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Abstract (385 words)

Background: DNA double strand breaks are the cytotoxic lesions produced by ionising
radiation. Critical for the repair of these lesions is the DNA damage response protein MRE11
which, in a complex with RAD50 and NBS1, mediates DNA damage signalling and double-
strand break repair. We previously found the presence of an MRE11 germline single
nucleotide polymorphism (SNP), rs1805363 (G>A), to be associated with poor outcome
following radiotherapy (RT) and increased expression of MRE11 isoform 2 in a limited panel

of bladder cancer cell lines and tumours.

Objectives: To look for further evidence in support of the SNP/isoform association in a
larger panel of germline and tumour samples donated by patients diagnosed with invasive
bladder cancer, and to test the hypothesis that bladder cancer cells expressing MRE11

isoform 2 would be more radioresistant than cells expressing MRE11 isoform 1.

Methods: Germline DNA from 189 patients with invasive bladder cancer (141 T2, 48 T1) was
genotyped for the rs1805363 G>A SNP. Loss of heterozygosity was determined by
genotyping tumour DNA in 17 GA germline patients. The Cancer Genome Atlas was mined to
correlate presence of the GA germline genotype with MRE11 isoform expression. We used
colony formation assays and yH2AX foci kinetics after ionising radiation in RT112 MRE11

knockdown cells expressing ectopic MRE11 isoform 1 or 2.

Results: Of the 189 germline DNA samples, 22 contained both the A minor allele and G
major allele with the remaining wild type containing only the G major allele. LOH was
identified in seven of 17 available tumour samples. Tumour MRE11 isoform 2 expression
was found to be significantly higher (p=0.007) in patients’s samples containing the A minor

allele compared to those with only the G major allele (n=23). In the TCGA database we



found 16% (66 out of 406) of bladder tumours heterozygous for the SNP and only two
homozygous, and a significant relative increase of isoform 2 usage (p=0.017). We identified

no significant difference in radiosensitivity between bladder cancer cells expressing either

MRE11 isoform.

Conclusions: In this study the MRE11 isoform 2 was not found to be associated with
increased cellular sensitivity to radiation. We conclude that the previously reported
association between the germline rs1805363 SNP and poor survival in MIBC patients
following RT is unlikely to be related to the DNA damage response function of MRE11

isoform 2.

Keywords: Bladder cancer, MRE11, rs1805363, MRE11 isoform 1, MRE11 isoform 2



Introduction

Organ-confined muscle-invasive bladder cancer (MIBC) is routinely treated using either
radical cystectomy or bladder-sparing approaches including chemoradiotherapy (CRT) or
radiotherapy alone, with or without neoadjuvant chemotherapy. Cystectomy and
radiotherapy have been shown to result in similar cause-specific survival rates [1] but no
randomised trial has successfully compared the two modalities. Predictive biomarkers that
could aid treatment decision making would be useful in this setting and could potentially

increase patient survival rates.

DNA double strand breaks (DSB) are the cytotoxic lesions caused by ionising radiation and
are repaired via two major pathways: non-homologous end joining and homologous
recombination [2-4]. MRE11 is a DNA damage response protein which can bind DNA and
which possesses endo- and exonuclease activity. Many of the functions of MRE11 are reliant
on its ability to form a complex with Nijmegen breakage syndrome 1 (NBS1) and RAD50, the
MRN complex. The MRN complex is involved in both the recognition of DSBs, enhancing the
rate of ATM activation and subsequent DNA damage signalling [5-9], and the repair of DSBs
through its role as a nuclease in homologous recombination [10, 11]. The alternative splicing
of MRE11 results in two transcript variants encoding MRE11 isoform 1 and MRE11 isoform
2, respectively. The two MRE11 isoforms are similar, with the only difference in the
translated protein being the absence of a short 27 amino-acid-long exon, exon 16, in MRE11
isoform 2. At the transcript level MRE11 isoform 2 has a longer 5" UTR than the MRE11

isoform 1.

We have previously shown that high tumour protein levels of MRE11, as determined by

immunohistochemistry, were associated with improved patient outcome following



radiotherapy in MIBC patients [12, 13]. Using next generation sequencing, we also identified
a single nucleotide polymorphism (SNP) within MRE11 (rs1805363) which was associated
with worse cancer-specific survival following radiotherapy [14]. The rs1805363 SNP is a
germline MRE11 variant (G to A transition) which is located intronically in MRE11 isoform 1,
five bases 3’ to the exon 1 AG donor splice site, and in MRE11 isoform 2 is located within the
5’UTR. In a panel of bladder cancer cell lines and three patient tumour samples, the
presence of the rs1805363 A minor allele was found to correlate with an increase in the

expression of MRE11 isoform 2 over MRE11 isoform 1 [14].

