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Abstract 

The Human Epidermal Growth Factor Receptor (HER) family and some proteins in PI3K/Akt 
signaling pathway are of great interests in research and diagnosis of colorectal cancer and 
other types of cancer. These proteins have different expression levels in normal cells and 
cancer cells, and they are usually the biomarkers for diagnostics and drug development. In 

situ Proximity Ligation Assay (in situ PLA) technique enables in situ detection and 
quantification of endogenous proteins, protein interactions and modifications in cell and tissue 
samples. The aim of the project is to develop assays that can be used in Companion 
Diagnostics for colorectal cancer. At present time, breast cancer and gastric cancer materials 
were tested as model systems for validation of the assays.  

Chicken anti-Akt1 and anti-PIK3CD antibodies were validated in breast cancer cell lines 
using different pretreatments, antibody diluents and dilutions. Optimized assays were 
obtained from Heat Induced Epitope Retrieval (HIER) by EDTA combined with Normal Goat 
Serum antibody diluent for both antibodies.  

Heregulins (HRGs) are one type of ligands that bind to HER3, trigger hetero-dimerizaiton of 
HER2 and HER3, and then activate PI3K/Akt pathway. Overexpression of some proteins in 
this pathway has been found in breast cancer and gastric cancer. In this study, I searched for 
HER2/HER3 heterodimer, phospho-HER3, PI3K and phospho-Akt in breast cancer cell lines 
SK-BR-3, MDA-175, MDA-231, as well as gastric cell line N87 by a number of antibodies. 
N87 cells were stimulated with HRG-α. The results showed that all the investigated proteins 
and protein interactions can be detected by in situ PLA. The results generally consisted with 
the conclusions from published literatures. Stronger expressions of HER2/HER3 dimer, 
phospho-HER3 and phospho-Akt were observed with HRG stimulation. The antibodies and 
assays with positive result will be further investigated and then used on colorectal cancer 
materials.  
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Introduction 

Colorectal cancer is one of the most common causes of cancer deaths in the western world, 
and also one of the most comprehensively studied cancer forms. A new generation of 
molecularly targeted cancer drugs creates urgent needs for improved techniques and 
biomarkers to evaluate new approaches for diagnostics and therapy. In early cancer phases, 
some oncogenes are likely to mutate or over-express. The mutated or over-expressed genes 
usually play important roles in signaling pathways that control cells growth, proliferation, 
apoptosis, etc. These alterations in cellular activities finally lead to normal cells becoming 
tumor cells. Therefore, studying the alterations of the key components in colorectal cancer 
signaling pathways is significant for early diagnostics and drug targets research. PI3K/Akt 
pathway is one of the pathways that are of great interest and included in this study.  

In situ Proximity Ligation Assay (in situ PLA) was developed in Rudbeck Laboratory and 
commercialized by Olink Bioscience. It is a novel method for localized detection of proteins 
in cells or tumor samples. The method is based on specific antigen/antibody recognition and 
DNA amplification. If the pair of proteins is close to each other, the oligonucleotides attached 
to antibodies, together with added oligonucleotides, are able to form a circle template for 
localized DNA amplification. The amplified DNA molecule is visualized by fluorescently 
labeled oligonucleotides hybridized to the DNA.  

 

1. The Human Epidermal Growth Factor Receptor (HER) family  

The Human Epidermal Growth Factor Receptors (HERs, also known as ErbBs) that consist of 
EGFR/HER1, HER2, HER3 and HER4 belong to the receptor tyrosine kinase superfamily. 
They are composed of a glycosylated extracellular ligand-binding domain, a transmembrane 
domain, and an intracellular tyrosine kinase domain (Hsieh and Moasser, 2007). HER family 
members tend to form homodimers or heterodimers at the plasma membrane. This interaction 
activates the receptor tyrosine kinase and cause autophosphorylation of the pair of receptors. 
Almost all the HER receptors can form homodimers and heterodimers with other HER family 
members. Among the HER dimers, HER2/HER3 and EGFR/HER2 dimers are strong 
signaling units. Once the dimer is formed, pathways are activated depending on the system 
components and the specific treatment conditions (Zhang et al., 2009b), (Shankaran et al., 
2008).  

Previous studies showed that numerous types of human cancer relate to the overexpression of 
HER family members and HER related signaling pathways. RL Rego et al. (2010) tested 
EGFR expression on 338 colorectal cancer tissue samples by immunohistochemistry (IHC). 
59% of the samples expressed EGFR. EGFR expression was associated with higher tumor 
stage, worse disease-free survival and overall survival (Rego et al., 2010). Overexpression of 
HER2 or HER3 has been detected in colorectal cancer, breast cancer and ovarian cancers, 
which also associated with advanced stage and poor prognosis (Hsieh and Moasser, 2007, 
Tanner et al., 2006). A lot of research is performed on the relations between HER family and 
tumorigenesis.  
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2. The HER2/HER3 heterodimer is a highly functional signaling unit 

After decades of research on HER2-mediated tumorigenesis, researchers observed that HER3 
significantly facilitates the HER2-mediated tumorigensis process. In tumor research on mice, 
tumors overexpressing the HER2 gene also result in higher expression and phosphrylation of 
HER3 (Siegel et al., 1999). HER2 requires HER3 to transform normal cells to cancer 
phenotype; decreased expression level of HER3 reduces the transforming activity of HER2 
(Hsieh and Moasser, 2007). HER3 has a non-functional kinase domain. HER3 can only be 
activated by forming heterodimers with other HER members, like EGFR and HER2, to 
mediate downstream signaling pathways (Zhang et al., 2009c). The HER2/HER3 heterodimer 
is known as a highly functional signaling unit because it relates to many downstream cell 
signaling events (Hsieh and Moasser, 2007). PI3K/Akt is an important signaling pathway in 
tumorigenesis mediated by HER2/HER3 heterodimer.  

