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   Preface   

 Diverse molecular, cellular, and environmental events must all come together to allow the 
 successful formation of secondary cancers, metastases. The vast amount of knowledge that has 
been amassed in relation to the biology underlying cancer formation is being applied to enable 
a better understanding of the metastatic process. It is well accepted that elucidation of the key 
events in this process will lead to the next generation of laboratory tests for early-diagnosis of 
metastases and for the treatment of occult as well as more clinically advanced disease. 

 This second edition of  Metastasis Research Protocols  brings together updated versions of 
the seminal techniques that were presented in the  fi rst edition and also includes new tech-
niques that have recently been shown to be important in illuminating the processes under-
lying this important area of biology. 

 The  fi rst volume:  Analysis of Cells and Tissues  takes the reader through key cellular and 
molecular techniques relevant to the exploration of cancer cells and tissues, the focus is on 
the tools that have been shown to be helpful in unravelling the molecular processes impor-
tant in cancer metastasis. The second volume:  Models of Metastasis  is concerned with the 
interaction between cancer cells and host/environment. This volume focuses on the diverse 
range of in vitro and in vivo models of metastasis. 

 In keeping with the  fi rst edition, volume one includes techniques such as immuno-
chemistry (Chaps.   1    –  4    ), PCR (Chap.   5    ), and SDS-PAGE (Chap.   6    ), the mainstay of many 
laboratories. As before, we make aim for each of the techniques to stand-alone and for these 
to be valuable to the newcomer as well as the experienced researcher. Volume one has been 
extended to include newer techniques, for example, af fi nity measurement of biomolecular 
interactions (Chap.   11    ), methylation analysis of microRNA (Chap.   15    ), and RNAi 
 technology (Chap.   16    ). Similarly, volume two retains chapters that describe in detail the 
methods often used to assess cancer cell adhesion to extracellular matrix components and 
endothelial cells (Chaps.   1    –  5    ), syngeneic and xenograft models of metastasis (Chaps.   9    ,   10    , 
  16    , and   17    ). In addition, updated methods are presented, for example, for the production 
of in vivo double-knock out models (Chap.   14    ) and the application of  fl uorescent imaging 
techniques for monitoring the development of metastases in vivo (Chaps.   11     and   12    ). 

 We have sought to keep the important key methods in both volumes and to introduce 
new methods which are making an impact in the area of metastasis research. One of the 
much-loved aspects of the  Methods in Molecular Biology  series is that it aims to impart 
knowledge of complex methodology to the end-user in an accessible manner. The “Notes” 
section found at the end of each chapter serves to demystify the techniques in a handy 
“hints and tips” format, this enables researchers who may be hesitant to adopt a new pro-
cedure to try it out, thereby adding to their repertoire of laboratory techniques. We have 
tried to maintain this key element in the chapters presented in these two volumes and we 
hope that you  fi nd this to be a continued useful aspect of this series. 
 Finally, we would like to thank all our contributors who have worked tirelessly to master their 
techniques, for sharing these with us and you, the reader. We hope you  fi nd that in these two 
volumes, methods that will assist in helping you to make new observations that may in turn 
lead to the development of new treatments aimed at combating cancer metastasis.   

http://dx.doi.org/10.1007/978-1-61779-854-2_1
http://dx.doi.org/10.1007/978-1-61779-854-2_5
http://dx.doi.org/10.1007/978-1-61779-854-2_16
http://dx.doi.org/10.1007/978-1-61779-854-2_11
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    Chapter 1   

 Basic Immunocytochemistry for Light Microscopy       

         Susan   A.   Brooks         

  Abstract 

 Immunocytochemistry, the identi fi cation of cell- or tissue-bound antigens in situ, by means of a speci fi c 
antibody–antigen reaction, tagged microscopically by a visible label, has a remarkably wide range of appli-
cations. The basic techniques are straightforward and can be adapted to explore the localisation of virtually 
any molecule of interest to the researcher in samples of normal and/or malignant cells. Heterogeneity can 
be mapped and loss or gain of immunoreactivity with tumour progression can be visualised. In this chap-
ter, methodologies are given for appropriate preparation of cells and tissues, including cells cultured on 
coverslips (which can be used for live cell imaging), cell smears, frozen (cryostat) and  fi xed, paraf fi n wax-
embedded tissue sections. Heat- and enzyme-based antigen retrieval methods are covered. Basic detection 
methods, which can be readily adapted, are given for direct (labelled primary antibody), simple indirect 
(labelled secondary antibody), avidin–biotin (biotinylated primary antibody), avidin–biotin complex 
(ABC), peroxidase–anti-peroxidase or alkaline phosphatase–anti-alkaline phosphatase (PAP or APAAP), 
and polymer-based methods. The use of enzyme labels including horseradish peroxidase and alkaline phos-
phatase, and  fl uorescent labels, are considered.  

  Key words:   Immunochemistry ,  Antibody ,  Avidin–biotin complex ,  Direct ,  Indirect    

 

  Immunocytochemistry may be de fi ned as the identi fi cation of a 
cell- or tissue-bound antigen in situ, achieved by means of a speci fi c 
antibody–antigen reaction, viewed microscopically by virtue of a 
visible label. Successful immunocytochemistry therefore requires 
(a) preservation of the antigen in a form recognisable by the anti-
body, (b) a suitable antibody, and (c) an appropriate label. The 
basic immunocytochemistry technique was  fi rst described by Coons 
et al.  (  1–  3  )  who employed antibody directly labelled with a 
 fl uorescent tag to identify antigen in tissue sections. Since that time 
the technique has been re fi ned and expanded enormously. Some 
signi fi cant developments include the use of horseradish peroxidase 

  1.   Introduction

  1.1.  Immunocyto-
chemistry



2 S.A. Brooks

(HRP)  (  4  )  and alkaline phosphatase (AP)  (  5  )  as label molecules, 
the development of many, increasingly sensitive, multi-layer detec-
tion methods, and exploitation of the strong binding between avidin 
and biotin in detection techniques  (  6,   7  ) . In recent years, there has 
been a renaissance in the use of immunocytochemical approaches 
in conjunction with imaging of live cells using confocal microscopy 
and related techniques.  

  Immunocytochemistry is appropriate for a wide range of applica-
tions. Any cell- or tissue-bound molecule to which an antibody can 
be raised can, theoretically, be detected in situ. It is a technique 
of particular interest in metastasis research as it facilitates the detec-
tion of virtually any molecule of interest to the researcher in sam-
ples of tumour, normal tissues, or cells. Of particular interest in this 
 fi eld is that of the heterogeneity of immunoreactivity by cells within 
a morphologically homogeneous tumour mass, or between normal 
and cancer cells. The gain or loss of certain antigens by tumour 
cells at different stages in the natural history of the disease and in 
relation to metastatic potential is also of great relevance. For exam-
ple, loss of cell adhesion molecules by tumour cells may be instru-
mental in their breaking away from a primary tumour mass. 
Immunocytochemistry is the only technique that allows assessment 
of the expression of such molecules in situ.  

  The  fi rst requirement for successful immunocytochemistry is pres-
ervation of the antigen; the primary consideration must be what 
type of cell or tissue preparation to employ. Immunocytochemistry 
can be performed on a range of different cell and tissue prepara-
tions including living cell suspensions, cell smears, frozen (cryostat) 
sections and  fi xed, paraf fi n wax-embedded sections. Some of the 
advantages and disadvantages of these types of preparation are 
summarised in Table  1 .  

 Of particular interest may be the application of immunocy-
tochemistry to routinely formalin- fi xed, paraf fi n wax-embedded 
archived tissue specimens, facilitating mapping of expression of 
molecules of interest retrospectively with the bene fi t of long-term 
patient follow-up. Many antigens are well preserved in such tissues, 
and retrospective analysis can be successfully carried out after years 
(sometimes even decades) of tissue storage, making this a powerful 
and informative approach. The only limitations are,  fi rstly, that lip-
ids are solubilised out and lost during processing to paraf fi n wax, 
and their antigenic structures are not present. Secondly, an anti-
body is required that successfully recognises antigen preserved in 
this manner. Some antigens are damaged, sequestered or altered by 
 fi xation and processing to paraf fi n wax, and many antibodies will 
therefore no longer recognise them and will only give successful 
results on fresh, frozen (cryostat) tissue sections or fresh cell prepa-
rations. Enzyme- and heat-mediated antigen retrieval techniques 

  1.2.  Range 
of Applications

  1.3.  Types of Cell and 
Tissue Preparations
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are described later in this chapter and may be successful in partially, 
or fully, reversing the alterations caused by  fi xation and processing 
and thereby enable successful detection of otherwise undetectable 
antigens. The development of heat-mediated antigen retrieval (e.g. 
see refs.  8–  11  )  has vastly expanded the repertoire of antibodies that 
can be used successfully on  fi xed and processed tissues. 

 Immunolocalisation of molecules in preparations of cultured 
cell lines or of cell suspensions from body  fl uids, such as ascites, 
blood, or pleural effusions may also be of interest in metastasis 
research, and immunocytochemistry on such preparations in the 
form of cytospins, cell smears, or cells cultured on coverslips, is 
generally very successful. These types of preparations labelled using 
immunocytochemistry involving a  fl uorescent label may yield stun-
ningly beautiful and informative results when examined using con-
focal microscopy. 

 For the simpler, quicker immunocytochemical methods, cell and 
tissue preparations will adhere well to clean, dry glass microscope 
slides. For longer, multi-step techniques, the use of an adhesive is 
recommended.    Silane is an effective adhesive which is widely avail-
able, cheap, and simple to use. Its use is essential if heat-mediated 
antigen retrieval methods are to be used subsequently.  

  A requirement for successful immunocytochemistry is the availability 
of a suitable antibody directed against the antigen of interest. Detailed 
description of how to raise and purify antibodies lies beyond the 
scope of this volume. The main choice for the researcher lies between 
monoclonal and polyclonal antibodies. Both types of antibodies, 
directed against thousands of antigens of potential interest are avail-
able commercially, and can be produced “in house” if the appropriate 
facilities and expertise are available. Companies will produce “tailor-
made” antibodies directed against peptide sequences requested by 
the customer at a relatively modest cost. It is essential to choose an 
antibody appropriate for immunocytochemistry speci fi cally, as anti-
bodies developed for other applications—for example, ELISA—may 
not work. It is also important to realise that different commercially 
available antibodies directed against the same molecule, or epitope 
on a particular molecule, may not be equally effective in immunocy-
tochemistry and some “shopping around” may be helpful. Many 
companies will provide small samples of antibodies free of charge for 
researchers to evaluate. 

 The choice of monoclonal or polyclonal antibody depends 
largely on what antibodies are available that are directed against 
the antigen of interest. Each type of antibody has their own advan-
tages and disadvantages and it cannot be assumed that either poly-
clonal or monoclonal antibodies are invariably superior. Brie fl y, 
polyclonal antibodies contain a cocktail of immunoglobulins 
directed against different epitopes of an antigen of interest, and 
often other, irrelevant, antigens too. They can sometimes cross react 

  1.4.  Choice of Antibody
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with molecules other than the one of interest and give spurious 
results or “dirty” background labelling. The cocktail of immuno-
globulins present may, however, react with multiple epitopes on 
the antigen molecule of interest resulting in stronger and more 
effective labelling than is achieved with a comparable monoclonal 
antibody. Polyclonal antibodies are usually raised in rabbit (or 
sometimes large animals such as goat or sheep; chicken antibodies 
are also available) and tend to be cheaper to buy than monoclonal 
antibodies. Monoclonal antibodies are usually raised in mice or rats, 
and, as the name suggests, represent immunoglobulins produced 
by a single immortalised clone of cells, and therefore directed 
against a single epitope. These tend to be more expensive than 
polyclonal antisera; however, can lend themselves to extremely 
high working dilutions. The great advantage of monoclonal anti-
bodies is their speci fi city which often gives rise to very clean label-
ling results. Many monoclonal antibodies are raised to synthetic 
peptide sequences, giving the advantage that the precise epitope 
they recognise is known. Cross-reactivity can sometimes occur 
even with monoclonal antibodies if the epitope they are directed 
against is shared by other, irrelevant molecules. 

 There are no hard and fast rules as to the choice of an antibody—
for some applications, a particular monoclonal antibody may be ideal, 
whilst for others a polyclonal antiserum may produce better results. 
It is important to note the class of antibody being used. Most mono-
clonal antibodies used in immunocytochemistry are of the IgG class, 
however some may be IgM. This is an important consideration in 
many immunocytochemical methods, as detection of antibody 
binding to antigen may be achieved by subsequent reaction with a 
secondary antibody directed against the  fi rst. For example, to detect 
the binding of a monoclonal mouse IgG, a labelled secondary anti-
body raised in, for example rabbit, against the mouse IgG may be 
applied. A secondary antibody directed against mouse IgM would 
not be appropriate in this example. 

 For any application, the appropriate dilution of antibody must 
be determined. This can usually only be ascertained by performing 
a range of dilutions and checking which give optimum results in 
terms of strong speci fi c labelling coupled with clean background. 
When using polyclonal antibodies, doubling dilutions are conve-
nient, ranging from 1:50 to 1:3,200 as a rough guide. Monoclonal 
antibodies may be tested in the range of, possibly, 1–50  m g/ml. 
In the more complex multi-step techniques different dilutions of 
primary antibody and secondary labelling reagents may need to 
be titrated against each other in a “chequerboard of dilutions” 
to determine optimum working dilutions. An example of a typical 
“chequerboard of dilutions” is given in Table  2 . One would expect 
the more concentrated solutions of primary and/or secondary anti-
body to give strong labelling but unacceptably high background; 
too high a dilution of either primary or secondary antibody will 
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yield low intensity, but probably very clean labelling. The optimum 
dilution of both in combination should yield deep, intense speci fi c 
labelling with clean background and an absence of nonspeci fi c 
labelling. It is worth taking time and care over titration experi-
ments in order to achieve optimal experimental results.   

  The third requirement for successful immunocytochemistry is the 
presence of a visible label. The choice of label usually lies between 
a  fl uorescent label or the coloured product of an enzyme reaction, 
although other labels such colloidal gold, silver, or ferritin can also 
be employed (usually in immunocytochemistry for electron micros-
copy, which goes beyond the scope of this chapter). Traditionally, 
the most commonly used  fl uorescent label is  fl uorescein isothio-
cyanate (FITC) which  fl uoresces a bright yellow-green  (  12  ) . 
Alternatives include tetrarhodamine isothiocyanate (TRITC) and 
Texas red, which  fl uoresce red  (  13  ) . Many primary and secondary 
antibodies are available commercially, labelled with these com-
pounds. There is also an ever increasing range of other  fl uorescent 
labels which open up the possibility of multiple labelling experi-
ments and which are increasingly used in confocal imaging. 

 The most commonly used enzyme labels are HRP and AP. 
Many primary and secondary antibodies and other immunocy-
tochemical reagents are available labelled with these compounds. 
Other less commonly used enzyme labels include glucose oxidase 
and beta galactosidase. The principle of using any enzyme label is 

  1.5.  Choice 
of Labels for 
Immunocytochemistry

   Table 2 
  Sample chequerboard of dilutions used to determine the optimum dilution 
of primary and secondary antibody for use in, for example, an indirect detection 
method. The optimum combination of both will yield strong, speci fi c labelling 
with clean background and no nonspeci fi c labelling   

 Dilution of polyclonal secondary 
antibody e.g. swine antisera raised 
against rabbit immunoglobulins 

 Dilution of primary antibody e.g. polyclonal rabbit antisera 
raised against the molecule of interest 

 1/50  1/50  1/100  1/200  1/400  1/800  1/1,600  1/3,200 

 1/100 

 1/200 

 1/400 

 1/800 
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the reaction with substrate on addition of a soluble chromagen to 
yield a precipitated or insoluble coloured product visible by light 
microscopy. HRP reaction with hydrogen peroxide and the chroma-
gen diaminobenzidine (DAB)  (  14  )  yields a granular, brown, alcohol-
insoluble product or with 3-amino-9-ethylcarbazole (AEC)  (  15  )  
yields a granular, red, alcohol-soluble product. Other chromagens 
are also available, but are less commonly employed. For AP, reac-
tion with naphthol phosphate as a substrate and a diazonium salt 
can yield a variety of coloured—most typically red or blue—alco-
hol-soluble azo dyes as products  (  16  ) . Enzyme label detection kits, 
usually in the form of dropper bottles of concentrated reagents 
ready to be diluted in water or buffer, are commercially available as 
a convenient alternative to preparation of solutions “in house”. 

 When enzyme labels are employed, the issue of endogenous, 
cell- or tissue-bound enzyme becomes an issue, and steps often 
need to be incorporated into the detection method to block endog-
enous enzyme prior to development of the  fi nal coloured label 
product. It is worth noting that endogenous AP is usually destroyed 
in processing to paraf fi n wax.  

  A number of fairly standard immunocytochemical techniques exist, 
which vary in terms of complexity and sensitivity. They range from 
the simple “direct” technique where antigen is detected by the 
binding of a directly labelled antibody, through to much more 
complex, but highly sensitive multi-layer techniques. Examples of 
a range of detection methods are outlined in this chapter and their 
relative advantages and disadvantages are summarised in Table  3 . 
They are also represented diagramatically in Figs.  1 – 5 . For any 
particular application, the choice of technique depends, amongst 
other things, on the type of cell or tissue preparation to be labelled, 
the abundance and robustness of the antigen to be detected, and the 
af fi nity and ef fi cacy of the antisera. Simpler “direct” techniques are 
often employed for labelling of living cells—for example, cultured 
cells or cells from body  fl uids—as they are least likely to damage 
delicate cells or antigens. These are commonly used in conjunction 
with  fl uorescent labels although enzyme labels can also be used. 
The more complex and sensitive multi-layer techniques are usually 
used in conjunction with more robust cell and tissue preparations 
and are particularly appropriate where antibody titres are low, or 
where antigen expression is scanty as the “layering” of reagent 
results in ampli fi cation of the  fi nal signal. Ampli fi cation is achieved 
because at every step, multiple reagent molecules have the oppor-
tunity to bind to the previous “layer”, resulting in a much ampli fi ed 
“cloud” of label molecules marking the initial binding of antibody 
molecule to antigen. This important point is not shown in the 
 fi gures illustrating the methods as, for the sake of clarity, the “lay-
ers” are represented in a simpli fi ed, linear manner. Many reagent 
manufacturers also market labelling reagents based on synthetic 

  1.6.  The Range 
of Detection 
Methods Available
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   Table 3 
  Advantages and disadvantages of different detection methods   

 Advantages  Disadvantages 

 “Direct” method  Simplest method available. Quick. 
Limited number of reagents 
required. Works particularly well 
using  fl uorescent-labelled antibody 
and cell suspensions 

 Lacks sensitivity, therefore may not 
be appropriate for scantily 
expressed antigens. May suffer 
from high background 

 “Simple indirect” 
method 

 Increased sensitivity over direct 
method (~20× more sensitive). 
Relatively quick and 
straightforward 

 Requires more reagents than the 
direct method, therefore potentially 
more expensive. Extra step 
therefore takes longer 

 “Simple 
avidin–biotin” 
method 

 Relatively quick and simple, 
but highly sensitive and yields 
clean labelling 

 Endogenous biotin may confuse 
interpretation in some cases 

 Glycosylated avidin may be recognised 
by tissue-bound lectins or bind 
charged sites nonspeci fi cally 

 “ABC” method  Highly sensitive (at least 100× more 
sensitive than the direct method). 
Clean results 

 Large ABC complex sometimes 
causes steric hindrance. Tissue 
lectins may bind glycosylated 
avidin; avidin may attach 
nonspeci fi cally by charge. 
Endogenous biotin may confuse 
interpretation. Cost implications 
of reagents 

 “PAP” or “APAAP” 
methods 

 Highly sensitive (~50× more 
sensitive than direct method) 

 Very time consuming. Cost 
implications of extra reagents. 
Largely superseded by ABC 
method 

 Labelled polymer 
methods 

 Highly sensitive. Reduced 
incubation times for faster results 

 Cost implications of specialised 
reagents 

fluorescent or enzyme
label

directly labelled
monoclonal or polyclonal
primary antibody

cell or tissue bound
antigen

cell or tissue
preparation

  Fig. 1.    “Direct” method—cell- or tissue-bound antigen is detected by binding of directly labelled primary antibody.       
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polymers that present a great concentration of labelling signal, and 
therefore improved sensitivity, allowing for the development of 
highly sensitive methods and the possibility of reduced incubation 
times, as illustrated in Fig.  6 .        

fluorescent or enzyme
label

labelled avidin 
or streptavidin

biotinylated primary
monoclonal or polyclonal 
antibody biotin

cell or tissue bound
antigen

cell or tissue
preparation

  Fig. 3.    “Simple avidin–biotin” method—cell- or tissue-bound antigen is detected by binding of a biotinylated primary 
antibody, then labelled avidin or streptavidin.       

labelled secondary antibody directed
against the species in which the
primary antibody was raised fluorescent or enzyme

label

unlabelled monoclonal or
polyclonal
primary antibody

cell or tissue bound
antigen cell or tissue

preparation

  Fig. 2.    “Simple indirect” method—cell- or tissue-bound antigen is detected by binding of unlabelled primary antibody, then 
labelled secondary antibody directed against the species in which the primary antibody was raised.       
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 In addition to the methods listed in this chapter, similar 
approaches are described in detail in the chapter by Brooks and Hall 
in this volume on the related technique of lectin histochemistry. 
Lectin histochemistry facilitates the detection of carbohydrate 
structures present in, for example, glycoproteins, glycolipids or gly-
cosaminoglycans, in situ, by means of their recognition by a lectin.  

  The incorporation of appropriate positive and negative controls is 
of paramount importance. An appropriate positive control is a cell 
or tissue sample that is known to be rich in the antigen of interest 
and which should yield a labelling distribution consistent with its 
biology—for example, if the antigen of interest is known to be 
expressed by the endothelial cells lining human blood vessels, then 
a sample of highly vascular human tissue would be appropriate and 
labelling would be expected to be localised in the walls of blood 
vessels and nowhere else. Negative controls are often performed by 
omitting incubation with the primary antisera—perhaps replacing 
it with a similar dilution of an irrelevant antisera, non-immune sera 
or plain buffer. Under these circumstances, no labelling at all would 

  1.7.   Controls

labelled avidin-biotin-
complex (ABC)

fluorescent or enzyme
label attached to biotin

biotinylated primary
monoclonal or polyclonal
antibody

cell or tissue bound
antigen

cell or tissue
preparation

  Fig. 4.    “Avidin–biotin complex” (ABC) method—cell- or tissue-bound antigen is detected by binding of a biotinylated primary 
antibody, then labelled ABC.       
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be expected. Any labelling that occurs would be as a result of other 
reagents reacting with the tissue nonspeci fi cally. The speci fi city of 
labelling may be con fi rmed by incubating the cell or tissue sample 
with the primary antisera in the presence of a free antigen—for 
example, if labelling a sample using a primary antibody against a 
known peptide sequence, the antisera can be incubated in the pres-
ence of a free peptide. Under these circumstances, as the antisera 
will recognise antigen in solution as well as antigen in cell or tissue 
preparation, a diminution or even abolition of labelling would be 
expected.   

PAP or APAAP
complex

cell or tissue
preparation

cell or tissue bound
antigen

unlabelled primary
monoclonal or polyclonal 
antibody

unlabelled ‘bridging’ antibody 
directed against the species in which 
the primary antibody was raised

antibody raised in the same species
as the primary antibody, and directed
against the peroxidase or alkaline
phosphatase label

mass of fluorescent or 
enzyme label

  Fig. 5.    “Peroxidase–anti-peroxidase” (PAP) or “alkaline phosphatase–anti-alkaline phosphatase” (APAAP) method—cell- or 
tissue-bound antigen is detected by,  fi rstly, unlabelled primary monoclonal or polyclonal antibody, then a “bridging” anti-
body directed against the species in which the primary antibody was raised, and  fi nally a labelled “PAP” or “APAAP” 
complex raised in the same species as the primary antibody. The labelled “PAP” or “APAAP” consists of a mass of enzyme 
label complexed with antibodies directed against it.       
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      1.    Acetone.  
    2.    Acetone/APES or silane solution: 2% v/v aminopropyltri-

ethoxysilane (APES) or 3-(triethoxysilyl)-propylamine (silane) 
in acetone; make fresh on the day of use. Discard after treating 
a maximum of 1,000 slides.  

    3.    Distilled/deionised water: discard and refresh after every  fi ve 
racks of slides have passed through.      

      1.    Cells cultured under standard conditions.  
    2.    Foetal calf serum (FCS) free cell culture medium.  
    3.    Alcohol or autoclave sterilised round glass coverslips (13 mm 

diameter, thickness 0).  
    4.    Dental wax or Para fi lm.  

  2.   Materials

  2.1.  Silane/APES 
Treatment of 
Microscope Slides 
(See Note 1)

  2.2.  Preparation 
of Cells Cultured 
on Coverslips

unlabelled
monoclonal or polyclonal
primary antibody

cell or tissue bound
antigen

cell or tissue
preparation

synthetic polymer bearing multiple 
label molecules and multiple 
secondary antibody molecules 
directed against the species in which the 
primary antibody was raised giving 
great amplification of signal

fluorescent or 
enzyme  
label

  Fig. 6.    Using a labelled polymer reagent—cell- or tissue-bound antigen is detected by binding of an unlabelled 
primary antibody, then a polymeric reagent incorporating secondary antibody directed against the species in which 
the primary antibody was raised along with a high concentration of label.       
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    5.    0.1 M PIPES buffer, pH 6.9: stir 12.1 g PIPES [piperazine-
 N , N   ¢ -bis-(2-ethanesulfonic acid)] into 50 ml ultrapure water 
to give a cloudy solution. Add approximately 40 ml 1 M NaOH 
and the solution should clear. Check pH and adjust to 6.9, if 
necessary, using 1 M NaOH. Add ultrapure water to give a 
 fi nal volume of 400 ml.  

    6.    3% v/v Paraformaldehyde in 0.1 M PIPES buffer, pH 6.9: 
place 3 g paraformaldehyde in a 250-ml conical  fl ask, add 
30 ml ultrapure water, loosely stopper, and heat on a 60°C 
hotplate, in a fume cupboard, for about 30 min to give a cloudy 
solution. Add 1 M NaOH (the purest grade), with continual 
stirring, until the solution clears. Add ultrapure water to give a 
total volume of 50 ml, then add 50 ml 0.2 M PIPES buffer, 
pH 6.9 (see above). Divide into 10-ml aliquots and store fro-
zen. Defrost in a warm water bath for use.  

    7.    0.1% v/v Triton X-100 or Saponin in 0.1 M PIPES buffer, pH 
6.9.      

      1.    Cells in suspension (see Note 2).  
    2.    Silane-treated glass microscope slides (see Subheading  2.1  and 

Note 1).  
    3.    Aluminium foil or cling  fi lm/Saran Wrap.  
    4.    Acetone.      

      1.    Chunk of fresh tissue approximately 0.5 cm 3  in size.  
    2.    Cryostat embedding medium, for example “OCT” or similar.  
    3.    Isopentane or hexane.  
    4.    Liquid nitrogen.  
    5.    Silane-coated clean glass microscope slides (see Subheading  2.1  

and Note 1).  
    6.    Acetone.  
    7.    Aluminium foil or cling  fi lm/Saran Wrap.      

      1.    Paraf fi n wax-embedded tissue blocks.  
    2.    20% v/v Ethanol or industrial methylated spirits (IMS) in 

distilled/deionised water.  
    3.    Silane-treated glass microscope slides (see Subheading  2.1  and 

Note 1).  
    4.    Xylene (see Note 3).  
    5.    Absolute ethanol or IMS.  
    6.    70% v/v Ethanol or IMS in distilled/deionised water.  
    7.    Deionised/distilled water.      

  2.3.  Smears Prepared 
from Cells in 
Suspension

  2.4.  Frozen 
(Cryostat) Sections

  2.5.  Fixed, Paraf fi n 
Wax-Embedded 
Sections
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      1.    Washing buffer: Tris-buffered saline (TBS), pH 7.4–7.6: 
60.57 g Tris, 87.0 g NaCl dissolved in 1 L distilled/deionised 
water. Adjust pH to 7.4–7.6 using concentrated HCl. Make 
up to total volume of 10 L using distilled/deionised water. 
This buffer is recommended for all washes, unless otherwise 
stated. Phosphate buffered saline (PBS), pH 7.4–7.6 can be 
substituted.  

    2.    Blocking buffer: 5% v/v normal horse or goat serum in wash-
ing buffer.         All immunocytochemical methods incorporate a 
step where cell and tissue preparations are incubated with a 
blocking buffer to reduce nonspeci fi c binding of antibodies 
(see Note 4).  

    3.    Dilution buffer for antibodies: 3% v/v normal horse or goat 
serum in blocking buffer. Antibodies are diluted to their working 
concentration in buffer containing a low percentage of normal 
serum. Again, this reduces the nonspeci fi c binding of antibodies 
and minimises “dirty” background labelling (see Note 4).      

      1.    Trypsin solution: 1 mg/ml crude, type II trypsin, from porcine 
pancreas (see Note 6) and 1 mg/ml calcium chloride in 
washing buffer (see Subheading  2.6 ) warmed to 37°C.  

    2.    Protease solution: protease XXIV, bacterial, 7–14 U/mg in 
washing buffer (see Subheading  2.6 ) pre-warmed to 37°C.  

    3.    Pepsin solution: pepsin from porcine stomach, 1:2,500, 600–
1,000 U/mg in 0.01 M hydrochloric acid, pre-warmed to 37°C.  

    4.    Neuraminidase solution: neuraminidase (sialidase), type V 
from  Clostridium perfringens  at a concentration of 0.1 U/mg 
in 0.1 M sodium acetate; pH to 5.5 with citric acid, containing 
0.01% w/v calcium chloride, pre-warmed to 37°C.      

      1.    Citrate buffer, pH 6.0: 2.1 g citric acid dissolved in 1 L 
distilled/deionised water pH to 6.0 using concentrated NaCl.  

    2.    Distilled/deionised water.      

  Methanol/hydrogen peroxide solution: 3% v/v hydrogen peroxide 
in methanol. Make up fresh every 2–3 days.  

   For all these methods blocking buffer and washing buffer are 
required (Subheading  2.6 ). In addition: monoclonal or polyclonal 
antibody labelled with a  fl uorescent or enzyme label made up at 
optimum working dilution in dilution buffer (see Subheading  2.6 ).  

      1.    Unlabelled monoclonal or polyclonal antibody made up at opti-
mum working dilution in dilution buffer (see Subheading  2.6 ).  

  2.6.  Buffers for 
Blocking, Dilutions, 
and Washes

  2.7.  Enzyme-Based 
Antigen Retrieval 
Methods (See Note 5)

  2.8.  Microwave Oven 
Heat-Mediated 
Antigen Retrieval 
Method (See Note 7)

  2.9.  Quenching 
Endogenous Enzyme

  2.10.  Examples 
of Some 
Immunocytochemical 
Labelling Techniques

  2.10.1.  Direct Method

  2.10.2.  Simple Indirect 
Method
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    2.    Fluorescent- or enzyme-labelled secondary antibody directed 
against the immunoglobulins of the species in which the primary 
antibody was raised, made up at optimum working dilution in 
dilution buffer (see Subheading  2.6 ).      

      1.    Biotin-labelled monoclonal or polyclonal primary antibody 
made up at optimum working dilution in dilution buffer (see 
Subheading  2.6 ).  

    2.    Avidin or streptavidin labelled with a  fl uorescent or enzyme 
label made up at optimum working dilution in dilution buffer 
(see Subheading  2.6  and see Note 8).      

      1.    Biotin-labelled monoclonal or polyclonal primary antibody 
made up at optimum working dilution in dilution buffer (see 
Subheading  2.6 ).  

    2.    Fluorescent- or enzyme-labelled avidin–biotin complex 
(ABC) made up according to manufacturer’s instructions 
(see Note 9).      

   1. Unlabelled monoclonal or polyclonal antibody made up at opti-
mum working dilution in dilution buffer (see Subheading  2.6 ).

    2.    Unlabelled “bridging” antibody directed against the species in 
which the primary antibody was raised, made up in excess 
 concentration (see Note 11) in dilution buffer (see 
Subheading  2.6 ).  

    3.    Peroxidase–anti-peroxidase (PAP) or alkaline phosphatase– 
anti-alkaline phosphatase (APAAP) raised in the same species 
as the primary antibody (e.g., when using a mouse monoclo-
nal primary, use  mouse  PAP or APAAP, when using rabbit 
polyclonal primary antibody, use  rabbit  PAP or APAAP), made 
up at optimum working dilution in dilution buffer (see 
Subheading  2.6 ).      

      1.    Unlabelled monoclonal or polyclonal antibody made up at opti-
mum working dilution in dilution buffer (see Subheading  2.6 ).  

    2.    Secondary antibody directed against the immunoglobulins of 
the species in which the primary antibody was raised, in poly-
mer complex, with enzyme or  fl uorescent label, made up at 
optimum working dilution in dilution buffer according to 
manufacturer’s guidelines (see Subheading  2.6 ).       

       1.    Washing buffer (see Subheading  2.6 ).  
    2.    DAB-H 2 O 2 : 3,3-DAB tetrahydrochloride (DAB) 0.5 mg/ml in 

washing buffer (see Subheading  2.6 ). This substance is poten-
tially carcinogenic (see Note 12). Add H 2 O 2  to give a concen-
tration of 0.03% v/v immediately before use.      

  2.10.3.  Simple 
Avidin–Biotin Method

  2.10.4.  Avidin–Biotin 
Complex Method

  2.10.5.  Peroxidase–
Anti-peroxidase or Alkaline 
Phosphatase–Anti-alkaline 
Phosphatase Methods 
(See Note 10)

  2.10.6.  Simple Polymer 
Reagent Method

  2.11.  Enzyme 
Development Methods

  2.11.1.  Diaminobenzidine 
for HRP Label
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      1.    TBS pH 8.2–9.0: 6.57 g Tris, 8.7 g NaCl dissolved in a total 
volume of 1 L distilled/deionised water. Adjust pH to 8.2–9.0 
using concentrated HCl.  

    2.    Stock solution of naphthol phosphate: dissolve 20 mg naph-
thol AS-MX phosphate sodium salt in 500  m l  N , N -
dimethylformamide in a small glass vessel (see Note 13).  

    3.    Stock solution fast red salt: dissolve 20 mg fast red salt in 1 ml 
TBS, pH 8.2–9.0.  

    4.    Levamisole hydrochloride.       

      1.    Mayer’s haematoxylin solution (see Note 14).  
    2.    1% v/v Ammonia in tap water.      

      1.    For  fl uorescently labelled preparations: an anti-fade mounting 
medium, for example, “Citi fl uor” or similar.  

    2.    For AP/fast red labelled, or other preparations labelled with an 
alcohol-soluble chromogenic product: an aqueous mountant, 
for example, “Aquamount” or similar.  

    3.    For HRP/DAB labelled, or other preparations labelled with an 
alcohol-insoluble chromogenic product: 70% v/v ethanol or 
IMS in distilled/deionised water; 95% v/v ethanol or IMS in 
distilled/deionised water; absolute alcohol; xylene (see Note 3); 
and an appropriate xylene-based mounting medium e.g. 
“Depex” or similar.       

 

      1.    Place slides in a slide carrier and immerse in acetone for 5 min.  
    2.    Immerse in acetone/silane solution for 5 min.  
    3.    Immerse in two consecutive baths of either acetone or distilled/

deionised water for 5 min each.  
    4.    Drain slides, dry either at room temperature or in a warm oven, 

and store in closed boxes at room temperature inde fi nitely.      

      1.    Wash cultured cells in fresh FCS free culture medium.  
    2.    Aspirate and discard the medium.  
    3.    Scrape cells from the  fl ask using a rubber scraper, and re-suspend 

in fresh FCS-free culture medium.  
    4.    Count cells, and sub-culture 1 × 10 5  cells into Petri dishes. 

Place sterile coverslips in Petri dishes.  
    5.    Allow cells to proliferate for 24 h at 37°C under 5% CO 2 .  
    6.    Carefully remove coverslips using  fi ne forceps or the edge of a 

scalpel blade.  

  2.11.2.  Fast Red for AP 
Label

  2.12.  Counterstaining

  2.13.   Mounting

  3.   Methods

  3.1.  Silane Treatment 
of Microscope Slides 
(See Note 1)

  3.2.  Preparation 
of Cells Cultured 
on Coverslips
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    7.    Place coverslips, cell side up, onto a piece of dental wax or 
“Para fi lm” for support, and cover each with 100  m l cold 3% 
v/v paraformaldehyde in 0.1 M PIPES buffer, pH 6.9, for 
15 min.  

    8.    Wash thoroughly in 0.1 M PIPES buffer, pH 6.9.  
    9.    Permeabilize in 0.1% v/v Triton X-100 or 0.1% v/v Saponin in 

0.1 M PIPES buffer, pH 6.9, for 10 min.  
    10.    Wash thoroughly in 0.1 M PIPES buffer pH 6.9.      

      1.    Place a drop of cells in suspension approximately 5 mm from 
one end of a silane-treated glass microscope slide.  

    2.    Place a second microscope slide on top of the  fi rst, allowing 
approximately 1 cm of glass to protrude at either end, and 
allowing the drop to spread between the two.  

    3.    Drag one slide over the other in a rapid, smooth movement, 
spreading the cells in a thin smear over the surface of both 
slides.  

    4.    Air-dry the slides for approximately 5 min. The slides may then 
be used at once, or wrapped individually in foil or cling  fi lm/
Saran Wrap and stored in the freezer until required. If stored 
frozen, allow to thaw to room temperature before use.  

    5.    When ready for use,  fi x by dipping in acetone for 1 min and 
air-dry.      

      1.    Using a sharp, clean blade, cut a solid tissue block of approxi-
mately 0.5 cm 3  (see Note 15).  

    2.    Place the tissue on cryostat chuck thickly coated in cryostat 
embedding medium (see Note 16).  

    3.    Using long-handled tongs, pick up the chuck and immerse 
chuck and tissue in isopentane or hexane pre-cooled in liquid 
nitrogen for approximately 1–2 min (see Note 17).  

    4.    Place the frozen chuck in the cabinet of the cryostat and leave 
to equilibrate for approximately 30 min.  

    5.    Using the cryostat, cut 5–10- m m thick sections and pick them 
up on clean, dry silane-treated microscope slides. Allow to air-dry 
for between 1 h and overnight.  

    6.    Sections may then either be stored until required by wrapping 
individually or back-to-back in aluminium foil or cling  fi lm/
Saran Wrap, sealing in polythene bags or boxes containing 
dessicant, and storing in the freezer, or may be used at once. 
If stored frozen, allow to thaw and equilibrate to room tem-
perature before opening.  

    7.    Immediately before use, dip slides in acetone for 1–10 min and 
air-dry for approximately 5 min.      

  3.3.  Smears Prepared 
from Cells in 
Suspension

  3.4.  Frozen (Cryostat) 
Sections
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      1.    Cool the paraf fi n wax-embedded tissue blocks on ice for 
approximately 15 min.  

    2.    Cut 4–7  m m thick sections by microtome (see Note 18).  
    3.    Float sections out on a pool of 20% v/v ethanol or IMS in 

distilled/deionised water on a clean glass plate supported 
by a suitable receptacle such as a glass beaker or jar (see 
Note 19).  

    4.    Carefully transfer the sections,  fl oating on the alcohol, onto 
the surface of a water bath heated to 40°C—they should puff 
out and become  fl at (see Note 20).  

    5.    Separate out individual sections very gently, using the tips of 
 fi ne, bent forceps.  

    6.    Pick up individual sections on silane-treated microscope 
slides.  

    7.    Allow slides to drain by up-ending them on a sheet of absor-
bent paper for 5–10 min.  

    8.    Dry slides either in a 37°C incubator overnight or in a 60°C 
oven for 15–20 min (see Note 21). Slides may then be cooled, 
stacked or boxed, and stored at room temperature in a dust-
tight container until required.  

    9.    When required, soak slides in xylene for approximately 15 min 
to remove the paraf fi n wax.  

    10.    Transfer through two changes of absolute ethanol or IMS, 
then through one change of 70% v/v ethanol or IMS in dis-
tilled/deionised water, then distilled/deionised water, agitat-
ing the slides vigorously for 1–2 min at each stage to equilibrate 
(see Note 22).      

  These buffers are referred to in the following methods.  

  When using  fi xed paraf fi n wax-embedded tissues, methods to 
retrieve antigens damaged or sequestered by the harsh  fi xation and 
processing may be necessary, or may signi fi cantly enhance results. 
These methods are not appropriate for other types of cell or tissue 
preparation (see Note 23).

    1.    Trypsinisation: immerse slides in a bath of trypsin solution at 
37°C, in an incubator or water bath, for 5–30 min, then wash 
in running tap water for 5 min.  

    2.    Protease treatment: place slides face up in a suitable chamber 
(see Note 24) and apply a few drops of protease solution to 
cover the tissue preparation. Incubate at 37°C, for 5–30 min, 
and wash in running tap water for 5 min.  

  3.5.  Fixed, Paraf fi n 
Wax-Embedded 
Sections

  3.6.  Buffers for 
Blocking, Dilutions, 
and Washes

  3.7.  Enzyme-Based 
Antigen Retrieval 
Methods (See Note 5)
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    3.    Pepsin treatment: place slides face up in a suitable chamber 
(see Note 24) and apply a few drops of pepsin solution to cover 
the tissue preparation, or immerse slides in a bath of pepsin 
solution. Incubate at 37°C, for 5–30 min, then wash in run-
ning tap water for 5 min.  

    4.    Neuraminidase treatment: place slides face up in a suitable 
chamber (see Note 24) and apply a few drops of neuraminidase 
solution to cover the tissue preparation. Incubate at 37°C, for 
5–30 min, then wash in running tap water for 5 min.      

  An alternative to enzyme-mediated antigen retrieval is heat-mediated 
retrieval. The method given below is for heat-mediated treatment 
using a microwave oven, but other methods exist using, for example, 
pressure cooking or autoclaving (see Note 7).

    1.    Immerse slides in citrate buffer, pH 6.0, in any suitable micro-
wave-safe container, such as a plastic sandwich box (see Note 25).  

    2.    Place in a conventional microwave oven and heat on full power 
until the buffer boils.  

    3.    Reduce the power to “simmer” or “defrost” for 5 min, so that 
the buffer simmers gently. Check the level of the buffer, and 
top up with hot distilled/deionised water if necessary. Heat on 
“simmer” or “defrost” for a further 5 min.  

    4.    Allow slides to cool at room temperature for 30 min (see 
Note 26).  

    5.    Wash in running tap water for 5 min.      

  If HRP is to be employed as the label, then endogenous peroxidase 
must be quenched as follows. This step is most conventionally per-
formed immediately prior to the addition of the primary antisera.

    1.    Immerse slides in methanol/hydrogen peroxide solution for 
20 min.  

    2.    Wash in running tap water for approximately 5 min.     

 If AP is to be employed as the label molecule it may be neces-
sary to quench endogenous AP, although it is usually destroyed by 
processing to paraf fi n wax rendering this procedure unnecessary. 
If required, 1 mM levamisole is added to the  fi nal enzyme develop-
ment medium.  

  As described in Subheading  1 , a number of basic immunocytochem-
ical techniques are available which vary in their relative complexity 
and sensitivity. Illustrative examples are listed here which should 
give good results, but the researcher is urged to experiment and 
adapt these basic techniques to give optimum results in his/her 
experimental system. Other techniques also exist. 

  3.8.  Microwave Oven 
Heat-Mediated 
Antigen Retrieval 
Method

  3.9.  Quenching 
Endogenous Enzyme

  3.10.  Examples of Some 
Immunocytochemical 
Labelling Techniques
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      1.    Incubate slides with blocking buffer for 30 min.  
    2.    Drain slides, and wipe around cell or tissue preparation using a 

clean, dry tissue.  
    3.    Incubate slides with ( fl uorescent or enzyme) labelled mono-

clonal or polyclonal antibody in a humid chamber (see Note 
24), for between 30 min and 2 h at room temperature, or at 
4°C overnight.  

    4.    Wash in three changes of washing buffer (see Note 27).  
    5.    If  fl uorescently labelled antibody is employed, mount and view 

directly using a  fl uorescent microscope. If enzyme-labelled 
antibody is used, proceed to enzyme development as described 
in Subheading  3.11  onwards.      

      1.    Incubate slides with blocking buffer for 30 min.  
    2.    Drain slides, and wipe around cell or tissue preparation using a 

clean, dry tissue.  
    3.    Incubate slides with unlabelled monoclonal or polyclonal anti-

body in a humid chamber (see Note 24), for 30 min to 2 h at 
room temperature, or at 4°C overnight.  

    4.    Wash in three changes of washing buffer (see Note 27).  
    5.    Incubate slides with either  fl uorescent or enzyme-labelled sec-

ondary antibody directed against the immunoglobulins of the 
species in which the primary antibody was raised ( see   Note 28 ), 
in a humid chamber (see Note 24), for 1 h.  

    6.    Wash in three changes of washing buffer (see Note 27).  
    7.    If  fl uorescently labelled secondary antibody is employed, mount 

and view directly using a  fl uorescent microscope. If enzyme-
labelled secondary antibody is used, proceed to enzyme devel-
opment as described in Subheading  3.11  onwards.      

      1.    Incubate slides with blocking buffer for 30 min.  
    2.    Drain slides, and wipe around cell or tissue preparation using a 

clean, dry tissue.  
    3.    Incubate slides with biotin-labelled monoclonal or polyclonal 

primary antibody in a humid chamber (see Note 24), for 
30 min to 2 h at room temperature, or at 4°C overnight.  

    4.    Wash in three changes of washing buffer (see Note 27).  
    5.    Incubate with avidin or streptavidin labelled with  fl uorescent 

or enzyme label, in a humid chamber (see Note 24), for 
30 min.  

    6.    Wash in three changes of washing buffer (see Note 27).  
    7.    If  fl uorescently labelled avidin or streptavidin is employed, 

mount and view directly using a  fl uorescent microscope. If 

  3.10.1.  Direct Method 
( See  Fig.  1 )

  3.10.2.  Simple Indirect 
Method ( See  Fig.  2 )

  3.10.3.  Simple 
Avidin–Biotin Method 
( See  Fig.  3 )
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enzyme-labelled avidin or streptavidin is used, proceed to 
enzyme development as described in Subheading  3.11  
onwards.      

      1.    Incubate slides with blocking buffer for 30 min.  
    2.    Drain slides, and wipe around cell or tissue preparation using a 

clean, dry tissue.  
    3.    Incubate slides with biotin-labelled monoclonal or polyclonal 

primary antibody in a humid chamber (see Note 24), for 
30 min to 2 h at room temperature, or at 4°C overnight.  

    4.    Wash in three changes of washing buffer (see Note 27).  
    5.    Incubate with  fl uorescent or enzyme-labelled ABC, in a humid 

chamber (see Note 24), for 30 min.  
    6.    Wash in three changes of washing buffer (see Note 27).  
    7.    If  fl uorescently labelled ABC is employed, mount and view 

directly using a  fl uorescent microscope. If enzyme-labelled 
ABC is used, proceed to enzyme development as described in 
Subheading  3.11  onwards.      

      1.    Incubate slides with blocking buffer for 30 min.  
    2.    Drain slides, and wipe around cell or tissue preparation using a 

clean, dry tissue.  
    3.    Incubate slides with unlabelled monoclonal or polyclonal pri-

mary antibody in a humid chamber (see Note 24), for 30 min 
to 2 h at room temperature, or at 4°C overnight.  

    4.    Wash in three changes of washing buffer (see Note 27).  
    5.    Incubate with an unlabelled “bridging” antibody ( see   Note 11 ) 

for 1 h, in a humid chamber ( see   Note 24 ).  
    6.    Wash in three changes of washing buffer ( see   Note 27 ).  
    7.    Incubate with PAP or APAAP for 1 h, in a humid chamber ( see  

 Note 24 ).  
    8.    Wash in three changes of buffer ( see   Note 27 ).  
    9.    Proceed to enzyme development as described in 

Subheading  3.11  onwards.      

      1.    Incubate slides with blocking buffer for 30 min.  
    2.    Drain slides, and wipe around cell or tissue preparation using 

a clean, dry tissue.  
    3.    Incubate slides with unlabelled monoclonal or polyclonal 

antibody in a humid chamber ( see   Note 24 ), for 30 min to 2 h 
at room temperature, or at 4°C overnight.  

    4.    Wash in three changes of washing buffer ( see   Note 27 ).  

  3.10.4.  Avidin–Biotin 
Complex Method 
( See  Fig.  4 )

  3.10.5.  Peroxidase–
Anti-peroxidase or Alkaline 
Phosphatase–Anti-alkaline 
Phosphatase Methods 
( See  Fig.  5 )

  3.10.6.  Simple Polymer 
Reagent Method 
( See  Fig.  6 )
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    5.    Incubate slides with polymer complex of secondary antibody 
directed against the immunoglobulins of the species in which 
the primary antibody was raised ( see   Note 28 ) and  fl uorescent 
or enzyme label, in a humid chamber ( see   Note 24 ) according 
to manufacturer’s instructions.  

    6.    Wash in three changes of washing buffer (see Note 27).  
    7.    If  fl uorescently labelled secondary antibody is employed, mount 

and view directly using a  fl uorescent microscope. If enzyme-
labelled secondary antibody is used, proceed to enzyme devel-
opment as described in Subheading  3.11  onwards.       

       1.    Wash in three changes of washing buffer (see Note 27).  
    2.    Incubate with DAB-H 2 O 2  for 10 min (see Note 12).  
    3.    Wash in running tap water for 5 min.  
    4.    Proceed to counterstaining (Subheading  3.12 ) and mounting 

(Subheading  3.13 ).      

      1.    Wash slides brie fl y in TBS, pH 8.2–9.0.  
    2.    Take 18.5 ml TBS pH 8.2–9.0, add 500  m l stock solution of 

naphthol phosphate and mix, then add Levamisole to give a 
1 mM solution and mix, then add 1 ml fast red solution and 
mix. Filter and apply to slides immediately.  

    3.    Immerse the slides in fast red solution for 5–30 min (see 
Note 29).  

    4.    Wash in running tap water for 5 min.  
    5.    Proceed to counterstaining (Subheading  3.12 ) and mounting 

(Subheading  3.13 ).       

      1.    Immerse in Mayer’s haematoxylin solution for 3–5 min.  
    2.    “Blue” by immersing in running tap water for 5 min, or dip 

brie fl y in 1% v/v ammonia in tap water then wash in tap water 
(see Note 30).  

    3.    Proceed to mounting (Subheading  3.13 ).      

      1.    Preparations labelled using  fl uorescent tags should be mounted 
directly in an anti-fade  fl uorescent mountant such as “Citi fl uor” 
or similar.  

    2.    Preparations labelled using alcohol-soluble chromagens such 
as fast red for AP, should be mounted directly in an aqueous 
mountant such as “Aquamount” or similar.  

    3.    Preparations labelled using alcohol-insoluble chromagens such 
as DAB for HRP should be dehydrated by immersing, with 
agitation, for 1 min each in 70% v/v, 95% v/v ethanol or IMS, 
then two changes of absolute ethanol, cleared by immersion, with 

  3.11.  Enzyme 
Development Methods

  3.11.1.  Diaminobenzidine 
for HRP Label

  3.11.2.  Fast Red 
for AP Label

  3.12.   Counterstaining

  3.13.   Mounting
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a agitation, in two changes of xylene, then mounted in a xylene-
based mountant such as “Depex” or similar (see Note 31).      

  Slides should be viewed by light or  fl uorescence microscope, as 
appropriate. Fluorescently labelled preparations should be stored 
in the dark and in a refrigerator until viewing. They should be 
viewed as soon as possible after labelling as  fl uorescence will fade 
over time, and photographic images should be made for perma-
nent record. Enzyme labels should be permanent, and slides may 
therefore be stored for longer. Some aqueous mountants deterio-
rate over time. Good labelling is indicated by a strong speci fi c label 
and low, or preferably non-existent, background and nonspeci fi c 
labelling. 

 It is often helpful to score labelling on an arbitrary scale where 
the observer estimates the percentage of cells, for example cancer 
cells, labelled (10, 50, and 95%, etc.) and the intensity of labelling 
on a scale of−(no labelling at all), +/− very weak labelling, + (weak 
but de fi nite labelling) to ++++ (extremely intense labelling) to give 
results ranging from completely negative to 100% ++++. Preferably, 
this should be carried out by at least two independent observers 
and the results compared. 

 Many attempts have been made to quantify immunocytochem-
istry results using automated, computer-based approaches, but the 
author is unaware of any truly satisfactory and reproducible system 
applicable to all applications.  

   This is possibly the most common problem and can be caused by a 
number of different factors. The most common is probably 
insuf fi cient washing between steps (see Note 27). The second most 
likely cause is employment of too high a concentration of one or 
more of the reagents. All reagents (primary antibody, secondary 
antibody, avidin and biotin products, PAP or APAAP, etc.) should 
be titrated carefully to give optimum results (see Table  2  and sub-
heading  1.4 ). When using HRP as a label, residual endogenous 
peroxidase may sometimes be a problem—check by incubating a 
slide that has been treated simply with the standard methanol-hy-
drogen peroxide solution (Subheading  2.9 ) with the chromogenic 
substrate DAB-H 2 O 2  (Subheading  2.11 )—there should be no 
brown labelling present; if there is, this indicates the presence of 
unquenched endogenous peroxidase. If this is the case, try freshly 
made methanol-hydrogen peroxide, increase the concentration 
of hydrogen peroxide or the incubation time in this step, or try an 
alternative label, for example, AP. 

 If the problematic high background labelling is absent in a 
negative control where primary antibody is omitted, this would 
indicate a cross reaction between the primary antibody and some 
cell or tissue component. This may be remedied by one or more of 
the following: increasing the concentration of blocking serum or 

  3.14.  Viewing, 
Interpretation, 
and Quanti fi cation 
of Labelling Results

  3.15.  Some 
Common Problems 
and Suggestions 
Likely for Solutions

  3.15.1.  High Nonspeci fi c 
Background Labelling
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protein in blocking buffer (see Subheading  2.6  and Note 4), incor-
porating more sodium chloride (up to 0.1 M) into blocking, dilu-
tion and washing buffers, or adding a little detergent (e.g. 0.05% 
v/v Tween 20) to washing buffers. 

 In avidin–biotin-based methods, endogenous biotin can some-
times cause confusing results. The endogenous biotin can be 
blocked by applying unconjugated avidin (which binds to tissue-
bound biotin), then saturating with further free, excess, unlabelled 
biotin. Avidin may also sometimes attach to ionic cell/tissue sites: 
this may be most easily remedied by increasing the pH of washing, 
dilution, and blocking buffer to 9.0, or may be avoided by using 
the slightly more costly streptavidin products instead of avidin.  

  The positive control—a preparation known to express the antigen 
of interest—should be checked. If satisfactory labelling is achieved 
here, it would suggest that the antigen is present in only low levels, 
or absent, in the test slides. If low levels only are present, perhaps 
indicated by weak labelling, a more sensitive detection technique 
should be employed. If formalin- fi xed, paraf fi n wax-embedded 
material is being examined, antigen retrieval methods should be 
tried. If positive controls show inadequate labelling, all of the 
reagents should be systematically checked for reactivity.    

 

     1.    We use silane-treated slides for all cell and tissue preparations 
in immunocytochemistry. Alternative, commercial, brand-
named preparations are also available, but tend to be more 
expensive. Silane, or equivalent, treatment is essential if a heat-
mediated antigen retrieval method is to be employed subse-
quently. Slides should not be agitated in the baths of reagents, 
as air bubbles will prevent the silane solution reaching the glass 
surface and will result in patchy and inadequate treatment.  

    2.    Any cells in suspension are suitable—for example, blood, can-
cer cells in ascites or in pleural effusions taken from patients or 
from animal models, cells derived from solid tissue tumours 
and released into suspension, or cultured cells in suspension.  

