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Populärvetenskaplig sammanfattning 

 

Celler kommunicerar och påverkar varandra genom att utsöndra olika substanser. En sådan 

substans är TGF-β. När TGF-β binder till sin specifika receptor på cellytan skickas en signal 

till cellkärnan där uttrycket av vilka gener som är aktiva ändras. På så sätt kan TGF-β reglera 

cellens fysiologi och påverka olika sjukdomsförlopp, t.ex. vid vissa typer av cancer. 

Signalvägen från TGF-β receptorn till kärnan är väl undersökt men inte helt kartlagd.  

 

Smad proteiner spelar en mycket viktig roll i signalvägen, genom att de först modifieras av 

receptorn, bildar komplex med varandra och sedan transporteras in i kärnan. I detta 

examensarbete undersöks komplexen av Smad proteiner med hjälp av en ny metod, P-LISA. 

Metoden medför att komplexen kan detekteras effektivt, med hög känslighet och man kan 

även påvisa var i en cell interagerande proteiner befinner sig.  
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1 INTRODUCTION 

1.1 POST GENOMIC ERA 
 

The number of genomes freely available on databases is constantly increasing, though the 

genomic sequence can not anywhere near give all the answers to questions regarding 

physiology and molecular biology. The total mRNA expressed, i.e. the transcriptome, gives 

more insight. But to further understand the molecular biology of the cell or an organism at a 

higher extent, it is necessary to learn more about the proteins. The next big challenges are to 

map all human proteins, the proteome, and all the interactions within, the interactome. 

1.2 PROXIMITY LIGATION 
 

To fully understand both the proteome and the interactome, and dissect their vast complexity 

due to e.g. post-translational modifications and transient interactions, new techniques are 

desirable. Knowledge of both complex composition and localization within the cell are of 

great importance in understanding the function of a specific protein, and elucidating its status 

in the interaction network. Until now there has been no technique to study single proteins or 

complexes at endogenous levels in situ. But the recent development of proximity ligation in 

situ assay1 (P-LISA) makes this possible. Questions about not only complex localization, but 

also complex composition, possible post-translational modifications and relative numbers can 

be answered in the future. P-LISA is a further development of proximity ligation in a 

homogenous assay2 3.  

 

Proximity ligation demands dual recognition events by antibodies directed against complex 

components to give a detectable signal, making the method highly specific. Antibodies are 

conjugated with specific oligonucleotides sequences forming proximity probes. When in 

proximity, the sequences attached to the antibodies can template hybridization of two 

circularization probes (Figure 1.1 A). Circularization probes are ligated together into a circle 

(Figure 1.1 B) and amplified by a specific enzyme (Figure 1.1 C). This process, called RCA, 

creates a long repetitive DNA sequence. Incorporated in the RCA product are specific 

sequences that can hybridize to a complementary fluorescently labeled oligonucleotide 

(Figure 1.1 C). RCA products can then be visualized as distinct signals using fluorescent 

microscopy. Each signal represents one protein complex1.  
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1.3 MODEL SYSTEM: TGF-β SIGNALING PATHWAY 

 

The TGF-β signaling pathway is an actively studied and well characterized pathway. The 

amount of information available along with the possibility to answer questions that can not be 

addressed in any other way, for this signaling pathway, make this model system a suitable and 

exciting platform to test new applications and optimize P-LISA.  

1.3.1 TGF-β 

 
The transforming growth factor-β (TGF-β) superfamily consists of members that can regulate 

vast and diverse cellular processes such as cell proliferation, differentiation, motility, 

adhesion and death4. TGF-β1 is the founding member of the family and was discovered 

approximately 25 years ago5. TGF-β plays an interesting and intriguing role in cancer because 

it can act both by inhibiting proliferation and as a tumor promoter5. The tumor suppressing 

function of TGF-β is lost in some types of cancer, e.g. pancreatic and colon cancer, because of 

mutations disabling various components in the signaling pathway6. 

1.3.2 SMAD PROTEINS 
 

Smad proteins are intracellular mediators of the TGF-β signaling pathway and can be divided 

into three classes. The receptor-regulated, R-Smads (Smad2 and Smad3), are phosphorylated 

by the activated type I receptor in response to TGF-β5 (Figure 1.1B). Then the phosphorylated 

and activated R-Smads form complexes with the second class of Smads, Co-Smads (Figure 

1.1C). Smad4 is the only member of Co-Smads in mammals. The complex consisting of R-

Smad and Co-Smad accumulates in the nucleus (Figure 1.1D) were they act as transcription 

factors together with co-repressors and co-activators7 and regulate transcription in a positive 

Figure 1.1 P-LISA 
scheme. (A) Binding 
of proximity probes to 
their antigens and 
addition of 
circularization probes. 
(B) Ligation. (C) RCA 
and detection. 
Image from Söderberg 
et al. 2006. Published 
with  permission.  
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or negative fashion. One such co-factor is the histone acetyltransferase, p300, indicating that 

chromatin remodeling is required for transcriptional activation8.  But p300 has also been 

shown to directly acetylate Smad2 and Smad3 9. Acetylating Smad2 promotes its DNA- 

binding and enhances its transcriptional activity9, this could represent a novel way of 

regulating TGF-β signaling. 