Heregulins (HRGs) are members of the EGF-family peptides. They are known as ligands for 
HER3 and HER4. Once HRG binds to the extracellular ligand-binding domain of HER3, it 
triggers dimerization of HER3 and HER2. Then HER3 can be phosphorylated upon the 
heterodimerization (Hsieh and Moasser, 2007). Research has shown that human colorectal 
cancer cell line GEO treated with recombinant HRG resulted in cell proliferation and 
increased dimer forming of HER2 and HER3 (Jackson et al., 2004). Yonezawa et al (2009) 
detected higher HRG expression levels in colorectal cancer tissues than in normal colonic 
mucosa, using IHC. In colorectal cancer cell lines Caco-2, WiDr, HT29 and DLD1, HER2 and 
HER3 expression was detected by Western Blot (Yonezawa et al., 2009). In the research of 
Zhang et al. (2009), HRG stimulated human mammary epithelial (HME) cell line with 
various levels of EGFR, HER2 and HER3. The result showed that HRG mediated HER3 
phosphorylation had a similar trend as HER2 expression. When HER2 expressed at low levels, 
HER3 phosphorylation level was also low, even if stimulated with HRG. Moreover, HER3 is 
a strong activator of Akt in HME cells upon HRG stimulation (Zhang et al., 2009c). 

 

3. PI3K/Akt signaling pathway and cancer 

The abnormal activity of the phosphatidylinositol 3-kinase (PI3K)/Akt pathway has been 
considered as a critical step toward the initiation and development of human tumors. Some 
components in the pathway are potential targets for cancer treatments (Fresno Vara et al., 
2004). Upon activation of growth factor receptors, their tyrosine kinases go through 
autophosphorylation on the tyrosine residues. PI3K is recruited to the receptor by directly 
binding to phosphotyrosine consensus residues of the receptor through the adaptor subunit 
(p85). Then the catalytic subunit of PI3K (p110) is activated. The activation of p110 subunit 
leads to production of phosphoinositol triphosphate (PIP3) from phosphatidylinositol 4, 
5-bisphosphate (PIP2). PIP3 is a second messenger. A group of signaling proteins with 
pleckstrin homology (PH) domains is recruited by PI3K and PIP3, including Akt and PDK1 
(figure 1). The activated Akt mediates activation and inhibition of several target proteins, 
resulting in cell survival, growth and proliferation through various mechanisms (table 1) 
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(Fresno Vara et al., 2004, Garcia-Echeverria and Sellers, 2008). The abnormal biological 
events of cancers cells can be detected from ⅰ ) constitutively active mutants or 
amplification of receptor tyrosine kinases (EGFR, HER2, HER3, etc.) leading to constitutive 
activation of PI3K and downstream components; ⅱ ) PI3K gene amplification; iii) 
overexpression of Akt, etc (Fresno Vara et al., 2004).  

 

 
 
Figure 1. Schematic representation of the activation process of PI3K/Akt signaling pathway by HER dimers. 
Once growth factors (e.g. HRG) bind to the extracellular domain of HER receptor, they trigger dimerization of 
HER family receptors. Taking HER2/HER3 heterodimer as an example, the intracellular domain of HER3 can be 
phosphorylated at tyrosine residues by interaction with HER2. Then HER3 phophotyrosines bind to PI3K p85 
subunit and activate membrane bound PIP2 to PIP3. PIP3 recruits PH domain of Akt and PDK1 leading to 
phosphorylation of Akt. Activated Akt can interact with mTOR, BAD, FKHR, NF-kB, etc to affect a diverse 
range of downstream cellular events involved in cell cycle, protein expression, metabolism and gene 
transcription. EGFR and HER3 can also form heterodimer upon HRG stimulation, and then activate PI3K/Akt 
pathway (Hsieh and Moasser, 2007, Witton et al., 2003). 
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Table 1 Akt implication in different processes characteristic of cancer (loaded from Fresno Vara et al., 2004)  

Process Akt function 

Growth signal autonomy Akt overexpression or activation may lead to increased 
response to ambient levels of growth factors 

Insensitivity to antiproliferative 
signals 

Induces nuclear entry of Mdm2, which leads to inhibition 
of p53 regulated processes. Induces cytoplasmic 
localization of p21Cip/Waf1 and p27Kip, promoting 
proliferation. Stabilizes Cyclin D1 

Inhibition of apoptosis Inactivates the proapoptotic factors Bad and Procaspase-9. 
Activates IKK, activating the transcription of NF-kB 
regulated antiapoptotic genes. Inactivates Forkhead family 
transcription factors, inhibiting proapoptotic gene 
expression, such as Fas ligand 

Unlimited replicative potential Increases telomerase activity by phosphorylation of hTERT 

Angiogenesis Promotes angiogenesis through eNOS activation 

Invasion and metastasis Contributes to invasiveness by inhibiting anoikis and 
stimulating MMP secretion 

 
The tumorigenesis of colorectal cancer has been connected to the research of PI3K/Akt 
signaling pathway. As descried earlier, Yonezawa et al. (2009) stimulated colorectal cancer 
cell lines Caco-2, HT-29 and DLD-1 with recombinant human HRG-β1 EGF domain (rHRG). 
They found that in Caco-2 cells, exogenous rHRG induced HER2/HER3 dimerization. 
Phospho-HER3 level increased after rHRG stimulation in those cell lines. In Caco-2 cells, 
association of PI3K p85 with HER3 clearly increased after rHRG stimulation (investigated 
with immunoprecipitation and Western blot), suggesting that rHRG may activate PI3K 
through HER3 phosphorylation in colorectal cancer cells. Moreover, increased level of 
phospho-Akt was detected in Caco-2 cells after stimulated by rHRG by Western blot 
(Yonezawa et al., 2009).  

 

4. The in situ Proximity Ligation Assay technique 

In situ Proximity Ligation Assay (in situ PLA) is a novel method for localized detection in 
fixed cells or tissue samples. It is intended for single molecule level detection of proteins, 
protein interactions (e.g. dimerization) and modifications (e.g. phosphorylation). The 
technique is based on antigen/antibody recognition events and localized DNA amplification 
process (figure 2). First, the protein or protein complex of interest is recognized by primary 
antibodies targeting epitopes on the same protein or on adjacent proteins (figure 2-A). A pair 
of secondary antibodies is called PLA probes PLUS and MINUS, each conjugated to an 
oligonucleotide. Then two PLA probes specifically bind to primary antibodies (Figure 2-B). 
After the dual proximal binding steps, the hybridization solution consisting of two 
oligonucleotides is added to the system. If the probes are in close proximity, the 
oligonucleotides on the PLA probes, together with the added oligonucleotides, jointly form a 
circularized DNA strand. After hybridization, ligase is added, joining the two hybridized 
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oligonucleotides to a closed circle (Figure 2-C) (Soderberg et al., 2006). The oligonucleotide 
on the PLA probe PLUS serves as primer for rolling circle amplification (RCA) reaction upon 
addition of phi29 DNA polymerase. The oligonucleotide of the PLA probe MINUS is blocked 
by three mismatched RNA nucleotides at the 3’ end (Soderberg et al., 2008). RCA reaction 
results in around 100kb rolling circle product (RCP) after 90min amplification (Figure 2-D). 
Finally, fluorescently labeled complementary oligonucleotide detection probes hybridize with 
the RCP to make the result visible in a microscope. Each fluorescent dot represents one 
protein or protein interaction event. (Figure 2-E, F) (Soderberg et al., 2006, Soderberg et al., 
2008). In situ PLA makes it possible to detect proteins in subcellular compartment and 
quantify protein expression and interaction levels.  

