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ABSTRACT

The tumor microenvironment is a dominant determinant of cancer cell behavior. 
Reactive tumor stroma is associated with poor outcome perspective. The tumor-
stroma ratio (TSR) is a strong independent prognostic factor in colorectal cancer and 
is easily assessed using conventional hematoxylin and eosin (H&E) stained paraffin 
sections at the invasive margin of the tumor. We aim to understand the biology of 
the tumor stroma in colorectal cancer by investigating the transcriptomic profiles 
of tumors classified by the TSR method. The TSR was assessed in a cohort of 71 
colorectal cancer patients undergoing surgery without (neo)adjuvant therapy. In 
the cohort, stroma-high tumors were distinguished from stroma-low tumors at gene 
expression level in the upregulation of biological pathways related to extracellular 
matrix (ECM) remodeling and myogenesis. The activated microenvironment in stroma-
high tumors overexpressed different types of collagen genes, THBS2 and 4 as well 
as INHBA, COX71A and LGALS1/galectin-1. The upregulation of THBS2, COX7A1 
and LGALS1/galectin-1 in stroma-high tumors was validated in The Cancer Genome 
Atlas. In conclusion, the gene expression data reflects the high stromal content of 
tumors assessed based on the histological method, the TSR. The composition of the 
microenvironment suggests an altered proteolysis resulting in ECM remodeling and 
invasive capacity of tumor cells.
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INTRODUCTION

The tumor microenvironment or tumor stroma is a 
dominant determinant of cancer cell behavior and disease 
progression. The tumor stroma constitutes of immune 
cells, cancer-associated fibroblasts (CAFs), endothelial 
cells and the extracellular matrix (ECM). During tumor 
evolution, changes occur in the composition of the tumor 
stroma. Fibroblasts become activated fibroblasts called 
CAFs and the overall content of the ECM is remodeled. 
The ECM of tumors is composed of a complex network 
of collagen, proteoglycans (such as lumican and versican) 

and glycoproteins (such as fibronectins, thrombospondins 
and laminins), locally secreted mainly by CAFs and 
assembled into a mesh [1]. This network of ECM 
constituents functions as a scaffold for epithelial and 
stromal cells and is involved in cell-matrix and cell-cell 
adhesions which enables tumor cells to migrate. High 
stromal content, in particular collagen, was associated 
with a pro-metastatic capacity of cancer cells [2]. CAFs 
can induce stem cell-like properties and epithelial- 
to-mesenchymal transition (EMT) in cancer cells [3]. The 
composition of the tumor microenvironment is an essential 
aspect of tumor biology [2, 4, 5].

           Research Paper

                                                                        An erratum has been issued for this paper. Erratum in Oncotarget. 2019; 10:2416-2416.

https://doi.org/10.18632/oncotarget.26820


Oncotarget31503www.oncotarget.com

The importance of the tumor microenvironment is 
also emphasized in the colorectal cancer (CRC) consensus 
molecular subtypes (CMS), a recent classification 
developed based on transcriptional profiles. The CMS 
describes four CRC subtypes, of which the poor-prognosis 
CMS4 is characterized by high stromal content. CMS4 
shows high mesenchymal gene expression, which can 
be attributed to stromal cells as well as to cancer cells  
[2, 4–7]. Reactive stroma in solid tumors is associated 
with poor outcome perspective [5, 8, 9]. We and other 
research groups have demonstrated that the tumor-stroma 
ratio (TSR) is a strong independent prognostic factor. The 
TSR is easily assessed using conventional hematoxylin 
and eosin (H&E) stained paraffin sections at the invasive 
margin of the tumor [10–12]. The TSR has been reported 
in colon cancer as well as in other solid cancer types 
[10–18]. We aim to understand the biology of the tumor 
stroma in CRC by investigating the overall transcriptomic 
profiles of tumors classified by the TSR method using 
gene expression data. We first compared the quantity of 
stromal and immune cells based on gene expression in 
the stroma-low and stroma-high groups using the TSR 
method. Secondly, we investigated biological pathways 
differently activated between the stroma-low and stroma-
high groups to identify genes of interest. Thirdly, we 
validated the genes of interest in a second cohort and on 
protein level.

RESULTS 

The prognostic value of the tumor-stroma ratio

A retrospective cohort consisted of 76 sporadic 
CRC patients undergoing surgery at the Leiden 
University Medical Centre (LUMC) which were part of 
a larger cohort [19]. Out of 76 CRC patients, 71 patients 
were included in the study based on the availability of 
histological material and of gene expression data. The 
TSR was scored on H&E sections at the invasive part of 
the tumor using a microscope (Figure 1A and 1B). Twenty 
(28.2%) patients belonged to the stroma-high group 
and 51 (71.8%) to the stroma-low group. The patient 
characteristics are shown in Table 1. As shown in Figure 
1C and 1D, the TSR analysis defined a 5-year overall 
survival (OS) and distant metastasis-free survival (DMFS) 
rates of 78.4% and 82.4% in the stroma-low group, and 
25% and 35% in the stroma-high group, respectively. 
The stroma-high group had a significantly worse OS 
and DMFS rates compared to the stroma-low group (OS 
p = 0.003, HR = 3.76 (1.99–7.09); DMFS p = 0.0001, 
HR = 5.35 (2.40–11.89)). In a multivariate analysis 
accounting for confounding variables including age, sex 
and TNM stage, the TSR was an independent predictor 
for survival (OS p = 0.0001, HR = 4.586 (1.96–10.75); 
DMFS p = 0.015, HR = 3.53 (1.273–9.81)) (Table 2). The 
mesenchymal properties of the CMS4 was shown to be 

not only attributed to the stromal compartment but also to 
the epithelial cells. We examined the association between 
the TSR and the CMS classification (epithelial (CMS2/3) 
versus mesenchymal subtypes (CMS4)) in the LUMC 
and The Cancer Genome Atlas (TCGA) cohorts. CMS1 
patients were excluded. In the LUMC cohort, 17 patients 
were CMS1. 32/42 stroma-low patients were CMS2/3 and 
8/20 stroma-high patients were CMS4 (Table 1). In TCGA, 
87/123 stroma-low patients were CMS2/3 and 23/43 
stroma-high patients were CMS4 (Supplementary Figure 
1A). In both cohorts, the TSR and the CMS classification 
were associated although with a fair agreement (LUMC: 
χ² test = 7.714; κ = 0.141; p = 0.005; TCGA: χ² test = 7.14, 
κ = 0.22; p = 0.008). A log-rank test was performed in 
the LUMC cohort categorizing patients by TSR and CMS 
classification. In the LUMC cohort, stroma-high patients 
stratified as CMS2/3 or CMS4 did not have a different 
DMFS nor OS (Figure 1E and 1F). Stroma-low CMS4 
patients showed no difference in OS and a worse DMFS 
compared to stroma-low CMS2/3 patients (OS log-rank 
test = 1.550, p > 0.05; DFMS log-rank test = 11.770, p = 
0.001; Figure 1E and 1F). No Cox regression model could 
be fitted due to small numbers in the subgroups.

