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General introduction

The life time risk to develop breast cancer is 1 in 8 for women and 1 in 1,000 for men,  

resulting that breast cancer is the most prevalent cancer in women worldwide [1]. In The 

Netherlands, 13,257 women and 94 men were diagnosed with breast cancer in 2010  

[2, 3]. The incidence of breast cancer is still increasing every year, due to increased life  

expectancy and because of the age composition of the Dutch population. However, the 

number of breast cancer-related deaths has been stable for the last decades; annually 

around 3,200 women and 32 men. Due to improved diagnostics and therapeutic strategies, 

the 5-years survival rate increased to 86% (www.iknl.nl) in last 20 years, but eventually one 

third of patients will still develop distant metastases [4]. 

The majority of breast cancers in The Netherlands are detected by mammographic based 

population screening. Since the introduction of digital mammography, breast cancers are 

more often detected in an early stage, resulting in better survival rates. However, the  

detection rate of ductal carcinoma in situ (DCIS) and columnar cell lesions also increased, 

resulting that DCIS being increasingly the sole target of surgery [5, 6]. Since mammography 

is not ultimately sensitive in younger patients and patients with dense breasts [7-12], other 

imaging modalities like ultrasonography, MRI and PET are increasingly used for diagnosis of 

breast cancer. 

The most recent developments in the field of molecular imaging comprise the application 

of near-infrared fluorescent labeled (NIRF) tracers for detection of breast cancer. The  

oldest NIRF tracer, indocyanine green (ICG), was applied for detection of breast cancer in 

the early 2000s by Ntziachristos et al. when they showed that ICG uptake in the tumor 

overlapped with MRI images [13]. The disadvantages of ICG are the relatively low quantum 

yield, the stability, and that ICG is not targeted which resulted in limited resolution. The new  

generation of near-infrared dyes, including IRDye800CW, have solved these problems and 

allow the generation of tumor-specific imaging tracers based on antibodies, antibody- 

fragments etc., resulting in higher sensitivity and specificity. Thus far, only a few molecular 

imaging tracers have been taken to the clinic. 

In addition to improved detection of breast cancer, increased survival was obtained by  

targeted therapies. Since the molecular characteristics of breast cancer are being elucidated  

over the last few decades, the potential for targeted therapeutics in predefined subgroups 

of patients increased. Improved patient survival was obtained with e.g. tamoxifen/  

aromatase inhibitors in hormone receptor positive disease and Herceptin in HER2- 
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positive breast cancer. Currently, multiple other membrane targets are considered as  

targets for therapy such as EGFR, IGF1-R and vascular endothelial growth factor (VEGF). 

This also means that patient stratification based on tumor characteristics becomes crucial, 

and that loss of expression of the target directly affects the sensitivity for therapy and is a  

determinant for acquired therapy resistance. Therefore, diagnostic imaging and targeted 

therapy increasingly go hand in hand and will become an integral part of clinical decision 

making (“theranostics”). 

Outline of the thesis

The first part of the thesis focuses on biomarkers for molecular imaging of breast cancer. In 

chapter 2 the prevalence of hypoxia-related markers CAIX, GLUT1, CXCR4, and IGF1-R in breast 

cancer and their potential for molecular imaging strategies is systematically reviewed, to  

unravel the most suitable targets for molecular imaging. Chapter 3 reports expression  

profiles of membrane-bound markers for molecular imaging in histological and molecular  

subtypes of female breast cancer. In chapter 4 the growth factor receptor expression  

profiles of male breast cancer are studied in search of a marker panel for molecular  

imaging of male breast cancer. Chapter 5 explores whether identified markers for imaging of 

female breast cancer can be used for image-guided surgery of ductal carcinoma in situ (DCIS) 

using molecular imaging and whether expression differs between DCIS and adjacent  

invasive breast cancer. In Chapter 6 we explore for the first time optical imaging using 

CD44v6-specific antibodies for non-invasive and intra-operative imaging of DCIS lesions in 

vivo in a preclinical study.

The second part of the thesis focuses on markers determining aggressiveness, metastasis, 

and predicting therapy resistance of breast cancer. The role of the transcription factor Kaiso 

in ductal and lobular breast cancer in relation to grade, estrogen receptor expression and 

molecular type is described in chapter 7. The role of FER kinase in breast cancer metastasis 

is examined in chapter 8. Chapter 9 reports SOX4 expression in breast cancer and explores 

its relation to prognosis and resistance to chemotherapy and radiotherapy. 

Finally, in chapter 10 the results of this thesis are summarized and discussed, including the 

future directions.
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Abstract

Background: Molecular imaging of breast cancer with tumor-specific tracers has several  

potential advantages over the currently used anatomical imaging modalities. As hypoxia is a 

common phenomenon in breast cancer, hypoxia-upregulated membrane proteins could be 

valuable targets for molecular imaging. We performed a comprehensive systematic review 

and meta-analysis of the literature to assess immunohistochemical expression patterns of 

hypoxia-upregulated membrane proteins in breast cancer, to evaluate their potential for 

molecular imaging strategies.

Materials and Methods: A systematic search of the database of MEDLINE and EMBASE was 

performed to identify articles describing CAIX, or GLUT1, or CXCR4, or IGF1R expression 

in breast cancer evaluated by immunohistochemistry. We pooled prevalence estimates 

across studies using a random-effects linear mixed model, allowing for between-study  

heterogeneity, and used meta-regression to assess the relation between hypoxia marker 

expression and histological grade, tumor size, histological type, and specimen handling. 

Results: The search yielded 1,705 articles, of which 126 articles were included, comprising 

28,478 specimens. Pooled expression prevalences were 35% (95% Confidence Interval (CI): 

26%-46%) for CAIX, 51% (95% CI 40%-62%) for GLUT1, 46% (95% CI: 33%-59%) for CXCR4, 

and 46% (95% CI: 35%-57%) for IGF1R, respectively. The expression prevalence of CAIX, 

GLUT1, and CXCR4 was significantly higher for grade III compared to grade I cancers (all 

p<0.001). Further, the prevalence of all markers was significantly lower in lobular breast 

cancer (p<0.001). Tissue microarray-based studies reported a lower prevalence for CAIX 

(p=0.006) and GLUT1 (p=0.007), and a higher prevalence for IGF1R (p=0.032) than studies 

using whole slides. 

Conclusion: We have shown that expression patterns of hypoxia markers are in the range 

of other targets for molecular imaging of breast cancer, but are individually insufficiently  

expressed to be used for screening or diagnostic purposes. Future studies should incorporate 

data on expression patterns in normal tissue, benign lesions, and DCIS, as such information 

is currently lacking in the literature.
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Introduction

In the past decades, conventional breast cancer imaging modalities such as (digital)  

mammography, breast ultrasound, and more recently dynamic contrast enhanced magnetic 

resonance imaging (DCE-MRI) and 18F-fluorodeoxyglucose Positron Emission Tomography 

(18FDG-PET), have improved the detection, characterization, and management of breast  

cancer. Although these imaging modalities are valuable in clinical practice, molecular  

imaging of breast cancer with tumor-specific tracers such as antibodies or antibody-based 

molecules has several potential advantages. These include high sensitivity and specificity, 

the potential of early detection, detection of distant metastases, intra-operative guidance, 

‘in vivo’ receptor status determination, and, in the case of fluorescent molecular imaging, 

no use of ionizing radiation [1-5].

Besides growth factor receptors (e.g. EGFR, HER2), that have been exploited in several 

(pre)clinical studies as molecular imaging targets [6-9], hypoxia-upregulated proteins could 

be valuable for molecular imaging. Hypoxia is involved in neo-angiogenesis (one of the  

hallmarks of cancer [10]) and is present in about half of all breast cancers [11]. In  

ductal carcinoma in situ (DCIS) and in larger tumors, tumor hypoxia arises due to limited  

perfusion [12, 13]. This results in focal expression of hypoxia inducible factor 1α (HIF-1α), 

the key regulator of the hypoxia response [11, 12, 14]. 

Successful clinical implementation of molecular imaging depends on several aspects,  

including the expression of the targeted tumor antigen. In general, extracellularly located  

targets such as plasma membrane markers are most attractive, as these are easier  

accessible for most tracers compared to intracellular targets that are shielded from the  

extracellular environment by the plasma membrane [15]. The downstream targets of HIF-1α,  

carbonic anhydrase IX (CAIX), glucose transporter 1 (GLUT1) and C-X-C chemokine receptor 

type 4 (CXCR4) [16-19], and insulin-like growth factor 1 receptor (IGF1R) that maintains the  

hypoxia response via HIF-1α stabilization [20-22], are expressed on the plasma membrane 

and can therefore be suitable candidates for molecular imaging purposes. 

Despite the high potential of these hypoxia-upregulated proteins, it is not well known in 

what proportion of breast cancers these targets are present, as reported prevalences of 

these targets vary widely in literature. Furthermore, variation of marker expression between 

cancer patients, levels of expression in normal breast tissue and benign lesions, expression 

in tumor margins, and intra-tumor heterogeneity [23-25] could potentially limit successful 

clinical implementation. 
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To evaluate whether molecular imaging using these targets could be clinically  

relevant, we performed a systematic literature review and meta-analysis to quantify  

expression prevalences of these hypoxia markers in breast cancer as assessed by  

immunohistochemistry, and to determine the significance of clinicopathological  

characteristics (tumor size, histological grade, and histological type) on these expression 

rates. 

Figure 1. Flowchart of the selection procedure.

Potentially relevant articles identified through MEDLINE 
(N=1629) and EMBASE (N=270) on August 21, 2012

Duplicates excluded (N=194)

1475 studies excluded based on title and abstract review

Exclusion criteria
-  non-original data (e.g. reviews, editorials, guidelines, comments)
-  non-clinical articles (e.g. technical, animal or in vitro studies)
-  case reports
-  articles investigating other tissues than breast tissue
-  articles not written in English

Articles retrieved for full text review (N=228)

104 studies excluded based on full text review

Exclusion criteria
-  only lymph node or distant metastases investigated (N=10) 
-  target was not assessed using IHC (N=64)
-  (non-definied part of) patients received neo-adjuvant therapy  (N=10)
-  no prevalence reported or could not be derived 
   from published data (N=20)

Cross references (N=2)

Articles selected for review (N=126)

CAIX (N=29)

Full text not retrievable (N=2)

CAIX & GLUT1 (N=12) IGF1R (N=34) CXCR4 (N=30)GLUT1 (N=21)
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Methods

Literature search

We performed a comprehensive systematic search in the databases of MEDLINE and 

EMBASE on August 21, 2012. Search terms included synonyms for the targets of interest 

(CXCR4, GLUT1, CAIX, and IGF1R), combined with ‘breast’ and ‘mamm*’. The full search 

syntax can be found in Table 1. We applied no restrictions on publication date. The search in 

the database of EMBASE was limited to articles that were not indexed with a MEDLINE ID, 

and conference abstracts were excluded. Duplicate articles were manually removed from 

the search results. 

Table 1. Search strategy used to identify publications of interest.

Target Synonyms used

CAIX
CAIX OR CA-IX OR “CA IX” OR CA9 OR CA-9 OR “CA 9” OR
“carbonic anhydrase IX” OR “carbonic anhydrase 9”

GLUT1 GLUT1 OR GLUT-1 OR “Glucose transporter 1” 
CXCR4 CXCR4 OR CXCR-4 OR CXC-R4 OR “CXC chemokine receptor-4”

IGF1R
“insulin like growth factor 1 receptor” OR IGF-1R OR IGF1R OR IGF1-R
OR “insulin like growth factor I receptor” OR IGFR OR IGF-IR

Search terms were combined with ‘breast’ and ‘mamm*’. For MEDLINE, ‘[tiab]’ was added to each search term, 

and for EMBASE, ‘ti;ab;’ was added. 

Selection of articles

Article eligibility was reviewed by three reviewers (ASAvB, AA, and JFV) by screening all 

titles and abstracts from the search result independently. We excluded articles based on 

predefined criteria and disagreements were resolved by discussion. An overview of the  

selection procedure is shown in Figure 1. Reasons for exclusion of articles based on title or 

abstract were: (1) non-original data (e.g. reviews, editorials, guidelines, and comments), (2) 

non-clinical articles (e.g. technical, animal, or in vitro studies), (3) case reports, (4) articles 

investigating other tissues than breast tissue, or (5) articles not written in English. The full 

texts of the remaining articles were reviewed for information on prevalences of expression 

of the targets of interest. Studies were excluded if (1) lymph node or distant metastases 

were investigated only (N=10), (2) the target of interest was assessed using another method 

than immunohistochemistry (e.g. qPCR or Western Blot) (N=64), (3) all or a non-definable 

part of patients received neo-adjuvant therapy (N=10), or (4) the prevalence of the target 

of interest was not reported and could not be derived from the published data (N=20). All 

references of the remaining articles were reviewed to retrieve articles initially missed in the 

search syntax. 
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Data extraction and statistical analysis

We extracted relevant information of each study (e.g. study and population  

characteristics, patient and tumor characteristics, and immunohistochemical methodology). 

Then, for each study and per target of interest, we annotated the number of lesions stated 

as target-positive and the total number of lesions, either directly or through recalculation 

based on the information stated in the article. Lesions of interest were invasive breast  

cancer, DCIS, benign breast lesions, or normal breast tissue. 

For invasive cancers, we grouped studies based on similar cut-off values used for  

calling a result positive. If patient data was used in multiple articles (e.g. when articles  

referred to the same study, or assessed a comparable number of patients from the same  

hospital in the same inclusion period to evaluate the expression of the same hypoxia  

marker), then only the article with the largest number of patients was included in the  

review and meta-analysis. Subgroups were defined for expression prevalences in relation to  

tumor size, histological grade, and histological type, when stated. Furthermore, studies were  

grouped according to specimen handling, i.e. if whole slides or TMAs were investigated. 

Then, for the total group of invasive cancers and the defined subgroups (i.e. tumor size, 

histological grade, histological type, specimen handling), we pooled prevalence estimates 

across studies using a random-effects model, allowing for between-study heterogeneity. 

For this, a linear mixed model was fit to the data using the exact binomial approach with the 

restricted maximum likelihood method [26]. Then, we tested for subgroup differences  

using meta-regression analysis (linear mixed model with subgroup indicators as fixed and 

the individual studies as random effects).

Analyses were performed with R (version 2.15.1, R Foundation for Statistical Computing, 

Vienna, Austria) [27]; with the package ‘lme4’ [28]. All statistical tests were two-sided and a 

p-value of <0.05 was considered statistically significant. Prevalence estimates are reported 

with corresponding 95% logit confidence intervals.
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Results

The search yielded 1,629 articles in MEDLINE and 270 articles in EMBASE. After removal  

of 194 duplicates, 1,705 unique articles were left for evaluation. Of these, we excluded 

1,475 articles based on title and abstract, and 104 articles based on full text screening  

(Figure 1). The full text of two articles could not be retrieved. Reference cross-checking of 

the selected articles yielded two additional studies that were initially missed, as (synonyms)  

for ‘breast’ were not included in the title or abstract [29, 30]. Of the 126 selected studies,  

11 studies [31-41] described both GLUT1 and CAIX expression, and one study [23]  

described IGF1R, CAIX, and GLUT1 expression. We excluded eight articles [42-49], from our  

meta-analysis due to (suspected) patient overlap with other articles. Also, one article [40] was 

excluded because we could not distinguish between in situ and invasive breast cancer. Study  

characteristics of the included studies are shown in Table S1. 

Included studies were heterogeneous with respect to the applied immunohistochemistry 

methodology. For assessment of CAIX expression, 3 different antibodies were used, and 

11 (31%) studies did not specify the used clone. For GLUT1, 6 different antibodies were 

used and for 23 (72%) studies only the manufacturer was stated. For CXCR4, 8 different  

antibodies were used and in 8 (29%) studies the antibody data was not reported, and for 

IGF1R, 11 different antibodies were used, and 6 (19%) studies did not specify either the 

clone or the manufacturer. 

In addition, 44% of the studies used tissue microarrays (TMAs) to evaluate the expression 

of the target of interest. However, only 31 (62%) studies using TMAs reported the number 

of cores and 36 (72%) studies reported the diameter of the cores. In 37% of the studies, no 

information was available on who evaluated the staining intensity and localization and in 

38% of the studies it was explicitly stated that evaluation was performed by one or more 

pathologists.
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CAIX

A total of 36 articles including 10,885 specimens (range of 10-3,630 cancers per study)  

reported on CAIX expression, but the prevalences varied between studies (range 7%-100%; 

Figure 2). Overexpression of CAIX depended on histological grade (with an estimated pooled 

prevalence of 16% in grade II (p<0.001) and 30% in grade III (p<0.001) cancer), and tumor 

size (pooled prevalence of 15% in T2 (p<0.001) and 30% in T3 (p<0.001) tumors). 

Furthermore, prevalence of CAIX expression was significantly higher in invasive ductal  

carcinoma (IDC) compared to invasive lobular carcinoma (ILC) (34% vs. 1%, p=0.001), and 

depending on the method of specimen handling (i.e. TMA (26%) or whole slides (50%), 

p=0.006). Pooled prevalences, and results from the meta-regression are summarized in 

Table 2, and the individual study estimates and pooling results per subgroup are shown in 

Figures S1-4. 
Figure 2. Overall pooled prevalence of CAIX expression.
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GLUT1

A total of 32 articles including 3,555 invasive cancers reported on GLUT1 expression (range 

of 11-458 cancers per study). The overall pooled prevalence of GLUT1 expression was 

51% (95% CI 40-62%; Figure 3), but the reported prevalence varied substantially between  

studies (range 5%-100%). GLUT1 prevalences were significantly higher in grade III tumors 

(58% vs. 23% in grade I tumors, p<0.001). Furthermore, ILC was associated with a significantly 

lower GLUT1 prevalence compared to IDC (9% vs. 48%, p<0.001). Studies using TMAs had a  

significantly lower prevalence of GLUT1 expression compared to studies using whole slides 

(33% vs. 66%, p=0.007). The pooled prevalences and the results from the meta-regression 

are summarized in Table 2, and the individual study estimates and pooling results per  

subgroup are shown in Figures S5-8.

 
Figure 3. Overall pooled prevalence of GLUT1 expression in breast cancer.
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CXCR4

A total of 28 articles including 5,583 invasive cancers reported on CXCR4 expression 

(range of 7-1,808 cancers per study). The pooled prevalence of CXCR4 expression was 46%  

(95% CI 33-59%; Figure 4), with a range between studies of 8-100%. CXCR4 prevalence  

increased with histological grade (pooled prevalence of 32% in grade II (p=0.049) and 44% in 

grade III (p<0.001) cancer compared to 26% in grade I cancers). Furthermore, the prevalence 

of CXCR4 in IDC was significantly higher than in ILC, (46% vs. 35%, p=0.001). However, no  

significant relation of CXCR4 prevalence was found with respect to tumor size and the slide 

construction method. The pooled prevalences and the results from the meta-regression are 

summarized in Table 2, and the individual study estimates and pooling results per subgroup 

are shown in Figures S9-12.

Figure 4. Overall pooled prevalence of CXCR4 expression in breast cancer.
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IGF1R

We analyzed a total of 31 articles including 8,455 breast cancer specimens (range of 8-2,871 

cancers per study). The pooled prevalence of IGF1R expression was 46% (95% CI 35-57%) 

with a range between studies of 10%-99%. (Figure 5). Prevalence of IGF1R was higher in IDC 

compared to ILC (42% vs. 25%, p<0.001). In contrast to CAIX, GLUT1, and CXCR4, the pooled 

prevalence of IGF1R was significantly lower in grade III tumors vs. grade I cancers (41% vs. 

57%, p<0.001) and in lower in T3 cancers compared to T1 cancers (39% vs. 45%, p=0.047). 

Furthermore, the pooled prevalence was higher in studies using TMAs compared to studies 

using whole slides (57% vs. 34%, p=0.032). The pooled prevalences and the results from the 

meta-regression are summarized in Table 2, and the individual study estimates and pooling 

results per subgroup are shown in Figures S13-16.

Figure 5. Overall pooled prevalence of IGF1R expression in breast cancer.
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Expression of hypoxia markers in normal tissue, benign and in situ lesions

In 19 studies, expression of hypoxia markers in normal breast tissue, benign or ductal  

carcinoma in situ lesions was described. Individual study estimates are shown in Figures 

S17-20. In normal breast tissue, expression frequencies ranged from 0% to 74% for CAIX 

(4 studies), 0% to 35% for GLUT1 (5 studies), 0% to 7% for CXCR4 (4 studies), and 62% to 

74% for IGF1R (2 studies), respectively. Expression of hypoxia markers in benign lesions 

was comparable to normal breast tissue. For DCIS, CAIX expression was described in four  

studies, with prevalences ranging from 25% to 71%; GLUT1 in three studies with prevalences  

ranging from 42% to 64%; CXCR4 in two studies with prevalences ranging from 44% to 93%, 

and IGF1R in two studies with prevalences ranging from 24 to 53%, respectively.
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Discussion

In this comprehensive systematic review and meta-analysis, we reported on the prevalence 

of expression of the hypoxia-upregulated proteins GLUT1, CAIX, CXCR4, and IGF1R in breast 

cancer. We included a total of 126 articles, were able to pool results on 28,478 investigated 

specimens, and found clinicopathological features significantly influencing expression rates. 

The expression prevalences of the hypoxia-upregulated proteins were in the range of other 

potential targets for molecular imaging (e.g. EGFR, 48%) [50] and were much higher than for 

example HER2. Given the known heterogeneity of breast cancer, the investigated hypoxia 

proteins have high potential for molecular imaging purposes. 

However, our reported pooled prevalences might not reflect true expression rates of 

the investigated targets, as between-study variation was substantial. There are several  

possible causes responsible for this variation. First, by using meta-regression we found that 

clinicopathological features of breast cancer significantly influenced the expression rate 

of hypoxia markers. Second, we found large variability in used staining and assessment  

methodology, and third, differences in study populations and study settings might have had 

influence on the expression prevalences. We will elaborate on these three factors below.

CAIX, GLUT1 and CXCR4 were more frequently expressed in high grade tumors, consistent 

with the hypothesis that high grade tumors have a higher proliferation rate, which causes 

the formation of new blood vessels to lag behind the expanding tumor mass. The resulting  

inadequate nutrient and oxygen supply results in tumor hypoxia and upregulation of CAIX, 

GLUT1 and CXCR4 [51, 52]. This could also suggest that larger tumors express hypoxia  

markers more frequently. However, we could only find this relation for CAIX in our meta-

analysis. In addition, we found that hypoxia proteins are infrequently expressed in lobular 

carcinomas. This might suggest that hypoxia is not a common phenomenon in ILC. Another 

study reported that only 3% of lobular carcinomas expressed HIF1α, compared to 39% of 

ductal carcinomas [53], indicating that hypoxia is rare in ILC and thereby explains the low 

prevalence of hypoxia proteins in lobular carcinomas. Also, results of 18FDG-PET showed 

that lobular carcinomas had a lower Standardized Uptake Value (SUV) compared to ductal  

carcinomas [54, 55], indicating that tumor metabolism is lower in these tumors. Whether 

the absence of hypoxia and lower SUV found in ILC can be related to the diffuse growth 

pattern of ILC, the lack of growth factor receptor expression in ILC [23] or to an intrinsic 

phenomenon of ILC remains to be elucidated. For molecular imaging of lobular carcinoma, 

other markers than hypoxia proteins should be considered. 



27

Ex
pr

es
si

on
 o

f h
yp

ox
ia

 m
ar

ke
rs

 in
 b

re
as

t c
an

ce
r 

- a
 s

ys
te

m
ati

c 
re

vi
ew

 a
nd

 m
et

a-
an

al
ys

is

Among the investigated articles, different cut-off values were chosen for calling a result  

positive. Unlike HER2 for which the scoring system is standardized, the cut-off for the  

hypoxia markers was either arbitrarily chosen, chosen on local experience, or not reported 

at all. In case of CAIX and GLUT1 expression, the majority of studies used the presence of 

any staining in any percentage of cells as cut-off, whereas for CXCR4 the cut-off differed  

regarding the intensity of staining and the percentage of positive cells. For IGF1R,  

cytoplasmic staining was considered positive and specific in several investigated studies, 

while IGF1R is known as a plasma membrane receptor. Cytoplasmic expression patterns 

might be found in studies using antibodies with low specificity for their antigen. Therefore,  

validation of these antibodies is required using positive and negative controls (e.g.  

formalin-fixed paraffin embedded cell lines overexpressing or with a knockdown for the  

target of interest). Still, it remains unclear if any of these cut-off values are valid to represent 

the expression patterns that will be obtained using molecular imaging in a clinical setting.

An increasing number of recent studies evaluated the expression of hypoxia markers  

using tissue microarrays (TMAs). Although TMAs allow for higher throughput evaluation 

of more samples than whole slide analyses, a major drawback is misreading of biomarker  

status when intra-tumor heterogeneity is present. We found that the prevalence of CAIX 

and GLUT1 was significantly lower among studies that used TMAs. This underestimation 

is presumably due to sampling errors during TMA construction, because hypoxia and thus 

hypoxia-upregulated proteins are expressed next to necrotic tumor regions, which are  

commonly avoided during construction of TMAs. Although TMAs are convenient for  

evaluation of large patient cohorts, the value for assessment of hypoxia (and other)  

markers needs to be reconsidered given significant differences between prevalences found 

in our meta-analysis. Future studies should report better on intra-tumoral expression  

patterns (diffuse vs. perinecrotic [39]), as well as the observed intra-tumoral heterogeneity.  

Surprisingly, we found an opposite effect for IGF1R, in which significantly higher prevalences 

were found for studies using TMAs.

The interpretation of the staining result was not conducted by a pathologist in all  

studies, and none of the studies reported inter- or intra-observer agreement of pathologists. 

In addition, further improvements are required in reporting on patient and tumor  

characteristics, since many recent studies lacked important data like age, gender, neo- 

adjuvant treatment and/or tumor characteristics like histological grade, tumor size, and  

histological type. Future studies investigating hypoxia targets should therefore use  

standardized staining protocols and reproducible assessment of marker status, and should 

investigate co-expression patterns of hypoxia proteins as well. 
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Last, other factors, i.e. demographical differences, gender, genetic differences (e.g. BRCA1 

or BRCA2 mutations) and selection of molecular types of breast cancer (e.g. selected on 

HER2 expression), which we could not correct for, will have accounted for heterogeneity 

between study populations as well.

In conclusion, we have shown that expression patterns of the hypoxia markers GLUT1, 

CAIX, CXCR4, and IGF1R are in the range of other relevant targets for molecular imaging 

of breast cancer. However, these single targets are insufficiently expressed for screening or  

diagnostic purposes using molecular imaging, although they are potential candidates 

for a multi-targeted approach. To evaluate this concept, studies need to be conducted  

investigating co-expression patterns of candidate molecular imaging markers. Furthermore, 

these studies should also incorporate data on expression patterns in benign breast lesions 

and normal and precancerous tissue, as such information is currently essentially lacking in 

the literature.
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Supplemental data

Figure S1. Prevalence of CAIX expression in relation to histological grade.
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Figure S2. Prevalence of CAIX expression in relation to tumor size.

Figure S3. Prevalence of CAIX expression in relation to histological type.
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Figure S4. Prevalence of CAIX expression in relation to specimen handling.
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Figure S5. Prevalence of GLUT1 expression in relation to histological grade.
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Figure S6. Prevalence of GLUT1 expression in relation to specimen handling.
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Figure S7. Prevalence of GLUT1 expression in relation to histological type.

Figure S8. Prevalence of GLUT1 expression in relation to tumor size.
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Figure S9. Prevalence of CXCR4 expression in relation to histological  grade.
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Figure S10. Prevalence of CXCR4 expression in relation to histological type.

Figure S11. Prevalence of CXCR4 expression in relation to tumor size.
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Figure S12. Prevalence of CXCR4 expression in relation to specimen handling.

Figure S13. Prevalence of IGF1R expression in relation to histological type.
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Figure S14. Prevalence of IGF1R expression in relation to histological grade.

Figure S15. Prevalence of IGF1R expression in relation to tumor size.
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Figure S16. Prevalence of IGF1R expression in relation to specimen handling.
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Figure S17. Prevalence of CAIX expression in DCIS, benign lesions and normal tissue.

Figure S18. Prevalence of GLUT1 expression in DCIS, benign lesions and normal tissue.
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Figure S19. Prevalence of CXCR4 expression in DCIS, benign lesions and normal tissue.

Figure S20. Prevalence of IGF1R expression in DCIS, benign lesions and normal tissue.
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Abstract

Background: Mammographic population screening in The Netherlands has increased the 

number of breast cancer patients with small and non-palpable breast tumors. Nevertheless, 

mammography is not ultimately sensitive and specific for distinct subtypes. Molecular  

imaging with targeted tracers might increase specificity and sensitivity of detection.  

Because development of new tracers is labor-intensive and costly, we searched for the 

smallest panel of tumor membrane markers that would allow detection of the wide  

spectrum of invasive breast cancers.

Methods: Tissue microarrays containing 483 invasive breast cancers were stained by  

immunohistochemistry for a selected set of membrane proteins known to be expressed in 

breast cancer.

Results: The combination of highly tumor-specific markers glucose transporter 1 (GLUT1), 

epidermal growth factor receptor (EGFR), insulin-like growth factor-1 receptor (IGF1-R),  

human epidermal growth factor receptor 2 (HER2), hepatocyte growth factor receptor 

(MET), and carbonic anhydrase 9 (CAIX) ‘detected’ 45.5% of tumors, especially basal/ triple 

negative and HER2-driven ductal cancers. Addition of markers with a 2-fold tumor-to- 

normal ratio increased the detection rate to 98%. Including only markers with a >3-fold  

tumor-to-normal ratio (CD44v6) resulted in an 80% detection rate. The detection rate of the 

panel containing both tumor-specific and less tumor-specific markers was not dependent on 

age, tumor grade, tumor size, or lymph node status.

Conclusions: In search of the minimal panel of targeted probes needed for the highest  

possible detection rate, we showed that 80% of all breast cancers express at least one of a 

panel of membrane markers (CD44v6, GLUT1, EGFR, HER2, and IGF1-R) that may therefore 

be suitable for molecular imaging strategies. This study thereby serves as a starting point 

for further development of a set of antibody-based optical tracers with a high breast cancer 

detection rate.
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Introduction

In The Netherlands, the lifetime risk to develop breast cancer increased in the last decades 

from 1 in 10 in 1989 to 1 in 7 in 2003 [1]. In parallel, the annual number of newly diagnosed 

cases of breast cancer rose to over 13,000 in 2008 [2]. This makes breast cancer the most 

commonly diagnosed female cancer in The Netherlands. Despite this increase in incidence, 

the number of deaths due to breast cancer has remained stable in the last decades, with

annually around 3,300 deaths in The Netherlands in the period 1989-2008 [3]. Early  

detection by mammographic population screening has likely contributed to this, leading to 

diagnosis of smaller, often non-palpable breast cancers and ductal carcinoma in situ (DCIS) 

lesions [4, 5]. Nevertheless, mammography is not optimally sensitive and specific, especially 

in younger patients and patients with dense breasts [6-11]. Ultrasonography and magnetic 

resonance imaging (MRI) have been shown to contribute to early detection of breast cancer, 

as has positron emission tomography (PET) imaging, but these three imaging devices also 

have their limitations [12]. 

Molecular optical imaging with near-infrared fluorescent (NIRF) probes holds promise here 

[13]. First, the spectral properties (emission wavelengths between 700-900 nm) of the  

fluorescent tracers result in low background (auto)fluorescence [14]. Second, the detection 

can be highly sensitive and specific and third, it enables to detect tumors up to centimeters

deep in tissue [15]. Fourth, no protective measures are required since no ionizing radiation

is emitted [16], and fifth, NIRF probes can be conjugated to highly specific targeted  

molecules such as antibodies, antibody fragments, peptides, or protease activatable  

substrates to increase the specificity of the signal in the tumor as reviewed by Pleijhuis et 

al [17]. 

