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Background: Intratumor heterogeneity (ITH) is described as the presence of various clones within one tumor, each with
their own unique features in terms of morphology, inflammation, genetics or transcriptomics. Heterogeneity provides
the fuel for drug resistance; therefore, an accurate assessment of tumor heterogeneity is essential for the development
of effective therapies. The purpose of this study was to dissect morphologic and molecular ITH in colorectal
adenocarcinoma.
Materials and methods: A series of 120 V600EBRAF-mutated (V600EBRAFmt) consecutive metastatic colorectal
adenocarcinomas was assessed for morphologic heterogeneity. The two heterogeneous components of each
specimen underwent a histopathological, immunohistochemical and molecular characterization to evaluate:
histologic variant, grading, tumor-infiltrating lymphocytes (TILs), mismatch repair proteins’ expression, KRAS/BRAF/
NRAS mutations, microsatellite instability (MSI) status and consensus molecular subtype (CMS).
Results: Thirty-one out of 120 (25.8%) V600EBRAFmt primary colorectal adenocarcinomas presented a heterogeneous
morphology. Among these, eight cases had adequate material for molecular profiling. Five out of the eight (62.5%)
cases resulted instable at MSI testing. The majority (62.5%) of the samples showed a CMS4 phenotype based on
gene expression profiling. Heterogeneity in CMS classification was observed in four out of eight cases. One out of
eight cases presented significant heterogeneity in the number of TILs between the two components of the tumor.
Conclusions: Although the distribution of the immune infiltrate appears relatively conserved among heterogeneous
areas of the same tumor, changes in gene expression profile and CMS occur in 50% of V600EBRAFmt
adenocarcinoma cases in our small series and might contribute to variability in response to anticancer therapy and
clinical outcomes. Assessment of morphological and molecular ITH is needed to improve colorectal cancer
classification and to tailor anticancer treatments and should be included in the pathology report.
Key words: V600EBRAF-mutated colorectal cancer, morphologic heterogeneity, gene expression profiling, consensus
molecular subtypes
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INTRODUCTION

Intratumor heterogeneity (ITH) is an intrinsic feature of
many cancers and is due to the presence of different sub-
clones within one tumor, each with their own unique fea-
tures at the level of morphology, inflammation, genetics or
transcriptomics.1,2 Heterogeneity provides the fuel for drug
resistance; therefore, an accurate assessment of ITH is
essential for the development of effective therapies.3

Being a highly heterogeneous disease, colorectal cancers
(CRCs) differ at various molecular levels; these differences
result in significant variability in patients’ prognosis and
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response to therapy.4 Based on its morphologic features,
colorectal adenocarcinoma can be categorized into different
histological subtypes, with the most frequent being: not
otherwise specified (40%-60%), micropapillary (10%-20%)
and mucinous (5%-20%).5 Nonetheless, in the era of
personalized medicine, the investigation of tumor hetero-
geneity goes beyond the mere phenotype and requires an
extensive matched morpho-molecular evaluation.6 Somatic
mutations in KRAS/NRAS and BRAF and defective mismatch
repair/microsatellite instability (MMRd/MSI) are prognostic
and predictive biomarkers currently tested in the clinic to
guide therapeutic decisions.7-10

Gene expression-based subtyping is becoming widely
accepted as a relevant source of disease stratification, as
transcriptomics represents the level of high-throughput
molecular data that is best linked to cellular or tumor
phenotype and clinical behavior.11

By using multiple microarray or RNA-sequencing datasets
of primary CRC samples, the Colorectal Cancer Subtyping
Consortium identified four gene expression consensus mo-
lecular subtypes (CMS), CMS1 (immune), CMS2 (canonical),
CMS3 (metabolic) and CMS4 (mesenchymal), which were
later found to be independent prognostic factors.12 CMS
distribution varies according to the molecular landscape of
CRC. Previous studies have identified a high prevalence of
CMS1 among V600EBRAF-mutated (V600EBRAFmt) CRCs, fol-
lowed by CMS4.12

About 8%-15% of CRCs harbor the p.V600E somatic mu-
tation in the BRAF gene (BRAFmt), which is almost always
mutually exclusive with the RAS gene mutation.13 The
presence of BRAF mutation is a well-established negative
prognostic biomarker in metastatic CRC (mCRC)14,15 and
patients bearing this alteration appear to be resistant to
therapeutic regimens based on a single tyrosine-kinase in-
hibitor. However, the BEACON CRC trial8 established a new
standard of care in BRAFmt progressive patients, consisting
of the combination of the BRAF inhibitor encorafenib plus
the anti-epidermal growth factor receptor monoclonal
antibody cetuximab.