The transcriptomic composition of the 
microenvironment in stroma-high and stroma-
low tumors 

The gene expression profiles of tumors stratified 
by TSR were investigated. A key challenge in gene 
expression data analysis is that transcriptomic data is 
composed of different cell populations including stromal 
and immune cells. We therefore deconvoluted the samples 
using three existing computational tools. The ratio of 
stromal and immune infiltration in the mRNA expression 
compared to epithelial cells was assessed based on the 
ESTIMATE gene signatures consisting of 141-stromal 
and 141-immune genes which were previously shown to 
be reliable tools [20, 21]. Stroma-high tumors showed a 
significant increased percentage of stromal infiltration in 
the mRNA data compared to stroma-low tumors (t-test 
= –4.76, p = 2.58*10−5) while there was no difference 
in immune infiltration between the stroma-high and 
-low groups (t-test = –1.88, p = 0.066; Figure 2A). We 
further investigated the cell composition of the tumor by 
assessing the ratio of CAFs, endothelial cells and different 
immune cell types using the Microenvironment Cell 
Populations (MCP)-counter [7]. The stroma-high group 
had a significant increased number of CAFs (t-test = –3.91,  
p = 0.0005) and endothelial cells (t-test = –2.68, p = 0.010) 
compared to the stroma-low group (Figure 2B). As with 
the ESTIMATE genes, there was no significant difference 
in quantity of immune cells between the stroma-high and 
-low groups, except for cells of the monocytic lineage like 
macrophages (t-test = –2.477, p = 0.0203). Moffitt et al. 
developed a stromal signature by virtual microdissection 
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in pancreatic cancer which discriminated between normal 
and activated stroma [22]. Using this signature, the LUMC 
cohort was divided into normal (N = 44) and activated 
(N = 27) stroma (Figure 2C). Next, we investigated the 
correlation between the TSR and the MCP-counter CAFs 
as well as the stromal signature by Moffitt, followed by 
survival analysis. The LUMC cohort was divided into CAFs 
low (N = 54) and high (N = 17) based on MCP-counter 
CAF markers. The TSR correlated with the MCP-counter 
CAFs (χ² test = 8.938; p = 0.003) and Moffitt’stromal 
signature (χ² test = 10.830; < = 0.0001). The MCP-counter 
CAFs high and Moffitt’s activated  stromal signature 
included 3 overlapping genes (COL1A1, COL3A1 and 
GREM1) and correlated with each other (χ² test = 24.477;  
p < 0.0001, Supplementary Figure 2A). Both signatures did 
not show statistical prognostic value in DMFS although the 
MCP-counter CAFs high and Moffitt’s activated stroma 
signature tended to have a decreased DFS (p > 0.05, 
Supplementary Figure 2B and 2C). 

Transcriptomic profiling of the 
microenvironment in stroma-high and stroma-
low tumors

Using the GlobalTest, the transcriptomes of patients 
stratified according to TSR were significantly different  

(p = 0.0002, Stat = 3.73, SD = 0.359, Covariates = 15923).  
The publically available Hallmark gene sets on the 
MSigDB consist of 50 gene sets and were used to explore 
the difference in transcriptomic pathways between the 
stroma-low and -high groups [23]. The myogenesis  
(p = 0.0010) and apical junction (p = 0.0010) pathways 
differed most in the two TSR groups. The pathways 
differing between the TSR groups were mainly related 
to ECM remodeling, inflammation, metabolism and 
cell differentiation (Figure 3). To further explore the 
ECM, we selected transcriptomic pathways related to 
the ECM and to the function of CAFs (Supplementary 
Figure 3A). The ECM, focal adhesion and integrin 
pathways were significantly different between the two 
TSR groups. Stroma-high tumors expressed high levels 
of collagen, laminin and integrin subunits. Thorough 
investigation of the focal adhesion pathway identified 
two interesting related genes THBS2 (p = 0.0130) and 
THBS4 (p = 0.0185) coding for thrombonspondin-2 and 
-4, respectively. Following a network analysis of the two 
THBS genes, THBS4 was mainly associated with collagen 
genes and THBS2 was associated with both collagen genes 
and ADAM genes (cBioportal; Supplementary Figure 3B; 
Supplementary Table 1). Within the transforming growth 
factor- (TGF)β pathway, the genes INHBA (p = 0.0330), 
a TGFβ family member, DCN (p = 0.0007) and COMP 

Table 1: Patient characteristics stratified according to tumor-stroma ratio 

Total  N = 71 (%) Stroma-Low N = 51 (71.8) (%) Stroma-High  N = 20 (28.2) (%)
CMS classification
  CMS1 17 15 2
  CMS2/3 42 (77.8) 32 (88.9) 10 (55.6)
  CMS4 12 (22.2) 4 (11.1) 8 (44.4)
Mean age at surgery 67.25 65.92 70.85
Sex
  Male 33 (46.5) 25 (49) 8 (40)
  Female 38 (53.5) 26 (51) 12 (60)
TNM stage
  I 10 (14.1) 8 (15.7) 2 (10)
  II 39 (54.9) 35 (68.6) 4 (20)
  III 22 (31) 8 (15.7) 14 (70)
MSI status
  MSS 48 (67.6) 34 (68) 14 (73.7)
  MSI-H 21 (29.6) 16 (32) 5 (26.3)
  missing 2 (2.8)
Location
  Colon 57 (80.3) 40 (78.5) 17 (85)
  Rectum 14 (19.7) 11 (21.6) 3 (15)
Vital status after 5 years
  Alive 45 (6.4) 40 (78.4) 5 (25)
  Death 26 (36.6) 11 (21.6) 15 (75)
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Figure 1: The tumor-stroma ratio identifies patients with poor survival. Tumor stroma-low (20% stroma) (A) and tumor 
stroma-high (90% stroma) (B) on hematoxylin and eosin sections. Survival curves demonstrating the overall survival (C) and the 
distant metastasis-free survival (D) of 71 patients with colorectal cancer stratified by tumor-stroma ratio (TSR) (log-rank test). Survival 
curves demonstrating the overall survival (E) and distant metastasis-free survival (F) of 54 patients stratified by both the TSR and CMS 
classification (log-rank test). CMS1 patients were excluded from the analysis. 
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(p = 0.0185) were highly upregulated in the stroma-high 
group. COX7A1 gene is known to be expressed by stromal 
cells [2] and analysis of the myogenesis pathway showed 
that COX7A1 coding for a cytochrome C protein was 
highly expressed in stroma-high compared to stroma-low 
tumors (p = 0.0004). Based on co-expression analysis 
in the TCGA CRC database, COX7A1 was highly co-
expressed with LGALS1 coding for galectin-1 (LGALS1/
galectin-1), a lectin that is upregulated in the tumor stroma 
and can inhibit immune response through CD45 protein 
phosphatase activity (Spearman’s correlation = 0.84). 
LGALS1/galectin-1 was also highly expressed in the EMT 
pathway (p = 0.0143). Moreover, LGALS1/galectin-1 can 
be expressed by immune cells. As the stroma-low group 
included 32% tumors with high microsatellite instability 
(MSI-H), we investigated whether LGALS1/galectin-1 was 
differently expressed between MSS and MSI-H tumors, 
characterized by high immune infiltration. However, 
there was no difference in LGALS1/galectin-1 expression  
(p > 0.05). Altogether, stroma-high tumors were 
characterized by differentiation pathways, changes in 
metabolism, inflammation and activated ECM compared 
to stroma-low tumors. The activated microenvironment 
in stroma-high tumors was characterized by upregulation 
of different collagen genes, THBS2 and 4, INHBA, DCN, 
COMP, COX7A1 and LGALS1/galectin-1. 