Several molecular targets have been suggested to be suitable for optical detection of breast 

cancer such as the epidermal growth factor receptor (EGFR) [18], vascular endothelial 

growth factor (VEGF) [13, 19], and human epidermal growth factor receptor 2 (HER2) [20, 

21]. In addition, hypoxia up-regulated surface antigens like glucose transporter 1 (GLUT1) 

and carbonic anhydrase 9 (CAIX) are expressed in about half of invasive breast cancers [22] 

and also in DCIS [23] and therefore might be valuable targets. Since NIRF antibodies will not 

be easily internalized, intracellular molecular targets relevant for optical detection of breast 

cancer have so far been ignored.

However, no single molecular target is expressed in all invasive breast cancers and at the 

same time provides adequate signal-to-noise ratio to the normal breast. For screening  
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purposes a panel of probes, i.e. antibodies or antibody fragments will likely be necessary. 

Because development of such antibody-based probes is labor-intensive and costly, we set 

out to screen for expression of a selected set of candidate targets on tissue microarrays  

containing 483 cases of human invasive breast cancer, in search of the minimum antibody 

panel that would be suitable for detection of most breast cancers in vivo by molecular 

imaging. 

Table 1. Clinicopathological characteristics of 483 invasive breast cancer patients studied for expression of 

selected membrane markers.

Feature Grouping N or value %
Age (years) Mean 60 

Range 28-88

Histological type IDC 319 66.0
ILC 126 26.1
Others 38 7.9

Tumor size pT1 206 42.7
pT2 219 45.3
pT3 49 10.1
Not available 9 1.9

Histological grade 1 89 18.4
2 169 35.0
3 219 45.4
Not available 6 1.2

Lymph node status Negative * 225 46.6
Positive ** 232 48.0
Not available 26 5.4

*: negative = N0 or N0(i+); **: positive = ≥N1mi (according to TNM 7th edition, 2010)
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Methods

Patients

The study population was derived from the archives of the Departments of Pathology of the 

University Medical Center Utrecht, Utrecht and the Radboud University Nijmegen Medical 

Centre, Nijmegen, The Netherlands. These comprised 483 cases of invasive breast cancer 

(operated between 1997 and 2007), of which 340 cases were part of a consecutive series 

(operated between 2003-2007). The series was enriched with a small consecutive series of 

lobular breast cancers and a consecutive series of 23 cases with a BRCA germline mutation 

as previously described [24]. 

Histological grade was assessed according to the Nottingham scheme [25], and mitotic  

activity index (MAI) was assessed as before [26]. Other clinicopathological  

characteristics are shown in Table 1. From representative donor paraffin blocks of the  

primary tumors, tissue microarrays were constructed by transferring tissue cylinders of 

0.6 mm (3 cylinders per tumor) from the tumor area, determined by a pathologist based 

on haematoxylin-eosin stained slides, using a tissue arrayer (Beecher Instruments, Sun 

Prairie, WI, USA) as described before [27]. Normal breast tissue was obtained from patients 

that underwent mammoplasty (and thus had no tumor at all). In case of matched tumor and 

normal tissue, we analyzed normal tissue in paraffin blocks that did not contain any tumor 

and thus were far away from the tumor. The use of anonymous or coded left over material 

for scientific purposes is part of the standard treatment contract with patients in The 

Netherlands [28]. Ethical approval was not required.

Immunohistochemistry

Immunohistochemistry was carried out on 4μm thick sections for a panel of potential  

membrane bound targets for molecular imaging, that are known to be expressed in a frequency 

of >10% in breast cancer. These were partly highly tumor specific, meaning that they have no 

or low intensity staining of the normal breast tissue (GLUT1, EGFR, insulin-like growth factor-1 

receptor (IGF-1R), HER2, CAIX, hepatocyte growth factor receptor (MET)). We also included 

less tumor-specific, meaning that are known to have moderate or high intensity staining of 

the normal breast tissue (Mucin 1 (MUC1), CD44v6, Mammaglobin, transferrin receptor (TfR),  

carbonic anhydrase 12 (CAXII)), since cancers have usually increased cellularity compared 

to the normal breast and could thereby also provide adequate signal-to-noise in tumors 

compared to the normal breast.

After deparaffination and rehydration, endogenous peroxidase activity was blocked 

for 15 min in a buffer solution pH5.8 containing 0.3% hydrogen peroxide. After antigen  

retrieval, i.e. boiling for 20 min in 10mM citrate pH6.0 (for progesterone receptor (PR), 
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CD44v6, GLUT1, CAIX, MET, TfR, and CAXII), Tris/EDTA pH9.0 (estrogen receptor α (ERα), 

HER2, IGF1-R, MUC1, and Mammaglobin) or Prot K (0.15mg/ml) for 5 min at room  

temperature (EGFR), a cooling off period of 30 min preceded the primary antibody  

incubation. CD44v6 (clone VFF18, BMS125, Bender MedSystems, Austria) 1:500; ERα 

(clone ID5, DAKO, Glostrup Denmark) 1:200; PR (clone PgR636, DAKO) 1:100; HER2 (SP3, 

Neomarkers, Duiven, The Netherlands) 1:100; GLUT1 (A3536, DAKO) 1:200; CAIX (ab15086, 

Abcam, Cambridge, UK) 1:1,000; IGF1-R (NB110-87052, Novus Biologicals, Cambridge, UK) 

1:400; TfR (13-6800, Invitrogen, Breda, The Netherlands) 1:300; MUC1 (EMA, M1613 clone 

E29, DAKO) 1:400; Mammaglobin (clone 304-1A5, DAKO) 1:100; CAXII (HPA008773, Sigma 

Aldrich, Zwijndrecht, The Netherlands) 1:200 were incubated for 1h at room temperature. 

Primary antibodies against EGFR (clone 31G7, Zymed, Invitrogen) 1:30; MET (18-2257, 

Zymed, Invitrogen) 1:100 were incubated overnight at 4°C. All primary antibodies were  

diluted in PBS containing 1% BSA. 

The signal was amplified using Brightvision poly-HRP anti-mouse, rabbit, rat (DPVO-HRP,  

Immunologic, Duiven, The Netherlands) or the Novolink kit (Leica, Rijswijk, The  

Netherlands) (in the case of EGFR) and developed with diaminobenzidine, followed by  

counterstaining with haematoxylin, dehydration in alcohol and mounting.

Scoring of immunohistochemistry

All stainings were compared to normal breast tissue and scored as positive when a clear 

membranous staining was seen and when the expression in the tumor was clearly higher 

than in the normal breast tissue. All stainings were scored using the DAKO/HER2 scoring  

system for membranous staining. Scores 2+ and 3+ were considered as positive except 

for HER2 where only a score of 3+ was considered positive. Due to the strong intra-tumor 

heterogeneity of Mammaglobin expression, scoring was performed by estimating the  

percentage of positive tumor cells, considering cancers with more than 35% of the  

membrane stained tumor cells as positive. All scoring was done by a single experienced 

pathologist (PJvD) who was blinded to patient characteristics and results of other stainings. 

To take tumor-heterogeneity between the tumor cores into account, the average score per 

tumor was calculated and used for analyses. Only in case of GLUT1 and CAIX, the tumor 

was classified as positive when a single core showed positivity. In this study a maximum of 

3 missing stainings per patient was allowed, these stainings were considered as negative in 

the analyses. This potentially results in underestimation of the percentage positivity of a 

marker.

Based on ERα, PR, and HER2 immunohistochemistry, tumors were classified as luminal (ERα 

and/or PR positive), HER2-driven (ERα-, PR-, HER2+), triple negative (ERα-, PR-, HER2-) or 

basal (ERα-, PR-, HER2-, EGFR+), the immunohistochemical surrogate [29] of the original 

Sorlie/Perou classification [30].
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Immunofluorescence for quantification of protein expression in tumor and normal breast 

tissue

Several of the evaluated molecular membrane targets (CD44v6, MUC1, TfR, Mammaglobin, 

and CAXII) are known to be expressed to some extent in the normal breast epithelium. In 

order for these targets to be useful for breast cancer screening by optical imaging, the signal 

to background ratio needs to be high enough to be discriminative. We therefore performed 

immunofluorescence with these antibodies to allow quantification of expression ratios  

between normal breast and cancer tissue of four randomly selected patients by image  

analysis.

Immunofluorescence was performed as described above for immunohistochemistry, 

except that the primary antibodies were detected by incubation with goat-anti-mouse/

rabbit Alexa Fluor 555 (1:1,000, Invitrogen) for 1h at room temperature, followed by  

4,6-Diamidine-2-phenylindole dihydrochloride (DAPI) counterstaining and mounting with  

Immumount (Thermo Scientific, Etten-Leur, The Netherlands). 

Representative images of normal breast tissue and breast cancer from the same patient 

were taken using identical settings at 20x magnification using a Leica DMI4000b inverted  

bright-field / fluorescence microscope.

Image analysis of tumor expression versus normal breast tissue

Conventional immunohistochemical slides were digitalized for image analysis using a digital 

slide scanner (Aperio Technologies Inc., Vista, CA, USA). Of each patient four representative 

areas of normal and tumor tissue were selected and the average membrane intensity was 

calculated with the IHC membrane algorithm (Aperio, v8.001). As the signal-to-noise ratio in 

vivo is determined by the difference in expression between cancer and normal cells as well 

as by cellularity, the number of cells in the selected area was obtained from the algorithm. 

Tumor-to-normal ratio was calculated as (membrane intensity*cellularity/area) of the  

tumor / (membrane intensity*cellularity/area) of normal tissue. Tumor-to-normal ratios of 

the fluorescently labeled antibodies were calculated with ImageJ using the median intensity 

scores. Values are expressed as the average tumor-to-normal ratio ± SEM. 

Based on experience in radiology with the blood-pool agent indocyanine green in studies 

assuming a leaky vessel model [31, 32], and from studies using NIRF labeled trastuzumab/ 

bevacizumab in mouse models [33], a tumor-to-normal ratio larger than 3 was considered 

to be sufficient for optical imaging.

Statistics

Statistical analysis was performed using IBM SPSS Statistics version 18.0 (SPSS Inc., Chicago, 

IL, USA). Associations between categorical variables were examined using the Pearson’s  

Chi-square test. P-values <0.05 were considered to be statistically significant.
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Results

To investigate the most promising combination of markers suitable for imaging, we studied 

the expression of a panel of membrane markers in our study population that comprised 319 

(66.0%) invasive ductal, 126 (26.1%) invasive lobular, and 38 (7.9%) invasive breast cancers 

with other histology. Other clinicopathological characteristics are shown in Table 1. 

Representative pictures of immunohistochemistry for the highly tumor-specific molecular

membrane targets are shown in Figure 1A. The most widely expressed tumor-specific  

protein in our cohort was GLUT1, positive in 20.3% of the cancers, followed by EGFR 

(17.4%), IGF-1R (12.8%), HER2 (10.4%), CAIX (9.5%), and MET (8.9%). The less tumor-specific  

targets MUC1 (90.7%), CD44v6 (63.8%), Mammaglobin (16.8%), TfR (14.5%), and CAXII 

(8.7%) were in general more frequently expressed than the tumor-specific targets (Table 

2). Representative pictures of immunohistochemistry for the less tumor-specific molecular 

membrane targets are shown in Figure 1B.

Table 2. Frequency of expression by immunohistochemistry of tumor-specific and less tumor-specific membrane 

markers in breast cancers.

Target Positive Negative Missing
N % N % N %

HER2 50 10.4 432 89.4 1 0.2
EGFR 84 17.4 395 81.8 4 0.8
MET 43 8.9 423 87.6 17 3.5
IGF1-R 62 12.8 400 82.8 21 4.3
GLUT1 98 20.3 360 74.5 25 5.2
CAIX 46 9.5 412 85.3 25 5.2
TfR 70 14.5 402 83.2 11 2.3
CD44v6 308 63.8 160 33.1 15 3.1
CAXII 42 8.7 426 88.2 15 3.1
Mammaglobin 81 16.8 382 79.1 20 4.1
MUC1 438 90.7 26 5.4 19 3.9

Detection rate of combinations of highly tumor-specific molecular targets in relation to 

grade, molecular and histological type

Because the frequency of expression (further denoted ‘detection rate’) of individual 

highly tumor-specific markers did not exceed 20.3% of the cases, we examined several  

combinations of markers by sequential addition of markers to the expression of GLUT1, 

the most widely expressed highly tumor-specific marker. GLUT1 in combination with EGFR 

resulted in 30.0% positive cases, GLUT1/IGF1-R in 28.8%, GLUT1/HER2 in 27.7%, GLUT1/ 

MET in 25.2%, and GLUT1/CAIX in 22.3% positive cases. The panel GLUT1, EGFR, HER2,  

IGF1-R, MET, and CAIX resulted in 45.5% positive cases, although the contribution of CAIX 

and MET was minimal (Figure 2A).
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Figure 1. Membrane marker expression in normal breast epithelium and breast cancer. Images of representative 

breast cancer cases with the corresponding normal breast epithelium that were scored as positive. (A) Expression 

of tumor-specific markers with low or no expression in normal breast epithelium. (B) Expression of membrane  

markers that are also expressed in normal breast tissue. The intensity in the normal breast epithelium was  

classified as moderate or high. Scale bar equals 50μm.
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Figure 2. Detection rate of tumor-specific membrane markers for detection of breast cancer. Detection rate was 

calculated by the fraction of positive cases over the total population, taking into account that cancers can express 

multiple markers. (A) Detection rate of highly tumor-specific membrane markers for detecting luminal, HER2- 

driven, basal/TN ductal breast cancers, and lobular breast cancers. (B) Detection rate of tumor-specific membrane 

markers in relation to histological grade. 

Clear differences were found between histological subtypes of breast cancer (Table 3). 

Lobular carcinomas hardly expressed any of the tumor-specific membrane targets present  

in the panel compared to ductal carcinomas (detection rate 18.3% vs. 55.5%, p<0.001). 

Within the group of lobular carcinomas, pleomorphic lobular carcinomas expressed more  

membrane targets than classical lobular carcinomas (detection rate 26.8% vs. 8.6%, 

p=0.034). Within the group of ductal carcinomas, the basal/triple negative (TN) and  

HER2-driven ductal cancers expressed more frequently hypoxia markers or growth factor 

receptors than luminal-type ductal cancers (detection rate 84.2% vs. 45.0%, p<0.001)  

(Table 4). Therefore the panel EGFR, MET, HER2, GLUT1, CAIX, and IGF1-R detected 84.2% 

of the basal/TN ductal breast cancers compared to 45.0% of the luminal-type, and 18.3% of 

the lobular breast cancer cases (Figure 2A, Tables 3 and 4).

Table 3. Expression of a panel of membrane markers in various histological types of breast cancer.

Target Ductal (N = 319) Lobular (N = 126) Other (N = 38)
N % N % N %

HER2 43 13.5 4 3.2 3 7.9
EGFR 71 22.3 4 3.2 9 23.7
MET 34 10.7 4 3.2 5 13.2
IGF1-R 48 15.0 7 5.6 7 18.4
GLUT1 85 26.6 5 4.0 8 21.1
CAIX 38 11.9 2 1.6 6 15.8
TfR 53 16.6 10 7.9 7 18.4
CD44v6 197 61.8 82 65.1 29 76.3
CAXII 30 9.4 12 9.5 1 2.6
Mammaglobin 44 13.8 34 27.0 3 7.9
MUC1 218 88.1 119 94.4 38 100
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Because the markers included in our panel are associated with an aggressive phenotype and 

poor prognosis, we evaluated the detection rate of our panel in relation to grade (Figure 

2B). Low grade (grade 1) tumors had a detection rate of 22.5% for this panel, in contrast to 

33.7% of grade 2 and 63.9% of grade 3 tumors (p<0.001). This indicates that the panel with 

tumor-specific antigens is less sensitive for detecting luminal-type, lobular, and low grade/

well-differentiated tumors when applied for imaging strategies. 

Table 4. Expression of membrane markers in molecular subtypes of ductal breast cancer.

Target Luminal (N = 242) HER2-driven (N = 20) Basal/TN (N = 57)
N % N % N %

HER2 23 9.5 20 100 0 0.0
EGFR 25 10.3 11 55 35 61.4
MET 21 8.7 4 20 9 15.8
IGF1-R 41 16.9 2 10 5 8.8
GLUT1 49 20.2 6 30 30 52.6
CAIX 11 4.5 4 20 23 40.4
TfR 33 13.6 5 25 40 70.2
CD44v6 148 61.8 9 45 15 26.3
CAXII 28 11.6 1 5 1 1.8
Mammaglobin 39 16.1 4 20 1 1.8
MUC1 213 88.0 20 100 48 84.2

Molecular targets that are expressed in normal breast tissue have sufficient signal-to-noise 

to detect lobular and luminal-type breast cancer

Since lobular and luminal-types of breast cancer appeared to hardly express tumor- 

specific antigens, antigens that are less tumor-specific are required for their detection. Like 

with tumor-specific markers, variation between histological and molecular subtypes was  

observed for TfR, Mammaglobin, and CAXII. Luminal-type ductal cancers and lobular  

cancers expressed significantly more CAXII (10.5% vs. 2.3%, p=0.017) and Mammaglobin 

(19.9% vs. 5.9%, p=0.002) compared to HER2-driven and basal/TN ductal cancers (Tables 3 

and 4). TfR expression in lobular and luminal type ductal cancers was significantly lower than 

in HER2-driven and basal/TN cancers (11.9% vs. 27.9%, p<0.001). For MUC1 and CD44v6, no 

differences in expression were found between lobular and ductal cancer (Tables 3 and 4). 

Due to the expression of less tumor-specific antigens in the normal breast epithelium  

(Figure 1B), the signal-to-noise ratio (or tumor-to-normal) needs to be sufficiently  

discriminating to be applicable for imaging strategies. We determined therefore the tumor-

to-normal ratio in a quantitative manner by image analysis of digital slides, considering 

a 3-fold tumor-to-normal ratio as sufficient. Image quantification using conventional IHC 

showed that the intensity of the staining was dependent on the cellularity of the tumor as 

expected. This resulted in tumor-to-normal ratios of 4.8 ± 0.56, 2.3 ± 0.27, 1.2 ± 0.10,  

4.6 ± 0.62, and 2.4 ± 0.88 for CD44v6, MUC1, Mammaglobin, CAXII, and TfR, respectively. 
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Figure 3. Quantitation of expression levels of less tumor specific markers using immunofluorescence. 

Expression levels of less tumor-specific membrane markers (CD44v6, MUC1, Mammaglobin, 

and CAXII) as determined by immunofluorescence resulted in staining patterns in normal breast  

epithelium and positive tumors comparable to conventional immunohistochemistry. Scale bar equals 25μm.

Since conventional immunohistochemistry is not necessarily quantitative, we also  

performed immunofluorescence using directly fluorescently labeled antibodies. The  

results were comparable with conventional immunohistochemistry (Figure 3) resulting in 

tumor-to-normal ratios of 3.93 ± 0.14, 2.74 ± 0.46, 1.54 ± 0.11, and 1.66 ± 0.07 for CD44v6, 

MUC1, Mammaglobin, and CAXII, respectively. TfR expression was not detectable using  

immunofluorescence. Thereby, CD44v6 was the only less tumor-specific marker consistently 

meeting the required 3-fold tumor-to-normal ratio.

Detection rate of combined highly and less tumor-specific molecular targets

Including TfR, Mammaglobin, and MUC1 to the panel of highly tumor-specific markers: 

GLUT1, MET, EGFR, IGF1-R, CAIX, and HER2 increased the detection rate from 45.5% to 

49.8% (TfR), 56.4% (Mammaglobin), and 98.1% (MUC1), respectively. However, of these 

markers, only CD44v6 reached a sufficiently high tumor-to-normal ratio (see above), so  

adding CD44v6 to the panel of highly specific markers therefore realistically increased the 

overall detection rate to 80.1%. When CD44v6 was included, removal of CAIX or MET from 

the panel had no influence on the detection rate. 
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Figure 4. Optimal combination of membrane markers for detection of breast cancer with respect to  

clincopathological characteristics. Detection rate was calculated by the fraction of positive cases over the total 

population, taking into account that cancers can express multiple markers. (A) The contribution of each tumor-

specific and less tumor-specific membrane marker in the optimal panel for detection of breast cancer. (B) The 

detection rate of the panel with respect to several clinicopathological features.

Especially the luminal-type ductal and lobular breast cancers were better detected by 

including CD44v6. Upon addition of CD44v6, the detection rate rose from 45.5% to 78.9% 

for luminal-type cancers, from 18.3% to 72.2% for the lobular breast cancers, and from  

84.2% to 90.0% for basal/TN ductal breast cancers (Figure 4A). Moreover, the detection rate 

of the panel was not dependent on grade (76.4%, 74.0%, and 84.5% for grade 1, grade 2, 

and grade 3 tumors, respectively), tumor size (79.1%, 77.6%, and 85.7% for pT1, pT2, and 

pT3, respectively), lymph node status (76.2% for lymph node negative, and 82.7% for lymph 

node positive cases), or age (78.8% for patients <60 years and 80.1% for patients >60 years) 

(Figure 4B). 

Therefore, the optimal combination of membrane-expressed proteins to target by  

molecular imaging seemed to consist of CD44v6, GLUT1, EGFR, HER2, and IGF1-R by which 

about 80% of invasive breast cancers are predicted to be detectable.
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Discussion

The aim of this study was to identify the minimum panel of membrane markers that 

might be suitable for detection of invasive breast cancer by molecular imaging. In order to  

determine this combination, we stained TMAs consisting of 483 clinical specimens of  

invasive breast cancer by immunohistochemistry. Based on the expression profiles in  

normal breast tissue, we defined highly tumor-specific (no or low staining of normal 

breast tissue) and less tumor-specific (moderate or high staining of normal breast tissue)  

membrane targets. We found that the expression of highly tumor-specific targets (HER2, 

EGFR, GLUT1, CAIX, IGF1-R, and MET) is quite dependent on the tumor histology and  

molecular subtype: ductal cancers and in particular the basal/TN and HER2-driven subtypes 

express more frequently highly tumor-specific membrane targets than lobular cancers. 

Because the individual tumor-specific markers are clearly not sensitive enough, application 

of a tumor-specific panel of tracers is required to detect all types of breast cancer. A panel 

of tumor-specific markers (GLUT1, EGFR, HER2, IGF1-R, MET, and CAIX) was in the present 

study able to ‘detect’ 45.5% of all cancers and 55.6% of ductal cancers. For lobular  

cancers and low grade tumors, the panel was not very suitable because of detection rates 

of 18.3% and 22.5%, respectively. Addition of less tumor-specific markers theoretically  

increased the detection rate to 98.1% using MUC1, but of the less tumor specific markers 

only CD44v6 met the desired 3-fold tumor-to-normal tissue ratio measured by image  

analysis. When adding CD44v6 to the panel, 80.1% of all cancers could be ‘detected’ with at 

least one marker in a panel consisting of HER2, GLUT1, EGFR, IGF1-R, and CD44v6. CAIX and 

MET had no additional effect on the sensitivity of the panel once CD44v6 had been included. 

Our estimation of positivity of breast cancers for our panel may have been conservative 

since we have been very stringent in calling expression positive, explaining why our rates 

of expression for GLUT1, CAIX, EGFR, MET, TfR, CAXII, and Mammaglobin are on the lower 

side compared to the literature [22, 34-43]. Tumors with 1+ membrane staining were  

consistently considered negative as we expect that this level of staining provides insufficient 

signal-to-noise, but only in vivo studies can confirm this. Moreover, quantification of  

expression levels based on image analysis of immunohistochemical stainings may be  

hampered by the non-linear amplification of the signal during immunohistochemistry. For 

that reason we applied immunofluorescence of directly labeled antibodies for more reliable 

quantitation of protein expression. Tumor-to-normal ratios above 3 where only obtained  

when tumors are scored as DAKO 2+ or 3+ membranous staining. This justifies the  

predefined thresholds for calling tumors positive. Furthermore, cytoplasmic staining was  

ignored as imaging antibodies will not be easily internalized and will have to bind to  
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receptors on the outside of the cancer cells. Lastly, using TMAs may have resulted in slight 

underestimation of GLUT1 and CAIX expression, because the expression is usually limited to 

hypoxic areas within the tumor [44, 45].

 

Adding further candidate tumor markers may enables us to improve the results of our panel 

of membrane related markers. For instance, biomarkers that are specifically expressed in 

the stroma of breast cancers like growth factors (e.g. VEGF) may be valuable.

This study provides information on the expression levels of membrane bound targets for 

imaging using paraffin embedded material of invasive breast cancers. To be suitable for  

breast cancer detection or screening, multiple steps have to be taken before tracer  

development and testing in (pre)clinical trials results in treatment of patients. However, the 

present study elucidates which targets might be most suitable based on the expression in  

cancer vs. normal breast tissue. One of the current challenges is specific detection of lobular 

breast cancers and DCIS, because these lesions are difficult to detect by mammography.  

Although, DCIS was beyond the scope of the current paper, for detection of lobular breast 

cancer CD44v6 is potentially quite useful.

Next to expression of target proteins, tumor perfusion and penetration of the tracer into 

the tumor could influence the signal for imaging. Further, affinity after labeling and half-life 

of the tracer in the human body determine the tumor-to-background ratio and thus the  

applicability of a tracer in a clinical setting. Based on preclinical studies using NIRF labeled 

trastuzumab and bevacizumab, the maximal tumor-to-background ratio was obtained 6 

days post injection [33]. Optimizing this by reducing the half-life of the tracer would be 

beneficial for clinical practice.

The present study underlines that no single membrane marker probe is likely to detect all breast 

cancers by molecular imaging, and that a panel of least five probes may be required. So far, 

experience is limited to molecular imaging with maximally two different tracers at once.  

Barrett et al [46] showed that two antibodies allowed to identify differences in tumor  

expression of HER2 and EGFR in vivo. When aiming to be just discriminative between  

tumor and normal, a panel of markers can be injected with the same probe attached to  

simplify imaging. Feasibility and toxicity of injecting a panel of markers require further  

in vivo experiments in mouse models.
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Conclusions

We studied which tumor membrane markers are most discriminating between invasive 

breast cancer and normal breast tissue in order to identify the minimal number of targeted 

probes needed for the highest possible breast cancer detection rate. We showed that 80% 

of all breast cancers express at least one of a panel of markers (CD44v6, GLUT1, EGFR, HER2, 

and IGF1-R) that therefore may be suitable for molecular imaging strategies. The present 

study thereby serves as a starting point for further development of a set of antibody-based 

optical tracers with high potential for detecting breast cancer.
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Introduction: Male breast cancer accounts for 0.5-1% of all breast cancers and is generally  

diagnosed at higher stage than female breast cancer and therefore might benefit from  

earlier detection and targeted therapy. Except for HER2 and EGFR, little is known about 

expression of growth factor receptors in male breast cancer. We therefore investigated  

expression profiles of growth factor receptors and membrane-bound tumor markers in male 

breast cancer and gynecomastia, in comparison with female breast cancer.

Methods: Tissue microarrays containing 133 male breast cancer and 32 gynecomastia 

cases were stained by immunohistochemistry for a panel of membrane-bound targets and  

compared with data on 266 female breast cancers.

Results: Growth factor receptors were variably expressed in 4.5% (MET) up to 38.5%  

(IGF1-R) of male breast cancers. Compared to female breast cancer, IGF1-R and carbonic 

anhydrase 12 (CAXII) were more frequently and CD44v6, MET and FGFR2 less frequently 

expressed in male breast cancer. Expression of EGFR, HER2, CAIX, and GLUT1 was not  

significantly different between male and female breast cancer. Further, 48.1% of male 

breast cancers expressed at least one and 18.0% expressed multiple growth factor  

receptors. Since individual membrane receptors are expressed in only half of male breast  

cancers, a panel of membrane markers will be required for molecular imaging strategies to 

reach sensitivity. A potential panel of markers for molecular imaging, consisting of EGFR, 

IGF1-R, FGFR2, CD44v6, CAXII, GLUT1, and CD44v6 was positive in 77.0% of male breast  

cancers, and thereby the sensitivity was comparable to female breast cancers.

Conclusions: Expression patterns of growth factor receptors and hypoxia membrane  

proteins in male breast cancer are different from female breast cancer. For molecular  

imaging strategies, a putative panel consisting of markers for EGFR, IGF1-R, FGFR2, GLUT1, 

CAXII, and CD44v6 was positive in 77.0% of cases and might be considered for development 

of molecular tracers for male breast cancer.
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rIntroduction

Breast cancer in males is a rare disease, accounting for 0.5-1% of all breast cancer cases  

[1, 2]. Male breast cancer patients generally present at higher age than female breast  

cancer patients and at a higher stage including more frequently lymph node metastases 

[1, 3, 4]. Furthermore, molecular subtypes of male breast cancer are differently distributed  

than in female breast cancer, the most predominant subtype in male being Luminal A  

followed by Luminal B. HER2-driven subtypes have not been observed [5-7]. Conflicting data 

exist whether triple negative/basal-like breast cancers occur in male breast cancer, but at 

least it is infrequent [6-8]. 

With regard to potential druggable targets, knowledge on the expression of individual  

tumor markers is limited and variable. Estrogen Receptor α (ERα) and progesterone receptor 

(PR) expression in male breast is present in around 90% of patients [4], which makes them 

eligible for adjuvant therapy using tamoxifen and aromatase inhibitors. HER2 expression in 

male ranges between 0-45% of cases in different studies [5-7, 9-11], but current consensus 

in recent studies shows that HER2 expression in male breast cancer is seen in no more than 

3-7% of cases. The epidermal growth factor receptor (EGFR) is the only other growth factor 

receptor for which expression data is available in male breast cancer, suggesting that EGFR 

is expressed in 12-76% of cases [6, 7, 9, 11, 12]. 

Nowadays, antibody-based molecular therapies have been developed for e.g. HER2 [13, 14] 

and EGFR [15, 16] and molecular therapies for other growth factor receptors are still  

investigational. In addition to being therapeutic targets, growth factor receptors might 

be useful for molecular imaging [17-19]. Molecular imaging using optical near-infrared  

fluorescent probes has advantages compared to mammography alone, because probes 

can be conjugated to antibodies, antibody fragments or peptides which increases the  

specificity of the signal [20]. Further, near-infrared fluorescently labeled antibodies can 

be used for image-guided surgery, thereby enhancing radical resection of breast cancer 

and lymph node metastases [21-23]. We recently described that in addition to growth  

factor receptors, hypoxia upregulated proteins (carbonic anhydase IX (CAIX) and XII (CAXII), 

and GLUT1) and CD44 variants might be useful for molecular imaging of female breast  

cancer [24]. Because fluorescently labeled antibodies and antibody-fragments are not easily  

internalized, ERα and PR are not considered for optical imaging strategies. Selection of  

potential antibody-based agents for detection and therapy of male breast cancer is labor 

intensive and costly. Furthermore, the expression of membrane markers in male breast  

cancer is unknown. 
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imaging may be of benefit for males to assess stage of disease and monitor disease  

progression or response to therapy. In the present study, we therefore investigated by  

immunohistochemistry the expression of growth factor receptors and membrane markers 

in male breast cancer and compared the results with those we observed in female breast 

cancer and gynecomastia, in order to find a panel of potential markers for therapy and  

molecular imaging of male breast cancer.

Table 1. Clinicopathological characteristics of male and female breast cancer.