Here, we sought to validated our previous finding that the presence of the rs1805363 A
minor allele correlates with higher MRE11 isoform 2 expression in patients with invasive
bladder cancer by examining a larger number of tumour samples for the proportion of
isoform 2 relative to isoform 1 expression. In addition, we mined variation and expression
data from the TCGA bladder cancer cohort for the relationship of MRE11 isoform usage and
rs1805363. We also tested the hypothesis that bladder cancer cells expressing MRE11
isoform 2 would be more radioresistant than cells expressing MRE11 isoform 1. We
generated cell lines which expressed an MRE11 construct containing the coding sequence of
MRE11 isoform 1 or MRE11 isoform 2, and then used the cells in assays to determine

cellular radiosensitivity and DSB repair efficiency.



Materials and methods

Patient materials Germline DNA, extracted tumour DNA and FFPE bladder cancer biopsies
were obtained from participants in the Bladder Cancer Prognosis Programme (University of
Birmingham, UK) under ethical approval (06/MRE04/65) [15] BCPP participants were
recruited between 2005 and 2011, and gave informed consent for enrolment into BCPP on
the basis of initial cystoscopic findings suggestive of primary bladder cancer. All patients
were newly-diagnosed, had not received treatment prior to biospecimen collection, and
were subsequently treated and followed-up according to contemporary guidelines
(including re-resection where indicated). Inclusion and exclusion criteria are detailed

elsewhere [15].
Genotyping the rs1805363 SNP

A predesigned TagMan SNP Genotyping assay (C_11474841 10) (Applied Biosystems-
Thermo Fisher Scientific, Foster City, CA, USA) was used with a 7500 Fast Real Time PCR
system under standard genotyping parameters to genotype patient DNA. Analysis was

conducted using 7500 software.
RNA extraction

Ten-micron thick tissue sections plus an additional 4 um thick tissue section were cut from
FFPE bladder cancer biopsies. Four micron sections were H&E stained and sent to a
Consultant Uropathologist (LB) to demarcate invasive areas of tumour tissue. Ten micron
sections were placed at -20°C and stored until microdissection, with storage at -20°C limited
to a maximum of 3 weeks. For each patient sample, invasive tumour tissue was scraped
from 10x 10 um tissue sections and placed in a sterile Eppendorf tube using a 15C carbon

steel sterile scalpel blade (Swann Morton). Macrodissected tissue was then immediately



subjected to RNA extraction using an RNeasy FFPE kit (Qiagen, Venlo, Netherlands) with
deparaffinisation solution (Qiagen, Venlo, Netherlands). Successful RNA extraction was
confirmed by running 5 pl of RNA on a 1% agarose (Sigma Aldrich, St. Louis, MO, USA) gel.
RNA was converted into cDNA using a High-Capacity cDNA reverse transcription kit with

RNase inhibitor (Applied Biosystems-Thermo Fisher Scientific, Waltham, CA, USA).

Quantification of MRE11 isoforms

Primers were designed (Forward- GGACTTGAAGCATCTACGTT, Reverse-
ATGCGATTCCTAAATTACCC) to flank the MRE11 rs1805363 G>A SNP, resulting in polymerase
chain reaction (PCR) fragment sizes of 144bp for MRE11 isoform 1 and 251bp for MRE11
isoform 2. PCRs were conducted on cDNA using OneTaq Quik-load master mix with standard
buffer (New England BiolLabs, MA, USA) and products were separated on a 1% agarose
(Sigma Aldrich, St. Louis, MO, USA) gel. The gel was visualised using a Molecular Imager Gel
Doc XR system (BioRad, Hercules, CA, USA) and the band intensities of the PCR products
analysed using Image Lab software (BioRad, Hercules, CA, USA). Primers for GAPDH
(Forward- ACAGTCAGCCGCATCTTCTT, Reverse- AATGAAGGGGTCATTGATG) were used in a
concurrent PCR and run next to the MRE11 isoform amplification PCR as a control for cDNA

input and quality.