 
Figure 2. The principle of in situ PLA. A. a pair of primary antibodies raised from different species bind to the 
proteins to be detected. B. A pair of PLA probes bind to their respective primary antibody. C. Two 
oligonucleotides are added and join to form a circular DNA molecule by enzymatic ligation, if the two PLA 
probes are in close proximity of each other. D. Polymerase is added to perform rolling circle amplification 
(RCA), producing a rolling circle product (RCP) of several hundred copies of the DNA circle. E. The addition of 
fluorescently labaled comlementary oligonucleotide detection probes hybridize with RCP to make the product 
visible. F. microscopic image of an in situ PLA result. The blue stains are nuclei. Each red dot represents a single 
molecule event, a single protein or a protein complex. More information is available on http://www.olink.com/.  
 
There are different types of in situ PLA methods for detecting single protein, protein-protein 
interaction or proteins with post-translational modifications. Protein-protein interaction and 
protein with modification (eg. phosphorylation) can be detected by dual recognition (Figure 
3A-B). The epitopes on the protein or phosphorylation site are recognized by one pair of 
primary antibodies raised from different species. One pair of PLA probes binds to the same 
species as the primary antibodies. Detection and quantification of one single protein can be 
achieved by two different approaches. In order to detect and quantify protein expression with 
high sensitivity, one primary antibody recognizes the target protein (figure 3C). Then PLA 
probes PLUS and MINUS raised against one species detect the same primary antibody. In 
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order to detect single protein with high specificity and sensitivity, two different primary 
antibodies are used. They have to be raised in different species and targeted against two 
different epitopes on the same protein (firgure 3D). Then PLA probes PLUS and MINUS bind 
to the same species as the primary antibodies were produced in.  

 
Figure 3. Different types of in situ PLA. A. To detect and quantify protein-protein interaction, two different 
primary antibodies raised from different species, one against each interacting protein respectively; PLA probes 
PLUS and MINUS against primary antibodies. B. To detect protein phosphorylation, two primary antibodies are 
used, one binds to an epitope on the protein; the other one binds to the protein phosphorylated site. C. To detect 
and quantify single protein expression using one primary antibody, both PLA probes PLUS and MINUS against 
the same primary antibody. D. To detect and quantify single protein expression using a pair antibodies raised 
from different species against two epitopes on the same protein, PLA probes PLUS and MINUS against different 
primary antibodies. The information is from http://www.olink.com/. 
 
5. The aim of this study 

The project aims to evaluate and optimize assays that could be used in Companion 
Diagnostics relevant for colorectal cancer. One part of my work was to find the relevant 
pathways and proteins to be studied. The other part was to validate new antibodies and 
investigate proteins and protein interactions using in situ PLA. At the present time, model 
systems of breast cancer and gastric cancer are detected by 1) screening antibodies that can be 
used for in situ PLA; 2) investigating relevant cell models; 3) finding interesting protein 
combinations. These results will be the foundation guiding the further research on colorectal 
cancer material.  
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Materials and methods 

1. Cell lines and tissue samples 

I used a well-characterized HER2-expressing breast cancer cell line array, containing 
SK-BR-3, MDA-175 and MDA-231 (Olink Bioscience) for antibody validation and PLA 
assay development. As different HER2 expression levels, the three cell lines are scored as 3+, 
1+ and 0 orderly, according to HercepTestTM Interpretation Manual (Dako). Breast cancer 
SK-BR-3 cell line and gastric cancer N87 cell line were obtained from American Type Culture 
Collection (ATCC, Rockville, MD), cultured by 3H Biomedical. The HER2 IHC control array 
of breast cancer tissue was purchased from Pantomics. The tissue array were characterized as 
strong (+++) expresser, moderate (++) expresser, weak (+) expresser and a sample 
characterized as negative/weak positive case of HER2.  

 

2. Heregulin–α (HRG-α) preparation 

HRG-α (Sigma) powder 50μg was diluted in 0.22 μm-filtered PBS containing 0.1% BSA to a 
concentration of 100μg/ml as stock solution. The stock solution was stored at -20℃. 

 

3. Cell preparation 

Breast cancer cell lines included in the array were formalin fixed, paraffin embedded and 
arrayed in a tissue micro array format, already prepared by Olink Bioscience. Paraffin section 
cell preparation referred to the methods in Andersson et al. (2006) as a reference. SK-BR-3 
cells were cultured on 8-well Lab-TekⅡChamber Slide (Nalge Nunc International), and fixed 
in paraformaldehyde (cultured by 3H Biomedical). N87 cells were grown in complete 
medium: RPMI-1640 medium (Sigma) supplemented with 10% newborn calf serum (Sigma), 
0.3g/L L-glutamine (Sigma) and 1/100 (v/v) penicillin and streptomycin (Sigma) in 37℃. 5% 
of CO2 was required for incubation. For all cells grown on slides, they were detached with 
0.25% (w/v) Trypsin (Sigma)-0.53 mM EDTA solution and transferred into 8-well culture 
slide. After cultured for 24 hr in complete medium, cells were stimulated with HRG-α in 
different concentrations and time intervals. Then the cells were washed in cold PBS and fixed 
in paraformaldehyde. N87 cells intended for cytospin preparation were cultured in starvation 
medium (complete medium without newborn calf serum) for 24hr, detached, and then 
transferred into 10ml Falcon tubes for HRG-α stimulation. Those cells were finally washed 
and cytospun onto slides (75000 cells per slide in 75μl PBS) at 800 rpm for 2 minutes. 

 

4. Pretreatment  

Before in situ PLA experiment, the glass slides with paraffin sections firstly went through the 
deparaffinization and rehydration process. The slides were placed in a xylene bath and 
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incubated for 20min. Change bath and repeat once. Then place the slides in 100% ethanol and 
95% ethanol orderly. Baths were changed and repeated once for each step. Slides were 
washed in dH2O for the final step.  

