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 Key Points  40 

Question: Are biologically-derived molecular subtypes and integrated clinical-molecular risk 41 
stratification of colorectal liver metastases prognostic in an independent cohort from the 42 
randomized, controlled phase III New EPOC trial? 43 
 44 
Findings: The biological phenotype of each molecular subtype in the validation cohort was 45 
concordant with the discovery cohort. The immune subtype (best prognosis) demonstrated an 46 
improved 5-year PFS and OS, compared to the canonical subtype (worst prognosis). The low-47 
risk integrated group demonstrated 5-year PFS of 44% and OS of 78%, superior to the high-risk 48 
group at 16% and 43%, respectively. 49 
 50 
Meaning: Molecular subtypes of oligometastatic colorectal liver metastases and integrated risk 51 
stratification are prognostic and warrant further study as a possible predictive biomarker to 52 
personalize therapies.    53 
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Abstract                  54 

 Importance: Personalized treatment approaches for patients with oligometastatic colorectal liver 55 
metastases are critically needed. We previously defined three biologically distinct molecular 56 
subtypes of colorectal liver metastases: (1) canonical, (2) immune, and (3) stromal.  57 
 58 
Objective: We independently validate these molecular subtypes in the randomized, controlled 59 
phase III New EPOC trial  60 
 61 
Design: Secondary analysis of a randomized, phase III trial 62 
 63 
Setting: Retrospective bi-institutional discovery cohort and multi-institutional validation cohort 64 
from New EPOC, a randomized phase III trial 65 
 66 
Participants and Interventions: Discovery cohort comprised 93 patients who underwent 67 
hepatic resection for limited colorectal liver metastases (98% received peri-operative 68 
chemotherapy) between 1994 and 2012. Resected metastases underwent RNA sequencing and 69 
miRNA profiling. The validation cohort comprised 147 patients who underwent hepatic resection 70 
for liver metastases with peri-operative chemotherapy (fluorouracil, oxaliplatin, and irinotecan-71 
based) with or without cetuximab between 2007 and 2012. Resected metastases underwent 72 
mRNA and miRNA profiling with microarray. 73 
 74 
Main Outcomes and Measures: A 31-feature (24 mRNAs and 7 miRNAs) neural network 75 
classifier was trained to predict molecular subtypes in the discovery cohort and applied to the 76 
validation cohort. Integrated clinical-molecular risk groups were designated based on molecular 77 
subtypes and the Clinical Risk Score. The unique biological phenotype of each molecular 78 
subtype was validated using gene set enrichment analyses and immune deconvolution. The 79 
primary clinical endpoints were progression-free survival and overall survival.  80 
 81 
Results: In the validation cohort, 73 (50%), 28 (19%), and 46 (31%) patients were classified as 82 
having canonical, immune, and stromal metastases, respectively. The biological phenotype of 83 
each subtype was concordant with the discovery cohort. The immune subtype (best prognosis) 84 
demonstrated 5-year PFS of 43% (95% CI, 25%-60%; Cox HR 0.37, 95% CI, 0.20-0.68) and OS 85 
of 63% (95% CI, 40%-79%; HR 0.38, 95% CI, 0.17-0.86), significantly higher than the 86 
canonical subtype (worst prognosis) at 14% (95% CI, 7%-23%) and 43% (95% CI, 32%-55%), 87 
respectively. Adding molecular subtypes to the Clinical Risk Score improved prediction (Gönen 88 
and Heller’s K for discrimination) from 0.55 (95% CI, 0.49-0.61) to 0.62 (95% CI, 0.57-0.67) for 89 
PFS and 0.59 (95% CI, 0.52-0.66) to 0.63 (95% CI, 0.56-0.70) for OS. The low-risk integrated 90 
group demonstrated 5-year PFS of 44% (95% CI, 20%-66%; HR 0.38, 95% CI, 0.19-0.76) and 91 
OS of 78% (95% CI, 44%-93%; HR 0.26, 95% CI, 0.08-0.84), superior to the high-risk group at 92 
16% (95% CI, 10%-24%) and 43% (95% CI, 32%-52%), respectively. 93 
 94 
Conclusions and Relevance: Biologically-derived colorectal liver metastasis molecular 95 
subtypes and integrated clinical-molecular risk groups were highly prognostic in the phase III 96 
New EPOC trial. This novel molecular classification warrants further study as a predictive 97 
biomarker to potentially personalize systemic treatment approaches for colorectal liver 98 
metastases.  99 
 100 
Trial Registration: ISRCTN22944367 101 

