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Abstract:

Recent data suggest that protein arginine methyltransferase 1 (PRMT]1)
plays a role in telomere length maintenance and telomere stability. PRMT1 has
been shown to methylate the basic domain of TRF2 and depletion of PRMT]I
leads to the formation of telomere doublets in primary cells and telomere
shortening in cancer cells. Additionally mass spectrometry data suggest candidate
arginine residues in TRF1 and TRF2 that are mono- or di-methylated. These data
suggest that arginine methylation and thus PRMT enzymes may play a role in

telomere biology.

Because PRMT1 has been shown to play a role in telomere maintenance,
we decided to look for a role of another PRMT enzyme, coactivator associated
arginine methyltransferase 1 (CARMI), on telomere biology. To determine if
CARMI plays a role in telomere length maintenance, hTERT-BJ cells were
depleted for CARMI1. Initially, a senescent phenotype was observed; however,
this phenotype was not reproducible. Subsequently, I have shown that these cells
do not accumulate telomere or genomic instability or a change in growth. To
determine if CARMI plays a role in telomere length maintenance, hTERT-BJ,
HeLall, and MCF-7 cells were depleted of CARMI and cultured long term.
Southern blot analysis indicated no change in telomere length dynamics over time
upon depletion of CARMI1 compared to control cells. Thus these results suggest

that CARM1 does not play a role in telomere length maintenance.
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The laboratory of Linger identified telomeres to be transcribed into
telomere repeat-containing RNA termed TERRA. The mechanism of TERRA
regulation is still to be elucidated. Because CARMI is a transcriptional
coactivator, we hypothesized that CARMI1 play a role in TERRA transcription.
Northern blot analysis conducted in hTERT-BJ and MCF-7 cells depleted of

CARMI revealed no role for CARM1 in TERRA regulation.
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1.0 Introduction:

1.1 The End Replication Problem, Telomeres, and Telomerase:

The end replication problem, noted by Olovnikov and Watson in 1972,
stems from the inability of the standard mechanism of DNA replication to
successfully complete its function (Olovnikov ef al., 1971; Watson et al., 1972;
Olvinkov ef al., 1973). With each round of replication, a gap at the extreme 5’
ends of chromosomes is anticipated to occur due to the removal of the last RNA
primer (Olovnikov ef al., 1971; Watson et al., 1972; Olvinkov et al., 1973). If
cells are unable to compensate, chromosome ends will shorten with each
successive round of replication (Olovnikov et al., 1971; Watson et al., 1972,
Olvinkov et al., 1973). In 1987 Greider and Blackburn discovered telomerase, a
ribonucleoprotein responsible for adding TTAGGG repeats to the ends of
chromosomes to combat the end replication problem (Greider ef al., 1987). Thus,

upon DNA replication essential information is not lost.

The length of human double stranded telomeric DNA at birth is
approximately 10-15 kilobases and consists of a 50-500 base pair 3* G-rich single
stranded overhang (de Lange et al., 1990; Lejinine et al., 1995; McElligott et al.,
1997; Wright et al., 1997) (Figure 1.1A). Mammalian telomeric DNA does not
contain a blunt-ended free floating end but rather exists in a telomere-loop (t-
loop) configuration in which the 3 overhang invades the duplex DNA to form a t-

loop (Griffith e al., 1999). The 3’ overhang base pairs with the C-rich duplex
1
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DNA and displaces the G-strand at this site to create the displacement loop (D-
loop) (Griffith er al., 1999) (Figure 1.1B).  The t-loop is thought to act to
sequester the natural ends of linear chromosomes from being recognized as DNA

damage (Griffith e al., 1999).

Telomeres not only serve as a buffer to combat the end replication
problem but also function as a tumor suppressor mechanism to limit the cell’s
proliferative abilities (Olovnikov et al., 1971; Watson et al., 1972; Olvinkov et
al., 1973). Telomere DNA is lost with each cell division and when telomeres
reach a critical length replicative senescence occurs (Greider et al., 1987,
Blackburn et al., 1989; Greider et al., 1989). Telomerase is typically active only
in stem and germ cells, but is activated in many cancers (Greider et al., 1987;
Blackburn et al., 1989; Greider et al., 1989; Counter et al., 1992; de Lange 2006).
This allows cancer cells to overcome the replication barrier imposed by telomere

loss (Greider et al., 1987; Blackburn et al., 1989; Greider et al., 1989).

1.2 The Shelterin Complex:

The TTAGGG telomeric tract associates with a six membered protein
complex termed shelterin (Liu et al., 2004, de Lange, 2005; Palm et al., 2008).
Shelterin prevents the natural chromosome ends from being recognized as sites of
DNA damage and allows for telomerase-mediated telomere length maintenance
(de Lange, 2005). The specificity of the shelterin complex for telomeric repeats is

due to the affinity of the proteins to bind to the TTAGGG repeats (Palm ez al.,
2
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2008). Telomere repeat binding factors 1 and 2 (TRF1 and TRF2) bind to the
duplex telomeric DNA while protection of telomeres 1 (POT1) binds to the 3° G-
rich single stranded overhang and the single stranded DNA in the D-loop upon t-
loop formation (Bilaud et al., 1997; Smith et al., 1997; Baumann et al., 2001;
Loayza et al., 2003). TINTI/PTOP/PIP1 (TPP1l), TRF1 interacting nuclear
protein 2 (TIN2), and repressor activator protein 1 (Rapl) are other members of
the shelterin complex (Kim et al., 1999; Li et al., 2000; Houghtaling et al., 2004;
Liu ef al., 2004; Ye et al., 2004; O’Connor et al., 2006). TPP1 associates with
POT1 whereas Rapl associates with TRF2 (Li et al., 2000; Liu et al., 2004; Ye et
al., 2004; O’Connor et al., 2006; Hockemeyer et al., 2007). TIN2 serves as a
bridging protein to connect the shelterin complex (Broccoli et al., 1997,

Smogorzewska et al., 2000; vanSteensel et al., 1997; Ye et al., 2004) (Figure 1.2).

1.2.1 TRF1 (Telomere Repeat Binding Factor 1):

TRF1 was shown to be a component of human telomeres through its
ability to bind a TTAGGG substrate in vitro and its ability to localize to telomeres
in both interphase and metaphase cells (Chong et al., 1995). TRF1 contains an N-
terminal acidic domain, a TRFH homodimerization domain, a linker region, and a
C-terminal Myb domain (Chong ef al., 1995; Bianchi et al., 1997). TRF1 was
shown to bind double stranded telomeric DNA as a dimer and induce bending to
allow for pairing of the telomere tracts during t-loop formation (Bianchi et al.,

1997; Broccoli et al., 1997; Griffith et al., 1998). TRF1 has shown to be an
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essential gene since mice depleted for TRF1 die before E6.5 (Karlseder et al.,
2003). Telomerase deficiency does not appear to rescue embryonic lethality
suggesting TRF1 may play a role during development that is independent of

telomere length regulation (Karlseder ef al., 2003).

TRF1 functions as a negative regulator in telomere length maintenance
(Smith ef al., 1997; van Steensel and de Lange 1997). Overexpression of TRF1
in HT1080 cells resulted in telomere shortening whereas introduction of a
dominant negative form of TRF1 resulted in gradual telomere elongation (van
Steensel and de Lange 1997). Thus TRFI1 controls telomere length in cis by
inhibiting telomerase from acting on the ends of telomeres (van Steensel and de
Lange 1997). This idea lead to the protein counting model in which longer
telomeres have more TRF1 bound, thus inhibiting telomerase access from
chromosome ends, resulting in shorter telomeres (Smogorzewska et al., 2000).
Conversely, shorter telomeres have less TRF1 molecules bound and thus have a
greater chance of being elongated (Smogorzewska et al., 2000). In this manner
telomerase positive cells maintain a balance of telomerase positive and negative

signals based on telomere length by virtue of the amount of TRF1 recruited.

Tankyrase, a TRF1-interacting ankyrin-related ADP-ribose polymerase,
has been shown to poly(ADP-ribosyl)ate TRF1 causing its removal from telomere
tracts and subsequent ubiquitination and degradation (Smith ez a/., 1998; Smith et

al., 1999; Smith et al., 2000; Chang et al., 2003). Tankyrase was found to
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interact with the N-terminal of TRF1 through a yeast-two-hybrid analysis (Smith
et al., 1998). In vitro assays show that tankyrase poly(ADP-ribosyl)ates TRF1
and gel-shift assays show that ribosylation causes the removal of TRF1 from
telomeric DNA (Smith et al., 1998). Overexpression of tankyrase resulted in
reduced TRF1 at telomeres and telomere elongation in telomerase positive cells
whereas overexpression of a PARP-deficient form of tankyrase failed to alter
telomere length dynamics (Smith ez al., 2000). Once TRF1 is released from the
telomeres through ADP-ribosylation, TRF1 is ubiquitinated and degraded by the

proteasome pathway (Chang et al., 2003).

Telomeric repeats have the potential to create problems during DNA
replication (Martinez et al., 2009; Sfeir et al., 2009). Sfeir and colleagues
identified a potential role of TRF1 in the progression of the replication fork at
telomeres (Steir e al., 2009). Using fluorescence in situ hybridization they report
that deletion of TRF1 in MEFs caused an increase in multitelomeric signals per
chromatid end (Sfeir ef al., 2009). This phenotype suggests that lack of TRF1
may result in replication defects (Sfeir ez al., 2009). Using in vivo labeling to
assess replication fork progression, they show that deletion of TRF1 resulted in
replication fork stalling (Sfeir ez al., 2009). Additionally, they show that bloom
syndrome protein (BLM) and regulator of telomere elongation helicase |
(RTELL1) deficient MEFs induced multitelomeric signals acting epistatic to TRF1

(Stfeir et al., 2009). Thus, they propose a mechanism suggesting that TRF1



M.Sc.Thesis - T. Asa McMaster University - Biology

recruits helicases BLM and RTELI1 to replication forks to prevent the formation

of a fork barrier (Sfeir ef al., 2009).

1.2.2 TRF2 (Telomere Repeat Binding Factor 2):

The architectural similarities between TRF1 and TRF2 helped to identify
TRF2 as a telomere protein. TRF2 contains a C-terminal DNA binding domain, a
TRFH homodimerization domain, and an N-terminal basic domain (Bilaud et al.,
2007 and Broccoli et al., 1997). Three experiments indicate that TRF2 is a
component of human telomeres: gel-shift assays identified TRF2 binds to
TTAGGG telomeric repeats, immunofluorescence indicated that TRF2 forms
punctuate nuclear staining, and fluorescence in situ hybridization of metaphase
chromosomes revealed that TRF2 is located at the ends of mitotic chromosomes
(Bilaud et al., 2007 and Broccoli et al., 1997). Yeast-two-hybrid analysis and in
vitro immunoprecipitation experiments indicated that like TRF1, TRF2 is able to
homodimerize through its TRFH domain (and Broccoli et al., 1997). Like TRFI,
TRF2 also acts as a negative regulator of telomere length as overexpression of
TRF2 in telomerase positive HCT75 cells induced telomere shortening

(Smogorzewska et al., 2000).

TRF2 has been shown to be critical in the formation of the t-loop
structure. Electron microscopy (EM) showed that when TRF2 is incubated with a
telomeric substrate, TRF2 is able to form a t-loop like structure (Stansel et al.,

2001). This is hypothesized to occur through some unique features of TRF2
6
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(Palm and de Lange, 2008). Firstly, TRF2 has been shown to have a high affinity
to bind telomeric DNA containing a 3° overhang (Stansel ez al., 2001). Secondly,
TRF2 is able to promote t-loop formation through in vitro studies by condensing
the DNA and generating positive supercoiling to promote strand invasion (Fouche
et al., 2006). Lastly, the basic domain of TRF2 has been shown to bind to
Holiday junctions (Amiard et al., 2007). The basic domain has been shown to be
vital to the formation of t-loops (Wang et al., 2004).  Deletion of the basic
domain of TRF2 (TRF2AB), results in sudden telomere loss and 2-D gel
electrophoresis revealed that the TRF2AB mutants contain large circular telomeric
DNA (Wang et al., 2004). These large t-loop sized deletions are dependent on
XRCC3, a protein implicated in having resolvase activity (Wang et al., 2004).
Therefore it is hypothesized that the basic domain of TRF2 plays a role in binding
and stabilizing the Holiday junction structure formed within the t-loop, thus
preventing resolution of the junction and destabilization of the t-loop (Wang et

al., 2004).

TRF2 has been shown to act in maintaining genomic stability and
preventing a DNA damage response at telomeres. The use of the dominant
negative TRE2ABAM protein (a mutant lacking the N- and C-terminal basic and
DNA binding domains) allowed for identification of the role for TRF2 in
maintaining genomic stability (Karlseder et al., 1999; vanSteensel et al., 1998).
Induction of TRF2ABAM revealed an increase in p53-dependent senescence and

apoptosis, anaphase bridges, and lagging chromosomes (Karlseder e al., 1999;
7
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vanSteensel ef al., 1998). Additionally, cells deficient for ATM failed to undergo
apoptosis upon expression of TRF2ZABAM implying that induction of apoptosis
through telomere dysfunction requires functional ATM as an upstream activator
of p53 (Karlseder et al., 1999) (Figure 1.3). Genomic instability was also
assessed through the fluorescence in situ hybridization of metaphase
chromosomes (vanSteensel et al., 1998). Expression of exogenous TRF2ABAM
was shown to induce chromosome fusions that occur with intact telomeres
(vanSteensel ef al., 1998). These trains of chromosomes were dependent on
functional ATM as MEFs deficient for ATM and TRF2 abrogate the ability of
cells to form telomere dysfunction induced foci (TIFs) and fused chromosomes
(Denchi and de Lange, 20007). Additionally, these fusions were shown to occur
through the nonhomologous end joining (NHEJ) repair pathway as depletion of
ligase IV and TRF2 decreased the percentage of fused chromosomes (Celli and de
Lange, 2005; Denchi and de Lange, 20007). Thus, depletion of TRF2 has been

shown to result in an ATM-mediated DNA damage response.

