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Abstract 1 

Background: 2 

The 100,000 Genomes Project established infrastructure for Whole Genome Sequencing 3 

(WGS) in the United Kingdom.  4 

Methods: 5 

A retrospective study of cancer patients recruited to the 100,000 Genomes Project by the West 6 

Midlands Genomics Medicine Centre, evaluating clinical relevance of results. 7 

Results: 8 

After excluding samples with no sequencing data (1678/4851; 34.6%), 3166 sample sets 9 

(germline and somatic) from 3067 participants were sequenced. Results of 1256 participants 10 

(41.0%) were interpreted (excluding participants who died (308/3067; 10.0%) or were 11 

clinically excluded (1503/3067; 49.0%)). Of these, 323 (25.7%) had no variants in genes which 12 

may alter management (Domain 1 genes).  Of the remaining 933 participants, 552 (59.2%) had 13 

clinical recommendations made (718 recommendations in total). These included therapeutic 14 

recommendations (377/933; 40.4%), such as clinical trial, unlicensed or licensed therapies or 15 

high TMB recommendations, and germline variants warranting clinical genetics review 16 

(85/933; 9.1%). At the last follow up, 20.2% of all recommendations were followed (145/718). 17 

However, only a small proportion of therapeutic recommendations were followed (5.1%, 18 

25/491). 19 

Conclusions:  20 

The 100,000 Genomes Project has established infrastructure and regional experience to support 21 

personalised cancer care. The majority of those with successful sequencing had actionable 22 

variants. Ensuring GTAB recommendations are followed will maximise benefits for patients. 23 
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Background 31 

Cancers are complex genetic diseases caused by dysregulation of multiple molecular pathways 32 

(1). Comprehensive molecular profiling is as an essential component of personalised cancer 33 

care delivery. Internationally, most genomics services use a combination of different 34 

sequencing techniques according to tumour type and standard of care pathways. In the United 35 

Kingdom, the National Health Service of England (NHSE), through its subsidiary Genomics 36 

England, aimed to provide whole-genome sequencing (WGS): a single assay that provides the 37 

most genetic information, within a clinically relevant timeframe. The recently completed 38 

100,000 Genomes Project (2) established histopathological (tissue acquisition and processing) 39 

and genomic (data generation, analysis and interpretation) infrastructures to enable WGS to be 40 

incorporated into routine clinical practice within the UK National Health Service. 41 

WGS has demonstrated its remarkable success in the diagnosis of rare diseases (2, 3). In 42 

addition, WGS has demonstrated clinical benefit in the management of children with cancers 43 

(4) and has enhanced scientific understanding of mutational signatures in cancers (5). WGS 44 

offers the opportunity for a data-rich singular assay for adult cancer, however, the clinical 45 

utility of WGS in adult cancer is poorly described. The detailed mutational characteristics of 46 

successfully sequenced specimens during the 100,000 Genomes Project have recently been 47 

described (6), however, relevant questions remain underexplored including timing of testing 48 

(in relation to standard of care treatments) and whether reported results can be integrated into 49 

clinical practice and potential treatments. For example, it is important to evaluate the balance 50 

between turnaround time of WGS and the time to deterioration in a heavily pretreated patients, 51 

as well as the disparity in availability of clinical trial and unlicensed therapies (7, 8). 52 

The West Midlands Genomic Medicine Service Alliance covers a geographically wide and 53 

diverse population encompassing the country’s first “majority minority” city in Birmingham, 54 
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and includes extremes of socioeconomic status. This population is therefore incredibly 55 

meaningful when assessing the clinical applicability of WGS. This study aimed to evaluate the 56 

experience of participants with cancers who were enrolled in the 100,000 Genomes Project via 57 

the West Midlands Genomics Medicine Centre (GMC). Crucially, we analysed the discussion 58 

outcomes of the multidisciplinary Genomic Tumour Advisory Boards (GTABs), exploring the 59 

potential clinical utility of WGS in cancer care.  60 

Materials and Methods  61 

Study design and overview of the 100,000 Genomes project 62 

This is a retrospective evaluation of data collated during the 100,000 Genomes Project (‘the 63 

Project’), a national initiative (7), which prospectively recruited patients with rare disease or 64 

cancer between 2012 and 2018. The primary objective of the Project was to sequence 100,000 65 

whole genomes from patients with cancer and rare disease, establishing infrastructure to embed 66 

genomics into the National Health Service (NHS). More widely, the Project sought to 67 

accelerate the growth and understanding of genomic medicine, bring clinical benefits through 68 

improving diagnosis and treatment, and support scientific discovery.  69 

During the Project, thirteen NHS Genomic Medicine Centres (GMCs) were set up across the 70 

country with linked GTABs for multidisciplinary team (MDT) discussions and 71 

recommendations of management. After approval from the national research ethics committee, 72 

participants were identified by healthcare professionals and researchers. To date, more than 73 

100,000 genomes have been sequenced from over 97,000 participants. This study aimed to 74 

evaluate the clinical utility of WGS for patients with cancers recruited to the Project in the 75 

West Midlands by assessing the variants identified by WGS and subsequent clinical 76 

recommendations. 77 

West Midlands Genomic Medicine Centre  78 
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While the Project was launched in 2012 and national recruitment commenced in 2014, the West 79 

Midlands Genomic Medicine Centre (WMGMC) was established in December 2014. 80 

Recruitment within the WMGMC ran between 2015 – 2018, with all recruitment undertaken 81 

by dedicated research staff, as reported previously (2). Routine patient care was unchanged. 82 

Parallel recruitment to the Project and other clinical trials was allowed.  83 

Inclusion and Exclusion Criteria 84 

Individuals eligible for the 100,000 genomes project were those diagnosed with invasive 85 

malignancy, residing in one of the 4 nations of the United Kingdom (England, Scotland 86 

