
 

 

Introduction 
 
Proteome research involves the detection of 
protein expression differences in a given entity, 
termed discovery phase, as well as the verifica-
tion of the suggested protein expression differ-
ences, called validation. Having defined a quan-
titative proteome signature for a distinct dis-
ease status essentially asks to test its reliability 
and robustness, ideally using different methods 
and/or technology platforms in conjunction with 
increasing the number of investigated samples. 
While this request may sound trivial, accom-
plishing this duty with clinical samples presents 
in many cases a serious challenge, not only be-
cause the analysis of large sample numbers by 

proteomics generates a time-consuming and 
expensive research project. 
 
It is widely accepted that antibody-based protein 
detection provides a powerful analytical means 
for validating proteome expression analyses e.g. 
by western blotting and immunohistochemistry 
(IHC), respectively [1]. These methods can be 
applied as soon as the target protein is known 
and functioning, i.e. specific antibodies which 
are directed against the protein of interest with-
out cross-reactivity to unknown proteins are 
available. Especially the application of immuno-
histochemistry on formalin-fixed and paraffin-
embedded (FFPE) tissue sections is an estab-
lished, cost and time effective method in pathol-
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ogy bearing the great advantage of detecting 
the protein expression on morphologically intact 
tissue directly at the cellular level, hence, keep-
ing all topological information [2]. After four dec-
ades of application and more recently, with the 
use of standardized protocols and automated 
staining systems, IHC has found its application 
in the diagnosis and classification of tumors 
including the high proportion of cancers affect-
ing the female breast [3, 4]. The analysis of IHC 
images is mostly performed by visual inspection 
of images by pathologists that determine the 
staining intensity using a semiquantitative, fre-
quently a three-point scoring system. This 
method inherently includes human subjectivity 
leading to intra-observer and inter-observer vari-
ability [5].  
 
Due to the enormous advances in both fields, 
quantitative proteomics on one side and immu-
nohistochemistry on the other side, the two re-
search areas are now ready to become intercon-
nected on a routine basis. In order to establish 
comparability of the results from IHC with quan-
titative proteomics, several prerequisites have 
to be fulfilled. First, an important advancement 
for validation of proteome signatures as well as 
for diagnostic biomarkers and therapeutic tar-
gets is the development of tissue microarrays 
(TMAs). IHC staining on TMAs combined with 
computer-assisted image analysis provide a 
high-throughput method for the analysis of large 
collections of tissue samples enhancing both, 
precision and reproducibility. Keeping the im-
portance of a high quality tissue as starting 
point in mind, these methods allow a standard-
ized assessment of the huge reservoir of FFPE 
tissues of different origin and diseases stored in 
the pathology departments world-wide [1, 6]. 
Second, in order to standardize the image 
analysis process, IHC methods based on auto-
mated image analysis are recommended. Pub-
licly available web applications and commer-
cially available software systems handle several 
virtual slide formats and partly integrate both, 
scanning and image analysis tools [7, 8]. The 
analysis tools provide algorithms to examine a 
digital image on the pixel level resulting in a 
grouping of pixels into objects based on their 
color and/or shape. This allows a quantification 
of all different features in an image and there-
fore correlation with other quantitative data of 
the same sample [9]. Third, the availability of 
high quality immunohistochemically stained 
tissue images via the internet, particularly from 

the Human Protein Atlas (HPA; www. proteinat-
las.org), provide an excellent source to be ana-
lyzed in the context of a proteome signature for 
a given disease status [10]. 
 
In this study we show that the expression of 
candidate proteins from a predefined breast 
cancer proteome signature [11, 12] was suc-
cessfully localized in the tissue to either tumor 
cells or respective differentiated cells, e.g. duct 
cells in the controls, by semi-quantitative analy-
sis of immunohistochemically stained proteins 
on tissue slices from FFPE tumor tissue and 
control tissue samples. Furthermore, analysis of 
IHC images from the Human Protein Atlas 
showed that this source provides an excellent 
set of protein expression data as an independ-
ent sample source that may be regarded as a 
reference for proteome research projects in 
general.  
 
Material and methods 
 
Tissue samples 
 
The HRO-UFK Mammakarzinom study was ap-
proved by the Institutional Review Board. Tumor 
samples of invasive breast carcinoma and con-
trol samples from the same breast were taken 
from ten postmenopausal women (A-J) with an 
age between 67 and 92 years (mean 77.3 
years) and subjected to routine pathological 
examination. In four cases (patients K to N) only 
control tissue was available for further studies 
(Table 1). Samples were prepared after modi-
fied radical mastectomy at the women’s hospi-
tal, Südstadt Clinical Center Rostock (Germany), 
after informed consent was given. No preopera-
tive core biopsy was performed. Tumor samples 
had a histological grading of two or three and 
tumor size ranged between 14 mm and 55 mm. 
All tumors were classified as invasive ductal 
carcinoma. Axillary lymph node involvement was 
detected in four cases.  
 