Male Female
Feature Grouping N (%) N (%) p-value
Age (years) Mean 66 59

Range 32-89 28-88 <0.001

Histological type IDC 121 (91.0) 211 (79.3)
ILC 3 (2.3) 25 (9.4)
Others 9 (6.7) 30 (11.3) 0.008

Tumor size pT1 73 (54.9) 130 (48.9)
pT2 54 (40.6) 113 (42.5)
pT3 2 (1.5) 21 (7.9)
Not available 4 (3.0) 2 (0.7) 0.030

Histological grade 1 32 (24.1) 45 (16.9)
2 54 (40.6) 100 (37.6)
3 47 (35.3) 121 (45.5) 0.094

Lymph node status Negative * 51 (38.3) 119 (44.7)
Positive ** 60 (45.2) 132 (49.6)
Not available 22 (16.5) 15 (5.7) 0.797

Mitotic index # ≤ 12 76 (57.1) 132 (49.6)
≥ 13 57 (42.9) 134 (50.4) 0.156

ERα † Negative 8 (6.0) 53 (19.9)
Positive 125 (94.0) 213 (80.1) <0.001

PR † Negative 43 (32.3) 89 (33.5)
Positive 90 (67.7) 177 (66.5) 0.802

#: per 2 mm2; *: negative = N0 or N0(i+); **: positive = ≥N1mi (according to TNM 7th edition, 2010); 
 †: positive = ≥10% nuclear staining
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Patients

The origin and composition of the male breast cancer study population was described  

before [7]. Female breast cancer cases from 2003-2007 were derived from the archive of 

the Department of Pathology University Medical Center Utrecht, Utrecht, The Netherlands 

as described before [25]. The study population comprised 133 cases of male and 266 cases  

of female invasive breast cancer. For all cases haematoxylin and eosin (HE) slides were 

reviewed by two experienced observers (PJvD, RK) to confirm the diagnosis and to  

characterize the tumor. Histological grade was assessed according to the modified Bloom 

and Richardson score [26], and mitotic activity index (MAI) was assessed as described  

before [27]. Clinicopathological characteristics of all male and female breast cancer cases 

are shown in Table 1. 

In addition, 32 gynecomastia cases from 2000-2010 were retrieved from the archives of 

the Department of Pathology of the University Medical Center Utrecht. Original HE slides 

were reviewed by two observers (PJvD, RK) to confirm the diagnosis, and to subtype  

gynecomastia (florid, intermediate, fibrous) as described before [28]. Tissue microarrays 

were constructed as described by Kornegoor et al. [7, 28]. Use of anonymous or coded left 

over material for scientific purposes is part of the standard treatment contract with patients 

in The Netherlands [29]. Ethical approval was not required.

Immunohistochemistry

Immunohistochemistry was carried out on 4μm thick sections for a panel of growth  

factor receptors. After deparaffination and rehydration, endogenous peroxidase activity 

was blocked for 15 min in a buffer solution pH5.8 containing 0.3% hydrogen peroxide. After 

antigen retrieval, i.e. boiling for 20 min in 10mM citrate pH6.0 (for progesterone receptor 

(PR), Hepatocyte growth factor receptor (MET), Fibroblast growth factor receptor 2 (FGFR2), 

CD44v6, CAXII, carbonic anhydrase 9 (CAIX), and GLUT1), or Tris/EDTA pH9.0 (estrogen  

receptor α (ERα), HER2, and Insulin-like Growth Factor-1 receptor (IGF1-R)) or Prot 

K (0.15mg/ml) for 5 min at room temperature (EGFR), a cooling off period of 30 min  

preceded the primary antibody incubation. ERα (clone ID5, DAKO, Glostrup Denmark) 1:200; 

PR (clone PgR636, DAKO) 1:100; HER2 (SP3, Neomarkers, Duiven, The Netherlands) 1:100; 

IGF1-R (NB110-87052, Novus Biologicals, Cambridge, UK) 1:400; FGFR2 (M01, clone 1G3, 

Abnova, Heidelberg, Germany) 1:800; CD44v6 (clone VFF18, BMS125, Bender MedSystems, 

Austria) 1:500; GLUT1 (A3536, DAKO) 1:200; CAXII (HPA008773, Sigma Aldrich, Zwijndrecht, 

The Netherlands) 1:200; CAIX (ab15086, Abcam, Cambridge, UK) 1:1,000 were incubated for 

1h at room temperature. Primary antibodies against EGFR (clone 31G7, Zymed, Invitrogen) 
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r1:30; MET (18-2257, Zymed, Invitrogen) 1:100 were incubated overnight at 4°C. All primary 

antibodies were diluted in PBS containing 1% BSA.

The signal was amplified using Brightvision poly-HRP anti-mouse, rabbit, rat (DPVO-HRP,  

Immunologic, Duiven, The Netherlands) or the Novolink kit (Leica, Rijswijk, The  

Netherlands) (in the case of EGFR) and developed with diaminobenzidine, followed by  

counterstaining with haematoxylin, dehydration in alcohol and mounting.

Scoring of immunohistochemistry

All stainings were compared to normal breast tissue (obtained from female patients that  

underwent mammoplasty) and scored as positive when a clear membrane staining  

(2+ or 3+) was observed, except for HER2 where only a score of 3+ was considered positive.  

All scoring was done by JFV, RK and PJvD who were blinded to patient characteristics and 

results of other stainings. Expression data for the female breast cancers and for the hypoxia 

proteins in male breast cancer were derived from our previous studies [24, 30]. 

Statistics

Statistical analysis was performed using IBM SPSS Statistics version 18.0 (SPSS Inc., Chicago, 

IL, USA). Associations between categorical variables were examined using the Pearson’s  

Chi-square test and associations between continuous variables using Student’s T-test.  

Logistic regression was used to correct for differences in ERα expression, tumor size  

(pT1 vs. pT2/3), age (<60 years vs. ≥60 years), and histological type (ductal vs. lobular/

other histological type) between male and female breast cancers. P-values <0.05 were  

considered to be statistically significant.
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In our study population of 133 cases of male breast cancer, we found 4 cases (3.0%)  

expressing HER2, 15 cases (11.4%) EGFR, 6 cases (4.5%) MET, 16 cases (12.1%) FGFR2, and 

50 cases (38.5%) IGF1-R (Table 2). CD44v6, CAIX, CAXII, and GLUT1 were expressed in 44 

cases (33.3%), 9 cases (6.8%), 36 cases (27.1%), and 41 cases (31.3%) of male breast cancers, 

respectively.

Membrane protein expression in male breast cancer compared to female breast cancer

Compared to female breast cancer, IGF1-R was more frequently expressed in male breast 

cancer (p<0.001), while MET and FGFR2 were less frequently expressed (both p<0.001; 

Table 2) in male breast cancer. Expression of EGFR and HER2 was not significantly  

different between male and female breast cancer. Moreover, expression of any growth  

factor receptor was present in 64 cases (48.1%) of male breast cancer and in 147 cases 

(55.3%) of female breast cancer (p=0.178). Further, expression rate of CD44v6 was  

significantly lower (p<0.001) and of CAXII significantly higher (p=0.001) in male compared 

to female breast cancer. However, expression rates of the hypoxia markers CAIX and GLUT1 

were not significantly different between male and female breast cancer (p=0.865 and 

p=0.164, respectively) (Table 2).

We found that co-expression of growth factor receptors was equally frequent in male 

(18.0%) and female (20.7%) breast cancer (p=0.178). As shown in Table 3, co-expression 

of IGF1-R with other growth factor receptors was comparable between male (15.7%) and 

female breast cancer (13.6%) (p=0.187). Furthermore, co-expression of EGFR with HER2 

was similar in male (2.3%) and female (3.0%) breast cancer (p=0.665), while co-expression 

rates for MET with EGFR and MET with FGFR2 were higher in female than in male breast 

cancer (4.5% vs. 0.0%, p=0.013) and (5.6% vs. 0.8%, p=0.019), respectively. Simultaneous  

expression of more than 3 growth factor receptors was found in 2.3% of male and 4.1% of 

female breast cancer cases (p=0.336). 
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Feature Male Female Logistic regression *

N (%) N (%) p-value OR 95% CI
IGF1-R

Negative 80 (61.5) 219 (84.6)
Positive 50 (38.5) 40 (15.4) <0.001 3.317 1.948-5.647

HER2
Negative 129 (97.0) 246 (92.5)
Positive 4 (3.0) 20 (7.5) 0.316 0.555 0.175-1.754

EGFR
Negative 117 (88.6) 226 (85.6)
Positive 15 (11.4) 38 (14.4) 0.329 1.494 0.667-3.347

MET
Negative 126 (95.5) 206 (78.0)
Positive 6 (4.5) 58 (22.0) <0.001 0.194 0.079-0.473

FGFR2
Negative 116 (87.9) 195 (76.5)
Positive 16 (12.1) 60 (23.5) 0.001 0.331 0.174-0.628

CD44v6
Negative 88 (66.7) 93 (35.2)
Positive 44 (33.3) 171 (64.8) <0.001 0.269 0.168-0.432

GLUT1
Negative 90 (68.7) 175 (72.6)
Positive 41 (31.3) 66 (27.4) 0.164 1.439 0.862-2.401

CAIX
Negative 123 (93.2) 215 (88.5)
Positive 9 (6.8) 28 (11.5) 0.865 0.924 0.372-2.297

CAXII
Negative 97 (72.9) 238 (90.8)
Positive 36 (27.1) 24 (9.2) 0.001 2.753 1.501-5.049

* Correction for age, histology, ERα expression, and tumor size; Confidence Interval (CI), Odds Ratio (OR). 

OR >1 indicates higher expression in male.

Table 3. Co-expression of growth factor receptors in male and female breast cancer.

Co-expression with:
Expression of: FGFR2 MET EGFR HER2

N (%) N (%) N (%) N (%)
IGF1-R

male 8 (6.0) 3 (2.3) 8 (6.0) 2 (1.5)
female 13 (4.9) 13 (4.9) 6 (2.3) 5 (1.9)

HER2
male 1 (0.8) 1 (0.8) 3 (2.3)
female 5 (1.8) 8 (3.0) 8 (3.0)

EGFR
male 3 (2.3) 0 (0.0)
female 3 (1.1) 12 (4.5)

MET
male 1 (0.8)
female 15 (5.6)
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Like in female breast cancer, expression of HER2 in male breast cancer correlated with high 

histological grade (p=0.023) and tumor-size (p<0.001). In contrast to female breast cancer, 

expression of EGFR, GLUT1, and CAIX in male breast cancer did not correlate with  

any clinicopathological feature. Expression of IGF1-R, MET, FGFR2, and CD44v6 was 

not correlated to clinicopathological features in both male and female breast cancer.  

Nevertheless, expression of HER2, MET, EGFR, GLUT1, and CAIX was, as expected,  

significantly associated with loss of ERα and PR expression in female breast cancer 

(p<0.001, p=0.027, p<0.001, p<0.001, p<0.001 respectively), whereas FGFR2 and CAXII 

were associated with ERα and PR expression (p=0.003 and p=0.016; Table 4). In male 

breast cancer, only expression of EGFR was significantly associated with loss of ERα and PR  

expression, probably due to a limited number of ERα and PR negative male breast cancer 

cases. 

Towards a panel of potential membrane markers for molecular imaging

From the previous results it became clear all growth factor receptors are too infrequently 

expressed in male breast cancer to serve as individual targets for molecular imaging  

strategies, meaning that a panel of growth factor receptors supplemented with membrane-

bound tumor markers is required to obtain a sufficient detection rate like in female breast 

cancer [24]. Our previously proposed panel consisting of CD44v6, EGFR, HER2, IGF1-R,  

and GLUT1 for imaging of female breast cancer was significantly less sensitive for  

imaging of male breast cancer (female breast cancer 79.3% vs. male breast cancer 

69.1%, p=0.025; Figure 1A). Inclusion of FGFR2 increased the difference in detection  

rate between male and female breast cancer (detection rate of female breast  

cancer 85.0% vs. male breast cancer 72.9%, p=0.004). However, inclusion of CAXII  

resulted in the optimal the detection rate possible for male breast cancer (76.7%, Figure 1B).  

Because the panel of membrane markers mainly consists of growth factor receptors 

and hypoxia markers, we investigated whether high grade male breast cancers are more  

frequently detected than low grade cancers. The sensitivity of a combination of growth  

factor receptors, supplemented with hypoxia markers and CD44v6 was independent of  

histological grade, tumor size, lymph node status, or age (Figure 1C).
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Figure 1. Potential detection rate of a panel of membrane markers for molecular imaging. Detection rate was 

calculated by the fraction of positive cases over the total population, taking into account that cancers can express 

multiple markers. (A) Detection rate of the previously described panel in male and female breast cancer. (B) The 

optimal combination of markers to detect male breast cancer. (C) The detection rate of the panel in relation to 

clinicopathological features of male breast cancer.

Specificity of a panel of potential membrane markers in male breast cancer

Since male breast cancer is often diagnosed together with gynecomastia, although  

gynecomastia is not an obligate precursor of male breast cancer [28], we examined whether  

the expression of the selected membrane markers was specific for male breast cancer. 

We found that expression patterns in gynecomastia were largely comparable with normal  

female breast tissue; i.e. no expression of HER2, EGFR, MET, GLUT1 and CAIX was  

detectable. However, we observed FGFR2 expression in 3 cases (9.4%), IGF1-R expression 

in 1 case (3.1%), and a clear membranous staining of CAXII in 2 cases (6.3%). Gynecomastia 

was positive for CD44v6 (predominant staining of the myoepithelium) in all cases like normal  

female breast epithelium, which is probably not influencing the sensitivity of detection as we  

previously stated [24]. No difference in expression between the subtypes of gynecomastia 

was observed.

In summary, the expression of growth factor receptors in male and female breast cancer 

differs. However for molecular imaging strategies, the most optimal panel of potential  

membrane proteins for imaging of male breast cancer was similar to female breast cancer. 

Therefore a panel composed of IGF1-R, CD44v6, GLUT1, CAXII, FGFR2, and EGFR might be 

suitable for molecular imaging of male breast cancer. 
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Male Female

Feature
ERα/PR 

positive 

ERα/PR

 negative

ERα/PR 

positive

ERα/PR 

negative

N (%) N (%) p-value N (%) N (%) p-value
IGF1-R

Negative 76 (60.8) 4 (80.0) 0.387 177 (83.5) 42 (89.4) 0.314
Positive 49 (39.2) 1 (20.0) 35 (16.5) 5 (10.6)

HER2
Negative 124 (96.9) 5 (100.0) 0.688 207 (95.0) 39 (81.3) <0.001
Positive 4 (3.1) 0 (0.0) 11 (5.0) 9 (18.8)

EGFR
Negative 114 (89.8) 3 (60.0) 0.040 208 (96.3) 18 (37.5) <0.001
Positive 13 (10.2) 2 (40.0) 8 (3.7) 30 (62.5)

MET
Negative 121 (95.3) 5 (100.0) 0.619 175 (80.6) 31 (66.0) 0.027
Positive 6 (4.7) 0 (0.0) 42 (19.4) 16 (34.0)

FGFR2
Negative 111 (87.4) 5 (100.0) 0.397 152 (72.7) 43 (93.5) 0.003
Positive 16 (12.6) 0 (0.0) 57 (27.3) 3 (6.5)

GLUT1
Negative 85 (67.5) 5 (100.0) 155 (79.1) 19 (43.2)
Positive 41 (32.5) 0 (0.0) 0.124 41 (20.9) 25 (56.8) <0.001

CAIX
Negative 118 (92.9) 5 (100.0) 189 (95.5) 25 (56.8)
Positive 9 (7.1) 0 (0.0) 0.537 9 (4.5) 19 (43.2) <0.001

CAXII
Negative 92 (71.9) 5 (100.0) 190 (88.8) 47 (100.0)
Positive 36 (28.1) 0 (0.0) 0.165 24 (11.2) 0 (0.0) 0.016

CD44v6
Negative 83 (65.4) 5 (100.0) 77 (35.8) 16 (33.3)
Positive 44 (34.6) 0 (0.0) 0.107 138 (64.2) 32 (66.7) 0.745
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The aim of this study was to identify the expression patterns of growth factor receptors 

in male breast cancer, and to determine whether growth factor receptors are suitable  

candidates for imaging strategies in male breast cancer patients. In addition, these  

markers could be potential candidates for targeted therapy in the near future next to 

hormonal therapy using tamoxifen and aromatase inhibitors. In order to determine the  

expression patterns we stained tissue microarrays containing 133 clinical specimens of male 

breast cancer by immunohistochemistry and compared it with 266 clinical specimens of 

female breast cancers and 32 cases of gynecomastia. 

We found that expression of IGF1-R was present in 38.5%, FGFR2 in 12.1%, EGFR in 11.4%, 

HER2 in 3.0%, and MET in 4.5% of male breast cancers. Compared to female breast cancer, 

IGF1-R expression was higher and MET and FGFR2 expression lower in male breast cancer. 

In total, half of male breast cancers expressed one of the selected receptors. Furthermore, 

we found that 18.0% of male breast cancer patients expressed more than one growth factor 

receptor. The most predominant combination was IGF1-R with EGFR or FGFR2 expression.

The expression rates of HER2 and EGFR in male breast cancer were comparable with recent 

findings [5-7, 10], but for IGF1-R and MET expression other data in the male breast cancer  

literature is unavailable. Since MET expression is more prevalent in non-luminal female breast 

cancer, it seemed likely that MET expression in male breast cancer would be low (4.5%),  

because only 6% of male breast cancers was non-luminal type. IGF1-R expression was found 

in almost 40% of male breast cancers, suggesting that IGF1-R might be the driving growth  

factor receptor in male breast cancer. As described by the study of Peyrat et al [31] and 

Stoll [32], IGF1-R expression is related to ERα positivity, since almost all male breast  

cancers are ERα positive, high IGF1-R expression was expected. Further, FGFR2 expression in 

female breast cancer was highly correlated with ERα, PR expression and low grade [33], and 

with cancers in patients with a BRCA2 mutation [34]. Given that BRCA2 mutations are more  

frequent in male breast cancer [35, 36], FGFR2 levels were expected to be higher in male 

than in female breast cancer. However, in our study population FGFR2 expression in male 

breast cancer was two-fold lower than in female breast cancer. 

When only growth factor receptors are used for molecular imaging, the sensitivity would 

be low (48.1%), however the specificity (as compared to gynecomastia) would be high. 

Due to low sensitivity, expression patterns of hypoxia markers and CD44v6 were studied in 

male breast cancer. We found that the ERα and hypoxia associated marker CAXII was more  

frequently expressed in male compared to female breast cancer. This could not be explained 
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CAIX and GLUT1 was not significantly different in male and female breast cancer [37, 38]. 

Therefore, gender specific differences e.g. hormonal balances probably play a role. Finally,  

we found that the expression of CD44v6 was significantly lower in male breast cancer than 

in female breast cancer, although no differential expression was seen between normal  

female breast tissue and gynecomastia, as judged by extensive staining of the myoepithelial 

cells. The underlying mechanism and clinical consequences of low CD44v6 in male breast 

cancer remains to be elucidated.

In conclusion, we found that expression of individual growth factor receptors (IGF1-R, 

FGFR2, and MET) and CD44v6, CAXII in male breast cancer is different compared to female 

breast cancer. However, when used as a panel of markers for molecular imaging strategies,  

the potential detection rate is similar for male and female breast cancer. This implies that 

membrane targets for molecular imaging of female breast cancer can also be used for  

detecting male breast cancer. The feasibility of molecular imaging (and therapy) of male 

breast cancer requires further study, but the present study thereby serves as a starting point 

for development of a set of antibody-based therapeutics and molecular tracers for male 

breast cancer.
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Abstract

Introduction: Achieving radicality during breast conserving surgery for pure DCIS and  

invasive cancer surrounded by DCIS is challenging. However, molecular imaging holds  

promise here, when applied as a tool for image-guided surgery of DCIS.

Methods: Tissue microarrays containing 24 pure DCIS and 63 DCIS with adjacent invasive 

breast cancer cases were stained by immunohistochemistry for a panel of membrane-

bound targets.

Results: GLUT1 expression was present in 60.9%, IGF1-R in 55.2% HER2 in 28.7%, MET 

in 18.4%, EGFR in 16.1%, CD44v6 in 69.0%, carbonic anhydrase XII (CAXII) in 24.1%, and  

Mammaglobin in 14.9% of DCIS cases. No expression differences between pure DCIS 

and DCIS with adjacent cancer were observed. Further, HER2 and EGFR expression were  

correlated with high grade DCIS (p=0.001) in contrast to CAXII (p=0.027) that was more 

frequent in low grade DCIS. A putative panel of markers for molecular imaging consisting of  

HER2, CD44v6, EGFR, GLUT1 and IGF1-R had a sensitivity of 96.3% for DCIS and 84.2% for 

adjacent breast cancer. When invasive breast cancer was positive using the panel, 1.8% of 

DCIS cases was not.

Conclusions: Expression of membrane targets in DCIS is generally higher than in adjacent 

invasive breast cancer, but single membrane proteins are still too infrequently expressed 

to serve as a single imaging target for detection of DCIS. However, a panel of markers  

consisting of IGF1-R, CD44v6, GLUT1, and HER2 was positive in 95% of DCIS lesions, and 

addition of EGFR to this panel resulted in a potentially comparable sensitivity for DCIS and 

adjacent invasive breast cancer. This implies that detection of DCIS and adjacent invasive 

breast cancer during breast conserving surgery should be possible with a panel of molecular 

imaging tracers targeting CD44v6, GLUT1, HER2, IGF1-R, and EGFR.
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Introduction

Ductal carcinoma in situ (DCIS) is a persistent problem during breast surgery. Pure DCIS is 

increasingly the sole target of surgery, and about 60% of invasive breast cancers detected 

by mammography have a DCIS component [1]. Radical dissection of DCIS is hampered 

because DCIS lesions are often surrounding the invasive cancer, are usually non-palpable 

during breast conserving surgery, and DCIS is rarely completely visible by mammography, 

ultrasonography or MRI. Since DCIS may lead to invasive recurrence, imaging methods to 

visualize DCIS during surgery to facilitate radical resection would be very useful.

Molecular optical imaging with near-infrared fluorescent (NIRF) tracers holds promise here 

[2, 3]. Recent advancements demonstrated that molecular imaging (with NIRF-tracers)  

is not restricted to screening and can be applied for image-guided surgery using the signal 

of NIRF-tracers. In ovarian cancer, metastatic lesions of <1 mm were easily detected and 

removed using folate-fluorescein isothiocyanate [4], and sentinel node dissection could be  

performed using indocyanine green in breast cancer [5, 6]. Furthermore, phantom  

experiments in a model for breast cancer showed that radical resection of ‘tumors’ 

was feasible based on the signal of NIRF tracers [7]. Compared to indocyanine green,  

molecular imaging using antibody-based tracers has increased the specificity of molecular 

imaging probes [8], but the number of relevant targets for optical imaging will be limited to 

membrane proteins, since NIRF-labeled antibodies will not be easily internalized. 

Currently, knowledge about expression of membrane markers in DCIS is well established for 

EGFR and HER2. Previous reports have shown that expression of HER2 in DCIS is higher than 

in invasive breast cancer, approximately 30-50% [9-12]. Several studies reported EGFR to be 

more frequently expressed than HER2, between 82-94% [11, 13], while others report 0-22% 

positivity [12, 14]. Data on expression of other membrane proteins markers like insulin-like 

growth factor 1 receptor (IGF1-R) is limited [12] or in the case of hepatocyte growth factor 

receptor (MET) inconsistent, positive in 10-41% of DCIS cases [15, 16]. Based on our  

previous study in invasive breast cancer [17], other markers might also be suitable for  

detection of DCIS. The hypoxia-regulated targets GLUT1, Carbonic anhydrase IX and XII (CAIX 

and CAXII, respectively) were previously reported to be highly expressed in DCIS [18-21] and 

could serve as potent markers for detecting DCIS using molecular imaging. 

In the present study we therefore examined by immunohistochemistry the expression of 

growth factor receptors, hypoxia and other abundant membrane markers in DCIS in order 

to find a panel of markers for detection of DCIS by molecular imaging.	  
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Methods

Patients

The study population was derived from the archives of the Department of Pathology of the 

University Medical Center Utrecht, Utrecht, The Netherlands. These comprised 87 cases  

of ductal carcinoma in situ (DCIS) operated between 2000 and 2007 of which 24 cases  

contained only DCIS and 63 DCIS with invasive breast cancer. DCIS was graded according 

to Holland et al. [22], and histological grade of invasive cancers was assessed according to 

the Nottingham scheme [23]. From representative donor paraffin blocks containing DCIS, 

tissue microarrays were constructed by transferring tissue cylinders of 0.6 mm (3 cylinders 

per patient, each containing a single DCIS lesion), as determined by a pathologist based on  

haematoxylin-eosin stained slides, using a tissue arrayer (Beecher Instruments, Sun  

Prairie, WI, USA) as described before [24]. Tissue microarrays of the adjacent invasive breast 

cancers were constructed using the same procedure. Clinicopathological characteristics are 

shown in Table 1. The use of anonymous or coded left over material for scientific purposes 

is part of the standard treatment contract with patients in The Netherlands [25]. Ethical  

approval was therefore not required.

Immunohistochemistry

Immunohistochemistry was carried out as described before [17] on 4μm thick sections for a 

panel of membrane targets. All stainings were scored as positive when a clear membranous 

staining was seen using the DAKO/HER2 scoring system for membranous staining. Scores 2+ 

and 3+ were considered as positive except for HER2 where only a score of 3+ was considered 

positive. All scoring was done by two independent observers (JFV and PJvD) as before [26] 

who were blinded to patient characteristics and results of other stainings. 

Statistics

Statistical analysis was performed using IBM SPSS Statistics version 18.0 (SPSS Inc., Chicago, 

IL, USA). Associations between categorical variables were examined using the Pearson’s  

Chi-square test. P-values <0.05 were considered to be statistically significant.
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Table 1. Clinicopathological characteristics of 87 patients with DCIS with or without invasive breast cancer studied 

for expression of selected membrane markers.

pure DCIS DCIS + invasive
Feature Grouping N % N %
Total 24 27.5 63 72.5
Age (years) Mean 57 54 

Range 24-74 37-83

Grade DCIS 1 3 12.5 9 14.2
2 10 41.7 23 36.5
3 11 45.8 28 44.5
Not available 0 0 3 4.8

Histological type IDC 58 92.0
ILC 3 4.8
Others 2 3.2

Tumor size pT1 36 57.1
pT2 18 28.6
pT3 6 9.5
Not available 3 4.8

Histological grade 1 11 17.5
2 24 38.0
3 26 41.3
Not available 2 3.2

Lymph node status Negative * 19 30.2
Positive ** 28 44.4
Not available 16 25.4

*: negative = N0 or N0(i+); **: positive = ≥N1mi (according to TNM 7th edition, 2010)
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Results

Expression of membrane targets in DCIS

Membrane targets were classified as tumor-specific or as less tumor-specific based on the 

staining of normal breast epithelium as previously reported [17]. In our dataset of 87 DCIS 

cases, the most abundantly expressed tumor-specific marker was GLUT1 in 53 (60.9%) cases 

followed by IGF1-R in 48 (55.2%), HER2 in 25 (28.7%), MET in 16 (18.4%), and EGFR in 14 

(16.1%) cases. Compared to invasive breast cancer (as described in [17]) all tumor-specific 

markers were more frequently expressed in DCIS. The less tumor-specific targets CD44v6, 

CAXII, and Mammaglobin were expressed in 60 (69.0%), 21 (24.1%), and 13 (14.9%) of DCIS 

cases, respectively. The expression of CD44v6 and Mammaglobin in DCIS was comparable 

with invasive breast cancer, but CAXII was 3 times more frequently expressed in DCIS than 

in invasive breast cancer. Because in 63 cases (72.5%) DCIS lesions were located adjacent to 

invasive breast cancer, we examined whether membrane marker expression was different 

between pure DCIS and DCIS adjacent to breast cancer. As shown in Table 2, except for EGFR 

(p=0.049), no significant differences in expression rate were found between pure DCIS and 

DCIS adjacent to synchronous breast cancer.

Table 2. Expression of membrane markers in DCIS with or without adjacent breast cancer. 

Feature pure DCIS DCIS + invasive 
N (%) N (%) p-value

IGF1-R
Positive 15 (68.2) 33 (56.9)
Negative 7 (31.8) 25 (43.1) 0.358

HER2
Positive 5 (21.7) 20 (32.8)
Negative 18 (78.3) 41 (67.2) 0.323

EGFR
Positive 7 (30.4) 7 (12.1)
Negative 16 (69.6) 51 (87.9) 0.049

MET
Positive 5 (21.7) 11 (18.3)
Negative 18 (78.3) 49 (81.73) 0.725

CD44v6
Positive 18 (78.3) 42 (72.4)
Negative 5 (21.7) 16 (27.6) 0.588

GLUT1
Positive 13 (56.5) 40 (69.0)
Negative 10 (43.5) 18 (31.0) 0.288

CAXII
Positive 5 (21.7) 16 (28.6)
Negative 18 (78.3) 40 (71.4) 0.523

Mammaglobin
Positive 4 (18.2) 9 (16.1)
Negative 18 (81.8) 47 (83.9) 0.822
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Furthermore, expression of HER2 and EGFR was correlated with high grade DCIS (p<0.001 

and p=0.001, respectively), whereas expression of CAXII was more frequently observed in 

low grade DCIS (p=0.014), as shown in Table 3. Although MET expression was less frequent 

in grade 1 DCIS compared to grade 2 or 3, this was not statistically significant. Expression of 

the other membrane markers in DCIS did not correlate with grade.

Table 3. Expression of membrane markers in DCIS in relation to grade of DCIS.

DCIS grade
1 2 3

Feature N (%) N (%) N (%) p-value
IGF1-R

Positive 9 (75.0) 20 (64.5) 19 (52.8)
Negative 3 (25.0) 11 (35.5) 17 (47.2) 0.339

HER2
Positive 0 (0.0) 4 (12.9) 19 (48.7)
Negative 12 (100) 27 (87.1) 20 (51.3) <0.001

EGFR
Positive 0 (0.0) 1 (3.3) 13 (34.2)
Negative 12 (100) 29 (96.7) 25 (65.8) 0.001

MET
Positive 1 (8.3) 6 (20.0) 9 (23.1)
Negative 11 (91.7) 24 (80.0) 30 (76.9) 0.533

GLUT1
Positive 7 (58.3) 21 (70.0) 25 (65.8)
Negative 5 (41.7) 9 (30.0) 13 (34.2) 0.768

CD44v6
Positive 7 (58.3) 26 (83.9) 27 (73.0)
Negative 5 (41.7) 5 (16.1) 10 (27.0) 0.206

CAXII
Positive 4 (36.4) 12 (41.4) 5 (13.2)
Negative 7 (63.6) 17 (58.6) 33 (86.8) 0.027

Mammaglobin
Positive 1 (9.1) 5 (17.2) 7 (18.9)
Negative 10 (90.9) 24 (82.8) 30 (81.1) 0.745

Sensitivity of a panel of molecular markers for imaging of DCIS 

From the presented results, it became clear that expression of single membrane markers 

in DCIS is too infrequent to be suitable as a general target for molecular imaging. Only a 

panel of membrane-bound markers would be capable to obtain sufficient sensitivity (or  

detection rate) for imaging of DCIS by molecular imaging strategies. The panel of tumor-

specific markers, consisting of GLUT1, EGFR, HER2, and IGF1-R, was positive in 90.2% of DCIS 

cases. Addition of MET did not increase the sensitivity. When less tumor-specific markers 

were included, only CD44v6 increased the sensitivity to 96.3% of DCIS cases.
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The panel of membrane markers had a similar sensitivity for pure DCIS and DCIS with  

synchronous breast cancer, 96.6% vs. 95% respectively (Figure 1A). Inclusion of CD44v6 

resulted that the sensitivity was not dependent on grade of the DCIS (Figure 1B).  

However, 92% of grade 3 invasive breast cancers was positive compared to 80% for grade 

1/2 breast cancers for the panel of markers, which was in line with our previous results [17].

Expression of membrane markers in DCIS compared to synchronous breast cancer

As shown in Table 4, expression of the less tumor-specific markers Mammaglobin and 

CD44v6 was similar in DCIS and invasive breast cancer in 71.4% and 63.1% of cases,  

respectively. Lack of EGFR, MET, HER2 expression in both invasive breast cancer and DCIS 

was observed in 81.0%, 77.6%, and 66.7% of cases, respectively. However, in 30 cases 

(52.6%) the invasive breast cancer was negative for IGF1-R whereas the DCIS was positive. 

Similar results were obtained for GLUT1 and CAXII: in 62.5% of GLUT1 positive DCIS there 

was no expression in the invasive breast cancer, and for CAXII this was always the case.

A panel of GLUT1, EGFR, CD44v6, IGF1-R, and HER2 was in 84.2% of cases positive for both 

DCIS and invasive breast cancer. Only in 1.8% of cases the DCIS and in 14.0% of cases the 

invasive cancer was negative for the markers in the panel.

