






























































































































































































































































































































































































































































































































































Chapter 5 — Results

significantly less sensitive at 50 nM MMC compared to the WM793 control cell line (p
= (.003). In contrast, complementation of the PD20 cell line with FANCD2 did
decrease sensitivity to MMC (p‘= 0.04) (Figure 5.10). The resistance in all 196b cell
lines was similar to PD20-D2, again suggesting that the FANCD2 defect:‘ in uveal

melanoma cell lines is not responsible for the resistance to MMC in these cells.

Survival Fraction

MMC (nM)

Figure 5.10 Complementmo ‘the uveal melanoma cell hne, 196b with FANCD2 does not
alter the resistance to MMC o D o

MMC tox1c1ty assay in the uveal melanoma cell lines 196b, l96b-pMMP and 196b-D2, and in
the WM793, PD20, PD20-D2, MRC5VA and SW480 control cell lines. Cells were contmually
exposed to a dose of MMC ranging ﬁom 0 ~ 150 nM for 15 days before bemg stained aﬁd
counted for surviving colonies. Data shown is the avefage of at least two experiments and error
bars represent standard deviations. Sighiﬁcaﬁce was calculated between PD20 and PD20-D2 at
75 nM MMC and between 196b-D2 and WM793 cell lines at 50 nM MMC. A Student’ s T-test
was performed where p<0.05is indicated by and p <0. Ol is mdlcated by A ’

To further confirm that the resistance to MMC in uveal melanoma cell lines was due to
a defect in metabolism rather than caused by a defect in DNA repair, MMC-induced
FANCDZ RADS1 and szA X foci formatlon were studied in 196b-pMMP and l96b-
D2 cell lines. Cells were treated for 1h w1th MMC and then allowed to repaxr up to 48 h
post treatment before belng fixed and stained with the appropnate antxbody Foci

formation was visualised using fluorescent microscopy where DAPI was used to stain

the nuclei of the cells (Figure 5.11).
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Figure 5.11 FANCD2, RADS1 and yH,A.X foci formation was not induced to the same
degree by MMC in a FANCD2 complemented uveal melanoma cell line compared to
WM793 control cell line

FANCD2, RAD51 and yH,A.X foci formation induced by MMC visualised by fluorescent
microscopy in 196b-pMMP and 196b-D2 cell lines compared to 196b and WM793 control cell
liens. On each occasion, at least 50 cells were analysed and the % of cells with > 10 foci/cell was
calculated. a) and b) Cells were treated for 1 h with MMC and then allowed to repair for 0, 4, 8,
24 and 48 h, where 0 h represents immediate fixing. Significance was calculated for 196b-pMMP
and 196b-D2 compared to WM793 at each of the time points. ¢) Cells were treated for 1 h with
MMC and then left to repair for 4 h post treatment. YH,A.X foci formation induced at 4 h was
compared to spontaneous levels for each cell line. Data shown is the average of at least three
separate experiments and standard deviations are represented by error bars. Significance was
calculated using the Student’s T-test where p < 0.05 is indicated by *, p < 0.01 is indicated by **
and p < 0.001 is indicated by ***. Brackets indicate the significance calculated between samples
where no significance is indicated by ‘NS’. d) Representative images of FANCD2 (green) and
RADS51 foci formation (red) at 0, 8 and 48 h post treatment, and yH,A.X foci formation (red)
spontaneously and at 4 h post treatment for 196b-pMMP and 196bD2 cell lines, nuclei stained
with DAPI (blue).
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There was no increase in MMC-induced FANCD2 foci formation in 196b-D2 compared
to 196b-pMMP and 196b cell lines, with both cell lines showing a significant reduction
in foci formation compared to WM793 (at 24 h,p=0.02 and p=1.4 x107, for 196b-
D2 and 196b-pMMP respectively) (Figure 5.11 a). A similar result was obtained for
RADS51 foci formation (at 24 h, p = 6.5 x107 and p = 2.4 x10°” for 196b-D2 and 196b-
pMMP respectively) (Figure 5.11 b), suggesting that HR was not being induced by
MMC in these cells irrespective of FANCD2 expression.

Unlike FANCD2 and RADS1 foci formation, complementation of the uveal melanoma
cell line 196b with FANCD?2 did result in a change in the response of cells to MMC.,
While the non-complemented 196b cell line did not appear to induce vH2A. X formation
in response to MMC, MMC induced a signiﬁcant increase in yH>A.X foci formation in
the 196b-D2 cell line compared to that seen in untreated cells (p = 0.004) (Figure 5.11
c). The complementation of these cells with FANCD?2 has been shown to decrease the
levels of endogenous YH2A.X foci formation to that observed in WM793 and MRCSVA
" control cell lines. The increase observed here, may therefore be a reﬂectlon of the other

types of damage induced by MMC rather than by the formation of DNA ICLs.

In Chapter 3, it was found that the reduced FANCD2 protein expression in uveal
melanoma cell lines was further reduced by the addition of 5- azacytldme, a potent
inhibitor of DNA methyltransferase that induces genome-w1de demethylatlon (Figure
3.8). Furthermore, a transcnptlonal bmdmg site on the FANCD2 promoter that was
methylated in the control cell lines, MRCSVA and SW480, was not methylated in uveal
melanoma cell lmes (Flgure 3.9). Thxs suggests that the decrease in FANCD2 protem
expression may be controlled by the methylatxon status of this transcnptlonal bmdmgv
site. To finally demonstrate that resistance was not related to FANCD2 _protein -
expression level, cells were treated for 5 days with S-azacytidine before MMC toxicity
assays were performed. Cells were grown continually in the presence of MMC for 15

days before the survival fraction was calculated (Figure 5.12).

Inducing genome-wide demethylation in uveal melanoma cell lines did not affect

resistance to MMC in these cells but interestingly nelther did it have an effect on
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WM?793 and MRC5VA control cell lines (Figure 5.12). These results suggest that 5-
azacytidine treatment does not affect MMC resistance in any cell line, even though
FANCD?2 protein expression is affected in all cell lines studied. This further supports
the finding that MMC resistance in uveal melanoma cells is due to a defect in CYP450R
required for the metabolism of the compoimd rather than the lack of FANCD2

expression that is associated with the reduced SCE phenotype in these cells.

