sjﬂig?'jff v SRSF1 Adjusted Density
siRNA SRSF1 0
— e HSCT0

Figure 4.12: Silencing of SRSF1 and transfection of the pB1 WT mini-gene

in breast cancer cell lines (MCF7).

(A) pB1 WT mRNA processing in SRSF1 siRNA treated cells. The bottom panel
shows a histogram where the percentages (%) of Full 11, All1q and A1l isoform
respectively are calculated against the total expression of the three isoforms. The
percentages and standard deviation (error bars) are calculated from two biological
replicates. The marker is indicated on the left of the gel and the corresponding
size is reported next to each band. On the right of the gel is reported the isoform
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corresponding to each of the 3 bands: Full length 11 (Full 11), the Al11q and the
All.

(B) Western blot using antibody antiSRSF1 performed following protein
extraction from siRNA treated and untreated MCF7 cells shows evidence that the
knock-down of SRSF1 satisfactorily worked. The Relative Densities for the
sample band (+ siRNA SRSF1) was normalized relative to the standard in lane
scramble (- siRNA SRSF1). The “Adjusted Density” for each sample lane was
calculated by dividing the sample relative density by the loading-control (HSC70)
relative density (Methods 2.5.6).
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Figure 4.13: Silencing of SRSF1 and transfection of the pB1 ¢c.693G>A mini-

gene in breast cancer cell lines (MCF7).

(A) pB1 c.693G>A mRNA processing in SRSF1 siRNA treated cells. The bottom
panel shows a histogram where the percentages (%) of Full 11, Allq and All
isoform respectively are calculated against the total expression of the three
isoforms. The percentages and standard deviation (error bars) are calculated from
two biological replicates. The marker is indicated on the left of the gel and the
corresponding size is reported next to each band. On the right of the gel is
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reported the isoform corresponding to each of the 3 bands: Full length 11 (Full
11), the Al1q and the A11.

(B) Western blot using antibody antiSRSF1 performed following protein
extraction from siRNA treated and untreated MCF7 cells shows evidence that the
knock-down of SRSF1 satisfactorily worked. The Relative Densities for the
sample band (+ siRNA SRSF1) was normalized relative to the standard in lane
scramble (- SiRNA SRSF1). The “Adjusted Density” for each sample lane was
calculated by dividing the sample relative density by the loading-control (HSC70)
relative density (Methods 2.5.6).
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Knock-down of the SR proteins SRSF6 and SRSF9 was also undertaken.
Figure 4.14 shows knock-down of SRSF6 with transfection of pB1 WT which
showed an increase of the Full 11 isoform of 10% and a decrease of the Allq
isoform. Knock-down of SRSF6 with the pBl c¢.693G>A did not cause any
change of the splicing pattern compared with the pBl c¢.693G>A alone
(Figure 4.15).

Figure 4.16 shows knock-down of SRSF9 with transfection of pB1 WT which
showed a small increase of the Full 11 isoform and a decrease of the Al1q and
A11 isoforms. The knock-down experiment using SRSF9 siRNA did not show a
difference in the splicing pattern of the pB1 ¢.693G>A (Figure 4.17) mini-gene.
Following knock down of SRSF6 or SRSF9, the reduction of Allq isoform with
the pB1 ¢.693G>A mini-gene (Figure 4.15, Figure 4.17) is like an artefact of the
reduction in the amount of mini-gene RNA. This reduction may be caused by a

secondary effect of the knock down in the transfection efficiency.

181



Claudia Tammaro

Results

A siRNA SRSF6 - +

pB1 WT * *

1000

SO0 —

- Fuil 1
S e -Al1q
-A11
Full 11 D1l1q D11
100 100 100
30 20 g0 4
60 60 60
. . : . :
20 20 - 20
pB1WT SiRMA SRSF6 pB1WT SiRMA SRSF6 pBLWT SIRNA SRSF6
B
siRNASRSF6 -
pB1WT  + : :
SRSF6 Adjusted Density
— SRSF6
pB1 WT 1
S s« HBCTO siRNA SRSF6 0.3

Figure 4.14: Analysis of the silencing of SRSF6 co-transfection of the pB1

WT mini-gene in MCF7 cell line.

(A) pB1 WT mRNA processing in siRNA of SRSF6 treated cells. The bottom
panel shows a histogram where the percentages (%) of Full 11, Allq and All
isoform respectively are calculated against the total expression of the three
isoforms. The marker is indicated on the left of the gel and the corresponding size
is reported next to each band. On the right of the gel is reported the isoform
corresponding to each of the 3 bands: Full length 11 (Full 11), the Al1q and the

All.
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(B) Western blot using antibody antiSRSF6 performed following protein
extraction from siRNA treated and untreated MCF7 cells showed evidence that
the knock-down of SRSF6 satisfactorily worked. The Relative Densities for the
sample band (+ siRNA SRSF6) was normalized relative to the standard in lane
scramble (- SIRNA SRSF6). The “Adjusted Density” for each sample lane was
calculated by dividing the sample relative density by the loading-control (HSC70)
relative density (Methods 2.5.6).
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Figure 4.15: Silencing of SRSF6 co-transfected with pB1 ¢.693G>A mini-
gene in breast cancer cell line.

(A) pB1 c.693G>A mRNA processing in cells treated with sSIRNA against SRSF6
(SRp55). The bottom panel shows a histogram where the percentages (%) of Full
11, Allq and Al1 isoform respectively are calculated against the total expression
of the three isoforms. The marker is indicated on the left of the gel and the
corresponding size is reported next to each band. On the right of the gel is
reported the isoform corresponding to each of the 3 bands: Full length 11 (Full
11), the Al1q and the A11.
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(B) Western blot using antibody antiSRSF6 performed following protein
extraction from siRNA treated and untreated MCF7 cells showed evidence that
knock-down of SRSF6 satisfactorily worked. The Relative Densities for the
sample band (+siRNA SRSF6) was normalized relative to the standard in lane
scramble (- SIRNA SRSF6). The “Adjusted Density” for each sample lane was
calculated by dividing the sample relative density by the loading-control (HSC70)
relative density (Methods 2.5.6).
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Figure 4.16: Silencing of SRSF9 and transfection of the pB1 WT mini-gene.

(A) pB1 WT mRNA processing following siRNA of SRSF9 treated cells. The
bottom panel shows a histogram where the percentages (%) of Full 11, Al1q and
A1l isoform respectively are calculated against the total expression of the three
isoforms. The marker is indicated on the left of the gel and the corresponding size
IS reported next to each band. On the right of the gel is reported the isoform
corresponding to each of the 3 bands: Full length 11 (Full 11), the Al1q and the

All.

(B) Western blot using antibody antiSRSF9 performed following protein
extraction from siRNA treated and untreated MCF7 cells showed evidence that
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knock-down of SRSF9 satisfactorily worked. The protein amount loaded was
checked using an anti-HSC70 antibody. The Relative Densities for the sample
band (+siRNA SRSF9) was normalized relative to the standard in lane scramble (-
siRNA SRSF9). The “Adjusted Density” for each sample lane was calculated by
dividing the sample relative density by the loading-control (HSC70) relative
density (Methods 2.5.6).
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Figure 4.17: Silencing of SRSF9 and co-transfection of the pB1 c.693G>A

mini-gene in breast cancer cell line.

(A) pB1 c.693G>A mRNA processing following siRNA of SRSF9. The bottom
panel shows a histogram where the percentages (%) of Full 11, Allq and All
isoform respectively are calculated against the total expression of the three
isoforms. The marker is indicated on the left of the gel and the corresponding size
is reported next to each band. On the right of the gel is reported the isoform
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corresponding to each of the three bands: Full length 11 (Full 11), the Al1q and
the A11.

(B) Western blot using antibody antiSRSF9 performed following protein
extraction from SiRNA treated and untreated MCF7 cells shows evidence that
knock-down of SRSF9 satisfactorily worked. The Relative Densities for the
sample band (+siRNA SRSF9) was normalized relative to the standard in lane
scramble (-siRNA SRSF9). The “Adjusted Density” for each sample lane was
calculated by dividing the sample relative density by the loading-control (HSC70)
relative density (Methods 2.5.6).
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If SRSF1 binds to the enhancer regulatory sequence and is depleted following a
knock-down experiment, it is possible that an alternative SR protein (e.g. SRSF6
and SRSF9) that also binds the regulatory sequence may compensate. Considering
the possibility that all three SR proteins (SRSF1, SRSF6 and SRF9) could bind
the regulatory sequence identified in chapter 3, | performed a siRNA against all
three proteins at the same time.

Simultaneous knock-down of the three SR proteins did not show any effect on
splicing pattern (Figure 4.18) of the pB1 ¢.693G>A mini-gene. However triple
knock-down affected the pB1 WT mini-gene causing an increase of the full 11

isoform and a decrease of the Al11q and Al1 isoforms (Figure 4.19)
Silencing of SR proteins (proteins that usually behave as enhancers of splicing)

unexpectedly caused a reduced recognition of exon 11 (increase of All and

decrease of Al1q isoforms).
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Figure 4.18: Silencing of SRSF1, SRSF6 and SRSF9 and transfection of the
pB1 c.693G>A mini-gene.

(A) pB1l c.693G>A mRNA processing following SiRNA of SRSF1 SRSF9,
SRSF6. The bottom panel shows a histogram where the percentages (%) of Full
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11, Al1q and A11 isoform respectively are calculated against the total expression
of the three isoforms. The marker is indicated on the left of the gel and the
corresponding size is reported next to each band. On the right of the gel is
reported the isoform corresponding to each of the 3 bands: Full length 11 (Full
11), the Al1q and the A11.

(B) Western blot using antibody antilH4 performed following protein extraction
from SiRNA treated and untreated MCF7 cells shows evidence that the knock-
down of SRSF1, SRSF6 and SRSF9 satisfactorily worked. The protein amount
loaded was checked using an anti-HSC70 antibody. The Relative Densities for the
sample bands (+siRNA SRSF1-6-9) were normalized relative to the standard in
lane scramble (-siRNA SRSF1-6-9). The “Adjusted Density” was calculated by
dividing the sample relative density by the loading-control (HSC70) relative
density (Methods 2.5.6).
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Figure 4.19: Silencing of SRSF1, SRSF6 and SRSF9 and transfection of the

pB1 WT mini-gene in breast cancer cell line.

(A) pB1 WT mRNA processing in SRSF1, SRSF6 and SRSF9 siRNA treated
cells. The bottom panel shows a histogram where the percentages (%) of Full 11,
Allq and Al1 isoform respectively are calculated against the total expression of
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the three isoforms. The marker is indicated on the left of the gel and the
corresponding size is reported next to each band. On the right of the gel is
reported the isoform corresponding to each of the 3 bands: Full length 11 (Full
11), the Al1q and the A11.

(B) Western blot using antibody anti 1H4 performed following protein extraction
from siRNA treated and untreated MCF7 cells. The Relative Densities for the
sample band (+ siRNA SRSF1-6-9) were normalized relative to the standard in
lane scramble (- sSiRNA SRSF1-6-9). The “Adjusted Density” was calculated by
dividing the sample relative density by the loading-control (HSC70) relative
density (Methods 2.5.6).
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If the hypothesis that the sequence variant destroyed the binding of enhancer
proteins SRSF1 SRSF6 and SRSF9 is correct then it predicts that a cellular
increase of these proteins should lead to an increase of BRCAL exon 11 splicing.
To investigate this | performed co-transfection experiments with the pB1 WT
mini-gene and expression vectors encoding SRSF1 or SRSF6.

The overexpression of SRSF6 co-transfected with the pB1 WT mini-gene showed
a decrease of the A1l isoform and increase of the Full 11 isoform compared with
the pB1 WT mini-gene alone (Figure 4.20). In contrast overexpressing SRSF6
with pB1 ¢.693G>A showed an increase of the Allq isoform and a decrease of
the A11 isoform, shown in Figure 4.20.

Overexpression of SRSF1 showed a relative increase of full 11 isoform in pB1
WT mini-gene as expected. The Allq and the All isoform decreased
(Figure 4.21).

If the pB1 ¢c.693G>A mini-gene alters the splicing pattern because of complete
disruption of SRSF1 binding it is expected that overexpression of SRSF1 would
not have any effect on the splicing pattern in the mutant mini-gene pBl
€.693G>A. However, overexpression of SRSF1 co-transfected with the pBl1
€.693G>A mini-gene showed a decrease of the All isoform and increase of the

full relative to the total (Figure 4.21).

It is possible that the synonymous mutation ¢.693G>A does not completely
destroy the binding site for SRSF1 or SRSF6 or/and these proteins may also
binding another region in the pB1 mini-gene (probably in BRCAL exon 11 or
flanking introns).
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Figure 4.20: Overexpression of SRSF6 co-transfected with the pB1 WT or
pB1 c.693G>A mini-gene.

RT-PCR of pB1 WT or pB1c.693G>A co-transfected with a plasmid expressing
SRSF6 or the empty vector pPCDNA3. The PCR products were separated on 1.5 %
agarose gel. The histograms show the percentage (%) of Full 11, Al1q and All
isoform respectively, calculated against the total expression of the three isoforms.
The intensity of each band was calculated using image-J (Methods 2.5.6). On the
right of the gel is reported the isoform corresponding to each of the 3 bands: Full
length 11 (Full 11), the A11q and the A11.

196



Claudia Tammaro Results

SRSF1 - - + +
pcDNA3 + + - -
pB1c.693G>A - + - -
pB1WT + - + -
bp:
1000' —
! — — - — il 11
200 & sy S— -A11q
o Eee— A1
Full 11 Dilg D11
100 100 100
) 80 20
60 - i &0
a0 % a0
40
] i —
o o _ﬂ P L
pB1WT pBlc693G>A  SASF1WT SRSF1 o - - PBLWT PBlcBO3GA  SRSF1 WT SRSF1
C.BIIG=A ] pBLWT pBlCES3G=A  SRSFIWT  SRSFLC.B93GA ] €.633G=A

Figure 4.21: Overexpression of SRSF1 co-transfected with the pB1 WT or
pB1 c.693G>A mini-gene.

