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ABSTRACT 40 

Background 41 

Metastases from primary breast cancers can involve single or multiple organs at metastatic 42 

disease diagnosis. Molecular risk factors for particular patterns of metastastic spread in a 43 

clinical population are limited.  44 

Methods 45 

A case-control design including 1,357 primary breast cancers was used to study three distinct 46 

clinical patterns of metastasis which occur within the first six months of metastatic disease: 47 

bone and visceral metasynchronous spread, bone-only, and visceral-only metastasis. Whole-48 

genome expression profiles were obtained using WG-DASL assays from formalin-fixed 49 

paraffin-embedded (FFPE) samples. A systematic protocol was developed for handling FFPE 50 

samples together with stringent data quality controls to identify robust expression profiling 51 

data. A panel of published and novel gene sets were tested for association with these specific 52 

patterns of metastatic spread and odds ratios (ORs) were calculated. 53 

Results 54 

Metasynchronous metastasis to bone and viscera was found in all intrinsic breast cancer 55 

subtypes, while IHC receptor status and specific IntClust subgroups were risk factors for 56 

visceral- or bone-only first metastases. Among gene modules, those related to proliferation 57 

increased the risk of metasynchronous metastasis (OR (95% C.I.) = 2.3 (1.1-4.8)) and 58 

visceral-only first metastasis (OR (95% C.I.) = 2.5 (1.2-5.1)) but not bone-only metastasis 59 

(OR (95% C.I.) = 0.97 (0.56-1.7)). A 21-gene module (BV) was identified in ER-positive 60 

breast cancers with metasynchronous metastasis to bone and viscera (AUC = 0.77), and its 61 

expression increased the risk of bone and visceral metasynchronous spread in this population. 62 

BV was further orthogonally validated with Nanostring nCounter in primary breast cancers, 63 

and was reproducible in their matched lymph nodes metastases and an external cohort. 64 

Conclusion 65 

This case-control study of WG-DASL global expression profiles from FFPE tumour samples, 66 

after careful quality control and RNA selection, revealed that gene modules in the primary 67 
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tumour have differing risks for clinical patterns of metasynchronous first metastases. 68 

Moreover, a novel gene module was identified as a putative risk factor for metasynchronous 69 

bone and visceral first metastatic spread, with potential implications for disease monitoring 70 

and treatment planning. 71 

 72 

Keywords: breast cancer; metasynchronous metastases; gene expression pattern. 73 

74 
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BACKGROUND 75 

Development of metastatic breast cancer is a complex multi-step process manifesting 76 

with diverse temporal patterns involving single or multiple organs [1]. Metastases to multiple 77 

bone or visceral sites may be recorded as synchronous (reported at the same time), 78 

metasynchronous (where reported metastases are separated by a short time period, typically 79 

months) or asynchronous events with a significant delay between distant recurrences [2-4]. 80 

The median survival of patients with metastatic breast cancer is 18 to 24 months, although the 81 

range in survival spans between a few months to many years and often depends on the pattern 82 

or burden of metastatic spread. Most clinicians recommend initial treatment with 83 

chemotherapy for rapidly progressive visceral disease or in women with severe symptoms 84 

related to metastatic breast cancer [5]. Patients with bone metastases are often treated with 85 

osteoclast inhibitors, as these agents have been shown to reduce the risk of skeletal related 86 

events such as fractures, the need for surgery or radiation to bone, spinal cord compression, 87 

and hypercalcemia of malignancy.  However, patients at risk of metasynchronous metastatic 88 

spread to bone and viscera may benefit from an alternative treatment strategy at the time of 89 

first metastatic presentation. Clinicians may pursue more aggressive pursue more aggressive 90 

therapy immediately (e.g. chemotherapy instead of endocrine therapy) for patients with bone 91 

metastasis who were at high likelihood of imminent visceral metastasis, or similarly add 92 

bone-directed therapy for patients with visceral metastasis who are at high likelihood of 93 

imminent bone metastasis.  Identification of these patients at an early stage after primary 94 

diagnosis or during early metastatic disease is not well established.  95 

Various prognostic factors influence the overall survival of patients with metastatic 96 

breast cancer, including hormone receptor status and axillary lymph node status at diagnosis, 97 

previous adjuvant chemotherapy, and the number of involved organs [6, 7]. ER-positive 98 

disease has a predilection to metastasise to bone, whereas  basal-like and claudin-low breast 99 

cancers are associated with brain and lung relapses as first site of metastasis and HER2-100 

positive tumours show a predilection to cerebellar metastasis [8-14]. Transcriptional features 101 

present in the primary invasive breast carcinoma can be intrinsic to metastatic progression 102 

[15] and are currently tested in clinical trials for patient stratification for treatment regimens103 

[16, 17]. IntClust subtypes can stratify patients by disease-specific survival [18] but without 104 

attribution to specific metastatic patterns. Recently small-scale studies suggested circulating 105 

tumour-derived exosomes to be predictive for metastasis to individual bone or visceral 106 

metastatic sites [19]. It remains unclear, however, to what extent the primary tumour at the 107 
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time of diagnosis confers risk factors for clinical patterns of disease progression, manifesting 108 

as diverse temporal patterns of metastatic spread to single or multiple different organ sites. 109 

With the increasing use of small diagnostic biopsy procedures prior to systemic 110 

treatment for cancer patients, there are limited opportunities to also collect frozen tissue. The 111 

latter has been the prime resource for genomic analysis and subsequent publication of gene 112 

signatures for prognostic and predictive use. However, despite the potentially vast resource 113 

available within diagnostic FFPE archives, they have remained largely untapped for 114 

exploratory genome-scale biomarker studies. The quality of RNA from FFPE material has 115 

been the key limitation on its subsequent use. Whilst modifications to the extraction 116 

techniques continue to make slight improvements to the degraded RNA, there have been 117 

greater developments in array-based gene expression profiling assays and emerging 118 

technologies for transcriptome sequencing from FFPE samples [20]. The Illumina Whole-119 

Genome DASL (WG-DASL) assay is one such assay [21]. Several technical studies reported 120 

that DASL assays can produce reliable expression profiles from FFPE tumour tissue samples 121 

given adequate RNA quality, design and preprocessing of the resulting data [21-28].  122 

Here, we designed a whole-genome expression profiling study using a case-control 123 

design to include primary invasive breast cancers with three clinically observed patterns of 124 

metastatic spread: (i) metasynchronous bone and visceral metastases (within six months of 125 

first metastasis); (ii) bone only, with delayed or no visceral metastasis; and (iii) viscera only, 126 

with delayed or no bone metastasis. Given the comprehensive time and detailed organ-site 127 

information in our cohort from which cases and controls were selected, we aimed to identify 128 

intrinsic molecular features of primary breast carcinomas associated with the distinct patterns 129 

of first metastatic spread which are observed in the clinic, and in particular those with 130 

metasynchronous bone and visceral metastases.  131 

132 
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MATERIALS AND METHODS 133 