102 
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Introduction 103 

Approximately 25% of patients with colorectal cancer eventually develop liver metastases, 104 

which is typically associated with poor survival.1 However, patients undergoing surgical 105 

resection of limited liver metastases (i.e. oligometastases) demonstrate 5-year disease-free 106 

survival of 20-25% and overall survival (OS) of 30-40%.2–5 Oligometastatic colorectal cancer 107 

exhibits a wide spectrum of clinical behavior, and multiple randomized trials of adjuvant 108 

chemotherapy have failed to improve OS.6–9 Prognostic biomarkers are critically needed to 109 

improve risk stratification and facilitate personalized selection of peri-operative systemic 110 

therapies. 111 

 112 

In this context, various prognostic models encompassing clinico-pathologic features have been 113 

developed.4,5,10,11 A limitation of clinical risk stratification is a failure to account for the 114 

underlying biological features that impact metastatic virulence and ultimately survival after 115 

surgical resection. We previously defined three robust, biologically distinct molecular subtypes 116 

of colorectal cancer liver metastasis based on messenger RNA (mRNA) and microRNA 117 

(miRNA) expression patterns.12 Metastases were classified as: (1) canonical (associated with 118 

altered cell cycle signaling, increased cellular proliferation, and an immune-depleted 119 

microenvironment), (2) immune (exhibiting robust innate and adaptive immune infiltration), and 120 

(3) stromal (demonstrating increased epithelial-mesenchymal transition [EMT], angiogenesis, 121 

KRAS signaling, and inflammatory immune infiltration).  122 

 123 

Although these subtypes were derived from their biological properties alone and not their 124 

association with clinical outcomes, molecular subtypes were independently prognostic, even 125 

when accounting for clinical risk stratification. Furthermore, integrated clinical-molecular risk 126 

groups predicted distinct clinical outcomes, with low-, intermediate-, and high-risk patients 127 
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exhibiting 10-year OS of 94%, 45%, and 19%, respectively. Importantly, low-risk patients 128 

exhibited an oligometastatic pattern of failure and pace of progression with all instances of tumor 129 

recurrence being confined to only 1-3 additional liver metastases, in stark contrast to 130 

intermediate- and high-risk groups where recurrences were commonly more widespread and 131 

involving multiple organ sites. Validation of these molecular subtypes as prognostic biomarkers 132 

was required before advocating for their widespread use. 133 

 134 

Here, we present the first clinical validation of a novel 31-gene classifier that accurately predicts 135 

the colorectal liver metastasis molecular subtypes as a secondary analysis of the large 136 

multicenter, randomized, controlled phase III New EPOC trial.13,14 Importantly, we confirm our 137 

hypothesis that integrated clinical-molecular risk groups are highly prognostic for survival and 138 

confirm that a low-risk integrated subgroup achieves excellent OS after surgical resection.  139 

 140 

Methods 141 

Study Design and Participants 142 

Study results were reported following REMARK guidelines.15 We trained a neural network 143 

molecular classifier in a retrospective discovery cohort consisting of 93 patients (Figure 1) 144 

treated at The University of Chicago Medical Center (Chicago, IL) and NorthShore University 145 

Hospital (Evanston, IL) between 05/31/94 and 08/14/12. Patients with colorectal 146 

adenocarcinoma underwent hepatic resection for limited liver metastases that presented either 147 

synchronously or metachronously (typically 1-5 lesions involving one or both lobes). 98% of 148 

patients received peri-operative fluorouracil and platinum-based chemotherapy. Data collection 149 

was approved by Institutional Review Boards at each respective cancer center.  150 

 151 
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An independent validation cohort consisted of 147 patients (Figure 1) enrolled in the 152 

multicenter, randomized, controlled phase III New EPOC trial (registration ID: 153 

ISRCTN22944367) that underwent molecular profiling of colorectal liver metastases (study 154 

protocol previously published).13,14 The study was approved by the South West Research Ethics 155 

