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Abstract

Introduction

The tumor microenvironment is an important target for cancer therapy. The prognos-
tic value of the tumor-stroma ratio in colon cancer patients is well described. In order 
to evaluate the contribution of the underpinning signalling and molecular architecture 
of the tumor associated stroma to the aggressive stroma-high phenotype, we utilized 
laser capture microdissection coupled to broad-scale protein pathway activation map-
ping using reverse phase protein microarrays.

Material and Methods

Patients with histologically proven stage II and stage III colon cancer were selected 
from the LUMC database. Hematoxylin and Eosin (H&E) stained sections from the 
most invasive part of the primary tumor were scored for the tumor-stroma ratio. 
Reverse phase protein microarray was performed using micro-dissected material to 
generate multiplexed pathway profiling. For each sample, 58 endpoints were analysed.

Results

Comparison of the 58 endpoints in 30 colon cancer patients (15 stroma-high and 
15 stroma-low) showed that phosphorylation of VEGFR-2 was significantly higher in 
the stroma-high group compared to the stroma-low group (p=0.02) and that ZAP70, 
eNOS and ICAM-1 was significantly lower in the stroma-high group (p=0.01, p=0.04 
and p=0.03, respectively). Correlation analysis showed a major eNOS node with many 
interconnections in the tumor stroma within the stroma-low group.

Conclusion

This pilot study showed the potential presence of biochemical derangements in the 
tumor stroma of tumors from patients with aggressive colon (stroma-high) cancer 
with increased activation of VEGFR-2 and decreased activation of ZAP70, eNOS and 
ICAM-1. Focusing on the stroma-low group, there is a significantly higher expression 
of eNOS with many interconnections including ARPC2. These interconnections may 
contribute to the better behaviour of the stroma-low tumors.
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Introduction

The tumor microenvironment, and especially the stroma surrounding the tumor cells, 
is an important target for cancer therapy. Tumor stroma plays an important role in 
tumorigenesis. From initiation to invasion and metastasis, tumor stroma interacts with 
both malignant and non-malignant cells.

Tumor stroma is composed of a mixture of cells, including immune cells, fibroblasts and 
endothelial cells, that are embedded in the proteins of the extracellular matrix (ECM). 
When the ECM interacts with the tumor cells, it will influence disease progression 
and metastatic capacity. One of the most important cell types of the tumor stroma is 
the activated form of fibroblasts, the so-called cancer-associated fibroblasts (CAFs). 
CAFs are involved in tumor progression and invasion. Stromal cells stimulate blood 
vessel formation and supply the tumor with growth factors, cytokines and metabolites 
[1]. This might explain the decreased survival time for patients with a tumor with high 
stromal content.

Tumor-stroma ratio (TSR) distinguishes between aggressive and non-aggressive tu-
mors. The prognostic value of TSR is well described and validated [2-4]. Colon cancer 
patients with a high (>50%) amount of intratumor stroma have a poor prognosis 
compared to patients with a low amount (<=50%) [2-5]. The TSR is easily determined 
on conventional hematoxylin and eosin (H&E) stained tissue sections used for routine 
pathological investigation. Moreover, in breast and esophageal cancer, this prognostic 
parameter has also been validated in large patient series [6-10]. Furthermore, in other 
types of epithelial cancer (for example cervical, prostate, bladder, head/neck and lung 
cancer), the same prognostic value was found by different international research 
groups [11-17].

However, it is not yet entirely clear why TSR makes this distinction between ag-
gressive and non-aggressive tumors since the underlying mechanism is still not fully 
understood. Nevertheless, we do know that tumor stroma plays an important role 
in tumor formation and progression [18]. A colon tumor with a high stromal content 
has a highly increased interaction between tumor and stromal cells. Specific molecular 
changes in colon cancer cells cause the recruitment and activation of surrounding 
stromal cells, which enables tumor progression by releasing soluble growth factors, 
metabolites and cytokines [18].

