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Figure 3.2. Overexpression of TRF2 does not have a substantial impact on nucleotide
excision repair in response to UVC treatment. A) Cockayne syndrome cells were treated
with or without 30 J/m? UVC radiation. Protein samples were harvested at 6, 12, 24 and
48 hrs post-UVC treatment. Protein samples were immunoblotted for p53,
phosphorylated-pS3 serine 15 and y-tubulin. Blots were stripped between primary
antibody incubations. B) XPC deficient cells treated with or without 30 J/m* UVC
radiation. Protein samples were harvested at 6, 12, 24 and 48 hrs post-UVC treatment.
Protein samples were immunoblotted for p53, phosphorylated-p53 serine 15, and v-
tubulin. Blots were stripped between primary antibody incubations.
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Chapter 4 - Results

Characterization of TRF2 in Telomere Maintenance

TRF2 protects the telomeres from being illegitimately processed by the DNA
DSB repair pathways, as it is thought to facilitate the formation of the t-loop structure
(Griffith et al, 1999, Stansel et al, 2001). The t-loop model hides the ends of the
chromosomes and protects the telomeres from the homologous recombination and non-
homologous end joining pathways. The t-loop structure resembles a HJ intermediate and
is processed by homologous recombination when the basic domain of TRF2 is deleted
(Wang et al, 2004). Additionally, in the absence of the basic and Myb domains of TRF2,
TRF2 cannot bind to the telomeric repeats and thus the chromosome ends are processed
by the non-homologous end joining pathway (van Steensel et al, 1998). However, it is not
fully understood what amino acid residues in the basic domain of TRF2 are indispensable
to suppress these recombination events.
4.1 Analysis of TRF2 Mutants in HT1080 Cells
4.1.1 Overexpression of TRF2 Carrying Amino Acid Changes from Arginines to
Alanines in the Basic Domain Induces Decreased Proliferation and Senescence in
HT1080 Cells

Lack of the basic domain of TRF2 causes a decreased proliferation rate and
senescence (Wang et al, 2004). To determine whether the charge alone in the basic
domain of TRF2 is sufficient for its protective function, eight positively charged arginine
residues were mutated to eight neutral alanine residues. To study the effects of the alanine

mutant on the function of the basic domain of TRF2, proliferation assays and a
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senescence assay was completed to observe whether this TRF2 mutant will show a
similar phenotype to the lack of the basic domain of TRF2. The proliferation assay
performed in HT1080 cells expressing the TRF2 mutant containing the amino acid
changes from arginines to alanines in the basic domain demonstrated to have a decreased
proliferation phenotype as compared to the vector control (Figure 4.1A). Overexpression
of the vector and wild type TRF2 in HT1080 cells does not result in reduced
proliferation, as at day 13 both cell lines had the same cumulative cell number. At day 13
TRF2-RA had a significantly decreased proliferation rate as compared to the controls.
TRF2-RA had a proliferation rate of almost a four fold decrease as compared to the
vector and TRF2 at day 13. To confirm that overexpression of the TRF2 mutants were
maintained throughout the experiment, western blotting was performed (Figure 4.1B).
Western blotting indicates that all of the TRF2 mutant overexpression constructs in
HT180 cells were being expressed at similar levels to the wild type TRF2 at day 3 and
day 15.

Expression of TRF2 lacking both the basic and Myb domains leads to a decreased
proliferation rate and senescence (van Steensel et al, 1998). To further investigate
whether the charge of the basic domain is essential to the function of the domain, I
additionally examined a TRF2 mutant carrying amino acid substitutions from arginines to
alanines in the basic domain in combination with the absence of the Myb domain. A
second proliferation assay was constructed in HT1080 cells which expressed this TRF2
mutant (Figure 4.2A). Both the vector control and TRF2 proliferated at a similar rate

however, TRF2*™-RA had about a 3.5 fold decreased proliferation rate at day 15 as
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compared to the controls. Immunoblotting revealed overexpression of the TRF2 mutant
constructs were maintained at similar levels to TRF2 at days 3, 12 and 15 (Figure 4.2B).
To test if the decreased replicative potential phenotype in TRF2*™-RA expressing

HT1080 cells leads to permanent growth arrest, as observed in TRF2°PAM

cells (van
Steensel et al, 1998), a senescence assay was performed. The marker used for senescence
is the expression of senescence-associated B-galactosidase in the cells, as represented by
the blue coloured staining (Dimri et al, 1995). In addition to the expression of f-
galactosidase, most of the HT1080 cells were flat, enlarged and were multi-nucleated
(Figure 4.3A). The number of senescence cells was scored by counting at least 500 total
cells per cell line. The number of senescence cells in the vector and TRF2 cell lines had a
scoring of 4%. Analysis of TRF2*™-RA in HT1080 cells revealed an increase in the
number of senescence cells totalling about 50% (Figure 4.3B). Overall, these results
suggest that arginines in the basic domain are essential for TRF2 function.
4.1.2 Overexpression of TRF2 Carrying Amino Acid Changes from Arginines to
Lysines in the Basic Domain Induces Decreased Proliferation and Senescence in
HT1080 Cells

Formally, it is possible that the positive charges of arginines instead of the
arginines themselves are important for TRF2 function. To test this hypothesis, eight
arginine residues in the basic domain of TRF2 were mutated to positively charged lysine
residues. However, one may argue that mutating eight arginine residues in the basic
domain may disrupt the protein folding even if the positive charge is maintained. In order

to address this concern, two sets of four TRF2 mutants containing amino acid changes
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from arginines to lysines in the basic domain were constructed and referred to as TRF2-
RK1-4 and TRF2-RK5-8. Additionally, by creating these two mutants which contain only
four changed residues as opposed to eight mutated residues may help identify whether
one arginine residue is more essential to the function of the basic domain. However, it
may be unlikely that one arginine in the basic domain of TRF2 is indispensable but a
stretch of arginine residues may be necessary to maintain the function of the domain.

To investigate whether the arginine residues in the basic domain are essential to
the function of the domain, proliferation assays and a senescence assay was performed.
HT1080 cells were retrovirally infected with the vector alone, or the vector containing
TRF2, TRF2-RK, TRF2-RK1-4, TRF2-RK5-8, TRF2*M or TRF2*®. Overexpression of
TRF2-RK had a 4 fold decreased in proliferation rate as compared to the vector control
and wild type TRF2 at day 15 (Figure 4.1A). Expression of TRF2-RK5-8 and TRF2-
RK1-4 similarly had about a 4 fold decreased in proliferation rates as compared to the
vector. Additionally, all the TRF2 mutants had a proliferation rate similar to TRF2*® at
day 13.