Table 4. Comparison of expression of membrane markers in DCIS and adjacent invasive cancer.

DCIS
Positive Negative 

Invasive cancer N (%) N (%)
IGF1-R

Positive 2 (3.5) 4 (7.0)
Negative 30 (52.6) 21 (36.9)

HER2
Positive 13 (21.7) 0 (0.0)
Negative 7 (11.6) 40 (66.7)

EGFR
Positive 3 (5.2) 4 (6.9)
Negative 4 (6.9) 47 (81.0)

MET
Positive 2 (3.4) 3 (5.2)
Negative 8 (13.8) 45 (77.6)

CD44v6
Positive 29 (50.8) 9 (15.8)
Negative 12 (21.1) 7 (12.3)

GLUT1
Positive 15 (25.9) 4 (6.9)
Negative 25 (43.1) 14 (24.1)

CAXII
Positive 0 (0.0) 2 (3.6)
Negative 16 (28.6) 38 (67.8)

Mammaglobin
Positive 3 (5.3) 10 (17.9)
Negative 6 (10.7) 37 (66.1)
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Figure 1. Sensitivity of a panel of membrane markers for molecular imaging of DCIS. Cumulative detection rate 

with addition of each marker was calculated by the fraction of positive cases over the total population, taking  

into account that DCIS can express multiple markers. (A) Detection rate of DCIS with and without adjacent  

invasive breast cancer using a previously described panel of membrane-bound markers for imaging of invasive 

breast cancer. (B) The detection rate of the panel in relation to clinicopathological features of DCIS.
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Discussion

The aim of this study was to identify a panel of membrane bound targets for molecular 

imaging of DCIS. To this end, we stained tissue microarrays containing 87 DCIS cases by  

immunohistochemistry of which 63 cases had adjacent invasive breast cancer.

The most frequently expressed tumor-specific marker was GLUT1 in 60.9% of DCIS  

cases, followed by IGF1-R in 55.2% HER2 in 28.7%, MET in 18.4%, EGFR in 16.1% of DCIS  

cases. The less tumor-specific markers CD44v6, CAXII, and Mammaglobin were expressed 

in 69.0%, 24.1% and 14.9% of DCIS cases, respectively. Compared with invasive breast  

cancer, expression of markers was higher in DCIS, and there was no difference in marker  

expression between pure DCIS and DCIS with adjacent invasive breast cancer. Therefore, 

the selected targets do not seem to be suitable for discriminating DCIS with and without  

a progression risk towards invasive breast cancer. Compared with previous studies  

describing HER2 and EGFR expression in DCIS [9-14], our results are on the lower end of what 

has been described, potentially due to the applied strict cut-offs for positivity or to only scoring  

membranous staining. 

Because none of the markers was ultimately sensitive in detecting DCIS when used as 

single targets for molecular imaging, a combination of markers is needed to arrive at a 

clinically desirable detection sensitivity. A panel consisting of CD44v6, GLUT1, HER2, and  

IGF1-R was positive in 96% of DCIS lesions, which is higher than we previously achieved in 

invasive breast cancer [17]. This means that development of molecular tracers for optimal  

imaging of DCIS should be directed towards these targets. In cases with synchronous  

invasive breast cancer and DCIS, large differences in GLUT1, CAXII and IGF1-R expression 

were found. This might be explained by the focal expression of GLUT1 in invasive breast 

cancer that can be easily missed during construction of a TMA. In case of IGF1-R and CAXII, 

other studies showed that IGF1-R and CAXII expression was correlated to expression of ERα 

[14, 27]. Nevertheless, patients in our cohort with luminal-type breast cancer expressed 

rarely IGF1-R or CAXII, while expression of IGF1-R and CAXII in DCIS was not differently  

distributed among the molecular types of breast cancer. 

In conclusion, we found that expression of membrane targets in DCIS is generally higher than 

in adjacent invasive breast cancer. Like for invasive breast cancer, single membrane proteins 

are still too infrequently expressed to serve as a single imaging target for detection of DCIS, 

and thus a panel of markers is required. A panel consisting of IGF1-R, CD44v6, GLUT1, HER2, 

was positive in 96% of DCIS lesions. Addition of EGFR to this panel resulted in a comparable 

sensitivity for DCIS and adjacent invasive breast cancer. This implies that detection of DCIS 

and adjacent invasive breast cancer during breast conserving surgery should be possible 

with molecular imaging tracers targeting CD44v6, GLUT1, HER2, IGF1-R and EGFR. 
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eAbstract

Introduction: Development of a molecular imaging technique using tracers specific for  

ductal carcinoma in situ (DCIS) is required to improve visualization and localization of DCIS  

during surgery. As CD44v6 is frequently expressed in DCIS, we used near-infrared fluorescently  

labeled CD44v6-targeting antibodies for detection of DCIS.

Methods: Mice bearing orthotopically transplanted CD44v6-positive MCF10DCIS DCIS-like 

tumors and CD44v6-negative MDA-MB-231 control tumors, were intravenously injected 

with IRDye800CW conjugated to CD44v6-specific antibodies or control IgGs. Non-invasive 

imaging was performed for eight days post-injection, followed by intra-operative imaging. 

Antibody accumulation and intra-tumor distribution were examined.

Results: Maximum accumulation of CD44v6-specific antibodies was obtained 24h post- 

injection. Maximum tumor-to-background ratio for MCF10DCIS tumors was 4.5 ± 0.2,  

compared to 1.4 ± 0.1 (control tumors, p=0.006), and 1.7 ± 0.1 (control IgG, p=0.014), eight 

days post-injection. Ex vivo, tumor-to-background ratios were comparable to those obtained 

by intra-operative imaging. 

Conclusions: We show applicability of non-invasive and intra-operative optical imaging of 

DCIS-like lesions in vivo using CD44v6-specific antibodies.
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eIntroduction

Molecular imaging of cell surface markers, e.g. growth factor receptors, hypoxia  

markers and adhesion molecules, has become an important field for imaging of  

cancer for diagnosis, assessment of therapy response, or for tumor delineation during  

surgical resection [1-4]. Achieving radical excision during breast conserving surgery 

for ductal carcinoma in situ (DCIS), and diffusely growing or small (T1) breast cancers is  

challenging, since these lesions are often not palpable. Molecular imaging with near-infrared  

fluorescent (NIRF) tracers holds promise when applied as a tool for image-guided surgery. 

First, detection of lesions can be highly sensitive and specific by using targeted tracers.  

Second, due to its physical properties NIRF can penetrate several millimeters in tissue,  

allowing non-invasive visualization of tumors [5]. Third, no ionizing radiation is used, 

limiting the need for protective measures. Fourth, the spectral properties (emission 

wavelengths between 700-900 nm) of the fluorescent tracers result in low background  

(auto)fluorescence [6]. 

Previously, we examined the expression of membrane markers in breast cancer to identify 

the most sensitive and specific molecular markers for optical imaging. The expression rate 

of tumor-specific markers did not exceed 20% of all breast cancers, whereas tumor markers  

expressed by normal breast epithelium (i.e. with a lower tumor specificity), were expressed 

in the majority of breast cancers. CD44v6 was expressed in 64% of breast cancers and  

thereby the most frequently expressed marker achieving a 3-fold tumor-to-normal  

ratio (that was predefined as sufficient for molecular imaging). Therefore, CD44v6 was  

considered the most promising tumor marker for molecular imaging of breast cancer [7]. 

The glycoprotein CD44 is a hyaluronic acid-binding adhesion molecule that facilitates  

binding of epithelial cells to the extracellular matrix (ECM). Due to alternative splicing 

CD44 is expressed as multiple isoforms that structurally and functionally differ as a result 

of changes in the extracellular stem region of the receptor [8, 9]. The standard CD44 variant 

(CD44s) is widely expressed in epithelial tissues and has been used to mark stem cells, but 

the expression of these variants is mainly restricted to neoplastic lesions [8-10]. Although 

the most widely studied variant of CD44, CD44v6, is abundantly expressed in invasive  

cancers, benign tumors do not express the v6 isoform [10-13]. Despite the high  

expression in invasive cancer, the relation between aggressiveness, invasiveness and CD44v6  

expression is not clear [14]. A possible role for CD44v6 in tumor progression may lie in its 

function as co-receptor and scaffolding platform. Since CD44v6 contains a heparin sulfate 

side chain able to bind and present glycosylated growth factors to their cognate receptors,  

it thereby potentiates receptor tyrosine kinase signaling [15-19]. 
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eIn studies investigating radioactively-labeled antibodies targeting CD44v6 for detection of 

head and neck cancer, it was shown that administration was safe and allowed specific tumor 

detection [20, 21]. Furthermore, imaging of breast cancer with CD44v6 antibodies was only 

described by one group for detection of T1 cancers with SPECT and showed that 66% of 

breast cancers could be correctly assigned [22]. 

To study the applicability of NIRF-labeled antibodies for non-invasive and intra-operative 

optical imaging of DCIS in vivo, we examined NIRF-labeled CD44v6-specific antibodies in 

a transplantation-based model of DCIS. Our data indicate that detection of pre-invasive  

lesions with NIRF-labeled antibodies is feasible and not hampered by limited  

vascularization. 
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eMethods

Cell culture, virus generation and cell transduction

MCF10DCIS.com cells (further referred to as MCF10DCIS) were obtained from Asterand 

Inc. (Detroit, MI, USA), and cultured according to supplier’s guidelines. MDA-MB-231/Luc+ 

[23] (gift of G. van der Pluijm, Leiden University Medical Center, Leiden, The Netherlands) 

were cultured in DMEM containing 10% FCS supplemented with 100 IU/ml penicillin, and  

100 μg/ml streptomycin. Both cell lines were confirmed negative for ERα, PR and HER2. 

CD44v6 and E-cadherin were expressed in MCF10DCIS only. All cell lines were validated by 

STR-analysis and routinely checked for Mycoplasma infection. All lines were consistently 

Mycoplasma free.

To generate luciferase expressing MCF10DCIS cells, pLV-CMV-Luc2-IRES-GFP vector (gift 

from A. Martens, UMC Utrecht, The Netherlands) was introduced by lentiviral transduction 

as described before [24]. Transduction efficiency was 100% (determined by expression of 

GFP) after two rounds of infection.

Antibody production, fluorescent labeling and binding affinity measurements after labeling

The sequences of the variable domain of the heavy and light chains of humanized VFF18, 

directed against CD44v6, were obtained from the patent WO2008/060367. DNA of the 

variable domain fragments was synthesized by Geneart (LifeTechnologies, Bleiswijk, The 

Netherlands). Variable domains were cloned into human IgG expression constructs and  

produced by U-protein Express (Utrecht, The Netherlands). IgG purification was performed 

by chromatography on Proteinase A columns and eluted with sodium citrate (pH 3.6)  

followed by desalting and buffer exchange to PBS using the automated AKTA express  

purifier (GE Healthcare, Hoevelaken, The Netherlands). Protein concentration was  

determined using a Nanodrop spectrophotometer (Thermo Fischer Scientific, Breda, 

The Netherlands) and purity was confirmed by Coomassie stain of a SDS-PAGE gel.  

Human IgG from serum was obtained from Sigma-Aldrich (I4506, Zwijndrecht, The 

Netherlands) and served as a negative control (further referred to as control IgG).  

Labeling of IgG antibodies was performed as described before [25]. The NIRF dye  

IRDye800CW, purchased as an N-hydroxisuccinimide (NHS) ester (LI-COR Biosciences,  

Lincoln, NE, USA), was incubated in a 4-fold molar excess of dye to IgG for 2h at 

room temperature. After conjugation, free dye was removed using Zebra Spin  

desalting columns (Thermo Fisher Scientific). Dye to protein ratio was determined with:  

IR/protein = (A774 / εIRDye 800CW) / (A280 – (0.03 x A774) / εprotein), where the molar extinction  

coefficient of IRDye800CW is 240,000 M-1 cm-1 and the molar extinction coefficient for IgG 

is 210,000 M-1 cm-1.
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eFor affinity measurements 15,000 MDA-MB-231 and MCF10DCIS cells were seeded in 96-

well plates (Thermo Fischer Scientific) and allowed to adhere overnight. Next, medium 

was aspirated, cells were blocked with 4% Marvel (skimmed milk powder) in PBS, and cells 

were incubated for 2h at 4°C with IRDye800CW-labeled IgG in 2% Marvel in PBS in the dark. 

Cells were washed three times with PBS, and bound IgG was detected using an Odyssey 

Imaging System (LI-COR) at 800nm. The dissociation constant (Kd) was derived from the  

concentration of IgG at which half the intensity of Bmax was found. Graphpad Prism 5  

software (Non linear regression - one site specific binding) was used for computational  

analyses. 

Mouse studies

Five-week old female SCID Beige (C.B-17/IcrHsd-PrkdcscidLystbg) immunodeficient mice  

(Harlan Laboratories, Horst, The Netherlands) were orthotopically transplanted as  

described before [24], with some modifications. Approximately 4x104 luciferase-expressing  

MCF10DCIS and 1x105 luciferase expressing MDA-MB-231 cells were injected using a 10μl 

Hamilton syringe in the 4th (inguinal) and 3rd (thoracic) mammary fat pad, respectively.  

Tumor growth was monitored on a weekly basis using bioluminescence imaging (Photon-

Imager, BiospaceLabs, Paris, France). Upon development of palpable tumors (typically 2-3 

mm diameter), mice were intravenously injected in the tail vein with 100 μg fluorescently 

labeled IgG. 

All animal experiments were approved by the Utrecht University Animal Experimental  

Committee (DEC-Utrecht no. 2011.III.03.027).

Imaging and image analysis

Probe distribution was visualized and quantified based on the fluorescent signal from the 

labeled CD44v6 and control IgGs. A real-time intra-operative multispectral fluorescence  

imaging system, developed by the group of Ntziachristos et al, was used for the  

measurements [26]. In summary, the system consists of a charge-coupled digital (CCD) 

iXon3 DU888 camera (Andor Technology, Belfast, UK) cooled at -80°C for sensitive  

fluorescence signal detection, and a continuous wave laser with an excitation wavelength of 

750 nm for optimal excitation of IRDye800CW. The following imaging parameters were used: 

distance between object and lens 30-32 cm, zoom 43%, focus 0%, iris 93%. The exposure 

time for each image was set at 150 ms and gain at 1000. The field of view for each image 

was 125 x 125 mm, corresponding to a resolution of 0.25 mm per pixel. Static images were 

acquired every 30 minutes in the first two hours post-injection and subsequently 3h, 4h and 

8h post-injection. After the first day images were acquired daily until 8 days post-injection. 

After image acquisition, a region of interest (ROI) was drawn around each tumor, and the 

average signal intensity was determined. For each time point, the same size of the ROI was 
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eused. Also, an equal sized ROI was drawn in a representative region without tumor tissue to 

determine background fluorescence levels and to be able to calculate tumor to background 

ratios. All values are displayed as mean ± SEM.

Biodistribution of IRDye800Cw labeled antibodies

One week post-injection of the CD44v6 or control IgGs, mice were sacrificed, organs were 

collected, weighted and snap frozen in liquid nitrogen and stored at -80°C. Tissues and 

tumors were homogenized in RIPA buffer supplemented with protease inhibitors using a 

Tissuelyser II system (Qiagen, Venlo, The Netherlands). A dilution series of homogenized 

organs was made in order to measure the intensity in the linear range at 800 nm with 

the Odyssey Imager (Licor). The quantity of IRDye800CW was determined by intra- and  

extrapolation of the fluorescent value from a calibration curve that consisted of serial  

dilutions of the injected probe as described before [25,27].

Immunohistochemistry

Immediately after resection, the tumors were fixed in neutral buffered formalin, paraffin 

embedded and stored in the dark. Immunohistochemistry was performed on 4μm thick 

sequential sections. Following deparaffination and rehydration, endogenous peroxidase  

activity was blocked for 15 min in buffer solution containing 0.3% hydrogen peroxide. 

The different antigen retrieval methods used were as follows: boiling for 20 min in 10mM  

citrate pH6.0 (CD44v6), Tris/EDTA pH9.0 (p63), or pepsin (1mg/ml) for 15 min at 37°C (human 

IgG). A cooling period of 30 minutes preceded the primary antibody incubation: p63 (clone 

4A4, Neomarkers) 1:400, human IgG specific for gamma chains (A0423, DAKO, Glostrup,  

Denmark) 1:500, or CD44v6 (clone VFF18, BMS125, Bender MedSystems, Vienna, Austria) 

1:500. The signal was amplified using Brightvision poly-HRP anti-mouse, rabbit, rat  

(DPVO-HRP, Immunologic, Duiven, The Netherlands), and developed with diaminobenzidine,  

followed by counterstaining with haematoxylin, dehydration in alcohol, and mounting.  

Appropriate negative and positive controls were used throughout. For detection of  

IRDye800CW, tumor slides were deparaffinized, mounted with Immu-mount (Thermo Fisher 

Scientific), and scanned using the Odyssey Imaging System.

Statistics

Statistical analysis was performed using IBM SPSS Statistics version 18.0 (SPSS Inc., Chicago, 

IL, USA). Comparison of tumor to background levels of injected probes was performed 

using Mann-Whitney U test. Wilcoxon Signed-Ranks test was performed to compare the  

fluorescent intensity of non-invasive with intra-operative imaging. P-values <0.05 were  

considered to be statistically significant.
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eResults

Characterization of CD44v6 antibodies for non-invasive imaging of breast cancer

The potential of CD44v6-specific antibodies (further referred to as CD44v6 Ab) as tracer for 

optical imaging was examined in a model for pre-invasive breast cancer. Labeling efficiency, 

expressed as IRDye800CW-to-protein ratio, was 1.43 and 1.57 for CD44v6 Ab and human 

serum IgG (further referred to as control IgG), respectively. After purification, 5.6% free dye 

remained present, which was comparable to previous studies [25]. The apparent affinity 

(Kd) of labeled CD44v6 Ab was 10 nM and 17 μM on MCF10DCIS (CD44v6 positive) and 

MDA-MB-231 (CD44v6 negative) cells, respectively. Control IgG had an apparent affinity of 

approximately 40 nM (MCF10DCIS), and 90 nM (MDA-MB-231), but with maximum binding 

(Bmax) 13 times smaller than CD44v6 Ab on MCF10DCIS cells. 

Mice bearing MCF10DCIS and MDA-MB-231 tumors (used as a CD44v6 negative control) 

were intravenously injected with IRDye800CW-conjugated CD44v6 Ab or control IgG.  

Accumulation of CD44v6 Ab in the MCF10DCIS tumor became detectable 4h post- 

injection, whereas control IgG did not (Figure 1A). A clear signal of the MCF10DCIS tumor 

was obtained from three days onwards, due to accumulation of the tracer in the tumor and  

decreased background signal from circulating tracer. In contrast, accumulation of free  

IRDye800CW, was not observed (data not shown), while levels of the control IgG were  

similar in MCF10DCIS versus MDA-MB-231 tumors (Figure 1A). The maximal fluorescence 

intensity in the MCF10DCIS tumor was reached after 8h (control IgG) and 24h (CD44v6 

Ab), and decreased to background levels in eight days (control IgG) or stabilized after 

five days (CD44v6 Ab), (Figure 1B). These differences are most likely caused by dissimilar  

pharmacokinetics of the antibodies used. Fluorescence intensity of control IgG and CD44v6 

Ab in the MDA-MB-231 control tumor was lower than the MCF10DCIS tumor, while the 

background levels and the decrease in fluorescent signal was comparable (Figure 1B). As 

a result, tumor-to-background ratio for CD44v6 Ab increased from 2.41 ± 0.39 three days 

post-injection to 2.78 ± 0.31 eight days post-injection and tended to increase further in 

MCF10DCIS (Figure 1C). In contrast, tumor-to-background ratio of control IgG declined to 

1.31 ± 0.06 eight days post-injection and was significantly lower than CD44v6 Ab (p=0.004) 

in the MCF10DCIS tumor. 

Figure 1. Non-invasive optical molecular imaging of breast cancers. (A) Representative SCID Beige mice bearing 

orthotopically transplanted MCF10DCIS (inguinal) and MDA-MB-231 (thoracic) tumors. Mice were intravenously 

injected in the tail vein with CD44v6 Ab or control IgG. At 4h post-injection, tumor accumulation of CD44v6 Ab 

was observed in the MCF10DCIS tumors (arrowhead), whereas no accumulation of control IgG was observed in 

MCF10DCIS or MDA-MB-231 tumors (arrows). (B) Fluorescence intensity of MCF10DCIS tumors (left panel) or 

MDA-MB-231 tumors (right panel) and background of mice injected with CD44v6 Ab or control IgG over time. Data 

are displayed as mean ± SEM (n=6). (bg = background). (C) Tumor-to-background ratio of CD44v6 Ab and control 

IgG in MCF10DCIS and MDA-MB-231 tumors. Data are displayed as mean ± SEM (n=6).
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eThe tumor-to-background ratio of CD44v6 Ab in the MDA-MB-231 tumor was comparable 

to control IgG (1.41 ± 0.11, p=0.201) and significantly lower than in the MCF10DCIS tumor 

(p=0.011).

Because the antibody levels eight days post-injection were relatively low and positioning of 

the mice and localization of the tumor could influence the accuracy of the fluorescent signal 

levels obtained (and thus the tumor-to-background ratio), we determined the coefficient 

of variation of the optical imaging technique. Four mice were imaged four times each, with 

readjustment of the imaging device, repositioning of the mice, and re-assessing the volume 

and location of the ROI. The coefficient of variation was 6.1%, supporting the reproducibility 

of the optical imaging technique.

Performance of the intra-operative camera system for non-invasive imaging

Since the camera system used is intended for intra-operative image-guided surgery  

rather than for non-invasive imaging and quantification of tracer accumulation, we  

examined whether the performance differed between these applications. Non-invasive  

imaging was performed on day 8, directly followed by intra-operative imaging,  

using identical imaging parameters. Specific accumulation of the CD44v6 Ab was  

observed in the MCF10DCIS tumor (Figure 2A). As expected we neither detected  

accumulation of the CD44v6 Ab in the MDA-MB-231 tumor, nor was control IgG observed  

in the MCF10DCIS tumor. Tumor intensity of MCF10DCIS and MDA-MB-231 tumors  

compared to the surrounding tissue (skin and abdomen) was higher, independent of the 

injected IgG (Figure 2A and B), most likely due to probe retention caused by enhanced  

tumor vascularization. MCF10DCIS tumor signals were significantly higher in CD44v6 Ab  

injected mice intra-operatively, compared to the MDA-MB-231 tumors in the same mouse 

and compared to the MCF10DCIS tumors in mice injected with control IgG (p=0.014 and 

p=0.006, respectively; Figure 2B). Accordingly, the resulting tumor-to-background ratios 

were significantly higher for CD44v6 Ab in MCF10DCIS vs. MDA-MB-231 (4.5 ± 0.18 vs.  

1.4 ± 0.11, p=0.006) and for CD44v6 Ab vs. control IgG in the MCF10DCIS tumor (4.5 ± 0.18 

vs. 1.7 ± 0.05, p=0.014), indicating specific accumulation of CD44v6 Ab in the MCF10DCIS 

tumors (Figure 2C). 

To test the performance of the imaging system, we quantified all MCF10DCIS tumors using 

non-invasive and intra-operative imaging after CD44v6 Ab treatment. Compared to intra-

operative imaging, fluorescence intensity of MCF10DCIS lesions with non-invasive imaging 

were significantly lower in CD44v6 Ab injected (5083 vs. 2900 counts, p=0.043), and in IgG 

injected mice (2135 vs. 1537 counts, p=0.028). In conclusion, NIRF intra-operative imaging 

yields a superior tumor-to-background ratio compared to non-invasive imaging. 
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Figure 2. Intra-operative imaging of breast cancers. (A) Representative fluorescence images of mice bearing  

MDA-MB-231 tumors and MCF10DCIS tumors 8 days post-injection with control IgG and CD44v6 Ab. Clear  

accumulation of CD44v6 Ab was observed in the MCF10DCIS tumor compared to control IgG. Higher signals in 

both tumors compared to the background were found, independent of injected antibody due to enhanced 

perfusion and retention of the tumor. (B) Fluorescence intensity of MCF10DCIS, MDA-MB-231 tumors and the  

corresponding background (bg) in individual mice. (* = p<0.05; ** = p<0.01). (C) Tumor-to-background ratio of 

CD44v6 Ab and control IgG in MCF10DCIS and MDA-MB-231 tumors displayed for individual mice (* = p<0.05;  

** = p<0.01). (D) Biodistribution of CD44v6 Ab and control IgG 8 days post-injection. Tissue levels are expressed as 

percentage injected dose per gram tissue (%ID/g) as mean ± SEM (n=6).
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To quantitate the tumor uptake of CD44v6 Ab and control IgG, liver, kidneys, blood, spleen 

and muscle of individual mice were collected directly after intra-operative imaging. Eight days 

post-injection, the levels of CD44v6 Ab and control IgG in blood were very low (2‰ of the  

injected dose (ID) per gram tissue) (Figure 2D). The level of CD44v6 Ab and control IgG in  

muscle was low (approximately 0.2% ID/g tissue), while 9.9% ± 0.8% ID/g of the CD44v6 Ab, 

and 2.8% ± 0.2% ID/g tissue of the control IgG was present in the MCF10DCIS tumor. The  

percentage of the injected dose per gram tissue of the CD44v6 Ab or the control IgG in the 

MDA-MB-231 tumor (2.9% ± 0.5% ID/g vs. 2.5% ± 0.3% ID/g, respectively) was slightly higher 

compared to spleen, kidney, and liver. Furthermore, no difference was found between the 

injected dose per gram tissue of control IgG in the MDA-MB-231 and MCF10DCIS tumor 

(Figure 2D). In conclusion, our data indicate that NIRF signals measured with intra-operative 

imaging (8 days post-injection) reflect the actual levels of NIRF tracer in the tumors and can 

be used as a surrogate measure for biodistribution.

Heterogeneous CD44v6 antibody uptake in pre-invasive breast cancer lesions

As shown in Figure 3A, no accumulation of control IgG was observed in both  

MDA-MB-231 and MCF10DCIS tumors, while CD44v6 Ab specifically accumulated in 

the MCF10DCIS lesion, which is in line with the imaging results. Similar to human DCIS, 

p63 staining of the myoepithelial cells surrounding the MCF10DCIS lesion confirmed the 

non-invasive phenotype of the MCF10DCIS lesion. Staining for the injected tracers by  

immunohistochemistry revealed a clear difference in tumor distribution; low levels of  

control IgG were present in the stroma surrounding the tumor cells (Figure 3B), while 

CD44v6 Ab was exclusively bound to the epithelial cells of the MCF10DCIS lesion and  

correlated with CD44v6 expression. Furthermore, staining suggested that tumor  

penetration of CD44v6 Ab was limited to the first two cell layers aligning blood vessels 

or stroma (arrow, Figure 3B). These results show that tumor penetration of antibodies is  

limited and resulted in heterogeneous tumor distribution. Further, detection of DCIS-like 

lesions using NIRF tracers was not hampered by the non-invasive phenotype of the DCIS, 

suggesting that molecular imaging is suitable for detection of DCIS in vivo.
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Figure 3. Tumor-specific accumulation of fluorescent tracers in breast cancer. (A) Representative sections of 

MDA-MB-231 tumors and MCF10DCIS tumor of mice injected with control IgG or CD44v6 Ab. Haematoxylin and  

eosin (HE) stained sections show the non-invasive character of the MCF10DCIS tumor maintaining the preexisting  

ductal structures intact, whereas the MDA-MB-231 tumors are invading in the mammary fat pad. Accumulation  

of IRDye800CW-labeled antibodies was detected for CD44v6 Ab in the MCF10DCIS tumor (fluorescence in 

control IgG was caused by necrosis for unknown reasons). Scale bar equals 2 mm. (B) Immunohistochemical  

characterization of breast cancers and evaluation of intra-tumor distribution of injected antibodies. The non- 

invasive (DCIS) phenotype of MCF10DCIS lesions was shown by p63 staining of the myoepithelial cells surrounding 

the MCF10DCIS lesion, which was absent in the MDA-MB-231 tumor. CD44v6 was homogeneously expressed in  

the MCF10DCIS lesion, which correlated with tumor accumulation of injected CD44v6 Ab. In addition, no  

accumulation of control IgG was observed in the MCF10DCIS and MDA-MB-231 lesions, whereas CD44v6 Ab  

accumulation in MCF10DCIS lesions was mainly restricted to the first two cell layers aligning blood vessels or  

stroma (arrow). Scale bar equals 50 μm.
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eDiscussion

There is increasing interest in molecular imaging of breast cancer. Multiple membrane  

markers, e.g. growth factor receptors and hypoxia-upregulated membrane markers, are  

currently investigated as candidates for molecular imaging of breast cancer [4]. We showed 

previously that CD44v6 might be required as tumor marker to achieve sufficient sensitivity 

for molecular imaging, since growth factor receptors and hypoxia-upregulated membrane 

markers alone are too infrequently expressed in breast cancer [7]. 

In the present study we show that optical imaging with IRDye800CW-labeled humanized 

antibodies directed to CD44v6 is feasible in a model of pre-invasive breast cancer. We could 

assess the specific uptake of the tracer in vivo and demonstrate application of this tracer 

for intra-operative surgery purposes. Tumor accumulation of IRDye800CW-labeled CD44v6 

antibodies in our study (9.9% ± 0.8% ID/g) was comparable to studies using radio-labeled 

CD44v6 antibodies, which reported a tumor accumulation of 12.9%-15.4% ID/g in human 

or 15.3% ID/g using A431 xenografts in mice [21, 28]. This indicates that biodistribution 

of IRDye800CW-labeled CD44v6-specific antibodies is comparable to radio-labeled CD44v6 

antibodies, which was also recently shown for EGFR-specific antibodies [27]. In comparison 

with previous studies using Bevacizumab and Trastuzumab as tracers for optical imaging of 

breast cancer (tumor-to-background ratio’s of 1.93 ± 0.40 and 2.92 ± 0.29 respectively) [29], 

the tumor-to-background ratios of CD44v6 Ab were higher after 6-8 days. Whether these 

differences were caused by differences in pharmacokinetics or related to target expression 

remains unclear. Furthermore, using a control IgG we were able to determine the  

contribution of perfusion/non-specific accumulation to the tumor-to-background ratio,  

which attributed as much as 50% to the tumor-to-background ratio in the first two days. 

In the present study, non-invasive imaging underestimated fluorescence signal intensities 

of the tumors by approximately 50%, which might be caused by absorption of fluorescence  

signal by the skin and the subcutaneous and mammary fat. This directly affected the  

minimal tumor size we could detect, i.e. DCIS lesions of approximately 3 mm were  

detectable in vivo, while sub-millimeter DCIS lesions could be detected with intra-operative 

imaging. Therefore, non-invasive imaging of breast cancer may significantly underestimate 

the tumor size, tumor uptake and/or tumor-to-background ratios of injected tracers. More 

importantly, it might even falsify the conclusions drawn regarding the suitability of a tracer 

for molecular imaging. Given these potential disadvantages of optical imaging, detection of 

small breast cancer and in situ lesions in patients (e.g. when molecular imaging is applied for 

screening purposes) might become problematic due to limited excitation power of the laser, 

localization of the breast tumor, absorption by breast tissue/tumor, and size of the breast. 

Upcoming clinical trials with IRDye800CW conjugated antibodies will demonstrate the value 
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We showed previously that within normal breast epithelium myoepithelial cells express 

low levels of CD44v6. Therefore the choice of CD44v6 as imaging target might result in  

increased background signal from normal breast epithelium and thereby diminished  

sensitivity and specificity for detection of breast cancer or DCIS lesions. In our preclinical 

model, the normal (mouse) mammary epithelium did not express CD44v6, and thus did 

not influence the specificity and sensitivity of detection. Although the uptake of the normal  

human breast tissue was comparable to that of tumors, Koppe et al. showed that while 

SPECT imaging of T1-tumors using CD44v6 antibodies had sufficient sensitivity to detect 

the majority of breast cancers due to increased cellularity of the tumor tissue, the limited 

resolution of the camera was likely hampering the detection of the cancer in the remaining 

patients. In addition, when less than 20% of tumor cells were positive for CD44v6,  

SPECT imaging was not able to detect the lesion [22]. For optical imaging methods the  

influence of heterogeneous target expression on the tumor detection is not described, but our  

unpublished data reveal a similar pattern using optical imaging.

