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Characterising non-coding mutations 

Following bioinformatics analyses, our pilot RNA-Seq experiment 
generated a total of 597M reads; and as this is a targeted-panel RNA-Seq, 
demonstrates significant over-sequencing of these samples.  To address 
this, In silico random downsampling of reads was performed at a number 
of downsampling fractions; whereby a specified percentage of reads from 
samples was kept.  This analyses indicates the pattern of gene expression 
does not change until only around 1% of reads are kept (Fig5).  

Introduction 
Currently, approximately 44% of the genetic predispositions in hereditary 
breast cancer (HBC) is known.  Mutations within the high-risk breast cancer 
(BC) genes BRCA1, BRCA2, PTEN and others account for almost 25% of 
these, and the remainder can be attributable to both rare mutations in 
moderate-risk genes and common variants in low-risk genes.  The majority 
of these causative mutations have been identified in coding gene regions.  
However, the cause of between 50-60% of HBCs still remains unknown.  It 
is unlikely that we will find significantly more coding mutations that will 
explain the unknown HBC risk, and there is potential that the non-coding 
regions of known hereditary breast and ovarian cancer (HBOC) genes play 
a role.  

Our group has sequenced the germline DNA (gDNA) of a cohort of 532 
Northern Irish (NI) individuals with HBC, where no mutations have been 
identified in BRCA1 or BRCA2 (BRCAx patients).  Our sequencing panel 
consisted of known and novel HBC risk genes, including their regulatory 
regions e.g. promoters and splice sites, with the majority of these genes 
encoding proteins involved in the DNA Damage Response (DDR) pathway.  
Unpublished data from this study has identified non-coding mutations 
within known HBOC genes in gDNA.  Specifically, we found that ~40% of 
our NI BRCAx patients had mutations in HBOC gene promoters.  
Interestingly, a number of these mutations are common among our BRCAx 
families (some up to 8%), but are present within less than 1% of the 
general population.  When compared with published ENCODE data, many 
of these mutations lie within transcription factor binding sites (TFBSs).  We 
also identified ~12% of patients with intronic/splice site mutations that are 
predicted, by Ingenuity Variant Analysis (IVA), to affect the splicing of 
HBOC genes. 

The identified non-coding mutations may therefore have a functional 
impact, by downregulating the expression and mRNA splicing of HBOC 
genes.  This may predispose carriers to BC. 

Assessing the impact of non-coding mutations on hereditary breast 
cancer gene function and risk 

Aims 
This study aims to further explore the genetic predispositions of our NI 
BRCAx patients by: 
• Examining the impact of the identified non-coding mutations on both

downstream gene expression and mRNA splicing in patient tumours.
• Investigating the impact of these non-coding mutations on DDR

deficiency.
• Functionally testing the identified promoter mutations.

Additionally, cohort summary analysis of our NI BRCAx patients will be 
performed to assess linked mutation/tumour phenotypes. 

Methods 
Initially, anonymised clinico-pathological data was gathered for the NI 
BRCAx cohort and linked to gDNA sequencing results.  

Targeted-panel RNA-Seq analysis will be carried out in formalin-fixed 
paraffin-embedded (FFPE) tumour samples from patients with mutations 
in gene regulatory regions.  Effects of mutations on mRNA splicing will also 
be assessed.  Initially, optimisation of RNA-Seq was required; as RNA 
derived from FFPE tissue is highly (and variably) fragmented, is chemically 
modified and thus often either of low quality or degraded.  This poses a 
major challenge in generating reliable gene expression profiles, and thus a 
pilot experiment was performed on 8 patient samples before sequencing 
the remaining patient tumours.  

Additionally, a validated signature that was developed by ALMAC 
Diagnostics to identify response to DNA damaging therapies, and therefore 
identifies tumours with a DNA repair pathway deficiency (termed the DDR 
deficiency (DDRD) assay), will be utilised.  This will be applied to our NI 
BRCAx tumours for classification based on DDRD score and genotype.  

Identified promoter mutations are also being modelled in vitro using 
transcription reporter assays. 

Results 
NI BRCAx database 

A   comprehensive    NI   BRCAx   clinico-pathological    database   has   been 

compiled, comprising 120,428 data fields in total.  This database contains 
the gDNA sequencing data for our NI BRCAx index cases matched to their 
anonymised clinico-pathological data. 

502 tumours were available for analysis.  The median age of BC diagnosis 
in our NI BRCAx population was 51-years (Fig3), which is 10-years lower 
than in the NI population.  This finding is consistent with familial BC 
syndromes (although higher than the median age of diagnosis in cohorts of 
known BRCA mutation carriers).  