To gain further evidence that the arginine residues are essential to the function of
the basic domain, arginine to lysine mutations were introduced into the basic domain of
TRF2 in the absence of the Myb domain. A similar pattern of a decreased proliferation
rate was also observed in TRF2*™-RK HT1080 cells as compared to the vector control
(Figure 4.2A). The vector had a cumulative cell number of about 6.5 x 10° cells as
compared to TRF2*™-RK which had a cumulative cell number of about 1.5 x 10® cells at

day 15. Wild type TRF2 overexpression showed a similar proliferation rate to the vector
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control. Both TRF2*™-RK1-4 and TRF2*™-RK5-8 had the same proliferation rate of
about 2.5 x 10® cells at day 15. TRF2*** demonstrated to have the slowest replicative
potential.

Microscopic analysis of HT1080 cells overexpressing TRF2 mutants carrying
amino acid changes from arginines to lysines in the basic domain and in the absence of
the Myb domain at day 7 revealed a senescence like phenotype (Figure 4.3A). This
phenotype was further confirmed by senescence associated p-galactosidase staining. The
total numbers of senescence cells observed in the various TRF2 mutants were scored by
counting over 500 cells per cell line (Figure 4.3B). The vector and TRF2 had a total
scoring of 4% senescence cells as compared to TRF2*™-RK which had a total of 53%
senescence cells. Additionally, TRF2*M-RK1-4 and TRF2*M-RK5-8 had a similar
number of senescence cells 48.1% and 48.5% respectively. Overexpression of TRF2484M
lead to the induction of senescence in over 60% of cells, consistent with previous findings
(van Steensel et al, 1998). Taken together, these results suggest that the arginine residues
play a large role in maintaining the protective function of TRF2. Similarly, the positive
charge alone in the basic domain is insufficient for maintaining TRF2 function.

4.1.3 Amino Acid Changes from Arginines to Lysines Introduced in the Basic
Domain of TRF2 in Combination with the Deletion of the Myb Domain Induces the
Formation of Anaphase Bridges in HT1080 Cells

To further compare whether the TRF2*®**M chromosome end-end fusion

phenotype can be recapitulated when arginine to lysine mutations are introduced into the

basic domain of TRF2 in combination with the deletion of the Myb domain, the ability of
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these mutations to cause anaphase bridges were analyzed. An increase of chromosome
fusions during anaphase were observed in HT1080 cells as compared to the vector control
when these TRF2 mutants were overexpressed at day 6 of selection (Figure 4.4A). The
cells were grown on cover slips, fixed, stained with DAPI and analyzed using a
fluorescent microscope. A total of over 200 anaphase cells were counted per cell line for
each time point and the number of anaphase bridges and lagging chromosomes were
scored in day 6 and day 7 HT1080 cells (Figure 4.4B). At day 6, TRF2*M.-RK had 60%
anaphase bridges, similar to TRF2“B*M which had 65% anaphase bridges, both of which
were dramatically different from the vector control (5%). Overexpression of TRF2*M-
RKS5-8, TRF2*M.RK1-4 and TRF2*™-RA also revealed a 10 fold increase in anaphase
bridges at day 6 as compared to the vector and wild type TRF2. In day 7 cells, the
number of anaphase bridges dropped slightly to 61% in the TRF2*B*M construct and the
number of anaphase bridges in TRF2*™-RK5-8 increased to 75% as compared to day 6
counts of 65%. The mutant constructs TRE2*™-RA, TRF2*M-RK and TRF2*M-RK1-4
had similar scoring in their number of anaphase bridges of 68%, 66% and 64%
respectively at day 7. The number of lagging chromosomes in all of the TRF2 constructs
showed slight variation among day 6 and day 7 counts. Overall, there was a significant
increase in the number of anaphase bridges observed in HT1080 cells overexpressing
TRF2 mutants containing arginine to lysine substitutions in the basic domain and in the

absence of the Myb domain, which is consistent with the phenotype of TRF24%4M

(van
Steensel et al, 1998). These results further suggest the importance of these arginine

residues in maintaining the function of TRF2.
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4.1.4 Amino Acid Changes from Arginines to Lysines Introduced into the Basic
Domain of TRF2 and in the Presence of the Myb Domain Does Not Induce
Anaphase Bridges in HT1080 Cells

On the contrary, when TRF2 mutants containing arginine to lysine amino acid
changes in the basic domain and in the presence of the Myb domain are expressed in
HT1080 cells at day 9, no significant increase in chromosome fusions were observed
(Figure 4.4C). Over 300 anaphase cells were counted per cell line and the number of
lagging chromosomes and anaphase bridges were scored. Expression of TRF2-RK,
TRF2-RK1-4 and TRF2-RKS5-8 had less than 10% anaphase bridges which were similar
to the vector which had about 4% anaphase bridges and wild type TRF2 scored about 8%
anaphase bridges. TRF2*® and TRF2*™ had an anaphase bridge scoring of 18.5% and
26.1% respectively. The number of lagging chromosomes was similar between all cell
lines ranging from 9% to 13%. Thus, these data suggests that the arginine to lysine amino
acid changes in the basic domain of TRF2 in the presence of the Myb domain have a
similar low fusion phenotype to TRF2“E. In general, analysis of the anaphase bridge
results also reiterates the importance of the arginine residues in the basic domain of
TRF2.
4.2 Analysis of the Overexpression of TRF2 Mutants in BJ/hTERT Cells Carrying
Amino Acid Substitutions from Arginines to Lysines in the Basic Domain
4.2.1 Overexpression of TRF2 Mutants Carrying Amino Acid Changes from
Arginines to Lysines in the Basic Domain Induces Decreased Proliferation and

Senescence in BJ/hTERT Cells
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To establish that the decreased proliferation potential and senescence phenotype
was reproducible and not limited to a transformed cell line, similar proliferation assays
and [-galactosidase expression experiments were performed in a human primary
immortalized cell line BJ/hTERT. Additionally, BJ/hTERT cells have long telomeres
about 15 kb in length, which allows one to study telomere abnormalities through
fluorescence in situ hybridization (FISH) analysis. Compared to the vector alone,
overexpression of TRF2-RK, TRF2-RK1-4 and TRF2-RK5-8 resulted in a significant
reduction in the rate of proliferation in BJATERT cells (Figure 4.5A). No significant
decrease in the proliferation rate was observed for cells expressing TRF2. However,
overexpression of wild type TRF2 grew slightly slower than the vector control at later
time points, consistent with previous findings (Li et al, 2008, Smogorzewska & de Lange,
2002, Wang et al, 2004). TRF2-RK5-8 repeatedly had grown twice as fast as TRF2-RK1-
4 by day 15 but overall the arginine mutants still had a decreased replicative potential as
compared to the vector and wild type TRF2. Interestingly, TRF2-RK grew almost at the

same rate as TRF24P

throughout the entire proliferation assay. Western blot analysis
indicated that all TRF2 mutant constructs were expressed at a comparable level to wild
type TRF2 at day 15, for three independent experiments (Figure 4.5B).

