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ABSTRACT
◥

Purpose: The consensus molecular subtypes (CMS) represent a
significant advance in the understanding of intertumor heteroge-
neity in colon cancer. Intratumor heterogeneity (ITH) is the new
frontier for refining prognostication and understanding treatment
resistance. This study aims at deciphering the transcriptomic
ITH of colon cancer and understanding its potential prognostic
implications.

Experimental Design: We deconvoluted the transcriptomic
profiles of 1,779 tumors from the PETACC8 trial and 155 colon
cancer cell lines as weighted sums of the four CMSs, using the
Weighted In Silico Pathology (WISP) algorithm. We assigned to
each tumor and cell line a combination of up to three CMS subtypes
with a threshold above 20%.

Results: Over 55% of tumors corresponded to mixtures of at
least two CMSs, demonstrating pervasive ITH in colon cancer.
Of note, ITH was associated with shorter disease-free survival

(DFS) and overall survival, [HR, 1.34; 95% confidence interval
(CI; 1.12–1.59), 1.40, 95% CI (1.14–1.71), respectively]. More-
over, we uncovered specific combinations of CMS associated
with dismal prognosis. In multivariate analysis, ITH represents
the third parameter explaining DFS variance, after T and N
stages. At a cellular level, combined WISP and single-cell
transcriptomic analysis revealed that most colon cancer cell
lines are a mixture of cells falling into different CMSs, indicating
that ITH may correspond to distinct functional statuses of colon
cancer cells.

Conclusions: This study shows that CMS-based transcriptomic
ITH is frequent in colon cancer and impacts its prognosis. CMS-
based transcriptomic ITH may correspond to distinct functional
statuses of colon cancer cells, suggesting plasticity between CMS-
related cell populations. Transcriptomic ITH deserves further
assessment in the context of personalized medicine.

Introduction
Colon cancer is a frequent and severe disease with more than 1.36

million new cases worldwide (1) making it the second most common
cancer. Approximately 70% to 80% of patients with colon cancer are
diagnosed without metastatic spread and may be cured by surgery.
However, 10% to 60% of them will experience disease recurrence
depending on the disease stage. To improve long-term outcomes,
adjuvant chemotherapy is used in patients with a substantial risk of
disease recurrence (high-risk stage II and stage III disease; ref. 2). It is
estimated that for patients eligible to adjuvant chemotherapy com-
bining oxaliplatin with a fluoropyrimidine, approximately half of them
would have been cured by surgery alone and 25% will relapse
despite the use of adjuvant treatment. Altogether, although all

patients receiving adjuvant treatment are exposed to short-term
and long-lasting toxicities, only 25% of these patients experience
therapeutic benefit. For this reason, personalization of cancer
treatments is required. Indeed, the heterogeneity in clinical
responses points to a biological heterogeneity of the cancers that
requires further exploration.

A variety of genetic biomarkers, including mutations and copy-
number variations, are being characterized for their impact on patient
trajectories (3, 4). Transcriptomic classifications have also been pro-
posed to decipher the intertumor heterogeneity of colon cancer, which
has led to the definition of four consensus molecular subtypes (CMS)
through an international effort (CMS1..4; ref. 5). These CMSs are
robustly associated to several clinical and biological features (e.g., the
mesenchymal CMS4 is associated to a poorer prognosis).
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Both genetic and transcriptomic studies of colon cancer heteroge-
neity have highlighted the existence of intratumor heterogeneity
(ITH), which could also contribute to the mechanisms of anti-
cancer drug resistance (6, 7). While several forms (genetic, epigenetic,
transcriptomic, and phenotypic) of ITH have been explored for
various types of cancers, genetic ITH has led to more extensive
studies (8). In particular genetic ITH was shown to be frequent and
associated to poorer prognosis in several cancer types (9, 10), including
colon cancer (11, 12).

Concerning transcriptomic ITH, it has been studied in relation to
molecular subtypes in different tumor types. In colon cancer, it was
notably investigated through intratumor multi-sampling (13) or sin-
gle-cell RNA sequencing (RNA-seq; refs. 14, 15); however, in small
series. In other cancer types, transcriptome deconvolutionwas recently
shown as a powerful method to evaluate ITH and its prognostic value
in large series (16).

Here we used transcriptome deconvolution to assess ITH and
its possible prognostic impact in a large multicentric colon cancer
cohort collected in the frame of a prospective phase III trial
(PETACC8, n ¼ 1779, NCT00265811). We considered CMS as
representing different tumor cell populations, with the idea to
estimate the CMS-based ITH. Similarly, we analyzed the compo-
sition of the tumor microenvironment (TME) in terms of different
immune and stromal cell populations, features that also characterize
ITH. We then assessed whether these tumor and TME-based
variables could bring information for the determination of stage
III colon cancer prognosis, after adjustment for established prog-
nostic factors.

Materials and Methods
Ethical statements

This study was done in accordance with the Declaration of Helsinki
(amended 2000) and the International Conference on Harmonization
of Technical Requirements of Pharmaceuticals for Human Use Note
for Guidance on Good Clinical Practice and approved by the appro-
priate Ethics Committees of each participating country. Furthermore,
the patients signed awritten informed consent for specific translational
research, which was obtained for2,043 patients of the 2,559 patients
included in PETACC8.