Immunohistochemistry 
 
After mastectomy, tissue blocks were fixed in 
4 % neutral buffered formalin at room tempera-
ture prior to dehydration with ascending alcohol 
concentrations from 70 % to 100 % (6 steps in 
5 h). Excess of solvent was removed and xylene 
was added for fixation (3.5 h) before soaking 
the samples with paraffin at 60° C (2.75 h) for 
embedding. For generation of tissue slices the 
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paraffin blocks were pre-cooled at –10°C. Tis-
sue slices of 3-5 µm thickness were generated 
using a rotation microtome (Leica Microsys-
tems, Wetzlar, Germany) and dried for 10 min at 
80° C. Slices were deparaffinized in xylene and 
rehydrated before immunohistochemical stain-
ing. The i6000TM Automated Staining System 
(BioGenex, San Ramon, CA, USA) was used for 
simultaneous processing of slides according to 
manufacturers protocols. Slides were immu-
nostained with the following monoclonal anti-
bodies in a dilution of 1:100 for 60 min: mouse 
anti human nm23 (anti nm23) (AbD Serotec, 
Oxford, UK), mouse anti nucleophosmin/B23 
(anti NCP) (Invitrogen, Carlsbad, CA, USA), and 
mouse anti human and rat pyruvate kinase type 
M2 (anti PKM2) (ScheBo Biotech AG, Gießen, 
Germany). The Link Label IHC Detection System 
for human tissue (BioGenex) containing a bioti-
nylated secondary antibody and avidin-
conjugated horseradish peroxidase, diamino-
benzidine as substrate (DAB), was used to iden-
tify antibody binding. Slides were counter-
stained with hematoxylin (0.1 % hematoxylin, 
0.02 % NaIO3, 5 % potash alum, 5 % hydrochlo-
ric acid, and 0.1 % citric acid, all dissolved in 
distilled water). Stained slices were evaluated 
by pathologists and immunohistochemical stain-
ing was considered positive when at least 10 % 
of breast cells were positively stained as com-
pared to negative controls.  
 
Digitalization of proprietary micrographs 
 
All micrographs were digitized using standard-
ized conditions, i.e. the same magnification 
(twentyfold), exposure time (7.76 ms), and ho-
mogeneous illumination (standard setting). 
Stained tissue sections were digitized applying a 
mosaic approach to obtain a representative 
tissue area at a resolution necessary for succes-
sive pixel classification (0.37 µm/pixel edge 
length). A three axis motorized digital micro-
scope (Olympus BX51, Hamburg, Germany) with 
a CX9000 camera (mbf Bioscience, Vermont, 
USA) was controlled by the virtual slide module 
StereoInvestigator v8 (mbf Bioscience, Vermont, 
USA). The upper left corner of a rectangular re-
gion containing relevant structures for pixel 
classification was determined as a starting 
point for grabbing four images during meandric 
shift of the object stage. Each image tile was 
corrected for inhomogeneous background 
(shading correction). The four image tiles were 
merged to a single high resolution image repre-
senting a section area of 2.832 mm². The re-

sulting image was stored as a TIF-file in 24 bit 
RGB color mode containing 1580 x 2360 pixels. 
High resolution printouts were re-evaluated by 
pathologists prior to digital image analysis. Pix-
els from regions that contained no tissue, e.g. 
lumen of milk ducts, were manually replaced by 
white pixels.  
 
Images from the Human Protein Atlas 
 
Images from tissues stained with one of 9 differ-
ent antibodies detecting 5 different proteins: 
nucleoside diphosphate kinase A/B (gene 
name: NME1-NME2), nucleophosmin (gene 
name: NPM1), pyruvate kinase M1/M2 (gene 
name: PKM2), glyceraldehyde-3-phosphate de-
hydrogenase (gene name: GAPDH), and mime-
can/osteoinductive factor (gene name: OGN) 
were downloaded as JPEG-files from the Human 
Prote in  At las  (HPA)  Vers ion  6 .0 
(www.proteinatlas.org). Images were scanned at 
twentyfold magnification and contained about 9 
million pixels per image in 24 bit RGB color 
mode. Patient information, such as age and 
tissue classification was available for each im-
age [13]. In total, we analyzed 66 images from 
ductal breast carcinoma tissue from 7 different 
patients (1-7) with an age between 61 and 93 
(mean 77.4 years) and 20 images from normal 
breast tissue originating from 9 different indi-
viduals (8-16) with an age between 23 and 75 
years (mean 43.4 years) (Table 2). It should be 
noted that CAB002169, CAB012983, and 
CAB016392 are monoclonal antibodies from 
mice for which the antigen sequence is not 
known. CAB005197 is a so-called monospecific 
antibody with unknown antigen sequence. 
CAB019421 is a polyclonal antibody from rabbit 
with unknown antigen sequence. The four HPA 
antibodies are polyclonal antibodies from rabbit 
for which PrEST (protein epitope signature tag 
used for immunization) information are given by 
the HPA. 
 