TCGA

We downloaded all RNA sequencing reads mapping to MRE11A from TCGA [16] using the
bam-slicing functionality of the GDC data portal. Since the position of the SNP rs1805363 is
not covered in the exome capture sequencing available in TCGA, we downloaded the
Genome-Wide Human SNP Array 6.0 data which contains rs1805363. High confidence calls

for the genotype (Birdseed [17] confidence score <0.1) were extracted (instances not



matching the criteria were assigned the label ‘unknown’). In total, we could obtain genotype
data for 410 samples with paired RNA sequencing data (all primary cancer, no normal
controls or metastatic samples). Isoform usage of the MRE11A locus was then quantified
using Salmon (version 0.12.0 using standard parameters [18]) using the MRE11A isoforms
described in Ensembl (version 96 [19]and Gencode (version 29), resulting in Transcript per
Million Read values (TPM) for each isoform. Of the ten isoforms described, we found five
regularly expressed in the TCGA samples. We tested a shift in relative isoform usage of the
variant samples (genotype G vs. A) versus wild-type using an unpaired one-sided Wilcoxon
test on the relative use of each isoform, and on the pairwise ratios of each isoform against

each other.
Cell culture and transfection

293T cells were obtained from ATCC, Manassas, VA, USA, in 2011 and confirmed to be
mycoplasma negative by PCR in October 2016. RT112 cell lines were obtained from DSMZ,
Braunschweig, Germany, in 2016. RT112 wildtype, RT112-MRE11 KD, RT112-full length
MRE11 and RT112- MRE11 Aexonl16 cells (see below) were confirmed to be mycoplasma
negative by PCR in September 2018. Cell lines were used up to 20 passages from original

stock.

293T cells were maintained in high glucose DMEM (Gibco-Thermo Fisher Scientific, CA, USA)
supplemented with 10% FBS (Thermo Fisher, Waltham, CA, USA) without antibiotics. Cells
were maintained at 37°C and 5% CO, in a humidified incubator. Cells were transfected in 10-
cm dishes seeded at 5x10° cells per dish, and 9 pg of either pLenti-full length MRE11 or
pLenti-MRE11-Aexon16, 4.5 pg of psPAX2 (#12260; Addgene, MA, USA), and 4.5 pg of

pMD2.G (#12259; Addgene, MA, USA) were delivered to each dish with Lipofectamine 3000



(Thermo fisher, MA, USA) in opti-MEM (Thermo Fisher, Waltham, CA, USA), according to
manufacturer’s instructions. The generated lentiviral particles were collected 48 hr
following transfection and filtered through a 0.45 um syringe filter (SLHVO33RS; Millipore,
Burlington, MA, USA). RT112-MRE11 KD cells were generated as previously described [20],
and additionally, a monoclonal cell line was isolated from a polyclonal pool of stable cells
and expanded. RT112-MRE11 KD cells were infected with the filtered lentiviral supernatant
using 8 ug/ml of polybrene. After 3 days of infection, 5 ug of puromycin was added for
selection with complete media (RPMI medium supplemented with 10% FBS). MRE11-
mutated stable cell lines were established after 96-well monoclonal selection and samples
were collected or fixed at 10 min, 30 min, 2 hr, 6 hr and 24 hr after 2Gy of Cs-137 ionising

radiation using a GSR-D1 caesium-137 irradiator (Gamma Services, Surrey, UK).

Vectors and site-directed mutagenesis

MRE11 sequences were inserted into the vector pLenti-puro-CMV (P100022; Vigene,
Rockville, MD, USA). A QuickChange Il XL Site-Directed Mutagenesis Kit (#200521; Agilent,
Santa Clara, CA, USA) and XL10-Gold ultracompetent cells were used for all site-directed
mutageneses according to the manufacturer’s instructions. DNA sequencing (Source
Bioscience, Nottingham, UK) was used to confirm the mutated nucleotides and the deleted

exon 16 sequences (Supplementary Figure 1).

Western blotting

Protein lysis buffer was prepared in 50 mmol/L HEPES, 100 mmol/L NaCl, 10 mmol/L EDTA,
1% Triton X-100, 4 mmol/L Na pyrophosphate, 2 mmol/L sodium orthovanadate, 10 nmol/L
NaF, and 50 mmol/L B-glycerophosphate. Cells were lysed in lysis buffer containing a

cocktail of proteinase inhibitors (Roche, Mannheim, Germany). Protein quantification of the

10



lysates was performed using a BCA protein assay (Thermo Fisher, Waltham, MA, USA) and
30 pg of protein was resolved on 4% to 20% polyacrylamide gels and transferred onto
nitrocellulose membranes. The resulting membranes were incubated with blocking buffer
(Li-cor Biosciences, Lincoln, NE, USA) and primary antibodies. The antibodies used were
mouse polyclonal anti-MRE11 (ab214; abcam, Cambridge, UK), rabbit anti-phospho-histone
H2A.X (Ser139) (#2577; Cell Signalling Technology, Danvers, MA, USA), and mouse
monoclonal anti-B-actin (ab6276; abcam, Cambridge, UK). Fluorochrome-conjugated
secondary antibodies (Li-cor Biosciences, Lincoln, NE, USA) were used and detected by
infrared scanning densitometry using the Li-cor Odyssey Infrared Detection System (Li-cor