RT-PCR of pB1 WT or pB1c.693G>A co-transfected with a plasmid expressing
SRSF1 or the empty vector pPCDNA3. The PCR product was separated on 1.5 %
agarose gel. The histograms show the percentage (%) of Full 11, Allq and A1l
isoform respectively, calculated against the total expression of the three isoforms.
The intensity of each band was calculated using image-J (Methods 2.5.6). The
marker is indicated on the left of the gel and the corresponding size is reported
next to each band. On the right of the gel is reported the isoform corresponding to
each of the 3 bands: Full length 11 (Full 11), the A11q and the Al11.
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4.4 Conclusion.

My results presented here demonstrate in vitro binding sites for different SR
proteins in the wild type RNA oligo which are disrupted in the presence of the
variant ¢.693G>A. In particular pull down analysis and western blot analysis
demonstrated that SRSF1 (Figure 4.5), SRSF6 (Figure 4.6), and SRSF9
(Figure 4.6), are able to bind wild type RNA sequence but not the mutant
sequence. These results partially confirmed the bioinformatic analysis which
predicted SRSF1, but not SRSF6, and SRSF9, binding (Table 3.1and Table 3.2).
These results demonstrated that the bioinformatic analysis is not always precise
when predicting a binding site; consequently it is important to do in vitro analysis.
Pull down analysis showed the presence of other splicing factors: TDP43 and
hnRNPAL (Figure 4.2). Mass spectrometry analysis demonstrated that TDP43 and
hnRNPA1 are binding both the wild type RNA oligo and synonymous oligo, and
these results were confirmed using specific antibodies for hRNPAL and TDP43.
Taken together these results suggests that TDP43 and hRNPAL are not the
splicing factors that are able to determine the exclusion of exon 11 in presence of
the synonymous variation c. 693G>A.

An additional siRNA analysis has been done to demonstrate that SRSF1, SRSF6
and SRSF9 are able to bind the wild type sequence. The knock-down of these SR
proteins did not confirm the in vitro analysis. Usually if these SR protein are able
to bind the wild type sequence, knock-down experiment should increase skipping
of exon 11 and decrease the Allq isoform as demonstrated for the variant
€.693G>A. The fact that there are unexpected results with the knock-down
analysis, which are not consistent with the in vitro result, could be because several
splicing factors can bind the region surrounding c¢.693 masking the effect of
SRSF1, SRSF6 and SRSF9 down regulation. Another explanation may be the
large size of exon 11 which could bind those SR proteins in more than one region
and binding of the SR proteins may have different silencer or enhancer effects
depending on position. Finally it is also possible that knock down of these
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proteins could cause a secondary effect on the expression of other splicing

regulatory proteins and these in turn are affecting the splicing pattern of exon 11.

In support of this last hypothesis is the fact that over expression of SR proteins is
unexpectedly having an effect on mini-gene splicing which is similar of that
obtained following depletion of SR proteins (relative increase of full isoform and
decrease of Al1 isoform for both WT and ¢.693 G>A mini-genes (Figure 4.20 and
Figure 4.21).

The overexpression results confirm that SRSF6 and SRSF9 are enhancer of exon
11 splicing. In addition this experiment suggests that besides the splicing
regulatory region identified in this thesis they are also binding additional not yet
identified regulatory regions of BRCAL1 exon 11 splicing. In fact their over-
expression was able to affect exon 11 splicing also in the presence of the
€.693G>A variant.
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Chapter 5

Results

Correction of exon 11 skipping in BRCAL.
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5 Introduction.

The synonymous sequence variant c.693G>A has been described in the previous
chapters to cause skipping of exon 11 in BRCAL gene, and to affect binding sites
for splicing regulatory proteins. In particular, sites for splicing factors SRSF1,
SRSF6 and SRSF9 were shown in vitro to be disrupted in the presence of the
sequence change. In this chapter reversal of the altered splicing is attempted using
bifunctional oligonucleotides.

Different oligonucleotides for splicing correction exist (Introduction 1.4.2) that
are modified with different chemistries for instance 2’-O-MePs (Skordis et al.,
2003a) 2’-O-Me (Williams et al., 2009) 2’-O-MOE (Hua et al., 2010) and PNA
(Cartegni and Krainer, 2003).

Bifunctional oligonucleotides have a tail that recruits SR proteins and can
therefore stabilize exon inclusion (Introduction 1.4.2).

It has been previously demonstrated by Skordis et al. that it is possible to modify
SMN2 splicing using bifunctional oligonucleotides and that this strategy could be
applicable to any mutation affecting exonic splicing enhancers (ESE). The
bifunctional oligonucleotides used by Skordis are complementary to the target
exon and present non complementary regions named “tail”, which consist of a
sequence that mimics an ESE region, and thus recruit splicing factors. One of this
oligonucleotide with tail is able to induce the inclusion of SMN2 exon 7 (Skordis
et al., 2003a).

Bifunctional oligonucleotides with a tail for SRSF1 were designed in this thesis
using a 2’0-MePS modification in the annealing domain. This modification has
been shown to give more stability and more specificity in duplex formation
(Owen et al., 2011b).

In these thesis three different bifunctional oligonucleotides have been designed:
Syn Oligo (Figure 5.1A), Dell oligo (Figure 5.1B) and oligo Del7a (Figure 5.1C).
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A
TGAGACAGATGTA
S 11 ——
Syn bifunctional oligo | , .
3'ss 5'ss(A11q) 5'ss
c.693G>A
B

/

CTTGTGAATTTTCTG

e " ———
Del 1 bifunctional oligo | i |
3'ss l 5'ss(A11q) 5'ss

c.693G>A

JCTGAGTGACAAGG

Del 7a bifunctional oligo [ "
| 1 |
3'ss \I/ 5'ss(A11q) S'ss
c.693G>A

Figure 5.1: Schematic representation of bifunctional oligonucleotides.

The figure shows the three bifunctional oligonucleotides used. All the three
bifunctional oligonucleotides present a tail for SRSF1 (oblique line). Schematic
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representations of exon 11 (grey box) with flanking introns (black thick lines) are
reported. The three splice sites of exon 11 are indicated (3’ss, 5’ss (Al1q), 5’ss).
The red arrow shows the position of the c.693G>A variant.

(A) Syn bifunctional oligo designed to bind the sequence with the synonymous
variant ¢.693G>A (red box).

(B) Del 1 bifunctional oligo designed to bind a neutral region close to the 3” splice
site (orange box).

(C) Del 7a bifunctional oligo designed to bind a neutral region (yellow box)
situated close to the 5” splice site at the end of exon 11.
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5.1 Analysis of the Effect of Bifunctional
Oligonucleotides on Splicing using the mini-

gene constructs.

The first bifunctional oligonucleotide used in this thesis was the Syn oligo. This
bifunctional oligonucleotide was designed to be complementary to a region of
BRCAL exon 11 with the nucleotide change in position ¢.693G>A and presents an
additional non complementary region (AGGAGGACGGAGGACGGAGGACA)
that represents the tail for the recruitment of the splicing regulatory protein
SRSF1. The purpose of this bifunctional oligonucleotide was to specifically bind
the exon sequence of interest, recruit SRSF1 through the enhancer sequence of the
tail and increase the possibility of the exon to be recognised by spliceosome

factors.

In order to verify that the effect is due to the presence of the tail two different
controls have been used (Method 2.6.2, Table 2.22); a Scrambled oligo (which is
a bifunctional oligonucleotide with a tail for SRSF1 but not able to bind exon 11
nor match any sequence in the human genome) and a ‘no tail’ oligonucleotide
(which has the same complementary region of the bifunctional oligonucleotide
without the specific tail for SRSF1).

The Syn oligo co-transfected with the pB1 WT mini-gene was used as an
additional control to show that the oligonucleotide had no particular effect in the

absence of the ¢.693 variant (Appendix C, Figure 9.1 A).
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The Figure 5.2 and Figure 5.3 show co-transfection of the Syn oligo (250uM and
400uM respectively) and the pB1 ¢.693G>A mini-gene. The Syn oligo decreases
the use of the exon 11 3’ splice site. The effect is neither relative decrease of both

full nor Al1q isoforms.

In conclusion the syn oligo bifunctional oligonucleotide, with the SRSF1
recruiting tail, is not able to stimulate inclusion of exon 11 with the synonymous
variant c.693G>A.

A possible explanation for this could be that the oligonucleotide is not close
enough to the 3’ to enable the SR protein (SRSF1) binding the tail to recognise
the splice site and activate the splicing machinery. The increase in exon 11
skipping could be explained by the covering of additional splicing enhancer
sequences with the antisense complementary region of the syn oligo. However
this hypothesis is not confirmed because the antisense oligonucleotide without the
tail (syn NT) has no effect on exon 11 splicing (Figure 5.2 and Figure 5.3).
Therefore it is possible that SRSF1 binding to the bifunctional oligo designed in
this thesis is acting as a negative regulator of exon 11 inclusion.
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pB1 c.693G>A + + +
Scramble + - -
Syn NT - +

Syn oligo - - +
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Full 11 Dilg D11
100 100 100
0 80 | 50 I
0 | &0 @ =3
w0 | 40 an b
; il ”| 3
N o b E=sm _ g |
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Figure 5.2: Effect of 250 uM syn oligo bifunctional oligonucleotide on
€.693G>A BRCAL1 exon 11.

The figure shows RT-PCR products from total RNA extracted after co-
transfection of Syn oligo and pBl c.693G>A mini-gene. Syn NT is the
bifunctional oligonucleotide without the tail and the scramble oligo represents the
control. The PCR product is separated on a 1.5% agarose gel. 250uM of Syn oligo
has been used. The marker is indicated on the left of the gel and the corresponding
size is reported next to each band. On the right of the gel is reported the isoform
corresponding to each of the 3 bands: Full length 11 (Full 11), the Al11q and the
A11. The histogram shows the percentage of the Full isoform the D11q isoform
and the D11 isoform respectively, and has been calculated against the total
expression of the three isoforms (Methods 2.5.6).
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pB1 c.693G>A + + +

Scramble +

Syn NT - +

Syn oligo - - +
G e o R
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Figure 5.3: Effect of 400 uM syn oligo bifunctional oligonucleotide on
€.693G>A BRCA1 exon 11.

The figure shows RT-PCR products from total RNA extracted after co-
transfection of Syn oligo and pBl c.693G>A mini-gene. Syn NT is the
bifunctional oligonucleotide without the tail and the scramble oligo represents the
control. 400uM of Syn oligo has been used. The PCR product is separated on a
1.5% agarose gel. On the right of the gel is reported the isoform corresponding to
each of the 3 bands: Full length 11 (Full 11), the Allq and the All. The
histograms show the percentage of the Full isoform the D11q isoform and the D11
isoform respectively, and it has been calculated against the total expression of the
three isoforms (Methods 2.5.6).
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5.2 Analysis of the effect of the bifunctional

oligonucleotide Del 1.

A second bifunctional oligonucleotide was designed to bind a neutral region
situated inside exon 11 of the BRCA1l gene which has been demonstrated
previously in our laboratory by Raponi et al. to not change the splicing process
(Raponi et al., 2012). This neutral region is situated 3 nucleotides downstream the
3’splice site of exon 11 (Raponi et al., 2012).

The bifunctional oligonucleotide which binds the neutral region is designed to be
closer to the 3’ splice site of exon 11 and carries an additional non complementary
tail (AGGAGGACGGAGGACGGAGGACA) for the recruitment of SRSFI.

This bifunctional oligonucleotide was named Dell (Figure 5.1B).

The bifunctional oligonucleotide Dell was co-transfected with the pB1 c.693G>A
mini-gene in MCF7 cell lines (Methods 2.7.3). Figure 5.4 shows that the Dell
oligonucleotide with the mini-gene carrying the mutation ¢.693G>A increased the
Al1q isoform and decreased the Full 11 isoform compared to the scramble oligo
with the mini-gene ¢.693G>A (Figure 5.4 ). A control oligonucleotide without the
tail (Dell NT) was used to verify that the effect of the bifunctional
oligonucleotide with the tail was due to the presence of the tail. This oligo did not
change the splicing pattern of the mini-gene (Figure 5.4).

Co-transfection of the bifunctional oligonucleotide Dell with the pB1 WT mini-
gene did not show an effect on the splicing pattern (Appendices C, Figure 9.2 B).
This suggests that Del 1 oligo is a good candidate for correction of splicing
mutations in heterozygous patients as it should not affect splicing of the WT
allele.

In conclusion the bifunctional oligonucleotide designed to target the neutral
region at the beginning of exon 11 appears to have a positive effect on the
recognition of the 5’ splice site of the exon 11q isoform. In order to properly

correct the splicing of ¢c.693G>A it would be also necessary to increase the
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recognition of the 5’splice site at the end of exon 11. In this way it would be
possible to increase the production of the Full 11 isoform.

For this reason another bifunctional oligonucleotide has been designed to use in
association with the bifunctional oligonucleotide Dell in order to increase
recognition of the 5’ splice site at the end of exon 11.
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pB1 c.693G=>A + + +
Scramble +
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Figure 5.4: In vivo correction of ¢.693G>A BRCA1 exon 11 using 400 uM of
Del 1 bifunctional oligonucleotide.

The figure shows RT-PCR products from total RNA extracted after co-
transfection of Del 1 oligo and pBl c¢.693G>A mini-gene. Del 1 NT is the
bifunctional oligonucleotide without the tail and the scramble oligo represents the
control. 400uM of each oligo has been used. The PCR product is separated on a
1.5% agarose gel. On the right of the gel is reported the isoform corresponding to
each of the 3 bands: Full length 11 (Full 11), the Allq and the All. The
histograms show the percentage of the Full isoform the D11q isoform and the D11
isoform respectively, and it has been calculated against the total expression of the
three isoforms (Methods 2.5.6).
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5.3 Analysis of the effect of the bifunctional

oligonucleotide Del 7.

Taking into consideration that the exon 11 of BRCA1 gene is a large exon (3.4kb)
it is probable that the use of one bifunctional oligonucleotide is not enough to
allow inclusion of the entire exon.