Validation of increased galectin-1, cytochrome 
C7A1, thrombospondin-2 and -4 expression in 
the TCGA dataset

Subsequently, we validated the expression of four 
genes of interest THBS2, THBS4, COX7A1 and LGALS1/
galectin-1. As the LUMC cohort was characterized by 
an increased number of MSI-H patients, we excluded 
MSI-H patients classified as CMS1 in order to avoid 
a potential effect of MSI-H status. In total, 166 CRC 
patients of TCGA had genomic data on cBioportal and 
H&E tumor sections of the invasive part available on the 
Cancer Digital Slide Archive website to score TSR. The 
TSR was scored and showed prognostic value in TCGA 
(Supplementary Figure 1B). When combining TSR and 

CMS classification, there was no statistical difference in 
OS and DMFS (Supplementary Figure 1C). While THBS4 
was not significantly differently expressed (p = 0.088), 
THBS2, COX7A1 and LGALS1/galectin-1 expression 
were higher in the stroma-high group compared to the 
stroma-low group in the TCGA cohort (THBS2 p = 0.011; 
COX7A1 p = 0.030; LGALS1/galectin-1 p = 0.007). 

Protein expression of galectin-1

Galectin-1 is expressed and released by different 
cell types and exerts biological functions at different levels 
of tumor progression [24]. This protein is likely involved 
in the functional interaction between cancer and stromal 
cells. Also, research on galectin-1 has mainly focused on 
its role in tumor and immune cells and not in fibroblasts. 
We therefore selected galectin-1 for further investigation. 
We next examined which cell types expressed galectin-1 
and whether there was a correlation between galectin-1 
expression at protein level and gene expression level. The 
tumor material of 43 patients of the LUMC cohort was 
available to perform galectin-1 immunohistochemistry 
staining. 

As demonstrated in Figure 4, galectin-1 was 
observed in different cell types. Some tumor cells expressed 
galectin-1 in the cytoplasm at a low staining intensity and 
percentage (Figure 4A). Galectin-1 was mainly expressed 
in the stromal compartment (Figure 4B). The staining of 
galectin-1 was scored in tumor cells and in the stromal 
compartment. The nuclei and cytoplasm of stromal cells 
were scored for staining intensity in three categories (low 
(1.), medium (2.) and high (3.)) and percentage, and the 
tumor cells were scored for absence (1.) or presence (2.) 
of staining (Table 3). In this complex pattern, we could 
not deduce a clear correlation between gene expression 
and protein level when looking at the score independently 
and combined (Supplementary Figure 4A). The galectin-1 
protein expression in the stromal compartment (including 
stromal and immune cells) correlated with the TSR. 
Galectin-1 medium protein expression was associated 
with high stromal content (χ² test = 10.226; p = 0.006; 
Supplementary Figure 4B). Strikingly, 14 tumors scored 

Table 2: Univariate and multivariate analyses of overall survival and distant metastasis-free survival stratified 
according to tumor-stroma ratio in the LUMC cohort of patients with colorectal cancer 

Univariate analysis Multivariate analysisa

N events HR (95% CI) P-value HR (95% CI) P-value
Overall survival 

Stroma-low 51 1 0.003 1 0.0001
Stroma-high 20 3.76 (1.99–7.09) 4.586 (1.96–10.75)

Distant metastasis-free survival 
Stroma-low 51 1 0.0001 1 0.015
Stroma-high 20 5.35 (2.40–11.89) 3.53 (1.273–9.81)

a Adjusted for age, sex, location of tumor and TNM stage.
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Figure 2: The composition of the stroma in tumors stratified by the tumor-stroma ratio. Percentage of stromal and immune 
infiltration using the ESTIMATE method (A), the Microenvironment Cell Populations-counter (B) and Moffitt’s stromal signature (C) 
of 71 patients with colorectal cancer stratified by the histological tumor-stroma ratio. mRNA expression of colorectal cancer showed as  
mean ± S.D with a p-value < 0.01 (*).
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as high intensity of galectin-1 protein in the stromal 
compartment correlated with a good prognosis (DMFS, 
log-rank = 7.140; p = 0.028; Supplementary Figure 4C). 
This was in contrast to what was expected. Most of these 14 
tumors were categorized as stroma-low (13/14) and 5 out 
of 14 were MSI-H. Based on the immunohistochemistry 
staining, the high intensity of galectin-1 protein expression 
was mainly on immune cells (Figure 4C). 

DISCUSSION

The TSR showed prognostic value in the LUMC 
cohort. Patients classified as stroma-high had a worse 
5-year DMFS rate (35%). Based on gene expression 
data, stroma-high tumors were characterized by an 
increased quantity of CAFs that likely leads to an altered 
proteolysis and results in ECM remodeling. Supporting 

this hypothesis is the increased expression of collagen, 
THBS and additional genes involved in the extracellular 
matrix remodeling in stroma-high compared to stroma-low 
tumors. Both collagen and THBS have been shown to be 
involved in aggressive behavior of CRC cells [2, 25]. They 
mediate cell-cell contact and cell-matrix interaction. Our 
results are in line with previous transcriptomic studies that 
identified metastatic-associated signatures in multi-cancer 
types. Key genes contributing to the signature were related 
to the microenvironment including THBS2, INHBA and 
several collagen genes [26, 27].

In addition, stroma-high tumors were associated 
with an increased mRNA expression of LGALS1/galectin-1 
in two cohorts. Galectin-1 is a galactoside-binding 
protein which localizes both intra- and extracellularly 
and has a wide range of biological functions. In tumors, 
intracellular galectin-1 modulates cell signalling 

Figure 3: Top 20 pathways of the Hallmark of cancer gene sets differently expressed in tumors stratified according to 
tumor-stroma ratio. 
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Figure 4: Immunohistochemical staining of galectin-1 in colorectal cancer. Galectin-1 is expressed in different compartments of 
the tumors including in epithelial cells (A), in the stromal compartment, likely fibroblasts and endothelial cells (B) and on immune cells (C). 
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Table 3: Quantification of galectin-1 expression at protein level ranked by LGALS1/Galectin-1 gene expression 