Patients and tumor samples
Asdepicted in theflowchart (extended data Supplementary Fig. S1),

three series of tumors from patients with colorectal cancer were used:
(i) the CIT initial series (n¼ 566 patients), (ii) the CIT extension series
(n ¼ 45 patients), and (iii) the PETACC8 series (n ¼ 1,779 patients;
refs. 17, 18).

For the CIT initial series, RNA was extracted from frozen tumor
samples stored in liquid nitrogen. For the CIT extension series, RNA
was extracted from both frozen and formalin-fixed paraffin-embedded
(FFPE) tissues. For PETACC08 tumor series, RNAwas extracted from
FFPE tissues. The following described experiments were performed
blinded to the study endpoint.

Transcriptome data
To promote the clinical use of CMS, our aim was to develop a

classifier allowing to study ITH in terms of CMS in FFPE tumor
samples, and we chose the NanoString technology for this purpose.
The full transcriptome profiles and CMS labels of the 566 samples of
the CIT initial series (17) were publicly available (GSE39582). For
targeted transcriptomic profiling, we selected 196 transcriptomic
markers, including 10 housekeeping genes, 81 CMS specific markers
identified using the CIT initial series, and 105 other markers, mainly
related to microenvironment cell populations (19), immune modula-
tors (20), and oncogenic pathways (5), as recapitulated in extended
data Supplementary Table S1. The transcriptomic profile of these
196 genes was acquired using NanoString nCounter Analysis System
using 150 ng of total RNA from 1,779 FFPE samples from the
PETACC8 series, 144 samples of the CIT initial series [133 fresh
frozen (FF) and 11 FFPE], and 90 samples from the CIT extension
series (corresponding to 45 patients with paired FF and FFPE tumor
samples). Nine batches and four subcodesets were used. The normal-
ization approach was selected tominimize batch/subcodeset variation,
while maximizing genes and samples correlation with Affymetrix data
and paired samples. Given a sample j, the corresponding vector of raw
counts, RAWj, was first normalized to a vector NORM1j, using a
scaling factor (SF1j) based on the expression of four housekeeping
genes (CLTC, NT5C2, ATP5E, VDAC2): NORM1j¼ RAWj � SF1j. If
we note Fj the geometric mean expression of housekeeping gene for
sample j, the scaling factor SF1j corresponds to F�/Fj, where F� denotes
the intersample mean of F. To get normalized profiles (NORM2j)
relatively to batch/subcodeset bias, we used a scaling factor SF2j based
on a calibrator sample whose profile was obtained in the 36 (batch,
subcodeset) pairs, and using a reference (batch, subcodeset) pair:
NORM2j ¼ NORM1j � SF2j. SF2j is calculated as the ratio of the
calibrator sample profile in the reference (batch, subcodeset) pair
versus in the (batch, subcodeset) pair corresponding to sample j.
Finally, we log2 transformed the NORM2 values, and did not use the
NanoString endogeneous positive and negative controls. PETACC8
samples showing either high SF1 (>20) or low raw counts expression
(95th percentile < 100) were removed, which left us with 1,779
PETACC8 samples out of 1,809 with available NanoString profiles.
Markers with low expression across samples (95th percentile < 6) were
removed, yielding 172 retained markers.

Training of a random forest classifier of the CMS
Using normalized counts data of the CIT extension series, we

measured, for each of the 172 markers, the correlation across expres-
sion profiles derived from the paired FF and FFPE samples. We
retained the 23 markers showing both a FF/FFPE correlation above
0.2 and inter-CMS differential expression in the FFPE CIT extension
series (ANOVA P < 0.1). These markers were used to train a random

Translational Relevance

The classification into consensus molecular subgroups (CMS)
represents the current framework for depicting the transcriptomic
heterogeneity of colorectal cancer. This CMS classification has
prognostic and predictive value and is viewed as the path toward
precision medicine. In this article, we add another layer of com-
plexity to colorectal cancer transcriptional heterogeneity by dem-
onstrating that a large fraction of colorectal cancer samples actually
corresponds to CMS mixtures, rather than exhibiting a pure CMS
signature. We find that patients with intratumor heterogeneity
have a dismal prognosis and that specific combinations of CMS are
particularly unfavorable. Our results suggest that intratumor het-
erogeneity is the result of the co-occurrence of tumor cell popula-
tions with distinct transcriptomes, which may synergize to escape
immune surveillance. Our study advocates for a refinement of
colorectal cancer subtyping taking into account intratumor CMS
heterogeneity.

Intratumoral Heterogeneity in Colon Cancer
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forest (RF) classifier using the 133 FF samples from the CIT initial
series. To remove the marker specific bias between the FF and FFPE
profiles, we performed feature specific quantile normalization (21),
using the 90 paired samples from the CIT extension series. We thus
derived “pseudo-FFPE” profiles (see Supplementary Materials and
Methods) of the 133 FF profiles of the CIT initial series before training
the RF classifier. Finally, this RF classifier was applied to the 1,779
normalized profiles of PETACC8 series. In the end, all the samples
from the CIT initial and CIT extension series were used in one of the
two training steps (variable selection and RF learning) to build the RF
classifier, while the PETACC8 series was used solely for validation.