1.2.3 Rapl (Repressor-activator Protein 1):

Rapl was discovered through a yeast-two-hybrid analysis using TRF2 as
the bait (Li e al., 2000). Deletion mapping revealsed that amino acids spanning
the TRFH domain and linker region in TRF2 and the C-terminus of Rapl were
responsible for their interaction (Li er al., 2000; O’Connor et al., 2003).

Immunoprecipitation followed by mass spectrometry identified Rapl and TRF2 to
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associate in a 1:1 complex (Zhu et al., 2000). The presence of Rapl at telomeres
is dependent on TRF2 as depletion of TRF2 resulted in loss of TRF2 and Rapl
from telomeric DNA (Celli et al., 2006). Additionally, immunofluorescence
analysis indicated that Rapl associates with telomeres in interphase and
metaphase cells, and gel-shift analysis indicated that Rapl associates with
telomeric DNA only in the presence of TRF2 (Li et al., 2000; Li et al., 2003).
Rapl has been shown to play a role in telomere length dynamics as induction of
Rapl in a telomerase-positive cell line caused telomere elongation at a rate of 30

base pairs/population doubling (Li et al., 2000; Li et al., 2003).

The work by McClintock suggests that an essential function of telomeres
is to repress chromosomal fusions from DNA breaks or other chromosome ends
(McClintock, 1941). Therefore telomeres must inhibit DNA damage signaling
(Denchi and de Lange, 2007). Bae and Baumann showed that both Rapl and
TREF2 are required to prevent chromosome ends from undergoing NHEJ (Bae and
Baumann, 2007). However, since Rapl fails to localize to telomeres in the
absence of TRF2, the ability of Rapl alone to repress NHEJ could not be
addressed (Greenwood and Cooper, 2009). In attempts to determine if Rapl was
responsible for ablating NHEJ at telomeres, Sarthy er al. targeted Rapl to
telomeres in the absence of TRF2 (Sarthy et al., 2009). Fluorescence in situ
hybridization of metaphase chromosomes revealed that in the presence of
TRF2ABAM, chromosomal fusions occurred; however, when Rapl was tethered

to telomeres in the TRF2ABAM background, a partial rescue of this fusion
9



M.Sc .Thesis - T. Asa McMaster University - Biology

phenotype was observed (Smogorzewska et al., 2002; Sarthy et al., 2009). These
data suggest that one role of Rapl at telomeres may be to inhibit NHEJ-mediated

telomere fusions (Sarthy ez al., 2009).

Recently, the laboratory of de Lange challenged this idea. They showed
that removal of Rapl from Rapl"'”*¥"**¢ MEFs does not result in NHEJ as
analyzed by fluorescence in situ hybridization of metaphase chromosomes (Sfeir
et al., 2010). They propose that the sole purpose of Rapl at telomeres is to inhibit
homologous recombination (Sfeir et al., 2010). They showed that removal of
TRF2 in a Ku depleted background caused an increase in telomeric sister
chromatid exchanges and that this phenotype cannot be rescued by a TRF2 mutant
unable to associate with Rapl (Celli et al., 2006; Sfeir et al., 2010). Furthermore,
MEFs depleted for Rapl in a Ku deficient background also showed an increase in

sister telomeric chromatid exchange (Sfeir ez al., 2010).

1.2.4 TIN2 (TRF1 Interacting Nuclear Protein 2):

TIN2 was identified through a yeast-two-hybrid screen as a TRFI
interacting factor (Kim ez al., 1999). Deletion mapping of TRF1 indicated that
TIN2 binds to TRF1 through its TRFH homodimerization domain (Kim et al.,
1999; Chen et al., 2008). Immunofluorescence of interphase cells and
immunostaining of metaphase chromosomes showed that TIN2 is present at
human telomeres (Kim ez al., 1999). Overexpression of TIN2 in HT1080 cells

revealed a slight telomere shortening phenotype and knockdown of TIN2 in
10
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HTCT75S cells showed telomere elongation suggesting that TIN2 acts as a negative
regulator of telomerase-mediated telomere elongation (Kim ef al., 1999; Ye and
de Lange 2004). Genetic studies in mice indicate that TIN2 is an essential gene
(Chiang et al., 2004). Mice depleted of TIN2 die before E7.5 in a telomerase
independent manner as telomerase-deficient mice do not rescue embryonic

lethality (Chiang et al., 2004).

Gel-shift assays revealed that TIN2 alone does not bind to telomeric DNA,
but rather enhances the ability of TRF1 to base pair with telomeric DNA (Kim et
al., 1999; Kim et al., 2003). Knockdown of TIN2 also led to a reduction in the
punctate staining of TRF1 as depicted by immunofluorescence and a reduction in
TRF1 protein levels (Ye and de Lange 2004). Interestingly, these phenotypes
resemble that of tankyrase 1 overexpression: telomere elongation and reduced
TRF1 protein levels (Ye and de Lange 2004). Thus it was thought that the effect
of TRF1 upon TIN2 depletion is potentially mediated by tankyrase 1 activity (Ye
and de Lange 2004). To test this hypothesis, tankyrase 1 was inhibited in the
presence of TIN2 knockdown (Ye and de Lange 2004). Inhibition of tankyrase 1
reverted the depletion of TRF1 protein levels in the presence of TIN2 knockdown
(Ye and de Lange 2004). Using an in vitro ADP-ribosylation assay, it was shown
that the presence of TIN2 inhibits the ability of tankyrase to poly(ADP-ribosyl)ate
TRF1 causing its release from telomeric DNA (Ye and de Lange 2004).
Therefore, it has been suggested that TIN2 acts as a negative regulator of

telomere-length regulation by allowing for the accumulation of TRF1 at telomeric

11
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DNA and by protecting TRF1 from being poly(ADP-ribsosyl)ated by tankyrase 1

(Ye and de Lange 2004).

Immunoprecipitation of exogenously expressed TIN2 resulted in the
association of TRF1 and TRF2, indicating that potentially TRF2 is a TIN2
interacting factor (Kim et al., 2004). Immunofluorescence showed that depletion
of TIN2 not only led to a decreased TRF1 signal at telomeres but also resulted in
a reduced telomere association of TRF2 (Ye et al., 2004). These data suggest that
TRF1 and TRF2 are linked through a molecular bridge containing TIN2 (Kim et
al., 2004; Ye et al., 2004). Additional support for this model came in the form of
immunoprecipitation studies which showed that the absence of TIN2 results in
reduced association of TRF1 and TRF2 with telomeric DNA in vivo (Kim et al.,
2004). Disrupting the ability of TIN2 to bind to either TRF1 or TRF2 results in
the detection of a DNA damage response at telomeres as seen by the formation of
TIFs (Kim et al., 2004). These results indicate that TIN2 is important for

telomere capping through its association with TRF1 and TRF2 (Kim ef al., 2004).

TIN2 also recruits TPP1 to the TRFI-TRF2 complex. Mass spectrometry
analysis showed that the TRF1/TIN2 complex is able to pull down TPP1 (Chen et
al., 2008). The TIN2-TPP1 interaction is involved in regulating formation of

shelterin and mediating telomere length (O’Connor ef al., 2006).

12
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1.2.5 TPP1 (TINT1/PTOP/PIP1):

Smith and colleagues used TIN2 as bait in a yeast-two-hybrid screen and
identified TIN2 interacting protein 1 (TINT1); Songyang’s laboratory identified
POTI1- and TIN2- organizing protein (PTOP) through immunoprecipitation of
TIN2 followed by mass spectrometry; and lastly, de Lange’s group identified
POTI-interacting protein 1 (PIP1) through immunoprecipitation of the
TRF1/TIN2 complex (Houghtaling ef al., 2004; Liu et al., 2004; Ye et al., 2004).
Collectively they named the novel protein TPP1. TPP1 associates with POT1 and
TIN2 with its N- and C-terminus respectively and immunofluorescence data
suggest that TPP1 is a component of mammalian telomeres (Houghtaling et al.,
2004; Liu et al., 2004; Ye et al., 2004). TPP1 is an essential protein as mice
deficient for TPP1 die before E14.5 (Kibe et al., 2010). Depletion of TPP1 from
MEFs resulted in telomere dysfunction phenotypes identical to that of depletion of
POTI (Kibe et al., 2010). Chromatin immunoprecipitation (ChIP) analysis
showed that depletion of TPP1 results in less POT1 association with telomeric
DNA, suggesting that TPP1 acts to recruit POT1 to telomeres (Kibe et al., 2010).
Fluorescence in situ hybridization of metaphase chromosomes and
immunofluorescence reveal that TPP1 is essential for maintaining genomic
stability as depletion of TPP1 results in telomere fusions and an increase in TIF-

formation that occurrs in an ATR-dependent manner (Kibe ez al., 2010).

13
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As per all shelterin proteins, TPP1 acts as a negative regulator of
telomerase-mediated telomere elongation. Overexpression of TPP1 in HTC75
cells has been shown to result in telomere shortening whereas depletion of TPP1
in HTC75 cells resulted in telomere elongation (Houghtaling et al., 2004; Ye et
al., 2004). TPP1 may in part act as a negative regulator of telomere length

through its role in POT1 recruitment to telomeric DNA.

TPP1 has also been implicated in regulating telomerase activity at
telomeres (Wang et al., 2007; Xin et al., 2007). Immunoprecipitation showed that
TPP1 associates with hTERT in vitro (Xin et al., 2007). TPP1 contains an N-
terminal oligonucleotide/oligosaccharide binding (OB) fold (Wang et al., 2007,
Xin et al., 2007). Furthermore, a telomere repeat amplification protocol assay
identified that TPP1 immunoprecipitates could give rise to telomerase activity and
that TPP1 mutants lacking the OB fold led to a reduction in telomerase activity
(Xin et al., 2007). These data support the idea that TPP1 acts to recruit
telomerase to telomeres allowing for telomerase-mediated telomere elongation
(Xin et al., 2007). The POT1-TPP1 complex has also been shown to increase the
processivity of telomerase by decreasing dissociation of the template from
telomerase and increasing translocation of the substrate as shown by the telomere

repeat amplification protocol assay (Wang et al., 2007; Latrich and Cech 2010).

Recently, the TIN2-TPP1 interaction has been shown to be important for

the recruitment of telomerase to telomeres (Abreu es al., 2010). ChIP and

14
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immunofluorescence analysis showed that depletion of TPP1 resulted in less
association of telomerase to telomeres (Abreu ef al., 2010; Tejea et al., 2010). It
1s suggested that this is dependent on the association of TPP1 and TIN2 since
depletion of TIN2 also resulted in less telomerase at telomeres (Abreu et al.,

2010).

1.2.6 POT1 (Protection of Telomeres):

POT1 was discovered by Peter Baumann through its homology to the
Schizosaccharomyces pombe protein (Baumann and Cech, 2001). POTI1 was
identified to be a telomere protein through its ability to form punctate staining in
interphase cells and its ability to colocalize with Rapl (Baumann ez al., 2002).
Gel-shift assays revealed that POT1 binds to single-stranded TTAGGG telomeric
repeats in vitro and ChIP assays showed that POTI1 binds telomeres in vivo
(Baumann and Cech, 2001; Loayza and de Lange, 2003). Furthermore, ChIP
assays revealed that depletion of TRF1 from telomeric DNA through tankyrase 1
overexpression results in a decreased telomeric association of POT1, suggesting
that the TRF1 complex acts to recruit POT1 to telomeres (Loayza and de Lange,
2003). In vivo ChIP experiments showed that POT1 mutants that retain the ability
to associate with the TRF1 complex but are defective in binding telomeric DNA

(POT1AOB mutants) cause telomere elongation in telomerase positive cell lines,

implying that TRF1 functions as a measuring device of telomere length and the
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information about telomere length is transduced from TRF1 to telomerase through

POT]1 that binds to the 3’ overhang (Loayza and de Lange, 2003).

POT1 is required to maintain genomic stability. Depletion of POT]I
through RNAi revealed a slight increase in telomere fusions as seen by
fluorescence in situ hybridization and immunofluorescence shows a significant
increase in TIF formation (Hockemeyer et al., 2005). These TIFs occur primarily
in Gl-phase indicating a role for POT1 in preventing a DNA damage response
during G1 (Hockemeyer et al., 2005). Additionally, TIF formation occurs in an
ATR-dependent manner as POT1a/b null ATR-depleted MEFs abrogate TIF foci
(Denchi and de Lange, 2007). Because ATR is the DNA damage signaling
pathway activated in response to single stranded DNA, it is not surprising that
POT1 acts to suppress an ATR response at telomeres (Denchi and de Lange,
2007). In concordance with this notion, POT1a/b null MEFs show an increase in
Chk1 and Chk2 signaling (Denchi and de Lange, 2007). Deletion of POT1 causes
decreased cell growth and p53-dependent senescence (Hockemeyer et al., 2006;
Wu et al., 2006). Western blot shows a typical ATR activation resulting in ATM-
Ser1981 phosphorylation and activation of Chkl and Chk2 (Wu er al., 2006)

(Figure 1.3).

Additionally, southern blot analysis revealed that depletion of POT1b in
MEFs results in a loss of the 3’ overhang (Hockemeyer er al., 2005).

Furthermore, POT1 has been shown to regulate the length of the 3” overhang, thus
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allowing for t-loop formation by means of strand invasion and the generation of a
Holiday junction (Wu et al., 2006). MEFs depleted for POTla/b in a p53-
deficient background showed an increase in telomere sister chromatid exchange
(lengthening of one chromosome at the expense of another through homologous
recombination between sister chromatids) and an increase in telomere circles
(homologous recombination occurring with interstitial sites) (Hockemeyer et al.,

2006; Wu et al., 2006, Palm et al., 2009).