Another parameter attenuating imaging sensitivity was intra-tumor distribution of the  

tracers. We found that diffusion of IgGs from tumor-associated blood vessels was limited to 

the aligning first 2-3 cell layers of the lesion, probably due to size-limited diffusion. Tumor 

accumulation, expressed as injected dose per gram tissue of CD44v6 Ab after eight days, 

was not different from previous studies performed with Erbitux after 24h [25]. This suggests 

that maximum tumor accumulation is achieved one day post-injection, and that increased 

tumor-to-background ratios are solely achieved by clearance of circulating antibodies. 

Increasing tumor accumulation by size reduction of the tracers could enhance the sensitivity  

of optical imaging for small breast cancers and DCIS. In case of EGFR, improved tumor  

uptake and intra-tumor distribution was achieved by using VHHs (15kDa antibody fragments 

consisting of only the Vh domain of the heavy-chain-only antibodies from camelids). In the 

study of Oliveira et al. VHH-based tracers showed a maximum uptake after 2h resulting 

in homogeneous distribution, suggesting a better tumor penetration [25]. For detection 

of DCIS and other poorly vascularized lesions, application of VHHs and other small tumor- 

specific tracers for optical imaging might be the preferred option for optical imaging. 
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eConclusion

Using CD44v6-specific antibodies we show that near-infrared optical molecular imaging has 

sufficient sensitivity for non-invasive and intra-operative imaging of DCIS lesions in vivo. 

This opens the way to clinical image-guided surgery trials in humans. In parallel, further  

improvements may be achieved by better tumor penetration through size reduction of  

tracers.
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Abstract

Kaiso is a BTB/POZ transcription factor that is ubiquitously expressed in multiple cell types and 

functions as a transcriptional repressor and activator. Little is known about Kaiso expression 

and localization in breast cancer. Here, we have related pathological features and molecular 

subtypes to Kaiso expression in 477 cases of human invasive breast cancer. Nuclear Kaiso was 

predominantly found in invasive ductal carcinoma (IDC) (p=0.007), while cytoplasmic Kaiso 

expression was linked to invasive lobular carcinoma (ILC) (p=0.006). Although cytoplasmic 

Kaiso did not correlate to clinicopathological features, we found a significant correlation 

between nuclear Kaiso, high histological grade (p=0.023), ERα negativity (p=0.001), and the 

HER2-driven and basal/triple-negative breast cancers (p=0.018). Interestingly, nuclear Kaiso 

was also abundant in BRCA1-associated breast cancer (p<0.001) and invasive breast cancer 

overexpressing EGFR (p=0.019). We observed a correlation between nuclear Kaiso and 

membrane-localized E-cadherin and p120-catenin (p120) (p<0.01). In contrast, cytoplasmic 

p120 strongly correlated with loss of E-cadherin and low nuclear Kaiso (p=0.005). We could 

confirm these findings in human ILC cells and cell lines derived from conditional mouse 

models of ILC. Moreover, we present functional data that substantiate a mechanism 

whereby E-cadherin controls p120-mediated relief of Kaiso-dependent gene repression. In 

conclusion, our data indicate that nuclear Kaiso is common in clinically aggressive ductal 

breast cancer, while cytoplasmic Kaiso and a p120-mediated relief of Kaiso-dependent 

transcriptional repression characterize ILC. 
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Introduction

Kaiso was initially identified as a binding partner of the adherens junction (AJ) complex 

member p120-catenin (p120) [1]. Kaiso is a member of the BTB/POZ-ZF (Broad complex, 

Tramtrak, Bric á brac/Pox virus and zinc finger) family of transcription factors [2] consisting 

of approximately 60 BTB/POZ-ZF members that include the cancer-associated B cell 

lymphoma 6 (BCL6), lymphoma-related factor (LRF), and hypermethylated in cancer (HIC1) 

genes (reviewed in [3]). Kaiso (also known as zinc finger- and BTB domain-containing protein 

33; ZBTB33) interacts with its target gene promoters via two distinct mechanisms: via 

sequence-specific Kaiso binding sites (KBS) consisting of the consensus sequence CTGCNA, 

or via methylated CpG dinucleotides [4-7]. Although Kaiso can act as a transcriptional 

activator [8], it mainly acts as a transcriptional repressor by binding to the promoters of its 

target genes. This interaction can be inhibited by p120 binding to a region flanking Kaiso’s  

ZF motifs [1], and results in expression of distinct target genes [9,10]. Kaiso has been shown 

to directly repress canonical Wnt targets via TCF/LEF family members [11,12]. These target 

genes include the matrix metalloprotease Matrilysin (aka MMP7), CCND1, Siamois, Fos and 

Myc [4,12]. In addition, Kaiso can regulate expression of Wnt11, a regulator of directed cell 

movement and morphogenesis [10].

While there is data demonstrating a role for Kaiso in early vertebrate development [12,13], 

data implicating Kaiso-mediated regulation of gene transcription in cancer are scarce. Kaiso 

expression and sub-cellular localization seems dynamic and highly dependent on tumor type 

and micro-environmental conditions [14,15]. Interestingly, Kaiso-null mice show resistance 

to intestinal cancer characterized by a delayed onset of tumor development, decreased 

tumor size, and prolonged survival when crossed with APCMIN/+ mice [16]. 

Loss of E-cadherin and subsequent disruption of AJ function is strongly linked to breast cancer 

development and progression (reviewed in [17]). Using tissue-specific and conditional mouse 

models, we have established a causal relationship between early inactivation of E-cadherin 

and formation of invasive lobular carcinoma (ILC) [18,19]. While β-catenin is rapidly degraded 

upon loss of E-cadherin [20,21], p120 translocates and resides in the cytosol [22], where it 

regulates anchorage-independent tumor growth and metastasis through Mrip-dependent 

activation of the Rock pathway [20]. In addition, cytoplasmic p120 has been implicated in 

the acquisition of motility and invasiveness in E-cadherin negative breast cancer [23,24]. 

The structure of p120 reveals a number of domains including a protein-protein interaction 

Armadillo (Arm) domain consisting of 10 Armadillo repeats. This domain mediates not only 

the interaction with cadherins but also p120 binding to the transcriptional repressor Kaiso, 

probably in a mutually exclusive manner [1].
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Given the importance of p120 in the pathobiology of breast cancer, and its regulation of 

Kaiso-mediated transcriptional repression, we performed a comprehensive analysis of Kaiso 

expression and localization to pathological features and molecular subtypes in 477 cases of 

invasive breast cancer. 
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Materials and Methods

Patients

The study population was derived from the archives of the Departments of Pathology of the 

University Medical Center Utrecht, Utrecht and the Radboud University Nijmegen Medical 

Centre, Nijmegen, The Netherlands. These comprised 477 cases of invasive breast cancer, 

including cases with a BRCA1 germ-line mutation as previously described [25]. Histological 

grade was assessed according to the Nottingham scheme, and mitotic activity index (MAI) was 

assessed as before [26]. From representative donor paraffin blocks of the primary tumors, 

tissue microarrays were constructed by transferring tissue cylinders of 0.6 mm (3 cylinders 

per tumor) from the tumor area, determined by a pathologist based on haematoxylin-eosin 

stained slides, using a tissue arrayer (Beecher Instruments, Sun Prairie, WI, USA) as described 

before [27]. The use of anonymous or coded left over material for scientific purposes is part 

of the standard treatment contract with patients in The Netherlands [28]. Ethical approval 

was not required.

Immunohistochemistry

Immunohistochemistry was carried out on 4µm thick sections. After deparaffination and 

rehydration, endogenous peroxidase activity was blocked for 15 min in a 46mM citric acid-

100mM sodiumphosphate buffer solution pH5.8 containing 0.3% hydrogen peroxide. After 

antigen retrieval, i.e. boiling for 20 min in 10mM citrate pH6.0 (Kaiso, p120, PR), Tris/EDTA 

pH9.0 (E-cadherin, ERα, HER2), or Prot K (0.15mg/ml, DAKO, Glostrup Denmark) for 5 min 

at room temperature (EGFR), a cooling period of 30 min preceded the primary antibody 

incubation. Kaiso (clone 6F, Upstate, Billerica, MA, USA)[29] 1:100; E-cadherin (clone 4A2C7, 

Zymed, Invitrogen, Breda, The Netherlands) 1:200; ERα (clone ID5, DAKO) 1:80; PR (clone 

PgR636, DAKO) 1:25; HER2 (SP3, Neomarkers, Duiven, The Netherlands) 1:100 were diluted 

in PBS containing 1% BSA and incubated for 1h at room temperature. Primary antibodies 

against p120 (cat 610134, BD Transduction Labs, San Diego, CA, USA) 1:500 and EGFR (clone 

31G7, Zymed, Invitrogen) 1:30 were diluted in PBS containing 1% BSA and incubated over 

night at 4°C. The signal was amplified using Powervision poly-HRP anti-mouse, rabbit, rat 

(DPVO-HRP, Immunologic, Duiven, The Netherlands) or the Novolink kit (Leica, Rijswijk, 

The Netherlands) (in the case of EGFR) and developed with diaminobenzidine, followed 

by counterstaining with haematoxylin, dehydration in alcohol, and mounting. Appropriate 

negative and positive controls were used throughout.
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Scoring of immunohistochemistry

All scoring was done blinded to patient characteristics and results of other staining by 

two independent observers. E-cadherin and EGFR stainings were scored using the DAKO/

HER2 scoring system for membranous staining. Membranous scores 1+, 2+, and 3+ were 

considered positive, except for HER2 where only a score of 3+ was considered positive. 

Kaiso staining was scored based on localization and by counting the positive tumor nuclei, 

considering samples with more than 5% positive tumor nuclei as positive. Using thresholds 

of 1 or 10% for scoring nuclear accumulation as positive did not change the results. p120 

staining was scored based on the localization as membranous or cytoplasmic.

Based on ERα, PR, and HER2 immunohistochemistry, tumors were classified as luminal (ERα 

and/or PR positive), HER2-driven (ERα-, PR-, HER2+), or basal-like/triple negative (ERα-, PR-, 

HER2- with or without EGFR expression), the immunohistochemical surrogate [30] of the 

original Sorlie/Perou classification [31].

Statistics

Statistical analysis was performed using IBM SPSS Statistics version 18.0 (SPSS Inc., Chicago, 

IL, USA). Associations between categorical variables were examined using the Pearson’s 

Chi-square test and associations between continuous variables using the Student’s T-test. 

P-values <0.05 were considered to be statistically significant.

Cell culture

Origin and culture of the mouse cell lines Trp53∆/∆-3, Trp53∆/∆-4 and mILC-1 were described 

before [20]. ILC cell line IPH-926 was cultured as described [32]. Human breast cancer cell 

line MCF10a was obtained from ATCC (validated by STR profiling), and cultured in DMEM/

F12 (Invitrogen) supplemented with 10mg/l insulin, 20μg/l EGF, 100μg/l cholera toxin, 

and 500 μg/l hydrocortisone (Sigma, Zwijndrecht, The Netherlands). All media contained 

10% fetal calf serum, 100 IU/ml penicillin, and 100 μg/ml streptomycin. All cell lines were 

maintained at 37°C in a 5% CO2 humidified atmosphere.

Immunofluorescence

Cells were cultured on coverslips and fixed in methanol for 10 minutes, permeabilized 

using 0.3% Triton-X100/PBS and subsequently blocked using 4% BSA (Roche, Woerden, The 

Netherlands). Cover slips were incubated with mouse anti Kaiso 1:500 (clone 6F) in 4% BSA 

for 1 hour at room temperature. Subsequently, cells were incubated in 4% BSA with goat-

anti-mouse Alexa Fluor 488 (1:600; Molecular Probes, Breda, The Netherlands) for 1 hour. 

Next, cells were incubated with TRITC-conjugated mouse anti-p120 1:300 (clone 98/pp120, 

BD Biosciences) overnight at 4°C. Cover slips were mounted using Vectashield mounting 

medium (Vector Laboratories, Burlingame, CA, USA). Samples were analyzed by confocal 

laser microscopy.
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Luciferase reporter assay

Cells were cultured in 6-wells culture plates and grown to 40-50% confluency. Next, cells 

were transfected with either 600ng of the Kaiso-specific reporter (pGL3-4XKBS), a mutated 

Kaiso reporter (pGL3-4XKBS CAmut) or empty vector (pGL3-Control) and co-transfected with 

5ng Renilla (pRL-CMV, Promega, Leiden, The Netherlands) for normalization of transfection 

efficiency, using Lipofectamine 2000 (Invitrogen) according to manufacturers instructions. In 

addition, cells were transfected with 400ng effector plasmid consisting either of pC2-p120 

isoform 1a, pcDNA3.1-Kaiso or empty vector (pcDNA3.1). The transfection mixture was 

added to the cells and incubated for 2.5 hours. Followed by replacement of the transfection 

mixture by complete medium. 

Two days post-transfection cells were washed twice with PBS, lysed by scraping in 200µl 

Passive Lysis Buffer (Promega) and subjected to a freeze-thaw cycle. Cellular debris was spun 

down at 5,000 g at 4°C for 5 minutes and supernatants were collected. Bioluminescence was 

measured in 50µl sample with Dual Luciferase Reporter assay system (Promega) on a Lumat 

LB9507 Luminometer (Berthold Technologies, Vilvoorde, Belgium) according manufacturers 

instructions. 

Table 1. Clinicopathological characteristics of 477 invasive breast cancer patients studied for the expression of 

Kaiso.

Feature Grouping N or value %
Age (years) Mean 60 

Range 28-88

Histological type IDC 312 65.4
ILC 130 27.3
Other 35 7.3

Tumor size pT1 207 43.4
pT2 213 44.7
pT3 50 10.5
Not available 7 1.4

Histological grade 1 85 17.8
2 165 34.6
3 208 43.6
Not available 19 4.0

MAI # ≤ 12 241 50.5
≥ 13 236 49.5

Lymph node status Negative* 229 48.0
Positive** 223 46.8
Not available 25 5.2

# : per 2mm2; *: negative = N0 or N0(i+); **: positive = ≥N1mi (according to TNM 7th edition, 2010)
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Results

Kaiso expression in normal breast epithelium and invasive breast cancer

In normal breast tissue, localization of Kaiso was observed in the cytosol of both luminal and 

myoepithelial cells (Figure 1). We detected nuclear Kaiso expression mainly in the luminal 

epithelial cells, which was heterogeneous while the number of cells showing nuclear Kaiso 

varied between ductal structures (5-35% of the cells; Figure 1).

Figure 1. Kaiso expression in normal breast epithelium. Sections were stained using immunohistochemistry for 

Kaiso (middle panel) or E-cadherin (right panel). Kaiso expression in normal breast epithelium is heterogeneous; 

high nuclear expression (top row) versus only cytoplasmic expression (bottom row) is found with equal frequency. 

left panels show a haematoxylin and eosin (H&E) staining. Scale bar equals 50µm, in inserts 25µm.

Next, we set out to analyze Kaiso expression in invasive breast cancer. We used a study 

population comprised of 312 (65.4%) IDC, 130 (27.3%) ILC, and 35 (7.3%) invasive breast 

cancer cases with other histology (Table 1). First, we scored absence or presence of 

cytoplasmic expression of Kaiso, since this variable has recently been linked to poor prognosis 

in non-small cell lung cancer (NSCLC) [33]. Although cytoplasmic expression of Kaiso was 

significantly different between the histological sub-types of breast cancer (p=0.006), it was 

not associated with other clinicopathological features (Table 2 and Figure 2). Given that 

Kaiso functions as a transcriptional repressor, we scored nuclear expression in our breast 

cancer cohort. Since using thresholds of 1%, 5% or 10% for scoring of nuclear accumulation 

resulted in identical outcome and statistical significance (data no shown), we used 5% 

nuclear localization as a positive cut-off percentage. IDC expressed nuclear Kaiso more often 

than ILC (p=0.007; Table 3; Figure 2), while exclusive cytoplasmic expression of Kaiso was a  

H&E Kaiso E-cadherin
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common feature of ILC. In addition, no significant difference was found between classical and 

pleomorphic lobular cancers (p=0.237) (data not shown). For the other clinicopathological 

features, we observed that high-grade tumors and cancers with a MAI ≥13, had significantly 

more nuclear Kaiso than low-grade tumors (p=0.023 and p=0.003, respectively), while no 

significant differences were found for lymph node status and tumor size (Table 3). 

Table 2. Correlation of cytoplasmic Kaiso with clinicopathological features in breast cancer.

Cytoplasmic Kaiso expression
Feature N Negative Positive p-value

N (%) N (%)
Histological type

IDC 312 45 (14.4) 267 (85.6)
ILC 130 5 (3.8) 125 (96.2)
Other  35 5 (14.3) 30 (85.7) 0.006

Histological grade
1 85 12 (14.1) 73 (85.9)
2 163 16 (9.8) 147 (90.2)
3 207 25 (12.1) 182 (87.9) 0.585

Tumor size 
pT1 205 22 (10.7) 183 (89.3)
pT2 213 29 (13.6) 184 (86.4)
pT3 49 3 (6.1) 46 (93.9) 0.296

MAI (per 2mm2)
≤ 12 238 29 (12.2) 209 (87.8)
≥ 13 236 26 (11.0) 210 (89.0) 0.691

Lymph node status
Negative 229 28(12.2) 201(87.8)
Positive 223 25 (11.2) 198 (88.8) 0.737

Table 3. Correlation of nuclear Kaiso with clinicopathological features in breast cancer.

Nuclear Kaiso expression
Feature N Low (<5%) High (≥5%) p-value

N (%) N (%)
Histological type

IDC 312 211 (67.6) 101 (32.4)
ILC 130 107 (82.3) 23 (17.7)
Other 35 25 (71.4) 10 (28.6) 0.007

Histological grade
1 85 67 (78.8) 18 (21.2)
2 165 125 (75.8) 40 (24.2)
3 208 136 (65.4) 72 (34.6) 0.023

Tumor size 
pT1 207 154 (74.4) 53 (25.6)
pT2 213 149 (70.0) 64 (30.0)
pT3 50 37 (74.0) 13 (26.0) 0.573

MAI (per 2mm2)
≤ 12 241 188 (78.0) 53 (22.0)
≥ 13 236 155 (65.7) 81 (34.3) 0.003

Lymph node status
Negative 229 168 (73.4) 61(26.6)
Positive 223 158 (70.9) 65 (29.1) 0.552
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Figure 2. E-cadherin and p120 membrane localization correlates with nuclear Kaiso expression. IDC (left panels) 

and ILC (right panels) were stained for E-cadherin, p120, and Kaiso using immunohistochemistry. Note the 

association between membrane-localized E-cadherin and p120, and high nuclear Kaiso in IDC. In contrast, ILC is 

characterized by loss of E-cadherin, and expression of cytoplasmic p120, which correlates with absence of nuclear 

Kaiso. Scale bar equals 50µm.

Nuclear Kaiso expression and molecular subtypes of breast cancer

Since Kaiso is implicated in transcriptional repression of specific target genes, and our data 

indicated that nuclear Kaiso correlated with histology and grading in our invasive breast 

cancer cohort, we performed a cross-comparison between nuclear Kaiso expression and the 

molecular subtypes of breast cancer. Nuclear Kaiso was significantly enriched in the basal/

triple negative and HER2-driven invasive breast cancer than luminal-type invasive breast 

cancer (p=0.018; Table 4). While we did not find differences in nuclear Kaiso expression 

in the context of PR and HER2 (p=0.104 and p=0.246, respectively), an inverse correlation 

p120

Kaiso

H&E

IDC

E-cadherin

ILC
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between nuclear Kaiso and ERα expression was detected (p=0.001) (Table 4). Moreover, 

BRCA1-associated breast cancers showed a significantly higher number of tumors expressing 

nuclear-localized Kaiso than sporadic carcinomas (71.4% versus 29.3%, respectively; 

p<0.001, Table 4). 

Table 4. Correlation of nuclear Kaiso with the molecular subtypes of breast cancer. 

Nuclear Kaiso expression
Feature N Low (<5%) High (≥5%) p-value

N (%) N (%)
Perou / Sorlie classification

Luminal 386 288 (74.6) 98 (25.4)
HER2-driven 19 13 (68.4) 6 (31.6)
Basal/Triple Negative 72 42 (58.3) 30 (42.7) 0.018

ERα
Positive 378 285(76.0) 93 (24.0)
Negative 99 58 (58.6) 41 (41.4) 0.001

PR
Positive 276 206 (74.6) 70 (25.4)
Negative 199 135 (67.8) 64 (32.2) 0.104

HER2
Positive 45 29 (64.4) 16 (35.6)
Negative 431 313 (72.6) 118 (27.4) 0.246

BRCA1
Mutation carrier 21 6 (28.6) 15 (71.4)
Sporadic 324 229 (70.7) 95 (29.3) 0.001

EGFR
Positive 80 49 (61.3) 31 (38.7)
Negative 395 293 (74.2) 102 (25.8) 0.019

Localization of Kaiso, EGFR and the adherens junction in breast cancer

Expression of EGFR has been linked to prognosis in basal/triple-negative breast cancer 

[34,35]. Because EGFR partly co-localizes with the AJ [36], and EGF stimulation can modulate 

AJ function through phosphorylation of Src, p120 and PKCδ [37,38], we determined whether 

EGFR expression correlated with levels of membranous E-cadherin and nuclear Kaiso. 

Indeed, a strong association between EGFR and E-cadherin (p<0.001) was observed, which 

coincided with a higher prevalence of nuclear Kaiso expression in EGFR-expressing invasive 

breast cancer (p=0.019; Table 4). 

Kaiso was identified as a p120-binding partner in a yeast two-hybrid screen, using p120 as 

bait [1]. Since then, several studies indicated that p120 controls relief of Kaiso-mediated 

transcriptional repression through binding and shuttling from and to the cytosol [9,10]. 

Interestingly, this feature can be antagonized by E-cadherin expression, a key determinant 

in the differential diagnosis between IDC and ILC [39]. While approximately 90% of ILC cases 

show loss of E-cadherin expression, the majority of IDC cases have retained E-cadherin on 

the membrane [40-42]. Our data indicated that IDC and ILC show significant differences in 
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cytoplasmic and nuclear Kaiso localization (Figure 2, Tables 3 and 4). The presence of AJs, i.e. 

membranous localization of E-cadherin and p120, strongly correlated with high nuclear Kaiso 

(p=0.008 and p=0.001, respectively; Table 5). Moreover, nuclear Kaiso inversely correlated 

with cytoplasmic p120 (p=0.005), thus supporting the notion that loss of E-cadherin and 

subsequent translocation of p120 to the cytosol may control Kaiso localization.

Table 5. Correlation between functional adherens junctions and nuclear Kaiso expression.

Nuclear Kaiso expression
Feature N Low (<5%) High (≥5%) p-value

N (%) N (%)
E-cadherin

Positive 327 220 (67.3) 107 (32.7)
Negative 121 97 (80.2) 24 (19.8) 0.008

p120
Membranous 320 214(66.9) 106 (33.1)
Cytoplasmic 139 114 (82.0) 25 (18.0) 0.001

To substantiate these findings, we analyzed expression of Kaiso in MCF10a, a breast cancer cell 

line that expressed membranous E-cadherin and p120. Furthermore, since our data indicated 

that nuclear Kaiso and ILC were inversely correlated, we also used immunofluorescence to 

examine Kaiso localization in a recently generated and characterized bona fide human ILC 

cell line; IPH-926 [32]. Although Kaiso expression was observed in E-cadherin-expressing as 

well as in E-cadherin-mutant cells, nuclear Kaiso was enriched in MCF10a cells, whereas IPH-

926 virtually lacked nuclear Kaiso (Figure 3A). In addition, we employed cell lines derived 

from conditional mouse models in which E-cadherin and/or p53 were somatically inactivated 

[19]. In agreement with our findings in human cell lines, we could detect nuclear Kaiso in an 

E-cadherin expressing and p53-deficient mammary carcinoma cell line (Trp53∆/∆-3), whereas 

mouse ILC (mILC) cells mainly lacked nuclear Kaiso (Figure 3B). Evidence that p120 could 

direct nuclear localization of Kaiso was obtained by overexpressing p120 in Trp53∆/∆-4 cells, 

which resulted in high cytoplasmic p120 and a reduction in nuclear Kaiso (Figure 3C). To 

determine the effect of p120 overexpression on Kaiso-dependent transcriptional repression, 

we performed reporter assays using a Kaiso reporter system (containing 4 tandem-repeats 

of the consensus Kaiso Binding Sequence; 4XKBS reporter). In line with our expression data, 

we observed that Kaiso-dependent transcriptional repression was significantly higher in 

Trp53∆/∆-4 than in mILC-1 cells (p=0.015; Figure 3D). Furthermore, transcriptional repression 

of the 4XKBS reporter was attenuated by exogenous Kaiso expression in mILC-1 cells 

(Figure 3D). Finally, we observed that overexpression of p120 in Trp53∆/∆-4 cells resulted 

in decreased Kaiso-dependent transcriptional repression (Figure 3C and 3D), consistent 

with a decrease in nuclear Kaiso expression. These results support our findings in primary 

breast cancer samples and indicate that p120 controls localization of Kaiso and subsequent  

de-repression of Kaiso-dependent transcription in breast cancer.
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Figure 3. p120 and Kaiso localization in breast cancer cell lines. Human (A) and mouse (B) E-cadherin-expressing 

(left panels) and E-cadherin-deficient (right panels) breast cancer cell lines were stained for p120 (top panels) 

and Kaiso (middle panels). Bottom panels depict the merge of Kaiso (green) and p120 (red). Note the nuclear 

accumulation in MCF10a and Trp53∆/∆-3 (arrows) versus cytoplasmic Kaiso expression in human and mouse ILC 

(arrowheads; IPH-926 and mILC-1). (C) Overexpression of p120 in Trp53∆/∆-4 cells resulted in decreased nuclear 

accumulation of Kaiso (arrowheads) compared to untransfected Trp53∆/∆-4, which shows predominantly nuclear 

Kaiso (arrows). Scale bar equals 20µm. (D) Kaiso-dependent reporter assay using the 4XKBS reporter in mILC-1 and 

Trp53∆/∆-4 cells. Upon overexpression of p120 in Trp53∆/∆-4 cells, Kaiso-dependent gene repression is attenuated, 

whereas exogenous expression of Kaiso in mILC-1 increased gene repression. (* = p<0.05)
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Discussion

In addition to the established role of BTB-POZ-ZF transcription factors in vertebrate 

development, increasing evidence emerges that these factors can function as oncogenes 

or tumor suppressors [43]. For instance, the BTB/POZ promyelocytic leukemia zinc finger 

(PLZF) has been identified as a translocation partner of the retinoic receptor alpha (RARα). 

In this setting, PLZF confers oncogenic potential through fusion to the hormone-binding 

domain of RARα, subsequent binding to its target sites and local recruitment of histone 

deacetylases [44]. Another well-studied BTB-POZ oncogene is BCL6, a protein that exerts 

its pro-tumorigenic functions by repression of target genes necessary for terminal B cell 

differentiation [45,46]. In contrast, HIC1 is a candidate tumor suppressor that is often found 

mutated or hypermethylated in human cancer [47]. However, unlike PLZF, BCL-6 and HIC1, it 

remains unclear whether Kaiso mislocalization or absence could drive malignancy. 

Kaiso could function as an oncogene or as a tumor suppressor as it has been implicated in 

both transcriptional activation and repression [4,8,13]. In colon cancer, Kaiso may regulate 

methylation-dependent inhibition of tumor suppressors such as CDKN2A by binding to its 

methylated promoter. As a consequence, tumor cells are resistant to cell cycle arrest and 

chemotherapy-mediated cell death [48]. Interestingly, genetic Kaiso ablation results in a 

delay in intestinal tumorigenesis in the context of APCMIN/+ mice [16], which suggests that 

Kaiso may indeed contribute to intestinal tumor progression through silencing of tumor 

suppressors. Conversely, Kaiso has been strongly implicated in regulation of Wnt signaling-

related target genes [4,11,12,49,50]. Given its bi-modal nature of β-catenin-dependent 

regulation of Wnt signaling [51] and the overlap between TCF/LEF regulated genes and Kaiso 

targets, the effects of Kaiso on tumor development may be highly dependent on cell type 

and their dependency on (canonical) Wnt signals. In lung cancer, cytoplasmic Kaiso was 

correlated with poor prognosis [33]. Here it was proposed that the invasive phenotype of 

NSCLC might be regulated by nuclear export of Kaiso, which was mediated by phosphorylation 

of p120 isoform 3 [52]. Lung and other epithelial tissue differ substantially from breast with 

respect to cadherin expression and p120 function. For instance, condition p120 knockout in 

the skin, gastro-intestinal tract or oral cavity is tolerated and induces hyperplasia or tumor 

formation [53-56]. In contrast, p120 knock-out in the mammary gland is not tolerated and 

leads to apoptosis and subsequent cell clearance (our unpublished results), indicating that 

p120 family members may play tissue-specific redundant roles, as has been suggested for 

δ-catenin in NSCLC [57]. 
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In this study we have performed to the best of our knowledge, the first comprehensive 

analysis of Kaiso expression in breast cancer, using a tissue micro array (TMA)-based 

collection of 477 invasive breast cancer cases. Previous studies had already indicated that 

localization of Kaiso may be highly variable depending on tumor type and environmental 

context [14]. Our data indicate that nuclear Kaiso expression correlates with the pathological 

and phenotypical traits of specific breast cancer sub-types that are linked to poor prognosis, 

i.e. high grade, and basal/triple-negative breast cancer. These tumors were also associated 

with high EGFR expression, which is associated with worse prognosis for basal/triple-

negative breast cancers [34,35]. Our observation that BRCA1-associated hereditary breast 

cancers often showed high nuclear Kaiso, is in line with the finding that nuclear Kaiso is in 

general associated with high grade, basal-like and EGFR positive breast cancers. Since our 

data does not indicate differential E-cadherin expression and localization between sporadic 

and BRCA1-related invasive breast cancer, this cannot explain the increase in nuclear Kaiso 

localization. Future research will have to determine if and how other (p120-unrelated) 

events such as promoter methylation of specific genes may recruit Kaiso to the nucleus and 

initiate subsequent epigenetic silencing in BRCA1-related invasive breast cancer. We have 

furthermore shown that nuclear Kaiso correlated with the presence of membrane-localized 

E-cadherin and p120, a finding that is in line with the reported regulation of Kaiso by p120 

[58]. In this scenario, p120 relieves transcriptional repression by Kaiso and as such may 

control shuttling of the p120/Kaiso complex to the cytosol [9]. Because most IDC retain a 

membrane-localized E-cadherin/p120 complex, our data confirmed this concept by showing 

that nuclear Kaiso correlated with tumors expressing E-cadherin. Also, since the basal-like  

and ERα negative high grade tumors mainly reside in the E-cadherin-expressing IDC cohort, 

it supports the notion that p120 may regulate Kaiso distribution in breast cancer. The 

mechanism of this needs to be further elucidated. 

ILC is characterized by loss of the AJ complex through early mutational inactivation of 

E-cadherin and subsequent translocation of p120 to the cytosol. If p120 was a major factor 

controlling Kaiso distribution, one would expect that the absence of nuclear Kaiso associated 

with ILC. Our data indeed conforms to this hypothesis by showing that exclusive cytoplasmic 

Kaiso expression is strongly correlated with the lobular phenotype. Together, these findings 

suggest that genes may be differentially regulated in IDC versus ILC as a result of differential 

Kaiso localization. This notion may therefore partly explain the differences in expression 

profiles that have been reported when comparing IDC and ILC [59,60]. 