Image analysis 
 
The image analysis algorithms, based on CNT 
(Cognition Network Technology), were provided 
by the Definiens Developer XD 1.1 
(www.definiens.com). Because DAB and hema-
toxylin staining was used for our images as well 
as for the images of the HPA, we developed one 
master-ruleset for all images. Because the tis-
sue on the images of the HPA is present in a 
circular area (tissue cores) surrounded by back-
ground it was necessary to add an option for 
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finding these tissue cores in the ruleset for the 
HPA images. First, images were scaled down to 
50 % of size by summarizing RGB values of 
neighboring pixels resulting in 790 x 1180 pixel 
for proprietary images and in 1500 x 1500 pixel 
for images from the HPA. The key steps of the 
master-ruleset were 1) segmentation into image 
objects, 2) classification of image objects, and 
3) measuring output parameters on the object 
classes. First, a color channel for the brownish 
DAB staining of the protein of interest as a pro-
portion between the components of the RGB 
color model was created representing the equa-
tion: R > G > B. A second color channel, that 
fulfills the inverse equation, represents the blu-
ish hematoxylin (Hx) staining of the cell nuclei. 
Second, the major classes of tissue and back-
ground were classified using automatically gen-
erated thresholds. Classification into protein 
staining and staining of the nuclei was done by 
using logical operators (AND, OR, <, =, >) for R, 
G, and B and manual setting of thresholds for 
the unmixed color channels of DAB and Hx. Fi-
nally, the output parameters were defined as (i) 
number of pixels for all classes (tissue, back-
ground, brown staining, and blue staining) and 
(ii) mean of brown intensity. The pixel classifica-
tion (brown: protein staining, blue: cell staining, 
gray: unstained tissue, and green: tissue-free 
background) resulted in a false-color image that 
represented the classification image. The ap-
plied ruleset was validated manually with a sub-
set of representative images by comparison of 
the original image with the classification image. 
Afterwards, the ruleset was stored and applied 
in a batch mode for analyzing all images that 
were included in the study in an automated 
fashion. The batch process is a part of the De-
finiens Server XD software package and allows 
an average performance time of 12 s (range 9 s 
to 19 s) per image for the self-made image set 
and of 32 s (range 18 s to 80 s) for the HPA 
image set. Pixel numbers and intensity values of 
each classified image were stored in tables. For 
quantification of the protein expression from 
each image, the number of brown pixels, repre-
senting the staining of the protein of interest, 
was summed up and divided through the sum of 
all pixels representing tissue (sum of all pixels 
not being background pixels). Color intensities 
in pixels were not examined at this time. 
 
Bioinformatics analysis 
 
Box and whisker plots [14] were generated with 

the experimentally determined data using the 
Origin software (Version 6.1G, OriginLab Corpo-
ration, Northampton, MA, USA). Statistical sig-
nificance of IHC stainings was tested with a two-
sample two-tailed t test assuming unequal vari-
ances (Welch’s t test) with the significance level 
at alpha = 0.05 [15].  
 
Results 
 
Clinical samples and starting materials 
 
In the first set of experiments, tissue samples 
from healthy breasts (gland) and tumors were 
collected upon full removal of the gland from 
fourteen patients (patients A-N) with breast car-
cinoma (Table 1). From them ten were diag-
nosed with invasive ductal carcinoma (patients 
A-J). Both control and tumor tissues were ob-
tained from the same breast in each case. Addi-
tional tissue samples from just healthy breast 
were included from four more patients (K-N) as 
here other tumor types were diagnosed. Histo-
logical tumor grade was determined using an 
established scoring system [16]. Estrogen re-
ceptor and progesterone receptor score was 
estimated according to internationally accepted 
guidelines [17]. Lymphangiosis was present in 
all patients. Four patients (patients C, D, G, and 
I) showed involved axillary lymph nodes. Mean 
age of patients was 77.3 years for patients A-J 
and 76.9 for patients A-N, respectively. 
 
After pathological evaluation, FFPE tissue 
blocks were made available for immunohisto-
chemical analysis of signature proteins. Tissue 
slices were decorated using commercially avail-
able monoclonal antibodies against three target 
proteins from our proteome signature, i.e. anti-
bodies against nucleoside diphosphate kinase A 
(P15531), pyruvate kinase M2 (P14618), and 
nucleophosmin (P06748). Normal breast tissue 
typically contained intact milk ducts, fat cells, 
and connective tissue (exemplified in Figures 
1B and 1D), whereas tumor tissue was charac-
terized through the presence of a high density 
of equally shaped, undifferentiated tumor cells 
(cf. Figures 1A and 1C). In all cases, independ-
ent of the origin of the samples, immunohisto-
chemical staining of the protein of interest 
yielded in brown/gray coloring. In addition, cells 
and extracellular material were stained unspeci-
fically (hematoxylin staining, Hx) producing 
blue/gray color on top of the immunostain. In 
total 13 images (6 tumor (T) and 7 gland (G) 
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 Table 1. Clinical and pathological parameters of sample group 

Patient Age 
[years] 

Tumor 
diameter 

[mm] 

Tissue 
specimen a) 

Histologic 
grading b) pN c) Ln d) ER e) PR f) HER2 g) 