Northern Ireland or Wales) and receiving cancer care within NHS England. Eligibility was not 87 

determined by tumour stage, tumour grade, or expected prognosis. Patients unable to consent 88 

were excluded. Additional exclusion criteria included: previously receiving negative results 89 

from another WGS study; unavailability of the essential dataset, known familial cancer 90 

syndromes. Ineligible cancers included: cervical, vaginal and vulval cancers (except 91 

melanoma), cancers of the endocrine system (except thyroid cancers), squamous cell or basal 92 

cell skin cancers, placental malignancies, cardiac malignancy and cancers from the male genital 93 

tract (except prostate, testicular or melanoma). Individuals with haematological malignancy 94 

were eligible, broadly including patients with haematological malignancy with > 40% 95 

malignant nuclei on peripheral blood or bone marrow for whom imminent treatment was 96 

planned. Full inclusion and exclusion criteria for the 100,000 Genomes Project are available 97 

from: https://www.genomicsengland.co.uk/initiatives/100000-genomes-98 

project/documentation, and are outlined in Supplementary Methods (Supplementary 99 

Materials).  100 

Laboratory procedures and analysis 101 

https://www.genomicsengland.co.uk/initiatives/100000-genomes-project/documentation
https://www.genomicsengland.co.uk/initiatives/100000-genomes-project/documentation
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Details of procedures, quality control and analysis are described in Supplementary Methods 102 

(Supplementary Materials), and have been reported elsewhere (9). Samples were handled 103 

according to the Project’s standard operating procedures by the West Midlands Regional 104 

Genetic Laboratory (WMRGL). Sequencing and primary analysis were performed by Illumina 105 

(Cambridge, United Kingdom), reporting triaged variant calls to the regional GMC. Variants 106 

were reported according to virtual panels of genes in 3 different domains (Supplementary Table 107 

1-7; Supplementary Methods (Supplementary Materials) and 108 

https://panelapp.genomicsengland.co.uk/), which are driven by expert consensus (10). Domain 109 

1 included a list of clinically actionable genes. Actionable genes are defined by the 110 

GenomOncology Knowledge Management System as genes that have reported therapeutic, 111 

prognostic or clinical trial associations. Domain 2 variants were non-actionable cancer-related 112 

genes that have been causally implicated in cancer by the Cancer Gene Census 113 

(http://cancer.sanger.ac.uk/census). Other variants not included in Domains 1 and 2 are 114 

reported as Domain 3 variants (non-cancer gene variants). Variants in Domain 1 gene were 115 

reviewed at GTAB for potential significance. 116 

West Midlands Genomic Tumour Advisory Boards (GTABs)  117 

GTABs were convened across three groupings of tumour sites. GTAB1 consisted of urological, 118 

skin, breast, head & neck and lung cancers, GTAB2 consisted of haematological, brain & 119 

paediatric cancers, sarcoma and carcinoma of unknown primary (CUP). GTAB3 consisted of 120 

colorectal, gynaecological, upper GI, neuroendrocrine and hepatobiliary cancers. All GTABs 121 

were chaired by a consultant medical or surgical oncologist, and consisted of a consultant 122 

histopathologist, clinical scientist, oncologist, surgeon and administrator. GTABs met bi-123 

weekly.  124 

https://panelapp.genomicsengland.co.uk/
http://cancer.sanger.ac.uk/census
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Pre-GTAB filtering sought to identify participants who would not benefit from GTAB review 125 

(deceased participants with no germline variants, alive participants without somatic domain 1 126 

variants, participants on treatment with ongoing response, participants who have completed 127 

active cancer management). The primary role of GTAB was to triage results of WGS, 128 

reviewing results of participants who were alive, with at least one somatic domain 1 variant 129 

and who were undergoing ongoing cancer management. All pertinent germline variants were 130 

reviewed at GTAB (including for deceased participants). Potential clinical actionability was 131 

defined at GTAB as variants in Domain 1 genes (as defined by Genomics England PanelApp) 132 

and classified by ClinVar as likely pathogenic, according to American College of Medical 133 

Genetics (ACMG) recommendations (11, 12). Potentially clinically actionable findings were 134 

validated by orthogonal testing, before being reported back to subsequent meetings. Potential 135 

eligibility for stratified medicine trials were identified through Genomics England PanelApp 136 

linked with ClinicalTrials.gov. A schema for interpretation of WGS results through pre-GTAB 137 

filtering and GTAB is provided in Supplementary Figure 1. Recommendations from GTAB 138 

were sent to local treating clinicians, with follow-up of recommendations requested from 139 

treating clinicians to assess whether recommendations altered clinical management. 140 

Study outcomes 141 

The primary outcome evaluated in this study was the proportion of participants with clinically 142 

actionable outcomes and their subsequent management. The secondary outcomes include the 143 

proportions and causes of the lack of successful genomic test results. Outcomes were further 144 

analysed according to the year of recruitment and cancer type.   145 

 146 

Data collection, definitions and follow up 147 
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The data were collated from the relevant GTABs and the WMRGL. Participants were defined 148 

as clinically excluded if poor performance status precluded additional therapies, or if disease 149 

status or stage (e.g. early stage, non-metastatic, curatively treated, not on active cancer 150 

treatment) meant that sequencing data was unlikely to change their care. The last follow-up of 151 

participant outcomes was completed on 31 December 2021. 152 

Statistical analysis  153 

Collated data were checked for consistency, cleaned and exported for analysis. The study was 154 

conducted according to guidelines set by the STROBE (Strengthening the Reporting of 155 

Observational Studies in Epidemiology) statement for observational studies (13). Chi-square 156 

tests were used to compare differences in categorical data. Missing data are included in 157 

summary tables when applicable. Analysis and visualisation were performed used Stata SE 158 

version 16.1 (StataCorp, Texas, USA) and GraphPad Prism 9 (Insight Partners, New York, 159 

USA). 160 

Results  161 

Participants and tumour-related characteristics 162 

4851 sample sets (comprising a somatic and paired germline sample) from 4830 participants, 163 

representing 14 cancer types (Figure 1, Supplementary Figure 2 and Supplementary Table 8) 164 

were included in this analysis. Over half of samples were collected in the final year of the study 165 

(2767/4851; 57.0%; Supplementary Figure 3). The commonest cancer types were colorectal 166 

cancer (977/4842; 20.2%), breast cancer (933/4842; 19.3%) and urological cancers (680/4842; 167 