In order to evaluate the contribution of the underpinning signalling and molecular 
architecture of the tumor associated stroma to the aggressive stroma-high pheno-
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type, we utilized laser capture microdissection (LCM) coupled to broad-scale protein 
pathway activation mapping using reverse phase protein microarrays (RPMA). This 
technique uses cellular enrichment of specific tissue cells via LCM for tissue bio-
marker discovery and selection criteria for personalized treatment [20-23]. RPMA is a 
high throughput multiplex proteomic platform. It has the ability to measure hundreds 
of analytes in a large number of samples with only a small amount of biological mate-
rial [24-26]. By focusing on activation in terms of phosphorylation, next to kinase 
expression, this technique has been successful for signalling network analysis [27-30]. 
Such analysis could identify new stromal-based targeted information interesting for 
treatment options through the identification of activated pathways within the tumor 
stroma of patients with aggressive colon cancer.

Material & Methods

Patients

Patients with histologically proven stage II and stage III colon cancer were selected 
from the Leiden University Medical Center (LUMC, The Netherlands) database. All 
patients underwent surgical resection of the primary tumor between 2001 and 2011, 
with or without adjuvant chemotherapy. Only patients whose fresh frozen tumor 
material was available were selected. Patients who received neo-adjuvant treatment 
were excluded.

Histopathological scoring

By using conventional microscopy, H&E stained sections from the most invasive part 
of the primary tumor were scored for the amount of stroma. TSR was defined as the 
percentage intra-tumor stroma tissue relative to the neoplastic cell component. The 
protocol for TSR scoring has been described previously [2, 31]. In short, the most in-
vasive tumor area with the highest amount of stroma on each slide was selected using 
a 2.5x or 5x objective. Using a 10x objective areas where tumor cells are present at 
all borders of the image field were scored. Scoring percentages were given per tenfold 
(10, 20, 30% etc.) per image-field (Figure 1). When mucinous tissue was present within 
a field that matched our scoring criteria, the mucinous tissue was visually excluded 
for the scoring. Two investigators (GvP, AH) estimated the stromal percentage in a 
blinded manner. In case of discrepancy slides were reviewed to reach consensus. In 
case no consensus could be reached a third observer was decisive (WM). Patients 
were categorized into two groups; a stroma-high (>50% stroma) and a stroma-low 
(=<50% stroma) group.
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laser capture microdissection (lcm)

As described previously, highly enriched stromal cell subpopulations were obtained 
using Arcturus Veritas 704 LCM System (Arcturus, Mountain View, CA USA) [32, 
33] (Figure 2). Stroma cells were captured when they were surrounded by tumor 
epithelium cells on all four corners of microscopic fi eld with a magnifi cation of 20x 
and the stroma was in direct contact with the external edge of the tumor. Lymphocyte 
agglomerates, when present, were not captured. Microdissected material was stored 
at -80°C and cell lysates were prepared for RPMA as previously described [28, 34].

figure 1. Examples of stroma-high (a) and stroma-low (b) haematoxylin and eosin (H&E) stained paraffi n sections at the most 
invasive part of primary colon cancers (100x magnifi cation).

A B 

C D 

figure 2. Laser capture images from tumor associated stroma cells before and after LCM.
A) Inter tumor stroma area microscopically selected. B) Selected tumor stroma tissue by laser capture. C) After laser capture. 
D) Removed stroma tissue for analysis on a nitrocellulose membrane.
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Reverse phase protein microarray analysis (RPMA)