    3.    Xylene is potentially hazardous and should be handled with 
care in a fume cupboard. Modern, safer chemical alternatives 
are commercially available, but it is our experience that they give 
slightly less satisfactory results.  

    4.    Blocking buffer and buffer for dilution of antibodies: the use 
of normal (non-immune) animal serum and its incorporation 
into working solutions of antibodies effectively reduces 
nonspeci fi c background labelling. Goat or horse serum is 

  3.15.2.  Weak or Absent 
Labelling

  4.   Notes
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 recommended here for simplicity as it is unlikely that the 
 detection methods employed will involve speci fi c recognition 
of antibodies raised in these species. It is also appropriate to 
employ normal (non-immune) serum from the  fi nal antibody-
producing species in any detection method—for example, in 
an indirect method where a labelled rabbit secondary antibody 
is employed to detect binding of an unlabelled mouse mono-
clonal antibody, non-immune rabbit serum would be entirely 
appropriate. Solutions of an “inert” protein or protein mixture 
such as bovine serum albumin, casein, or commercially avail-
able dried skimmed milk powder are also routinely used, and 
are cheaper than non-immune serum. As a guide, a solution of 
1–5% w/v solution in buffer is appropriate.  

    5.    It is not possible to predict if enzyme-based antigen retrieval 
methods will be effective, or which to choose; try them out 
and select conditions which work best for your application. 
Test a range of treatment times, for example, 0, 5, 10, 20, and 
30 min. Trypsinisation is the most widely used antigen retrieval 
technique, probably because it is relatively cheap and can be 
extremely effective. The other enzymes tend to be more expen-
sive (especially neuraminidase), but are more selective. Try 
heat-mediated antigen retrieval too. These methods should 
only be used in conjunction with  fi xed, paraf fi n wax-embedded 
tissue preparations mounted on silane- (or equivalent, see Note 1) 
treated glass slides.  

    6.    Use crude, type II trypsin, from porcine pancreas. Impurities 
(e.g. chymotrypsin) enhance its effect. Do not use purer (and 
more expensive!) products.  

    7.    It is not possible to predict if heat-mediated antigen retrieval 
methods will be effective in any particular case. This can only 
be determined by trial and error. Other heat-mediated antigen 
retrieval methods, such as autoclaving and pressure cooking 
also exist. Try enzyme-based antigen retrieval methods 
(Subheadings  2.7  and  3.7 ) too. These methods should only be 
used in conjunction with  fi xed, paraf fi n wax-embedded tissue 
preparations mounted on silane- (or equivalent, see Note 1) 
treated glass slides.  

    8.    Avidin is a glycoprotein extracted from egg white, and it has four 
binding sites for the vitamin biotin. Streptavidin is a protein, 
similar in structure to avidin, and is derived from the bacterium 
 Streptomyces avidinii . Avidin products are generally cheaper than 
streptavidin products. Streptavidin is said to give a cleaner result, 
but avidin may be perfectly acceptable for most applications.  

    9.    The ABC is available commercially in a convenient dropper 
bottle kit format. Follow kit instructions, which usually require 
that avidin and labelled biotin are combined 30 min before use. 
Avidin and labelled biotin are mixed together in a ratio such 
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that three of the four possible biotin-binding sites are satu-
rated, leaving one free to combine with the biotin label attached 
to the primary antibody.  

    10.    The PAP and APAAP techniques were extremely popular some 
years ago owing to their sensitivity, resulting from the multi-
layering. They are less commonly used today and have been 
superseded to some extent by the avidin–biotin, ABC and 
labelled polymer methods.  

    11.    The bridging antibody forms a link or bridge between the 
primary antibody and the PAP or APAAP complex. So, for 
example, if a monoclonal mouse primary antibody is used, the 
bridging antibody will be antisera raised against mouse immu-
noglobulins; if a rabbit polyclonal primary antibody is used, 
the bridging antibody will be antisera directed against rabbit 
immunoglobulins. This antisera should be applied in excess. 
The bridging antibody needs to be present in excess so that 
only one of the two possible antigen-binding sites of each 
bridging antibody molecule are occupied by primary antibody, 
leaving the second binding site free to bind to the PAP or 
APAAP complex. As a rough guide, in our experience, most 
commercially available secondary antibodies will work best in 
this context when diluted at around 1/50.  

    12.    DAB is potentially carcinogenic. It should be handled with 
care, using gloves. Avoid spillages and aerosols. Work in a fume 
cupboard. After use, soak all glassware, etc. in a dilute solution 
of bleach overnight before washing. Wash working surfaces 
with dilute bleach after use. Clean up spillages with excess 
water then wash with dilute bleach. We usually make a concen-
trated DAB stock solution at 5 mg/ml in distilled/deionised 
water and store at −20°C frozen in 1-ml aliquots in 10-ml plas-
tic screw top tubes until required. This minimises the risk from 
weighing out the powder when required. DAB is also available 
in convenient tablet or dropper bottle kit form, which is mini-
mises hazards, but is more expensive.  

    13.    Use glass as plastic will dissolve in the dimethylformamide.  
    14.    A number of different haematoxylin solutions are commer-

cially available. Mayer’s, a progressive stain, is convenient, but 
other types are equally effective.  

    15.    When cutting tissue, use a very sharp blade and use single, 
 fi rm, swift, downwards strokes. Avoid hacking and crushing 
which will result in poor morphology. Cut the tissue into a 
straight-edged, geometrical shape, most usually a cube, as 
this will make sectioning easier. Clearly, when handling 
human tissue, appropriate health and safety guidelines should 
be adhered to.  
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    16.    The cryostat embedding medium acts as a support for the 
 tissue. Apply it generously to the chuck and immerse the tissue 
block into a pool of it. Align the tissue block with a straight 
edge parallel with the cutting edge of the chuck.  

    17.    To obtain optimum morphological integrity, the tissue should 
be frozen as rapidly as possible, avoiding the formation of ice 
crystals as these are the most common cause of loss of mor-
phology. The most effective method is to immerse the tissue in 
isopentane or hexane, pre-cooled in liquid nitrogen. These sol-
vents conduct heat away from the tissue more rapidly that 
liquid nitrogen alone. Other methods of freezing the block—
for example, by using a commercially available freezing spray, 
by blasting with CO 2  gas, or even simply placing it in the cham-
ber of the cryostat until frozen—are less effective. Cool the 
isopentane or hexane in an appropriate vessel that will with-
stand immersion in liquid N 2 .  

    18.    Most tissues cut best when chilled. An ice cube or handful of 
crushed should be applied to the surface of the tissue block 
every few minutes during cutting. This is particularly impor-
tant when working in a warm room.  

    19.    Small creases or wrinkles in the section should begin to  fl atten 
out; the effect may be enhanced by gentle manipulation using, 
for example, a soft paintbrush and/or forceps.  

    20.    If the wax begins to melt, it is too hot. If sections remain wrin-
kled, it may indicate that the water is slightly too cold.  

    21.    Do not heat directly on a hotplate as this may damage some 
antigens.  

    22.    Take careful note of the appearance of the slides during this 
process. When slides are transferred from one solvent to the 
next, they initially appear smeary as the two solvents begin to 
mix. Vigorous agitation ensures that the slides equilibrate 
effectively with the new solvent. When they are equilibrated, 
the surface smearing will disappear. During the re-hydration 
process, if white  fl ecks or patches become visible around the 
sections, this indicates that the wax has not been adequately 
removed—return the sections to xylene for a further 10–15 min. 
A common cause of poor immunocytochemistry results is the 
inadequate removal of paraf fi n wax.  

    23.    Make enzyme solutions fresh immediately before use. Use 
glassware, solutions, and so on that have been pre-warmed 
to 37°C before use. Initially try a range of digestion times, 
for example, 0, 5, 10, 20, and 30 min. Digestion times of 
>30 min are not recommended as visible damage to tissue 
morphology becomes apparent. This is particularly evident 
when using trypsin.  
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    24.    A  fl at platform on which to place the slides is used. This has a 
lid and creates a humid chamber. Humidity is important so 
that small volumes of solution placed onto the surface of the 
slides do not evaporate and therefore either dry out completely 
or become more concentrated during the incubation step. 
Drying of cell/tissue preparations will result in high nonspeci fi c 
background labelling. For small numbers of slides it may be 
convenient to place them face up in a lidded Petri dish lined 
with a disc of damp  fi lter paper. For larger numbers of slides, 
commercially available incubation chambers—usually fash-
ioned in Perspex and containing raised ridges to support slides 
over troughs partially  fi lled with water to maintain a humid 
atmosphere—are convenient. These tend to be expensive to 
buy. They can be made “in-house” if appropriate facilities exist. 
It is possible to make a perfectly functional incubation cham-
ber very simply using a large sandwich box with supports for 
slides formed from, for example, glass or wooden rods or glass 
burettes, supported with “Plasticine” or Blu-tac. Again, a little 
water or dampened  fi lter paper may be added to the base of the 
chamber to maintain humidity.  

    25.    Slides can be placed in commercially available slide carriers, 
which typically hold up to about 12 or 25 slides and may be 
housed in, for example, appropriately sized plastic sandwich 
boxes, or upright in plastic Coplin jars. Space the slides out 
evenly in the buffer. Do not overcrowd slides as this will result 
in “hot spots” and uneven antigen retrieval. Do not use metal 
racks to hold slides when using the microwave-medicated anti-
gen retrieval methods.  

    26.    This cooling down period is part of the retrieval method and 
should not be skipped.  

    27.    We recommend vigorous washing in three changes of washing 
buffer. Each wash should consist of vigorous “sloshing up and 
down” of slides in buffer for about 30 s to 1 min, then allow-
ing slides to stand in the buffer for about 4 min. Insuf fi cient 
washing, in particular omitting one or more changes of buffer 
can result in unacceptably high levels of dirty background 
labelling.  

    28.    For example, if a monoclonal mouse primary antibody was 
used, incubate with labelled secondary antisera raised against 
mouse immunoglobulins; if a rabbit polyclonal primary anti-
body was used, incubate with a labelled secondary antibody 
directed against rabbit immunoglobulins.  

    29.    Monitor the progress of colour development by periodic exam-
ination using a microscope. Stop development when speci fi cally 
labelled structures show deep red and before nonspeci fi c 
background labelling begins to occur.  
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    30.    Cell/tissue preparations will initially stain deep purple-red after 
immersion in Mayer’s haematoxylin. The stain changes to deep 
blue when exposed to mildly alkaline conditions (known as 
“bluing”). This is most commonly achieved by washing in 
the slightly alkaline tap water that is available in most areas. If 
“bluing” is unsuccessful owing to unusually acidic tap water, 
dip slides brie fl y in 1% v/v ammonia in tap water then wash in 
tap water.  

    31.    Take careful note of the appearance of the slides during this 
process. When slides are transferred from one solvent to the 
next, they initially appear smeary as the two solvents begin to 
mix. Vigorous agitation ensures that the slides equilibrate 
effectively with the new solvent. When they are equilibrated, 
the surface smearing will disappear. White clouding of the 
xylene (it appears “milky”) indicates contamination with 
water. Slides should be passed back through graded alcohols 
(absolute ethanol, 95, and 70% v/v ethanol) to tap water, 
 solvents should be discarded and replaced, and the process 
repeated.          
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    Chapter 2   

 Lectin Histochemistry to Detect Altered Glycosylation 
in Cells and Tissues       

         Susan   A.   Brooks       and    Debbie   M.S.   Hall      

  Abstract 

 Lectins are naturally occurring carbohydrate-binding molecules. A very wide range of puri fi ed lectins are 
commercially available which exhibit a diversity of carbohydrate-binding preferences. They can be used in 
the laboratory to detect carbohydrate structures on, or in, cells and tissues in much the same way that 
puri fi ed antibodies can be employed to detect cell- or tissue-bound antigens using immunocytochemis-
try. As lectins can distinguish subtle alterations in cellular glycosylation, they are helpful in exploring the 
glycosylation changes that attend both transformation to malignancy and tumour progression. In this chap-
ter, methodologies are given for appropriate preparation of many types of cell and tissue preparations, 
including cells cultured on coverslips (which can be used for live-cell imaging), cell smears, and frozen 
(cryostat) and  fi xed, paraf fi n wax-embedded tissue sections. Heat- and enzyme-based carbohydrate retrieval 
methods are covered. Basic detection methods, which can be readily adapted to the researcher’s needs, are 
given for direct (labelled lectin), simple indirect (labelled secondary antibody directed against the lectin), 
and avidin–biotin (biotinylated lectin) and avidin–biotin complex   . The use of both the enzyme label, 
horseradish peroxidase, and  fl uorescent labels is considered.  

  Key words:   Histochemistry ,  Lectin ,  Glycan ,  Frozen ,  FFPE tissue ,  Direct ,  Indirect    

 

  A lectin is a “protein or glycoprotein of non-immune origin, not an 
enzyme, that binds to carbohydrates and agglutinates cells”  (  1  ) . 
Lectins are naturally occurring substances, which occur ubiquitously 
in nature. Puri fi ed preparations used in laboratory research are most 
commonly derived from plant or, sometimes, invertebrate sources. 
They can be exploited in the laboratory to detect and reveal carbo-
hydrate structures in or on the surface of cells or, for example, as 
elements of glycoproteins separated and immobilised by SDS-PAGE 
and Western blotting, in very much the same way that antibodies 

  1.  Introduction

  1.1.  Lectins and Their 
Applications
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can be used to reveal speci fi c antigens. Lectins can detect subtle 
alterations in cellular glycosylation. This is of interest in metastasis 
research as there is evidence that marked glycosylation changes can 
attend both transformation to malignancy and tumour progression.  

  Lectins are named after the source from which they are derived—
sometimes the Latin name (for example,  Bandeirea simplicifolia  
lectin or  Dolichos bi fl orus  lectin), sometimes the common name 
(for example, peanut lectin or wheatgerm lectin), or sometimes by 
a slightly obscure historical term (for example, Concanavalin A or 
Con A for the lectin from  Canavalia ensiformis , the jack bean). 
The term lectin is used fairly interchangeably with the older term 
“agglutinin”, as in peanut agglutinin (PNA) or  Helix pomatia  
agglutinin (HPA). Lectins are often referred to by an abbreviation 
for their names, for example PNA or  Dolichos bi fl orus  agglutinin 
(DBA); obscurely, PHA which stands for phytohaemagglutinin is, 
for historical reasons, the abbreviation usually employed for the 
lectin derived from  Phaseolus vulgaris . Many sources yield more 
than one lectin, termed isolectins, which may have quite different 
carbohydrate binding speci fi cities (for example, the gorse,  Ulex 
europaeus , yields two major isolectins  Ulex europaeus  agglutinin I 
or UEA-I, which has a strong binding preference for fucose, and 
 Ulex europaeus  agglutinin II or UEA-II, which has a strong bind-
ing preference for  N -acetylglucosamine)   .  

  The sugar binding speci fi city of a lectin is usually quoted in terms 
of the monosaccharide (or sometimes the slightly more complex 
structure, perhaps a disaccharide) that most effectively inhibits its 
binding to its naturally occurring complex—often unde fi ned—
binding partners. For example, the lectin from the Roman snail, 
 Helix pomatia  (HPA), is said to have a monosaccharide binding 
speci fi city for  α - D - N -acetylgalactosamine, as does the lectin from 
the horse gram  Dolichos bi fl orus  (DBA). It is very important, however, 
to understand that the combining site of the lectin commonly 
encompasses more than the terminal monosaccharide (in this 
example,  α - D - N -acetylgalactosamine) in an oligosaccharide chain, 
and that lectins with nominally identical monosaccharide binding 
speci fi cities will actually recognise subtly different complex bind-
ing partners and will give quite different results in lectin histochem-
istry. In the example given above, HPA and DBA will give quite 
distinct labelling patterns in lectin histochemistry in spite of their 
apparent identical nominal binding speci fi cities.  

  Many hundreds of lectins are readily available, at modest cost, from 
commercial sources. Very few have well-de fi ned binding character-
istics, and little or nothing is known about some. In most cases, 
limited information, such as monosaccharide-binding preference, 
will be available. It is, therefore, often the case that the researcher 

  1.2.  Nomenclature 
of Lectins

  1.3.  Monosaccharide 
Binding Speci fi city 
and Natural Binding 
Partners

  1.4.  The Range 
of Lectins Available 
Commercially
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may need to test several lectins before the tool most ideally suited 
to the task is selected. 

 Although the literature abounds with lectin histochemical 
studies, surprisingly little useful data have yet been revealed by 
their use. This may be in the most part owing to the conservative 
nature of many lectin histochemical studies, which often concen-
trate on a limited panel of much-used and well-characterised lec-
tins, probably chosen for their nominal coverage of the major 
monosaccharides present in human tissues and often purchased as 
a convenient kit from one of the major suppliers. Progress seems 
more likely if researchers are more adventurous and use a broader 
spectrum of the lectins available.  

  Lectin histochemistry can be carried out on a range of different cell 
and tissue preparations, including, as described in this chapter, fro-
zen or cryostat sections of fresh tumour tissue, formalin- fi xed, 
paraf fi n wax-embedded surgical specimens, cells in suspension 
(either cultured cell lines or clinical samples, such as blood samples, 
ascites, or pleural effusions), and cultured cancer cell lines either 
grown on coverslips or pelleted,  fi xed, and processed to paraf fi n 
wax blocks. If cells or tissues are  fi xed and processed to paraf fi n 
wax, antigen retrieval methods (trypsinisation or heat-mediated 
retrieval methods) may assist the recovery of sequestered carbohy-
drates and improve labelling results signi fi cantly. 

 A very large number of histochemical labelling techniques are 
available for detection of lectin binding to cells and tissues. Each 
has advantages and disadvantages, and the simple and basic tech-
niques described here should all work well and give good results. 
Lectin binding may be visualised by either a  fl uorescent (especially 
suitable for fresh cell smears or cells cultured on coverslips) or an 
enzyme label which yields a coloured product (the enzyme label in 
the methods given here is horseradish peroxidase, which yields a 
deep chocolate brown product with the chromogenic substrate 
diaminobenzidine (DAB)/H 2 O 2 , but alternative enzyme labels, 
such as alkaline phosphatase are also commonly used). Detection 
methods range from the very straightforward, but relatively insen-
sitive, “direct method” to the more complex, multi-step, and more 
sensitive “avidin–biotin complex” (ABC) method. Other, even 
more sensitive, but further complex methods exist.  

  There are a number of major alterations in cellular glycosylation, 
detectable by lectin histochemistry, that appear to be of interest in 
metastasis research. This  fi eld is reviewed elsewhere  (  2–  4  ) . Some 
examples, to be brie fl y discussed here, include altered sialylation, 
increased synthesis of complex  β 1-6-branched  N -acetylglucosamine 
oligosaccharides (detected by the lectin PHA), and incomplete syn-
thesis and/or synthesis of truncated structures. It seems likely that 
in the rapidly advancing  fi eld of glycobiology, as the functions of 

  1.5.  The Range of 
Lectin Histochemistry 
Methods

  1.6.  Some Examples 
of Glycosylation 
Changes, Detectable 
by Lectin 
Histochemistry, of 
Interest in Metastasis 
Research
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complex carbohydrates and their interactions with their receptors 
become better understood, their relevance and interactions in the 
complex processes of metastasis will increasingly be revealed. 

  Sialic acids (neuraminic acids) are commonly found at the non-
reducing termini of oligosaccharide chains, and disturbances in 
sialylation associated with malignancy and tumour progression 
have been reported. Increased synthesis of sialylated structures, for 
example the sialylated form of the Tn epitope (sialyl Tn, sTn), sialyl 
Lewis A (sLe a ), and sialyl Lewis X (sLe x ), have been associated with 
malignancy and metastatic competence, as has over-expression of 
sialyltransferase enzymes involved in synthesis of sialylated struc-
tures  (  5–  8  ) . Conversely, other studies have correlated failure in 
sialylation mechanisms with experimental metastatic capacity  (  9  ) .  

  Increased synthesis of complex  β 1-6-branched oligosaccharides, 
detected by the lectin PHA, has been associated to increased meta-
static potential of tumour cells in a number of studies  (  10–  12  ) .  

  Incompletely synthesised or truncated carbohydrate structures, 
resulting from a failure in normal chain extension, are a feature of 
cancer cells. Attachment of a single  N -acetylgalactosamine residue 
to the polypeptide backbone yields a simple structure, known as 
the Tn antigen. This is extended in normal cells, either by addition 
of sialic acid to yield sialyl Tn (sTn) or addition of other monosac-
charides to build more complex structures. However, it is fre-
quently unelaborated in cancer where its presence has been 
described as a marker of poor prognosis and an interesting poten-
tial target for immunotherapy (see Subheading  2  for review).  Helix 
pomatia  lectin (HPA) recognises Tn and other oligosaccharides 
terminating in  α - D - N -acetylgalactosamine. Positive labelling of 
cancers by HPA using lectin histochemistry is associated with met-
astatic competence and poor patient survival in a range of human 
adenocarcinomas, including breast, colon, gastric, prostate, and 
oesophageal  (  13–  16  ) .    

 

      1.    Acetone.  
    2.    Acetone/silane: 7 ml 3-(triethoxysilyl)-propylamine (APES) in 

400 ml acetone; make fresh on the day of use. Discard after 
treating a maximum of 1,000 slides.  

    3.    Distilled water.      

  1.6.1.  Alterations 
in Sialylation

  1.6.2.  PHA Binding to Detect 
Complex  b 1-6-Branched 
Oligosaccharides

  1.6.3.  Incomplete 
Synthesis/Synthesis 
of Truncated Structures

  2.  Materials

  2.1.  Silane/APES 
Treatment 
of Microscope Slides 
( See   Note 1 )
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       1.    Chunk of fresh tissue approximately 0.5 cm 3  in size.  
    2.    OCT embedding medium.  
    3.    Isopentane.  
    4.    Liquid nitrogen.  
    5.    APES-coated clean glass microscope slides (see Note 1).  
    6.    Acetone.  
    7.    Aluminium foil.      

      1.    Paraf fi n wax-embedded tissue blocks (see Note 2).  
    2.    20% v/v ethanol (or industrial methylated spirits, IMS) in 

distilled water.  
    3.    APES-coated glass microscope slides (see Note 1).  
    4.    Xylene.  
    5.    Absolute ethanol or IMS.  
    6.    70% v/v ethanol or IMS in distilled water.  
    7.    Distilled water.      

      1.    Tris-buffered saline (TBS), pH 7.6: 60.57 g Tris, 87.0 g NaCl 
dissolved in 1 l distilled water. pH to 7.6 using concentrated 
HCl. Make up to a total volume of 10 l using distilled water.  

    2.    Trypsin solution: 1 mg/ml crude, type II trypsin, from por-
cine pancreas (see Note 3) in TBS, pH 7.6.      

      1.    Citrate buffer, pH 6.0: 2.1 g citric acid dissolved in 1 l distilled 
water. pH to 6.0 using concentrated NaCl.  

    2.    Distilled water.      

      1.    Cells in suspension (see Note 4).  
    2.    APES-coated glass microscope slides (see Note 1).  
    3.    Aluminium foil.  
    4.    Acetone.       

      1.    Cells should be cultured under standard conditions to 70% 
con fl uence or as appropriate.  

    2.    Cell culture medium, without foetal calf serum (FCS).  
    3.    Alcohol- or autoclave-sterilised round glass coverslips (13 mm 

diameter, thickness 0).  
    4.    Piperazine- N , N  ¢ -bis-[2-ethanesulfonic acid] (PIPES) buffer 

0.2 M, pH 6.9: Stir 12.1 g PIPES into 50 ml ultrapure water 
to give a cloudy solution. Add approximately 40 ml 1 M NaOH 
and the solution should clear. Check pH and adjust to 6.9, if 

  2.2.  Cell and Tissue 
Preparations

  2.2.1.  Frozen or Cryostat 
Sections

  2.2.2.  Fixed, Paraf fi n 
Wax-Embedded Sections

  2.2.3.  Carbohydrate Retrieval 
from Fixed, Paraf fi n 
Wax-Embedded Sections; 
Trypsinisation

  2.2.4.  Carbohydrate 
Retrieval from Sections 
Using Heat

  2.2.5.  Cell Smears

  2.3.  Preparing 
Cultured Cells 
on Coverslips
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necessary, using 1 M NaOH. Add ultrapure water to give a 
 fi nal volume of 200 ml.  

    5.    PIPES buffer 0.1 M, pH 6.9: Prepare 0.2 M PIPES buffer, as 
above, but add ultrapure water to give a total volume of 400 ml, 
instead of 200 ml, or take a small volume, e.g. 50 ml of 0.2 M 
PIPES buffer, and dilute 1:1 with ultrapure water.  

    6.    3% v/v paraformaldehyde in 0.1 M PIPES buffer, pH 6.9: 
Place 3 g paraformaldehyde in a 250-ml conical  fl ask, add 
30 ml ultrapure water, loosely stopper, and heat on a 60°C 
hotplate, in a fume cupboard, for about 30 min to give a cloudy 
solution. Add 1 M NaOH (the purest grade), with continual 
stirring, until the solution clears. Add ultrapure water to give a 
total volume of 50 ml, and then add 50 ml 0.2 M PIPES buffer, 
pH 6.9 (see above). Divide into 10-ml aliquots and store 
frozen. Defrost in warm water bath for use.  

    7.    0.1% v/v Triton X-100 in 0.1 M PIPES buffer, pH 6.9.      

      1.    Cells cultured to 70% con fl uence under standard conditions.  
    2.    Cell medium, without FCS.  
    3.    4% v/v formol saline in distilled water, at 4°C: Dissolve 4.25 g 

NaCl in 500 ml of a 4% v/v formaldehyde solution in distilled 
water.  

    4.    Lectin buffer: 60.57 g Tris, 87.0 g NaCl, 2.03 g MgCl 2 , 1.11 g 
CaCl 2  dissolved in 1 l distilled water. pH to 7.6 using concen-
trated HCl. Make up to a total volume of 10 l using distilled 
water (see Note 5).  

    5.    4% w/v agarose in lectin buffer: Suspend 4 g low-gelling-
temperature agarose in 100 ml lectin buffer and heat gently (in 
a water bath or microwave oven, with regular stirring) until the 
agarose dissolves (approximately 60°C). Cool to approximately 
37–40°C (the agarose should thicken slightly as it begins to gel) 
for use.      

      1.    Methanol/hydrogen peroxide solution: 3% v/v hydrogen per-
oxide in methanol. Make up fresh every 2–3 days.      

       1.    Fluorescently labelled lectin, for example  fl uorescein isothio-
cyanate (FITC)- or tetramethylrhodamine (TRITC)-labelled 
lectin.  

    2.    Lectin buffer: 60.57 g Tris, 87.0 g NaCl, 2.03 g MgCl 2 , 1.11 g 
CaCl 2  dissolved in 1 l distilled water. pH to 7.6 using concen-
trated HCl. Make up to a total volume of 10 l using distilled 
water (see Note 5).      

  2.4.  Preparing 
Cultured Cells in Cell 
Pellets or Appropriate, 
for Paraf fi n Wax 
Embedding

  2.5.  Quenching 
Endogenous Peroxidase

  2.6.  Labelling Methods

  2.6.1.  Direct Fluorescent 
Label Method
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      1.    Horseradish peroxidase-labelled lectin.  
    2.    Lectin buffer: 60.57 g Tris, 87.0 g NaCl, 2.03 g MgCl 2 , 

1.11 g CaCl 2  dissolved in 1 l distilled water. pH to 7.6 using 
concentrated HCl. Make up to a total volume of 10 l using 
distilled water (see Note 5).  

    3.    DAB-H 2 O 2 : 3,3-diaminobenzidine tetrahydrochloride, 0.5 mg/
ml, in lectin buffer. Add H 2 O 2  to give a concentration of 5% v/v 
immediately before use (see Notes 6–8).  

    4.    Mayer’s haematoxylin (see Note 9).      

      1.    Biotin-labelled lectin.  
    2.    Lectin buffer: 60.57 g Tris, 87.0 g NaCl, 2.03 g MgCl 2 , 1.11 g 

CaCl 2  dissolved in 1 l distilled water. pH to 7.6 using concen-
trated HCl. Make up to a total volume of 10 l using distilled 
water (see Note 5).  

    3.    Streptavidin labelled with horseradish peroxidase.  
    4.    DAB-H 2 O 2 : 3,3-diaminobenzidine tetrahydrochloride, 0.5 mg/

ml, in lectin buffer. Add H 2 O 2  to give a concentration of 5% v/v 
immediately before use (see Notes 6–8).  

    5.    Mayer’s haematoxylin (see Note 9).      

      1.    Native, unlabelled lectin.  
    2.    Lectin buffer: 60.57 g Tris, 87.0 g NaCl, 2.03 g MgCl 2 , 1.11 g 

CaCl 2  dissolved in 1 l distilled water. pH to 7.6 using concen-
trated HCl. Make up to a total volume of 10 l using distilled 
water (see Note 5).  

    3.    Peroxidase-labelled rabbit polyclonal antibody directed against 
the lectin (see Note 10).  

    4.    DAB-H 2 O 2 : 3,3-diaminobenzidine tetrahydrochloride, 0.5 mg/
ml, in lectin buffer. Add H 2 O 2  to give a concentration of 5% v/v 
immediately before use (see Notes 6–8).  

    5.    Mayer’s haematoxylin (see Note 9).      

      1.    Biotin-labelled lectin.  
    2.    Lectin buffer: 60.57 g Tris, 87.0 g NaCl, 2.03 g MgCl 2 , 1.11 g 

CaCl 2  dissolved in 1 l distilled water. pH to 7.6 using concen-
trated HCl. Make up to a total volume of 10 l using distilled 
water (see Note 5).  

    3.    Horseradish peroxidase ABC (see Note 11).  
    4.    DAB-H 2 O 2 : 3,3-diaminobenzidine tetrahydrochloride, 

0.5 mg/ml, in lectin buffer. Add H 2 O 2  to give a concentration 
of 5% v/v immediately before use (see Notes 6–8).  

    5.    Mayer’s haematoxylin ( see   Note 9 ).       

  2.6.2.  Direct Horseradish 
Peroxidase Label Method

  2.6.3.  Biotin-Labelled 
Lectin: Simple 
Avidin–Biotin Method

  2.6.4.  Indirect Antibody 
Method

  2.6.5.  Avidin–Biotin 
Complex Method
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      1.    70% v/v ethanol or IMS in distilled water.  
    2.    100% ethanol or IMS.  
    3.    Xylene.  
    4.    Xylene-based mounting medium, for example “Depex”.  
    5.    Coverslips.       

 

      1.    Place up to a maximum of 1,000 clean glass microscope slides 
in slide carriers.  

    2.    Place the  fi rst slide carrier in a trough containing enough acetone 
to cover the slides, and leave for 5 min.  

    3.    Transfer, smoothly and without agitation, to a trough contain-
ing enough acetone/APES to cover the slides, and leave for 
5 min.  

    4.    Transfer, smoothly and without agitation, to a trough con-
taining enough distilled water to cover the slides, and leave for 
5 min. Discard the water and replace with fresh after  fi ve carri-
ers of slides have passed through.  

    5.    Transfer, smoothly and without agitation, to a second trough 
of distilled water, and leave for 5 min. Discard the water and 
replace with fresh after  fi ve carriers of slides have passed 
through.  

    6.    Transfer to absorbent paper and allow to drain.  
    7.    Allow to dry thoroughly—either at room temperature or more 

quickly in a suitable incubator, glass drying cabinet, or oven.  
    8.    When completely dry, store in labelled boxes until required.      

  Cells and tissues can be prepared in a number of different ways for 
lectin histochemistry. Some of the most common and more useful 
preparations are listed below. 

      1.    Using a sharp, clean blade, cut a solid tissue block of approxi-
mately 0.5 cm 3  (see Note 12).  

    2.    Place the tissue on an OCT-coated cryostat chuck (see Note 
13).  

    3.    Using long-handled tongs, pick up the chuck and immerse 
chuck and tissue in isopentane pre-cooled in liquid nitrogen 
for approximately 1–2 min (see Note 14).  

    4.    Place the frozen chuck in the cabinet of the cryostat and leave 
to equilibrate for approximately 30 min.  

  2.7.  Dehydration, 
Clearing, and 
Mounting Slides 
for Viewing by 
Microscopy

  3.  Methods

  3.1.  APES Treatment 
of Microscope Slides 
( See   Note 1 )

  3.2.  Different Types 
of Cellular and Tissue 
Preparations

  3.2.1.  Frozen or Cryostat 
Sections
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    5.    Using the cryostat, cut 5- μ m-thick sections and pick them up 
on APES-coated (see Note 1) clean glass microscope slides. 
Allow to air-dry for approximately 5 min.  

    6.    Sections may then either be stored until required by wrapping 
individually in aluminium foil and storing in the freezer or may 
be used at once. If stored frozen, allow to thaw and equilibrate 
to room temperature before use.  

    7.    Immediately before use, dip slides in acetone for 1 min and 
air-dry for approximately 5 min.      

      1.    Cool wax-embedded tissue blocks on ice for approximately 
15 min.  

    2.    Cut 5- μ m-thick sections by microtome (see Note 15).  
    3.    Float sections out on a pool of 20% v/v ethanol in distilled 

water on a clean glass plate supported by a suitable receptacle, 
such as a glass beaker or a jar (see Note 16).  

    4.    Carefully transfer the sections,  fl oating on the alcohol, onto 
the surface of a water bath heated to 40°C—they should puff 
out and become  fl at (see Note 17).  

    5.    Separate out individual sections very gently using the tips of 
 fi ne, bent forceps.  

    6.    Pick up individual sections on clean, APES-coated glass micro-
scope slides (see Note 1).  

    7.    Allow slides to drain by upending them on a sheet of absorbent 
paper for 5–10 min.  

    8.    Dry slides either in a 37°C incubator overnight or on a hot-
plate at 60°C for 20 min. Slides may then be cooled, stacked, 
or boxed, and stored at room temperature in a dust-tight con-
tainer until required.  

    9.    When required, soak slides in xylene for approximately 15 min 
to remove the paraf fi n wax.  

    10.    Transfer through two changes of absolute ethanol or IMS, 
then through one change of 70% v/v ethanol or IMS in dis-
tilled water, and then distilled water, agitating the slides vigor-
ously for 1–2 min at each stage to equilibrate (see Note 18).      

      1.    Immerse slides in trypsin solution at 37°C, in an incubator or 
water bath, for 5–30 min (see Notes 3 and 20).  

    2.    Wash in running tap water for 5 min.      

      1.    Immerse slides in citrate buffer, pH 6.0, in a suitable microwave-
safe container, such as a plastic sandwich box (see Note 21).  

    2.    Place in a conventional microwave oven and heat on full power 
until the buffer boils.  

  3.2.2.  Fixed, Paraf fi n 
Wax-Embedded Sections

  3.2.3.  Trypsinisation 
for Carbohydrate Retrieval 
( See   Note 19 )

  3.2.4.  Heat-Mediated 
Carbohydrate Retrieval



40 S.A. Brooks and D.M.S. Hall

    3.    Reduce the power to “simmer” or “defrost” for 5 min so that 
the buffer simmers gently. After 5 min, check the level of the 
buffer, and top up with hot distilled water if necessary. Heat on 
“simmer” or “defrost” for a further 5 min.  

    4.    Allow slides to cool at room temperature for 30 min (see 
Note 22).  

    5.    Wash in running tap water for 5 min.      

      1.    Place a drop of cells in suspension approximately 5 mm from 
one end of a clean APES-coated glass microscope slide (see 
Note 1).  

    2.    Place a second clean APES-coated glass microscope slide on 
top of the  fi rst, allowing approximately 1 cm of glass to pro-
trude at either end and allowing the drop to spread between 
the two slides.  

    3.    Drag one slide over the other in a rapid, smooth movement, 
spreading the cells in a thin smear over the surface of both 
slides.  

    4.    Air-dry the slides for approximately 5 min. They may then be 
used at once or wrapped individually in foil and stored in a 
freezer until required. If stored frozen, allow to thaw to room 
temperature before use.  

    5.    When ready for use,  fi x by dipping in acetone for 1 min and 
air-dry.      

       1.    Wash cultured cells, grown to 70% con fl uence, in fresh 
medium.  

    2.    Aspirate and discard the medium.  
    3.    Scrape cells from the  fl ask using a rubber scraper and re-suspend 

in fresh medium.  
    4.    Count cells, and subculture 1 × 10 5  cells into Petri dishes.  
    5.    Place sterile coverslips in Petri dishes, and allow cells to prolif-

erate for 24 h at 37°C under 5% CO 2 .  
    6.    Carefully remove coverslips using  fi ne forceps or the edge of a 

scalpel blade.  
    7.    Place coverslips, cell side up, onto a piece of dental wax or 

Para fi lm for support, and cover each with 100  μ l cold 3% v/v 
paraformaldehyde in 0.1 M PIPES buffer, pH 6.9, for 
15 min.  

    8.    Wash thoroughly in 0.1 M PIPES buffer, pH 6.9.  
    9.    Permeabilize in 0.1% (v/v) Triton X-100 (diluted in 0.1 M 

PIPES buffer, pH 6.9) for 10 min (see Note 23).  
    10.    Wash thoroughly in 0.1 M PIPES buffer, pH 6.9.      

  3.2.5.  Cell Smears

  3.2.6.  Methods for 
Preparing Cultured Cells

   Grown on Coverslips
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      1.    Wash cultured cells, grown to 70% con fl uence, in several 
changes of fresh medium without FCS.  

    2.    Scrape cells from the  fl ask using a rubber scraper.  
    3.    Transfer to a 50-ml centrifuge tube and centrifuge at 1,100 ×  g  

for 5 min to pellet the cells.  
    4.    Gently re-suspend the pellet (see Note 24) in fresh medium 

without FCS, and centrifuge at 1,100 ×  g  for 5 min. Repeat.  
    5.    Aspirate the supernatant and discard.  
    6.    Gently re-suspend the cell pellet (see Note 24) in 4% v/v formol 

saline for 2 h at 4°C to  fi x the cells.  
    7.    Centrifuge, as previously, aspirate, and discard the supernatant.  
    8.    Wash the cell pellet in three changes of lectin buffer—centrifuge, 

aspirate, and discard the supernatant, add fresh buffer, and re-
suspend the cells, as previously.  

    9.    Gently re-suspend the cell pellet in a drop of warm (37°C) liquid 
agarose and allow to set at room temperature (see Note 25).  

    10.    Process the cell/agarose pellets for paraf fi n wax embedding 
and then cut sections as detailed in Subheading  3.2.2 . 
Carbohydrate retrieval methods (Subheading  3.2.3  and  3.2.4    ) 
may be appropriate.        

      1.    Immerse slides in methanol/hydrogen peroxide solution for 
20 min.  

    2.    Wash in running tap water for approximately 5 min.   
   3.    Proceed to Subheading  3.4.6 .      

       1.    Incubate slides with  fl uorescently labelled lectin at a concentra-
tion of 10  μ g/ml in lectin buffer, in a humid chamber, for 1 h 
(see Note 29).  

    2.    Wash in three changes of lectin buffer (see Note 30).   
   3.     Proceed to Subheading  3.4.6 .      

      1.    Incubate slides with horseradish peroxidase-labelled lectin at a 
concentration of 10  μ g/ml in lectin buffer, in a humid cham-
ber (e.g. a sandwich box lined with damp  fi lter paper), for 1 h 
(see Note 29).  

    2.    Wash in three changes of lectin buffer (see Note 30).  
    3.    Incubate with DAB-H 2 O 2  for 10 min (see Notes 6–8).  
    4.    Wash in running tap water for 5 min.  
    5.    Counterstain in Mayer’s haematoxylin for 2 min (see Note 9).  
    6.    “Blue” in running tap water for approximately 5 min 

(see Note 32).   
   7.    Proceed to Subheading  3.4.6 .      

   Fixed and Processed for 
Paraf fi n Wax Embedding

  3.3.  Quenching 
Endogenous Peroxidase  
( See   Note 26 )

  3.4.  Examples of Some 
Histochemical 
Labelling Techniques 
( See   Note 27 )

  3.4.1.  Direct Fluorescent 
Label Method ( See   Note 28 )

  3.4.2.  Direct Horseradish 
Peroxidase Label Method 
( See   Note 31 )
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      1.    Incubate slides with biotin-labelled lectin at a concentration of 
10  μ g/ml in lectin buffer, in a humid chamber, for 1 h (see 
 Note 29 ).  

    2.    Wash in three changes of lectin buffer (see Note 30).  
    3.    Incubate with streptavidin labelled with peroxidase at a con-

centration of 5  μ g/ml in lectin buffer, in a humid chamber, 
for 30 min.  

    4.    Wash in three changes of lectin buffer (see Note 30).  
    5.    Incubate with DAB-H 2 O 2  for 10 min (see Notes 6–8).  
    6.    Wash in running tap water for 5 min.  
    7.    Counterstain in Mayer’s haematoxylin for 2 min (see Note 9).  
    8.    “Blue” in running tap water for approximately 5 min (see 

Note 32).   
   9.    Proceed to Subheading  3.4.6 .      

      1.    Incubate slides with unlabelled lectin at a concentration of 
10  μ g/ml in lectin buffer, in a humid chamber, for 1 h (see 
Note 29).  

    2.    Wash in three changes of lectin buffer (see Note 30).  
    3.    Incubate with horseradish peroxidase-labelled rabbit poly-

clonal antibody directed against the lectin, at a dilution of 
1/100 in lectin buffer, in a humid chamber, for 1 h.  

    4.    Wash in three changes of lectin buffer (see Note 30).  
    5.    Incubate with DAB-H 2 O 2  for 10 min (see Notes 6–8).  
    6.    Wash in running tap water for 5 min.  
    7.    Counterstain in Mayer’s haematoxylin for 2 min (see Note 9).  
    8.    “Blue” in running tap water for approximately 5 min (see Note 32).   
   9.    Proceed to Subheading  3.4.6 .      

      1.    Incubate slides with biotin-labelled lectin at a concentration of 
10  μ g/ml in lectin buffer, in a humid chamber, for 1 h (see 
Note 29).  

    2.    Wash in three changes of lectin buffer (see Note 30).  
    3.    Incubate with horseradish peroxidase ABC, prepared accord-

ing to the manufacturer’s instructions (see Note 11) in a humid 
chamber, for 30 min.  

    4.    Wash in three changes of lectin buffer (see Note 30).  
    5.    Incubate with DAB-H 2 O 2  for 10 min (see Notes 6–8).  
    6.    Wash in running tap water for 5 min.  
    7.    Counterstain in Mayer’s haematoxylin for 2 min (see Note 9).  
    8.    “Blue” in running tap water for approximately 5 min (see 

Note 32).  
    9.    Proceed to Subheading  3.4.6 .      

  3.4.3.  Biotin-Labelled 
Lectin: Simple 
Avidin–Biotin Method 
( See   Note 33 )

  3.4.4.  Indirect Antibody 
Method ( See   Note 10 )

  3.4.5.  Avidin–Biotin 
Complex Method 
( See   Note 34 )
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      1.    Dehydrate by passing through 70% v/v ethanol or IMS spirit 
in distilled water, then two changes of 100% ethanol or IMS, 
and then clear in xylene. Agitate slides for 1–2 min at each 
stage to equilibrate.  

    2.    Horseradish peroxidase-labelled slides should be mounted in 
a xylene-based mounting medium, for example Depex. 
Fluorescently labelled slides should be mounted in a com-
mercially available fade-resistant mounting medium.       

      1.    Positive control: A cell or tissue preparation that is known to 
give positive labelling from a previous experiment makes the 
ideal positive control. If this is not possible, kidney—either 
human or animal—makes an excellent positive control for 
labelling with many lectins owing to its diverse glycosylation 
patterns.  

    2.    Negative control: Omit the lectin. Labelling should be com-
pletely abolished.  

    3.    Con fi rmation of speci fi city: Add 0.1–0.5 M monosaccharide 
for which the lectin shows the greatest af fi nity (for example, 
for  Ulex europaeus  isolectin I, add fucose; for  Helix pomatia  
lectin, add  N -acetylgalactosamine) to the lectin solution, at its 
working dilution, about 30 min prior to incubation with the 
cell or tissue preparation (see Note 36).      

  Slides should be viewed using a light or  fl uorescence microscope. 
Good labelling is indicated by a strong speci fi c label (either deep 
brown for horseradish peroxidase/DAB or  fl uorescent), low, or 
preferably non-existent, background, and non-speci fi c labelling 
(see Note 37). Omission of the lectin should abolish labelling com-
pletely. The competitive inhibition experiment with an appropriate 
monosaccharide should abolish or at least dramatically diminish 
labelling. 

 It is often helpful to score labelling on an arbitrary scale, where 
the observer estimates the percentage of cells, for example cancer 
cells, labelled (10%, 50%, 95%, etc.) and the intensity of labelling 
on a scale of − (no labelling at all), +− (very weak labelling), and + 
(weak but de fi nite labelling) to ++++ (extremely intense labelling) 
to give results ranging from completely negative to    100% ++++.   

 

     1.    APES alters the electrical charge on the glass of the microscope 
slide so that cell and tissue preparations adhere much more 
 fi rmly. We routinely APES treat all our microscope slides before 
use. It is absolutely essential if slides are to be subjected to 

  3.4.6.  Dehydration, 
Clearing, and Mounting 
Slides for Viewing by 
Microscopy ( See   Note 35 )

  3.5.  Positive and 
Negative Controls 
and Con fi rmation of 
Speci fi city of Labelling

  3.6.  Interpretation 
of Labelling Results

  4.  Notes
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heat-mediated retrieval methods as the aggressiveness of the 
treatment will otherwise dislodge even the best cell/tissue 
preparation. It is desirable, but not essential, for other applica-
tions. Alternative, commercial, brand-named preparations are 
also available, but are more expensive. Other adhesives, for 
example glycerol gelatin or poly- L -lysine, will also improve 
adherence of cells/tissues to slides but are not as effective and 
are inadequate for preparations that are to be subjected to 
heat-mediated retrieval methods. Once acetone/APES solu-
tion is prepared, it should be used the same day and then dis-
carded. 400 ml acetone/7 ml APES is suf fi cient to treat up to 
about 1,000 microscope slides; it is, therefore, a good idea to 
treat a batch of 1,000 slides, and then store them for use as 
required.  

    2.    Paraf fi n wax-embedded tissue blocks are often the most conve-
nient source of material for clinical studies as tumour speci-
mens are routinely  fi xed in formalin and processed to paraf fi n 
wax for sectioning, labelling, and histopathological diagnosis 
in most clinical centres. Such blocks are often stored in hospi-
tal archives for years or decades, providing a hugely valuable 
resource for retrospective studies on glycosylation as related to 
the metastatic potential of tumours.  

    3.    Crude, type II trypsin from porcine pancreas works best as the 
presence of impurities (e.g. chymotrypsin) assists its effect. Do 
not use purer (and more expensive!) products.  

    4.    Any cells in suspension are suitable—for example, blood, can-
cer cells in ascites or in pleural effusions taken from patients or 
animal models, cells derived from solid tissue tumours and 
released into suspension, or cultured cells in suspension.  

    5.    Lectin buffer is TBS with CaCl 2  and MgCl 2  added, and is good 
for all lectin histochemistry applications. We recommend it for 
all dilutions and washes. Many lectins are known to require 
Ca 2+  and Mg 2+  to stabilise their carbohydrate-binding site(s). 
The requirements of other lectins remain unknown. As a start-
ing point, it is most inadvisable to use phosphate-buffered saline 
(PBS) for lectin histochemistry as the phosphate ions may bind 
with and sequester metal ions from the lectin-binding    sites.  

    6.    DAB is potentially carcinogenic and should be handled with 
care. Wear gloves. Avoid spillages and aerosols. Work in a fume 
cupboard. After use, soak all glassware, etc. in a dilute solution 
of bleach overnight before washing. Wash down worktops with 
dilute bleach after use. Clean up spillages with excess water, 
and then wash with dilute bleach.  

    7.    DAB is available in dropper bottle kit form from major suppliers. 
This is more expensive than preparing solutions from powdered 
reagent, but is convenient and safer.  
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    8.    We usually make a concentrated DAB stock solution at 
5 mg/ml in lectin buffer and freeze in a 1-ml aliquot in 10-ml 
plastic screw-top tubes until required. This minimises the risk 
associated with weighing out powder.  

    9.    Mayer’s haematoxylin: A number of different haematoxylin 
solutions are commercially available. We  fi nd Mayer’s, which is 
a progressive stain, convenient, although other types are equally 
effective.  

    10.    Peroxidase-labelled rabbit polyclonal antibodies against lectins: 
Only a very limited range of polyclonal antisera against lectins 
are available commercially, so lack of availability may limit the 
application of this method.  

    11.    ABC is available from major suppliers, often as convenient 
dropper bottle kits. Avidin has four binding sites for biotin. 
Avidin and labelled biotin are mixed together in such a ratio 
that three of the possible four binding sites on avidin are satu-
rated with labelled biotin, leaving one free to combine with the 
biotin label attached to the lectin. To use these, follow the 
manufacturer’s instructions; these usually require that the avi-
din and labelled biotin solutions are mixed together in the 
appropriate ratio at least 30 min prior to use.  

    12.    When cutting tissue, use a very sharp blade, for example a new 
razor blade or scalpel, and use single,  fi rm, swift, downwards 
stokes. Do not hack at the tissue and avoid crushing it as this 
will result in poor morphology. Cut the tissue into a geometri-
cal shape with straight edges, preferably a square, as this will 
make sectioning easier.  

    13.    OCT acts as a support for the tissue block during sectioning. 
Embed the tissue block in a generous pool of it. Align the tis-
sue block, in the OCT, with one of its straight edges parallel 
with the cutting edge of the chuck, as this will make sectioning 
easier.  

    14.    It is possible to freeze the tissue block in other ways—for 
example, by immersing in liquid nitrogen, using a commer-
cially available freezing spray, blasting with CO 2  gas, or even 
simply placing it in the chamber of the cryostat until frozen. 
However, to obtain optimum morphological integrity, the tis-
sue should be frozen as rapidly as possible, avoiding the forma-
tion of ice crystals, and the best way is to immerse in isopentane 
pre-cooled in liquid nitrogen. Hexane pre-cooled in liquid 
nitrogen is also very good. Isopentane/hexane are far better 
conductors of heat than liquid nitrogen alone and, therefore, 
facilitate extremely rapid and effective freezing. Safety note: 
Take appropriate precautions when using liquid nitrogen and 
solvents.  
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    15.    Most tissues can be cut effectively when very    cold. Ice (for 
example, an ice cube) should be applied to the surface of the 
tissue block every few minutes during cutting.  

    16.    During this step, if small creases or wrinkles are observed in the 
sections, these will  fl atten out. Gentle manipulation using, for 
example, a soft paintbrush and/or forceps can aid this.  

    17.    If sections remain wrinkled, it may indicate that the water is 
slightly too cold. If the wax begins to melt, it is too hot.  

    18.    When slides are transferred from one solvent to the next, they 
initially appear “smeary” as the two solvents begin to mix. 
Vigorous agitation, i.e. “sloshing them up and down”, ensures 
that the slides equilibrate effectively with the new solvent. 
When they are equilibrated, the surface smearing will disap-
pear. If white  fl ecks or patches become visible around the sec-
tions, this indicates that the wax has not been adequately 
removed—return the sections to xylene for a further 10–15 min. 
A common cause of poor labelling results is inadequate removal 
of paraf fi n wax.  

    19.    Carbohydrate retrieval methods: In some cases, if the lectin 
histochemistry results on the  fi xed, paraf fi n wax-embedded 
tissues are disappointing, it may be because the carbohydrate 
moieties have been sequestered during tissue  fi xation and pro-
cessing to paraf fi n wax. Results can often be improved by car-
bohydrate retrieval techniques, including trypsinisation or heat 
treatment. It is not possible to predict if carbohydrate retrieval 
methods will be effective or which to choose; try both and 
select which conditions work best for your application (other 
heat-mediated retrieval methods, such as heating using an 
autoclave or pressure cooking, may also be appropriate). N.B.: 
These methods are not appropriate for fresh cell/tissue prepa-
rations, such as frozen sections or cell smears.  

    20.    Pre-warm all glassware, solutions, etc. to 37°C before use. 
Make up trypsin solution fresh immediately before use; trypsin 
will autolyse (self-digest) and lose activity over time. Initially, 
try a range of trypsinisation times, e.g. 0, 5, 10, 20, and 30 min. 
Incubation times of >30 min are not recommended as visible 
damage to tissue morphology becomes apparent.  

    21.    Slides can conveniently be placed in commercially available 
slide carriers, which typically hold up to about 25 slides, or 
upright in Coplin jars. Do not overcrowd slides as this results 
in “hot spots” and uneven carbohydrate retrieval. When using 
microwave heat retrieval methods, do not use metal slide 
carriers!  

    22.    The cooling down period is part of the retrieval method and 
should not be skipped.  
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    23.    If cell surface carbohydrates only are of interest, this and 
subsequent steps may be omitted.  

    24.    To re-suspend cells, either vortex in short sharp bursts or tap 
the tube sharply. Do not suck the cells up and down in a pipette 
as this will damage them.  

    25.    To suspend cells in liquid agarose at 37°C, pre-warm a glass 
pipette to 37°C and transfer cells to a small drop (approxi-
mately 0.5 ml) of agarose in a small plastic tube, such as a 1.5-ml 
Eppendorf tube. Tap the tube several times sharply to mix. 
Leave agarose to set at room temperature for approximately 
30 min. The agarose/cell pellet can be removed by either 
cutting the plastic tube away or dislodging the pellet from the 
tube using a syringe needle or pin.  

    26.    If horseradish peroxidase is used to visualise lectin binding, 
endogenous peroxidase enzyme within the cell or tissue prepa-
ration may contribute to non-speci fi c and confusing labelling. 
This may be overcome by quenching endogenous enzyme. 
Endogenous peroxidase is usually quenched immediately prior 
to incubation with the lectin. This step is not required if 
 fl uorescent labels are used. Other enzyme labels, for example 
alkaline phosphatase, are also commonly used and, although 
these will not require this step, they may require their own 
blocking procedure.  

    27.    A large number of different histochemical techniques can be 
used to detect lectin binding to cell and tissue preparations. 
The choice of technique is dependent on the type of label 
preferred by the experimenter— fl uorescent or enzyme 
(coloured)—and the balance between quick, simple techniques 
which generally lack sensitivity and the more sensitive tech-
niques which tend to be more time consuming, contain more 
steps, and require more reagents (and are, therefore, slightly 
more expensive). All methods given here should give good 
results. Other methods also exist. The methods    described in 
chapter 1 by Brooks in this volume can be readily adapted for 
use with lectins instead of primary antibodies using the general 
guidelines given in this chapter.  

    28.    Fluorescent labels can give exceptionally beautiful results, but 
the  fl uorescence is ephemeral and preparations should be viewed 
(and if a permanent record is required, photographed) as soon 
as possible after labelling. Slides can be stored in a refrigerator, 
in the dark, for up to about 6 months, but some preparations 
will deteriorate signi fi cantly during that time. The  fl uorescence-
based method described is especially good for cells in suspension 
and cell smears. It may also be used for tissue sections, and use 
of a commercially available  fl uorescent nuclear counterstain is 
then recommended to aid interpretation of tissue morphology.  
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    29.    Lectins are usually purchased as a puri fi ed powdered product. 
We routinely solubilise the powder in lectin buffer to give a 
stock solution of 1 mg/ml, which is stable in a refrigerator for 
several months. Lectin stock solution can then be diluted to the 
optimum working dilution as required. It is best practice to 
prepare working solutions immediately prior to use and discard 
unused solution at the end of the experiment. A working con-
centration of 10  μ g/ml is often the optimal concentration for 
most lectin histochemistry. It may be a good idea to try a range 
of concentrations, e.g. 2.5, 5, 10, 20, and 40  μ g/ml, to assess 
which gives the best results.  