 134 

Study population, study design and patient selection  135 

The study population comprised 5,061 patients diagnosed with invasive primary breast cancer 136 

without distant metastasis at the time of diagnosis between 1975 and 2005 from Guy’s 137 

Hospital, London UK. All patients had given consent for analysis of their tumour tissues. 138 

Median follow-up was 11yrs (time between entry and exit dates in the case-control design). 139 

 Three metastatic populations were defined according to the site and specificity of 140 

recurrence: (i) first recurrence to bone only, with no other metastatic site within six months 141 

(“bone only”), (ii) first recurrence to viscera (other organs) only, with no other metastatic site 142 

within six months (“visceral only”), and (iii) recurrence to bone and viscera within a period 143 

of six months (“bone & visceral”). Bone metastasis was defined as distant metastasis to bone 144 

or bone marrow, spinal cord compression, pathological fracture or hypercalcaemia. Visceral 145 

metastasis included distant metastasis to lung, liver, brain or ascites. In the study population, 146 

1,598/5,061 (32%) developed distant metastasis: 413/1,598 (26%) to bone as first site (“bone-147 

only”), 747 (47%) to visceral as first site (“visceral-only”), and 438 (27%) to bone and 148 

visceral within a six month period (“bone & visceral”). 149 

 For each of the three metastatic populations (“visceral-only”, “bone & visceral”, 150 

“bone-only”), individually matched controls were randomly sampled using a case-control 151 

incidence based approach (Supplementary Methods). Briefly, each calendar time, T (e.g. 15th 152 

January 1999) that a case is diagnosed, one or more controls are randomly selected from the 153 

other members of the cohort who, at the time T, are still at risk of developing the outcome 154 

(distant metastasis). The controls are therefore matched to the case by time of event. A 155 

patient who is a control at one time can later become a case and/or a control again, and each 156 

of  the control series therefore includes a combination of patients still at risk which enables 157 

efficient estimation of risks in the clinical population (among 1,200 case-control sets, 75% of 158 

patients selected as controls at any calendar time did not metastasise at all, and 25% went on 159 

to have a distant metastatic event). 400 case-control sets were randomly selected for each of 160 

the three metastatic populations, giving a total of 1,200 selected case-control sets. Case-161 

control sets were then selected for tissue assessment and RNA extraction from formalin-162 

fixed, paraffin embedded (FFPE) tissue blocks. Extracted RNA was available for a total of 163 

742 case-control (1:1) pairs: 246 case-control pairs for ”visceral only” cases, 258 for “bone & 164 

visceral” cases, and 238 for “bone only” cases. An overview diagram of patient cases is 165 
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shown in Figure 1 and a detailed overview of case-control sampling, random selection and 166 

extracted case-control pairs is shown in Supplementary Figure S1A&B. Supplementary Table 167 

1 tabulates the number of cases with extracted case:control pairs (1:1), and the number of 168 

matched and unmatched cases and controls with available gene expression data. 169 

 170 

RNA extraction and gene expression profiling 171 

Formalin-fixed paraffin embedded (FFPE) samples of breast carcinomas were microdissected 172 

following tissue review. A total of 1,575 FFPE tissue blocks were assessed (H&E; 173 

Supplementary Methods). Primary tumour blocks from 1,357 patients were taken forward to 174 

micro-dissection and RNA extraction, with a total of 1,370 RNA samples (Supplementary 175 

Figure 1A). In addition, RNA was extracted from 100 matched positive axillary lymph nodes 176 

and from FFPE samples of six breast cancer cell lines. RNA extraction was outsourced to 177 

Gen-Probe Life Sciences Ltd (Manchester, UK). RNA sample quality, quantity and integrity 178 

were assessed before proceeding to Illumina HT-12 v4 BeadChips WG-DASL microarray. A 179 

detailed description of tissue selection, microdissection, RNA sample selection, hybridisation 180 

design and microarray data processing is provided in Supplementary Methods. Two gene 181 

expression data sets were produced following rigorous quality assessment: GWDb 182 

(containing primary tumour samples from 527 patients) and GWDa (containing primary 183 

tumour samples from 124 patients, after removing patients also present in GWDb). Patient 184 

characteristics for GWDb are provided by case-control series in Table 2. An overview 185 

diagram of each data set is provided in Supplementary Figure 1A. Gene expression 186 

microarray data has been deposited to Array Express E-MTAB-4003.  187 

 188 

Intrinsic subtype assignments and gene module scores 189 

PAM50 intrinsic subtype was assigned in accordance with Weigelt et al. [29] using median-190 

centred data and matching probes to centroid identifiers via gene symbol. The nearest 191 

centroid by Spearman correlation was assigned to each sample. IntClust subtypes were 192 

assigned using the iC10 package (v1.1.2) [30] for R/Bioconductor. Gene module scores for a 193 

panel of previously reported gene modules were estimated using the DART method [31] and 194 

further compared with weighted sum (weights (+1,-1) according to the direction of 195 

expression in the gene signature) (Supplementary Methods). Previously reported gene 196 

expression signatures were mapped to WG-DASL probes using Ensembl Gene ID, Entrez 197 

Gene ID or gene symbol, according to their original source (Supplementary Table S2). Where 198 
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multiple microarray probes mapped to a single Entrez Gene ID, the probe with the most 199 

variable gene expression across the datasets was used (based on standard deviation in the 200 

relevant data set). 201 

 202 

Derivation and expression summary of gene module 203 

To identify a candidate gene module for ‘bone & visceral’ metastasis (‘BV’ gene module), 204 

GWDb was reduced to ER-positive case-control pairs, and top-ranked genes were identified 205 

using an exploratory differential expression analysis of ‘bone & visceral’ and ‘No metastasis’ 206 

groups, as follows. Top-ranked genes were identified by comparing ‘bone & visceral’ vs. ‘No 207 

metastasis’ (threshold FDR-adjusted P < 0.2; Mann-Whitney U-test). This procedure resulted 208 

in a list of 21 genes (19 up, 2 down) together with the direction of differential expression 209 

between the ‘bone & visceral’ and ‘No metastasis’ groups (up, down) which defines the BV 210 

gene module. To inspect the candidate BV module within expression data sets, the expression 211 

of the gene module was summarised using a weighted sum with weights (+1,-1) according to 212 

the original direction of differential expression in the gene module. 213 

 214 

NanoString gene expression analysis 215 

For a subset of 192 samples, expression was validated for 150 selected genes by analysing 216 

total RNA (200 ng) with the nCounter platform (NanoString Technologies). Expression data 217 

were normalised using the NanoStringNorm package in R [32]. Background correction was 218 

done by subtracting the negative control probes (‘mean.2sd’). Expression values were 219 

normalised to the geometric mean of fifteen housekeeping genes. Expression values were 220 

log2 transformed and standardised within each sample (geometric mean). An expression score 221 

for the BV gene module was calculated among ER-positive samples using a weighted sum 222 