Cell lysates were printed in triplicate onto nitrocellulose coated slides Using a 2470 
Aushon Arrayer (Aushon BioSystems, Billerica, MA, USA) along with standard curves 
for quality assurance (Grace BioLabs, Bend, OR, USA). A complete list of all 58 pro-
teins and phosphoproteins measured in this study are listed in table 2. These analytes 
were chosen based on their involvement in key aspects of epithelial mesenchymal 
transition, ECM composition and remodeling, angiogenesis, inflammation and tran-
scription. All antibodies used in these studies were validated by western blotting for 
single band specificity prior to use [35-38]. Immunostaining was performed as previ-
ously described [34]. Concisely, each slide was incubated with one primary antibody 
targeting the protein of interest. As secondary antibodies biotinylated goat anti-rabbit 
(1:7,500, Vector Laboratories Inc, Burlingame, CA) and rabbit anti-mouse (1:10, Da-
koCytomation, Carpinteria, CA, USA) IgG were used. Using a tyramide-based avidin/
biotin amplification system (DakoCytomation, Carpinteria, CA, USA) coupled with 
Streptavidin conjugated IRDye 680 (LI-COR, Lincoln, NE, USA) signal amplification and 
detection were achieved. Total protein was measured following manufacturing instruc-
tions using a Sypro Ruby protein blot staining protocol (Molecular Probes, Eugene, 
OR, USA). With a Tecan PowerScanner (Tecan, Männedorf, Switzerland) images were 
acquired and analyzed with the MicroVigene software Version 5.1.0.0 (Vigenetech, 
Carlisle, MA, USA) [34].

Table 1. Patient characteristics

Total Stroma-low Stroma-high

N = 30 % N = 15 % N = 15 % P-value

Age (median in yrs [range]) 67 [38-90] 70 [58-90] 64 [38-79] 0.47

Gender
	 Female
	 Male

14
16

47
53

8
7

53
47

6
9

40
60

0.46

Tumor Location
	 Left-sided
	 Right-sided

14
16

47
53

7
8

47
53

7
8

47
53

1.00

T-stage
	 T3
	 T4

26
4

87
13

13
2

87
13

13
2

87
13

1.00

N-stage
	 N0
	 N1
	 N2

11
8
11

37
27
37

9
4
2

60
27
13

2
4
9

13
27
60

0.02

TNM Stage
	 II
	 III

11
19

37
63

9
6

60
40

2
13

13
87

0.01

Adjuvant therapy
	 No
	 Yes

19
11

63
37

12
3

80
20

7
8

47
53

0.06
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Data analysis

To explore the changes in the activation/phosphorylation and expression levels of 
different analytes mean comparison was used. A two-sample t-test was used for ana-
lytes that were normally distributed. For proteins/phosphoproteins presenting with 
asymmetric distribution the Wilcoxon rank sum test was performed. Data analysis 
was performed using SPSS version 19. All p values < 0.05 were considered statisti-
cally significant. To explore the interactions between proteins/phosphoproteins within 
the cellular compartments Spearman Rho correlation coefficients were calculated. 
Correlation maps were created with Gephi version 0.8.2. Only associations with a 
correlation coefficient ≥0.75 were included in the correlation maps.

Table 2. All 58 endpoints analysed with reverse phase protein microarray analysis (RPMA) sorted by group.
 

 

58 endpoints analyzed by RPMA
Growth factors and receptors Protein Kinases EM Composition
VEGFR2 (Y1175) SD Jak I (Y1022-23) Collagen I
PDGFR TTS Jak 2 (Y1007-8)
PDGFRbeta (Y751) Zap70 (Y319)/Syk (Y352) SD Fibroplastic component
IGF I Akt (S473) FSP/S100A4 TTS
IGF I R (Y1135-36)/IR (Y1150-51) TTS Erk 1/2 (T202-Y204) alphaSMA
TGFbeta FAK
NGF FAK (Y576-577) Inflammatory component
Wnt5a/b TTS IRAK I CD45

p38MAPK (T180-Y182) CD5L
Interleukins Lck (Y505) TTS Arpc2
IL6
IL10 Downstreams Transcription factors
ILI beta SMAD 4 NFkB.p65.S536
IL8 SMAD 1/5/8 Egr I