BRAFmt mCRCs are characterized by a heterogeneous
clinical, therapeutic and biological landscape,16,17 and, so
far, no key molecular biomarker has demonstrated to be
clinically useful in the prognostic stratification of these tu-
mors.18 Therefore, dissecting morphologic and molecular
ITH of BRAFmt mCRCs is a step forward towards the opti-
mization of targeted and combined therapies.
MATERIALS AND METHODS

Cases

A series of 120 mono-institutional formalin-fixed and
paraffin-embedded (FFPE) V600EBRAFmt primary metastatic
colorectal adenocarcinoma samples was collected between
January 2005 and December 2020. The study was carried
out within the frame of the ‘BRAF BeCool’ study,19 which
received local ethics committees’ approval (Veneto Institute
of Oncology, code 2017/34).
2 https://doi.org/10.1016/j.esmoop.2021.100211
Two experienced pathologists (MF and MS) jointly eval-
uated cases according to the morphologic World Health
Organization 2019 criteria.5 Out of 120 BRAFmt primary
colorectal adenocarcinomas, a subset of 31 (25.8%) pre-
sented a mixed histotype (i.e. the coexistence of two
different histologic variants representing at least the 30% of
the primary tumor).

A subset of eight cases, which displayed morphologic
heterogeneity and for which enough material was available
for molecular profiling, was subsequently evaluated to
assess: tumor-infiltrating lymphocyte (TIL) score, CMS by
using NanoString nCounter® platform (NanoString Tech-
nologies, Seattle, WA),20 CMS by using the immunohisto-
chemistry (IHC)-based classifier and MSI status. The TIL
score and CMS by using NanoString nCounter® platform
were evaluated separately for the two morphologically
heterogeneous areas of each case (named areas A and B in
each case), while the CMS by using the IHC-based mini-
classifier and MSI status were evaluated on the entire tu-
mor area.

Tumor-infiltrating lymphocytes

As previously reported,21 the density of TILs was defined as
the mean value of five random counts at high-power fields
(�40) of tumor-enriched areas composed of >60% of
neoplastic cells. In paucicellular tumors, such as mucinous
adenocarcinomas, the fields with highest cancer cell density
were assessed. Only tumor epithelium-infiltrating lympho-
cytes were counted. Based on previous data,21 the presence
of TILs was dichotomized by using a cut-off of 2.0: tumors
showing an average number of TILs <2.0 were defined as
‘low number of TILs’, while �2.0 TILs were defined as ‘high
number of TILs’. All samples were jointly evaluated by two
gastrointestinal pathologists who were unaware of any
clinical information.

Consensus molecular subtypes by NanoString nCounter®
platform

Two experienced pathologists carefully marked two repre-
sentative areas for each of the two morphologically het-
erogeneous components of every CRC sample, to ensure
that each area contained >60% of neoplastic cells. Five
consecutive 5-mm-thick sections from each FFPE sample
were obtained.

The previously marked areas were manually (i.e. scalpel
blade-assisted) microdissected from adjacent tissue. The
RecoverAll Total Nucleic Acid Isolation Kit for FFPE (Invi-
trogen, Thermo Fisher Scientific,Waltham, MA) was used to
isolate nucleic acids from the dissected material, according
to the manufacturer’s instructions. The concentration and
the purity of RNA sample were evaluated by NanoDrop ND-
100 Spectrophotometer (Thermo Fisher Scientific).