Recent data have indicated that phosphorylation of p120 can increase its binding to 

Kaiso and induce inhibition of canonical Wnt signaling [11]. It is well established that 

ILC expresses cytoplasmic p120 and does not activate canonical Wnt signals [20,21,61].  
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Although it is unclear if this mechanism controls expression of Kaiso targets in ILC, it clearly 

emphasizes the possible ramifications of Kaiso and its regulation by p120 in breast cancer. 

Moreover, we have recently shown that cytoplasmic translocation of p120 controls ILC 

tumor growth and metastasis through Mrip-dependent regulation of Rock1 signaling, while 

IDC does not appear to be contingent on these signals for anchorage-independence [20]. 

We envisage that differential cadherin-catenin localization in IDC and ILC and the signals 

that emanate from p120 may not only explain the lobular phenotype, but probably also 

control regulation of transcriptional regulation and cellular biochemistry. Although Kaiso’s 

target genes in breast cancer are unknown, our findings suggest that Kaiso may function as 

an oncogene in IDC through inhibition of tumor suppressor gene expression whereas in ILC, 

Kaiso might harbor tumor suppressor functions by p120-mediated relieve of transcriptional 

repression of oncogenic target genes. As such, it may have significant impact on the 

development of personalized cancer care since it suggests that the main breast cancer types 

may depend on diametrical mechanisms for tumor progression.
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Abstract

Introduction: The Feline Sarcoma (FES) and FES-related kinase (FER) proteins are the two 

members of a family of non-receptor tyrosine kinases, which have been implicated in cell 

adhesion and the regulation of the actin cytoskeleton. Since metastatic breast cancer cells 

are characterized by aberrant adhesive and migratory properties, we studied whether FER is 

involved in breast cancer development and progression. 

Methods: We used human breast cancer cells to determine the contribution of FER to cell 

adhesion, migration and invasion. Futher, a mouse xenograft breast cancer model was used 

to investigate the role of FER in tumor growth and metastasis. Finally, we examined FER  

expression in 485 cases of invasive breast carcinoma by immunohistochemistry.

Results: RNAi-mediated downregulation of FER in metastatic cells inhibited invasion and 

migration through increased α6 and β1 integrin-dependent cell adhesion. Conversely,  

overexpression of FER in non-metastatic breast cancer cells induced lamellipodia  

formation and increased cell migration. In agreement with the pro-metastatic role of FER 

in vitro, we found that inducible FER downregulation inhibited tumor growth and the  

formation of distant metastases. High FER expression was significantly associated with  

tumor size, grade and mitotic activity. We found that basal/triple negative tumors have  

higher FER levels as compared to luminal carcinomas. High FER expression correlated with 

a significantly worse prognosis based on overall survival. Further, multivariate analysis  

revealed that high FER expression is an independent prognostic factor.

Conclusions: Our data indicate that FER regulates tumor growth and metastasis of invasive 

breast cancer.
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Introduction

Breast cancer is the second most commonly occurring cancer worldwide with 1.38 million 

new cases diagnosed in 2008, and the leading cause of cancer mortality in women [1].  

Advancements in diagnostics and treatment have increased breast cancer survival rates, but 

still approximately one third of patients will develop distant metastases and eventually die 

of the disease [2]. Targeted therapies have improved survival in patients with HER2-positive 

metastatic disease [3]. However, further insight into the molecular processes underlying 

metastasis is needed to identify new potential drug targets. 

The feline sarcoma (FES) and FES-related (FER) proteins are the only two members of a 

unique family of non-receptor tyrosine kinases. They are distinguished from other  

tyrosine kinases by an N-terminal FES/FER/CIP4 homology (FCH) domain, which is also found 

in Rho GTPase activating proteins (RhoGAPs) and adaptor proteins involved in regulation of  

cytoskeletal rearrangements, cell polarity, vesicular trafficking and endocytosis [4]. 

FER is ubiquitously expressed and its subcellular localization is cytoplasmic [5, 6]. Upon  

activation by growth factors FER can associate with and phosphorylate the adherens  

junction (AJ) molecule p120-catenin (p120) and actin binding protein cortactin [7, 8]. FER  

indirectly associates with N-cadherin via p120 and is necessary for maintaining AJ  

stability [9, 10]. However, others have reported that FER overexpression may lead to AJ  

dissolution and loss of focal adhesions (FAs) [11]. FER can shuttle between N-cadherin- 

containing AJs and β1 integrin FA complexes, thus coordinately regulating cell-cell and  

cell-extracellular matrix (ECM) adhesion [12]. FER-mediated cortactin phosphorylation is  

associated with fibroblast migration [13]. Additionally, FER has been shown to regulate  

migration in several other cell types [14-16].  

Several lines of evidence support a role of FER in malignant progression. FER regulates cell 

cycle progression in prostate and breast cancer, as well as in AML cells [17, 18]. Further, 

FER is highly expressed in prostate cancer as compared to normal prostate epithelium and  

regulates prostate cancer cell proliferation by activating STAT3 [19, 20]. Increased FER  

expression is associated with hepatocellular carcinoma (HCC) metastasis and FER  

downregulation inhibits invasion of metastatic HCC cells [21]. Also, recent data indicate 

that FER can mediate resistance to the anti-cancer agent quinacrine via activation of NF-κB, 

which could have therapeutic implications [22].

These observations prompted us to investigate the role of FER in breast cancer  

progression. Here we show that FER regulates breast cancer cell adhesion, migration 

and anoikis resistance and is necessary for tumor growth and metastasis formation.   

Moreover, FER expression is high in poorly differentiated breast carcinomas and  

independently predicts decreased patient survival. 
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Methods

Cell culture and transfections

MCF10A, MCF10CA1a, MCF10CA1a.cl1 and MCF10CA1d.cl1 cells [23] were  

obtained from the Barbara Ann Karmanos Cancer Institute (Detroit, MI, USA). All  

other cell lines, except MDA-MB-453, ZR-75-30, CAMA-1, SKBR3, MDA-MB-330 (ATCC), 

SUM44PE (Asterand, Inc.) and MDA-MB-231/Luc+ [24], were from Cell Lines Service  

(Eppelheim, Germany). Cell lines from non-commercial sources were authenticated by STR 

profiling. Cell culture conditions are described in the Supplementary Methods.

Silencer Negative Control #1 (AM4611) and Silencer Validated siRNAs targeting FER kinase 

(AM51323; siRNA ID# 657 and 658) were purchased from Ambion. MDA-MB-231 cells were 

transfected with 80 nM siRNA using Lipofectamine 2000 transfection reagent (11668500; 

Invitrogen). 

Constructs, virus generation and cell transduction 

The cloning strategy used to generate lenti viral vectors encoding wild-type (WT) and kinase 

dead (D742R) [25] FER (D742D FER) is described in the Supplementary Methods. Inducible 

shRNA-expressing lenti virus construct generation, lenti virus production and transduction 

have been described previously [26]. Oligonucleotide sequences are shown in the  

Supplementary Methods. 

Immunoblotting 

Cell lysates were prepared and analyzed as described [27].

Immunofluorescence analysis 

Specimens for immunofluorescence microscopy were prepared as described [28].  

Primary antibodies used were: rat anti-human CD49f (555734, BD Pharmingen) 1:300, rat 

anti-integrin β1 (AIIB2, Developmental Studies Hybridoma Bank, The University of Iowa, 

Iowa City, USA) 1:200, rabbit anti-paxillin pY118 (44-722; Invitrogen) 1:500. Secondary  

antibodies were: Alexa Fluor 488 goat anti-rat IgG (A11006) and Alexa Fluor 555 goat anti- 

rabbit IgG (A21429, Invitrogen) 1:1,000. F-actin was visualized with Alexa Fluor 633-conjugated  

phalloidin (A22284; Invitrogen) 1:200. Confocal analysis was conducted with a  

Plan-Apochromat 63x/1.40 Oil DIC M27objective mounted on an inverted Carl Zeiss 

LSM 700 Laser Scanning Microscope. Images were acquired and analyzed with ZEN 2010  

software (Carl Zeiss International). 
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Adhesion assay

Adhesion assays were performed as described [29] with some modifications. Wells of 96 

well tissue culture plates were coated with collagen I (8 μg/cm2), fibronectin (3 μg/cm2) or 

laminin (10 μg/cm2) overnight at 4°C.

Integrin expression measurement 

Cells were prepared for flow cytometry as described [29]. The following primary antibodies 

and dilutions were used: mouse anti-α2 integrin (clone 10G11; 1:100), mouse anti-α3  

integrin (clone J143; 1:2), mouse anti-αV integrin (clone 13C2; 1:10), rat anti-β1 integrin 

(clone A11B2; 1:200), rat anti-α5 integrin (clone M16; 1:1,000), rat anti-α6 integrin (555734, 

BD Pharmingen; 1:100). The secondary antibodies and dilutions used were: Alexa Fluor 488 

goat anti-mouse IgG (A11001, Invitrogen; 1:500), Alexa Fluor 488 goat anti-rat IgG (A11006, 

Invitrogen, 1:500). Integrin expression was measured with a FACSCalibur flow cytometer 

(Becton Dickinson) using CellQuest Pro software. 

Migration assay 

The 96-well Oris Cell Migration Kit (CMAU101; Platypus Technologies) was used for cell  

migration assays. Wells were coated with 8 μg/cm2 collagen I (C3867; Sigma) for 2 h at 

room temperature. Following two washes in PBS silicone stoppers were inserted in the 

wells to create “exclusion zones”. Cells were plated in triplicate wells (15,000 cells/well) and  

incubated at 37°C overnight. The medium was replaced with serum-free DMEM/2.5% BSA 

and cells were incubated for 8 h at 37°C prior to removing the silicone stoppers to start the 

assay by allowing cells to migrate into the exclusion zone. Cells were incubated for 24 h at 

37°C, fixed with 3.7% formaldehyde and stained with 0.05% crystal violet. Migration was 

quantified by taking low magnification images of each well, measuring the remaining area of 

the exclusion zone using Adobe Photoshop CS3 Extended and comparing it to the exclusion 

zone area in reference wells (no migration). 

Matrigel outgrowth assay

BD Matrigel Basement Membrane Matrix (356234; BD Biosciences) was diluted 1:1 with 

normal growth medium and 40 μl/well were added to 96-well, flat bottom, optical plastic 

plates (3720; Costar). Plates were incubated at 37°C for 15 min to allow the Matrigel to 

solidify. MDA-MB-231 cells were seeded at a density of 3,000 cells/well in 200 μl of normal 

growth medium and cultured for 4 days at 37°C. Cultures were fixed with 3.7%  

formaldehyde/PBS for 30-40 min, followed by permeabilization with 0.1% Triton-X/PBS for 

20 min at room temperature. Confocal analysis was conducted with a long working distance 

LD Plan-Neofluar 40x/0.6 Korr M27 objective mounted on an inverted Carl Zeiss LSM 700 

Laser Scanning Microscope. Images were acquired and analyzed with ZEN 2010 software 
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(Carl Zeiss International). 

Anoikis assay 

MDA-MB-231 cells were seeded in Ultra Low Attachment 24-well plates (3473; Costar) at 

100,000 cells/well in duplicate and cultured in DMEM containing 1% FCS at 37°C for 72 

hours. The percentage of anoikis resistant cells was determined as described [26].

Mouse studies 

Female RAG2-/-;IL-2Rγc-/- immunodeficient mice [30] were a kind gift from The Netherlands  

Cancer Institute, Amsterdam, The Netherlands. Orthotopic transplantations and  

bioluminescence imaging were performed as described [26], with some modifications. 

Approximately 1x106 luciferase-expressing MDA-MB-231 cells were injected using a 50μl 

Hamilton syringe. Tumor growth was measured using a digital caliper (VWR) on a weekly 

basis. Upon development of palpable tumors mice were switched from a standard diet 

to doxycycline-containing chow (S3888; Bio-Serv) for the remainder of the experiment. 

Mice were sacrificed when tumor volume exceeded 1,000 mm3 or when bioluminescence  

imaging revealed metastases. 

Clinical samples and immunohistochemistry (IHC) 

The clinical sample set and tissue microarray assembly have been previously described [31].

IHC antigen retrieval methods, antibodies and detection have been described previously 

[31]. The protocol used to detect FER was as follows: antigen retrieval by boiling for 20 min 

in 10mM citrate pH 6.0. A cooling period of 30 min, followed by incubation with anti-FER 

antibody (1:300; clone 5D2, Cell Signaling Technologies) for 1h at room temperature. 

Scoring of immunohistochemistry 

All scoring was done by two individual observers blinded to patient characteristics and  

results of other staining, as described [31]. FER staining was scored based on the intensity 

of the cytosolic staining, scores of 0 and 1+ were scored as low and 2+ and 3+ were scored 

as high intensity. 

Statistical analysis 

All statistical analyses were performed using IBM SPSS Statistics version 18.0 (SPSS Inc.,  

Chicago, IL, USA). For clinical samples associations between categorical variables were  

examined using Pearson’s Chi-square test. Survival analysis was performed with the Kaplan-

Meier method. Multivariate analysis was performed using Cox regression. In the model, 

tumor size, tumor grade, age, lymph node status, histology, MAI, Sorlie/Perou classification, 

BRCA mutation status, and FER expression were taken into account. 
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Differences in tumor volume were evaluated using a two-way mixed model ANOVA with 

TIME (weeks) as the repeated factor and GROUP (control, FER[680-698] and FER[980-998]) 

as factor 2. Tukey’s test was used for post-hoc analysis. All other data were analyzed with 

one-way ANOVA. Data are presented as mean ± SEM. P-values <0.05 were considered to be 

statistically significant. 

Study approval

All animal experiments were approved by the Utrecht University Animal Experimental  

Committee (DEC-Utrecht no. 2010.III.10.120). The use of anonymous or coded left over  

material for scientific purposes is part of the standard treatment contract with patients in 

The Netherlands [32]. Ethical approval was not required.
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Results

To establish a working model to study the role of FER in breast cancer we examined 

FER expression in a panel of 18 breast carcinoma cell lines (Figure 1A). FER was almost  

undetectable in non-transformed MCF10A cells, and its level was low to moderate in non-

invasive cells and cell lines with low metastatic potential. Notably, FER was most highly  

expressed in MDA-MB-231, a basal-like and metastatic breast cancer cell line. 

FER regulates breast cancer cell morphology, actin cytoskeleton organization and ECM  

adhesion

Because FER has been linked to actin cytoskeleton regulation [8], we analyzed the  

effect of RNAi-mediated FER inhibition on cellular morphology and actin distribution in  

MDA-MB-231 cells. Transfection with two independent siRNAs significantly downregulated  

FER expression as compared to a scrambled, control siRNA (Figure 1B). FER knock-down 

(KD) in MDA-MB-231 cells induced cell spreading accompanied by the formation of  

prominent F-actin stress fibers. In addition, we observed FA reorganization (Figure 1C). 

These data suggest that FER controls actin dynamics, FA distribution and cells spreading, 

and that FER inhibition may lead to increased cell adhesion. To determine whether this is 

the case we seeded control and FER KD cells on different ECM substrates and measured their  

ability to adhere. We found that FER KD significantly increased MDA-MB-231 cell adhesion to  

collagen I and laminin, while adhesion to fibronectin was increased to a lesser extent by one 

of the siRNAs tested (Figure 2A). 

Integrin receptors regulate cell-ECM adhesion, motility and anchorage-dependent survival. 

To investigate if the increased cell adhesion we observed upon FER KD was due to changes in 

integrin levels, we measured cell surface expression of α3, α5, α6, αv and β1 integrin subunits 

in control and FER KD cells. While we did not find significant changes in the expression of α3, 

αv and α5 integrins, cell surface levels of β1 and α6 integrins were significantly upregulated in 

FER KD as compared to control cells (Figure 2B). These results suggest that FER may regulate 

β1 and α6 integrin subcellular distribution. 

To investigate the effect of FER downregulation on β1 and α6 integrin localization control and 

FER KD cells were seeded on different ECM substrata and analyzed by immunofluorescence 

microscopy. Both α6 and β1 integrins co-localized with phosphorylated paxillin in FAs of FER 

KD cells (Figure 3). Further, we observed accumulation of α6 integrin on the cell membrane 

and in endosomal vesicles upon FER inhibition (Supplementary Figure 1). To determine 

whether cell spreading and stress fiber formation in FER KD cells are dependent on integrin 

activation, we treated cells with blocking antibodies prior to plating them on collagen I or 

laminin. 
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Figure 1. Inhibition of FER induces cell spreading, actin stress fiber and focal adhesion formation. (A) Total cell  

lysates of the indicated breast cancer cell lines were prepared and resolved by SDS-PAGE. FER kinase expression  

was analyzed by immunoblot. * indicates that lysates from the same cell line were loaded on different gels.  

(B) Knock-down (KD) of FER in MDA-MB-231 cells using siRNA transfection. FER expression was analyzed by  

immunoblot 72 h post-transfection. Actin was used as a loading control. (C) Control and MDA-MB-231 KD cells were 

plated on collagen I-coated glass coverslips. The morphology of live cells was analyzed by phase contrast microscopy 

(phase). F-actin (green) and phospho-paxillin (red) distribution was analyzed in fixed cells by immunofluorescence  

microscopy. Scale bar = 50 μm. The results shown are representative of three independent experiments. 
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Figure 2. FER regulates cell-matrix adhesion and integrin expression in breast cancer cells. (A) MDA-MB-231 

FER knock-down (KD) cells were generated by transient transfection with the indicated siRNAs. FER KD cells were 

plated on 96-well plates coated with collagen I, fibronectin or laminin and the percentage of attached cells was 

determined. Values represent the relative proportion of attached cells ± SEM. * indicates significantly different 

proportions of adherent cells, relative to control (p<0.05, one-way ANOVA). (B) FER KD cells were trypsinized and 

surface expression of the indicated integrin subunits was analyzed by FACS. Values represent mean fluorescence 

units ± SEM. * indicates significantly different integrin levels as compared to control (p<0.05, one-way ANOVA). The 

results shown are representative of three independent experiments. 

Cell spreading and stress fiber formation were inhibited upon treatment with a β1 integrin- 

blocking antibody, indicating that FER KD induced β1 integrin-dependent adhesion to  

collagen I and laminin (Figure 3A and B). Similar results were observed with an α6 integrin 

blocking antibody in cells seeded on laminin (Figure 3C). These results are consistent with 

the concept that FER inhibition promotes cell adhesion via β1 and α6 integrin-dependent 

formation of FAs. 

Figure 3. Focal adhesion and actin stress fiber formation in FER-depleted cells is β1 and α6 integrin-dependent.

MDA-MB-231 cells were transfected with the indicated siRNAs and cultured for 96 h. Cells were trypsinized and 

incubated with isotype control (IgG) or integrin-blocking antibodies and re-plated on glass coverslips coated with 

collagen I (A) or laminin (B and C). Cells were processed for immunofluorescence microscopy using anti-β1 or -α6 

integrin antibodies (green), anti-phospho-paxillin (red) and Alexa 633-labelled phalloidin (grey) to visualize focal 

adhesions and F-actin, respectively. Scale bar = 20 μm. The results shown are representative of three independent 

experiments. 
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FER controls breast cancer cell migration, invasion and anoikis-resistance

The ability of FER to regulate actin dynamics, lamellipodia formation and integrin-dependent  

adhesion, suggested that it may control cell motility and invasion of breast cancer cells. To 

determine the effect of FER downregulation on MDA-MB-231 cell migration, we started 

by using a modified wound healing assay. We employed a doxycycline (dox)-inducible and  

lentivirus-based shRNA approach to enable inducible knock-down (iKD) of FER in  

MDA-MB-231 cells (Figure 4A). FER iKD using two independent shRNA sequences  

significantly inhibited the ability of MDA-MB-231 cells to migrate on a collagen I-coated 

surface, as compared to control cells (Figure 4B). In a complementary experiment we  

transduced MCF10A.CA1d, a basal-like breast cancer cell line with low endogenous FER 

expression, using lenti viruses encoding V5-tagged wild-type (WT) and kinase-deficient 

(D742R) mutant FER (Supplementary Figure 2A). Overexpression of WT, but not D742R 

FER, significantly increased lamellipodia formation and migration of MCF10A.CA1d cells  

(Supplementary Figure 2B and C). In addition, WT FER localized to the leading edges of 

lamellipodia, whereas D742R FER did not (Supplementary Figure 2C, arrows). These results 

indicate that regulation of lamellipodia formation and cell migration by FER is dependent on 

its kinase activity. 

The ability of FER to regulate cell motility and lamellipodia formation suggested that it may 

be involved in breast cancer cell invasion. The invasive in vivo behavior of MDA-MB-231 

cells can be recapitulated ex vivo by culturing the cells on a laminin-rich extracellular matrix 

substrate (lrECM; Matrigel) in 3D [33]. Control iKD cells formed highly branched, invasive 

and disorganized colonies when cultured on lrECM (Figure 4C). In contrast, FER iKD resulted 

in non-invasive cell colonies (Figure 4C), suggesting that FER is necessary for breast cancer 

cell invasion and migration in lrECM. Thus, our results indicate that downregulation of FER 

increases integrin-mediated cell adhesion, whilst inhibiting migration and invasion.

Normal epithelial cells require ECM attachment for survival. Detachment from the ECM 

or inappropriate engagement of integrin receptors results in programmed cell death in a  

process termed anoikis [34]. Anoikis resistance has been strongly implicated in the  

formation of distant metastases [35]. Having observed increased integrin-dependent  

adhesion upon FER KD in breast cancer cells, we reasoned that this could lead to decreased 

anoikis resistance. To test this hypothesis we cultured control and FER iKD MDA-MB-231 

cells in suspension and measured anoikis-resistance. Interestingly, we found a significant  

decrease in anoikis resistance upon FER iKD using two independent shRNA sequences  

(Figure 4D). These results suggest that FER may regulate anchorage-independent survival in 

breast cancer cells. 



155

FE
R 

ki
na

se
 p

ro
m

ot
es

 b
re

as
t c

an
ce

r 
gr

ow
th

 a
nd

 m
et

as
ta

si
s

Figure 4. FER kinase regulates migration, invasion and anoikis resistance in breast cancer cells. (A) MDA-MB-231 

inducible knock-down (iKD) cells were cultured for 96 h in the absence (-) or presence (+) of doxycycline (dox; 2 μg/

ml) to induce shRNA expression and FER kinase was detected by immunoblot. Actin was used as a loading control. 

(B) MDA-MB-231 iKD cells treated as in (A) were seeded on collagen I-coated plates and the rate of migration was 

measured over 24 h using a modified wound-healing assay. Values represent the ratio of the migration rate 

of untreated versus dox-treated cells ± SEM. All values were normalized to control. * indicates significantly  

different migration rates, relative to control (p<0.05, one-way ANOVA). (C) MDA-MB-231 iKD cells treated as in 

(A) were plated on laminin-rich extracellular matrix substrate (Matrigel) and cultured for 96 h in the presence of 

dox. Cells were imaged by phase contrast (phase) or immunofluorescence (IF) microscopy using Alexa 488-labelled  

phalloidin and DAPI to visualise F-actin (green) and DNA (blue), respectively. Images represent a single Z  

position in the centre of 3D cell structures. Scale bar = 100 μm. (D) Adherent cultures of MDA-MB-231 iKD cells were 

treated as in (A). Cells were trypsinized and cultured in suspension conditions for 72 h in the absence or presence 

of dox (2 μg/ml), followed by labelling with Cy5-conjugated Annexin V (AnnV) and propidium iodide (PI) and FACS 

analysis. Values represent the percentage of anoikis resistant cells (PINEG/AnnVNEG) ± SEM. * indicates a significant  

difference compared to untreated cells (-dox); (p<0.05, one-way ANOVA). The results shown are representative of three  

independent experiments. 
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FER is necessary for breast tumor growth and metastasis formation

To study the role of FER in breast tumor growth and metastasis, we orthotopically  

transplanted luciferase-expressing MDA-MB-231 FER iKD cells in RAG2-/-;IL-2Rγc-/-  

immunodeficient mice [30] and measured tumor growth over time. Since FER KD can  

inhibit cell cycle progression in several cancer cell lines, including MDA-MB-231 ([17] and  

Supplementary Figure 3) we transplanted untreated cells, monitored animals until  

palpable tumors of approximately 50 mm3 formed in all three groups and then started dox  

administration to induce FER shRNA expression (Figure 5A, arrow). Expression of both 

FER shRNAs significantly inhibited tumor growth as compared to the control shRNA  

(Figure 5A). Furthermore, control tumors were highly invasive, whereas FER iKD resulted in 

non-invasive tumors with clearly defined borders that were confined to the mammary fat 

pad (Figure 5B). Next, we used immunohistochemistry (IHC) to detect FER protein in tumor 

samples. We could confirm that FER expression was downregulated in tumors expressing 

both FER shRNAs as compared to controls (Figure 5B). In addition, and consistent with the 

observed tumor volume (Figure 5A), we detected higher FER levels in FER[680-698] iKD than  

FER[980-998] iKD tumors (Figure 5B). Moreover, we could show using bioluminescence  

imaging that FER iKD inhibited the development of distant metastases (Figure 5C). Whereas 

all mice in the control group developed metastases in the spleen, liver, lungs and bones  

(Figure 5D), mice in the FER[680-698] iKD group developed metastases with decreased  

frequency and increased latency. In conjunction with the level of FER KD mice in 

the FER[980-998] iKD group did not develop metastases by 14 weeks of follow-up.  

The inhibition of metastasis formation was not due to reduced primary tumor growth, as 

the tumor volumes in these mice were comparable to those in the control group at 7 weeks 

(Supplementary Figure 4). These results indicate that FER is necessary for breast tumor 

growth and metastasis formation.
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Figure 5. FER regulates breast tumor growth and metastasis. (A) Luciferase-expressing MDA-MB-231 inducible 

knock-down (iKD) cells were orthotopically transplanted into recipient mice. Upon development of palpable  

tumors mice were switched to a doxycycline-containing diet (dox; arrow) to induce shRNA expression. Values  

represent the mean tumor volume ± SEM. * p<0.05 n = 12 (control and FER[980-998] iKD), n = 13 (FER[680-698] 

iKD). (B) Hematoxylin and eosin (H&E) and immunohistochemical (IHC) staining for FER in primary tumors from 

mice transplanted with the indicated cell lines. Scale bar = 200 μm. (C) Kaplan-Meier metastasis-free survival plot. 

Animals were monitored by bioluminescence and sacrificed when distant metastases developed. (E) Control-iKD  

cells were transplated and metastatic spread was assessed using bioluminescence imaging (left; arrow). IHC  

staining for vimentin was performed to visualize distant metastases of control tumors. Scale bar = 100 μm.
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FER expression is associated with aggressive breast cancer and correlates with decreased 

patient survival

To extend our experimental findings that implicate FER in breast cancer progression 

we examined its expression in a tissue microarray or 485 cases of invasive breast  

carcinoma (Table S1) by IHC. While high FER expression did not correlate with  

histological breast cancer sub-types, we observed that within the invasive lobular  

carcinoma group FER levels were significantly higher in pleomorphic (p<0.001) as  

compared to classical tumors (Figure 6A, Table 1). Overall, high FER expression was  

significantly associated with tumor size (p=0.003), tumor grade (p<0.001) and mitotic  

activity (p<0.001;Table 1). Interestingly, basal-type tumors showed higher FER levels than 

luminal-type carcinomas (p=0.003).

Figure 6. FER kinase expression correlates with decreased patient survival. (A) Clinical specimens of invasive  

lobular carcinoma (ILC) and invasive ductal carcinoma (IDC) were analyzed for FER kinase expression by  

immunohistochemistry. Note the differential FER expression in classical versus pleomorphic ILC, and grade 1  

versus grade 3 IDC. Scale bar = 100 μm. (B) Kaplan-Meier survival curves according to FER expression status (n=293). 

(C) Kaplan-Meier survival curves of patients with lymph node-negative breast cancer according to FER expression 

status (n=141).
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Table 1. Correlation of FER kinase expression with clinicopathological and molecular features of invasive breast 

cancer.

FER expression
Feature N Low (0-1+) High (2-3+) p-value

N (%) N (%)
Histological type

IDC 320 171 (53.4) 149 (46.6)
ILC 126 78 (61.9) 48 (38.1)
Other 39 23 (59.0) 16 (41.0) 0.250

Histological grade
1 88 63 (71.6) 25 (28.4)
2 171 110 (64.3) 61 (35.7)
3 219 94 (42.9) 125 (57.1) <0.001

MAI (per 2 mm2)
≤ 12 239 164 (68.6) 75 (31.4)
≥ 13 246 108 (43.9) 138 (56.1) <0.001

Tumor size 
pT1 208 134 (64.4) 74 (35.6)
pT2 220 106 (48.2) 114 (51.8)
pT3 49 29 (59.2) 20 (40.8)  0.003

Lymph node status
Negative 227 133 (58.6) 94 (41.4)
Positive 231 127 (55.0) 104 (45.0)  0.435

Invasive lobular carcinomas
Classical 34 33 (97.1) 1 (2.9)
Pleomorphic 56 17 (30.4) 39 (69.6) < 0.001

BRCA1
Sporadic 459 266 (58.0) 193 (42.0)
Mutation carrier 24 6 (25.0) 18 (75.0) 0.002

Perou / Sorlie classification
Luminal 391 234 (59.8) 157 (40.2)
HER2-driven 22 10 (45.5) 12 (54.5)
Basal/Triple Negative 72 28 (38.9) 44 (61.1) 0.003

ERα
Negative 104 44 (42.3) 60 (57.7)
Positive 381 228 (59.8) 153 (40.2) 0.001

PR
Negative 200 106 (53.0) 94 (47.0)
Positive 284 165 (58.1) 119 (41.9) 0.266

HER2
Negative 435 246 (56.6) 189 (43.4)
Positive 49 25 (51.0) 24 (49.0) 0.460

EGFR
Negative 393 233 (59.3) 160 (40.7)
Positive 83 34 (41.0) 49 (59.0)  0.002
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Consistently, high FER expression was correlated with EGFR positivity (p=0.002) and was 

inversely correlated with ERα expression (p=0.001). These results indicate that FER is  

predominantly expressed in breast tumors with an aggressive phenotype.

In agreement with the association between FER expression and unfavorable  

clinicopathological variables, we found that patients with high FER expressing  

tumors had a significantly worse prognosis based on overall survival (p=0.009, Figure 6B).  

The correlation between high FER expression and poor clinical outcome was even 

more pronounced in the lymph node-negative group of patients (p=0.003, Figure 6C).  

Multivariate analysis revealed that high FER expression was a significant independent  

predictor of decreased overall survival (HR 1.785, 95%CI 1.068-2.982, p=0.027), as 

were lymph node status (HR 2.868, 95%CI 1.675-4.910, p<0.001), age (HR 1.050,  

95%CI 1.030-1.069, p<0.001) and tumor grade (HR 1.578, 95%CI 1.064-2.340, p=0.023). 

Other clinicopathological features were not independent prognostic factors. These clinical 

findings support the pro-metastatic function of FER, which we have identified in vitro and 

in a mouse model of breast cancer. These data indicate that the ability of FER to potentiate 

breast cancer cell motility and invasiveness may lead to clinically more aggressive disease 

and decreased patient survival.  
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Discussion

We established that FER is highly expressed in aggressive breast carcinomas and has a  

negative impact on prognosis. To our knowledge this is the first report that indicates a role 

of FER in breast cancer. We found a strong correlation between high FER expression and 

most unfavorable clinicopathological variables, except for lymph node status. However, 

high FER expression correlated with a poor prognosis in the lymph node-negative group of  

patients. Approximately 5-10% of patients have metastatic disease at the time of surgery in the  

absence of lymph node involvement [36] and up to 20% of lymph node-negative  

patients experience recurrence with distant metastases within 10 years after surgery [37].  

Hematogenous tumor cell dissemination in lymph node-negative breast cancer patients is 

associated with decreased distant disease-free survival [38]. Our results indicate that FER 

promotes breast cancer cell migration and inhibits anchorage dependence, resulting in  

increased formation of distant metastases. Others have shown that hematogenous,  

rather than lymphatic, tumor cell dissemination leads to formation of distant metastases 

in a breast cancer mouse model [39]. Thus, the correlation between high FER expression 

and decreased survival in lymph-node negative patients suggests that FER may facilitate  

hematogenous metastasis. 