10 1

157d
5 |5
oy »—i-i—-—i%I 5
(% —a— No treatment ‘ a
—a— 2 5 MM 5-azacytidne
o1 . - :
0 10 b} 2 «© 50 o 10 2 20 © 80
MMC (nM) o ‘ MMC (nM)
N 196b v MRC5VA
5 ' 5
8 a1 3
w L
S 001 E —q—NoTreatn'ert
” —— No Treatmert » —s—-2.5mM Sazctidne
—— 25 mM5-azacytidine :
0.001 ~ oo . "
0 0 2 k) “0 %0 ; o 0 2 0 .
MMC (nM) : : -  MMC (nM)

Figure 5.12 Genome-wide demethylation, which affects the protein expression of FANCD2

in uveal melanoma cell lines, has no effect on the resistance to MMC

MMC toxicity assays for the uveal melanoma cell lihes, 157d and 1965, and for the WM793 and
MRCS5VA control cell lines following either no treatment or treatment With 25 mM 5-
azacytidine for 5 consecutive days. Surviving colonies were counted after 15 days and the
survival fraction calculated. Data shown represents the évcrage from at least three experiments

and error bars represent standard deviations.
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5.9 Discussion

- patient cells) are characterised by normal levels

FA patient cells (including FANCD2
of spontaneous SCE but a reduced induction of SCE by MMC; this is consistent with a
defect in repair and their hypersensitivity to ICL-inducing agents. Complementation
studies have shown that by complementing these cells with the missing FA protein
hypersensitivity can be restored and thus, it is postulated that the FA pathway is
essential to ICL repair. Here, it has been found that uveal melanoma cell lines are
resistant to the ICL-inducing agents MMC and cisplatin, This resistanc‘et was not
expected as the cell lines have a reduction in the expression of FANCD2 protein
however it is consistent with the elinical phenotype of uveal melanoma (Albert et al.,

1992).

Repair is promoted by‘ the FA pathway, complementingdthe uveal melanoma cell lines
with FANCD2 however, does not affect ICL resistance and it was subsequently found ,
that the resistance to MMC was due to a reduced ab111ty to form the initial cross-lmk
between the strands of the DNA duplex (Figure 5. 7) The potent1a1 effect of reduced
expression of FANCD2 can therefore not be seen in the cellular response of uveal
melanoma to MMC. Here, we have provided evidence to suggest that the resistance to

ICL-inducing agents in uveal melanoma is not due to a defect in repair.

One difference between uveal melanoma cell lines and FA-D2 patient cells (PDZO cell
line) is that PD20 cells have a mutation in the FANCD2 gene that results in a severely |
truncated and non-functlonal FANCD2 protein whereas here, we postulate that the uveal ~
melanoma cells have an mtact FANCD2 gene, but a reduced level of transcnptlon and
thus expression of functlonal FANCD2 although itis of note that pomt mutatrons have :
not been studied here This suggests that although uveal melanoma cell lmes have a
reduced level of FANCD2 they may st111 have the ablllty to perforrn ICL repalr, whereas |
FA patient cells cannot. This was confirmed by the ability of the uveal melanoma cell
Jines to form FANCD?2 foci followmg MMC treatment. Subsequently, it has been found r
that in the uveal melanoma cell line 196b a dose of 250 nM MMC can mduce a srmllar
level of szA X foci formatton to those seen in WM793 and MRCSVA cell lines at 90
nM MMC (Flgure 5.13). This suggests that uveal melanoma cell lines are capable of |
ICL repair but at any given dose have a lower response to MMC-mduced damage
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compared to control cell lines, possibly due to a lower level of ICL induction. To
investigate this hypothesis, studying the formation of ICLs in uveal melanoma cell lines

at higher doses of MMC is required.

0 Spontaneous
@ 90 nMMVIC
m 150 nM MMC
| 250 nM MMC

oL

% cells with > 10 yH,AX foci/cell
coRB8888J38388

[ e

196b

Figure 5.13 High doses of MMC increases YH,A.X foci formation in the uveal melanoma

cell line 196b to similar levels observed for WM793 and MRC5VA controls

MMC-induced YH,A.X foci formation in the uveal melanoma cell line, 196b compared to
WM793 and MRCSVA control cell lines. Cells were continually treated for 24 h with either no
treatment, 90 nM MMC, 150 nM MMC or 250 mM MMC. Spontaneous yH>A.X foci formation
is also shown for comparison. Data shown is representative of only one experiment except for
spontaneous data which is the average from at least three separate experiments and error bars
represent standard deviations. On each occasion, at least 50 cells were analysed and the % of

cells with > 10 yH,A.X foci/cell was calculated.

MMC is an anti-tumour antibiotic that must first be reductively activated before it can
bind to DNA causing the highly toxic lesions. The two major cellular reductases that act
on this compound are CYP450R and DTD (NQO1). In uveal melanoma cell lines,
CYP450R expression was found to be decreased, consistent with the reduced ICL
formation and reduced induction of DNA damage by MMC in these cells. Subsequently,
when complemented with CYP450R, the uveal melanoma cell line 196b gained
sensitivity to the ICL-inducing agent. It is postulated that CYP450R and DTD act on
MMC in competing pathways to produce different DNA lesions. Fast reductive
activation of MMC by CYP450R promotes the formation of ICLs, DTD activation of

MMC however, is slower and leads to the formation of the relatively nontoxic
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metabolite 2, 7-diaminomitosene (2, 7-DAM) (Suresh Kumar et al., 1997). Here, only
CYP450R expression is reduced, it is therefore possible that the formation of 2, 7-DAM

by DTD (NQO1) reductive activation may be upregulated in these cells. Furthermore,

although reductive activation is not required for cisplatin to bind to DNA directly,

interestingly, it has been shown that in cisplatin resistant human ovarian cancer cell

lines, DTD activity is increased and cross-resistance to MMC is also observed

(O'Dwyer et al., 1996) This may explain the general resistance to ICL-mducmg agents -

in these cells rather than specifically to MMC, although further 1nvest1gat10n is requlred