Biosciences, Lincoln, NE, USA).
Clonogenic assay

RT112 cells and stable cell lines were plated in 6-cm culture dishes containing 4 ml of fresh
medium with appropriate numbers in triplicate (300-1,800) and were irradiated at 0-10 Gy
on the day after cell plating and incubated for 2 weeks. Cells were stained with crystal violet
staining solution (0.5%) in 80 ml distilled water, 20 ml methanol, and 0.5 g crystal violet
powder (Merck, Whitehouse station, NJ, USA). Colonies containing more than 50 cells were
counted and the surviving fraction was determined as the total number of colonies formed
divided by the total number of cells plated multiplied by the plating efficiency, as
determined in untreated cells. Radiation survival curves were plotted in GraphPad Prism,
using the linear-quadratic model with the equation SF = exp —(aD + 8D%), where D is a dose

of radiation.

Immunofluorescence

11



RT112 and stable cell lines were plated onto 8-well chamber slides (734-2050; NUNC,
Roskilde, Denmark) and fixed with 100% methanol for 5 min at -20°C, at each time point
after IR. Then cells were washed three times for 5 min each time in PBS. All subsequent
steps were carried out at room temperature. Samples were blocked for 30 min in blocking
buffer (1% BSA, 22.52 mg/ml glycine in PBST (PBS + 0.1% Tween 20)). Rabbit anti-phospho-
histone H2A.X (Ser139) (#2577; Cell Signalling Technology, Danvers, MA, USA) was diluted
1:500 in PBST and incubated overnight at 4°C. Cells were washed with PBS, after which
secondary antibody [AlexaFluor 568 (A11036; Thermo Fisher Scientific, Waltham, MA, USA)]
was diluted 1:2000 in PBST and applied for 1 hr in room temperature. Cells were washed
with PBS as before and mounted by using proLong diamond antifade mountant with DAPI
(P36962; Thermo Fisher Scientific, Waltham, MA, USA). Cells were visualised for y-H2AX

immunostaining through confocal microscopy (Zeiss 710).

Data analysis

Clonogenic assays, western blots, and immunofluorescence data are representative of three
independent experiments. For y-H2AX foci kinetics, P values were calculated using Kruskal
Wallis test with Dunn’s multiple comparisons in GraphPad Prism. Counting of y-H2AX foci
was determined using Image J software. For clonogenic assays, surviving fraction was
calculated on the basis of the number of colonies on non-irradiated plates. Data are

presented as the log of the surviving fraction with error bars representing the SEM.
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Results

We obtained 189 samples of germline DNA from the University of Birmingham’s Bladder
Cancer Prognosis Programme which were genotyped for the rs1805363 G>A SNP. Of these
patients, 141 were diagnosed with muscularis propria invasion (stage T2+) and 48 with
lamina propria invasion (T1). Of the 189 samples, 22 were identified as containing both A
and G alleles, with the remainder identified as only containing the major G (WT) allele. Loss
of heterozygosity (LOH) within heterozygous tumours was investigated by genotyping
extracted tumour DNA, which was available for 17 of the germline genotyped cases
identified as positive for both A and G alleles. LOH was identified in 7 of the 17 samples (A

only in4/17, Gonly in 3/17, A and G in the remaining 10/17).

To determine the relative proportions of isoform 1 and isoform 2 in patients’ tumours, FFPE
tumour blocks were obtained for RNA extraction from 36 of the germline genotyped
samples. Twelve of the tumour blocks were not suitable for RNA extraction. This was due to
either a lack of invasive pathology in cut sections (6/12), the area of tissue being too small
for sufficient material to be collected (5/12) or the tissue being identified as highly inflamed
(1/12). Of the remaining 24 blocks, 10 were from patients’ germline positive for both A and
G alleles and 14 from patients positive for only the G (WT) allele. RNA extracted from
patient tumours was then used to quantify the relative expression of isoform 1 and 2 within
the samples and grouped according to germline genotype (Figure 1). One sample was
excluded from the analysis due to a failure in isoform amplification. In agreement with
previous findings, MRE11 isoform 2 expression was found to be significantly higher
(p=0.007) in patients positive for the rs1805363 A minor allele (mean proportion of MRE11

isoform 2 in the germline genotyped patient group containing both A and G alleles: 19.4%)
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compared to patients positive for only the G major allele (mean proportion of MRE11
isoform 2 in the G only germline genotyped patient group: 2.3%). Isoform 2 was also found
to be generally increased in non-wild-type samples in TCGA (p-value: <0.001), as well as in
direct comparison to isoform 1 (p=0.017) (see Supplementary Table 1). Although there was
a trend for variant SNPs to correlate with isoform 2 expression, not all samples followed this
trend (Figure 2A). Furthermore, a clustering based on the expression of all isoforms did not

separate wild-type from variant samples (Figure 2B).