(weights (+1,-1) according to direction in the BV module) of mean-centred, standard 223 

deviation-scaled BV genes.  224 

 225 

 226 

Statistical analysis 227 

For each case-control series, conditional logistic regression models (modelling individually 228 

matched pairs) and logistic regression models (unconditional, disregarding the case-control 229 

matching) were used to estimate odds ratios (ORs) and 95% confidence intervals (CIs). For 230 

intrinsic molecular subtypes, ORs were estimated for each subtype compared with a baseline 231 
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subtype. IHC-derived subtypes were compared with ER-positive, HER2-negative tumours 232 

[33]. PAM50 subtypes were compared with the ‘LuminalA’ subtype (a good prognosis group 233 

[34]). IntClust subtypes were compared with the baseline IntClust3 cluster [30]. Gene module 234 

scores were scaled within each case-control series so that 95% of values lay within the range 235 

[-1,1] [35]. FDR/Benjamini-Hochberg multiple testing correction was applied to p-values 236 

across the panel of reported gene modules within each test [36]. A quartile analysis, in which 237 

cases were binned according to the quartile thresholds of the respective control series and 238 

conditional logistic regression models fitted for each quartile compared with the first quartile, 239 

showed similar trends in OR to the models which treat gene module scores as continuous 240 

variables (not shown). The Wilcoxon test for matched pairs and Mann-Whitney U test 241 

(unpaired) was used to test for differences in gene module scores between cases and controls 242 

in each series. All statistical analysis was conducted in the R environment (v3.1.2) (www.r-243 

project.org). Conditional regression models were fitted using the function clogistic() in the 244 

package Epi (v2.0) [37] (Case_Control ~ x + strata(pair.id) ). Logistic regression models 245 

were fitted using function glm(family=’binomial’) in the base package stats. A Sweave 246 

document is provided in Supplementary Methods. 247 

248 
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RESULTS 249 

Patient characteristics and sample processing 250 

 Clinico-pathological information for extracted RNA samples from 742 cases and their 251 

case-matched controls are summarised in Table 1. A rigorous inspection of extracted RNA 252 

and WG-DASL data was performed to ensure that expression profiles could be obtained 253 

across the span of storage times and inferior quality data were excluded from further analysis 254 

(Supplementary Figures S5-7). Primary tumour samples, which passed rigorous WG-DASL 255 

quality controls, were assigned to a discovery set (GWDb, 527 patients) or a smaller 256 

independent data set (GWDa, 124 patients) (Supplementary Figure S1A&B). Clinico-257 

pathological information for the three case-control series in data set GWDb is shown in Table 258 

2. Before proceeding to the analyses of the three case-control series, the clinico-pathological 259 

characteristics for each set were inspected. Patient characteristics of GWDb and GWDa 260 

retained the originally selected distribution of organ-specific metastatic spread 261 

(Supplementary Table S1A lists the number of cases for the case:control pairs (1:1), and the 262 

number of matched and unmatched cases and controls with available gene expression data). 263 

On inspection of GWDb, there were predominantly immunohistochemically (IHC)-defined 264 

ER-positive (~68%), 18% IHC HER2-positive and 32% IHC ER-negative breast cancers. 265 

Primary carcinomas were predominantly treatment naïve and invasive ductal carcinoma of 266 

no-special histological type. Patients with a ‘bone only’ pattern of first metastatic spread were 267 

more likely to report a visceral metastasis beyond a 6 month period from first metastasis 268 

(37%), than the ’visceral only’ group to a later bone metastasis (16%) (Supplementary Table 269 

S1B). The ‘visceral only’ case series had a greater proportion of grade 3 primary tumours and 270 

a smaller proportion receiving endocrine therapies than the other two case series in GWDb, 271 

while the ‘bone only’ case series had the lowest proportion of patients treated with 272 

chemotherapy (Table 2). Supplementary Figure S2 provides an illustration and descriptive 273 

summary of the temporal patterns of the single and multiple sites of metasynchronous 274 

metastatic spread present amongst all carcinomas in GWDb. 275 

 276 

 277 

Metastatic spread among breast cancer subtypes  278 

 Next we asked to what extent patients with particular molecular subtypes of breast 279 

cancer, as currently defined in the research setting, were at risk of metasynchronous bone and 280 

visceral, bone only, or visceral only patterns of first metastasis observed in the clinic. 281 
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Molecular subtypes in GWDb set were defined by the IHC status of ER/HER2 [33], assigned 282 

to the PAM50 [34] and the IntClust subtypes [18, 30]. Initially, PAM50 estimates for each 283 

tumour were compared with IHC-defined subtypes and overall a good accordance was 284 

observed: ‘Luminal A’ samples were 89% IHC ER-positive; 62% of ‘basal-like’ cases were 285 

of triple-negative phenotype (IHC ER-, PgR- and HER2-negative; TNBC); and 73% of 286 

‘HER2-enriched’ samples were IHC HER2-positive among samples with available IHC 287 

status. 288 

 Second, the molecular subtypes were tested within each case-control series using 289 

conditional logistic regression (Table 3). IHC ER-positive patients showed increased risk of 290 

‘bone only’ and decreased risk of ‘visceral only’ and ‘bone & visceral’ metastatic spread. In 291 

GWDb, breast cancer patients of the ‘HER2-enriched’ PAM50 subtype showed increased risk 292 

of ‘visceral only’, and ‘Luminal B’ of ‘bone only’, compared to the ‘Luminal A’ baseline. 293 

Patients with tumours classified as IntClust5 had an increased risk of ‘visceral-only’ spread 294 

compared to IntClust3 baseline tumours. Unconditional logistic regression models had 295 

similar OR point estimates (Table 4). The IHC ER-negative/HER2-positive subtype showed 296 

an increased risk of ‘visceral only’ and ‘bone & visceral’ spread compared to ER-297 

positive/HER2-negative carcinomas. Among IntClust classes with IntClust3 as the reference 298 

class, ‘bone & visceral’ had similar risks to the ‘visceral only’ group with the exception that 299 

IntClust2 and IntClust4 showed increased risk for ‘visceral only’ and ‘bone only’ but not 300 

‘bone & visceral’. Subtypes found to be risk factors for ‘bone & visceral’ spread were also 301 

risk factors for ‘visceral only’ or ‘bone only’ events from either the conditional or 302 

unconditional logistic regression models, indicating that molecular subtypes do not confer 303 

risks specifically for ‘bone & visceral’ events in this study.  304 

 Third, the tumour molecular subtypes of all patients in GWDb were tabulated and 305 

compared to the metastatic pattern of every patient irrespective of the case-control design, 306 

with the aim of providing a descriptive overview [30] of all primary tumours in GWDb 307 