A 75 38 T/G 3 0/12 L1 2 2 1+ 
B 85 14 T/G 3 0/7 L1 12 9 2+ 
C 85 28 T/G 2 1/4 L1 0 0 1+ 
D 72 40 T/G 3 13/15 L1 4 2 1+ 
E 92 46 T/G 2 0/20 L1 12 0 1+ 
F 75 40 T/G 3 0/- L1 0 0 3+ 
G 73 55 T/G 2 4/6 L1 12 9 1+ 
H 67 52 T/G 3 0/- L1 8 0 1+ 
I 75 15 T/G 2 5/21 L1 9 6 3+ 
J 76 20 T/G 3 0/- L1 6 6 2+ 
K 67 - -/G - - - - - - 
L 73 - -/G - - - - - - 
M 95 - -/G - - - - - - 
N 67 - -/G - - - - - - 
a) tissue images from invasive ductal carcinoma (T) and/or from healthy breast tissue (G); b) tumor grades 1-3 [16]; 
c) pathologic axillary nodal status; d) present lymphangiosis [16]; e) estrogen receptor (ER), immunoreactive score: 0-
12 [17]; f) progesterone receptor (PR), immunoreactive score: 0-12 [17]; g) human epidermal growth factor receptor 
2 (HER2), immunohistochemistry score: 0 - 3+. 

Figure 1. Images of 
immunohistochemical 
protein staining of par-
affin embedded tissues 
of invasive ductal 
breast carcinoma and 
of healthy breast tissue 
(gland). A. TIF image 
(24 bit) of immunohis-
tochemical staining 
(anti NCP) of the pro-
tein nucleophosmin 
(P06748) in a proprie-
tary tumor sample. B. 
Proprietary control 
sample. C. JPEG image 
(24 bit) of immunohis-
tochemical staining 
(CAB019421) of the 
protein pyruvate kinase 
M2 (P14618) from the 
Human Protein Atlas. 
D. control sample. Cells 
are stained with hema-
toxylin. 20-fold magnifi-
cation. 
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images) were obtained with nucleoside diphos-
phate kinase A (P15531) decoration, and 22 
images (9T/13G) were obtained with pyruvate 
kinase M2 (P14618) staining. Comparably, 18 
images (9T/9G) with nucleophosmin (P06748) 
staining were obtained (cf. Figures 1A and 1B).  
 
Nucleophosmin is a nucleolar phosphoprotein 
resulting in brownish staining (protein staining) 
of the nucleus. In the images of our tumor tis-
sues most of the cell nuclei showed positive 
protein staining in agreement with known pro-
tein localization. The minority of cell nuclei (blue 
staining) of the tumor cells as well as the lesser 
amount of connective tissue within the tumor 
(gray to white color) showed no specific nucleo-
phosmin staining. By contrast, in the images of 
control tissues only endothelial cells of the milk 
ducts showed intense protein staining that 
again was localized in the nuclei. The surround-
ing connective and fat tissues were negative for 
both, protein and background staining.  
 
All micrographs of our own stains were digitized 
using standardized conditions, i.e. the same 
magnification (twentyfold), exposure time 
(7.76 ms), and homogeneous illumination 
(standard setting) producing convenient images. 
The images of our self-made stains 
(1580 x 2360 pixels) were stored in lossless TIF 
format.  
 
As an independent source for immunohisto-
chemically stained images we mined the Hu-

man Protein Atlas (HPA, Table 2). For this sec-
ond set of experiments, we downloaded images 
from tissue cores of ductal breast carcinoma 
from seven patients (patients 1-7) and normal 
breast tissue images from nine individuals 
(patients 8-16). We only included tumor images 
from patients that were age matched to our 
patient cohort resulting in a mean age of 77.4 
years for the HPA-derived patients. However, the 
mean age in the control group was 43.4 years 
for the HPA patients because only images from 
younger individuals were provided.  
 
The HPA tissue cores were stained with one of 
nine different antibodies directed against five 
proteins from our proteome signature: 
CAB002169 (3T/3G images) and HPA008467 
(6T/2G) detecting nucleoside diphosphate 
kinase A/B, CAB012983 (8T/3G) and 
HPA011385 (8T/2G) targeting nucleophosmin, 
CAB019421 (8T/3G) and HPA029501 
(12T/2G) binding to pyruvate kinase M2, 
CAB005197 (5T/2G) and CAB016392 (8T/2G) 
directed against glyceraldehyde-3-phosphate 
dehydrogenase (P04406), and HPA013132 
(8T/2G) recognizing mimecan/osteoinductive 
factor (P20774). With 3000 x 3000 pixels the 
HPA-images covered a comparable tissue area 
like our images. HPA-derived images showed 
round shaped tissue cores surrounded by back-
ground, as exemplified for images of nucleo-
phosmin staining (cf. Figures 1C and 1D).  
 
In contrast to our own nucleophosmin stainings 

Table 2. Data of sample group from the Human Protein Atlas 
No. Patient ID Age Tissue classification 
1 1432 84 ductal breast cancer 
2 1785 93 ductal breast cancer 
3 1874 80 ductal breast cancer 
4 1910 61 ductal breast cancer 
5 1916 62 ductal breast cancer 
6 1939 87 ductal breast cancer 
7 2428 75 ductal breast cancer 
8 1447 45 normal breast tissue 
9 1801 39 normal breast tissue 
10 1916 62 normal breast tissue 
11 2042 75 normal breast tissue 
12 2259 23 normal breast tissue 
13 2773 23 normal breast tissue 
14 3158 52 normal breast tissue 

15 3286 27 normal breast tissue 

16 3544 45 normal breast tissue 
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(cf. Figure 1A and 1B) no protein staining was 
found in the nuclei of the tumor tissue (cf. Fig-
ures 1C and 1D). Instead, brown color staining 
of cytosol regions was dominating. Most of the 
tumor cells and the connective tissue showed 
unspecific blue background staining. In agree-
ment with our control samples, only unspecifi-
cally stained connective tissue (light blue), cell 
nuclei from cells building the milk ducts (darker 
blue) and unstained fat tissue (white) were 
found in the images of the control (gland) tis-
sues stored in the HPA. 
 