To assess the CRC subtypes by gene expression profiling,
38 published CRCAssigner subtype-specific genes (CRCA-38)
were evaluated using the NanoString nCounter® platform
according to a previously validated custom CRC subtype-
based gene expression analysis assay.20 Although CMS and
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Table 1. Evaluation of histopathological and molecular features in eight
cases of morphologically heterogeneous V600EBRAFmt CRCs

Case Area Histologic
variant

CMS
(NanoString)

TILs [low (L),
high (H)]

CMS
(IHC)

MSI
status

#1 A Signet ring CMS3 1.4/L CMS2/3 MSS
B NOS HG CMS3 1.6/L

#2 A Mucinous CMS1 1.4/L CMS4 MSS
B NOS LG CMS4 0.4/L

#3 A Signet ring CMS4 0.6/L CMS4 MSS
B NOS HG CMS4 0.8/L

#4 A Undifferentiated CMS1 5.6/H CMS1 MSI
B Signet ring CMS4 1.0/L

#5 A Medullary CMS4 6.6/H CMS1 MSI
B NOS LG CMS4 3.8/H

#6 A NOS LG CMS3 3.0/H CMS1 MSI
B Signet ring CMS4 3.0/H

#7 A Mucinous CMS4 6.0/H CMS1 MSI
B NOS HG CMS4 8.0/H

#8 A Mucinous CMS1 5.2/H CMS1 MSI
B NOS HG CMS4 9.8/H

CMS, consensus molecular subtype; CRC, colorectal cancer; HG, high grade; IHC,
immunohistochemistry; LG, low grade; MSI, microsatellite instability; MSS, micro-
satellite stable; NOS, not otherwise specified; V600EBRAFmt, V600EBRAF-mutated.
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Figure 1. Representative histopathological and molecular characteristics of
cases #2, 4 and 6.
CMS, consensus molecular subtype; HPF, high-power field; MMR, mismatch
repair; MSI, microsatellite instability; MSS, microsatellite stable; NOS LG, not
otherwise specified low grade; TILs, tumor-infiltrating lymphocytes.
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CRCA-38 are different classifiers, CRCAssigner was consid-
ered as a surrogate for CMS based on Guinney et al. in this
study.12

MSI status

MSI was carried out by adopting the Titano MSI test (Dia-
tech Pharmacogenetics, Jesi, Italy). Briefly, the extracted
DNA of the tumor and the corresponding normal mucosa
were analyzed with the Titano MSI kit following the man-
ufacturer’s instructions. The Titano MSI kit allows the
determination of MSI status in CRC samples by multiplex
amplification with fluorescent primers and subsequent DNA
fragment analysis on an automated sequencer. Starting
from 20 ng of the extracted DNA, this tool is able to detect
variation in the number of microsatellite loci of 10 different
molecular targets (BAT25, BAT26, D2S123, D17S250,
D5S346, BAT40, D18S58, NR21, NR24 and TGFbRII) by
comparing peak profiles generated from the capillary elec-
trophoresis run of the tumor and the corresponding normal
tissue samples for each patient.

Consensus molecular subtypes by IHC-based classifier

The CMS was assigned by assessing four IHC markers
(FRMD6, ZEB1, HTR2B, CDX2) in combination with pan-
cytokeratin (KER) to normalize the results. The primary
CRC samples were then categorized into the three CMS
classes (CMS1, CMS2/3 or CMS4) using the online classifi-
cation tool (https://crcclassifier.shinyapps.io/appTesting).
DNA MMR proteins’ status was first used to define samples
belonging to CMS1.22

Nuclear immunostaining for MLH1, PMS2, MSH2 and
MSH6 was evaluated following the Italian Group of
Gastrointestinal Pathologists (GIPAD-SIAPeC) criteria to
identify MMR deficiency (MMRd) and MMR proficiency.

RESULTS

Out of 120 V600EBRAFmt primary colorectal adenocarci-
nomas, a subset of 31 (25.8%) presented a heterogeneous
morphology with the coexistence of two different histologic
variants within the same tumor. From these 31 cases, 8
presented adequate material for molecular profiling
(Table 1 and Figure 1). Overall, the mean age of the patients
was 62.9 years (median 63.9 years; range 28-85 years); the
male-to-female ratio was 1.1. Among the 31 heterogeneous
cases, the mean age of the patients was 68.1 years (median
69.0 years; range 41-85 years); the male-to-female ratio was
0.82. Among the 89 non-heterogeneous cases, the mean
age of the patients was 61.7 years (median 69.0 years;
range 28-85 years); the male-to-female ratio was 1.23.