    30.    We recommend vigorous washing in three changes of lectin 
buffer. Each wash should consist of vigorous “sloshing up and 
down” of slides in buffer for about 30 s–1 min, and then allow-
ing slides to stand in the buffer for about 4 min. Insuf fi cient 
washing, in particular omitting one or more changes of buffer, 
can result in unacceptably high levels and dirty background 
labelling.  

    31.    This method has the advantage of being quick, simple, and 
straightforward. It lacks the sensitivity of some of the longer, 
multi-step, and avidin–biotin methods. We have found that 
horseradish peroxidase-labelled lectins can sometimes give 
subtly different binding results to native (unlabelled) or biotin-
labelled lectins, possibly owing to stearic    hindrance of lectin 
binding site by the relatively large peroxidase molecule  (  17  ) .  

    32.    Mayer’s haematoxylin is a port-wine red colour, and cell/tissue 
preparations will stain purple/red after immersion in it. The 
haematoxylin changes to a deep blue when exposed to mildly 
alkaline conditions (known as “bluing”). The mild alkalinity of 
tap water is usually suf fi cient. If bluing is unsuccessful owing to 
unusually acidic tap water, soak slides instead in tap or distilled 
water to which a few drops of ammonia or sodium hydroxide 
have been added.  

    33.    This is a really useful method and is highly recommended for 
most applications; it is also quick, straightforward, and sensi-
tive, generally giving good results. The biotin label appears to 
be small enough not to interfere with the combining site of the 
lectin and therefore does not appear, in our hands, to alter its 
binding characteristics  (  17  )  (see Note 31).  

    34.    This is a very sensitive method that gives good, clean results. 
It should be employed when the simpler methods, for example 
the simple avidin–biotin method, give weak labelling.  

    35.    After labelling, slides are in an aqueous medium. Before they 
can be mounted in a xylene-based mounting medium, they must 
therefore be dehydrated through graded alcohols and cleared 
in xylene. Aqueous mounting media are also commercially 
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available which, historically, tended to give inferior results to 
xylene-based mounting media. Some of the modern ones are, 
however, very good and may be used instead without the need 
for dehydration and clearing.  

    36.    For a few lectins, this may not be possible as they are only 
inhibited by complex sugars, not monosaccharides (consult 
manufacturer’s literature). If this is the case, inhibition with a 
heavily glycosylated glycoprotein, e.g. fetuin or asialofetuin, 
should give effective inhibition, as should incubation of the 
lectin in the presence of 5% v/v normal (human or animal) 
serum.  

    37.    If dirty, non-speci fi c background labelling is observed, this 
may indicate inadequate washing between stages in the label-
ling protocol (see Note 30). If careful attention to washing 
does not satisfactorily limit background labelling, incorpora-
tion of a blocking agent into lectin, antibody, and streptavidin–
horseradish peroxidase solutions may be indicated. The simplest 
and most effective blocking agent is to include 3% w/v bovine 
serum albumin. Normal serum, often used as a blocking agent 
in immunocytochemistry, is not appropriate as the many heavily 
glycosylated molecules present will effectively inhibit speci fi c 
labelling.          
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    Chapter 3   

 Histopathological Assessment of Metastasis       

         Derek   E.   Roskell       and    Ian   D.   Buley      

  Abstract 

 In spite of advances in the  fi elds of immunohistochemistry and molecular biology, in clinical practice much 
of the assessment of metastases still relies on light microscopy using conventional histological stains. This is 
not so much a re fl ection of a reluctance by histopathologists to adopt new techniques, but more an indica-
tion that for most malignancies an enormous amount of useful prognostic data can be gained from relatively 
unsophisticated assessment of tissues, and that many of the strongest studies of prognostic factors in malig-
nancy predate the era of molecular diagnostics. Although it is undoubtedly true that newer techniques have 
added prognostic information in the assessment of many tumors, and many, such as the measurement of 
estrogen receptor status in breast cancer, could be considered routine, a skilled assessment of the morphology 
of the tissues still provides the fundamental basis of assessing prognosis in the vast majority of cases.  

  Key words:   Pathological ,  Specimen ,  Immunochemistry ,  Primary cancer ,  Secondary cancer ,  Metastasis    

 

 In spite of recent advances in the  fi elds of immunohistochemistry 
and molecular biology, in clinical practice much of the assessment 
of metastases still relies on light microscopy using conventional 
histological stains. This is not so much a re fl ection of reluctance by 
histopathologists to adopt new techniques, but more an indication 
that for most malignancies an enormous amount of useful prog-
nostic data can be gained from relatively unsophisticated assess-
ment of tissues. Many of the strongest studies of prognostic factors 
in malignancy predate the era of molecular diagnostics. While it is 
undoubtedly true that newer techniques have added prognostic 
information to the assessment of many tumors, many, such as the 
measurement of estrogen receptor and HER2 status in breast 
cancer cells, are considered routine. A skilled assessment of the 
morphology of tissues will provide the fundamental basis for assessing 
prognosis in the vast majority of cases. 

  1.   Introduction
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  For some malignant tumors the presence of metastatic disease may 
be obvious by clinical examination at the time of presentation. 
Therapeutic interventions that remove the whole primary tumor 
(in the absence of overt metastatic disease) do not always, and in 
many cancers seldom, result in long-term cure. Probably the most 
important factor in determining the metastatic potential of a pri-
mary tumor is the correct identi fi cation of the tumor type. Some 
tumors, such as basal cell carcinoma of the skin, are very unlikely 
to metastasize in any circumstance, while others, such as small cell 
carcinoma of the lung, metastasize in almost every case. For these 
tumors, simply making the diagnosis usually offers an adequate 
assessment of metastatic potential. 

 Detailed morphological subtyping of tumors can also be infor-
mative. The World Health Organisation (WHO) Histological 
Classi fi cation of Tumors of the Breast lists more than 30 different 
subtypes of carcinoma and many of these particular histological 
appearances have implications for the incidence of metastatic 
spread. However, the majority of common malignancies fall into a 
group in which the incidence of metastasis varies considerably, and 
a more detailed assessment must be undertaken in order to estab-
lish the likely prognosis on a case-by-case basis.   

 

  Histopathological assessment of the excised primary tumor to pre-
dict the likelihood of recurrence or metastasis involves assessing 
two aspects of tumor growth: the stage and the grade. Although 
these are often confused and used interchangeably, these simple terms 
are quite different. The stage simply refers to how far the tumor 
has spread within the tissue of origin or beyond, while the grade 
refers to the perceived aggressiveness of the cancer cells, regardless 
of how far they have invaded the host tissue. 

  Staging a malignancy by assessment of the primary site has its limi-
tations, as this will not detect the presence of tumor in tissues that 
have been left in the patient. However, there are clues that can 
point to the likelihood of tumor cells having escaped to form meta-
static deposits. The factors to be considered include the proximity 
of the surgical margin, the size of the tumor, the presence of lym-
phatic or vascular invasion, and the invasion of the tumor through 
structures known to provide a physical barrier keeping the tumor 
from areas rich in lymphatics. For example, invasion of a colonic 
carcinoma into and through the muscle of the bowel wall confers a 
worse prognosis, as does the invasion of a malignant melanoma of 
the skin into the deeper layers of the dermis which contain the 
lymphatics. These are aspects of staging that can be assessed from 
the resected tissue specimen. Numerous clinical and pathological 

  1.1.  Metastatic 
Potential of Primary 
Tumors: Typing 
and Subtyping

  2.   Methods

  2.1.   Stage and Grade

  2.1.1.   Stage



533 Histopathological Assessment of Metastasis

staging proformas have been developed, the most well known of 
which is the TNM (tumor, nodes, metastasis) system  (  1  ) . In this 
system numerical values are given to aspects of the tumor which 
then gives a measure to its stage in terms of the primary tumor 
(size, the extent to which it has spread into surrounding tissues), 
lymph nodes (number(s) and site(s) of affected nodes), and the 
presence or absence of distant metastases. A summary of the TNM 
staging system as applied to colonic carcinoma is shown in Table  1 . 

   Table 1 
  Summary of TNM6 staging of    colonic carcinoma   

 Primary tumor T 

  Tis  Carcinoma in situ or invasion of lamina propria only 

  T1  Invasion of submucosa 

  T2  Invasion of external muscle (muscularis propria) 

  T3  Invasion through muscularis propria into subserosa, 
or pericolic tissue 

  T4  Invasion of other organs or structures or through 
visceral peritoneum 

 Lymph node N 

  N0  No lymph node metastasis 

  N1  Metastasis in 1–3 pericolic nodes 

  N2  Metastasis in four or more pericolic nodes 

 Distant metastasis M 

  MX  Cannot be assessed 

  M0  No distant metastasis 

  M1  Distant metastasis 

 Stage grouping 

  0  Tis  N0  M0 

  I  T1 
 T2 

 N0 
 N0 

 M0 
 M0 

  IIA 
  IIB 

 T3 
 T4 

 N0 
 N0 

 M0 
 M0 

  IIIA 
  IIIB 
  IIIC 

 T1,T2 
 T3,T4 
 Any T 

 N1 
 N1 
 N2 

 M0 
 M0 
 M0 

  IV  Any T  Any N  M1 
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For an example of scoring using the TNM system see Note 1. The 
score for the individual TNM components can be used to place the 
tumor into a reliable prognostic group, in this case, stage III out of 
IV. As would be expected, most of the weight in this numerical 
“stage grouping” system is given to the scores for distant (M) and 
lymph node (N) metastasis.   

  The morphological grading of tumors relies on assessing their rate 
of growth and their degree of differentiation. Growth rates may be 
assessed by counting mitotic  fi gures in the histological sections, 
this is usually expressed as the number of mitoses per ten standard 
high-power  fi elds on the microscope. An alternative method 
involves immunohistochemical staining in order to identify the 
proportion of tumor cells which express proteins present in cells 
that are actively dividing (see Note 3)   . Other surrogate markers of 
growth rate also contribute to the assessment of grade. Necrosis is 
thought to be a re fl ection of a fast-growing tumor outgrowing its 
blood supply, so the presence of necrosis usually correlates with a 
higher-grade tumor. 

 The degree of differentiation of a malignancy refers to how much 
the tumor resembles normal tissue. As such, a well-differentiated 
tumor is assigned a lower grade than a poorly differentiated one 
(see Note 2). An anaplastic tumor is so poorly differentiated that no 
recognizable feature of the tissue is present. Pleomorphism among 
the nuclei of tumor cells re fl ects the degree of difference within a 
population of tumor cells. In a normal tissue the nuclei largely resem-
ble each other, while the severe pleomorphism observed in a tumor 
may be a re fl ection of genetic diversity and mutations in the tumor 
cells. The more pleomorphism is present, the greater the likelihood 
there is of a subset of the tumor cells that will develop the genetic 
capability to metastasize. 

 The number of mitoses, degree of differentiation, and nuclear 
pleomorphism are all used to place a malignant tumor into a grade. 
For many of the more common malignancies, such as breast carci-
noma, these features are scored numerically and combined to give 
an assessment of grade that is as reproducible and standardized as 
possible (Table  2 ).  

 Other factors that are useful in the grading of some tumors 
include the degree of in fl ammatory response, which implies a better 
prognosis, for example, in colonic cancer and melanoma. 

 The pattern of the invading margin can be signi fi cant in head 
and neck squamous carcinoma and in colonic carcinoma where a 
worse prognosis may be associated with an in fi ltrative, rather than 
a compressive, expansile margin. 

 In many tumors, differentiation towards a particular tissue type 
may be as signi fi cant as lack of differentiation (anaplasia) in estab-
lishing a poor prognosis. An example of this is differentiation 
towards trophoblastic tissue. The normal function of the trophoblast 
is to form the part of the placenta that invades the wall of the 

  2.1.2.   Grade of the Tumor
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uterus in order to gain nutrients from the mother’s blood. In nor-
mal pregnancy trophoblastic cells can be found circulating in the 
maternal bloodstream. Trophoblastic differentiation in an ovarian 
or testicular germ cell tumor can confer an ability for highly aggres-
sive invasion and blood-borne spread.   

  The presence, or absence, of metastasis in the lymph nodes forms 
part of the staging of malignancies. Prognosis may be affected not 
just by the presence of lymph node metastasis but also by the num-
ber of nodes involved, their site, the size of the deposits, and the 
extension of the tumor through the capsule of a node. Detailed 
assessment of lymph nodes is therefore important in establishing 
the prognosis and the possible need for further treatment, such as 
chemotherapy. 

 The assessment of lymph nodes in an excised surgical specimen 
is relatively straightforward, although there are some diagnostic 
problems which the pathologist may face. 

  Metastatic tumor arrives at a lymph node via the afferent lymphat-
ics which empty into the subcapsular sinus, and it is here that the 
majority of “early” metastases are  fi rst seen. The pattern of growth 
usually resembles the primary tumor quite closely, and very well-
differentiated tumors may appear histologically benign but for the 
fact that they have spread to a lymph node. Diagnosis is dif fi cult, 
however, when poorly cohesive individual cells spread into the sub-
stance of the node and epithelial structures are not produced. This 
is frequently the case with lobular carcinoma of the breast wherein 
malignant cells may resemble macrophages and lymphoid cells. 
In such cases, histochemical stains, in this case for mucin, or immu-
nohistochemical stains, may reveal a far greater metastatic burden 
than would otherwise be suspected (see Note 4). Equally, it is 

  2.2.  Metastasis 
to Lymph Nodes

  2.2.1.  Morphology 
of Lymph Node Metastasis, 
Micrometastases, and 
“Isolated Tumor Cells”

   Table 2 
  Histological grading of breast carcinoma   

 Tubule formation 
(score 1–3) 

 Nuclear 
pleomorphism 
(score 1–3) 

 Mitotic count (using 
nomogram related 
to microscope  fi eld 
diameter), score 1–3 

 1: Majority of tumor >75%  1: Mild  1: Low 

 2: Moderate 10–75%  2: Moderate  2: Moderate 

 3: Little or none <10%  3: Severe  3: High 

 Overall scores  Grade 1 
 Grade 2 
 Grade 3 

 3–5 Points 
 6–7 Points 
 8–9 Points 
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important to recognize that the proliferation of epithelioid cells in 
the subcapsular sinus do not always imply metastasis. A frequent 
 fi nding in lymph nodes, including those draining sites of malig-
nancy, is sinus histiocytosis, a benign proliferation of macrophages 
that are sometimes mistaken for malignancy. The diffuse expansion 
of the sinuses throughout the node suggest immune reactivity, 
however, in cases where there is uncertainty, immunohistochemis-
try using antibodies directed against macrophage-speci fi c markers, 
for example, CD68 (see Note 5) or cytokeratins (see Note 4) assist 
in resolving diagnostic dif fi culties. 

 A pathological curiosity which may be mistaken for metastasis 
is the presence of ectopic normal tissue within a lymph node struc-
ture. Thus, normal salivary gland tissue may be mistaken for meta-
static carcinoma in a neck node, and nests of melanocytic naevus 
cells can be found both within lymph nodes and lymphatic vessels, 
giving rise to ambiguous diagnosis of malignant melanoma. 
Malignancies of these cell types may present clinically as lymph 
node metastasis with an occult primary. It is important that the 
benign nature of these ectopic tissues is recognized in order to 
prevent damaging and unnecessary investigations or therapy. 

 The detection of small or occult metastases and how they cor-
relate with prognosis is an area of some controversy. As conven-
tional histological sections are just four thousandths of a millimeter 
thick, a single section will miss a proportion of small deposits. The 
more sections examined and the more re fi ned the techniques used 
to detect tumor cells, the greater the number of metastases that will 
be detected. As most prognostic data has been collected using sim-
ple histological methods, the prognostic and therapeutic signi fi cance 
of very small metastases is not clear (see Note 5). 

 The staging of malignancies of lymphoid origin, lymphomas, 
can present particular dif fi culties when assessing lymph nodes for 
the presence of disease, as often the malignant cells resemble a 
phase of normal differentiation of lymphoid cells. Distinguishing 
malignancy depends upon assessing the growth pattern(s) of the 
cells within the node. However, in more subtle cases this may 
involve establishing the presence of immunohistochemical markers, 
either of a particular stage in lymphoid differentiation, or through 
assessment of genetic damage, for instance through chromosomal 
translocation.   

  Much of what has already been discussed regarding lymph node 
metastasis applies to metastasis in other sites. Particular problems 
may be encountered, however, in distinguishing metastasis in an 
organ from a primary malignancy at that site. This is obviously only 
a dif fi culty if the metastasis is of a type that could occur there as a 
primary tumor, for example, the problem encountered when  fi nding 
a deposit of adenocarcinoma in bone is in determining the primary 
site of the tumor, as primary adenocarcinoma does not arise in 

  2.3.  Diagnosis 
of Metastasis 
to Other Sites
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bone. Conversely, an adenocarcinoma in the ovary could be either 
a primary cancer or a metastasis from elsewhere. 

 A carcinoma in the lung, liver, or other organ may be a primary 
tumor if there is an absence of an overt cancer in alternative pri-
mary site(s). Similarly, the presence of a single tumor deposit is 
often indicative of cancer, as in many cases multiple deposits imply 
metastasis within the organ. One should bear in mind, however, 
that primary carcinomas, for example, a primary liver carcinoma, 
may seed metastases within the same organ, rather unsurprisingly 
as tumors frequently demonstrate tissue tropism in the distribution 
of metastasis. 

 Certain cell types prefer to grow in a particular environment, 
and malignant liver cells settle preferentially and establish meta-
static deposits in the liver. Another situation in which multiple pri-
mary tumors arise is in particular with “cancer syndromes.” These 
individuals are at high risk of developing certain malignancies and 
frequently suffer multiple primary tumors in one or more organs at 
the same time. Probably the best simple morphological indicator 
of primary, rather than metastatic, disease is the presence of an in 
situ carcinoma adjacent to the invasive tumor. In situ carcinoma or 
severe dysplasia is the preinvasive stage of “malignancy” and in many 
tumors this is an important stage in the development of clinical 
disease. Speci fi c antigens or other molecular markers may also give 
clues as to whether a tumor is primary to that site, or is a secondary 
malignancy that has metastasized from elsewhere. 

  An enlarged lymph node may be the  fi rst presentation of malig-
nancy. In such cases the major distinction to be made is between a 
reactive enlargement, a primary tumor of the lymph node (almost 
always a lymphoma) and a metastatic deposit. Fine needle aspira-
tion (FNA) cytology is a rapid and minimally invasive investigation 
that allows such a distinction to be made in many cases. In clinical 
practice, a standard procedure following an FNA diagnosis of prob-
able lymphoma would be to excise the node and submit it to 
detailed histological and immunohistochemical analysis in order to 
place the lymphoma into a precise diagnostic category. A cytologi-
cal diagnosis of metastatic malignancy, however, is not generally 
followed by excision of the node, unless the enlarged node is caus-
ing, or threatens, local complications. Instead, a detailed consider-
ation of the clinical history and examination, followed by 
investigations, particularly radiological imaging, directed at identi-
fying the primary site is undertaken. Sometimes the pattern of 
metastatic disease strongly suggests a particular primary site, 
re fl ecting tissue tropism. Small cell carcinoma of the lung, for 
example, is a frequent cause of metastasis to the adrenal gland, and 
may present at this site before a primary lung cancer is detected. 
Nevertheless, in a proportion of cases the pathologist is faced with 
an excised lymph node, core biopsy or FNA cytology containing a 

  2.3.1.  Establishing 
the Site of an Unknown 
Primary Tumor
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metastasis from an unknown primary. Even when considering only 
a few cells from an FNA, some suggestion of the likely primary 
sites can usually be made. 

 A few malignancies are immediately recognizable by their 
characteristic morphology in tissue sections. These are, however, 
the exceptions, and more often the pathologist is able to place the 
tumor into a category by its type of differentiation, for example, 
squamous or adenocarcinoma, which will serve to narrow down 
the likely primary site(s). Within these groups there are additional 
features, such as calci fi ed psammoma bodies which are associated 
with papillary carcinomas of thyroid and ovary, or clear cell mor-
phology associated with renal carcinoma. The identi fi cation of 
these features narrows the broad category of adenocarcinoma to a 
more focused area. It should be noted, however, that few morpho-
logical features are absolutely speci fi c. 

 The use of tissue markers detected either by immunohis-
tochemistry or in raised levels in the blood of the patient can aid in 
determining the primary site of the tumor. Typically tumors are 
stained with antibodies directed against markers found in different cell 
types this helps to re fi ne the morphological diagnosis (see Note 6).  

  Clinical or radiological detection (X-rays and other scans) of new 
lesions in a patient with a history of malignancy are likely to indi-
cate metastatic disease. However, as the diagnosis of metastasis has 
considerable implications for the future treatment and life expec-
tancy of the patient, it is important that a conclusive tissue diagnosis 
should be made wherever possible. Enlarged lymph nodes in a 
patient with malignancy do not wholly imply metastasis, the pres-
ence of in fl ammation associated with a primary tumor, even in a 
benign tumor, may lead to reactive enlargement of regional lymph 
nodes. This is particularly likely to occur following biopsy or sur-
gery of the primary tumor, as the tissue damage from these proce-
dures can lead to lymphadenopathy. 

 Cytology is a diagnostically useful and minimally invasive 
means of diagnosing metastasis at most sites, often radiological 
imaging (ultrasound or CT scan) is used as guidance for FNA if the 
lesion is in a deep location where it cannot be palpated. Pleural 
effusions, urine, sputum, and other  fl uids are easily collected and 
can also be examined for the presence of malignant cells, although 
multiple samples may be necessary to enable unequivocal diagnosis. 
Core biopsy is a widely used alternative to FNA, here a small cylin-
der of intact tissue is removed of approximately 1 mm diameter. 
Core biopsies of this type have the advantage of the morphology of 
the tissue remaining intact with more material being available for 
immunostaining; however, the disadvantage is an increased risk of 
hemorrhage or perforation of organs by the larger needle that is used 
in this procedure. Occasionally the dif fi cult location of a putative 
metastatic deposit (e.g. in the brain) and overwhelmingly supportive 

  2.3.2.  Histopathology 
and the Clinical Detection 
of Metastasis
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radiological evidence reduces the requirement for a tissue diagnosis, 
but there are often cases in which diagnosis is ambiguous without 
histological assessment of the tissues. Examples of this include mul-
tiple liver deposits that may be observed on ultrasound scanning, or a 
“hot spot” observed on radioisotopic bone scans, or shadowing on 
a chest X-ray.  

  Occasionally, immediate diagnosis of metastasis is required if an 
unexpected deposit is found during surgery. The progress of the 
operation and the type of surgery performed may depend on 
whether or not the lesion found, distant from the main tumor, is a 
metastasis or whether the surgical resection margin is free of tumor. 
In such cases FNA is an option, but the usual diagnostic method 
involves removal of a small piece of tissue and histology on the 
frozen section. 

 Conventional processing of tissues for histology involve 
 fi xation in formalin followed by chemical processing to embed 
the dehydrated tissue in a paraf fi n wax block, from which sections 
are cut with a microtome, de-waxed, and stained. This processing 
takes considerable time, particularly for larger pieces of tissue, 
and even the most rapid processing takes several hours. The use of 
frozen sections avoids the  fi xation, processing, and wax-embedding 
stages, shortening the process to a few minutes. The fresh tissue 
is rendered solid and can be cut into thin slices by freezing in 
liquid nitrogen and cutting in a cryostat (see Note 7) (see the 
Chapter   1     “Immunochemistry” by Brooks, in this volume). 
The sections are then dried and may be stained immediately. 
While the technique is relatively fast, the major disadvantages are 
that the morphology of the tissues is poorly displayed compared 
to paraf fi n sections, and that only relatively small pieces of tissue can 
be successfully cut in this way. In many cases metastatic tumor 
can be reliably identi fi ed from a frozen section, but more subtle 
examples may be missed and there is an increased risk of false 
positive diagnosis. 

 Apart from the occasional need for immediate diagnosis, surgi-
cal access at the time of primary tumor resection offers opportuni-
ties for assessing the spread of tumor and therefore may contribute 
to accurate staging of the disease. Needle core biopsy of local or 
distant lymph nodes or other lesions may be possible if they can be 
visualized by scanning using diagnostic imaging techniques, or felt, 
and isotonic  fl uid washings from, for example, the peritoneal cav-
ity, can be examined for the presence of malignant cells.   

  The discussion so far has assumed that a tumor that has spread to 
lymph nodes or a distant site is by de fi nition malignant. While this 
is almost universally correct, there are some interesting exceptions 
that may cause diagnostic dif fi culty. These fall into two categories: 

  2.3.3.  Intra-operative 
Diagnosis of Metastasis

  2.4.  When Metastasis 
is Not Malignant
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benign tumors that spread and tumors that were once malignant 
but no longer pose a threat to the patient. 

 The  fi rst group: benign tumors that spread, is largely made up 
of tumors that grow inside blood vessels. These may break away 
from the main tumor mass and be carried to a distant site but are 
not classi fi ed as metastases per se    (see Note 8). The second, unusual, 
group is made up largely of tumors originating from germ cells or 
from precursor tissues of developing organs in children (so-called 
“blastomas”). These primitive, poorly differentiated malignancies 
are different from conventional poorly differentiated malignancies. 
In this case, proliferation of the primitive cells from which organs 
they originated results in a tumor with little visible differentiation, 
but the cells may retain their normal capacity to mature into fully 
differentiated adult tissues. The apparent maturation of these 
tumors may be seen following chemotherapy, which kills the primi-
tive cells but has little effect on the differentiated ones, so that 
subsequent biopsy of a metastatic lesion may demonstrate only the 
mature, fully differentiated tissue which, though it undoubtedly 
represents metastasis, is no longer a threat to the patient.   

 

     1.    Under the TNM staging system a colonic carcinoma that has 
invaded the submucosa and has spread to four pericolic nodes 
with no evidence of distant metastasis would be staged 
(classi fi ed) as T1, N2, and M0.  

    2.    The less the tissue resembles normal tissue, the more likely it is 
to have lost the factors that allow organization and adhesion 
of the cells, and these changes correlate with metastatic 
potential.  

    3.    An example of a protein that is produced when cells are actively 
dividing is Ki-67. Further details can be found in Chapter   1    , 
by Brooks in this volume.  

    4.    Antibodies directed against cytokeratins may be used to iden-
tify epithelial cells of the breast that have metastasized to the 
lymph nodes.  

    5.    In breast cancer management, micrometastases are de fi ned as 
between 200  μ m and 2 mm in size. Metastases below 200  μ m 
are de fi ned as “isolated tumor cells” (ITCs). These ITCs are 
currently regarded as node negative in TNM staging whereas 
micrometastases are regarded as positive with their own speci fi c 
“Nm” designation. Antibodies directed against cytokeratins 
may be used to identify the epithelial cells of the breast that 
have metastasized to the lymph nodes. For detection of 
macrophages an antibody directed against CD68 may be used.  

  3.      Notes

http://dx.doi.org/10.1007/978-1-61779-854-2_1
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    6.    Antigenic markers vary in their speci fi city and sensitivity for 
different tumor types and the site(s) of origin of the tumor. 
Some have high sensitivity and speci fi city, for example, the 
prostate speci fi c antigen for prostate cancer, whereas others 
such as the cytokeratin subtypes give broader guidance for the 
identi fi cation of epithelial cells. Using several antibodies maxi-
mizes diagnostic accuracy.  

    7.    A cryostat is essentially a microtome in a refrigerated cabinet. 
Further details regarding the preparation of tissues and cry-
ostat sectioning can be found in Chapter   1     on immunochem-
istry by Brooks, in this volume.  

    8.       An example of a benign tumor that can travel away from the 
main tumor mass is an atrial myxoma, which grows inside the 
heart. This passive embolization of a tumor is not equivalent 
to the active invasion of blood vessels by a malignancy, and 
while tumor emboli can cause disease by obstructing blood 
vessels, and they can continue to grow within vessels at the 
distant site, they do not break out of the blood vessel and 
invade surrounding tissues. Thus the detection of such a tumor 
away from its primary site does not constitute metastasis in the 
malignant sense and does not have the prognostic or therapeutic 
implications of malignancy.          
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    Chapter 4   

 Immunocytochemical Detection and Characterisation 
of Individual Micrometastatic Tumour Cells       

         Stephan   Braun    and    Klaus   Pantel        

  Abstract 

 Detection of micrometastases in the bone marrow (BM) of cancer patients may be a helpful method for 
early detection of relapse. The diverse methodology employed across different laboratories, however, 
renders comparison of results dif fi cult. This chapter describes a robust reliable system for the immuno-
chemical detection of individual micrometastatic tumour cells from the BM aspirates of patients with solid 
epithelial tumours, based on the binding of antibody to cytokeratin proteins.  

  Key words:   Bone marrow aspirate ,  Micrometastases ,  Epithelial membrane antigen ,  Cytokeratin 
mucin ,  Cytospin ,  Silver stain    

 

 The early haematogenous spread of cancer cells is regarded as a 
major cause for the later development of metastatic disease in 
patients with completely resected solid tumours. Such metastases 
account for the majority of cancer-related deaths in industrialised 
nations. Current procedures for tumour staging often fail to 
detect micrometastases, and accordingly, immunocytochemical 
assays with monoclonal antibodies directed against epithelial anti-
gens enable the detection of individual micrometastatic carci-
noma cells in secondary organs. The development of monoclonal 
antibodies directed against epithelial cell proteins has opened a 
diagnostic window to allow the detection of disseminated carci-
noma cells. Several studies have shown that the bone marrow 

  1.  Introduction
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(BM) is an important, clinically relevant indicator organ for early 
disseminated cancer cells which may derive from tumour tissues 
of epithelial organs such as breast, lung, colon, rectum, prostate, 
kidney, ovary, oesophagus, and pancreas (for review see   ref.  1  ) . 
The use of various detection antibodies and marker antigens has 
contributed to the wide range of heterogeneity in the methodology 
applied to the identi fi cation of metastatic cancer cells. 

 Evaluation of the antibodies used in many of the studies (par-
ticularly with respect to speci fi city and sensitivity) has revealed con-
siderable discrepancies amongst the antibodies used and this has 
somewhat hampered the development of reliable and reproducible 
assays. Many studies aimed at the identi fi cation of metastatic epi-
thelial cancer cells have been performed with monoclonal antibod-
ies directed against either cytokeratin  (  2–  5  ) , a major constituent of 
the cytoskeleton in epithelial cells  (  15  ) , or against membrane-
bound mucins, such as epithelial membrane antigen (EMA), 
human milk fat globule (HMFGM), and tumour-associated glyco-
protein-12  (  6–  8  ) . Analysing BM samples from non-carcinoma 
patients, however, we and others  (  9–  13  )  have demonstrated that, 
in contrast to antibodies directed against cytokeratin polypeptides, 
the use of antibodies directed against epithelial mucins result in a 
considerable number of false positive results due to the cross reac-
tivity of these antibodies with autochthonous BM cells. As a result, 
cytokeratin has emerged as a potential “standard marker” for the 
detection of disseminated epithelial tumour cells in BM  (  13  ) . 

 A priority at this time must therefore be the development of 
standardised protocols for the detection of disseminated tumour 
cells of epithelial origin. A pooled analysis of almost 5000 patients 
with primary breast cancer patients demonstrated the independent 
prognostic signi fi cance of disseminated tumor cells in BM  (  14  ) . In 
this chapter we provide a standardised protocol for the detection of 
minimal residual tumour cells in BM aspirates collected from can-
cer patients. The methods described can detect from 10 −5  to 10 −6  
nucleated cells. Epithelial tumour cells are identi fi ed using a broad-
spectrum monoclonal antibody (A45-B/B3) directed against 
cytokeratin. The system uses the sensitive alkaline phosphatase 
anti-alkaline phosphatase staining technique for detection of anti-
body binding. Moreover, to investigate the malignant nature of 
such cells, we designed a double-marker assay to allow for the 
simultaneous detection and characterisation of individual micro-
metastatic carcinoma cells using a protocol that combines immu-
nogold-alkaline phosphatase double labelling of two antigens. This 
methodology allows the localisation of two antigens within the 
same cellular compartment. The proposed protocols may help to 
improve current tumour staging and assist in identi fi cation of rel-
evant therapeutic targets with potential consequences for adjuvant 
anti-cancer therapy  (  13  ) .  
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      1.    10× Concentrated phosphate-buffered saline (PBS) stock 
solution is prepared using 1.5 M NaCl, 80 mM Na 2 HPO 4 , 
20 mM KH 2 PO 4 , pH 7.4.  

    2.    Hank’s salt solution, store at 4°C.  
    3.    Percoll density gradient: prepare using 100% Percoll stock 

solution (take 100 ml Percoll and add to 9 ml Hank’s salt 
solution), dilute with sterile NaCl to give 0.9–50% Percoll 
(1.065 g/ml). Alternatively Ficoll can be used (1.077 g/ml). 
The Percoll or Ficoll is stored at 4°C.  

    4.    Erythrocyte lysis buffer comprising 10 mM KHCO 3 , 150 mM 
NH 4 Cl, 0.1 mM EDTA, pH 7.4 (see Note 1).      

      1.    PBS-AB serum is used for preparation of all the antibody stock 
solutions. For this 10% v/v of AB serum (Biotest, Germany) is 
added to PBS (see Note 3).  

    2.    BSA-C serum is used to block non-speci fi c binding of the anti-
body and is prepared by adding 0.1% v/v acetylated bovine 
serum albumin (BSA) (Aurion-BSA-C, Biotrend, Köln, 
Germany) to the PBS-AB serum prepared above.  

    3.    For single labelling protocols dilute the monoclonal antibody 
A45-B/B3 (Baxter, Germany) with PBS-AB serum to give a 
 fi nal concentration of 1–2  μ g/ml (see Note 4).  

    4.    For double labelling, dilute the alkaline phosphatase-conjugated 
monoclonal antibody A45-B/B3 F ab  fragment (Baxter) in 
PBS-AB serum to a  fi nal concentration of 1–2  μ g/ml.  

    5.    For single labelling, dilute the rabbit anti-mouse detection anti-
body (see Note 5) 1 in 20 in the PBS-AB serum. Dilute the 
alkaline phosphatase anti-alkaline phosphatase (APAAP) complex 
(e.g., D651, Dakopatts, Germany) 1 in 100 in PBS-AB serum.  

    6.    For double labelling prepare the permeabilization solution com-
prising PBS supplemented with 0.1% v/v Triton X-100 and 
 fi xation solution comprising PBS with 10% w/v para-
formaldehyde.  

    7.    For double labelling, dilute the immunogold-conjugated, ter-
minal F c  fragment-speci fi c goat anti-mouse antibody (GE 
Healthcare, Germany) 1:40 in PBS-AB serum.  

    8.    Prepare the immunogold post  fi xation buffer comprising 2% 
v/v glutaraldehyde in PBS.  

    9.    New Fuchsin Development Solutions are required during each 
staining run. We prepare suf fi cient for four Hellendahl jars, 
with a  fi nal volume 253.3 ml. 

    Le v amisole solution : Add 62.5 ml, 0.2 M Tris to 187.5 ml water 
with 90 mg Levamisole. 

  2.  Materials

  2.1.  Bone Marrow 
Preparation

  2.2.  Immunocyto-
chemistry ( See   Note 2 )



66 S. Braun and K. Pantel

    New fuchsin solution : 50 mg NaNO 2  should be dissolved in 
1.25 ml water and is added to 0.5 ml new fuchsin solution 
(prepared in a 5% w/v solution in 2 M HCl) the solutions 
should be shaken well, until air bubbles appear. 

    Naphthol phosphate solution : 125 mg Naphthol AS-BI phos-
phate sodium salt is dissolved in 1.5 ml  N , N -dimethyl-
formamide (DMF) (see Note 2). 

 The freshly prepared Levamisole and new fuchsin solutions 
are mixed and stirred well before the naphthol solution is 
added. Immediately prior to use the mixture is  fi ltered into 
Hellendahl jars.  

    10.    Silver enhancement solution: a Silver Intense Kit (GE Healthcare) 
is used as recommended by the manufacturer.  

    11.    Cover slips are sealed using Kaiser’s glycerine-gelatin using a 
melting temperature of 50°C.       

 

      1.    Transfer a maximum of 10 ml BM aspirate (see Note 1) in 
50 ml tubes; add Hank’s salt solution (4°C) to a  fi nal volume 
of 20 ml.  

    2.    Centrifuge for 10 min at 180 ×  g  at room temperature; mean-
while prepare 8 ml of 50% Percoll (4°C) in a fresh 15-ml tube. 
Alternatively, prepare 20 ml of Ficoll in a fresh 50-ml tube.  

    3.    Remove the (serous) supernatant without disturbing the BM 
cell pellet. Add 1 ml 10% Percoll to 5 ml pellet and transfer solu-
tion carefully onto the Percoll gradient. Alternatively add PBS to 
the BM pellet to give a  fi nal volume of 10 ml and place the solu-
tion carefully onto the Ficoll gradient. Avoid mixing the cells 
and Percoll/Ficoll prior to centrifugation. Centrifuge for 20 min 
at 1,000 ×  g  at room temperature, then centrifuge again for a 
further 30 min at 1,230 ×  g  at room temperature.  

    4.    Remove the interphase containing the mononucleated cells 
(MNC) and transfer to a fresh 50-ml tube, add PBS (4°C) to 
give a  fi nal volume of 50 ml, and centrifuge for 10 min at 
540 ×  g  at 4°C.  

    5.    Remove the supernatent (wash) solution then resuspend the pel-
let and lyse the erythrocytes by adding 2-10 ml lysis buffer (4°C) 
and incubate for 5 min at room temperature (see Note 8).  

    6.    Add PBS to a  fi nal volume of 50 ml, and centrifuge for 10 min 
at 540 ×  g  at 4°C.  

    7.    Remove the supernatent (the wash solution) and resuspend 
cells in a  fi nal volume of 2–5 ml PBS (4°C). Count cells and 
adjust cell concentration to 1 × 10 6  MNC/ml (see Note 1).  

  3.  Methods

  3.1.  Bone Marrow 
Preparation
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    8.    Prepare cytospin slides for cytocentrifugation. Add a total of 
0.5 ml cellular suspension (= 0.5 × 10 6  MNC) per spot in the 
cell chamber.  

    9.    Centrifuge the cytospin preparations for 3 min at 120 ×  g  at 
room temperature. Let the slides dry for 12 h and either per-
form the immunostaining step immediately or store the slides 
at –20 or –80°C for use later (see Note 9).      

      1.    Thaw the frozen slides of BM preparations (and the appropriate 
positive and negative control cell line preparations) at 37°C for 
at least 15 min.  

    2.    Prepare appropriate dilutions of antibody stock solution in 
PBS-AB serum. Place thawed slides in a humid chamber for 
the subsequent incubation steps; the slides must not dry out 
during the entire process of immunostaining.     

      1.    Blocking step: incubate slides with PBS-AB serum for 20 min, 
pour off the blocking solution (do not wash slides).  

    2.    Detection antibody: incubate the slides with the A45-B3 anti-
body for 45 min, and wash thoroughly in PBS for 10 min. 
Repeat the PBS wash step three further times (see Note 2).  

    3.    Bridging antibody: incubate with Z259 antibody for 30 min 
and wash thoroughly in PBS for 10 min with three changes of 
buffer (see Note 3).  

    4.    APAAP complex—for example, D651: incubate antibody com-
plexes for 30 min and wash thoroughly in PBS for 10 min with 
three changes of buffer (see Note 3).  

    5.    New fuchsin development of alkaline phosphatase: incubate 
slides with freshly prepared, mixed, and  fi ltered alkaline 
 phosphatase-development solutions for 20 min (see Note 7). 
Finally, wash the slides in PBS for 10 min with three changes of 
buffer.  

    6.    Seal the cells with cover slips using Kaiser’s glycerol: gelatin 
solution.      

      1.    Immerse the slides in PBS Triton X-100 solution for 10 min at 
4°C and then incubate in PBS with 1.0% w/v paraformalde-
hyde in PBS for 20 min at 4°C. Wash the slides in PBS for 
10 min using three changes of buffer.  

    2.    Blocking step: incubate slides in PBS with 10% v/v AB serum and 
0.1% v/v BSA-C for 20 min, pour off the blocking solution.  

    3.    Co-incubation with detection antibodies: mix both primary 
antibodies: alkaline phosphatase-conjugated monoclonal anti-
body A45-B/B3 F ab  fragment (for cytokeratin labelling) and a 
second unconjugated whole immunoglobulin (for labelling of 
target antigen) at the respective dilutions within the same tube. 

  3.2.  Immuno-
cytochemistry

  3.2.1.  Single Labelling with 
APAAP Immunostaining

  3.2.2.  Double Labelling
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Incubate the slide with the antibody mixture for 45 min, and wash 
thoroughly in PBS for 10 min with three changes of buffer.  

    4.    Immunogold labelling: incubate with the F c -terminus-speci fi c, 
gold-conjugated goat anti-mouse antibody for 45 min. Wash 
thoroughly in PBS for 10 min with three changes of buffer fol-
lowed by a further three washes with water.  

    5.    Post- fi xation of immunogold colloids: immerse the slides in 
the 2% v/v glutaraldehyde solution for exactly 5 min, and wash 
thoroughly in water for 10 min. Repeat the water-wash step a 
further three times.  

    6.    Silver development of labelled immunogold: prepare the silver 
enhancement solution fresh according to the manufacturer’s 
recommendations. Drop the development solution onto the cells 
after cooling the solution to 4°C. Monitor the silver develop-
ment at regular intervals by viewing under the microscope (see 
Note 6). Stop the reaction (as soon as brownish to black silver 
granules become visible) by placing the slides in water. Wash the 
slides thoroughly in water for 10 min with three changes of water. 
Immerse the slides in PBS for 5 min (see Note 3).  

    7.    New fuchsin development of alkaline phosphatase: incubate the 
slides in the freshly prepared, mixed, and  fi ltered alkaline phos-
phatase-development solutions for 20 min. Wash the slides in 
PBS for 10 min with three changes of buffer, and mount with 
coverslips sealed using Kaiser’s glycerol: gelatine solution.     

 It is important to incorporate a slide containing a positive con-
trol known to express the antigens of interest in order to be able to 
judge that negative immunostaining is due to lack of antigen expres-
sion rather than simply methodological failure. We also recommend 
using a set of slides that will be negative for the staining, by applying 
an antibody that does not cross react with human proteins. In this 
setting, we screen the identical number of cells (e.g. 2.0 × 10 6  per 
patient) as in the speci fi c immunostaining (see Note 2). 

 To set up this assay as a routine method for the detection of 
tumour cells in BM of cancer patients, we recommend the incor-
poration of BM aspirates of non-carcinoma patients in order to 
substantiate the speci fi city of the approach (see Note 2).    

 

     1.    Low numbers of MNC recovered from the Percoll/Ficoll inter-
face could be due to a poor quality BM aspirate, for example, 
due to signi fi cant contamination with peripheral blood. This may 
also lead to an underestimation of the frequency of tumour 
cells detected by immunocytochemical screening  (  1  ) . Good 
quality aspirates of 3–5 ml of BM contain more than 10 7  MNC. 

  4.     Notes
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It is recommended that a laminar air- fl ow working bench is used 
and gloves are worn when handling BM aspirates.  

    2.    AB serum is an antibody-free serum from humans of blood 
group AB. It is good practice to use sterile disposable plas-
ticware for the preparation of reagents, especially if BM MNCs 
are foreseen for cell culture or subsequent RNA/DNA analyses. 
For dilution of antibodies, remove immunoglobulin solutions 
with sterile pipette tips.  

    3.    Single labelling: failure to produce a positive signal with the 
cytokeratin staining on the positive control specimens could be 
due to the use of damaged control specimens, for example: 
specimens that have been repeatedly freeze-thawed following 
cytospin preparation, too high dilution of the antibodies (espe-
cially the primary antibody A45-B/B3), or problems with the 
preparation of the developing solutions (precipitation of naph-
thol AS-BI phosphate in DMF due to wet glass ware). Since 
non-speci fi c labelling of BM cells by the antibody A45-B/B3 
occurs in less than 2% of non-carcinoma control patients  (  13  ) , 
if such non-speci fi c staining of the negative control specimens 
occurs, this may be predominantly caused by too high a con-
centration of antibodies. So far it remains unclear as to why, in 
a few cases, irrelevant antibodies with non-human (e.g., 
murine) speci fi city react with human BM cells on isotype con-
trol specimens of patient BM samples. To maintain the 
speci fi city in the interpretation of staining signals, we strongly 
recommend excluding these rare cases (usually below 1% of all 
cases in our series) as these give rise to indeterminate results.  

    4.    Detection antibodies are available from a wide range of suppli-
ers. We  fi nd that Z259 (Dakopatts) works well in our hands.  

    5.    APAAP detection systems are available from a wide range of sup-
pliers. We  fi nd that D651 (Dakopatts) works well in our hands.  

    6.    Double labelling: for unambiguous interpretation of silver lactate 
precipitates with speci fi cally bound immunogold-conjugates, we 
strongly recommend to use an epi-polarization  fi lter unit  (  13  ) . 
The use of this device enables recognition of the brown-to-black 
granulations other than the silver precipitate. Interpretations 
based on light microscopy alone may lead to the registration of 
non-speci fi c signal and/or underestimation of the actual staining 
signal as this may be too weak when using non-polarized light 
microscopy. Special care must be taken to control the time- and 
temperature-dependent silver precipitation; we recommend that 
the positive control slide is continuously monitored under the 
microscope and as soon as the  fi rst slightly brown signal becomes 
visible the reaction is stopped. Development exceeding 30 min 
may lead to weak new fuchsin signals owing to chemical interac-
tion with the alkaline phosphatase. For preparation of new fuchsin 
development solutions clean glassware should be used.  
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    7.    Particular care should be taken handling naphthol and DMF; a 
fume cupboard should be used where necessary and care should 
be taken during the disposal of naphthol-containing waste 
(always refer to the manufacturers safety data sheet).  

    8.    The degree of erythrocyte contamination can in fl uence the 
success of the staining protocol. Only include this step if 
the assessment of the erythrocyte pellet (the red pellet) renders 
this step necessary.  

    9.    We  fi nd slides can be stored at −20°C for 4–8 weeks or at 
−80°C for 1–2 years without any change in the immunochemical 
staining results.          
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    Chapter 5   

 The Polymerase Chain Reaction       

         Hazel   M.   Welch         

  Abstract 

 The polymerase chain reaction (PCR) has had a signi fi cant impact on all aspects of the molecular biosciences, 
from cancer research to forensic science. The sensitivity and speci fi city inherent in the technique allow 
minute quantities of genetic material to be detected while the unique properties of thermostable DNA 
polymerase ensure that abundant copies are reliably reproduced to levels that can be visualized and/or used 
for further applications. This chapter describes applications of PCR and PCR-RT to investigate primary 
cancer and metastatic disease at both the DNA and mRNA expression levels.  

  Key words:   Polymerase chain reaction ,  PCR-RT ,  Quantitative real-time PCR ,  Quantitative real-time 
RT-PCR    

 

 Of all the techniques employed in the molecular biosciences, the 
polymerase chain reaction (PCR) is probably the most widely used; 
it certainly has had the greatest impact. Prior to the development 
of PCR, obtaining suf fi cient genetic material for mapping, sequenc-
ing, mutation screening, or for use as a probe would take at least a 
week of full-time work; this can now be achieved within a few 
hours. The importance of PCR was recognized in 1993 when its 
inventor K. Mullis received the Nobel Prize. PCR has also become 
a household term, forming the cornerstone of many popular televi-
sion and cinema dramas. 

 DNA ampli fi cation by PCR was  fi rst described in 1985. 
Sequence-speci fi c oligonucleotide primers  fl anking codon 6 of the 
 b -globin gene (the region mutated in sickle cell anaemia) were 
designed and used in a series of repeated reactions.  (  1  ) . 
Subsequently, the use of a thermostable DNA polymerase from 
 Thermus  aquaticus  ( Taq ) was developed for use in these reactions 

  1.  Introduction
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(or cycles);  Taq  polymerase retains signi fi cant enzymatic activity 
following extensive incubation at 95°C. Consequently, it was no 
longer necessary to add fresh enzyme at the start of each cycle. In 
addition, sensitivity, speci fi city, yield, and the length of target 
ampli fi ed, were signi fi cantly improved  (  2  ) . The technique imme-
diately leant itself to automation and considerable development 
by the biotechnology industries. 

 In basic PCR, the system is relatively simple; this is due to (a) 
the availability of sequence data and Web-based tools for designing 
primers coupled with (b) quality products from biotechnology 
companies making the technique readily accessible. In its simplest 
form, the requirements are template DNA, a pair of oligonucleotide 
primers, one sense (or forward) and the other antisense (or reverse), 
 fl anking the region (or target) of interest (Fig.  1 ), a  thermostable 

5’

3’

3’

5’

Double-stranded
DNA

Gene of interest: 
part or whole of 
sequence known

Sense [Forward] primer

Anti-sense [Reverse] primer

By convention, DNA and RNA sequences are always written in the 5’-> 3’ orientation
Similarly, primer sequences are always written in the 5’-> 3’ orientation

The sense primer is the same sequence as the mRNA transcript and therefore complementary 
to the opposite strand
The anti-sense primer is complementary to the mRNA transcript

DNA polymerase adds dNTPs to the free 3’-OH group of the terminal dNTP

  Fig. 1.    Simpli fi ed organization of a gene of interest and orientation of sense and antisense primers.       
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DNA polymerase, deoxynucleotide triphosphates (dNTPs), and an 
appropriate buffer solution (containing Mg 2+ ). The entire reaction 
takes place in a thermal cycler and consists of repeated cycles com-
prising three basic steps. Step 1 is denaturation (or melting) of the 
double-stranded DNA template at >90°C; this is followed by step 
2, rapid cooling to allow annealing of the primers to the separated 
DNA strands, and step 3, rapid heating to 72°C for primer exten-
sion (copying of the target region) by the DNA polymerase (Fig.  2 ). 
The product of each cycle becomes the substrate for the next, hence 
“chain reaction” or ampli fi cation. Each cycle is repeated 30–40 
times and the ampli fi ed products (amplicons or fragments) are then 
(usually) visualized by gel electrophoresis. Assuming 100% ef fi ciency, 
the copy number is doubled during each cycle so that after ten cycles 
the amplicon is multiplied by a factor of ~10 3  and after 20 cycles by 
a factor of >10 6 , all in just a few hours.   

 This chapter focuses on the applications of PCR and reverse 
transcriptase PCR (RT-PCR) to metastasis research. This may 
involve mutation analysis, determination of gene copy number, 
identi fi cation of circulating tumour cells  (  3  ) , chromosome translo-
cations, promoters silenced by hypermethylation, or an examina-
tion of gene expression, most of which can be performed by 
conventional RT-PCR. 

 The latest equipment includes quanti fi cation/“real-time” 
technologies (quantitative real-time PCR, Q-PCR, or quantitative 
real-time RT-PCR, Q-RT-PCR), where the amount of product 
(equivalent to the number of copies) is measured after each cycle; 
but whichever method is used, the optimum cycling parameters are 
best established using a conventional thermal cycler. The full range 
of applications for PCR and RT-PCR is vast and cannot be covered 
in detail here. The biotechnology and specialist companies are 
excellent sources for additional protocols, literature and trouble-
shooting; and worth pursuing. However, the design of (a) each 
assay, (b) primers, and (c) techniques to exclude contamination is 
universal and of paramount importance; thus, emphasis will be 
placed on establishing techniques that are appropriate for most 
applications. 

  PCR can be applied to the speci fi c detection and ampli fi cation of a 
single (copy) gene or related genes that are part of a large family; the 
distinction resides with primer design. For the former, it is essential 
that the primers are speci fi c (i.e. recognize unique sequences,  perhaps 
including codes for Methionine (Met) or Tryptophan (Trp). Primers 
designed to identify related family members should recognize con-
served sequences and/or incorporate alternative bases, especially for 
amino acids that have multiple codons, i.e. make use of the degen-
eracy of the genetic code (although degeneracy at the 3 ¢  end of the 
primer should be avoided). Similarly, if gene sequence data is limited 
(or only partial amino acid sequence is available), a mixture of  primers 

  1.1.  Gene and 
Sequence Analysis 
Using PCR
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 containing alternative bases at speci fi c sites can be designed. The 
basis of the differential display technique is the detection of random 
fragments of expressed sequences and this allows different popula-
tions to be compared: here, a subset of mRNAs is targeted by an 
“anchored” oligo-dT primer while a random decamer is used for the 
sense primer  (  4  ) . 

 The choice of polymerase is the second most important 
consideration. Reactions that require high- fi delity ampli fi cation 

  Fig. 2.    Polymerase chain reaction: During the  fi rst cycle, both strands of the target are copied and are not limited in length 
at the 3 ¢  ends; however, templates for subsequent cycles are limited by the  fi rst primer. Thus, at the end of the second and 
subsequent cycles, the newly synthesized fragments are de fi ned by the primers: the number of these fragments increases 
exponentially with each cycle.       

STEP 1: DENATURATION

STEP 2: ANNEALING

of 

SPECIFIC PRIMERS

STEP 3: EXTENSION

TEMPLATES COPIED

In subsequent cycles primers 
anneal to the newly synthesized,
complementary strands
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(i.e. a minimum number of mismatches) are best performed using 
an enzyme with proofreading (3 ¢  → 5 ¢  exonuclease) activity (e.g. 
 Pfu ). Applications typically include expression cloning; mutation, 
or  single-nucleotide polymorphism (SNP) analyses. However, 
when long regions are required for cloning purposes, amplifying 
a fragment longer than 5 kb becomes problematical and a combi-
nation of two enzymes, one with proofreading ability and the 
other without (e.g.  Taq ), is advised  (  5  ) . For most general applica-
tions,  Taq  polymerase is suitable: it is a robust enzyme, produces 
good yields, and, although it does not have 3 ¢  → 5 ¢  proofreading 
activity, does have 5 ¢  → 3 ¢  exonuclease activity. 

 Conventional PCR has also been adapted for methylation-speci fi c 
PCR (MSP) (see below) and quantitative and semi-quantitative 
analyses (e.g. gene copy number and expression levels). The latter 
adaptations are generally superseded by Q-PCR: here, the quantity 
of product is measured at the end of each ampli fi cation cycle  (  6  ) . 
This system has a number of advantages but is also not without draw-
backs  (  7  ) . The simplest protocols incorporate a  fl uorescent dye that 
intercalates with double-stranded DNA (e.g. SYBR green). There are 
many variations and the method of choice is in fl uenced by the equip-
ment/supplier (including whether capillaries, tubes, or 96-well plates 
are used), but the principle of measuring the level of  fl uorescence as 
the reaction progresses is common to all procedures.  

  MSP is a specialized form of PCR and is described in detail in 
Chapter   15     by Lehmann, Albat, and Kreipe in this volume. Gene 
silencing is associated with hypermethylation of CpG dimers (to 
give 5 ¢ -methylcytosine)  (  8  )  notably exempli fi ed in breast tumours 
by  14-3-3 s   silencing  (  9  ) . Different sets of primers distinguish 
methylated from non-methylated DNA. The protocol requires 
additional treatment of the sample: prior to PCR, DNA is treated 
with sodium bisulphite  (  10  )  which converts non-methylated cyto-
sine residues to uracil; uracil is recognized by primers containing 
thymine. In contrast, methylated cytosine is protected from the 
sodium bisulphite and remains unmodi fi ed; thus cytosine residues 
are recognized by primers containing guanine. Ideally, MSP should 
be carried out in conjunction with RT-PCR because tumour 
 samples frequently contain both non-methylated as well as methy-
lated DNA sequences.  

  RT-PCR and Q-RT-PCR are essentially PCR but with an addi-
tional (prior) reverse transcriptase step to convert mRNA into 
cDNA (complementary DNA), which is then used as the substrate 
for the reaction. 

 Different reverse transcriptase enzymes are available com-
mercially: for example, AMV RT (from avian myeloblastosis 
virus) and M-MLV RT (from Moloney-murine leukaemia virus); 

  1.2.  Gene Expression 
Analysis by 
Methylation-Speci fi c 
PCR

  1.3.  Gene Expression 
Analysis by RT-PCR 
and Quantitative 
Real-Time RT-PCR
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it will be helpful to check company literature for the most 
 appropriate enzyme for the given application. Reverse tran-
scriptases are RNA-dependent DNA polymerases and require a 
“primed” template. 