It should be mentioned that the images from 
the HPA are originally stored in TIF format as 
well, but are only available for download as 
JPEG files of unknown compression rate. The 
image compression factor cannot be accessed 
by the user, but in our image analyses this issue 
turned out to be neglectable. Both, our own im-
munohistochemistry images as well as images 
from the HPA were validated to be representa-
tive for each type of tissue and for sufficient 
immunoreactivity in each image through a pa-
thologist before conducting computer-assisted 

image analysis.  
 
Quantitative image analysis of 
IHC-stained tissue slices 
 
For computer-assisted quantifi-
cation of the protein expression 
on the IHC/Hx-stained tissue 
slices we used algorithms that 
were provided by the Definiens 
Developer XD 1.1. Including 
unstained background, four 
colors were needed to charac-
terize each image followed by 
quantitative analysis. Hence, 
each tissue slice was repre-
sented by a false color classifi-

cation image in which brown pixels corre-
sponded to protein staining, blue pixels to cell 
staining, and gray pixels represented unstained 
tissues (Figures 2A and 2B), as is exemplified 
for NDKA/B staining.  
 
NDKA/B is localized to the cytosol resulting in 
images with blue stained nuclei surrounded by 
brown protein staining in the cytosol when tu-
mor regions of the tumor-containing images 
were analyzed. The tissues that surrounded the 
tumorous areas were negative for NDKA/B 
staining in the cytosol (white/light blue color) as 
well as in nuclei of the respective cells. In the 
control images, only endothelial cells of the milk 
ducts showed NDKA/B staining, again localized 
in the cytosol. The surrounding connective and 
fat tissues were negative for both, protein and 
background staining. 
 
In some cases of our self-made images some 
areas were not covered with tissue, for example 
due to defects in the tissue slices or because of 
the presence of rather large milk ducts in stud-
ied cross sections. In these areas without tis-

Figure 2. Immunohistochemical 
staining of the protein nucleoside 
diphosphate kinase A (P15531). A. 
Staining on paraffin embedded 
tissue of invasive ductal breast 
carcinoma. B. Classification image 
for the tumor sample. C. Healthy 
breast tissue (gland). D. Classifica-
tion image for the control sample. 
Cells are stained with hematoxylin. 
20-fold magnification. Brown: pro-
tein staining, blue: cell staining, 
grey: unstained tissue, and green: 
tissue-free background. 
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sue, the original pixels were replaced manually 
by white pixels (Figure 2C). The white pixels 
were added to the class of background pixels 
(Figure 2D) which were represented as green 
pixels (tissue-free background) in the false-color 
representation. This was necessary to avoid that 
these background areas were erroneously clas-
sified as unstained tissue by the computer pro-
gram. Subsequently, the ruleset of the com-
puter program classified each image by assign-
ing the four different colors to the pixels of the 
micrographs.  
 
Such manual pixel assignment was not neces-
sary for the HPA-derived images because the 
tissue cores were in all cases surrounded by 
background and the software learned to differ-
entiate tissue cores from background automati-
cally. In all cases the background color from the 
tissue-surrounding areas was also assigned to 
similarly colored areas within the tissue areas, 
as is shown for immunohistochemically stained 
mimecan/osteoinductive factor (Figure 3). In-
tense mimecan/osteoinductive factor staining 
was only found in the cytosol of cells from the 
control (gland) tissue, whereas cells from the 
tumor tissues were largely unstained. The tumor 
images showed equally shaped, undifferenti-
ated tumor cells with blue stained cell nuclei. 
Surrounding connective tissue was stained light 

blue or white.  
 
After batch process driven im-
age analysis, the classification 
images and the pixel numbers 
for all four color classes were 
stored for each tissue slice. The 
sum of all pixels per image not 

being background pixels were defined as the 
total tissue area. The expression amount of the 
protein of interest was defined as the normal-
ized proportion of the area with brown pixels 
(representing the stained protein) from the total 
tissue area, i.e. we calculated the quotient of 
brown (protein)/total tissue (sum of brown, blue 
and gray) pixels for each image. The mean val-
ues of these (dimensionless) quotients for all 
tumor images of one protein staining and all 
control images of that same protein staining 
were calculated separately for each antibody 
(Table 3). In order to determine the differential 
expression of a protein we compared the so 
obtained mean values of the tumor groups to 
the mean values of those from the control 
(gland) groups.  
 