Epitope retrieval was performed using Heat Induced Epitope Retrieval (HIER) on the 
rehydrated paraffin sections and some of the cytospin samples (methods were recommended 
by the antibody manufacturer). For cells grown on slides and cytospin slides, permeabilization 
was performed by applying PBS diluted Triton X-100 (Fisher Scientific GTF) to the cells, 
room temperature (RT) incubation. Then slides were washed in PBS twice. Different 
pretreatment methods are indicated in table 2. 

Table 2. Antigen unmasking methods used in this study 

Sample Type Pretreatment Reagent Method 

Paraffin Section HIER 

0.1M Glycine-HCl pH2.5 
96-99℃ sub-boiling 
10min  

citrate pH6 
(DakoCytomation) 

96-99℃ sub-boiling 
40min 

1mM EDTA pH8 
96-99℃ sub-boiling 
15min 

Cytospin 
HIER 1mM EDTA pH8 

96-99℃ sub-boiling 
15min 

Permeabilization 0.1% Triton X-100 RT incubation 3min 

Cells Grown on Slides Permeabilization 0.5% Triton X-100 RT incubation 5min 

 

5. Blocking and antibody diluents 

After pretreatment, the cell samples were firstly blocked with 50mM PBS diluted Glycine for 
5min. Then samples were blocked in blocking solutions that recommended by the antibody 
manufactures at RT for 15-20min in a humidity chamber. For new antibody validation, three 
different blocking solutions and antibody diluents were tested, which were Dako Serum Free 
Protein Block (DakoCytomation), Duolink Blocking Solution/Antibody Diluent (Olink 
Bioscicence) and TBS diluted Normal Goat Serum (NGS). Antibody diluents were used for 
diluting primary antibody and PLA probes.  

 

6. Primary Antibodies 

Antibodies were diluted in antibody diluents to different concentrations according to the 
manufacturer’s recommendation. The overview of antibodies used in the study is shown in 
table 3.  
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Table 3. Primary antibodies used in the study. 

Antibody Manufacturer Prod nr species 
HER3  Thermo scientific #MS-201-P0 Mouse mAb 

HER2 DakoCytomation A 0485 Rabbit pAb 

Phospho-HER3 Cell Signaling 
Technology 

#4791 Rabbit mAb 

Phospho-Akt Cell Signaling 
Technology 

#4060 Rabbit mAb 

Akt1 Immunsystem 080811 Chicken pAb 

PIK3CD Immunsystem 081001 Chicken pAb 

PI3K p85α abcam Ab22653 Mouse mAb 

 
7. PLA probes 

For each in situ PLA, a pair of PLA probes PLUS and MINUS is applied after primary 
antibody incubation. Anti-Chicken PLUS/MINUS, Anti-Rabbit PLUS/MINUS, Anti-Mouse 
PLUS/MINUS (Olink Bioscience) PLA probes were used in this study in different 
combinations.  

 

8. Detection  

The detection step, which includes Hybridization, Ligation, Amplification and Detection, was 
performed by Duolink 100 Detection kit 613 (Olink Bioscience). The detection stock contains 
613-labeled oligonucleotides and Hoechst 33342 nuclear stain.  

 

9. In situ PLA process 

The in situ PLA experiments referred to Duolink User Manual v. 4.0, which is available on 
http://www.olink.com. Some steps were changed from the normal protocol (Table 4).  
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Table 4. The standard in situ PLA protocol and changes in the study 

Steps  Normal Changes 
Block 30 min, 37℃  15-20min, RT 

Primary Ab incubation 30 min, RT 4℃ overnight (15-18hr) 

TBS-T wash 1X, 2X5 min, RT   

PLA probe incubation 2h, 37℃ 1hr, 37℃ 

TBS-T wash 1X, 2X5 min, RT   

Hybridization 15 min, 37℃   

TBS-T wash 1X, 1 min, RT 2 x2 min  

Ligation 15 min, 37℃   

TBS-T wash 1X, 2X2 min, RT   

Amplification 90 min, 37℃   

TBS-T wash 1X, 2X2 min, RT   

Detection 60 min, 37℃ 20min, 37℃ 

SSCx2 2 min, RT, dark   

SSCx1 2 min, RT, dark   

SSCx0,2 2 min, RT, dark   

SSCx0,02 2 min, RT, dark   

70% EtOH 1 min, RT, dark   

      
10. Controls 

Positive-biological control should be a cell- or tissue-type that is already known to contain the 
target protein. Positive-technical control can be an experiment system, including tissue or cell 
samples and antibodies that can be trusted to test the reagents and the entire protocol. The 
negative-technical control can be made by omitting one or both primary antibodies to get a 
hint of how the PLA probe background looks like in the system. The negative-biological 
control should be a cell line or tissue that does not express one or both of the target proteins. 
In this study, I browsed published literatures to get the information that the proteins to be 
detected express in the present cell lines or tissues. These samples also served as positive 
controls. The negative-technical controls were included in some experiments; however, I did 
not find appropriate cell- or tissue- sample as negative-biological control.  

 

11. Imaging and analyses 

Image acquisition was made by Zeiss Axio Imager M1 fluorescence microscope and 
AxioVision 4.5 software (Carl Zeiss). Images were captured with an AxioCam MRm-camera 
with an extension tube of 1× (Zeiss 60N-C 1”1×). Filters used were 575/605 nm for in situ 
PLA signal, and 350/461 nm for nuclear stain. A Z-stack of 15 images was taken at 
20×magnification of the in situ PLA image channel. One image of nuclei in the 
Hoechst/DAPI channel was acquired by auto-exposure and auto-focus. For each image 
position, a stack of 15 images was taken at an optimal distance of 0.475μm between the 
images of Duolink signal, using the DAPI channel as the middle of the stack. 
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The raw images acquired by the AxioVision software were exported into TIF format for 
BlobFinder version 3.2 analyses. The program defines the number of nuclei in the image 
based on the DAPI nuclear stain and counts the number of PLA signals from the signal 
channel based on a manually set signal threshold. The images went through average mode 
analyses to get total number of nuclei and total number of signal (Figure 4). Then the average 
number of PLA signals per cell was calculated.  

 

Figure 4. The BlobFinder program. The program is set up at Average mode. The total number of stained nuclei 
and PLA signals were counted based on the threshold setup.  