Furthermore, senescence was induced in the mutant TRF2 BJ/hTERT cells
containing amino acid substitutions from arginines to lysines in the basic domain (Figure
4.6A). Staining of B-galactosidase was also observed in BJ/hTERT cells, as well as the

phenotypic characteristics associated with senescence in human cells. Quantification of

the average number of senescence cells obtained from counting over a total of 1500 cells
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per cell line at day 13 was performed for three independent experiments (Figure 4.6B).
The vector control (5.5%) and full length TRF2 (11.1%) had a low number of senescence
cells. TRF2-RK had 76.8% senescence cells as compared to 70% in TRF2-RK1-4, 67.8%
in TRF2-RK5-8 and TRF2"® had 84.1% senescence cells. Results of the proliferation
assay and senescence assay demonstrate the ability of the arginine to lysine mutations
introduced into the basic domain of TRF2 to mimic the decreased proliferation and
senescence phenotype similar to TRF2*P (Wang et al, 2004).
4.2.2 Increase in Telomere Doublets and No Significant Telomere Loss Observed in
BJ/hTERT Cells Expressing TRF2 Mutants Carrying Amino Acid Changes from
Arginines to Lysines in the Basic Domain

To determine whether the molecular mechanisms responsible for the known
TRF2B telomere loss phenotype are the same mechanism utilized by the TRF2 mutants
containing amino acid substitutions from arginines to lysines in the basic domain,
telomere FISH was performed. FISH was carried out using a telomere specific probe on
metaphase spreads in BJ/hTERT cells expressing the vector, TRF2, TRF2-RK, TRF2-
RK1-4, TRF2-RK5-8 and TRF2® (Figure 4.7A). Telomere dysfunction phenotypes were
quantified including calculating the average of >2 telomere signals at each chromatid end,
the average sister telomere loss per chromatid end and the average of terminal deletions
per chromosome (Figure 4.7B). The average number of >2 telomere signals (telomere
doublets) at each chromatid end in TRF2-RK (7.05%), TRF2-RK1-4 (5.69%) and TRF2-
RK5-8 (6.13%) were significantly different from the vector (1.76%), TRF2 (2.91%) and

TRF2"® (2.40%) (Figure 4.7C). Interestingly, the TRF2 mutants TRF2-RK, TRF2-RK 1-4
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and TRF2-RK5-8 showed no significant difference from the vector in comparison of the
amount of sister telomere loss and terminal deletions (Figure 4.7 D and E). However, the

amount of sister telomere loss and terminal deletions in TRF242

cells was significantly
different from the vector and the TRF2 mutants. Altogether, the TRF2 mutants TRF2-
RK, TRF2-RK1-4 and TRF2-RK5-8 do not display a similar telomere loss phenotype as
compared to the previously published phenotype of TRF2%® (Wang et al, 2004).
However, the TRF2 mutants display a significant increase in telomere doublets, which is
not observed in TRF2%8,
4.2.3 Overexpression of TRF2 Mutants Carrying Amino Acid Changes from
Arginines to Lysines in the Basic Domain Do Not Appear to Lead to Telomere
Shortening

Analysis of a denaturing telomere blot was performed to further characterize the
mechanisms involved in the formation of the phenotypes observed in the TRF2 mutants
containing amino acid substitutions from arginines to lysines in the basic domain.
Analysis of the telomere restriction fragments indicates no substantial telomere
shortening in the TRF2 mutants obtained from BJ/hTERT genomic DNA at day 9, as
compared to the vector (Figure 4.8). Quantification of the relative telomere signal in the
vector was normalized to 1.0, where as wildtype TRF2, TRF2-RK, TRF2-RK1-4 and
TRF2-RK5-8 show slight telomere degradation with telomere signals of 0.90, 0.83, 0.85
and 0.82 respectively. Relative telomere signals were calculated by quantifying the total

telomere restriction fragments in each lane and standardized to the quantification of the

intrachromsomal telomeric repeats to account for differences in the loading of the
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genomic DNA. Although the relative telomere signal in TRF2P

could not be accurately
quantified, it has been previously observed that TRE2*® induces rapid telomere deletion
of the duplex telomeric DNA (Wang et al, 2004). Analysis of the telomere blot shows
evidence of telomere deletion as represented by the smear of telomeric DNA at the lower
molecular weight markers, as compared to the vector. These finding reveal different
telomere aberrations may be responsible for the decreased proliferation rate and
senescence observed in the TRF2 mutants. Overall, expression of TRF2-RK, TRF2-RK1-
4 and TRF2-RK5-8 results in the increase of telomere doublets with no significant loss of
telomere DNA, whereas TRF2“2 shows no evidence of an increase in telomere doublets
but a significant increase in telomere loss.
4.3 Analysis of the Overexpression of TRF2 Mutants Carrying Amino Acid
Substitutions from Arginines to Lysines in the Basic Domain in Combination with
the Deletion of the Myb Domain in BJ/hTERT Cells
4.3.1 Overexpression of TRF2 Mutants Carrying Amino Acid Changes from
Arginines to Lysines in the Basic Domain in Combination with the Deletion of the
Myb Domain Induces Decreased Proliferation and Senescence in BJ/hTERT Cells
In agreement with the previous results, a decreased proliferation phenotype was
observed in BJ/hTERT cells expressing TRF2 mutants containing amino acid
substitutions from arginines to lysines in the basic domain in combination with the
deletion of the Myb domain (Figure 4.9A). The vector control had about a 10 fold

increase in replicative potential as compared to TRF2*™-RK and about a 9 fold increase

in replicative potential as compared to TRF2*M-RK1-4 at day 15. TRF2*M-RK grew very
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similar to the control TRF2*B*™ at day 15. The deletion mutant TRF2*™ had the most
replicative potential next to the vector and wild type TRF2 cells. Immunoblotting was
performed on day 15 BJ/hTERT cells, demonstrating an increase of expression levels of
TRF2, TRF2*“.RK, TRF2*-RK1-4, TRF2*™-RK5-8, TRF2*™ and TRF2“**M as
compared to the vector (Figure 4.9B). These data demonstrate that the arginine residues
are important to maintain the function of the basic domain of TRF2, as the mutated
arginine to lysine residues caused a decreased replicative potential in both HT1080 and
BJ/WTERT cells.