(Figure 2). As predicted, IHC ER-negative and HER2-positive tumours were enriched for the 308 

’visceral only’ cases, and TNBC was decreased for ‘bone only’ events (Figure 2, IHC). The 309 

breakdown of IHC subtypes in the ‘bone & visceral’ group lies in between the ‘bone only‘ and 310 

‘visceral only’ groups and does not appear to be dominated by the IHC associations that would be 311 

expected for one case type or the other (‘bone only’ or ‘visceral only’). The differences were less 312 

clear across the PAM50 subgroups (Figure 2, PAM50). IntClust5 had the highest prevalence 313 

of ’visceral only’ events, whereas IntClust9 followed by IntClust6 had the most ‘bone & 314 

anitag
Highlight

anitag
Sticky Note
different font



 

 

12 

visceral’ events (Figure 2, IntClust). The ‘bone only’ group were mainly ER-positive breast 315 

cancers and were predominantly assigned to IntClust3, 4 and 7 subtypes. In contrast, patients 316 

with no reported metastases were enriched for Luminal A and IntClust3 subtypes (IntClust in 317 

‘NoMetastasis’ group; χ2
, P<1e-5), and ‘bone & visceral’ events were present in all IntClust 318 

subtypes (IntClust in ‘bone & visceral’; χ2
, P:0.3). In summary, primary breast cancers with 319 

‘bone & visceral’ metasynchronous metastatic pattern were found across multiple molecular 320 

breast cancer subtypes in GWDb, indicating that there was no evidence of increased risk 321 

specifically for ‘bone & visceral’ events among these current breast cancer classifications 322 

(Tables 3&4). 323 

 324 

 325 

Prognostic gene modules are indicative of organ-specific metastatic predilection  326 

 327 

Several studies have reported gene expression modules indicative of particular organ-specific 328 

metastatic spread (reviewed in [38, 39]). We therefore asked whether some of those modules 329 

were also activated across our three metastatic groups and to what extent the activation of 330 

individual gene modules in the primary tumour is a risk for the clinically observed patterns of 331 

metasynchronous ‘bone & visceral’, ‘bone only’, or ‘visceral only’ first metastasis. Primary 332 

tumour expression modules were selected if they were previously reported to be associated 333 

with: (i) features of proliferation, cell motility, presence of stem-cell-like cells and 334 

immune/lymphocytic infiltration, and (ii) organ-specific metastasis (Supplementary Table 335 

S2). 336 

 The gene modules were each tested as a risk for each pattern of metastatic spread 337 

within GWDb using conditional logistic regression (Figure 3A) and logistic regression on 338 

complete case-control pairs (Figure 3B). In addition, logistic regression models were fitted 339 

using all controls and all cases (to avoid discarding both samples from a pair due to missing 340 

data from GWDb), and using ER-stratified data with or without discarding samples from ER-341 

mismatching pairs (Supplementary Figure S3). Pairwise correlation of gene modules 342 

confirms that proliferation signatures are highly correlated in this data set and there is also 343 

correlation between other modules previously reported to represent metastasis to individual 344 

sites and between immune-related signatures (Figure 3C), consistent with other studies [35, 345 

40]. Expression of proliferation-associated genes have been repeatedly shown to be 346 

associated with the prognosis of ER-positive breast cancers [41]. In our study, gene modules 347 
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related to proliferation increased the risk of metasynchronous bone and visceral metastasis 348 

(for example, conditional logistic regression model of PTEN module, OR (95% C.I.) = 2.3 349 

(1.1-4.8); Supplementary Table S3) and ‘visceral only’ first metastasis (PTEN, OR (95% 350 

C.I.) = 2.5 (1.2-5.1); Supplementary Table S3) but not ‘bone only’ metastasis (PTEN, OR351 

(95% C.I.) = 0.97 (0.56-1.7); Supplementary Table S3). Risk associations were observed by 352 

logistic regression modelling within ER-positive or ER-negative tumours (Supplementary 353 

Table S3, Supplementary Figure 3A).  354 

In addition, with the alternative aim of providing a descriptive summary of gene 355 

module activation among all breast carcinomas present in GWDb, two exploratory analyses 356 

were performed irrespective of the case-control design: tumours with each pattern of 357 

metastatic spread were compared with all tumours with no metastasis using a logistic 358 

regression model (Supplementary Figure S3B), and time-to-metastasis to individual sites 359 

(lung, liver, bone, brain) was modelled irrespective of the patterns of first metastatic spread 360 

or any other metastases at any time during follow-up (Supplementary Figure S3C&D). In 361 

agreement with other studies, neither the logistic regression with reference to tumours with 362 

no metastasis nor the time-to-event analyses can be interpreted in the standard 363 

epidemiological sense estimating associations between exposures and outcomes, due to the 364 

sample selection methods employed in this study. These models are presented here as 365 

exploratory hypothesis-generating tools only with no inference implied for the breast cancer 366 

population. Metastasis to any site was associated with proliferation signatures irrespective of 367 

ER status. (Supplementary Figure S3C). A number of gene modules indicated nominal 368 

significance but would not pass a multiple testing correction (Supplementary Fig 3). In IHC 369 

ER-negative breast cancers TGF- response [42] and hypoxia response gene sets [43] were 370 

activated in carcinomas with ‘visceral only’ metastases compared with those which did not 371 

metastasise (Supplementary Figure S3B), while TGF- response and hypoxia response gene 372 

sets showed an association with time-to-lung metastasis (Supplementary Figure S3D). A stem 373 

cell module which is a strong indicator of short relapse in TNBC [44] was present in ER-374 

negative breast cancers with ‘visceral only’ metastases, and a module related to intermediate 375 

tissue burden and progression from stemness/basal-like cells [45] was associated with the 376 

‘visceral only’ and ‘bone & visceral’ groups, while the low tissue-burden/basal-like module 377 

(derived from metastatic cells from tissues with low metastatic burden [45]) was 378 

underexpressed in the ‘bone only’ group compared with cancers with no reported metastases. 379 

Taken together, while we were able to recapitulate previously reported associations between 380 
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gene signatures and metastasis to bone or visceral organs within our study, there were no 381 

specific gene module with distinctive risk factors for the clinically observed 382 

metasynchronous ‘bone & visceral’ spread group. 383 

384 

385 

386 

A prognostic gene module for metasynchronous metastatic spread 387 

388 

As the question remains whether any molecular features could be identified in 389 

primary tumours at the time of diagnosis for metasynchronous ‘bone & visceral’ metastases, 390 

we then aimed to extract specific gene expression patterns associated with the ‘bone & 391 

visceral’ metastatic group. In order to control for interactions between ER status and 392 

metastatic group, the discovery set (GWDb) was stratified by ER status by removing those 393 

case-control pairs with differing IHC ER status (Supplementary Methods). We proceeded 394 

with a total of 175 ER-positive breast cancer patients. Exploratory differential expression 395 

analysis was performed between the ‘bone & visceral’ group and tumours with no metastasis 396 

and the top-ranked genes (FDR-adjusted p < 0.2; see Methods) was taken forward for further 397 

exploratory analysis (Supplementary Table S4). ROC curve analysis revealed an AUC of 398 