14.0%), accounting for over half of total samples (2590/4842; 53.5%; Table 1 and 168 

Supplementary Table 8). Minimum age was 1.8 years, maximum was 97.8 years, with a median 169 

of 66.3 years. 50.1% were male (2465/4851). Median PS was 1 (range 0 – 4). Disease stage 170 

was not routinely recorded.  171 
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Proportion of sample sets sent for WGS 172 

3166 sample sets (65.3%) from 3067 participants were sent for sequencing (Figure 1, Table 1, 173 

Supplementary Table 8). The majority of the 1669 samples were not sent for sequencing were 174 

due to sample issues (913/1669; 54.7%): 510/1669 samples were insufficient due to low tumour 175 

cellularity in the specimen, with the remainder (403/1669) having insufficient mass for DNA 176 

extraction. A third of the samples that were not sent for sequencing failed quality control 177 

(538/1669; 32.2%), this rate significantly reduced over time (Figure 2, p<0.0001). Median 178 

turnaround time for WGS was 16 weeks (range 4-18 weeks), reducing to 4 weeks by the end 179 

of the study period. 180 

Clinical exclusions and Pre-GTAB Filtering 181 

Approximately 6 in 10 (59.1%; 1811/3067) participants with sequencing results were not 182 

discussed at GTAB because results were unlikely to change outcomes (Table 1). 10% of 183 

participants with sequencing results died before interpreted results were available (308/3067), 184 

including: 29.4% of participants with Cancer of Unknown Primary (CUP; 5/17); 25.2% of 185 

participants with adult glioma (32/127); 20.8% of melanoma (22/106); 19.9% of lung cancer 186 

(40/201) and 17.7% of upper gastrointestinal tract cancers (17/96). A further 50% of 187 

participants (1503/3067) were not discussed at GTAB as discussion was unlikely to change 188 

clinical outcome (for example not being on active treatment for cancer, not having active 189 

cancer, or due to poor performance status). After filtering out of participants who were 190 

clinically excluded, 1256 participants were eligible for GTAB discussion. Of the 1256 191 

participants clinically eligible for GTAB 25.7% (323/1256) were not discussed due to absence 192 

of variants in potentially actionable (domain 1) genes.  193 

GTAB recommendations 194 
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993 participants had sequencing results were discussed (Table 2), of whom 55.5% (552/993) 195 

had a recommendation made. In total, 718 recommendations were made. The majority of 196 

GTAB recommendations were related to potential treatment (both licensed and unlicensed) 197 

options and clinical trials. Only likely pathogenic variants in domain 1 genes were considered 198 

when recommend potential therapies. In total, 40.4% (377/933) of participants discussed had a 199 

recommendation that could relate to a potential treatment option (32.3% (301/933) after 200 

exclusion of high TMB reports). Of participants who had a recommendation made, 4.3% 201 

(24/522) had a recommended licensed therapy, 3.4% (19/522) had a recommended unlicensed 202 

therapy, 49.6% (274/552) had a recommended clinical trial, and 17.4% (96/522) had a report 203 

of high TMB. Gene variants directing therapeutic options (clinical trials, licensed or unlicensed 204 

therapies) are summarized in Supplementary Figure 4.  205 

Different cancer types were associated with differing rates of recommended actions (Table 2). 206 

Of participants discussed at GTAB: 53.7% (22/41) of lung cancer participants, 46.1% (47/102) 207 

of hepato-pancreatico-biliary cancer participants and 47.1% (32/68) of adult glioma 208 

participants had potential treatment or trial recommendations. In comparison, only 15.7% 209 

(26/166) of sarcoma participants and 13.3% (4/30) of haemato-oncology participants discussed 210 

at GTAB had potential treatment or trial recommendations.  211 

Supplementary Table 9 outlines recommended licensed and unlicensed therapy options from 212 

GTAB (n=144) by genetic aberrations. Checkpoint blockade was the most commonly 213 

recommended therapy (97/144), overwhelmingly recommended for high TMB (96/97). 214 

PI3K/Akt/mTOR inhibitors was recommended in 14.6% (21/144) most commonly due to 215 

mutations in PIK3CA (n=10), MTOR (n=5), or TSC1 (n=2). BRAF and/or MEK inhibition was 216 

recommended in 8.3% (12/144), most commonly due to BRAF mutation. Consideration of 217 

PARP inhibition was recommended in 5.5% (8/144). KRAS inhibitors were recommended in 218 

two cases (1.4%).  219 
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Participants with colorectal cancer (48/200; 24.0%) were more likely to have a high TMB, 220 

compared to an overall rate of 10.3% (96/928), consistent with the expected number of dMMR 221 

and dMMR POLE/D1 mutant participants. A high TMB may predict response to 222 

immunotherapy, although TMB remains an imperfect biomarker (14-16). Of note, although a 223 

significant proportion of participants with melanoma discussed at GTAB: (13/48; 27.1 %) had 224 

high TMB, although this is lower than reported elsewhere (~50%) (17, 18). 225 

Participants with breast and paediatric cancers were more likely to be referred to clinical 226 

genetic services. Referral to clinical genetics was recommended for a quarter of participants 227 

with childhood cancers discussed at GTAB (4/16, 25.0%) and quarter of breast cancer 228 

participants discussed at GTAB (27/106, 25.5%). Supplementary Table 10 summarises 229 

germline variants triggering recommendations for clinical genetics referral (n=82), the most 230 

common being BRCA2 (21/82), MSH2 (11/82), ATM (8/82), BRIP1 (7/82), PALB2 (5/82), 231 

TP53 (4/82), and BRCA1 (4/82).  232 

348 clinical trials recommendations were made in 274 participants (Supplementary Table 11). 233 

Trials recommended by GTAB were predominantly Phase I or II trials of targeted therapy 234 

options. Reflecting the frequency of TP53 mutations, the most commonly recommended trial 235 

was NCT03096054, a Phase I trial of LY3143921, a CDC7 inhibitor (76/348, 21.8%) (19). 236 