 There are two alternative routes for RT-PCR: either conven-
tional two-step, where cDNA is prepared in bulk and a sample used 
for each PCR reaction, or one-step, where both the reverse tran-
scriptase and PCR reactions occur consecutively in the same tube. 
If two-step RT-PCR (or Q-RT-PCR) is considered, there are three 
alternative methods for priming mRNA for reverse transcription: 
(a) a random hexamer, (b) an oligo-dT (18–20 bases), or (c) the 
antisense (reverse) primer (Fig.  3 ). One-step RT-PCR utilizes the 
antisense (reverse) primer for reverse transcription; the advantages 
of this technique are reduced time, a considerably reduced risk of 
contamination, and, usually, increased speci fi city and yield. The 
advantages of two-step RT-PCR are that a number of reactions can 
be performed from a single population of cDNA and that the 
cDNA is stable when frozen. Repeated freezing and thawing intro-
duce nicks and rapid deterioration of cDNA, with a subsequent 
decline in PCR ef fi ciency and yield. Aliquots of cDNA should be 
stored in sterile tubes at −70°C to circumvent this problem. It is 
worthwhile comparing both techniques to determine which is 
most suitable for your application.   

  Two of the most important aspects of PCR are speci fi city and 
 sensitivity. Speci fi city of the reaction is determined, primarily, by 
the primers. These should recognize only the target of interest 
(this is sometimes dif fi cult when the gene of interest is part of a  

  1.4.  Type of Assay

(a): Random hexamer priming of mRNA:

(b): Oligo(dT) priming of mRNA:

(c): Sequence specific priming of mRNA:

A A A A A A A A A A A A A A A A A A A A-3’5’ 

A A A A A A A A A A A A A A A A A A A A-3’

T T T T T T T T T T T T T T T T T T-5’

5’ 

A A A A A A A A A A A A A A A A A A A A-3’5’ 

N6N6 N6
cDNA

cDNA

cDNA synthesis primed with anti-sense (reverse) primer

  Fig. 3.    First-strand synthesis of cDNA: Alternative priming for reverse transcriptase step.       
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family or alternative transcripts are expressed); speci fi city of 
 primer-template recognition is also in fl uenced by the annealing 
temperature. The sensitivity (ampli fi cation) ensures detection of 
a target that may be represented <1 copy per cell; however, with-
out due care, the abundant products of a PCR reaction can easily 
lead to widespread contamination and false-positive results. 
Other important factors are the quality of the template, the reac-
tion conditions, as well as the choice of enzyme. Enzyme choice 
is in fl uenced by the type of assay to be performed, for example 
whether high  fi delity, hot-start, or high throughput; the enzyme 
(and template) will also in fl uence the reaction conditions. Thus, 
it is necessary to peruse products from different companies—ask 
for a free sample. My experience is that they are very willing to 
oblige!  

  There are a number of options available when considering which 
primers to use: sequences may be published already and veri fi ed by 
sequencing; be available commercially (although the sequences are 
unlikely to be known); be listed in one of a number of online 
resources (see  Appendix ); or you may choose to design them your-
self. For the latter, knowledge of part of the whole gene sequence 
will help enormously. The Ensembl site is easy to navigate [  http://
ensembl.org/index.html    ] (see Example 2 below), although others 
are equally good. 

 For gene analysis, the most important consideration is that 
the primers recognize a unique sequence. If your gene is part of a 
family and alignment programmes are not easily available, then 
search other family members for homology to your primers. While 
viewing the related gene, bring up the “Find” box: “Ctrl” (for 
PC) or “Apple” (for Macs) + “F”. Key in part of the primer 
sequence, do not key in all of it ( fi ve to seven bases should be 
suf fi cient to identify any homologous sequences), and be prepared 
to try two to three different sequences;  fl anking sequences can be 
checked by eye. 

 For expression analysis, detecting a unique sequence remains the 
priority with the additional requirement that only mRNA sequences 
are ampli fi ed. Thus, design primers that  fl ank an intron (any contami-
nating DNA sequences will be immediately identi fi able by size) and/
or design one of the primers to cross the junction of two exons. For 
conventional PCR, the ampli fi ed fragment should be between 250 
and 500 bp while for Q-PCR and Q-RT-PCR the ampli fi ed frag-
ment should be much smaller, between 80 and 150 bp.  

  Whatever the decision regarding the location of your primers, 
the same principles apply when designing them; primers should 
be 18–30 bases in length and have 40–60% GC content or at 

  1.5.  Primer Location

  1.6.  Primer Design

http://ensembl.org/index.html
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least equivalent amounts so that they have similar  T  m  (melting 
temperatures) and non-complementary 3 ¢  ends (to prevent 
 primer–dimer formation; see Example 1 below). The primers 
should avoid three G or C residues at the 3 ¢  end (to prevent 
interference with the enzyme) and should not contain runs of 
inter- or intra-complementary bases. Importantly: (a) when 
designing the antisense (reverse) primer, it should be comple-
mentary to the mRNA (sense) sequence, and (b) when recording 
or ordering primers (both sense and antisense), always follow the 
convention and write in 5 ¢  → 3 ¢  orientation. Technical informa-
tion regarding the  T  m  and GC content can be checked once a 
draft of the primers has been planned. The company of your 
choice will have suitable online programs that will provide tech-
nical information; see Example 3. 

  Example 1 
 Primers that will form dimers: 

       

 If further applications of the PCR product are planned (e.g. cloning), 
then the 5 ¢  ends of the primers may contain restriction endonuclease 
sites or adaptors. Note:  Taq  polymerase adds an extra dNTP (usually A) 
to the 3 ¢  terminus, while  Pfu  generates blunt-ended fragments. 
Alternatively, speci fi c modi fi cations can be added such as a probe for 
Q-PCR (see company literature). 

  Example 2 
 Steps to bring up the cDNA sequence of Epidermal Growth Factor 
Receptor (EGFR) and locate the primers: (a) sense CAGCCA-
CCCATATGTACCATC and (b) antisense AACTTTGGGCG-
ACTATCTGC that de fi ne an 80-bp fragment: 

 Ensembl:   http://www.ensembl.org/index.html    .

 Search: Human for EGFR

Select: Gene

Select: Protein ID (ENSP00000275493)

Select: cDNA (from ‘Transcript-Based Displays’)

Scroll down the page to view cDNA (with amino acids) sequence

Press: Ctrl + F keys to bring-up Find box

Key in: CAGCCA (starts at 2980)
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  Example 3 
 Technical details of primers from Sigma-Genosys: 
   http://sigma-genosys.com    . 
   www.sigmaaldrich.com/life-science/custom-oligos.html 

    Select: Custom  DNA oligos

Select: Standard synthesis & purification

Select: Custom Oligos ORDER NOW

Select: DNA oligos – modified & non-modified BOOKMARK PAGE

Select: 2 (or more) items

Synthesis scale: 0.025 μΜ (this should be sufficient)

Purification: Desalt

Format: Dry

Concentration in water: None

Number of tubes: One

Key in your sequences

Select: Technical data

       

 The primer details will be processed immediately and the following 
information provided:  Tm , primer length, %GC, the degree of sec-
ondary folding and potential to form a primer dimer. Keying in a 
primer pair enables you to adjust the sequences so that they (a) 
have a similar Tm, (b) will not form secondary structures, or (c) 
form a primer dimer (alone; to check them as a pair, you will have 
to reverse the antisense order and compare the 3 ¢  ends by eye).   

 

     1.    A clean laboratory coat and gloves are essential. Be prepared to 
change gloves regularly and discard them directly into an auto-
clave bag (or equivalent; the inside of protective gloves is an 
extremely rich source of nucleases). Adopt aseptic techniques, 
especially avoid touching your hair or glasses.  

    2.    Designate separate areas for (a) isolating nucleic acids and set-
ting up reactions and (b) processing PCR products. PCR prod-
ucts are the main source of contaminating material; it is essential 
that you keep them away from your set-up area.  

    3.    Keep the work surface clean (use bleach and 70%  v / v  ethanol 
or industrial methylated spirits, IMSs, to rinse off the surface). 
Particles of dust are contaminated with pathogens, so these 
should not be allowed to build up.  

  2.  Preparation 
and Materials
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    4.    Designate (clean) racks and ice buckets for molecular biology use.  
    5.    Keep a designated set of pipettors for handling nucleic acids and 

setting up the reactions. Clean and calibrate them regularly.  
    6.    Always use (good quality)  fi lter tips (aerosol resistant) when 

handling nucleic acids and setting up the reactions.  
    7.    Purchase RNase-free and DNase-free reaction tubes and con-

sumables wherever possible. Autoclave them (in small amounts); 
always tip out onto a clean surface—do not reach in with your 
hand. Designate them for molecular biology use.  

    8.    Purchase molecular biology-grade (PCR grade) water in 1.25-
ml aliquots (e.g. from Promega DW0991). Designate these for 
use with nucleic acids; keep the water provided with each kit 
for setting up the reactions.  

    9.    Purchase additional molecular biology-grade water (e.g. from 
Promega P1195) for other uses, such as preparing primers. 
Handle in a laminar  fl ow cabinet to keep sterile. Always 
 prepare a smaller aliquot for use; never use directly from the 
bottle.  

    10.    Purchase an RNase inhibitor (e.g. RNasin; Promega).  
    11.    Use thin-walled tubes (0.25 or 0.5  m l) for the reactions; these 

will ensure rapid transmission of temperature changes and 
contribute to a good yield, although conventional tubes are 
perfectly adequate.      

 

      1.    Successful PCR is achieved following careful preparation; any 
slight differences in pipetting early in the proceedings are 
ampli fi ed during the process; thus, wherever possible, avoid 
repeatedly pipetting small volumes. Assays should be scaled up 
so that “master mixes” are prepared. These will signi fi cantly 
decrease the pipetting variations.  

    2.    A number of methods are available for isolating DNA from 
solid tissues ( fi rst, carefully grind under DNase- and RNase-
free conditions), blood, or cultured cells. Probably, the sim-
plest and readily applicable are the guanidine 
thiocyanate-containing solvents [e.g. TRizol™ (Invitrogen) 
and TRI Reagent (Sigma-Aldrich)]   . They have the added 
advantage of allowing both DNA and RNA to be isolated 
simultaneously (and protein if desired). Alternatively, should 
disposal of organic solvents be a problem, commercial kits 
employing the use of Ni + /silica-based spin columns are easy 
and versatile to use (see Note 1).  

  3.  Methods

  3.1.  Before You Start
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    3.    Solubilise primers and prepare dilutions prior to setting up the 
reactions (and certainly not when any template is being pre-
pared or in the vicinity) (see Note 2).  

    4.    Three types of reaction will be considered: basic PCR, cDNA 
synthesis, and one-step RT-PCR.  

    5.    Only use molecular-grade (PCR grade) water that is DNase 
and RNase free.  

    6.    Thaw items carefully and then immediately place them on ice. 
Leave the enzyme in the freezer until required. Make sure that 
the solutions are evenly mixed prior to use (see Note 3).      

      1.    The basic PCR reaction is universal and contains the following 
components: 

   Suggested 100  m l reaction to start:  

 Volume  Final concentration 

 DNA template  Variable   £ 1  m g 

 Sense primer (10  m M)  10  m l  0.1  m M 

 Antisense primer (10  m M)  10  m l  0.1  m M 

 Buffer (usually 10× concentration)  10  m l  ×1 

 dNTPs mix (10 mM each)  2  m l  200  m M each 

 Enzyme (e.g. 500 U/ m l)  0.5  m l  2.5 U/ m l 

 H 2 O  To 100  m l  Variable 

   The optimum template, primer, and Mg 2+  concentrations and 
annealing temperature (the cycling parameters) should be 
determined empirically for each primer pair.  

    2.    Regarding the DNA template: This can be of any size from 
high-molecular-weight (HMW) genomic DNA to a plasmid, 
recombinant, or even a PCR product (see Note 4).  

    3.    It is highly unlikely that only one reaction will be set up; there 
should be at least one negative control to con fi rm that the reagents 
are not contaminated. Draw up a table including volumes for a 
single reaction, then multiple reactions, and then a  fi nal column 
that includes an extra 10% (to allow for pipetting variations).  

    4.    Create Master Mixes.  
    5.    The core Master Mix should contain H 2 O, buffer, dNTPs, 

and enzyme. It is important to ensure the order in which 
reagents are added: (a) add H 2 O  fi rst; (b) buffer next; and (c) 
dNTPs next; as an option, include the primer pair. Maintain 
the  mixtures on ice. The template(s) can be added directly to 
the reaction tubes (see Note 4). When everything else has 
been set up, the enzyme can be added to the master mix last 

  3.2.  Setting Up a 
Reaction ( See   Note 4 )



82 H.M. Welch

and carefully mixed. Using a fresh tip every time, add an 
appropriate measure to each reaction tube (in the above exam-
ple to reach a  fi nal volume of 100  m l). Always prepare at least 
one negative control; this should include everything, except 
the template (use H 2 O to make up the volume).      

      1.    The  fi rst variable to consider is the annealing temperature. The 
starting point is usually 5°C lower than the  T  m . In some ther-
mal cyclers, it is possible to programme a gradient to quickly 
determine the optimum temperature; otherwise, this will need 
to be performed by trial and error. Spurious fragments may 
disappear with a rise of one degree; similarly, stronger bands 
may appear with a lowering of 1°C.  

    2.    Include the ampli fi cation of a reference gene (also often called 
housekeeping gene, an example of this is GAPDH or  b -actin); 
this will test your technique as well as the quality of the tem-
plate, cycling conditions, and the reagents.  

    3.    The primer and dNTP concentrations are not usually limiting 
factors, and should always be in excess (as above). However, 
too high a concentration of primers will interfere with the 
ef fi ciency of the enzyme reaction and encourage incorrect 
primer annealing and aberrant ampli fi cations.  

    4.    The Mg 2+  concentration is important (the enzyme reaction is a 
bi-substrate reaction and requires Mg 2+  in the active site); too 
high a Mg 2+  concentration will cause interference. However, 
Mg 2+  also affects primer-template-enzyme stability and the 
Mg 2+  concentration may need to be titrated.  

    5.    The number of cycles required is in fl uenced by the copy 
number of the starting template; usually, between 30 and 40 
cycles will suf fi ce.      

  The type of machine, enzyme, template, and  T  m  of the primers 
in fl uence the cycling programme, although a machine that is able 
to rapidly change (ramping time) from one temperature to the next 
is essential. The  T  m  of the primer pair(s) determines the annealing 
temperature. The length of time at each step is determined by the 
user, usually 30–90 s. For a basic three-step cycling, the suggested 
settings to start are as follows:  

 Denaturation  94°C  1 min 

 Annealing  50–68°C  0.5 min 

 Extension  72°C  1 min 

 Number of cycles  35 

 Final extension  72°C  10 min 

  3.3.  Establishing 
Cycling Parameters

  3.4.  Thermal Cycling 
( See   Note 5 )
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 Reaction products can be stored at room temperature overnight 
or at 4°C (or −20°C) for longer periods.  

  The conditions best suited for each propriety enzyme are included 
with each purchase, but can be adapted for your own purposes. 
The reaction described below is standard for use with an oligo-dT 18  
primer, but can be adapted for alternative primers. To prepare more 
cDNA, either scale-up one reaction or set up a number of reactions 
and then pool them (± aliquots for freezing); doubling the amount 
of template will not double the yield!

    1.    For generating cDNA from 1  m g total RNA,  fi rst prepare a 
6.5- m l volume containing the following:  

 Volume  Final concentration 

 1  m g total RNA template  Variable  0.1  m g/ m l 

 Olig-dT 18  (0.5  m g/ m l)  0.5  m l  25 ng/ m l 

 dNTPs (10 mM)  0.5  m l  0.5 mM 

 H 2 O to 6.5  m l  Variable 

 Heat denature at 70°C for 10 min, chill immediately on ice, brie fl y 
centrifuge to collect condensation, and return to ice. To the above, 
add the following:  

 Volume  Final concentration 

 First-strand buffer 
(×5 concentration) 

 2  m l  1× 

    *Dithiothreitol (100 mM)  1  m l  10 mM 

 RNasin (40 U/ m l)  0.25  m l  1 U/ m l 

 Enzyme (200 U/ m l)  0.5  m l  10 U/ m l 

 Incubate at 42°C for 60 min. Assess the cDNA product quantita-
tively and qualitatively using UV spectrophotometry, or by gel 
electrophoresis. 

  There are many formulations for the OneStep RT-PCR 
(Qiagen™). The Qiagen protocol is given here and describes a 
50  m l reaction; however, 15  m l yields suf fi cient product for analysis 
by gel electrophoresis and, therefore, the volumes can be adjusted 
as appropriate. 

 The same rules apply as for PCR: Always use fresh tips; add the 
enzyme to the master mix last; and keep everything on ice until 
transferring to the thermal cycler. 

  3.5.  Reverse 
Transcriptase Reaction

  3.5.1.  One-Step RT-PCR
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  The table below describes a 50mL reaction; use this as a guide 
to plan a single, then multiple reactions.’       

 Volume  Final concentration 

 RNA template  Variable   £ 250 ng 

 RNasin (40 U/ m l)  1.25  m l  1 U/ m l 

 Sense primer (10  m M)  3  m l  0.6  m M 

 Antisense primer (10  m M)  3  m l  0.6  m M 

 Buffer (×5 concentration)  10  m l  1× 

 dNTPs mix (10 mM each)  2  m l  400  m M each 

 Enzyme (e.g. 500 U/ m l)  2  m l 

 H 2 O  To 50  m l  Variable 

 Plan your assays to avoid pipetting small volumes. Include a nega-
tive control using H 2 O to replace the template. If comparing a 
number of different templates for the expression of more than one 
gene, then set up at least two, if not three, mixes and include tem-
plate with RNasin and H 2 O. 

 One-Step RT-PCR (Qiagen) differs from basic PCR in that:

   (a)    The thermal cycler (and lid) must be preheated to 50°C 
prior to loading the samples.  

   (b)    The  fi rst stage of the (RT-PCR) reaction includes an incu-
bation step at 50°C for 30 min for reverse transcription.  

   (c)    This is followed by an incubation step at 95°C for 15 min 
(to activate HotStar Taq polymerase and destroy the 
reverse transcriptases).  

   (d)    A three-step cycling protocol follows as for basic PCR 
using an annealing temperature indicated by the primers 
(see above).        

 

     1.       (a)     There is no substitute for careful preparation of template, 
ideally to ensure uncontaminated, undegraded, non-frag-
mented HMW nucleic acid, whether it is DNA or RNA. 
Contamination with proteins (e.g. histones or other chro-
matin-associated proteins), inorganic ions (e.g. Na + ), com-
pounds (e.g. EDTA and Na 2 ), organic molecules, or 
nucleic acids, as well as changes in pH, will in fl uence the 
enzyme activity and primer annealing, hence the ef fi ciency 
of the reaction and overall yield. However, when the target 
sequence is relatively short (<100 bp) or even present at 

  4.  Notes
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very low copy number (<2 copies per cell), PCR is also 
achievable following relatively crude preparations. The 
limitations are that the template will not be stable and, 
therefore, will be subject to degradation; speci fi city may be 
affected and the yield will probably be low; refer to 
Table  1 .   

   (b)    To establish the cycling parameters: template extracted 
from a cancer cell line is ideal; be certain you have a posi-
tive control as well as a negative control, and then move 
on to extraction from tumour tissues.  

   (c)    Good-quality nucleic acid is stable, but repeated freezing 
and thawing will degrade it. Prepare more than one aliquot 
to avoid frequent freezing and thawing of the same sample.  

   (d)    Good-quality nucleic acid preparations should be concen-
trated and, therefore, are dif fi cult to use for assessing the 
optical density, especially if >0.5  m g/ m l (and the volume for 
reading in a UV spectrophotometer is 1  m l). Prepare differ-
ent dilutions and only accept a reading when it is consistent.      

    2.       (a)     Follow the manufacturer’s instructions for preparation; 
use molecular-grade water. Keep the stock solution at a 
high concentration (usually 100  m M).  

   (b)    Prepare a “working” ×10 concentration solution (usually 
10  m M) and prepare small aliquots and store frozen 

   Table 1 
  Expression data and abundance of mRNA: Cells, especially cancer cells, vary 
enormously in their nucleic acid content. The following table gives a rough guide 
to the abundance of different RNA molecules, based on the RNA content 
of a typical human cell: 10–30 pg   

 Number 
of cells  Yield of tRNA  Yield of mRNA 

 Abundant 
transcripts/cell 

 Rare 
transcripts/cell 

 10 6   10–15  m g  750 ng  10 10   10 7  

 10 5   1–1.5  m g  75 ng  10 9   10 6  

 10 4   100–150 ng  7.5 ng  10 8   10 5  

 10 3   10–15 ng  750 pg  10 7   10 4  

 10 2   1–1.5 ng  75 pg  10 6   10 3  

 10  100–150 pg  7.5 pg  10 5   10 2  

 1  10–15 pg  ~0.75 pg  ~10 4   ~10 

  Between 1 and 5% of this is mRNA (~0.5 pg) while the rest is composed of rRNA (80–85%) and tRNA (15–20%). 
Note that “rare” or low-abundance messages may include >10,000 different mRNA species and account for 45% of 
the mRNA population  
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(if possible, number them 1/5, 2/5–5/5, etc.; this way, 
you will know when to start preparing more).      

    3.       (a)      Taq  polymerases are extremely active, even at room tem-
perature. It is essential that you keep them in the freezer 
until required and, when in use, keep them on ice. If 
appropriate, also prepare small aliquots to reduce the risk 
of denaturation and contamination.  

   (b)    Enzymes are provided in a 50% glycerol solution to  prevent 
degradation by repeated freezing and thawing; because of 
the viscosity it is easy to transfer excess to the Master Mix. 
Always place your tip near the top of the solution.      

    4.    Fresh tips should be used throughout the different procedures.
   (a)    Early protocols gave instructions for 100 or 50  m l reac-

tions and I have used these volumes for ease of compari-
son/calculations. However, if your next step is analysis by 
gel electrophoresis, then there is really no need for a large 
volume, assuming that you load between 15 and 20  m l per 
lane (freezers around the world must be full of surplus 
PCR products). We routinely set up 15  m l reactions and 
examine the entire product, hence no wastage.  

   (b)    If your product yield is low, do not assume that additional 
template is required: copy number is the important factor. 
Thus, if a gene has already been ampli fi ed and is part of a 
gene family (or has pseudogenes), an excess of template at 
the start will “mop-up” the primers (imagine iron  fi lings 
on a magnet) and prevent the PCR from reaching an expo-
nential phase. This is especially important when using a 
recombinant or amplicon as the template. When examining 
HMW DNA, start with a concentration of 100 ng/100  m l 
reaction, while 1 ng of a 50 kb  l  DNA should be suf fi cient; 
titrate the template if necessary.  

   (c)    Alternatively, if the target sequence is rare (perhaps a trans-
location point), be prepared to set up a re-ampli fi cation 
reaction. Take an aliquot of your  fi rst product (even if 
nothing is visible on a gel) and re-amplify it using either 
the same primers or a second pair of “nested primers” (i.e. 
a set designed to lie within the target of the  fi rst pair).  

   (d)    If one template is being examined for a number of genes, 
then this can be added to the master mix and the different 
primer pairs dispensed to the reaction tubes (or vice versa). 
Adding template or primers to the master mix increases the 
risk of contaminating the reagents, although if the correct 
order is adhered to only the enzyme is at risk; thus take extra 
care to use a fresh tip. This adaptation has the advantage of 
reducing pipetting variations. Alternatively, consider prepar-
ing different master or core mixes, for example (1) 
H 2 O + template (±RNasin) + dNTPs in one mix with (2) 
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H 2 O + buffer + enzyme in another mix, and pipetting the 
primers directly in the reaction tubes. When you are 
con fi dent of your technique and assured that the primers are 
working well, adapt the assays to reduce the risk of contami-
nation and increase ef fi ciency. It is commonplace to prepare 
three core mixes and pipette 5  m l from each to obtain the 
 fi nal 15  m l reaction volume when examining a number of 
templates for the expression levels of different genes.      

    5.    Thermal Cycling.   
   (a)    Hot Start PCR requires an initial denaturation step (see 

manufacturer’s recommendations). Ensure suf fi cient time 
for melting the HMW DNA at 94°C; otherwise, ef fi ciency 
will be severely affected.  

   (b)    Allow enough time for the primers to anneal to their com-
plementary sequences, but not long enough for the  Taq  
polymerase to start amplifying spurious sequences.  

   (c)    Stringency is increased with higher temperatures, although 
primers with high percentage of GC residues require a 
higher melting point; however, avoid a very high anneal-
ing temperature because it may be too close to the opti-
mum temperature of the polymerase (70–74°C).  

   (d)    A  fi nal extension of 10 min at 72°C is often included to 
ensure that ampli fi ed fragments are extended fully and are 
complete in order that they are of the size de fi ned by the 
primers.               

 

 Useful Web sites: 
   http://www.ncbi.nlm.nih.gov    . 
   http://www.ncbi.nlm.nih.gov/tools/primer-blast/index.

cgi?LINK_LOC=BlastHome    . 
   www.promega.com    . 
   www.qiagen.com    . 
   www.sigma.com    . 
   www.invitrogen.com    . 
   http://www.ensembl.org/index.html    . 
   http://sigma-genosys.com    . 
   www.sigmaaldrich.com/life-science/custom-oligos.html    . 
   https://www.roche-applied-science.com    . 
   http://www.proteinatlas.org/index.php    . 
   http://www.ncri-onix.org.uk/portal/#S1    .   

  5.  Appendix

http://www.ncbi.nlm.nih.gov/tools/primer-blast/index.cgi?LINK_LOC=BlastHome
http://www.ensembl.org/index.html
http://sigma-genosys.com
http://www.sigmaaldrich.com/life-science/custom-oligos.html
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    Chapter 6   

 Sodium Dodecyl Sulphate–Polyacrylamide Denaturing 
Gel Electrophoresis and Western Blotting Techniques       

         Christine   Blancher       and    Rob   Mc   Cormick      

  Abstract 

 The study of proteins, their expression and post-translational modi fi cation, is a key process in molecular 
biology. Immunoblotting is a well-established and powerful tool for the study of proteins, which continues 
to evolve as new reagents and apparatus are developed. This chapter describes in detail the process by 
which proteins are extracted from cells, quanti fi ed, fractionated using poly-acrylamide gel electrophoresis, 
transferred to a membrane, and assessed by immunoblotting. Variations in experimental technique, and 
new technologies available to the researcher, are also discussed.  

  Key words:   Western blotting ,  Sodium dodecyl sulphate–polyacrylamide denaturing gel electrophoresis , 
 Immunoblotting ,  Protein extraction ,  Polyacrylamide gel electrophoresis    

 

 The goal of Western-blotting, or more correctly immunoblotting, is 
to identify with a speci fi c antibody a particular antigen in a midst of 
a complex mixture of proteins fractionated in a polyacrylamide gel 
and immobilised onto a membrane. Immunoblotting can be used to 
determine a number of important characteristics of proteins: the 
presence and semi-quantitation of an antigen, the relative molecular 
weight of the polypeptide chain, and the ef fi ciency of extraction of 
the antigen. 

 Immunoblotting occurs in six stages: extraction and 
quanti fi cation of protein samples, resolution of the protein sample 
in sodium dodecyl sulphate–polyacrylamide denaturing gel elec-
trophoresis (SDS–PAGE), transfer of the separated polypeptides to 
a membrane support, blocking non-speci fi c binding sites on the 
membrane, addition of antibodies, and  fi nally, a detection step. 

  1.   Introduction
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 Sample preparation is important to obtain accurate separation 
of the proteins on the basis of molecular weight. Different proce-
dures might be required to prepare the sample depending on 
whether the protein is extracellular, cytoplasmic, or membrane 
associated. Although there are exceptions, many nuclear and cyto-
plasmic proteins can be solubilised by lysis buffers that contain the 
non-ionic detergent Nonidet P-40 (NP-40) with either no salt at 
all or relatively high concentrations of salt (e.g., 0.5 M NaCl). 
However, the ef fi ciency of extraction is often greatly affected by 
the pH of the buffer and the presence or absence of chelating 
agents (e.g., ethylenediaminetetraacetic acid, EDTA). Extraction 
of membrane-bound and hydrophobic proteins is less affected by 
the ionic strength of the lysis buffer, and is often facilitated by the 
addition of ionic and non-ionic detergents. Many methods of solu-
bilisation, particularly those that involve the mechanical disruption 
of cells, release intracellular proteases that can digest the target 
protein. The susceptibility to attack, of different proteins by pro-
teases, varies widely, with cell-surface and secreted proteins gener-
ally being more resistant than intracellular proteins. It is therefore 
important to maintain the cell extracts on ice to minimise prote-
olytic activity. In addition, a cocktail of protease inhibitors, which 
are available individually or as ready-made tablets, are commonly 
included in lysis buffers. The treatments used should disrupt 
the secondary or tertiary protein structure, thus preventing altera-
tions in protein migration through the acrylamide matrix. 
Therefore, sample preparation should solubilise and denature 
proteins, dissociate polypeptides, and reduce disulphide bonds. 
This is achieved through a combination of SDS, a reducing agent 
(usually  β -mercaptoethanol), and heat. 

 When comparing samples, it is important to load equivalent 
amounts of total protein onto the gel. Total protein concentration 
can be measured using a number of methods. The Bradford 
method is relatively accurate for most proteins except small basic 
polypeptides such as ribonuclease or lysozyme. It is hampered by 
detergent concentrations over approximately 0.2% (e.g., Triton 
X-100, SDS, and NP-40). Commercially available colorimetric 
assay systems are available (e.g., the Pierce—BCA protein assay 
reagent, or the Bio-Rad—DC protein assay) they are easier to use 
and relatively cheap. 

 The proteins diluted in a sample buffer are separated by gel 
electrophoresis. Most often, the electrophoresis system of choice 
will be a Tris/glycine discontinuous SDS–PAGE  (  1  ) . The SDS 
coats the proteins, providing them with a negative charge propor-
tional to their length. When the coated sample is run on an SDS 
polyacrylamide gel, the proteins separate by charge and by the 
sieving effect of the gel matrix. Sharp banding of the proteins is 
achieved using the discontinuous gel system which has stacking 
and separating gel layers that differ in, either salt concentration, pH, 
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and acrylamide concentration, or a combination of these. To assess 
the relative molecular weight of the electrophoresed protein(s) a 
pre-stained molecular weight marker is run in the outer lane of the 
gel for comparison. 

 Once separated, proteins may be transferred (blotted) onto a 
second matrix that binds in a non-speci fi c manner. Generally 
a nitrocellulose or polyvinylidene di fl uoride (PVDF) membrane is 
used for this step. Transfer is achieved by placing the membrane in 
direct contact with the gel and then placing this sandwich in an 
electric  fi eld to drive the proteins from the gel onto the membrane 
 (  2  ) . Electrophoretic transfer can be undertaken by complete 
immersion of a gel-membrane sandwich in a conducting buffer 
(wet transfer), by placing the gel-membrane sandwich between gel 
pads (dry transfer), or by absorbent  fi lter paper soaked in transfer 
buffer (semi-dry transfer). For wet transfer, the sandwich is placed 
in a buffer tank with platinum wire electrodes. For dry and semi-
dry transfer, the gel-membrane sandwich is placed between two 
plates equipped with copper saturated calomel (SCE), stainless 
steel or platinum electrodes. Apparatus for both types of transfer 
are available commercially. 

 Before the blot can be processed for protein detection, it is 
essential to block the membrane to prevent non-speci fi c absorp-
tion of the immunological reagents to the surface of the mem-
brane. The most commonly used blocking solution that is 
compatible with nearly all detection systems is non-fat dried milk 
 (  3  )  this is often prepared in a solution containing the detergent 
Tween 20 in order to reduce excessive background staining  (  4  ) . 
However, commercial blocking buffers are also available to opti-
mise the detection of dif fi cult antigen–antibody interactions. 

 Procedures for detection of a Western blot vary widely. One 
common variation is direct, compared with indirect, detection sys-
tems. With the direct detection method, the primary antibody is 
labelled with an enzyme or  fl uorescent dye. This detection method 
is not widely used as most researchers prefer the indirect detection 
method; wherein an unlabelled primary antibody speci fi c to the 
target protein is  fi rst incubated with the membrane in the presence 
of blocking solution. The membrane is then washed and incubated 
with a labelled secondary antibody which is directed against the 
primary antibody. Labels may include biotin,  fl uorescent probes 
such as  fl uorescein or rhodamine, and enzyme conjugates such as 
horseradish peroxidase (HRP) or alkaline phosphatase (AP). After 
further washing, detection is achieved using the appropriate appa-
ratus, for example,  fi lm with chemiluminescent labels, or a UV 
source plus CCD camera for  fl uorescent probes. 

 A vacuum-based method for blocking and antibody detection 
on the membrane has recently been developed. The SNAP i.d. 
system from Millipore draws reagents through the membrane using 
a vacuum. Because the reagents are forced through, rather than 
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relying on diffusion, this method offers considerable time saving. 
Blocking, primary and secondary antibody application, plus washing 
can be achieved in less than 30 min, obviating the need for sometimes 
lengthy (e.g., overnight) incubations with primary antibodies.  

 

  Lysis buffers that are commonly used to prepare extracts of mam-
malian cells for immunodetection are shown below. In the absence 
of any information about the target protein, we recommend trying 
the triple- and single-detergent lysis buffer before attempting more 
specialised methods of extraction. A large variety of protease inhib-
itor cocktails are also available commercially which inhibit a broad 
spectrum of proteases and phosphatases and should be chosen 
according to tissue sample type and protein studied.

    1.    Triple-detergent lysis buffer: 50 mM Tris, pH 8.0; 150 mM 
NaCl; 0.1% w/v SDS; 1% v/v Nonidet P-40 (NP-40); 0.5% 
w/v sodium deoxycholate and protease inhibitor cocktail.  

    2.    Single-detergent lysis buffer: 50 mM Tris, pH 8.0; 150 mM 
NaCl; 1% w/v Triton X-100 or 1% v/v NP-40 and protease 
inhibitor cocktail.  

    3.    High-salt lysis buffer: 50 mM HEPES, pH 7.0; 500 mM NaCl; 
1% v/v NP40 and protease inhibitor cocktail.  

    4.    High stringency lysis buffer: 6 M urea; 10 mM Tris, pH 6.8; 
5 mM DTT; 1% w/v SDS; 10% v/v glycerol and protease 
inhibitor cocktail.  

    5.    No-salt mild lysis buffer 50 mM HEPES, pH 7.0; 1% v/v 
NP-40 and protease inhibitor cocktail.  

    6.    Ice cold phosphate buffer saline (PBS): weigh 11.5 g anhy-
drous di-sodium hydrogen orthophosphate (80 mM), 2.96 g 
sodium dihydrogen orthophosphate (20 mM), and 5.84 g 
sodium chloride (100 mM), transfer to a beaker and make up 
to 1 L with distilled water. Adjust the pH to 7.5. Alternatively, 
use ready prepared PBS solution or tablets dissolved in 
deionised/distilled water.  

    7.    Preparing a standard curve for protein quantitation: prepare a 
series of known protein samples for a standard curve using a 
protein as similar in its properties to your sample as possible 
(e.g., if you are measuring antibody concentrations, then use 
puri fi ed antibody as the protein sample for the standard curve). 
If your sample is unknown, use an antibody as the standard 
protein. Bovine serum albumin (BSA) gives a value about two-
fold higher than its weight for Bradford dye-binding assays  (  5  )  
but it is  fi ne for Lowry-based assays  (  6  ) . The dilution of the 

  2.   Materials

  2.1.  Extraction and 
Quanti fi cation of 
Protein Samples
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protein standard should be from 0.2 mg/ml to approximately 
1.5 mg/ml, and the standards should always be prepared in 
the same buffer as the protein sample.  

    8.    Bradford dye concentrate: dissolve 100 mg Coomassie Brilliant 
Blue R250 in 50 ml of 95% v/v ethanol. Add 100 ml concen-
trated phosphoric acid. Add distilled water to a  fi nal volume of 
200 ml. The dye is stable at 4°C for at least 6 months. This dye 
concentrate is also available commercially. Alternatively use a 
colorimetric protein assay kit, for example, the Pierce BCA Kit, 
or the BioRad DC Kit.  

    9.    “Rubber policeman” for scraping cell monolayers (Sarsted, 
Greiner).  

    10.    Either a sonicator or homogeniser with immersible tip, or 
23-G hypodermic needle, in order to shear chromosomal DNA 
to a lower viscosity.  

    11.    Plastic or glass cuvettes with 1 cm path length matched to lab-
oratory spectrophotometer. If analysing multiple samples it is 
easier to perform microplate assays using 96-well microtitre 
plates and a microplate reader.  

    12.    Spectrophotometer capable of measuring the absorbance at 
wavelengths of 200–600 nm.      

  Three formats of gels are commonly available: mini gels (~8 cm × 8 cm), 
midi gels (13 cm × 9 cm) and large gels (16 cm × 16 cm). For most of 
the analytical and some preparative fractionation techniques mini gels 
are the  fi rst choice.

    1.    The Bio-Rad Mini-PROTEAN Tetra cell vertical electrophore-
sis apparatus and casting equipment or the Invitrogen, Novex, 
X-Cell SureLock Mini-Cell vertical electrophoresis systems are 
commonly used and combine fast separation with an easy set-
up ( see   Note 1 ). These systems all allow between one and four 
pre-cast or hand-cast mini gels of variable thickness to be run at 
the same time. The number of wells in the gel can be adjusted 
according to the comb that is used. A wide range of pre-cast 
gels are commercially available in both gradient and  fi xed con-
centrations of acrylamide, including different gel formulations 
and adapted running buffers. For each hand-cast gel an inner 
glass plate and outer glass plate, two spacers and a Te fl on comb 
of the same thickness (0.75–1.5 mm) will be required.  

    2.    Power pack.  
    3.    Gel casting solutions: 29% w/v acrylamide/1% w/v bisacryl-

amide stock solution. It is preferable to purchase prepared 
acrylamide/bisacrylamide as it circumvents the need to weigh 
powdered acrylamide which is a neurotoxin. 10% w/v SDS 
stock solution prepared in deionised water and stored at room 

  2.2.  Resolution 
of the Protein Sample 
in SDS–PAGE
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temperature. Stacking gel buffer: 0.5 M Tris pH 6.8 prepared 
by dissolving 6.05 g Tris base in 40 ml distilled water, adjust to 
pH 6.8 by the slow addition of 1 M HCl and make up to 
100 ml with distilled water. Resolving gel buffer: 1.5 M Tris 
pH 8.8 prepared by dissolving 90.9 g Tris base in 350 ml water, 
adjust to pH 8.8 by slow addition of 1 M HCl and make up to 
500 ml with distilled water.  

    4.    Catalysts: 10% w/v ammonium persulphate (APS) made fresh, 
stored for maximum of 1 week at 4°C or stored in aliquots of 
1 ml at −20°C for several months.  N , N , N  ¢ , N  ¢ -tetramethyl 
ethylene diamine (TEMED) used as supplied by the 
manufacturer.  

    5.    Water-saturated butanol solution: prepare by combining 
100 ml  n -butanol and 5 ml distilled water in a bottle and shak-
ing well. Store at room temperature.  

    6.    SDS sample buffer: make up 10 ml, six times concentrated, 
sample buffer by mixing 6 ml 0.5 M Tris, pH 6.8; 1.2 g SDS; 
3 ml glycerol; 600  μ l  β -mercaptoethanol; and 6 mg 
Bromophenol blue. SDS sample buffer is also available com-
mercially from a number of suppliers.  

    7.    Molecular weight markers: these are convenient for monitor-
ing electrophoresis and transfer, and they are available pre-
stained with blue-dye or multicoloured to provide easier band 
identi fi cation.  

    8.    Tris–glycine-SDS running buffer: the formulation for the run-
ning buffer is 25 mM Tris, pH 8.3; 192 mM glycine (electro-
phoresis grade); 0.1% w/v SDS. Prepare a 5× concentrated 
solution by dissolving 15.1 g Tris base, 72 g glycine, 5 g SDS, 
make up to 1 L with deionised water. Dilute with deionised 
water for 1× working solution as required. This buffer is avail-
able commercially as well as ready to use Tris-Hepes-, Tris-
Acetate-, MOPS-, and MES-SDS running buffer speci fi cally 
adapted for precast gels (e.g., from BioRad, Pierce and 
Invitrogen).  

    9.    Safety note: acrylamide and bisacrylamide are potent neuro-
toxins and are absorbed through the skin. Their effect is cumu-
lative. Polyacrylamide is considered to be less toxic, but should 
still be treated with care as it may contain small quantities of 
non-polymerised material. The use of prepared acrylamide–
bisacrylamide solution is recommended as it circumvents the 
requirement to weigh acrylamide powder.      

  Total protein stains are commonly used for qualitative and quanti-
tative analysis of proteins separated on gels or to visualise the pro-
teins remaining on the gel after transfer. The most common method 
is to stain with Coomassie dye.

  2.3.  Staining 
SDS–Polyacrylamide 
Gels
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    1.    Coomassie Brilliant Blue solution: dissolve 0.25 g of Coomassie 
Brilliant Blue R250 in 90 ml methanol: H 2 O (1:1 v/v) and 
add 10 ml of glacial acetic acid. Filter the solution through a 
Whatman No. 1  fi lter to remove any particulate matter.  

    2.    Destain solution: mix 90 ml methanol: H 2 O (1:1 v/v) and 
10 ml of glacial acetic acid. Alternatively, ready-made 
Coomassie-based gel stain solutions are available which do not 
require methanol or acetic acid  fi xative and destaining (e.g., 
Piercenet, Invitrogen, and BioRad).  

    3.    Safety note: methanol is highly  fl ammable and toxic, with dan-
ger of very serious irreversible effects following inhalation, skin 
contact or swallowing.      

      1.    Wet transfer apparatus: systems include the BioRad mini Trans-
blot cell (buffer tank, two gel holder cassettes, four  fi bre pads, 
and mini Trans-blot module) or the Invitrogen XCell II Blot 
module (buffer tank, four blotting pads, and mini-gel blot 
module). This apparatus is commonly used and allows the 
transfer of 1–2 mini-gels in 1–2 h or overnight using 200–
450 ml of transfer buffer.  

    2.    Semi-dry transfer apparatus: systems include the BioRad Trans-
Blot SD and Sigma Uniblot blotting system. These apparatus are 
ideal for rapid (15–60 min), high-intensity transfer and are best 
suited for proteins of mid-range molecular weight 10–100 kDa. 
They require very little transfer buffer but adjustments may need 
to be made to ensure optimal transfer conditions.  

    3.    Dry transfer apparatus: systems include the Invitrogen iBlot 
Dry blotting System—a buffer-free system equipped with its 
own integrated power supply, it requires preassembled iBlot 
transfer stacks including cathode and anode gel pads and copper 
electrodes, nitrocellulose membrane, disposable sponge, and 
 fi lter paper. The transfer of proteins is achieved in a very short 
period of time (6–10 min).  

    4.    Power pack.  
    5.    Sheets of absorbent  fi lter paper (Whatman 3MM or equiva-

lent) or BioRad extra-thick blotting paper (semi-dry transfer) 
cut to the gel size.  

    6.    Transfer membrane: nitrocellulose membrane or PVDF. PVDF 
is more suitable for small molecular weight proteins.  

    7.    Towbin transfer buffer  (  2  )  (for wet or semi-dry transfer 
systems): 25 mM Tris, 192 mM glycine, and 10–20% v/v 
methanol pH 8.3. For 2 L, dissolve 6.04 g Tris base and 28.8 g 
glycine in 1.6 L of distilled water, add 100–200 ml methanol, 
make up to 2 L with distilled water. It is not necessary to add 
acid or base to adjust the pH. Store at 4°C. SDS may be added 
to this buffer up to a  fi nal concentration of 0.1% w/v. Prepare 

  2.4.  Transfer of the 
Separated 
Polypeptides to a 
Membrane Support
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1 L by mixing 200 ml of 5× concentrated Tris–Glycine-SDS 
running buffer with distilled water and adding 100–200 ml of 
methanol ( see   Notes 2  and  3 ). The opposing effects of metha-
nol and SDS in the blotting process can be exploited in semi-dry 
transfer because the buffer reservoirs (in this case, the  fi lter 
paper on both sides of the gel) are independent. In a discon-
tinuous system, methanol should be included in the buffer on 
the membrane side (anode) of the blot assembly and SDS used 
on the gel side (cathode), taking advantage of the positive 
effects of each component.  

    8.    Discontinuous buffer system for semi-dry blotting: a new discon-
tinuous buffer system using a Tris-CAPS (3-(cyclohexylamino)-
1-propanesulfonic acid) buffer provides excellent results in 
semi-dry blotting. Prepare the Tris-CAPS buffer with 60 mM 
Tris base and 40 mM CAPS, pH 9.6. For 1 L of 5× concen-
trated stock solution dissolve 36.4 g Tris base, 43.3 g CAPS in 
distilled water. Prepare 100 ml of 1× transfer buffer for the 
anode (lower electrode) by mixing 20 ml of 5× concentrated 
Tris-CAPS with 15 ml methanol and 65 ml distilled water. 
Prepare 100 ml of 1× transfer buffer for the cathode (upper 
electrode) by mixing 20 ml of 5× Tris-CAPS with 1 ml 10% 
w/v SDS and 79 ml distilled water.      

      1.    Ponceau S solution: for many years the red Ponceau S stain has 
been the best option for staining the membrane following 
Western blotting and before immunoblotting steps, despite 
some shortcomings of the system (low sensitivity, weak bind-
ing, detection limit: 250 ng protein). To prepare the solution 
use 0.1% w/v Ponceau S in 5% v/v acetic acid in water. Ponceau 
S is available in a ready-to-use solution from a number of 
suppliers.  

    2.    Other reversible protein stains: the MemCode reversible pro-
tein stain from Piercenet is suited to both nitrocellulose and 
PVDF membranes. Similarly, the Invitrogen NOVEX revers-
ible membrane protein stain kit works well too. Both of these 
stains are more sensitive than Ponceau S (detection limit: 
10–25 ng protein), the dyes that they utilise have high avidity 
and the blue colour of the protein is easily photographed.      

      1.    Blocking buffers: the blocking buffer should improve the sen-
sitivity of the assay by reducing background interference. No 
single blocking buffer is compatible with every system. For this 
reason, a variety of blocking buffers in both Tris-buffered saline 
(TBS) and PBS are available (e.g., Pierce: Blotto, BSA, Casein, 
SEA BLOCK, Super block and Starting Block and so on). The 
choice of blocking buffer for a given blot depends on the anti-
gen and the type of enzyme conjugate used. We use the Blotto 

  2.5.  Total Protein Stain 
for Membranes

  2.6.  Blocking 
Non-speci fi c Binding 
Sites on the 
Membrane
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blocking solution prepared with 5% w/v non-fat dry milk 
(e.g., Marvel) and 0.05% v/v Tween 20, in PBS or TBS. For 
1 L TBS use 2.4 g Tris base, 8 g NaCl and adjust to pH 7.6 
with HCl. Store TBS at 4°C only for 1 or 2 days.  

    2.    Platform shaker.      

  The choice of a primary antibody for a Western blot will depend 
on the antigen to be detected and which antibodies are available 
 (  7  ) . A huge number of primary antibodies are available com-
mercially and can be identi fi ed quickly by searching sites such as 
  www.antibodyresource.com    .

    1.    Primary antibody dilution buffer: PBS or TBS with 0.1% v/v 
Tween 20 and 5% w/v blocking agent (e.g., 5% w/v non-fat 
dry milk for monoclonal antibodies or 5% w/v BSA for poly-
clonal antibodies).  

    2.    Choice of antibody: both monoclonal and polyclonal primary 
antibodies work well in Western blotting. Polyclonal antibod-
ies are less expensive and less time consuming to produce and 
they often have a high af fi nity for the antigen. Monoclonal 
antibodies are valued for their speci fi city, purity, and consis-
tency and usually result in lower background and less non-
speci fi c binding. Crude antibody preparations such as serum or 
ascites  fl uid are sometimes used for Western blotting, but the 
impurities present may increase background. The appropriate 
concentration of a primary antibody should be determined 
empirically in pilot experiments. The recommended test dilu-
tions for polyclonal antibodies: 1:100–1:5,000; supernatants 
from cultured hybridoma cell: undiluted to 1:100; ascitic  fl uid 
from mice bearing hybrid myelomas; 1:1,000–1:10,000.  

    3.    Washing steps are necessary to remove any unbound reagents 
and to reduce background thereby increasing the signal-to-noise 
ratio. Insuf fi cient washing often results in high background, 
while excessive washing may result in decreased sensitivity 
caused by elution of the antibody and/or antigen from the 
blot. A recommended washing buffer is 0.1% v/v Tween 20 in 
PBS or TBS. Commercial washing buffers are also available 
(e.g. from Pierce).  

    4.    The choice of secondary antibody depends upon the species of 
animal in which the primary antibody was raised (the host spe-
cies). A wide variety of labelled secondary antibodies are avail-
able for use in Western blotting. The labels include biotin, 
 fl uorescein, rhodamine, DyLight Dyes, HRP, and AP. Antibody 
solutions for Western blotting are typically diluted from 1:100 
to 1:500,000 from a 1 mg/ml stock solution. The optimal 
dilution of a given antibody with a particular detection system 
must be determined experimentally.  

  2.7.  Addition 
of Antibodies
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    5.    Heat-sealable plastic bags (e.g., Sears Seal-A-Meal or equivalent) 
and heating bag sealer.  

    6.    Plastic trays for washing steps and secondary antibody incubation, 
usually pipette tip boxes or box lids are perfect for this.      

  Many different labels can be conjugated to antibodies. Radioisotopes 
were used extensively in the past, but they are expensive, have a short 
shelf-life, offer no improvement in signal-to-noise ratio and require 
special handling. Alternative labels are biotin,  fl uorophores, and 
enzymes. Using  fl uorophores results in fewer steps but special equip-
ment is required to view the  fl uorescence. Also, a photograph must 
be taken for a permanent record of the results. Enzymatic labels are 
most commonly used and consistently produce excellent results. AP 
and HRP (or POD) are the two enzymes that are used extensively. 
An array of chromogenic,  fl uorogenic, and chemiluminescent sub-
strates is available for use with either enzyme. Recently, a new detec-
tion technology has been developed using Quantum Dot particles 
(Intvitrogen) which can be either conjugated to secondary antibodies 
or streptavidin and is to be used in conjunction with biotin-labelled 
secondary antibodies. Advantages of the Quantum dot system include 
stability, the intensity of the signal, and multiple colours when exited 
using a UV source, this system enables the simultaneous detection of 
multiple proteins on a single membrane  (  8  ) . 

 Chemiluminescent substrates used in conjunction with HRP 
secondary antibody conjugate generate a light signal that can be cap-
tured on a photographic  fi lm. These substrates have steadily gained 
in popularity because they offer several advantages over other detec-
tion methods: they are inexpensive, sensitive, fast, and stable. Several 
suppliers (e.g., Sigma, Pierce, GE Healthcare and Invitrogen) offer 
very good chemiluminescent detection systems with new improved 
sensitivity that allows detection and quanti fi cation of very low protein 
signals (e.g., Sigma, Pierce, GE Healthcare, and Invitrogen). 

 An X-ray  fi lm cassette, a roll of Saran Wrap (or similar), a timer, 
and autoradiography  fi lm are all recommended for chemilumines-
cence detection (e.g., Hyper fi lm ECL, GE Healthcare) alterna-
tively a quantitative Western blot imaging system may be used 
which incorporates a CCD camera (e.g., Alpha Innotech).   

 

   Cells should be harvested as quickly as possible and all reagents kept 
on iced water. Wash cells twice with cold PBS. Using 2 ml PBS for a 
35-mm dish and 4 ml PBS for a 100-mm dish, harvest cells into a 
5-ml round bottom tube by scraping the plate with a rubber police-
man. Alternatively, cells growing in suspension should be concen-
trated by centrifugation (1,000 ×  g  for 5 min) then transferred to a 
5-ml round bottom tube before washing twice with PBS. Pellet the 

  2.8.   Detection

  3.   Methods
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cells by centrifuging at 3,000 ×  g  for 10 min at 4°C. Tip off the PBS 
overlying the pellet and carefully aspirate the last drops. Add 
400–500 ml lysis buffer and vortex to homogenise the cells ( see  
 Note 4 ). Shear the chromosomal DNA by sonication or homogeni-
sation (e.g. using an Ika, Ultra-turrax T8 disperser) for 30 s to 2 min 
depending on the power output of the apparatus. This should be 
suf fi cient to reduce the viscous lysate to manageable levels. The 
shearing process may also be undertaken by passing the sample three 
or four times through a 23-G hypodermic needle ( see   Note 5 ).  

  Several methods can be employed to determine the concentration 
of proteins, the method of choice depends upon the constituents 
of the storage buffers and the purity of the protein. 

 UV detection: this is the quickest of all methods for quantifying 
protein solutions. The absorbance at 280 nm is due primarily to the 
presence of the amino acids tyrosine and tryptophan. This method 
is used for pure protein solutions in buffers that did not absorb light 
at a wavelength of 280 nm. Take an aliquot of the protein sample 
and the standards and read the absorbance at 280 nm against the 
blank (lysis buffer). Calculate the protein concentration given that 
the absorbance at  A 280 nm for a 1 mg/ml solution of IgG is 1.35, 
IgM is 1.2; BSA is 0.7). A very rough approximation for other pro-
teins is one absorbance unit is equal to 1 mg/ml. If the protein 
solution is contaminated with nucleic acids, read the absorbance 
versus a suitable control at 280 and 260 nm, and calculate the 
approximate concentration using the equation: Protein concentra-
tion (in mg/ml) = (1.55 ×  A 280) − (0.76 ×  A 260). 

 Bradford assay: dilute the concentrated dye-binding solution 1 in 
5 with distilled water. Filter if any precipitate develops. Add 5 ml of 
diluted dye-binding solution to each protein sample, standard, and 
blank (lysis buffer). Allow the colour to develop for at least 5 min but 
not longer than 30 min. The red dye will turn blue as it binds to the 
protein. Read the absorbance at 595 nm. The standard curve will be 
linear between about 20 and 150  μ g/ml. Several other colorimetric 
assays are available commercially (e.g., Pierce BCA protein reagent 
and Bio-Rad, DC protein Assay) and are a modi fi cation of the Lowry 
method  (  6,   9  ) . They offer the advantage of being faster (around 
30 min) and easier to perform than the Lowry method, compatible 
with most ionic and non-ionic detergents, linear for working range 
from 20 to 2,000  μ g/ml, and adaptable to microtitre plates.   

      1.    Wash the glass plates and wipe with alcohol prior to use.  
    2.    Make a sandwich of one large and one small glass plate sepa-

rated by a spacer at both sides and lock into the casting stand 
with the smaller plate foremost. Ensure that the spacers and 
plates are all level.  

    3.    Either pouring directly from a universal tube or using a Pasteur 
pipette, transfer around 2 ml of water between the plates of the 
sandwich. This will identify any leaks in the apparatus before 

  3.1.2.  Protein Quanti fi cation

  3.2.  Resolution 
of the Protein Sample 
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pouring the gel. If the system is leak-free, pour out the water 
and begin preparing the gel.  

    4.    The gel is poured in two layers. A separating (resolving) gel is 
prepared  fi rst. This gel should  fi ll all but the top 1 cm of the 
apparatus and is followed by a stacking gel. The stacking gel is 
the same for all gels but different  fi nal percentages of acrylam-
ide are used to separate proteins of different molecular weights 
in the separating gel ( see  Table  1 ). As an approximate guide 
use a 5% gel for 60–200-kDa proteins (high-range molecular 
weight markers), 10% gel for 16–70-kDa proteins (mid-range 
molecular weight markers) and 15% gel for 12–45-kDa pro-
teins (low-range molecular weight markers).   