For this reason a third bifunctional oligonucleotide, Del 7a, with a tail for SRSF1
was designed (Figure 5.1C) in order to improve the recognition of the 5’splice site
at the end of exon 11. This oligonucleotide binds a neutral region situated at the
end of exon 11. Following deletion of this region in the pB1 WT mini-gene the
splicing pattern does not change (personal communication from Raponi).
Transfection of this oligo alone was expected to increase the Full 11 isoform. In
addition the transfection of this oligo together with Del 1 oligo (shown in
Figure 5.4 to increase the A11q isoform) was expected to recreate the WT splicing
pattern in ¢.693G>A mini-gene.

Experiments using a single co-transfection of the bifunctional oligonucleotide
Del7 with the pB1 ¢.693G>A mini-gene has been undertaken in MCF7 cell lines.
Figure 5.5, shows that the bifunctional oligonucleotides Del 7 has a inhibitory
effect on exon 11 5’splice site because it induces a relative increase of All
isoform and decrease of Full 11 isoform. As an additional control co-transfection
of the bifunctional oligonucleotide Dell with the pB1 WT mini-gene did not show
an effect on the splicing pattern (Appendix C, Figure 9.3C).

The bifunctional oligonucleotide Del7 has also been co-transfected with the
bifunctional oligonucleotide Del 1 and the mini-gene ¢.693 G>A. In this case it
was possible to see an increase of the splicing isoform Allg (Figure 5.5)
comparable with that observed in Figure 5.4 with transfection of Dell oligo alone.
Therefore the Del 7 oligo is not a good candidate for correction of aberrant
splicing of BRCAL exonll.
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Figure 5.5: pB1 ¢.693G>A mini-gene co-transfected with Del 7 bifunctional
oligonucleotide.

The figure shows RT-PCR products from total RNA extracted after co-
transfection of Del7 oligo and pB1 c¢.693G>A mini-gene. The scramble oligo
represents the control. The PCR product is separated on a 1.5% agarose gel. On
the right of the gel is reported the isoform corresponding to each of the 3 bands:
Full length 11 (Full 11), the Allq and the A11.The histograms show the
percentage of the Full isoform the D11q isoform and the D11 isoform

respectively, and have been calculated against the total expression of the three
isoforms (Methods 2.5.6).
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5.4 Conclusion.

The potential of correcting single point mutations using antisense oligonucleotide
technology is a growing field offering a new therapeutic approach.

The ¢.693G>A mutation was shown to disrupt an enhancer sequence in BRCA1
exon 11, and therefore a bifunctional splicing that actives splicing could have
been a solution to enhance inclusion of exon 11.

However, the Syn oligo bifunctional oligonucleotide designed to bind mutant
exon 11 and recruit the enhancer protein SRSF1 was not successful (Figure 5.2
and Figure 5.3). This oligonucleotide was designed to match the synonymous
variant ¢.693G>A. Additional bifunctional oligonucleotides (Dell and Del7) able
to bind neutral regions at the beginning or at the end of exon 11 have been
employed to attempt correction of the splicing defect caused with the synonymous
variant ¢.693 G>A. Because these oligos are designed to bind a neutral region in
exon 11 if successful it would have been possible to employ them as therapeutic
oligos for patients that have splicing mutations anywhere in exon 11 and not just
patients with the c.693G>A nucleotide variant. However, co-transfection of the
Dell or Del7a oligo with pB1 ¢.693G>A mini-gene did not recreate the wild type
splicing pattern (Figure 5.4 and Figure 5.5).

Targeting the Del 1 bifunctional oligonucleotide close to the 3’ splice site would
possibly have enhanced the inclusion of the exon. This bifunctional
oligonucleotide improved the recognition of the 5’ splice site of the A11q isoform
but not the recognition of exon 11 terminal 5 splice site. This could have
probably happened because of the distance of the exon 11 terminal 5’ splice site
and the region to which oligo Del 1 was designed to bind.

In conclusion each of the bifunctional oligonucleotides were unsuccessful in
facilitating facilitate inclusion of the entire exon 11 in the presence of the variant;
this suggests that the implementation of modified oligonucleotides to correct
splicing of large exons is not easy and it may require a deeper knowledge of how
splicing in these large exons is regulated.
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Chapter 6

Discussion.
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6 Discussion.

6.1 Identification of BRCA1l exon 11 splicing

mutation.

The Breast Cancer Gene (BRCAL) is one of two major genes associated with an
increased risk of breast cancer, although mutations in this gene are responsible for
less than 5% of the risk of developing breast cancer, and for less than 20% of all
familial cases.

In the BRCAL gene different splicing mutations have been identified, however at
the time of writing this thesis no splicing mutations have been detected in BRCA1
exon 11.

An RNA sample was available from a breast cancer patient with a strong family
history of breast cancer who was found to have a synonymous sequence variant in
exon 11. | was able to analyse the RNA and identified for the first time that the
presence of this unclassified variant in exon 11 (c.693G>A) affects splicing of
exon 11 (Figure 3.2).

Before we were able to publish this Dias Brandao et al. reported that c.693G>A
affected exon 11 (Brandao et al., 2011). However in this latter article the
unclassified variant was not considered to be a pathogenic variant did not satisfy
two necessary criteria: monoallelic expression of the full length transcript and that
the unclassified variant creates an aberrant transcript containing a premature
termination codon. For that reason Brandao et al classified the variant c.693G>A
as unclear pathogenicity (Brandao et al., 2011).

However, it is still possible that this variant could give cancer predisposition. In
fact, other studies already suggest that splicing isoforms around BRCA1 exon 11
are implicated in cancer. These isoforms are naturally expressed; and proportions

change in breast cancer cell lines and during the cell cycle (Orban and Olah,
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2003). This suggests maintaining correct isoform proportions are important in

preventing cell transformation.

Exon 11 has three functional splice sites shown previously in Figure 1.15
(Introduction) The alternative use of these splice sites determines the production
of the three BRCA isoforms Full 11, Al1q, and A11 (Figure 6.1).

AFL1 7
5'ss 3:"53 58 3ds
I 310 . 11 b 12
‘Q ['o I’
. D'ss =
' A
A11
8-10 11 12 FL 11
8-10 119 12 Al1g
8-10 12 A1

Figure 6.1: Schematic representation of the splice sites of exon 11.

The grey boxes represent exons; the black lines represent introns and the dotted
lines represent the splicing outcome according with the use of exon 11 splice sites.
The splice sites are represented with the abbreviation ss.
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The A1l isoform results from skipping of exon 11 has been implicated in various
aspects of cell proliferation and apoptosis (Bachelier et al., 2002; Cao et al., 2003;
Huber et al., 2001; Kim et al., 2006; Tammaro et al., 2012).

Consequently current literature in association with the result shown in chapter 3
strongly suggests that the synonymous variant ¢.693G>A can induce
predisposition to cancer. In this thesis the variant was demonstrated shown to
cause an increase of A1l and decrease of Allq and full 11 isoforms altering the

balance of the BRCA1 isoforms tumorigenic and apoptotic function.
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6.2 The pB1 mini-gene as a useful tool for splicing

and mechanistic investigation.

A mini-gene for splicing assay has been constructed and used in this study. The
mini-gene used to analyse the unclassified variant ¢.693G>A that affected our
patient contains exon 8 to exon 12 of the BRCAL1 gene and shows skipping of
exon 11 with a decrease in the Allq isoform compared to pB1 WT mini-gene
confirming that the sequence variant ¢.693G>A alters the splicing process of exon
11 (Chapter 3, Figure 3.6).

The result obtained using the mini-gene correlates well with that observed in the
patient RNA and confirmed that this assay is a useful tool for testing the effects of
unclassified variants on splicing (Chapter 3, Figure 3.6).

Before 2008 nobody had created a mini-gene containing exon 11, the biggest exon
of the BRCA1 gene, at around 3.4kb. In 2008 Olga Anczukow and co-workers
designed and created a mini-gene spanning exons 10 to exon 12 to study 108
unclassified variants identified in BRCAL exon 11 in a French genetic diagnostic
centre (Anczukow et al., 2008). However, only one variant, ¢.3719 G>T was
found to affect splicing by reducing intron 11 splicing. This information was not
confirmed in a patient RNA.

In another recent study from our laboratory, the pB1 mini-gene constructed in this
thesis was used to demonstrate that splicing regulatory sequences are present at
the beginning of exon 11 and that these sequences are important for the
production of the three isoforms (Raponi et al., 2012).
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6.3 Detection of a composite splicing regulatory

region.

Data presented in Chapter 3 showed that systematic site directed mutagenesis
experiments using the pB1 mini-gene system suggest a complex regulatory region
surrounding the ¢.693 G>A variant (Chapter 3, Figure 3.10).

In fact the 11 single nucleotide substitutions between codon position c.688 to
€.694 showed different effects on the level of inclusion of exon 11. The nucleotide
change in position ¢.689 showed a decrease of the Al1 isoform and an increase of
Allq isoform. The additional nucleotide substitutions created around position
€.693 caused skipping of exon 11 and part of exon 11 to various degrees
potentially inactivating ESEs and/or creating a new ESS.

These differences around this region suggest that the sequence may represent a
Composite Regulatory Element of Splicing (CERES) with overlapping enhancer
and silencer functions as found previously in CFTR exon 9 and 12. The CERES
element identified in CFTR exon 12 appears to be strongly dependent on its
context for its function and can also be extended to the flanking regions. The
identification of a similar situation for exon 9 in CFTR indicates a common
splicing regulatory role of these elements (Pagani et al., 2003a; Pagani et al.,
2003Db).

It is also interesting to note that it is possible to recreate a pB1IWT sequence
pattern in presence of a double mutant at position ¢.689A>C and c.693G>A. In
fact, in the presence of c.689A>C, the c.693G>A does not affect splicing anymore
(Chapter 3 Figure 3.13). This indicates that eventual compensatory nucleotide
variants in the population could mask the effect of c.693G>A and prevent the

alteration of exon 11 splicing.
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6.4 In vitro identification of splicing proteins
interacting with the regulatory sequence
detected in BRCAL.

The Human Splicing Finder program predicted that the sequence surrounding the
€.693 position of BRCAL exon 11 consists of a high affinity binding sequence for
SRSF1, SRSF5, and SRSF7 (Chapter 3, Table 3.1and Table 3.2).

Importantly the index of prediction is reduced for these splicing factors, if the
synonymous variant ¢.693G>A is introduced which indicates that loss of SRSF1,
SRSF5, and SRSF7 binding may cause exon 11 skipping.

However pull down experiments using wild type RNA oligo and an RNA oligo
carrying the synonymous variant ¢.693G>A failed to show disruption of all
binding predicted by Human Splicing Finder. Instead the pull down experiments
using Coomassie staining detection demonstrated that the wild type sequence
binds TDP43, whereas the sequence incorporating the synonymous change binds
hnRNPAL. Mass spectrometry sequencing confirmed the presence of these two
proteins and a summary listing the isolated proteins is given in Table 4.1 (Chapter
4). In chapter 4, | found that TDP43 and hnRNPA1 were able to bind with
different affinities to both sequences (Figure 4.3 and Figure 4.4).

TDP43 (trans-activation response DNA-binding protein) is like many others
heterogeneous ribonucleoproteins (hnRNP) protein family members (Ou et al.,
1995) which was first described as a DNA binding protein .(Strong et al., 2007)
Subsequently it was also shown that TDP43 is able to bind RNA, through the
RRM1 motif (Buratti and Baralle, 2001; Kuo et al., 2009; Shodai et al., 2013;
Winton et al., 2008).

TDP43 is involved in the regulation of splicing, translation and transcription. It
has been shown that TDP43 has a preferred target sequence that is represented by
the dinucleotide repeats (UG)n or (TG)n (Ayala et al., 2005; Buratti and Baralle,
2001).
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Concerning the role of TDP43 in splicing regulation, two main mechanisms of
action for this protein have been described. Evidence suggests that TDP43 acts as
a negative splicing regulator binding to intronic UG repeats element and causes
skipping of the CFTR gene exon 9 and of ApoAlll exon 3 (Buratti et al., 2001;
Mercado et al., 2005). The role of TDP43 has been studied in the CFTR gene,
where TDP43 has the ability to inhibit the inclusion of exon 9 through association
with the UG repeat situated near the 3’splice site and creates a non-functional
protein (Buratti et al., 2001).

A second mechanism of TDP43 splicing regulation has also been described, that
involves binding of TDP43 to GU repeats near weak 5’splice sites and thus
modulating exon inclusion (Passoni et al., 2012).

The results reported in this thesis were unexpected as they suggest binding of
TDP43 within an exonic region lacking UG repeats. A recent study reported a
new TDP43 binding consensus sequence to be a pyrimidine rich motif and UG
rich sequence of a variable length (Sephton et al., 2011; Tollervey et al., 2011).

A small number of U repeats are present in the synthetic RNA oligonucleotide
used in the pulldown assay (Chapter 4, Figure 4.1). Therefore it could be
speculated that the ability of TDP43 to regulate splicing by binding pyrimidine
rich motifs could be reduced to a small number of U repeats.

However as there is potential binding of TDP43 in both the wild type sequence
and in the variant sequence, albeit with different intensity, it is difficult to assess

whether this is an important factor in the regulation of BRCA1 exon 11 splicing.

hnRNP Al belongs to an important class of RNA binding proteins thought to
inhibit the use of proximal splice sites. This activity is opposite to that of SR
proteins and as an added complication, the SR protein SRSF1 can compete with
hnRNPAL for the binding of exonic regulatory elements, (Zerbe et al., 2004; Zhu
et al., 2001), also described for the insulin receptor gene (Talukdar et al., 2011)
and Gs a gene (Pollard et al., 2002).

The ratio of SRSF1 and hnRNP Al expression in normal breast compared to

breast cancer tissues has not been reported, however different distributions of
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hnRNP Al and SRSF1 in different tissues have been described. In particular
Hanamura et al suggested that a change in the ratio of expression of these two
proteins could effect the alternative splicing of many genes (Hanamura et al.,
1998).

Therefore, the different proportions of BRCAL1 exon 11 splicing isoforms
observed in different cellular contexts could be due to a difference in the ratio of
hnRNPA1 and SRSF1 expression (Hanamura et al., 1998).

Here pull down assay suggested that the binding of SRSF1 is lost with the variant
€.693G>A, while hnRNPAL1 is still able to bind. Therefore it is possible that
putative competition between SRSF1 and hnRNPA1 is lost with the variant,
where hnRNPAL can now bind undisturbed and reduce the use of the exon 11
3’splice site.