Intratumor CMS heterogeneity measures, based on WISP-
supervised deconvolution

The Weighted In Silico Pathology (WISP) deconvolution algo-
rithm (16) sees a tumor as a mixture of the four CMS, each seen as
a cell population. WISP provides a vector of four weights (w1, w2, w3,
w4), respectively related to CMS1, CMS2, CMS3, and CMS4. Any of
these four weights is superior or equal to zero, and the sum of the four
weights is 100% (w1þw2þw3þw4 ¼ 1). The WISP algorithm was
applied to all 1,779 samples from PETACC8 series, using their 172-
marker normalized expression profiles, and the CMS labels predicted
with the RF classifier. This yielded a (1,779 � 4) matrix giving the
estimated weights (from 0 to 1) of the four CMS for all 1,779 samples.
To assess the level of ITH, we counted the (intrasample) number of
CMS showing a weight greater than 20%. We may note that after
testing for several cutoffs ranging from 10% to 30%, which all yielded
similar results, we arbitrarily chose a 20% cutoff.

For any sample, the CMS with the highest weight was designated as
major CMS, while the CMS with second highest weight (if > 20%) was
designated as minor CMS. The major CMS weight varies from 32% to
100% across the 1779 Petacc8 samples (mean: 74%, median 73%). A
sample is defined as pure for its major CMS if all other CMS have
weights below 20%.

The application of the WISP algorithm to public datasets is
described in Supplementary Materials and Methods.

Intratumor CMS heterogeneity measures in colon cancer cell
lines

To probe the existence of intrasample CMS heterogeneity
in colorectal cancer cell lines, we used a series (22) of 155 cell
lines profiled using HT12 Illumina gene expression platform
(GSE59857), of which 55 were also profiled (23) using Affymetrix
HGU133Plus2 gene expression platform [Cancer Cell Line Encyclo-
pedia (CCLE) CC series: GSE36133]. On the basis of the 55 common
samples between these two series, we calculated gene-level linear
models of the deviation between the two platforms (Affymetrix and
Illumina), to derive an “Affymetrix-like” version of the GSE59857
Illumina series (22). Then, we selected genes with highest coefficients
of variation in the cell line series to calculate CMS centroids on the CIT
colon cancer dataset (GSE39582; ref. 17), through the WISP training
function. These centroids were finally used to estimate intrasample
CMS weights in the 155-cell-line GSE59857 series, using WISP
prediction function (as shown in extended data Supplementary
Fig. S3A).

Validation of intratumor CMS heterogeneity of Lovo and Mdst8
cell lines, using single-cell RNA-seq

To validate that WISP algorithm brings a reliable measure of
intratumor CMS heterogeneity in colon cancer cell lines, we selected
two CMS heterogeneous cell lines (Lovo and Mdst8) purchased

specifically for this manipulation from ATCC in April 2019 and
ECACC in March 2019, respectively. The cell lines were used at P3
and were tested for Mycoplasma by PCR reaction. We analyzed their
transcriptome by single-cell RNA-seq. Mixing these two cell lines in
three series of relative proportions [Lovo 25%: Mdst8 75% (L25M75);
Lovo 50%: Mdst8 50% (L50M50); Lovo 75%: Mdst8 25% (L75M25)],
we performed three single-cell RNA-seq analyses using the 10�
Genomics standard protocol. The transcriptome of 14,545 cells was
obtained (L25M75: 6,921 cells, L50M50: 5,346 cells, L75M25: 2,278
cells). Of these cells, 9,437 (65%) passed the quality check filters: (i) at
least 1,000 genes with at least one count each, and (ii) less than 20% of
counts related to mitochondrial genes. To normalize the read counts
within each cell, we divided them by the total number of reads and
multiplied them by 100,000; then we log2 transformed the obtained
values. To recover cells, respectively, corresponding to Lovo andMdst8
cell lines within each mixture, we first selected Lovo-specific and
Mdst8-specific markers comparing the bulk transcriptome of these
two cell lines (GSE36133) and, retaining markers with a log2 fold
change above 7, then we used these two sets of markers to calculate
their mean expression within each cell: cells showing both a mean
expression of Lovo (respectivelyMdst8)markers above 0.5 and amean
expression of Mdts8 (respectively Lovo) markers below 0.5 were
classified as Lovo (respectively Mdst8) cells. To predict CMS label of
each cell, we used the single sample predictor (SSP) fromGuinney and
colleagues (5), using only the centroids from the (RNA-seq) The
Cancer Genome Atlas series. Of note, 77% of the cells predicted as
corresponding to CMS2 did not pass the quality check filters, as
compared with 32% for the cells corresponding to the three other
CMSs.

Transcriptomic metagenes
To characterize tumor samples in terms of immune and stromal

infiltrates, immune functions (e.g., immune checkpoints activity or
cytotoxicity), oncogenic pathways [epithelial–mesenchymal transition
(EMT), TGFb, angiogenesis] or an Immunoscore surrogate, we used
metagenes scores derived from the MCP-counter method (19) or
previously reported gene lists (5, 20). Metagene scores were calculated
as the intergene mean of intersample median-centered expression
values.

Statistical tests and survival analyses
Analyses were performed using R software (v3.6.1). Association

between CMS and qualitative variables were assessed using x2 tests.
Association between CMS and quantitative variables were assessed
with ANOVA. The survival R package was used to perform log-rank
tests (for difference between Kaplan–Meier survival curves) and Cox
univariate and multivariate models. The significant variables in the
univariate analyses (P < 0.05) were kept in multivariate analyses. In
multivariate analyses, we used recoded variables, based on grouping of
modalities. Because major endpoint of PETACC8 was DFS, this
grouping was based on DFS univariate analyses and was kept for
overall survival (OS) analyses. Because it was an exploratory and
descriptive study, no prespecified hypothesis was made.