Stat4 (Y693)
EMT and EM remodelling Stat6 (Y641) Other markers
Vimentin Stat1 (Y701) CAV I
E-Cadherin Stat3 (Y705) CAV I (Y14)
Twist I Stat5 (Y694) TTS ICAM I SD
MMP2 TTS Beta Catenin (T41-S45) cILAMINA
MMP9 DKK I SERPINA I
MMP14 eNOS (S113) SD Cox2
TIMP2 eNOS/NOSIII (S116) OPN
TIMP3 Podoplanin

LDHA

Legend:
SD = statistically different
TTS = a trend towards significance (0.05 < p < 0.1)

SD meaning statistically different between the stroma-high and stroma-low groups (p-value <0.05). TTS meaning a trend 
towards significance with a p-value between 0.05 and 0.1.
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Results

The LUMC database consisted of 80 patients whose TSR could be scored and fresh 
frozen tissue was available. For this feasibility study, only cases with ≤30% stroma or 
≥70% stroma were analysed. A total of 30 colon cancer samples (15 stroma-high and 
15 stroma-low) were randomly selected from patients with histologically proven stage 
II and stage III colon cancer. The amount of stroma in the frozen tissue sample was 
double checked to be the same as the paraffin sample before including for analysis. 
Eleven patients were TNM stage II (37%) and 19 patients TNM stage III (63%). For 
detailed patient characteristics, see table 1.

Mean comparison analysis showed that 4 of the 58 analytes measured were statistically 
different between the two stroma groups. Phosphorylation of vascular endothelial 
growth factor receptor-2 (VEGFR-2) was significantly higher in the stroma-high group 
compared to the stroma-low group (p=0.02). Furthermore, zeta-chain-associated 
protein kinase 70 (ZAP70), endothelial nitric oxide synthase (eNOS) and intercel-
lular adhesion molecule-1 (ICAM-1) were significantly lower in the stroma-high group 
compared to the stroma-low group (p=0.01, p=0.04 and p=0.03, respectively) (Figure 
3).

Correlation analysis demonstrated more interconnections in the stroma-low group 
compared to the stroma-high group where proteins did not seem to trend together. 
When the analysis was limited to highly correlated pairs (≥0.75), some major clusters 
were identified (Figure 4). The stroma-low group showed to have two major nodes: 
eNOS and ARPC2 correlated pairs, respectively.

Discussion

These results reveal the potential presence of biochemical derangements in the tumor 
stroma of tumors from patients with aggressive colon cancer with increased activa-
tion of VEGFR-2 and decreased activation of ZAP70, ICAM-1 and eNOS.

First, VEGFR-2 is one of the most prominent ligand-receptor complexes in the VEGF 
system. It can lead to endothelial cell proliferation, migration, survival and new vessel 
formation involved in angiogenesis [39]. High levels of VEGF expression are related 
to poorer survival and an increased rate of distant metastases in colorectal cancer 
patients [40]. To find altered levels of VEGFR in stroma-high patients correlates well 



93

with the poorer survival of this group and could be an extra linking factor for new 
therapeutic strategies.

Considering the central role VEGFR plays in angiogenesis and cell migration, the 
results could suggest that anti-VEGFR targeted therapy could be considered for a 
pre-stratifi ed group of patients with aggressive tumors with high recurrence rates. 
The Quick and Simple and Reliable trial (QUASAR2), is a phase III randomized trial of 
adjuvant capecitabine (CAP) ± bevacizumab (BEV) after complete surgical resection 
of high-risk stage II and stage III colorectal cancer [41]. Bevacizumab is a recombinant 
humanized monoclonal antibody that blocks angiogenesis by inhibiting vascular endo-
thelial growth factor A (VEGF-A). VEGF-A is a growth factor protein that stimulates 
angiogenesis in a variety of diseases, especially in cancer. In this study, our group 
investigated whether this anti-angiogenic therapy might improve survival of patients 
with a stroma-high profi le with a higher expression of VEGFR-2 and potentially in-
creased angiogenesis. However, no benefi t was found in response to treatment with 

figure 3. Signifi cantly different analytes in stroma-high versus stroma-low group.
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figure 4. Correlation maps showing protein interactions and networks within the tumor stroma for a) for stroma-high and 
b) stroma-low samples. Only correlations with a coeffi cient ≥0.75 are shown in the maps.
A)

B)
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bevacizumab when stratified for TSR [5]. Assessing different angiogenetic strategies 
and therapeutic options could have an additional value for improving survival of the 
stroma-high patient population.