Outcomes for Clinical Trial Recommendations 237 

GTAB recommendations were sent to treating clinicians between September 2018 and 238 

February 2021, with 99.5% (715/718) of recommendations sent before the end of October 239 

2020. Treating clinicians were asked to provide feedback on whether recommendations were 240 

followed, with follow-up completed in December 2021.  241 

Figure 3, Table 3 and Supplementary Table 12 summarise outcomes of recommendations. 242 

Feedback was complete for 90.9% (653/718) of recommendations. 22.2% (145/653) of all 243 
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recommendations were followed. 98.8% (79/80) of recommendations to refer to clinical 244 

genetics were followed, 88.9% (40/45) of participants with DPYD deficiency were informed 245 

of the result.  However, rates of following recommendations for therapy options were lower: 246 

only 5.6% (25/448) of therapeutic recommendations (licensed or unlicensed therapies, clinical 247 

trials, high TMB) were followed. 7.5% of recommendations to refer for a clinical trial were 248 

followed (24/320). Therapeutic recommendations were followed for 17 patients (representing 249 

25 recommendations, as some patients had multiple clinical trials recommended). 16 250 

participants were referred clinical trials (4 patients with sarcoma, 3 with colorectal cancer, 2 251 

with glioma, 2 with breast cancer, 2 with HPB cancers, 1 with gynaecological malignancies, 1 252 

with lung cancer, 1 with UGI malignancy). One participant with ERBB2-mutant breast cancer 253 

who was recommended for clinical trials was started on treatment with neratinib on 254 

compassionate basis - this was overall judged to be consistent with following the two GTAB 255 

recommendations to consider clinical trials for access to ERRB2-directed therapy for this 256 

participant.  257 

Reported reasons for why recommendations were not followed are summarized in Table 3 and 258 

Supplementary Table 12. For 17.8% of recommendations (128/718) participants were either 259 

deceased, or not fit/suitable for treatment. For 51.9% of recommendations (373/718), it was 260 

not appropriate to change treatment at that time (‘No change to treatment’, ‘Not relevant’, ‘No 261 

disease’). It is possible that WGS results could change future management beyond the follow-262 

up of this study for a proportion of these participants. 263 

Discussion 264 

Principal Findings 265 

The 100,000 Genomes Project was a landmark initiative in the United Kingdom, evaluating 266 

the feasibility and benefits of WGS in cancers and rare diseases. This report summarises the 267 
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experience of WGS for cancer patients who participated in the Project within the West 268 

Midlands GMC, the GMC that had recruited the most participants for the Project and covering 269 

one of the most diverse populations in the country (Figure 1). We demonstrated rapid 270 

improvement in recruitment and the quality of the samples received during the Project (Figure 271 

2; Supplementary Figure 3). Unsurprisingly, the exponential increase in recruitment was 272 

accompanied by an increase of other sample issues, including insufficient samples. Of the 4851 273 

sample sets included in the study, 3173 were successfully sequenced, representing 3067 274 

participants of disparate cancer types. 275 

Approximately 60% of participants (1811/3067; 59.0%) were clinically excluded as GTAB 276 

discussion would not have changed clinical management (including those who had died, with 277 

early-stage cancers or poor fitness). This rate of pre-GTAB exclusion varied significantly 278 

between cancer types (Table 1 and Supplementary Table 8), especially in cancers that present 279 

with diagnostic challenges or poor fitness at presentation, such as cancer of unknown primary 280 

and lung cancer (20, 21). Conversely, the high rate of exclusion of breast and colorectal cancer 281 

participants likely represents a high proportion of curative intent treatment at presentation. 282 

The 100,000 genome project adopted an unselected approach to sequencing, and did not 283 

exclude patients based on stage, grade or prognosis. Universal sequencing for cancer patients 284 

provides opportunities, including identification of otherwise unrecognized germline variants 285 

and contributing to the understanding of the biology of malignancy (6). However, as 286 

demonstrated by our data, a potential weakness of this strategy is that a significant proportion 287 

of patients will have sequencing that will not change their cancer management. As a result, the 288 

approach presented here may under-estimates the clinical utility of WGS when compared with 289 

an approach applied strictly to patients with a permissible performance status and advanced 290 

disease.  291 
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Six in ten participants discussed at GTAB had recommended actions (59.1%, 548/928); four in 292 

ten participants discussed had potential treatments or clinical trials recommended to them 293 

(40.4%, 377/933; Table 2), including in cancers with limited therapeutic options such as glioma 294 

(50%, 34/68) and hepatobiliary cancers (49%, 50/102). Unfortunately, only a small proportion 295 

of potential treatments or clinical trials were followed at the time of last follow-up (5.1%, 296 

25/491). Whilst this is clearly disappointing, it is consistent with reported rates of involvement 297 

of cancer patients in clinical trials (22), which is further reduced by socioeconomic deprivation 298 

and in ethnic minority groups (23). An additional challenge for our population was likely 299 

presented by the COVID-19 pandemic (24), which may have restricted access to clinical trials 300 

and novel therapies. It is possible that with longer follow-up more of our participants may 301 

access stratified medicine options based on the WGS data, particularly at times of disease 302 

relapse or recurrence. 303 

Results in the context of what is known 304 

The Project is the largest population-based genomics medicine trial with an overarching aim to 305 

introduce WGS within a publicly funded health system. Initial studies using the data from the 306 

Project have focused on the genomics and clinical features of specific cancer types (25-28). 307 

Others have explored the potential clinical utility in rare cancer types, including sarcoma and 308 

cancers in children (4, 25). The recently published pan-cancer evaluation of successfully 309 

sequenced specimens (6) has used data linkage approach to explore the relationships between 310 

tumour genotypes with associated survival. However, it lacked data associated with the clinical 311 

decision-making process, nor possible outcomes from patients’ perspectives to support 312 

informed shared decision making (Figure 1). The small but important group of patients with 313 

cancers of unknown primaries and haematological cancers were also excluded. 314 
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Prendergast and colleagues reported similar rates of WGS being performed from sarcomas 315 