Results
NanoString RF classifier of the CMS

We developed a RF classifier of the four CMS (5) using NanoString
measurements of 196 genes (extended data Supplementary Table S1),
and classified 1,779 tumors from the PETACC8 trial (18). The CMS
classification applied to this new patient series revealed the expected
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clinical and biological characteristics (extended data Supplementary
Fig. S2). Among these 1,779 samples, 1,229 (69%) were attributed a
CMS with a RF probability greater than 50%, the 550 (31%) remaining
samples showing a RF probability below 50%. Thus, in one hand,
roughly one-third of the tumors demonstratedmixed traits rather than
the transcriptomic characteristics of one particular CMS (Fig. 1A). On
the other hand, less than 15.5% of the tumors showed a probability
superior to 90% to belong to a unique attributed CMS. RF probability
(>50% vs. <50%) had little impact on the clinicobiological character-
istics of colon cancer, although the CMS features were much more
pronounced for samples with a RF probability above 50% than below
50% (Fig. 1B and C). Moreover, the RF probability manifestly
impacted on the correlation between CMS classification and progno-
sis.Within tumors with an RF probability greater than 50%, CMS4 had
a poorer prognosis than the other three CMS categories (Fig. 1D), as
expected (5), but this correlation was lost for tumors with an RF
probability below 50% (Fig. 1E). Importantly, for the entire cohort
(irrespective of the CMS category), a 10% decrease of RF probability
for CMS assignment was linearly related to poorer prognosis [DFS
HR ¼ 1.08, 95% confidence interval (CI) ¼ (1.035–1.13), P ¼ 0.0005;
OSHR¼ 1.10, 95%CI¼ (1.05–1.16), P¼ 0.0002]. Thus, the prognosis
of patients classified in a CMS with an RF probability below 50%, was
significantly poorer from thosewith anRF probability above 50%, both
for DFS and OS [DFS HR ¼ 1.21, 95% CI¼ (1.02–1.44), P < 0.03; OS
HR ¼ 1.35, 95% CI ¼ (1.11–1.65), P < 0.003; Fig. 1F and G].
Altogether, these results suggest that the CMS-based classification is
not clear-cut and that tumors that do not unambiguously fit into the
categories, potentially due to ITH, have a dismal prognosis.

Assessment of CMS-based intratumor heterogeneity through
deconvolution

To further assess ITH, we deconvoluted the 1,779 NanoString colon
cancer expression profiles, using the WISP supervised deconvolution
algorithm (16). We thus decomposed each colon cancer profile as a
weighted linear combination of the four CMS profiles. We ended up
with a vector of the relative proportions (weights) of the four CMSs
within each sample, these proportions summing up to 100%. We then
defined an ITH score by recording for each sample the number of CMS
reaching weights above 20%. This ITH score ranged from 1 (low ITH)
to 3 (high ITH). On the basis of this criterion, only 43% of the
PETACC8 tumors exhibited a low ITH score (Fig 2A). The remaining
tumors exhibited an ITH score of two (52%) or three (5%). Samples
with a low ITH score showed a high level of agreement (94%) between
the RF-based and WISP-based (top weight) CMS label, contrary to
samples with a high ITH score (51% of agreement; Fig. 2B and C). Of
note, intermediate and high ITH scores were found to be associated to
worse prognosis (Fig. 2D and E) [DFS HR ITH2 vs. ITH1¼ 1.34, 95%
CI (1.12–1.59), P ¼ 0.001; DFS HR ITH3 vs. ITH1 ¼ 1.75, 95% CI
(1.24–2.47), P < 0.002; OS ITH2 vs. ITH1 HR ¼ 1.40, 95% CI
(1.14–1.71), P < 0.002; OS ITH3 vs. ITH1 HR ¼ 1.48, 95% CI
(0.96–2.28), P < 0.08]. These results confirm the idea that ITH may
compromise the prognosis of patients with colon cancer.

Validation of ITH measures in cell lines through single-cell
analyses

The aforementioned analyses of bulk transcriptomics do not resolve
the fundamental doubt as to whether each tumor represents a mixture
of CMS types, because each tumor cell, one by one, could represent a
mixed CMS type, or whether colon cancers would be composed of cells
falling into distinct CMS categories. To solve this problem, we first
analyzed the bulk transcriptome of 155 distinct colon cancer cell lines

(GSE59857; ref. 22).Wediscovered that very few of them represented a
“pure” CMS type, meaning that the overwhelming majority of them
(73%) could not be classified in one single CMS category and thus have
an ITH score >1 (Fig. 3A; extended data Supplementary Fig. S3A and
B). Again, this result did not completely solve the issue, because each
cell line might contain an ensemble of cells that are very similar
among each other, each reflecting a mixed CMS phenotype, or—
alternatively—a heterogeneous m�elange of cells corresponding
to various CMS types. For this reason, we selected two CMS-
heterogeneous colon cancer cell lines (Lovo, Mdst8), performed their
single-cell RNA-seq analysis (extended data Supplementary Fig. S4),
and classified each cell into CMS1 to 4 using the CMS SSP (5). For each
cell line, the proportions of cells attributed to the different CMS after
single-cell transcriptomics was similar to the WISP weights deduced
from their bulk transcriptomes (Fig. 3B and C). It must be noted that
the SSP CMS classifier (from Guinney and colleagues) used here for
cell-level CMS callingwas not designed for single-cell data. However, it
is remarkable that the deconvolution of bulk Affymetrix profiles using
the WISP algorithm brings estimated intrasample proportions of the
CMS that are consistent with the cell-level CMS labeling obtained with
the SSP classifier on paired single-cell data. This observation confirms
the validity of theWISP-basedmeasure of ITH on bulk transcriptomic
analyses insofar as it reveals a true intercellular heterogeneity. In
addition, reanalysis of a recent colon cancer single-cell RNA-seq series
(GSE144735) of freshly obtained colon cancer samples revealed that 4
of 6 tumors had a mixed ITH score, further supporting that ITH is
common in colon cancer tumors (Fig. 3D). In conclusion, it appears
that the ITH score obtained by bulk transcriptomic analyses that
averages mRNA expression across all cells in the tissue reflects an
intercellular colon cancer heterogeneity that can be confirmed by
single-cell transcriptomics.