Second, ZAP70 encodes an enzyme belonging to the protein tyrosine kinase family and 
plays a role in T-cell development and lymphocyte activation. It is used as a prognostic 
marker in identifying different forms of chronic lymphocytic leukaemia (CLL), where 
the expression of ZAP70 is associated with a significantly lower overall survival [42]. 
There is currently no available data on its role in CRC. In our study, we found a lower 
expression of ZAP70 in the stroma-high group. This correlates with our visual finding 
that stroma-high tumors have microscopically less lymphocytic infiltration compared 
to the stroma-low tumors. Further research is necessary to unravel the underlying 
mechanism and the possible clinical implications behind this.

Third ICAM-1 is a surface glycoprotein and is known to be a member of the im-
munoglobulin gene superfamily of adhesion molecules. It is expressed on vascular 
endothelium and plays a key role in the trans-endothelial migration of neutrophils 
and T-cell activation [43]. It has been suggested that ICAM-1 can inhibit cancer pro-
gression by activation of the host immune surveillance system by adherence to the 
extracellular matrix and thereby alleviating or eliminating metastasis of CRC [43, 44]. 
In our study, a lower expression of ICAM-1 was seen in the stroma-high population, 
correlating with a worse prognosis.

Lastly, eNOS is a gene expressed in the endothelium involved in the production of 
nitric oxide (NO), which plays a central role in maintaining endothelial cell functional 
integrity, regulating hemodynamics, and establishing collateral circulation [45]. Litera-
ture suggests that NO plays a key role in physiological regulations, including defence 
mechanisms against infectious disease and tumors [46]. A high level of expression of 
endothelial cell nitric oxide synthase (eNOS) in micro vessels in the tumor-adjacent 
area protects against tumor metastasis [47]. In our study, a higher expression was seen 
in the stromal tissue of the stroma-low group with better survival rates, correlating 
with this hypothesis.

While the four above discussed analytes are differently expressed among different 
groups, we also performed a correlation analysis (see correlation map in Figure 4). This 
correlation analysis showed that in addition to those detected differences, eNOS is a 
node that shows many interconnections in the tumor stroma within the stroma-low 
group. With the characteristics of eNOS as described above, it may be an important 
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analyte to contribute to the better prognosis of patients with a stroma-low tumor 
compared to the stroma-high group.

The other lead in the correlation map within the stroma-low group is ARPC2. Litera-
ture shows that ARPC2 in gastric cancers showed significant associations with large 
tumor size, lymph node invasion, and high tumor stage. In addition, in the same study, 
ARPC2-positive patients had lower recurrent free and overall free survival rates com-
pared to ARPC2-negative patients [48]. Regarding breast cancer, ARPC2 is described 
to promote cancer proliferation and metastasis [49]. For colon cancer, literature so far 
only described an under-expression of ARPC2 in early colorectal cancer [50]. In our 
study, ARPC2 is equally expressed in the stroma-high and stroma-low group. However, 
ARPC2 shows many correlations and might be an important part of the stroma-low 
micro-environment network.

This pilot study showed the potential presence of biochemical derangements in the 
tumor stroma of tumors from patients with aggressive colon cancer with increased 
activation of VEGFR-2 and decreased activation of ZAP70, ICAM-1 and eNOS. More-
over, by focusing on the stroma-low group instead of the stroma-high group, there 
is a significantly higher expression of eNOS with many interconnections including 
ARPC2. These interconnections may play an important contribution to the prognosis 
of the stroma-low group. The preliminary findings in our study may offer a new lead 
for additional research to better understand the different tumor phenotypes of these 
two prognostically different groups based on their stroma amount.
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