In total we investigated differential expressions 
of five proteins from our predefined proteome 
signature for invasive ductal breast carcinoma 
(nucleoside diphosphate kinase A, pyruvate 
kinase M2, nucleophosmin, glyceraldehydes-3-
phosphate dehydrogenase and mimecan/
osteoinductive factor) using immunohistochemi-
cally stained tissue slices from either own stains 
(53 images) or from the HPA source (87 im-
ages). For determining differential expression 
between both groups for each antibody staining 
Welch’s t-tests for two populations was per-

Figure 3. Immunohistochemical 
staining (HPA013132) of the pro-
tein mimecan/osteoinductive fac-
tor (P20774) from the Human Pro-
tein Atlas. A. Staining on paraffin 
embedded tissue of invasive ductal 
breast carcinoma. B. Classification 
image for the tumor sample. C. 
Healthy breast tissue (gland). D. 
Classification image for the control 
sample. Cells are stained with he-
matoxylin. 20-fold magnification. 
Brown: protein staining, blue: cell 
staining, grey: unstained tissue, 
and green: tissue-free background. 
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Table 3. Results from protein expression analyses 
 

 
a) proportion of brown pixels per tissue pixels in images from tumor tissue (mean T) and control tissue (gland; mean G) after image analysis of immunohistochemically 

stained tissue slices 
b) normalized protein expression amounts in tumor tissue (mean T) and control tissue (gland; mean G) using quantitative label-free LC-MS data [12] 
c) normalized protein expression amounts in tumor tissue (mean T) and control tissue (gland; mean G) using densitometric data from 2D gels [11] 
d) number of technical replicates for the tumor group (n T) and control group (gland; n G), respectively 
e) p-values were determined using the Welch´s t-test for IHC data and the Student´s t-test for LC-MS and 2-DE data, respectively 
 

Acc. No. Protein name Gene name Experiment Differential expression 

    mean T n T d) mean G n G d) p-value e) 
P15531 Nucleoside diphosphate kinase A NME1/NME2 IHC anti nm23 a) 0.340 9 0.076 9 < 0.05 

   IHC HPA CAB002169 a) 0.216 3 0.062 3 0.32 
   IHC HPA HPA008467 a) 0.410 6 0.018 2 < 0.01 
   LC-MS b) 0.0003 9 not found 9 not determined 
   2DE c) 357822 12 68049 12 < 0.01 

P14618 Pyruvate kinase isozym M2 PKM2 IHC anti PKM2 a) 0.402 6 0.165 7 < 0.05 
   IHC HPA CAB019421 a) 0.149 8 0.010 3 < 0.05 
   IHC HPA HPA029501 a) 0.324 12 0.151 2 < 0.05 
   LC-MS b) 0.0025 9 not found 9 not determined 
   2DE c) 100592 12 18628 12 < 0.05 

P06748 Nucleophosmin NPM1 IHC anti NCP a) 0.168 9 0.102 13 0.12 
   IHC HPA CAB012983 a) 0.336 8 0.053 3 < 0.01 
   IHC HPA HPA011384 a) 0.243 8 0.026 2 < 0.01 
   LC-MS b) 0.001 9 not found 9 not determined 
   2DE c) 2247279 12 256551 12 < 0.01 

P20774 Mimecan/osteoinductive factor OGN IHC HPA HPA013132 a) 0.010 8 0.447 2 < 0.01 
   LC-MS b) 0.001 9 0.007 9 < 0.01 
   2DE c) 321566 12 1995002 12 < 0.01 

P04406 Glyceraldehyde-3-phosphate dehydrogenase GAPDH IHC HPA CAB005197 a) 0.192 5 0.013 2 < 0.05 
   IHC HPA CAB016392 a) 0.389 8 0.078 2 < 0.01 
   LC-MS b) 0.007 9 0.002 9 < 0.01 
   2DE c) 1349792 12 106121 12 < 0.01 
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formed (Table 3). 
 
Nucleoside diphosphate kinase A (NDKA) was 
found in larger areas (mean: 0.34) in the tumor 
group compared to the control (gland) group 
(mean: 0.076) and, hence, can be assigned as 
significantly up-regulated (p-value < 0.05) in the 
immunohistochemically stained samples from 
our patients (Figure 4A). When analyzing the 
images of the stainings with the antibody used 
by the HPA group (HPA008467) a similar result 
was obtained. Mean of the NDKA stain in the 
tumor group (0.41) was higher than that of the 
control group (0.018) and a p-value < 0.01 was 
obtained (Figure 4B). The same tendency of 
differential NDKA expression was found for the 
second HPA antibody CAB002169 (Table 3), 
however without reaching significance 
(p = 0.32).  
 
Pyruvate kinase M2 was also found to be signifi-
cantly up-regulated in the tumor samples 
(mean: 0.402) compared to the control (gland) 
samples (mean: 0.165) in the IHC analysis of 

our images. The protein expres-
sion difference was statistically 
significant (p-value < 0.05). 
Both antibody stains from the 
H P A  ( C A B 0 1 9 4 2 1  a n d 
HPA029501) support this ten-
dency of differential expression 
(p-value < 0.05 in both cases; 
Table 3). Similarly, nucleophos-
min was stained in larger areas 
in the tumor group (mean: 
0.168) as compared to the con-
trols (mean: 0.102) when ana-
lyzing the IHC images of our 
patients (Table 3) and both an-
tibody stains from the HPA 
(CAB012983 and HPA011384) 
showed a significant up-
regulation in the tumor images 
as compared to the control 
(gland) images (p-value < 0.01 
in both cases).  
 