Metastatic MDA-MB-231 breast cancer cells showed the highest FER protein expression, 

as compared to other breast cancer cell lines tested. MDA-MB-231 cells are hormone  

receptor-negative, overexpress EGFR and are classified as basal based on their gene  

expression profile [40, 41]. Further, they are unique in their capacity to spontaneously  

metastasize to different organs following orthotopic transplantation in recipient mice. Since 

we were unable to find a FER expression analogue of MDA-MB-231 cells we attempted 

to overexpress FER in several breast cancer cell lines. FER overexpression using a virus-

based approach resulted in cell death of the non-invasive breast cancer cell lines MCF7 

and T47D (data not shown). Likewise, constitutive expression of FER in a non-malignant rat  

fibroblast cell line (Rat-2) induced cell death [11]. Interestingly, FER overexpression in MCF10.

CA1d cells potentiated their invasive characteristics. Since similar results were obtained in  

malignant prostate (PC3) [20], hepatocellular (Huh7) [42] and pancreatic (RWP1) carcinoma 

cells [43] we hypothesize that FER overexpression may be a relatively late event in malignant 

progression.

Inhibition of FER in MDA-MB-231 cells induces changes in cell morphology, including  

formation of actin stress fibers and FAs, which is consistent with RhoA activation. Indeed, 

actin stress fibers and FA formation in MDA-MB-231 cells is Rho-associated kinase (ROCK)-

dependent and leads to decreased migration and increased anoikis sensitivity [44, 45]. 

In agreement with our data that loss of FER increases α6 and β1 integrin expression and  
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adhesion to collagen I and laminin in breast cancer cells, others have shown that FER can 

regulate cell adhesion in other cell types. Inhibition of FER activity increased bone marrow-

derived mast cell adhesion to fibronectin [14], while FER overexpression in Rat-2 fibroblasts 

led to cell detachment and anoikis [11]. Further, accumulation of FER in focal adhesion  

kinase/β1 integrin complexes was associated with decreased cell adhesion in neural  

retinal cells [12]. Although the exact mechanism whereby FER regulates FA formation is still 

unclear, these studies suggest that FER activity de-stabilizes FAs, thus inhibiting cell-ECM  

attachment. Conversely, we have shown that FER inhibition leads to FA formation, increased 

ECM attachment and reduced cell migration. Apart from decreased p130cas phosphorylation 

upon FER overexpression, the phosphorylation status of other FA molecules was unaltered 

[11]. It is possible that FER does not directly phosphorylate FA components, but rather  

regulates the localization of integrin receptors. FER contains an N-terminal FCH domain, 

which is also found in proteins involved in vesicular transport and endocytosis [4]. Although 

it has been suggested that FES may be involved in vesicular transport [6], it has not been 

established whether FER can regulate integrin trafficking. Our data indicated that FER KD 

induces accumulation of α6 integrin at the cell membrane, as well as in endosomal vesicles, 

which suggests that FER may control recycling of α6 integrin in metastatic breast cancer cells. 

The association and coordinate trafficking of the fibronectin-binding α5β1 integrin and EGFR 

by Rab-coupling protein promotes tumor cell migration and invasion [46]. However, this 

mechanism may be tumor type-specific as breast cancer cells express primarily collagen- 

and laminin-binding integrin heterodimers [47]. 

FER activation downstream of the integrin-ROS pathway is necessary for cortactin  

phosphorylation and efficient migration in mouse embryonic fibroblasts [13]. FER is also 

activated by phospholipase D signaling leading to Rac1-dependent and cortactin-mediated 

lamellipodia formation and increased cell migration [15]. The role of FER in Rho  

signaling is largely unexplored, but there is some evidence that it can regulate Rac1 by  

phosphorylating Rho guanine dissociation inhibitor α (RhoGDIα) thereby preventing  

formation of Rac1/RhoGDIα complexes [48]. Also, FER inhibition leads to decreased  

phosphorylation of Vav2, a direct Rac1 activator [15]. Our data show that the inhibition 

of lamellipodia formation and migration upon FER KD is accompanied by stress fiber  

formation, a hallmark of active RhoA. Conversely, we observed that FER overexpression 

in MCF10.CA1d cells leads to increased lamellipodia formation and migration, which is  

consistent with Rac1 activation. Since it is assumed that active Rac counterbalances the 

activity of Rho [49], these results imply that FER KD may lead to indirect activation of Rho 

through inhibition of Rac. This in turn would inhibit migration and invasion, while promoting 

cell-ECM adhesion. 

In this study we have demonstrated that FER regulates breast tumor growth and  

metastasis. FER promotes breast cancer growth and metastasis in a cell autonomous  
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manner through inhibition of adhesion and anchorage dependence. Significantly, we have 

also shown that FER expression is correlated to prognosis in breast cancer patients. Thus, the  

development therapeutic strategies based on inhibition of FER signaling may be beneficial 

in the treatment of metastatic breast cancer. 
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Supplementary Data

Supplementary Methods

Cell Culture

MCF10A, MCF10CA1a, MCF10CA1a.cl1 and MCF10CA1d.cl1 cells were cultured in DMEM/

F12 supplemented with 10% horse serum, 20 ng/ml EGF, 10 μg/ml insulin, 0.5 μg/ml  

hydrocortisone, 100 ng/ml cholera toxin, 100 IU/ml penicillin, and 100 μg/ml streptomycin. 

MCF-7, T47D, MDA-MB-453, CAMA-1, SKBR3, BT-549 and MDA-MB-231 cells were cultured 

in DMEM, MDA-MB-436 and MDA-MB-468 in DMEM/F12, and ZR-75-30 in RPMI all  

containing 10% FBS, 100 IU/ml penicillin, and 100 μg/ml streptomycin. SUMPE44 cells 

were cultured in serum-free Ham’s F-12 supplemented with 5 μg/ml insulin and 1μg/ml  

hydrocortisone.

Plasmids

The pUHG10-3(FER) vector (kindly provided by N. Heisterkamp) was used as a template to 

amplify the full-length human FER cDNA by PCR and subclone it into the pcDNA5/FRT vector 

(Invitrogen), modified to contain the EF1α instead of CMV promoter. The EF1α-FER cassette 

was amplified by PCR thereby adding a C-terminal V5 epitope tag to the wild-type FER cDNA 

and flanking BstBI/XhoI restriction sites. EF1α-FER-V5 was then cloned in the ClaI/XhoI sites 

of pLV/CMV to generate pLV/EF1α-FER-V5 (WT FER). The QuikChange II XL Site-Directed  

Mutagenesis Kit (200521; Stratagene) was used to generate kinase dead (D742R) FER 

(D742D FER).

Control and FER-targeting oligonucleotides were annealed and cloned into the FH1tUTG 

vector. Oligonucleotide sequences were as follows (targeting sequences are capitalized): 
control 		  sense: 5’-tcccTTCTCCGAACGTGTCACGTttcaagagaACGTGACACGTTCGGAGAAtttttc-3’

control 		  anti-sense: 5’-tcgagaaaaaTTCTCCGAACGTGTCACGTtctcttgaaACGTGACACGTTCGGAGAA-3’

Fer[680-698] 	 sense: 5’-tcccGGCTCACCATGATGATTAAttcaagagaTTAATCATCATGGTGAGCCtttttc-3’

Fer[680-698] 	 anti-sense: 5’-tcgagaaaaaGGCTCACCATGATGATTAAtctcttgaaTTAATCATCATGGTGAGCC-3’

Fer[978-998] 	 sense: 5’-tcccGTATTATGATATCACACTTCCttcaagagaGGAAGTGTGATATCATAATACtttttc-3’

Fer[978-998] 	 anti-sense: 5’-tcgagaaaaaGTATTATGATATCACACTTCCtctcttgaaGGAAGTGTGATATCATAATAC-3’
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Supplementary Table

Table S1. Clinicopathological characteristics of 485 invasive breast cancer patients studied for the expression of 
FER kinase. 

Feature Grouping N or value %
Age (years) Mean 60

Range 28-88

Histological type IDC 320 66.0
ILC 126 26.0
Others 39 8.0

Tumor size pT1 208 42.9
pT2 220 45.4
pT3 49 10.1
Not available 8 1.6

Histological Grade 1 88 18.1
2 171 35.3
3 219 45.2
Not available 7 1.4

MAI# ≤ 12 239 49.3
≥ 13 246 50.7

Lymph node status Negative* 227 46.8
Positive** 231 47.6
Not available 27 5.6

#: per 2mm2; *: negative = N0 or N0(i+); **:positive  = ≥N1mi (according to TNM 7th edition, 2010)
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Supplementary Figures

Supplementary Figure 1.  Fer kinase downregulation promotes accumulation of α6-integrin in endosomal  

vesicles. MDA-MB-231 cells were transfected with the indicated siRNAs and plated on laminin-coated glass  

coverslips 72 h later. Cells were processed for immunofluorescence microscopy after 24 h using anti-α6 integrin and 

anti-early endosome antigen 1 (EEA1) antibodies. Scale bar = 20 mm. The results shown are representative of three 

independent experiments. 
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Supplementary Figure 2. FER regulates lamellipodia formation and migration. (A)the expression of V5-tagged 

wild type (WT) and kinase-deficient (D742R) FER in stably transduced MCF10.CA1d cells was determined by  

immunoblot using an anti-V5 antibody. Actin was used as a loading control. (B) FER-induced migration is kinase  

dependent. Control, WT and D742R FER-expressing MCF10.CA1d cells were seeded on collagen I-coated plates. The 

rate of migration was measured over 24 h using a modified wound-healing assay. Values represent the migration 

rate normalized to control ± SEM. * indicates significantly different migration rates, relative to control (p<0.05, 

one-way ANOVA). (C) Lamellipodia formation upon expression of FER.Control and WT or D742R FER-expressing 

MCF10A.CA1d cells were plated on collagen I-coated glass coverslips. The morphology of live cells was analyzed 

by phase contrast microscopy (phase) after 24 h. Cells were then fixed and processed for immunofluorescence 

microscopy using an anti-V5 antibody to detect exogenously expressed FER-V5 (green) and Alexa 555-conjugated  

phalloidin to visualize F-actin (red). The arrow indicates accumulation of WT FER at the leading edges of  

lamellipodia. Scale bar = 50 μm.
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Supplementary Figure 3. FER downregulation inhibits cell cycle progression. MDA-MB-231 inducible knock-down 

(iKD) cells were cultured for 96 h in the absence (-) or presence (+) of doxycycline (dox; 2 μg/ml) to induce shRNA  

expression. Cells were collected and fixed in 70% ethanol for 1 h on ice, followed by centrifugation (3,000 g,  

5 min, room temperature). Pellets were rinsed once with PBS, resuspended in PBS containing 30 μg/ml RNAseA 

and incubated for 30 min at 37°C. DNA was labelled with ToPro-3 (1:20,000; Invitrogen) and samples were analyzed 

on a FACSCalibur flow cytometer (Becton Dickinson). Cell cycle analysis was performed using FCS Express 4 Flow 

Cytometry software (De Novo Software).

(A) FACS histograms of iKD cells (+ dox). (B) Quantification of cell cycle distribution of iKD cells. Values represent the 

relative number of cells ± SEM. * p<0.05 Two-tailed Student’s t test. 
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Supplementary Figure 4. Growth kinetics of breast tumors derived MDA-MB-231 inducible knock-down (iKD) 

cells. Luciferase-expressing MDA-MB-231 iKD cells were orthotopically transplanted into recipient mice. Upon  

development of palpable tumors mice were switched to a doxycycline-containing diet (dox; arrow) to induce  

shRNA expression. Values represent the mean tumor volume ± SEM.

0

100

200

300

400

500

600

700

800

900

0 1 2 3 4 5 6 7 8 9 10 11 12 13

FER[680-698] iKD
FER[980-998] iKD

control iKD

Weeks post-transplantation

Tu
m

or
 v

ol
um

e 
(m

m
3 )

dox





Nine

Nuclear SOX4 expression in breast cancer  

predicts resistance towards adjuvant chemo-  

and radiotherapy 

Stephin J. Vervoort1,2*, Jeroen F. Vermeulen3*, Cathy B. Moelans3,

Peter Bult4, Elsken van der Wall5, Paul J. Coffer1,2, and Paul J. van Diest3 

1Department of Cell Biology, University Medical Center Utrecht, Utrecht, The Netherlands,  
2Division of Pediatrics, University Medical Center Utrecht, Utrecht, The Netherlands,  
3Department of Pathology, University Medical Center Utrecht, Utrecht, The Netherlands,  
4Department of Pathology, Radboud University Nijmegen Medical Centre, Nijmegen,  

The Netherlands,
5Division of Internal Medicine and Dermatology, University Medical Center Utrecht, Utrecht, 

The Netherlands

*These authors contributed equally to this study

Manuscript in preparation



174

Ch
ap

te
r 

9

Abstract

Introduction: The SRY-related HMG-box transcription factor 4 (SOX4) is abundantly  

expressed in various cancers and functions as a tumor suppressor or oncogene depending 

on the cellular context. In breast cancer, SOX4 expression is regulated by TGF-β signaling, 

several microRNAs, and drives tumor metastasis towards lung and bone. It has been shown 

that expression of SOX4 resulted in acquired therapy resistance towards chemotherapeutics 

in colorectal cancer cell lines, but this has not been investigated in breast cancer.

Methods: We analyzed SOX4 expression by immunohistochemistry in 452 breast cancer 

samples and investigated the role of SOX4 on survival in relation to adjuvant therapy. 

Results: High cytoplasmic SOX4 expression correlated with grade (p<0.001) and lymph 

node metastasis (p=0.036), but not with overall survival. High nuclear SOX4 expression was  

observed in 18% of breast cancers, especially in pleomorphic lobular breast cancer, and 

positively correlated with grade in both ductal and lobular breast cancers (p=0.013 and 

p<0.001). Nuclear SOX4 expression was a prognostic factor for poor survival (p=0.001) and 

served as an independent predictor of resistance to chemotherapy and radiotherapy.

Conclusions: In breast cancer, nuclear SOX4 is expressed in aggressive ductal and  

lobular breast cancers, and independently predicts poor survival and resistance to adjuvant  

chemo- and radiotherapy. 
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Breast cancer is the most frequently diagnosed malignancy in women, contributing to  

nearly one third of the diagnosed cancers [1]. In The Netherlands annually over 13,000 

women are diagnosed with breast cancer, meaning that one in eight women will develop 

breast cancer during her life [2, 3]. In Western countries the mortality rate has decreased  

the last 20 years at least 20% as a result of mammographic population based screening  

[4, 5] and advances of adjuvant chemotherapy, radiotherapy, hormonal, and targeted  

therapy [1, 6]. Nevertheless, breast cancer remains the second leading cause of cancer  

related death in women [1] accounting for 3,500 breast cancer related deaths annually in 

The Netherlands [7], mainly caused by acquired or intrinsic resistance towards adjuvant 

systemic therapies. 

In the last decade, genome-wide expression profiling has discovered novel genes involved 

in cancer development, therapy resistance and metastasis formation. These studies have 

led to the identification of the SRY-related HMG-box transcription factor 4 (SOX4) as a  

general cancer signature gene, which is highly expressed in the majority of human cancers,  

suggesting a key role of SOX4 in cancer development and progression [8, 9]. SOX4, 

which belongs to the SOX-family of transcription factors, was originally identified as an  

important developmental factor involved in the survival and proliferation of a wide  

variety of tissues, including the heart, neuronal tissues, and the hematopoietic system  

[10-12]. As a consequence, SOX4-deficient mice die after 14 days of gestation due to  

impaired cardiac development and suffer from numerous developmental defects [13, 14]. 

In contrast, SOX4 expression in adults is restricted to stem cell populations located in the  

intestine, breast, and hematopoietic system [15-19]. 

Despite the broad expression in human cancers, SOX4 has been demonstrated to have  

pleiotropic roles in tumors, acting as a tumor-suppressor or oncogene depending on the 

cellular context and tumor-type [20-23]. In breast cancer, SOX4 has been proposed to  

contribute to disease progression by promoting tumor metastasis [24, 25]. In both benign 

and malignant breast tissues SOX4 expression is controlled by estrogen and progesterone, 

and is furthermore regulated through the TGF-β/SMAD signaling pathway and several  

microRNAs [24-27]. In xenograph models of breast cancer using MDA-MB-231 cells, SOX4 

expression was elevated in lung and bone metastases [24]. Furthermore, the metastatic  

and invasive capacity of MDA-MB-231 cells was significantly reduced when SOX4 was  

depleted by shRNAs or microRNA-335. Recently, SOX4 was demonstrated to be an important  

effector of TGF-β-induced epithelial to mesenchymal transition (EMT), a process associated 
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with tumor metastasis in which cancers of epithelial origin acquire mesenchymal and stem 

cell characteristics [25]. Accordingly, SOX4 expression was shown to increase the stem cell 

properties of MCF10A cells and promote tumor growth of RasV12 transformed MCF10A 

cells in vivo. Moreover, in clinical specimens SOX4 expression correlated with tumor grade 

and triple negative breast cancer [25], suggesting that SOX4 is a hallmark of aggressiveness 

and plays a fundamental role in breast cancer progression. 

In addition to TGF-β signaling, SOX4 expression is also potently induced upon treatment 

of human cancer cell lines with a variety of therapeutic agents including doxorubicin, 

5-fluorouracil (5-FU), and oxaliplatin [28]. Similar to its diverse roles in human cancer,  

therapy-mediated induction of SOX4 may result in distinct effects depending on tumor 

characteristics. For example, in medulloblastoma, DNA-damage-induced expression of 

SOX4 has been suggested to promote DNA-repair, resulting in decreased radiosensitivity 

[29]. Contrarily, in colorectal carcinoma (HCT116 cells) induction of SOX4 expression  

promoted DNA-damage signaling through SOX4-mediated stabilization of p53 thereby  

resulting in a p53-dependent reduction in tumorigenesis [30]. Moreover, in 5-FU and  

oxaliplatin resistant HCT116 cells, SOX4 expression was significantly elevated compared to 

the parental cells [28]. Taken together, these findings suggest that SOX4 actively contributes  

to the therapeutic response in human cancer and might act as a marker for therapy- 

resistance. By virtue of the important role of SOX4 in breast cancer progression and its  

potential link with efficacy of therapy, we explored the role of SOX4 in therapy resistance 

and outcome of breast cancer. 
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Patients

The study population was derived from the archives of the Departments of Pathology of the 

University Medical Center Utrecht, Utrecht and the Radboud University Nijmegen Medical 

Centre, Nijmegen, The Netherlands. These comprised 452 cases of invasive breast cancer. 

Histological grade was assessed according to the modified Bloom and Richardson score [31], 

and the mitotic activity index (MAI) was assessed as before [32]. Other clinicopathological 

characteristics are shown in Table S1. From representative donor paraffin blocks of the  

primary tumors, tissue microarrays were constructed as described by Vermeulen et al 

[33, 34]. The use of anonymous or coded leftover material for scientific purposes is part 

of the standard treatment contract with patients in The Netherlands [35]. Ethical approval 

was therefore not required. Overall survival and treatment data were obtained from the  

Comprehensive Cancer Center of The Netherlands (Integraal Kankercentrum Nederland). 

Survival data were available of 295 out of 452 breast cancer cases, with a follow up of 72 

months for the ductal and 120 months for the lobular breast cancer cases.

Immunohistochemistry

Immunohistochemistry was carried out on 4µm thick sections. Data on HER2, progesteron 

receptor (PR), estrogen receptor α (ERα), and E-cadherin were derived from Vermeulen et al 

[33, 34]. After deparaffination and rehydration, endogenous peroxidase activity was blocked 

for 15 min in a buffer solution pH5.8 containing 0.3% hydrogen peroxide. After antigen  

retrieval, i.e. boiling for 20 min in 10mM citrate pH6.0, a cooling period of 30 min  

preceded the primary antibody incubation. Primary antibodies against SOX4 (HPA029901, 

Sigma Aldrich) 1:50 were diluted in PBS containing 1% BSA and incubated overnight 

at 4°C. The signal was amplified using the Novolink kit (Leica) and developed with  

diaminobenzidine, followed by counterstaining with haematoxylin, dehydration in alcohol, 

and mounting. Appropriate negative and positive controls were used throughout.

Scoring of immunohistochemistry

All scoring was done blinded to patient characteristics and results of other stainings by three 

independent observers (SJV, JFV, PJvD). E-cadherin and HER2 stainings were scored using 

the DAKO/HER2 scoring system for membrane staining. Membranous scores 1+, 2+, and 3+ 

were considered positive. For HER2 only a score of 3+ was considered positive. ERα and PR 

were scored by estimating the percentage of positive tumor cells, considering cancers with 

more than 10% positive tumor nuclei as positive. Nuclear and cytoplasmic SOX4 staining 

intensity was scored as 0-3+, considering samples with 3+ staining intensity as positive. The 

Perou/Sorlie molecular classification was simulated by ERα/ PR/ HER2 as before [36].
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Statistics

Statistical analysis was performed using IBM SPSS Statistics version 18.0 (SPSS Inc., Chicago, 

IL, USA). Associations between categorical variables were examined using the Pearson’s  

Chi-square test or Fisher’s exact test when required. Survival analyses were performed  

using Kaplan-Meier and differences were analyzed using Log rank test. Multivariate analyses 

were performed using Cox regression. P-values <0.05 were considered to be statistically 

significant.

Table 1. Correlation of nuclear SOX4 expression with clinicopathological and molecular features of invasive breast 

cancer.

Nuclear SOX4 expression
Feature N Low High p-value

N (%) N (%)
Histological type

IDC 301 259 (86.0) 42 (14.0)
ILC 123 88 (71.5) 35 (28.5)
Other 28 24 (85.7) 4 (14.3) 0.002

Histological grade
1 80 77 (96.2) 3 (3.8)
2 160 139 (86.9) 21 (13.1)
3 195 139 (71.3) 56 (28.7) <0.001

Tumor size 
pT1 202 177 (87.6) 25 (12.4)
pT2 197 153 (77.7) 44 (22.3)
pT3 50 38 (76.0) 12 (24.0) 0.018

MAI (per 2mm2)
≤ 12 230 210 (91.3) 20 (8.7)
≥ 13 222 161 (72.5) 61 (27.5) <0.001

Lymph node status
Positive 212 172 (81.1) 40 (18.9)
Negative 220 182 (82.7) 38 (17.3) 0.667

Molecular classification
Luminal 377 311 (82.5) 66 (17.5)
HER2-driven 17 15 (88.2) 2 (11.8)
Basal/TN 58 45 (77.6) 13 (22.4) 0.528

ERα
Positive 372 308 (82.8) 64 (17.2)
Negative 80 63 (78.8) 17 (21.2) 0.392

PR
Positive 268 220 (82.1) 48 (17.9)
Negative 183 150 (82.0) 33 (18.0) 0.973

HER2
Positive 44 36 (81.8) 8 (18.2)
Negative 407 334 (82.1) 73 (17.9) 0.968

E-cadherin
Positive 300 253 (84.3) 47 (15.7)
Negative 116 83 (71.6) 33 (28.4) 0.003
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SOX4 expression in breast cancer correlates with an aggressive phenotype 

SOX4 expression was found to be present at low levels (0 and 1+) in both luminal and  

myoepithelial cells of normal breast ducts. In our cohort of breast cancers, 191 cases (42.4%)  

expressed high levels (3+) of cytoplasmic and 81 cases (18%) high levels of nuclear SOX4  

(Figure 1), and 308 cases (67.8%) showed high nuclear and/or cytoplasmic SOX4. As shown 

in Table S2, high cytoplasmic expression was more abundant in invasive ductal carcinoma 

(IDC) than in invasive lobular carcinoma (ILC) (p<0.001), but no correlations with other  

clinicopathological features were found. In contrast, nuclear accumulation of SOX4 was  

correlated with tumor grade, MAI, tumor size, and tumor histology, but not with  

hormonal receptor status or lymph node status (Table 1). Further, pleomorphic lobular 

breast cancers expressed nuclear SOX4 more frequently than classical lobular breast cancer 

(p<0.001, Figure 1). Nevertheless, subgroup analysis of IDC and ILC revealed that nuclear SOX4  

correlated with tumor grade and MAI in both IDC and ILC (Table S3). In breast cancers 

with high nuclear and/or cytoplasmic (“total”) SOX4 expression, there was a significant  

association with lymph node metastasis (p=0.036), high histological grade (p<0.001), and 

high MAI (p<0.001), but not with ERα, PR, HER2, or molecular classification (Table S2).

Figure 1. SOX4 expression in invasive breast cancer. Images of representative cases of invasive lobular (ILC) and 

invasive ductal (IDC) breast cancer stained by immunohistochemistry for SOX4. Scale bar equals 25 μm.

Nuclear SOX4 expression contributes to poor survival of breast cancer patients

Cytoplasmic (p=0.126) and total SOX4 expression (p=0.841) had no influence on survival, 

whereas patients with high nuclear SOX4 expression had a worse prognosis than patients 

with low nuclear SOX4 expression (p=0.001; Figure 2A). This effect of high nuclear SOX4 

expression on survival was seen in both IDC and ILC (p=0.047 and p=0.040, respectively;  

Figure 2B). Multivariate analysis showed that high nuclear SOX4 expression had  

independent prognostic value next to lymph node status, age, and grade (Table 2). In  

subgroup analysis, age and lymph node status were determining survival rather than  

nuclear SOX4 expression in IDC, whereas in ILC nuclear SOX4, age, and lymph node status 

had independent prognostic value (Table 2). 

classical pleomorphic low grade high grade
ILC IDC
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Figure 2. Overall survival curves for patients with high or low nuclear SOX4 expression. (A) Overall survival of 

breast cancer patients stratified for nuclear SOX4 expression. (B) Overall survival of breast cancer patients with IDC 

or ILC stratified for nuclear SOX4 expression.

Nuclear SOX4 correlates with response to adjuvant radio- and chemotherapy 

In univariate analysis, patients with high nuclear SOX4 expression experienced no  

benefit from adjuvant chemo- or radiotherapy, showing similar outcome data compared to  

untreated patients with high nuclear SOX4 expression. (p=0.429 and p=0.995, respectively). 

This was in contrast to patients with low nuclear SOX4 that did better on adjuvant therapy 

(p=0.010 and p=0.011, respectively), as shown in Figure 3A. This suggests therapy-resistance 

in patients with high nuclear SOX4 expression. Furthermore, in the univariate analysis, in  

patients not receiving adjuvant chemo- or radiotherapy, high nuclear SOX4 expression  

resulted in a worse survival compared to patients with low nuclear SOX4 (Figure 3B); this 

however could not be confirmed in the multivariate analysis (Table 3). Hormonal therapy 

in these patients resulted in better survival, although no link between SOX4 expression 

and hormone receptor expression was found. Within the subgroup of patients receiving  

adjuvant chemotherapy or radiotherapy, patients with high nuclear SOX4 expression had a 
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significantly worse survival compared to patients with low nuclear SOX4 expression in  

univariate analysis (chemotherapy p=0.014 and radiotherapy p<0.001; Figure 3C).  

Multivariate analysis showed similar results, where high nuclear SOX4 expression was  

independently correlated with a worse outcome following treatment (Table 3). 
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Figure 3. Overall survival 

curves for patients with 

high or low nuclear SOX4  

expression in relation to  

adjuvant therapy. 

(A) Overall survival of  

patients with high or low 

nuclear SOX4 in relation 

to adjuvant chemo- or  

radiotherapy. 

(B) Overall survival of  

patients with high or low 

nuclear SOX4 in relation 

to not receiving adjuvant  

chemo- or radiotherapy. 

(C) Overall survival of  

patients with high or low 

nuclear SOX4 in relation to 

receiving adjuvant chemo- 

or radiotherapy. 
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Discussion

In addition to the established role of SOX transcription factors in vertebrate development,  

increasing evidence emerges that these factors can function as oncogenes or  

tumor suppressor genes [20-23]. The subgroup of SOXC-type transcription factors  

consisting of SOX4, SOX11, and SOX12 has been linked to multiple cancers, but the precise 

role of SOX4 in epithelial cancer is yet to be elucidated. Recently, SOX4 was shown to be  

associated with triple negative breast cancer and the induction of an EMT-like phenotype in 

breast cancer cells [25]. Further, overexpression of SOX4 in multiple cancers was correlated 

with resistance towards conventional adjuvant therapies by induction of DNA-repair and  

inhibition of apoptosis [29].

The aim of the present study was to identify the role of SOX4 in breast cancer in relation 

to prognosis and adjuvant therapy response. We found that expression of SOX4 was  

associated with high grade and high mitotic activity. Furthermore, SOX4 expression was 

higher in ILC compared to IDC. Since ILC lacks E-cadherin expression, SOX4 levels were  

expected to be higher than in IDC. However, pleomorphic ILC had significantly higher SOX4 

expression than classical ILC, arguing that other factors in addition to loss of E-cadherin, 

(in)directly control SOX4 localization and expression. It has recently been described that  

regulation of SOX4 localization may occur through an interaction with plakoglobin (γ-catenin) 

which associates with adherens junction proteins such as cadherins [37]. In addition, SOX4 

has been described to interact with β-catenin and has been demonstrated to potentiate 

Wnt-signaling [38]. The interaction of SOX4 with plakoglobin in the nucleus was observed to 

be dependent on Wnt3A signaling and resulted in a competition for binding with β-catenin 

and nuclear export of SOX4. Potentially tumor-specific loss of E-cadherin releases β-catenin 

and plakoglobin and thus modulates the localization of SOX4. Moreover, activation of the 

Wnt-signaling pathway has been linked to resistance to 5-FU in hepatocellular carcinoma 

[39], radiotherapy resistance in glioblastoma [40] and the generation of therapy- 

resistant cancer stem cell populations [41]. Possibly, SOX4-mediated potentiation of the  

Wnt-signaling pathway contributes to the therapy resistance phenotype in SOX4 high  

tumors [14].

In our study high nuclear SOX4 expression was independently associated with decreased 

survival of patients with both ILC and IDC. Furthermore, increased nuclear SOX4 expression  

predicted response to adjuvant chemotherapy and radiotherapy since only patients with 

low nuclear SOX4 responded to therapy. In the subgroup of patients receiving adjuvant  

therapy, nuclear SOX4 was also an independent prognostic factor. These findings suggest 
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that SOX4 may promote chemo- and radiotherapy resistance in breast cancer rather than 

sensitization as previously described for SOX4 in colorectal carcinoma [30]. The precise 

mechanism of SOX4-mediated resistance is largely unknown, while several studies have 

identified SOX4 transcriptional targets there is little overlap, potentially reflecting tumor-

specific and context dependent mechanisms. However, the core of genes found e.g. EGFR, 

VEGF was rather linked to metastasis than to resistance [42, 43]. Nevertheless, two of the 

most well characterized SOX4 target genes Tubulin-βIII (TUBB3) and TEAD2 have been 

linked to therapy resistance [10, 29]. TUBB3 is an important factor in the acquired resis-

tance to microtubule targeting agents [30], whereas the TEAD2 transcription factor could 

impact on therapy resistance through modulation of the HIPPO-signaling pathway which is 

closely linked with therapy resistance in breast cancer and glioblastoma [44, 45]. It is thus  

possible that SOX4-mediated chemo- and radiotherapy resistance is dependent on its direct  

transcriptional regulation of yet to be identified resistance related target genes.

In conclusion, in this retrospective study, expression of nuclear SOX4 was associated with 

a more aggressive phenotype of both ductal and lobular breast cancer resulting in poor 

survival of affected patients. In addition, nuclear SOX4 seemed to independently predict 

resistance to adjuvant chemo- and radiotherapy. Since the chemotherapy regimens used 

differed over time and data on the exact combination of chemotherapeutics was not  

always available, no conclusions can be drawn according to type of chemotherapy and  

resistance upon SOX4 expression. In our view, based on our results, a second study where 

detailed information on various types of systemic adjuvant treatment, can be linked to SOX4  

expression in the tumor, is warranted before any definite conclusions can be drawn towards  

clinical implications of SOX4 expression. If the data will be confirmative, targeting SOX4 

could become a potential new avenue in the treatment of cancer.
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Supplementary data

Table S1. Clinicopathological characteristics of 452 breast cancer patients studied for the expression of SOX4.