Besides SRSF1, the pull down also showed binding in the wild type sequence of
SRSF9 and SRSF6, which is disrupted in the presence of the synonymous change
€.693G>A (Chapter4 Figure 4.6).

This result supports the hypothesis that inclusion of exon 11 is due to the presence
of different SR proteins, and the possible presence of a composite regulatory

element (see section Discussion 6.2).

SRSF1 belongs to the SR protein family. These are enhancer proteins of splicing
as they usually bind exonic RNA sequences and assist the splicing machinery to
recognize splice sites. However in some cases it has been shown that SRSF1
promotes exon skipping, but its mode of action in this negative way is still unclear
(Clery et al., 2013).

SRSF1 is over-expressed in cancer and acts as an oncogene by effecting splicing
of several genes involved in cell transformation (Shimoni-Sebag et al., 2013).
There are several mutations reported to alter the binding of SRSF1 and cause
aberrant splicing and disease. For instance, in spinal muscle atrophy a variant in

exon 7 of the SMN gene causes exon 7 exclusion , caused by deletion of an exon
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splicing enhancer (ESE) associated with binding of SRSF1(Koed Doktor et al.,
2011; Singh et al., 2004).

The fact that several splicing mutations are found to cause aberrant splicing by
disrupting the SRSF1 binding site suggests a fundamental role of this regulatory
protein in maintaining splicing fidelity.

Since SRSF1 may control the splicing of several genes, maintenance of balanced
expression is important. This is also an explanation as to why overexpression of

SRSF1 causes cell transformation.

The sequence variant ¢.693 G>A appears to disrupt binding of SRSF1 and cause
increased production of the A11 isoform which is involved in cell transformation
(Chapter 4, Figure 4.5).

SRSF1 has previously been shown to be important for the constitutive inclusion of
BRCAL exon 6, which was demonstrated by depletion of SRSF1 in Breast cancer
cells line (Raponi et al., 2011).

In the present study depletion of SRSF1 did not induce exon 11 exclusion in the
pB1 WT mini-gene (Chapter 4, Figure 4.5), indicating that SRSF1 may be not
essential for BRCA1 exon 11 splicing.

Knock down experiments demonstrated that silencing SRSF1 causes a decrease in
the amount of A1l isoform and an increase of full 11 isoform in the pB1 WT
mini-gene but has no effect on pB1 ¢.693 G>A mini-gene.

A possible explanation for this could be that unusually SRSF1 has an inhibitory
effect on exon 11 which seems to be dependent on the regulatory region around

position ¢.693.

Another SR protein that has been involved in this region is SRSF6. Pull down
experiments followed by western blot demonstrated that SRSF6 is able to bind the
wild type sequence and that binding is disrupted by the variant c.693G>A
(Chapter 4, Figure 4.6).
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SRSF6 is an SR protein that has been implicated in the regulation of the apoptotic
gene BIM (Jiang et al., 2010), and in the regulation of the epidermal growth
factors, inducing the angiogenic isoform VEGF (Carter et al., 2011).

Using knock down experiments, SRSF6 has previously been shown to regulate the
inclusion of Tau exon 10, where mis-regulation of alternative splicing of Tau
exon 10 causes neurodegenerative disease (Yin et al., 2012).

In this thesis SRSF6 knock down resulted in a relative decrease of the Allq
isoform towards an increase of the Full 11 isoform, suggesting that when SRSF6
Is not present the 5 splice site of the A11g may not be used. No effect was
observed on splicing using the pBl ¢.693G>A mutant mini-gene following
depletion of SRSF6. This suggests that SRSF6 acts as an enhancer of the A11q 5’
splice site by binding the regulatory region surrounding position ¢.693.

I have shown that both SRSF1 and SRSF6 are able to bind the wild type sequence
in vitro, in addition to that, western blot analysis showed that another SR protein
(SRSF9) is able to bind the wild type sequence but not the synonymous variant
sequence (Chapter 4, Figure 4.6).

SRSF9 (SRp30c) has most similarity with the splicing factors SRSF1 (SRp30a)
and SRSF2 (SRp30b). SRSF9 has a direct contact with RNA through two RNA
recognition motifs that are linked by a glycine and act as a repressor of the use of
the 3’ splice site (Simard and Chabot, 2002).

SRSF9 is also able to determine inclusion of exons. In particular has been
demonstrated that SRSF9 can stimulate high levels of SMN2 (inducing inclusion
of SMN2 exon 7) especially when associated with SFSR10 which had already
been shown to interact with the AG-rich enhancer sequence located in the center
of SMN exon 7. Therefore the association of SRSF9 and SFRS10 could
compensate for the C/T exchange in SMN2 (Young et al., 2002).

Other experiments demonstrate a cooperative interaction between trans-acting SR
proteins SFRS10, SRSF7 and SRSF9 in ESE-dependent gonotropin releasing
hormone pre-mRNA splicing (Park et al., 2006).
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In this thesis | showed that SRSF7 is not able to bind either the wild type or
synonymous sequence variants ¢.693G>A, while SFRS10 binds both (Chapter 4,
Figure 4.7, Figure 4.10, and Figure 4.11).

At the distal end of exon 11 there is a repeated binding site for SFRS10 (personal
communication of Raponi) important for the recognition of the distal donor site
and for the inclusion of exon 11. In a similar way binding of SFRS10 in the region
next to nucleotide position ¢.693 may favour the recognition of exon 11q 5’ splice
site and therefore the production of the Allq isoform. However this hypothesis
was not verified in this thesis, because SRSF10 binding is not affected by the
variant c.693G>A.

In conclusion, several splicing regulatory proteins have the potential to bind the
regulatory region identified in this thesis highlighting the presence of a CERES in
BRCAL1 exon 11. However the unpredictable effect of depletion and
overexpression of those regulatory proteins shown in chapter 4 underlines the
difficulty in identifying which splicing factors are responsible for

exclusion/inclusion of exon 11 in the presence of the synonymous variant.
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pB1 WT Overexpression Depletion
SRSF1  Full 11  Full 11
vV Allq v A
VAL
SRSF6 A Full 11 4 Full 11
v A1 y A11q
pB1 c.693G>A Overexpression Depletion
SRSF1 A Full 11
VAL
SRSF6 *A11q
A1

Figure 6.2: Effect of depletion or overexpression of SRSF1 or SRSF6 in pB1
WT and pB1 c.693 G>A mini-gene.

The effect in isoform increase (1) or decrease (V) is reported in correspondence
of each SR protein (SRSF1, SRSF6) overexpression or depletion. The effect on
pB1 WT mini-gene is reported at the top and the effect on pB1 ¢.693 G>A mini-
gene is reported at the bottom.
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6.5 Correction with bifunctional oligonucleotide.

Correction of aberrant splicing using oligonucleotide based technology is a new
growing field in genetic therapy.

The ¢.693G>A variant was shown to disrupt an enhancer sequence in BRCA1
exon 11 and cause aberrant splicing. | tested the hypothesis that this aberrant
splicing could be restored by using a bifunctional oligonucleotide with a tail for
an SR protein able to recruit SRSF1 (syn oligo).

However, when | undertook this, | found no effect on the inclusion of exon 11
(Chapter 5, Figure 5.1). Conversely, this bifunctional oligonucleotide increased
exclusion of the exon 11 suggesting an inhibitory effect on the recognition of the
3’splice site (Figure 6.3). This unexpected result may be due to the fact that the
positioning of the oligonucleotide is important for exon inclusion.

In fact several studies indicate that the target positions of bifunctional
oligonucleotide are crucial for proper function. A further Dell oligonucleotide
was therefore designed to target a neutral region situated in the beginning of exon
11, close to the 3’splice site (Chapter 5. Figure 5.1).

The Dell oligonucleotide had a positive effect only on the inclusion of the Allq
isoform (Chapter 5, Figure 5.4). Whilst it is not clear what causes inclusion of
exon 11q; it appears that having a bifunctional oligonucleotide closer to the
3’splice site does not increase whole exon 11 inclusion but increases the delta 11q
isoform. This could be due to the presence of the SR tail, which can have a

positive effect on the weak 5’ splice site of 11q (Figure 6.4).
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Syn bifunctional oligo 3'ss 5'ss(A11q) o' s8

c.693G>A

Figure 6.3: Model of action of the Syn bifunctional oligonucleotide.

Schematic representation of the bifunctional oligonucleotide created to bind the
region with the synonymous variant (red box). The arrow indicates a negative
effect on the recognition of the 3’splice site. The figure shows a schematic
mechanism of action of the SR tail of the bifunctional oligo, suggesting that the
SR tail has a negative effect on the 3’ splice site of exon 11.

]
Del 1 bifunctional oligo ! .
3'ss l 5'ss(A11q) 5'ss

c.693G>A

Figure 6.4: Model of action of the Dell bifunctional oligonucleotide.

Schematic representation of the bifunctional oligonucleotide Dell designed to
bind a neutral region close to the 3’ splice site (orange box). The arrow indicates a
positive effect on the recognition of the 5’splice site (D11q). The figure shows a
schematic mechanism of action of the SR tail of the bifunctional oligo, suggesting
that the SR tail has a positive effect on the 5’ splice site of the exon 11q, causing
inclusion of Al1q isoform.
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A third bifunctional oligonucleotide (Del7a) at the end of exon 11 was
investigated. This was expected to restore the inclusion of exon 11 in the presence
of the variant ¢.693G>A, however the bifunctional oligonucleotide increased exon
11 skipping in the pB1 ¢.693 G>A mini-gene suggesting an inhibitory effect on
the recognition of exon 11 5’splie site (Figure 6.5).

Taken together these results have shown that the syn oligo and the Del7a oligo
cannot be used to correct aberrant splicing of the ¢.693 G>A variant. However the
Dell oligo increased the A11q isoform, suggesting that binding of an enhancer in
that region is able to stimulate the recognition of the Allq 5’ splice site and to
partially rescue the inclusion of part of exon 11. Therefore Dell oligo could be
tested in the future to correct eventual splicing variants that cause a decrease of

the D11q isoform.
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Del 7a bifunctional oligo E— 11
| ]
3'ss l 5'ss(A11q)  5'ss
c.693G>A

Figure 6.5: Model of action of the Del7a bifunctional oligonucleotide.

Schematic representation of the bifunctional oligonucleotide Del7a designed to
bind a neutral region close to the 5” splice site (yellow box). The arrow indicates a
negative effect on the recognition of the 5’splice site. The figure shows a
schematic mechanism of action of the SR tail of the bifunctional oligo, suggesting
that the SR tail has a negative effect on the 5° splice site of the exon 11, causing
increase of Al1 isoform.
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6.6 Future work.

This study shows that the characterization of a nucleotide variant involved in a
pre-mRNA processing defect should not be done without considering its natural
context.

In recent years the complexity of regulatory elements that participate in splicing
control has taken an enormous step forward with the discovery of potential
connections between splicing, the specific structural features of pre-RNAs and
many of the processes that participate in their life-cycle such as genome stability,
RNA processing kinetics, transport and translation.

Following the construction of a mini-gene for BRCA exon 11 splicing assay and
the discovery of composite regulatory elements that regulate processing of this

exon two major lines of investigation could be undertaken:

1. Investigation of splicing regulation of large exons;

2. Restoration of BRCAL1 exon inclusion.
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1. Investigate splicing regulation of large exons.

The pB1 mini-gene will be useful to identify and study other unclassified variants
situated around exon 11. It could be employed to better understand these
unclassified variants in correlation with the alteration of the splicing process and
thus identify the splicing mechanisms that regulate BRCAL alternative splicing.
This is of particular importance as it helps clarify the splicing regulation of
unusually large exons. which are currently not fully understood.

In addition of using the pB1 mini-gene, these mechanisms could be investigated
using RNA immunoprecipitation experiments from breast cancer cell lines and in
vitro splicing assay. In vivo RNA immunoprecipitation is an antibody based
technique used to map RNA and protein interactions through immunoprecipitation
of a particular protein after UV crosslinking of cell lines. The RNA cross-linked
to the protein can be detected through RT-PCR and quantitative PCR. This is
particularly useful to demonstrate in vivo binding of a splicing factor to a specific
region when this cannot be demonstrated with siRNA/overexpression
experiments. Because of the long nucleotide sequence of BRCAL exon 11 the
same splicing factor could bind in several different regions. This factor could act
as an enhancer or silencer depending on position, and therefore mask the effect of
SIRNA.

2. Restoration of BRCA exon 11 inclusion.

Regarding the restoration of ¢.693G>A BRCAL exon 11 skipping, the use of
bifunctional oligonucleotides failed to induce inclusion of the entire exon 11 in
this study, however it was possible to recreate inclusion of the delta 11q isoform
with one of the bifunctional oligonucleotides tested. Consequently this
bifunctional oligonucleotide could be exploited to correct eventual mutations that
are found to cause skipping of exon 11q only. In addition this bifunctional
oligonucleotide could prove useful to manipulate the level of A11q isoform in cell

lines; allowing functional study on the effect of A11q levels and functional studies
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on the effect of Allq levels in the cell in response to DNA damage and

chemotherapy.
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7 Appendices A.

A pB1 WT + + +
Scramble + -
Syn NT - o+
Syn oligo - - +

—— — — -Full 11

—— — . -A”q

Full isoform D11qisoform D11 isoform

40 40 |
) _HT ”
1] —— — -

Scramble Syn NT Syn olige Scramble Syn NT Syn aliga

Figure 7.1:Co-transfection of bifunctional oligonucleotides on the syn
variation and pB1 WT mini-gene.

Syn NT is the bifunctional oligonucleotide without the tail and the scramble oligo
represents the control. The PCR product is separated on a 1.5% agarose gel. The
histograms show the percentage of the full isoform the A11q isoform and the A11
isoform respectively, and it has been calculated against the total expression of the
three isoforms (Methods 2.5.6).

(A) RT-PCR products from total RNA extracted after co-transfection of Syn oligo
and pB1 WT mini-gene and histograms showing the percentage of the isoforms.
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B pB1WT + + +
Scramble  +
Del 1 NT - +
Del 1 = = +
-Full 11
-Allq
-All
Full isoform D11qisoform D11 isoform
o m 00 ¢
o a0 &
@ & | &
0 0 o
-1} 0 o
0 o p— ] —— [ ]
Soramble WT Del1 NTWT Dol 1WT

Seramble WT Dell NTWT Dol 1WT Seramble WT Dell NTWT

Figure 7.2: Co-transfection of bifunctional oligonucleotides Dell and pB1
WT mini-gene.