We then investigated whether the increased presence of MRE11 isoform 2 could influence
cellular radiosensitivity and DNA damage response. We used an RT112 bladder cancer cell
line knocked down for endogenous MRE11 and re-expressing an MRE11 construct
containing either the full length MRE11 coding sequence (MRE11 isoform 1) or the MRE11
coding sequence lacking MRE11 exon 16 (MRE11 isoform 2). As this question referred to the
function of the translated protein we did not include the MRE11 isoform 1 or 2 5’UTR

sequences in these constructs.

Lenti-viral expression of either MRE11 isoform 1 or isoform 2 in these cells led to a greater
than 2.5-fold increase in full-length MRE11 protein level (2.61-fold for MRE11 isoform 1,
2.53-fold for MRE11 isoform 2), which corresponds to approximately 30% of the

endogenous full-length MRE11 level in the parental cell line (Figure 2A).

A colony survival assay was performed to determine the radiosensitivity of the MRE11
RT112 cell lines. The MRE11 knockdown cell line displayed a significant increase in
radiosensitivity compared to the parental RT112 cell line at doses of 2 to 10 Gy. This was
rescued by the re-expression of either the MRE11 full length (isoform 1) (1.6-fold and 1.9-

fold reduction of parental cell survival levels at 8 and 10 Gy) or the MRE11 exon16-negative

14



construct (isoform 2) (1.6-fold and 2.3-fold reduction of parental cells at 8 and 10 Gy), while
MRE11 knockdown cells had 62.5-fold and 52.6-fold reduction on survival compared to
parental cells at 8 and 10 Gy. However, there was no significant difference in radiosensitivity
between cells expressing the full-length version MRE11 and exon 16-deleted (Aexon16) cells
(Figure 2B). To determine whether Aexon16 cells had an altered functional response to DSB,
v-H2AX foci were quantified after exposure to 2 Gy of IR. The level of y-H2AX started to
increase 10 min after 2 Gy IR regardless of MRE11 expression. It reached its peak at 30
minutes post-IR, with significantly (1.81-fold) higher levels in the MRE11 knockdown cells
compared to the parental cell line that persisted for 2, 6 and 24 hrs after irradiation.
Consistent with the level of expression achieved compared to the parental cells, MRE11-
transfected cells showed a partial reduction in y-H2AX foci at 2 hr after 2 Gy irradiation, at
an intermediate level between the parental and MRE11 knockdown cells. The reduction in y-
H2AX after rescue with either the MRE11 full length or Aexon16 constructs was 1.3-fold at
30 minutes after 2 Gy IR, similar to the MRE11 protein levels achieved relative to the
parental cells. There was no significant difference in y-H2AX foci at any of the time points
between the MRE11 full length and the Aexon16 cells (Figure 3A and B). Moreover, the
initial y-H2AX foci level (No IR) for all four cell lines were re-achieved at the 6 hr time point.
This suggests that the absence of exon 16 has minimal effects on cell survival and repair of

DNA damage after IR.
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Discussion

In line with our previous report on the MRE11 rs1805363 SNP in patients with invasive
bladder cancer, we genotyped the rs1805363 status of germline DNA and in this study
provided further evidence for a correlation between the presence of the MRE11 germline
rs1805363 A minor allele and an increase in the tumour expression of MRE11 isoform 2 over
isoform 1. However, it would be useful to establish if the tumour genotype is a more

accurate indicator of the expression of MRE11 isoform 2 in invasive bladder tumours.

In TCGA, the SNP variant was even more frequent (at 16% minor allele frequency) than
reported earlier (e.g. 11% in Teo et al ; lower frequencies in different variation studies as
reported in dbGAP, including approximately 5% in the TopMed meta-study and
approximately 8% in the European population (see Supplementary Table 1). However, it is
not possible to determine whether patients with cancer have a higher frequency of the SNP
in their germline or whether this result reflects the somatic nature of the TCGA data. The
isoform quantification of the TCGA data clearly supports the observation of a variant-
dependent increase of isoform 2, but not all samples follow this trend. The bioinformatics
approach to quantify the isoforms relied on the full set of annotated isoforms (in total 10)
which, while allowing a more complete picture, might also hamper the analysis, since the
algorithm might not be able to distinguish all isoforms correctly in all instances. The results
of the TCGA analysis therefore highlights the fact that further research is required to
determine how to best quantify the MRE11 isoforms from RNA-seq data. In addition, it
would be of interest to study other isoforms, as for example ENST00000540013.5 coding for
a much shorter protein without exon 16, which seems to be supressed in the non-wild-type

cases (Supplementary Table 1).