Committee. Patients with operable colorectal cancer liver metastases (including those deemed 156 

suboptimally resectable or at high risk of positive resection margins) underwent hepatic resection 157 

with peri-operative chemotherapy (fluorouracil, oxaliplatin, irinotecan-based) with or without 158 

cetuximab between 02/26/07 and 11/01/12 (median follow-up was 53.4 months). Patients were 159 

excluded if they were ineligible for chemotherapy or had extrahepatic distant metastases. Thus, 160 

both cohorts were similar, representing patients undergoing surgery with peri-operative systemic 161 

therapy for limited colorectal cancer liver metastases.  162 

 163 

Specimen Processing and Development of Molecular Subtype Classifier 164 

Specimen processing, training, and application of the neural network classifier for colorectal 165 

liver metastasis molecular subtypes are outlined in detail in the Supplement 2. For the discovery 166 

cohort, formalin-fixed paraffin-embedded (FFPE) specimens from hepatic resections underwent 167 

whole transcriptome RNA sequencing and miRNA profiling.12 For the validation cohort, archival 168 

liver metastasis and primary tumor FFPE blocks at the time of resection from the New EPOC 169 

trial underwent mRNA and miRNA profiling with microarray.13,14 170 

 171 

In the discovery cohort, a machine learning neural network classifier was trained to classify 172 

colorectal liver metastases into one of three molecular subtypes (canonical, immune, and 173 

stromal) using mRNA and miRNA expression data (eFigure 1; Supplement 2). In this cohort, 174 

we previously defined molecular subtypes using the similarity network fusion (SNF) clustering 175 

algorithm, and these served as the reference standard for training the neural network classifier.12 176 
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Importantly, although molecular subtypes were ultimately associated with survival in our 177 

discovery set, the original SNF algorithm clustered tumors based only on molecular features and 178 

not survival outcomes. The final classifier contained 31 features (24 mRNAs and 7 miRNAs). 179 

For each patient in the validation cohort, the neural network classifier was applied to predict the 180 

molecular subtype of the corresponding liver metastasis.  181 

 182 

Molecular subtypes of the liver metastases were utilized for the primary statistical analyses. To 183 

investigate if the signature’s prognostic performance was specific to application to liver 184 

metastases only, the subtypes were also predicted for matched primary tumors. Consensus 185 

molecular subtypes (CMSs) of both metastases and primary tumors were also determined to 186 

compare their prognostic performance with our study’s liver metastasis subtypes.16    187 

 188 

Outcomes 189 

Unlike the discovery cohort, no gold standard reference existed against which to compare the 190 

computed subtypes in the validation cohort. To confirm that the neural network classifier 191 

accurately captured the expected biological phenotype of the computed molecular subtypes 192 

within the validation cohort, single sample gene-set enrichment analysis (ssGSEA) and immune 193 

deconvolution were performed utilizing gene expression data for each liver metastasis (detailed 194 

methodology in Supplement 2).17,18 195 

 196 

All patients were annotated with baseline demographic, clinical, and pathologic information 197 

from which the Clinical Risk Score (CRS) was computed (Supplement 2).4 As previously 198 

defined, an integrated clinical-molecular risk group was designated for each patient, combining 199 

the computed molecular subtype with high (≥2) or low (<2) CRS.12 Low-risk patients were 200 

defined as exhibiting an immune or canonical subtype with low CRS. Intermediate-risk patients 201 
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were defined as demonstrating an immune subtype with high CRS or stromal subtype with low 202 

CRS. High-risk patients were defined as having a canonical or stromal subtype with high CRS.  203 

 204 

The primary clinical endpoints of this study were PFS and OS in the validation cohort. PFS was 205 

defined as time to recurrence, progression, or death (whichever occurred first), and OS was 206 

defined as time to death. Time-to-event outcomes were measured from date of surgery in the 207 

discovery cohort and date of randomization on trial in the validation cohort. 208 

 209 

Statistical Analysis 210 

We hypothesized that the immune subtype would exhibit the best PFS and OS (compared to the 211 

canonical and stromal subtypes) and that integrated clinical-molecular risk stratification would 212 

be strongly associated with both PFS and OS in the validation cohort, based on previously 213 

published analysis of the discovery cohort.12 Patients were excluded if they did not undergo 214 

surgery or did not undergo molecular profiling of their liver metastases. Patients were excluded 215 

in the integrated risk group analysis if CRS could not be computed due to unavailable data 216 