0.77 for a 21 gene set for the ‘bone & visceral’ metastatic group (termed ‘BV’; Figure 4A, 399 

Supplementary Table S4), in comparison to an AUC of 0.66 and 0.56 for ‘visceral only’ and 400 

‘bone only’, respectively, while combining all three series indicated an overall AUC of 0.83 401 

for any metastatic site (Supplementary Figure S4). 402 

The risk of ‘bone & visceral’ spread from BV gene module was next estimated using 403 

the ‘bone & visceral’ case-control series within GWDb and GWDa (Supplementary Table 404 

S5). A significant risk of ‘bone & visceral’ spread was observed within GWDb (OR (95% 405 

C.I.) = 6.0 (3.1-12.2). In the independent data set GWDa, OR estimate were also positive (OR406 

(95% C.I.) = 1.9 (0.38-9.7), and a shift towards increased BV scores in the cases compared to 407 

the controls were found (Mann-Whitney U, p=0.3), however due to small sample size it was 408 

not significant (Supplementary Table S5). Together these results indicated that this BV gene 409 

module might confer an increased risk of the ‘bone & visceral’ pattern of metastatic spread.  410 

To further explore the relevance of our BV gene module, orthogonal validation of the 411 

discovery was obtained on three levels: (i) with NanoString, by testing the expression of 412 

these genes in a representative subset of 192 samples, in which BV scores were highly 413 
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concordant with WG-DASL values (Figure 4B; Pearson’s correlation, cor=0.78, P<1e-4); (ii) 414 

the expression of the BV gene set was reproduced in matched lymph node metastases within 415 

our cohort (Figure 4C); and (iii) we investigated the gene expression of the BV module in an 416 

external data set of lymph node metastases from breast cancers with known metastatic 417 

disease [46]. The BV gene module exhibited increased expression in the lymph node 418 

metastases of those patients with a ‘bone & visceral’ pattern of first metastatic spread 419 

compared with ‘visceral only’ (Figure 4D; Mann-Whitney U test, P:0.04) and ‘bone only’ 420 

(Figure 4D; Mann-Whitney U test, P:0.1, n.s.) groups. These results are in line with our 421 

exploratory analyses and together are the first demonstration towards developing an intrinsic 422 

risk factor in primary breast cancer for metasynchronous bone and visceral first distant 423 

recurrences. Inspection of the genes comprising the candidate BV module indicated an 424 

enrichment for association with condensing chromosomes and the kinetochore 425 

(Supplementary Figure S8). 426 

 427 

 428 

DISCUSSION 429 

 430 

Metastasis represents the major cause of death for breast cancer patients. Over the last few 431 

years, numerous molecular-based prognostic tests of varying specificity have emerged, 432 

indicating that primary breast carcinomas display expression profiles associated with organ-433 

specific dissemination, however few studies have addressed synchronous and 434 

metasynchronous patterns of metastatic spread [47]. Treatment strategies and monitoring for 435 

patients could potentially be tailored if prediction of single or multi-organ metastasis could be 436 

estimated at an early stage. As a step towards this goal, this study estimates potential risks for 437 

particular patterns of metastatic spread associated with intrinsic subtypes and gene modules 438 

in the primary tumour. A gene expression module present in primary invasive carcinomas 439 

associated with concurrent or short-term delays between the development of bone and 440 

visceral metastasis was identified and validated in an independent series of lymph node 441 

metastases.  442 

 Predilection for metastatic spread for breast cancer has previously been associated with 443 

gene modules enriched in the primary tumour. A common feature of these are markers of cell 444 

proliferation, such as the GENE70, PTEN, the centrosomal kinase AURKA [48, 49] as well as 445 

multiple processes related to chromosomal instability including CIN70 [50]. In this study, we 446 
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found that a gene module containing components of the kinetochore (CENPO, SPC25, 447 

CASC5, SKA3, CENPE; GO CC term ‘kinetochore’) was associated with the occurrence of 448 

metasynchronous bone and visceral metastases within six months of the first metastasis. The 449 

regulation of genes encoding kinetochore components has been hypothesised to drive 450 

chromosomal instability [51], whereby the upregulation of kinetochore genes may reflect the 451 

activation of a cell division program [52]. We speculate that the association of this gene 452 

module with rapid multitropic bone and visceral spread after first metastasis points to a 453 

mechanism of chromosomal instability, enabling the development of subclones and selection 454 

of metastatic tumour cells for invasion and adaption at multiple bone and visceral sites. Gene 455 

modules related to proliferation or mammary stem cells might be expected to influence the 456 

synchronicity of multiple metastases, and were indeed found to be significant risks for 457 

multiple bone and visceral first metastases. 458 

 Limitations of this study include the imposition of a timeline which defines  459 

metasynchronous metastases: for example, in our datasets a change in the definition of 460 

metasynchronous from 6-month to 12-month would have led 10% of ‘bone only’ and 5% of 461 

‘visceral only’ to have been considered metasynchronous (Supplementary Figure 2A), and 462 

other definitions of metasynchronicity could be imposed which may affect the estimated risks 463 

for each case type. The AUC for the BV signature was higher for all metastasis than for 464 

metasynchronous bone and visceral metastasis: from the point of view of clinical translation, 465 

further work would need to establish whether BV or other putative signatures for patterns of 466 

metastatic spread could add value over existing signatures such as Oncotype or Mammaprint 467 

[16, 17]. 468 

 Metastasis is a complicated, multi-step process and our understanding of the multiple 469 

factors involved is still partial. In the last decade, genomic profiling has attempted to fill this 470 

knowledge gap, however these studies have primarily used fresh-frozen tissue, had restricted 471 

numbers of primary and metastatic cases, and incomplete information on the site and time to 472 

development of the metastatic spread. This has limited the utility and clinical applicability of 473 

these modules. There is evidence that some tumours have a predilection for colonising 474 

specific tissues in clinical populations (e.g. [10]), while animal model and recent next 475 

generation sequencing studies also support a role for subclonal adaptations to the metastatic 476 

niche (e.g. [53]). In this study, we focused on the tumour as one part of this complex 477 

metastatic cascade which is close to clinical diagnostic practise and patient management. We 478 

hypothesised that intrinsic subtypes and gene modules confer risk of particular patterns of 479 
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metastatic spread in some tumours. We addressed this question by designing a case-control 480 

study for particular patterns of metastatic spread.  481 

 Pre-clinical models have contributed to our understanding of metastastic spread but 482 

they might not capture many of the processes which are important in a clinical setting - 483 

including alterations to the immune system or incorporation of specific latency periods to 484 

study multi-organ metastatic spread in parallel - and many gene signatures originate from 485 