 

Result 

1. Validation of anti Akt-1 and anti PIK3CD raised from chicken 

Protein kinase B, also known as Akt, is the human homolog of the viral oncogene v-akt from 
mice. Akt1 is one of the isoforms of Akt (Fresno Vara et al., 2004, Staal, 1987). PIK3CD is 
short for phosphoinositide-3-kinase catalytic delta polypeptide, which belongs to class I 
PI3Ks; p110δ is one of the isoforms of ⅠA p110 (Hennessy et al., 2005). The experiment 
aimed to validate the specific primary antibodies by in situ PLA method in the cell line that 
expresses the target proteins. The antibody was first tested using combinations of different 
HIER methods and blocking/antibody diluents under a high antibody concentration. Based on 
visual inspection with the highest signal to noise ratio, antibody titration was performed to get 
distinct signals for quantification. 
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1.1 Chicken anti-Akt1 validation 

Chicken anti-Akt1 is detected in paraffin section cell line array: SK-BR-3, MDA-175 and 
MDA-231. It had been found that Akt1 is expressed in SK-BR-3 cells (Sahoo et al., 2005). 
For Akt1 validation experiment, the candidate HIER methods are shown in table 2. The tested 
blocking/antibody diluents were: 20% NGS in TBS; Dako serum free protein block; Duolink 
protein block solution/Duolink antibody diluent solution. The tested antibody dilutions were 
1/10, 1/100, 1/200, 1/400, 1/800 and 1/1600. Some of the images and quantification results 
are shown in Figure 5. The optimal results were from the combination of pretreatment: HIER 
by EDTA; block/antibody diluent: 20% NGS in TBS; antibody dilution: 1/400 and 1/800. 
Lower dilution gave lower signal level, but clearer signals that is more accurate for 
quantification (Figure 5-A, B). Among the three cell lines, MDA-231 gave the highest signal 
level (Figure 5-C). 

 

 

 
 Figure 5. chicken anti-Akt1 validation by in situ PLA. A, B, images from the SK-BR-3 cell line treated by 

HIER method: EDTA pH8 96℃-99℃ 15min; block/antibody diluent: 20% NGS in TBS. nuclei are stained 
blue; red dots are PLA signals. A. primary antibody titer: 1/400. B. primary antibody titer: 1/800. C. The 
average signals per cell in breast cancer cell lines.  

 
1.2 chicken anti-PIK3CD validation 

PIK3CD expression has been detected in MDA-231 cell line by Western Blot (Sawyer et al., 
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2003). The same materials and experimental setting as Akt1 were used for PIK3CD validation. 
A negative control was included by omitting the primary antibody. Some images and 
quantification results are shown in Figure 6. The optimal results were from the combination of 
pretreatment: EDTA pH8; block/antibody diluents: 20% NGS in TBS; antibody dilution: 
1/200 and 1/400. MDA-231 got the highest signal level among the three cell lines; negative 
control got negligible result (Figure 6-C). 

 

 

 
Figure 6. Chicken anti-PIK3CD validation by in situ PLA. A, B, images from the MDA-231 cells treated 
by HIER method: EDTA pH8 96℃-99℃ 15min; block/antibody diluent: 20% NGS in TBS. A. primary 
antibody dilution: 1/200. B. primary antibody dilution: 1/400. C. The quantification result. MDA-231 got 
the highest signal level.  
 
 

2. In situ PLA for detecting PI3K/Akt signaling pathway in cancer materials 

2.1 HER2/HER3 heterodimer detection  

Heregulins (HRGs) are members of the EGF-family peptides, and they are known as ligands 
for HER3 and HER4. Once HRG binds to HER3, it triggers dimerization of HER2 and HER3 
(Yonezawa et al., 2009). HRG-α is an isoform of HRG (Chan et al., 1995). HRG-α used in 
this study is produced from a DNA sequence encoding the EGF domain of HRG-α, amino 
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acid residues 177-241 (available on http://www.sigmaaldrich.com/). Heregulin-β (HRG-β) is 
another isoform of HRG. From the information in relevant research, HRG-β is more potent 
than HRG-α in mediating the HER pathways. As the only ligand we had at that time, HRG-α 
was used based on the recommended work dilutions as HRG-β. 

2.1.1 HER2/HER3 dimer detection in N87 cells, HRG-α stimulation 

For HER2/HER3 heterodimer detection, N87 cells were stimulated with HRG-α in indicated 
concentrations, time intervals and incubation temperature (table 5). The in situ PLA 
experiment setup is shown in table 6. 6-8 images were taken from each sample. 

 
      Table 5. N87 cell culture stimulated by HRG-α 

N87 cells grown on slides 
HRG-α Concentration 20ng/ml 100ng/ml 
Time 2min 2min 10min 
Temperature 37℃ 

 
Table 6. Experiment setup for HER2/HER3 dimer detection in N87 cells 

Primary Ab. Dilution Ab. diluent Secondary+ Conc. Secondary- Conc.  
HER2 1/5000 20% NGS in 

TBS-T 
Rabbit 
PLUS 

0.333X Mouse 
MINUS 

0.333X 
HER3 1/1500 

 
Generally, the N87 cells showed low average signal levels from HER2/HER3 dimer detection, 
with or without HRG stimulation. Some estimates showed big deviation from average values, 
which was partly contributed by some cells getting much higher signal level (images not 
shown). The non-stimulated samples gave fluctuant results from different stimulation 
conditions. The stimulated samples had a slight reduced trend as HRG stimulation 
concentration increased and time prolonged. The non-stimulated cells gave clearly higher 
signal level than stimulated cells at 100ng/ml ligand concentration and 10min incubation 
(Figure 7). 
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      Figure 7. HRG-α induced HER2/HER3 dimer detection in N87 cells. The cells were incubated with 
medium diluted HRG-α at indicated concentrations and time intervals, or fresh medium.  

 
2.1.2 HER2/HER3 dimer detection in N87 cytospin, HRG-α stimulation 

N87 cytospin samples were cultured in starvation medium for 24hr, and then stimulated by 
60ng/ml HRG at indicated time intervals and temperatures (Table 7). Different antibody 
diluents and concentrations were tested. The experiment setups are shown in table 8. A 
technical negative control was included by omitting one primary antibody (HER2) with both 
PLA probes PLUS and MINUS.  