(N=3). PFS and OS were analyzed using the Kaplan-Meier method and log-rank tests. 217 

Multivariable Cox proportional hazards models for PFS and OS were generated in the validation 218 

cohort. In multivariable models of the molecular subtypes, CRS and randomization to cetuximab 219 

were included as covariates. In multivariable models of the integrated risk groups, randomization 220 

to cetuximab was included as a covariate. In sensitivity analyses, the multivariable models were 221 

extended to also include age, tumor differentiation, resection margin status, WHO performance 222 

status, KRAS and BRAF mutation status, and primary tumor location. CRS was analyzed as a 223 

categorical variable when included as a covariate. Model discrimination was evaluated by Gönen 224 

and Heller’s K concordance statistic. Statistical analyses were performed using StataIC 16.1. 225 

 226 
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Statistical analysis for ssGSEA enrichment scores and immune deconvolution features consisted 227 

of t-tests for pairwise comparison between subtypes. To correct for multiple comparisons, P 228 

values were adjusted by controlling the false discovery rate (FDR < 0.05).  229 

 230 

Results 231 

Cohort Characteristics 232 

Patient characteristics are summarized in Table 1. Overall, both the discovery (N=93) and 233 

validation (N=147) cohorts were representative of patients who underwent hepatic resection for 234 

limited colorectal liver metastases in the setting of peri-operative chemotherapy. The prevalence 235 

of KRAS and BRAF alterations and microsatellite instability are reported in Supplement 2.  236 

 237 

Classification of Molecular Subtypes 238 

Training of the neural network classifier for liver metastasis molecular subtypes is detailed in 239 

Supplement 2. A 31-feature signature consisting of 24 mRNAs and 7 miRNAs resulted in 240 

optimal model performance with an average accuracy of 96% across cross-validation testing sets 241 

(eFigure 2, eTable 1, eFigure 3; Supplement 2 and neural network coefficient matrices in 242 

Supplement 3). Molecular subtypes were predicted, and integrated clinical-molecular risk 243 

groups were determined in the validation cohort (eFigure 4; Supplement 2). Across molecular 244 

subtypes, there were no differences in several clinico-pathologic features, including the risk 245 

factors comprising the CRS, tumor and nodal staging, tumor differentiation, age, or sex (eFigure 246 

5; Supplement 2). PFS and OS were highly concordant between the discovery and validation 247 

cohorts (eFigure 6; Supplement 2) by total cohort, molecular subtype, or integrated clinical-248 

molecular risk group. 249 

 250 

 251 



Integrated Classification of Colorectal Liver Metastases 
 

 10

Biological Phenotypes in the Validation Cohort 252 

To corroborate the phenotype of each molecular subtype in the validation cohort, we performed 253 

an ssGSEA analysis (Figure 2A and eFigure 7A; Supplement 2). Consistent with previous 254 

findings, the canonical subtype exhibited increased enrichment scores corresponding to DNA 255 

repair pathways, cell cycle regulation/proliferation (including E2F, G2M, mitotic spindle 256 

pathways), and MYC signaling. The stromal subtype demonstrated enrichment for EMT, 257 

angiogenesis, inflammatory response, and KRAS signaling. In addition, the immune subtype 258 

exhibited lower enrichment scores for KRAS signaling, angiogenesis, cell proliferation, and 259 

TGFβ signaling pathways.  260 

 261 

Immune deconvolution analysis was performed in the validation cohort to evaluate the 262 

abundance of specific immune cells by molecular subtype (Figure 2B and eFigure 7B; 263 

Supplement 2). The majority of immune cells were decreased in the canonical subtype, whereas 264 

the immune subtype demonstrated enrichment for B cells, NK cells, CD8 T cells, and cytotoxic 265 

lymphocytes. By contrast, the stromal subtype exhibited depletion of B lymphocytes and NK 266 

cells and enrichment for fibroblast, monocytes, and myeloid dendritic cells in the context of CD8 267 