 

 
 

TGF-β signaling is terminated in the nucleus by the dephosphorylation of R-Smads, by 

phosphatases such as PPM1A10. This results in complex disruption between R-Smad and Co-

Smad, and export of the Smad proteins from the nucleus. If the receptors remain activated by 

TGF-β, the R-Smads would be phosphorylated again, form complexes with Co-Smads and 

signaling is activated again11. An inactivated receptor would infer accumulation of R-Smads 

in the cytoplasm, though Smads are constantly shuttling between cytoplasm and nucleus both 

in cells that are stimulated with TGF-β and in those that are not11. It is the rate of nuclear 

export and import that differs and dictates the predominant localization. It has been shown for 

Smad2 that its cytoplasmic localization in unstimulated cells reflects its nuclear export rate 

Figure 1.2 TGF-β signaling pathway (A) 
TGF-β binds as a dimer to the Type II 
receptor and the Type I receptor is 
recruited and gets activated. (B) Type I 
receptor phosphorylates receptor-bound 
Smads (R-Smads), in this case Smad2 or 
Smad3. (C) Smad2/3 forms a complex 
with Co-Smad4 and the complex shuttles 
to the nucleus. (D) In the nucleus, Smad 
complexes regulate gene transcription 
together with co-factors (not pictured in 
the figure). 
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being faster than its import, and that TGF-β stimulation induce nuclear accumulation of 

Smad2, caused by a decrease in the export rate of Smad2 from the nucleus12. Phosphorylated 

Smad2 in complex is “trapped” in the nucleus. 

 

The third class of Smad proteins is the inhibitory Smads, I-Smad (Smad6 and Smad7). I-

Smads confer a negative feedback on TGF-β signaling as they are transcriptionally induced 

by TGF-β. The mode of action of I-Smads is by competing with R-Smads for the receptor, 

and in such way they inhibit phosphorylation of the R-Smads by the receptor as well as 

promoting ubiquitination and degradation of receptor complexes13, in that way they act as 

signaling terminators.  

 

Based on all the above knowledge using the P-LISA technique to investigate Smad complex 

formation in the TGF-β signaling pathway is important because it can give information about 

the localization of complexes and their components at an endogenous protein expression level. 

The method can detect single complexes making it highly sensitive. The proteins to be 

detected do not need to be modified or tagged to be detected, excluding the risk that 

modifications alter protein behavior.  

2 AIMS OF THE PROJECT 
 

The aims of this project were: 

To investigate Smad complex formation in the TGF-β signaling pathway using P-LISA 

To optimize the different steps in the P-LISA assay and reagent concentrations to get a 

reliable and reproducible result.  

To make high quality proximity probes directed against Smad proteins focusing on Smad3 

and Smad4. 
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3 MATERIALS AND METHODS 

3.1 CELL LINES AND CULTIVATION 

 

Smad protein complexes were investigated in three different cell lines; MEF (mouse 

embryonic fibroblast cell line), HaCaT (human keratinocyte cell line) and MDA-MB-468 

(human breast carcinoma cell line). MDA-MB-468 has deletions at the Smad4 loci and do not 

express any Smad4 protein14 and can not activate the TGF-β signaling pathway. Cells were 

grown in an incubator at 37°C, 5% CO2 in DMEM (Sigma-Aldrich) supplemented with 10% 

fetal calf sera and 1% streptomycin/penicillin (P/S). Upon confluency cells were briefly rinsed 

with 37°C PBS and detached from their substrate after incubation with 0.5 g/L Trypsin 

(Sigma-Aldrich) for 3-5 min. The cell suspension was centrifuged 4 min, 1000 rpm in a total 

of 10 ml DMEM and the cell pellet was resuspended in fresh media, and dispensed into new 

flasks. Each cell line was maintained in no more than 25 passages, when it was replaced with 

cells in an earlier passage. 

3.2 SLIDE PREPARATION 

 

Cells used in P-LISA were grown on glass slides to make them compatible with the assay 

format and the fluorescent microscope.  

3.2.1 MDA-MB-468 AND HACAT 
 

Cells were counted using an Improved Neubauer counting chamber and  plated in density of 

2500 cells per well on a 8 well Lab-Tek chamber II (Nalge Nunc International, Rochester, 

NY), that was precoated with 50 μl growth factor reduced Matrigel (BD Biosciences, Bedford, 

MA) diluted 1 in 4 in PBS for 1 h prior to the cell plating. The cells in each well were 

incubated in regular medium (as described above) O/N to adhere to the substrate and 

subsequently serum starved by culturing for 24 h in plain DMEM with 1% P/S. 

3.2.2 MEF 
 

MEF cells were counted using an Improved Neubauer counting chamber and  plated in 

density of 2500 cells per well on a 8 well Lab-Tek chamber II (Nalge Nunc International, 
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Rochester, NY), without the addition of any adhering matrix. The cells were cultured in 500 

μl DMEM supplemented with 10% fetal calf serum and 1% streptomycin/penicillin O/N. 

3.3 INHIBITION OF THE TGF-Β SIGNALING PATHWAY 

 

The GW6604 small molecular weight  inhibitor15, kindly provided by Dr. Aristidis Moustakas, 

was used to inhibit any autocrine or paracrine TGF-β signaling in the cells. MEF cells were 

allowed to adhere O/N on the glass slides, were treated for 1-3 h with 300 µl of  5 µM of the 

GW6604 inhibitor in DMEM supplemented with 1% P/S, prior to TGF-β treatment. The aim 

of this step was to reduce the amount of Smad complexes present in the cells (see 1.3 Model 

system). 

3.4 TGF-Β TREATMENT  

 
Just prior to the stimulation of MEF cells with TGF-β, the medium containing the GW6604 

inhibitor solution was removed from the wells that were going to be stimulated, and those 

cells were washed twice with 500 µl of  DMEM supplemented with 1% P/S, to remove any 

remaining inhibitor. The medium was then removed and the cells were stimulated with 300 µl 

of DMEM supplemented with P/S containing 20 ng/ml of TGF-β1, for 45 min. For HaCaT 

and MDA-MD-468 cells, the starvation medium was removed from the wells that were to be 

stimulated and the cells were incubated with 300 µl of DMEM supplemented with 1% P/S, 

containing 20 ng/ml TGF-β1, for 45 min to 1 h. Wells that were not stimulated with the 

growth factor were incubated with the GW6604 inhibitor until fixation. 