    5.    Add the 10% w/v APS and the TEMED to the mixture and 
swirl well immediately prior to pouring the gel as it will cause 
the polymerisation reactions to start, this then proceeds rap-
idly. Leave a small amount of gel in the universal tube after 
pouring; this can be used as a guide to when the main gel has 
set ( see   Notes 6  and  7 ).  

    6.    Pour a thin (2–5 mm) layer of water-saturated butanol solu-
tion on top of the separating gel. This ensures a clean interface 
between the separating and stacking gels.  

    7.    Once the separating gel has set (this usually occurs within 
20 min at room temperature), pour off the water-saturated 
butanol solution, prepare and pour the stacking gel. Again 
pour the stacking gel immediately after adding the 10% w/v 
APS and TEMED. Pour the stacking gel to the top of the 
sandwich and insert the Te fl on comb immediately. It is impor-
tant when pouring the gels that you avoid the ingress of air 
bubbles. If air bubbles appear they can usually be teased to the 
edge of the gel and burst with a hypodermic needle. The stack-
ing gel will polymerise within 40 min, again this can be checked 
using the residual liquid left in the universal tube.  

    8.    When comparing samples separated by SDS–PAGE it is helpful 
to aim to load a constant quantity and volume of protein in all 
the wells. The amount loaded will vary depending on the sup-
ply of protein but typically 30–100  μ g is a reasonable quantity 
of protein. It is advisable to check with the manufacturer for 
the maximum loading volumes of large gels. Dilute the protein 
samples in lysis buffer to the required concentration, in order 
to load as small a volume as possible, and then mix with the 6× 
SDS sample buffer to get the  fi nal solution.  

    9.    Denature the proteins by heating at 95°C for 5 min, then leave 
to cool to room temperature prior to loading the gel.  

    10.    Whilst heating the samples, remove the gel sandwich from the 
casting frame and attach to the electrophoresis apparatus.  
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    11.    Fill the tank and electrophoresis apparatus with the Tris–glycine 
electrophoresis buffer.  

    12.    Carefully remove the Te fl on comb from the sandwich and, 
using a 1-ml Gilson pipette, wash the wells with electrophore-
sis buffer. This removes any non-polymerised gel that could 
interfere with loading.  

    13.    Load one well at either edge of the gel with the pre-stained 
molecular weight markers, then continue to load the samples. 
Record the position of samples in relation to the marker.  

    14.    Attach the electrophoresis apparatus to the electricity power 
supply (the positive electrode anode should be connected to 
the bottom buffer tank). Apply a voltage of 8 V/cm height of 
the gel. After the dye front has moved into the resolving gel, 
increase the voltage to 15 V/cm height and run the gel until 
the bromophenol blue marker dye reaches the bottom of the 
resolving gel (about 1 or 2 h for a small gel). Then turn off and 
disconnect the power supply.  

   Table 1 
  Solutions for preparing resolving and stacking gels for sodium dodecyl 
sulphate–polyacrylamide denaturing gel electrophoresis; modi fi ed    from 
Sambrook et al.  [  10   ]    

 Components volumes (ml) enough to prepare two mini gels 

 Resolving gel  fi nal volume, 20 ml 

 Acrylamide concentration (%)  6  8  10  12  15 

 H 2 O  10.6  9.3   7.9   6.6  4.6 

 30% Acrylamide solution  4.0  5.3   6.7   8.0  10.0 

 1.5 M Tris (pH 8.8)  5.0  5.0   5.0   5.0  5.0 

 10% SDS  0.2  0.2   0.2   0.2  0.2 

 10% APS  0.2  0.2   0.2   0.2  0.2 

 TEMED  0.016  0.012   0.008   0.008  0.008 

 5% Stacking gel  fi nal volume, 10 ml 

 H 2 O  5.6 

 30% Acrylamide solution  1.7 

 0.5 M Tris (pH 6.8)  2.5 

 10% SDS  0.1 

 10% APS  0.1 

 TEMED  0.01 
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    15.    Remove the sandwich plates from the electrophoresis apparatus 
and place them on a paper towel. To disassemble, slide a spacer 
between the glass plates and rotate to separate the plates.  

    16.    The gel can now be stained with Coomassie Brilliant Blue or 
used for Western blotting.      

      1.    Immerse the gel in at least  fi ve volumes of staining solution 
and place on a slowly rotating platform for a minimum of 4 h 
at room temperature.  

    2.    Remove the stain and save it for future use. Destain the gel by 
soaking it in destaining solution on a slowly rocking platform 
for 4–8 h, changing the destaining solution three or four 
times.  

    3.    The more thoroughly the gel is destained, the greater the sen-
sitivity of the method. Destaining for 24 h usually allows as 
little as 0.1  μ g of protein to be detected in a single band. Using 
the following alternatives can result in faster staining or destain-
ing: staining and destaining at higher temperatures (45°C); 
including a few grams of an anion-exchange resin or a piece of 
sponge in the destaining buffer, this absorbs stain as it leaches 
from the gel; destaining electrophoretically in apparatuses that 
are available commercially ( see   Note 8 ).  

    4.    After destaining, the gels may be stored inde fi nitely in water, in 
a sealed plastic bag without any diminution in the intensity of 
staining.      

  Semi-dry electrophoretic transfer  (  11  ) : transfer of proteins from a 
gel to a membrane using a semi-dry method gives even and rapid 
transfer and does not require a large power source. It can also be 
adapted to handle stacks of gel-membrane sandwiches (up to six). 
A continuous buffer system using a Tris–glycine-SDS-based trans-
fer buffer works very well with this type of apparatus. However, if 
further optimisation is needed, the use of a discontinuous buffer 
system with TRIS-CAPS buffer provides excellent results.

    1.    Rinse the electrode plates of the semi-dry apparatus with dis-
tilled water and wipe off any beads of liquid that adhere to 
them with Kim Wipes or similar absorbent tissue.  

    2.    Wearing gloves, cut six sheets of absorbent paper (Whatman 
3MM or equivalent) and one sheet of membrane (PVDF or 
nitrocellulose) to the size of the gel. If the paper overlaps the 
edge of the gel, the current will short-circuit the transfer and 
bypass the gel, preventing ef fi cient transfer ( see   Note 9 ).  

    3.    Soak the PVDF membrane for 15 s in methanol then immerse 
it with the absorbent paper in the transfer buffer for at least 
5 min. Alternatively,  fl oat the nitrocellulose membrane on the 
surface of deionised water, and allow it to wet from beneath 

  3.3.  Staining 
SDS–Polyacrylamide 
Gels with Coomassie 
Brilliant Blue

  3.4.  Semi-dry 
Electrophoretic 
Transfer of the 
Separated 
Polypeptides to a 
Membrane Support



1036 Sodium Dodecyl Sulphate–Polyacrylamide Denaturing Gel Electrophoresis… 

by capillary action. Then, submerge the membrane in the 
water for at least 5 min to displace trapped air bubbles. Soak 
six pieces of absorbent paper in transfer buffer for at least 30 s 
( see Notes 10–12 ).  

    4.    Wearing gloves set up the transfer apparatus as follows: lay the 
bottom plate of the apparatus (the anode)  fl at on the bench, 
graphite side up. Place on the electrode three sheets of absor-
bent paper that have been soaked in transfer buffer. Stack the 
sheets one on top of the other so that they are aligned exactly. 
Using a glass pipette as a roller, squeeze out any air bubbles. 
Place the membrane on the stack of absorbent paper. Make 
sure the  fi lter is exactly aligned and that no air bubbles are 
trapped between it and the absorbent paper. Transfer the SDS–
polyacrylamide gel produced in Subheading  3.2 , brie fl y to a 
tray of deionised water, and place exactly on the top of the 
membrane. Place the  fi nal three sheets of absorbent paper on 
the gel, again making sure that they are exactly aligned and 
that no air bubbles are trapped.  

    5.    Carefully place the upper electrode (the cathode) on the top of 
the stack, graphite side down. Connect the electrical leads 
(positive the anode to the bottom graphite electrode) and 
commence transfer. Running time is 45 min to 1.5 h with a 
current of 0.8 mA/cm 2  of gel. Avoid extending the running 
time, as this can cause drying out.  

    6.    After transfer, disconnect the power source. Carefully disas-
semble the apparatus. Mark the membrane to allow orientation 
(usually by snipping off lower left-hand corner, the number 
one lane) (see Notes 13–16).  

    7.    The polyacrylamide gel can now be stained with Coomassie 
brilliant blue ( see  Subheading  3.3 ) to verify transfer. The 
prestained markers can serve as internal markers for transfer 
and molecular weight.  

    8.    Let the blot air-dry (1 h at 37°C or 2 h at room temperature) 
to improve the protein binding and then process the mem-
brane for staining with Ponceau S (to assess the quality of your 
transfer) or blocking as appropriate.  

    9.    When using a discontinuous buffer system: Use Tris-CAPS 
buffer with 15% v/v methanol in the  fi lter paper on the anode 
and Tris-CAPS plus 0.1% w/v SDS in the  fi lter paper on the 
cathode. Wet the PVDF membrane in methanol, and then 
equilibrate in bottom/anode buffer for at least 30 min. To this 
buffer add one sheet of extra-thick blotting paper. Equilibrate 
the acrylamide gel in top/cathode buffer. Soak a second piece 
of extra-thick blotting paper in this buffer. Prepare for transfer 
by making the gel sandwich as follows: to the bottom (plati-
num) anode add extra-thick  fi lter paper in bottom/anode 
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buffer, equilibrated PVDF membrane, equilibrated gel, and 
the second piece of extra thick  fi lter paper in top/cathode buf-
fer. Secure the top stainless steel cathode cover, and run at a 
constant current of 1.5 mA per square centimetre of gel 
(e.g., 120 mA for a small 8 cm × 10 cm gel) overnight.      

  For submerged or wet transfer no single set of transfer conditions 
offers complete and even transfer of proteins with good retention 
on the membrane. However, the common transfer techniques are 
usually considered adequate.

    1.    Wearing gloves, cut four sheets of absorbent paper (Whatman 
3MM or equivalent) and one sheet of membrane (PVDF or 
nitrocellulose) to the size of the gel.  

    2.    Soak the PVDF membrane for 15 s in methanol then immerse it 
with the absorbent paper in the transfer buffer for at least 5 min. 
Alternatively,  fl oat the nitrocellulose membrane on the surface 
of ionised water, and allow it to wet from beneath by capillary 
action then submerge the membrane in the water for 2 min. 
Move the membrane to soak in transfer buffer for 5 min. Wet 
the absorbent paper by soaking in transfer buffer ( see   Note 10 ).  

    3.    Immerse the  fi bre pads in transfer buffer to ensure they are 
thoroughly soaked. Be careful to exclude air bubbles.  

    4.    Assemble the transfer sandwich. One half of the gel holder cas-
sette is usually black (this will be on the negative electrode, the 
cathode side). Build the sandwich in the following order, with 
the black plate on the bottom, therefore ensuring that the neg-
atively charged proteins will migrate from the gel towards the 
anode, positive electrode, and thus onto the transfer mem-
brane. Keep all the components wet and make sure the sand-
wich is tightly assembled. Place a  fi bre pad on the bottom of 
the cassette holder. Place two sheets of absorbent paper that 
have been soaked in transfer buffer. Stack the sheets one on top 
of the other so like that they are exactly aligned. Using a glass 
pipette as a roller, squeeze out any air bubbles. Place the SDS–
polyacrylamide gel produced in Subheading  3.2 , on top of the 
absorbent paper then put the membrane on top of the gel. 
Make sure the  fi lter is exactly aligned and that no air bubbles 
are trapped between layers. Place two sheets of absorbent paper 
on the top of the stack. Then put a  fi bre pad on top of the 
absorbent paper.  

    5.    Lock the sandwich in the cassette holder and place it in the 
tank blotting apparatus so that the black side of the cassette 
holder with the gel is facing the cathode (−). Add enough 
transfer buffer to the blotting apparatus to cover the cassette 
holder.  

  3.5.  Wet Electrophoretic 
Transfer of the 
Separated Polypeptides 
to a Membrane 
Support
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    6.    Allow the transfer to proceed for between 1 and 16 h. Thicker 
gels and higher-molecular-weight proteins require longer 
transfers. The following conditions have been optimised to 
permit transfer and retention of a very wide range of molecular 
weight proteins. For proteins over 100,000 kDa on a 
15 cm × 15 cm × 0.1 cm gel, transfer at 30 V for approximately 
1 h, then at 85 V for 14–16 h. For proteins under 100,000 kDa 
on a 15 cm × 15 cm × 0.1 cm gel, transfer at 30–60 V for 
1–16 h. During transfer, the temperature will rise substantially 
during the run, and it is essential that a cooling coil is inserted 
into the apparatus prior to running the transfer. Alternatively, 
run the transfer in a cold room. If the system is allowed to 
warm up during the transfer, gas bubbles are generated within 
the sandwich.  

    7.    After transfer, disconnect the power source. Remove the cas-
sette holder from the blotting apparatus. Open the cassette 
holder and remove the  fi bre pad and  fi lter paper with forceps. 
Mark the membrane to allow orientation (usually by snipping 
off lower left-hand corner, the number one lane).  

    8.    The polyacrylamide gel can now be stained with Coomassie 
brilliant blue ( see  Subheading  3.3 ) to verify transfer. The 
prestained markers can serve as internal markers for transfer 
and molecular weight.  

    9.    Let the blot air-dry (1 h at 37°C or 2 h at room temperature) 
to improve the protein binding and then process the mem-
brane for staining with Ponceau S (to assess the quality of your 
transfer) or blocking as appropriate (see Notes 13–16).      

  Ponceau S is applied in an acidic aqueous solution. Staining is rapid 
but not permanent; the red stain will wash away during the subse-
quent processing. Because the binding is reversible, the stain is com-
patible with most antigen visualisation techniques. Therefore, Ponceau 
S can be used routinely to verify gel loading and transfer, and to locate 
molecular weight markers (if not using prestained marker).

    1.    If the membrane has been dried,  fl oat it on the surface of a tray 
of deionised water and allow it to wet from beneath by capil-
lary action. Submerge the membrane in the water for at least 
5 min to displace trapped air bubbles.  

    2.    Transfer the membrane to a tray containing a solution of 
Ponceau S stain. Incubate for 1–5 min with gentle agitation.  

    3.    When the bands are visible, wash the membrane in several 
changes of deionised water at room temperature. Process until 
the colour of the membrane background becomes almost white.  

    4.    Mark the positions of proteins used as molecular-weight standards 
with permanent black ink (if you are not using a prestained marker) 
and process the membrane for blocking (see Notes 17 and 18).      

  3.6.  Staining the Blot 
with Ponceau S
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  Place the membrane in a shallow tray that is slightly larger than the 
membrane or in a sealed plastic bag with 50–100 ml of blocking 
buffer. Gently agitate on a platform shaker for 1–3 h at room 
temperature or overnight in the cold room ( see   Notes 19–23 ).  

      1.    Dilute the primary antibody in blocking buffer according to 
manufacturer’s guidelines or as suggested in Subheading  2.7  
( see   Notes 24–30 ). Incubate the membrane with this primary 
antibody solution for 1–2 h at room temperature or overnight 
in a cold room, with continuous agitation on a platform shaker. 
This stage is best performed in a heat-sealed plastic bag or 
even, if antibody is scarce, by putting 1 ml diluted antibody in 
the centre of a small glass plate and laying the membrane onto 
this. Ensure that the side of the membrane that was in contact 
with the gel is now facing the antibody. Cover the glass plate 
with a sheet of Para fi lm slightly bigger than the membrane to 
prevent drying (this process is not suitable for overnight 
incubation).  

    2.    Cut open the plastic bag or remove the membrane from the 
glass plate, and discard the blocking solution and antibody. 
Place the membrane in a large tray and wash it four times 
(10 min each time) with 200 ml of washing buffer, on a plat-
form shaker (see Note 31).  

    3.    Immediately incubate the  fi lter with the secondary immuno-
logical reagent. Dilute the secondary antibody according to 
manufacturer’s guidelines in blocking buffer and repeat the 
process described above for the primary antibody.  

    4.    Cut open the plastic bag or remove the membrane from the 
glass plate, and discard the blocking solution and antibody. 
Place the  fi lter in a large tray and wash it once for 15 min and 
then four times (5 min each time) with 200 ml of washing buf-
fer, on a platform shaker ( see   Note 31 ).  

    5.    A  fi nal wash should be performed in PBS without Tween 20 as 
this may interfere with certain chromogenic assays.      

      1.    Remove membrane from the  fi nal wash and perform the 
enhanced chemiluminescent detection according to the manu-
facturer’s instructions. This protocol will generally involve 
mixing of at least two different substrates and short incubation 
with the membrane under gentle incubation. Drain the mem-
brane of excess detection reagent and wrap it in Saran Wrap 
and gently smooth out air pockets. Place the membrane, pro-
tein face up, in the  fi lm cassette. Switch off the lights of a dark 
room and carefully place a sheet of autoradiography  fi lm on 
top of the membrane, close the cassette, and expose the  fi lm 
for 15 s. Remove the  fi lm and develop it. On the basis of its 
appearance, estimate how long to continue the exposure of a 
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second piece of  fi lm. The second exposure can vary from 1 min 
to 1 h (see Notes 32–36).  

    2.    The membrane can be stripped and re-probed several times 
to either clarify or con fi rm results or when small or valuable 
samples are being analysed  (  9  ) . Sequential re-probing of mem-
branes with a variety of antibodies is possible following the 
steps below. To strip the membrane wash in distilled water for 
5–10 min. Wash in 0.2 M sodium hydroxide for 5 min, then 
wash again in distilled water. Process to the blocking of the 
membrane as previously (see Note 37).       

 

     1.    Apparatus for pouring    and running SDS–PAGE are available 
from a range of suppliers.  

    2.    The methanol concentration will need to be optimised as it 
depends on the method of transfer, the type of protein gel used, 
and the manufacturer’s recommendations. Methanol increases 
protein’s af fi nity for a membrane by removing the SDS from 
the protein. This increases the available hydrophobic sites on 
the protein for binding to the membrane support. It is for this 
reason methanol is often used in transfer buffers. While advan-
tageous for binding of the protein to the membrane, methanol 
causes the pores in the gel to constrict. This makes it mechani-
cally more dif fi cult for the protein to exit the gel.  

    3.    SDS is used in Western blotting transfer buffer to aid in the 
elution of proteins from the gel matrix. While it inhibits the 
binding of the protein to the membrane, it is often necessary 
to facilitate complete transfer of proteins from the gel  (  12  ) .  

    4.    The cells are suspended in lysis buffer to prevent the formation 
of an insoluble mass when the SDS sample buffer is added. 
This step should be carried out as quickly as possible, using 
ice-cold lysis buffer, to minimise proteolytic degradation. Most 
types of mammalian tissue can be rapidly teased apart with for-
ceps or cut into small pieces with scissors or scalpel beneath the 
surface of the lysis buffer. Mammalian tissues can be equally 
well dispersed mechanically and then dissolved directly in SDS-
gel-loading buffer. Mammalian cells in tissue culture may be 
lysed gently with detergents as described in the Subheading  3.1  
or alternatively lysed directly in SDS sample buffer, if the target 
antigen is resistant to this type of extraction.  

    5.    After thawing, samples that have been stored at −20°C should 
be centrifuged at 12,000 ×  g  for 5 min at 0°C in a microfuge. 
This removes aggregates of cytoskeletal elements.  

  4.   Notes
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    6.    Prepare numerous gels. Wrap unused gels in a moistened paper 
towel and plastic wrap. Store at 4°C for up to 1 week. Stacking 
gel length should be 1 cm from well bottom to top of separat-
ing gel. Band resolution can be improved by doubling the salt 
concentration in stacking and separating gels, but the gel must 
be run at lower voltages.  

    7.    Use fresh APS and high-quality acrylamide. Prepare clean 
plates prior to mixing acrylamide and work fast.  

    8.    Microwave methods of staining and destaining gels may 
shorten time considerably, but vapours are harmful. Hot sol-
vents may harm oven, and the gel can fracture. Avoid excessive 
heating of gels.  

    9.    It is important to wear gloves when handling the gel, 3MM 
papers, and membrane. Oil secretions from the skin will pre-
vent the transfer of proteins from the gel to the  fi lter.  

    10.    The PVDF membrane is hydrophobic and offers a uniformly 
controlled pore structure with high binding capacity for pro-
teins. When compared to a nitrocellulose membrane, it has 
improved handling characteristics and staining capabilities, 
increased solvent resistance, and a higher signal-to-noise ratio 
for enhanced sensitivities.  

    11.    Antigens may bind differently to different types of membranes. To 
maximise detection sensitivity, test different types of membranes 
with the particular antigen–antibody combination to be used.  

    12.    Occasionally lot-to-lot variability may be seen with some 
membranes.  

    13.    After the transfer step, membranes can be wrapped in plastic and 
stored at 4°C for up to 3 months. But once subsequent detec-
tion procedures are started, do not let the membrane dry out.  

    14.    Low transfer pH (<8) or high amounts of SDS (>0.1% SDS) in 
the gel or buffer can lead to inef fi cient binding of the antigen.  

    15.    If the Western blot transfer ef fi ciency is low, try longer transfer 
times or higher transfer voltages.  

    16.    Drying the membrane is claimed to improve the retention of 
proteins on the  fi lter and to reduce the non-speci fi c binding of 
antibodies on the membrane during subsequent processing. 
However, it may also result in further denaturation and conse-
quent alteration in immunoreactivity. Drying may therefore be 
advantageous for some protein/antibody combinations and 
disadvantageous for others. This can be established empirically 
for the target proteins of interest.  

    17.    Ponceau S staining could be used as well on a blocked and 
immunologically probed membrane, allowing a useful rescue 
or veri fi cation of old blots.  
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    18.    Because the pink–purple colour of Ponceau S is dif fi cult to cap-
ture photographically, the stain does not provide a permanent 
record of the experiment.  

    19.    Membranes may be left in the blocking solution overnight in a 
cold room if more convenient.  

    20.    Elimination of Tween 20 from buffers can lead to increased 
background.  

    21.    Greater than 0.1% v/v Tween 20 in buffers may elute proteins 
from PVDF membranes.  

    22.    Some blocking proteins may reduce antigen recognition by certain 
antibodies. If this is suspected, try a different blocking protein 
(BSA, gelatin, or casein, use at 1% w/v in PBS/Tween).  

    23.    For applications using an AP conjugate, a blocking buffer in 
TBS should be selected because PBS interferes with AP. The 
ideal blocking buffer will bind to all potential sites of nonspeci fi c 
interaction, eliminating background without altering or 
obscuring the epitope for antibody binding.  

    24.    Incubation times and temperatures will vary and should be 
optimised for each antibody. The conditions indicated are rec-
ommended starting points.  

    25.    Some antibodies (particularly monoclonal antibodies) recogn-
ise epitopes that may be buried or denatured when the antigen 
is bound to surfaces such as nitrocellulose. This effect may be 
enhanced when blotting protein antigens from SDS-containing 
gels, possibly eliminating antibody recognition.  

    26.    When using a low-titre antibody, increase signal by eliminating 
Tween 20 in buffers, increasing the incubation time or increas-
ing the concentration of the primary antibody solution.  

    27.    The background will usually increase when using conjugated 
secondary antibodies at dilutions lower than 1:2,500.  

    28.    A few IgG and other immunoglobulins (e.g., IgM) will tend to 
stick non-speci fi cally to membranes, resulting in high background.  

    29.    Localised background can result from primary antibody recogni-
tion of epitopes shared by other protein species in the sample or a 
primary antiserum containing a mixture of antibodies with mul-
tiple speci fi city. The latter problem is sometimes overcome by 
pre-adsorbing the antisera to remove cross-reacting antibodies.  

    30.    Improperly stored antibodies will lose activity over time, mak-
ing detection results inconsistent. Primary antisera should be 
stored in aliquots at −20°C to avoid freeze/thaw cycles and 
prevent contamination. Secondary antibodies should be stored 
at 4°C or in aliquots at −20°C. Sodium azide (0.02%) or thimerosal 
(0.05%) can be added as a preservative. Azide will inhibit 
horseradish peroxidase (HRP) activity.  
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    31.    As a general rule, as large a volume as possible of washing 
 buffer should be used each time.  

    32.    The volume of the detection solution should be suf fi cient to 
cover the membranes. The  fi nal volume required is about 
0.125 ml/cm 2  membrane.  

    33.    Drain off excess detection reagent by holding the membrane 
vertically and touching the edge of the membrane against a 
tissue paper. Gently place the membrane, protein side down, 
on the Saran Wrap. Close the Saran Wrap to form an envelope 
avoiding pressure on the membrane.  

    34.    Ensure that there is no free detection reagent in the  fi lm cas-
sette; the  fi lm must not get wet.  

    35.    Do not move the  fi lm whilst it is being exposed.  
    36.    If background is high, the membrane may be washed twice for 

10 min with wash buffer and re-detected following the same 
method with slight loss of sensitivity. If overexposure occurs 
because of high light emission resulting from high target anti-
gen concentration, leave blots in the cassette for 5–10 min 
before re-exposing to  fi lm.  

    37.    Check blocking agent for residual AP activity because it could 
lead to high background when using an AP-based detection 
systems.          
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    Chapter 7   

 2-DE-Based Proteomics for the Analysis 
of Metastasis-Associated Proteins       

         Miriam     Dwek       and    Diluka   Peiris      

  Abstract 

 Two-dimensional electrophoresis (2-DE) is a high-resolution technique for analysis and comparison of 
complex protein mixtures. With the advent of recent technical developments, its application has become 
signi fi cant in a wide range of  fi elds. This chapter describes a proteomic approach for the analysis of metas-
tasis-associated proteins using pre-fractionation of glycosylated proteins via lectin (HPA) af fi nity chroma-
tography prior to separation by 2-DE. Guidelines for the preparation and storage of buffers, experimental 
conditions and protocols of af fi nity chromatography, isoelectric focussing, and SDS-PAGE conditions are 
provided. Critical parameters associated with the different steps of 2-DE are discussed.  

  Key words:   Metastasis ,  Proteomics ,  Lectin ,  2-DE ,  Af fi nity chromatography ,  SDS-PAGE    

 

 Two-dimensional electrophoresis (2-DE) is a powerful and widely 
used technique for protein separation prior to protein identi fi cation. 
The system allows the fractionation of complex protein mixtures, 
according to their charge by isoelectric focussing (IEF) in the  fi rst 
dimension and according to the independent parameter of molecu-
lar mass by SDS-PAGE in the second dimension  (  1  ) . This technique 
can separate a thousand different proteins using a single gel with 
each detected protein “spot” on the resulting 2-D gel potentially 
corresponding to a single protein in the sample. Information, such 
as p I , the apparent molecular weight, and the amount of each pro-
tein, can be obtained. Protein “spot patterns” generated by 
2-DE-based separation methods can be compared to identify the 
levels of proteins that differ under unique cellular conditions. Protein 
species of interest can be identi fi ed by mass spectrometry. 

  1.  Introduction
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 Since the introduction by O’Farrell in 1975  (  2  ) , a large number 
of applications of 2-DE have been recognised in a wide range of 
 fi elds, including analysis of the proteome, for the detection of 
disease markers, drug discovery, cancer research, and protein purity 
checks. These applications have become more signi fi cant as a result 
of a number of technical developments in the  fi eld, including the 
utilisation of immobilised pH gradients (IPGs)  (  3  ) , pre-fractionation 
of proteins prior to 2-DE  (  4  ) , development of protocols to sepa-
rate highly basic proteins  (  5  ) , increased solubilisation of hydrophobic 
proteins  (  6  ) , and introduction of differential in-gel electrophoresis 
(DIGE) by Unlü et al.  (  7  ) . In addition, recent developments in 
mass spectrometry, availability of reliable, less expensive 2-DE 
image analysis software, and easy access of rapidly growing databases 
with protein sequences have also contributed to the tremendous 
growth in the popularity of 2-DE. 

 Despite some inherent limitations, in recent years, proteomics 
has proven to be a powerful tool in cancer research. For example, 
a number of studies have been carried out to compare the protein 
expression levels of normal tissues with cancer tissues  (  8–  11  ) . 
In addition, comparisons have also been made between cells with 
metastatic phenotype with non-metastatic phenotypes using the 
2-DE-based approaches  (  12,   13  ) . The major limitation in com-
parison of protein pro fi les of whole cell/tissue lysate or serum is 
the masking of less abundant proteins by highly abundant ones. 
An effective proteomic analysis will naturally require the separation 
of highly abundant proteins from the proteins of interest in order 
to bring the latter into the detectable range. Such pre-fractionation 
strategies allow improved resolution and increase the possibility of 
discovering proteins of diagnostic or therapeutic interest. 

 Selecting the pre-fractionation step depends on the nature of 
the sample, the experimental goal, and most importantly the char-
acteristics of the protein of interest. Since there is well-documented 
evidence of changes in protein glycosylation with metastasis forma-
tion  (  14  ) , the pre-fractionation method of choice could be based 
on separation of glycosylated proteins from the total mixture of 
proteins. A number of studies have demonstrated the utility of the 
carbohydrate-binding protein (lectin) from the Roman snail  Helix 
pomatia  (HPA) for the identi fi cation of metastatic cancer, includ-
ing that of breast, colon, stomach, and oesophagus  (  15  ) . Proteomic 
approaches using HPA af fi nity chromatography and 2-DE have 
been proven as useful for the analysis of proteins in a model of 
metastatic and non-metastatic human colorectal cancer cells  (  16  ) . 
In this chapter, we describe a method to perform comparative 
analysis of glycoprotein levels in metastatic cancer tissues with 
non-metastatic cancer tissues using lectin af fi nity chromatography 
followed by 2D gel analysis of the glycoprotein-enriched protein 
fraction.  
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      1.    Lectin buffer: 25 mM Tris base, 150 mM NaCl, 2 mM MgCl 2 , 
and 2 mM MgCl 2 . Dissolve in deionised water and adjust pH 
to 7.6 with 1 M HCl.  

    2.    Urea buffer: 7 M Urea, 2 M thiourea, Pharmalyte 2% v/v (GE 
Healthcare), CHAPS 4% w/v, and DTT 1% w/v. The urea 
buffer has to be prepared fresh. Alternatively, store in aliquots 
of 500  μ l at −80°C and add DTT before use.      

      1.    Rehydration buffer: 6 M urea, 2 M thiourea, 0.5% w/v CHAPS, 
0.4% w/v DTT, 0.5% v/v Pharmalyte 3-10. Store aliquots of 
500  μ l at −20°C.  

    2.    Equilibration buffer: 6 M urea, 30% v/v glycerol (see Note 1), 
2% w/v SDS, 0.05 Tris–HCl buffer, pH 8.8. Store in aliquots 
of 5 ml at −20°C and add DTT 1% w/v and iodoacetamide 4% 
w/v before use.  

    3.    Agarose sealing buffer: Agarose 0.5% w/v, Tris base 25 mM, 
glycine 192 mM, SDS 0.1% w/v, bromophenol blue in trace 
amounts. Use microwave to dissolve the agarose by heating 
the solution until boiling (approximately 30 s).      

      1.    Immobiline dry strips and IEF electrode strips (GE Healthcare 
or Bio-Rad).  

    2.    Resolution gel buffer: 1.5 M Tris–HCl, pH 8.8; 20% w/v 
SDS; acrylamide/bis-acrylamide 30% and 0.8% respectively; 
10% w/v ammonium persulphate (APS); and deionised 
water. Make APS fresh each time and add both APS and 
 N , N , N   ¢ , N   ¢ -tetramethylethylenediamine (TEMED) just before 
casting the gel.      

       1.    10% w/v ammonium sulphate; 10% v/v phosphoric acid; 
20% v/v anhydrous methanol; 0.12% w/v Colloidal 
Coomassie blue G-250.  

    2.    The dye solution is prepared by sequentially adding the ingre-
dients to water. First, add phosphoric acid and then ammo-
nium sulphate into water (1/10 of the  fi nal volume) to obtain 
a  fi nal concentration of 10% of each component.  

    3.    When the ammonium sulphate has dissolved, add Coomassie 
blue G-250 powder (to a  fi nal concentration of 0.12% w/v).  

    4.    When all solids have dissolved, add water to 80% v/v.  
    5.    While stirring, add anhydrous methanol to reach 20% v/v  fi nal 

concentration.  
    6.    Store the dye solution in a brown bottle at a room temperature.      

  2.  Materials

  2.1.  Sample 
Preparation

  2.2.  First Dimension: 
Isoelectric Focussing

  2.3.  Second 
Dimension: SDS-PAGE

  2.4.  Protein Stain

  2.4.1.  Colloidal Coomassie 
Blue G-250 Staining 
(Blue Silver)
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  Use a silver staining kit (for example, the Silver Stain Plus system 
from Bio-Rad, UK).    

 

      1.    Homogenise the tissue samples in lectin buffer using a hand-
held homogeniser and centrifuge at 15,000 ×  g  for 5 min and 
collect the supernatant.  

    2.    Quantify the protein; in our laboratories, we use the Bradford 
assay (BioRad) or the Qubit system (Qiagen, UK).      

  A range of lectins with different glycan binding speci fi cities are 
available and are detailed in Chapter   2    , Brooks, in this volume. It 
is important to select a lectin which has been shown to detect gly-
cosylation changes associated with metastatic behaviour of cancer 
cells. We routinely use af fi nity columns coupled with the lectin 
HPA to purify the glycoproteins prior to 2-DE analysis, but other 
lectins are available and the principle underlying their use remains 
the same. Remember, however, that the appropriate competing 
sugar needs to be selected for the appropriate lectin.

    1.    Couple 10 mg of HPA lectin (available from Sigma, E-Y Labs, 
or other suppliers) to a 5 ml HiTrap NHS-activated Sepharose 
column (GE Healthcare) using the method described by the 
manufacturer (see Note 1).  

    2.    Wash and equilibrate the column with 10-column volumes of 
lectin buffer containing 0.1% w/v CHAPS.  

    3.    Load 2 mg of cancer proteins onto the equilibrated HPA 
af fi nity column. If assessing patient specimens, it may be appro-
priate to use pooled protein samples, for example from tumours 
known to be metastatic to the lymph nodes, and pooled 
samples from non-metastatic tumours.  

    4.    Wash with 5-column volumes of lectin buffer containing 
0.1% w/v CHAPS to remove unbound proteins (see Note 1). 
The  fl ow rate should be approximately 0.5 ml/min and should 
be maintained at a constant rate throughout all the experi-
ments. It is important not to compact the gel and, therefore, 
the  fl ow rate should be maintained at 0.5 ml/min throughout 
the experiment.  

    5.    Elute the bound proteins with freshly prepared lectin buffer 
containing 0.1% v/v CHAPS and 0.25 M  N -acetylglucosamine 
(GalNAc).  

    6.    After use, wash the column with lectin buffer and store the 
column at 4°C in lectin buffer with 0.001% w/v sodium azide.  

  2.4.2.  Silver Staining

  3.  Methods

  3.1.  Protein Extraction

  3.2.  Af fi nity 
Puri fi cation of 
HPA-Binding Proteins
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    7.    Dialyse the eluted proteins overnight at 4°C (see Note 1) and 
freeze-dry prior to reconstituting in 100  μ l of urea buffer. 
The thiourea should be added to the sample only after protein 
quanti fi cation has been completed as this reagent commonly 
reacts with the protein dyes used for protein quantitation.  

    8.    Quantify the proteins using a Bradford assay or, for example, 
the Qubit system (Qiagen, UK).      

      1.    Mix the protein samples with rehydration buffer to give a  fi nal 
volume of 130  μ l.  

    2.    Load the mixture onto a 7-cm Immobiline IPG strip in the 
desired pH range. A maximum loading of 100  μ g may be used 
with a 7-cm Immobiline strip. This can be conveniently under-
taken in a strip swelling tray (GE Healthcare).  

    3.    After loading, peel the protective cover off from the IPG strip and 
insert into the groove of an IPG swelling tray, gel side down.  

    4.    Cover the strip with silicone oil (Sigma-Aldrich, UK) and rehy-
drate overnight.      

  We use a Multiphor II (GE Healthcare) for the IEF, but a range of 
systems are available for this.

    1.    The following day, pre-cool the IEF electrophoresis unit to 
20°C using a thermostatic circulator (for example, Multitemp 
III, GE Healthcare).  

    2.    Rinse the IPG strip with deionised water for 1 s and place on a 
sheet of water-saturated  fi lter paper, gel side up. Wet a second 
 fi lter paper with deionised water and place over the surface of 
the IPG strip and blot gently to remove excess rehydration 
solution (see Note 2).  

    3.    Pour a little silicone oil onto the ceramic cooling block and 
place the aligner tray onto the block. Place the strip – gel side 
up – onto the dry strip aligner tray.  

    4.    Soak two IEF electrode strips in deionised water and place one 
at the anode end and one at the cathode end of the IPG strip.  

    5.    Place the electrodes over the electrode strips and attach the 
tray and electrode holders to the IEF electrophoresis unit. 
Cover the IPG strip and IEF electrode strips with silicone oil.  

    6.    Focus the IPG strip. The running conditions for this depend on 
the strip length and the pH range of the IPG strip (e.g. 7 cm, 
pH 4–7 IPG strip 11.5 kVh) (see Note 2).  

    7.    After IEF, store the IPG strip at −80°C; if the second dimension 
is to be carried out on a different day, alternatively, proceed 
directly to the second dimension separation.      

  3.3.  Immobilised pH 
Gradient Strip 
Rehydration

  3.4.  First Dimension: 
Isoelectric Focussing
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      1.    Defrost IPG strip at room temperature for 5 min.  
    2.    Equilibrate each IPG strip in 5 ml of equilibration buffer con-

taining 1% w/v DTT in a polystyrene tube for 15 min.  
    3.    Pour off the equilibration buffer, add fresh equilibration buffer 

with 4% w/v iodoacetamide into the tube, and equilibrate for 
another 15 min.  

    4.    After the second equilibration step, rinse the IPG strip with 
deionised water and place on a  fi lter paper at one edge to drain 
off any excess equilibration buffer.      

  The second dimension can be separated using home-made or 
commercially produced SDS-PAGE (see Chapter   6     in this volume, 
by Blancher and McCormick, for detailed instructions related to 
SDS-PAGE).

    1.    Pour the resolving gel solution into the assembled glass plates 
(pre-cleaned using deionised water and ethanol). Ensure that 
0.5 cm is left at the top of the gel and overlaid with water-
saturated butanol. Leave the gels to set at room temperature 
(see Note 3).  

    2.    Once the gels have set, pour off the water-saturated butanol 
and clean the top surface of the gel with deionised water.  

    3.    Immerse the IPG strip in SDS running buffer for a few seconds 
and place on top of the gel with the acidic end of the strip towards 
the left hand side of the gel. The gel side of the strip should be 
orientated such that it faces towards the thin glass plate.  

    4.    Carefully press the IPG strip with a spatula onto the surface of 
the SDS gel to achieve complete contact between the strip and 
the gel.  

    5.    Load molecular weight markers onto a small piece of  fi lter 
paper (Whatman 3MM is ideal, cut to 0.3 cm width). Place the 
molecular weight markers at the acidic end of the strip ensuring 
that there is contact between the  fi lter paper containing the 
markers and the surface of the SDS gel.  

    6.    Overlay the strip with molten 1% w/v agarose. Allow the aga-
rose to solidify for 5–7 min.  

    7.    Set up the gel running apparatus and run the SDS-PAGE gel 
until the dye front has migrated from the lower end of the gel. 
This takes approximately 2 h for 12% mini gels when run at 
120 V (see Note 3).      

  Electrophoretically separated proteins can either be visualised by 
pre-conjugation of a  fl uorescent dye (for example, using the DIGE 
system, GE Healthcare) or a radioactive tracer or by staining after 
the sample has been separated by 2-DE. We use a post-detection 

  3.5.  Equilibration of 
the IPG Gel Strips

  3.6.  Second 
Dimension: SDS-PAGE

  3.7.  Protein 
Visualisation
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approach with either the modi fi ed Neuhoff’s colloidal Coomassie 
blue G-250  (  17  )  or silver staining depending on the level of sensi-
tivity required.

    1.    For colloidal Coomassie blue G-250 staining, wash the gel in 
deionised water and leave the gel in staining solution overnight 
to ensure approximately 50 ml of dye per mini gel.  

    2.    The following day, pour off the staining solution and wash the 
gels several times in deionised water.  

    3.    For silver staining (see Note 4): Fix the gels for 20 min in  fi xative 
enhancer solution with gentle agitation. Use 200 ml solution per 
mini gel.  

    4.    Add the  fi xative enhancer solution: 50% v/v reagent-grade 
methanol, 10% v/v reagent-grade acetic acid, 10% v/v  fi xative 
enhancer concentrate, and 30% v/v deionised water. Decant 
the  fi xative enhancer solution and wash the gel in water for 
10 min with gentle agitation. Repeat the washing step twice.  

    5.    The staining solution has to be prepared within 5 min of use. 
Place 35 ml of deionised water into a glass beaker and stir with 
Te fl on-coated stirring bar. Add 5 ml of silver complex solution, 
reduction moderator solution, and image development reagent 
to the beaker in the order given. Add 50 ml of development 
accelerator solution to the beaker immediately before use. 
Quickly add the staining solution to the staining vessel and 
stain with gentle agitation. After the desired staining intensity 
has been reached (may take about 15 min), decant the staining 
solution and place the gels immediately in a 5% v/v acetic acid 
solution to stop the reaction. Leave the gels in the stop solu-
tion for a minimum of 15 min and rinse the gels in deionised 
water for 5 min.      

  After staining, the gels can be scanned and the data recorded using 
a densitometer (for example, using the BioRad UK, GS-800). 
Protein density readings are obtained as a function of pixel intensity 
and may be recorded using the Quantity 1 software (BioRad, UK). 

 The resulting gel images are analysed using image analysis soft-
ware, for example using the Progenesis PG 240 SameSpots soft-
ware (Nonlinear Dynamics, UK). 

 During computer-based gel analysis, a master gel is created by 
combining all the gel images in the experiment; this forms an 
“average gel” which contains all the proteins separated (as spots) 
from each gel. The protein species (spots) in different gels are then 
compared with each other by aligning them with the master gel. 
The relative amount of a protein in a given spot is calculated based 
on the pixel intensity and volume of the spot. To re fl ect the quan-
titative variations in the intensity of protein spots between gel 
images of different groups, the spot volumes are normalised and 

  3.8.  Image Analyses 
and Protein 
Identi fi cation
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described as a percentage of the total volume of all the protein 
spots on a corresponding gel image. Spots are ranked by their 
 p -value from the one-way ANOVA analysis and fold changes are 
calculated using normalised spot volumes. 

 Induced or differential levels of proteins may be analysed either 
by matrix-assisted laser desorption ionisation time-of- fl ight MS 
(MALDI-TOF) or tandem MS (MS/MS). The mass spectra gen-
erated by MS are searched against human databases to obtain the 
identity of the proteins.   

 

 To analyse the data statistically, it is important to have an adequate 
number of replicates in the 2-DE-based experiments. In such 
experiments, two types of replicates are possible, biological and 
analytical. Biological replicates are always better than the analytical 
replicates. If the total number of gels is constrained due to expense, 
time, or any other reason, technical replicates should be ignored 
completely if these occur at the expense of biological replicates. 
Three is the minimum number of biological replicates required in 
a given experiment. However, if there are analytical replicates 
included in the experiment, there should be minimum of two ana-
lytical replicates, thereby making a total of six replicates.

    1.    It is advisable to measure the ef fi ciency after the coupling of 
HPA to the af fi nity matrix. If it is lower than 80%, experiments 
should be undertaken to optimise the loading parameters 
varying, for example, temperature, pH, and  fl ow rate. If there 
are extra proteins in the eluant along with GalNAc-containing 
glycoproteins, this indicates non-speci fi c protein binding to the 
af fi nity resin. This can be prevented by washing the column 
more thoroughly before eluting the GalNAc-containing glyco-
proteins. Alternatively, the column can be washed with a more 
stringent second wash buffer (for example, buffer with higher 
salt). High salt concentrations in the sample are one of the 
major problems with the IEF step. This can cause the IPG strip 
to burn during the focussing step. Desalt the sample in deionised 
water or an appropriate low-salt buffer prior to the focussing 
step. If the current is still too high, change the electrode strips 
after 1–2 h of IEF. Alternatively, start IEF with a very low volt-
age to keep the initial current low (e.g. 150 V for 30 min).  

    2.    Detergents solubilise hydrophobic proteins and minimise 
aggregation. They must have zero-net charge. Use only non-
ionic and zwitterionic detergents, such as CHAPS, Triton 
X-100, or NP-40. Select Pharmalyte (or IPG buffer) with 
the same pH intervals as the Immobiline dry strip. Rinse the 

  4.  Notes   
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rehydrated gel strip to remove excess rehydration solution; or 
urea crystallization on the surface of the IPG gel strip may occur 
and disturb the IEF pattern. If the temperature of the cooling 
plate is too low, this could lead to urea crystallization on the 
IPG gel surface. Keep the temperature of IEF unit at 20°C. 
When using the re-swelling tray for rehydration, the sample 
volume has to be limited so that it does not extend physically 
beyond the gel strip. For better sample entry, start the IEF at a 
low voltage and then gradually increase before raising to 
3,500 V. The focussing time required to achieve the best-quality 
IEF separation pattern has to be optimised for each protein 
mixture, the pH range, and the length of IPG strip used. If the 
volt hours are insuf fi cient, this will result horizontal streaking in 
the gel. On the other hand, over-focusing should also be 
avoided to prevent distorted protein patterns. 6 M Urea and 
30% v/v glycerol in equilibration buffer help to diminish elec-
troendosmotic effects which are responsible for reduced protein 
transfer from the  fi rst to the second dimension  (  18  ) .  

    3.    APS solution should be prepared fresh. A 40% w/v solution 
can be retained for up to 3 days if it is stored in the refrigerator. 
Less concentrated solutions should be prepared on the same 
day as they are due to be used. If the surface of the SDS gel is 
not  fl at, it may cause a distorted 2-DE pattern. This can be 
prevented by overlaying the surface with water-saturated 
butanol immediately after pouring the gel. Alternatively, a 10% 
w/v SDS solution may be used. Distorted gel patterns can also 
be caused by unevenly polymerised gels resulting from incom-
plete or too rapid polymerisation. Polymerisation can be slowed 
by decreasing the amount of APS and TEMED. Alternatively, 
use gel buffers at 4°C and leave the gels (mini gels) at room 
temperature for at least 2 h before use. Large format gels take 
about 6 h for complete polymerisation. If there is poor transfer 
of the protein from the IPG strip onto the SDS gel, initially 
run the gels at a low voltage (for example, at 80 V for 15 min) 
or perform the entire SDS PAGE at very low  fi eld strength.  

    4.    For silver staining, use clean glass or plastic vessels. Vessels can 
be cleaned with 50% v/v nitric acid and rinsed thoroughly with 
high-quality deionised water. Always use reagent-grade chemi-
cals and the conductivity of deionised water should not exceed 
18.2 MΩ. If the proteins are to be identi fi ed by mass spectrom-
etry, it is important to prevent the introduction of contaminat-
ing proteins into the gel before and after 2-DE separation. Filter 
sterilise all the buffers and if possible use a lamina  fl ow hood 
when casting the gels. Do not handle the gel without wearing 
gloves, as it is important not to introduce keratin (human kera-
tin is the most common type of contaminating protein) into the 
gels. Always use thoroughly cleaned and dust-free vessels and 
wear gloves or use forceps for manipulating the gels.          
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    Chapter 8   

 Assessment of Gelatinases (MMP-2 and MMP-9) by Gelatin 
Zymography       

         Marta   Toth   ,    Anjum   Sohail   , and    Rafael   Fridman         

  Abstract 

 Gelatin zymography is a simple yet powerful method to detect proteolytic enzymes capable of degrading 
gelatin from various biological sources. It is particularly useful for the assessment of two key members of 
the matrix metalloproteinase family, MMP-2 (gelatinase A) and MMP-9 (gelatinase B), due to their potent 
gelatin-degrading activity. This polyacrylamide gel electrophoresis-based method can provide a reliable 
assessment of the type of gelatinase, relative amount, and activation status (latent, compared with active 
enzyme forms) in cultured cells, tissues, and biological  fl uids. The method can be used to investigate fac-
tors that regulate gelatinase expression and modulate zymogen activation in experimental systems. The 
system provides information on the pattern of gelatinase expression and activation in human cancer tissues 
and how this relates to cancer progression. Interpretation of the data obtained in gelatin zymography 
requires a thorough understanding of the principles and pitfalls of the technique; this is particularly impor-
tant when evaluating enzyme levels and the presence of active gelatinase species. If properly used, gelatin 
zymography is an excellent tool for the study of gelatinases in biological systems.  

  Key words:   Gelatinase ,  Matrix metalloproteinase ,  Zymography ,  Gelatin ,  Protease ,  Gel electrophoresis , 
 Enzyme activity    

 

 The gelatinases, MMP-2 (gelatinase A) and MMP-9 (gelatinase B), 
are two members of the matrix metalloproteinase (MMP) family of 
zinc-dependent endopeptidases  (  1  )  that have consistently been 
shown to be associated with cancer progression. Many studies have 
demonstrated that the expression and activity of gelatinases are 
elevated in malignant human tumors and, in most cases, these 
parameters have been shown to correlate with tumor angiogenesis 
and cancer progression  (  2–  4  ) . MMP-2 and MMP-9 hydrolyze a 
variety of extracellular matrix (ECM) and non-ECM proteins 

  1.   Introduction
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 (  5–  7  ) ; therefore, their role in cancer is rather complex with both 
tumor-promoting and -suppressing activities in a substrate- and 
context-dependent manner  (  8–  11  ) . 

 Since their discovery more than 20 years ago, the gelatinases 
continue to be the focus of intense research in the area of cancer 
and several other pathological conditions. Much of the cancer biol-
ogy research focuses on factors which modulate the malignant phe-
notype both in vitro and in vivo. This often includes assays to 
monitor the expression, activation, and activity of gelatinases and 
their corresponding effect on the malignant phenotype. Gelatine 
zymography is a simple, reliable, and sensitive method that is com-
monly used to monitor gelatinase expression and activation in a 
variety of biological samples (cells, tissues, and  fl uids). 

  The inherent ability of gelatinases to ef fi ciently hydrolyze 
denatured collagen I (also referred to as gelatin) is the basis for the 
detection of these MMPs by gelatin zymography  (  5,   12,   13  ) . This 
property of the enzymes is the main reason why these MMPs are 
described as gelatinases. The gelatinases are multidomain proteases, 
and they comprise a pro-domain, catalytic domain, gelatin-binding 
domain, linker, and hemopexin-like domain  (  1,   14,   15,   16  ) . 
Although other members of the MMP family share many of these 
domains, gelatinases are unique as they possess a gelatin-binding 
domain, a stretch of approximately 175 amino acid residues in the 
catalytic domain that consists of three tandem copies of  fi bronectin 
type II-like modules  (  16  ) . This domain exhibits high-af fi nity bind-
ing for gelatin and is, in part, responsible for the proteolytic activity 
against gelatin. The gelatin-binding domain facilitates effective 
puri fi cation of gelatinases by means of gelatin af fi nity 
chromatography. 

 Gelatin zymography enables identi fi cation of gelatinolytic 
activity in biological samples (for example in culture media, cell 
extracts, tissues extracts, and biological  fl uids) using sodium dodecyl 
sulfate (SDS)-polyacrylamide gels impregnated (co-polymerized) 
with gelatin  (  17,   18  ) . To maintain the enzymatic activity, the 
samples are electrophoresed under nonreducing conditions. 
Removal of the SDS from the gel by Triton X-100 and incubation 
in a calcium-containing buffer cause partial renaturation of the 
enzymes, which are subsequently able to hydrolyze the embedded 
gelatin in situ. After staining the gel with Coomassie Blue, areas 
cleared of gelatin are detected as transparent bands in a blue back-
ground. The transparent areas correspond to the relative molecular 
mass of the active gelatinases, and also to the mass of latent inactive 
gelatinases, as, paradoxically, gelatin zymography reveals gelati-
nolytic activity generated by the latent inactive zymogen form of 
the enzymes (pro-gelatinase). Under physiological conditions, and 
in solution, pro-gelatinases do not exhibit enzymatic activity 

  1.1.  Biochemical Basis 
of Gelatin Zymography 
and Overview of the 
Method
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because the amino terminal pro-domain blocks binding of the 
catalytic zinc  (  5,   19  ) . During gelatin zymography, the presence of 
SDS results in an unfolding of the tertiary structure of the enzyme 
and an irreversible dissociation of the pro-domain from the active 
site. Once the active site is exposed, the enzyme can initiate the 
degradation of gelatin after partial renaturation. The presence of 
SDS also disrupts non-covalent interactions between active gelati-
nases and their endogenous inhibitors, the tissue inhibitors of met-
alloproteinases (TIMPs)  (  20  ) . While TIMPs are potent inhibitors 
of active gelatinases  (  20,   21  ) , electrophoretic dissociation of gelati-
nase activity enzyme–inhibitor complexes under the conditions of 
gelatin zymography allows the detection of gelatinase activity even 
in biological samples enriched with TIMPs. Therefore, gelatin 
zymography does not provide information on the net gelatinase 
activity (including TIMP-free activity) in a given sample as it does 
not enable analysis in the presence of functional endogenous inhib-
itors. Therefore, additional activity assays are required to obtain 
quantitative data on the overall net gelatinase activity.  

  Gelatin zymography provides reliable information on the type, rela-
tive amounts, and activity of gelatinase(s) under various physiologi-
cal and pathological conditions in different cell types/tissues. 
However, caution must be exercised when estimating the levels of 
gelatinase expression between samples as zymography is essentially a 
semiquantitative technique and, due to the inherent characteristics 
of the method, has many variables that require consideration ( see  
 Note 11 ). Another important application of gelatin zymography is 
the assessment of the activation status of gelatinases in a sample. 
Gelatinase activation usually involves the release of the pro-domain 
(approximate size: 10 kDa) via proteolytic and non-proteolytic clear-
age mechanisms. This process causes a reduction in the molecular 
mass of the active enzyme species relative to the zymogen, which can 
be readily detected by gelatin zymography by virtue of the difference 
in relative molecular mass. Therefore, gelatin zymography can be 
used to study mechanisms and factors that regulate the activation of 
pro-gelatinases in various experimental systems; for example, gelatin 
zymography is a powerful technique enabling the study of the acti-
vation of pro-MMP-2 by membrane-type MMPs  (  22,   23  ) . Gelatin 
zymography should, however, be used with extreme caution when 
searching for active MMP-9 species in biological samples as the 
results may give rise to the erroneous identi fi cation of the active spe-
cies ( see   Note 10 ). In summary, a detailed knowledge of the limita-
tions of this technique is an essential prerequisite for rigorous 
interpretation of the data from complex biological samples. Here, 
we provide a detailed protocol on how to set up gelatin zymography 
and how to use it in samples relevant for the study of tumor cell inva-
sion and metastasis. We also provide guidance for the interpretation 
of the results obtained with this system.   

  1.2.  Uses and 
Limitations of Gelatin 
Zymography
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     1.    Glass plates with 1.0-mm-thick spacers or disposable plastic gel 
casting cassettes, 1.0 mm thick, 10 × 10 cm.  

    2.    Acrylamide/bis-acrylamide stock: Prepare 200 ml of 30% w/v 
acrylamide (electrophoresis grade) and 0.8% w/v bis-acrylamide 
solution in distilled water (dH 2 O) ( see   Note 1 ). Use a surgical 
mask and weigh acrylamide powder in a fume cupboard. Store 
the acrylamide solution in a dark bottle at 4°C, where it is 
stable for at least 6 months. Un-polymerized acrylamide is a 
neurotoxin. Always handle with gloves! For more information 
on SDS-PAGE, please refer to Chapter   6    , by Blancher and 
McCormick, in this volume.  