Consistent with the previous experiments, expression of the TRF2 mutants in
BJ/WTERT cells carrying amino acid changes from arginines to lysines in the basic
domain and in the absence of the Myb domain also results in a senescence phenotype
(Figure 4.10A). The average number of senescence cells was plotted from counting over
1500 cells per cell line at day 13 for three independent experiments (Figure 4.10B). Both
the vector and TRF2 control cell lines had the least amount of senescence cells of 5.5%
and 11.1% respectively. TRF2*M-RK had 83.4% senescence cells followed by 81.8% in
TRF2%B*M Expression of TRF2*M-RK1-4 had a senescence scoring of roughly 10%
more senescence cells than TRF2M-RK5-8 (66.5%), followed by 30% senescence cells
in TRF2*™, Collectively, the senescence assay results performed both in HT1080 and
BJ/hTERT cells demonstrate that the arginine residues are important to maintain the

protective telomeric function of the basic domain of TRF2.
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4.3.2 Overexpression of TRF2 Mutants Containing Amino Acid Substitutions from
Arginines to Lysines in the Basic Domain in Combination with the Deletion of the
Myb Domain Causes Telomere Fusions in BJ/hTERT Metaphase Cells

FISH was performed to determine whether the molecular mechanisms involved in
the formation of the TRF2*5*M fusion phenotype is the same mechanisms utilized by the
TRF2 mutants lacking the Myb domain and containing amino acid substitutions from
arginines to lysines in the basic domain. A telomere specific probe was used on
metaphase spreads in BJ/WTERT cells expressing the vector, TRF2, T RF2*M.RK,
TRF2*M.RK1-4, TRF2*M-RK5-8, TRF2*™, TRF2%® or TRF2*3*™ (Figure 4.11A). The
metaphase spreads were quantified and the number of telomere doublets, sister telomere
loss, number of fusion events and fraction of fusion events were scored for three
independent experiments in a blinded fashion (Figure 4.11B). The total number of fusion
events in each cell line was counted, which includes telomere end-end fusions, chromatid
fusions and sister chromatid fusjons. Overexpression of the vector, wild type TRF2,
TRF2*M and TRF2*®2M had a comparable phenotype to TRF2*™-RK, TRF2*-RK1-4
and TRF2*™-RK5-8 when the average number of chromatid ends with telomere doublets
and sister telomere loss was calculated. However, the TRF2*M-RK, TRF2*M-RK1-4 and
TRF2*M-RK5-8 had a distinct telomere fusion phenotype as compared to the vector and
wild type TRF2 (Figure 4.11C and D). The average number of fusion events in the vector
(0.04) and TRF2 (0.04) were low as compared to the TRF2 mutants. The average fusion
events per metaphase cell was 1.78 for TRF2*™-RK, 1.20 for TRF2*M-RK1-4 and 1.87

TRF2*M-RK5-8, which were comparable values to TRF2*B*M of 1.82. The average fusion
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events per cell in the cell lines TRF2*M-RK, TRF2*™-RK1-4 and TRF2*™-RK5-8 were
found to be significantly different from both the vector and TRF2*™. Additionally, the
fraction of metaphase cells with fusion events in the vector (4.4%) and TRF2 (4.4%) was
low as compared to the TRF2 mutants. The fraction of metaphase cells with >1 fusion
event on average was 84.2% for TRF2*™-RK, 70.5% for TRF2*™-RK1-4 and 70.9% for
TRF2*M-RK5-8. Again, these values were similar to TRF2*®*M that had 72.2% fraction
of metaphase cells with fusions. The cell lines TRF2*™-RK, TRF2*™.RK1-4 and
TRF2*M-RK5-8 were also found to be significantly different from the vector and TRF2M
when comparing the fraction of cells with >1 fusion event. Overall, TRF2*M-RK,
TRF2*M.RK1-4 and TRF2*™-RK5-8 do not show a significant amount of telomere loss
but do have significant increase in telomere fusions, which is similar to the published
phenotype of TRF2*%*M (van Steensel et al, 1998).

To further examine whether NHEJ was occurring at telomeres in the various
TRF2 mutants, telomeric DNA was analyzed for the loss of the 3’G-rich overhangs and
‘the formation of telomere fusions. Genomic DNA was isolated from day 10 BJ/hTERT
cells expressing the vector, wildtype TRF2, TRF2*™-RK, TRF2*™-RK1-4, TRF2*M-
RKS5-8, TRF2*M and TRF2%B*M and the telomere restriction fragments were analyzed on
the same native and then subsequently denatured telomere blot (Figure 4.12). A native
telomere blot allows for the analysis of the loss of the 3’G-rich overhangs, which occurs
as a result of the inability of TRF2 to protect the telomere ends. Quantification of the
overhang signal in the native gel reveals a loss of overhangs as compared to the vector

(1.0) in the various TRF2 mutants TRF2*™ (0.86), TRF2*™-RK (0.88), TRF2*™-RK 1-4
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(0.80), TRF2*M-RK5-8 (0.72), and TRF2“3*™ (0.65) (Figure 4.12A). The overhang
signal was obtained by the quantification of the telomere restriction fragments in the
native gel normalized to the total telomeric DNA signal obtained after the same gel was
denatured. Additionally, analysis of the denatured telomere blot reveals the appearance
of high-molecular weight telomere-fusion fragments predominantly in the BJ/hTERT
cells expressing TRF2*®*M and TRF2*M-RK (Figure 4.12B). Unfortunately, the precise
amount of telomere fusions in the denatured gel cannot be quantified as there are no
intrachromosomal telomeric repeats to account for differences in the amount of DNA
loaded per lane. Overall, results of the native and denatured telomere blots suggest that
the TRF2 mutants lacking the Myb domain and containing arginine to lysine changes in
the basic domain lose their 3’G-rich overhangs and are processed by NHEJ resulting in

telomere fusions.