3.5 FIXATION 

 
Five different protocols were used to fix the cells and these are described in detail below.   

3.5.1 ETHANOL 
 

The medium was removed and the cells were placed in 70% ethanol on ice, 1h, and then air 

dried at RT. 
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3.5.2 ACETONE  
 

The medium was removed and the cells were washed briefly with 70% ethanol, air dried and 

then put for 10 min in -20°C acetone. Finally the slides were air dried again. 

3.5.3 PARAFORMALDEHYDE (PFA) 
 

After the removal of the medium, the wells were washed with 500 μl PBS and then fixed with 

250 μl 3% PFA in PBS for 30 min, washed three times with PBS, permeabilized with 0.5% 

Triton X-100 in PBS 10 min, and finally washed again with PBS. 

For the 3% PFA solution 1.5 g paraformaldehyde (Sigma-Aldrich) was mixed with 25 ml 

MilliQ H2O with 2 drops of 1 M NaOH. The solution was heated to 55°C and mixed every 

five minutes until it was clear. 5 ml 10x PBS was added and the volume was adjusted to a 

final of 50 ml.  

3.5.4 ZINC 
 

The medium was removed, the cells were washed with 1x PBS, fixed in the Zinc fixing 

solution (0.5 g Calcium acetate (Fluka BioChemica), 5 g Zinc acetate (Fluka Chemica), 5 g 

Zinc chloride (Merck) per litre in 0.1 M Tris-HCl, pH=7,4) for 3 h, rinsed in TBS, placed in 

70% ethanol for 3 min and finally air dried. 

3.5.5 HOPE 
 

HOPE (DCS Innovative Diagnostik-Systeme, Hamburg, Germany) is a commercially 

available fixation solution. The slides were rinsed in PBS, fixed in HOPE I solution over 

night at 4°C, transferred to a mixture of 100 μl HOPE II solution in 100 ml ice cold acetone 

for 1-2 h, dehydrated two times with acetone for 30 min at 4°C, washed two times with 70% 

ethanol at 4°C and finally air dried.  

3.6 ANTIBODY PREPARATION 

 

Sera containing antibodies against P-Smad2, Smad3 and Smad4 were kindly provided by Dr. 

Aristidis Moustakas, Ludwig Institute for Cancer Research, Uppsala Branch. Smad4(B-8) was 

purchased from Santa Cruz (Santa Cruz Biotechnology, Santa Cruz, CA).   
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3.6.1 ANTIBODY PURIFICATION FROM SERUM 
 

Antibodies derived from rabbit serum were purified with 1 ml bed volume Protein A 

AffinityPak Column (Pierce, Rockford, IL). The column was equilibrated with 5 ml of 

ImmunoPure (A) IgG Binding Buffer (Pierce, Rockford, IL). Then 1ml of diluted serum (1:1 

in Binding Buffer) was allowed to pass through the column and subsequently the column was 

washed with 15 ml of Binding Buffer. The antibodies were then eluted with 5 ml of 

ImmunoPure IgG Elution Buffer (Pierce, Rockford, IL) and fractions of 0.5 ml were collected. 

Each fraction was neutralized with 100 μl Tris-HCl pH 8.8, and analyzed for protein content 

by measuring the optical densities of the samples at 280 nm wavelength (NanoDrop). The 

protein containing fractions were pooled, concentrated on Micron YM-30 Centrifugal filter 

units (Millipore, Billerica, MA) to approximately 0.5 ml and dialysed  against PBS using 

Slide-A-Lyzer Dialysis Cassette (Pierce, Rockford, IL) over night at 4°C. Final antibody 

concentration was measured with Bio-Rad Protein Assay (Bio-Rad Laboratories, Hercules, 

CA) using a BSA standard curve. 

3.6.2 ANTIBODY PURIFICATION FROM CARRIER PROTEINS 
 

Antibodies of mouse origin were purified from carrier proteins as follows: 200 μl of 

Immobilized Protein G 50% slurry (Pierce, Rockford, IL) was placed in spin-X cups (Pierce, 

Rockford, IL), spun at 11 000 rpm and the eluate was discarded. Then 400 μl of ImmunoPure 

(G) IgG Binding Buffer (Pierce, Rockford, IL) was added to the spin-X cup and rotated end-

over-end for 5 min, centrifuged at 11 000 rpm, 30 sec, and the eluate was discarded. This 

washing step with Binding Buffer was repeated two additional times. Approximately 50 µg  

of antibody solution was added to the cup together with 200 µl Binding Buffer, incubated 

end-over-end for 30 min, centrifuged at 10 000 rpm, 30 sec, and the eluate was discarded. 

Then the sepharose bed was washed with 400 µl binding buffer trice. The antibodies were 

eluted using 400 μl of ImmunoPure IgG Elution Buffer (Pierce, Rockford, IL). The  Protein G 

sepharose was incubated end-over-end with the elution buffer for 5 min and centrifuged at 

11 000 rpm. The eluate was collected and neutralized with 40 μl 1 M Tris-HCl pH 8.8. The 

elution step was repeated twice more. Protein concentrations of the three fractions were 

measured with NanoDrop and the fractions containing protein were pooled, concentrated on a 

Micron YM-30 Centrifugal filter unit (Millipore, Billerica, MA) and dialysed (Slide-A-Lyzer 

Dialysis Casette, Pierce, Rockford, IL) O/N at 4°C. Antibody concentration was measured 
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with Bio-Rad Protein Assay (Bio-Rad Laboratories, Hercules, CA) and finally calculated 

quantitatively with the help of a BSA concentration standard curve. 