Histopathology and immunohistochemistry of our NI BRCAx tumours was 
analysed.  Specifically, the biomarker status of our tumours was 
determined, and coinciding with many studies of patient tumour 
phenotypes, this data was missing for a significant number of tumours 
(Fig4a).  This is likely due to the age of our cohort (diagnoses date back to 
1983) with routine biomarker testing being introduced many years after 
this.  Additionally, several Trusts in NI do not routinely test for PR and Her2 
testing was introduced in the mid-2000s.  Taking forward tumours with no 
missing biomarker data, a profile across the clinically relevant subtypes 
was performed (Fig4b). 

Assessing DNA repair deficiencies using RNA-Seq data 

The majority of BC predisposition genes encode proteins involved in DNA 
repair, and pathogenic mutations in DNA repair genes often leads to DNA 
damage response (DDR) deficiencies.  Based on this, we hypothesise that 
the NI BRCAx tumours may be enriched for DDR deficiency (Fig6a).   
ALMAC Diagnostics previously developed a 44-gene, RNA expression based 
assay (termed the DDRD assay) that identifies DDR deficient tumours. 

We plan to use this assay to identify DDRD positive tumours (those with a 
DNA damage response deficiency) which we will cross reference with our 
gDNA non-coding mutation data to further assess the impact of these 
mutations on DDR function (Fig6b). 

Given that the DDRD assay was designed for calculating DDRD scores from 
microarray data, we first developed a method for calculating DDRD scores 
from RNA-Seq data, which has been validated using publically available 
data.  This will be applied to RNA-Seq data generated from our NI BRCAx 
tumours to classify these tumours based on DDRD score and genotype.   

 
 
 
 
 
 
 
 
 
 

Conclusions 
Our NI BRCAx database is a unique and comprehensive resource to further 
study genotype-phenotype relationships in HBC patients.  While the 
available data provides an interesting insight into our population, data has 
been strengthened by updating the NI BRCAx database with overall 
survival data for all patients; which is currently being analysed.   

Functional testing of promoter mutations and assessing DDRD in tumours 
from our NI BRCAx patients will contribute in developing our 
understanding of the genetic aberrations in these patients; who have yet 
to have the genetic component of their increased risk for BC explained.  
This, together with expression data from our tumours, will aid in advancing 
our knowledge on the contribution of non-coding mutations on HBC gene 
expression and potentially, HBC risk – a key research gap identified by the 
Breast Cancer research gap analysis (2013). 
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This pilot data is being used to inform our follow up larger scale RNA-Seq 
studies in terms of coverage, depth and sample multiplexing, so that 
accurate and robust gene expression profiling can be performed on our 
FFPE-derived RNA samples as efficiently as possible.  
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In vitro modelling of promoter mutations 

Promoter mutations identified in our previous study that are enriched in 
our BRCAx population, are of a specific mutation type and lie within TFBSs 
have been selected for experimental analysis.  These are being modelled in 
vitro using luminescent reporter assays.  These particular promoter 
mutations are strong candidates for affecting the binding of a transcription 
factor (TF) to its corresponding TFBS, and thus altering gene expression.   

The promoter activity of a number of wild type (WT) promoter expression 
constructs will be assessed and compared with the corresponding mutant 
promoter activity to determine the impact of these promoter mutations.   

Fig. 1:  The genetic predispositions in HBC. 

Fig. 3:  Age of BC diagnosis in NI BRCAx population. 

Fig. 4:  Biomarker data for NI BRCAx tumours:  (a) With % missing of each 

receptor 

(b) Clinically relevant subtypes of tumours. 

(a) 

(b) 

Fig. 5:  Normalised gene expression of lowest expressed gene:  Each individual graph is 

a downsampling fraction (in order, from left to right); P=1.0, P=0.8, P=0.6, P=0.4, P=0.2, P=0.1, 
P=0.05, P=0.02, P=0.01, P=0.002, P=0.001, P=0.0001, P=0.00005 and P=0.00001.  

Fig. 7:  Waterfall plot of DDRD scores generated from pilot 

RNA-Seq experiment. 

Fig. 2:  Non-coding mutations identified in our BRCAx patients. 

Fig. 6:  DNA damage response in our NI BRCAx tumours and the DDRD assay application 

to current study.  (a)  Our patients harbour mutations in the DDR genes, and therefore there is 

potential that our NI BRCAx population is enriched for DDRD positivity when compared with 

sporadic BC cohorts.  (b)  ALMAC’s DDRD assay is a 44-gene panel, expression-based and 

validated signature that identifies DDRD deficiency in tumours by calculating a DDRD score. 

(a) (b) 

The developed method 
has been applied to 
RNA-Seq data generated 
from the pilot RNA-Seq 
experiment as shown 
(Fig7); further 
demonstrating our in-
house algorithm works.  
This analysis will also be 
performed on our 
remaining NI BRCAx 
tumours. 
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