Dell NT is the bifunctional oligonucleotide without the tail and the scramble
oligo represents the control. The PCR product is separated on a 1.5% agarose gel.
The histograms show the percentage of the full isoform the A11q isoform and the
A11 isoform respectively, and it has been calculated against the total expression of
the three isoforms (Methods 2.5.6).

(B) RT-PCR products from total RNA extracted after co-transfection of Dell

oligo and pB1 WT mini-gene and histograms showing the percentage of the
isoforms.
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C pB1WT + + +
Scramble + = -
Del 7 . i =
Del 7+ Del 1 - - +

—  mm— -Full 11

-Allq

-All

Full isoform D11q isoform D11 isoform

o ¥ & 8 ® 8
3

l' v : .
L 1 I ”
B

WT 5F2 DTaWT Dell + SF2DTWT Scramble WT 5F2 D7aWT Dell + SF2D7aWT Scrantie WT SF2 D72 WT Dl +SFI0Ta WT

Figure 7.3: Co-transfection of bifunctional oligonucleotides Del7 and pB1
WT mini-gene.

The scramble oligo represents the control. The PCR product is separated on a
1.5% agarose gel. The histograms show the percentage of the full isoform the
Al1q isoform and the A11 isoform respectively, and it has been calculated against
the total expression of the three isoforms (Methods 2.5.6).

(C) RT-PCR products from total RNA extracted after co-transfection of Del7
oligo and pB1 WT mini-gene and histograms showing the percentage of the
isoforms

238



Claudia Tammaro Appendices

239



Claudia Tammaro Appendices

8 Appendices B.

* There is an ATG upstream A-150028

ol the Xba lsite, Bsml
pB1WT T\TG |+30 ';'AG
PCMV - SO 10m= 11 == 12 PA

Figure 8.1: Vector pcDNAS3.

La figure shows the pcDNA 3 vector used in this thesis (upper panel) and the
schematic representations of the pB1 mini-gene (low panel).
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SPCETCCNEICRECITEECEACANEACCAMCEICARACECCECEICEGETANGET
CGGCGCGCACGCTGGCGAGTATGGTGCGGAGGCCCTGGAGAGgtgaggecteccce
tcccecectgecteccgaccecgggeteccectecgecccgececggacccacaggeccacccteca
atcgtcetggcceeggatecadaatcceaccectcactctgetEcteccegeayg
GACAACCAGTCTCAGTGTCCAACTCTCTAACCTTGGAACTGTGAGAACTCTGA
GGACAAAGCAGCGGATACAACCTCAAAAGACGTCTGTCTACATTGAATTGGOgtL
aagggtctcaggttttttaagtatttaataataattgctggattccttatctt
atagttttgccaaaaatcttggtcataatttgtatttgtggtaggcagctttg
ggaagtgaattttatgagccctatggtgagttataaaaaatgtaaaagacgca
gttcccaccttgaagaatcttactttaaaaagggagcaaaagaggccaggcat
ggtggctcacacctgtaatcCtcaaataatccacccatctcggecctecctcaag
tgctgggattacaggtgagagccactgtgcctggcgaagcccatgecctttaac
cacttctctgtattacatactagcttaactagcattgtacctgccacagtaga
tgctcagtaaatatttctagttgaatatctgtttttcaacaagtacatttttt
taacccttttaattaagaaaacttttattgatttattttttggggggaaattt
tttagGATCTGATTCTTCTGAAGATACCGTTAATAAGGCAACTTATTGCAGgOL
gagtcaaagagaacctttgtctatgaagctggtattttcctatttagttaata
ttaaggattgatgtttctctctttttaaaaatattttaacttttattttaggt
tcagggatgtatgtgcagtttgttatataggtaaacacacgacttgggatttg
gtgtatagatttttttcatcatccgggtactaagcataccccacagttttttg
tttgctttctttctgaatCcacccgecctcageccectcccaaagtgectggaattac
aggcttgagccaccgtgcccagcaaccatttcatttcaactagaagtttctaa
aggagagagcagctttcactaactaaataagattggtcagctttctgtaatcg
aaagagctaaaatgtttgatcttggtcatttgacagttctgcatacatgtaac
tagtgtttcttattaggactctgtcttttccctatagTGTGCCGGAGATCAAGAA
TTGTTACAAATCACCCCTCAAGGAACCAGGGATGAAATCAGTTTGGATTCTGC
AAAAAAGGgtaatggcaaagtttgccaacttaacaggcactgaaaagagagtg
ggtagatacagtactgtaattagattattctgaagaccatttgggacctttac
aacccacaaaatctcttggcagagttagagtatcattctctgtcaaatgtcgt
ggtatggtctgatagatttaaatggtactagactaatgtacctataataagac
cttctgtaactgattgttgccctttecgtttttttttttgtttgtttgtttgtt
tttttttgagatggggtctcactctgttgcccaggctggagtgcagtgatgca
atcttggctcactgcaacctccacctccaaggctcaagctattattaagtaga
cttaatggccagtaatctttagagtacatcagaaccagttttctgatggccaa
tctgcttttaattcactcttagacgttagagaaataggtgtggtttctgcata
gggaaaattctgaaattaaaaatttaatggatcctaagtggaaataatctagg
taaataggaattaaatgaaagagtatgagctacatcttcagtatacttggtag
tttatgaggttagtttctctaatatagccagttggttgatttccacctccaag
gtgtatgaagtatgtatttttttaatgacaattcagtttttgagtaccttgtt
atttttgtatattttcagCTGCTTGTGAATTTTCTGAGACGGATGTAACAAAT
2 B L A S A R A I AR B L e B I I S e D S
AGCTGAGAGGCATCCAGAAAAGTATCAGGGTAGTTCTGTTTCAAACTTGCATG
TGGAGCCATGTGGCACAAATACTCATGCCAGCTCATTACAGCATGAGAACAGC
AGTTTATTACTCACTAAAGACAGAATGAATGTAGAAAAGGCTGAATTCTGTAA
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TAAAAGCAAACAGCCTGGCTTAGCAAGGAGCCAACATAACAGATGGGCTGGAA
GTAAGGAAACATGTAATGATAGGCGGACTCCCAGCACAGAAAAAAAGGTAGAT
CTGAATGCTGATCCCCTGTGTGAGAGAAAAGAATGGAATAAGCAGAAACTGCC
ATGCTCAGAGAATCCTAGAGATACTGAAGATGTTCCTTGGATAACACTAAATA
GCAGCATTCAGAAAGTTAATGAGTGGTTTTCCAGAAGTGATGAACTGTTAGGT
TCTGATGACTCACATGATGGGGAGTCTGAATCAAATGCCAAAGTAGCTGATGT
ATTGGACGTTCTAAATGAGGTAGATGAATATTCTGGTTCTTCAGAGAAAATAG
ACTTACTGGCCAGTGATCCTCATGAGGCTTTAATATGTAAAAGTGAAAGAGTT
2 (E T e e T e S L ) e B D e R D S VA B C T I T T S S VL A
TCGGAAGAAGGCAAGCCTCCCCAACTTAAGCCATGTAACTGAAAATCTAATTA
TAGGAGCATTTGTTACTGAGCCACAGATAATACAAGAGCGTCCCCTCACAAAT
AAATTAAAGCGTAAAAGGAGACCTACATCAGGCCTTCATCCTGAGGATTTTAT
CAAGAAAGCAGATTTGGCAGTTCAAAAGACTCCTGAAATGATAAATCAGGGAA
CTAACCAAACGGAGCAGAATGGTCAAGTGATGAATATTACTAATAGTGGTCAT
GAGAATAAAACAAAAGGTGATTCTATTCAGAATGAGAAAAATCCTAACCCAAT
AGAATCACTCGAAAAAGAATCTGCTTTCAAAACGAAAGCTGAACCTATAAGCA
GCAGTATAAGCAATATGGAACTCGAATTAAATATCCACAATTCAAAAGCACCT
AAAAAGAATAGGCTGAGGAGGAAGTCTTCTACCAGGCATATTCATGCGCTTGA
ACTAGTAGTCAGTAGAAATCTAAGCCCACCTAATTGTACTGAATTGCAAATTG
ATAGTTGTTCTAGCAGTGAAGAGATAAAGAAAAAAAAGTACAACCAAATGCCA
L e U N T e e G A L B ST LS PN B R A B G T
AGCCAAGAAGAGTAACAAGCCAAATGAACAGACAAGTAAAAGACATGACAGCG
ATACTTTCCCAGAGCTGAAGTTAACAAATGCACCTGGTTCTTTTACTAAGTGT
TCAAATACCAGTGAACTTAAAGAATTTGTCAATCCTAGCCTTCCAAGAGAAGA
AAAAGAAGAGAAACTAGAAACAGTTAAAGTGTCTAATAATGCTGAAGACCCCA
AAGATCTCATGTTAAGTGGAGAAAGGGTTTTGCAAACTGAAAGATCTGTAGAG
AGTAGCAGTATTTCATTGGTACCTGGTACTGATTATGGCACTCAGGAAAGTAT
CTCGTTACTGGAAGTTAGCACTCTAGGGAAGGCAAAAACAGAACCAAATAAAT
| ZG E LS B HE NG H R LG ) B8 Fa ] L L E 20V V] BG R C VA G B EVAN S LU R R E SR HEL
TCCAAAGATAATAGAAATGACACAGAAGGCTTTAAGTATCCATTGGGACATGA
AGTTAACCACAGTCGGGAAACAAGCATAGAAATGGAAGAAAGTGAACTTGATG
CTCAGTATTTGCAGAATACATTCAAGGTTTCAAAGCGCCAGTCATTTGCTCCG
LT TTCAAATCCAGCGARAATGEAGAAGACCAATETIGECAACATICTCTIGECCACTE
TGGGTCCTTAAAGAAACAAAGTCCAAAAGTCACTTTTGAATGTGAACAAAAGG
AAGAAAATCAAGGAAAGAATGAGTCTAATATCAAGCCTGTACAGACAGTTAAT
ATCACTGCAGGCTTTCCTGTGGTTGGTCAGAAAGATAAGCCAGTTGATAATGC
S A (€ A MGG R C T RS S G C A T AT R R S S G
GCAACGAAACTGGACTCATTACTCCAAATAAACATGGACTTTTACAAAACCCA
TATCGTATACCACCACTTTTTCCCATCAAGTCATTTGTTAAAACTAAATGTAA
GAAAAATCTGCTAGAGGAAAACTTTGAGGAACATTCAATGTCACCTGAAAGAG
AAATGGGAAATGAGAACATTCCAAGTACAGTGAGCACAATTAGCCGTAATAAC
ATTAGAGAAAATGTTTTTAAAGAAGCCAGCTCAAGCAATATTAATGAAGTAGG
TTCCAGTACTAATGAAGTGGGCTCCAGTATTAATGAAATAGGTTCCAGTGATG
AAAACATTCAAGCAGAACTAGGTAGAAACAGAGGGCCAAAATTGAATGCTATG
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CTTAGATTAGGGGTTTTGCAACCTGAGGTCTATAAACAAAGTCTTCCTGGAAG
TAATTGTAAGCATCCTGAAATAAAAAAGCAAGAATATGAAGAAGTAGTTCAGA
CTGTTAATACAGATTTCTCTCCATATCTGATTTCAGATAACTTAGAACAGCCT
ATGGGAAGTAGTCATGCATCTCAGGTTTGTTCTGAGACACCTGATGACCTGTT
AGATGATGGTGAAATAAAGGAAGATACTAGTTTTGCTGAAAATGACATTAAGG
AAAGTTCTGCTGTTTTTAGCAAAAGCGTCCAGAAAGGAGAGCTTAGCAGGAGT
CCTAGCCCTTTCACCCATACACATTTGGCTCAGGGTTACCGAAGAGGGGCCAA
GAAATTAGAGTCCTCAGAAGAGAACTTATCTAGTGAGGATGAAGAGCTTCCCT
GETTCCAACACTTETTATTRNGHTAAAGTAAACAATATACCTTCTCAGTCTACT
AGGCATAGCACCGTTGCTACCGAGTGTCTGTCTAAGAACACAGAGGAGAATTT
ATTATCATTGAAGAATAGCTTAAATGACTGCAGTAACCAGGTAATATTGGCAA
AGGCATCTCAGGAACATCACCTTAGTGAGGAAACAAAATGTTCTGCTAGCTTG
TTTTCTTCACAGTGCAGTGAATTGGAAGACTTGACTGCAAATACAAACACCCA
GGATCCTTTCTTGATTGGTTCTTCCAAACAAATGAGGCATCAGTCTGAAAGCC
AGGGAGTTGGTCTGAGTGACAAGGAATTGGTTTCAGATGATGAAGAAAGAGGA
ACGGGCTTGGAAGAAAATAATCAAGAAGAGCAAAGCATGGATTCAAACTTAGY
tattggaaccaggtttttgtgtttgccccagtctatttatagaagtgagctaa
atgtttatgcttttggggagcacattttacaaatttccaagtatagttaaagg
aactgcttcttaaacttgaaacatgttcctecctaaggtgecttttcatagaaaa
aagtccttcacacagctaggacgtcatctttgactgaatgagectttaacatcce
taattactggtggacttacttctggtttcattttataaaagcaaatccaggtyg
tcccaaagcaaggaatttaatcattttgtgtgacatgaaagtaaatccagtcce
tgccaatgagaagaaaaagacacagcaagttgcagcgtttatagtctgetttt
acatctgaacctctgtttttgttatttaagGTGAAGCAGCATCTGGGTGTGAG
AGTGAAACAAGCGTCTCTGAAGACTGCTCAGGGCTATCCTCTCAGAGTGACAT
TTTAACCAtctAGa

Figure 8.2: Sequence of the pB1 mini-gene.