3.7 PROXIMITY PROBES 

 

Proximity probes consist of purified antibodies conjugated with oligonucleotides. Two thiol-

modified oligonucleotides (Eurogentec, Seraing, Belgium) were used (Table 3.7) 

 
Non priming 5´-SH-AAAAAAAAAAGACGCTAATAGTTAAGACGCTT [UUU]-3´ 
Priming 5´-SH-AAAAAAAAAATATGACAGAACTAGACACTCTT-3´ 
 

 
 

20 μg antibody was conjugated with 3.5- 10 μl of 100 mM oligonucleotide in every coupling 

reaction (Figure 3.7). The antibody was activated for 2 h at room temperature (Figure 3.7A), 

using 2 μl of freshly prepared 4 mM Sulfo-SMCC (Pierce, Rockford, IL) in DMSO per 20 μg 

antibody in total of 50 μl 55 mM Phosphate buffer, 150 mM NaCl, 5 mM EDTA, pH 7.2 . 

 

 
 

The thiol modified oligonucleotides were reduced by mixing 3.5 μl 100 mM oligonucleotide 

stock with 4.5 μl 100mM DTT (Sigma-Aldrich) and incubating the mixture for 1 h at 37°C 

(Figure 3.7B). After the incubation, 42 μl of 55 mM Phosphate buffer, 150 mM NaCl, 5 mM 

EDTA, pH 7.2 was added to get the final volume of 50 μl.  

 

Both the antibody- and oligonucleotide solutions were individually purified three times using 

Microspin G-50 columns (GE Healthcare, Uppsala, Sweden) which had been equilibrated 

with 55 mM Phosphate buffer, 150 mM NaCl, 5 mM EDTA, pH 7.2. Then the purified 

Figure 3.7 Conjugation 
chemistry.  
Primary amines on the 
antibody are activated by 
Sulfo-SMCC and form 
maleimide-activated 
antibodies (A).  
Thiol modified oligo- 
nucleotides are reduced 
by DTT (B). Formation 
of antibody-oligonucleo- 
tide conjugates (C).  
Image adapted from 
Pierce. 

Table 3.7 The sequence of the two oligonucleotides used in making proximity probes.  
The sequence within brackets is 2’O-methyl-RNA. The 5´end of these oligonucleotides are not phosphorylated.



 11

solutions were mixed in a Slide-A-Lyzer MINI dialysis unit (Pierce, Rockford, IL) and 

dialysed against PBS O/N at 4°C (Figure 3.7C) to form proximity probes. 

3.8 CONFIRMATION OF CONJUGATION EVENTS AND EFFICIENCY 

 

Conjugation efficiency was monitored and confirmed by silver staining of native poly-

acrylamide gels. Mixtures of 0.5 μl conjugated antibody solution, 2 μl NuPage LDS Sample 

Buffer (Invitrogen, Carlsbad, CA) and 5.5 μl MilliQ H20 were run with the GeneGel Exel 

12.5/24 Kit (GE Healthcare, Uppsala, Sweden) and developed with DNA Silver Staining Kit 

(GE Healthcare, Uppsala, Sweden). 

3.9 P-LISA 
 

The P-LISA protocol was carried out as previously described in Söderberg et al., 2006. Yet a 

number of parameters were tested and established for the specific model system.  

3.9.1 BLOCKING 
 

Several blocking agents were tested; BSA (New England Biolabs, Beverly, MA), goat serum, 

human serum, rabbit serum, donkey serum and StartingBlock Blocking Buffer (Pierce, 

Rockford, IL) at different concentrations. Other components in the blocking mix varied under 

the development of the protocol; e.g. RNase A and poly A were used in the first experiments 

but removed in later assays (see Results and Discussion). Below follows the description of the 

most recent protocol and procedure. 

  

180 μl of blocking mix (Table 3.1) was added to each well on the glass slide (containing the 

fixed cells), incubated for 1 h 30 min at RT and washed one time briefly and two times for 5 

min with 0.5 ml PBS. 

 

 

 

 

 Table 3.1 Blocking mix
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3.9.2 ADDING AND INCUBATING THE PROXIMITY PROBES 
 

Both proximity probes were mixed together (Table 3.2), the solution was incubated O/N at 

4°C and the wells were washed twice briefly, three times for 5 min with PBS and the plastic 

well cover was removed from the slide, decreasing the working volume from 180 μl to 80 μl 

in each well. 

 

 

 

3.9.3 LIGATION OF CIRCULAR PROBES 
 

Wells were soaked for 5 min in Ligation soak mix (Table 3.3), the soak mix was removed, 

then the wells were incubated for 1 h 30 min at 37°C in Ligation mix (Table 3.4), which 

contained T4 DNA ligase (Fermentas, Vilnius, Lithuania). Splint and Backpiece (Eurogentec, 

Seraing, Belgium) are the two connector oligonucleotides (Table 3.5) that form a circle 

together with the proximity probes after ligation. After incubation the wells were washed once 

briefly and twice for 5 min with PBS. 

 

 
 

 
 

Table 3.3 Ligation soak mix 

Table 3.2 Proximity probe mix 

Table 3.4 Ligation mix 
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Backpiece 5´-CTATTAGCGTCCAGTGAATGCGAGTCCGTCTAAGAGAGTAGTACAGCAGCCGTCAAGAGTGTCTA-3’ 
Splint 5´-GTTCTGTCATA TTTAAGCGTCTTAA-3´ 

 

 

3.9.4 ROLLING CIRCLE AMPLIFICATION 
 

Wells were soaked in for 5 min in New RCA Buffer soak mix (Table 3.6), the soak mix  was 

removed and then the wells were incubated for 1 h 30 min in RCA mix (Table 3.7), which 

contained phi29 polymerase (Fermentas, Vilnius, Lithuania). Then wells were washed in PBS 

twice briefly, once in PBS-T for 3 min and once with SSC-T for 3 min. 