Patient 
number

Gene 
expression

Tumor-stroma
ratioa

MSI statusb Immunohistochemistry score

Nuclear 
intensityc

Nuclear 
perc

Cyto 
intensityc

Cyto
perc

Tumor 
cellsd

871 −2.194 1 1 3 20 1 0 2
793 −1.791 1 2 3 50 2 30 2
848 −1.452 1 2 2 90 3 90 1
867 −1.443 1 1 3 50 3 40 1
825 −1.319 1 1 3 90 3 90 1
866 −1.275 1 1 3 80 3 90 1
846 −1.234 1 2 3 50 2 80 2
843 −1.070 1 1 3 10 1 30 2
851 −0.920 1 2 1 70 3 70 1
842 −0.876 1 1 1 90 3 90 1
791 −0.773 1 1 3 30 1 30 1
824 −0.773 2 1 2 70 2 70 2
834 −0.648 1 1 2 30 1 30 1
873 −0.648 1 1 3 0 1 10 2
849 −0.584 1 2 2 0 1 0 1
833 −0.569 2 2 2 0 1 0 1
808 −0.459 1 2 3 90 3 90 1
818 −0.428 2 1 3 50 1 50 1
819 −0.394 2 1 2 70 2 70 1
801 −0.352 1 1 3 90 3 90 2
868 −0.246 1 1 1 50 2 50 1
840 −0.189 1 1 1 0 1 0 1
811 −0.157 1 1 3 0 1 0 1
863 −0.114 2 1 3 30 1 30 1
830 −0.049 1 2 3 80 3 80 1
841 −0.041 1 1 1 100 3 100 1
803 −0.013 1 2 3 0 1 0 2
836 0.065 2 1 3 30 2 30 2
847 0.120 1 1 3 30 1 30 1
829 0.176 1 1 2 80 3 80 1
838 0.193 1 1 1 50 2 70 1
859 0.193 1 1 3 80 3 80 2
820 0.252 2 1 3 90 3 100 1
816 0.286 2 1 3 30 2 30 1
844 0.386 2 2 3 30 1 50 1
860 0.498 1 1 3 10 1 20 1
806 0.539 1 2 3 50 1 50 1
869 0.880 2 2 2 80 2 80 1
855 0.899 1 2 3 70 3 70 1
812 0.936 2 1 3 70 2 70 1
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through protein-protein binding. For instance, galectin-1 
binds to H-RAS which drives tumor transformation 
(Supplementary Figure 2B) [28]. The carbohydrate-
recognition domain of extracellular galectin-1 can bind 
to carbohydrates located at the cell surface of cancer 
and stromal cells. These interactions result in modelling 
cell adhesion and migration of the target cell. Galectin-1 
can also induce an apoptotic response in immune cells 
by binding for instance CD45. Furthermore, galectin-1 
interacts with glycoproteins of the ECM such as laminin, 
thrombospondin, vitronectin, fibronectin and osteopontin, 
which were highly expressed in stroma-high tumors  
[29, 30]. Previous studies demonstrated in different tumor 
types, including colon cancer, an association between high 
galectin-1 expression and poor prognosis [24, 31–34].

Most studies investigated the expression of 
galectin-1 in cancer epithelial and immune cells while we 
found an increased expression of galectin-1 in stroma-
high tumors. Therefore, we further investigated the 
localization of galectin-1 in the tumor at the protein level. 
The present study showed that galectin-1 was expressed 
by CAFs, immune, endothelial and tumor cells at different 
intensities. In this complex pattern, we could not deduce a 
clear correlation of LGALS1/galectin-1 at gene expression 
level and protein level, which was also observed in a 
previous study [35]. The immunohistochemical results of 
the present study identified tumors of which the immune 
cells showed particular upregulated galectin-1 expression 
and a really good DMFS rate. We hypothesize that tumors 
with high galectin-1 expression specifically on immune 
cells reflects an antitumor immune response. During tumor 
progression, stromal cells, in particular CAFs, increase 
galectin-1 secretion which suppresses the immune 
response and is involved in tumor invasion [36]. This 
suggests that upregulated galectin-1 expression in stroma-
high tumors provides a microenvironment characterized 
by immune suppressive response resulting in invasive 
tumor cells. Furthermore, the question remains what 
drives the activation of CAFs. TGFβ is known to activate 
CAFs and it was shown that this growth factor induced 
galectin-1 expression in fibroblasts [37, 38]. However, the 
biological mechanism of galectin-1 remains complex. The 
role of galectin-1 is likely a balance of different factors 
including the ECM composition, cellular localization and 
the cell type, among others. Further research is needed to 
investigate the role of galectin-1 in the complex interaction 

between cancer and stromal cells leading to the aggressive 
behavior of cancer cells. 

The TSR was scored at the most invasive part of the 
tumor while the mRNA was isolated from the tumor bulk. 
Strikingly, the gene expression data reflects high stromal 
score, including an increased number of CAFs, endothelial 
cells and cells of the monocytic lineage. No difference in 
immune cells was found between the stroma-high and 
-low tumors. Previous studies showed that CAFs drive 
immune evasion through for instance TGFβ [39]. One 
study found in invasive ductal breast cancer an inverse 
relationship between high stromal content measured by the 
TSR and macrophage and T-cell infiltration [40]. Another 
study investigated the association between TSR and 
inflammatory response in CRC. The authors did not find 
any association between TSR and T cell infiltration and 
an inverse association borderline significant between TSR 
and immune cell infiltration measured on H&E sections 
[16]. Most interestingly, they later found that combining 
immune infiltration and TSR added prognostic value [41]. 

A first limitation of this study is that the LUMC 
cohort comprised an increased number (29.5%) of MSI-H 
patients, which is not representative with the reality 
(15%) [42]. Secondly, galectin-1 immunohistochemistry 
was performed on perpendicular tumor punches where 
the orientation of the tumor was unknown. It was not 
possible to assess the level of galectin-1 expression in 
the standardized manner at the most invasive part of the 
tumor, which is the region expected to have an increased 
amount of CAFs and remodeled ECM [43]. 

Given the current high costs of transcriptomic 
data, standard pathological assessment relies heavily on 
microscopy. Therefore, it is of interest to use a microscopy-
based method to select patients which will benefit or not 
from (targeted) therapy. The TSR can be used to identify 
patients with increased stromal infiltration and a poor 
prognosis. Previous research has shown that the activation 
level of stromal cells is associated with prognosis [4, 8]. 
Tumors classified as stroma-high and CMS4 overlapped 
to a certain extent. Both methods have their limitations, 
which are likely related to the methodology and the tumor 
heterogeneity. In the era of personalized medicine, a 
main goal is to increase the predictive value of subsets 
of patients. CMS4 patients are known to respond poorly 
to treatment [6, 44, 45]. Once beneficial treatment for 
colorectal tumors with high stromal content will be 

797 1.245 1 2 3 60 1 30 2
845 1.269 2 1 3 0 1 10 2
785 1.313 2 1 3 90 2 90 1

Abbreviations: MSI = microsatellite instability; perc = percentage; cyto = cytoplasma. 
aTumor-stroma ratio: 1 = stroma-low, 2 = stroma-high.
bMSI status: 1 = microsatellite stable, 2 = MSI-high.
c1 = low, 2 = medium, 3 = high expression of galectin-1.
d1 = galectin-1 absent, 2 = galectin-1 present.
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available in the clinic, an easy to use stratification method 
will be necessary such as the TSR. 

MATERIALS AND METHODS

Cohorts

A retrospective cohort consisted of 76 sporadic CRC 
patients treated at the LUMC between 1991 and 2005, and 
diagnosed as TNM stages I, II and III. The LUMC cohort 
was previously analyzed as part of a larger cohort [19]. 
Patients underwent surgery without any (neo)adjuvant 
therapy. MSI-H status had been determined for this cohort 
as described previously [46]. All samples were handled 
according to the National Ethical Guidelines. The gene 
expression data of CRC patients of TCGA were used as a 
validation cohort [47]. 