16



Given that the presence of the rs1805363 A minor allele in the germline DNA of patients
with invasive bladder cancer was associated with worse survival after radiotherapy [14], we
hypothesised that cells expressing increased levels of MRE11 isoform 2 may have an altered
response to ionising radiation compared to cells expressing MRE11 isoform 1. However,
when we re-expressed constructs for MRE11 isoform 1 or 2 in a bladder a cancer cell line
which had been knocked down for endogenous MRE11 and used assays to assess their
intrinsic radiosensitivity, no difference was observed between cells expressing the full
length coding sequence for MRE11 (MRE11 isoform 1) or cells expressing MRE11 lacking
exon 16 (MRE11 isoform 2). We therefore conclude that the presence or absence of MRE11
exon 16 may not influence cell survival or DSB repair capacity after IR, contrary to our initial
hypothesis, although we appreciate that our conclusions are limited by the use of only one

cell line system.

In our cellular analysis of MRE11 isoform 2 we were interested in directly comparing the
protein function of our MRE11 constructs. Therefore, we selected cells for our assays that
stably re-expressed our constructs. Unfortunately, this strategy did not allow us to address
whether there was a difference in the protein stability or turnover between the two
isoforms. Ideally, the protein levels of MRE11 isoform 1 and isoform 2 would have been
assessed in patient samples where we had quantified the relative expression of mRNA.
However, unfortunately with no available antibody distinguishing between the two isoforms
and with only a 27aa difference between the two protein variants, it was not possible to
reliably distinguish the isoforms using techniques such as western blotting or
immunohistochemistry. We did have an antibody raised to exon 16 but this unfortunately
proved unsuitable for western blotting, and so we could not verify its specificity for use in

determining the isoforms’ presence in the samples. Interestingly, the phosphorylation of
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MRE11 threonine 597, which resides within exon16, has been found to promote MRE11
degradation in PTEN deficient cells [21], which does suggest that in some cases a difference

in protein stability may exist between the two isoforms.

A limitation in the system we used to investigate the efficiency of DSB repair by MRE11
isoform 1 compared to 2 is that we only re-expressed either MRE11 isoform 1 or 2 in our KD
cells. However, in the human tissue we analysed MRE11 isoform 1 was present in
conjunction with isoform 2. Therefore this method may be an oversimplification of the
underlying biology and expressing different ratios of the two isoforms may be a more
representative model in which to study their function. Indeed, in cells, MRE11 exists as a
homodimer with dimerisation being critical for the correct assembly of the MRN complex
and the binding and aligning of DNA ends [22]. It is possible that although each isoform in
this analysis was proficient for DSB repair when expressed in isolation, a dimer comprised of
the two different isoforms may not be. The complexity of the interactions between MRE11
and the members of the MRN complex have been previously highlighted. It has been
proposed that as the MRN complex is a heterohexamer comprised of 3 protein dimers it
could exist in multiple states, where different dimer assemblages within the complex affect

its response to DNA damage [23].

Aside from its role in DNA damage repair, MRE11 also functions in the repair of stalled and
collapsed replication forks [24-28]. While we saw no defect in the ability of MRE11 lacking
exonl6 to repair DNA damage following ionising radiation, it may be that this form of
MRE11 is not able to function in response to replication stress. This would be worthy of
further investigation and a possible reason for the poor response of rs1805363 positive

patients with high MRE11 isoform 2 levels to radiotherapy.
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Figure legends

Figure 1. (A) Schematic illustrating the splicing of MRE11 pre-mRNA to form MRE11 isoform
1 and 2. Exons are displayed as coloured numbered boxes. Yellow and dark blue boxes
portray exons within untranslated regions (UTR) and protein coding regions respectively.
Green lines directly beneath the exon boxes depict MRE11 isoform 1 splicing and MRE11
isoform 2 splicing is described by the orange lines above. The skipping of exon 16 in MRE11
isoform 2 is highlighted by the purple dotted box. The light blue dotted box highlights the
usage of an alternative splice site within exon 1, producing a shorter exon 1 sequence in
MRE11 isoform 1; (B) The relative position of the rs1805363 SNP within the 5’ UTR of both
MRE11 isoforms. Relative exon sizes are based on MRE11A RefSeq accessions NM_005591.3
and NM_005590.3. Relative intron lengths were calculated using BLAT to aligning reference
mMRNA sequences onto genomic DNA [29]; (C) Representative image of electrophoresis
bands produced from the PCRs conducted on cDNA from tumour samples. The 144 bp
product is amplified from the MRE11 isoform 1 5’UTR and the 251bp product is amplified
from the longer MRE11 isoform 2 5’UTR. Amplification of GAPDH was run as a positive
control for all samples; (D) Quantification of tumour MRE11 isoform expression. MRE11
isoform 1 and 2 expression is displayed as a percentage of the total amount of MRE11 in
each sample. Samples are grouped according to the presence or absence of the rs1805363 A
minor allele in germline DNA. The tumour genotype is displayed where known. The
proportion of MRE11 isoform 2 expression is significantly increased in patients who are
positive for the rs1805363 A minor allele compared to patients who are only positive for the