The figure shows the sequence of the pB1 mini-gene. The introns are represented
in low letters and the exon sequences from exon 8 to exon 12 are highlight and
they are in capital letter.
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Abstract

Background: Alternative splicing across exon 11 produces several BRCAT isoforms. Their proportion varies during the cell
cycle, between tissues and in cancer suggesting functional importance of BRCAT splicing regulation around this exon.
Although the regulatory elements driving exon 11 splicing have never been identified, a selective constraint against
synonymous substitutions (silent nucleotide variations that do not alter the amino acid residue sequence) in a critical region
of BRCAT exon 11 has been reported to be associated with the necessity to maintain regulatory sequences.
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synonymous codon usage reflects the need to preserve the BRCAT alternative splicing program. We report that in-frame
deletions and translationally silent nucleotide substitutions in the critical region affect splicing regulation of BRCAT exon 11.

Conclusions/Significance: Using a hybrid minigene approach, we have experimentally validated the hypothesis that the
need to maintain correct alternative splicing is a selective pressure against translationally silent sequence variations in the
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will be important in understanding BRCA7-associated tumorigenesis.

Citation: Raponi M, Douglas AGL, Tammaro C, Wilson DI, Baralle D (2012) Evolutionary Constraint Helps Unmask a Splicing Regulatory Region in BRCA1 Exon
11. PLoS ONE 7(5): e37255. doi:10.1371/journal.pone.0037255

Editor: Ludmila Prokunina-Olsson, National Cancer Institute, National Institutes of Health, United States of America
Received January 16, 2012; Accepted April 18, 2012; Published May 16, 2012

Copyright: © 2012 Raponi et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

Funding: This work has been supported by EURASNET (http://www.eurasnet.info/) and Cancer research UK (19649) (http://www.cancerresearchuk.org/). The
funders had no role in study design, data collection and analysis, decision to publish, or preparation of the manuscript.

Competing Interests: The authors have declared that no competing interests exist.
* E-mail: D.Baralle@soton.ac.uk

@ These authors contributed equally to this work.

Introduction exon 11, D(11). Alternative splicing can also exclude exons 9 and
10 from the mature mRNA, D(9,10). These 1soforms maintain the
original BRCAI open reading frame and allow functional protein
production.

The control of the ratio of splicing isoforms produced within a
cell requires regulation by #ans-acting splicing factors that
recognise and bind specific pre-mRNA sequences. Their expres-
sion changes in cancer as well as in different tissues [3,4]. Since
BR(CAI isoforms vary in quantity during the cell cycle and within
different tissues [5-8], including tumour tissue, it is expected that
important splicing regulatory elements may be found at critical
gene regions (e.g. within exon 11) that allow the binding of
relevant splicing factors. Mutations in these sequence elements
would disrupt normal splicing and potentially lead to disease.
Therefore there would be an evolutionary selection pressure not
only against codon-altering mutations but also against synonymous
mutations at these sites. This process, known as purifying selection,
is thought to explain the bias in synonymous codon usage observed
at specific genomic sites across evolutionarily divergent species.
The observation of purifying selection at translationally silent sites
may therefore reflect the presence of splicing regulatory elements
or regions of critical RNA secondary structure [9-10].

Pathogenic mutations in the BRCAI gene are associated with a
high risk of breast and ovarian cancer. Women heterozygous for
such mutations have a lifetime risk of up to around 80% of
developing breast cancer and up to 40% of developing ovarian
cancer [1]. The effects of common deleterious mutations, such as
exonic insertions and deletions, nonsense substitutions and
substitutions at invariant consensus splice sites (AG and GT), are
relatively easy to predict. However, the effects of synonymous,
translationally silent substitutions on splicing are generally much
less well understood and require investigation through functional
studies. Such substitutions are called ‘silent’ as they do not directly
change the amino acid sequence of the protein. However, these
synonymous substitutions (as well as non synonymous substitu-
tions) can still have a deleterious effect at the RNA level by
creating or disrupting secondary structures or regulatory sequenc-
es. This in turn may alter splicing fidelity, with consequent loss of
function or production of new antagonistic protein isoforms.

BRCAI is known to undergo alternative splicing of a number of
its exons, including the large and functionally important exon 11
[2]. Alternative splicing of exon 11 yields a full length isoform (FL)
and also shorter isoforms through use of an alternative intra-

‘ ; : Ve X A bias towards the usage of particular codons, rather than their
exonic splice donor site, D(11q), or through complete skipping of

synonymous counterparts, has previously been reported in a
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critical region of BRCAI spanning the 3’ end of exon 10 and the 5’
end of exon 11 [11]. Several ‘hotspots’ (codons 195, 196, 215, 231,
244 and 313) have been identified around this critical region [11].
These are putative sites of purifying selection with a high ratio of
nonsynonymous to synonymous substitutions.

In order to investigate BRCAI splicing involving exon 11, we
developed a minigene incorporating the whole of BRCAI exons 8
to 11 and part of exon 12. Using this hybrid minigene approach,
we have experimentally validated the hypothesis that maintenance
of correct alternative splicing is the cause of selection against silent
sequence variations in the BRCAI critical region spanning exon
11.

Results

Minigene splicing assay for BRCA1 exon 11

In order to assay the effects of synonymous substitutions on
BRCAI splicing, we constructed a pBl wild-type minigene that
incorporated sequence from BRCAI exon 8 up to the first 89
nucleotides of exon 12 (Figure la). Intronic sequences were
shortened but still contained at least 190 nucleotides of native
intronic sequence at either end. Intron 8 is 460 bp (original size
2485 bp); Intron 9 is 379 bp (original size 1321 bp); Intron 10 is
684 bp (original size 985 bp); Intron 11 is 402 bp (original size
402 bp). The pB1 minigene was transiently transfected into MCF7
breast cancer cell lines. RNA was extracted and minigene-specific
cDNA synthesised using the specific primer pCSrev. BRCAI
splicing products were analysed by RT-PCR using primers specific
for BRCAI FL, D(11) and D(11q) isoforms (Figure 1b). Electro-
phoresis of RT-PCR BRCAI splicing products revealed the
presence of the three isoforms FL, D(11) and D(l11q); showing
comparable outcomes with that of endogenous BRCA1 in non-
transfected MCF7 cells (Figure Ic). In order to validate the
minigene for splicing assays, we introduced the nucleotide
substitution ¢.696A>G previously reported to affect exon 11
splicing. As shown in Figure lc, introduction of this change to the
minigene caused an increase of the D(11) isoform as described in
the literature [12].

The ¢.696A>G mutated minigene was also tested in normal
mammary epithelial cells (HMEpC, invitrogen) and breast cancer
cells MDA-MB-231 (ATCC). All cell lines tested resembled the
increase in D11 isoform observed in MCF?7 cells (data not shown).

Furthermore, a minigene construct containing the genomic
sequence from exons 9-12 had the same pattern of splicing
Another version of the minigene behaved in exactly the same
manner when we inserted the entire genomic sequence from exons
9 to 12 (data not shown).

Synonymous substitutions of codons thought to
undergo purifying selection

Mutations at codons 195, 196, 215, 231, 244 and 313 (which
are proposed to exhibit purifying selection) were assayed for their
effect on BRCAI splicing. 13 synonymous substitutions were
introduced by site-directed mutagenesis (Supporting Table S1):

The resulting mutated minigenes were transiently transfected
into MCF7 cell lines and splicing analysed as described (Figure 2).
Mutations that do not affect splicing would be expected to give a
similar isoform band pattern to the wild-type sequence. If splicing
of exon 11 is affected, a relative decrease of one isoform should be
accompanied by a reciprocal increase in one or more of the other
isoforms, or the appearance of a novel isoform. In addition one or
more new isoforms could appear.

All three synonymous substitutions at codon 231 appear to alter
splicing. These changes lie 23 nucleotides distal to the start of exon

@ PLoS ONE | www.plosone.org
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11 and significantly reduce the levels of FL. and D(11q) in favour of
increased levels of D(11) isoform. This suggests that sequence
changes at this site alter the splicing of exon 11, through reduced
recognition of the intron 10 acceptor site, resulting in its exclusion
from the final mRNA. This finding points towards an important
sequence element, such as an exonic splicing enhancer, located
around codon 231.

Codon 244 lies 60 nucleotides downstream from the start of
exon 11 and is 55 nucleotides proximal to the 11q splice donor
site. The T>C synonymous substitution at the third position of
this codon seems to enhance levels of the D(11q) isoform. A similar
effect was also observed in normal mammary epithelial cells
(HMEpC supplied by ECACC) (data not shown).

Codon 313 is situated 150 nucleotides 3" (downstream) of the
11q splice donor site. Synonymous mutations in this codon do not
appear to alter exon 11 splicing. Codons 195 and 196 are 9 and 6
nucleotides away from the 3’ end of exon 9 respectively and
synonymous mutations at these sites would therefore most likely
affect splicing of exon 9. Codon 215 lies 23 nucleotides from the 3’
end of exon 10 and so any splicing effects may be expected to
affect this exon. Our assay does not show any significant alteration
in relative exon 11 splice isoform abundance with synonymous
mutations at these sites. We therefore evaluated their effect on
skipping of exon 9 and 10. Splicing products revealed presence of
four isoforms {FL, D(9), D(10) and D(9&10)} showing comparable
outcomes with that of the pBlW'T minigene (supporting figure S1).

Other synonymous changes reported in breast cancer
patients

Since the ¢.693G>A substitution at codon 231 affects splicing
of BRCAI exon 11 and has previously been reported in a patient
with breast cancer [12], we decided to evaluate the effects of
additional synonymous substitutions in BRCAI exon 11
(c.825C>T codon 275, c.828A>G codon 276 and c.795T>C
codon 265; supporting table S1) that had been identified in
patients with breast cancer ascertained by the local regional
genetics service in whom no other pathogenic mutation had been
found. After introducing the substitutions into the minigene,
MCF7 cell lines were transfected and RNA analysed for FL,
D(11q) and D(11) isoforms.

The T>C substitution within codon 265 lies just 8 nucleotides
3" of the 11q splice donor site. Alteration of the native sequence
GTAGTTCT to GTAGTTCC results in reduction of the D(11q)
isoform (Figure 3 and supporting table S1). This suggests that the
sequence at codon 265 influences the use of this alternative splice
site. The proximity to the splice donor site makes it likely that the
sequence forms part of the splice site itself. The mutation appears
to weaken the splice site, decreasing its usage. The synonymous
substitution in codon 275 lies 38 nucleotides 3’ of the 11q splice
donor site. Its presence appears to increase the relative amount of
D(11q) while decreasing the FL isoform but not D(11)(Figure 3 and
supporting table S1). This suggests that the substitution favours the
usage of D11(q) donor site competing with the FL isoform donor
site. The substitution in codon 276 just 3 nucleotides further
downstream does not seem to have this same effect. This suggests
that codon 276 contains an important sequence element such as
an ESE that favours use of the D(11q) splice site. A similar effect
on splicing for these three synonymous changes was also observed
in HEK 293 cells (data not shown).

DI11q intensity seems to be higher in figure 3 than I and 2.
Although we observed a certain degree of variability between
biological replicates (at different transfection dates), changes in
isoform proportion (comparing different variants) were consistent.
In addition, we did not observe variability between technical
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Figure 1. Minigene splicing assay of BRCA1 exon 11. A. The pB1 wild type (WT) version of the minigene is shown. PCMV = promoter of the
PCDNA3 vector. ATG = start codon. TAG =stop codon. +3C =insertion of cytosine as the third nucleotide in exon 8. pA=poly A signal. 1=exon 1 of
the alfa globin gene. BRCA1 exons from 8 to 12 are numbered. The black solid line represents introns. Dotted lines show alternative splicing of exon
11. B. The three splicing isoforms FL, D11q and D11 and the position of specific oligos used for detection, are shown. C. Detection of BRCA1 exon 11
splicing isoforms for: _MCF7 endogenous BRCA1 (endogenous WT). _pB1 WT minigene transfected in MCF7 (pB1 WT). _pB1 minigene carrying the

€.696G>A nucleotide substitution transfected in MCF7 (pB1 c.696G>A).

doi:10.1371/journal.pone.0037255.g001

replicates (minigene transfected on the same date). This could well
be explained by the fact that the BRCA1 isoform proportions vary
during the cell cycle [3] so that minimal changes in cell status (e.g.
the number of passages) may account for the change in intensity of
D11q isoforms between biological replicates.

In addition, these types of effects should be routinely tested with
quantitative qRT-PCR methods.

Targeted deletions of the critical region

In order to identify putative splicing regulatory elements in the
‘critical region’ of BRCAI exon 11, we undertook a comparative
genomic analysis of the BRCAI sequence of 9 eutherian mammals

@ PLoS ONE | www.plosone.org

using the Ensembl genome browser (http://www.ensembl.org/
index.html). The data show several conserved sequences along the
‘critical region’ (supporting Figure S2). In order to evaluate
whether these conserved regions include splicing regulatory
sequences we used SFmap (http://sfmap.technion.ac.il/) [13] for
the prediction of splicing factor binding sites (supporting Figure
S2).

We then performed a pBl minigene deletion analysis of the
most conserved regions containing putative binding sites for
splicing regulatory proteins. The D1, D2, D3 and D4 deletions are
highlighted in Figure 4a. Hybrid minigenes carrying each deletion
were transiently transfected into MCF7 cells and splicing was
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Figure 2. Minigene splicing assay of synonymous substitu-
tions. Effect of synonymous BRCAT substitutions on splicing products
full-length, D(11q) and D(11). RT-PCR products from transfection
experiments using minigenes carrying codon substitution are shown.
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analysed (Figure 4b). The results show that BRCAI! exon 11
splicing is unchanged with deletion D1 and D4. Deletion D3 has a
weak effect in reducing levels of the D(11q) isoform in favour of
D(11). Transfection with the hybrid minigene carrying deletion D2
has the strongest effect, inducing almost complete skipping of exon
11.

The putative splicing factors predicted to bind in D2 and D3 by
SFmap (http://sfmap.technion.ac.il/) and SpliceAid2 (www.
introni.it/spliceaid.html) are shown in supporting Figure S3.