T cells and cytotoxic lymphocytes. Though the presence of CD8 T and cytotoxic lymphocytes 268 

were similar between the immune and stromal subtypes, histological evaluation of the discovery 269 

cohort previously demonstrated that the spatial distribution of T cells in the tumor 270 

microenvironment was distinct.12 Immune metastases displayed dense band-like peritumoral and 271 

intratumoral infiltration of CD8 T lymphocytes, whereas stromal metastases exhibited significant 272 

fibrosis resulting in peritumorally restricted T lymphocytic infiltrate, which is consistent with 273 

increased fibroblasts in the stromal subtype. Collectively, these findings corroborated the distinct 274 

underlying biological phenotypes associated with each subtype.  275 

 276 
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Clinical Outcomes in the Validation Cohort 277 

PFS and OS were analyzed in the validation cohort by molecular subtype of the liver metastasis 278 

and integrated clinical-molecular risk group to validate both as prognostic biomarkers. The 279 

immune subtype demonstrated superior PFS and OS to canonical and stromal subtypes, 280 

consistent with our previous findings (Figure 3A). The 5-year PFS was 43% (95% CI, 25%-281 

60%), 14% (95% CI, 7.0%-23%), and 26% (95% CI, 14%-39%) for immune, canonical, and 282 

stromal subtypes, respectively. Differences in PFS were statistically significant across subtypes 283 

(log-rank P=0.004). Similarly, the 5-year OS was 63% (95% CI, 40%-79%), 43% (95% CI, 284 

32%-55%), and 49% (95% CI, 34%-63%) for immune, canonical, and stromal subtypes, 285 

respectively (log-rank P=0.083, Figure 3B). By pairwise comparison, this resulted in a 286 

statistically significant difference in OS between immune versus canonical/stromal subtypes 287 

(log-rank P=0.045).  288 

 289 

When applied to primary tumor expression data (N=124), there was no association between 290 

predicted molecular subtypes in primary tumors and PFS or OS (eFigure 8; Supplement 2). 291 

Similarly, neither the CMS subtype of the primary tumor nor CMS subtype of the matched liver 292 

metastasis were associated with PFS and OS (eTable 2, eFigure 9; Supplement 2). Thus, liver 293 

metastasis molecular subtypes were only prognostic when applied to the metastatic tumor. 294 

 295 

By integrated clinical-molecular risk group, 5-year PFS was 44% (95% CI, 20%-66%), 40% 296 

(95% CI, 21%-58%), and 16% (95% CI, 10%-24%) for the low-, intermediate-, and high-risk 297 

groups, respectively (log-rank P=0.0023, Figure 3C). The superior PFS of patients in the low-298 

risk group also translated to improved OS. 5-year OS was 78% (95% CI, 44%-93%), 56% (95% 299 

CI, 34%-74%), and 43% (95% CI, 32%-52%) for the low-, intermediate-, and high-risk groups, 300 

respectively (Figure 3D).   301 
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 302 

Multivariable Cox models were computed in the validation cohort (Table 2), which also includes 303 

randomization to cetuximab since cetuximab was associated with decreased survival in the New 304 

EPOC trial. The addition of molecular subtypes to the Clinical Risk Score provided further 305 

prognostic value for PFS, increasing Gönen and Heller’s K concordance statistic from 0.55 (95% 306 

CI, 0.49-0.61) to 0.62 (95% CI, 0.57-0.67). For PFS, the immune subtype demonstrated a HR of 307 

0.37 (95% CI, 0.20-0.68; P=0.0014) and the stromal subtype demonstrated a HR of 0.56 (95% 308 

CI, 0.36-0.89; P=0.014) compared to canonical when controlling for the CRS. For OS, the 309 

addition of molecular subtypes to the Clinical Risk Score similarly improved model 310 

performance, increasing Gönen and Heller’s K from 0.59 (95% CI, 0.52-0.66) to 0.63 (95% CI, 311 

0.56-0.70). The immune subtype exhibited a HR of 0.38 (95% CI, 0.17-0.86; P=0.020). Thus, 312 

the immune subtype demonstrated greater PFS and OS. 313 

 314 

Furthermore, the integrated clinical-molecular risk score remained strongly associated with both 315 

PFS and OS. Relative to high-risk, the HR for the low-risk integrated group was 0.38 (95% CI, 316 

0.19-0.76, P=0.0062) for PFS and 0.26 (95% CI, 0.08-0.84; P=0.024) for OS. Randomization to 317 

cetuximab did not notably impact the prognostic effect size of the molecular subtypes or 318 

integrated risk groups. There were no significant interaction effects between molecular subtype 319 

and CRS, molecular subtype and cetuximab, and integrated risk group and cetuximab (P > 0.05). 320 