G major allele (t-test p=0.007).
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Figure 2: Analysis of MRE11 isoforms in TCGA bladder cancer tumours (A): Expression

values (Transcript per million, TPM, computed on reads mapping to MRE11 only) of isoform

1 (x-axis) compared to isoform 2 (y-axis) in TCGA bladder cancer samples. Node colours
indicate variant calling for rs1805363. (B): Clustering of MRE11 isoforms. Colour intensity

refers to percentage of isoform usage.

Figure 3. (A) Western blot of RT112 cells and RT112-MRE11 knockdown cells stably
transduced with lentiviruses containing either MRE11 full length or MRE11 exon16 —ve
sequences and myc tag. (b) Clonogenic survival assays were performed following ionising

radiation and surviving curves were fitted using the linear-quadratic equation.

Figure 4. (a) RT112 cells were treated with 2 Gy irradiation and incubated at 37°C for the

times shown. Representative images are displayed with y-H2AX foci in red and blue

represents DAPI staining (scale bar: 10 um). (b) Statistical analyses of number of y-H2AX foci

per cell are shown as box and whisker plots with 5th.g5th percentiles. In total, 180 nuclei

were counted per sample in 3 independent experiments. Asterisks indicate * P< 0.05, ** P<

0.01, ***P<0.001, and **** p< 0.0001.
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Supplementary Figure 1. Mrell exon 16 was deleted using site-directed mutagenesis and

confirmed by Sanger DNA sequencing
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Supplementary Table 1:

Enrichment analysis and additional isoform information used in the TCGA analysis. Sheet 1:
pairwise enrichment analysis (P-values of Wilcoxon on-sided unpaired test on increase of
relative isoform abundance of mutant vs. WT, pairwise for each isoform). Sheet 2: Overview
on used isoform annotations for quantification and P-values for increased relative
abundance of one isoform (P-values of Wilcoxon on-sided unpaired test on increase of
relative isoform abundance mutant vs. WT, each isoform against all other isoforms). Sheet

3: overview of allele frequencies in different studies from dbGAP.
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ENST00000393241.8

ENST00000323929.7 (Isoform 1)
ENST00000407439.7

ENST00000540013.5

ENST00000323977.7 (Isoform 2)
ENST00000323977.7 (Isoform 2), P-values
corrected (Holm—Bonferroni)

Variant vs. Wild-type expression of individulal
isoforms. The expression-ratios of blue to
green have been tested between variant and
WT (Wilcoxon test on increased expression of
'blue’, one sided, unpaired) and P-values are
Isoforms which are expressed in less of 70% of
samples have been discarded, and samples
with no expression for an isoform of the
comparison have been skipped.

Yellow: P-value < 0.05

Corrected P-values given for the analysis
'Isoform 2 against the others'.

ENST00000393241.8

0.1625645

0.5793591

0.9761061
0.001212826

0.001617101

ENST00000323929.7 (isoform 1)
0.8377458

0.7960142
0.9987856
0.01747047

0.01747047

ENST00000407439.7
0.4212147
0.2043732

0.9762505
0.00050929

0.00101858

ENST00000540013.5
0.02399145
0.001220884
0.0238522

1.45E-07

0.00000058

ENST00000323977.7 (isoform 2)
0.9987925
0.9825811
0.9994933
0.9999999
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Name in study
Isoform 1

Isoform 2

Overview on isoforms used
in the TCGA analysis, based
on Gencode 29/30

P-values computed using
Wilcoxon one sided unpaired
test on fractions of isoform
expression against all others
between variant (GA, AA),
and wild-type (GG).