Immunohistochemical stains 
from our own patient cohort 
were neither available to us for 
glyceraldehyde-3-phosphate 
dehydrogenase nor for mime-
can/osteo­inductive factor. In-
stead, images from the HPA 
were analyzed for differential 
expression of these proteins. 

The glyceraldehyde-3-phosphate dehydro-
genase IHC staining with the HPA antibody 
CAB016392 (Table 3) showed a stronger ex-
pression of this protein in the tumor samples 
(mean: 0.389) compared to that in the control 
(gland) samples (mean: 0.078) with statistical 
significance (p-value < 0.01). The matching ten-
dency was found for the second HPA antibody 
CAB005197 (p-value < 0.05).  
 
In contrast to the four above mentioned pro-
teins mimecan/osteoinductive factor was sig-
nificantly down-regulated (p-value < 0.01) in the 
tumor group (mean: 0.01) compared to the con-
trol (gland) group (mean: 0.447) when analyzing 
the IHC staining of the HPA antibody 
HPA013132 (Figure 5A).  
 
The high consistence of differential protein ex-
pression between the two IHC image sources 
suggests that the IHC image analysis procedure, 
as described here, enables validation of quanti-
tative proteome analyses with publicly available 
IHC data. 

Figure 4. Box and whisker plots for expression data of nucleoside diphos-
phate kinase A (P15531). A. Expression amount on proprietary immuno-
histochemically stained tissue slices (anti nm23) represented by the pro-
portion of brown pixels per tissue pixels. Replicates: n = 9 for T, n = 9 for 
G. B. Expression amount on immunohistochemically stained (HPA008467) 
tissue slices from the Human Protein Atlas represented by the proportion 
of brown pixels per tissue pixels. Replicates: n = 6 for T, n = 2 for G. C. 
Normalized protein expression amounts using quantitative label-free LC-
MS data. Replicates: n = 9 for T, protein not found in G. D. Normalized 
protein expression amounts using densitometric data (normalized spot 
volumes) from 2-D gels. Replicates: n = 12 for T, n = 12 for G. Tumor sam-
ples (T) are depicted on the left and control (gland) samples (G) on the 
right. p-values are given. 
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Comparison of immunohistochemistry-based 
analysis with quantitative proteome analysis 
 
In order to estimate whether publicly available 
IHC data may function as a suitable reference 
for proteome analysis results, we compared the 
IHC quantitation results with previous expres-
sion difference analyses using nano-LC ESI-MSE 
and 2-D gel electrophoresis, respectively, of 
invasive ductal breast carcinoma tissue and 
control (gland) tissue. Quantitative data from 
nano-LC ESI-MSE experiments, termed normal-
ized expression, showed for NDKA that this pro-
tein was only found in samples from the tumor 
group but not in the control (gland) group (Table 
3, Figure 4C). In the follow-up study using 2-D 
gel analysis, again NDKA was found to be up-
regulated in the tumor samples compared to 
the control (gland) samples (p-value < 0.01) as 
derived from the normalized spot volumes 
(Table 3, Figure 4D). Hence, the differential ex-
pression of NDKA is confirmed with a fairly large 
group of patients from two completely different 
sources.  
 
Similarly, in 2-D gel-based analyses pyruvate 
kinase M2 was found up-regulated in the tumor 
group (p-value < 0.05), whereas in the nano-LC 
ESI-MSE experiments the protein was found in 
the tumor group only (Table 3). Again, all sets of 
completely independent experiments confirm 
each other. Also, findings on nucleophosmin 
expression as determined by IHC image analysis 
again validated the results from the previous 
experiments where nucleophosmin was only 
found in the tumor samples by nano-LC ESI- 
MSE experiments and was determined as signifi-
cantly up-regulated in the tumor samples (p-
value < 0.01) upon 2-D gel analysis (Table 3). 
Both, the nano-LC ESI- MSE experiments and the 
2-D gel analyses corresponded again to the 
here described results obtained with IHC image 
analysis of glyceraldehydes-3-phosphate dehy-
drogenase (Table 3) which was found to be sig-
nificantly up-regulated (p-values < 0.01). Finally, 
mimecan/osteoinductive factor expression as 
determined by IHC image analysis also corre-
lated to the results from the nano-LC ESI- MSE 

and the 2-D gel experiments. A significant down-
regulation of mimecan/osteoinductive factor (p-
values < 0.01) was detected in proteome analy-
ses (Figures 5B and 5C), corresponding well to 
the here described results.  
 
In conclusion, we successfully analyzed IHC im-
ages of self-made stains as well as images pro-

vided by the Human Protein Atlas, cross-
referencing the quantitative proteome signature 
with the most important clinically relevant tech-
nology for protein topology analysis in cancer. 
Hence, due to the combination of results, with 
IHC image analysis, protein location in the tis-
sue is added to the quantitative expression data 
derived from quantitative proteomics. 