1.3 Telomere Repeat Containing RNA — TERRA:

Telomeres have been shown to resemble sites of constitutive
heterochromatin as they are enriched for heterochromatin marks such as
H3K9me3, H4K20me3, and HP1 (Schoeftner and Blasco, 2010). Subtelomeric
DNA has also been shown to undergo DNA methylation (Schoeftner and Blasco,
2010). Because telomeres resemble sites of constitutive heterochromatin and do
not appear to contain genes, it was suspected that telomeres would remain
transcriptionally silent. In 2007, the laboratory of Linger identified telomeres to
be transcriptionally active, giving rise to non-coding telomere repeat containing
RNA termed TERRA (Azzalin et al., 2007). Northern blot analysis identified
TERRA transcripts ranging from ~100 base pairs to 9 kilobases in length (Azzalin
et al., 2007). TERRA length seems to be conserved among different cell lines;
however, its abundance varies greatly among tissues suggesting that telomere

length is positively correlated with TERRA abundance (Azzalin et al., 2007;
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Azzalin and Lingner, 2008; Schoeftner and Blasco, 2008). TERRA transcripts are
primarily G-rich; however, C-rich TERRA has been shown to exist at low levels
(Azzalin et al., 2007; Azzalin and Lingner, 2008; Schoeftner and Blasco, 2008).
Hybridization of a probe derived from the subtelomeric region of human
chromosome Xp/Yp to a northern blot revealed a TERRA-like hybridization
pattern suggesting that TERRA is transcribed in a centromere to telomere
direction (Azzalin et al., 2007; Nergadze et al., 2009). This gave some evidence
indicating the transcriptional start site lies within the subtelomeric region.
Recently, Azzalin and colleagues identified a CpG-island rich region within the
subtelomeric 61-29-37 repeats (Nergadze et al., 2009). Promoter assays reveal
that the 29- and 37- base pair repeats are sufficient to drive the transcription of
TERRA (Nergadze et al., 2009). A defined start site of TERRA transcription
within the subtelomeric region suggests that the heterogeneity of TERRA stems
from its 3” end indicating that the transcripts are differentially processed or that

transcription can terminate at multiple sites along the telomeric repeats (Luke and

Linger, 2009).

TERRA colocalizes with Rapl and TRF1 indicating that TERRA remains
associated with telomeres and RNA-fluorescence in situ hybridization revealed
that only a subset of telomeres associate with TERRA (Azzalin et al., 2007,
Schoeftner and Blasco, 2008). It has been suggested that TERRA can bind to
telomeres either through formation of a RNA-DNA hybrid or through RNA-

protein interactions (Luke and Linger, 2009). Yeast experiments indicate that
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TERRA binds to telomere DNA as introduction of RNaseH (which degrades
RNA-DNA hybrids) in a rat/-1 mutant background (which would normally allow
for an accumulation of TERRA) allows for the degradation of TERRA transcripts
as depicted through northern blot analysis (Luke ez al., 2008). [n vitro evidence
suggests that TERRA is able to bind to G-quadruplexes suggesting a RNA-DNA
interaction (Xu ef al., 2008). RNA-immunoprecipitation and RNA-ChIP revealed
that TERRA interacts with both TRF1 and TRF2; however, TERRA was unable
to associate with Rapl, TPP1, or POT1 (Deng et al., 2009). RNA-fluorescence in
situ hybridization revealed that TERRA associates with telomeres through its
interaction with the basic domain of TRF2 as depletion of the basic domain in
TREF2 causes diffused TERRA staining and less TERRA at telomeres (Deng et al.,
2009). The removal of TERRA from yeast telomeres has been shown to require
the 5° to 3’ Ratlp exonuclease (Luke et al., 2008). In addition, depletion of
SMGI, EST1A, and UPF1, components of the nonsense mediated decay pathway,
in mammalian cells results in increased TERRA foci at telomeres (Azzalin et al.,

2007).

ChIP analysis revealed the association of RNA polymerase II at telomeres
and RNA dot blots revealed that treatment with alpha-amanitin (an RNA
polymerase II inhibitor) significantly reduced the levels of TERRA (Schoeftner
and Blasco, 2008). These data suggest that TERRA is an RNA polymerase II
derived transcript (Luke er al., 2008; Schoeftner and Blasco, 2008).

Immunoprecipitation analysis revealed an interaction between RNA polymerase 11
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and TRF1 and depletion of TRF1 significantly reduces the levels of TERRA as
seen by Northern blot (Schoeftner and Blasco, 2008). ChIP analysis revealed that
recruitment of RNA polymerase II to telomeres was unaffected by the depletion
of TRF1, indicating that TRF1 promotes RNA polymerase II progression through
the telomeric tract but it does not directly recruit RNA polymerase II to telomeres
(Schoeftner and Blasco, 2008). TERRA has been shown to be polyadenylated
and Pap-1, the canonical polyadenylation polymerase in yeast, has been shown to
be responsible for this in Saccharomyces cerevisiae (Luke et al., 2008). Northern
blot analysis revealed that the poly-A-tail is required for TERRA stability, as
temperature-sensitive pap-/ mutants no longer reveal a TERRA signal and poly-
dT columns no longer bind TERRA RNA (Luke ef al., 2008). Nuclear RNA
extracted through a poly-dT resin followed by northern blot analysis suggest that
about 7% of HeLa TERRA molecules are polyadenylated and these TERRA
molecules appear to be greater than 2 kilobases in length (Azzalin and Lingner,
2008). To date, TERRA molecules have not been shown to have a

5’methylguanosine cap.

It has been suggested that the heterochromatin state controls TERRA
transcription.  As previously mentioned, telomeres contain heterochromatin
features such as H3K9me3, H4K20me3, and subtelomeric DNA methylation
(Schoeftner and Blasco, 2010). Treatment of cells with Trichostatin A, a histone
deacetylase inhibitor, resulted in increased TERRA transcription as depicted by

northern blotting (Azzalin and Lingner, 2008). RNA dot blot analysis revealed
20
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that mouse cells depleted for Suv39 (H3K9 methyltransferase) and Suv4-20
(H4K20 methyltransferase) show reduced TERRA levels (Schoeftner and Blasco,
2008). These data indicate that the heterochromatin structure of telomeric DNA
can influence TERRA transcription. The epigenetic status of the telomeric
chromatin has not only been shown to influence TERRA transcription, but
TERRA has also been shown to alter the epigenetic status of chromatin. ChIP
data showed that depletion of TERRA caused a significant loss in H3K9me2 and
H3K9me3 histone marks at telomeres (Deng et al., 2009). RNA-ChIP was used
to determine the role of TERRA in heterochromatin formation and this study
revealed that TERRA associates with H3K9me3 and HPla, suggesting that

TERRA is within a heterochromatic region (Deng ef al., 2009).

The exact function of TERRA within cells has not yet been clearly
elucidated. TERRA has been shown to be involved in prevention of a DNA
damage response at telomeres since depletion of TERRA through siRNA resulted
in an ~5-fold increase in TIFs as measured through colocalization of 53BP1 foci
at telomeres (Deng et al., 2009). Additionally, fluorescence in situ hybridization
of metaphase chromosomes identified that depletion of TERRA caused an
increase in telomere aberrations such as sister telomere loss, telomere doublets,
and telomere double minutes (Deng et al., 2009). Moreover, telomerase activity
has been shown to be regulated through TERRA (Luke ef al., 2008; Schoeftner
and Blasco, 2008). It was hypothesized that the G-rich nature of TERRA might

associate with the RNA template of telomerase, thus inhibiting its function.
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Increasing RNA oligonucleotides has been shown to inhibit telomerase activity in
vitro suggesting a role for TERRA in telomerase-mediated telomere elongation
(Schoeftner and Blasco, 2008). Recently, the laboratory of Linger demonstrated
through immunoprecipitation that endogenous telomerase can associate with
TERRA in vivo (Redon et al., 2010). They showed in vitro that TERRA
associates with the RNA template of telomerase and competes with telomeric

DNA to bind telomerase (Redon et al., 2010).

The presence of the histone lysine methyltransferase Mixed Lineage
Leukemia, MLL, at telomeres and its corresponding methylation mark (H3K4me)
gave insight to the regulation of TERRA (Caslini et al., 2009). RNA slot blot
revealed that depletion of MLL results in less TERRA transcription at telomeres
indicating that MLL might act as a transcriptional coactivator of TERRA (Caslini
et al., 2009). In addition, ChIP studies showed that depletion of MLL induces a
telomere-damage response as indicated by the association of 53BP1 with
telomeric DNA (Caslini et al., 2009). Telomere uncapping has been shown to
increase transcription of TERRA that is dependent upon the cooperation of p53

and MLL (Caslini et al., 2009).

1.4 Arginine Methylation:

Arginine methylation is a common post-translational modification found
on both nuclear and cytoplasmic proteins (Bedford, 2007). Protein arginine

methyltransferases (PRMTs) are the enzymes that utilize S-adenosyl methionine

22



M.Sc .Thesis - T. Asa McMaster University - Biology

(AdoMet) as a methyl donor and catalyze the transfer of a methyl group to one or
two of the guanidino nitrogen atoms of arginine residues (McBride etz al., 2001;
Bedford et al., 2005). PRMTs fall into two categories based on the nature of the
methylation introduced (Pal e al., 2007). Type I PRMTs catalyze asymmetric
dimethylation whereas type II PRMTs catalyze arginine dimethylation
symmetrically (Pal et al., 2007) (Figure 1.4). Arginine methylation primarily
occurs on GAR (glycine-, arginine-rich) domains although PRMT4/CARMI is an
exception and is unable to methylate GAR domains (Bedford et al., 2005).
Instead CARMI1 has been demonstrated to have a high affinity to methylate PGM
(proline-, glycine-, methionine-, arginine-rich) motifs (Bedford ef al., 2005). To
date, eleven PRMTs have been identified in mammalian cells, the majority of

which have been shown to catalyze arginine methylation (Pal ez al., 2007).

1.5 Coactivator Associated Arginine Methyltransferase 1, CARMI:

CARMI1 was identified through its ability to interact with pl60
transcriptional coactivators. The pl60 coactivators are a group of three related
proteins that interact with nuclear hormone receptors (Tsai et al., 1994; Torchia et
al., 1998). These coactivators modify chromatin structure and help recruit RNA
polymerase II (Torchia et al., 1998; Struhul, 1998). The activating signal from
the nuclear hormone is mediated through the pl160 protein to the activation
domains 1 and 2 (Onate ef al., 1998; Webb et al., 1998; Ma et al., 1999). The

first activation domain was shown to recruit the histone acetyltransferase
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p300/CBP and the second activation domain was found to interact with CARM1
(Yao et al., 1996; Chen et al., 1997; Chen et al., 1999). Yeast-two hybrid
analysis identified a 608-amino acid protein, CARMI, which bound to the C-
terminus of the GRIP1 binding protein (Chen et al., 1999). The CARMI
sequence contains homology to the PRMT family members and thus was tested
both in vitro and in vivo to methylate histones (Chen et al., 1999; Bauer et al.,
2002). CARMI has a high affinity to asymmetrically dimethylate histone H3 at
arginines 2, 17, and 26 (Schurter et al., 2001). Luciferase assays revealed that
CARMI is able to allow for increased activation of genes under the control of the

estrogen response element and the androgen response element (Chen ef al., 1999).

Genetic studies showed that CARMI is an essential protein as knockout
mice are smaller in size than their wild-type counterparts, are born alive, but
exhibit lung defects and therefore die before taking their first breath (Yadav et al.,
2003). CARMI deficient embryos isolated by Caesarian section exhibit defects in
lung development as their lungs fail to inflate with air, but respond to stimulus
when pinched with forceps (Yadav er al., 2003). Interestingly, CARMI
methyltransferase dead knockin mice phenocopies the CARMI knockout mice
suggesting that the methyltransferase activity of CARMI is essential (Kim et al.,

2010).

CARMI has been shown to be involved in the genetic reprogramming of

early embryos (Torres-Padilla ef al., 2007). At the four-cell blastomere stage,
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immunofluorescence showed that increased levels of H3R17 methylation
contributes to the inner cell mass implying that pluripotent cells have increased
CARMI activity (Torres-Padilla et al., 2007). To test this model, Torres-Padilla
and colleagues injected CARM1 mRNA into one cell at the two-cell stage
(Torres-Padilla et al., 2007). They noted that cells expressing higher levels of
CARMI almost exclusively contributed to the inner cell mass and had an increase
in Nanog and Sox2 protein, two proteins responéible for maintaining a pluripotent
state (Torres-Padilla e al., 2007; Wu et al., 2009). Additionally, microarray data
suggested that depletion of CARM1 shows an increase in genes responsible for
differentiation and a decrease in genes required to maintain pluripotency (Wu et
al., 2009). ChIP data suggested CARM1 and its methylation marks associate with
the promoters of Sox2 and Oct3 in wild-type ES cells suggesting that CARM1
mediates transcription of these genes and is thus required for maintaining a

pluripotent state (Wu et al., 2009).

ATP-dependent chromatin remodeling complexes have been shown to
alter the chromatin state by affecting nucleosome position or mobility (Travers
1999). Immunoprecipitation of Flag-tagged CARMI revealed it associates with a
multisubunit complex termed NUMAC, nucleosomal methylation activator
complex (Xu et al., 2004). NUMAC was shown to contain members of the
SWI/SNF chromatin-remodeling complex, including the ATPase BRGI, and has
been shown to preferentially methylate nucleosomes as opposed to free histones

(Xu et al., 2004). ChIP analysis identified CARMI1 and BRGI to be recruited to
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estrogen regulated target genes and reporter assays illustrated that BRG1 and
CARMI cooperate to activate estrogen-dependent gene transcription (Xu et al.,

2004).