Feature Grouping N or value %
Age (years) Mean 61

Range 28-88

Histological type IDC 301 66.6
ILC 123 27.2
Other 28 6.2

Tumor size pT1 202 44.7
pT2 197 43.6
pT3 50 11.1
Not available 3 0.6

Histological grade 1 80 17.7
2 160 35.4
3 195 43.1
Not available 17 3.8

MAI# ≤ 12 230 50.9
≥ 13 222 49.1

Lymph node status Negative* 220 48.7
Positive** 212 46.9
Not available 20 4.4

#: per 2 mm2; *: negative = N0 or N0(i+); **:positive = ≥N1mi (according to TNM 7th edition, 2010)
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Table S2. Correlation of cytoplasmic and total SOX4 expression with clinicopathological and molecular features of 

invasive breast cancer.

Cytoplasmic SOX4 expression Total SOX4 expression 
Feature Low High p-value Low High p-value

N (%) N (%) N (%) N (%)
Histological type

IDC 149 (49.5) 152 (50.5) 86 (28.4) 217 (71.6)
ILC 97 (80.2) 24 (19.8) 49 (39.8) 74 (60.2)
Other 13 (46.4) 15 (53.6) <0.001 11 (39.3) 17 (60.7) 0.051

Histological grade
1 51 (63.8) 29 (36.2) 42 (52.5) 38 (47.5)
2 91 (57.2) 68 (42.8) 55 (34.0) 107 (66.0)
3 102 (52.6) 92 (47.4) 0.228 36 (18.5) 159 (81.5) <0.001

Tumor size 
pT1 108 (53.7) 93 (46.3) 70 (34.7) 132 (65.3)
pT2 115 (58.7) 81 (41.3) 59 (29.6) 140 (70.4)
pT3 34 (68.0) 16 (32.0) 0.171 15 (30.0) 35 (70.0) 0.535

MAI (per 2mm2)
≤ 12 136 (59.4) 93 (40.6) 97 (42.2) 133 (57.8)
≥ 13 123 (55.7) 98 (44.3) 0.423 47 (21.2) 175 (78.8) <0.001

Lymph node status
Positive 115 (54.5) 96 (45.5) 59 (27.7) 154 (72.3)
Negative 137 (62.3) 83 (37.7) 0.102 82 (37.1) 139 (62.9) 0.036

Molecular classification
Luminal 212 (56.5) 163 (43.5) 127 (33.6) 251 (66.4)
HER2-driven 11 (64.7) 6 (35.3) 4 (23.5) 13 (76.5)
Basal/TN 36 (62.1) 22 (37.9) 0.607 15 (25.4) 44 (74.6) 0.339

ERα
Positive 210 (56.8) 160 (43.2) 127 (34.0) 246 (66.0)
Negative 49 (61.2) 31 (38.8) 0.461 19 (23.5) 62 (76.5) 0.064

PR
Positive 141 (53.0) 125 (47.0) 83 (31.0) 185 (69.0)
Negative 117 (63.9) 66 (36.1) 0.021 62 (33.5) 123 (66.5) 0.568

HER2
Positive 27 (61.4) 17 (38.6) 14 (31.1) 31 (68.9)
Negative 231 (57.0) 174 (43.0) 0.581 131 (32.1) 277 (67.9) 0.892

E-cadherin
Positive 142 (47.5) 157 (52.5) 81 (26.8) 221 (73.2)
Negative 87 (75.7) 28 (24.3) <0.001 43 (37.1) 73 (62.9) 0.040
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Table S3. Correlation of nuclear SOX4 expression with clinicopathological features of IDC and ILC.

Nuclear SOX4 expression IDC Nuclear SOX4 expression ILC
Feature Low High p-value Low High p-value

N (%) N (%) N (%) N (%)
Histological grade

1 50 (94.3) 3 (5.7) 22 (100.0) 0 (0.0)
2 86 (89.6) 10 (10.4) 40 (80.0) 10 (20.0)
3 113 (79.6) 29 (20.4) 0.013 20 (45.5) 24 (54.5) <0.001

Tumor size 
pT1 134 (89.9) 15 (10.1) 33 (80.5) 8 (19.5)
pT2 109 (82.0) 24 (18.0) 34 (65.4) 18 (34.6)
pT3 14 (82.4) 3 (17.6) 0.142 20 (69.0) 9 (31.0) 0.265

MAI (per 2mm2)
≤ 12 129 (92.1) 11 (7.9) 65 (87.8) 9 (12.2)
≥ 13 130 (80.7) 31 (19.3) 0.004 23 (46.9) 26 (53.1) <0.001

Lymph node status
Positive 125 (86.2) 20 (13.8) 36 (66.7) 18 (33.3)
Negative 124 (85.5) 21 (14.5) 0.866 46 (74.2) 16 (25.8) 0.374

Molecular classification
Luminal 207 (87.0) 31 (13.0) 84 (71.8) 33 (28.2)
HER2-driven 15 (93.7) 1 (6.3)
Basal/TN 37 (78.7) 10 (21.3) 0.216 4 (66.7) 2 (33.3) 0.786

ERα
Positive 206 (87.3) 30 (12.7) 82 (71.9) 32 (28.1)
Negative 53 (81.5) 12 (18.5) 0.236 6 (66.7) 3 (33.3) 0.736

PR
Positive 149 (87.6) 21 (12.4) 56 (69.1) 25 (30.9)
Negative 110 (84.0) 21 (16.0) 0.361 31 (75.6) 10 (24.4) 0.455

HER2
Positive 34 (89.5) 4 (10.5) 1 (25.0) 3 (75.0)
Negative 225 (85.6) 38 (14.4) 0.514 86 (72.9) 32 (27.1) 0.071
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Summary of the thesis

The first part of the thesis focuses on biomarkers for molecular imaging of breast 

cancer. In chapter 2 the prevalence of hypoxia-related markers CAIX, GLUT1, 

CXCR4, and IGF1-R in breast cancer and their potential for molecular imaging  

strategies is described in a comprehensive systematic review with meta-regression. We 

found that hypoxia markers are significantly less frequently expressed in invasive lobular 

cancer (ILC) compared to invasive ductal carcinoma (IDC). Furthermore, the prevalence 

of CAIX, GLUT1, and CXCR4 expression was significantly higher in grade 3 breast cancers,  

whereas IGF1-R expression was significantly lower in grade 3 cancers. Meta-regression 

showed that studies using tissue microarrays (TMAs) had a significantly lower pooled  

prevalence of CAIX and GLUT1 compared to studies using whole slides. Although TMAs 

are convenient for evaluation of large patient cohorts, the value for assessment of  

hypoxia (and other) markers needs to be reconsidered given significant differences between  

prevalences found in our meta-analysis. Furthermore, studies should also incorporate data on  

expression patterns in normal breast tissue, benign lesions, and DCIS, as such information is 

currently essentially lacking in the literature.

Chapter 3 reports expression profiles of membrane-bound markers for molecular  

imaging in histological and molecular subtypes of female breast cancer. We demonstrate that 

a panel of membrane markers is required to obtain a high ‘detection’ rate, because the most  

abundantly expressed tumor-specific marker (GLUT1) was present in only 20% of breast  

cancers. Further, a panel consisting of tumor-specific markers was less sensitive in ILC 

and low grade IDC. Moreover, we show that tumor-to-normal ratios of less tumor-specific  

markers are not caused by increased expression of the marker on cancer cells, but are the 

result of increased cellularity of the cancer compared to normal breast epithelium. These 

less tumor-specific markers increased the ‘detection’ rate of lobular and low grade breast 

cancer up to 80%. Therefore, one of the current challenges is to identify tumor-specific 

markers for detection of ILC, but CD44v6 seems to be potentially quite useful. 

In chapter 4, the growth factor receptor expression profile of male breast cancer is  

described, suggesting that IGF1-R, expressed in 40% of male breast cancers, is the  

driving receptor in male breast cancer. Like in female breast cancer, tumor-specific markers 

i.e. growth factor receptors and hypoxia markers are too infrequently expressed in male 

breast cancer for molecular imaging strategies. A panel of markers consisting of CD44v6, 

EGFR, IGF1-R, HER2, and GLUT1 supplemented with FGFR2 and CAXII was equally sensitive 

in ‘detecting’ male and female breast cancer. 



193

Su
m

m
ar

y 
an

d 
fu

tu
re

 p
er

sp
ec

tiv
es

Chapter 5 explores whether identified markers for imaging of breast cancer could be  

useful for image-guided surgery of ductal carcinoma in situ (DCIS) using molecular imaging,  

and whether expression differs between DCIS and adjacent invasive breast cancer. The  

expression of HER2 is known to be higher in DCIS, but we found GLUT1, IGF1-R, and CAXII  

expression to be 3-fold higher in DCIS compared to invasive breast cancer. The resulting 

‘detection’ rate of DCIS was over 90% and not different between pure DCIS and DCIS with 

adjacent invasive breast cancer.  

In Chapter 6 we show for the first time in a preclinical study that optical imaging using 

CD44v6-specific antibodies has sufficient sensitivity for non-invasive and intra-operative  

imaging of DCIS-like lesions in vivo. Due to limited tumor penetration of antibody-based  

tracers to the first 2-3 cell layers aligning stroma and blood vessels, smaller tracers will be 

even better applicable for detection of DCIS and other poorly vascularized malignancies.

The second part of the thesis focused on markers determining aggressiveness, metastasis, 

and predicting therapy resistance of breast cancer. The role of the transcription factor Kaiso 

in breast cancer is described in chapter 7. We show that nuclear Kaiso was predominantly 

found in IDC, while cytoplasmic Kaiso expression was linked to ILC. The expression of nuclear 

Kaiso correlated with high grade, loss of estrogen receptor and is highly expressed in triple 

negative breast cancer. In addition, Kaiso was frequently found in BRCA1-associated breast 

cancer. We show that p120-catenin is important for the nuclear localization of Kaiso and 

transcriptional repression of Kaiso targets in vitro. Although Kaiso’s target genes in breast 

cancer are unknown, this suggests that Kaiso may function as an oncogene in IDC through 

inhibition of tumor suppressor gene expression whereas in ILC, Kaiso might harbor tumor 

suppressor functions by p120-mediated relieve of transcriptional repression of oncogenic 

target genes.

The role of FER kinase in breast cancer metastasis is described in chapter 8. In highly  

metastatic cells we could show that downregulation of FER kinase inhibits migration,  

invasion and anchorage independence. The pronounced phenotype of FER kinase depleted 

cells was accompanied by changes in gross morphology, the formation of stress fibers, and 

focal adhesions. Further, in mouse models we determined that downregulation of FER  

kinase attenuates tumor growth and controls distant metastasis formation. Finally, we found 

that FER expression is a hallmark of aggressive breast cancer and an independent predictor 

of decreased patient survival.
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Chapter 9 reports SOX4 expression in breast cancer. SOX4 is abundantly expressed in various 

cancers and functions as a tumor suppressor or oncogene depending on the cellular context. 

In breast cancer, SOX4 expression drives tumor metastasis towards lung and bone. We found 

that nuclear SOX4 was highly expressed in 18% of breast cancers, especially in pleomorphic 

ILC, and correlated with grade in both IDC and ILC. Further, nuclear SOX4 expression was a  

prognostic factor for poor survival and served as an independent predictor of resistance to 

chemotherapy and radiotherapy. These findings suggest that SOX4 may promote chemo- 

and radiotherapy resistance rather than sensitization as previously described, although the 

precise mechanism of SOX4-mediated resistance is still to be elucidated.

Future Perspectives

Molecular imaging with optical tracers rapidly developed into a clinically approved  

imaging modality for image-guided surgery. However, the number of clinically approved 

tumor-specific tracers is limited and several clinical trials are currently conducted with 

targeted imaging tracers. For targeted molecular imaging thorough patient selection is  

required since the targets are heterogeneously expressed across histological and molecular 

types of breast cancer, e.g. for HER2-specific tracers only 10-15% of patients will be eligible. 

In addition, molecular imaging also opens up the possibility to determine the molecular 

characteristics of breast cancer prior to surgery or to evaluate and adjust adjuvant therapy 

regimes, which is in particularly valuable for metastatic disease. As previously shown by 

Hoefnagel et al [1], in 5.2% of patients with metastatic breast cancer HER2 status differed 

between the primary breast cancer and the metastases, resulting that these patients 

received incorrect therapy. Therefore, molecular assessment of HER2 status of the  

metastases by molecular imaging might complement or replace taking biopsies of  

metastatic sites.

For breast cancer screening a panel of markers is required, but limited tumor penetration  

of antibodies might hamper the detection of DCIS and other poorly vascularized 

malignancies. Size reduction of imaging tracers holds promise here due to better diffusion. 

Prime candidates are tumor-specific VHHs (15kDa antibody fragments consisting of only the 

Vh domain of the heavy-chain-only antibodies from camelids), since VHHs are stable, non-

immunogenic, and can be engineered into larger multivalent tracers [2, 3]. For screening of 

breast cancer combining multiple tumor-specific VHHs into a single imaging tracer, might be 

key for imaging of breast cancer with a panel of membrane markers.
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The process of breast cancer metastasis and acquired resistance to systemic adjuvant  

therapies is still poorly understood. We identified that FER kinase and SOX4 are involved 

in these processes. Preliminary results indicate that SOX4 depletion results in a similar  

phenotype as FER kinase knockdown and that FER kinase and SOX4 are highly correlated in  

invasive breast cancer (p<0.001). All together this suggests that FER kinase and SOX4 are in 

the same biological pathway. Future experiments will therefore focus on whether SOX4 and 

FER kinase are functionally linked and whether FER kinase expression is effecting therapy 

resistance. 

Comparable to the effect of SOX4 overexpression in breast cancer, tumor hypoxia has been 

shown to induce resistance to systemic therapy [4, 5]. Preliminary data reveal that nuclear 

SOX4 was significantly associated with known hypoxia markers HIF1α, CAIX, and CAXII in 

clinical specimens. Furthermore, culturing cell lines under hypoxic conditions increased 

SOX4 expression 2-6 fold on the mRNA and protein level, resulting in upregulation of TEAD2, 

a SOX4 target gene that has been linked to therapy resistance. These data suggest that 

hypoxia might directly increase SOX4 expression, which could reveal novel mechanisms of 

induced therapy resistance.
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Nederlandse samenvatting

In 2010 werd bij 13.257 vrouwen en 94 mannen borstkanker vastgesteld. Hiermee is  

borstkanker de meest voorkomende vorm van kanker bij vrouwen. Het aantal nieuwe  

gevallen van borstkanker in Nederland neemt elk jaar gestaag toe door de toegenomen 

levensverwachting en vanwege de leeftijdsopbouw van de Nederlandse samenleving. Dit 

betekent dat ongeveer 1 op 8 vrouwen en 1 op 1.000 mannen borstkanker krijgt. Ondanks 

dat elk jaar meer patiënten de diagnose borstkanker krijgen, blijft het aantal patiënten 

dat overlijdt aan borstkanker in Nederland stabiel: per jaar ongeveer 3.200 vrouwen en 

32 mannen. Het stadium waarin de kanker wordt vastgesteld is van groot belang voor de  

overleving van borstkanker. De prognose van patiënten met een borsttumor kleiner dan 

2 cm zonder uitzaaiingen naar de lymfeklieren (stadium 1) is goed: 98% van de patiënten is 

na vijf jaar nog in leven. Daarentegen is de prognose van patiënten met uitzaaiingen naar  

andere organen (stadium 4) erg ongunstig (5-jaars overleving is ongeveer 16%). Door 

verbeterde behandeling en eerdere diagnose van borstkanker is de 5-jaars overleving 

toegenomen tot 86% in de afgelopen 20 jaar.

In Nederland worden de meeste nieuwe gevallen van de borstkanker ontdekt door  

middel van mammografie zoals uitgevoerd tijdens het bevolkingsonderzoek. Door invoering 

van digitale mammografie wordt borstkanker vaker in een eerder stadium ontdekt, wat tot 

grotere overlevingskansen leidt. Een voorloperstadium van borstkanker, ductaal carcinoom 

in situ, is steeds vaker een reden om tot een operatie over te gaan. Het grootste nadeel van 

mammografie is dat de gevoeligheid in bepaalde patiënten te wensen overlaat. Hierdoor 

zijn andere beeldvormende technieken zoals MRI noodzakelijk om een diagnose te stellen. 

Nieuwe ontwikkelingen om borstkanker te ontdekken, vinden plaats op het gebied 

van de moleculaire beeldvorming. Moleculaire beeldvorming houdt in dat visualisatie,  

karakterisering en metingen van biologische processen op een moleculair of cellulair niveau 

plaatsvindt en dat kwantificering van de meting in de tijd mogelijk is. Voorbeelden hiervan 

zijn MRI, PET, echo en optische beeldvorming. In 2000 werd door Ntziachristos en anderen 

aangetoond dat de opname van ICG (indocyanine green; een stofje dat na belichting  

infrarood licht gaat uitzenden, ook wel tracer genoemd) in borstkanker overeenkwam 

met MRI-beelden. Hieruit bleek dat ICG geschikt was als moleculaire tracer voor optische  

beeldvorming van borstkanker. Echter, ICG is niet specifiek en stabiel genoeg om tumoren 

met een hoge resolutie te kunnen ontdekken. Verbeterde stoffen zoals IRDye800CW zijn 

stabieler en kunnen tumorspecifiek gemaakt worden door ze te koppelen aan antilichamen. 

Het aantal antilichamen dat is goedgekeurd voor klinische doeleinden is echter beperkt.
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Behalve verbeterde beeldvorming heeft het ontwikkelen van specifieke therapieën de  

overlevingskansen voor patiënten met borstkanker doen toenemen. Na het ontrafelen van 

de moleculaire karakteristieken van borstkanker in de afgelopen 20 jaar, is de behandeling 

steeds meer toegespitst op de tumorkarakteristieken van de individuele patiënt. Daardoor 

wordt hormoontherapie enkel gegeven wanneer hormoonreceptoren in de tumorcellen 

aanwezig zijn. Dit geldt ook voor behandeling met Herceptin, dat enkel bij overexpressie 

van de tumormarker HER2 effectief is. Daarnaast wordt er veel onderzoek gedaan naar de  

therapeutische mogelijkheden van andere markers zoals EGFR, IGF1-R en VEGF. Therapie 

die zich richt op specifieke markers, vergt een uitgebreide patiëntselectie. Wanneer de  

expressie van de marker waarop de therapie gebaseerd is verminderd, heeft dit  

direct negatieve gevolgen voor de effectiviteit van de behandeling. Om de behandeling te  

optimaliseren, kan gebruik gemaakt worden van tumorspecifieke antilichamen (met  

daaraan gekoppeld bijvoorbeeld IRDye800CW) om zo de target expressie op verschillende 

momenten te bepalen. Diagnostische beeldvorming is daarom in de toekomst niet meer los 

te zien van therapie.

Deel 1 Moleculaire markers voor beeldvorming van borstkanker

Het eerste deel van het proefschrift gaat over nieuwe markers voor moleculaire  

beeldvorming. In hoofdstuk 2 wordt een literatuurstudie beschreven over de expressie  

(hoeveel en hoe vaak een eiwit voorkomt) van hypoxia (zuurstoftekort) markers in  

borstkanker. Verschillen tussen de studies met betrekking tot de gebruikte  

methodes was groot. Wij hebben gevonden dat in tegenstelling tot invasief ductaal  

carcinoom (IDC, de meest voorkomende vorm van borstkanker), invasief lobulair carcinoom  

(ILC, verantwoordelijk voor 10-15% van alle borstkankers) bijna nooit hypoxia markers 

tot expressie brengt. Daarnaast was de prevalentie van hypoxia markers in borstkanker  

afhankelijk van de gebruikte methode.

In hoofdstuk 3 wordt de expressie van verschillende markers in borstkanker beschreven. 

Hierin laten we zien dat meerdere tumorspecifieke markers noodzakelijk zijn om  

borstkanker in hoge mate te kunnen detecteren. De meest voorkomende marker (GLUT1) 

was maar in 20% van alle borstkankers aanwezig. Daarnaast waren de tumorspecifieke 

markers minder geschikt voor detectie van ILC en laaggradig (minder agressief) IDC.  

Markers die in het normale borstweefsel tot expressie komen, kwamen ook vaker tot  

expressie in ILC en laaggradig IDC. Dergelijke markers die voorkomen in zowel borstkanker 

als normaal borstweefsel kunnen bruikbaar zijn voor detectie van borstkanker, omdat de 

celdichtheid van kanker groter is dan van het omliggend normale borstweefsel. Zo is er  

voldoende verschil om borstkanker te kunnen onderscheiden.
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Hoofdstuk 4 beschrijft het expressiepatroon van groeifactorreceptoren in borstkanker bij 

mannen. In 40% van alle gevallen van borstkanker bij mannen kwam IGF1-R tot expressie. 

Daarmee kan IGF1-R de belangrijkste groeifactorreceptor zijn voor borstkankerontwikkeling 

bij mannen. Daarnaast hebben wij gevonden dat voor beeldvorming van borstkanker bij 

mannen een combinatie van markers noodzakelijk is. 

 

Ductaal carcinoom in situ (DCIS), een voorloperstadium van borstkanker, komt vaak rond 

borstkanker voor. DCIS kan voor problemen zorgen tijdens borstbesparende operaties,  

omdat het niet te voelen is. Dit geeft het risico op een incomplete verwijdering en het 

(opnieuw) ontwikkelen van borstkanker. Moleculaire beeldvorming van DCIS tijdens de  

operatie zou de kans op een incomplete verwijdering kunnen beperken. In hoofdstuk 5 

hebben we gekeken of expressie van moleculaire markers in DCIS overeenkwam met die in 

borstkanker. De expressie was gelijk tussen patiënten met alleen DCIS en patiënten met DCIS 

en borstkanker. Wel kwamen verschillende markers tot drie keer vaker in DCIS tot expressie 

dan in de naastgelegen borstkanker. Kortom moleculaire markers zijn bruikbaar voor de 

detectie van zowel DCIS als borstkanker. 

In hoofdstuk 6 is in een muismodel onderzocht of DCIS met moleculaire optische  

beeldvorming detecteerbaar was. Hiervoor werden muizen geïnjecteerd met antilichamen 

gekoppeld aan IRDye800CW (een stof dat na belichting infrarood licht gaat uitzenden). De 

muizen zijn een week gevolgd om tumoren te lokaliseren op basis van het uitgezonden  

infrarode licht. Tumorspecifieke antilichamen waren vier uur na injectie in voldoende 

mate in de tumoren aanwezig om ze (non-invasief) te kunnen lokaliseren. Met controle  

antilichamen waren de tumoren niet detecteerbaar. Tijdens operatieve beeldvorming bleek 

dat non-invasieve beeldvorming de daadwerkelijke hoeveelheid antilichaam in de tumor 

onderschatte. Desondanks was DCIS met tumorspecifieke antilichamen zowel met non- 

invasieve als intra-operatieve beeldvorming detecteerbaar.

Deel 2 Markers die metastasering en therapieresistentie van borstkanker voorspellen

Het tweede deel van het proefschrift gaat over markers die agressiviteit van borstkanker, 

metastasering (het proces van uitzaaien van borstkanker) en het niet meer werkzaam zijn 

van therapie voorspellen. 

In hoofdstuk 7 wordt het eiwit Kaiso beschreven. De lokalisatie van Kaiso blijkt samen te 

hangen met het type borstkanker: in IDC bevond Kaiso zich in de celkern terwijl in ILC Kaiso 

in het cytoplasma werd aangetroffen. Patiënten met veel Kaiso expressie in de kern hadden 

vaker een agressievere of erfelijke vorm van borstkanker.
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De rol van het eiwit FER kinase in borstkanker staat centraal in hoofdstuk 8. In cellijnen die 

kunnen metastaseren hebben we aangetoond dat een verlaging van FER kinase expressie, 

migratie en invasie van tumorcellen beperkte. In muismodellen voor borstkanker werd 

aangetoond dat tumorcellen met verlaagde FER kinase expressie minder snel groeiden en 

minder tot geen metastases meer konden vormen in de longen, lever en bot. Daarnaast was 

hoge FER kinase expressie een kenmerk van agressieve borstkanker en hadden patiënten 

met hoge FER kinase expressie een slechtere overleving en vaker uitzaaiingen.

Hoofdstuk 9 bespreekt de rol van SOX4 in borstkanker. SOX4 is een eiwit dat veelvuldig 

tot expressie komt in kanker. In borstkanker zorgt SOX4 er mede voor dat borstkanker 

kan uitzaaien naar longen en bot. Wij hebben gevonden dat SOX4 expressie in de kern  

vaker voorkomt in agressieve vormen van borstkanker. Deze patiënten hadden een slechtere  

prognose, omdat ze niet op de gebruikelijke chemo- en radiotherapie reageerden. 

Toekomstperspectieven

Moleculaire beeldvorming met tumorspecifieke markers ontwikkelt zich snel tot een 

klinisch toegepaste techniek voor beeldgeleide chirurgie. Echter, tumorspecifieke markers 

komen niet in elk type borstkanker tot expressie, waardoor uitgebreide patiëntenselectie  

noodzakelijk is. Naast beeldgeleide chirurgie zijn er andere klinische toepassingen van  

moleculaire beeldvorming, zoals het bepalen van de tumorkarakteristieken en het  

evalueren en aanpassen van chemo- en radiotherapie op basis van metastases. Daarmee  

zou moleculaire beeldvorming het nemen van biopten van de metastases kunnen  

vervangen of van aanvullende waarde kunnen zijn.

Het proces van metastasering en resistentie tegen chemo- en radiotherapie is niet duidelijk. 

In dit proefschrift hebben we twee eiwitten beschreven FER kinase en SOX4, die betrokken 

zijn bij metastasering en therapieresistentie. Uit voorlopige resultaten is gebleken dat  

verminderde SOX4 expressie tot een identiek fenotype leidt als verminderde FER  

kinase expressie. Daarnaast is FER kinase en SOX4 expressie aan elkaar gekoppeld.  

Vervolgexperimenten zijn noodzakelijk om uit te zoeken hoe FER kinase en SOX4 elkaar 

beïnvloeden en of FER kinase van invloed is op therapieresistentie. 

Vergelijkbaar met SOX4 expressie in borstkanker leidt hypoxia (zuurstoftekort) tot  

therapieresistentie. Wanneer cellijnen onder hypoxische omstandigheden groeiden, was 

SOX4 expressie verhoogd, wat leidde tot expressie van therapieresistentie geassocieerde 

genen. Vervolgexperimenten zijn noodzakelijk om dit verder te onderzoeken, maar deze 

data geven een eerste aanknopingspunt hoe hypoxia tot therapieresistentie kan leiden.
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(voorlopige) hoogtepunt toen we met een van die markers de eerste millimeter grootte  
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nieuwe inzichten, het aanhoren van mijn onderzoeksfrustraties, maar zeker ook voor de  

gezelligheid op het lab en daarbuiten.

Naast de Breast Cancer Research groep, wil ik mijn (oud-)collega’s van het Pathology  

Research Lab bedanken: Wendy (o.a. voor het runnen van het lab), Folkert, Stefanie,  

Lucas, Stefan, Dionne, Annette, Ka Wai, Roel Broekhuizen, Niels, Roel Goldschmeding,  

Johan, Ellen, Marc, Karijn, Robert, Geert, Danielle, Alexey, Julia, Kelly, Mariska en alle  

studenten voor de input, belangstelling en de goede sfeer.

Iedereen van de Moleculaire en Immunopathologie en de Biobank bedankt voor jullie hulp 

en interesse gedurende mijn onderzoek. In het bijzonder Domenico voor de assistentie bij 

het maken van de TMAs, Jan en Natalie voor het verwerken van mijn muismateriaal en 

het snijden van de coupes voor hoofdstuk 8. Een klus die niet snel vergeten zal worden,  

waardoor verschillende (micro)metastases zijn gevonden die anders gemist waren. Aad en 

Willem bedankt voor het opzoeken van de vele coupes. Willy bedankt voor alle logistieke 

hulp en het vinden van gaatjes in de overvolle agenda van Paul.

Graag zou de groep van Paul van Bergen en Henegouwen in het Kruyt: Paul, Sabrina, 

Marta, Smiriti, Raimond, Jarno, Rachid, Chris en Alex bedanken voor hun hulp en  

belangstelling gedurende mijn onderzoek. Helaas is het door tijdgebrek er niet van  

gekomen om ook een nanobody te maken tegen een van mijn targets, wat ik wel gehoopt 

had. Wie weet gaat het er in de toekomst nog van komen…

Ik wil iedereen die betrokken is in het CTMM Mammoth consortium bedanken voor de input 

tijdens de meetings. 

‘Sometimes things just happen… and we call it miracles’ is misschien ook wel van toepassing 

op het project SOX4 in borstkanker. Beste Stephin, wie had kunnen vermoeden dat wij 

de resultaten zouden gaan vinden zoals beschreven in hoofdstuk 9. Daarnaast lijkt de rol 

van SOX4 in therapieresistentie ook nog bevestigd te worden in in vitro experimenten. 

Ik heb je leren kennen als zeer gedreven onderzoeker en een prettig persoon om mee  

samen te werken. Ik wens je heel veel succes met je verdere onderzoek en ik hoop (nee, ik 

zorg) dat ik in mijn drukke schema ergens mogelijkheden vind om samen verder te bouwen 

aan bijvoorbeeld de relatie SOX4 en hypoxia. 

Graag wil ik Sjoerd bedanken voor zijn inzet en hulp bij het tot stand komen van hoofdstuk 2.
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Moleculaire beeldvorming in ‘mijn’ muizen was nooit van de grond gekomen zonder de 

inzet en toewijding van Arthur en Aram. Arthur, jouw inbreng is misschien het best te  

kwalificeren als onvervangbaar. Nadat de pilot met de daarvoor geoptimaliseerde animal 

imager op een grote teleurstelling uitdraaide, zorgde je ervoor dat er getest kon worden in 

het GDL met de voor klinische doeleinden geschikte camera (die het natuurlijk wel deed). 

Maar ook daarna was je zeer betrokken: van het regelen van software updates zodat er 

quantitatieve analyses gedaan konden worden, het mede opzetten en uitvoeren dan de 

proef, de analyses, tot samen vrijdagavond laat obducties doen in een uitgestorven donker 

GDL. Dit heeft geleid tot een mooi paper over CD44v6 imaging. Daarnaast ben ik je ook 

veel dank verschuldigd met betrekking tot hoofdstuk 2, zonder jouw inzet was het niet zo  

compleet geworden. Heel hartelijk bedankt voor alle hulp en ik hoop dat je nu snel de eerste 

patiënt kan gaan imagen.

Beste Aram, beste paranimf. Ik heb je leren kennen als een gedreven collega die  

fundamenteel biomedisch onderzoek ging doen naar niet de meest gemakkelijke eiwitten 
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en bijbehorende prachtige resultaten heeft geleid in in vivo experimenten. Dat het gelukt 

is om met proof-of-principle experimenten, de klinische mogelijkheden en toepasbaarheid 

van hypoxia markers voor moleculaire beeldvorming aan te tonen, is iets waarop we toch 

wel (een klein beetje) trots mogen zijn. Naast je eigen probes, heb je een belangrijk aandeel 

gehad in moleculaire beeldvorming van CD44v6. Heel hartelijk bedankt hiervoor en heel 

veel succes met het afronden van je promotie.

Beste familie, opa en oma bedankt voor jullie belangstelling voor mijn onderzoek. 

Beste Marije, mijn lieve zus, ik ben heel blij dat je mijn paranimf wilt zijn. Graag wil ik je  

bedanken voor de gezelligheid, je optimisme, de belangstelling voor mijn onderzoek en je 
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periode zeer druk was met je eigen onderzoek en klinische stages. Heel veel succes met je 
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Lieve pap en mam, ik ben jullie ontzettend dankbaar voor jullie liefde, de zorgeloze  

omgeving waar ik ben opgegroeid en de kansen die ik van jullie heb gekregen. Dank jullie 

wel voor jullie onvoorwaardelijke steun en vertrouwen.
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