 
Table 7. N87 cells stimulated by HRG-α in falcon tubes 

N87 cell suspension 
HRG Concentration 60ng/ml 
Stimulation Time  1min 3min 10min 30min 
Temperature  37℃ 37℃ 37℃ On ice 37℃ 

 
Table 8. Experiment setup for HER2/HER3 detection in N87 cytospin 

NO. Primary Ab. Dilution Ab.diluent Secondary+ Conc.  Secondary- Conc.  
1 HER2 1/5000 

20% NGS in TBS-T 

Rabbit 
PLUS 

0.333X 
Mouse 
MINUS 

0.333X 

HER3 1/1500 
2 HER2 1/5000 Dako serum-free 

protein block  HER3 1/1500 
3 HER2 1/2500 Dako serum-free 

protein block HER3 1/750 

 
The results are shown in figures 8-10. Figure 8 shows the result from the samples diluted by 
NGS (table 8-NO.1). After stimulated by HRG in different time intervals, the cells incubated 
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in the serum-free medium showed decreased signal levels as the incubation time was 
prolonged. The cells stimulated by HRG-α diluted in serum-free medium resulted in evidently 
higher signal level than HRG- at 1min and 10min incubation. The highest HRG+/HRG- ratio 
appeared at 10min (Figure 8-B). It can be assumed that between 0min and 10min was the 
phase that the HER2 and HER3 were active. For both HRG- and HRG+ cells, it is possible 
that some of the HER2 and HER3 expression or dimerization was stimulated only by the 
addition of medium. After dimer interactions of HER receptors, they were likely to go through 
ligand-induced internalization process (van der Horst et al., 2005). This possible 
transportation event was supposed to be stopped by stimulation on ice. However the result 
showed a lower signal level from ice incubation. The negative control had negligible signals 
(data not shown).  

 

 
Figure 8. HRG-α induced HER2/HER3 dimer detection in N87 cytospin, using NGS as antibody diluent. A. 
The statistical result of average signals per cell at each stimulation time interval; B. The ratio of HRG+/HRG- 
from each stimulation group. The highest ratio appeared at 10min stimulation.  

1min     3min     10min    30min 
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Dako serum-free protein block was also tested as antibody diluent (table 8-NO.2), and 
resulted in higher signal levels than antibody diluted in NGS. Comparing the cells stimulated 
by HRG-α, the results from both experiments gave similar patterns at 1min, 3min and 10 min 
incubation; however, the signal in Dako test went up at 30min (figure 8-A, figure 9-A). 
Meanwhile, the HRG non-stimulated cells had the lowest signal level at 30min incubation, 
which caused the HRG+/HRG- ratio reached the highest value (figure 9-B).  

 

 
 

Figure 9. HRG-α induced HER2/HER3 dimer detection in N87 cytospin, using Dako serum-free protein block 
as antibody diluents. A. average signals per cell of HRG- and HRG+ treated cells; B. the ratio of HRG+/HRG- 
from each stimulation group. The highest level appeared at 30min stimulation. 
 

Higher signal levels were detected by using higher antibody concentration (table 8-NO.3; 
Figure 10-A). Unlike previous experiments, cells not treated with HRG at 1min incubation 
showed higher average signal than HRG stimulated cells. The ratio of HRG+/HRG- reached 
up to 3.33 (result not shown), which was mainly due to the low signal from HRG non-treated 
cells. One image was chosen as example from all the image fields captured from each sample 
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(Figure 10, B-E). In image B, C, D, some cells got saturated signals, while some cells got 
almost blank result. This might be because the cells were partly activated by the addition of 
serum-free medium (with or without HRG), and the activation happened rapidly. The cells not 
treated with HRG at 10min incubation only had a few cells left after the experiment (Figure 
10-E). Due to the small sample size and low signal level, these estimates might not be 
reliable.  

 

 

 

Figure 10. HRG-α induced HER2/HER3 dimer detection in N87 cytospin, using Dako serum-free protein 
block as antibody diluents and higher primary antibody titer. A. the average signals per cell from each sample. 
B-E, one of the microscopy images in each sample. B. HRG+, 1min incubation; C. HRG-, 1min incubation; D. 
HRG+, 10min incubation; E. HRG-, 10min incubation. 
 

From the experiments above on N87 cytospin slides, the similar fluctuation of HER2/HER3 
dimer signals appeared at 1min, 3min and 10 min with HRG stimulation (Figure 8, 9). 
Compared with cells stained with NGS, cells stained with Dako serum-free protein block 
resulted in slightly higher signal levels (Figure 8, 9). However, NGS and Dako serum-free 
protein block stained samples gave diverse results at 30min stimulation (Figure 9). 
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2.2 phospho-HER3 detection  

2.2.1 phospho-HER3 detection on breast cancer cell lines and tissues  

Detection of HER3 phosphorylation was first performed in breast cancer cell lines SK-BR-3, 
MDA-175, MDA-231, and HER2 IHC control array of breast cancer tissue. EDTA was used 
as HIER reagent for paraffin sectioned cell line and tissue samples. The experiment setup is 
shown in table 9. A technical negative control was tested by omitting the primary antibody. 
Phospho-HER3 signals could be detected in all the cell lines and tissue samples (Figure 11). 
Among the cell lines, the signal level in a decreasing order was SK-BR-3, MDA-231, 
MDA-175. The test on tissues showed that as the HER2 expression level decreased, the 
detected phospho-HER3 level also had a decreasing trend; however the negative case of 
HER2 (HER2-) showed higher signal level close to HER2+++ (Figure 11-B). The images 
from each tissue sample indicated that PLA signals were distinct and close to nuclei. The 
image background was clear. Only negligible signals were observed in the negative control 
(data not shown).  

 
Table 9. Experiment setup for P-HER3 detection in breast cancer tissues and cell lines 
Sample  Primary Dilution Ab. Diluent  Secondary+ Conc.  Secondary-  Conc.  
Tissue  P-HER3 1/250 Duolink Rabbit PLUS 1X Rabbit MINUS 1X 
Cell line P-HER3 1/250 Duolink Rabbit PLUS 1X Rabbit MINUS 1X 

 

 



 22 / 30 
 

 

 
Figure 11. Phospho-HER3 detection in breast cancer cells and tissues. A, the average PLA signals per 
cell detected in SK-BR-3, MDA-175 and MDA-231 cell lines; B, the result from tissue samples. Each 
bar represents the average value of signals per cell from 3-4 imaging positions. C-F, the microscopy 
images of HER2-expressing tissues. C, strong HER2 expresser (+++); D, moderate HER2 expresser 
(++); E, weak HER2 expresser (+); F, negative/weak positive HER2 expression case (-) 
 
Phospho-HER3 was also detected in SK-BR-3 cells that were grown on slides. The 
results are shown in section 2.3.  
 