1.5.1 CARMI and its Role as a Transcriptional Coactivator:

CARMI has been shown to bind to pl60 family coactivators and its
histone methyltransferase activity has been shown to be important for nuclear
receptor-driven gene transcription (Chen et al., 1999). Xu et al. propose that
CARMI acts as a transcriptional coactivator for nuclear hormone genes while
acting as a corepressor in cyclin adenosine monophosphate signaling genes (Xu et
al.,2001). They showed in vitro and in vivo that CARM1 associates directly with
the CBP/p300 complex and that CARMI1 is able to methylate the KIX domain of
CBP/p300 (Xu et al., 2001). [In vivo transcription assays and northern blot
analysis revealed that CARMI1 negatively regulates CREB-mediated transcription
in a methyltransferase dependent manner (Xu et al., 2001). Thus, they propose
that CARM1 methylation of the KIX domain interferes with the ability of
CBP/p300 to regulate CREB-response genes (Xu et al., 2001). Thus, when
CBP/p300 is methylated by CARMI, this increases the association of CARMI
and CBP/p300 to nuclear hormone activated genes and hyperactivation (Xu et al.,
2001) (Figure 1.5). Additionally, methylation of CBP by CARMI1 at an arginine
residue outside of the KIX domain increases nuclear hormone-mediated gene

transcription (Chevillard-Briet ez al., 2002). CBP is also methylated at R742 in
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vitro and in vivo in a CARMI1 dependent manner (Chevillard-Briet et al., 2002).
Methylation of CBP appeared to be important for CARMI1-mediated ER gene
transcription as a methylation-resistant form abolished luciferase activity when
luciferase was under the control of the estrogen response element and cells were

treated with estrogen (Chevillard-Briet et al., 2002).

In addition to regulating nuclear hormone regulated gene transcription,
CARMI1 has been shown to be involved in transcriptional regulation of other
genes. Immunoprecipitation experiments conducted by An er al. identified
CARMI to associate with the C-terminus of the p53 protein (An et al., 2004).
Additionally, they suggest that CARMI 1is responsible for transcription of p53-
dependent genes (An et al., 2004). ChIP analysis showed that p53-deficient cells
lack CARMI1 and its methylation mark at the promoter of the p53 response gene,
GADDA45 (An et al., 2004). When the cells are complemented with p53, CARM1
and H3R17me are enriched at the GADD45 gene (An et al., 2004). In
concordance with this notion, U20S cells subjected to ChIP revealed that
CARM1 is recruited to the GADD45 promoter four hours after UV treatment (An
et al., 2004). In agreement for a potential role of CARMI1 in response to p53
activation, ChIP analysis showed that inhibition of CARMI1 resulted in decreased
H3R17 methylation at the p21 promoter and northern blot showed that inhibition

of CARMI results in decreased levels of p21 mRNA (Selvi ez al., 2010).
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CARMI has also been shown to play a role in regulation of the NF-kB
gene (Covic et al., 2005; Miao et al., 2006). NF-kB is a transcription factor that
regulates genes involved in apoptosis, cell proliferation, and immune and
inflammatory responses (Ghosh et al., 1998; Baldwin et al., 1996). RT-PCR
shows a subset of NF-kB target genes that are downregulated in CARMI1 null
MEFs (Covic et al., 2005). Additionally, CARMI1 null MEFs do not exhibit NF-
kB-dependent luciferase activity (Covic et al., 2005). Immunoprecipitation
studies identified an interaction between NF-kB and CARMI1, and ChIP data
identified recruitment of CARM1 and H3R17 methylation at the promoter of the

NF-kB-response gene, [P-10 (Covic et al., 2005; Miao et al., 2006).

1.5.2 CARMI and its Role in RNA-Binding Properties:

The first protein substrate of CARMI to be identified was PABPI,
poly(A)-binding protein 1 (Lee ef al., 2002). In vitro methylation assay allowed
for recombinant CARM1 and tritium labeled AdoMet to be incubated with a
protein array containing a human brain protein library consisting of 37, 200 clones
(Lee et al., 2002). Fluorography identified PABP1 as a CARMI substrate (Lee et
al., 2002). The ability of CARMI1 to methylate PABP1 was further verified
through in vivo methylation assays and deletion mapping revealed that the
methylation occurred within residues 384-478 (Lee et al., 2002). In vivo
methylation assays preformed in HelLa cells verified that the region of

methylation within PABP1 occurs between amino acids 384-478 as deletion of

28



M.Sc .Thesis - T. Asa McMaster University - Biology

these residues abrogated the ability of CARMI1 to methylate PABP1 (Lee et al.,
2002). To date, the role of CARMI1 methylation of PABP1 has not yet been

elucidated.

The laboratory of Bedford used a small-pool screening technique to
identify methylated proteins (Cheng et al., 2007). A plasmid cDNA library was
divided into small pools of ten clones and in vifro transcription-translation
allowed for the cDNA to be converted into protein (Cheng et al., 2007). Each
protein pool was identified to contain PRMT enzymes, thus if in vitro
transcription-translation was performed in the presence of tritium labeled
AdoMet, fluorography could be used to identify methylated proteins (Cheng et
al., 2007). This small-pool screening technique revealed methylated substrates
that did not contain a GAR-motif and were thus hypothesized to be methylated by
CARMI1 (Cheng et al., 2007). In vitro methylation assays were then used to
determine that CA150, SmB, UIC, iPABP, and SAP49 are substrates of CARM1
(Ohkura et al., 2005; Cheng et al., 2007). Interestingly, these proteins all appear
to be involved in mRNA regulation. CA150 has been shown to bind to the C-
terminus of RNA polymerase II and acts to negatively regulate transcriptional
clongation, SmB is part of the core snRNP core protein complex, UIC is
responsible for base pairing with the GU dinucleotides at the 5” splice site, iPABP
is closely related to PABP1 (a previously identified CARMI1 substrate), and
SAP49 is involved in U2 snRNP function (Ruby ez al., 1988; Yang et al., 1995;

Huntriss ef al., 1994; Das et al., 1999, Suiié and Garcia-Blanco, 1999; Lee et al.,
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2002).

The ability of CARMI1 to methylate proteins involved in splicing suggests
that it may be a regulator of alternative splicing. The use of the CD44 minigene
as a model for splicing allows one to analyze the role of CARMI in alternative
splicing (Auboeufet al., 2002). COS-7 cells transfected with the CD44 minigene
primarily give rise to two splice products containing either one or both variable
exons (Ohkura et al., 2005). Alternatively, upon transfection of rat CARMI
variant-3, the relative proportions of the splice products were altered suggesting
that CARMI plays a role in alternative splicing (Ohkura ef al., 2005). Ohkura et
al. suggest that the ability of CARMI to regulate splicing is independent of its
methyltransferase activity as CARMI methyltransferase dead mutants show a
similar pattern of splicing as cells transfected with wild type CARMI.
Alternatively, Bedford and colleagues propose that CARM1’s ability to regulate
alternative splicing is dependent on its methyltransferase activity (Cheng et al.,
2007). Bedford again used the CD44 minigene as a model to analyze alternative
splicing; however, they used CARMI knockout MEF cells complemented with
CARMI or methyltransferase dead CARM1 (Cheng et al., 2007). Again they
noticed that CARMI caused an increase in exon skipping; however, the
methyltransferase dead CARMI1 did not show an exon skipping pattern, rather
these cells retained the variable exons of the CD44 minigene at ratios comparable
to CARMI1 knockout MEFs (Cheng et al., 2007). They showed that CARMI

methylation within the N-terminal PGM motif of CA150 is required for exon
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skipping as cells transfected with the CD44 minigene, CARMI, and wild type
CA150 promote exon skipping whereas cells transfected with a mutated form of
CA150 in which the PGM motif has been deleted have a higher exon inclusion
ratio (Cheng et al., 2007). Far western analysis suggested that CARM1 mediated
CA150 methylation allows for the interaction of the SMN proteins with CA150
(Cheng et al., 2007). The SMN proteins have been shown to be involved in
assembling the Sm proteins and the U snRNAs into snRNPs to allow for the
proper formation of the spliceosome (Paushkin et al., 2002; Eggert et al., 2006;
Pellizzoni, 2007). Thus, the CARMI1 dependent interaction of CA150 and SMN
allows for the coupling of transcription and splicing and CARMI1 mediated
methylation has been shown to play a role in regulating alternative splicing

(Cheng et al., 2007).

CARMI has also been shown to play a role in regulating mRNA stability.
Hu proteins have been shown to bind AU-rich elements in the 3° untranslated
regions of some labile mRNAs altering their stability and translational efficiency
(Hinman and Lou, 2008). There are four mammalian Hu proteins: HuR (HuA),
HuB, HuC, and HuD (Szabo et al., 1991; Levine et al., 1993; Lie et al., 1995; Ma
et al., 1996). HuR is ubiquitously expressed whereas the latter three are neuronal-
specific proteins (Keene et al., 1999; Ma et al., 1996; Okano et al., 1997). In vitro
and in vivo methylation assays identified HuR and HuD as CARMI1 substrates (Li
et al., 2002; Fujiwara et al., 2006). The functional role of methylated HuR has

not been elucidated while HuD methylation by CARMI maintains PC12 cell
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proliferation by committing p21 transcripts to mRNA decay (Li et al., 2002;
Fujiwara et al., 2006). Depletion of CARMI1 in PC12 cells has been shown by
western blot analysis to increase p2l protein levels (Fujiwara et al., 2000).
Immunoprecipitation followed by RT-PCR showed that CARMI1 methylation-
resistant HuD (R263K) bound more p21 transcripts than the wild type HuD

(Fujiwara et al., 2006).

1.5.3 CARMI1 and its Role in Breast and Prostate Cancer:

CARMLI is involved in activating hormone-dependent gene transcription
and CARMI1 has been shown to be upregulated in breast and prostate cancers
(Chen et al., 1999; Hong et al., 2004; and Majumder ef al., 2004; El Messaoudi et
al., 2006). Thus it is likely that CARMI plays a role in the development of these
cancers. Breast cancer proliferation is controlled by a number of different
components including hormones, growth factors, and other signaling components
(Doisneau-Sixou et al., 2003). E2, 17p-estradiol, regulates the activation of the
ERa and ER(, estrogen receptors o and 3, which act as ligand-regulated
transcription factors (Klinge er al., 2001). The pS2 gene is typically
overexpressed in breast cancers and is a potential marker for hormone-dependent
breast cancers (Stack ef al., 1988). Reporter assays in 293T cells identified
CARMI and its methyltransferase activity as having a positive effect on
transcription of the pS2 gene in the presence of the estrogen receptor (Bauer ef al.,

2002).  Additionally, MCF-7 cells were shown by northern blot analysis to
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induce pS2 mRNA upon treatment with estrogen (Bauer ef al., 2002). In
agreement for the role of CARMI-mediated methylation in transcription of the
pS2 gene, ChIP analysis identified that CARMI and its methylation mark,
H3R17me, are recruited to the pS2 gene only in the presence of estrogen (Bauer ef
al., 2002; Daujat et al., 2002). The recruitment of CARMI1 to the pS2 promoter
was shown to be dependent on CBP recruitment and prior H3K18 acetylation
(Daujat et al., 2002). Breast cancer cells have been shown to have increased
levels of E2F due to E2-activated ERo mediated transcription thus allowing for
G1/S-phase cell cycle progression (Musgrove et al., 1993; Altucci et al., 1996;
Wang et al., 1999; Eeckhoute et al., 2006). Additionally, grade-3 breast cancer
cells have been shown to have increased levels of CARMI, ACTR (a p160

coactivator), and cyclinEl mRNA (EI Messaoudi et al., 2006).

The cyclinEl gene has been shown to be required for G1/S-phase cell
cycle progression and has been shown to be a target of CARMI-mediated
transcription (Nielsen et al., 2001; Bandyopadhyay et al., 2002; Fabbrizio et al.,
2002; Morrison et al., 2002; El Messaoudi et al., 2006). ChIP analysis identified
the promoter of the cyclinEl gene to be enriched for CARM1, H3R17me, and
H3R26me during G1/S-phase indicating that CARMI1 may act to regulate this
gene during cell cycle progression (El Messaoudi et al., 2006). Consistent with
this idea, CARM1 knockout MEF cells and U20S cells depleted for CARMI1
display reduced cyclinEl mRNA (El Messaoudi et al., 2006). Luciferase assays

confirmed the idea that CARMI-mediated methylation is required for cyclinEl
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gene transcription as mouse fibroblasts depleted for CARM1 show less luciferase
activity (and thus less cyclinEl mRNA) than the wild type fibroblast cell lines (El
Messaoudi et al., 2006). Additionally, CARM1 methyltransferase dead mutants
are unable to rescue the decrease luciferase activity (El Messaoudi et al., 2006).
U20S cells depleted for the pl60 ACTR coactivator also show reduced levels of
cyclinEl mRNA (ElI Messaoudi et al., 2006). ChIP analysis showed reduced
association of CARMI1 and its methylation mark at the cyclinEl promoter in
U20S cells depleted for ACTR (El Messaoudi et al., 2006). These results
indicate that ACTR is required to recruit CARMI to the cyclinEl promoter to

initiate cyclinEl transcription.

CARMI has been shown to be involved in E2-induced breast cancer cell
proliferation (Frietze et al., 2008). MCEF-7 cells depleted for CARM1 and treated
with E2 were shown to undergo cell cycle arrest and decreased cell viability as
measured by cell sorting analysis and cell viability assays (Frietze et al., 2008). It
has been suggested that CARMI is capable of regulating E2-mediated cell cycle
progression in part by maintaining proper levels of E2F and E2F-reponse genes
(Frietze et al., 2008). Real-time PCR data suggested that depletion of CARMI in
MCEF-7 cells treated with E2 results in decreased levels of E2F, cdc25A, cyclinEl,
and cyclinE2 mRNA (El Messaoudi et al., 2006; Frietze et al., 2008).
Additionally, ChIP data suggested that upon estrogen treatment, the E2F promoter
is enriched for CARMI1 as well as its methylation mark, H3R17me2 (Frietze et

al., 2008). Interestingly, the p160 AIBI1 coactivator was required for the
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recruitment of CARMI to the E2F promoter under E2 stimulation as depletion of
AIBI1 though siRNA in MCF-7 cells significantly reduced CARM1 enrichment at

the E2F promoter (Frietze et al., 2008).