Finally, the prognostic effect of the integrated clinical-molecular risk grouping and molecular 321 

subtypes persisted in sensitivity analyses that included randomization to cetuximab, age, tumor 322 

differentiation, margin status, WHO performance status, KRAS and BRAF mutation statuses, and 323 

primary tumor location in the model (eTable 3; Supplement 2). For PFS, the addition of 324 

integrated risk grouping to the aforementioned variables increased Gönen and Heller’s K from 325 

0.61 (95% CI, 0.56-0.66) to 0.65 (95% CI, 0.60-0.70). For OS, the addition of integrated risk 326 
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grouping increased Gönen and Heller’s K from 0.66 (95% CI, 0.61-0.71) to 0.69 (95% CI, 0.63-327 

0.75). In summary, integrated clinical-molecular risk stratification was highly prognostic in this 328 

independent validation cohort, defining a low-risk subgroup with an OS of 78% (95% CI, 44%-329 

93%) at 5 years.    330 

 331 

Discussion 332 

We developed a novel classification of colorectal cancer liver metastases that was biologically 333 

derived and not empirically developed based on association with clinical outcome. We validated 334 

its prognostic significance in the multicenter randomized phase III trial, New EPOC. As 335 

previously published for the discovery cohort, molecular subtypes independently add to clinical 336 

risk stratification for oncologic outcomes after hepatic resection and an integrated clinical-337 

molecular risk grouping remains highly prognostic for survival.  338 

 339 

The above findings may improve the management of oligometastatic colorectal liver metastases 340 

in several aspects. First, this study presents a novel molecular classification system in a context 341 

where prognostic biomarkers are generally lacking and rarely integrated with well-established 342 

clinical risk stratification. Although CMS exists for primary tumors, their prognostic utility is 343 

limited in liver metastases, where one third of tumors are unclassifiable.12 Thus, it is crucial to 344 

molecularly stage the metastasis separately from the primary tumor. While other prognostic 345 

features include histopathological growth patterns and the Immunoscore, risk stratification based 346 

on gene expression is sparse19–22. Balachandran et al reported a multigene molecular risk score 347 

for colorectal liver metastases that was prognostic and validated in a retrospective European 348 

cohort.23 By contrast, the molecular subtypes in this study were not derived empirically based on 349 

their association with survival, but instead defined by their underlying biological phenotype. For 350 

PFS and OS, the improvement in model discrimination with the addition of molecular subtyping 351 
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to the Clinical Risk Score is comparable to other prognostic molecular biomarkers24–26. The 352 

validation of an integrated clinical-molecular risk stratification of liver metastases potentially 353 

defines a novel framework to stage metastatic disease using both clinical and molecular features.  354 

 355 

Second, we propose that these molecular subtypes and integrated risk stratification warrant 356 

further study as possible predictive biomarkers. While adjuvant chemotherapy is commonly 357 

administered after surgery for liver metastases, multiple randomized trials have failed to 358 

demonstrate improvements in OS, and predictive biomarkers are needed to optimally personalize 359 

systemic therapies after aggressive local therapies.2,6–9,27,28 Our novel classification identifies 360 

patients with the greatest risk of relapse and thus, may help select patients for peri-operative 361 

systemic therapy. Moreover, because these molecular subtypes are characterized by distinct 362 

biological phenotypes, they uniquely present a potential opportunity to personalize the classes of 363 

therapies utilized. In this context, we demonstrated that the CIN70 gene expression signature 364 

predicts response to DNA-damaging chemotherapy in colorectal liver oligometastases.29 Thus, 365 

particular classes of adjuvant systemic therapies (including cytotoxic chemotherapy, 366 

immunotherapy, anti-angiogenesis agents, or other targeted therapies) may demonstrate 367 

differential benefit in specific molecular subtypes or integrated risk groups, justifying further 368 

investigation in future biomarker-driven trials or inclusion as stratification factors. Similarly, the 369 

molecular subtypes in this study may complement liquid biomarkers. While circulating tumor 370 

DNA (ctDNA) helps identify patients with minimal residual disease, colorectal liver metastases 371 

exhibit a wide spectrum of metastatic behavior that are partially elucidated by molecular 372 

classification.30  373 

 374 

Limitations of this study include that this classifier was developed in patients undergoing surgery 375 

only. Future study would extend investigation to other local therapies, including radiation 376 
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therapy and ablation.31,32 Finally, the magnitude of the concordance probability estimates in this 377 

study highlight the significant clinical heterogeneity of colorectal liver oligometastases. 378 