In this study for example only the expression of these protems was elu01dated it is

poss1ble that although DTD (NQO1) expression was normal in these cells, the protein
may have increased enzymatic activity. Further investigation into the enzymatic activity
of these reductases may provide additional 1n51ghts into the chemo-res1stance of these

cell lines and aid in the future treatment of this dlsease

The resistance to dT (Figure 5.1) was also unexpected as uveal melanoma cell lines o

were seen in Chapter 3 to be deficient in endogenous HR, and HR is requlred to

overcome dT induced replication stress (Lundin et al., 2002). dT causes nucleotide pool

imbalance and nucleotide metabolism has been shown to be altered in many cancers (De

Korte et al,, 1986) thus, perhaps the resistance to dT seen here is also unrelated to the

‘defect in repair. Studying the effects of dT in PD20 and PD20- D2 cell lines may help to

understand this additional resistance phenotype
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6.1 Introduction |

Using uveal melanoma cell lines as a model system for SCE formation, work p‘resent‘ed
here suggests that there is an association between FANCD2 expression and spontaneous
SCE. It was initially found that uveal melanoma cells have decreased levels of
FANCD2, which upon complementation, corrected the reduced spontaneous 'SCE
phenotype suggesting an association between the two. Furthermore, spontaneous HR
levels were decreased supporting a role for HR in spontaneous SCE formation, which
we postulate is due to the role of FANCD?2. In addition, the resistance to ICL—inducing 1
agents in uveal melanoma was found to be due to a lack of the cellular reductase,
CYP450R, rather than a defect in repair.‘ : :

. 6.2 Decreased FANCD2 is associated with decreased sponvta_nejOus“

' SCE frequency in uveal melanoma - ' |

SCE can either occur spontaneously during S-phase or be induced by a wide range of i

mutagemc chemicals. Spontaneous SCE are considered to be a result of normal o

rephcatlon or repa1r of endogenous DNA damage whereas induced SCE are a result of

the DNA damage response presumably as an end product of the DNA repalr pathways

(Nagasawa et al 11983). Here, only spontaneously occurrmg SCEs will be dlscussed

Published data on the association between FA proteins and SCE is 'conﬂicting ‘In |
Fancc™ and Fancd2™ chicken DT40 cell lines an increase m spontaneous SCE has been
observed whereas in mammalian cell lines knockmg out Fancg did not affect SCE

formation (Niedzwiedz et al., 2004; Yamamoto et al., 2005) In humans, pnmary FA

patient cells have also been shown to have normal levels of spontaneous SCE (Latt et
al., 1975). Here, the FA patrent cell line, PD20 (deﬁcrent in FANCDZ) was found to

have decreased spontaneous SCE compared to the PD20 complemented cell line (PDZO-
D2). Despite PD20 cell lines being contmually used to study FANCDZ this decrease in
SCE has not been reported previously. It suggests an assocratlon between FANCDZ and

spontaneous SCE and is consistent with our data obtained for the uveal melanoma cell X

lines. However, whilst the spontaneous SCE frequency in the PD20 cell line was lower .
than its FANCD2 complemented denvatlve, the overall level of SCE, was hlgh :

compared to human primary fibroblasts and other human cancer cell lines. A possible

reason for this is that upon immortalisation, the cells have adapted in culture and now L
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exhibit high SCE whereas primary FA patient cells still retain ‘normal’ SCE levels.
However, there is no evidence to support this. Most importantly, the FANCD2
complemented PD20 cell line showed a further increase in spontaneous SCE, consistent

with the results observed in the FANCD2 complemented uveal melanoma cell line.

The difference in spontaneous SCE levels between cell lines highlights the importance
of using the correct control for this work. Although the WM793 melanoma cell line is
derived from the same precursor cells as uveal melanoma and exhibit high spontaneous
SCE, it is possible that normal melanocytes from the uveal tract have low" SCE
irrespective of melanoma. To ensure the observed phenotypes are not specific to cells of , a
the eye, it would be of interest to study the SCE frequency and FANCD?2 expression’in ,
normal uveal melanocytes. In addition, using SiRNA technology in other cell types' o
would show whether the association between FANCD2 and SCE is a general phenotype fg

or uveal melanoma specific. .

6 3 Decreased Ievels of endogenous HR may be assocrated wrth ,
decreased spontaneous SCE through the role of FANCDZ in the repalr f
B of endogenous damage |

Smce its discovery over 50 years ago, there have been numerous theorres of SCE co

forrnatron. The most renowned was postulated‘by Kato (19_77) and st_ated that SCEisa

recombinational event involving double-stranded exchange and thus occurs':'during S-

phase of the cell cycle. ThlS double-strand_exchange_is now lmoWn as HR, and SCE iksa :
known end-product of HR, particularly one-ended repair that is induced by perSistent L

SSBs during replication (Saleh Gohari etal, 2005) Furthermore, defects in DNA repair G -

proteins associated with HR such as RadSl in ch1cken DT40 cell lmes, and Brea2 in E

mouse embryonic stem cells, have been found to decrease spontaneous SCE formatlon '
(Sonoda et al., 1999; Tutt et al,, 2001) although this same decrease has not been
observed in all brologrcal systems studred (K1m et al, 2004) Here we have found that |

reduced . spontaneous SCE in ,uveal melanoma can be correlated wlth decreased =

FANCD2. As we also observed a decrease in spontaneous RADS1 foci formation we - e

postulate that this is likely to be a result of aberrant HR repair of endogenous DNA g

damage (Figure 6.1).
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During replication, persistent SSBs are converted to DSBs collapsing replication forks
as a result of normal endogenous DNA damage (Saleh-Gohari et al., 2005). These
lesions are a substrate for HR and, as only one-end is free for repair, result in SCE. In
uveal melanoma cell lines, spontaneously occumng HR was reduced (as shown by
reduced spontaneous RADS1 foci formation) suggesting that the collapsed repllcatlon
forks arising from persistent SSBs during S-phase are not bemg repalred This is
consistent with our observation of the high levels of spontaneously formed YHZA. X foci.
However, decreased repair and increased persistent damage are in contrast to cellular
survival, wh1ch we do not see'decreased in uveal melanoma. How uveal melanoma cells

continue to survive will be discussed in Section 6.8.