 

 

 
 

 

 

 

 

3.9.5 DETECTION 
 

RCA products were detected using Detection mix (Table 3.8) containing the fluorescence 

labelled oligonucleotide Alexa 555-CAGTGAATGCGAGTCCGTCT (MWG-Biotech, 

Ebersberg, Germany), complementary to a part of the RCA product. The mix was incubated 

in the wells for 30 min at 37°C. Wells were washed once briefly, twice for 5 min in PBS and 

once briefly with TBS-T. 

 

 Table 3.8 Detection mix

Table 3.6 RCA soak mix

Table 3.7 RCA mix 

Table 3.5 The sequences of Backpiece and Splint. The 5´ends of these oligonucleotides are phosphorylated.
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3.9.6 IMMUNOFLUORESCENCE STAINING 
 

Slides were stained with a mouse anti-actin antibody (Cederlane, Hornby, Canada) diluted 

1:100 in TBS-T, 80 μl in each well, for 30 min at RT, then washed once briefly and twice for 

2 min with TBS-T, followed by incubation with FITC labelled rabbit-anti-mouse antibody 

(Jackson ImmunoResearch, West Grove, PA) diluted 1:100 in TBS-T and simultaneously 

stained with Hoechst for 30 min at RT. Slides were washed with PBS once briefly and thrice 

for 5 min. Finally the slides were mounted on a cover slip with SlowFade (Invitrogen) and 

sealed with nail polish. 

3.9.7 IMAGE PROCESSING 
 

An epifluorescence  microscope (Axioplan II, Zeiss) with a 100 W mercury lamp, camera 

(Hamamatsu C4742-95) and  filter wheel with excitation and emission for visualization of 

DAPI (nucleus), FITC (actin in cytoplasm) and Cy3 (RCA products) was used together with 

the x16- and x63 objectives (Plan-neofluar, Zeiss) to obtain images. Images were processed in 

AxioVision LE 4.3 software (Zeiss) and thresholding was  performed in Adobe Photoshop CS. 

In the time course experiments RCA products were counted using VIS software (Visopharm 

A/S, Hørsholm, Denmark). 
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4 RESULTS 

4.1 ANTIBODY PURIFICATION 

 

Purification procedures were performed using commercial kits and should not cause any 

significant loss of antibodies. Nevertheless, the yield was variable, in some cases as low as 

25% when antibodies were purified from carrier proteins.  

4.2 ANTIBODY CONJUGATION – MAKING PROXIMITY PROBES 

4.2.1 CONJUGATION OF SMAD4 
 

Two different Smad4 antibodies were conjugated with oligos and tested as proximity probes. 

One of them was kindly provided by Dr. Aristidis Moustakas at the Ludwig Institute for 

Cancer Research, Uppsala Branch. Therefore the first antibody, a rabbit polyclonal, is named 

Smad4-Ludwig in this report. The second antibody named Smad4-B8 is a mouse monoclonal 

and was purchased by Santa Cruz Biotechnology. Both antibodies were conjugated with the 

non-priming and priming oligonucleotides by covalently attaching the oligonucleotides via 

their 5’ ends as described in Materials and methods (Figure 3.7). Two different molar ratios of 

oligonucleotides to antibodies were used. In the case of Smad4-Ludwig, 20 μg of the antibody 

was conjugated with 10 μl of 100 mM oligo stock, conferring a molar ratio of oligonucleotide 

to antibody of 1:7.2 (Appendix 1). The molar ratio of antibody to sulfo-SMCC is 1:62 

(Appendix 1). But despite of this high ratio, complete conjugation with all available 

oligonucleotides did not occur as revealed by the DNA staining gel (Figure 4.1). 
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To summarize the conjugation of Smad4-Ludwig: the coupling efficiency was satisfactory, 

but the molar ratio of oligonucleotide to antibody was too high, leading to free 

oligonucleotides in the proximity probe solution. 

 

When Smad4-B8 was conjugated the molar ratio of oligonucleotide to antibody used was 

2.7:1 (Appendix 1). Conjugation of Smad4-B8 was efficient, indicated by the shift, and the 

amount of free oligo detected was significantly reduced (Figure 4.2). 

 

 
 

 

 

Figure 4.1 Conjugation of Smad4-Ludwig 
antibody to priming and non-priming 
oligonucleotides. (A) DNA ladder. (B) 
Unconjugated Smad4-Ludwig antibody. (C) 
Smad4-Ludwig conjugated with priming oligo. 
(D) Smad4-Ludwig conjugated with non-priming 
oligo. C and D are shifted compared to the 
unconjugated antibody, due to increased 
molecular weight. Most of the antibodies in C and 
D are conjugated (blow-up), but there are 
unconjugated oligonucleotides in the samples, 
free oligonucleotides are visible on the bottom of 
the gel. 

Figure 4.2 Conjugation of Smad4-B8 
antibody to non priming oligonucleotides. 
(A) DNA ladder. (B) Unconjugated Smad4-
B8. (C) Smad4-B8 conjugated with non 
priming oligonucleotides. Lanes (D) and (E) 
are the same as (B) and (C) but samples are 
loaded in higher concentrations.  
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Figure 4.4 Unspecific RCA 
products. Free priming 
oligonucleotides and non 
priming Smad3 proximity 
probes give unspecific RCA 
products in unstimulated 
HaCaT cells. The red signals 
are RCA products and the 
nuclei are blue, stained by 
Hoechst. 

4.2.2 CONJUGATION OF SMAD3 
 

Mouse monoclonal Smad3 antibody 

was kindly provided by Dr. Aristidis 

Moustakas, Ludwig Institute for 

Cancer Research, Uppsala Branch. 

Similar quantity of oligonucleotides 

was used as in the Smad4-B8 

conjugation, resulting in a molar 

ration of 2.8 oligonucleotides per 

antibody (see Appendix 1 and Figure 

4.3).  As for both Smad4 antibodies, conjugated Smad3 increases in 

molecular weight and shifts upwards on the gel. Very little free oligonucleotides were visible 

on the bottom of the gel. 