Identifier

929.7| 12| OTTHL 7780.6] OTTHUMTOC 4| MRE11-201| MRE11|6897| protein_coding|
ENST00000407439.7| ENSG00000020922.12| OTTHUMGO0000167780.6 | OTTHUMT00000396234. 1| MRE11-204 | MRE11| 2684 protein_coding|
ENST00000323977.7| 0922.12 | OTTHUMG00000167780.6| OTTHUMT00000396235.2 | MRE11-202 | MRE11| 2588 | protein_coding|
EN: 41.8| 0922.12| OTTHUMG00000167780.6| OTTHUMT00000396236.1 | MRE11-203 | MRE11| 2604 protein_coding|

ENST00000535120.1| ENSG00000020922.12| OTTHUMG00000167780.6| OTTHUMT00000396251.1| MRE11-205 | MRE11 | 234 | retained_intron |
ENST00000540013.5| ENSG00000020922.12 | OTTHUMG00000167780.6 | OTTHUMT00000396239.1| MRE11-209 | MRE11| 1212 protein_coding|
ENST00000541157.5| ENSG00000020922.12| OTTHUMG00000167780.6| OTTHUMTO00000396252.1| MRE11-210| MRE11 | 594 | processed_transcript |

ENS 754.5 | ENSG00000020922.12 | OTTHUMG00000167780.6 | OTTHUMT00000396241.3 | MRE11-207 | MRE11| 572 | protein_coding |
ENST00000538923.1| ENSG00000020922.12| OTTHUMG00000167780.6 | OTTHUMT00000396253.2 | MRE11-208 | MRE11|558 | protein_coding|
EN 144.1| 0922.12| OTTHUMGO0000167780.6 | OTTHUMT00000396254.1 | MRE11-206 | MRE11| 619 | processed_transcript |

contains length length  length of
exonl6 transcript protein  3prime

UTR

yes 6897 708 4546
yes 2684 711 258
no 2588 680 248
yes 2604 707 246
yes 234 - |
no 1212 221 396
no 594 - -
no 572 127 -
no 558 111 B
no 619 - -

length of
Sprime
UTR

222
288
295
232

148

190
224

fraction of samples
in which the
isoform is
expressed

1

0.9
0.956097561
0.931707317
0.017073171
0.809756098
0.073170732
0.204878049
0.070731707
0.163414634

p-value for ‘isoform
has higher
expression in
GA,AA compared
to GG'

0.3779377
0.9872987

4.84E-05
0.8567794
0.8845519

0.999539
0.9312637
0.9850816
0.6452692
0.5841205

p-values, for 'isoform

has higher

expression in GA,AA

compared to GG',

corrected for multiple

testing with
0.999539
0.999539
0.000484
0.999539
0.999539
0.999539
0.999539
0.999539
0.999539
0.999539

p-value for ‘isoform
has lower expression
in GA,AA compared to

GG’

0.6224927
0.01273852
0.9999519
0.1434768
0.1164288
0.000462844
0.06907281
0.01497968
0.3556909
0.4165673

p-value for ‘isoform
has lower
expression in
GA,AA compared
to GG, corrected
with
0.691658556
0.049932267
0.9999519
0.239128
02328576
0.00462844
0.172682025
0.049932267
0508129857
0520709125
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#URL

#NCBI Reference SNP (rs) Report ALPHA
#Current Build
#Released

#Organism

#Position

#Alleles

#Variation Type
#Publications

#

#Frequency Data Table
HHHHHHHRHHEH
#Study

TopMed

gnomAD - Genomes
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1000Genomes

1000Genomes

1000Genomes
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1000Genomes
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rs1805363
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Homo sapiens

chr11:94493786 (GRCh38.p12)
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SNV (Single Nucleotide Variation)

1 citation
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Global
Global
European
African

East Asian
Other
American
Ashkenazi Jewish
Global
African

East Asian
Europe
South Asian
American

Estonian

PARENT AND CHILD
COHORT

TWIN COHORT

Group

Study-wide
Study-wide
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18492 C=0.9134

8728 C=0.982
1622 C=1.000
978 C=0.93
836 C=0.96
302 C=0.96
5008 C=0.973
1322/C=0.995
1008 C=0.999
1006 C=0.917
978 C=0.99
694 C=0.95

4480/ C=0.922

3854 C=0.901
3708 C=0.902

Alt Allele
T=0.05542,
G=0.00002
T=0.0605
T=0.0866
T=0.018
T=0.000
T=0.07
T=0.04
T=0.04
T=0.027
T=0.005
T=0.001
T=0.083
T=0.01
T=0.05

T=0.078

T=0.099
T=0.098

BioProject ID

PRINA400167
PRIJNA398795

PRJEB6930

PRINA489787

PRIEB7217
PRIEB7218

BioSample ID

SAMNO07488253

SAMNO07488254
SAMNO07488251
SAMNO07488248
SAMNO07488255
SAMNOQ7488252
SAMNO07490465
SAMNO07486022
SAMNO7486024
SAMNO07488239
SAMNO07486027
SAMNO7488242

34