(62%) (25). Prior chemotherapies (25, 29), sample types and disease-specific challenges (e.g. 316 

low-grade disease with few cells, or high-grade disease with necrosis) were previously 317 

associated with higher failure rates of genetic testing. In addition, treatment-pathway-related 318 

factors, such as timing of referral (post-diagnosis) and out-of-hours surgery, have been reported 319 

to influence success rates (25). 320 

Similar to a recent report on childhood cancers (4), in which 1 in 5 (22.2%; 8/36) participants 321 

undergoing WGS were recommended novel therapeutic opportunities, 3 in 10 (29.8%; 322 

252/846) of our participants whose results were discussed at GTABs were recommended 323 

potential treatments or clinical trials (Table 2).  324 

Strengths and limitations 325 

This study evaluated the clinical processes supporting the implementation of WGS during the 326 

Project. It has highlighted the barriers for all cancer types, variations in success rates of WGS 327 

and the associated availability of therapeutic opportunities between cancer types. This report 328 

complemented the recently published pan-cancer mutational characteristics of the Project (6) 329 

with GTAB outcomes of individual participants to demonstrate how WGS has influenced 330 

clinical decision making. 331 

Although we identified improvements of quality control during the Project, it is unclear 332 

whether any pathway changes were implemented (e.g. removal of formalin from theatre), as 333 

previously described (25, 30). The lack of detailed demographic data, histological subtypes and 334 

details of prior treatments precluded further evaluation of risk factors associated with WGS 335 

failure and potential strategies to maximise its potential clinical utility.  336 

Our data have not formally evaluated the frequency of diagnosis modifications based on WGS, 337 

although and no recorded outcomes from GTAB suggested that diagnosis had been altered. 338 
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Respectively, 3.0% and 16.7% participants with sarcomas (25) and childhood cancers (4) had 339 

their diagnoses refined or changed by their WGS results.  340 

A significant disadvantage of the study was the turnaround time for WGS, caused by the 341 

evolution of infrastructure needed to deliver it. However, time to sequencing fell from 16 weeks 342 

at the beginning of the Project to 4 weeks at the end, suggesting that building infrastructure and 343 

experience facilitates more efficient delivery of WGS.  Another weakness of our analysis is 344 

that clinical data such as cancer stage was not collated, we are therefore unable to provide a 345 

data on the relative utility of WGS in patients with advanced disease. 346 

Perspectives on WGS 347 

It is important to consider whether WGS is the optimal strategy for universal cancer 348 

sequencing. WGS provides comprehensive genomic sequencing, representing a more 349 

diagnostically rich approach (31, 32). In addition, the importance of rich WGS data for cancer 350 

research must not be understated (6). WGS offers the potential to institute standardized pan-351 

cancer sample processing and bioinformatics pipelines, which is attractive for a nationalized 352 

healthcare system. A potential disadvantage of WGS is that this data risks overwhelming 353 

clinical teams with unexpected results. In the 100,000 Genomes project, this was offset by use 354 

of virtual panels, which were then interpreted within the clinical context by GTAB teams. 355 

Unlike traditional panel-based sequencing, virtual panels may evolve with scientific 356 

understanding (33), allowing for  re-analysis of samples, and for evolution of testing to meet 357 

service requirements.  358 

Disadvantages of WGS must be acknowledged, with one drawback being time to results and 359 

cost-effectiveness compared to alternate technologies (34-36). Whole-exome or panel 360 

sequencing could offer a route to quicker turnaround times, with more rapid turnaround of 361 

results potentially allow more patients to access therapies before clinical deterioration. 362 
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However, as shown here, time to sequencing does fall with establishment of infrastructure for 363 

WGS within a healthcare system.  A further important consideration is that WGS necessitates 364 

either sequencing at either lower depth per gene or committing to prolonged sequencing time 365 

(36). Finally, WGS is poorly validated in FFPE. Successful sequencing is  therefore dependent 366 

on fresh or fresh-frozen sample, with extraction of relatively large amounts of high-quality 367 

DNA (9). A successful WGS programme therefore requires establishment of robust sampling 368 

protocols, with cross-team collaboration (9). However, the success of the 100,000 Genomes 369 

Project demonstrates the feasibility of establishing such a programme at a national level. 370 

Clearly the ideal sequencing modality for cancer patients will be influenced by the healthcare 371 

system, resources and local expertise.  372 

Clinical implications 373 

This study provided an estimate of overall rates of successful WGS that led to clinically 374 

actionable recommendations. This will improve counselling of patients in a population-based 375 

setting with a mixture of different histopathology pathways from both secondary and tertiary 376 

hospitals.  Notably, recommendations for potential therapeutic options were made in 49.0% 377 

(50/102) of participants with hepato-pancreatico-biliary cancers discussed at GTAB and 50% 378 

(34/68) of adult participants with glioma discussed at GTAB. This suggests that WGS may 379 

provide therapeutic avenues for patients with currently very limited therapeutic options. 380 

Targeting these cancer types to establish robust molecular profiling pathways will help achieve 381 

potential therapeutic benefits of WGS. In contrast, the management of CUP remains an unmet 382 

need. Only one participant with CUP had a potential therapeutic option suggested by GTAB. 383 

Of 17 participants recruited, 10 (58.8%) died or were clinically excluded before results 384 

interpretation and 5 (29.4%) had no actionable variant. A standardised pathway is needed to 385 

expediate diagnosis and management in this challenging group.   386 
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It is acknowledged that the genes within Domain 1 are broad, containing genes that are not 387 

classically viewed as clinically actionable with current standard of care therapy options. 388 

However, these domains have been selected based on expert consensus (10). Identifying 389 

patients with genetic variants that allows matching of patients to stratified medicine trials, 390 

providing potential additional treatment lines and providing an opportunity to increase 391 

recruitment to these valuable trials. 392 

Research implications 393 

Previous work highlighted the optimistic view of participants and health professionals on the 394 

potential of WGS to improve therapeutic options (37-39). However, the lack of matched agents 395 

with targets remains a hurdle. Careful comparisons of key molecular pathways will generate 396 

new hypotheses to evaluate the benefits of targeted therapy in different cancer types. 397 