ER-negative cell line and PDX models. Multiple lines of evidence indicate that intrinsic 486 

subtypes and gene modules have different metastatic potential within clinical populations [18, 487 

54, 55]. We sought to address whether gene modules could confer risk for specific temporal 488 

patterns of metastatic spread using a large tumour archive with detailed clinical follow up. An 489 

efficient case-control design is required given that multiple breast cancer subtypes and 490 

metastatic patterns are present in any clinical population. This study therefore focused on 491 

three specific patterns of metastatic spread based on epidemiological observations from the 492 

same clinical population [56].  493 

 As recently shown by Iddawela et al. [28] and others, the WG-DASL platform together 494 

with stringent quality control and data processing steps can produce reliable results from 495 

FFPE breast tumour tissue. Here, by starting with a well characterised cohort of 5,061 496 

patients with long-term follow up of whom 1,598 developed metastasis, we have created a 497 

well-annotated and sufficiently large cohort to investigate molecular risk factors for single 498 

and multiple organotropic metasynchronous metastatic disease. While many samples were 499 

excluded during the quality control steps, the processed gene expression data sets enabled an 500 

investigation of gene expression modules as risk factors for specific patterns of first 501 

metastatic spread. 502 

 The use of an incidence-based case-control design ensured that non-metastasising 503 

primary tumour samples were also included from the same range of calendar dates of 504 

diagnosis, and enabled efficient estimation of effects in a standard clinical population. Cunha 505 

et al. [57] recently reported using a case-control design to estimate the effect of ALK1 506 

expression in frozen breast tumours as a molecular risk factor for metastatic spread. Here, our 507 

use of an incidence-based case-control design enabled the estimation of genome-wide 508 

molecular risk factors for three clinically observed patterns of first metastatic spread (bone 509 

only, visceral only, or bone and visceral within a six month time period). Further work on 510 

patterns of long-term disease progression may focus on a more defined population, such as 511 
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ER-positive/HER2-negative or high grade tumours, and make use of appropriate platforms 512 

for assaying fewer FFPE tumour samples from a stratified clinical population. 513 

Patients at risk of metasynchronous bony and visceral metastases could potentially 514 

profit from closer disease monitoring and may benefit from a more radical bisphosphonate 515 

and chemotherapeutic combination treatment strategy up front in the metastatic setting. In 516 

ER-positive disease the benefits of hormonal therapy in managing visceral metastases from 517 

breast cancer are much lower than those offered by chemotherapy. Conversely, Perez et al. 518 

[58] suggest that, for patients with bone metastases, efforts should be made to select the least519 

aggressive therapy to avoid excessive toxicity. Progress towards the optimisation of disease 520 

monitoring and treatment strategies fundamentally requires a better understanding of risks 521 

which could be estimated at primary diagnosis, together with an improved understanding of 522 

additional emerging risks as breast cancers progress to a metastatic setting (for example, 523 

establishment of a metastatic niche). Initiatives such as AURORA, a large multinational, 524 

collaborative metastatic breast cancer molecular screening programme [59] will further shed 525 

light on our knowledge of whether the gene expression patterns found in primary breast 526 

cancers is similar to those in metastatic material. This would add to our understanding of the 527 

metastatic process as well as guide treatment regimens for metastatic breast cancer. A liver-528 

selective gene module was among the set of gene modules, where these genes were under-529 

expressed in primary tumours from patients who subsequently developed liver metastases, 530 

but displayed high expression in the liver metastases [46]. We observed the low-level 531 

expression of these 17 genes in ER-positive cancers, which metastasised to the liver. Of note, 532 

this inverse correlation in the direction of transcript levels of some genes between primary 533 

tumours and metastases was not unique to this gene module, but was also seen in another 534 

gene module associated with infiltration of the blood-brain barrier [60] and has also been 535 

recently reported in ovarian cancers [61]. Due to the scarcity of available samples, a clear 536 

biological conclusion cannot be drawn about such inverse correlation and we hypothesise that 537 

the process of adaption to the new microenvironment or development of the pre-metastatic 538 

niche [62, 63] favours those primary tumour traits. Ultimately, larger cohorts with matched 539 

primary and metastatic lesions are required to elucidate the clinical relevance of these 540 

transcriptional changes after primary diagnosis. 541 

542 

543 

544 
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CONCLUSIONS 545 

546 

In conclusion, by analysing gene expression profiles in a large cohort of well characterised 547 

primary breast carcinomas and lymph node metastases in patients with long-term follow-up 548 

and detailed metastatic spread information, we were able to identify patterns informative of 549 

multiple organotropic metasynchronous metastatic spread. Further investigations are 550 

necessary in order to tease out the contributing components, which could be relevant for 551 

tailoring systemic therapeutic regimens, monitoring response or resistance to therapy, and 552 

warranting close imaging/biomarker followup with the institution of early intervention 553 

strategies as required. These genomewide expression data across extensive case-control series 554 

will provide a useful resource facilitating further studies of the biology and clinical relevance 555 

of single and metasynchronous metastatic spread, and might enable rational personalised 556 

treatment strategies to be developed for patients at risk of bone or visceral metastasis with 557 

subsequent metasynchronous metastasis.  558 

559 

560 

561 
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FIGURE LEGENDS 837 

838 

Figure 1. Overview diagram of cases and gene expression data sets. For each metastatic 839 

population (“visceral only”, “bone & visceral”, “bone only”) 400 cases were sampled, and 840 

three possible controls were matched to each case by calendar time of event. A random 841 

sample of case-control sets was taken forward to tissue assessment for RNA extraction 842 

(Supplementary Methods). Extracted RNA was available for a total of 742 case-control (1:1) 843 

pairs, comprising a total of 1,277 individual patients. A detailed overview of patients and 844 

samples included in the design and in the gene expression data sets is shown in 845 

Supplementary Figure S1A, B. 846 

847 

Figure 2. Distribution of three metastatic groups across breast cancer subtypes within 848 

the dataset GWDb. Barplots illustrate the proportion of immunohistochemically defined 849 

(IHC), prediction analysis of microarray 50 (PAM50) and IntClust breast cancer subtypes 850 

present in each metastatic group (a) and the proportion of each metastatic group assigned to 851 

IHC, PAM50 and IntClust subtypes (b). The patient number for each group is shown on the 852 

top of each column. ER estrogen receptor, HER2 human epidermal growth factor receptor, 853 