64



M.Sc. Thesis - K.Glenfield - McMaster University - Biology

Figure 4.1. Growth arrest induced in HT1080 cells overexpressing TRF2 mutants
containing amino acid substitutions in the basic domain. A) Proliferation assay of
HT1080 cells retrovirally infected with the pLPC vector alone or the vector expressing
TRF2, TRF2-RA, TRF2-RK, TRF2-RK1-4, TRF2-RK5-8, TRF2*™ or TRF2*?. The cells
were seeded 250,000 in 10 cm plates after three days of selection and counted every two
days performed in duplicate. The cells were split appropriately when required. B)
HT1080 cells from panel A were harvested at day 3 and day 15 of selection. The whole
cell pellets were resuspended in buffer-C to obtain a total cell number of 2.0 x 10*
cells/ul. The supernatant fractions were collected and stored in 2 X laemmli buffer. A
total of 10 pl of protein samples were loaded on to a 8% SDS polyacrylamide gel. The
nitrocellulose membranes were immunoblotted with TRF2 primary antibody and exposed
on hyperfilm using ECL. The membranes were subsequently stripped and re-incubated
with y-tubulin antibody as a loading control.
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Figure 4.2. Growth arrest induced in HT1080 overexpressing TRF2 mutants containing
amino acid changes in the basic domain in combination with the deletion of the Myb
domain. A) Proliferation assay of HT1080 cells retrovirally infected with the pLPC
vector alone or the vector ex&ressing TRF2, TRF2AM-RA, TRF2*M.RK, TRF2*M-RK -4,
TRF2*M-RK5-8 or TRF2*P*™. The cells were seeded 250,000 into 10 cm plates after
three days of selection and counted every two days performed in duplicate. The cells
were split appropriately when required. B) HT1080 cells from panel A were harvested at
day 3, 12 and 15 of selection. The whole cell pellets were resuspended in buffer-C to
obtain a total cell number of 2.0 x 10* cells/ul. The supernatant fractions were collected
and stored in 2 X laemmli buffer. A total of 10 pl of protein samples were loaded on to a
8% SDS polyacrylamide gel. The nitrocellulose membranes were immunoblotted with
TRF2 primary antibody and exposed on hyperfilm using ECL. The membranes were
subsequently stripped and re-incubated with y-tubulin antibody as a loading control.
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Figure 4.3. Senescence induced in HT1080 cells overexpressing TRF2 mutants carrying
amino acid substitutions in the basic domain in combination with the deletion of the Myb
domain. A) HT1080 cells were retrovirally infected with the vector pLPC alone or the
vector containing TRF2, TRF2*™-RA, TRF2*™-RK, TRF2*M-RK 1-4, TRF2*™-RK5-8 or
TRF2%%*M The cells were fixed at day seven of selection and incubated in staining
solution containing X-gal at pH 6.0. The cells were visualized using a microscope for the
senescence associated marker B-galactosidase. B) Quantification of the total number of
positively stained B-galactosidase HT1080 cells among at least 500 cells were counted.
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Figure 4.4. A combination of the deletion of the Myb domain and amino acid changes
from arginines to lysines in the basic domain of TRF2 induce anaphase bridges in
HT1080 cells. A) HT1080 anaphase cells expressin§Mthe vector alone or TRF2, TRF2-
RA*M TRF2-RK*™, TRF2-RK1-4*™, TRF2-RK5-8"™ or TRF2*®*M after six days of
selection. Cells were fixed on cover slips and stained with DAPL. B) Quantification of
the total number anaphase bridges and lagging chromosomes scored in at least 200
anaphase HT1080 cells from panel A, at days six and seven of selection. Quantification
of day seven was performed in a blinded fashion. C) Quantification of the total number
anaphase bridges and lagging chromosomes scored in at least 300 anaphase HT1080 cells
expressing TRF2, TRF2-RA, TRF2-RK, TRF2-RK1-4, TRF2-RK5-8, TRF2*® and
TRF2*M at day nine of selection, performed in a blinded fashion.
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Figure 4.5. Growth arrest induced in BJ/hTERT cells overexpressing TRF2 mutants
containing amino acid changes from arginines to lysines in the basic domain. A)
Proliferation assay of BJ/hTERT cells retrovirally infected with the pLPC vector alone or
TRF2, TRF2-RK, TRF2-RK1-4, TRF2-RK5-8 or TRF2*B. The cells were seeded 20,000
in duplicate into 12-well plates after three days of selection and counted every two days.
Error bars represent the standard deviation of the mean for three independent
experiments. B) BJ/hTERT cells from panel A were harvested at day 15 of selection. The
whole cell extracts were made in buffer-C to obtain a total cell number of 2.0 x 10*
cells/ul. The supernatant fractions were collected and stored in 2 X laemmli buffer. A
total of 10 pul of protein samples were loaded on to a 8% SDS polyacrylamide gel. The
nitrocellulose membranes were immunoblotted with TRF2 primary antibody and exposed
on hyperfilm using ECL. The membranes were subsequently stripped and re-incubated
with y-tubulin antibody as a loading control.
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Figure 4.6. Senecscence induced in BJ/hTERT cells overexpressing TRF2 mutants
containing amino acid substitutions from arginines to lysines in the basic domain. A)
BJ/hWTERT cells were retrovirally infected with the vector pLPC alone or the vector
containing TRF2, TRF2-RK, TRF2-RK1-4, TRF2-RK5-8 or TRF2*B. The cells were
fixed at day thirteen of selection and incubated in staining solution containing X-gal at
pH 6.0. The cells were visualized using a microscope for the senescence associated
marker (-galactosidase. B) Quantification of the total number of positively stained j-
galactosidase BJ/hTERT cells among at least 1500 cells were counted. The error bars
represent the standard deviation of the mean for thee independent experiments.
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Figure 4.7. Telomere doublets and little telomere loss observed in BJ/hTERT metaphase
cells expressing TRF2 mutants carrying amino acid changes from arginines to lysines in
the basic domain. A) BJ/hTERT metaphase cells expressing the vector alone or TRF2,
TRF2-RK, TRF2-RK1-4, TRF2-RK5-8 or TRF2*B at day nine of selection. Cells were
arrested with colcemid for 4 hr, incubated with a G-strand specific fluorescent PNA
telomeric probe and stained with DAPI. Arrows indicate telomere doublets. Asterisk
indicates telomere loss. B) Quantification of metaphase telomere dysfunction in
BJ/hTERT cells analyzed by telomeric FISH at day nine of selection. Quantification was
performed for three independent experiments in a blinded fashion. Values in brackets
represent the P-value determined by a two-tailed Student’s #-test as compared to the
vector control. C) Quantification of the percentage of chromatid ends with >2 telomere
signals. D) Percentage of chromatid ends with sister telomere loss. E) percentage of
terminal deletions per chromosome. Error bars represent the standard deviation of the
mean, from three independent experiments.
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End (%), (P-Value) End (%), (P-Value) (%), (P-Value)