Tumor-stroma ratio score

Patient material was fixed in formalin and embedded 
in paraffin and consisted of 5 µm H&E-stained sections 
from the most invasive part of the primary tumor. On 
the same H&E section, two investigators, independently, 
selected and estimated the region with the highest stroma 
percentage in a blinded manner using a 2.5× or 10× 
microscopic field. A ×10 objective microscopic field was 
scored where tumor cells were present at two opposite 
borders of the image field (example in Figure 1A and 1B). 
Scoring percentages were given in 10 fold percentage per 
image field and the final score was assessed in the field 
with the highest stroma percentage. Tumors with less 
than or equal to 50% of stroma were considered stroma-
low and tumors with greater than 50% of stroma were 
considered stroma-high. 

The TSR of patients of the TCGA was determined 
using H&E sections available online on the Cancer Digital 
Slide Archive (http://cancer.digitalslidearchive.net/). Only 
pathological sections estimated to be the most invasive 
part of the tumor were used. A zoomed in area was used 
to score the TSR in a similar manner as described above. 

mRNA expression array and analysis

The mRNA of the LUMC cohort was previously 
isolated from fresh frozen tissue and hybridized to a 
customized Agendia 44 K oligonucleotide array as 
described elsewhere [19]. The quantity of stromal and 
immune cells were estimated using the online R package 
ESTIMATE [20], the MCP-counter v1.1.0 [48] and 
Moffitt’s stromal signature [22]. The LUMC cohort was 
divided into high and low fibroblast expression based on 
the fibroblast markers of the MCP-counter using a cut-
off at the 3rd quartile. Based on 46 out of the 48 genes 
of Moffitt’s stromal signature, the LUMC cohort was 
clustered using correlation as a distance metric with 
average linkage. 

To identify gene sets differently expressed between 
the two TSR groups, publically available databases were 
selected from MSigDB website. The statistical analysis of 
the mRNA expression data was done using the Global test 
as well as to further investigate genes differently expressed 
within gene sets [49, 50]. The global tests were followed 
by multiple testing correction using False Discovery 
Rate (FDR) in case of comparing the gene sets and the 
inheritance procedure in case of genes within a gene set 
[51]. Finally, patients of the LUMC cohort were classified 
for CMS using the R package described previously and 
patients of the TCGA were previously classified in CMS 
[6]. mRNA data of patients of the TCGA cohort was 
downloaded from http://www.cbioportal.org/ where a 
network analysis was performed for the genes of interest.  

Immunohistochemistry

Galectin-1 immunohistochemistry was performed 
on previously punched formalin-fixed, paraffin-
embedded tumors of the LUMC cohort to investigate 
the level of galectin-1 at protein level. Punches were 
perpendicularly re-embedded in paraffin. 4 µm sections 
were cut and dried overnight at 37° C. On the day of the 
immunohistochemistry, sections were deparaffinized, 
rehydrated and underwent a 20 minutes incubation in a 
0.3% hydrogen peroxide solution (Millipore). The sections 
underwent antigen retrieval by heating 10 min at 95° C in 
pH low Target Retrieval Solution (Dako) and allowed to 
cool down. Unspecific binding sites were blocked with 5% 
goat serum (Dako) for 15 minutes. Monoclonal primary 
antibody against endogenous galectin-1 (1:400, D608T, 
Cell Signaling) was applied overnight. The following 
day, secondary HRP labelled antibody anti-rabbit (Dako 
EnVision+) was applied for 30 minutes. Antigen-antibody 
complexes were visualized using 3,3ʹ-diaminobenzidine 
(DAB)+ Substrate-Chromogen System (Dako). Finally, 
sections were counterstained with hematoxylin and 
mounted in Pertex. In addition to the galectin-1 staining, 
a sequential section was stained with H&E to identify 
different cell type and tissue structure. 

Survival and statistical analysis 

Statistical analyses were performed using R 
version 3.3.0. OS time was defined as the time period 
between surgery and death or end of follow-up. DMFS 
time was defined as the time period between surgery 
and metastasis or end of follow-up [52]. Univariate and 
multivariate Cox regression analyses were performed 
to test the differences in OS and DMFS between 
patients stratified according to TSR. Covariates entered 
in the model were age, sex, TNM classification and 
location of the tumor (colon versus rectum). Kaplan–
Meier curves and log-rank tests were performed to 
compare the survival probabilities between groups.  
Student t-tests were performed to test the transcriptomic 

http://www.cbioportal.org/
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differences in composition of the microenvironment 
(ESTIMATE and MCP-counter) between stroma-low and 
-high groups as well as in four genes of interests in TCGA. 
A Pearson’s chi-squared test (χ² test) was performed to 
evaluate the association between the TSR and subgroups 
including CMS subtypes (epithelial versus  mesenchymal), 
the CAFs-low and -high based on MCP-counter and the 
normal and activated stroma using Moffitt’s stromal 
signature. The level of significance was set at p < 0.05. 

Abbreviations 

CAFs: Cancer-associated fibroblasts; CMS: 
Consensus Molecular Subtypes; CRC: Colorectal 
cancer; DMFS: Distant metastasis-free survival; ECM: 
Extracellular matrix; EMT: Epithelial-mesenchymal 
transition; H&E: Hematoxylin and eosin; LUMC: 
Leiden University Medical Centre; LGALS1/galectin-1: 
Galectin-1 gene; MCP-counter: Microenvironment Cell 
Populations -counter; OS: Overall survival; TCGA: The 
Cancer Genome Atlas; TGFβ: Transforming growth 
factor-β; TSR: Tumor-stroma ratio.

Author contributions

T.P. Sandberg, W.E. Mesker and H. Morreau 
designed the experiments, R.A.E.M. Tollenaar and H. 
Morreau contributed to the gene expression data of the 
LUMC cohort, T.P. Sandberg and J. Oosting analyzed the 
gene expression data, G.W. van Pelt and W.E. Mesker 
scored the TSR, T.P. Sandberg performed the galectin-1 
immunohistochemistry, H. Morreau and T.P. Sandberg 
scored the immunohistochemistry sections, T.P. Sandberg 
and H. Morreau wrote the manuscript, all authors 
contributed to the interpretation of the data and the critical 
review of the manuscript. 

CONFLICTS OF INTEREST 

The authors declare that they do not have any 
conflicts of interest. 

FUNDING 

T.P.S. was supported by the institutional PhD grant 
BWplus grant. 

REFERENCES

1. Frantz C, Stewart KM, Weaver VM. The extracellular 
matrix at a glance. J Cell Sci. 2010; 123:4195–200. https://
doi.org/10.1242/jcs.023820.

 2. Vellinga TT, den Uil S, Rinkes IH, Marvin D, Ponsioen B, 
Alvarez-Varela A, Fatrai S, Scheele C, Zwijnenburg DA, 
Snippert H, Vermeulen L, Medema JP, Stockmann HB,  

et al. Collagen-rich stroma in aggressive colon tumors 
induces mesenchymal gene expression and tumor cell 
invasion. Oncogene. 2016; 35:5263–71. https://doi.
org/10.1038/onc.2016.60.