Expanding access to stratified medicine through clinical trials is clearly a priority. For cancer 398 

types that have high clinically actionable variant rates and few therapeutic/clinical trial options, 399 

tumour agnostic trials are urgently needed to improve outcomes.  Whilst large multi-agent, 400 

multi-marker studies have been performed, in many cancers the ability to match agents to 401 

specific genotypes remains limited. The Cancer Research UK funded DETERMINE study will 402 

undertake genotype matched therapy in rare tumours where the therapy is not licensed for that 403 

indication to maximise potential benefits of WGS (Clinical Trial registration ID: 404 

NCT05722886). 405 

Further research is needed to systematically test methods for improving WGS pathways and 406 

implementation of GTAB recommendations. Facilitating use of diagnostic pre-treatment 407 

specimens that yield good quality nucleic acids is crucial for implementation of genomics (25, 408 

29). Moreover, evaluation of patient characteristics (including socioeconomical factors, frailty 409 
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and ethnicity) will identify good practice and barriers to implementation of genomics in 410 

different cancers.  411 

Conclusions 412 

The Project has established essential National infrastructure and local experience to deliver 413 

WGS. Even with an unselected WGS approach, clinical recommendations were made in the 414 

majority of participants with interpreted results (522/933; 59.2%; Table 2). Systematic 415 

evaluations of genomics medicine pathways in a clinically relevant timeframe will be essential 416 

to maximise benefits for patients.   417 
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Figures Legends 

Figure 1: A flow chart summarising the number of participants and the outcomes after therapeutic 

recommendations. *Multiple recommendations per participants were made for a proportion of this 

cohort. TR= Therapeutic recommendations (clinical trial, unlicensed or licensed therapies or high 

TMB). 

 

Figure 2: A summary of stated reasons when samples were not sent for sequencing over time (n= 

1669)* 

 

Figure 3: Proportions of recommendations followed, based on the type of recommendation (n=718)  

 

Table Legends 

Table 1: Summary outcomes of participants with samples sent by cancer types (n=3067) 

 

Table 2: A summary of all recommendations of cases with reported results according to cancer type 

(n=933 and 718 recommendations) 

 

Table 3: Summary of clinical follow up of therapeutic recommendations (trial, licensed or unlicensed 

treatment, high TMB) by cancer type (n=491)  



Exclusion
Death (n=308/3067; 10%)

Clinically Excluded (n=1503/3067; 49%)

Not listed for GTAB
No variant in Domain 1 Gene

(n=323/3067; 11%)

No recommended actions
(n=381/933; 12%)

Participants with recommended actions
(n=552/933; 59.2%)

(718 recommendations)

Therapeutic recommendations (TR) reported
(treatments, clinical trials and TMB)

 Recommendations (n=491/718*; 68%)
Participants (n=377/552; 68%)

Treatment Recommendation followed
Of all TR (n=25/491; 5%)

Of all participants with TR (n=17/377; 4.5%)
Of all participants discussed (17/933; 1.8%)

Of all sequenced patients (n=17/3067; 0.6%)

Participants with sequencing data
(n=3067)

Treatment Recommendation not followed
Of all TR (n=423/491; 86%)

Missing follow-up data
Of all TR (n=43/491; 8.8%) 

Participants with results interpreted
(n=1256/3067; 41%)

Participants listed for GTAB discussions
(n=933/3067; 30%)

Non-therapeutic recommendations
 Recommendations (n=227/718; 32%)

Participants (n=175/552; 32%)



 

 2015 2016 2017 2018 Total p-value 

Sample issues 0 (0) 33 (19.6) 311 (53.7) 569 (63) 913 (55.1) <0.0001 

QC failure 7 (100) 115 (68.5) 225 (38.9) 191 (21.2) 538 (32.5) <0.0001 

Not eligible 0 (0) 1 (0.6) 11 (1.9) 51 (5.6) 63 (3.8) <0.0001 

Unknown 0 (0) 19 (11.3) 32 (5.5) 92 (10.2) 143 (8.6) 0.007 

Total** 7 (21.2) 168 (41.2) 579 (35.2) 903 (32.6) 1657 (34.2) 0.002 

Count (percentage of category) unless otherwise stated; *12 missing data (12/1669; 0.7%); **Count 

(Percentage of column total); samples issues include insufficient samples and no tumour in the samples; QC= 

Quality control 
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 All 

(n= 3067) 

Colorectal  

(n=711) 

Breast 

(n=603) 

Urology 

(n=439) 

Sarcoma 

(n=308) 

HPB 

(n=266) 

Lung 

(n=201) 

Glioma 

(n=127) 

Blood 

(n=79) 

Melanoma 

(n=106) 

Upper GI 

(n=96) 

H&N 

(n=33) 

Gynae 

(n=47) 

Paediatric 

(n=34) 

CUP 

(n=17) 

 

p-value 

 

Samples sequenced, without result interpreted at last follow up 

 

Death 308 (17.0) 53 (11.0) 15 (3.5) 40 (16.1) 30 (25.4) 36 (31.3) 40 (28.0) 32 (57.1) 9 (18.4) 22 (44.0) 17 (28.8) 5 (23.8) 4 (18.2) 0 (0) 5 (50) <0.0001 

Clinically Excluded 1503 (83.0) 427 (89.0) 410 (96.5) 208 (83.9) 88 (74.6) 79 (68.7) 103 (72) 24 (42.9) 40 (81.6) 28 (56.0) 42 (71.2) 16 (76.2) 18 (81.8) 15 (100.0) 5 (50) <0.0001 

Total* 1811 (59.1) 480 (67.5) 425 (70.5) 248 (56.5) 118 (38.3) 115 (43.2) 143 (71.1) 56 (44.1) 49 (26.5) 50 (47.2) 59 (61.5) 21 (63.6) 22 (30.1) 15 (44.1) 10 (58.8) <0.0001 

 

Samples sequenced, with results interpreted at the last follow up 

 

No actionable Domain 1 variant 323 (25.7) 30 (13.0) 71 (39.9) 94 (49.2) 24 (12.6) 49 (18.4) 17 (29.3) 3 (4.2) 0 (0) 8 (14.3) 12 (32.4) 6 (50.0) 2 (10.5) 2 (10.5) 5 (71.4) <0.0001 