    3.    Separating gel buffer stock: Prepare 200 ml of 1.88 M Tris/
HCl buffer, pH 8.8. Autoclave and store at room temperature. 
The buffer is stable for at least 6 months.  

    4.    Stacking gel buffer stock: Prepare 200 ml of 1.25 M Tris/HCl 
buffer, pH 6.8. Autoclave and store at room temperature. The 
buffer is stable for at least 6 months.  

    5.    1% w/v gelatin (Sigma, St. Louis, MO, Catalogue number 
G-8150): Prepare 5 ml of a 1% w/v solution of gelatin in 
dH 2 O. Heat the solution to 60°C in a water bath for at 
least 20 min, and vortex well. Make sure that the gelatin is 
completely dissolved. Cool down the gelatin solution to 
room temperature before use. Prepare a fresh solution each 
time.  

    6.    20% w/v SDS: Prepare 200 ml of 20% w/v SDS in dH 2 O. Use 
a surgical mask when weighing SDS. Store at room tempera-
ture. It is stable for 1 year.  

    7.    10% w/v ammonium persulfate (APS): Prepare 1–5 ml of 10% 
w/v APS in dH 2 O, calculating the volume required based on 
the number of gels to be prepared. Store at 4°C for no longer 
than 2 weeks.  

    8.     N , N , N   ¢ , N   ¢ -tetramethylethylenediamine (TEMED): Store in a 
dark bottle at 4°C.  

    9.    Running buffer stock (10×): Prepare 1 l of 0.25 M Tris base 
and 1.92 M glycine, pH 8.3. The pH should be correct with-
out adjusting. Store at room temperature, stable for several 
months under these conditions.  

    10.    SDS gel running buffer: Dilute the running buffer stock 
(10×) with dH 2 O to make 1 l and supplement with 5 ml of 
20% w/v SDS to a  fi nal concentration of 0.1% w/v SDS. 
Store at room temperature, stable for several months under 
these conditions.  

  2.   Materials
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    11.    Sample buffer (4×): Prepare 10 ml of 0.25 M Tris/HCl, pH 6.8, 
40% v/v glycerol, 8% w/v SDS, and 0.01% w/v bromophenol 
blue. Store at −20°C in 0.5-ml aliquots. Before use, warm up 
to room temperature to dissolve the SDS.  

    12.    Renaturing solution stock (10×): Prepare 200 ml of 25% v/v 
Triton X-100 in dH 2 O. Store at room temperature, stable for 
several months under these conditions.  

    13.    Developing buffer stock (10×): Prepare 1 l of 0.5 M Tris–HCl, 
pH 7.8, 2 M NaCl, 0.05 M CaCl 2 , and 0.2% Brij 35. Store at 
4°C for 6 months.  

    14.    Staining solution: Prepare 1 l of 0.5% w/v Coomassie Blue 
R-250, 5% v/v methanol, and 10% v/v acetic acid in dH 2 O. 
Filter and store at room temperature. This solution is 
reusable.  

    15.    Destaining solution: Prepare 1 l of 5% v/v methanol and 10% v/v 
acetic acid in dH 2 O. Store at room temperature for months.  

    16.    Phosphate-buffered saline (PBS): Prepare 1 l 0.01 M phos-
phate buffer, pH 7.1, 0.137 M NaCl, and 2.7 × 10 −3  M KCl. 
Autoclave and store at room temperature, stable for several 
months under these conditions.  

    17.    Lysis buffer: Prepare 100 ml of 0.025 M Tris–HCl, pH 7.5, 
0.1 M NaCl, and 1% v/v Nonidet P-40 (NP-40). Store at 4°C 
for 6 months. Immediately before use, add the following pro-
tease inhibitors: 10  μ g/ml aprotinin, 2  μ g/ml leupeptin, and 
4 × 10 −3  M benzamidine or Protease Inhibitor Cocktail-EDTA 
Free (Roche).  

    18.    Tris-buffered saline (TBS): Prepare 1 l of 0.05 M Tris–HCl, 
pH 7.5, and 0.15 M NaCl. Store at 4°C, where it is stable for 
several months.  

    19.    TBS-CM: Prepare 200 ml of TBS supplemented with 
1 × 10 −3  M CaCl 2  and 1 × 10 −3  M MgCl 2 . Store at 4°C and use 
within a week.  

    20.    TBS-B: Prepare 50 ml of TBS containing 5 × 10 −3  M CaCl 2  and 
0.02% Brij-35. Store at 4°C for 1 month or until a visible pre-
cipitate appears.  

    21.    TBS-CM-Triton X-114: Prepare 50 ml of 1.5% v/v Triton 
X-114 in TBS-CM. Store at 4°C, where it is stable for several 
months. Immediately before use, add protease inhibitors: 
10  μ g/ml aprotinin, 2  μ g/ml leupeptin, and 4 × 10 −3  M benz-
amidine or Protease Inhibitor Cocktail-EDTA Free (Roche).  

    22.    Gelatin–agarose beads (Sigma Catalogue number G-5384): 
Wash the beads (the amount needed for the experiment) 
twice with TBS-B before use to remove preservative solu-
tion. Prepare a 50% v/v suspension of gelatin–agarose beads 
in TBS-B.      
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  The following protocol is for the preparation of eight gelatin 
zymography gels (10% polyacrylamide co-polymerized with 0.1% 
w/v gelatin) ( see   Notes 2  and  3 ).

    1.    Separating gel: Mix 18.0 ml of dH 2 O, 5 ml 1% w/v gelatin, 
16.6 ml acrylamide/bis-acrylamide stock, 10 ml separating gel 
buffer stock, 0.25 ml 20% w/v SDS, and 150  μ l 10% w/v APS 
in a 125-ml Erlenmeyer  fl ask or a 50-ml disposable centrifuge 
tube at room temperature.  

    2.    Stacking gel: Mix 11 ml of dH 2 O, 2 ml acrylamide/bis-acrylamide 
stock, 2 ml stacking gel buffer stock, 0.1 ml 20% w/v SDS, and 
75  μ l 10% w/v APS in the same apparatus as above.  

    3.    Add 30  μ l of TEMED to the separating gel solution to initiate 
the polymerization process. Swirl the solution rapidly without 
causing bubble formation or aeration.  

    4.    Immediately, pipette 6.2 ml of the separating gel solution into 
each cassette, avoiding the formation of bubbles.  

    5.    Carefully, overlay the separating gel solution with dH 2 O  fi lling 
up to the top of the cassette using a syringe or a pipette. Do 
not disturb the surface of the separating gel solution.  

    6.    Allow the gel to polymerize for at least 1 h at room temperature. 
Polymerization is complete when a discrete line of separation 
can be observed between the gel and the overlaid water.  

    7.    Decant the water from the top of the separating gel and allow 
the gel to remain upside down on a bench top for a few min-
utes to drain away all the water.  

    8.    Add 10  μ l of TEMED to the stacking gel solution, swirl rapidly, 
and immediately pipette the solution onto the polymerized 
separating gel until it reaches the top of the front plate.  

    9.    Rapidly insert the appropriate comb (this usually has prongs to 
allow the formation of ten wells) into the liquid stacking gel 
taking care to ensure that no bubbles remain trapped under 
the comb. Allow the stacking gel to polymerize at room tem-
perature (about 30–60 min).  

    10.    Store the gels (comb on top) in a sealed plastic bag or a 
container containing 1× running buffer to keep them moist. 
The gels can be stored at 4°C for up to 2–3 weeks ( see   Note 3 ).      

   The gelatinases are secreted enzymes  (  5  ) ; therefore, in cultured 
cells, a signi fi cant proportion of the gelatinase “pool” is in the 
incubation media. Since the serum in which cells are typically 
grown contains gelatinases, it is necessary to prepare serum-free 
conditioned media for gelatin zymography (Fig.  1 ). 

  3.   Methods

  3.1.   Gel Preparation

  3.2.  Sample 
Preparation

  3.2.1.  Serum-Free 
Conditioned Media
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    1.    Grow the cells to be tested to approximately 80% con fl uence in 
complete growth media.  

    2.    Wash the cell monolayer twice with sterile PBS or serum-free 
media to remove the serum completely.  

    3.    Incubate the cells in serum-free media at 37°C in a CO 2  incu-
bator for at least 12–16 h ( see   Note 4 ).  

    4.    Collect the media and centrifuge (400 ×  g  for 5 min at 4°C) to 
remove  fl oating cells and debris. Retain the supernatant.  

    5.    Mix 75  μ l of the clari fi ed conditioned media with 25  μ l of 4× 
sample buffer, and vortex. Allow the sample to stand at room 
temperature for 10–15 min. Do not heat the sample! Load 
30  μ l per lane on the gelatin zymography gel.  

    6.    If the intensity of the gelatinolytic bands is very low, the con-
ditioned media can be concentrated using commercially avail-
able concentrators (10 kDa cutoff ) or subjected to 
gelatin–agarose puri fi cation as described below.      

      1.    In a microcentrifuge tube, mix 1 ml of clari fi ed conditioned 
media with 30  μ l of the gelatin–agarose bead suspension and 
rotate at 4°C for at least 1 h.  

    2.    Centrifuge the tubes in a microcentrifuge for approximately 
1–2 min and carefully aspirate the supernatant.  

    3.    Wash the beads (containing the bound gelatinases), at least 
twice, with 1 ml of cold TBS-B.  

  3.2.2.  Puri fi cation 
of Gelatinases Using 
Gelatin–Agarose Beads

  Fig. 1.    Gelatin zymogram of biological samples from different sources.  Lanes 1–5 , puri fi ed recombinant human MMP-9 
( lane 1 , latent form;  lane 2 , active form) and MMP-2 ( lane 3 , latent form;  lane 4 , active form;  lane 5 , mixture of active and 
latent forms). Note the presence of MMP-9 dimeric forms (~200 kDa).  Lane 6 , serum-free conditioned media of HT1080 
human  fi brosarcoma cells.  Lanes 7–10 , serum-free conditioned media of nonmalignant human breast epithelial MCF10A 
cells untreated ( lane 7   ) or treated with increasing concentrations (10, 25, and 50 ng/ml) of tumor necrosis factor- α  
(TNF- α ) ( lanes 8–10  ). Note the induction of pro-MMP-9 expression and secretion in response to TNF- α  compared to the 
untreated cells.  Lane 11 , cell lysate of TNF- α -treated MCF10A cells. Note the presence of the intracellular, lower molecular 
weight (~83–85 kDa), precursor (partially glycosylated) form of latent MMP-9  (  32  ) .  Lanes 12  and  13 , tissue extracts (30  μ g 
of protein) from the benign ( lane 12  ) and carcinoma ( lane 13  ) section of a breast biopsy. Note the induction of MMP-9 and 
a ~130-kDa band of unknown origin in the carcinoma. Also, note the appearance of a ~80–85-kDa form in the carcinoma. 
Note that it is dif fi cult to determine whether this is active MMP-9 or the intracellular precursor form.  Lane 14 , unreduced 
molecular weight standard (Novex).       
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    4.    After the last wash, carefully aspirate the supernatant. Add 
20  μ l of 1× sample buffer to the beads to elute the bound 
enzymes. Do not heat the samples! Centrifuge the tubes again 
and load the supernatants onto the gel.      

  In addition to secretion into media, gelatinases are also found 
intracellularly and are cell surface-associated. Intracellular enzymes 
represent the gelatinases traf fi cking through the secretory pathway, 
where they may be modi fi ed posttranslationally. In contrast, the 
extracellular gelatinases present are enzymes associated with the 
cell surface/matrix. Analysis of cell lysate, therefore, can provide 
valuable information on the rate of synthesis, extent of glycosyla-
tion (in the case of MMP-9), cell surface association, and activation 
status of the surface-associated gelatinases. Cell lysates are prepared 
as follows.

    1.    Wash the cells twice with cold PBS.  
    2.    Add cold lysis buffer. Use 2 ml of lysis buffer per 150-mm 2  

dish to obtain a  fi nal total protein concentration of approxi-
mately 2–3 mg/ml.  

    3.    Scrape the cells into the lysis buffer with a rubber policeman, 
collect the lysate, and incubate on ice for at least 15 min.  

    4.    Vortex and centrifuge (at 16,000 ×  g ) the lysate for 20 min at 
4°C in a microcentrifuge. Collect the supernatant and measure 
protein concentration.  

    5.    Mix 75  μ l of supernatant with 25  μ l of 4× sample buffer. Do 
not heat the sample. Load up to 30  μ l per lane on the gelatin 
zymography gel. In the minigel system described here, do not 
load more than 40  μ g of total protein per lane, as excessive 
amounts of protein will disrupt the band separation and 
adversely affect resolution ( see   Note 9 ).     

 If the gelatinase activity is low, phase partition with Triton 
X-114, as described below, can be used to concentrate the cell-
associated gelatinases.  

  Triton X-114 is a biphasic detergent that is soluble in aqueous buf-
fers at 4°C. However, above 20°C samples containing Triton 
X-114 separate into two distinct phases (aqueous and detergent). 
In general, hydrophilic proteins partition into the aqueous phase 
while hydrophobic proteins partition into the detergent phase. 
However, anomalous distributions of proteins have been reported 
in the Triton X-144 system. Being hydrophilic in nature, gelati-
nases are mostly found in the aqueous phase. However, gelatinases 
(most evident with MMP-2) have also been found in the detergent 
phase  (  24,   25  ) , suggesting a strong association with the plasma 
membranes. Phase partition is carried out as follows.

  3.2.3.  Cell Lysate

  3.2.4.  Phase Extraction 
with Triton X-114
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    1.    Wash the cells twice with cold PBS. During all the following 
steps, keep samples on ice unless otherwise stated.  

    2.    Add 2 ml of cold TBS-CM-Triton X-114 solution containing 
protease inhibitors per 150-mm 2  dish. This should yield 
approximately 2–3 mg of total protein per ml.  

    3.    Scrape the cells into the solution and transfer to a tube.  
    4.    Incubate the extract on ice for at least 15 min and then centri-

fuge (16,000 ×  g  for 20 min) at 4°C.  
    5.    Collect the supernatant, transfer to a new tube, and incubate 

for 2 min in a 37°C water bath.  
    6.    Centrifuge (16,000 ×  g ) the sample at room temperature for 

approximately 5 min to obtain the lower detergent and upper 
aqueous phases.  

    7.    Carefully collect and transfer the aqueous phase into a new 
tube without disturbing the detergent phase. Cool down the 
tubes brie fl y. Keep the tube with the detergent phase on ice.  

    8.    Add 30  μ l of the gelatin–agarose beads to 500  μ l of the aqueous 
phase and proceed as described in Subheading  3.2.2  above.  

    9.    Add 2 volumes of TBS-B and 1 volume of 4× sample buffer to 
the detergent phase (4× dilution) ( see   Note 5 ). Do not heat 
the sample. Load 30  μ l per lane for gelatin zymography.      

  Fresh tissue biopsies derived from tumor samples are an important 
source for examining gelatinase expression during tumor progres-
sion (Fig.  1 ).

    1.    Cut the tissue of interest (~50 mg) into small pieces. Remove 
any visible fat.  

    2.    Add approximately 500  μ l of cold lysis buffer with protease 
inhibitors.  

    3.    Homogenize the tissue on ice with a pestle (Kontes, Vineland, 
NJ, Catalogue number 749520-0000) in a microcentrifuge 
tube ( see   Note 6 ).  

    4.    Centrifuge (16,000 ×  g ) the homogenate for 10 min at 4°C. 
Collect the supernatant and measure the protein concentration.  

    5.    Adjust the protein concentration to 1  μ g/ μ l of 1× sample 
 buffer. Load equal amounts of protein per lane for the gelatin 
zymography.      

  It is important to include gelatinase standards in each zymogram 
to accurately determine the type and activation status of the 
enzyme(s) expressed in a given sample. Conditioned medium from 
HT1080, human  fi brosarcoma cells (American Type Culture 
Collection, CCL-121), is optimal since it contains both MMP-2 
(72 kDa) and MMP-9 (~92 kDa) (Fig.  1 ). Conditioned media 

  3.2.5.  Preparation of 
Tissue Extracts

  3.2.6.   Gelatinase Standards
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obtained from HT1080 cells treated for 16 h with 1 × 10 −4  M 
12- O -tetradecanoylphorbol-13-acetate or 10  μ g/ml of concanava-
lin A also contain active MMP-2 (approximately 62 kDa) and can 
be used as a reference for active MMP-2  (  26  ) . If available, puri fi ed 
natural or recombinant gelatinase enzymes can also be used (Fig.  1 ) 
( see   Note 7 ).

    1.    Dilute the puri fi ed gelatinases to a  fi nal concentration of 
1 ng/ μ l of 1× sample buffer. Do not heat the sample.  

    2.    Load 1–5 ng of the enzyme per lane on the zymography gel.       

      1.    Gently pull the comb out of the stacking gel and peel off the 
tape from the bottom of the cassette. Place the cassette into 
the gel apparatus and  fi ll the buffer chambers with 1× SDS 
gel-running buffer.  

    2.    Load the samples and run the gel at constant voltage (125 V, 
starting current should be approximately 30–40 mA/gel) until 
the bromophenol blue tracking dye reaches the bottom of the 
gel (approximately 90 min). These running conditions will 
prevent overheating of the gel ( see   Note 2 ).  

    3.    Carefully remove the gel from the cassette and place it in a plastic 
tray containing 100 ml 1× diluted renaturing solution. Incubate 
the gel for 30 min at room temperature with gentle agitation.  

    4.    Decant the solution and rinse the gel at least once with 300 ml 
of dH 2 O.  

    5.    Incubate the gel at room temperature for an additional 30 min 
in 100 ml of 1× developing buffer with gentle agitation.  

    6.    Decant the developing buffer and replace it with 100 ml of 
fresh 1× developing buffer. Incubate the gel at 37°C for 
approximately 16 h in a closed tray ( see   Note 8 ).  

    7.    Decant the developing buffer and stain the gel in staining 
solution for at least 1 h or until the gel is uniformly dark blue. 
The staining solution can be collected and reused. However, it 
will require a longer staining time.  

    8.    Destain the gel with destaining solution until areas of gelati-
nolytic activity appear as clear sharp bands over the blue back-
ground ( see   Note 9 ).       

 

     1.    For reliable results during electrophoresis, it is crucial that the 
acrylamide/bis-acrylamide stock solution is prepared from 
electrophoresis-grade reagents. Ready-to-use 30% acrylamide/
bis-acrylamide 37.5:1 (2.6%C   ) solution can be purchased from 
Bio-Rad Laboratories (Hercules, CA; Catalogue number 

  3.3.  Running 
and Developing the Gel

  4.   Notes   
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161-0158), thereby obviating the need to handle acrylamide 
powder. A range of ready-made gelatin zymography gels 
(Novex® 10% Zymogram) are available from Invitrogen, 
allowing reproducible results.  

    2.    We commonly use 10% polyacrylamide gels for separating 
gelatinases. However, the percentage of acrylamide and the 
thickness of the separating gel can be varied depending on 
the aim of the separation. For instance, to better visualize the 
dimeric form of MMP-9 (~200 kDa) (Fig.  1 ) and/or to obtain 
a better resolution of bands with similar molecular weight 
(latent and active forms), a lower percentage (7–8%) polyacryl-
amide solution can be used. It should be noted, however, that 
by taking this approach the gelatinolytic bands observed will 
be less sharp. Alternatively, the gel can be run for an additional 
30 min after the tracking dye has reached the bottom of the 
10% PAGE.  

    3.    It is very convenient to prepare the gels in advance since the 
polymerized gels can be stored at 4°C for 2–3 weeks without 
any effects on resolution. Avoid bacterial contamination of 
buffers and solutions as bacterial proteases may result in the 
appearance of nonspeci fi c gelatinolytic bands. This can be min-
imized by  fi lter sterilization of buffers and stock solutions and 
storage at 4°C, as indicated.  

    4.    Preparation of conditioned media: Long incubation times 
(48–72 h) of cells in serum-free media can affect viability. 
Incubate the cells in a minimum amount of serum-free media 
(~50–60% of the amount of growth media) to obtain more 
concentrated samples.  

    5.    Triton X-114 extraction and detergent phase: Due to the high 
sensitivity of gelatin zymography, the presence of gelatinases in 
the detergent phase may result from contamination with 
enzymes from the aqueous phase. To minimize such cross-
contamination, repeat again the extraction procedure by add-
ing ice-cold TBS-CM to the detergent phase. Vortex and 
repeat the phase partition as described in  section 3.2.4, steps 
5–7 . Discard the upper phase and continue as described in 
  section 3.2.4, step 9 .  

    6.    Preparation of tissue extracts: The volume of lysis buffer should 
be varied depending on the tissue being used. Be aware that 
inherent differences in tissue structure, between and within 
specimens, as well as protein extractability may vary  (  18  ) . 
Therefore, the results should be carefully interpreted! After 
centrifugation, the tissue homogenate may contain  fl oating 
lipids. Repeat the centrifugation step to obtain a clear 
homogenate.  

    7.    Gelatinase standards: Puri fi ed gelatinases can be obtained from 
commercial sources. To activate puri fi ed gelatinases, incubate 
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the enzymes in 1 × 10 −3  M  p -aminophenylmercuric acetate 
(APMA) (toxic!). This should be prepared from a fresh stock 
of 0.01 M APMA in 0.05 M NaOH and diluted tenfold in 
TBS-B. Incubate the puri fi ed latent enzymes (2 ng/ μ l) with 
APMA in a 37°C water bath. Latent MMP-2 is readily acti-
vated to the 62 kDa species after approximately 30 min while 
latent MMP-9 is partially activated to the 82 kDa form after 
2 h. The presence of TIMPs in the enzyme preparation will 
inhibit or slow down the activation process, causing generation 
of intermediate inactive forms (approximately 64 kDa for 
MMP-2 and 85 kDa for MMP-9)  (  20,   27,   28  ) . On the other 
hand, long incubation times with APMA of TIMP-free gelati-
nases will cause the appearance of low-molecular-weight active 
forms: an approximate 45 kDa form for MMP-2  (  29  )  and an 
approximate 67 kDa form for MMP-9  (  30  ) .  

    8.    The incubation time for the gel in the developing buffer is 
critical. Since the presence of the gelatinolytic bands is the 
result of enzymatic activity, varying the incubation time will 
affect the intensity of the gelatinolytic bands. For most con-
ditions, an overnight incubation will provide optimal reso-
lution and reproducible results. Therefore, for better 
resolution, it is preferable to increase or decrease the amount 
of sample loaded into the gel rather than changing the incu-
bation time.  

    9.    Gelatinolytic bands: Under optimal conditions, gelatinolytic 
bands should be sharp and well de fi ned (Fig.  1 ). This is gener-
ally true with samples derived from conditioned media or with 
puri fi ed enzymes. Cell lysates and tissue extracts, in contrast, 
may produce distorted bands due to the high protein content. 
This can be minimized by reducing the amount of protein 
loaded per lane or concentrating the sample using phase parti-
tion and agarose-bead puri fi cation. Since other proteases, 
including serine proteases, can also exhibit gelatinolytic activity 
 (  31  ) , it is important to ascertain the type (metallo vs. non-
metallo) of enzyme detected by addition of a chelating agent. 
Incubating the gel in developing buffer containing 0.02 M 
EDTA will inhibit metalloproteases and cause the disappear-
ance of the gelatinolytic bands they produce. A reliable assess-
ment of the nature of the enzyme present in the samples can be 
made by comparing the molecular weight of the gelatinolytic 
bands with known gelatinase standards (for example by using 
the conditioned media from HT1080 cells) and the use of 
EDTA. Note that other major MMPs showing gelatinolytic 
activity are stromelysin 1 (MMP-3) and interstitial collagenase 
(MMP-1)  (  19  ) . However, the intensity of the bands produced 
by these MMPs is signi fi cantly lower than that elicited by 
gelatinases. In addition, their molecular mass is different.  
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    10.    Latent vs. active species: When using gelatin zymography to 
study gelatinase activity, it is important to be aware of the pit-
falls of the methodology. Gelatinases are usually activated in a 
sequential process involving the generation of an inactive inter-
mediate species. These are then processed to generate the full 
mature active form. The small differences in molecular mass 
(approximately 2–4 kDa) between intermediate and active spe-
cies require evaluation of optimal sample amounts, running 
conditions, and incubation times; otherwise, it will not be pos-
sible to discriminate between the different forms. Therefore, if 
good band separation and molecular mass determination are 
not achieved due to poor running/incubation conditions and/
or overloaded samples, then discrimination between the inter-
mediate (inactive) and fully active species will be challenging. 
Under these conditions, the intermediate species may easily be 
confused with the active forms. In addition, due to the differ-
ences in glycosylation between the precursor (intracellular) 
and the mature (secreted) form of latent MMP-9  (  32  ) , the 
intracellular precursor form of pro-MMP-9 (approximately 
85 kDa) can be easily mistaken for the active species. This is 
most likely to occur when using samples derived from cell 
lysates or tissue extracts, all of which may contain a pool of 
intracellular pro-MMP-9 (Fig.  1 ). Inclusion, in the same gel, 
of active enzymes as standards and/or reliable non-reduced 
molecular weight markers will aid in the discrimination between 
latent (intermediate, precursor) and active species. When in 
doubt, additional methods including immunoblot analysis, 
using antibodies capable of discrimination between latent and 
active species, and/or enzymatic assays need to be conducted 
to further verify if the samples contain truly active MMP-9.  

    11.    In relation to the use of gelatin zymography for quantitative 
assessments: Although gelatin zymography has been claimed 
to be a quantitative technique, major problems arise during the 
process of method standardization due to the many variables 
involved in this technique. These include (1) variations in the 
amount of co-polymerized gelatin; (2) nature, source, prepara-
tion, and amount of the sample; (3) incubation time and tem-
perature; (4) washing conditions; (5) staining and destaining 
conditions; and (6) source and condition (latent, active) of the 
standards. These diverse variables make it very dif fi cult to 
establish reproducible assay conditions when analyzing multi-
ple samples and parameters. Even when careful and reproduc-
ible assay conditions are established, the results obtained are at 
best semiquantitative. Therefore, it is our recommendation 
that the user refrains from using gelatin zymography as the 
only tool for measuring the levels of gelatinase activity in 
biological samples. If quanti fi cation is the goal, ELISA assays 
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are preferred. Nevertheless, when used properly, gelatin 
zymography provides a wealth of information regarding gelati-
nase activity in experimental and biological systems and is a 
simple, reliable, and reproducible method for analysis of this 
class of enzymes.          
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    Chapter 9   

 Determination of Cell-Speci fi c Receptor Binding Using 
a Combination of Immunohistochemistry and In Vitro 
Autoradiography: Relevance to Therapeutic Receptor 
Targeting in Cancer       

         Michael   R.   Dashwood       and    Marilena   Loizidou      

  Abstract 

 Mapping of receptor binding to speci fi c structures, or cells within tissue samples, provides valuable 
information regarding biological and pathological mechanisms. Such information may potentially be 
translated into targeted therapies, especially in the  fi eld of cancer treatment. In this chapter, a receptor 
localization technique is described which utilises frozen sections of human tissue and combines immu-
nohistochemistry (IHC) and micro-autoradiography. IHC utilises antibodies tagged to an enzymatic 
complex to identify speci fi c cell types (such as epithelial cells or  fi broblasts) within the tissue under 
investigation; this step is immediately followed by the second technique which is based on the use of 
radiolabelled compounds (radioligands) that selectively bind to preselected membrane receptors. This 
approach allows visualisation of cells of interest by immunohistochemical staining of tissue sections 
(colour product) in combination with the use of radiolabelled compounds that are detected following 
exposure to radiation-sensitive  fi lm or emulsion to produce a map of receptor distribution or localisation 
of cell-speci fi c receptor binding. The system described has been used to compare receptor binding to 
cells in normal human colorectal tissue with that in colorectal cancer specimens.  

  Key words:   Cell type-speci fi c immunohistochemistry ,  Receptor micro-autoradiography ,  Receptor 
binding    

 

  The term autoradiography (ARG) denotes the visualisation of the 
distribution pattern of radioactivity in either biological or non-
biological material. The principles of ARG are the same as those for 
conventional photography, where the image is formed using an 
emulsion usually containing a lattice of silver halide embedded in 

  1.  Introduction

  1.1.  Autoradiography: 
Background
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gelatine. For regional “mapping”, X-ray or similar  fi lms (macro-ARG) 
are used and a nuclear emulsion is required in order to visualise 
receptor binding at the microscopic level (micro-autoradiography, 
micro-ARG). The method by which the radioligand binding is 
captured and detected is affected by the activity of the radioactive 
source used. Radiolabelling is generally achieved using low-activity 
beta emitters (for example [ 3 H] or [ 14 C]) or high-activity gamma 
emitters (for example [ 125 I]), compounds such as  3 H-naloxone or 
 125 I-endothelin, respectively. The low-activity-labelled compounds 
require a longer exposure period to  fi lm or emulsion but theoreti-
cally achieve a higher degree of resolution than iodinated com-
pounds, which generate autoradiographs following short exposure 
times but often with limited resolution. 

 The theoretical background underlying the principles of ARG 
will not be covered in this chapter; these are adequately explained 
in various methodological books on the technique  (  1–  4  ) . Originally, 
in vivo ARG was used to identify receptor binding in experimental 
animals, where a radioligand for a given receptor was injected intra-
venously, the animal sacri fi ced, after the appropriate time, and the 
tissue of interest removed, sectioned, and exposed to  fi lm or emul-
sion. There are various disadvantages associated with in vivo 
ARG, in particular the large amount of radioligand required as its 
concentration is diluted greatly in the circulation. Consequently, 
to reduce running costs, small animals such as rats and mice are 
mostly used for such studies. Also, when radiolabelled material is 
administered systemically and subsequently localised in tissue 
sections, one cannot con fi dently distinguish receptor binding from 
(radiolabelled) drug distribution/diffusion. Indeed, intravenous 
administration of radiolabelled drugs developed by the pharma-
ceutical industry is routinely used as a means of investigating drug 
distribution, drug metabolism, and placental diffusion. 

 A major advance in the ability to identify and localise radioli-
gand receptor binding was introduced over 30 years ago by Young 
and Kuhar  (  5  )  who showed that fresh, un fi xed, frozen sections 
retained the ability to bind radiolabelled materials, thus providing 
a method of studying receptor characteristics in vitro. This tech-
nique offered many advantages over in vivo ARG, in particular the 
ability to control binding conditions. For example, incubation buf-
fers could be tailored to suit the compounds under investigation 
(for example, addition of NaCl increases  3 H-naloxone binding to 
rat brain sections); much lower concentrations of radioligand were 
required (pico- or nanomolar amounts); and binding to speci fi c 
receptor types could be established since the degree of non-speci fi c 
binding could be revealed by “saturating” binding to the receptor 
under investigation in paired sections and incubating in the pres-
ence of excess unlabelled ligand. For details of pharmacological 
receptor characterization,  see  ref.  (  2  ) . Furthermore, using in vitro 
ARG, it has become possible to study compounds that do not 
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readily pass the blood–brain barrier, enabling researchers to generate 
receptor maps for many novel compounds or neurotransmitters in 
the brain. 

 Receptor localization in Young and Kuhar’s original technique 
was achieved (after incubation) by exposing the slide-mounted tis-
sue sections to coverslips pre-coated with a nuclear emulsion (for 
example, Ilford K2 or K5 emulsions) and subsequently processing 
using standard photographic solutions (for example, Kodak D19 
high contrast developer followed by Ilford Hypam  fi xative). Once 
ARGs have been produced, the underlying tissue histology is 
con fi rmed using traditional stains, such as haematoxylin and eosin 
or toluidine blue, so that receptor binding to identi fi able struc-
tures is achieved at the microscopic level. A major advance in the 
 fi eld of quantitative receptor ARG occurred with the introduction of 
tritium-sensitive  fi lm that not only produces “receptor maps” 
(originally in brain sections) but, more importantly, allows densito-
metric evaluation to be performed  (  6  ) . For ligands labelled with 
high energy, gamma emitters, such as  125 I-endothelin, regular 
X-ray  fi lm, or Hyper fi lm™ MP, can be used. However, this  fi lm 
technique lacks the resolution achieved using nuclear emulsion 
and limits the level at which receptor binding can be detected 
(see Note 1).  

  Macro- and micro-autoradiographic techniques each have their 
speci fi c advantages. Since ARGs generated on  fi lm provide “receptor 
maps” and enable receptor binding to be quanti fi ed, this method 
offers a useful means of comparing experimentally induced or disease-
induced alterations in both experimental animal models and human 
tissue. Where ARGs are produced using nuclear emulsion, binding 
can be localised at the microscopic level. When using either of 
these methods, once the ARG image has been obtained, the histol-
ogy of the underlying tissue sections is examined using traditional 
stains, such as haematoxylin and eosin. While this may be perfectly 
adequate in many cases, conventional stains will not allow speci fi c 
cell types to be identi fi ed with con fi dence. This is particularly 
important when studying pathological tissue, where a variety of 
in fi ltrating cells may appear, ranging from those associated with 
in fl ammatory conditions to those involved in extracellular matrix 
formation, cell proliferation, and apoptosis. In an attempt to over-
come this problem, a technique combining the immunohistochem-
ical identi fi cation of cell type with ARG localisation of radioligand 
binding was developed and originally used in coronary tissue  (  7  ) . 

 As with ARG, the theoretical background underlying the prin-
ciples of immunohistochemistry (IHC) will not be covered here as 
the technique is well established and information on the theory 
and application is easily sourced (see also chapter    2 on immuno-
histochemistry by Brooks and Hall in this volume).  

  1.2.  Combining 
Autoradiography 
and Immunohisto-
chemistry
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  We have used the combined ICH/ARG technique to identify cell 
types within colorectal cancer which expressed endothelin-1 (ET-1) 
binding sites. ET-1 was originally described as an endothelium-
derived peptide with potent constrictor, proin fl ammatory, and 
mitogenic activity. Two receptors for this peptide have been 
identi fi ed and cloned: ET A  (ET A R) and ET B  (ET B R) and many 
receptor-selective antagonists have been developed. Various groups 
have reported changes in receptor levels within solid tumours, such 
as ovarian and prostate cancers: notably, an over-expression of 
ET A R and a down-regulation of ET B R. Since ET A R is the main 
receptor that propagates proliferation and survival signals, this has 
a direct impact on cancer growth and progression  (  8  ) . Furthermore, 
speci fi c ET A R antagonists have been approved for human use (for 
example, Atrasentan, Zibotentan). Therefore, information on the 
distribution of compounds binding to these receptors within can-
cer tissues provides useful information regarding the potential use 
of ET A R antagonists in treatment regimens for colorectal cancers. 

 In this chapter, the application of conventional IHC to deter-
mine endothelial and epithelial cells, nerves, and  fi broblasts within 
frozen tissue sections, followed by micro-ARG to localise receptor 
binding to these cells speci fi cally as applied to cancer tissue is 
described. The focus is on the logistics of combining IHC and 
micro-ARG for successful receptor/cell co-localisation. The model 
system comprises normal colorectal tissues and colorectal cancer 
specimens and the investigation of the cell type-speci fi c binding 
sites of ET-1  (  9  ) .  

  Although immunostaining (histochemistry/ fl uorescence) “double-
labelling” techniques are commonly used to localise cell-speci fi c 
receptors and may be evaluated by, for example, confocal micros-
copy, the difference between receptors and their binding sites is 
often overlooked. While recombinant antibodies may provide the 
possibility of identifying speci fi c receptor types, they provide no 
information regarding the membrane binding characteristics of 
agonists or antagonists. Physiologically, endogenous factors (agonists) 
act on membrane-binding sites/receptors to trigger speci fi c events. 
Pharmacologically, synthetic compounds (antagonists) are devel-
oped that bind to such receptors and block these effects. Although 
IHC identi fi es and localises receptors at the microscopic level, it 
cannot be used to study receptor binding and assess drug/receptor 
interaction. As outlined above, this is possible using ARG, where 
radiolabelled compounds are used, not only to localise receptor 
binding using nuclear emulsion but also to quantify the receptor 
binding by image analysis or monitoring the levels of radioactivity 
incorporated. In this way, regional variations, disease-induced 
changes, receptor characterisation, and to some extent receptor 
function may be studied (Chapter 10 in Leslie and Altar  (  2  ) ). 

  1.3.  Applications 
to Cancer Studies

  1.4.  Methodological 
Advantages
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 A limitation with previously published ARG studies has been 
the inability to identify, with con fi dence, the speci fi c cells within 
tissue sections. In such cases, researchers rely on commonly used 
histological stains. In order to address this situation, we developed 
the combined IHC/ARG method to localise binding to endothe-
lin receptor subtypes located on speci fi c cells involved in human 
colorectal cancers. 

 Using this approach, we have demonstrated the presence of 
ET A R and ET B R in colorectal cancer  (  9  )  and con fi rmed previous 
 fi ndings (by densitometric assessment of  fi lm ARGs) that a statisti-
cally signi fi cant increase in ET A R and decrease in ET B R binding are 
seen in colorectal cancer tissue as compared to normal colon 
 (  10,   11  ) . The consistent increase in ET A R binding in cancer tissue 
was partly co-localised to the epithelial cells lining the cancer 
glands, but was also present in stromal structures. ET B R binding 
was decreased in cancer tissue, and localised to epithelia and other 
structures (Fig.  1 ). Since the most striking ET A R binding was 
observed in the stroma, the speci fi c cell types capable of binding 
the two radioactive ligands was assessed, focussing speci fi cally on 
endothelial cells and  fi broblasts (using antibodies for CD31 and 
AS02). ET A Rs are known to be expressed predominantly by vascular 

  Fig. 1.    Whole tissue: Autoradiographs showing binding ( dark grains ) to ET A R ( a ) and ET B R ( b ) in serial sections of tissue 
specimen containing both cancer (tumour) and normal colon—the autoradiographs were generated on  fi lm. Blood vessels: 
Combined IHC/ARG using an ET A R-selective radioligand/CD31 in colorectal cancer ( c ) and normal colon ( e ). CD31 staining 
( red  ) identi fi es blood vessels. Binding to ET A R ( dark grains ) co-localises with CD31. Fibroblasts: Combined IHC/ARG using 
ET A R-selective radioligand/AS02 in colorectal cancer ( d ) or ET B R-selective radioligand/AS02 in normal colon ( f ). AS02 stain-
ing ( red  ) identi fi es  fi broblasts. Binding to ET A R or ET B R ( dark grains ) co-localises with AS02.  Scale bar  = 200  μ m in ( c ), ( e ); 
50  μ m in ( d ), ( f ).       
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smooth muscle cells, with ET B R expressed mainly by endothelial 
cells. The combined IHC/ARG system showed that ET A R binding 
(black grains) was to the outer region (consistent with vascular 
smooth muscle) of blood vessels (red staining). This was more pro-
nounced in the colorectal cancer sections compared to normal 
colon (Fig.  1 ). The opposite was true for ET B R which was the pre-
dominant receptor subtype in normal tissue and was observed to 
be decreased in colorectal cancer. The results obtained using the 
combined IHC/ARG system as applied to colorectal cancer tissue 
contrast with those published by others  (  12  )  who described 
increased mRNA and protein levels for both ET A R and ET B R in 
tumour compared with normal colon. It is important to consider 
that alterations in receptor mRNA or protein do not necessarily 
re fl ect the degree of receptor binding, a measure of ligand/recep-
tor or agonist/antagonist interaction that may be assessed using 
in vitro ARG. Interestingly, in the same study, increased ET A R/
ET B R levels found in colon tissue extracts using molecular tech-
niques were supported by the results generated from tissue sections 
by in vitro ARG  (  12  ) . This discrepancy may be explained by the 
different protocols used where, rather than localising cell-speci fi c 
binding using combined IHC/ARG, receptor binding was “sug-
gested” based on the use of traditional histological staining of adja-
cent tissue sections. Furthermore, slide-mounted sections that had 
been incubated for ARG had been  fi xed in 4% formaldehyde/PBS, 
conditions known to have an adverse effect on receptor binding 
 (  2,   5  ) . These observations underscore the need to identify cell-
speci fi c binding in tissue sections by combining IHC and ARG and 
also highlight the need to adhere to the conditions described in the 
early original papers and technique books describing various aspects 
of in vitro ARG  (  1–  5  ) .    

 

      1.    Cut the tissue with a cryostat, and mount using Tissue-Tek 
(OCT) compound (VWR, Cat No 25608-903).  

    2.    Frozen sections should be thaw-mounted onto polylysine-
coated microscope slides (BDH, Cat No M0823).      

      1.    The following primary antibodies have been tested successfully 
using this method: CD31 (endothelial cells): Dako (Clone JC 
70A); Thy-1: Dianova, Hamburg, Germany (clone AS02, 
 fi broblasts), alternative clones available from Millipore (e.g. 
clone F15-42-1); Ber-EP4 (epithelial cells): Dako (Cat No 
M0804); and NF200 (nerves): Sigma (Cat No N-0142).  

    2.    Vectastain® Universal ABC-AP kit (Vector Laboratories, 
Cat No AK-5200).  

  2.  Materials

  2.1.  Frozen Tissue 
Sectioning

  2.2.  Cell Type-Speci fi c 
Immunohistochemistry
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    3.    “Vector Red”/Alkaline Phosphatase Substrate Kit 1 (Vector 
Laboratories, Cat No SK-5100).  

    4.    0.01 M Phosphate-buffered saline (PBS), pH 7.4.      

      1.    Radioligands,  125 I-PD151242 and  125 I-BQ3020, to identify 
ET A  and ET B  receptors, respectively (custom labelling available 
from various companies, including Perkin Elmer; speci fi c activ-
ity of both ~2,200 Ci/mmol).  

    2.    K2 nuclear emulsion (Ilford, Cheshire, UK, Cat No 135 
5099).  

    3.    D19 high-contrast developer (Kodak).  
    4.    Hypam  fi xative and Ilfostop solution (both Ilford).       

 

      1.    Transport frozen tissues from liquid nitrogen bank or −70°C 
freezer storage to cryostat (see Note 2).  

    2.    Remove tissues from cryotubes and secure on cryostat chucks 
using OCT compound.  

    3.    Leave samples to equilibrate to approximately −25°C (tem-
perature inside cryostat) for about 20 min.  

    4.    Cut frozen sections at 10  μ m onto polylysine-coated micro-
scope slides (see Note 3).  

    5.    Leave to air-dry (20 min) and store at −70°C (see Note 4).      

  This is a “rapid staining procedure” described in the instructions 
for immunohistochemical staining accompanying Vector 
Laboratories’ Vectastain® Universal ABC-AP kit. 

 All steps are carried out at room temperature.
    1.    Remove the slide-mounted tissue sections from −70°C storage 

and allow to equilibrate to room temperature for 20 min. Do 
not  fi x the tissue.  

    2.    Pre-incubate the mounted sections in normal horse serum 
(diluted 1:100 in 0.01 M PBS) for 20 min.  

    3.    Incubate with a cell type-speci fi c primary antibody: e.g. CD31 
(1:100 in PBS) to identify endothelial cells; AS02 (1:100 in PBS) 
for  fi broblasts; although not described in this study, Ber-EP4 (1: 
200 in PBS) can be used to identify epithelial cells; and NF200 
(1:200 in PBS) can be used to identify nerves (see Note 5).  

    4.    Wash 3× with PBS.  
    5.    Incubate with biotinylated Universal Secondary Antibody 

(1:50 dilution in 1:100 normal horse serum in 0.01 M PBS) 
for 30 min.  

  2.3.  Micro-
Autoradiography

  3.  Methods

  3.1.  Frozen Tissue 
Sectioning

  3.2.  Cell Type-Speci fi c 
Immunohistochemistry
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    6.    Wash 3× with PBS.  
    7.    Incubate for 30 min with Vectastain ABC-AP reagent 1:100 

dilution solution A in 0.01 M PBS + 1:100 dilution solution 
B mix to be make up at the same time as step 5 in order to 
allow solution to stand for 15 to 30 min prior to use.  

    8.    Wash 3× with PBS.  
    9.    Incubate in alkaline phosphatase substrate solution (1:50 dilu-

tion of solution 1, with 1:50 dilution of solution 2 and 1:50 
dilution solution 3, all in 5 mL 200 mM Tris–HCl, pH 8.2) for 
about 20–30 min. Observe the slides for the appearance of red 
staining—we use “Vector Red”. Although other coloured sub-
strates are available (for example, Vector Blue), the red stain 
was used as it contrasts well with the dark autoradiographic 
grains; Fig.  1 .  

    10.    Rinse in 0.01 M PBS for approximately 5 min.  
    11.    Blow-dry slide-mounted sections at room temperature for 

approximately 15 min.     
 Immediately following the immunohistochemistry step, continue 
to the micro-ARG.  

      1.    Receptor-speci fi c binding is determined by incubating the slide-
mounted sections for 2 h at room temperature in a 50 mM 
Tris–HCl buffer, pH 7.4, 0.1% w/v bovine serum albumin, 
5 mM MgCl 2 , and 100 KIU aprotinin containing 150 pmol/L 
[ 125 I]-PD-151242 to identify ET A R-binding sites and [ 125 I]-
BQ3020 to identify ET B R-binding sites. The speci fi c activity of 
both compounds was 2,200 Ci/mmol/L (GE Healthcare, 
UK). The degree of non-speci fi c binding for each radioligand 
has been established by incubating paired sections in the pres-
ence of 1  μ mol/L unlabelled ET-1 (Bachem Fine Chemicals, 
Basel, Switzerland) (see Note 6).  

    2.    After incubation, the sections are washed two times for 10 min 
in Tris buffer at 4°C and then dipped in distilled water at 4°C 
to remove buffer salts.  

    3.    The slide-mounted sections are dried in a stream of warm air 
for approximately 15 min followed by approximately 15 min in 
cool air.  

    4.    Leave to dry overnight at room temperature.  
    5.    Fix the slides by placing them in an evacuated desiccator con-

taining paraformaldehyde powder that vaporises at 80°C for 
2 h (see Note 7).  

    6.    The  fi xed sections should be allowed to cool under darkroom 
conditions.  

    7.    Next, warm K2 nuclear emulsion diluted 1:1 with 2% v/v glyc-
erol in distilled water to 42°C by placing in a container immersed 

  3.3.  Micro-
Autoradiography
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in a water bath; once the liquid has reached temperature, dip the 
slides in (see Note 8).  

    8.    The emulsion-coated slides should be allowed to dry in the 
dark overnight and may be stored for up to 14 days at 4°C in 
lightproof boxes containing desiccant.  

    9.    Finally, the emulsion is processed according to the manufac-
turer’s instructions (5 min in Kodak D19 developer, dipped 
brie fl y in Ilfostop solution, 10 min in Ilford Hypam  fi xative 
diluted 1:3 in tap water).  

    10.    Tissue sections are then stained with haematoxylin, dehydrated, 
and processed for histological examination (refer to chapter 1    on 
immunochemistry, by Brooks in this volume).      

  There are various scanning systems and imaging software available 
which can be used or adapted for quantitative assessment of auto-
radiographs (for robust methodology,  see  ref.  6  ) . A basic in-house 
method involves digitising the images (Hewlett Packard scanner) 
and analysing by reading (and comparing) grey densities of the 
histograms in two different systems: Adobe PhotoShop and Corel 
Draw. In this densitometric analysis, each cm 2  can be divided into 
255 points and each point given a comparative value from 0 to 250 
(0 = black, 250 = white).   

 

     1.    A higher degree of resolution is achieved with emulsion for 
two main reasons: (1) unlike  fi lm, the autoradiographic image 
remains in register with the underlying tissue and (2) the silver 
bromide crystal of emulsion is of a uniform shape and 0.2  μ m 
diameter, whereas in  fi lm the crystals are irregular in shape and 
approximately 1.6  μ m in diameter.  

    2.    Transport specimens on dry ice or in liquid nitrogen to avoid 
unnecessary thawing followed by refreezing which destroys tis-
sue architecture.  

    3.    Polylysine coating enhances adherence of tissues on slides: this 
is important since the double-staining procedure is harsh and 
tissue lifting from the slide and sample loss may occur.  

    4.    Store slides in pairs, placed back to back with tissue facing 
outwards; wrap tightly in aluminium foil, place in sealable 
polythene bag, label, and store at −70°C. This reduces tissue 
dehydration and/or water absorption.  

    5.    Antibody titrations—for optimum staining, antibody con-
centrations were titrated in preliminary experiments. 

  3.4.  Densitometry 
of Macro-
Autoradiographs

  4.  Notes   
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Negative controls were incubated with PBS in the absence 
of the primary antibody.  

    6.    Radioistopes must be handled and stored according to local 
regulations. Ensure that you are fully trained in the use of these 
chemicals; before ordering reagents, appropriate approval and 
risk assessments must be    undertaken. The radioligand concen-
trations used in these experiments were determined using a 
classical pharmacological approach, where the preliminary satu-
ration analysis was carried out to obtain the radioligand af fi nity 
( K  D ) for the receptor-binding site under investigation.  

    7.    Fixation in paraformaldehyde vapour preserves the tissue 
morphology and prevents diffusion of the radioligand from its 
receptor when dipping in molten nuclear emulsion.  

    8.    In some cases, macro-autoradiographs may be generated on 
 fi lm for further densitometric analysis. Here, slide-mounted 
tissue sections are treated as described in the  Notes 1–5     above. 
The slides were then apposed to Hyper fi lm™ MP (GE 
Healthcare, UK) in X-ray cassettes for up to 14 days at 4°C in 
lightproof conditions and processed following the manufac-
turer’s instructions. Sections may subsequently be stained with 
haematoxylin and eosin.     

  9.    In combining these two techniques, a few methodological 
changes are made. In conventional IHC, tissue is generally 
 fi xed before proceeding with incubation in the primary anti-
body and subsequent processing. In our combined technique, 
 fi xation is performed in paraformaldehyde vapour after com-
pletion of IHC/ARG as  fi xation will reduce or abolish recep-
tor binding to tissue sections if performed before ARG 
incubations. Also, in conventional ARG, an initial pre-incuba-
tion step is employed before incubating in radioligand. The 
purpose of this is to reduce endogenous transmitter levels that 
would interfere with radioligand binding to the receptor under 
investigation. Since tissue sections have been washed many 
times during the IHC process before the ARG, this step is no 
longer necessary.       
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    Chapter 10   

 Fluorescence  In Situ  Hybridization for Cancer-Related 
Studies       

         Lyndal   Kearney    and    Janet   Shipley         

  Abstract 

 Cytogenetic analysis of tumour material has been greatly enhanced over the past 30 years by the application 
of a range of techniques based around  fl uorescence  in situ  hybridization (FISH). Fluorescence detection 
for  in situ  hybridization has the advantage of including the use of a multitude of  fl uorochromes to allow 
simultaneous speci fi c detection of multiple probes by virtue of their differential labelling and emission 
spectra. FISH can be used to detect structural (translocation/inversion) and numerical (deletion/gain) 
genetic aberrations. This chapter will deal with FISH methods to detect and localize one or more comple-
mentary nucleic acid sequences (probes) within a range of different cellular targets including metaphase 
chromosomes, nuclei from cell suspension, and formalin- fi xed paraf fi n-embedded FFPE tissue sections. 
Methods for the ef fi cient localization of probes to FFPE tissue cores in tissue microarrays (TMAs) are also 
described.  

  Key words:   Fluorescence  in situ  hybridization ,  Formalin- fi xed paraf fi n-embedded tissue ,  Tissue 
microarrays    

 

  In situ  hybridization describes the annealing of a labelled nucleic 
acid to complementary nucleic acid sequences in a  fi xed target 
(e.g., chromosomes, free nuclei, nuclei in tissue sections, and 
DNA) followed by visualization of the location of the probe. Since 
its development 40 years ago  (  1,   2  )  it has transformed into a highly 
effective and rapid technique of use in a range of studies such as 
characterizing chromosomal aberrations, gene mapping, and 
marker ordering, as well as expression studies.  In situ  hybridiza-
tion originally used radioactively labelled probes, but the strict 
regulations on handling radioactivity, long exposure times, and 

  1.  Introduction
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some practical dif fi culties with the use of radioactive labels limited 
the application of the technique. In the 1980s several methods 
using non-radioactive labelling were developed  (  3–  7  ) . The ease 
and effectiveness of  fl uorescence methods [ fl uorescence in situ 
hybridization (FISH)] in particular have now almost rendered the 
radioisotopic-based techniques obsolete. FISH has been devel-
oped to incorporate “chromosome painting” and analysis of the 
whole genome for aberrations using approaches of comparative 
genomic hybridization (CGH), multi- fl uor FISH (M-FISH), and 
spectral karyotyping (SKY). 

 In FISH, the probes are labelled either directly with 
 fl uorochromes such as  fl uorescein isothiocyanate (FITC) or tetram-
ethyl rhodamine that  fl uoresce at different wavelengths when 
excited by UV light, or indirectly with biotin or digoxygenin. After 
hybridization, excess probe is washed off at speci fi c stringency, this 
is then followed by detection of indirectly labelled probes and the 
location of the probes using an epi fl uorescence microscope. The 
advantage of  fl uorescence detection for in situ hybridization 
includes the ability to use multiple  fl uorochromes thereby allowing 
simultaneous speci fi c detection of multiple probes. This technique 
allows probes to be used with metaphase chromosomes, interphase 
nuclei, and released chromatin. FISH also enables numerical (dele-
tion/gain)  (  8  )  and structural (translocation/inversion) aberrations 
to be detected. 

 This chapter deals with DNA probes hybridized to DNA targets 
primarily for the localization of genes and markers for re fi ning 
cytogenetic analysis. We will describe the methods of one or more 
colour FISH on metaphase chromosomes, interphase nuclei, and 
nuclei in paraf fi n sections including tissue microarrays (TMAs)  (  9  ) . 
M-FISH  (  10  )  and SKY  (  11  )  probes and analysis systems are cur-
rently commercially available from Vysis and Applied Spectral 
Imaging, Ltd. As these companies provide detailed protocols their 
methodologies will not be described here. 

  A wide variety of probe types are used to hybridize to target mol-
ecules of different preparations in a variety of FISH applications. 
Probes contain sequences homologous to either speci fi c repetitive 
or unique regions of the genome. Probes that detect tandemly 
repeated sequences for centromere and telomere visualization 
(alpha satellites, beta satellites, and telomere probes) are useful for 
deducing aneuploidy and aberrations in tumour material either in 
metaphase chromosomes or, in some cases, interphase nuclei. 
Chromosome-speci fi c paints are probes which hybridize to the 
whole or part of the chromosome and are generally derived from 
chromosomes of cells sorted on a  fl uorescence activated cell sorter 
(FACS) machine or chromosomes microdissected from  fi xed tissue 
preparations. These are commercially available, and the many 
unique regions in the probe bind speci fi cally to targets along the 

  1.1.  Probes
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length of the chromosome, while the non-speci fi c repetitive regions 
are suppressed through the addition of unlabelled non-speci fi c 
repetitive DNA, such as Cot-1 DNA. This approach is known as 
chromosomal in situ supression or competitive in situ suppression 
(CISS)  (  12,   13  ) . Suppression of non-speci fi c repeats is also required 
for unique sequence probes which contain such elements, for any 
genomic probe greater than a few kilobases (kb) in size. Unique 
sequence probes include cloned cDNA or more usually genomic 
DNA which vary according to the capacity of the cloning vector to 
accept different lengths of sequence. The following are the approx-
imate insert sizes of commonly used probes for FISH:

   Plasmids 500 bp to 2 kbp.   ●

  Phages 5–10 kbp.   ●

  Cosmids 30–40 kbp.   ●

  Fosmids-up to 50 kbp.   ●

  PACs-P1-arti fi cial chromosomes 130–150 kbp  (   ● 14  ) .  

  BACs-bacterial arti fi cial chromosomes 100 kbp to 1 Mbp  (   ● 15  ) .    