 3. Vermeulen L, De Sousa E Melo F, van der Heijden M, 
Cameron K, de Jong JH, Borovski T, Tuynman JB, Todaro 
M, Merz C, Rodermond H, Sprick MR, Kemper K, Richel 
DJ, et al. Wnt activity defines colon cancer stem cells and 
is regulated by the microenvironment. Nat Cell Biol. 2010; 
12:468–76. https://doi.org/10.1038/ncb2048.

 4. Isella C, Terrasi A, Bellomo SE, Petti C, Galatola G, 
Muratore A, Mellano A, Senetta R, Cassenti A, Sonetto 
C, Inghirami G, Trusolino L, Fekete Z, et al. Stromal 
contribution to the colorectal cancer transcriptome. Nat 
Genet. 2015; 47:312–9. https://doi.org/10.1038/ng.3224.

 5. Calon A, Lonardo E, Berenguer-Llergo A, Espinet E, 
Hernando-Momblona X, Iglesias M, Sevillano M, Palomo-
Ponce S, Tauriello DV, Byrom D, Cortina C, Morral C, 
Barcelo C, et al. Stromal gene expression defines poor-
prognosis subtypes in colorectal cancer. Nat Genet. 2015; 
47:320–9. https://doi.org/10.1038/ng.3225.

 6. Guinney J, Dienstmann R, Wang X, de Reynies A, Schlicker 
A, Soneson C, Marisa L, Roepman P, Nyamundanda G, 
Angelino P, Bot BM, Morris JS, Simon IM, et al. The 
consensus molecular subtypes of colorectal cancer. Nat 
Med. 2015; 21:1350–6. https://doi.org/10.1038/nm.3967.

 7. Becht E, de Reynies A, Giraldo NA, Pilati C, Buttard 
B, Lacroix L, Selves J, Sautes-Fridman C, Laurent-Puig 
P, Fridman WH. Immune and Stromal Classification of 
Colorectal Cancer Is Associated with Molecular Subtypes and 
Relevant for Precision Immunotherapy. Clin Cancer Res. 2016; 
22:4057–66. https://doi.org/10.1158/1078-0432.ccr-15-2879.

 8. Berdiel-Acer M, Sanz-Pamplona R, Calon A, Cuadras D, 
Berenguer A, Sanjuan X, Paules MJ, Salazar R, Moreno V, 
Batlle E, Villanueva A, Mollevi DG. Differences between 
CAFs and their paired NCF from adjacent colonic mucosa 
reveal functional heterogeneity of CAFs, providing 
prognostic information. Mol Oncol. 2014; 8:1290–305. 
https://doi.org/10.1016/j.molonc.2014.04.006.

 9. Calon A, Tauriello DV, Batlle E. TGF-beta in CAF-mediated 
tumor growth and metastasis. Semin Cancer Biol. 2014; 
25:15–22. https://doi.org/10.1016/j.semcancer.2013.12.008.

10. Mesker WE, Junggeburt JM, Szuhai K, de Heer P, Morreau 
H, Tanke HJ, Tollenaar RA. The carcinoma-stromal ratio 
of colon carcinoma is an independent factor for survival 
compared to lymph node status and tumor stage. Cell 
Oncol. 2007; 29:387–98. 

11. Mesker WE, Liefers GJ, Junggeburt JM, van Pelt GW, 
Alberici P, Kuppen PJ, Miranda NF, van Leeuwen KA, 
Morreau H, Szuhai K, Tollenaar RA, Tanke HJ. Presence 
of a high amount of stroma and downregulation of 
SMAD4 predict for worse survival for stage I-II colon 
cancer patients. Cell Oncol. 2009; 31:169–78. https://doi.
org/10.3233/CLO-2009-0478.

https://doi.org/10.1242/jcs.023820
https://doi.org/10.1242/jcs.023820
https://doi.org/10.1038/onc.2016.60
https://doi.org/10.1038/onc.2016.60
https://doi.org/10.1038/ncb2048
https://doi.org/10.1038/ng.3224
https://doi.org/10.1038/ng.3225
https://doi.org/10.1038/nm.3967
https://doi.org/10.1158/1078-0432.ccr-15-2879
https://doi.org/10.1016/j.molonc.2014.04.006
https://doi.org/10.1016/j.semcancer.2013.12.008
https://doi.org/10.3233/CLO-2009-0478
https://doi.org/10.3233/CLO-2009-0478


Oncotarget31514www.oncotarget.com

12. Huijbers A, Tollenaar RA, v Pelt GW, Zeestraten EC, 
Dutton S, McConkey CC, Domingo E, Smit VT, Midgley 
R, Warren BF, Johnstone EC, Kerr DJ, Mesker WE. The 
proportion of tumor-stroma as a strong prognosticator for 
stage II and III colon cancer patients: validation in the 
VICTOR trial. Ann Oncol. 2013; 24:179–85. https://doi.
org/10.1093/annonc/mds246.

13. West NP, Dattani M, McShane P, Hutchins G, Grabsch J, 
Mueller W, Treanor D, Quirke P, Grabsch H. The proportion 
of tumour cells is an independent predictor for survival in 
colorectal cancer patients. Br J Cancer. 2010; 102:1519–23. 
https://doi.org/10.1038/sj.bjc.6605674.

14. Wang K, Ma W, Wang J, Yu L, Zhang X, Wang Z, 
Tan B, Wang N, Bai B, Yang S, Liu H, Zhu S, Cheng 
Y. Tumor-stroma ratio is an independent predictor for 
survival in esophageal squamous cell carcinoma. J 
Thorac Oncol. 2012; 7:1457–61. https://doi.org/10.1097/
JTO.0b013e318260dfe8.

15. Dekker TJ, van de Velde CJ, van Pelt GW, Kroep JR, 
Julien JP, Smit VT, Tollenaar RA, Mesker WE. Prognostic 
significance of the tumor-stroma ratio: validation study 
in node-negative premenopausal breast cancer patients 
from the EORTC perioperative chemotherapy (POP) trial 
(10854). Breast Cancer Res Treat. 2013; 139:371–9. https://
doi.org/10.1007/s10549-013-2571-5.

16. Park JH, Richards CH, McMillan DC, Horgan PG, 
Roxburgh CS. The relationship between tumour stroma 
percentage, the tumour microenvironment and survival 
in patients with primary operable colorectal cancer. Ann 
Oncol. 2014; 25:644–51. 

17. Lv Z, Cai X, Weng X, Xiao H, Du C, Cheng J, Zhou 
L, Xie H, Sun K, Wu J, Zheng S. Tumor-stroma ratio 
is a prognostic factor for survival in hepatocellular 
carcinoma patients after liver resection or transplantation. 
Surgery. 2015; 158:142–50. https://doi.org/10.1016/j.
surg.2015.02.013.