 

In addition to those probes mentioned above, proximity probes against Smad2, P-Smad2 and 

rabbit polyclonal Smad3 probe were earlier produced in the lab and used in certain P-LISA 

assays.  

4.3 P-LISA 

 

According to the experimental model that was studied, Smad proteins heterooligomerize in 

response to the TGF-β ligand binding to its receptors, and the type I receptor phosphorylates 

and activates Smad proteins. This results in a conformational change of those proteins and 

increased affinity for other Smad proteins. In that line of events, detecting Smad 

oligomerization indicates the status of the pathway. For that reason the P-LISA assay was 

performed with proximity probes against Smad4 and Smad3, Smad2 or the phosphorylated 

form of Smad2 (P-Smad2). 

 

To ensure the dependency of the 

assay on the recognition of two 

interacting proteins, a single 

proximity probe against Smad3 

was incubated together with 

Figure 4.3 Conjugation of Smad3 
antibodies to priming and non 
priming oligonucleotides. (A) 
Unconjugated Smad3 antibody. (B) 
Smad3 conjugated with priming 
oligonucleotides. (C) Smad3 
conjugated with non priming 
oligonucleotides.  
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circularization probes. In the absence of either the other proximity probe or free unconjugated 

oligonucleotide necessary to template the circle, no RCA products were observed (results not 

shown). This confirms that both priming and non priming oligonucleotides are required to 

obtain signals. Nevertheless, when free priming oligonucleotides were incubated with the 

Smad3 proximity probe carrying non-priming oligonucleotides, unspecific RCA products 

were detected (Figure 4.4). This result suggests that free proximity probes could be a major 

cause of background signal in the P-LISA. 

4.3.1 BLOCKING AGENTS 
 

During the course of this project a number of blocking agents were tested. Among which were 

a variety of sera from donkey, goat, human and rabbit. The same serum was used both in the 

blocking step and along with the incubation of the proximity probes (see Materials and 

methods 3.9). Different sera resulted in different numbers of background RCA signals. Of all 

the sera tested goat serum seemed to give the least non-specific RCA signals (Figure 4.5) 

 

 
 

4.3.2 FIXATION METHODS 
 

Different fixation methods were also tested: Ethanol, Acetone, PFA, HOPE and Zinc. 

Variations in the amount and size of RCA products were observed between different fixation 

protocols (Figure 4.6). From all the different fixatives PFA and HOPE seemed to preserve the 

antigen that was detected by the proximity probes and to provide the best conditions for RCA 

product formation. 

Figure 4.5 Testing different blocking 
agents. P-LISA using proximity probes 
against P-Smad2 and Smad2 in the absence 
of any stimulation on HaCaT cells. The 
slides were blocked with goat serum (A) or 
human serum (B). Other than the blocking 
agent, all conditions are the same in (A) 
and (B). Red signal are RCA products, 
nuclei are blue. 
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4.4 TIME COURSE STIMULATION OF MEF CELLS BY TGF-Β 

 

Smad3-Smad4 complex formation in PFA fixed MEF cells were studied in the absence and 

after 5 min, 20 min and 45 min of TGF-β1 stimulation. The cells were assayed according the 

P-LISA protocol described in Materials and methods, using Starting Block Buffer (Pierce, 

Rockford, IL) as the blocking agent. The RCA products were counted using VIS software 

(Figure 4.7) (Visopharm A/S, Hørsholm, Denmark). The results are presented in Table 4.8 

and Figure 4.9. 

 

 

 

 

 

Figure 4.6 Fixation protocols affect the 
number and size of RCA products in 
MEF cells. Conjugated antibodies 
against Smad4 and phosphorylated 
Smad2 were used as proximity probes. 
(A) PFA fixation. (B) HOPE fixation. 
Red signals are RCA products, nuclei are 
blue. 
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Time Nuclear Cytoplasmic Number RCA products  RCA products  Total RCA products  
  RCA products RCA products of cells per nucleus per cytoplasm per cells 

0 1624 1847 63 25,7 29,3 55 
5 2536 1973 46 55,1 42,8 97,9 
20 3809 2578 68 56 37,9 93,9 
45 2761 3128 48 57,5 65,1 122,6 
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Figure 4.7 Counting RCA products with VIS. (A) Unstimulated MEF cells. (B) MEF cells 
stimulated with TGF-β1 for 45 min. (C) A blow up of an unstimulated cell with RCA products. 
The RCA products in the dashed areas are not counted. (D) A blow up of a cell stimulated for 
45 min. The nuclei are blue and cytoplasms are green. 

Table 4.8 Number of RCA products  

Figure 4.9 Time 
course experiment 
showing the increase 
of Smad3-Smad4 
complex formation 
upon TGF-β1 stimu-
lation in MEF cells. 
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5 DISCUSSION 

5.1 LOW YIELD IN ANTIBODY PURIFICATION 

 

In some purification processes the yield was very low, as low as 25% when Smad4-B8 (Santa 

Cruz) was purified from carrier proteins. There are several steps where loss of antibodies can 

occur in the procedure. Critical steps of the procedure such as the binding of antibodies to 

protein G and later the elution are ensured when the binding and elution buffers are purchased 

from the same company as the protein G sepharose. More likely antibodies were lost in 

different spin concentration steps that were necessary to obtain the appropriate concentration 

to proceed with the conjugation of the oligonucleotide arms to the antibodies. During the 

project I observed that spin columns with lower molecular weight cut-off limit result in higher 

recovery yields.  