 The degree of homology between probe and target, and poten-
tially less homologous targets, is a consideration in determining 
the stringency of hybridization and washing. Standard conditions 
are fairly stringent, but, for example, for cross-species hybridiza-
tion the stringency may be lowered. Another consideration for 
unique sequence probes is the size of the insert as this impacts on 
the amount of probe required. As the insert size gets smaller, the 
detection of the signal gets more dif fi cult. Mapping probes smaller 
than 2–3 kbp is dif fi cult and needs statistical analysis. 

 Stronger signals may be obtained through indirect detection 
and extra rounds of signal ampli fi cation following labelling with 
small molecules such as biotin and digoxigenin.  

  FISH on metaphase chromosomes can be used to localize a new 
probe to a speci fi c chromosome band, to reveal characteristic 
chromosomal abnormalities, for example translocations, to check 
the correct chromosomal localization of a probe, or to determine 
the linear order of probes on a chromosome. In relation to cancer 
and metastasis, metaphase FISH can be used to characterize 
 speci fi c chromosomal aberrations in tumour cell cultures and cell 
lines. To help researchers who are not familiar with karyotyping, 
the probe can be co-hybridized to a chromosome with a differen-
tially labelled marker or centromere-speci fi c probe. For linear 
ordering there should be at least 1–3-Mb distance between the 
two probes  (  16,   17  ):  this allows clear visualization and, as chro-
matin folding may cause problems with relatively close probes, 
 several metaphases should be analyzed or a high-resolution 
approach taken.  

  1.2.  FISH on Metaphase 
Chromosomes
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  Interphase FISH can be applied to cases where metaphase material 
is not available, for example fresh or frozen solid tissue tumours 
and archival material embedded in paraf fi n wax. Since chromatin of 
interphase nuclei is less condense than that of metaphase chromo-
somes the mapping resolution is higher. Interphase FISH analysis 
of many nuclei can be used to determine probe order in the 100–
1,000-kb range. The signal patterns change according to chroma-
tin folding, the degree of condensation, and whether the cells have 
passed through the DNA-synthesis stage of the cell cycle when they 
were  fi xed in methanol:acetic acid. If the cells are captured before 
cell division, each chromosome will have only one chromatid, thus 
one would observe hybridization signals as single dots. After repli-
cation of DNA during the S-phase, the probe will hybridize to two 
sister chromatids per chromosome, giving signal doublets.  

  Formalin- fi xed paraf fi n wax embedded (FFPE) tissue is frequently 
the most convenient, readily available material from solid tumours. 
TMAs consisting of multiple cores from different FFPE tumour 
samples on one slide are increasingly used to facilitate high through-
put analysis of hundreds of samples simultaneously  (  9  ) . Control 
tissues can also be incorporated into the array. Consecutive sec-
tions from TMAs can be screened using in situ hybridization tech-
niques for particular genomic changes previously identi fi ed using 
approaches such as array CGH analyses. Analysis of multiple genetic 
and expression changes makes it possible to build up complex 
information of molecular markers in the same set of tumour 
 specimens and rapidly identify and validate clinico-pathological 
correlations.  

  Multi- fl uor FISH (also known as multiplex FISH) and SKY are 
technological developments that allow the independent recogni-
tion of multiple chromosomes simultaneously. Previously only a 
few  fl uorochromes were available for FISH, thus the number of 
probes that could be tested per experiment by chromosome paint-
ing was limited. In 1990 Nederlof et.al.  (  18  )  described a method 
for detecting more than three target DNA sequences using only 
three  fl uorochromes, and this technique was termed “combinato-
rial labelling”  (  19,   20  )  or “ratio labelling”  (  21  ) . A probe can be 
labelled with one or more  fl uorochrome-conjugated nucleotides 
and detected with one or more optical  fi lters. The number of  useful 
Boolean combinations of N  fl uorochromes is 2 N−1 . Following this 
idea Speicher et al.  (  10  )  developed epi fl uorescence  fi lter sets and 
computer software to detect and discriminate 27 combinatorially 
labelled DNA probes hybridized simultaneously in a method 
known as M-FISH. Whole chromosome paints for the twenty-two  
autosomes and two sex chromosomes are labelled combinatorially 
and hybridized to metaphase spreads. In this way, simple and 
complex translocations, interstitial deletions and insertions, chro-

  1.3.  FISH on 
Interphase Nuclei

  1.4.  FISH on Formalin-
Fixed Paraf fi n-
Embedded Material 
Including Tissue 
Microarrays

  1.5.  Multi- fl uor FISH 
and Spectral 
Karyotyping
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mosomal aneuploidy, and double minute chromosomes can be 
identi fi ed rapidly. 

 Spectral karyotyping is a similar approach where each human 
chromosome is observed in a different colour  (  11  ) . SKY uses a 
spectral imaging approach that combines Fourier spectroscopy, 
charge-coupled device (CCD) imaging, and optical microscopy to 
measure simultaneously at all points in the sample emission spectra 
in the visible and near-infrared spectral range. The main difference 
between SKY and M-FISH is that in SKY the image is captured 
with a triple bandpass  fi lter set that allows all dyes to be excited and 
measured together without image shift.   

 

      1.    PAC, BAC or fosmid clones for the region of interest can be 
identi fi ed using the UCSC Human Genome Browser (  http://
genome.ucsc.edu    ) or Ensembl (  http://www.ensembl.org/
index.html    ) databases and obtained from the Sanger Institute 
Clone ordering system (  http://www.sanger.ac.uk    ) or the 
BACPAC Web site at the Children’s Hospital Oakland Research 
Institute (  http://bacpac.chori.org/order_clones.php    ).  

    2.    Luria Broth (LB) agar plates: LB agar is stored as a solid, melt 
the agar, and cool to 55°C, add appropriate antibiotic and 
pour into Petri dishes. Dry in a tissue culture hood for 15 min 
before use.  

    3.    LB broth: store at 4°C until use.  
    4.    Appropriate antibiotic.  
    5.    Solution I: 50 mM glucose; 10 mM EDTA; 25 mM Tris–HCl, 

pH 8.0; 100  m g/ml of RNAse A;  fi lter sterilize and cool 
to 4°C.  

    6.    Solution II: 0.2 N NaOH, 1% SDS; freshly prepared.  
    7.    Solution III: 60 ml of 5 M potassium acetate; 11.5 ml of gla-

cial acetic acid; 28.5 ml water;  fi lter sterilize and store at room 
temperature (RT). The resulting solution is 3 M with respect 
to potassium and 5 M with respect to acetate.  

    8.    Phenol: Tris-buffered (Invitrogen Ltd., UK, Catalogue no. 
15513-039). Phenol is highly corrosive. Wear gloves when 
using. Dispose of using approved waste-disposal protocol. 
After contact with skin, wash immediately with plenty of soapy 
water. Make phenol-chloroform immediately before use.  

    9.    Chloroform–isoamyl alcohol mix: 24 volumes of chloroform 
to one volume of isoamyl alcohol (Fisher Scienti fi c, Catalogue 
no. A/6960/08). Make immediately before use. Chloroform 

  2.  Materials

  2.1.  Growing Clones 
and Extracting Probe 
DNA

http://genome.ucsc.edu
http://www.ensembl.org/index.html
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(VWR International Ltd., Catalogue no. 100776B) is toxic if 
swallowed, is a respiratory system irritant, and is a contact haz-
ard; wear gloves when handling and use in a chemical fume 
hood. Dispose of waste using approved disposal protocol.  

    10.    100% Isopropanol.  
    11.    70% Ethanol.  
    12.    RNAse A: 10 mg/ml stock concentration.      

       1.    1  m g probe DNA.  
    2.    RNase A (Sigma-Aldrich, UK, Catalogue no. R-4642).  
    3.    For direct labelling: 25 nmol Cy3 dUTP, Cy5 dUTP (GE 

Healthcare, UK), Spectrum Green™ dUTP (Vysis).  
    4.    For indirect labelling: 1 mM biotin-16-dUTP or digoxigenin-

11-dUTP (Roche Applied Science, UK).  
    5.    10× nick translation buffer: 0.5 M Tris–HCl, pH 8.0; 50 mM 

MgCl 2 ; 0.5 mg/ml nuclease-free bovine serum albumin 
(BSA).  

    6.    10× dNTP mix: 0.5 mM each dATP; dCTP; dGTP; and 0.1 
dTTP (Roche Applied Science). 100 mM dithiothrietol 
(DTT).  

    7.    DNase I stock solution: 10,000 U/ml (RNase free Grade 1 
pure; Roche Applied Science, Catalogue No 4716728001).  

    8.    DNase I dilution buffer: 50% v/v glycerol; 0.15 M NaCl; 
20 mM sodium acetate pH 5.0.  

    9.    10 U/ m l DNA polymerase I (New England BioLabs).  
    10.    0.5 M EDTA, pH 8.0.      

      1.    BioPrime DNA Labelling System (Invitrogen Ltd., Catalogue 
no. 18094-011). The kit comprises: 2.5× random primers 
solution; 10× dNTP biotinylate mixture; control DNA; Klenow 
fragment DNA polymerase; stop buffer and distilled water. 
The kit may be stored at −20°C for up to a year.  

    2.    10× Digoxigenin dNTP random priming labelling buffer: 
1 mM dGTP; 1 mM dATP; 1 mM dCTP; and 0.65 mM dTTP 
in distilled water. Aliquot into 50  m l amounts and store at 
−20°C for up to a year.  

    3.    Digoxigenin-11-dUTP (25 nmol; Roche Applied Science, 
Catalogue no. 11093088910). Store at −20°C.  

    4.    1  m g/ m l Human Cot-1 DNA (Invitrogen Ltd., Catalogue no. 
15279-011) plus 10  m l salmon sperm DNA (Sigma-Aldrich, 
D7656): Mix 500  m l Cot-1 DNA (1  m g/ m l) plus 10  m l salmon 
sperm DNA (10  m g/ m l). Reduce the volume from 500 to 50  m l 
using a Microcon-YM30  fi lter (Millipore), or by precipitation. 
Aliquot and store at −20°C for up to 1 year.      

  2.2.  Probe Labelling

  2.2.1.  Nick Translation

  2.2.2.  Random Primer 
Labelling
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      1.    Microspin G50 columns (GE Healthcare, Catalogue no. 
27-5330-02). Store at RT.  

    2.    Sephadex column washing buffer: 10 mM Tris–HCl, pH 7.0; 
1 mM EDTA.       

      1.    Sodium heparin: stock concentration of 1 kU/ml, stored at 4°C.  
    2.    Phytohaemagglutinin (PHA-M form): available dissolved in 

5 ml distilled sterile water, stored in 1 ml aliquots at −20°C or 
at 4°C for 30 days (Gibco-Life Technologies, Catalogue no. 
10576-023).  

    3.    Culture medium: RPMI 1640, with 200 mM  L -glutamine.  
    4.    25 cm 2  Cell culture  fl asks.  
    5.    Foetal bovine serum (FBS).  
    6.    Penicillin and streptomycin solution: prepared in a stock con-

centration of 10,000 IU/ml.  
    7.    Colcemid solution: 10  m g/ml stored at 4°C.  
    8.    Hypotonic solution: 0.075 M potassium chloride, warm to 

37°C before use.  
    9.    Fixative solution: one volume glacial acetic acid to three vol-

umes methanol, prepare fresh and cool to 4°C before use.  
    10.    Clean 76 mm × 26 mm glass microscope slides stored in 500 ml 

ethanol. Dry immediately with lint-free tissues before use.  
    11.    Waterbath at 80°C.  
    12.    Fine-tipped plastic pipettes.  
    13.    Silica gel desiccant.  
    14.    Versene (cell line culture harvest): 1:5,000 (1×) stored at 4°C 

(Gibco Life Science Technologies).  
    15.    Trypsin/EDTA (cell line culture harvest): 0.5 g of trypsin and 

0.2 g EDTA per litre of in modi fi ed Puck’s Saline A (Gibco-
Life Science Technologies).      

      1.    Clean 76 mm × 26 mm glass microscope slides, store in 500 ml 
ethanol, and dry immediately with lint-free tissues before use.  

    2.    Fixative solution: one volume glacial acetic acid to three vol-
umes methanol, prepare fresh and cool to 4°C before use.  

    3.    Silica gel desiccant.  
    4.    L-15 (Leibovitz media) with glutamax-l (Sigma-Aldrich, 

Catalogue no. 31415-011) stored at 4°C.  
    5.    Dulbecco’s PBS: phosphate buffered saline (500 ml for ten 

slides) stored at 4°C.  
    6.    Type H collagenase (Sigma-Aldrich, Catalogue no. C-8051): 

dissolve 1 g of powder in 10 ml L-15 and store at −20°C in 
50  m l aliquots.  

  2.2.3.  Labelled Probe 
Puri fi cation

  2.3.  Preparation of 
Metaphase Slides

  2.4.  Preparation of 
Interphase Nuclei from 
Frozen Tissue (Touch 
Preps)
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    7.    1 M MgCl 2 , pH 7.3; autoclaved.  
    8.    Formaldehyde solution: store at 15–30°C (contains 10–14% 

methanol added as a stabilizer, Fisher Scienti fi c, Catalogue no. 
F/1500/PB08). Toxic, use in fume cupboard!  

    9.    70, 90 and 100% v/v ethanol solution series.      

      1.    Freshly cut FFPE tissue sections and/or tissue.  
    2.    Microarray sections, cut at 4–5  m m and mounted on positively 

charged slides to help prevent tissue detachment.  
    3.    SPoT-Light tissue pre-treatment kit (Invitrogen Ltd., 

Catalogue no. 00-8401) stored at 4°C.  
    4.    Digest All-3 pepsin solution (Invitrogen Ltd., Catalogue no. 

00-3009) stored at 4°C.      

      1.    22 mm × 22 mm number 1.5 coverslips.  
    2.    Rubber cement.  
    3.    Moist chamber: a plastic box with a sheet of paper towel moist-

ened with water.  
    4.    Ethanol.  
    5.    Hybridization buffer: 10% w/v dextran sulphate; 2× SSC ( see  

 item 9  below); 50% v/v formamide; 1% v/v Tween 20, pH to 
7.0. Store at −20°C as ready to use aliquots.  

    6.    Human Cot-1 DNA (Invitrogen Ltd., Catalogue no. 15279-
011)1 mg/ml.  

    7.    Salmon sperm DNA (Sigma-Aldrich, Catalogue no. D7656) 
10 mg/ml.  

    8.    Pre-hybridization buffer: Mix 500  m l Cot-1 DNA (1 mg/ml) 
plus 10  m l salmon sperm (10 mg/ml). Reduce volume from 
500 to 50  m l in a Microcon-YM30 (Millipore) or by precipita-
tion. Aliquot. Store at −20°C for up to 1 year.  

    9.    20× SSC: 3 M NaCl, 0.3 M sodium citrate. For 500 ml: 87.6 g 
NaCl, 44.1 g Na citrate. Add some distilled water. Adjust to 
pH 7.4 with concentrated HCl before adding distilled water to 
500 ml. Autoclave. Can be stored for several months at 4°C.  

    10.    Deionized formamide (NBS Biologicals Ltd., UK, Catalogue 
no. 0606-500ML). Formamide is a carcinogen. Use in a fume 
hood. Wear gloves when handling. Dispose of using approved 
waste-disposal protocol.  

    11.    Hybridization buffer solution: 60% v/v deionized formamide; 
12% w/v dextran sulphate; 20× SSC 2.4×; 0.7 mM EDTA 
(stock 500 mM), pH 8.0; 400  m g/ml salmon sperm DNA 
(stock: 10 mg/ml). It is important the pH of the hybridization 
mix is adjusted to between pH 7.0–7.5. At less than pH 7.0 
the sensitivity is signi fi cantly reduced, while at pH higher than 

  2.5.  Paraf fi n Sections

  2.6.  Hybridization
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7.5 background staining is signi fi cantly increased. Mix at 4°C 
overnight and heat to 42°C with stirring for 20 min. Aliquot 
and store at −20°C for up to 6 months.  

    12.    Deionized formamide should be used as it contains fewer 
impurities.      

      1.    Place 50% w/v formamide, 2× SSC pH 7.0 in a Coplin jar. 
Warm the solution in the Coplin jar to 42°C in a waterbath 
prior to use.  

    2.    2× SSC pH 7.0, autoclaved. Warm in a Coplin jar to 42°C in a 
waterbath prior to use.  

    3.    PBS solution with 0.001% v/v of Igepal: 500  m l of Igepal 
detergent in 500 ml of PBS solution. Warm to dissolve Igepal, 
mix well, store at 4°C.  

    4.    70, 90, and 100% v/v ethanol.  
    5.    DAPI solution: Vectashield mounting medium with DAPI, 

4 ¢ ,6-diamidino-2-phenylindole (1.5  m g/ml, Vector Laboratories 
Ltd., UK).  

    6.    22 mm × 50 mm number 0 coverslips.      

      1.    Blocking buffer: SSCTM. To 10 ml SSCT add 0.5 g nonfat 
milk powder. Solubilize at 42°C. Filter sterilize through a 
0.4- m m  fi lter. Use fresh.  

    2.    Anti-digoxigenin– fl uorescein 200  m g (Roche Applied Science, 
Catalogue no. 11207741910). Reconstitute with distilled 
water, aliquot into 0.5-ml volumes in microcentrifuge tubes. 
Can be stored with light excluded at −20°C for 1 year. Stable 
for a few months at 4°C. Before use, centrifuge at 10,000 ×  g  
for 5 min to remove any protein complex precipitates which 
may appear as speckled background staining and bright spots 
on the tissue when screening.  

    3.    For each 22 mm × 50 mm detection area, take 0.75  m l carefully 
from the surface of the anti-digoxigenin- fl uorescein and dilute 
in 150  m l SSCTM, to a dilution of 1:200. Make this dilution 
on ice no more than 5 min before use.  

    4.    Streptavidin-Cy3 conjugate 1 mg/ml (Sigma-Aldrich, 
Catalogue no. S6402). For each 22 mm × 50 mm detection 
area, mix 0.75  m l streptavidin-Cy3 into 150  m l SSCTM. Make 
this dilution on ice no more than 5 min before use.  

    5.    Antifade mounting medium and nuclear stain: Vectashield 
mounting medium with 1.5  m g/ml DAPI stain, 4 ¢ ,6 ¢ -diamid-
ino-2-phenylindole (Vector Laboratories Ltd., UK, H-3404). 
Protect from light. Store at 4°C.  

    6.    Microscope coverslips:# 0 thickness 22 mm × 50 mm.      

  2.7.  Post-hybridization 
Washes

  2.8.  Fluorescent 
Detection of Probes 
Labelled with 
Digoxigenin or Biotin
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  Epi fl uorescence microscope equipped with appropriate  fi lters in 
combination with a cooled CCD camera and suitable computer 
hardware and software.   

 

      1.    Streak bacteria on LB agar plates supplemented with appropri-
ate antibiotic and incubate inverted at 37°C overnight.  

    2.    Inoculate a single isolated bacterial colony into 10 ml of LB 
broth in a 50-ml Falcon tube, supplemented with appropriate 
antibiotic, and incubate with shaking at 225–300 rpm at 37°C 
for 16 h.  

    3.    Spin culture at 1,500 ×  g  for 10 min.  
    4.    Discard supernant and drain pellet by inverting tube onto a 

paper towel (take care that the pellet does not slide down the 
side of the tube).  

    5.    Re-suspend pellet by vortexing in 400  m l of ice-cold solution I. 
At this stage the cell suspension can be transferred to a 1.9-ml 
microcentrifuge tube.  

    6.    Add 800  m l of solution II and invert the tube very gently to mix 
the contents. Leave at RT for 5 min. The appearance of the sus-
pension should change from very turbid to almost translucent.  

    7.    Add 600  m l of solution III slowly while gently shaking the 
tube. A thick white precipitate of protein and  Escherichia coli  
DNA will form. Place tube on ice for at least 5 min.  

    8.    Centrifuge at 1,500 ×  g  for 10 min at 4°C.  
    9.    Remove tubes from centrifuge and put on ice. Transfer super-

natant into a fresh microcentrifuge tube. Try to avoid picking 
up any white precipitate material.  

    10.    Add an equal volume of phenol/chloroform: isoamyl alcohol. 
Mix and spin at maximum speed in a microcentrifuge for 5 min.  

    11.    Transfer the supernatent into a fresh microcentrifuge tube and 
add an equal volume of chloroform: isoamyl alcohol, mix well 
and spin at maximum speed in a microcentrifuge for 5 min.  

    12.    Transfer the supernant into a fresh microcentrifuge tube.  
    13.    Add isopropanol, 0.7 of the volume, and place tube on ice for 

at least 5 min or leave at −20°C overnight.  
    14.    Spin at maximum speed for 10 min at 4°C.  
    15.    Discard the supernatant and add 0.5 ml of 70% v/v ethanol, 

invert the tube several times to wash the DNA pellet. Spin at a 
maximum speed for 5 min at 4°C. The DNA pellet should face 
toward the outside of the centrifuge.  

  2.9.  Image Capture 
and Analysis

  3.  Methods

  3.1.  Growing Clones 
and Extracting Probe 
DNA ( See   Note 1 )
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    16.    Discard as much of the supernatant as possible. Occasionally, 
pellets will become dislodged from tube so it is better to aspi-
rate off the supernatant carefully rather than pour it off.  

    17.    Air-dry the DNA pellet at RT.  
    18.    Re-suspend the DNA pellet in 100  m l of water with occasional 

tapping. DNA can be stored at −20°C if not used immediately.  
    19.    Incubate the tube at 65°C for 15 min. After it cools down, 

measure the DNA concentration ( see   Note 2 ).      

       1.    Firstly, treat the DNA with RNase as follows: For each 1  m g 
DNA add 200 ng RNase A. Incubate for 30 min at 37°C in a 
waterbath. Place the tube on ice.  

    2.    Add the following (in order) to a 1.5-ml Eppendorf tube on ice:
   1   ● m g Probe DNA (RNA free).  
  1   ● m l (1 nmol) Cy3, Cy5 dUTP or 1  m l (1 mM) biotin-16-
dUTP, digoxigenin-11-dUTP, or 2.5  m l Spectrum Green 
or Spectrum Orange™ dUTP.  
  5   ● m l 10× nick translation buffer.  
  5   ● m l dNTP mix.  
  5   ● m l 100 mM DTT.  
  Sterile distilled water to make up to a  fi nal volume of 50   ● m l.  
  2–4   ● m l DNase I (dilute stock 1/20 in water just before use: 
discard after use).  
  1   ● m l 10 U/ m l DNA Polymerase I.     

    3.    Mix well.  
    4.    Incubate the tubes at 16°C for 2 h.  
    5.    Stop the reaction by placing the tubes on ice.  
    6.    Run a 5  m l aliquot on a 2% TBE agarose gel at 100 V for 1 h, 

with base-pair marker (e.g.,  Phi Xi74  Hae III). The optimum 
size of the labelled fragments is 100–500 bp (average 300). If 
the DNA is larger than this, re-incubate with DNase for a fur-
ther 30 min. If the DNA is smaller than 100 bp, it needs to be 
re-labelled, using a lower concentration of DNase 1. When the 
DNA is the correct size, stop the reaction by adding 1.5  m l 
0.5 M EDTA and place on ice.  

    7.    Store at −20°C until required.      

      1.    Labelling with biotin is carried out with the reagents included in 
the BioPrime DNA system. All DNA probes and labelling reagents 
should be kept on ice and centrifuged brie fl y before use.  

    2.    Label each DNA probe as follows: to a 0.2-ml reaction tube 
add 300 ng ampli fi ed probe, adjusted to 24  m l with distilled 
water. On ice, add 20  m l 2.5× random primers solution. Mix well. 

  3.2.  Probe Labelling

  3.2.1.  Nick Translation 
( See   Note 3 )

  3.2.2.  Random Primer 
Labelling ( See   Note 4 )
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Denature the DNA mixture by heating in hot block at 95°C 
for 5–10 min. Complete DNA denaturation is essential for 
ef fi cient labelling. Cool immediately on ice to retain DNA as 
single strands.  

    3.    Brie fl y centrifuge the tubes and then, on ice, add 5  m l 10× 
dNTP biotinylate mixture to label the denatured DNA with 
biotin, or add 1.75  m l Digoxigenin-11-dUTP pH 7.5 and 5  m l 
10× digoxigenin dNTP buffer for digoxigenin labelling. Adjust 
volume to 50  m l with distilled water.  

    4.    Mix thoroughly but carefully to avoid shearing the DNA.  
    5.    Add 5 U Klenow fragment DNA polymerase. Mix gently but 

thoroughly then centrifuge at 10,000 ×  g  for 15–30 s.  
    6.    Incubate at 37°C for 3 h.  
    7.    Add 5  m l stop buffer and mix carefully.  
    8.    The fragment size and incorporation of the labelled product 

can now be checked using a 0.7% w/v agarose gel ( see   Note 3 ). 
Product quanti fi cation should be carried out after the 
puri fi cation step.      

  Purify the labelled probe using the commercially available Microspin 
G50 columns following manufacturer’s instructions:

    1.    Carefully pipette the labelled DNA to the centre of the pre-
pared column. It is important to ensure that all the liquid 
passes through the Sephadex matrix so that all unincorporated 
nucleotides are removed.  

    2.    Following centrifugation at 400 ×  g  for 5 min collect the 
puri fi ed probe in a pre-labelled tube.  

    3.    For probes labelled by random priming, the concentration can 
be checked using a 0.7% w/v agarose gel. Probe concentration 
and quality can also be determined using a nanodrop spectro-
photometer. Probes labelled using random priming would be 
expected to yield 5–10  m g DNA representing a 10- to 20-fold 
increase in DNA. If there is no ampli fi cation, the labelling 
reaction has not worked.       

   Appropriate precautions should be taken before starting work with 
biological material. All the steps prior to  fi xing the cells should be 
carried out in a tissue culture hood.

    1.    Add 10 ml of FBS, 1 ml penicillin and streptomycin solution, 
1 ml PHA into 100 ml of RPMI medium and mix.  

    2.    Take 5 ml of normal or test blood from a volunteer into a tube 
containing 50  m l of sodium heparin, roll tube gently to mix. 
Five millilitre of blood would give ten  fl asks of culture from 
which approximately 200 slides can be made.  

  3.2.3.  Puri fi cation 
of Labelled Probe

  3.3.  Preparation 
of Target DNA

  3.3.1.  Metaphase 
Chromosomes from 
Lymphocytes
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    3.    Aliquot 10 ml of media into each cell culture  fl ask and add 
0.5 ml blood. Mix.  

    4.    Gas all  fl asks brie fl y (10–20 s) with 5% CO 2 .  
    5.    Incubate cultures at 37°C for 72 h.  
    6.    Between 30–90 min prior to harvesting ( see   Note 5 ), add 

100  m l of colcemid solution and return to 37°C (colcemid 
solution arrests cell division).  

    7.    Warm 0.075 M KCl to 37°C. Make fresh  fi xative and cool to 
4°C.  

    8.    After incubation with colcemid, transfer cultures to capped 
10 ml centrifuge tubes and centrifuge at 500 ×  g  for 5 min.  

    9.    Discard supernatant using a plastic pipette and re-suspend the 
pellet in the remaining supernatant by  fl icking gently.  

    10.    Add 10 ml pre-warmed hypotonic 0.075 M KCl (hypotonic 
solution causes the cells to swell by osmosis making them burst 
easily when dropped onto slides), mix by inverting and incu-
bate at 37°C for 8 min.  

    11.    Centrifuge at 500 ×  g  for 5 min and discard supernatant, leaving 
the interphase layer which contains some of the white cells.  

    12.    Flick the tube gently to re-suspend the pellet. Continue  fl icking 
the tube while adding cold  fi xative, dropwise, to pellet. After 
carefully adding the  fi rst 5–10 drops,  fi ll the tube up to 10 ml 
with  fi xative. Mix by inverting the tube gently. Make sure the 
pellet is re-suspended and does not have any cell clumps since 
after  fi xation single cells cannot be retrieved from the clump.  

    13.    Spin at 500 ×  g  for 10 min.  
    14.    Discard supernant with pipette (into appropriate  fi xative waste, 

not into chloros).  
    15.    Repeat  steps 12 – 15  up to a further six times.  
    16.    Re-suspend the pellet in a few drops of  fi xative (0.5–1 ml). 

After this, the  fi xed cells can be kept at 4°C for a maximum of 
a week or at −20°C for a month. Before making slides after 
storage, the cells should be washed in fresh  fi xative at least one 
more time.  

    17.    Take a slide out of ethanol and wipe dry with lint-free tissue 
(e.g. Kimwipes).  

    18.    Hold the slide over an 80°C waterbath for 2 s.  
    19.    Take away from the waterbath and hold the slide at an approxi-

mate 40° angle.  
    20.    Drop the  fi xed cell suspension on to both halves of the moist-

ened slide surface from a distance of about 30 cm (i.e. two 
separate drops onto each slide).  See   Note 6  for alternative 
 conditions for slide making. Usually the quality of metaphase 
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preparations change from one  fl ask to next, thus it is advised to 
make separate batches of slides from each  fl ask.  

    21.    Allow the slides to dry at RT.  
    22.    Observe one slide made from each tube under a phase contrast 

microscope (×20 objective) to assess the approximate number 
of metaphases and amount of cytoplasm on each half of the 
slide. 5–10 metaphases per  fi eld with no cytoplasm around 
them is an ideal slide. If there are too many metaphases on the 
slide, more  fi x can be added to the tube until the required den-
sity is achieved ( see   Note 7  for reducing cytoplasm).  

    23.    Repeat  steps 17 – 21  until the required number of slides have 
been prepared.  

    24.    Slides should be stored at −20°C in a box containing desiccant 
(e.g., silica gel).      

      1.    Add 25  m l colcemid solution into a cell culture  fl ask (25 cm 2  
 fl asks with 5 ml media) and incubate at 37°C for up to 2 h.  

    2.    Warm 0.075 M KCl to 37°C. Make fresh  fi xative and cool 
to 4°C.  

    3.     Steps 3 – 6  are for adherent cell cultures. For suspension cell 
cultures proceed directly to  step 8 .  

    4.    Transfer the medium from the  fl ask into a 10 ml centrifuge 
tube avoiding the cell layer.  

    5.    Put 2–3 ml of versene solution into the  fl ask, replace the cap, and 
swirl to wash off the serum from all the surfaces of the  fl ask 
(serum stops the action of trypsin/EDTA). Discard the versene.  

    6.    Put 2–3 ml trypsin/EDTA solution into  fl ask, swirl, and incu-
bate at 37°C for 3 min.  

    7.    Tap  fl ask 4–5 times (observe under phase contrast microscope 
to see that all cells are detached from the  fl ask). Pour the con-
tents of the centrifuge tube back into the  fl ask (to stop the 
action of trypsin).  

    8.    Transfer the suspension into the centrifuge tube.  
    9.    Spin at 500 ×  g  for 5 min.  
    10.    From here onward the  fi xation and slide making is the same as 

above ( see  section for metaphase chromosomes from lympho-
cytes:  steps 9 – 24  inclusive).      

  This method is usually used in cases where tumour material cannot 
be cultured to obtain metaphase chromosomes e.g. pleural effu-
sion. The same procedure is followed as in the method for  fi xing 
metaphase chromosomes.

    1.    Centrifuge the sample at 500 ×  g  for 5 min.  

  3.3.2.  Metaphase 
Chromosomes from Cell 
Line Cultures

  3.3.3.  Preparation of 
Interphase Nuclei from 
Suspension Cultures
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    2.    Follow  steps 9 – 24  in the section for metaphase chromosomes 
from lymphocytes:  steps 9 – 24  inclusive.      

      1.    Take slides out of the 100% ethanol and wipe dry with lint-free 
tissue.  

    2.    For frozen tissue: keep the tissue on dry ice until use. With 
alcohol-cleaned forceps remove the tissue from the vial and cut 
off a small piece with a sterile scalpel. With forceps take the 
tissue and apply gently to areas of hybridization on clean slides. 
Try to rotate the tissue so that large clumps of thawed tissue 
are not deposited onto the slide. If the tissue sample is stuck in 
the vial, immerse the vial in liquid nitrogen and break the vial 
(after freezing) with a pestle and mortar.  

    3.    Touch the tumour sample lightly onto the slides at RT.  
    4.    Immediately place the slides in cold methanol for 20 min. Be care-

ful not to let slides dry out. Let slides air-dry for 1 min. Fix tissue 
for 20 min in a Coplin jar  fi lled with  fi xative cooled to −20°C.  

    5.    Transfer the slides into fresh  fi xative at RT for 20 min.  
    6.    Allow to air-dry. When observed under phase contrast micro-

scope, try to  fi nd dull grey cells which are good for 
hybridization.  

    7.    Store slides at −20°C in a box containing silica gel until 
processing.  

    8.    Processing: mix 50  m l of collagenase solution in 50 ml of L-15 
medium and warm to 37°C in a Coplin jar.  

    9.    Treat the slides by immersing in collagenase for 5 min at 37°C.  
    10.    Rinse in Dulbecco’s PBS with 50 mM MgCl 2 , pH 7.3; for 

10 min at RT, twice.  
    11.    Fix the slides in 1% formaldehyde in PBS with 50 mM MgCl 2 , 

pH 7.3; for 10 min at RT. Formaldehyde is toxic therefore 
should be used in a fume cupboard.  

    12.    Rinse the slides in PBS with 50 mM MgCl 2  for 2 min at RT 
three times.  

    13.    Dehydrate by processing through 70 ethanol, 90 ethanol, and 
100% v/v ethanol for 2 min each. Air-dry.  

    14.    The slides are now ready for denaturation. They can be stored 
at −20°C with desiccant until use.      

      1.    The pre-treatment of FFPE tissue, including TMA slides, can 
be carried out either using SPOT-Light tissue pretreatment 
and Digest-All kits (as described below taking about 3 h) or by 
a standard pre-treatment and protease digestion method 
( see   Note 8 ).  

  3.3.4.  Touch Preparations 
from Frozen and Fresh 
Tissue

  3.3.5.  Preparation of Target 
Formalin-Fixed Paraf fi n-
Embedded Tissue Slides
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    2.    Tissue pre-treatment is important to maximize the accessibility 
of the target to the probe  (  9  ) . Pre-treatment will help break 
DNA cross links formed during tissue  fi xation. However, varia-
tions in the processes of  fi xation and embedding mean that 
some tissue samples will not give good FISH results regardless 
of how the pre-treatments and proteolytic enzyme digestions 
are adjusted.  

    3.    It is important that the tissue section does not dry, unless 
speci fi ed, during the following procedures.  

    4.    Pre-heat 50 ml xylene to 55°C in a lidded Coplin jar, and a 
further 200 ml of xylene in a bottle to 55°C. Use a waterbath 
within a fume hood. It is important that the temperature 
reaches 55°C.  

    5.    Slides should be placed on a hotplate set at 100°C for 30 min, 
to melt the paraf fi n wax, immediately prior to deparaf fi nization 
in xylene. The complete removal of paraf fi n wax is important 
as residual wax can lead to weak probe signals.  

    6.    Assemble the equipment for the pre-treatment of the slides. 
Put approximately 1 L of water in a 2 L glass beaker. Add a 
stirrer bar and a raised plastic platform that supports one or 
two Coplin jars. Fill the Coplin jar with distilled water and 
place on the platform above the stirrer bar. Cover the beaker 
with foil and place on the hot-plate/stirrer. Set hot-plate to 
maximum heat. It is important that the temperature of the 
water in the Coplin jar reaches at least 95°C.  

    7.    Meanwhile de-paraf fi nize the slides by washing 2–3 times for 
5 min each in xylene pre-heated to 55°C. With this, and all 
procedures, it is essential that slides placed against the edge of 
the Coplin jar have the tissue section facing inwards.  

    8.    Wash twice for 3 min in 100% ethanol at RT.  
    9.    Place each slide individually on a hot-block at 98°C, pipette 

250  m l ethanol on to the tissue area, covering immediately with 
a 22 mm × 50 mm #1.5 glass coverslip. Heat for 30 s, or until 
the ethanol has evaporated, when the tissue will appear white. 
This procedure helps to chemically age the slide but it is impor-
tant not to over dry the slide as the coverslip will stick to the 
tissue.  

    10.    Remove the coverslip and cool the slide brie fl y before rehy-
drating the tissue by soaking in a Coplin jar of distilled water at 
RT for 2 min. Wash twice more in distilled water for 2 min at 
RT. The slides can be kept moist in the emptied Coplin jar for 
a short while. The tissue should not be allowed to dry out.  

    11.    Microwave 50 ml of SPOT-Light pre-treatment buffer to boil-
ing in a 200 ml bottle with lid resting loosely on top. Heating 
will take approximately 1–1.5 min. Carefully empty the hot 
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water from the Coplin jar into the beaker of boiling water and 
replace with the heated pre-treatment buffer, cap and allow to 
heat for 5 min. It is important not to boil the pretreatment 
buffer for too long before adding the slides as the buffer dete-
riorates at this temperature.  

    12.    Incubate the slides in pre-treatment buffer at  ³ 98°C for 
15 min. Treat a maximum of three slides at one time to avoid 
lowering the buffer temperature when they are added. Pre-
treatment of slides needs to be optimized. Inadequate tissue 
permeabilization can give rise to paraf fi n auto- fl uorescence and 
weak probe signals as the probes are unable to access the target 
DNA sequences.  

    13.    Following incubation, wash twice for 5 min in a clean Coplin 
jar with distilled water. Gently dab the slide edges with a tissue 
to remove excess water and place the slide on a rack over a 
waterbath set at 28°C to warm for 5 min. At the same time 
warm 300  m l of Digest All-3 Pepsin solution per 22 mm × 22 mm 
hybridization area, in capped microcentrifuge tubes  fl oated in 
the 28°C waterbath for 5 min.  

    14.    Add 300  m l warmed pepsin solution to each slide, incubating 
on a level rack over the waterbath at 28°C for 4–10 min 
depending on tissue type ( see   Note 9 ).  

    15.    Drain the pepsin solution from the slide and soak in distilled 
water for two 3 min washes. Dab off the excess water from the 
slide edge with a tissue. The slide is now ready for immediate 
hybridization.       

       1.    All slides made from fresh material, except touch imprints, 
should be baked at 65–68°C for 2 h before denaturation. Carry 
out baking before proceeding with denaturation.  

    2.    Pre-heat denaturation solution to 73 ± 1°C in a Coplin jar in a 
waterbath. Make sure the temperature of the denaturation 
solution is above 72°C before slides are immersed.  

    3.    Immerse the slides into denaturation solution for 2–3 min ( see  
 Note 10 ).  

    4.    Transfer slides into 70% v/v ethanol for 3 min, then into 90% 
v/v ethanol for 3 min and 100% v/v ethanol for 3 min. Change 
the 100% ethanol and leave slides in for an extra 3 min.  

    5.    Put slides onto a hotplate at 40°C until probe is ready.  
    6.    Add the appropriate amount of probe per hybridization in to a 

1.5 ml microcentrifuge tube as listed below. Prepare highly repeti-
tive probes in a different tube than single-copy sequence probes.

   100–200 ng for plasmids, fosmids, PACs, and BACs  ●

(except highly repetitive sequence probes e.g. centromeric, 
telomeric probes).  

  3.4.  Hybridization

  3.4.1.  Non-paraf fi n Slides
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  80–100 ng for cosmids.   ●

  20–50 ng for highly repetitive sequence probes (e.g. cen- ●

tromeric, telomeric probes).     
    7.    Add 5  m g (5  m l of 1 mg/ml stock) of Cot-1 DNA into each 

tube except highly repetitive sequence probes. Mix.  
    8.    Add two volumes of 100% ethanol. Mix.  
    9.    Dry probes in a rotary vacuum dryer (spin vac).  
    10.    The total volume of probe to apply per half of the slide (per 

hybridization) is 10  m l. If two probes are to be used in one 
hybridization, then re-suspend the probes accordingly, for 
example, a single hybridization of centromeric probe and single-
copy sequence requires that you re-suspend a single-copy 
sequence probe in 8  m l of hybridization buffer per hybridiza-
tion and centromeric probe in 2  m l of hybridization buffer per 
hybridization.  

    11.    Denature the probe DNA at 75–80°C for 5–6 min.  
    12.    Chill the DNA on ice and centrifuge brie fl y to ensure the liq-

uid is at the bottom of the tube.  
    13.    Pre-anneal repetitive sequences by incubation at 37°C for 

20 min.  
    14.    Mix appropriate amounts of the two probes and apply onto 

one half of the previously denatured slide. Cover with a 
22 mm × 22 mm no. 1.5 coverslip (take care not to trap any air 
bubbles underneath, if so ease them out using a Gilson pipette 
tip) and seal with rubber cement.  

    15.    Place the slides in a moist chamber and incubate at 37°C for 
24 h. The slides can be incubated for longer but there is a risk 
of increased background signal.  

    16.    Proceed to post hybridization washes.      

      1.    Prepare the probes for two-colour FISH by combining 300 ng 
digoxigenin labelled and biotin labelled probe with 0.5  m l 
10 mg/ml Cot-1 DNA; 10 mg/ml salmon sperm DNA and 
9.6  m l hybridization buffer; per 22 mm × 22 mm hybridization 
area. The size of the hybridization area will depend upon the 
size of the section or array, and the amount of probe added 
should be adjusted accordingly. It is very important that all 
components are thoroughly re-suspended and mixed before 
use. Store on ice until the slide is ready for hybridization. If the 
probe is incompletely dissolved in the hybridization buffer this 
can give rise to bright background spots visible during the 
screening step.  

    2.    Centrifuge the probe for 5 s at 10,000 ×  g  and carefully apply 
to the centre of the 22 mm × 22 mm coverslip. Invert the slide 

  3.4.2.  Paraf fi n FISH
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gently onto it. Carefully remove any air bubbles by gently 
depressing the coverslip. Take care not to force the hybridiza-
tion buffer out of the side of the coverslip. Air bubbles will 
result in weak or no signal. Repeat for each hybridization area. 
Seal with rubber cement or place in a metal hybridization 
chamber humidi fi ed with 300  m l 6× SSPE or 2× SSC.  

    3.    Co-denature the probe and target DNA on a hot block set at 
98°C for 7–10 min ( see   Note 11 ). If the slides were sealed with 
rubber cement re-apply as this will have dried. Complete DNA 
denaturation is essential for annealing and ef fi cient labelling. If 
using commercially labelled probes, denature for the tempera-
ture and time recommended by the manufacturer.  

    4.    Place the rubber cement sealed slides in a humidi fi ed container 
on gauze or paper towel moistened with 6× SSPE or 2× SSC. 
Protect from light and incubate at 37°C overnight to hybridize 
the probe to target DNA. Hybridization can be undertaken for 
a longer time but this may increase the background staining.  

    5.    Programmable denaturation and hybridization instruments are 
available.       

  Posthybridization washes are performed at speci fi c stringencies to 
wash off excess unbound probe. Insuf fi ciently stringent washes will 
allow non-speci fi c probe binding and background  fl uorescence. 
However, with targets exhibiting poor homology care should be 
taken not to wash off the probe. The washes described below are 
for solutions containing formamide. Alternative high-temperature, 
stringent SSC washes can be used ( see   Note 12 ).

    1.    Prepare equipment and washes in advance. Warm 50-ml Coplin 
jars containing freshly prepared 50% w/v formamide, 2× SSC 
v/v, pH 7.0; and 2× SSC v/v, pH 7.0; to 42°C in a waterbath. 
Check the temperature of the solution with a thermometer 
before use. Warm a humidi fi ed box to 37°C in an incubator. 
Prepare SSCT at RT and store SSCTM and antibodies on ice. 
Washes and incubations should be performed in subdued light 
to minimize background staining. Insuf fi ciently stringent washes 
may give background staining or non-speci fi c binding of probe.  

    2.    Remove the slide from the hybridization chamber after the 
overnight incubation step and carefully peel off the rubber 
cement. The coverslip will often lift off at the same time, but if 
not, gently dip the slide in 2× SSC at 42°C thereby allowing 
the coverslip to fall off without scratching the tissue. With all 
washes, it is important that there is enough liquid in the Coplin 
jar to completely cover the slides.  

    3.    Wash in 50% w/v formamide, 2× SSC v/v, at 42°C for 5 min, 
agitating the slides gently during the wash step or using a shak-
ing waterbath. Repeat this wash twice more.  

  3.5.  Post-hybridization 
Washes
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    4.    Monitor the wash solution temperature as it should not fall 
below 42°C.  

    5.    Wash twice in 2× SSC at 42°C for 5 min, agitating as above.  
    6.    Wash once in SSCT at RT for 3 min. Drain and blot the excess 

liquid from the slide edge with an absorbent tissue and pro-
ceed to the detection step.  

    7.    For directly labelled probes apply 10  m l of DAPI solution and 
cover with #0 coverslip. Take care not to trap any air bubbles. 
Carefully ease them out using a Gilson pipette tip.  

    8.    For indirectly labelled probes proceed to Subheading  3.6 .      

  Indirect  fl uorescent probe detection ampli fi es the probe signal. 
The method described here uses anti-digoxigenin-FITC and 
streptavidin-Cy3 for dual colour probe detection. Conjugated 
 fl uorescent dyes are light sensitive and should be used and stored 
in subdued light.

    1.    Pipette 150  m l SSCTM blocking buffer onto a 22 mm × 50 mm 
#1.5 glass coverslip. Invert the slide onto the coverslip with 
blocking buffer and immediately, carefully, re-invert. Gently 
remove any air bubbles. Repeat for each slide. This blocking 
step reduces non-speci fi c protein binding which causes high 
background  fl uorescence.  

    2.    Place slide in a humidi fi ed box protected from light and incu-
bate at 37°C for 20 min. Ensure box is kept level so that the 
coverslip remains in place and the solution is evenly distributed 
across the tissue.  

    3.    Dip the slide a few times in SSCT to remove the coverslip with-
out damaging the tissue and then transfer the slide to a clean 
Coplin jar containing SSCT. Incubate for 3 min at RT.  

    4.    Drain the slide but do not allow to dry out. Pipette 150  m l 
anti-digoxigenin-FITC in SSCTM on to a 22 mm × 50 mm 
#1.5 glass coverslip. Invert the tissue section on to it. Carefully 
re-invert the slide. Incubate for 20 min in a humid box at 
37°C, again ensuring the box is level.  

    5.    Remove the coverslip as above. Wash three times for 2 min 
each. Wash in Coplin jars containing SSCT at RT.  

    6.    Repeat  steps 4 – 5  with the second antibody, for example, 
streptavidin-Cy3. Drain the slide. Wash twice in PBS solution 
for 5 min at RT. Drain. Dehydrate through an ethanol as 
before.  

    7.    Air-dry in subdued light e.g. in a drawer or under a foil cover. 
Mount in Vectashield anti-fade medium and stain with DAPI 
by carefully pipetting a 10- m l drop per hybridization area on to 
each half of a 22 mm × 50 mm #0 glass coverslip. Invert and 

  3.6.  Indirect 
Fluorescent Detection 
of Probes Labelled 
with Digoxigenin or 
Biotin
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lower the tissue onto the mounting medium and then carefully 
re-invert the slide.  

    8.    Allow at least 1 h for DAPI stain to penetrate the tissue before 
screening. Slides can be stored at 4°C, protected from light. 
The screen should usually be performed within 7 days but 
slides have been successfully screened after storage for several 
weeks.      

      1.    The slides are viewed using a  fl uorescence microscope with 
 fi lters appropriate to the  fl uorochromes used—excitation at 
543 nm induces Cy3 red emission, FITC at 530-nm green 
emission, with excitation at 364 nm inducing DAPI  fl uorescence 
(blue emission). Optimal  fi lters are important to obtain maxi-
mum signal intensity. The  fi lters can degrade with age and use 
and they should be checked to ensure continued maximum 
light transmission. The microscope should be linked to a com-
puter system with an appropriate software package for captur-
ing digital images. The procedure for image capture will vary 
accordingly. FISH images are usually captured using a ×63 
or ×100 oil immersion lens ( see   Note 13 ).  

    2.    TMAs can be screened more easily using an automated capture 
system. Automated systems usually capture using a low power 
objective (×40 as opposed to ×100) and increase the image size 
digitally which can give lower resolution. The length of TMA 
scanning time required, and therefore prolonged exposure to 
UV light, can cause  fl uorochrome bleaching and degrading of 
the FISH signals; even with the use of DAPI anti-fade mount-
ing medium.  

    3.    Screening and analysis time depends on the quality of signal 
obtained and the size of the sample. It is realistic to expect 
reliable results in excess of 80% of samples. However, if 
hybridization is poor, or if further probes are to be hybridized 
to the same slide to maximize the use of the tissue, treatments 
may be employed for destaining and reduction of auto-
 fl uorescence.  

    4.    A minimum of 100 distinct tumour nuclei should be scored 
and compared with analysis of a similar number from appropri-
ate normal control tissue. This is important to establish cut-off 
values for different probes and signal patterns so as to guard 
against scoring events occurring by chance, or ploidy variation. 
Analysis problems may also include cellular heterogeneity in 
tissues, truncated cells, and differences in hybridization 
ef fi ciencies between samples as well as tumour and control tis-
sue. Areas where borders of individual nuclei are not clearly 
de fi ned or where high cellular density causes nuclei to overlap 
should not be analyzed. Care should be taken not to overlook 
signal that may be in a different focal plane and to exclude 

  3.7.  Image Acquisition 
and Analysis
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 background  fl uorescence in more than one channel which may 
appear as signal. The results of scoring and analysis should be 
checked blind by a second experienced operator.       

 

     1.    This is essentially an alkaline lysis mini-prep method that can 
be scaled up if necessary. It works well for plasmids, cosmids, 
fosmids, PACs, and BACs.  

    2.    As the amount of probe is important, it is essential for accurate 
measurement of the DNA concentration. For the accurate 
quantitation of low concentrations of DNA a  fi xed wavelength 
 fl uorometer can be used. Alternatively, DNA concentration 
can be measured using a nanodrop spectrophotometer, or esti-
mated on a gel against known amounts of DNA ladder.  

    3.    One of the critical factors for success of FISH is the fragment 
size of the labelled probe. Nick translation labelling allows the 
end fragment size to be controlled by the amount of DNase I 
in the reaction mix. The optimum size range is 10–500 bp 
with an average size of 300 bp.  

    4.    Random priming is the preferred labelling method for FFPE 
material as it can label even very short DNA and generate sen-
sitive, homogeneously labelled DNA probes. The amount of 
newly synthesized DNA can exceed the amount of template, so 
effectively amplifying the amount of probe.  

    5.    Although colcemid time can be varied between 30 and 90 min 
to obtain more cells in metaphase, longer incubation times will 
give more condensed chromosomes. Therefore 30 min of col-
cemid incubation should be ideal for adequate numbers of 
metaphase spreads.  

    6.    The quality of the metaphase spreads is critical and depends on 
the humidity and temperature of the laboratory, how the mate-
rial was processed and the way the slides are made. Extremely 
dry conditions will prevent the chromosomes spreading and 
very humid conditions give rise to what is known as “chromo-
some soup”.  

    7.    The following conditions are recommended: 
   Slides can be humidi fi ed by placing in ethanol followed by iced 

water, frosting them in freezer, or holding them over a water-
bath at 80°C before dropping the cell suspension. After the 
cells have been dropped, the slides can be dried by putting 
them onto a hotplate at 54°C, inside a 37°C incubator in a 
moist chamber, or leaving them at RT. We  fi nd that holding 

  4.  Notes
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the slide over the waterbath and then drying them at RT 
 provides good quality metaphases. 

    The presence of excess cytoplasm covering the metaphase 
chromosomes or nuclei reduces the effect of denaturation and 
signal hybridization, and may increase the background signal. 
The  fi xative can be modi fi ed by increasing the ratio of glacial 
acetic acid up to 1.5 and reducing the ratio of methanol to 2.5. 
This should reduce the amount of cytoplasm on the slide. Pre-
treatment with proteinase K and pepsin may also help to reduce 
the effect of cytoplasm.  

    8.    Sodium thiocyanate and pepsin can be used as an alternative 
tissue pre-treatment step.
   (a)    In this case, warm 1 M sodium thiocyanate to 45°C, warm 

9% w/v NaCl pH 1.5–37°C immediately before use pre-
pare 0.5% w/v pepsin solution using warmed 9% w/v 
NaCl pH 1.5.  

   (b)    Following de-paraf fi nization, incubate slides in a Coplin 
jar containing 1 M sodium thiocyanate solution, warmed 
to 45°C, for 15–30 min according to tissue type and sec-
tion thickness. Agitate the slide gently during the incuba-
tion step. Discard solution after use. Rinse in distilled 
water.  

   (c)    Incubate slide at 37°C in freshly diluted 0.5% w/v pepsin 
solution for 15 min (pepsin is added to warmed 9% w/v 
NaCl pH 1.5 solution immediately before use).  

   (d)    Wash once in Hanks’ Buffered Salt solution or PBS at RT.  
   (e)    Rinse in distilled water. Dehydrate through an ethanol series 

(70, 90 and 100% v/v) and proceed to hybridization.      
    9.    The protease treatment times vary according to the tissue type 

e.g. 6 min for breast tissue, 5 min for prostate tissue, and 
4.5 min for testis tissue. Pepsin digestion helps to remove cyto-
plasm and permeabilize tissue, allowing improved target signal 
detection. Tissue unmasking is one of the most critical steps 
for sensitive detection but in each step of the tissue preparation 
there are many variables that could affect sensitivity and increase 
the background staining. Pepsin is used as the protease treat-
ment as it is easily inactivated and allows the reaction to be 
carefully controlled. It better preserves cellular morphology 
and nuclear structure but over-digestion may lead poor mor-
phology, increased background, loss of signal, or loosening of 
the tissue from the slide.  

    10.    The denaturation of the target DNA on the slide should be 
optimized. Under- or over-denaturation will lead to aberrant 
signal visualization and chromosome morphology, especially 
on metaphase chromosomes. “Swollen” chromosomes which 
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do not take up DAPI counterstain or nuclei with a wrinkled 
appearance are an indication of over-denaturation. Bright 
DAPI with very good chromosome morphology but poor sig-
nal indicates under-denaturation.  

    11.    Slides and probes can be denaturated separately:
   (a)    In a waterbath preheat a Coplin jar containing 50 ml 70% 

v/v formamide, 2× SSC, pH 7.0; DNA denaturation 
solution until the temperature of the liquid is 72°C.  

   (b)    Prepare fresh 70% v/v ethanol and cool to 4°C for use in 
slide dehydration.  

   (c)    Incubate the slide in heated denaturation solution for 
approximately 2 min—older slides may need denaturation 
of up to 4 min.  

   (d)    Immediately transfer to a Coplin jar containing 70% v/v 
ethanol at 4°C for 3 min to prevent the DNA re-annealing. 
Complete the dehydration through 90% v/v, and 100% 
v/v ethanol for 3 min each at RT.  

   (e)    Air-dry the slide and keep warm, e.g. on a hot-plate, 
at 37°C until the probe is added.  

   (f )    Denature the probe by heating the tubes in a preheated 
waterbath, or hot block, at 75–80°C for 5 min.  

   (g)    Chill on ice for 30 s and microcentrifuge brie fl y. Pre-anneal 
repetitive sequences at 37°C for 30 min to 3 h before 
applying to denatured slide.  

   (h)    Centrifuge the probe for 5 s at 10,000 ×  g  and carefully 
apply the probe/hybridization mix to the centre of a 
22 mm × 22 mm coverslip. Invert the slide gently on to the 
coverslip. Repeat for each hybridization area. Remove air 
bubbles by gently depressing the coverslip for example, 
with blunt forceps or a micropipette barrel. Take care not 
to force the hybridization buffer out of the side of the 
coverslip.  

   (i)    Seal the coverslips with rubber cement and incubate over-
night at 37°C in a humid box.      

    12.    Alternative high-temperature washes can be used for directly 
labelled probes, including those that have been commercially 
labelled.
   (a)    Carefully remove coverslip, incubate slide for 1–2 min in 

an open jar containing 0.3% v/v NP-40, 2× SC at 72°C.  
   (b)    Wash for 1 min in a Coplin jar containing 0.3% v/v 

NP-4/2× SSC at RT.  
   (c)    Drain. Agitate brie fl y in detergent wash (PBS + 1% v/v 

Igepal CA-630 Tween 20) at ambient temperature.  
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   (d)    Rinse twice in distilled water, agitating at ambient 
temperature.  