2.2.2 phospho-HER3 detection in N87 cytospin cell samples 

N87 cells were stimulated by HRG-α as indicated in table 7. HIER was performed in N87 
cytospin cell samples, using EDTA as reagent; set antibody titer as 1/300, diluted in Dako 
serum-free protein block. Secondary antibodies were Rabbit PLUS and Rabbit MINUS, 
0.333X. 6-8 imaging positions were captured for each sample. The result showed that signal 
levels in HRG- decreased as stimulation time prolonged; cells treated with HRG got highest 
average signal at 1min incubation, and lowest value at 30min incubation (Figure 12-A). The 
highest HRG+/HRG- ratio appeared at 10min incubation (Figure 12-B).  
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       Figure 12. Phospho-HER3 detection in N87 cytospin, with HRG-α stimulation in different conditions. 

A, results from HRG- and HRG+ treated cells at indicated time intervals. Each bar represents the 
average signals per cell from 6-8 image fields. B, the ratio of HRG+/HRG- at each incubation time 
intervals.  

 

2.3 The detection of phospho-HER3 and PI3K p85α combination 

PI3K p85α is short for Phosphoinositide 3-kinase p85 alpha regulatory subunit. It is known 
for PI3K classⅠA, which is activated by receptors with protein tyrosine kinase activity 
(Receptor Protein Tyrosine Kinase) (Fresno Vara et al., 2004). During rHRG stimulation in 
Caco-2 cells, the associated expression of PI3K p85α with HER3 was observed; increased 
phospho-HER3 expression was also detected. It was assumed that HRG may activate PI3K 
through HER3 phosphorylation in colorectal cancer (Yonezawa et al., 2009). In this study, 
phospho-HER3 combined with PI3K p85α were tested in SK-BR-3 cells grown on slides, and 
then in Olink cell line array (paraffin section). Primary antibodies were diluted in Duolink 
diluents. Experiment setups are shown in table 10. 8-10 images were captured from each well 
that SK-BR-3 cells grown on.  
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Table 10. Experiment setups for detecting PI3K p85α and the combination of PI3K p85α and phospho-HER3 

Sample  Primary Dilution Secondary + Conc.  Secondary - Conc. 
Cells grown on slides PI3K p85α mouse 1/100 Mouse PLUS 1X Mouse MINUS 1X 

Cells grown on slides 
p-HER3 rabbit 1/250 

Rabbit PLUS 1X Mouse MINUS 1X 
PI3K p85α mouse 1/100 

Paraffin section PI3K p85α mouse 1/100 Mouse PLUS 1X Mouse MINUS 1X 

Paraffin section 
p-HER3 rabbit 1/250 

Rabbit PLUS 1X Mouse MINUS 1X 
PI3K p85α mouse 1/100 

 
High signal levels of phospho-HER3 and PI3K p85α were detected in SK-BR-3 cells; 
p-HER3/ PI3K p85α combination gave much lower levels (Figure 13). Signals from 
phospho-HER3 and PI3K p85α were stronger, evenly spreading around nuclei (Figure 13-B, 
C); signals of protein combination were much weaker (Figure 13-D).  

 

 
Figure 13. PI3K p85α and p-HER3/PI3K p85α combination detection in SK-BR-3 cells grown on slides. 
A, the bars represent the average signals per cell from the indicated detections; B-D, one of the images 
from each sample. B, phospho-HER3 single detection; C, PI3K p85α single detection; D, the 
combination of phospho-HER3 and PI3K p85α.  
 

High level of PI3K p85α was detected in breast cancer cell lines (paraffin embedded samples). 
SK-BR-3 cell line gave highest average signals per cell. Moderate result of phospho-HER3 
was detected from previous experiment in the same samples (Figure 11-A). Similar as the 
result from SK-BR-3 cell culture, only very low level of signals was observed from protein 
combination test in the cell lines (Figure 14).  
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Figure 14. PI3K p85α and phospho-HER3/ PI3K p85α combination detection in breast cancer cell 
lines.  
 

2.4 Protein combination of PI3K p85α and HER2  

The previous experiment (result 2.3) demonstrates that both high signal levels of 
phopho-HER3 and PI3K p85α signals can be detected in cell lines, but the protein 
combination tests got very poor results. The phospho-HER3 monoclonal antibody recognizes 
HER3 phosphotyrosine, which is the binding site with PI3K p85α. If the proteins are able to 
interact with each other, it is very possible that the epitopes recognized by the antibodies are 
the binding sites in each protein, so that the epitopes were blocked in the protein complex. 
There is another assumption that HER2/HER3 dimer and PI3K p85α form a complex after 
stimulated by HRG (Junttila et al., 2009). If HER2 and PI3K p85α are close enough in the 
complex, they may be testable by in situ PLA method.  

In the next step, HER2 and PI3K p85α combination was tested in HRG stimulated N87 
cytospin samples (Table 7). Before staining, cells were pretreated by 0.1% Triton X-100. 
Antibody and PLA probes were diluted in Duolink antibody diluent solution. The experiment 
setup is shown in table 11. 6-8 images were captured from each sample.  

 
Table 11. Experiment setup for the combination HER2 and PI3K p85α detection in N87 cytospin 

Stimulation Primary Dilution Secondary + Conc. Secondary - Conc. 
HRG+, 3min 

HER2, PI3K p85α 
HER2:1/2500;  
PI3K p85α: 1/100 

Rabbit PLUS 0.333X Mouse MINUS 0.333X 
HRG-, 3min 
HRG+, 30min 
HRG-, 30min 

 
Moderate signals were detected from HER2/PI3K p85α combination (Figure 15-A). From the 
average values, HRG stimulated cells got higher level than non-stimulated cells at 3min; 
while at 30min, the result was in an opposite trend. Images showed that cells got diverse 
signal densities in the same sample: some cells had saturated signals; some cells had only a 
few (Figure 15, B-E). This characteristic resembled HER2/HER3 dimer detection in N87 
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cytospin (Figure 10).  

 

 

Figure 15. HER2/PI3K p85α combination detection in N87 cytospin, stimulated by HRG. A, the 
average signal level of HRG- and HRG+ samples at 3min and 30min stimulation; B-E, one of the 
images from each sample showing signals of HER2/PI3K p85α combination. B, HRG+, 3min 
incubation; C, HRG-, 3min incubation; D, HRG+, 30min incubation; E, HRG-, 30min incubation 
 

2.5 Phospho-Akt detection  

Phospho-Akt detection was performed in N87 cytospin samples stimulated by 100ng/ml HRG 
for 10min, in 37℃. Slides were pretreated by 0.5% Triton X-100 prior to in situ PLA. 
Duolink antibody diluent was used for diluting primary and secondary antibodies. The 
experiment setup is shown in table 12. 