The monoubiduitlnation of FANCD2 is highly regulated by the cell cycle and is
required for normal cell cycle progression. During S-phase, monoubiquitinated
FANCD2 colocalises with BRCA1 and RADS1 to form distinct nuclear foci (Taniguchi
et al,, 2002) It has therefore been ‘postulated that FANCD?2 has a role in promoting
endogenous HR repair of collapsed replication forks “Although the exact role of
FANCD?2 in promoting HR is not known, it has been shown that fancd2 depleted
Xenopus extracts are unable to restart collapsed replication forks whereas replication,
restart following stalled forks is unaffected (Wang et al., v2008). This implies that
FANCD?2 has a specific role in the HR repair of collapsed replication forks during
replication. Recently, usmg electrophoretic motility shift assays, it has been shown that
FANCD2 has 3 to 5° exonuclease actlvxty (Pace et al., 2010) A speculatxve role for
FANCD2 could therefore be in the resectxomng of ssDNA ends at the collapsed
replication fork to ensure repair by HR. As we have found that uveal melanoma cell
lines have high levels of spontaneous yH,A.X foci formation, indicative of high levels’
of endogenous DNA damage, reduced spontaneous FANCD?2 protein express:on ‘and
reduced spontaneous RAD51 foci formatlon our data support arole for F ANCD2 1n HR
repalr of collapsed rephcat1on forks durmg unperturbed rephcatlon and suggests “that
this FANCD2 function is conserved in humans. Our data are also consistent with the
idea that endogenous lesions are collapsed forks, the repair of which by HR promotes
SCE (Figure 6.1). |
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a) SCE formation from endogenous DNA damage

:% Ry e

_—
5 cs—
3
Collapsed replication fork FANCD?2 forms foci with Endogenous HR repair results
induced from endogenous BRCA2, BRCA1 and RAD51 to in spontaneous SCE formation
damage promote strand invasion and

HR

b) SCE formation from endogenous DNA damage when FANCD?2 is reduced

Increased collapsed replication Reduced FANCD2 reduces RAD51 Spontaneous SCE is reduced
forks and thus yH,A.X foci dependent strand invasion and thus

formation induced from persistent HR. The reduced repair may lead

endogenous damage to further collapsed forks

Figure 6.1 Proposed model for the spontaneous SCE phenotype in uveal melanoma

a) During replication collapsed forks are repaired by HR when persistent SSBs are converted to
DSBs. YH,A.X foci formation can be used as a marker of this endogenous damage as they
accumulate at the site of the DNA damage and thus the collapsed replication forks. Upon DNA
damage, FANCD2 forms foci with BRCA2, BRCA1 and RADS1 to promote its binding to the
resected ssSDNA overhang of the collapsed fork, to promote the initiation of strand invasion.
Collapsed replication forks leave only one-end free for repair, thus only one Holliday junction
forms that can be resolved in a single direction producing a SCE. b) A reduction in FANCD2
causes an increase in collapsed replication forks and thus high levels of YH,A.X foci formation.
Reduced FANCD?2 reduces the ability of RADS1 to bind to ssSDNA to initiate strand invasion,
thus reducing endogenous HR repair. The decrease in HR repair results in less spontaneous SCE
formation thus causing the reduced spontaneous SCE phenotype in uveal melanoma. A decrease
in repair may also result in further collapsed replication forks and thus further increased levels of

endogenous DNA damage.
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6.4 Types of endogenous DNA damage in uveal melanoma .

We have postulated that the increased levels of spontaneous YH;A.X foci formation is a
result of the defect in FANCD2 and thus HR, in the repair of endogenous DNA damage.
One of the major sources of endogenous damage arises from aerobic metabolic
reactions within the cell. Such products include H,0,, O;" and HO', collectively known
as ROS. ROS are highly reactive arid cause oxidative damage to DNA in the form of
base modifications, protein-DNA cross-links and SSBs. It is these SSBs that persist and

are converted to DSBs during replication and are repaired by HR. ROS damage can

therefore cause collapsed replication forks and thus induce endogenous HR repair.

Besides DNA, ROS can also attack proteins and lipids within the cell. Interestingly lipid
peroxidation, resulting from oxidative stress, can induce the formation of endogenous
ICLs. The FA pathway and thus FANCD?2 is postulated to have a role in the repéir of
induced-ICLs due to defects in this pathway leading to ICL hypersensitivity. In addition
to induced-ICLs, it is possible that FANCD?2 is activated in response to endogenous ICL |
lesions. Although endogenous ICLs are rare, they are highly toxic to the cell as they
form a covalent bond between the strands of the DNA duplex preventing unwinding and
thus réplication and transcription. Once the cross-link has been excised, a SSB is left
that, upon continued replication is converted to a DSB collapsing thé replication fork. |
FANCD2 is postulated to promote HR in response to these collapsed forks and thus as
uveal melanoma cell lines are deficient in FANCD2 and HR, endogenous ICLs may be
the bersisting lesion causing increased collapséd forks and thus increaSed endogenous
DNA damage. As ICL-inducing agents are potent inducers of SCE, the lack of repair of
endogenous ICLs may also account for the reduced spontaneous SCE frequency and |

further supports an association between FANCD2 and SCE formation. -
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6.5 Postulated involvement of NHEJ in the repair of endogenous DNA :

damage in uveal melanoma

Repair of endogenous DNA damage is essential to ensure efficient replication and
transcription, thus we cannot rule out the upregulation of other repair'pathWays;
particularly NHEJ, in the repair of endo genous DNA damage in uveal melanoma Wthh

would prevent cell death This would after all account for similar survival rates.