Vector 45 1856 1.76, (1.000) 0.42, (1.000) 0.37, (1.000)
TREF2 45 1774 2.91,(0.007) 0.74, (0.282) 1.13, (0.069)
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Figure 4.8. No substantial telomere loss observed on a genomic blot in BJ/hTERT cells
expressing TRF2 mutants carrying amino acid substitutions from arginines to lysines in
the basic domain. Telomere genomic blot of BI/hTERT cells expressing the vector alone
or TRF2, TRF2-RK, TRF2-RK1-4, TRF2-RK5-8, or TRF2*? after nine days of selection.
The genomic DNA was phenol-chloroform extracted and digested with Hinfl and Rsal.
A total of 3ug of DNA was loaded onto a 0.7% agarose gel, run until the 1 kb molecular
marker was at the bottom of the gel and dried. The gel was denatured and hybridized with
a radioactive telomere G-strand probe. The telomere blot was exposed on a
Phospholmager screen overnight and scanned with a Phospholmager. The relative
telomere signal was determined by quantifying the total telomere restriction fragments in
each lane and standardized to the intrachromosomal telomeric signal. The standard
deviation of the relative telomere signal was obtained from one experiment performed in
triplicate.
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Figure 4.9. Growth arrest induced in BJ/hTERT cells overexpressing TRF2 mutants
carrying a deletion of the Myb domain and amino acid changes from arginine to lysine in
the basic domain. A) Proliferation assay of BJ/hTERT cells retrovirally infected with the
pLPC vector alone or TRF2, TRF2*M-RK, TRF2*™-RK1-4, TRF2*M-RK5-8, TRF2™ or
TRF2%82M The cells were seeded 20,000 in duplicate into 12-well plates after three days
of selection and counted every two days. Error bars represent the standard deviation of
the mean for three independent experiments. B) BJ/hTERT cells from panel A were
harvested at day 15 of selection. The whole cell extracts were made in buffer-C to obtain
a total cell number of 2.0 x 10* cells/ul. The supernatant fractions were collected and
stored in 2 X laemmli buffer. A total of 10 pl of protein samples were loaded on to a 8%
SDS polyacrylamide gel. The nitrocellulose membranes were immunoblotted with TRF2
primary antibody and exposed on hyperfilm using ECL. The membranes were
subsequently stripped and re-incubated with y-tubulin antibody as a loading control.
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Figure 4.10. Senescence induced in BJ/WTERT cells overexpressing TRF2 mutants
containing amino acid changes from arginines to lysines in the basic domain of TRF2 in
combination with the deletion of the Myb domain. A) BJ/hTERT cells were retrovirally
infected with the vector &JPC alone or the vector containing TRF2, TRF2-RK*M, TRF2-
RK1-4*™ TRF2-RK5-8*™, TRF2*M or TRF2*P*™. The cells were fixed at day thirteen of
selection and incubated in staining solution containing X-gal at pH 6.0. The cells were
visualized using a microscope for the senescence associated marker -galactosidase. B)
Quantification of the total number of positively stained -galactosidase BJ/hTERT cells
among at least 1500 cells were counted. The error bars represent the standard deviation of
the mean for three independent experiments.
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Figure 4.11. Telomere fusions observed at a high rate in BJ/hTERT metaphase cells
expressing TRF2 mutants carrying a combination of the deletion of the Myb domain and
amino acid substitutions from arginine to lysine in the basic domain. A) BJ/hTERT
metaphase cells expressing the vector alone or TRF2, TRF2*™-RK, TRF2*M-RK1-4,
TRF2*M-RK5-8, TRF2*M or TRF2%B*M at day ten of selection. Cells were arrested with
colcemid for 4 hr, incubated with a G-strand specific fluorescent PNA telomeric probe
and stained with DAPIL. Arrows indicate telomere fusion events. B) Quantification of
metaphase telomere dysfunction in BJ/hTERT cells analyzed by telomeric FISH at day
ten of selection. Quantification was performed for three independent experiments in a
blinded fashion. Values in brackets represent the standard deviation of the mean or the P-
value where indicated. P-value was determined by a two-tailed Student’s r-test as
compared to the vector control. C) Quantification of the number of telomere fusion
events per metaphase cell. D) The fraction of metaphase cells with fusions. Error bars
represent the standard deviation of the mean for three independent experiments.
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B
Cell Line Total Total Average Telomere Average Sister Average Fusion Fraction of
Metaphase | Metaphase Doublets at Each Telomere Loss at Events Per Metaphase Cells
Cells Chromosomes | Chromatid End Each Chromatid Metaphase Cell, | With >1 Fusion
(%), (+/- S.D) End (%), (+/-S.D) | (P-Value) Event (%),
(P-Value)
Vector 45 1856 1.8, (0.37) 0.42, (0.18) 0.04, (1.000) 4.44, (1.00)
TRF2 45 1774 3.5,(0.82) 0.74, (0.40) 0.04, (0.999) 4.44, (0.999)
TRF2™-RK 46 1758 1.5, (0.05) 0.54, (0.09) 1.78, (0.002) 84.2, (<0.001)
TRF2™-RK1-4 38 1399 1.4,(0.12) 0.69, (0.42) 1.20, (<0.001) 70.5, (<0.001)
TRF2™-RK5-8 38 1491 1.0, (0.16) 0.69, (0.16) 1.87, (0.001) [ 70.9, (<0.001)
TRF2™M 38 1435 1.6, (0.29) 1.00, (0.22) 0.60, (0.003) 47.2,(0.003)
TRF2™ 43 1636 2.4, (0.70) 3.3,(0.67) 0.02, (0.561) 2.40, (0.561)
TRF2™ 32 1163 1.8, (0.46) 0.64, (0.13) 1.82,(0.003) [ 72.2,(<0.001)
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Figure 4.12. Loss of G-strand overhang and telomere fusions observed on genomic blots
in BJ/hTERT cells expressing TRF2 mutants containing arginine to lysine amino acid
substitutions in the basic domain. Telomere genomic blots of BJ/hTERT cells expressing
the vector alone or TRF2, TRF2*-RK, TRF2*.RK1-4, TRF2*™.RK5-8, TRF2*" or
TRF2*®*M after ten days of selection. A) Native telomere blot demonstrating the loss of
overhang signal. B) Denatured telomere blot representing larger molecular weight
telomere fusions. The genomic DNA was phenol-chloroform extracted and digested with
Alul and Mbol. A total of 4ug of DNA was loaded onto a 0.7% agarose gel, run until the
1.3 kb molecular marker was at the bottom of the gel and dried. The native gel was
hybridized with a radioactive telomere G-strand probe and exposed on a Phospholmager
screen overnight. The same gel was subsequently denatured in NaOH. The denatured gel
was hybridized with a radioactive telomere G-strand probe and exposed on a
Phospholmager screen overnight. The overhang signal was determined by quantifying the
total telomere restriction fragments in the native gel normalized to the total telomeric
signal obtained from the denatured gel.
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Chapter 5 - Discussion