Additional evidence for a role in CARMI in estrogen-positive breast
cancer stems from the fact that CARMI is capable of regulating transcription of
the estrogen receptor (Shirley et al., 2009). The laboratory of Fuchs-Young
showed that p53 is capable of regulating the ER gene (Shirley et al., 2009).
Stimulation of p53 through either ionizing radiation or doxorubicin increased p53
mRNA and protein levels in MCF-7 cells (Shirley et al., 2009). Likewise,
depletion of p53 reduces ER mRNA and ER protein levels (Shirley et al., 2009).
ER induction by DNA damaging agents is dependent on p53 as depletion of p53
failed to upregulate ER mRNA and protein upon treatment of DNA damage
(Shirley et al., 2009). ChIP analysis in MCF-7 cells showed that CARMI1 and
CBP are recruited to the ER promoter and this recruitment is dependent upon p53
(Shirley et al., 2009). Thus recruitment of CARM1 (and other factors) to the ER
promoter in a p53-dependent manner allows for transcription of the estrogen

receptor.

Androgen plays an important role in the regulation of some prostate
cancers (Jenster, 1999). The hormone signal is mediated through the androgen

receptor, AR, which acts as a hormone dependent transcription factor (Evans
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1988). The androgen-AR complex will then recruit coactivators/corepressors to

elicit changes in cell behavior (Evans 1988).

Studies completed by Hong ef al. identified that CARMI levels are
upregulated in prostate cancers, as assessed by immunohistochemistry (Hong et
al., 2004; and Majumder et al., 2004). They thus hypothesized that CARMI
functions with other transcriptional coactivators in the regulation of androgen
response genes. ChIP analysis on the PSA promoter, a prostate cancer specific
marker, revealed the recruitment of CARMI and its methylation mark one hour
after androgen stimulation (Kang et al., 2004; Majumder er al., 2006).
Additionally, depletion of CARMI1 abrogated the increase in androgen-induced
PSA mRNA levels as assessed by real-time PCR (Majumder ef al., 2006). These
data suggest that CARM1 is recruited to androgen responsive enhancers following
androgen stimulation and that CARMI is required for AR-dependent gene
transcription in prostate cancer cells (Majumder et al., 2006). In addition,
depletion of CARMI leads to decreased cell proliferation and increased apoptosis
in androgen treated cells suggesting that prostate cancer cells require CARMI1 for

their proliferation and viability (Majumder ef al., 2006).

1.6 Rationale and Hypothesis:

PRMTI was initially identified to associate with human telomeres through
proteomics of isolated chromatin segments (PICh) (Déjardin and Kingston, 2009).

The PICh technique allows for solubilized chromatin that has undergone
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formaldehyde treatment to preserve protein-protein and protein-DNA interactions
to be pulled down using a biotin labeled specific probe (Déjardin and Kingston,
2009). The hybridized chromatin is then captured on magnetic beads and the
hybrids are eluted (Déjardin and Kingston, 2009). The eluted proteins are then
analyzed through mass spectrometry. When Déjardin and Kingston pulled down
telomeric sequences, they found PRMTI1 to be associated with telomeric DNA
(Déjardin and Kingston, 2009). Their findings suggest a role for PRMTI in

telomere maintenance.

Immunoprecipitations revealed an in vivo association between TRF2 and
PRMT1 (Mitchell et al., 2009). Additionally, an in vitro methylation assay
revealed that recombinant PRMT1 is able to methylate the basic domain of
recombinant TRF2 (Mitchell ez al., 2009). Depletion of PRMT1 in normal human
cells resulted in growth arrest with no change in telomere length (Mitchell et al.,
2009). Fluorescence in situ hybridization of metaphase chromosomes using a
telomere specific probe revealed that depletion of PRMT1 and overexpression of
TRF2 mutants unable to undergo arginine methylation in the basic domain
primarily results in the formation of two telomere signals per chromatid end
(Mitchell et al., 2009). The formation of telomere doublets is thought to be
involved in replication defects, thus it is suspected that methylation of the basic
domain of TRF2 may be involved in telomere replication (Mitchell ef al., 2009;
Sfeir et al., 2009). Interestingly, depletion of PRMT]1 in transformed cell lines

showed no change in cell proliferation; however, telomere shortening occurred
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indicating that PRMT]1 is a regulator of telomere length maintenance in cancer
cells (Mitchell ez al., 2009). Additionally, ChIP analysis showed that depletion of
PRMTTI causes an increased association of TRF2 to telomeric DNA, which may

allow for telomere shortening (Mitchell ez al., 2009).

The role of PRMT]1 in telomere length regulation and stability lead to the
hypothesis that potentially other PRMT enzymes may be involved in telomere
regulation. Mass spectrometry data also suggest that there are a number of
arginine residues in TRF1 and TRF2 that are mono- and dimethylated (Zhu,
unpublished data). Therefore it was hypothesized that CARM1 may play a role in
telomere length maintenance. MLL, a prominent lysine methyltransferase, has
been shown to play a role in the regulation of TERRA transcription (Caslini et al.,
2009). Since CARMI is also involved in the transcriptional activation of genes, it

was hypothesized that CARM1 may play a role in the regulation of TERRA.
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Figure 1.1: The structure of human telomeric DNA. (A) Human chromosomes
end in TTAGGG repeats that vary in length and contain a 3’ overhang. Proximal
to the telomeric repeats lies degenerate TTAGGG repeats and subtelomeric DNA.
(B) Depiction of the t-loop. The size of the t-loop varies in length. The 3’
overhang invades the duplex telomeric DNA and forms the D-loop within the t-
loop (Palm and de Lange, 2008)
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Figure 1.2: Shelterin. Depicted here is a schematic of how shelterin is
hypothesized to bind to telomeric DNA. TRF1 and TRF2 bind to the duplex
telomere tracts while POT1 binds to the single stranded 3’ overhang. TPP1
associates with POT1. TIN2 connects the double stranded DNA binding proteins
to the POT1-TPP1 complex. Additionally, Rapl associates with TRF2 in a 1:1
complex (de Lange, 2005).
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Figure 1.3: Shelterin protects telomeres from being recognized as damage DNA.
Both ATM and ATR kinases phosphorylate histone H2AX on Serine 139 to
promote the accumulation of MDCI1, 53BP1, and the MRN complex at sites of
DNA damage. ATM and ATR phosphorylate Chkl and Chk2, which will inhibit
Cdc25 phosphatases and enforce G1/S or G2/M arrest. Chkl and Chk2 activate,
along with ATM and ATR, p53 to inhibit cell cycle progression. TRF2 and POT1
act to inhibit ATM and ATR signaling pathways respectively at telomeres.
Depletion of TRF2 results in cell cycle arrest through the activation of the ATM
kinase whereas depletion of POT1 activates the ATR signaling pathway (Palm
and de Lange, 2008).
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Figure 1.4: Arginine methylation by PRMTs. Both type I and type II PRMTs are
capable of catalyzing monomethylation of arginine residues; however, type I is
responsible for asymmetric dimethylation whereas type II is responsible for
symmetric dimethylation (Adapted from Zhang et al., 2001).
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Figure 1.5: Methylation of CBP/p300 by CARMI1 regulates transcription of target
genes. (A) When CBP/p300 is not methylated, it is able to transcribe both nuclear
hormone regulated genes (NR) and CREB-dependent genes. (B) When CARMI
methylates the KIX domain of CBP/p300, CBP/p300 is no longer able to act as a
coactivator for CREB-dependent genes. In this scenario, CBP/p300 is able to
only activate NR genes thus resulting in their hyperactivation (Nishioka and
Reinberg 2001).
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2.0 Materials and Methods:

2.1 Cloning of Constructs:

2.1.1 Transformation:

pRS-shCARMI (plasmid #3029) and pRS-shScramble (plasmid #3031)
were cloned by Kajaparan Jeyanthan. One microliter of miniprep plasmid DNA
was incubated with 100 ul ToplO competent E. coli cells on ice for 30 minutes.
The samples were heat shocked at 42°C for 45 seconds and placed back on ice for
2 minutes. Nine hundred microliters of LB media (1% Bacto™ tryptone, 0.5%
Bacto™ yeast extract, 17.1 mM NaCl, 2.8 mM NaOH) was added to the tube and
the cells were incubated in a 37°C shaker at 200 RPM for 1 hour. The cells were
spun down at 13, 000 RPM for 30 seconds, 900 ul of the LB supernatant was
removed, the cells were vortexed, and plated on LB agar plates containing 0.1
mg/ml ampicillin (1% Bacto™ tryptone, 0.5% Bacto' " yeast extract, 17.1 mM

NaCl, 2.8 mM NaOH, 1.5% agar). Plates were incubated for 16 hours at 37°C.

2.1.2 QIAGEN® Plasmid Purification Maxiprep Kit:

A single transformed bacterial colony was inoculated in 3 ml of LB media
containing 0.1 mg/ml ampicillin and placed in a 37°C shaker at 200 RPM for 8
hours. The culture was then diluted 1:1000 in 200 ml of LB media containing 0.1

mg/ml ampicillin and was left shaking at 225 RPM for 16 hours at 37°C. The
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bacterial cells were collected by centrifugation at 4000 RPM for 15 minutes at
room temperature. The supernatant was removed and the pellets were
resuspended in 10 ml of buffer P1 (50 mM Tris-HCI [pH 8.0], 10 mM EDTA, and
100 ug/ml RNase A). Ten milliliters of buffer P2 (200 mM NaOH, 1% SDS) was
added, the tubes were mixed through inversion, and incubated at room
temperature for 5 minutes. Ten milliliters of chilled buffer P3 (3.0 M potassium
acetate [pH 5.0]) was added to the samples and incubated on ice for 20 minutes.
The samples were spun at 12, 500 RPM for 30 minutes at 4°C to remove the cell
debris, the supernatant was centrifuged again at 12, 500 RPM for 15 minutes at
4°C, and the final remaining supernatant was loaded into a QIAGEN column
equilibrated with 10 ml of buffer QBT (750 mM NaCl, 50 mM MOPS [pH 7.0],
15% isopropanol, 0.15% Triston"X-100). The columns were washed twice with
30 ml of buffer QC (1.0 M NaCl, 50 mM MOPS [pH 7.0], 15% isopropanol). The
plasmid DNA was then eluted with 15 ml of buffer QF (1.25 M NaCl, 50 mM
Tris-HCI1 [pHS8.5], 15% isopropanol). Ten and a half milliliters of isopropanol
was added to the plasmid DNA and centrifuged at 12, 500 RMP for 30 minutes at
4°C. The DNA pellet was washed with 7 ml of 70% ethanol and centrifuged for
12, 500 RMP for 10 minutes at 4°C. The DNA was dried and resuspended in 1 ml
of TE buffer (10 mM Tris-HCI [pH 8.0], 1 mM EDTA [pH 8.0]). The purity and

concentration of the DNA was measured using the Ajep/a230 ratio.

50



M.Sc .Thesis - T. Asa McMaster University - Biology

2.2 Tissue Culture:

2.2.1 Growth of Cell Lines:

hTERT-BJ, HeLall, MCF-7, and Phoenix cells were grown in DMEM
media containing 10% FBS, 1X L-glutamine, penicillin (100 U/ml), streptomycin
(0.1 mg/ml), and 1% non-essential amino acids. Stable cell lines infected with
pRS, pRS-shScramble, or pRS-shCARMI1 were grown in selection media
containing 2 ug/ml puromycin. All cell lines were grown in 37°C incubators

containing 5% CO; and 100% humidity.

2.2.2 Retroviral Infection:

Three and a half million Phoenix amphotropic retroviral cells were seeded
12-24 hours preceding transfection experiments on 10cm plates. Prior to
transfection, 20 ug of plasmid DNA was ethanol precipitated per construct.
Plasmid DNA was mixed with 438 ul of ddH,O and 62 ul of 2M CaCl,. While
bubbling, 500 ul of 2X HBS [pH 7.05] (50 mM HEPES, 10 mM KCI, 12 mM
dextrose, 280 mM NaCl, 1.5 mM Na,PO,) was added drop wise to the DNA. The
mixture was bubbled for 30 seconds post the addition of the last drop of 2X HBS
[pH 7.05] and a total of 1 ml of mix was added drop wise to a 70% confluent plate
of Phoenix cells. Twelve hours post-transfection, the media was changed with 9
ml of fresh media and 12-hours later to 4 ml of fresh media. The first infection

occurred 36-hours post transfection. The virus containing media was collected,
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supplemented with 4 ml FBS and 100 ug/ml of polybrene, and filtered through a
0.45 um filter. The filtered media was then plated onto recipient cells. Over the
next 48-hour period, five more infections were completed. After the last
infection, the media was changed with 9 ml of fresh media and 12-hours later the
cells were placed in selection media. Seven hundred and fifty thousand MCF-7
and hTERT-BJ cells and 500, 000 HeLall cells were seeded on 10 cm plates 24-

hours prior to the first transfection.

2.3 Protein Study:

2.3.1 Protein Extract:

Confluent plates of cells grown on 10 cm plates were scraped and the cells
were collected. The cells were spun in a 15 ml Falcon tube at 1000 RPM for 5
minutes at 4°C. The cells were then transferred to a microcentrifuge tube, washed
in 1 ml of 1X PBS [pH 7.4], and collected by centrifugation at 3000 RPM for 2
minutes at 4°C. Cell pellets were resuspended in buffer C (20 mM Hepes-KOH
[pH7.9], 0.42 M KCl, 25% glycerol, 0.1 mM EDTA, 5 mM MgCl,, 0.2% NP40, 1
mM DTT, 0.5 mM PMSF, | ug/ml leupeptin, 1 wg/ml aprotinin, 1 wug/ml
pepstatin, 10 mM NaF, 1 mM NaVOy, 20 mM Na-f-glycerol phosphate) in a
volume that was equal to five times the pellet size and incubated on ice for 30
minutes. The cells were then centrifuged at 13, 000 RPM for 10 minutes at 4°C

and the supernatant was collected. 2X Laemmli buffer (100 mM Tris-HCI [pH
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6.8], 20% glycerol, 3% SDS, 0.01% bromophenol blue, 0.02% f-
mercaptoethanol) was added to each sample to allow for a final protein

concentration of 1-2 ug/ul. Samples were stored at -20°C.