Results interpreted  933 (74.3) 201 (87.0) 107 (60.1) 97 (50.8) 166 (87.4) 102 (81.6) 41 (70.7) 68 (95.8) 30 (100) 48 (85.7) 25 (67.6) 6 (50.0) 23 (89.5) 17 (89.5) 2 (28.6) <0.0001 

Total*  1256 (40.9) 231 (32.5) 178 (29.5) 191 (43.5) 190 (61.5) 151 (56.8) 58 (28.9) 71 (55.9) 30 (38.0) 56 (52.8) 37 (38.5) 12 (36.4) 25 (53.2) 19 (55.9) 7 (41.2) <0.0001 

Count (percentage of category); *Count (Percentage of column total); HPB= hepatobiliary; Blood= haematological; GI= gastrointestinal tract; H&N= head and neck; Gynae= Gynaecological; CUP= Cancer of Unknown Primary. 



 
 

 

 All 

(n=993) 

Colorectal 

(n=201)  

Breast 

(n=107) 

Urology 

(n=97) 

Sarcoma 

(n=166) 

HPB 

(n=102) 

Lung 

(n=41) 

Glioma 

(n=68) 

Blood 

(n=30) 

Melanoma 

(n=48) 

Upper GI 

(n=25) 

H&N 

(n=6) 

Gynae 

(n=23) 

Paediatric 

(n=17) 

CUP 

(n=2) 
p-value 

Participants with reported results            

No recommendation 381 (38.4) 71 (35.3) 25 (23.4) 43 (44.3) 108 (65.1) 36 (35.3) 8 (19.5) 24 (35.3) 18 (60.0) 18 (37.5) 12 (48.0) 2 (33.3) 9 (39.1) 6 (35.3) 1 (50.0) <0.0001 

Recommendation 552 (61.6) 130 (64.7) 82 (76.6) 54 (55.6) 58 (34.9) 66 (64.7) 33 (80.5) 44 (64.7) 12 (40.0) 30 (62.5) 13 (52.0) 4 (66.7) 14 (60.9) 11 (64.7) 1 (50.0) <0.0001 

                 

Participants with therapeutic recommendations** 

Treatment (Licensed) 24 (4.3) 3 (2.3) 4 (4.9) 4 (7.4) 0 (0) 2 (3.0) 2 (6.1) 1 (2.3) 0 (0) 5 (16.7) 1 (7.7) 0 (0) 2 (14.3) 0 (0) 0 (0) 0.0234 

Treatment (Unlicensed) 19 (3.4) 1 (0.8) 6 (7.3) 4 (7.4) 0 (0) 0 (0) 1 (3.0 0 (0.0) 0 (0) 5 (16.7) 0 (0) 1 (25.0) 0 (0) 1 (9.1) 0 (0) <0.0001 

Clinical Trial 274 (49.6) 60 (46.2) 34 (41.5) 21 (38.9) 26 (44.8) 46 (69.7) 22 (66.7) 31 (70.5) 4 (33.3) 15 (50.0) 5 (38.5) 1 (25.0) 8 (57.1) 0 (0) 0 (0) <0.0001 

High TMB report 96 (17.4) 48 (36.9) 3 (3.7) 11 (20.4) 0 (0) 4 (6.1) 6 (18.2) 3 (6.8) 0 (0) 13 (43.3) 3 (23.1) 0 (0) 4 (28.6) 0 (0) 1 (100.0) <0.0001 

Participants with other recommendations 

DPYD 56 (10.1) 8 (6.2) 11 (13.4) 7 (13.0) 9 (15.5) 0 (0) 8 (24.2) 0 (0) 6 (50.0) 2 (6.7) 1 (7.7) 1 (25.0) 1 (7.1) 2 (18.2) 0 (0) <0.0001 

Clinical genetics 85 (15.4) 20 (15.4) 27 (32.9) 9 (16.7) 11 (19.0) 7 (10.6) 1 (3.0) 3 (6.8) 2 (16.7) 1 (3.3) 0 (0) 0 (0) 0 (0) 4 (36.4) 0 (0) <0.0001 

Not validated 86 (15.6) 6 (4.6) 14 (17.1) 8 (14.8) 18 (31.0) 11 (16.7) 5 (15.2) 9 (20.5) 2 (16.7) 3 (10.0) 4 (30.8) 2 (50.0) 0 (0) 4 (36.4) 0 (0) 0.0110 

Participants with 

therapeutic 

recommendations*** 

377/552 

(68.3) 

110/130 

(84.6) 

43/82 

(52.4) 

33/54 

(61.1) 

26/58 

(44.8) 

50/66 

(75.8) 

25/33 

(75.8) 

34/44 

(77.2) 

4/12 

(33.3) 

27/48 

(56.3) 

9/13 

(69.2) 

2/4 

(50.0) 

12/14 

(85.7) 

1/11 

(9.1) 

1/1 

(100.0) 

 

 

<0.0001 

  

  

Therapeutic recommendations**  

Treatment (Licensed) 26 (3.6) 3 (1.8) 5 (4.6) 4 (5.6) 0 (0) 2 (2.5) 2 (3.6) 1 (1.7) 0 (0) 6 (12.2) 1 (6.7) 0 (0) 2 (12.5) 0 (0) 0 (0) 0.059 

Treatment (Unlicensed) 21 (2.9) 1 (0.6) 6 (5.5) 4 (5.6) 0 (0) 0 (0) 1 (1.8) 0 (0) 0 (0) 7 (14.3) 0 (0) 1 (20.0) 0 (0) 1 (9.1) 0 (0) <0.0001 

Clinical Trial 348 (48.5) 77 (47.2) 43 (39.4) 28 (39.4) 30 (44.1) 56 (70.0) 33 (58.9) 44 (73.3) 4 (28.6) 17 (34.7) 6 (40.0) 1 (20.0) 9 (56.3) 0 (0) 0 (0) <0.0001 