Clinicobiological characteristics of CMS combinations
To refine the characteristics of ITH according to intra-sample CMS

combinations, we defined 16 different tumor subgroups, including 4
“pure” and 12 “mixed” subcategories (Fig. 4; extended data Supple-
mentary Fig. S5). The four pure subgroups showed the expected (5)
molecular features of CMS 1 to 4. However, for the mixed subgroups
referring to a pair of CMSs (major andminor) jointly identified within
a tumor, the corresponding molecular features are intermediate of
those observed in the corresponding pure CMS, as awaited. For
example, the CMS3(major)-CMS1(minor) subgroup shows interme-
diate states of the respective molecular features of pure CMS3 (KRAS
mutation) andCMS1 [deficientmismatch repair (dMMR), CpG island
methylator phenotype (CIMPþ), BRAFmutation] subgroups. Similar
results are observed for either immune contexture, or TGFb, EMT, and
angiogenic pathways (Fig. 4; extended data Supplementary Fig. S5). In
particular, high expression of genes indicating the presence of fibro-
blasts and endothelial cells, or related to the TGFb, EMT, and active
angiogenesis pathways, which are expected to be features of CMS4
tumors (5), is observed in all mixed subgroups with a CMS4 compo-
nent, even if this component is a minor one. High infiltration by
cytotoxic lymphocytes, a prominent feature of CMS1 tumors (24), is
also clearly more frequent in all mixed subgroups with a CMS1
component.

The ITH score being related to prognosis, we then askedwhether we
could refine this global observation by analyzing survival, considering
DFS and OS, according to the 16 subgroups mentioned above (Figs. 5
and 6). Mixed subgroups with a minor CMS2 component never
showed a prognosis significantly worse than related pure subgroups.
Other mixed subgroups, notably all those with a minor CMS4

Intratumoral Heterogeneity in Colon Cancer
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Figure 1.

RF CMS classification, characterization, and survival impact based on related probability.A, Fraction of votes (probability) of the RF classification for each of the four
CMSs within each of the 1,779 samples (columns), summing up to one for each sample. Samples are grouped according to RF-predicted CMS. The horizontal dotted
white line indicates anRFprobability of 50%. The vertical dottedwhite line delimits, within eachCMS, sampleswith low (<50%) versus high (>50%)probability of CMS
assignment according to RF classifier. B, The proportions of samples with dMMR, BRAF mutated (BRAFm), KRAS/NRAS mutated (RASm), CIMPþ, female gender,
proximal location, andG3/G4 grade are shown according to CMSwith either high (left) or lowRFprobability (right). # indicates the P values of thex2 tests comparing
the distribution of values of each variable between RF > 50% and RF < 50% samples. C, Heatmaps showing the mean scores for eight immune and two stromal cell
populations infiltration (based on MCP-counter estimates), a surrogate of the Immunoscore (Immunoscore-like), and three pathways are shown according to CMS
with either high (left) or low RF probability (right). The P values of the t test comparing the distribution of values of each variable between RF > 50% and RF < 50%
samples are displayed in the extended data Supplementary Table S3. DFS curves according to RF-predicted CMS in PETACC8 samples, based on RF probability of
class assignment above 50% (D) or below 50% (E). Kaplan–Meier curves of DFS (F) andOS (G) are shown according to low (<50%) versus high (>50%)RF probability
(whatever the predicted CMS). CMS color codes: CMS1 (orange), CMS2 (blue), CMS3 (purple), CMS4 (green).
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Figure 2.

ITH distribution and impact on survival. A, Barplots showing the proportions of low (i), intermediate (ii), and high (iii) ITH scores in the 1,779 PETACC8 samples.
B, Barplots showing the proportion of identical CMS assignment between WISP top weighted CMS (WISP major CMS) and RF-based CMS, according to ITH score.
C, Sample level data (lines) representing WISP major CMS and second top weighted CMS (WISP minor CMS), RF CMS and ITH score in the 1,779 PETACC8 samples.
Kaplan–Meier curves of DFS (D) and OS (E) are shown according to ITH scores. The P value of the overall log-rank test and the HRs of the univariate Cox model are
shown. Color code for ITH score: low (i), light blue; intermediate (ii), blue; high (iii), dark blue.
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component, mostly showed worsen prognosis as compared to the
related pure subgroup. Strikingly, the worse prognosis of mixed
subgroups as compared to the related pure subgroup is even observed
for CMS4-CMS1, that is, when combining a minor (good prognosis)
CMS1 component with a major (poor prognosis) CMS4 component.