As regards the tumor localization, 8 cases were localized
in the rectum, 26 in the left colon and 86 in the right colon.
Among the 31 heterogeneous cases, 7 were localized in the
left colon and 24 in the right colon. Among the 89 non-
heterogeneous cases, 8 cases were localized in the
rectum, 19 in the left colon and 62 in the right colon. When
evaluating the presentation of metastases, 39 cases were
metachronous and 81 were synchronous. Among the 31
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Figure 2. Representative immunohistochemical positive and negative staining of the biomarkers used in the IHC classifier.
IHC, immunohistochemistry; MMR, mismatch repair.
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heterogeneous cases, 15 had metachronous metastases,
while 16 had synchronous metastases. Among the 89 non-
heterogeneous cases, 24 had metachronous metastases,
while 65 had synchronous metastases.

Out of the 120 V600EBRAFmt CRCs, 36 (30.0%) were MSI,
with 17 (54.8%) MSI cases among the heterogeneous CRCs
and 19 (21.3%) MSI cases among the non-heterogeneous
CRCs (P < 0.001).

The median overall survival since the diagnosis of met-
astatic disease was 20.0 months (mean 23.4 � 16.9
months) for non-heterogeneous versus 18.8 months (mean
26.1 � 21.3 months) for heterogeneous cases. Overall, 20
patients were treated with immunotherapy and 19 with
BRAF-directed therapy. Among the heterogeneous cases,
nine received immunotherapy and five received the BRAF
inhibitor. Among the non-heterogeneous cases, 11 were
treated with immunotherapy. Five out of the eight (63%)
cases resulted instable at MSI testing. The median overall
survival since the diagnosis of metastatic disease for the
eight cases was 20.0 months [mean 23.4 � 16.9 months;
8.8 months for the microsatellite stable (MSS) cases and
36.8 months for the MSI group]. Best response after first-
line therapy was stable disease in three cases and pro-
gressive disease in five.

To further characterize the phenotypic heterogeneity, the
two components were microdissected to extract total RNA.
NanoString analysis revealed that, among the eight selected
cases, four were characterized by a heterogeneous gene
expression profile, which overlapped the morphologic het-
erogeneity. In fact, in cases 2, 4 and 8, area A and area B
were classified as CMS1 and CMS4, respectively, whereas in
case 2, area A and area B were classified as CMS3 and
CMS4, respectively. On the contrary, within cases 3, 5 and 7,
both areas belonged to CMS4, while in case 1 both areas
belonged to CMS3 (Table 1). Of note, seven out of eight
samples presented at least a component characterized by a
CMS4 subtype.

Following dichotomization of the TIL score (low versus
high), seven cases out of eight showed consistency in the
number of TILs between the morphologically heteroge-
neous components. In cases 1, 2 and 3, both areas exhibited
a low (L) number of TILs (TILs < 2), while in cases 5, 6, 7 and
8, both areas displayed a high (H) number of TILs (TILs � 2).
The cases with a homogenous low number of TILs (cases
1-3) were all MSS, whereas the case with a mixed number
4 https://doi.org/10.1016/j.esmoop.2021.100211
of TILs (case 4) and the cases with a homogenous high
number of TILs (cases 5-8) were all classified as MSI. Among
the eight cases, TIL score differences between area A and B
were defined as max/min of 0.2 (cases 1, 3)/4.6 (cases 4, 8),
with an average of 1.9. The MSI cases displayed an average
number TILs of 5.2, while the MSS cases exhibited an
average number of TILs of 1.0.

Using the IHC-based classifier (Figure 2), cases 4-8 were
classified as CMS1, cases 2 and 3 as CMS4 and case 1 as
CMS2/3. No significant intratumoral heterogeneity was
observed between the two components, but two MMRd
cases showed focal nuclear positivity for ZEB1. Cases 5, 6
and 7 showed a lack of consistency between the NanoString
and immunohistochemical CMS classification. This is mainly
due to the fact that by the IHC classifier all the MMRd tu-
mors are classified as CMS1.
DISCUSSION

Despite the implementation of intensified chemothera-
peutic regimens and targeted, patients with BRAFmt CRCs
are often characterized by heterogeneous clinical outcomes
and still present the poorer overall survival rates regardless
of their stage at diagnosis compared to BRAF wild-type
cases. Tumor heterogeneity may underlie poor clinical out-
comes because diverse subclones can show distinct meta-
static and drug resistance potential. We decided to
characterize by gene expression a subset of phenotypically
heterogeneous BRAFmt CRCs, in order to gather some
preliminary data on the putative role of the mixed
morphology to additionally stratify BRAFmt tumors.