Characterization of TRF2 in Telomere Maintenance

I have demonstrated that the charge in the basic domain alone is not sufficient to
maintain the protective function of TRF2. My results suggest that more than one arginine
residue is essential to maintain the protective telomeric function of the basic domain of
TRF2. Overexpression of TRF2-RK and TRF2*¥-RK mutants in both HT1080 and
BI/hTERT cells have shown to virtually recapitulate the TRF2“® and TRF2“3“M
decreased proliferation and senescence phenotypes respectively. My results also indicate
the possible molecular mechanisms responsible for the decreased proliferation rate and
senescence phenotypes observed in the TRF2 mutants. Overexpression of TRF2-RK,
TRF2-RK1-4 and TRF2-RK5-8 causes an increase in telomere doublets, this increase
may be the trigger leading to cellular senescence. However, the telomere doublet
phenotype is not observed in TRF2*® cells (Wang et al, 2004). Overexpression of
TRF2*M.RK, TRF2*™-RK1-4 and TRF2*M-RK5-8 mutants may be processed by NHEJ
resulting in detrimental telomere fusions. This fusion phenotype leads to the induction of
cellular senescence, which is consistent with the phenotype of TRF2%%2™ (van Steensel et
al, 1998). My results also demonstrate that it is the loss of the Myb domain which acts as
the driving force for the formation of telomere fusions. In conclusion, I have shown that
more than one arginine residues in the basic domain of TRF2 is likely required for proper
functioning of the human TRF2 protein in vivo. Perhaps these arginine residues in the
basic domain are modified by methylation and regulate the protein-protein interactions of

TRF2.
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5.1 Arginines in the Basic Domain of TRF2 are Essential for Maintaining Telomere
Integrity

To study the arginine residues in the basic domain of TRF2, eight out of the nine
arginine residues were mutated. Overexpression of TRF2 carrying eight arginine
mutations in the basic domain and in the presence or absence of the Myb domain leads to
detrimental phenotypes in both HT1080 and BJ/hTERT cells. These phenotypes observed
based on proliferation assays, anaphase bridge counting, metaphase spreads, senescence
assays and telomere blotting supports the hypothesis that the positive charge in the basic
domain of TRF2 alone is not sufficient to maintain its function. Thus, the phenotypes
observed in this study are due to the loss of arginine residues and not due to the loss of
the positive charge of the basic domain.

TRF2 mutants containing four amino acid substitutions from arginines to lysines
in the basic domain were also examined. Although mutating four arginine residues did
not always show as severe phenotype as mutating eight arginine residues in the basic
domain of TRF2, these mutants still support the hypothesis that possibly all eight
arginines or a stretch of arginine residues are necessary to maintain the protective
function of TRF2. The TRF2 mutants were analyzed in both a tumor cell line and an
immortalized human primary cell line to demonstrate that the phenotypes are
reproducible and are not cell line-specific. However, the BIJ/hTERT cell line proved to be
a more sensitive functional assay system to investigate the differences between the vector

control and the RK, RK1-4 and RK5-8 mutants.
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Overexpression of TRF2 mutants carrying amino acid changes from arginines to
lysines in the basic domain and in the presence or absence of the Myb domain in HT1080
and BJ/hTERT cells leads to decreased proliferation as compared to the vector. In both
HT1080 and BJ/hTERT cells, TRF2-RK proliferated similarly to TRF2*® and TRF2*™-
RK had a proliferation rate that resembled TRF2*®*™ in BJ/hTERT cells. These results
corroborate the ability of the TRF2-RK and TRF2*-RK mutants to recapitulate the
TRF2*® and TRF2*®*M decreased proliferation phenotypes. Additionally although the
proliferation rates of TRF2-RK1-4 and TRF2-RKS5-8 were not as low compared to TRF2-
RK, a significant decrease in the proliferation potential was observed as compared to the
vector in HT1080 and BJ/hTERT cells. These results reiterate the importance of the
arginine residues in the basic domain of TRF2.

I further observed a senescence phenotype in both HT1080 and BJ/hTERT cells
when the various TRF2 mutants were overexpressed. In both HT1080 and BJ/hTERT
cells, all of the TRF2 mutants showed a similar number of senescent cells. A large
amount of senescent cells were observed in TRF2-RK and TRF2*™-RK, which was close
to the number of senescent cells in TRF2%P and TRF2*B*M respectively. Taken together,
my results indicate that the arginine residues in the basic domain of TRF2 are essential to
maintain telomere integrity.

Furthermore, the results from my experiments may suggest that one or more
arginines in the basic domain of TRF2 may act as a possible methylation sites. Currently,
it is not known whether the function of the basic domain of TRF2 is regulated by post-

translational modifications. The basic domain of TRF2 has many glycines and arginines,
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and reflects a semi-conserved glycine and arginine rich (GAR) domain (Palm & de
Lange, 2008). This GAR domain acts as a preferred substrate for protein arginine
methyltransferases (PRMTs), which methylate arginine residues (McBride & Silver,
2001). TRF2 may be a substrate of PRMTs and its function and its interactions with DNA
damage sensing and DNA repair enzymes may be regulated via methylation.

5.2 Overexpression of TRF2 Mutants Carrying Amino Acid Substitutions from
Arginines to Lysines in the Basic Domain Results in Telomere Doublets

It has been shown that overexpression of TRF2® leads to rapid telomere deletion
(Wang et al, 2004). Consistent with the previous findings, 1 have shown that TRF2B
overexpression results in an increase in sister telomere loss and terminal deletions in
BJ/WTERT metaphase cells. However, such an increase in sister telomere loss and
terminal deletions are not observed in BJ/ATERT metaphase cells overexpressing TRF2-
RK, TRF2-RK1-4 and TRF2RK-5-8. Instead, I detect an elevation in the formation of
telomere doublets. Although telomere doublets have been reported previously, it is
unclear how telomere doublets are generated but it may involve a recombination based
mechanism (Ariyoshi et al, 2007, Michishita et al, 2008, Pennarun et al, 2008, Philippe et
al, 1999, Undarmaa et al, 2004, van Overbeek & de Lange, 2006).

Telomere doublets has been observed in WS cells and Apollo knockdown cells
(Ariyoshi et al, 2007, van Overbeek & de Lange, 2006). As mentioned carlier, WRN is
mutated in WS and interacts with TRF2 through its basic domain (Li et al, 2008, Machwe
et al, 2004, Opresko et al, 2002). It has been suggested that WRN is required for efficient

replication of the G-rich telomeric DNA and helps in resolving the D-loop telomere
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structure in vitro (Crabbe et al, 2004, Mohaghegh et al, 2001, Opresko et al, 2003,
Opresko et al, 2004). WS cells have been observed to contain extra telomere signals also
known as telomere doublets (Ariyoshi et al, 2007). Cells lacking WRN also have an
increase in sister telomere loss and it is thought that this excessive telomere loss leads to
the activation of DNA damage signalling (Chin et al, 1999, Crabbe et al, 2004, d'Adda di
Fagagna et al, 2003, Herbig et al, 2004). Apollo is a 3’ exonuclease and interacts with
TRF2 through its homodimerization domain (Lenain et al, 2006, van Overbeek & de
Lange, 2006). It is suggested that Apollo interacts with TRF2 to protect telomeric DNA
during or after DNA replication (van Overbeek & de Lange, 2006). Apollo may
additionally play a role in the resection of the 5’C-rich strand of telomeric DNA during
replication (Lenain et al, 2006, van Overbeck & de Lange, 2006). Knockdown of Apollo
in cells results in an increase of telomere doublets but no other telomere aberrations (van
Overbeek & de Lange, 2006). This phenotype is consistent with the phenotype I observed
when TRF2 mutants containing amino acid changes from arginines to lysines in the basic
domain were expressed in BJ/hTERT cells. Although it is not known what mechanisms
are responsible for the formation of the telomere doublets, it would be informative to
investigate whether TRF2 containing the amino acid changes from arginines to lysines in
the basic domain are still able to maintain protein-protein interactions with WRN and
Apollo. The differences in the telomere loss phenotype observed in TRF2*? as compared
the TRF2 mutants may be explained by the inability of TRF2“® to maintain

communication and interactions with other proteins. However, the TRF2 mutants only
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containing amino acid substitutions in the basic domain may still have the ability to
communicate and interact with other TRF2 interacting proteins.