Finally, we assessed the potential added prognostic value of
the CMS-based ITH, through multivariable DFS and OS Cox
modelling. We first built a DFS multivariable reference model,
treatment-arm-stratified, including all prognostic factors shown to
be significant in univariate analysis, that is, age, gender, obstruc-
tion, and/or perforation, T and N stages, tumor differentiation
grade, World Health Organization performance status, KRAS/
NRAS mutation, and an mRNA-based surrogate of the Immuno-
score (extended data Supplementary Tables S2 and S3). Then,
using a DFS Cox univariate model, we selected the CMS combina-
tions related to the poorest survival (CMS1-CMS4, CMS4-CMS1,

CMS3-CMS4 and CMS1-CMS3, P ≤ 0.002; extended data Supple-
mentary Table S2) to define a variable set to “high risk” for these
subgroups, and to “low risk” for the remaining subgroups. Adding
this variable to the DFS reference multivariable model yielded a
significantly improved model [DFS HR ¼ 1.74, 95% CI (1.38–2.19),
likelihood ratio test P < 0.0001; Table 1]. This new variable
explained 13.4% of the variance of the DFS model (Fig. 5E). Similar
results were obtained for OS (Fig. 6E; extended data Supplemen-
tary Table S2E and S2F).

Discussion
The development of NanoString-based signatures allows the deter-

mination of CMS based on RNA extracted from paraffin-embedded
tissues (25, 26). Here, this strategy allowed us to characterize the
transcriptomic ITH of a large series of colon cancers. Several forms of

Figure 3.

CMS intrasample heterogeneity in colon cancer cell lines.A,CMS ITHwas determined in 155 colon cancer cell lines (GSE59857 dataset). IntrasamplesWISPweights of
CMS1..4 are shown for each cell line (column). Comparison of intrasampleCMS1..4 proportions in the LovoandMdst8 cell lines, based either onbulk data (B) from three
datasets (GSE59857, GDSC, CCLE) or on single-cell data (C). For bulk data, CMS1..4 intrasample proportions are estimated usingWISP. For single-cell data, CMS1..4
intrasample proportions are estimated using the SSP from Guinney and colleagues (5), applied to each cell. D, Single-cell RNA-seq data of six colon cancer samples
from the GSE144735 dataset. CMS label per cell comes from the online annotation file of this dataset. The intrasample distribution of these CMS labels is shown. ITH
scores based on this distribution are shown (bottom).
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A, CMS intrasample heterogeneity, based on WISP deconvolution algorithm, and related characteristics. CMS intrasample heterogeneity, based on WISP
deconvolution algorithm, on 1,779 samples from PETACC8 trial. Samples (columns) are grouped according to WISP major CMS (WISP top weighted CMS), and
WISPminor CMS (WISP second highest weighted CMS, if weighted above 20%). The CMS color code is as follows: CMS1 (orange), CMS2 (blue), CMS3 (purple), CMS4
(green). “Pure” samples, related to a unique CMS (i.e., with noWISPminor CMS), are shown in white (line 2). The proportions of samples in these categories are also
reported (line 1). Further shown are ITH score; intrasampleWISPweights for each CMS [from 0 (white) to 1 (black)]; molecular and clinical features, including dMMR,
BRAFm, RASm, CIMPþ, gender, tumor location, grade, immune and stromal cell populations infiltration (based on MCP-counter), a surrogate of the Immunoscore
(Immunoscore-like); and scores related to EMT, TGFb, and angiogenesis pathways. MCP-counter and pathway scores are trimmed z-scores [low (�2): blue,
intermediate (0):white, high (2): red]. Color codes: Black¼ yes or grade 3/4; gray¼noor grade 1/2; blue¼pMRRormale or proximal; red¼dMMRor female or distal.
B, The proportions of samples with dMMR, BRAFm, RASm, CIMPþ, female gender, proximal location, and G3/G4 grade are shown according to CMS with either low
ITH (ITH score¼ 1, left) or high ITH (ITH score >1, right). � indicates the P values of the x2 tests comparing the distribution of values of each variable between low ITH
and high ITH samples. C, Heatmaps showing the mean scores for eight immune and two stromal cell populations infiltration (based on MCP-counter estimates), a
surrogate of the Immunoscore (Immunoscore-like), and three pathways are shown according to CMSwith either low ITH (ITH score¼ 1, left) or high ITH (ITH score >1,
right). The P values of the t test comparing the distribution of values of each variable between low ITH and high ITH samples are displayed in the extended data
Supplementary Table S4.
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ITH are reported in the literature: phenotypic, histopathologic, genetic,
epigenetic, and transcriptomic (27). ITH ismostly studied at the genetic
level, referring then to subclonality, and was in particular documented
through multi-regions intratumor DNA sequencing (11, 28). In colon

cancer, it was shown that subclonality is related to higher risk of
metastasis (11). Beyond genetic forms of ITH, Meir and colleagues (15)
recently showed, through single-cell analyses, that a variety of stable
epigenetic and transcriptomic states can develop in clonal colon cancer
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Figure 5.