18. van Pelt GW, Hansen TB, Bastiaannet E, Kjaer-Frifeldt 
S, van Krieken JHJM, Tollenaar RAEM, Flemming BS, 
Mesker WE. Stroma-High Lymph Node Involvement 
Predicts Poor Survival More Accurately for Patients with 
Stage III Colon Cancer. J Med Surg Pathol. 2016; 1:116. 

19. Salazar R, Roepman P, Capella G, Moreno V, Simon 
I, Dreezen C, Lopez-Doriga A, Santos C, Marijnen C, 
Westerga J, Bruin S, Kerr D, Kuppen P, et al. Gene 
expression signature to improve prognosis prediction 
of stage II and III colorectal cancer. J Clin Oncol. 2011; 
29:17–24. https://doi.org/10.1200/jco.2010.30.1077.

20. Yoshihara K, Shahmoradgoli M, Martinez E, Vegesna R, 
Kim H, Torres-Garcia W, Trevino V, Shen H, Laird PW, 
Levine DA, Carter SL, Getz G, Stemke-Hale K, et al. 
Inferring tumour purity and stromal and immune cell 
admixture from expression data. Nat Commun. 2013; 
4:2612. https://doi.org/10.1038/ncomms3612.

21. Yadav VK, De S. An assessment of computational methods 
for estimating purity and clonality using genomic data 
derived from heterogeneous tumor tissue samples. Brief 
Bioinform. 2015; 16:232–41. https://doi.org/10.1093/bib/
bbu002.

22. Moffitt RA, Marayati R, Flate EL, Volmar KE, Loeza 
SG, Hoadley KA, Rashid NU, Williams LA, Eaton SC, 
Chung AH, Smyla JK, Anderson JM, Kim HJ, et al. Virtual 
microdissection identifies distinct tumor- and stroma-
specific subtypes of pancreatic ductal adenocarcinoma. Nat 
Genet. 2015; 47:1168–78. https://doi.org/10.1038/ng.3398.

23. Liberzon A, Birger C, Thorvaldsdottir H, Ghandi M, 
Mesirov JP, Tamayo P. The Molecular Signatures Database 
(MSigDB) hallmark gene set collection. Cell Syst. 2015; 
1:417–25. https://doi.org/10.1016/j.cels.2015.12.004.

24. Sanjuan X, Fernandez PL, Castells A, Castronovo V, van 
den Brule F, Liu FT, Cardesa A, Campo E. Differential 
expression of galectin 3 and galectin 1 in colorectal cancer 
progression. Gastroenterology. 1997; 113:1906–15. 

25. Wang X, Zhang L, Li H, Sun W, Zhang H, Lai M. THBS2 is 
a Potential Prognostic Biomarker in Colorectal Cancer. Sci 
Rep. 2016; 6:33366. https://doi.org/10.1038/srep33366.

26. Kim H, Watkinson J, Varadan V, Anastassiou D. Multi-
cancer computational analysis reveals invasion-associated 
variant of desmoplastic reaction involving INHBA, THBS2 
and COL11A1. BMC Med Genomics. 2010; 3:51. https://
doi.org/10.1186/1755-8794-3-51.

27. Ramaswamy S, Ross KN, Lander ES, Golub TR. A 
molecular signature of metastasis in primary solid tumors. 
Nat Genet. 2003; 33:49–54. https://doi.org/10.1038/ng1060.

28. Paz A, Haklai R, Elad-Sfadia G, Ballan E, Kloog Y. 
Galectin-1 binds oncogenic H-Ras to mediate Ras 
membrane anchorage and cell transformation. Oncogene. 
2001; 20:7486–93. https://doi.org/10.1038/sj.onc.1204950.

29. Moiseeva EP, Javed Q, Spring EL, de Bono DP. Galectin 
1 is involved in vascular smooth muscle cell proliferation. 
Cardiovasc Res. 2000; 45:493–502. 

30. Moiseeva EP, Spring EL, Baron JH, de Bono DP. Galectin 1 
modulates attachment, spreading and migration of cultured 
vascular smooth muscle cells via interactions with cellular 
receptors and components of extracellular matrix. J Vasc 
Res. 1999; 36:47–58. https://doi.org/10.1159/000025625.

31. White NM, Masui O, Newsted D, Scorilas A, Romaschin 
AD, Bjarnason GA, Siu KW, Yousef GM. Galectin-1 has 
potential prognostic significance and is implicated in clear 
cell renal cell carcinoma progression through the HIF/
mTOR signaling axis. Br J Cancer. 2014; 110:1250–9. 
https://doi.org/10.1038/bjc.2013.828.

32. Barrow H, Rhodes JM, Yu LG. The role of galectins in 
colorectal cancer progression. Int J Cancer. 2011; 129:1–8. 
https://doi.org/10.1002/ijc.25945.

33. Szoke T, Kayser K, Baumhakel JD, Trojan I, Furak J, 
Tiszlavicz L, Horvath A, Szluha K, Gabius HJ, Andre S. 

https://doi.org/10.1093/annonc/mds246
https://doi.org/10.1093/annonc/mds246
https://doi.org/10.1038/sj.bjc.6605674
https://doi.org/10.1097/JTO.0b013e318260dfe8
https://doi.org/10.1097/JTO.0b013e318260dfe8
https://doi.org/10.1007/s10549-013-2571-5
https://doi.org/10.1007/s10549-013-2571-5
https://doi.org/10.1016/j.surg.2015.02.013
https://doi.org/10.1016/j.surg.2015.02.013
https://doi.org/10.1200/jco.2010.30.1077
https://doi.org/10.1038/ncomms3612
https://doi.org/10.1093/bib/bbu002
https://doi.org/10.1093/bib/bbu002
https://doi.org/10.1038/ng.3398
https://doi.org/10.1016/j.cels.2015.12.004
https://doi.org/10.1038/srep33366
https://doi.org/10.1186/1755-8794-3-51
https://doi.org/10.1186/1755-8794-3-51
https://doi.org/10.1038/ng1060
https://doi.org/10.1038/sj.onc.1204950
https://doi.org/10.1159/000025625
https://doi.org/10.1038/bjc.2013.828
https://doi.org/10.1002/ijc.25945


Oncotarget31515www.oncotarget.com

Prognostic significance of endogenous adhesion/growth-
regulatory lectins in lung cancer. Oncology. 2005; 69:167–
74. https://doi.org/10.1159/000087841.

34. Hittelet A, Legendre H, Nagy N, Bronckart Y, Pector 
JC, Salmon I, Yeaton P, Gabius HJ, Kiss R, Camby I. 
Upregulation of galectins-1 and -3 in human colon cancer 
and their role in regulating cell migration. Int J Cancer. 
2003; 103:370–9. https://doi.org/10.1002/ijc.10843.

35. Thijssen VL, Hulsmans S, Griffioen AW. The galectin 
profile of the endothelium: altered expression and 
localization in activated and tumor endothelial cells. Am 
J Pathol. 2008; 172:545–53. https://doi.org/10.2353/
ajpath.2008.070938.

36. Rabinovich GA, Toscano MA. Turning ‘sweet’ on 
immunity: galectin-glycan interactions in immune tolerance 
and inflammation. Nat Rev Immunol. 2009; 9:338–52. 
https://doi.org/10.1038/nri2536.