 
Table 12. Experiment setup for phopho-Akt detection 

Cell line Primary Dilution Secondary + Conc. Secondary - Conc. 
N87 p-Akt 1/200 Rabbit PLUS 0.333X Rabbit MINUS 0.333X 

 
Comparing the average values, HRG stimulated cells showed twofold higher signal level 
compared with non-stimulated cells; however, both samples showed large variation (figure 
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15). HRG stimulation might cause alteration in phospho-Akt level. To test this assumption, 
more stimulation methods need to be tried in the future.  

 
Figure 15. Phospho-Akt detection in N87 cells. Each blue bar represents the average signals per cell from 
all the images captured in one sample.  

 

Discussion 

Both Akt1 and PIK3CD showed highest expression in MDA-231 cells in the antibody 
validation experiments. As reviewed by Hsieh and Moasser (2007), Akt can be activated by 
PI3K p110 subunit. The coherent expression level of PI3KCD and Akt1 suggested that they 
might have more interactions in MDA-231 cells. Different epitope retrieval methods and 
antibody diluents used in the in situ PLA led to diverse imaging patterns (results not shown). 
Assays were improved by trying different combinations of experimental parameters. The 
optimized assay of in situ PLA should show distinct PLA signals that can be quantified and 
low background staining.  

Among the results, large variations in signal levels were noticed. Uneven signal density was 
observed in some cell lines that were not stimulated with ligands. The reason could be cells at 
different phases of cell cycle express different levels of the target protein(s). Some systematic 
errors (the false counting of nuclei and signals) could influence quantification. Sometimes 
nuclei fell off but left the protein on the slide. This could also cause false positive result.  

Antibody combined with different antibody diluents may give out diverse results. 
HER2/HER3 dimer detection in N87 cytospin had similar signal level trends in 1-10min 
stimulation between the antibodies diluted in NGS and Dako serum-free protein block. This 
made the result more reliable. The mechanism of cell activation with external stimulation is 
not clear yet, but it can be assumed that HER2 and HER3 were activated during 0-10min 
incubation with ligand. The activation process might happen rapidly after the addition of 
external ligands. Xiu Li Zhang et al. (2009) detected no associated overexpression of HER2 
and HER3 from 102 gastric cancer patients. Since EGFR expression was also detected in N87 
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cells (Zhang et al., 2009a), there might be competition between EGFR and HER2 forming 
dimers with HER3. In future experiments, cells stimulation with other ligands (e. g. HRG-β, 
EGF) at different concentrations and time intervals will be tested. Other homo- and hetero- 
dimers of HER receptor family can also be detected.  

In this study, the detected Phospho-HER3 levels had a decreased pattern from HER2 strong 
(+++) expressing to HER2 weak (+) expressing breast cancer tissues (Figure 11-B). This 
result resembled the conclusion that in HMC cells, HRG stimulated HER3 phosphorylation 
strongly depends on HER2 expression. When HER2 is not present, phospho-HER3 level is 
low even when stimulated by its ligand HRG (Zhang et al., 2009c). It makes sense because 
HER3 is kinase inactive; it can only be indirectly activated upon dimerization with other HER 
family members, usually with EGFR and HER2 (Hsieh and Moasser, 2007). However, in this 
study, phospho-HER3 detection in HER2 negative/weak positive expresser resulted in high 
signal level; the breast cancer cell line MDA-231, which is a 0 expresser of HER2, also got 
higher level of phospho-HER3 than MDA-175, the 1+ expresser of HER2. This result 
corresponded to the data that HER3 is higher expressed in MDA- cell lines than SK-BR-3 
(unpublished data). In this case, there tend to be more phospho-HER3 in MDA- cell lines. It is 
also possible that the detected phospho-HER3 expression from HER2 negative/weak positive 
tissue and MDA-231 cells were activated by other HER receptors than HER2. Since 
MDA-231 is EGFR positive (Camirand et al., 2005), the absence of HER2 might trigger 
HER3 phosphorylation by EGFR.  

High or moderate signal levels of phospho-HER3 and PI3K p85α, but base level of the 
combination was detected in SK-BR-3 cells (Result 2.3). Phospho-HER3 monoclonal 
antibody used in this study binds to phosphorylated Tyr1289 of HER3, which is likely to be 
the binding site with PI3K p85 subunit. It was very possible that epitopes were blocked in the 
phospho-HER3/p85 complex. One option for detecting the complex is to use polyclonal 
antibody against HER3 instead of the present monoclonal antibody. The correlated high 
expression of HER2, phospho-HER3 and PI3K p85 in SK-BR-3 cells implied the activation 
pathway from HER dimers to PI3K.  

In the N87 cell model stimulated by HRG-α, several proteins and protein combinations were 
detected by the present antibodies, as a screening process. The detections of phospho-HER3 
and phospho-Akt got diverse results between HRG stimulated and non-stimulated cells (result 
section 2.2.2 and 2.5). There are several pathways leading to Akt phosphorylation. Akt can be 
constitutively phosphorylated in the absence of ligand stimulation in both HER2 
overexpressing and HER2 low-expressing cancer cells (Yokoyama et al., 2006). For protein 
combinations, HER2/HER3 dimer and HER2 combined with PI3K p85α seemed to be 
testable; HER3 combined with PI3K p85α was also theoretically promising. Since EGFR, 
HER2 and HER3 expression has been observed in N87 cells (Yokoyama et al., 2006), there 
are more possible combinations among the HER family members. A common phenomenon 
was noticed from the detections in N87 cells that the individual cells got uneven signal levels. 
The cells with high signal density might be activated by HRG or upon the addition of new 
medium. Diluting the ligands with PBS may avoid the influence of fresh medium. For the 
future experiments, more antibodies and cell stimulation methods will be tested to discover 
better assays.  
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Colorectal cancer cell lines DLD-1, HT-29, Caco-2 will be provided by Rudbeck Laboratory 
next. Previous studies from Yonezawa et al. (2009), Zhang et al. (2009a, b, c) and Rego et al. 
(2010) showed that EGFR, HER2, HER3, PI3K and Akt are the protein targets of great 
interests for colorectal cancer research. Based on the existing results, a series of assays will be 
performed in the colorectal cell lines later on.  
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