Subsequent studies in larger patient cohorts may further clarify the role of molecular subtyping 379 

in this context.      380 

 381 

In conclusion, colorectal liver metastasis molecular subtypes are associated with differential PFS 382 

and OS in an independent cohort from the New EPOC phase III randomized trial. When 383 

combined with the CRS, integrated risk stratification is strongly associated with long-term 384 

survival after resection for limited colorectal liver metastases. This study illustrates how 385 

integrated clinical and molecular risk stratification characterizes the diverse phenotypic spectrum 386 

of clinical metastases. It may serve as a framework that is broadly applicable to many human 387 

cancers for the development of biomarkers that influence the utilization of local and systemic 388 

therapies in metastatic disease.  389 

  390 
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Figure Legends: 550 

Figure 1: Discovery and Validation Cohorts 551 

Flowchart demonstrating patients included in analyses, including the retrospective discovery 552 
cohort and New EPOC trial validation cohort  553 
 554 

555 
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Figure 2: Gene Set Enrichment Analysis and Immune Deconvolution 556 

Heat map representing enrichment and depletion of multiple gene sets and immune 557 
compartments. (A) Single-sample gene set enrichment analysis across molecular subtypes in the 558 
validation cohort; (B) Immune deconvolution across molecular subtypes in the validation cohort. 559 

Statistical analysis of enrichment scores and immune deconvolution consisted of t-tests for 560 
pairwise comparison between subtypes, with P values adjusted by controlling the false discovery 561 
rate (FDR < 0.05) to account for multiple comparisons.  562 

If a row is annotated with a single subtype label (C: Canonical, I: Immune, or S: Stromal), that 563 
molecular subtype was enriched for the corresponding pathway with adjusted P < 0.05 564 
(compared to each of the other subtypes). If a row is annotated with two subtype labels, both 565 
subtypes were enriched with adjusted P < 0.05, compared to the other subtype. Additional 566 
detailed view is presented in eFigure 7 in Supplement 2.  567 

 568 
  569 
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 570 
Figure 3: PFS and OS by Molecular Subtype and Integrated Risk Stratification 571 

Survival outcomes in validation cohort; X-axis represents time after randomization on the New 572 
EPOC trial in months. Of 147 total patients, PFS events occurred in 113, 16, 63, and 34 patients 573 
in the overall cohort, immune, canonical, and stromal subtypes, respectively, and OS events 574 
occurred in 75, 9, 43, and 23 patients, respectively. By integrated clinical-molecular risk group 575 
(N=144), PFS events occurred in 9, 15, and 86 patients in the low-, intermediate-, and high-risk 576 
groups, respectively, and OS events occurred in 3, 10, and 61 patients, respectively. (A) PFS by 577 
molecular subtype (B) OS by molecular subtype (C) PFS by integrated risk group (D) OS by 578 
integrated risk group 579 

580 
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Table 1: Baseline Patient Characteristics 581 

 Total Discovery Cohort / 
Chicago 

Validation Cohort / 
UK 

N=240 N=93 N=147 

Age, years, mean (range) 63.0 (56.3-68.0) 60.8 (52.3-65.6) 64.0 (59.0-69.0) 

Sex 

Female 89 (37%) 39 (42%) 50 (34%) 

Male 151 (63%) 54 (58%) 97 (66%) 

Clinical Risk Score 

CRS < 2 53 (23%) 32 (37%) 21 (15%) 

CRS ≥ 2 178 (77%) 55 (63%) 123 (85%) 

Incomplete 9 6 3 

Number of Liver 
Metastases > 1 151 (64%) 39 (42%) 112 (78%) 

Node-Positive Primary 151 (67%) 55 (64%) 96 (69%) 

Pre-operative CEA > 200 
ng/mL 12 (5.5%) 3 (3.9%) 9 (6.3%) 

Disease-Free Interval < 12 
months 157 (65%) 51 (55%) 106 (72%) 

Metastasis Size > 5cm 61 (25%) 23 (25%) 38 (26%) 