DSBs are substrates for both HR and NHEJ although the exactk factors that‘ govern the
use of each pathway are not fully understood. NHEJ is thought to primarily repair two-
ended DSBs whereas HR repairs DSBs arising from collapsed forks during replication.
Although two-ended DSBs are rare endogenous lesions, defectlve HR may force the cell
to use NHEJ to repalr per51stent DSBs and ensure cell survival. Cons1stent with this,

mammalian cells deficient in HR are still capable of repairing two-ended DSBs (Wang

et al., 2001) and are able to survive. In add1tron evidence for increased NHEJ in the |

absence of FANCD2 comes from FA patient cell lines (including the PD20 cell line)
that are characterised by increased chromosomal aberrations and radial formations
followrng MMC treatment, indicative of 1ncreased end-joining by NHEJ (Tlmmers et
al., 2001) This increase in NHEJ presurnably allows thelr survival. More recently, a |
role for the FA pathway in the suppress1on of NHEJ rather than promotmg HR has been
postulated (Adamo et al., 2010; Pace et al., 2010). Disruption of both' FANCC and

KU70 in human and chicken DT40 cells was found to suppress sensitivity to cross-

linking agents, reduce chromosomal breaks, and reverse the defecti\?e HR (Pace et al., " 7

2010). As FANCC is required for FANCDZ activation, it was further postulated that the :

role of FANCD?2 was in the protectlon of the DNA ends agamst aberrant Ku70 blndmg Es

at the break site. Consistent with this, in the PD20 cell line, DNA-PKcs foc1 were found - :

to be increased compared to wild-type human foreskin kﬁbroblasts following replication '

stress (Adamo et al., 2010) ThlS suggests that in the absence of the FA protems o
mcludmg FANCD2 there is no control over 1n1t1al NHEJ factors such as KU70 and oL "
DNA-PKcs followmg DNA damage and thus NHEJ is upregulated and can carry out -

illegitimate repa1r causing the phenotyp1c traits of FA patlent cells
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It is possible then, that in uveal melanoma, repair of endogenous DNA damage is
carried out by NHEJ, sufficient to ensure survival but deficient enough to calise
increased YH>A.X foci formation (Figure 6.2). However, although uveal melanoma are
characterised by gross chromosomal changes such as monosomy of chromosome 3 and
are prone to chromosomal microdeletions, the radial formations and chromosomal
aberrations have not been observed suggesting that NHEJ is not upregulated in uveal
melanoma (Figure 6.2). The exact function of NHEJ in uveal melanoma is still to be
elucidated and is the subject of a separate study. | |
a) In PD20 cells:

k T Chromosomal Aberrations - .
L ‘FANCDZV and Radial Formations 1NHEJ \ Survival -

b) In uveal melanoma cells:

Survival '?

} FANCD2 — JLIGIV — NoRadial Formations ——» NHEJ - decreased ?

~N

4 YH,A.X Foci Formation ?
(Endogenous Damage)

Figure'6.2 Proposed model of NHEJ in uveal melanoma compared to PD20 cell lines

a) PD20 cells deficient in FANCD2 are characterised by increased chromosomal aberrations and '
. radial formations suggesting that NHEJ is upreguléted m these cells, presumably accounting for
their survival. b) Uveal melanoma cells are also deficient in FANCD2 but show few
~ chromosomal aberrations and no radial formations. We have shown that these cells are also
deficient in LIGIV suggesting that NHEJ may be decreased. Alternatively, NHEJ may be
sufficient to ensure survival but deficient enough to cause the increased levels of 'szA.X foci .

- formation that are indicative of high levels of endogenous DNA damage. o
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The reduced express1on of LIGIV in uveal melanoma is again consistent with no -

upregulation of NHEJ (Figure 6.2). It is more hkely that repair of endogenous DNA

damage in general is suppressed. As uveal melanoma cell lines and the PD20 cell line

both have reduced FANCD2 expression, it would be of interest to study‘LIGIV; |

expression in these FA patient cells. Although there is no evidence that these two |

proteins interact, it is possible that their expression is governed by the same factors (e.g.

methylation) and that LIGIV expression is reduced to inhibit error-prone repair by

NHE]J in the absence of HR. Furthermore, perhaps LIGIV and thus NHEJ are down-

regulated in order for these cells to survive. In this case, it is 'po’ssiblethat uveal

melanoma cells are able to overcome cell cycle checkpoints and progress through the

cell cycle without the need for endogkenous repair (see Section 6. 8) The role of aberrant
methylation in this situation is discussed in Section 6.7 however, the role of po1nt

mutations effecting proteln expression remains to be elucidated.

6. 6 Resnstance to ICL-mducmg agents |n uveal melanoma ls caused ,'
by a Iack of CYP450R ‘

The uveal melanoma cell l1nes were found to be resxstant to the ICL-1nduc1ng agents o
MMC and cisplatin, consistent with the thh level of chemo-re51stance observed at the |
chmcal level MMC is a b1oreduct1ve drug that must ﬁrst be reduced to an actlve ) ‘, g
metabolite before it can b1nd to DNA and cause the ICL lesxon One of the mam.

reductases 1nvolved in this metabollsm is CYP450R. The format1on of ICLs in uveal o

melanoma cell lines was reduced and it was subsequentlylfound that thns was due to the

reduced expression of CYP450R. Because of this, it is not‘ possible \}to study the effect

that a defect in FANCD2 alone has on ICL repair and thus ICL-mduced SCE; whether -

this defect is a consequence or a cause of the reduced CYP405R expressmn remains to i

be‘ eluc1dated

The ability to restore MMC sens1t1v1ty in uveal melanoma has therapeutlc potent1al s

Chemotherapy is rarely used in the treatment of uveal melanoma due to their hlgh ¥ i
chemo-resistance and due to d1fﬁcu1t1es in the dehvery of the drug to the tumour site. ’

- (Albert et al. 1992) Current treatments such as plaque radlotherapy and enucleatlon are - ‘
successful in treating the primary tumour, however it is the metastatic dlsease to the, - g

liver that causes mortality in over 50% of patlents (V1rg111 et al,, 2008) Th1s is where’ o
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our finding may have the greatest potential. Usmg targeted-gene therapy, restoring the |
expression of CYP450R in these metastatic cells may increase the afﬁmty of MMC to
bind to DNA, thus increasing the formation of ICL lesions and the effectiveness of

cross-linking chemotherapeutics in the treatment of this disease.