Although recent studies found correlation between
genomic heterogeneity and clinical prognosis in CRC pa-
tients,23 the prognostic role of morphologic heterogeneity
has not been assessed yet.

According to the findings of a study by De Smedt et al.,24

50% of MSI colorectal tumors and 10% of MSS tumors
revealed a mixed histology, and the fraction of cases pre-
senting this feature among the V600EBRAFmt CRCs analyzed
was comparable since the study comprised both MSI and
MSS cases.

We found a statistically significant association between
MSI and the presence of morphologic heterogeneity. Among
the BRAFmt CRCs of our series, the higher incidence of
morphological heterogeneous MSI cases may be explained
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by the mutator phenotype of MSI tumors, which results in
several molecular clones with possible distinct morphological
features. Furthermore, the MSI tumors often display a more
poorly differentiated histology, with mucinous, signet cell
and medullary differentiation and a higher density of TILs, as
observed among our series of cases.

The distribution of the CMS across the morphologically
heterogeneous V600EBRAFmt cases in our series was found to
be significantly different from the one across V600EBRAFmt
colorectal adenocarcinomas previously reported in litera-
ture. Indeed, the NanoString surrogate CMS classifier labeled
the majority of samples as CMS4 (63%) and only a smaller
fraction was labeled as CMS1 (19%). In particular, seven out
of eight samples presented at least a CMS4 component. On
the contrary, Barras and colleagues16 reported that the vast
majority of BRAFmt patients (70%) were classified into CMS1
whereas only a few were found in CMS2 (2%), CMS3 (5%)
and CMS4 (17%). Another interesting point is that, while MSI
CRCs should be classified as CMS1, only two components of
the five MSI cases were labeled as such, with the rest being
CMS4 and CMS3. CMS4 being associated with the worst
overall survival and relapse-free survival,12 it might be
speculated that morphologic heterogeneity might predis-
pose patients to inferior clinical outcomes.

While previous studies have documented the association
between morphologic and genetic heterogeneity in rela-
tively small CRC cohorts,25-27 no correlative analysis be-
tween morphology and gene expression has been reported
so far. Here, for the first time, we have described a possible
correlation between morphological and gene expression
heterogeneity, indicating the presence of subpopulation
with distinct morphologic and biological features within the
primary tumor. Furthermore, transcriptomics being mostly
linked to tumor behavior and clinical phenotype, this finding
emphasizes the prognostic role of the different histologic
variants.

Regarding the immune infiltrate, which has proven to be
a positive prognostic marker for survival in patients with
CRCs,28 morphologic heterogeneity does not seem to be
immunogenic itself nor does it appear to be correlated to a
heterogeneous distribution of TILs. Only one case presented
a heterogeneous TIL status between the two components.
This could be related to the fact that four out of five MSI
cases were characterized by a diffuse elevated TIL score and
all the three MSS cases presented a low number of infil-
trating lymphocytes in both components.

Of note, for the purpose of this study, the IHC-based CMS
classifier did not prove to be an adequate technique. In fact,
the results show a lack of consistency between IHC and the
NanoString classification, as all the MSI samples were
classified as CMS1, by definition, using the IHC panel.

The relatively small sample size and the lack of a control
cohort of BRAF wild-type tumors represent limitations of
the study. A significant proportion of BRAF mutant cases in
our series were microsatellite unstable and this is not un-
expected given the frequent co-occurrence of BRAF muta-
tions and DNA repair deficiencies in CRC.6 Our findings will
need validation in larger and multicentric cohorts.
Volume 6 - Issue 4 - 2021
Nevertheless, we gathered preliminary data that seem to
be consistent with the previous works that described ITH as
a dynamic phenomenon that is observed at multiple levels.
High levels of ITH could eventually predispose patients to
inferior clinical outcomes and fuel resistance to targeted
and immune therapy; however, further research on the
matter is needed. Hence, an extensive morpho-molecular
evaluation of ITH is required and should be integrated in
the pathology report for a more effective disease
stratification.
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