5.2 UNSPECIFIC RCA PRODUCTS 

 

Figure 4.4 clearly demonstrates the problem with free oligonucleotides in the assay, giving 

rise to unspecific RCA products (Figure 5.1). It is therefore very important to have the right 

molar ratio of antibodies and oligonucleotides to achieve as low concentration as possible of 

unconjugated oligonucleotides in the proximity probe solution. The quality and molar ratio of 

SMCC, to activate the antibodies is also crucial as well as the assumption that the thiol-

modified oligonucleotides ordered from an outside company in fact are 100% modified and of 

good quality. The problem of free 

oligonucleotides causing unspecific 

background signal could be avoided 

with efficient blocking of the free 

oligos or by purifying the conjugated 

proximity probes from the free 

oligonucleotides. No such technique is 

up-and-running in the lab yet. Other 

chemical coupling methods are also 

worth trying to increase the 

conjugation efficiency. 

 

Figure 5.1 Unspecific RCA signals. (A) Free priming 
oligonucleotide and non priming proximity probe 
hybridize with the circularization probes. (B) 
Circularization probes form a circle by enzymatic 
ligation. (C) The priming oligonucleotide serves as a 
primer for the polymerase and RCA takes place. RCA 
products can be detected through hybridization with 
oligonucleotides that are fluorescently labeled.  
Modified image from Soderberg et al., 2006. 
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The current method for controlling the quality of the proximity probes is by detecting the shift 

of the molecular weight of the conjugated antibodies compared to the non-conjugated ones  

using gel electrophoresis (Figure 4.1- 3). The gel observation addresses the amount of 

unconjugated antibody and free oligonucleotides present in the proximity probe solution.  Yet 

this method does not determine if the proximity probes still have affinity for their antigen. 

Additional assays that would examine the proximity probes regarding their antigen affinity 

are necessary to establish that the conjugation procedure does not destroy the antibody in any 

way or decreases its affinity dramatically.   

 

Most of the work during the project was focused on removing unspecific RCA signals and 

getting a significant difference in the number of RCA signals between the untreated and TGF-

β1 treated cells. Except the specificity of the proximity probes and background signals due to 

unconjugated oligonucleotides, as discussed above, fixation methods, blocking and washing 

were other important aspects that were examined and optimized. The blocking step was 

shown to be among the most critical for increasing the specificity of the signals and reducing 

the background. 

 

Significant differences in the signal numbers were observed comparing different sera as 

blocking agents, the two opposites were goat and rabbit serum. A higher amount of signals 

were observed in cells blocked with rabbit serum compared with goat serum blocked cells as 

seen in Figure 4.6. This indicates that choosing the appropriate blocking agent is very crucial 

to get reliable results. But the choice of blocking agent is not permanent, different proximity 

probes, cell lines and fixation methods affect the blocking properties of the agent and 

therefore blocking needs to be optimized for each specific assay. This requirement of 

optimization and special conditions for each assay could complicate and reduce the accuracy 

when examining e.g. patient samples that are pre-fixed with another method than the one used 

for optimization. Clinical use of P-LISA is therefore for the moment not applicable and would 

need further optimization.    

 

The risk of too much blocking is an aspect that needs to be taken in consideration. Completely 

covering all the epitopes creates a problem with quenching of the true positive signals. The 

efficiency of P-LISA, i.e. ratio of detected RCA products versus all existing complexes, is not 

exactly defined, but thought to be rather low, about 10% (personal communication Ola 
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Söderberg). It is therefore crucial to keep the blocking as minimal as possible, though 

extensive enough to eliminate and block unspecific binding of proximity probes. 

 

Similarly to blocking, different fixation methods also influenced the RCA signal number and 

intensity. Different fixation protocols may influence how the antigens in the cells are 

presented and the environment for proximity probes and enzymes to exist in. It is very hard to 

describe exactly what happens in each fixation protocol and how the antigen thereafter is 

presented. Denaturing proteins (Ethanol and Acetone fixing) and cross linking (PFA fixing) 

are common fixation features of the different fixatives used here. To try out and find the best 

fixation for each set of antibodies and P-LISA conditions is laborious but, for now, the only 

way to go. Besides that, fixation affects the affinity of the proximity probes, it also seems to 

influence the efficiency of the enzymes in the later steps of P-LISA and therefore has an 

effect on the intensity, size and amount of RCA products as seen in Figure 4.7. It is possible 

that depending on the type of 3-D and chemical environment the fixation method creates, it 

could be affecting the enzymatic activities that take place during the P-LISA procedure.  

5.3 SMAD COMPLEX FORMATION 

 

During the project, the P-LISA protocol evolved, taken in consideration new input data from 

performed experiments. Completely new approaches were also tested, e.g. blocking agents 

and washing buffers. In the later phase of the project Dr. Katerina Pardali had established a 

protocol with reproducible results when studying Smad3-Smad4 complex formation in PFA 

fixed MEF cells after TGF-β1 treatment. This protocol is the one described in Materials and 

methods with Starting Block Buffer (Pierce, Rockford, IL) as the blocking agent. With a 

reliable protocol, a time course experiment was performed, testing the biological model 

described in the Introduction that Smad3-Smad4 protein complexes form after TGF-β1 

treatment and accumulate in the nucleus, where they act as transcription factors. P-LISA was 

performed on cells that had been stimulated, or not, for 5 min, 20 min and 45 min with 20 

ng/ml of TGF-β1. Figure 4.9 shows the increase of endogenous Smad complexes in the 

nucleus after treatment, supporting the model. It is worth while to mention that with this 

technique we visualise for the first time endogenous Smad complex formation with resolution 

at the single complex level. We detect complexes not only in the nucleus as it is predicted 

according to the current model, but also in the cytoplasm. This could reflect that Smad 

complexes are formed at the places where signalling starts, close to the cytoplasmic 
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membrane in a multi-protein structure possibly where the TGF-β ligand, its receptors and 

Smad proteins integrate to transduce the signal. Further studies addressing more interacting 

partners are needed to prove if this model is correct. 