As well, the results from Southern blotting analysis were consistent with the data
obtained from FISH performed on the TRF2 mutants. Analysis of the telomere blot
indicates that there is no significant increase in telomere degradation in the TRF2-RK,
TRF2-RK1-4 or TRF2-RK5-8 samples in BJ/hTERT cells. The telomere length in these

TRF2 mutants closely resembles wild type TRF2 as opposed to TRF2*®

, which shows
strong evidence of telomere deletion. These data suggests that a different mechanism
other than telomere deletion may be involved in the decreased proliferation and
senescence phenotypes observed in the TRF2-RK, TRF2-RK1-4 and TRF2-RKS5-8
BJ/hTERT cell lines. The senescence phenotype observed when these TRF2 mutants are
overexpressed in BJ/hTERT cells may be due to the formation of telomere doublets.
Furthermore, these results suggest that the amino acid substitutions introduced into the
basic domain of TRF2 are not complgtely disrupting the protein folding of the protein.
When the basic domain contained only the amino acid changes from arginines to lysines
telomere doublets occurred but in the complete loss of the basic domain telomere loss
was observed.
5.3 Amino Acid Changes from Arginines to Lysines in the Basic Domain of TRF2 in
Combination with the Deletion of the Myb Domain Leads to Telomere Fusions

In HT1080 cells, expression of TRF2*™-RK, TRF2*™.RA, TRF2*™-RK1-4 and
TRF2*M-RK5-8 all result in a high number of anaphase bridges as compared the vector,

ABAM
2

consistent with the previously published phenotype of TRF (van Steensel et al,
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1998). Overexpression of TRF2-RK, TRF2-RA, TRF2-RK1-4 and TRF2-RK5-8 in
HT1080 cells did not induce a significant amount of anaphase bridges as compared to
vector, in agreement with the published phenotype of TRF2*® (Wang et al, 2004).
Lagging chromosomes were additionally scored in HT1080 cells. The number of lagging
chromosomes remained relatively unchanged, which further suggests that the fusion
events are due to the amino acid changes from arginines to lysines in the basic domain of
TRF2 in combination with the deletion of the Myb domain.

Furthermore, chromosome fusions were scored in BJ/hTERT metaphase cells
overexpressing TRF2 mutants containing amino acid substitutions from arginines to
lysines in the basic domain in combination with the deletion of the Myb domain. The
metaphase FISH results indicate a significant increase in telomere fusion events in
TRF2*M-RK, TRF2*™-RK 1-4 and TRF2*M-RK 5-8 mutants as compared to the vector and
wild type TRF2. In addition, the percentage of metaphase cells containing more than one
fusion event in the cell lines TRF2*-RK, TRF2*M-RK1-4 and TRF2*M-RK5-8 were also
significantly different from the vector. Although TRF2* did contain a number of fusion
events, the number of fusions per chromatid end and the fraction of metaphase cells with
more than one fusion event was lower and significantly different from TRF2*M-RK,
TRF2*M.RK1-4 and TRF2*M-RK5-8. These results suggest that the fusion events
observed were occurring due to both the loss of the Myb domain and a compromised
basic domain.

Furthermore, expression of TRF2 mutants lacking the Myb domain and carrying

arginine to lysine amino acid changes in the basic domain show evidence of the loss of

99



M.Sc. Thesis - K.Glenfield - McMaster University - Biology

the 3’ overhangs and the presence of high molecular weight telomere fusions on native
and denatured telomere blots respectively. My results obtained from analysis of
chromosomes in anaphase and metaphase as well as performing telomere blots suggest
that the decreased proliferation rate and senescence phenotypes observed in TRF2*™-RK,
TRF2*™.RK1-4 and TRF2*™-RK5-8 cells is due to the formation of telomere fusions.
Interestingly, when TRF2 lacking the Myb domain is expressed in cells, TRF2 cannot
bind and protect the telomeres. This telomere deprotection results in the loss of the 3’G-
rich overhangs, leading to the formation of fusion events.

Additionally, although TRF2*M was used as a control for these experiments, my
overall results provide an analysis of the TRF2*™ deletion mutant as well. Currently there

has only been one recent publication on the phenotype of TRF2*M

expression in vivo
(Konishi & de Lange, 2008). Expression of TRF2*™ in BJ/hTERT cells did not
demonstrate to have as severe detrimental phenotype as compared to the TRF2 mutants
TRF2*™-RK, TRF2*™-RK1-4 and TRF2*M-RK5-8 upon examination of the proliferation
assay, senescence assay, telomere blotting and analysis of anaphase and metaphase
chromosomes.
5.4 Perspectives

For the future, one may investigate further into the mechanisms responsible for
the formation of telomere doublets. Specifically, it will be informative to determine
whether the telomere doublet phenotype is an intermediate recombination event acting

through the same pathway as the telomere loss phenotype, as observed in TRF2*®. Based

on my results, it is likely that the function of the basic domain of TRF2 is to prevent the
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formation of telomere doublets and telomere loss by suppressing recombination events at
telomeres. However, further investigation will be needed to investigate the DNA
recombination and repair proteins required for the formation of telomere doublets. Also,
as mentioned above one can examine whether the vartous TRF2 mutants maintain
protein-protein interactions with WRN and Apollo. Overall, results from these
experiments will allow researchers to gain a better understanding of the protective
function of the basic domain of TRF2 and recombination events at telomeres.
Furthermore, one area of future research would be to determine if one arginine
residue is more crucial than another arginine residue in the basic domain of TRF2. Point
mutations can be introduced into each one of the arginine residues in the basic domain to
reveal whether one arginine residue is indispensable to the function of TRF2. In general,
it will be very informative to link the key arginine residues in the basic domain of TRF2
to a protein arginine methyltransferase. Ultimately, the results of my project combined
with others will hopefully shed new light on the overall regulation of the protective

function of TRF2.
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