TNBC triple-negative breast cancer 854 

Figure 3. Forestplots of log(OR) estimated from univariate conditional logistic 855 

regression and logistic regression models of illustrative gene modules in GWDb for each 856 

metastatic group. A. Conditional logistic regression (matched pairs). B. Logistic regression 857 

using complete case-control pairs. Alternative grey and green bars indicate the broad 858 

categorisation of illustrative gene modules (Proliferation’, ‘Immune’, etc.) as shown in the 859 

module labels on the left of the plot. C. Heatmap of pairwise correlation for a panel of gene 860 

modules (Pearson correlation, ‘complete’ clustering; irrespective of case type or case-control 861 

status). Gene modules are listed in Supplementary Table S2.  862 

Figure 4. BV module for metasynchronous metastatic spread. A. Discovery of the BV 863 

module. BV module scores, shown as density plots for each metastatic group in the ER-864 

positive case-control paired breast cancer cases from the discovery set (GWDb) together with 865 

the corresponding ROC curve for the ‘bone & visceral’ group. B. Estimated BV expression 866 

score based on NanoString quantification compared with those obtained from the WG-DASL 867 
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platform. C. Correlation plot displaying the BV gene set in primary tumours and their 868 

matched lymph node metastases. Dots are colour coded according to the metastatic groups. 869 

D. Boxplot of BV module scores in lymph node metastases of the GSE46141 data, displayed 870 

according to their reported patterns of first metastatic spread.  871 
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 872 

TABLE LEGENDS 873 

 874 

Tables 1 and 2. Patient characteristics for case-control series. 875 

Table 1. Patients with available high-quality RNA sample. 876 

Table 2. Patients present in the discovery set (GWDb). 877 

 878 

Table 3. Estimated ORs for molecular subtype representations based on conditional 879 

logisitic regression. IHC-derived subtypes were compared with ER-positive, HER2-negative 880 

tumours. PAM50 subtypes were compared with the ‘LuminalA’ subtype. IntClust subtypes 881 

were compared with the baseline IntClust3 cluster. ORs were calculated from conditional 882 

logistic regression models. 883 

 884 

Table 4. Estimated ORs for molecular subtype representations based on logisitic 885 

regression. IHC-derived subtypes were compared with ER-positive, HER2-negative 886 

tumours. PAM50 subtypes were compared with the ‘LuminalA’ subtype. IntClust subtypes 887 

were compared with the baseline IntClust3 cluster. ORs were calculated from logistic 888 

(unmatched) regression models, to avoid missing data where one sample of a pair is not 889 

available in GWDb.  890 

 891 

  892 
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ADDITIONAL DATA FILES 892 

893 

Supplementary Methods (PDF). Detailed description of tissue preparation including 894 

microtomy, de-waxing and staining, micro-dissection and preparation of materials, and gene 895 

expression processing and quality control. 896 

Supplementary Figures (PDF). Contains Supplementary Figures S1-S8. 897 

Supplementary Tables (XLSX). Contains Supplementary Tables S1-S2, S4-S5. 898 

Supplementary Table S3 (XLSX). Contains Supplementary Table S3. 899 

900 

901 

902 



Table 1. Patient characteristics in the case-control series: patients with extracted RNA sample

V cases V controls BV cases BV controls B cases B controls

Number of patients 246 232 258 245 238 222

Number (%)

Age at hist. diagnosis Median (years) 57.1 51.5 55.7 51.0 55.9 51.2

Grade 1 11 (4%) 33 (14%) 7 (3%) 36 (15%) 20 (8%) 20 (9%)

2 81 (33%) 89 (38%) 113 (44%) 127 (52%) 114 (48%) 97 (44%)

3 135 (55%) 87 (38%) 122 (47%) 62 (25%) 81 (34%) 88 (40%)

Unknown 19 (8%) 23 (10%) 16 (6%) 20 (8%) 23 (10%) 17 (8%)

ER IHC status Positive 147 (60%) 160 (69%) 162 (63%) 174 (71%) 188 (79%) 158 (71%)

Negative 99 (40%) 72 (31%) 96 (37%) 71 (29%) 50 (21%) 64 (29%)

PR status Positive 97 (39%) 121 (52%) 116 (45%) 131 (53%) 146 (61%) 113 (51%)

Negative 149 (61%) 111 (48%) 142 (55%) 114 (47%) 92 (39%) 109 (49%)

HER2 status Positive 58 (24%) 35 (15%) 55 (21%) 30 (12%) 35 (15%) 23 (10%)

Negative 108 (44%) 102 (44%) 116 (45%) 98 (40%) 108 (45%) 107 (48%)

Unknown 80 (33%) 95 (41%) 87 (34%) 117 (48%) 95 (40%) 92 (41%)

Tumour size <= 2 cm 96 (40%) 113 (49%) 99 (38%) 136 (56%) 101 (42%) 117 (53%)

>2 cm 146 (60%) 113 (49%) 155 (60%) 101 (41%) 133 (56%) 99 (45%)

Unknown – – 6 (3%) 4 (2%) 8 (3%) 4 (2%) 6 (3%)

Lymph nodes positive 0 51 (21%) 97 (42%) 61 (24%) 109 (44%) 61 (26%) 103 (46%)

1–3 74 (30%) 81 (35%) 64 (25%) 80 (33%) 70 (29%) 64 (29%)

4+ 74 (30%) 28 (12%) 81 (31%) 28 (11%) 64 (27%) 29 (13%)

Unknown 47 (19%) 26 (11%) 52 (20%) 28 (11%) 43 (18%) 26 (12%)

Invasive subtype NOS/no special type 217 (88%) 189 (81%) 219 (85%) 206 (84%) 196 (82%) 189 (85%)

Ductal - mucinous 1 (0%) 3 (1%) 4 (2%) 2 (1%) 1 (0%) 4 (2%)

Ductal - tubular – – 6 (3%) 1 (0%) 7 (3%) 3 (1%) 3 (1%)

Ductal - other 6 (2%) 3 (1%) 1 (0%) 3 (1%) 1 (0%) 3 (1%)

Lobular - classical 14 (6%) 23 (10%) 19 (7%) 22 (9%) 29 (12%) 13 (6%)

Lobular - pleomorphic 3 (1%) 2 (1%) 6 (2%) 3 (1%) 3 (1%) 4 (2%)

Lobular - other 2 (1%) 3 (1%) 3 (1%) 2 (1%) 4 (2%) 1 (0%)

Other 3 (1%) 3 (1%) 5 (2%) – – 1 (0%) 5 (2%)

Surgery type (any time) Breast conserving 58 (24%) 80 (34%) 70 (27%) 82 (33%) 64 (27%) 72 (32%)

Breast conserving +mastectomy 53 (22%) 28 (12%) 56 (22%) 32 (13%) 37 (16%) 27 (12%)

Mastectomy 106 (43%) 110 (47%) 99 (38%) 120 (49%) 115 (48%) 114 (51%)

Unknown 29 (12%) 14 (6%) 33 (13%) 11 (4%) 22 (9%) 9 (4%)

Radiotherapy (adj/neo) Yes 168 (68%) 140 (60%) 197 (76%) 126 (51%) 194 (82%) 125 (56%)