2.3.2 Bradford Assay:

The concentration of the protein extract was determined through Bradford
assay. One microliter of protein extract was added to 199 ul of water followed by
800 ul of Bradford (BioRad) reagent for a total of 1 ml. The mixture was
incubated at room temperature for 15 minutes followed by an absorbance
measurement at 595 nm. Water was used as a standard. The concentration of the
protein extract was determined based on the standard curve of the Bradford

reagent.

2.3.3 Western Blotting:

Protein extract was heated for 5 minutes at 90°C and loaded onto an 8%
SDS polyacrylamide gel (SDS-PAGE gel) with a 5% stacking gel and run in
running buffer (25 mM Tris, 250 mM glycine, 1% SDS) for 1.5 to 2 hours at 100
V. The proteins were then transferred to a nitrocellulose membrane at 90 V for
1.5 hours in blotting buffer (25 mM Tris, 125 mM glycine, 20% methanol, 0.02%
SDS). The membranes were blocked for a minimum of 45 minutes at room
temperature in 1X PBS containing 10% skim milk and 0.5% Tween-20. The

membranes were rinsed quickly in the incubation buffer (1X PBS containing

53



M.Sc.Thesis - T. Asa McMaster University - Biology

0.1% skim milk and 0.1% Tween-20) and incubated in primary antibody for 2
hours at room temperature or overnight at 4°C. The membrane was subsequently
washed 3 times for 5 minutes at room temperature in incubation buffer. The
membrane was then incubated in the appropriate horse radish peroxidase-
conjugated secondary anti-rabbit or anti-mouse secondary antibody at a 1:20, 000
dilution for 1 hour at room temperature. The membranes were exposed using
enhanced chemiluminescence reagent (GE Heathcare). Membranes were stripped

for 1 hour at room temperature in 2 M glycine [pH 2.2] and subsequently blocked.

2.3.4 Antibodies:

CARMI rabbit-polyclonal antibody was purchased from Cell Signaling
(catalogue number 4438S) and used at a dilution of 1:500 in incubation buffer.
PRMT1 and PRMS rabbit-polyclonal antibodies were purchased from Upstate and
used at a dilution of 1:4000 and 1:2000 respectively in incubation buffer. PRMTS5
rabbit-polyclonal antibody was purchased from Bethyl Laboratories Inc. and was
used at a dilution of 1:6000 in incubation buffer. TRF1 (371), TRF2 (647), Rapl
(765), and TIN2 (864) are all rabbit-polyclonal antibodies were generously
provided by Titia de Lange, Rockefeller University, and used at a dilution of
1:1000 in incubation buffer. Mouse monoclonal anti-y-tubulin from Sigma was
used as a loading control. Anti-mouse and anti-rabbit IgG peroxidase-linked

secondary antibodies were purchased from Amersham Biosciences.
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2.4 Proliferation Assays:

2.4.1 Short Term Cell Growth Assay:

Twenty thousand hTERT-BJ cells were seeded per well into a 12-well
plate in duplicate on the third day of selection. This was done for each of the 7-
time points 3-days post selection. Every other day, the cells were trypsinized and
counted using a Beckman Z1 Coulter® Particle Counter. Every 4 days the cells

were provided with fresh media and when required, the cells were split 1-to-2.

2.4.2 Long Term Cell Growth Assay:

Seven hundred and fifty thousand hTERT-BJ and MCEF-7 cells and 1
million HeLall cells were seeded in 10 cm plates within two weeks post the start
of selection. Every 4 days, the cells were trypsinized and counted using a
Beckman Z1 Coulter” Particle Counter. The appropriate number of cells was then

reseeded.

2.4.3 Senescence Associated f-Galactosidase Staining Assay:

The senescence associated [(-galactosidase staining assay was completed
using the Cell Signaling Technology kit #9860. One hundred thousand hTERT-
BJ cells were seeded onto 3.5 cm plates. Twenty-four hours later, the cells were
washed twice in 1X PBS [pH 7.4] and fixed in 1 ml of fixing solution (2%

formaldehyde, 0.2% glutaraldehyde in 1X PBS) for 15 minutes at room
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temperature. The cells were washed again twice in 1X PBS [pH 7.4] and
incubated in 1 ml of staining solution (1 mg/ml X-gal diluted in DMF, 40 mM
Na,HPO4 [pH 7.5], 150 mM NaCl, 2 mM MgCl,, 5 mM KsFe(CN)g, 5 mM
K4Fe(CN)g) for 16 hours at 37°C. Cells were then rinsed twice in ddH,O, dried,
and stored at room temperature. Images were obtained from a phase contrast

microscope (Nikon Eclipse TE2000-S) and a digital camera (Nikon DXM1200F).
2.5 Immunofluorescence:

Twenty-four hours prior to fixing the cells, cells were seeded on coverslips
in 6 cm plates. Cells were washed in 1X PBS and fixed in 3% paraformaldehyde
and 2% sucrose in IX PBS for 10 minutes at room temperature. Cells were
washed in 1X PBS for 5 minutes at room temperature. Cells were then
permeabilized in 0.5% Triton-X 100 in 1X PBS (0.5% Triton X-100, 20 mM
Hepes-KOH [pH 7.9], S0 mM NaCl, 3 mM MgCl,, 300 mM Sucrose) for 10
minutes at room temperature. Cells were washed 2 times for 5 minutes in 1X

PBS and stored in 4°C in 1X PBS with 2% sodium azide.

Coverslips were placed in a container lined with wet paper towels and
parafilm. Coverslips were blocked in PBG (0.2% (w/v) cold water fish gelatin,
0.5% (w/v) BSA in 1X PBS) for a minimum of 30 minutes at room temperature.
Cells were then incubated in primary antibody diluted in PBG for 2 hours at room
temperature. Cells were washed 3 times for 5 minutes in PBG and incubated in

secondary antibody diluted 1:300 in PBG for 45 minutes at room temperature.
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Subsequently, cells were washed in PBG 2 times for 5 minutes and incubated in
DAPI diluted in PBG at 100 mg/ml. Lastly, cells were washed in 1X PBS for
twice for 5 minutes. After completion, coverslips were mounted on microscope
slides using a 20-30 wl drop of embedding medium and sealed with nail polish.
Slides were stored at -20°C. Immunofluorescence was visualized with a Zeiss
Axioplan 2 microscope with Openlab software (Improvision) connected to

Hamamatsu C4742-05 camera.

2.5.1 Immunofluorescence Antibodies:

53BP and yH2AX mouse—monoclonal antibodies were purchased from BD
Transduction Laboratories and Upstate respectively and were diluted 1:4000 and
1:6000 in PBG respectively. Rapl (765) rabbit-polyclonal antibody was used at a
dilution of 1:1000 in PBG. Secondary antibodies Fluorescein (FITC)-conjugated
affinity pure fragment donkey anti-rabbit IgG and Rhodamine (TRITC)-
conjugated affinity pure donkey anti-mouse IgG were purchased from Jackson

ImmunoResearch Laboratories Inc. and were diluted 1:300 dilution in PBG.

2.6 Genomic DNA Analysis:

2.6.1 Isolation of Genomic DNA:

Confluent plates of \TERT-BJ, Hel all, and MCF-7 cells grown on 10 cm
plates were scraped and the cells were collected. The cells were spun in a 15 ml

Falcon tube at 1000 RPM for 5 minutes at 4°C. The cells were then transferred to
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a microcentrifuge tube, washed in 1 ml of 1X PBS [pH 7.4], and collected by
microcentrifugation at 3000 RPM for 2 minutes at 4°C. The cell pellets were

stored in -80°C.

The cell pellets were quickly thawed at room temperature, resuspended in
1 ml of TNE (10 mM Tris [pH 7.4], 100 mM NaCl, 10 mM EDTA), and placed
into a 15 ml phase lock tube (5 Prime) containing 1 ml of freshly prepared TENS
buffer containing proteinase K (10 mM Tris [pH 7.4], 100 mM NaCl, 10 mM
EDTA, 1% SDS, 100 ug/ml proteinase K). The cells were incubated overnight at

3ITC.

Sixteen hours later, 2 ml of phenol:chloroform was added to the tubes and
they were mixed until the phases were indistinguishable. The tubes were spun at
3000 RPM for 10 minutes at 4°C. The aqueous phase was then poured into a new
phase lock tube, 2 ml of phenol:chloroform was added, the tubes were inverted
several times until one phase was apparent, and spun at 3000 RPM for 10 minutes
at 4°C. The aqueous phase was then poured off into a 15 ml tube containing 2 ml
isopropanol and 22 ul of 2 M NaAc [pH 5.5]. The bundle of DNA was fished out
of the tubes and transferred into a microcentrifuge tube containing 300 ul of TNE
with 100 ug/ml RNase A. The DNA was incubated for 2.5 hours at 37°C. The
DNA was then mixed with 300 ul of TENS buffer containing proteinase K and
was incubated for one hour at 37°C. Six hundred microliters of

phenol:chloroform was then added to the microcentrifuge tube and the tubes were
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mixed until one phase appeared. The DNA was then spun at 13, 000 RPM for 10
minutes at 4°C. The aqueous phase was transferred to a microcentrifuge tube
containing 600 ul of isopropanol with 66 ul of NaAc [pH 5.5]. The bundle of
DNA was then fished out and placed in 100-200 ul of T oEo; (10 mM Tris-HCI
[pH 8.0], 0.1 mM EDTA). The DNA was left to dissolve for a few hours at 37°C

and left in 4°C overnight. Samples were then stored at -20°C.

2.6.2 Digestion of Genomic DNA:

A total of 30 ul of dissolved genomic DNA was digested with 2.5 ul of
Rasl, Hinfl, and 0.2 ng RNase A. The genomic DNA was digested overnight at
37°C. The DNA concentration was measured by Hoechst fluorometry using calf

thymus DNA as a standard.

2.6.3 Southern Blotting and Detection of Telomeric Fragments:

Based on the Hoechst measurement, 4 ug of digested genomic DNA was
loaded onto a 20x20 cm 0.7% agarose gel in 0.5X TBE (45 mM Tris-borate, 1
mM EDTA). The gel was run for ~1000-1100 V until the 1.3 kb marker almost
ran off the gel. For pulse-field gels, 4 ug of digested genomic DNA was added to
2% agarose and loaded into wells to create plugs. The plugs were loaded into a
1% agarose gel in 0.5X TBE and the gel was run at 5.4 V/cm for 20 hrs with an
initial and final pulse of 5 seconds in a pulse-field gel electrophoresis apparatus
(BioRad Electrophoresis Cell model #1703649).
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The gel was dried for 2 hours at 55°C using a gel drier (SGD200 Slab Gel
Drier model #QS2576). The gel was denatured for 30 minutes in denaturing
solution (1.5 M NaCl, 0.5 M NaOH) and neutralized twice for 15 minutes in
neutralization buffer (3 M NaCl, 0.5 M Tris-HCI [pH 7.0]). The gel was quickly
rinsed in ddH,O and placed in 20-25 ml of Church mix (0.5 M NaPi [pH7.2], |
mM EDTA [pH 8.0], 7% SDS, 1% BSA) for a minimum of 1 hour at 55°C. The

gel was hybridized overnight in a y-**P end labeled telomere C-rich probe.

The following day, the gel was washed three times for 20 minutes in 4X
SSC (0.6 M NaCl, 60 mM sodium citrate) and then twice for 20 minutes in 4X
SSC containing 0.1% SDS. The gel was placed in a Phosphorlmager screen (GE
Heathcare) overnight and scanned the following day using a Phosphorlmager
(Storm 820, Amersham Pharmcia Biotch). The southern blots were quantitated

using ImageQuant software version 5.2.
2.7 RNA Analysis:
2.7.1 Isolation of RNA:

Confluent plates of hTERT-BJ and MCF-7 cells grown on 10 c¢cm plates
were scraped with 1 ml Trizol reagents (Invitrogen) and the cells were collected in
a microcentrifuge tube. The cells were incubated for 5 minutes at room
temperature. Two hundred microliters of chloroform were quickly added to the

homogenized samples, the samples were then vortexed, and centrifuged at 13, 000
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RPM for 15 minutes at 4°C. The aqueous phase was transferred to a new
microcentrifuge tube and 500 ul of isopropanol was added. The samples were
incubated for 10 minutes at room temperature and then spun at 13, 000 RPM for
10 minutes at 4°C. The RNA pellets were washed twice with 1 ml of DEPC-
treated 75% ethanol and air-dried at room temperature. The RNA was dissolved
in 15 ul of DEPC-treated ddH,O for 10 minutes at 60°C. The RNA purity and
concentration was measured based on the A,g0/Azg ratio. Samples were stores at

-80°C in 20 ug aliquots.

2.7.2 Northern Blotting and Detection of Telomeric RNA:

Two microliters of 10X MOPS (200 mM MOPS [pH 7.0], 50 mM NaAc,
10 mM EDTA [pH 8.0]).), 4 ul of 37% formaldehyde, 10 ul of formamide, and
0.05 ug of ethidium bromide were added to 20 ug of RNA. The RNA was
incubated at 55°C for 15 minutes. The samples were run on a 1.2% agarose gel
containing 12.5 ml 10X MOPS and 3.75 ml of 37% formaldehyde. The gel was
run at 40 V for 8 hours in 1X MOPS (20 mM MOPS [pH 7.0], 5 mM NaAc, 1
mM EDTA [pH 8.0]). The gel was soaked in 0.05 M NaOH for 20 minutes and
then in 20X SSC (3 M NaCl, 0.3 M sodium citrate) for 40 minutes. The RNA

dTE

was transferred overnight onto Hybond "-M (GE Heathcare) membrane using

20X SSC as the transfer buffer.

The next day, the RNA was crosslinked to the gel using a UV crosslinker
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(UV Stralinker 1800). The membrane was quickly rinsed in DEPC-treated ddH,O
and placed in 10-15 ml of Church mix (0.5 M NaPi [pH7.2], 1 mM EDTA [pH
8.0], 7% SDS, 1% BSA) for a minimum of 1 hour at 60°C. The gel was

hybridized overnight in a o->"P labeled telomere C-rich probe.