Discussion

That synonymous mutations are under evolutionary constraint
due to splicing requirements has been demonstrated experimen-
tally [14]. Hurst and Pal found a pronounced peak in the ratio of
non-synonymous to synonymous substitutions between codons 200
and 300 of BRCAI exons 10 and 11 when comparing human/dog
and mouse/rat gene alignments [11]. The presence of this so-
called ‘critical region’ reflects an unusually low rate of transla-
tionally silent synonymous sequence changes, suggesting that
purifying selection may be acting on this region to select against
synonymous changes, possibly in order to preserve splicing
regulatory elements. In this study, we have experimentally verified
this hypothesis by testing synonymous substitutions at codon sites
proposed by Hurst and Pal to have the highest non-synonymous to
synonymous substitution ratios.

Of the 6 codons analysed, only synonymous substitutions at
codon 231 and codon 244 affected splicing of BRCA exon 11. The
substitution at codon 244 increased levels of the D(11q) isoform to

deletion1 (D1)

BRCA1 Exon 11 Splicing Regulatory Regions

M100bp pB1WT c.795T>C ¢.825C>T c.828A>G
400~ » Fl
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Figure 3. Minigene splicing assay of patients synonymous
substitutions. Effect of synonymous BRCAT substitutions on splicing
products full-length, D(11q) and D(11). RT-PCR products from transfec-
tion experiments using mutated minigenes are shown.
doi:10.1371/journal.pone.0037255.9g003

the detriment of the full and D(1 1)isoforms. However, it is difficult to
speculate upon the relevance of this aberrant splicing effect. This is
for two main reasons. Firstly, the effect on the splicing ratio is only
relatively weak. Secondly, the D(11q) isoform has been shown to
play a role in apoptosis [15]. However, a recent article has shown
that, following knockdown of the nuclear chaperon Ubc9 (ubiquitin
conjugating enzyme 9), D(11q) accumulation in the cytoplasm
promotes growth and survival of breast cancer cells [16]. This may
signify that an increase of D(11q) isoform may have deleterious
effects in circumstances where Ubc9 is compromised.

Substitutions at codon 231 caused skipping of exon 11 with a
marked increase in amounts of the D(11) isoform. Overexpression of
this isoform in mouse epithelial mammary cells has been shown to
cause atypical duct hyperplasia [17]. This could explain the biased
synonymous codon usage observed at codon 231 and may reflect the
necessity to preserve a regulatory sequence that protects against
aberrant splicing, which would otherwise predispose to breast cancer.

Substitutions at codons 195, 196, 215 and 313 did not have
any discernible effect on isoform levels. However, there may be
other ways by which synonymous changes can exert an effect
[18]. For instance tRNAs complimentary to different codons
vary in their relative concentrations within a cell, meaning that
synonymous codons may not be equally represented in terms of
the relative abundance of their complimentary tRNAs [19]. This
variable cellular availability of specific tRNAs can affect
translational efficiency of protein product.

Nevertheless, the possibility that substitutions at these codon
positions affect regulatory elements of splicing should not be

732
deletion_2 (D2) ;

CTGCTTGTGAATTTTCTGAGACGGATGTAACAAATACTGAACATCATCAACCCAGTAATAATGATTTGAACACCACTGAGAAGC

795

deletion_3 (D3)

825

GTGCAGCTGAGAGGCATCCAGAAAAGTATCAGGGTAGT F TGTTTCAAACTTGCATGTGGAGCCATGTGGCACAAATACTCA

deletion_4 (D4)

TGCCAGCTCATTACAGCATGAGAACAGCAGTTTATTACTCACTAAAGACAGAATGAATGTAGAAAAGGCTGAATTCTGTAAT

Fl
»D11q
D11

Figure 4. Minigene splicing assay of BRCA1 exon 11. A. Sequence of the critical region in exon 11 showing the deletion 1,2,3,4 (highlighted).
The donor site (5'ss) generating D11q isoform is boxed. Arrows indicate nucleotide positions of the variations reported in Figure 2 and 3 to affect
splicing. B. Transient transfection results for the hybrid minigenes carrying deletions.

doi:10.1371/journal.pone.0037255.9g004
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excluded. In fact protective variants might have occurred during
evolution that compensate for aberrant splicing [14,20].

The ¢.693G>A substitution at codon 231 has previously been
reported to cause exon 11 skipping in a patient with breast cancer
[12]. This synonymous change in our minigene gave the same
splicing outcome, proving the validity of the pB1 minigene as a
splicing assay for BRCAI exon 11 variants. We therefore tested
three further synonymous variants found in breast cancer patients
to investigate their effect on BRCAI splicing. Our findings show
that the mutations ¢.795T>C and ¢.825C>T decrease and
increase levels of the D(11q) isoform respectively. However, for the
same reasons mentioned above it is not possible to classify these
variants as pathogenic mutations causing aberrant splicing since
the role of D(11q) is not clear. In fact, the D(11q) isoform has been
described as both causing apoptosis and causing cancer [15,16].
With these opposing roles in mind, we can hypothesise that an
increased abundance of this isoform may have competing and
contrasting effects in controlling cell proliferation or cell death
depending on a patient’s personal sequence context.

Both artificial and natural variants analysed in this study cause
multiple splicing effects (Supporting Table S1). For instance down-
regulation of the D(11q) isoform is not always accompanied by up-
regulation of other isoforms. This suggests that different regulatory
elements are affected that control one or all of the following events:
usage of the exon 11 acceptor site, usage of the exon 11 donor site,
usage of the D(11q) isoform donor site, and competition between
the two donor sites.

Despite the fact that only synonymous substitutions in 2 out of 6
codons affected exon 11 splicing, the deletion analysis of BRCAI
exon 11 appears to experimentally validate the hypothesis that
maintenance of correct alternative splicing is the cause of selection
against silent sequence variations in the BRCAI critical region. In
fact, 2 out of 4 of these deletions affected the proportion of BRCAI
splicing isoforms. In summary, deletions 2, and 3 changed BRCAI
splicing ratios in different and opposing directions.

Deletion 2, in particular, caused almost complete skipping of
exon 11 and was predicted to lose splicing regulatory sequences for
binding of several splicing enhancer proteins (SCG35, SRp20/30/
40, NOVA 1 and YBI1). Deletion 3, just next to the D(11q) donor
site, decreased D(11q) isoform levels, probably due to the loss of a
putative binding site for TIA1 (a donor site modulator) predicted
by the SpliceAid analysis. NOVA 1 binding was predicted to bind
both regions corresponding to deletion 2 and 3. Binding of
NOVAL at the end of an exon and beginning of an intron was
proposed to induce exon inclusion [21]. In this case binding of
NOVATL upstream and downstream D11q isoform donor site
might regulate production of this isoform.

We did not observe strong correlation on the splicing effect of
nucleotide changes occurring inside the region of deletion 2
(c.732T>C) and deletion 3 (c.825CG>T). This suggests that
composite regulatory elements of splicing might be present in this
region of BRCAI exon 11 as has been previously suggested for
CFTR exon 12 [22].

In order to fully understand the effects of altered splice isoform
ratios in BRCAI-related cancer, it will be necessary to know the
roles of each isoform individually and to understand the combined
roles of different isoforms both in health and in tumorigenesis. Part
of this understanding will require confirmation of which splicing
factors are involved in regulating alternative splicing of BRCAI,
including those suggested by this study that may be involved in the
splicing of exon 11. Knowledge of these mechanisms would
provide a framework for the development of new therapeutic
agents capable of manipulating BRCAI splicing and treating
BR(CA]I-related cancers (eg. breast ovarian and prostate cancer). At
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some level it may be that cancer predisposition is not so much
down to whether individual isoforms are simply present or absent
but rather that subtle alterations to a complex and nuanced
isoform profile are particularly relevant. Such an isoform
environment may interact with other cellular pathways to make
conditions favourable or otherwise towards tumour development.
If this 1s the case, it will provide an added challenge of complexity
to our understanding of tumorigenesis. However, it may also allow
novel and innovative approaches to manipulating the cellular
environment in order to prevent and treat cancer.

Materials and Methods

Construction of the minigene

The pBl WT minigene is shown in Figure 4. It consists of 6
exons (including part of their flanking introns) cloned in a modified
version of the pCDNA3(+) vector (Invitrogen) under the control of
the CMV promoter. The polylinker of the pCDNAS3+ vector has
been replaced with an adaptor containing the appropriate
restriction sites for cloning of exon 1 of the o-globin gene with
its 3’ flanking intronic region together with the relevant BRCAI
genomic region from exon 8 to exon 12. Introns have been
shortened by PCR amplification with oligonucleotides carrying a
non complementary tail for specific restriction digestion and
subsequent cloning in pCDNA3+.

Exon 1 of the o-globin gene is used as the first exon of the
minigene as it provides a strong splice donor site at its 3’ end as
well as an ATG start codon at its 5 end.

Using specific oligonucleotides and a two-step PCR mutagenesis
method [23], a stop codon was created in exon 12 and a single
nucleotide insertion was created in exon 8 in order to maintain the
correct reading frame. Several unique restriction sites are
maintained in the sequence in order to facilitate subsequent
mutagenesis and deletion analysis. Mutated minigenes and
minigenes carrying deletions were generated through a two-step
PCR overlap extension [24] using the pBl WT construct as a
template. The identity of all minigenes was checked by sequenc-
ing. The minigene complete sequence and oligonucleotidess used
for cloning and mutagenesis are available upon request.

Cell Culture

Human breast cancer cell lines, MCF7 (ATCC number: HTB-
29™ were grown in DMEM medium with 4500 mg/L glucose,
pyruvate and L-glutamine supplemented with 1% penicillin/

streptomycin and 10% fetal bovine serum. Cells were incubated at
37°C in a 5% CO2 atmosphere.

Transfection

Minigene plasmid vector was transfected into MCF7 cell lines
using the FuGENE 6 transfection reagent from Roche. 100 pl of
DMEM serum-free medium containing 2 pg of vector DNA and
3 wl of FuGENE reagent was incubated for 15 minutes at room
temperature before the mixture was added in 6 cm-well cell
cultures (50% confluent) in the presence of 10% fetal bovine
serum.

RNA Extraction and RT-PCR

40 hours after transfection, RNA was extracted from cells using
the RNeasy-plus kit from QIAGEN following the manufacturer’s
instructions. To analyse alternative splicing of BRCAI exon 11 in
the pBl minigene, RT-PCR was performed with 1.5 pg of total
RNA wusing the pCSrev primer [5° GCAACTAGAAGGCA-
CAGTCGAGG 3'] to exclusively target only RNA products from
the pBl minigene. Given the large size of exon 11 (3426
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nucleotides), the QIAGEN LongRange RT PCR kit was used
following the manufacturer’s instructions. 1/4 of the resulting
cDNA was amplified in a PCR reaction using primers specific for
the desired splice isoforms and PCR products were analysed by gel
electrophoresis in 1.5% agarose. The forward primer [9-10F: 5’
ACTTATTGCAGTGTGGGAGA 3'] hybridises to the junction
between exons 9 and 10. Reverse primers are a mixture of one
specific for FL [11FLR: 5" GGAGTCCGCCTATCATTACATG
3] and one specific for D(I1q) and D(11) [12R: 5" CCA-
GATGCTGCTTCACCCT 3']. 11FLR hybridises within exon 11
distal to the 11q splice site. 12R hybridises to proximal exon 12
and overlaps the exon 10/12 junction and also the exon 11q/12
junction.

For the analysis of BRCAI alternative splicing of exons 9 and 10,
RT-PCR was performed on 1 pg total RNA using random
primers with the Promega kit. BRCAI-minigene specific PCR was
performed on resulting cDNA using the forward specific primer
alpha-8F [5" GAGGCCCTGGAGAGGACAA 3'] and the reverse
primer 11+81Rev [5° TCTCAGTGGTGTTCAAATCA 3'].
Alpha-8F hybridises to the junction between exon 1 of the a-
globin gene and exon 8 of BRCAI. The c nucleotide in lowercase
represents the insertion made in exon 8 of the pBl minigene.
11+81Rev hybridises to exon 11 upstream of the donor site
producing D(11q).

In order to eliminate heteroduplexes from mixed-template 1/
10" of PCR products were subjected to ‘reconditioning PCR’ for 6
cycles [25].

In silico analysis

Putative splicing regulatory sequences in BRCAI exon 11 were
predicted using the computational tools SFmap [13] and
SpliceAid2 [26], which enable accurate prediction and mapping
of known splicing factor binding sites.

The following calculation parameters were chosen for SFmap:

— Scoring function: COS(WR);

— Medium stringency (Threshold [Significant] at p-value<<0.005;
[Suboptimal] at p-value<<0.05);

— Window size: 50.

Supporting Information

Figure S1 Minigene splicing assay of BRCAI exon 9 and
10. A. The pB1 wild type (WT) version of the minigene is shown.
PCMYV = promoter of the pCDNA3 vector. ATG = start codon.
TAG =stop codon. +3C =insertion of cytosine as the third
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Abstract

BRCA1 (breast cancer early-onset 1) alternative splicing levels are regulated in a cell-cycle- and cell-type-
specific manner, with splice variants being present in different proportions in tumour cell lines as well as
in normal mammary epithelial cells. The importance of this difference in the pathogenesis of breast cancer
has yet to be determined. Developing an understanding of the impact of BRCA1 isoform ratio changes on
cell phenotype will be of value in breast cancer and may offer therapeutic options. In the present paper, we
describe the splicing isoforms of BRCA7 exon 11, their possible role in cancer biology and the importance of

maintaining a balanced ratio.

Background

Splicing is an important mechanism which contributes to pre-
mRNA maturation. Control of this process determines which
pre-mRNA sequences are removed (introns) and which are
spliced to form the mature RNA (exons). The machinery
driving the splicing process is the spliceosome, a complex of
many interacting proteins and snRNAs (small nuclear RNAs)
[].

In order to perform accurate splicing, the spliceosome must
recognize the donor site at the exon-intron junction and the
acceptor site at the intron—exon junction. These elements
are necessary, but not always sufficient. Splice site strength
often depends on nearby sequence elements known as splicing
enhancers and silencers [2].

Different combinations of splice site selections allow a
large number of mMRNA and protein isoforms to be generated
from a lower number of genes; this process, known as
alternative splicing, is a critical mechanism and generates
transcriptome and proteome complexity. Alternative splicing
has been found to be associated with diseases, including
cancer, and can influence cell proliferation, motility and
response to drugs [3].