Although we have shown here that there is reduced RADS1 foci formation consistent
with reduced HR repair of endogenous DNA damage, the lack of »CYP450R' suggests -
that uveal melanoma cell lines may have increased levels of endogenous DNA:damage
as a result of high levels of ROS rather than a defect in repair. The balance between the ,
production and degradation of ROS maintains cellular homeostasis and thus an ‘
imbalance of metabolic enzymes can affect this dynamlc Such metabolic enzymes\

include the P450 enzymes that have been shown to be 1mportant for ROS productlon Ly

(Lew1s and Pratt, 1998). Here as CYP450R was found to be defectlve in uveal

melanoma, it is possible that this defect causes an imbalance in the redox state of the

cell producing more ROS, and thus endogenous DNA damage, as indicated by increased |

YH2A.X foci formation (Figure 6.3). Interestingly, FA patient cells exhihit high levels of

8-0x0-G modified bases, indicative of increased oxidative stress (Degan et al,, 1995) L

Furthermore, in mammalian cells Fancc was found to mteract and regulate the function
of CYP450R (Kruyt et al., 1998), accounting for the sensitivity of the cells to H,0, and
the observed hypersensitivity to the ICL-inducing agent, MMC. Complementingr the
uveal - melanoma cell line with FANCD2 increased  HR 'repair> and‘ reduced
spontaneously formed YH,A X foci, it is likely then that a defect in r\epairarid a defect in |
the metabolism of normal ce]Iular proceSses may both contribute to the high levels of ’

endogenous damage. However, the exact rt:lationship between the two and whether the |
lack of FANCD2 is related to the reduced express1on of CYP450R remains to be :

elucidated.”
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Endogenous damage
e.g. ROS, ICLs

B Flgure 6.3 Proposed endogenous DNA damage response in uveal melanoma ’

| Reduced expresswn of CYP450R may contnbute to the hlgh levels of endogenous DNA damage k‘ k
" in uveal melanoma through the accumulation of ROS. In addltlon, the reduced FANCD2
> expression may contribute to an accumulation of endogenous unrepaired ICLs, and thus reduced
- spontaneous SCE. Whether there is an association between reduced FANCD2 and reduced -
CYP450R remains to be elucidated. | ‘ k |

The high levels of endogenous DNA damage and the reduced actiyation;of the DNA Rk
repair pathways in response to this’ damage suggests ‘that there is an ‘abnormal
equthbnum in uveal melanoma that allows these cells to prohferate and survive. As wer
observed a normal response to induced DNA damage it is llkely that the addrtlon of
- such DNA damagmg agents upsets this balance and thus actlvates the repalr pathways " ,
resulting in a normal response to various DNA damagmg agents It may also indicate :

two separate responses to endogenous and induced DNA damage m uveal melanoma =

p0551b1y through dtfferences in the lesions formed from endogenous or exogenous .

sources. Although we have postulated that the substrate for endogenous repan' is similar e

to collapsed replication forks these endogenously occumng lesions may be dlfferent

and thus are not recognised as damage and do not 1111c1t a DNA’ damage response

We have suggested that the DNA repair pathways HR and NHEJ are suppressed m R
response to endogenous DNA’ damage in uveal melanoma and that this accounts for the

decrease in spontaneous SCE however the response to mduced DNA damage appears A -

to be normal (with the exceptlon of ICL-mduced damage) compared to WM793 G
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melanoma control and other human cancer cell lines.‘Two-ended DSBs can be induced
by ionising radiation and are primarily repaired by NHEIJ, although they are a{so
possible substrates for HR. As we have shown defects in both these repair pathways it
was expected that uveal melanoma cell lines would be sensitive to this type of damage.
The normal response to two-ended DSBs therefore suggests that the induced repaif of

this damage bypasses the observed defects. One possible scenario is that two-ended

repair by HR does not require FANCD2 and thus two-ended DSBs can be repaired. This

would be in contrast to FA patient cells however, that have been shown to be sensitiVe i

to IR (Nakanishi et al., 2002). Furthermore, this Would not account for the normal o

response of uveal melanoma cell lines to camptothecin. InXenopus extracts, fancd2 has ;
been shown to be important for replication restart following the collapse of repllcatlon n
forks induced by camptothecin (Wang et al., 2008). The normal responSe of uveal o
melanoma cell lines to this DNA damaging agent therefore contradicts the observed
defect in HR although it is consistent with the idea that endogenous and induced lesions

are different substrates of repair.
6.7 Methylation events in uveal melanoma

Epigenetic events that alter gene expression are important in the tumourigeneéié of .

many sporadic cancers. In uveal melanoma, promoter methylation has been observed o

for RASSF1a, p16 and pRb all of which are known tumour su'ppi'essor' genes and have -
been shown to have a role in the tumour deVelopment of other human kcancersu(Edrnunds -
et al., 2002; Maat et al., 2007; van der Velyden et al., 2001). The methyiatien events thet‘
may affecf DNA repair genes in uveal inelahonia have not been studied. Here, we found
that FANCD2 gene expressmn was reduced and we postulated that this was due to the -

aberrant methylation status of a putatlve E2F transcnptxonal b1nd1ng site w1th1n the |
promoter region. Aberrant methylation of FANCD2 in human cancers has not been_ | ’
previously reported altheugh polymorphisms in the FANCD?2 gene have been associated ’7

with increased sporadic breast cancer risk (Barroso et al., 2006).