Figure 5. Box and whisker plots for expression data 
of mimecan/osteoinductive factor (P20774). A. Ex-
pression amount on immunohistochemically stained 
(HPA013132) tissue slices from the Human Protein 
Atlas represented by the proportion of brown pixels 
per tissue pixels. Replicates: n = 8 for T, n = 2 for G. 
B. Normalized protein expression amounts using 
quantitative label-free LC-MS data. Replicates: n = 9 
for T, n = 9 for G. C. Normalized protein expression 
amounts using densitometric data (normalized spot 
volumes) from 2-D gels. Replicates: n = 12 for T, 
n = 12 for G. Tumor samples (T) are depicted on the 
left and control (gland) samples (G) on the right. p-
values are given. 
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Discussion 
 
In the case of breast cancer investigations, sev-
eral groups have shown that using a combina-
tion of IHC markers, molecular subgroups of 
breast carcinoma [18] can be identified, and 
clinical outcome of ER positive breast cancer 
patients [19] can be predicted. Similarly, clini-
cally relevant prognostic subgroups in patient 
cohorts hosting a primary breast cancer with 
involvement of four or more axillary lymph 
nodes can be identified [20] when monitoring 
the IHC-stainings with the defined set of anti-
bodies. Comprehensive immunohistochemistry 
with multiple overlayed protein localization 
analyses was termed toponomics - and for pro-
jects which were mainly subjected to diagnostic 
purposes the term toponostics was suggested 
[21, 22]. In parallel to IHC-based investigations, 
we and others investigated protein expression 
differences in patients suffering from invasive 
ductal breast cancer using a proteome research 
approach. We defined a proteome signature for 
invasive ductal breast cancer that contained 
twenty proteins and enabled clear separation of 
both groups using principal component analysis 
and hierarchical clustering [12]. Further, de-
tailed protein structure investigations enabled 
to refine our proteome signature, opening the 
way to relational structure-function-studies with 
respect to disease processes and/or therapeu-
tic intervention [11]. Joining toponomics and 
proteomics allows to access new aspects of 
protein research beyond validation of quantita-
tive protein expression differences for exem-
plary proteins. Combining protein toponomics 

and proteomics will enable to tackle systems 
biology approaches, where quantitative and 
time-resolved data are needed, for a defined 
compartment, i.e. specific cell types within a 
tissue of an organ in even greater quality (Figure 
6). 
 
Similarly, for clinical studies it becomes clear 
that the dissection of tissue into its specific cell 
components is needed before protein (or RNA) 
expression differences can be advanced to 
pathway analyses that may be of interest for 
understanding the principle of function for a 
given therapeutic agent. In such a combined 
approach it becomes more and more important 
to consider the role of antibody specificity and 
cross-reactivity for each protein target during 
toponome analysis. In particular the epitope 
sequences against which antibodies of interest 
are directed ought to be known and should be 
provided by the manufacturers whenever possi-
ble. Otherwise the antibody-binding regions on a 
protein target need to be determined experi-
mentally using epitope mapping approaches, 
e.g. using mass spectrometry [23-25]. Taken 
together we showed that despite the fact that 
the principle applicability of immunohistochem-
istry for protein quantitation has been ques-
tioned [26, 27], e.g. because of the influence of 
fixation on IHC results [3, 28] as well as be-
cause of other issues, computer-assisted IHC 
image analysis turned out to provide reliable 
results. Particularly when the determined pro-
tein expression differences were supported by 
quantitative proteome signatures which pro-
vided lead informations on the differential ex-
pression of the proteins of interest. Obviously, 

Figure 6. Schematic presentation 
of key developments in proteome 
and toponome research. Both re-
search areas are regarded as cor-
ner stones of "Toponostics" for 
systems biology approaches. Quan-
titative and time-resolved data 
together with precise cellular local-
ization information are needed for 
pathway analyses, to understand 
tumor development, and to enable 
modeling of tissue processes. 
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determining quantitative protein expression 
differences with high accuracy in clinical tissues 
is a stronghold of proteome analysis [22, 29] 
whereas visualizing the spatial location of a pro-
tein of interest with high resolution is currently 
reached best by microscopic methods [30, 31].  
 
In the near future the emerging methods of 
MALDI-MS Imaging promise fast and accurate 
localizations of proteins from a predefined pro-
teome signature, even when suitable antibodies 
are not readily available [32, 33]. Hence, par-
ticularly for clinical studies MALDI-MS Imaging 
seems to be perfectly accompanying proteome 
research for guiding pathologists’ investigations 
working with antibody-based immunohistochem-
istry on above mentioned tissues. More and 
more established biobanks in the clinics will 
serve as a repository for joint investigations in 
which proteome analysis, pathology, and clinical 
investigations will be working together to untan-
gle complex pathways and disease-related pro-
tein network disturbances. Ultimately, it can be 
envisaged that the combination of quantitative 
information from protein expression profiling 
with data on spatial distribution of protein abun-
dances from histology/pathology enables the 
identification of candidate proteins serving as 
key-markers for diagnostics and/or prognostics, 
or as future therapeutic targets for the treat-
ment of breast cancer. 
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