Shortest Margin Between 
Cancer and Cut Surface    

Margin ≥ 1cm 76 (34%) 24 (28%) 52 (38%) 

Margin < 1cm 120 (54%) 48 (56%) 72 (53%) 

No Margin (Cancer 
Visible on Cut Surface) 27 (12%) 14 (16%) 13 (9%) 

Not Available* 17 7 10 
*Margin distance between cancer and cut surface was designated “Not Available” if considered not evaluable (e.g. 582 
due to ablation being performed as part of hepatic resection) 583 
 584 
 585 
 586 
  587 
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Table 2: Multivariable Cox Models for PFS and OS in Validation Cohort 588 

Cox proportional hazards model for PFS and OS in validation cohort.  589 

Primary Cox Models  Cox Models Including Cetuximab Randomization 

PFS by Molecular Subtype  PFS by Molecular Subtype 

Variable Hazard Ratio (95% CI) P  Variable Hazard Ratio (95% 
CI) P 

Molecular Subtype    Molecular 
Subtype   

Canonical Reference Canonical Reference  

Immune 0.37 (0.20 to 0.68) 0.0014 Immune 0.37 (0.20 to 0.68) 0.0013 

Stromal 0.56 (0.36 to 0.89) 0.014 Stromal 0.56 (0.35 to 0.88) 0.013 

Clinical Risk Score    Clinical Risk 
Score   

1 Reference  1 Reference  

2 1.7 (0.92 to 3.3) 0.09 2 1.8 (0.92 to 3.4) 0.088 

3 2.0 (1.0 to 3.7) 0.037 3 2.0 (1.1 to 3.7) 0.035 

4 2.0 (0.87 to 4.6) 0.10 4 2.0 (0.84 to 4.6) 0.12 

5 1.2 (0.15 to 9.4) 0.86 5 1.1 (0.15 to 9.2) 0.88 

    Cetuximab   

   No Reference  

   Yes 1.1 (0.71 to 1.6) 0.72 

    

OS by Molecular Subtype  OS by Molecular Subtype 

Variable Hazard Ratio (95% CI) P  Variable Hazard Ratio (95% 
CI) P 

Molecular Subtype    Molecular 
Subtype   

Canonical Reference Canonical Reference  

Immune 0.38 (0.17 to 0.86) 0.020 Immune 0.36 (0.16 to 0.81) 0.014 

Stromal 0.66 (0.38 to 1.2) 0.14 Stromal 0.58 (0.33 to 1.01) 0.056 

Clinical Risk Score    Clinical Risk 
Score   

1 Reference  1 Reference  

2 1.7 (0.61 to 4.5) 0.32 2 1.8 (0.68 to 5.0) 0.23 

3 2.7 (1.0 to 6.9) 0.043 3 3.3 (1.2 to 8.5) 0.016 

4 2.7 (0.87 to 8.2) 0.087 4 2.6 (0.83 to 7.9) 0.10 

5 2.2 (0.25 to 18.8) 0.49 5 1.8 (0.20 to 15.5) 0.61 

    Cetuximab   
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   No Reference  

Yes 2.0 (1.2 to 3.4) 0.0083 

     

PFS by Integrated Risk  PFS by Integrated Risk 

Variable Hazard Ratio (95% CI) P  Variable Hazard Ratio (95% 
CI) P 

Integrated Risk    Integrated Risk   

Low 0.38 (0.19 to 0.76) 0.0062 Low 0.38 (0.19 to 0.76) 0.0062 

Intermediate 0.52 (0.30 to 0.91) 0.021 Intermediate 0.52 (0.30 to 0.91) 0.021 

High Reference High Reference  

    Cetuximab   

   No Reference  

   Yes 1.01 (0.70 to 1.48) 0.94 

    

OS by Integrated Risk  OS by Integrated Risk 

Variable Hazard Ratio (95% CI) P  Variable Hazard Ratio (95% 
CI) P 

Integrated Risk    Integrated Risk   

Low 0.26 (0.08 to 0.84) 0.024 Low 0.25 (0.08 to 0.79) 0.019 

Intermediate 0.62 (0.32 to 1.21) 0.16 Intermediate 0.64 (0.33 to 1.26) 0.20 

High Reference High Reference  

    Cetuximab   

   No Reference  

   Yes 1.57 (0.99 to 2.51) 0.057 

 590 
 591 
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