DFS according to intrasample CMS combinations. The DFS of 1,779 samples from PETACC8 trial are shown according to WISP top and second top weighted CMS.
Kaplan–Meier curves for DFS from the samples classified as CMS1 (respectively, CMS2, CMS3, CMS4) based onWISP top weight, and segregated according toWISP
second top weighted CMS (if above 20%) are shown in A (respectively, B, C, and D). E, Relative proportions of DFS explained variance, for all prognostic factors
included in the DFS Coxmultivariatemodel, based on thex2 proportion test. The variable “CMS combination” is derived from the 16 possible combinations of the two
topweightedCMSaccording toWISP deconvolution, and is equal to 1 for the following combinations: CMS1.CMS3, CMS1.CMS4, CMS3.CMS4, CMS4.CMS1, 0 otherwise.
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cell populations. Transcriptomic ITH was also detected in colon cancer
tumor samples, by means of single-cell (14) or multi-region bulk
transcriptomic analyses (13), in small series (n < 30 patients). While

these three studies highlighted the existence of transcriptomic ITH in
colon cancer, the limited number of patient samples precluded conclu-
sions regarding its prognostic impact.

Figure 6.

OS according to intrasample CMS combinations. The OS of 1,779 samples from PETACC8 trial are shown according to WISP top and second top weighted CMS.
Kaplan–Meier curves for OS from the samples classified as CMS1 (respectively CMS2, CMS3, CMS4) based on WISP top weight, and segregated according to WISP
second top weighted CMS (if above 20%) are shown in A (respectively B, C, D). The P value of the overall log-rank test, and the HRs of the univariate Cox model, are
shown within each panel. E, Relative proportions of OS explained variance, for all prognostic factors included in the OS Cox multivariate model, based on the x2

proportion test. The variable “CMS combination” is derived from the 16 possible combinations of the two top weighted CMS according toWISP deconvolution, and is
equal to 1 for the following combinations: CMS1.CMS3, CMS1.CMS4, CMS3.CMS4, CMS4.CMS1, 0 otherwise.
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We recently explored transcriptomic ITH through supervised
deconvolution of bulk transcriptome profiles from450mesotheliomas,
with the WISP software, and described its major impact on progno-
sis (16). Here, we used the WISP method to analyze transcriptomic
ITH in 1,779 samples from the stage III colon cancer PETACC8 trial.
Based on the strength of the international consensus classification of
colon cancer initially proposed by Guinney and colleagues (5), we
explored the hypothesis that the four corresponding consensus molec-
ular subtypes (CMS1..4) might actually represent distinct colon cancer
cell populations, and, using WISP, deconvoluted each of the 1,779
transcriptome profiles as linear combinations of the four CMS
centroids.

As WISP supervised deconvolution needs classes on which to be
trained, we used a RF CMS classifier to get CMS labels for each tumor
sample. We observed that one-third of these stage III colon cancer
samples were attributed to a CMS with a RF probability less than 50%,
supporting the existence of ITH in these tumors. The previously
reported clinical and molecular characteristics of the four CMS (5)
were much more contrasted across CMS, and statistically significant,
in the samples with a RF probability of CMS assignment above 50%
(RF.High), than in those with a RF probability below 50% (RF.Low).
For example, considering RF.High samples, 59% of CMS1 samples
were related to dMMRversus 0% to 1% in any otherCMS; while for RF.
low samples, the range of dMMR across the four CMSs ranged
between 1% and 9%. Regarding the known prognostic differences
across the four CMSs, they were clearly observed for RF.High
samples but not for RF.Low samples. We further found that the
RF probability of CMS assignment, as a continuous variable, was by
itself related to prognosis. Altogether these data support the exis-
tence of ITH in colon cancer PETACC8 samples and brings up its
possible impact on prognosis.

Class prediction approaches such as RF essentially suppose that
each sample belongs to a unique class; in addition, some of these
approaches, in particular RF, assess the certainty of class assignment
through a probabilistic approach. A supervised deconvolution
approach, such as WISP, is totally different, as WISP intrinsically
considers that each sample is composed of a mixture of classes and
estimates the relative proportions of these classes in the sample (29). As
a consequence, supervised deconvolution algorithms are perfectly fit to
measure ITH from bulk transcriptome data, contrary to class predic-
tion approaches.

Here we choose to use the WISP-supervised deconvolution algo-
rithm, given its unique ability during the training phase to automat-
ically remove poorly informative samples from the training set
(https://github.com/cit-bioinfo/WISP; ref. 16). We trained WISP on
the CMS labels obtained from the RF classifier, thus obtaining for each
of the 1,779 PETACC8 samples the intrasample relative proportions of
the four CMS.We then defined a discrete score of ITH, ranging from 1
(low ITH) to 3 (high ITH), representing the number of CMS within a
sample reaching a WISP weight above 20%. We showed that this ITH
score was related to dismal prognosis. Half of the tumors (52%)
showed an intermediate ITH score, and 5% showed a high ITH score.
Intermediate or high ITH was found to be even more prevalent in
colon cancer cell lines (>70%), suggesting that the cooperation of
different cancer cell types may favor their survival in culture (30).
Indeed, single-cell transcriptomic analysis revealed comparable
degrees of ITH for colon cancer cell lines that had been cultured for
months in vitro as for freshly obtained colon cancer tumors ex vivo,
confirming the conjecture that colon cancer ITH is characterized by
the simultaneous presence of cancer cells falling into distinct CMS
categories. This observation fully fits in with the recent description of
intracellular transcriptomic heterogeneity across multiple cancer cell
lines (31) or in breast cancer cell lines (32).