Transcriptional regulatlon of FA gene expresswn, lncludmg FANCD2 has been
previously found to occur through the pr/E2F pathway This pathway is mvolved in

G1/S cell cycle progresswn and is govemed by the interaction between cychn D and the :

cychn dependent kinases, CDK4 and CDKS. When activated by cyclm D CDK4/6 L
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| phosphorylates pRb leading to the activation of E2F and the subsequent expressiorl of
genes that are essentiel for cell cycle progression throogh GI/S phase (W einberg, 1995).
As the pRb/E2F pathway regulates the eXpression of FANCD2, this may explain the
required activation of FANCDZ for normal cell cycle progression. In uveal melanoma, '

gNKAa expression through" promoter hypermethylation has been observed in

61NK4& ’ :

loss of pl
approximately half of uveal melanoma cell lines (van der Velden et al., 2001). p1

controls cell cycle proliferation during G1 by inhibiting the interaction betweencyclin’ =

D and CDK4/6, thus inhibiting the phosphorylation of PRb and the subsequent N

activation of E2F (Serrano et al, 1993) This may therefore also contribute to the
reduced FANCDZ expression observed here (Figure 6. 4) In addltlon mducmg genome- |
wide demethylatron in uveal melanoma caused FANCD?2 proteln expression to decrease :
further. The effect of demethylation on this regulatory pathway is unknown however, in %
. conjunction with, or irrespective of the single methylation change observed here, :

changes in the methylation status of p16™%** and the »'pr/E2F pathway provides a -

possible explanation for the further reduction in FANCD2 protein expression seen

followmg genome-wide demethylatlon and hrghhghts the dlfﬁcultres in studyrng smgle‘ , |

genes in complex cell systems.
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a)

e 2 ...

b) c) r:‘z%
N BN
CyclinD ’—r‘ CDK4/6 CyclinD ‘T CDK4/6
®"
;| @& 1
@_’ r‘@—l FANCDZl _1 —— FANCDZl

Figure 6.4 Possible mechanisms of inhibition of FANCD2 expression in uveal melanoma

a) G1/S cell cycle progression is governed by p16™** that controls the interaction of cyclin D
and CDK4/6. When activated by cyclin D, CDK4/6 phosphorylates pRb leading to the activation
of E2F. E2F then binds to the E2F transcriptional binding site of FANCD2 causing the
subsequent expression of FANCD2 and normal cell cycle progression. b) Aberrant methylation at
the E2F transcriptional binding site on FANCD2 may block binding and result in reduced
FANCD? expression. In this situation the upstream components of the pRb/E2F pathway are

NK4
61]\3

unaffected. ¢) Loss of expression of pl through hypermethylation may inhibit the activation

of CDK4/6 thus no phosphorylation of pRb would take place. This may lead to no activation of
E2F, no E2F binding of FANCD2 and thus reduced FANCD2 expression. Similarly, methylation
changes in pRb may inhibit phosphorylation by CDK4/6 and thus reducing E2F activation
leading to reduced FANCD2 expression.

Finally, SCE frequency was not affected by genome-wide demethylation and thus the
reduced spontaneous SCE in uveal melanoma is unlikely to be a result of aberrant
methylation. Given that FANCD2 protein expression was decreased further following
demethylation and given that we have shown an interaction between FANCD2

expression and SCE frequency, the lack of an effect on SCE following demethylation is
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contradictory. One possibility is that the residual levels of spontaneous SCE observed
here reflect those induced by BrdU during visualisation, as BrdU itself is known‘to
induce SCE. In this case a further decrease in FANCD2 would not prevent BrdU
induction of SCE, therefore SCE would not decrease further and thus no effect would be
observed when subjected to genome-wide demethylatron Alternatively, demethylatlon
of other genes could affect HR and thus SCE formation, again hlghllghtmg the
difficulties in studying single gene changes. The effect that demethylation hasona gene
depends upon the methylation status of that gene prior to the induced demethylation.
Thus, genes that are usually suppressed through methylation may gain expression and
thus compensate for the reduced expression of FANCD? and result in no change in SCE

formation. Understanding the methylation changes in FANCD2 and other genes |

involved in HR is essential to understanding the role of methylation in SCE formation.

6.8 How do uveal melanoma cells survive?

From this work, we have shown that uveal melanoma cells proliferate and survive in the
presence of nigh levels of endogenous DNA damage. Defects in the major repair
pathways involved in endogenous repair have also been identified, which may explam
these hrgh levels of damage In patients, the suppressmn or redundancy of the
endogenous DNA damage response may be beneficial to uveal melanoma cell survival
and promoting tumourigenesis (Figure 6.5). One possible explanation for this is the loss
of tumour suppressor genes such as p16™* and the pr/E2F pathway as described

6™ inhibits the phosphorylatlon of

above, which would promote tumourr growth. pl
PRb, controlling the progression of the cell from G1 into S phase and thus prohferatron.
A loss of p16™** or a methylation change as seen in approximately 50% of uveal
melanoma tumours (van der Velden et al., 2001) would cause hyperphosphorylatlon of
pRb and uncontrolled progressxon of the cell cycle and prohferatlon even in the |

presence of endogenous damage that would usually 1nduce cell cycle arrest (Flgure 6 5)
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Endogenous Damage

} | b

- Juev | Fancp2
b
R ¥ HR Repair — | Spontaneous SCE

H » -.'-.‘ / . k;
f Persistent Endogenous Damage e

}

Bypass of cell cycle checkpoints

}

Tumourigenesis

Figure 6.5 Proposed model for uveal melanoma survival

It is proposed that endogenous DNA damage is repaired by defective HR and NHEJ repair

pathways in uveal melanoma. The reduced FANCD?2 expression causes the decreased HR repair -

and the reduced spontaneous SCE phenotype of these cells. In addition, LIGIV protein
ex;}ression is reduced suggesting that NHEJ is also suppressed, although its exact role remains to
be elucidated. We propose that the reduced HR repair (and possibly the reduced NHEJ repair) of ”
endogenous damage causes an increase in persistent endogenous DNA damage as indicated by
the high levels of YH,A.X foci formation. As both repair pathways are suppressed, we propose
that through the loss of expression or aberrant methylation of cell cycle regulaiors, uveal
melanoma cells are able to bypass cell cycle checkpoints thus overcoming high levels of

endogenous damage to promote tumourigenesis.