37. Mifková A, Kodet O, Szabo P, Kučera J, Dvořánková B, 
André S, Koripelly G, Gabius HJ, Lehn JM, Smetana K 
Jr. Synthetic polyamine BPA-C8 inhibits TGF-β1-mediated 
conversion of human dermal fibroblast to myofibro blasts 
and establishment of galectin-1-rich extracellular matrix 
in vitro. ChemBioChem. 2014; 15:1465–70. https://doi.
org/10.1002/cbic.201402087.

38. Lim MJ, Ahn J, Yi JY, Kim MH, Son AR, Lee SL, Lim DS, 
Kim SS, Kang MA, Han Y, Song JY. Induction of galectin-1 
by TGF-beta1 accelerates fibrosis through enhancing 
nuclear retention of Smad2. Exp Cell Res. 2014; 326:125–
35. https://doi.org/10.1016/j.yexcr.2014.06.001.

39. Tauriello DVF, Palomo-Ponce S, Stork D, Berenguer-Llergo 
A, Badia-Ramentol J, Iglesias M, Sevillano M, Ibiza S, 
Canellas A, Hernando-Momblona X, Byrom D, Matarin 
JA, Calon A, et al. TGFbeta drives immune evasion in 
genetically reconstituted colon cancer metastasis. Nature. 
2018; 554:538–43. https://doi.org/10.1038/nature25492.

40. Gujam FJ, Edwards J, Mohammed ZM, Going JJ, 
McMillan DC. The relationship between the tumour stroma 
percentage, clinicopathological characteristics and outcome 
in patients with operable ductal breast cancer. Br J Cancer. 
2014; 111:157–65. https://doi.org/10.1038/bjc.2014.279.

41. Park JH, McMillan DC, Edwards J, Horgan PG, Roxburgh 
CS. Comparison of the prognostic value of measures of the 
tumor inflammatory cell infiltrate and tumor-associated 
stroma in patients with primary operable colorectal cancer. 
Oncoimmunology. 2016; 5:e1098801. https://doi.org/10.10
80/2162402X.2015.1098801.

42. Boland CR, Goel A. Microsatellite instability in colorectal 
cancer. Gastroenterology. 2010; 138:2073–87 e3. https://
doi.org/10.1053/j.gastro.2009.12.064.

43. Dunne PD, McArt DG, Bradley CA, O’Reilly PG, Barrett 
HL, Cummins R, O’Grady T, Arthur K, Loughrey MB, 
Allen WL, McDade SS, Waugh DJ, Hamilton PW, et al. 

Challenging the Cancer Molecular Stratification Dogma: 
Intratumoral Heterogeneity Undermines Consensus 
Molecular Subtypes and Potential Diagnostic Value in 
Colorectal Cancer. Clin Cancer Res. 2016; 22:4095–104. 
https://doi.org/10.1158/1078-0432.ccr-16-0032.

44. De Sousa EMF, Wang X, Jansen M, Fessler E, Trinh A, de 
Rooij LP, de Jong JH, de Boer OJ, van Leersum R, Bijlsma 
MF, Rodermond H, van der Heijden M, van Noesel CJ, et 
al. Poor-prognosis colon cancer is defined by a molecularly 
distinct subtype and develops from serrated precursor 
lesions. Nat Med. 2013; 19:614–8. https://doi.org/10.1038/
nm.3174.

45. Trinh A, Trumpi K, De Sousa EMF, Wang X, de Jong JH, 
Fessler E, Kuppen PJ, Reimers MS, Swets M, Koopman M, 
Nagtegaal ID, Jansen M, Hooijer GK, et al. Practical and 
Robust Identification of Molecular Subtypes in Colorectal 
Cancer by Immunohistochemistry. Clin Cancer Res. 2017; 
23:387–398. 

46. Sarasqueta AF, Forte G, Corver WE, de Miranda NF, 
Ruano D, van Eijk R, Oosting J, Tollenaar RA, van Wezel 
T, Morreau H. Integral analysis of p53 and its value as 
prognostic factor in sporadic colon cancer. BMC Cancer. 
2013; 13:277. https://doi.org/10.1186/1471-2407-13-277.

47. Cancer Genome Atlas N, and Cancer Genome Atlas 
Network. Comprehensive molecular characterization of 
human colon and rectal cancer. Nature. 2012; 487:330–7. 
https://doi.org/10.1038/nature11252.

48. Becht E, Giraldo NA, Lacroix L, Buttard B, Elarouci N, 
Petitprez F, Selves J, Laurent-Puig P, Sautes-Fridman C, 
Fridman WH, de Reynies A. Estimating the population 
abundance of tissue-infiltrating immune and stromal cell 
populations using gene expression. Genome Biol. 2016; 
17:218. https://doi.org/10.1186/s13059-016-1070-5.

49. Goeman JJ, Oosting J, Cleton-Jansen AM, Anninga JK, van 
Houwelingen HC. Testing association of a pathway with 
survival using gene expression data. Bioinformatics. 2005; 
21:1950–7. https://doi.org/10.1093/bioinformatics/bti267.

50. Goeman JJ, van de Geer SA, de Kort F, van Houwelingen 
HC. A global test for groups of genes: testing association 
with a clinical outcome. Bioinformatics. 2004; 20:93–9. 

51. Goeman JJ, Finos L. The inheritance procedure: multiple 
testing of tree-structured hypotheses. Stat Appl Genet Mol 
Biol. 2012; 11:11. https://doi.org/10.1515/1544-6115.1554.  

52. Punt CJ, Buyse M, Kohne CH, Hohenberger P, Labianca 
R, Schmoll HJ, Pahlman L, Sobrero A, Douillard JY. 
Endpoints in adjuvant treatment trials: a systematic review 
of the literature in colon cancer and proposed definitions for 
future trials. J Natl Cancer Inst. 2007; 99:998–1003. https://
doi.org/10.1093/jnci/djm024.

https://doi.org/10.1159/000087841
https://doi.org/10.1002/ijc.10843
https://doi.org/10.2353/ajpath.2008.070938
https://doi.org/10.2353/ajpath.2008.070938
https://doi.org/10.1038/nri2536
https://doi.org/10.1002/cbic.201402087
https://doi.org/10.1002/cbic.201402087
https://doi.org/10.1016/j.yexcr.2014.06.001
https://doi.org/10.1038/nature25492
https://doi.org/10.1038/bjc.2014.279
https://doi.org/10.1080/2162402X.2015.1098801
https://doi.org/10.1080/2162402X.2015.1098801
https://doi.org/10.1053/j.gastro.2009.12.064
https://doi.org/10.1053/j.gastro.2009.12.064
https://doi.org/10.1158/1078-0432.ccr-16-0032
https://doi.org/10.1038/nm.3174
https://doi.org/10.1038/nm.3174
https://doi.org/10.1186/1471-2407-13-277
https://doi.org/10.1038/nature11252
https://doi.org/10.1186/s13059-016-1070-5
https://doi.org/10.1093/bioinformatics/bti267
https://doi.org/10.1515/1544-6115.1554
https://doi.org/10.1093/jnci/djm024
https://doi.org/10.1093/jnci/djm024