The next day, the membrane was washed 10 minutes in 1X SSC with 0.1%
SDS (150 mM NacCl, 15 mM sodium citrate, 0.1% SDS) then 3 times for 10
minutes in 0.5X SSC with 0.1% SDS (75 mM NaCl, 7.5 mM sodium citrate, 0.1%
SDS). The gel was placed in a Phosphorlmager screen (Amersham Biosciences)
overnight and scanned the following day using a Phosphorlmager (Storm 8§20,

Amersham Pharmcia Biotch).

Northern blots were stripped in stripping buffer (10 mM Tris-HCI [pH
7.4], 0.2% SDS) for 1.5 hours at 75°C. Northern blots were quickly rinsed in
DEPC-treated ddH,O and placed in 10-15 ml of Church mix (0.5 M NaPi
[pH7.2], 1 mM EDTA [pH 8.0], 7% SDS, 1% BSA) for a minimum of 1 hour at
60°C. The gel was hybridized overnight in a a-"*P labeled GAPDH probe. The
next morning the membrane was washed four times for 5 minutes in 2X SSC (0.3
M NaCl, 30 mM sodium citrate). The northern blots were quantitated using

ImageQuant software version 5.3.
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3.0 Results:

3.1 Depletion of CARM1 does not alter other PRMT protein levels:

The effect of arginine methylation on telomere dynamics has not been well
characterized. Recently, it was demonstrated that PRMT]1 plays a role in telomere
length maintenance and stability in part through the methylation of TRF2
(Mitchell et al., 2009). This led us to study the effect of CARMI1 on telomere

length and stability.

To knockdown CARMI, plasmid DNA was transfected into Phoenix
retroviral packaging cells. Retroviral particles containing a puromycin resistance
gene, shScramble, or sitCARM1 were infected into HeLall cells. Cells were then
selected in media containing puromycin for 3 days to generate stable cell lines.
Retroviral infections of shCARMI into HeLall cells created stable cell lines
depleted of CARM1 (Figure 3.1). As a control, cells were also infected with virus
containing shScramble or vector alone (Figure 3.1). Figure 1 also shows that the
shRNA designed to target CARMI1 is specific to this PRMT enzyme and not the
PRMT family as cells infected with virus containing ShCARM1 did not alter the

expression levels of PRMT1, PRMTS, or PRMT6 compared to control cells.

63



M.Sc .Thesis - T. Asa McMaster University - Biology

3.2 Depletion of CARMI1 does not alter other the protein levels of shelterin

proteins:

Retroviral infections of shCARMI into hTERT-BJ cells were used to
create stable cell lines depleted of CARMI1 (Figure 3.2). Control cells were also
infected with virus containing shScramble or vector alone (Figure 3.2). Since
CARMI is a transcriptional coregulator we thought it would be important to
determine if CARMI1 played a role in transcription of telomere proteins. Figure 2
also shows that depletion of CARMI1 in hTERT-BJ cells does affect the protein

expression of telomeric proteins TRF1, TRF2, TIN2, or Rapl.

3.3 Depletion of CARMI1 initially induced cellular senescence:

3.3.1 Cells depleted of CARMI initially stained positive for senescence-

associated -galactosidase

hTERT-BJ cells depleted for CARMI1 became large, flat, and often
showed multiple nuclei, a phenotype reminiscent of cellular senescence. Two
weeks post selection cells were stained with B-galactosidase, a marker of cellular
senescence. Almost 100% of cells depleted for CARMI1 underwent cellular

senescence while control cells exhibited approximately 10% senescent cells

(Figure 3.3).

In attempts to reproduce this phenotype, three different maxi preps were

prepared and sequenced. The plasmid DNA was transfected into viral packaging
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cells and hTERT-BJ cells were infected with retrovirus containing vector alone,
shScramble, or shCARMI. Cells were then selected in media containing
antibiotics for 3 days to generate stable cell lines. This time, the senescent

phenotype was not reproducible in spite of CARM1 knockdown.

3.3.2 Depletion of CARMI1 does not appear to induce genomic instability:

Immunofluorescence was used to determine if genomic instability is the
cause of cellular senescence. Four days after selection, the number of 53BP1 and
YH2AX foci markers of DNA damage, was analyzed in hTERT-BJ cells depleted
for CARMI1. hTERT-BJ cells expressing shScramble or vector alone were used
as a control. hTERT-BJ cells stably expressing shCARMI1 did not display an
increase in either 53BP1 foci or YH2AX foci compared to vector control or cells
infected with shScramble, arguing that depletion of CARMI1 does not appear to
result in an increase in genomic instability (Figure 3.4 A and B). In order to
determine if CARMI depletion increases telomere dysfunction, cells were
costained for Rapl and YH2AX. TIF formation was not altered in cells depleted
of CARMI relative to control (Figure 3.4C). These results indicate that depletion

of CARMI1 does not appear to induce genomic instability.

3.3.3 Depletion of CARMI1 does not appear to alter telomere length:

To determine if cells expressing shCARMI show acute changes in

telomere length, southern blot analysis was performed. Nine days post selection,
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cells were harvested for genomic DNA to determine if CARMI1 depletion affects
telomere length. The genomic DNA was digested leaving telomeric DNA intact,
run on an agarose gel, dried, denatured, and probed with a radioactively labeled
C-rich telomere probe. In gel hybridization analysis revealed no acute change in

telomere length in cells depleted of CARMI relative to control cells.

hTERT-BJ cells have an average telomere length of ~20kb. It is thought
that the large fragments might not have separated well on the agarose gel, thus
masking any potential change in telomere length. Pulse-field gel electrophoresis
allows for better separation of large DNA fragments compared to conventional
agarose gels and was thus used to study changes in telomere length. In gel
hybridization analysis of telomere length by pulse-field gel electrophoresis in
hTERT-BJ cells indicates no acute change in telomere length in CARM1-depleted

cells compared to control cells (Figure 3.5).

3.3.4 Depletion of CARMI1 in hTERT-BJ cells does not appear to affect cell

growth in the short term:

Since hTERT-BJ cells show a strong senescent phenotype upon depletion
of CARMI, it is expected that these cells will have altered growth dynamics
compared to control cells. hTERT-BJ cells were retrovirally infected with virus
expressing ShCARMI1, shScramble, or vector control and selected for three days.
Upon completion of selection, cells were seeded into 12-well plates and counted

every two days to monitor changes in growth rate. Cells depleted for CARM1
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proliferate at the same rate as control cells (Figure 3.6). These results suggest
that depletion of CARMI1 does not appear to alter proliferation over the short

term.

3.4 Depletion of CARMI1 in HeLall cells does not appear to alter cellular

proliferation or changes in telomere length dynamics:

3.4.1 HeLall cells infected with a retrovirus expressing shCARMI1 show

similar levels of CARM1 knockdown at early and late population doublings:

Retroviral infections with a virus containing shCARMI1, shScramble, or
empty vector were used to create stable HeLall cell lines. Western blot analysis
reveals that CARMI1 is knocked down in cells expressing sS\tCARM1 compared to
control cells (Figure 3.7). Immunobloting also reveals that the level of CARMI
knockdown at O population doublings is roughly equal to the level of knockdown

60 population doublings later (Figure 3.7).

3.4.2 HeLall cells depleted of CARMI1 do not appear to exhibit a growth

defect:

HeLall cells depleted for CARM1 were cultured long term to determine if
CARMI depletion altered cell proliferation. As shown in figure 3.8, HeLall cells
depleted of CARMI1 do not appear to have altered growth dynamics compared to

control cells.
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3.4.3: Depletion of CARMI1 in HeLall cells initially resulted in telomere

elongation:

To assess if CARMI plays a role in telomere length maintenance, HelL all
cells depleted for CARM1 were cultured long term, 60 population doublings, to
monitor changes in telomere length. Because HeLall cells have short telomeres
they are an ideal candidate cell line to monitor telomere length dynamics, as

subtle changes in length will be more apparent.

Cells were collected at several different population doublings and the
genomic DNA was extracted. The genomic DNA was digested with frequent
cutting enzymes leaving the telomeres intact. The digested DNA was run on an
agarose gel, the gel was dried down, denatured, and probed with a radioactively
end labeled telomere specific probe. Figure 3.9 A and B depict a southern blot
suggesting that depletion of CARMI causes telomere elongation. Southern blot
analysis suggests that at 40 population doublings, HeLall cells depleted of
CARMI1 show a sudden increase in telomere length at a rate of ~300 base
pairs/population doubling compared to control cells. In attempts to reproduce this
telomere elongation phenotype, the experiment was repeated. HelLall cells
depleted for CARMI1 along with control cell lines were subjected to long-term
culturing and southern blot analysis in duplicate. Figure 3.9 C and D depict a
southern blot showing changes in telomere length over time in cells infected with

virus expressing empty vector, shScramble, and shCARMI1. CARMI depleted
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cell lines did not show telomere elongation when compared to control cells.
These cells; however, maintained a similar average telomere length over the 60

population doublings when compared to control cells.

3.5 Depletion of CARMI1 in MCF-7 cells does not appear to alter cellular

proliferation or changes in telomere length dynamics:

3.5.1 The level of CARM1 knockdown in MCF-7 cells is altered from early to

late population doublings:

Stable cell lines depleted of CARM1 and vector control were created using
retroviral infections. Western blot analysis shows a high efficiency of CARM1
knockdown in MCF-7 cells at the beginning of cell culture experiments (Figure
3.10). As the cells were passaged, knockdown efficiency weakened; however,
there still appears to be a substantial knockdown of CARM1 compared to vector

control by 40 population doublings.

3.5.2 MCF-7 cells depleted of CARMI1 do not appear to exhibit a growth

defect:

MCEF-7 cells depleted for CARM1 were cultured long term. As shown in
figure 3.11, MCF-7 cells depleted of CARMI do not appear to have altered

growth dynamics compared to control cells.
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3.5.3 CARMI1 depletion in MCF-7 cells does not appear to alter telomere

length dynamics:

To determine if CARMI1 may play a role in regulating telomere length,
telomere experiments were conducted in a different cell line, MCF-7. MCEF-7
cells depleted for CARMI along with control cells were cultured for 40
population doublings, at which point southern blot analysis was conducted.
Genomic DNA was extracted from cells collected at different population
doublings. The genomic DNA was digested with frequent cutting restriction
enzymes leaving the telomeres intact. The digested genomic DNA was run on an
agarose gel and the gel was dried down to perform in gel hybridization. The gel
was denatured and probed with a telomere specific probe. As depicted in figure
3.12, depletion of CARMI in MCEF-7 cells does not appear to alter telomere
length dynamics. CARMI depleted cells maintained an average telomere length

of 3kb over 40 population doublings similar to control cells.

3.6 Depletion of CARMI1 in hTERT-BJ cells does not appear to alter cellular

proliferation or changes in telomere length dynamics:

3.6.1 hTERT-BJ cells infected with shCARM1 show similar levels of CARM1

knockdown at early and late population doublings:

Retroviral infections with a virus containing shCARMI1 or empty vector

were used to create stable hTERT-BJ cell lines. Western blot analysis reveals that
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CARMI is knocked down in cells expressing shCARMI1 compared to control
cells (Figure 3.13). Immunoblotting also reveals that the level of CARMI
knockdown at 0 population doublings is roughly equal to the level of knockdown

30 population doublings later (Figure 3.13).

3.6.2 hTERT-BJ cells depleted of CARMI1 do not appear to exhibit a growth

defect:

hTERT-BJ cells depleted for CARM1 do not appear to show altered

growth dynamics compared to control cells over long-term culture (Figure 3.14).

3.6.3 CARMI1 depletion in hTERT-BJ cells does not appear to alter telomere

length dynamics:

Thus far, it appears that depletion of CARMI1 does not affect telomere
length dynamics in cancer cells. To determine if immortalized cell lines exhibit
alternations in telomere length maintenance upon depletion of CARM1, hTERT-
BJ cells were cultured for long term. Cells were collected at various population
doublings and the genomic DNA was extracted. The DNA was digested leaving
the telomeres intact and run on a 0.7% agarose gel. The gel was dried, denatured,
and probed with a telomere specific probe. Southern blot analysis revealed no
change in telomere length over 30 population doublings in hTERT-BJ cells

depleted of CARMI1 compared to control cells (Figure 3.15). Control and
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CARMI depleted cell lined maintained an average telomere length of 17-18kb

over the 30 population doublings.

3.7 Depletion of CARMI1 does not appear to alter TERRA levels:

Telomeres are transcribed into UUAGGG repeat-containing telomeric
RNA that commence within the subtelomeric region (Azzalin et al., 2007).
Recently, it has been shown that the MLL complex, a lysine methyltransferase,
methylates H3K4 and that methylation contributes to TERRA transcription in a
telomere length-dependent manner (Caslini e al., 2009). We therefore
hypothesized that CARMI, an arginine methyltransferase transcriptional

coactivator, might contribute to telomere transcription.