TMB report 96 (13.4) 48 (29.4) 3 (2.8) 11 (15.5) 0 (0) 4 (5.0) 6 (10.7) 3 (5.0) 0 (0) 13 (26.5) 3 (20.0) 0 (0) 4 (25.0) 0 (0) 1 (100.0) <0.0001 

Other recommendations 

DPYD 56 (7.8) 8 (4.9) 11 (10.1) 7 (9.9) 9 (13.2) 0 (0) 8 (14.3) 0 (0) 6 (42.9) 2 (4.1) 1 (6.7) 1 (20.0) 1 (6.3) 2 (18.2) 0 (0) <0.0001 

Clinical genetics 85 (11.8) 20 (13.3) 27 (24.8) 9 (12.7) 11 (16.2) 7 (8.8) 1 (1.8) 3 (5.0) 2 (14.3) 1 (2.0) 0 (0) 0 (0) 0 (0) 4 (36.4) 0 (0) <0.0001 

Not validated 86 (12.0) 6 (3.7) 14 (12.8) 8 (11.3) 18 (26.5) 11 (13.8) 5 (8.9) 9 (15.0) 2 (14.3) 3 (6.10) 4 (26.7) 2 (40.0) 0 (0) 4 (36.4) 0 (0) <0.0001 

Total number of all 

recommendations*** 718 163 109  71 68 80 56 60 14 49 15 5 16 11 1 

 

<0.0001 

Total number of all 

therapeutic 

recommendations 

491/718 

(68.4) 

129/163 

(79.1) 

57/109 

(52.2) 

47/71 

(66.2) 

30/68  

(44.1) 

62/80 

(77.5) 

42/56 

(75.0) 

48/60 

(80.0) 

4/14 

(28.6) 

43/49 

(87.8) 

10/15 

(33.3) 

2/5 

(40.0) 

15/16 

(93.8) 

1/11 

(9.1) 

1/1 

(100.0) 

 

 

<0.0001 

Count (Percentage of total recommended action) *Count (Proportion of total indicated). **therapeutic recommentations= trial, licensed or unlicensed treatment, high TMB. ***Multiple recommendations per participants were made for a proportion 

of this cohort. HPB= hepatobiliary; Blood= haematological; GI= gastrointestinal tract; H&N= head and neck; Gynae= Gynaecological; CUP= Cancer of Unknown Primary; DPYD= dihydropyrimidine dehydrogenase polymorphism; TMB= 

Tumour mutational burden.  

 



 

 

 
 

  

 

 

 All 

(n=491) 

Colorectal  

(n=129) 

Breast 

(n=57) 

Urology 

(n=47) 

Sarcoma 

(n=30) 

HPB 

(n=62) 

Lung 

(n=42) 

Glioma 

(n=48) 

Blood 

(n=4) 

Melanoma 

(n=43) 

Upper GI 

(n=10) 

H&N 

(n=2) 

Gynae 

(n=15) 

Paediatric 

(n=1) 

CUP  

(n=1) 

p-value 

Therapeutic recommendations followed               

Referred to Trial 23 (92.0) 5 (100.0) 3 (60.0) 0  6 (100.0) 2 (100.0) 1 (100.0) 3 (100.0) 0 (0) 0 (0) 1 (100.0) 0 (0) 2 (100.0) 0 (0) 0 (0) <0.05 

Compassionate Treatment 2 (8.0) 0 (0) 2 (40.0) 0  0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) ns 

Total* 25 (5.1) 5 (3.9) 5 (8.8) 0  6 (20.0) 2 (3.2) 1 (2.4) 3 (6.3) 0 (0) 0 (0) 1 (10.0) 0 (0) 2 (13.3) 0 (0) 0 (0) <0.05 

                 

Therapeutic recommendations not followed               

Death 72 (17.0) 18 (15.5) 3 (6.4) 6 (16.2) 0 (0) 16 (27.1) 15 (44.1) 8 (17.8) 0 (0) 4 (11.4) 2 (22.2) 0 (0) 0 (0) 0 (0) 0 (0) <0.001 

Participant not fit / suitable  38 (9.0) 12 (10.3) 0 (0) 5 (13.5) 2 (8.7) 6 (10.2) 1 (2.9) 5 (11.1) 0 (0) 4 (11.4) 2 (22.2) 0 (0) 1 (9.1) 0 (0) 0 (0) ns 

No disease 173 (40.9) 56 (48.3) 23 (48.9) 14 (37.8) 16 (69.6) 20 (33.9) 10 (29.4) 12 (26.7) 0 (0) 11 (31.4) 2 (22.2) 1 (50.0) 7 (63.6) 0 (0) 1 (100) <0.05 

No change to treatment 136 (32.2) 29 (25.0) 21 (44.7) 12 (32.4) 5 (21.7) 15 (25.4) 8 (23.5) 20 (44.4) 3 (100.0) 16 (45.7) 3 (33.3) 1 (50.0) 2 (18.2) 1 (100.0) 0 (0) <0.05  

Participant declined 4 (0.9) 1 (0.9) 0 (0) 0 (0) 0 (0) 2 (3.4) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 1 (9.1) 0 (0) 0 (0) <0.05 

Total* 423 (86.2) 116 (89.9) 47 (82.5) 37 (78.7) 23 (76.7) 59 (95.2) 34 (81.0) 45 (93.8) 3 (75.0) 35 (81.4) 9 (90.0) 2 (100.0) 11 (73.3) 1 (100.0) 1 (100) ns 

 

Incomplete data* 43 (8.8) 8 (6.2) 5 (8.8) 10 (21.3) 1 (3.3) 1 (1.6) 7 (16.7) 0 (0) 1 (25.0) 8 (18.6) 0 (0) 0 (0) 2 (13.3) 0 (0) 0 (0) 

 

<0.005 

Count (percentage of category); *Count (Percentage of column total); HPB= hepatobiliary; Blood= haematological; GI= gastrointestinal tract; H&N= head and neck; Gynae= Gynaecological; CUP= Cancer of Unknown Primary; DPYD= 

dihydropyrimidine dehydrogenase polymorphism; TMB= Tumour mutational burden 
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