To refine and further explore ITH in colon cancer tumors, we
defined 16 subgroups (4 pure, 12 mixed) according to the two main
intrasample CMS components if reaching WISP weights above 20%.
Pure subgroups showed themore contrastedmolecular characteristics,
while mixed subgroups showed intermediate characteristics of their
CMS components, as expected. For example, dMMR was observed in
63% of CMS1 pure samples, 1% to 2% in the other pure CMS, in 0% to
4% of the mixed subgroups without a CMS1 component, and in 9% to
39% in the mixed subgroups with a CMS1 component. Similar results
were obtained for BRAF mutations, CIMP status, or microenviron-
ment contexture. While CMS2 and CMS3 are usually considered as
immune cold tumors (24), this does not apply to mixed subgroups
that incorporate either a CMS1 or CMS4 minor component. This
observation could have some relevance regarding the development
of immune checkpoint immunotherapy in Microsatellite stable
tumors (33, 34).

We then explored the prognosis of these 16 subgroups. While
having a combination of two or more CMS components in a tumor
is globally related to shorter survival, we observed contrasted situations
depending on the CMS combinations. On one hand, some CMS
combinations were not associated with any prognostic aggravation
and showed similar prognosis to that of the pure related CMS. This
applies in particular to combinations including a minor CMS2 com-
ponent (e.g., CMS1.CMS2 shows a prognosis similar to that of pure
CMS1). On the other hand, most of the other CMS combinations were
associated to much poorer survival than the related pure CMS,
suggesting that CMS combinations do affect colon cancer prognosis.
This is notably the case for CMS4.CMS1 tumors, which exhibit a
poorer prognosis than both pure CMS1 and pure CMS4 tumors. This

Table 1. Multivariate analysis of DFS including clinical, pathologic,
mutational, immunologic variables, and CMS combination
(model 1).

Term HR 95% CI P

Age:
>70 y vs. ≤70 y 1.22 0.93–1.59 0.15

Gender:
Male vs. female 1.14 0.95–1.37 0.17

WHO score:
1–2 vs. 0 1.40 1.13–1.73 0.002

Bowel obstruction or perforation:
Yes vs. no 1.26 1.02–1.55 0.035

T stage:
T4 vs. T1–T3 2.05 1.69–2.49 <0.0001

N stage:
N2 vs. N1 1.92 1.6–2.3 <0.0001

Grade:
G1–G2 vs. G3–G4 1.14 0.91–1.41 0.25

RAS statusa

RAS mutated vs. RAS wildtype 1.40 1.17–1.68 0.0003
T-cell tumor infiltration:

Low and intermediate vs. high infiltration 1.42 1.16–1.74 0.0006
CMS combination:

High-risk vs. low-risk CMS combination 1.74 1.38–2.19 <0.0001

Note: R2 ¼ 0.118; likelihood ratio ¼ 194.7; degree of freedom ¼ 10; Harrell
C-index¼0.685.Model 1 versusmodel 0 likelihood ratio testP<0.0001 (x2 test);
C-indexes are statistically significantly different (P < 0.03).
Abbreviations: WHO, World Health Organization; y, years.
aKRAS or NRAS.

Marisa et al.

Clin Cancer Res; 27(17) September 1, 2021 CLINICAL CANCER RESEARCH4778

on October 26, 2021. © 2021 American Association for Cancer Research. clincancerres.aacrjournals.org Downloaded from 

Published OnlineFirst June 24, 2021; DOI: 10.1158/1078-0432.CCR-21-0529 

https://github.com/cit-bioinfo/WISP;
http://clincancerres.aacrjournals.org/


latter observation is intriguing, because one would not expect that
adding a minor (good prognosis) CMS1 component to a major (poor
prognosis) CMS4 component would aggravate the prognosis of the
later. However, CMS1 tumors are known to show the shortest survival
after recurrence, implying that immune control escape of CMS1
tumors leads to strong aggressiveness (5). In the specific case of mixed
CMS4.CMS1 tumors, it is tempting to speculate that the CMS4
component releases TGFb, favoring immune escape of the highly
genetically instable CMS1 component (35). This kind of (hypothetical)
cooperation among colon cancer cells belonging to different CMS
categories might explain the new biological properties acquired by
these mixed tumors.

Finally, we assessed the possible value for stage III colon cancer
prognostication of ITH, in the frame of a multivariable Cox model
including all the established prognostic factors. Having pooled the
CMS combinations related to shorter survival, the corresponding
variable contributed to 13.4% of the explained DFS variance in the
multivariable Cox model. Of note, this model already incorporates a
transcriptomic surrogate of the Immunoscore, previously shown to be
relevant for colon cancer prognostication (20, 36).

One limitation of our study is the restriction to stage III colon
cancer. To address this issue, we leveraged public databases to inves-
tigate the ITH score, the enrichment in CMS4 and the enrichment of
the CMS1.CMS4 and CMS4.CMS1 combinations in synchronous and
metachronous stage IV disease.We found similar distributions of ITH
scores in metastatic and non-metastatic disease and an enrichment in
CMS4 (53% stage IV vs. 20% for other CMS) in metastatic disease. In
addition, the CMS1.CMS4 or CMS4.CMS1 combinations are over-
represented in metastatic disease (39%) as compared with the other
CMS combinations (27%; Extended data Supplementary Table S5).

In conclusion, our analysis pipeline reveals that transcriptomic ITH,
defined in terms of CMS, is highly prevalent in stage III colon cancer
and actually affects its clinical evolution. Few studies analyzed retro-
spectively the predictive value of CMS for various treatments (37). Our
observations support the idea that such studies could be revisited and
refined according to CMS ITH status.
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