To determine if CARMI plays a role in the regulation of TERRA,
northern blot analysis was conducted. RNA was extracted from MCF-7 and
hTERT-BJ cell lines depleted of CARMI along with vector control cells from
early population doublings. The RNA was run on an agarose denaturing gel,
transferred to a nitrocellulose membrane, cross linked, and probed with a telomere
specific probe. Northern blot analysis reveald that CARMI1 does not appear to
play a role in the regulation of TERRA in immortalized or cancer cells compared

to vector control cells (Figure 3.16 and 3.17).
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Figure 3.1: HeLall cells depleted for CARMI1 do not show alterations in PRMT,
PRMTS, or PRMT6 protein levels. Plasmids containing a CARMI-specific
shRNA, a control shRNA, or vector control were transfected into retroviral
packaging cells, the virus was collected, and HeLall cells were infected. Western
blot analysis on protein extracts from HeLall cells containing shCARMI results
in a significant reduction in CARMI1 protein levels compared to control cells. To
ensure that the sShRNA is specific to CARMI1 and not PRMT enzymes in general,
western blots were completed to show that depletion of CARM1 does not cause
alterations in PRMT1, PRMTS, and PRMT6 protein levels. Western blots were
completed after 80 population doublings.
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CARM1 63 kDa

PRMT 1 45 kDa

PRMT 5 72 kDa

PRMT 6 42 kDa

Y-tubulin 48kDa

pRS  shScramble shCARM1
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Figure 3.2: hTERT-BJ cells depleted for CARM1 do not show alterations in
shelterin protein levels. hTERT-BJ cells underwent a retroviral infection of
CARM I -specific sShRNAs, control shRNAs, or vector control. Twelve days post
selection cells were harvested for protein extracts. Western blot depicts hTERT-
BJ cells containing shCARMI1 show a significant reduction in CARMI protein
level compared to control cells. Western blot indicates that CARMI1 depletion

does not alter protein expression of telomeric proteins TRF1, TRF2, Rapl, and
TIN2.
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Figure 3.3: Knockdown of CARMI initially induced cellular senescence in
hTERT-BJ cells. hTERT-BJ cells infected with the indicated viruses were stained
for 16 hours with senescence-associated [3-galactosidase two weeks post selection.
One thousand cells were counted per experiment and standard deviations derived
from three independent experiments are shown.
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Figure 3.4: Knockdown of CARMI does not induce genomic instability or
telomere instability in hTERT-BJ cells. Immunofluorescence was completed on
hTERT-BJ cells infected with the indicated viruses 4 days post the start of
selection. CARMI depleted cell lines did not show an increase in genomic
instability as depicted through the formation of 53BP1 foci (A) YH2AX foci (B)
when compared to control cells. To determine if cells depleted of CARMI
preferentially form these DNA damage foci at telomeres, cells were costained
with YH2AX and Rapl (C). Cells depleted for CARM1 do not show an elevated
level of TIF formation compared to control cells. One thousand cells were
counted per experiment and standard deviations derived from three independent
experiments are shown.
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Figure 3.5: Southern blot analysis indicates that knockdown of CARMI1 does not
alter telomere length in the short term in hTERT-BJ cells. Genomic DNA
isolated from hTERT-BIJ cells infected with the indicated virus was subjected to
southern blot analysis nine days post selection. The genomic DNA was digested,
run on a pulse-field gel electrophoresis, dried, denatured, and probed with a
telomere specific probe. The southern blot reveals that cells depleted for CARM1
do not show immediate alterations in telomere length compared to control cells.
Loading control (ethidium bromide staining) is shown below.
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Figure 3.6: hTERT-BJ cells depleted of CARM1 grow at the same rate as control
cells over a 15-day period. Three days after the start of selection, 20, 000 cells
were seeded in 12-well plates in duplicate. Every other day the cells were
counted and the average of the duplicate experiments was used to determine the
final cell number. Standard deviations derived from three independent
experiments are shown.
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Figure 3.7: HeLall cells depleted of CARMI1 show equal levels of CARMI
knockdown at early and late population doublings. Protein extract was collected
at early and late population doublings to compare the level of CARMI
knockdown. As depicted, the level of CARMI1 knockdown appears to be stable
from population doubling 0 to 60.
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Figure 3.8: HeLall cells depleted of CARMI1 do not exhibit defects in cells
proliferation compared to control cells. HeLall cells infected with the indicated
virus were cultured long term. Every four days the cells were counted and 1
million cells were seeded. The number of population doublings was plotted
against the number of days in culture. Standard deviations derived from three
independent experiments are shown.
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Figure 3.9: HeLall cells depleted for CARMI initially showed changes in
telomere length dynamics; however, this datum was not reproducible. HeLall
cells infected with the indicated viruses were cultured long term. After 56
population doublings, a southern blot analysis was performed to determine if
CARMI plays a role in the regulation of telomere length. Genomic DNA was
isolated from different population doublings and digested with frequent cutting
restriction enzymes leaving the telomeres intact. The DNA was run on an agarose
gel, the gel was dried, denatured, and probed with a radioactively labeled telomere
specific probe. Southern blot analysis initially suggested that depletion of
CARMI resulted in telomere elongation. Figure A shows the southern blot and B
is the quantification. In attempts to reproduce this phenotype, a different set of
HeLall cells were infected with shCARMI1 along with shScramble and pRS
controls. Genomic DNA was isolated from different population doublings,
digested, and subjected to southern blot analysis. Southern blot analysis (C) and
the quantification (D) reveal that depletion of CARMI1 in HeLall cells does not
result in changes in telomere length dynamics overtime. Quantification in D is
based on the average telomere length of two independent experiments. Loading
control (ethidium bromide staining) is shown below the southern blot.
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Figure 3.10: MCEF-7 cells depleted of CARMI1 show reduced levels of CARMI1
knockdown at 40 population doublings compared to early population doublings.

Protein extract was collected at early and late population doublings to compare
the level of CARMI1 knockdown.
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Figure 3.11: MCEF-7 cells depleted of CARMI1 do not exhibit defects in cell
proliferation compared to control cells. MCF-7 cells infected with the indicated
virus were cultured long term. Every four days the cells were counted and 750,
000 cells were seeded. Number of population doublings was plotted against days
in culture. Standard deviations derived from three independent experiments are
shown.
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Figure 3.12: MCEF-7 cells depleted for CARMI1 do not show changes in telomere
length dynamics. MCEF-7 cells infected with the indicated viruses were cultured
long term. After 40 population doublings, a southern blot analysis was performed
to determine if CARMI plays a role in the regulation of telomere length.
Genomic DNA was isolated from different population doublings and digested
with frequent cutting enzymes leaving the telomeres intact. The DNA was run on
an agarose gel, the gel was dried, denatured, and probed with a radioactively
labeled telomere specific probe. Southern blot analysis (A) and the quantification
(B) reveal that depletion of CARMI1 in MCF-7 cells does not result in changes in
telomere length dynamics over time. Loading control (ethidium bromide staining)
is shown below the southern blot.
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Figure 3.13: hTERT-BJ cells depleted of CARMI1 show equal levels of CARM1
knockdown at early and late population doublings. Protein extract was collected
at early and late population doublings to compare the level of CARMI
knockdown. As depicted, the level of knockdown appears to be stable from
population doubling 0 to 30 compared to control cells.
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Figure 3.14: hTERT-BJ cells depleted of CARMI1 do not exhibit defects in cell
proliferation compared to control cells. hTERT-BJ cells infected with the
indicated virus were cultured long term. Every four days the cells were counted
and 750, 000 cells were seeded. The number of population doublings was plotted
against the number of days in culture. Standard deviations derived from three
independent experiments are shown.
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Figure 3.15: hTERT-BJ cells depleted for CARM1 do not show changes in
telomere length dynamics. hTERT-BJ cells infected with the indicated viruses
were cultured long term. After 28 population doublings, a southern blot analysis
was performed to determine if CARMI1 plays a role in the regulation of telomere
length. Genomic DNA was isolated from different population doublings and
digested with frequent cutting enzymes leaving the telomeres intact. The DNA
was run on an agarose gel, the gel was dried, denatured, and probed with a
radioactively labeled telomere specific probe. Southern blot analysis (A) and the
quantification (B) reveal that depletion of CARMI in hTERT-BJ cells does not
result in changes in telomere length dynamics overtime. Loading control
(ethidium bromide staining) is shown below the southern blot.
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Figure 3.16: Depletion of CARMI1 does not alter TERRA levels in MCF-7 cells.
To determine if CARMI plays a role in TERRA regulation, RNA was extracted
from early passage MCF-7 cells depleted of CARMI along with vector control
cells. The RNA was run on an agarose gel, transferred to a nitrocellulose
membrane, crosslinked, and probed with a telomere specific probe. GAPDH was
used as a loading control and for normalization of TERRA levels. The ethidium
bromide gel indicates the RNA quality. Figure A shows a depiction of the
northern blot and figure B shows the quantification. Error bars represent 3
independent experiments.
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Figure 3.17: Depletion of CARMI does not alter TERRA levels in hTERT-BJ
cells. To determine if CARMI1 plays a role in TERRA regulation, RNA was
extracted from early passage hTERT-BJ cells depleted of CARMI along with
vector control cells. The RNA was run on an agarose gel, transferred to a
nitrocellulose membrane, crosslinked, and probed with a telomere specific probe.
GAPDH was used as a loading control and for normalization of TERRA levels.
The ethidium bromide gel indicates the RNA quality. Figure A shows a depiction
of the northern blot and B shows the quantification. Error bars represent three
independent experiments.
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4.0 Discussion:

4.1 Depletion of CARMI initially induced cellular senescence:

The cellular senescence initially observed with depletion of CARMI in
hTERT-BJ cells was not reproducible. It is unknown as to why knockdown of
CARMI induced cellular senescence initially and why this phenotype was not
subsequently reproducible. One possibility is that the initial senescent phenotype
was an artifact. Alternatively, we consider the prospect that the senescent
phenotype was caused by an unknown variable for which we could not account.
It is likely that \TERT-BJ cells depleted for CARM1 are more sensitive compared
to control cells and thus the applied conditions caused these cells to undergo
senescence. Potentially the conditions with which the cells were handled and

grown were not consistent causing an initial acute phenotype.

Subsequent experiments were completed in attempts to determine the
cause of the initial senescence phenotype. Retroviral infections of shCARMI
along with shScramble and vector control were completed in hTERT-BJ cells.
These cells did not exhibit signs of cellular senescence and this phenotype is
consistent with a lack of genomic and telomere instability and a lack of growth

defect.

4.2 CARMI1 does not appear to play a role in telomere length dynamics:

I have shown that depletion of CARMI initially led to telomere
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elongation. However, such lengthening was not reproducible in subsequent
experiments. In attempts to reproduce the elongation phenotype, telomere length
experiments were performed in three different cell types. hTERT-BJ, HeLall, and
MCF-7 were cultured long term to determine if depletion of CARMI alters
telomere length dynamics. Southern blot analysis revealed that cells depleted of
CARMI maintain an average telomere length equal to that of the control cells.
The cause of the initial telomere elongation phenotype observed in HeLall cells is
unknown. As with the initial senescent phenotype, it is possible that this result

was due to an artifact or could have been caused by an unknown variable.

4.3 CARMI1 does not appear to play a role in TERRA regulation:

The laboratory of Linger identified that telomeres are transcribed into
UUAGGG repeat containing TERRA molecules (Azzalin et al., 2007). The
mechanism of TERRA regulation still needs to be elucidated. Caslini et al.
identified a lysine methyltransferase, MLL, to contribute to TERRA transcription
(Caslini et al., 2009). Because CARMI is a transcriptional coactivator, we
decided to determine if CARMI plays a role in TERRA transcription. Northern
blot analysis conducted in both hTERT-BJ and MCF-7 cells revealed no change
in TERRA levels upon depletion of CARMI1. Although there appears to be a
large standard error, repetition allowed us to conclude that CARMI1 does not

appear to be involved in the regulation of TERRA molecules.
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4.4 Significance and Perspectives:

CARMI has been shown to play a significant role in the establishment of
breast and prostate cancers mainly through its function as a transcriptional
coactivator (Pal and Sif, 2007). Telomere instability has been shown to be a
characteristic of tumorigenesis. One member of the PRMT enzyme family,
PRMTT1 has been shown to contribute to telomere stability (Mitchell et al., 2009).
Depletion of PRMTI1 leads to dysfunctional telomeres in primary cells and
telomere shortening in cancer cells (Mitchell e al., 2009). As a result, we aimed
to determine if CARMI parallels PRMT1 with respect to a role in telomere
maintenance in the progression of cancer. My work is suggestive that CARM1
does not contribute to tumorigenesis through a role in telomere biology and thus

does not parallel PRMTT.

My work also suggests that not all PRMT family members play a role in
telomere biology. Although my findings do not give direct insight as to the role
of arginine methylation at telomeres, these data suggest that CARM1 may not
play a significant role in telomere regulation. By understanding which arginine
methyltransferases do not play a role in telomere biology, we are closer to finding

other potential PRMT enzymes that regulate telomeres.

To date, there are eleven known PRMT enzymes; however, not all of them
have been shown to have methyltransferase ability (Pal ef a/., 2007). In order to

deduce which PRMT enzymes play a role at telomeres, our laboratory has created
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various PRMT knockdown cell lines. These cells were cultured long term and
southern blot analysis was performed to determine if these PRMT enzymes may
play a role with respect to telomere length dynamics. The data presented in this
report suggest that in the applied conditions CARM1 does not appear to play a
role in telomere length maintenance and telomere transcription.  Future
experiments could be completed to determine if the other nine PRMT enzymes
play a role in telomere biology. Cells could be depleted for each PRMT enzyme
and if no acute phenotype is observed, cells could be cultured long term and
southern blot analysis could be preformed to determine if depletion of that
specific PRMT enzyme alters telomere length dynamics. If these cells undergo an
acute phenotype, such as apoptosis or cellular senescence, this phenotype can be
further analyzed. One could perform terminal deoxynucleotidyl transferase dUTP
nick end labeling or senescence assays as deemed appropriate. It would also be
important to determine if lack of methylation increases the percentage of
dysfunctional telomeres through TIF analysis or by fluorescence in situ
hybridization of metaphase chromosomes using a telomere specific probe.
Alternatively, one could harvest the cells for isolation of genomic DNA and
perform southern blot analysis to determine if there is an acute change in telomere

length.

4.5 Conclusion:

In conclusion, under the conditions outlined above, CARMI1 does not
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appear to play a role at telomeres. The initial senescence phenotype observed in
hTERT-BJ cells was not reproducible for unknown reasons. Subsequent work
suggested that depletion of CARM1 does not appear to play a role in genomic or
telomere instability and that depletion of CARM1 does not appear to alter cellular
proliferation. Southern blot analysis suggests that CARM1 does not appear to
play a role in telomere maintenance in hTERT-BJ, HeLall, or MCF-7 cells.
Additionally, northern blot data indicated that depletion of CARMI1 does not
appear to alter the levels of TERRA transcripts within hTERT-BJ and MCF-7

cells.
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