 

Interestingly, the number of Smad3-Smad4 complexes in the nucleus is almost the same for 

all the three time point examined after treatment. The number of cytoplasmic complexes on 

the other hand seems to increase during the time course, with a small dip in the 20 min 

treatment values. It is worthwhile to mention that the amount of cytoplasmic RCA products 

were not assigned correctly to each cell, because of the VIS software’s incorrect definition of 

the cytoplasm, as illustrated in Figure 4.7. Yet, the total amount of cytoplasmic RCA products 

for all the cells counted is accurate and gives a good approximation of the complexes formed 

in the cytoplasm. On the other hand the amount of nuclear RCA products is more accurately 

conferred by the software, which deduces the nuclear portion of the cells by the pattern of the 

nuclear staining. The total number of complexes when adding up the number both in the 

nucleus and cytoplasm is increasing, except the small dip at 20 min, and reaches it maximum 

value at 45 min.  

 

One of the first observations is the small numerical difference of RCA products during the 

different time points of the stimulation. This could indicate that the signalling pathway 

reaches its maximum signalling and thereof nuclear Smad complexes after no more than five 

minutes. If this is confirmed independently, it would suggest the very interesting possibility 

that all endogenous Smad complexes form within 5 min, at least in MEF cells. It is also 

possible that the assay conditions are saturated with the amount of complexes present after 

five minutes, so that no significant increase in complexes could be further detected. Another 

possibility is that the total amount of complexes is more or less constant over the signalling 

time, at least during the limited time period that was examined here. Longer stimulation 

periods should be examined to address the above question.  

 

In unstimulated cells (Time= 0, Table 4.8) Smad3-Smad4 complexes are present, but the 

inhibitor, turning off the activity of the receptor, is also present. This could indicate that the 

inhibitor is not as efficient as expected or that Smad3-Smad4 complexes pre-exist prior to the 

phosphorylation of Smad3. Maybe unphosphorylated Smad3 and Smad4 can form a complex 

prior to TGF-β stimulation. This contradicts the current biological model. The RCA signals 
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present in unstimulated signals could also be regarded as background signals due to unspecific 

proximity probes and insufficient blocking, 

 

Furthermore, it is challenging to question whether or not it is the same complexes that are 

formed, since signalling begins, that are present in the later time stages, or whether new 

complexes are being assembled and disassembled all the time. The high concentration (20 

ng/ml) of TGF-β used during stimulation should confer that the TGF-β receptors are 

associated with a ligand during the entire time, ensuring that a great proportion of Smad3 

would be phosphorylated. According to the current model of Smad nucleocytoplasmic 

shuttling12 phosphorylated Smad proteins seem to accumulate and be retained in the nucleus.   

This could well infer that it is the same complex in the nucleus, at least during the early time 

point and that they are stable when the signalling pathway is active. 

5.4 FUTURE 

 

P-LISA is indeed a suitable method when trying to elucidate the TGF-β signalling pathway, 

due to the novelty of the method a lot of work still remains for optimization and making the 

assay even more specific and efficient. The assay can be extended to, not only investigating 

Smad complexes, but also incorporate Smad interactions with the PPM1A phosphatase, p300 

acetyltransferase, RNA polymerase etc. An assay to study other post-translational 

modifications than phosporylation, e.g. Smad acetylation is another interesting future study. 

All these assays are based on finding antibodies of high specificity and quality, which can 

survive the conjugation and transformation in to proximity probes. The use of antibodies is 

both the pro and con of P-LISA, dual recognition creates a theoretically high specificity based 

on the assumption that antibodies are truly specific and not cross reacting with anything else 

than their antigen, which unfortunately, not always is the case. 
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7 ABBREVATIONS 

 
Co-Smad  Common mediator Smad 

DAPI 4',6-Diamidino-2-Phenylindole 

DMSO  Dimethyl Sulfoxide 

FITC Fluorescein Isothiocyanate 

HOPE  Hepes glutamic acid buffer mediated Organic 

  solvent Protection Effect 

I-Smad Inhibitory Smads 

O/N Over Night 

PBS  PhosphateBuffered Saline 

PBS-T  PhosphateBuffered Saline containing 0.05% Tween-20 

PFA  Paraformaldehyde 

P-LISA  Proximity Ligation In Situ Assay 

P/S Streptomycin/ Penicillin 

RCA Rolling Circle Amplification 

R-Smad Receptor-activated Smad  

RT Room Temperature 

SSC-T  Saline Sodium Citrate containing 0.05% Tween-20 

Sulfo-SMCC SulfoSuccinimidyl 4-[N-Maleimidomethyl]Cyclohexane-1-

Carboxylate 

TBS-T  Tris-Buffered Saline with 0.05% Tween-20 

TGF-β Transforming Growth Factor Beta 
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APPENDIX 

APPENDIX 1  

 
Conjugation using 20 μg antibody and 3.5 μl of 100 mM oligonucleotide stock. 
 
Molecular weight of an IgG is approximately 150 000 Da. 1 Da = 1.66* 10-27 kg. 
 
Each antibody weights: 150 000*  1.66* 10-27* 109= 2.49* 10-13μg 
 
Amount of antibody: (20/ (2.49* 10-13))/ (6.022* 1023)= 1.33* 10-10 mole 
 
Amount of oligonucleotide: 3.5 µl* 100 mM= 3.5* 10-10 mole 
 
Amount of SMCC: 2 µl* 4mM= 8* 10-9 mole 
 
Theoretical number of SMCC activation sites per antibody: (8* 10-9)/ (3.5* 10-10)= 62 
 
Number of oligonucleotides per antibody: (3.5* 10-10)/ (1.33* 10-10)= 2.6  
 
 
When 10 μl of oligonucleotide stock was used the number of oligonucleotides per antibody 
was 7.2. 
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