Monosomy of chromosome 3 is a common event in uveal melanomakand has been
associated with metastatic development (Prescher et al., 1996). Partial deletions of
chromosome 3 are also’ common events and thus it is thought that tumour suppressor
genes involved in the tumourigenesis of uveal melanoma are located here. Interestingly,
the tumourAsuppressor genes Von Hippel-Lindau, FHIT and RASSF1a are all located on
chromosome 3p, however only RASSF1a located at 3p21.3, has been associated with thé

development of metastatic disease in uveal melandma (Maat et al., 2007). As FANCD?

is located at 3p25 it is possible that the loss of such tumour suppressor genes may be
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responsible for the reduced FANCD2, deficient endogenous repair and thus the reduced
SCE phenotype kaew1se, a loss of FANCD2 may affect tumour suppressor gene
expression. Whether the reduced expression of FANCD2 and thus reduced SCE is a
cause or consequence of tumour development remains to be elucidated. ‘However,
understanding the association between tumour suppressor genes located on chroihééomé
3 and FANCD2? may provide insights into the metastatic development and

tumourigenesis of uveal melanoma.
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Appendix 1

e Clinco-pathological details of the patients with primary uveal melanoma

from which primary short-term cultures were obtained (Hoh, 2007,

unpublished data).
Case Patient sex® | Tumour Cell type® Mean
Number . location® tumour
diameter
(mm)
SOM 494 F C M 14.85 -
SOM 520 F CB S -
SOM 521 F C E 18.6
SOM 524 F CB M 13.1
SOM 526 F CB M 8.3
SOM 537 M CB/C S 13.8
SOM 538 M C M -
SOM 543 M C M 9.3
SOM 544 M C S 10.3
SOM 545 F C E -
SOM 546 F C S 14.25
SOM 547 F C S 12.67
SOM 548 F C M 15.4
SOM 551 M C M 15.3

. Patlent sex 1nd1cates male (M) or female (F)

b Tumour type indicates choroid (C) or ciliary body (CB)

€Cell type indicates spindle (8), epithelioid (E) or mixed (M)
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Appendix 2

¢ The pMMP-f2-FANCD?2 vector with the human FANCD2 ¢cDNA sequence cloned
into the multiple cloning site (MCS). A kind gift from Dr. Alan D’Andrea at the
Dana-Farber Cancer Institute, in Boston, Massachusetts.

¢ The pMMP-f2-empty (pMMP-f2) vector was also a kind gift from Dr. Alan

D’Andrea at the Dana-Farber Cancer Institute, in Boston, Massachusetts.

M13F Sull (20)
LacZ alpha p,..—.
u3
R
uUs
-~ 8D
pMMP-f2
6332 bp
ColE1 ori qu (2059)

Ele (2433)

Shll( 2441)

Notl (2446)

M13 RGV Xhol (2452)
BamH| (2457)

MCS - multiple cloning site, unique restriction sites are indicated
M13 F - M13 forward primer site

M13 Rev - M13 reverse primer site

ColE1 ori - ColE1-type bacterial origin of replication
R - R viral promoter (part of LTR)

US - US viral promoter (part of LTR)

U3 - U3 viral promoter (part of LTR)

SD - splice donor site

SA - splice acceptor site

LacZ alpha - LacZ alpha fragment

AmpR - ampicillin resistance gene

LacO - LacO bacterial operon fragment
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- Appendix 3

¢ The pEF-P450R-IRES-P vector with the human CYP450R cDNA sequence cloned
into the multiple cloning site (MCS). A kind gift from Dr. Kaye Williams at the
School of Pharmacy and Pharmaceutical Sciences, University of Manchester,

Manchester.
Bg!!’l_":_ A
pIRES-P
pCMV |

Hindill

Pstl

pEF-‘Ia

L Nhel
AmpR INTRON Xho!l -
EFIRES-P MCS T

P 7 IRES Xbal

f Notl

: ~ Hinglll -
f1 :

svao PeC
PA

BamHl

pEF-1a - human elongation factor 1a promoter ‘

pCMYV - cytomegalovirus immediate early enhancér/promoter
INTRON - chimaeric intron ' ‘ ‘

MCS - multiple cloning site, imique restriction sités afe indicated
IRES - EMC internal ribosome entry site from pCITE-l o
pac - modified pac gene encoding puromycin N-acetyl transferase
SV40 PA - SV40 terminator/poly(A) signal -

f1 - phage f1 origin o '

AmpR - bla ampicillin resistance gene
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Appendix 4

Apoptosis levels were no different in the uveal melanoma cell lines
compared to the WM793 control as determined by Annexin-V staining.
Annexin-V is an anticoagulant that binds to phosphatidylserine, a plasma-
membrane phospholipid that gets flipped-out and exposed on the external
side of the lipid bilayer during apoptosis. Annexin-V conjugated to FITC
allows the identification of this change in the lipid bilayer and thus when
co-stained with PI, the percentage of apoptotic cells can be determined
using FACS.
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81
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e P
b )
Ol T
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Figure 1 The percentage of apoptotic cells was no different in uveal melanoma
cell lines compared to the WM793 cutaneous control.

Annexin-V and PI staining to determine the percentage of apoptotic cells in the uveal
melanoma cell lines 157d and 196b compared to the control cell line WM93. Cells
were stained with Annexin-V and PI before being analysed using FACS. The
percentage of apoptotic cells was calculated as the percentage of cells that were
positive for Annexin-V staining but negative for PI (not actively cycling). Data
represents the average from at least 3 separate experiments and error bars represent
standard deviations. Significance between samples as shown by brackets was

calculated using the Student’s T-Test where ‘NS’ represents no significance.
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