No 78 (32%) 92 (40%) 61 (24%) 119 (49%) 44 (18%) 97 (44%)

Hormone treatment (adj/neo) Yes 204 (83%) 120 (52%) 230 (89%) 130 (53%) 218 (92%) 114 (51%)

No 42 (17%) 112 (48%) 28 (11%) 115 (47%) 20 (8%) 108 (49%)

Chemotherapy Neo-adj only – – 3 (1%) 3 (1%) 67 (27%) 8 (3%) 3 (1%)

Neo-adj and adj 6 (2%) 1 (0%) 9 (3%) 1 (0%) 1 (0%) 2 (1%)

Adj only 146 (59%) 85 (37%) 150 (58%) 2 (1%) 101 (42%) 67 (30%)

No 94 (38%) 143 (62%) 96 (37%) 175 (71%) 128 (54%) 150 (68%)

Hist.: histological assessment, ER: IHC estrogen receptor status determined by immunohistochemical assessment, PR progesterone receptor, HER2 human epidermal 
growth factor receptor 2, adj adjuvant, neo neoadjuvant



Table 2. Patient characteristics in the case-control series: patients in the discovery cohort GWDb

V cases V controls BV cases BV controls B cases B controls Case series

Number of patients 105 82 106 86 98 90 χ2 p

Age at hist. diag. Median (years) 55.4 52.0 52.5 50.3 55.9 48.8

Grade 1 3 (3%) 12 (15%) 3 (3%) 13 (15%) 8 (8%) 7 (8%)

2 27 (26%) 32 (39%) 44 (42%) 47 (55%) 44 (45%) 42 (47%)

3 68 (65%) 34 (41%) 55 (52%) 19 (22%) 38 (39%) 37 (41%)

Unknown 7 (7%) 4 (5%) 4 (4%) 7 (8%) 8 (8%) 4 (4%) 18.2 0.01

ER IHC status Positive 57 (54%) 52 (63%) 69 (65%) 62 (72%) 77 (79%) 65 (72%)

Negative 48 (46%) 30 (37%) 37 (35%) 24 (28%) 21 (21%) 25 (28%) 13.3 0.001

PR status Positive 39 (37%) 40 (49%) 53 (50%) 56 (65%) 59 (60%) 51 (57%)

Negative 66 (63%) 42 (51%) 53 (50%) 30 (35%) 39 (40%) 39 (43%) 10.9 0.004

HER2 status Positive 31 (30%) 13 (16%) 22 (21%) 13 (15%) 15 (15%) 11 (12%)

Negative 44 (42%) 38 (46%) 51 (48%) 41 (48%) 45 (46%) 42 (47%)

Unknown 30 (29%) 31 (38%) 33 (31%) 32 (37%) 38 (39%) 37 (41%) 7.0 0.1

Tumour size <= 2 cm 41 (39%) 39 (48%) 39 (37%) 44 (51%) 38 (39%) 47 (52%)

>2 cm 64 (61%) 42 (51%) 65 (61%) 38 (44%) 60 (61%) 41 (46%) 0.1 1.0

Unknown – – 1 (1%) 2 (2%) 4 (5%) – – 2 (2%)

Lymph nodes positive 0 15 (14%) 33 (40%) 21 (20%) 32 (37%) 24 (24%) 39 (43%)

1–3 34 (32%) 29 (35%) 31 (29%) 28 (33%) 30 (31%) 30 (33%)

4+ 37 (35%) 10 (12%) 40 (38%) 11 (13%) 26 (27%) 10 (11%)

Unknown 19 (18%) 10 (12%) 14 (13%) 15 (17%) 18 (18%) 11 (12%) 6.1 0.4

Invasive subtype NOS/no special type 96 (91%) 70 (85%) 85 (82%) 73 (85%) 82 (84%) 81 (90%)

Ductal - mucinous – – 2 (2%) 1 (1%) – – 1 (1%) 1 (1%)

Ductal - tubular – – – – 1 (1%) 3 (3%) 2 (2%) 1 (1%)

Ductal - other 1 (1%) 1 (1%) 1 (1%) – – – – 3 (3%)

Lobular - classical 5 (5%) 5 (6%) 7 (7%) 9 (10%) 12 (12%) 2 (2%)

Lobular - pleomorphic 1 (1%) 1 (1%) 6 (6%) – – – – 1 (1%)

Lobular - other – – 2 (2%) 2 (2%) 1 (1%) 1 (1%) – –

Other 2 (2%) 1 (1%) 1 (1%) – – – – 1 (1%) 1.7 0.4 †

Surgery type (any time) Breast conserving 30 (29%) 34 (41%) 35 (33%) 43 (50%) 31 (32%) 39 (43%)

Breast conserving +
mastectomy

17 (16%) 11 (13%) 19 (18%) 7 (8%) 15 (15%) 13 (14%)

Mastectomy 47 (45%) 33 (40%) 41 (39%) 30 (35%) 43 (44%) 35 (39%)

Unknown 11 (10%) 4 (5%) 11 (10%) 6 (7%) 9 (9%) 3 (3%) 1.2 1.0

Radiotherapy (adj/neo) Yes 79 (75%) 52 (63%) 84 (79%) 55 (64%) 82 (84%) 59 (66%)

No 26 (25%) 30 (37%) 22 (21%) 31 (36%) 16 (16%) 31 (34%) 2.2 0.3

Hormone treatment (adj/neo) Yes 84 (80%) 38 (46%) 97 (92%) 57 (66%) 92 (94%) 51 (57%)

No 21 (20%) 44 (54%) 9 (8%) 29 (34%) 6 (6%) 39 (43%) 11.0 0.004

Chemotherapy Neo-adj only – – 2 (2%) 2 (2%) 1 (1%) 5 (5%) 3 (3%)

Neo-adj and adj 4 (4%) – – 4 (4%) 1 (1%) 1 (1%) – –

Adj only 65 (62%) 33 (40%) 67 (63%) 24 (28%) 43 (44%) 28 (31%)

No 36 (34%) 47 (57%) 33 (31%) 60 (70%) 49 (50%) 59 (66%) 8.7 0.01 ‡

Metastatic events in control series No mets, 64 (78%)
V = 8, BV = 8, B = 2

No mets, 66 (77%)
V = 10, BV = 5, B = 5

No mets, 69 (77%)
V = 4, BV = 10, B = 7

†ductal versus lobular, ‡any versus no chemotherapy. Abbreviations as for Table 1



n,  paired n,  informative n,  paired n,  informative n,  paired n,  informative n,  paired n,  informative 



Note:
  with 

 controls. and cases between permitted were Duplicates design. by series case each within duplicates no are There uniq"). ("n, series control each within de-duplicated were patients here, design; by series control a within duplicated were patients of number small A test. unpaired an is This 
missingEntries  excluded. were variable independent the in values
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