Mutations in splicing regulatory sequences as well as
alteration in the levels of splicing regulatory proteins may
affect alternative splicing. BRCA1 (breast cancer early-onset
1) mutations predicted to affect BRCA1 function have
been found in 40-45% cases of hereditary breast cancer.
In addition, a large number of BRCA1 sequence variants
have been found in patients but their clinical significance is
unknown. These unclassified variants could include potential
splicing mutations [4].

Key words: alternative splicing, breast cancer early-onset 1 (BRCA1), cancer.

Abbreviations used: BRCA1, breast cancer early-onset 1; BARD1, BRCA1-associated RING domain
protein; BRCT, BRCAT C-terminus; NLS, nuclear localization signal.
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Several mRNA splicing isoforms have been identified
for the BRCAI gene in normal tissues. Among those that
result from exon-skipping events and retain the translational
reading frame are variants that skip exon 5, exon 11 (all of
it or most of it), exons 2-10, exons 9-11, exons 14-17 and
exons 14-18 [5]. Some of these splicing isoforms have been
associated with breast and ovarian cancer [6]. In particular,
the relative levels of BRCAL1 isoforms associated with exon
11 alternative splicing appears to be different between normal
and cancer tissues/cell lines as well as between the phases of
the cell cycle [7]. These isoforms include BRCA1 full-length
(inclusion of all exons), A11 (skipping of exon 11), Allq
(partial skipping of exon 11, throughout the use of a donor
site within exon 11), A9,10,11q (skipping of exons 9, 10 and
partial skipping of exon 11) and IRIS isoforms (skipping of
exons 12-24, but retaining a short segment from intron 11)
(Figures 1, 2 and 3). With the exception of IRIS, it is unclear
whether altered levels of exon 11 splicing isoforms play a
pathogenic role in cancer.

BRCA1 protein domains and multiple roles
The breast cancer susceptibility gene BRCAI is a tumour-
suppressor gene that was first identified on the basis of its
linkage to early-onset breast and ovarian cancer in women [8].
The BRCAI gene has 24 exons, including two untranslated
exons, and encodes a protein of 1863 amino acids with three
distinct regions of protein interaction: the RING domain,
the RAD51-interaction domain and the BRCT (BRCA1 C-
terminus) domain [8].

The N-terminal RING finger domain has been found to
bind to several proteins, including formation of heterodimers
with BARD1 (BRCA1-associated RING domain protein)
[9]. Both BRCA1 and BARDI1 contain the RING finger
domain that seems to be important for several tumour-
suppression functions [10].

Biochem. Soc. Trans. (2012) 40, 768-772; doi:10.1042/BST20120140



Figure 1| BRCA1 A11 isoform
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BRCAT exons 1-24 are numbered. 5'ss and 3’ss represent the donor and the acceptor sites respectively. The black line
represents the introns and the grey square represents the exons. The broken line shows the alternative splicing of exon 11.

5's]s 3'|ss 5%s  3ss
1-10 Eo— 11 l  12-24 A11 splicing
1-10 — 12-24 A11 isoform

The RAD51-interaction domain is enclosed by exon 11  Table 1| A11 isoform
and is involw?d in rep;}ir of double—s'trafld DNA t')reaks [11] Manipulation Effect Reference(s)
It also contains multiple protein-binding sites, in addition
to those for the RAD51 and RAD50 complex [12]. Loss of  qverexpression Mouse embryonic fibroblasts [32]
RAD51 binding may increase the risk of cancer as there could fail to maintain mitosis and
be an increment in the amount of damaged DNA. undergo apoptosis

The C-terminus of BRCA1 contains an acidic domain that  gxclysive expression  Reduced DNA damage-induced  [19-21,33]

can function as a transcriptional activation domain [8,13].
This domain contains a tandem repeat of approximately 95
amino acids called BRCT [14]. This domain is also found
in proteins such as BARD1 which is involved in cell-cycle
control and DNA repair [15].

BRCA1 has been implicated in diverse cancer-related
activities, including roles in cell-cycle progression, DNA
repair, DNA damage-responsive cell-cycle checkpoints,
transcription regulation, ubiquitination, chromosome re-
modelling and apoptosis [16].

The presence of different BRCA1 splicing isoforms that
are naturally expressed in various cellular settings may be the
reason that BRCA1 is involved in such different activities.

The A11 isoform

The A11 isoform is composed of 21 coding exons, arising
from skipping of exon 11 (Figure 1). Exon 11 is a large exon
of 3.4 kb. The acceptor site (at the intron—exon junction) and
the donor site (at the exon-intron junction) of exon 11 are
predicted to have weak splice site consensus sequences and
therefore may be also surrounded by additional regulatory
sequences in order to be recognized. We have shown recently
that such regulatory sequences exist at the beginning of exon
11 and they are important for regulating BRCA1 alternative
splicing [17]. The identification of which factors bind to
these sequences would provide insight into the mechanism
of BRCA1 alternative splicing regulation and especially the
maintenance of BRCA1 isoform ratios.

Although studies have attempted to determine the role
of the A11 isoform, its importance in cancer has yet to be
determined and has been implicated in both cell death and
cell proliferation (Table 1).

phosphorylation. Impaired y
irradiation-induced RAD51
focus formation. Slow cell
growth, quick to reach
senescence and the
accumulation of aneuploidy.
Decreased expression of
genes involved in the spindle
checkpoint/defective spindle
checkpoint. Embryonic
lethality (rescued by
elimination of one p53
allele). Often accompanied by
alterations in p53

Mammary gland abnormalities  [22]
and uterine hyperplasia
with spontaneous tumour
formation in mice. Abnormal

Depletion

centrosome amplification and
reduction of the Gy
population in cells

Both BRCA1-null mice and mice that exclusively express
BRCA1 A11 undergo embryo lethality [18,19]. However,
embryos with exclusive expression of BRCA1 A1l die
later, suggesting that, at least in part, the A1l isoform can
compensate for the lack of the other BRCA1 isoforms during
early embryogenesis.

Embryos exclusively expressing BRCA1 A1l (A11/A11
embryos) and also heterozygous for a p53 allele are able
to survive, probably due to a reduction of the apoptotic
barrier. These mice are susceptible to premature aging and
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Figure 2| BRCA1 A11q isoform

BRCAT exons 1-24 are numbered. 5'ss and 3'ss represent the donor and the acceptor sites respectively. The black line
represents the introns and the grey square represents the exons. The broken line shows the alternative splicing of exon 11q,

which uses another 5" splice site.
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also tumour formation [19,20]. In addition to these mouse
models, in vitro studies have utilized cells that exclusively
express BRCA1 A1l.

Studies of mouse embryonic fibroblasts homozygous for
the allele BRCA1 A11 (A11/A11) showed poor proliferation,
suggesting a role of the BRCA1 A11 isoform in preventing
tumour formation. However, these cells (BRCA1 A11/A11
fibroblasts) when immortalized proliferated faster than
control immortalized fibroblasts [20]. A consideration is
that the A1l isoform is inefficient at binding the protein
RADS51 [21]. This can alter the capacity of A11/A11 cells to
repair DNA double-strand breaks and cause an accumulation
of defects in the cell cycle. This genetic instability and
accumulation of defects may well explain the inconsistent
behaviour of A11/A11 cells and mice that have been shown
to potentially induce both apoptosis and a tendency to
malignant transformation.

Besides studying the exclusive expression of the A1l
isoform, Kim et al. [22] investigated mice lacking the
A11 isoform. Female mice showed hyperplasia and spontan-
eous tumour in the gynaecological system, suggesting that the
BRCAT1 A11 isoform is involved in repressing tumour form-
ation [22]. However, the cDNA knockin approach employed
in this study, to specifically block BRCA1 alternative splicing
from exon 10 to exon 12, could have generated mutant mice
lacking not only the A11 isoform, but also other BRCA1
isoforms. For instance, as suggested by Kim et al. [22], the
possibility cannot be excluded that depletion of BRCA1IRIS,
rather than depletion of the A11 isoform, is responsible for
the hyperplasia and spontaneous tumour observed. As both
BRCAL1 IRIS and the Al1 isoform seem to be involved in
tumour formation neither hypothesis appeals.

A further possibility is that loss of balance between
each isoform (e.g. the selective expression of the remaining
BRCA1 isoforms or a combination of this with depletion
of the A11 and BRCAT1 IRIS isoforms) is causative of the
phenotypes observed. In addition, overexpression (using
retroviral transduction) of the A1l isoform in mammary
epithelial cells showed hyperplasia in mice injected with these
cells [22].

©The Authors Journal compilation ©2012 Biochemical Society

Table 2 | A11q isoform

Manipulation Effect Reference
Overexpression Decreases proliferation of [32]
breast and ovarian
cancer cells
Exclusive expression  Promotes growth and [23]

survival of breast cancer
cells

The A11q isoform

The Allq isoform derives from the alternative choice of
a donor site within human BRCAT1 exon 11 (Figure 2). It
should be noted that the A11q isoform has not been described
in mouse. Importantly, the splice site used within human
BRCA1 exon 11 to produce the Al1qisoformis not predicted
in the murine sequence.

In the A11q isoform, part of exon 11 (nucleotides 905—
4215) is excluded. As a consequence of this exclusion, the
isoform (like the A1l isoform) lacks the NLS (nuclear
localization signal). Isoforms lacking the NLS can be
transported in the nucleus via an alternative mechanism that
requires Ubc9 [23]. However, when Ubc9 is depleted, the
Allqisoform becomes exclusively cytoplasmic and promotes
growth and survival of breast cancer cells [23].

Although cytoplasmic A11q seems to play a role in tumour
formation, the overexpression of BRCA1 Allq is able to
inhibit growth of breast cancer cells [24] (Table 2). This
ambiguous capacity of BRCA1 A11q to induce or repress cell
proliferation in different contexts seems strictly related to its
localization; overexpression may cause an increase in nuclear
Allq that promotes apoptosis, whereas nuclear depletion
(cytoplasmic retention) of A11q has the opposite effect.

To highlight further the different functional roles of
BRCAL1 isoforms, a study of human mammary epithelial
cells has shown that the expression levels of many genes
are altered in a BRCA1 isoform-specific manner [25].
Specifically, overexpression of Al1q induced activation of



Figure 3 | BRCAT IRIS isoform
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BRCAT exons 1-24 are numbered. 5'ss and 3'ss represent the donor and the acceptor sites respectively. TAA = stop codon.
The black line represents the introns and the grey square represents the exons. The broken line shows the alternative splicing

of BRCA1 IRIS.
5‘s|s 3'|ss 5'|55 3'P5
1-10 | 1 —— 12-24 IRIS splicing
i TAA
5'ss
110 — N — IRIS isoform
TAA
22 genes, whereas overexpression of the full-length isoform  Table 3 | IRIS isoform
(that included all BRCAl—codmg exons) did not. Moreover, Manipulation Effect Reference(s)
whereas overexpression of the full length also repressed
several genes, transfection of Allq did not result in  guerexpression Promotes cell proliferation. [26-29]
repression. Promotes cisplatin
This BRCAT1 isoform-specific gene regulation is intriguing resistance in ovarian
and suggests a hypothesis that a balanced ratio of BRCA1 cancer cells. Promotes
isoforms is required to maintain normal cell physiology. breast cancer.
Accelerates DNA
synthesis
Exclusive expression  Promotes formation of [19-21,33]

BRCA1 IRIS

BRCAL1 also encodes a 1399 residue polypeptide, termed
BRCAL1 IRIS. It consists of an open reading frame from
codon 1in exon 2 up to the first 34 codons in intron 11
(Figure 3). It is not completely clear whether this recently
described BRCA1 IRIS isoform is the product of alternative
splicing at the intron 11 donor site or simply the result of
an alternative promoter usage as described previously [26]. A
possible explanation is that the use of a different promoter
may also affect the rate of transcription which in turn may
affect splicing at the intron 11 donor site with the production
of BRCA1 IRIS mRNA.

BRCAL1 IRIS plays an important positive role in DNA
replication [26]. Unlike full-length BRCA1, BRCA1 IRIS
does not interact with BARDI; it is exclusively chromatin-
associated, present in Gq cells and overexpression promotes
cell proliferation, breast cancer and cisplatin resistance in
ovarian cancer cells [26-30]. The effect on cells of BRCA1
IRIS depletion or overexpression is shown in Table 3.

Knockdown experiments of BRCA1 isoforms targeting
exon 12, have claimed that down-regulation of the full-length
isoform can cause overexpression of BRCA1 IRIS because
of mRNA stabilization [31]. Whether this effect is related
only to depletion of the full-length isoform or is also due to
depletion of other isoforms that include exon 12 (e.g. A1l
and A11q) needs to be determined.

The recent discovery of this oncogene-like BRCA1 IRIS
isoform is of potential significance as it could represent a
therapeutic target in breast cancer. In addition, discovery
of BRCA1 IRIS should challenge the interpretation of

aggressive and invasive
breast tumours
Marked depression of early [26]
S-phase nucleotide
uptake. Slow DNA
synthesis

Depletion

various data. For instance, as suggested by ElShamy and
Livingston [26], the embryonic lethality observed in BRCA
A11/A11 mice was probably attributable to a loss of BRCAL1
IRIS isoform rather than to the exclusive expression of the
A1l isoform.

Moreover, nRNA levels of the full-length, A11 and Allq
BRCAI1 isoforms could have been misinterpreted considering
that detection methods using oligonucleotides or probes
upstream of intron 11 do not discriminate the IRIS isoform.

Concluding remarks
The fact that the physiological and pathogenic role of most
BRCA1 isoforms tends to be opposite strongly suggests
that cell fate can be switched in a particular direction
that is dependent on changes in the overall splicing ratio
rather than changes in a specific isoform. Understanding the
significance of this ratio in cancer/apoptosis may be crucial
in determining cancer predisposition and would also offer
therapeutic options.

Currently, unclassified variants found to affect the ratio
of natural BRCA1 splicing isoforms in patients with breast

©The Authors Journal compilation ©2012 Biochemical Society
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cancer are not classified as pathogenic mutations. Establishing

that an unbalanced ratio can predispose an individual to

cancer is fundamental in order to change the way that these
variants are classified. Central to this, it will be critical a full

understanding of the potential role of BRCAT1 splicing.
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