   (e)    Drain. Dehydrate through an ethanol series of 70, 90, and 
100% v/v for 3 min each.  

   (f )    Air-dry. Mount with 10  m l Vectashield with DAPI per 
hybridization area on a 22 mm x 50 mm #0 glass cover-
slip. Invert tissue onto coverslip. Allow at least 1 h 
incubation.      

    13.    Capturing cells individually is usually better than capturing 
them as a group. Some signals can be brighter than others, and 
when captured as a group, the brighter signals tend to shorten 
the exposure time making the weaker signals harder to see. For 
FISH on paraf fi n sections at least 100 nuclei should be cap-
tured for each experiment. Statistical analysis is performed on 
the data obtained.          
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    Chapter 11   

 Using a Quartz Crystal Microbalance Biosensor 
for the Study of Metastasis Markers on Intact Cells       

         Julien   Saint-Guirons       and    Björn   Ingemarsson      

  Abstract 

 The use of biosensors has become a standard method to characterize biomolecular interactions. Data 
obtained from biosensor studies are widely used to evaluate drug candidates, particularly in relation to 
their binding properties towards a selected target. The importance of measuring such interactions in a 
biologically relevant environment has become the new challenge for the biosensor technologies. In this 
chapter we describe a method for studying interactions between proteins and targets at the surface of intact 
cells using a quartz crystal microbalance (QCM) biosensor.  

  Key words:   QCM biosensor ,  Lectins ,  Intact cells ,  Cell immobilization ,  Interaction rate constants , 
 Kinetics    

 

  The analysis of biomolecular interactions to determine the kinetics 
and af fi nity of such interactions has become essential for the devel-
opment of new pharmaceutical substances. A biosensor is de fi ned 
as a device that enables the measurement of interactions between 
one binding partner (ligand) immobilized on the surface of a trans-
ducer and a second binding partner in solution (analyte). The 
essential aspect of the biosensor, the transducer, senses a change in 
the mass associated with the interaction of interest and converts 
this physical modi fi cation into a measureable electric signal. Various 
transducers may be used and are of two main types, optical and 
acoustic. The quartz crystal microbalance (QCM) system is the 
most widespread acoustic transducer. Biomolecular interactions, 
especially protein–protein, protein–carbohydrate, and protein–
DNA binding events are involved in key aspects of development 

  1.   Introduction

  1.1.   Biosensors
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and metabolism and have been implicated in cancer metastasis. 
Continuous  fl ow biosensors provide a valuable insight into the 
mechanism of a speci fi c interaction by permitting the determina-
tion of the kinetic parameters; including the association rate con-
stant ( k  a ), the dissociation rate constant ( k  d ), and the af fi nity of the 
interaction. Several other techniques, including isothermal titra-
tion calorimetry (ITC), radioimmunoassay (RIA), or enzyme 
linked immunosorbent assay (ELISA), may also be used to deter-
mine the af fi nity of a given interaction. However, these approaches 
determine the af fi nity by equilibrium analysis using reporter labels, 
whereas biosensors provide label-free and kinetic real-time analysis 
of biomolecular interactions and provide more information and 
enable further understanding of the molecular interactions. 

 There are several biosensors available on the market for studies 
of biomolecular interactions. These are based on either optical 
detection principles, for example the Biacore (GE Healthcare), 
ProteOn (Biorad), Octet (Fortebio) systems, or acoustic devices 
based on the quartz crystal microbalance technology (QCM) for 
instance Q sense E4 (Qsense) or Attana 200 (Attana AB). In this 
chapter we will focus on the use of a QCM biosensor for studies of 
molecular interactions at the surface of intact cells. 

 QCM technology is based on the piezoelectric property of 
quartz crystals. The piezoelectric effect was  fi rst discovered in quartz 
crystals by Jacques and Pierre Curie in 1880  (  1  ) . By applying an 
alternating voltage to an AT-cut crystal brie fl y, with a frequency 
close to the resonance frequency of the crystal, the crystal will start 
to oscillate at its speci fi c resonance frequency. The key feature of 
the QCM technology was discovered by Sauerbrey  (  2  )  who estab-
lished a proportional relationship between a change in frequency 
with mass added to the crystal surface. 

 QCM biosensors act as very sensitive balances where the mass 
added to, or removed from, the sensor surface (corresponding respec-
tively to the association and dissociation of the binding partners) is 
monitored in real time, providing information about the kinetic rate 
constants, as well as the af fi nity that characterizes a speci fi c interac-
tion. Analysis using a biosensor system may provide insights into the 
mechanism of the interaction between binding partners.  

  The QCM biosensor has mainly been used to study bimolecular 
interactions, where one partner (ligand) is immobilized on the 
crystal surface using covalent amine coupling, physisorption, or 
capturing on streptavidin-coated crystals (if the ligand is biotiny-
lated). The second partner (the analyte) is then injected over the 
sensor surface and the interaction is monitored in real time by 
measuring the change in resonance frequency of the quartz crystal. 
The main applications include: off-rate screening, af fi nity measure-
ment, kinetics, active concentration measurement, binding assays 
as well as epitope mapping. 

  1.2.  Cell Analysis 
Using a QCM 
Biosensor
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 Biosensors based on QCM technology have proven to be pow-
erful and ef fi cient tools for studies of molecular interactions, mainly 
antigen–antibody interactions  (  3  ) , and also lectin–carbohydrate 
recognition  (  4  ) . Almost all biosensor studies are performed using 
isolated and puri fi ed molecules. However, it has become essential 
for the development of new therapeutics to provide a tool for 
screening and characterization of drug candidates in a more bio-
logically relevant environment, for example, at the surface of intact 
cells. Previous work using QCM biosensors and mammalian cells 
have been focused on monitoring morphological changes in 
response to drugs in static systems  (  5  ) . More recently, a QCM bio-
sensor was developed for studies of real-time biomolecular interac-
tions at the cell surface. The applications include lectin–carbohydrate 
and antibody–receptor interactions. This approach enables kinetic 
evaluation of the interactions between lectins and glycoproteins, or 
antibodies and over-expressed receptors, in a biological context. 
This  fl ow-through system provides access to real-time measurement 
of af fi nity constants in a biologically relevant context. 

 In this chapter we will provide a guide for generating real-
time, qualitative, and quantitative analysis of biomolecular interac-
tions at the surface of cancer cells.   

 

      1.    Attana Cell 200 QCM biosensor (Attana AB).  
    2.    Upright  fl uorescence microscope.  
    3.    Cell culture compatible polystyrene-coated quartz crystal sen-

sor chips (Attana AB, product number: 3621-3033).  
    4.    Cell culture equipment and plasticware.  
    5.    Cell counting device (Hemocytometer).      

      1.    Trypsin/EDTA 0.25% v/v (store at −20°C). Heat the solution 
to 37°C before use.  

    2.    Phosphate buffered saline (PBS). Dissolve in distilled water 
and check that the pH is 7.2. Autoclave for 20 min at 121°C.  

    3.    DAPI-dihydrochloride nucleic acid stain (stock solution: 
14.3  μ M in PBS), stored at 4°C in an opaque vial.  

    4.    Cell culture medium appropriate for the cell type used.  
    5.    Foetal calf serum (FCS).  
    6.    Formaldehyde solution, 3.7% v/v in PBS.  
    7.    70% v/v ethanol or industrial methylated spirits (IMS).       

  2.   Materials

  2.1.   Equipment

  2.2.   Reagents
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  Different sensor surfaces may be used for cell immobilization these 
include gold or polystyrene. Typically, cell culture compatible 
polystyrene-coated crystals are used. Brie fl y, the whole quartz crys-
tal sensor is incubated with an appropriate cell suspension for about 
24 h, in order to allow the cells to attach, grow, and proliferate on 
the surface. The concentration of cells used may vary but it is nor-
mally adequate if about 60–80% of the sensor surface is covered. 
After about 24 h the cells are chemically  fi xed on the sensor crystals 
washed and subsequently placed in a  fl ow of running buffer in the 
QCM biosensor. After a period of stabilization of up to several 
hours (typically overnight), interactions of biomolecules such as 
antibodies or lectin with the cells can then be evaluated. 

 In order to generate high-quality data, the preparation of a 
suitable cell-covered sensor surface is essential. For this system 
adherent cells that grow as monolayers are typically used. The fol-
lowing steps provide detailed guidelines to allow the preparation of 
such surfaces using the MCF7 breast cancer cell line but adjust-
ments might be necessary depending on the cell type used and/ or 
the type of experiment to be performed.

    1.    Remove cell medium from cultivation  fl ask (we typically use a 
75-cm 2   fl ask).  

    2.    Add an appropriate amount of trypsin/EDTA (for example, 
2.5 ml trypsin/ 0.25% w/v EDTA) and incubate at 37°C until 
cells have started to lift from dish if needed.  

    3.    Add suf fi cient cell medium to the detached cells to re-suspend 
them. This step neutralizes the trypsin activity.  

    4.    Centrifuge the cells to pellet them (5 min at 1,500 ×  g ) and re-
suspend the cells in fresh medium. A cell count should now be 
performed.  

    5.    Adjust the cell concentration to 10 6  cells/ml.  
    6.    A cell culture compatible polystyrene-coated quartz crystal 

sensor is placed on the bottom of the well of a 24-well plate.  
    7.    Prepare an appropriate dilution of the cell suspension to obtain 

between 20,000 and 70,000 cells (depending on experiment) 
on the sensor surface. This represents between 125,000 and 
450,000 cells/cm 2 . In this example, 250,000 breast cancer 
cells/cm 2  were incubated with the sensor crystal in a 24-well 
plate and then placed in a tissue culture incubator at 37°C for 
24 h. The duration of this phase of the experiment can be 
adjusted according to the growth and proliferative properties 
of the cells to be studied.  

    8.    After incubation, the cells are chemically  fi xed to the surface 
using standard  fi xation procedures. As an example, 10 min 

  3.   Methods

  3.1.  Preparation of the 
Cell-Sensor Surface
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incubation in 1 ml of ice cold formaldehyde solution, 3.7% v/v 
in PBS, may be used. After the  fi xation step several washes in 
PBS must be performed in order to remove the formaldehyde 
solution (typically we use  fi ve washes each 1 ml of PBS). The 
cell-coated crystal may then be stored in PBS at 4°C for several 
weeks.  

    9.    In order to evaluate the cells on the sensor surface, the nuclei 
of  fi xed cells are stained using, for example, the  fl uorescent 
nucleic acid dye DAPI hydrochloride (2.9  μ M) which is directly 
loaded onto the sensor surface in 50  μ l volume and left to 
incubate for 5 min in the dark. After removal of the DAPI 
solution, wash three times with PBS wash. Visualize the sensor 
surface using an upright  fl uorescence microscope.  

    10.    If the cell coverage on the sensor surface is adequate, the quartz 
crystal may be placed into the sensor chip housing, and intro-
duced into the QCM biosensor. A continuous  fl ow of an 
appropriate running buffer, for example PBS, supplemented 
with non-ionic detergent such as Tween 20 at 0.05% v/v is 
commenced at a  fl ow rate of 25  μ l/min.  

    11.    Prior to undertaking measurements, the sensor needs to equili-
brate for several hours in running buffer (typically an overnight 
equilibration is used) with a  fl ow rate of 25–50  μ l/min ( see  
 Note 1 ).      

  A typical experiment designed to measure the interaction between 
a lectin/antibody and the surface of cancer cells is described.

    1.    After equilibration of the sensor, the crystal should oscillate at 
a stable frequency with a drift <0.2 Hz/min.  

    2.    An injection of an appropriate reference sample is performed 
by loading the injection loop connected to the valve. The valve 
is switched to reference and is introduced into the line of  fl ow 
allowing it to be transferred to the sensor surface. When an 
appropriate volume of the reference sample has been injected 
(usually 70% of the injection loop volume) the valve is switched 
to the original position ( see   Note 2 ).  

    3.    The sample to be analyzed is injected by following  step 2 , 
above. Appropriate concentrations of analyte (lectin or anti-
body) should be prepared in running buffer. In this example, 
several concentrations of lectin are prepared (ranging from 
12.5 to 100  μ g/ml). During the injection step, the frequency 
is monitored, and increases in response to the interaction 
between the lectin and the cell surface, adding mass on the 
sensor surface. After injection of the sample, the dissociation of 
the lectin from the cell glycans, may be monitored for at least 
200 s. The dissociation time needed is related to the stability of 
the interaction, i.e. longer dissociation times are required for 

  3.2.  Interaction 
Measurements
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slowly dissociating interactions, and are needed in order to 
acquire enough data for reliable rate determinations.  

    4.    The sensor surface needs to be regenerated in order to enable 
other interactions to be evaluated using the same sensor, there-
fore any remaining bound lectin (or antibody) should be des-
orbed. Typically, the regeneration solution consists of a 10 mM 
glycine solution at low pH (pH 1.0–3.0). In the example 
presented (Fig.  1 ), the high degree of avidity of binding 
required potent regeneration conditions. 10 mM glycine pH 
1.0, supplemented with 500 mM NaCl was injected three 
times in order to remove all of the bound lectin from the sur-
face of the cells. The regeneration ef fi ciency is evaluated to 
ensure that the frequency recorded after the regeneration is 
similar to the frequency monitored before injection of the sam-
ple ( see   Note 3 ).   

    5.    Sensor surfaces can typically be regenerated between 10 and 
20 times; however, this will depend on the cell type under 
investigation and therefore should be determined for each cell 
type in turn.      

  The binding response curves obtained for the interaction of the 
binding partners of interest must be processed and analyzed to 
extract the rate constants for the reaction.

    1.    The signal obtained using the reference sample needs to be 
subtracted from the interaction curves obtained with the 
sample of interest (Fig.  1a ) in order to obtain referenced inter-
action curves (Fig.  1b ).  

    2.    This operation needs to be repeated for every interaction 
analyzed.  

    3.    To determine the kinetic parameters of an interaction, three or 
four binding curves obtained with various concentrations of 
analyte should be analyzed simultaneously. In the example 
shown in Fig.  1b , the binding curves obtained with the lectin 
at 12.5, 25, 50, and 100  μ g/ml were analyzed using the bio-
sensor kinetic data analysis software ClampXP developed by 
Myszka and Morton  (  6  ) . In this software the kinetics of the 
reaction are determined by  fi tting theoretical models, for the 
interaction, to the experimental data. Data-sets  fi tted with a 
1:1 interaction model (with or without adjustment for mass 
transport limitations) enables evaluation of the accuracy by 
which the model describes the interaction of interest. Global 
 fi tting using the 1:1-model to the experimental data sets may 
be used to extract kinetic rate constants, such association rate 
constant ( k  a ) and dissociation rate constant ( k  d ). From these, 
the dissociation constant ( K  D ), characterizing the af fi nity of 
the interaction of interest, can be calculated ( see   Note 4 ).       

  3.3.   Data Analysis
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     1.    Preparation of crystals: The preparation step is essential in 
order to generate high-quality data using the QCM biosensor 
technology. A polystyrene-coated quartz crystal sensor must 
be covered with enough cells, evenly distributed over the sur-
face, to generate a suf fi cient signal when the interaction of 
interest is monitored. However, the surface should not be sat-
urated as the heavy load of cells may challenge the mechanical 

  4.   Notes
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  Fig. 1.    ( a ) Two interaction cycles consisting of a reference injection, followed by a lectin injection and subsequent regeneration 
of the surface. ( b ) Kinetic evaluation of the interaction between a lectin and breast cancer cells. Referenced interaction 
curves at increasing concentrations ( solid dark lines ), overlaid with curves resulting from global  fi t using a theoretical 1:1 
model ( dashed lines ). Rate constants were extracted using the Clamp XP software, ( k  a  = 2.0 × 10 4  M −1 /s,  k  d  = 3.0 × 10 −4  s −1 ). 
The af fi nity of the interaction was also determined,  K  D  = 15 nm.       
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performance of the biosensor and, hence, may decrease the 
quality of the data. The empirical approach adopted is to de fi ne 
conditions enabling cell coverage of 60–80% (as an indication) 
of the sensor surface. A visual evaluation using a  fl uorescent 
nuclei dye using an upright  fl uorescence microscope is impor-
tant to ensure that cells evenly cover the sensor surface.  

    2.    Referencing: QCM biosensors are sensitive to physico-chemical 
parameters such as viscosity and/or conductivity of the buf-
fers. Hence, differences in salt composition and concentration 
between the running buffer and the sample injected over the 
surface may produce non-speci fi c signal (typically <2–3 Hz) 
that may interfere with the analysis. This is especially impor-
tant for weak responses, as the low density of binding sites on 
the sensor surface, are by de fi nition more sensitive to interfer-
ence. Appropriate reference solutions must be chosen and 
allowed to interact with the surface using the same injection 
parameters as for the sample injections. This approach makes it 
possible to subtract non-speci fi c binding of the analyte interac-
tion responses and generate high-quality data.  

    3.    Surface regeneration: Surface regeneration is performed to 
remove remaining analyte bound to the cells before a subse-
quent analysis cycle can begin. The regeneration must desorb 
bound analyte, but should not affect the cells on the surface, 
for example it must leave the surface intact and active to enable 
further binding events to be reproducibly monitored. Empirical 
determination of appropriate regeneration conditions must be 
performed, starting with low concentration solution followed 
by higher concentration and acidic pH if needed. Examples of 
regeneration solutions to be used: weak 10 mM glycine/HCl 
pH >2.5; 10 mM HEPES/NaOH pH <9; 1 M NaCl, interme-
diate (10 mM glycine/HCl pH 2–2.5; 10 mM glycine/NaOH 
pH 9–10, strong 10 mM glycine/HCl pH <1.5 supplemented 
with 0.5 M NaCl.  

    4.    Kinetic analysis of interaction data: QCM biosensors enable 
measurements of interactions occurring between two biomol-
ecules, e.g. an analyte (A) and a surface bound ligand (B), to 
form a complex (AB), in a biological context. A single-step 
bimolecular interaction can be described by A  +  B  AB and is 
characterized by interaction-speci fi c association and dissocia-
tion rate constants that can be obtained by kinetic evaluation 
of the experimental data against a theoretical model using a 
global curve- fi tting software (for example, Clamp XP). Rate 
constants relate the rate of reaction to the concentration of the 
binding partners. The association rate constant (several abbre-
viations may be found such as  k  1 ,  k  on ,  k  fwd  or  k  a ) is expressed in 
M −1 /s and the dissociation rate constant ( k  −1 ,  k  off ,  k  rev  or  k  d ) is 
expressed in s −1 . The af fi nity of the reaction is often referred to 
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as the dissociation constant,  K  D  =  k  d / k  a , and is expressed in 
molar (M). The smaller the value for  k  the higher the af fi nity of 
the interaction. The use of the association constant,  K  A  = 1/ K  D  
expressed in M −1  may also be observed in some studies.     
 Several considerations must be taken into account when per-

forming a kinetic study, particularly for an interaction occurring at 
the cell surface. Sometimes the transport/diffusion rate of the ana-
lyte from the bulk  fl ow to the vicinity of the surface may restrict the 
association of the complex. In these cases, the concentration close 
to the interaction site will be lower than in the bulk  fl ow due to an 
association rate faster than the dissociation rate, and the association 
rate will be determined by the diffusion rate to the surface. This is 
often referred to as mass transport limitation, and will result in 
biased results if this is not compensated for. One way to reveal such 
mass transport limitations is to assess the shape of the binding 
curve. Instead of a typical (exponential) curved response in the 
association phase (at least at higher concentrations), the response 
curves are more or less linear, with little or no curvature. If this is 
the case, the best solution is to increase the transport of the analyte 
to the surface by increasing the  fl ow rate, or to reduce the associa-
tion rate at the surface by reducing the surface density of the 
immobilized ligand. If this is not possible, an appropriate curve 
 fi tting model, taking the diffusion rate of the analyte into account, 
must be used to enable correct evaluation of the kinetic parameters 
of the reaction of interest. In addition, avidity of the bio molecules 
in the system might need to be taken into account, this is very 
important in the case of multivalent analytes, such as lectins. Avidity 
is de fi ned as the combined strength of several bond interactions as 
opposed to af fi nity, which is determined according to the 1:1 inter-
action model, describing the strength of a single bond interaction. 
Hence, it is dif fi cult to determine the af fi nities for multivalent ana-
lytes other than in relative terms.      
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    Chapter 12   

 Cell Separations by Flow Cytometry       

         Derek   Davies         

  Abstract 

 Flow cytometry has become a standard method for separating individual subsets of cells from a heteroge-
neous population. Multilaser, multicolour cell sorters are increasingly common and have become more 
complex in recent years increasing the number of applications available. However, a cell sorting experiment 
is only as good as the input sample, and the preparation of this is extremely important. This chapter 
describes the methods used to prepare samples for  fl ow cytometry and how they can be adapted and opti-
mised according to cell type.  

  Key words:   Flow cytometry ,  Cell sorting ,  Fluorescence ,  Fluorescent protein ,  Sample preparation    

 

  Flow cytometry is a means of measuring the physical and chemical 
characteristics of particles in a  fl uid stream as they pass one by 
one past a sensing point. The modern  fl ow cytometer consists of 
a light source, collection optics and detectors, and a computer 
to translate signals to data. In effect, a  fl ow cytometer can be 
described as a large and powerful  fl uorescence microscope where 
the light source is of a highly speci fi c wavelength, generally pro-
duced by a laser, and the human observer is replaced by a series 
of optical  fi lters and detectors that aim to make the instrument 
more objective and more quantitative. As a cell passes through 
the laser beam, light is scattered in all directions, and also at this 
point any  fl uorochromes present on the cell are excited and emit 
light of a higher wavelength. Scattered and emitted light is 
 collected by two lenses—one set in front of the light source 
and one set at right angles to it. By a series of beam splitters, 
optical  fi lters, and detectors the wavelengths of light speci fi c for 

  1.  Introduction

  1.1.  Cell Analysis 
by Flow Cytometry
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particular  fl uorochromes can be isolated and quantitated. Recent 
advances in laser technology, electronics systems, and 
 fl uorochrome technology mean that multi-laser  fl ow cytometers 
that are capable of measuring 18 or more  fl uorescence channels 
are more readily available. The theory of operation of  fl ow 
cytometers is well documented and there are several good gen-
eral books on the subject  (  1–  4  ) .  

  Flow sorting may be de fi ned as the process of physically separating 
particles of interest from other particles in the sample. Sorting can 
be accomplished by two  fl ow cytometrically based methods—the 
electrostatic de fl ection of charged droplets (so-called “stream-in-air” 
sorters)  (  2,   5  )  or mechanical sorting  (  6  ) . Most commercially 
available cell sorters use the electrostatic method which is based 
on the principles of droplet formation, charge, and de fl ection 
analogous to those used in ink-jet printers. Any  fl uid stream in 
the atmosphere will break up into droplets but this is not a stable 
process. However, by applying vibration at certain frequencies it 
is possible to stabilise the point at which droplets break off from 
the stream, the droplet size and the distance between the drops. 
Therefore the time between the point at which the cell passes 
through the laser beam and is analysed until its inclusion in a 
droplet as it breaks from the stream—the drop delay—is known 
and constant (Fig.  1 ). By calculating this time period, the droplet 
containing the cell of interest can be speci fi cally charged through 
the  fl uid stream the moment that the drop is forming. To avoid 
cell loss, the duration of the charging pulse can be altered to 
include either or both the preceding and the following drop. 
Charged droplets will then pass through an electrical  fi eld created 
by two plates—one charged positively, the other charged nega-
tively. Droplets containing a charge will be attracted towards the 
plate of opposite charge and in this way will be separated from 
the stream.  

 Mechanical sorters do not use the droplet method but rather 
employ a motor-driven syringe to aspirate the  fl uid containing 
the cell of interest  (  7  ) . From a practical point of view mechani-
cal sorters are relatively slow (maximum sorting speed of 
500 cells/s) but they do have advantages—the system is enclosed 
preventing both contamination and evaporation, and it is easier 
to set up and perform a sort so a skilled operator is not a pre-
requisite. 

 The sorting speed of stream-in-air  fl ow cytometers varies 
depending on the manufacturer and the design of the machine 
from 5,000 to 40,000 cells/s. However, this is still relatively slow 
compared with bulk isolation methods such as cell  fi ltration tech-
niques, magnetic bead separation, or cell af fi nity techniques as even 
at top speeds no more than 10 8  cells may be sorted in an hour. 

  1.2.  Cell Sorting 
by Flow Cytometry
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However, in comparison with other techniques  fl ow sorting 
achieves the highest cell purity and recovery. In addition such 
stream-in-air sorters are capable of sorting up to six subsets, which 
may be de fi ned by quantitative and qualitative measurements of 
multiparametric cell characteristics, the number of which is limited 
only by the con fi guration of the  fl ow sorter. Examples of this type 
of sorter are the MoFlo and Astrios (Beckman Coulter), FACSAria 
and In fl ux (Becton Dickinson), and Synergy (Sony iCyt). It is also 
possible to adjust the mode of sorting depending on whether high 
purity (the default mode), high recovery (if a small, precious popu-
lation is needed), or high count accuracy (for single cell sorting for 
cloning or PCR) is required.  

•

•

•

•

•

•

•

Sample in

Laser beam

Moment of analysis

Break-off point

•

Deflection plates

Collection tubes

  Fig. 1.    Schematic diagram of a typical stream-in-air sorter. Cells are analysed at the laser 
intersection (Moment of analysis), enclosed in droplets at the break-off point and are 
charged at this point if they are to be sorted. High-voltage de fl ection plates attract cells of 
the opposite polarity.       
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  Anything that can be tagged with a  fl uorescent marker can be 
examined on a  fl ow cytometer. This can be a structural part of the 
cell such as protein, DNA, RNA, an antigen (surface, cytoplasmic 
or nuclear), or a speci fi c cell function (apoptosis, ion levels, pH, 
membrane potential). As long as a speci fi c cell population can be 
identi fi ed by its  fl uorescence characteristics it can be sorted. 
Examples of the applications of  fl ow analysis and sorting are given 
in Table  1 . Additionally, it is also possible to excite and detect a 
wide-range of  fl uorescent proteins such as cyan  fl uorescent pro-
tein, green  fl uorescent protein, yellow  fl uorescent protein, and red 
 fl uorescent protein variants.  

 The  fl uorochrome of choice will to a large extent depend on 
both the intended application and the illumination wavelengths 
available in the cytometer. The most common laser wavelengths 
and the  fl uorochromes that can be used with these are given in 

  1.3.  Applications 
of Flow Cytometry

   Table 1 
  Examples of  fl ow cytometric applications in mammalian cells   

 Application  Reference 

 Phenotyping (surface, cytoplasmic, or nuclear antigen)   (  8–  10  )  

 Cell cycle analysis (DNA or kinetics via Bromodeoxyuridine)   (  11,   12  )  

 Functionality e.g. Calcium  fl ux, pH, membrane potential   (  13–  15  )  

 Apoptosis and cell death   (  16,   17  )  

 Enzyme activity   (  18,   19  )  

 Monitoring drug uptake   (  20  )  

 Measurement of RNA or protein content   (  21  )  

 Fluorescence In Situ Hybridisation (FISH)   (  22,   23  )  

 Measurement of telomere length   (  24  )  

 Detection of  fl uorescent proteins/monitoring of transfection   (  25,   26  )  

 Detection of stem cells   (  27,   28  )  

 Sterile sorting for re-culture   (  2,   7  )  

 Sorting of rare populations   (  29  )  

 Single cell sorting for cloning or PCR   (  30,   31  )  

 Sorting for protein, RNA or DNA extraction   (  32  )  

 Chromosome sorting for production of chromosome-speci fi c 
paints 

  (  33,   34  )  

 Isolation of de fi ned populations e.g. tumour cells from normal 
cells 

  (  35  )  
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Table  2 . The choice will depend on the number of cell characteris-
tics being examined, the spectral overlap between the  fl uorochromes 
and the commercial availability of them.  

 The most common application of cell sorting is to separate a 
sub-population of cells based on their speci fi c phenotype, whether 
this be, for example, tumour cells from normal cells or cells express-
ing a particular antigen after transfection. 

 The key point of  fl ow cytometry is that measurement is per-
formed on a cell-by-cell basis—this is the most powerful aspect of 
 fl ow cytometry but, therefore, a pre-requisite for  fl ow cytometric 
analysis or sorting is that the sample must be in single cell suspen-
sion. The preparation of samples for  fl ow cytometry depends to a 
large extent on the source of the cells and the requirements of each 
cell type. In all a single cell suspension should have maximum yield 
and maximum viability but no one isolation technique will be 
applicable to all cell types. Some optimization of sample prepara-
tion is always required. Once in a single cell suspension, the cells of 
interest should be prepared by labelling with  fl uorochromes either 
to detect antigenic determinants, structural components, or func-
tional status that will allow them to be speci fi cally identi fi ed. 
However, it must be stressed that the success of a sort depends 
almost entirely on the quality of the input sample, and there are 
several ways that this may be optimised. So, the key to successful 
cell sorting is the preparation of the sample.   

   Table 2 
  Common  fl uorochromes   

 Laser wavelength  Examples 

 UV (ca. 350 nm)  Aminomethyl coumarin 
 DAPI (4,6-diamidino-2-phenylindole) 
 Hoechst (33258 or 33342) 
 Indo-1 

 405 nm  Paci fi c Blue 
 Paci fi c Orange 
 Brilliant Violet 421 

 488 nm  Fluorescein isothiocyanate (FITC) 
 Alexa Fluor 488 
 R-Phycoerythrin (PE) 
 PerCP (peridinin chlorophyll protein) 
 PE-Cy5 and PE-Cy7 tandem conjugates 
 Propidium iodide 

 635 nm  Allophycocyanin (APC) 
 TO-PRO-3 Iodide 
 Cy5 
 APC-Cy7 tandem conjugate 



190 D. Davies

 

     1.    Trypsin/versene: 0.02% w/v EDTA (known as versene by 
many cell culturists; store at room temperature), 0.25% w/v 
trypsin (store at −20°C). Add 4 ml trypsin to 16 ml versene. 
This mixture can be used for up to 1 week if stored at 4°C. 
Warm the solution to 37°C before use.  

    2.    Phosphate buffered saline (PBS): 8 g NaCl, 0.5 g KCl, 1.43 g 
Na 2 HPO 4 , 0.25 g KH 2 PO 4 . Dissolve in 1 L of distilled water. 
Check that the pH is 7.2. Autoclave for 20 min.  

    3.    Propidium iodide (PI; 50  m g/ml in PBS). This is light sensitive 
so should be stored in an opaque container at 4°C.  

    4.    DAPI (200  m g/ml in methanol; use at 1  m g/ml).  
    5.    TO-PRO-3 iodide (1  m M stock in PBS; use at 50 nM).  
    6.    Trypan Blue (0.4% w/v).  
    7.    Cell culture medium appropriate to the cell used, both with 

and without Phenol Red.  
    8.    Foetal Calf Serum (FCS).  
    9.    70% v/v ethanol. Take 700 ml of absolute ethanol and add 

300 ml of distilled water.  
    10.    Nylon mesh—35  m m and 70  m m (Lockertex, Warrington, 

Cheshire, UK; Small Parts Inc., Miami, FL, USA).      

 

   If the sample under investigation is a suspension cell line that grows 
in suspension (for example: Jurkat cells or HL-60 cells) or is natu-
rally in suspension (for example: peripheral blood), processing is 
relatively straightforward although care must be taken not to dam-
age or lose cells during the processing procedure.

    1.    Perform a viable cell count using PI or Trypan Blue. Live cells 
will exclude the dye whereas it will be taken up by cells whose 
membranes have been compromised.  

    2.    Select the desired number of cells and decant into a sterile 
container.  

    3.    Centrifuge at 250 ×  g . The length of centrifugation will depend 
on the volume of  fl uid, for small volumes (up to 100 ml) 
10 min is suf fi cient, increase this for larger volumes ( see  
 Note 3 ).  

    4.    Carefully pour off the supernatant taking care not to disturb 
the pellet.  

  2.  Materials

  3.  Methods

  3.1.  Preparation 
of Cells for Flow 
Cytometry ( See   Notes 
1 – 6 )

  3.1.1.  Suspension Cells E.g. 
Cultured or Primary Blood 
Cells



19112 Cell Separations by Flow Cytometry

    5.    Resuspend the pellet in medium at a density of approximately 
10 6  cells/ml.  

    6.    Perform antigen staining ( see  Subheading  3.2 ).      

  For adherent cells, the sample preparation can be more involved. 
In general the usual methods used for sub-culturing of adherent 
cell lines are suf fi cient to produce a suspension of cells for  fl ow 
sorting.

    1.    Remove culture medium by suction using a sterile pipette.  
    2.    Add an appropriate amount of trypsin/versene (for example: 

10 ml per 10-cm dish, 20 ml per 250-ml  fl ask). Wash the  fl uid 
around and discard all but a small volume (5 ml per  fl ask, 2 ml 
per dish).  

    3.    Examine the cell monolayer microscopically at regular and fre-
quent intervals and tap the vessel gently to aid the dispersion 
of cells. Incubate at 37°C if the progress is slow.  

    4.    When the cell sheet is suf fi ciently dispersed, add an appropriate 
amount of growth medium with serum (for example: 10 ml 
per dish, 20 ml per  fl ask) and carefully resuspend the cells in 
the medium. The addition of medium serves to neutralise the 
effect of the enzyme.  

    5.    Perform a viable cell count using PI or Trypan Blue. 
Resuspend the pellet in medium at a density of approxi-
mately 10 6  cells/ml.  

    6.    Centrifuge at 250 ×  g  for 10 min and again resuspend the pellet 
in medium at a density of approximately 10 6  cells/ml.  

    7.    Once cells are in suspension, antigen staining can be performed 
( see  Subheading  3.2 ).      

      1.    Place tissue in a 10-cm 2  sterile tissue culture plate and add 
20 ml of enzyme (trypsin/versene) solution.  

    2.    Leave for 15 min at 37°C checking constantly for the cells to 
release.  

    3.    If cell release is slow, tease gently using sterile forceps/scalpel. 
Repeat this as necessary.  

    4.    Add medium containing 10% v/v FCS to neutralise the enzy-
matic action.  

    5.    Decant cells solution into a sterile 50-ml tube and centrifuge at 
250 ×  g  for 10 min.  

    6.    Discard supernatant, perform a viable cell count and resuspend 
cells at a density of approximately 10 6  cells/ml. Repeat cen-
trifugation step.  

    7.    Finally resuspend at a density of approximately 10 6  cells/ml, 
before antigen staining ( see  Subheading  3.2 ).       

  3.1.2.  Adherent Cell Lines 
or Primary Cultures

  3.1.3.  Solid Tissue
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       1.    Take cells at 10 6 /ml ( see   Note 7 ) and centrifuge at 250 ×  g  for 
10 min. Carefully pour off the supernatant.  

    2.    Add appropriate amount of  fl uorochrome-labelled antibody 
( see   Note 8 ); incubate for 15 min at 37°C ( see   Note 9 ).  

    3.    Add medium to cell density of 10 6 /ml. Spin, discard superna-
tant, and repeat.  

    4.    Resuspend at 10 6 /ml in phenol red-free medium containing a 
low level of serum or protein (no higher than 2% v/v;  see  
 Note 10 ) in a sterile container before  fl ow cytometry.      

      1.    Take cells at 10 6 /ml ( see   Note 7 ) and centrifuge at 250 ×  g  for 
10 min.  

    2.    Add appropriate amount of primary antibody ( see   Note 8 ); 
incubate for 15 min at 37°C ( see   Note 9 ).  

    3.    Add medium to cell density of 10 6 /ml. Centrifuge at 250 ×  g  
for 10 min, discard supernatant, and repeat.  

    4.    Add  fl uorochrome-labelled secondary antibody at a dilution of 
between 1:10 and 1:20 (If the primary antibody is  monoclonal, 
this will generally be a rabbit anti-mouse antibody). Incubate 
for 15 min at 37°C.  

    5.    Add medium to cell density of 10 6 /ml. Spin, discard superna-
tant, and repeat.  

    6.    Resuspend at 10 6 /ml in phenol red-free medium containing a 
low level of serum or protein (no higher than 2%;  see   Note 10 ) in 
a sterile container before  fl ow cytometry. Prepare tubes for cell 
collection ( see   Note 13 ) and pre- fi lter sample if necessary ( see  
 Note 14 ).       

      1.    Sterilise the cytometer by passing 70% v/v ethanol through all 
sheath and sample lines for 60 min. Wash out by replacing etha-
nol in the sheath container with sterile deionised water for 30 min, 
then replace this with sterile sheath  fl uid (PBS;  see   Note 11 ).  

    2.    Wash down all exposed surfaces—sample lines, nozzle holder, 
nozzle, de fl ection plates, tube holders—with 70% v/v 
ethanol.  

    3.    De fi ne cell population within the sample using a combination 
of dead cell dye exclusion, pulse width, and scatter characteris-
tics of the particles in suspension (Figs.  2a, b  and  3a–c ).    

    4.    De fi ne the population to be sorted on the basis of  fl uorescence 
characteristics (Figs.  2c  and  3d ).  

    5.    Decide whether purity, recovery, or count accuracy is the most 
important factor and adjust the mode of sorting accordingly 
(   see   Notes 12  and  20 ). Cells may be sorted into tubes, 384-, 
96-, 24-, or 6-well plates or directly onto slides or any other 
user-de fi ned receptacle.       

  3.2.  Antigen Staining

  3.2.1.  Directly Conjugated 
Antibody

  3.2.2.  Indirect Staining 
of Antigen

  3.3.  Preparation of the 
Flow Cytometer for 
Sterile Sorting
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  Fig. 2.    A single colour sort. Here cells are expressing a Green Fluorescent Protein construct. Single cells are de fi ned on the 
basis of their pulse width ( a ) and scatter characteristics ( b ). The GFP-expressing cells have then been selected ( c ) and 
sorted. Post-sort purity is over 99% ( d ). ( e ) shows an overlay of pre- and post-sorted populations.       

 



0

PE Fluorescence

P
E

-C
y7

 F
lu

or
es

ce
nc

e

0 102 103 104 105

PE Fluorescence

0

102

103

104

105

P
E

-C
y7

 F
lu

or
es

ce
nc

e

0

PE fluorescence

P
E

-C
y7

 F
lu

or
ec

en
ce

PE Fluorescence

P
E

-C
y7

 F
lu

or
es

ce
nc

e

PE Fluorescence

P
E

-C
y7

 F
lu

or
es

ce
nc

e

98% 96%

96% 97%

0
0

50K 100K 150K 200K 250K

Forward Scatter

102

103

104

105

0

102

102

103

103 104 105

104

105

0

102

102 103 104 105 0 102 103 104 105

0 102 103 104 105

103

104

105

0

102

103

104

105

0

102

103

104

105

D
A

P

0 50K 100K 150K 200K 250K

Forward Scatter

0

50K

100K

150K

200K

250K

P
ul

se
 w

id
th

0 50K 100K 150K 200K 250K
Forward Scatter

0

50K

100K

150K

200K

250K

S
id

e 
S

ca
tte

r

a b c

d

e f

g h

  Fig. 3.    A two-colour four-way sort. Cells have been stained with two  fl uorochrome-labelled antibodies—PE and PE-Cy7. 
The  top three panels  show the gating to exclude dead cells ( a ), doublets ( b ), and debris ( c ). After this, four regions have 
been set to sort populations on the basis of their  fl uorescence expression ( d ). The resultant sorted populations show single 
PE-Cy7 positive cells ( e ), double positive cells ( f ), double negative cells ( g ), and single PE positive cells ( h ). In each case the 
sorted populations have purities above 95%.       
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     1.    Phenol Red in media may interfere with subsequent proce-
dures so it is generally advisable to use media without this when 
harvesting cells and subsequent antibody staining.  

    2.    For some experiments, the use of trypsin may be contraindicated, 
for example, if the antigen under consideration is known to be 
cleaved by enzymatic action. Alternative enzymes may be used 
such as collagenase (0.1% w/v), dispase (0.1% w/v), or commer-
cial preparations such as Accutase (Innovative Cell Technologies, 
San Diego, USA). If the antigen under investigation is sensitive to 
both enzymatic and chelating methods then scraping cells from 
the surface with a sterile cell scraper may be suf fi cient although this 
can lead to an increased number of cell clumps. This should be 
aseptic and only one cell scraper should be used for each vessel.  

    3.    With all samples it is important to avoid cell loss so when spin-
ning it is advisable to avoid braking as this can lead to cell loss. 
Additionally, aspirating supernatants rather than decanting 
may avoid cell loss. This also applies during subsequent anti-
gen staining.  

    4.    All pipettes, tips, and containers should either be purchased 
sterile or should be autoclaved.  

    5.    Always wear gloves when handing potentially mutagenic chem-
icals such as propidium iodide.  

    6.    If the cells still look clumped when examined microscopically, 
it is advisable to pass the cell suspension through a 21-gauge 
needle which will help to disperse these but should have mini-
mal effect on cell viability. Samples may also be  fi ltered through 
a stainless steel or nylon mesh. Various pore sizes are available, 
the most suitable being 30  m m when small cells are being used 
and 70  m m when larger or adherent cells are used.  

    7.    At the end of processing, the cells should be assessed to get an 
accurate cell count. This may be achieved by the use of a 
haemocytometer or by an automated method such as a Vi-Cell 
(Beckman Coulter, Miami, USA) or equivalent. It is also useful 
to check the preparation microscopically to ensure that the 
preparation is free from excessive clumps and/or debris and, if 
un fi xed, that the cell viability is good. Staining for antigenic 
determinants, functional state, or DNA content should be per-
formed once processing is complete. If antibodies are used to 
identify the relevant cell population it is necessary to consider 
if these cause any downstream effects which may affect post-
sorting processing—ideally antibodies should not alter or 
modulate cell function or behaviour.  

  4.     Notes
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    8.    The amount of antibody added will depend on the number of 
cells to be stained and the concentration of antibody in the 
staining solution. This is best determined empirically in posi-
tive control cells by a pilot experiment of test dilutions to 
determine the optimal concentration. Always do these experi-
ments on equivalent numbers of cells and remember to scale 
up the amount of antibody used when doing bulk staining. 
The dilutions required for optimal staining using commercial 
antibodies will vary widely. Also, in general, the dilution for 
 fl ow cytometry is lower than for slide-based immuno fl uorescence 
i.e. a higher antibody concentration is needed. Also it is impor-
tant after washing steps to remove as much  fl uid as possible to 
avoid subsequent dilution of antibodies.  

    9.    The length of time taken for antigen staining can vary—most 
antibody binding is very rapid (seconds), but some low-density, 
low-af fi nity antigens may take longer.    The optimal tempera-
ture for staining is 37°C, unless using lymphocytes or other 
cells where antigen capping may occur in which case 4°C is 
preferable—in these cases the incubation time should be 
increased (doubled).  

    10.    Immediately before  fl ow sorting, cells should be suspended in 
low-serum or low-protein medium. Protein has a tendency to 
coat the sides of the sample lines in the cytometer and this can 
lead to blockages which are best avoided. Collection medium, 
however, should contain serum and antibiotics.  

    11.    Phosphate buffered saline is generally used as a sheath  fl uid 
although any ionised  fl uid will be suitable. Obviously this needs 
to be sterile for sterile sorting; sterility is achieved by washing 
all  fl uid containers and  fl uid lines in the cytometer with alco-
hol, and sterility may also be improved by having a 0.22- m m 
 fi lter in the sheath line.  

    12.    Due to the possibility of coincidence of a wanted and an 
unwanted cell in either the same droplet or consecutive drop-
lets, a decision as to whether these droplets should be sorted 
can be made by the operator depending on the desired purity 
and recovery for the cell fraction. Sorting a “one-drop enve-
lope” will give high purity but will lead to reduced recovery; 
increasing the size of the de fl ection envelope will increase 
recovery at the expense of purity.  

    13.    It is advisable to collect cells into medium, especially if they are 
to be re-cultured after sorting. This medium may also contain 
double-strength antibiotics—cells may be spun out of this 
medium after sorting and re-cultured in standard medium.  

    14.    Cells, especially adherent cells or cells recovered from solid 
tumours, have a tendency to clump which will lead to machine 
blockages. This can be reduced by pre- fi ltering the cells to be 
sorted through a sterile gauze of a pore size appropriate to 
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the cells being used—35  m  for small cells (e.g. blood or bone 
marrow), 70  m  for epithelial or tumour cells. Gauze may be 
sterilised by autoclaving or by washing brie fl y in 70% v/v 
ethanol.  

    15.    Clumping may also be due to high levels of cell death leading 
to nuclear break-up and free DNA. The addition of a small 
amount of DNase (5 KU/ml) to the cell suspension can be 
bene fi cial.  

    16.    Viability of sorted cells is usually good (90%+)—there should 
be no signi fi cant reduction in viability of pre- and post-sorted 
cells. There may be loss of viability if the cells are not kept in 
optimal conditions and this may mean using temperature con-
trol for the duration of the sort.  

    17.    It is important to maintain an optimal pH for the cells being 
sorted. This is particularly important in high-pressure sorters 
as increased pressure can lead to a reduction of pH if the cells 
are not adequately buffered. In these cases addition of 25 mM 
HEPES will help keep the cells in optimal condition.  

    18.    Sterilisation will add to the preparation time of the cytometer 
and it is important to ask whether the sort will be sterile (if cells 
are to be re-cultured) or non-sterile (if cells are required for 
RNA extraction for example).  

    19.    There are a number of practical considerations to be addressed 
before embarking on a sort. How numerous is the population 
of interest? How many cells are required at the end of the sort? 
How long will the sort take? The  fi rst two questions will enable 
the third to be determined. It may be that if a large number of 
cells of a minor population is required,  fl ow sorting may actu-
ally be impractical. In these circumstances it is possible to pre-
enrich for the population of interest by a prior step such as 
MACS-bead separation  (  36,   37  ) .  

    20.    Although the default sorting mode of most sorters is to maxi-
mise purity, this is user-changeable depending on whether high 
recovery and yield is needed at the expense of purity (for exam-
ple when a small precious population needs to be recovered) or 
where high count accuracy is needed (for example in cloning 
experiments).  

    21.    At the end of the sort a small aliquot of sorted cells should be 
re-analysed to determine the sort purity. Figs.  2  and  3  show 
examples of sorts based on triple- and single-colour staining.  

    22.    Cell sorting and the operation of cell sorters is not a trivial task, 
and a trained and experienced operator is needed who is able 
to advise on the practicalities of any sort. Many institutions 
have set up speci fi c core facilities for cytometry and other dis-
ciplines which have speci fi c advantages in centralising both 
hardware and expertise.          
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    Chapter 13   

 Detection of Putative Cancer Stem Cells of the Side 
Population Phenotype in Human Tumor Cell Cultures       

      Matthias   Christgen      ,    Matthias   Ballmaier   ,    Ulrich   Lehmann   , 
and    Hans   Kreipe     

  Abstract 

 Human solid tumors and clonal tumor cell lines comprise phenotypically and functionally diverse subsets 
of cancer cells and also contain stem cell-like cancer cells. Side population (SP) cells, which pump out the 
 fl uorescent dye Hoechst 33342 (H33342) via the ABCG2 transporter, de fi ne a fraction of adult tissue 
stem cells in a wide variety of organs. Rare cancer cells with similar H33342 ef fl ux capacity and delimited 
expression of  ABCG2  are present in various types of human tumors, such as breast cancer, lung cancer, and 
hepatocellular carcinoma. These cancer SP cells display several properties attributable to stem cell-like 
cancer cells and have been implicated in tumor growth, progression, and metastasis. Here we provide a 
detailed protocol for the detection of putative cancer stem cells of the SP phenotype in human adherent 
breast cancer cell cultures.  

  Key words:   Tumor stem cells ,  SP cells ,  Breast cancer ,  Cell culture ,  Tumor growth ,  Metastasis , 
 Flow cytometry ,  Hoechst 33342    

 

 Human solid tumors and clonal tumor cell lines comprise pheno-
typically and functionally diverse subsets of cancer cells and also 
contain stem cell-like cancer cells  (  1,   2  ) . Analogous to adult tissue 
stem cells, which maintain tissue homeostasis in various organs 
with high cell turnover, a subset of rare stem cell-like cancer cells 
plays a pivotal role for the maintenance of neoplastic growth in 
cancer  (  3–  8  ) . Aberrant differentiation of cancer stem cell-derived 
descendant cells rather than genetic instability accounts for the 
broad phenotypic heterogeneity among tumor cells of clonal 

  1.   Introduction
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origin  (  1  ) . Stem cell-like cancer cells have also been implicated in 
chemoresistance, tumor dormancy, and metastasis  (  9,   10  ) . Hence, 
stem cell-like cancer cells represent a promising target for novel 
prognostic and therapeutic approaches in cancer medicine. 
Consequently, fractionation of clonal tumor cell populations into 
phenotypically and functionally diverse subsets, dissection of their 
interrelationships, and assessment of cancer stem cell properties, 
such as enhanced clonogenic growth in vitro, increased tumorige-
nicity in vivo, differentiation capacity, and asymmetric cell division, 
have become central issues in cancer research. Given the notorious 
dif fi culties associated with the fractionation of human primary 
tumor tissue into viable cell subsets  (  11  ) , the identi fi cation of 
robust cancer stem cell pattern in human cancer cell lines has tapped 
an important alternative source for the systematic investigation of 
stem cell-like cancer cells  (  12–  18  ) . Several cell separation tech-
niques have empirically been demonstrated to enrich stem cell-like 
cancer cells. These include the isolation of E-fraction cells by Percoll 
gradient centrifugation  (  19  ) , the manual picking of holoclones 
from monolayer cancer cell cultures  (  13  ) , and the  fl ow cytometric 
isolation of tumor cells exhibiting the CD44 + /CD24 −/low  pheno-
type  (  4,   15  ) . Based on the assumption that adult tissue stem cells 
and stem cell-like cancer cells might represent biologically related 
cell types with similar properties, several additional techniques, 
which were originally developed for the isolation of adult tissue 
stem cells, have successfully been adopted for the puri fi cation of 
stem cell-like cancer cells. This applies to the selective propagation 
of stem cell-like cancer cells as nonadherent tumor spheres  (  16, 
  17  ) , the puri fi cation of tumor cells expressing the neuronal stem 
cell marker CD133  (  5,   20–  22  ) , the isolation of cancer cells with 
high ALDH1 enzymatic activity  (  23,   24  ) , and the puri fi cation of 
side population (SP) cells  (  12,   25–  30  ) , which is the subject of this 
chapter. The  fl ow cytometric detection and isolation of SP cells 
takes advantage of their ability to actively pump out the  fl uorescent 
dye Hoechst 33342 (H33342) through the ATP-binding cassette 
(ABC) transporter ABCG2, which is a conserved feature of stem 
cells from a wide variety of sources  (  31,   32  ) . However, as the 
expression of  ABCG2  has also been detected in some differentiated 
cell types, such as endothelial cells  (  33  ) , the SP cell phenotype 
should be interpreted with caution. H33342 is a DNA-binding dye 
that is excited by UV wavelengths and exhibits an emission maxi-
mum at 450 nm (blue) (Fig.  1a ). Importantly, H33342 also emits 
red light, although much dimmer than at the emission peak wave-
length. Depending on the chromatin structure of the DNA that 
H33342 binds to, a slight red-shift of the emission spectrum occurs 
 (  34  ) . H33342 labeling and detection are performed on viable cells 
(Fig.  1b ). Simultaneous display of H33342-labeled cells at blue 
and red emission wavelengths (dual wavelength  fl uorescence 
analysis) reveals distinct cell populations, which are determined 
by their speci fi c DNA content, chromatin structure, and H33342 
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ef fl ux capacity (Fig.  1c )  (  34  ) . Major populations regularly resolved 
by H33342 dual wavelength  fl uorescence analysis correspond to 
cells in the G 0 /G 1 -, S-, and G 2 /M-phase of the cell cycle, which 
together compose the non-SP (NSP) cells, and the SP (Fig.  1c ). 
Dead cells are excluded from the analysis. This is achieved by an 
additional propidium iodide (PI) staining of the H33342-labeled 
cell preparation, which allows the discrimination of dead cells by 
means of their extremely bright red PI  fl uorescence. Cells with an 
intrinsic capacity to actively ef fl ux H33342 form a distinctly shaped 
tail of dimly stained cells, termed the side population (Fig.  1c ). 
Inhibition of H33342 ef fl ux by the broad range ABC transporter 
inhibitor verapamil or the ABCG2-speci fi c inhibitor fumitremorgin 
c (FTC) results in a diminished appearance of SP cells (Fig.  1c, f  ) 

  Fig. 1.    Principle and work  fl ow of the detection of putative cancer stem cells of the SP phenotype in human adherent tumor 
cell cultures. Data presented correspond to the CAL-51 human breast cancer cell line. ( a ) Schematic presentation of the 
general  fl uorescent dye properties of H33342. The H33342 dye is excited by UV wavelengths (350–356 nm multiline UV 
laser). Blue (450BP20) and red (675LP)  fl uorescence are collected. Depending on the chromatin structure of the DNA that 
H33342 binds to, a slight red-shift in the emission spectrum occurs (allegorized by a  light red  and a  dark red line )  (  34  ) . 
( b ) Monolayer cancer cell culture. ( c ) H33342 dual wave length  fl uorescence analysis using verapamil and FTC for SP 
inhibition. Percentages of SP cells are given in the  upper left  corner of the plots. ( d ) Reanalysis of freshly sorted cancer SP 
and NSP cells. ( e ) SP veri fi cation by RT-PCR-based demonstration of a restriction of  ABCG2  mRNA expression to cancer SP 
cells.  US  unsorted cancer cells;  NSP  non-SP cancer cells. Ampli fi cation of  ß-GUS  serves as a control for the integrity of 
the cDNA preparations. ( f ) Repeated assessments of SP percentages in the same cancer cell culture by dual wavelength 
 fl uorescence analysis with verapamil and FTC. Each  dot  corresponds to an independent experiment.       
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 (  30,   32,   35  ) . This serves as a provisional veri fi cation that the 
H33342 dimness of these cells is indeed due to active ef fl ux and is 
not due to improper or inhomogeneous H33342 staining (see 
Note 1). In addition, RT-PCR-based veri fi cation of  ABCG2  mRNA 
restriction to the H33342 dim cell population is required as a 
de fi nite proof of the genuine nature of the SP detected by dual 
wavelength  fl uorescence analysis (Fig.  1d ,  e )  (  30,   31  ) . Originally, 
SP cells were discovered as a rare population of Sca-1 +  hematopoi-
etic stem cells in murine bone marrow  (  31,   35  ) . Human bone 
marrow SP cells represent a fraction of CD34 −  hematopoietic stem 
cells  (  36  ) . Interestingly, adult tissue stem cells from a wide variety 
of organs, such as the skeletal muscle, the liver, and the mammary 
gland, also display the SP cell phenotype  (  34,   37–  40  ) . These 
 fi ndings gained the notion that the SP cell phenotype is a universal 
stem cell feature  (  34  ) . With respect to human solid tumors, 
Scharenberg and colleagues  fi rst demonstrated the presence of 
intrinsic SP cells among A549 non-small cell lung cancer cells  (  32  ) . 
At the same time, Kim and colleagues reported that the MCF-7 
breast cancer cell line harbors a very small fraction of intrinsic SP 
cells  (  41  ) . However, Kondo and colleagues were the  fi rst to dem-
onstrate that SP cells identi fi ed in the rat glioma cell line C6 repre-
sent a population of highly tumorigenic, undifferentiated cancer 
cells, which generate NSP cells as heterologous descendant cells 
with disparate differentiation attributes  (  12  ) . Hence, cancer SP 
cells were de fi ned as a population of cancer stem cells  (  12,   42  ) . 
Although this understanding of cancer SP cells has partly been 
challenged  (  43–  45  ) , there are numerous con fi rmatory studies that 
support a cancer stem cell function of cancer SP cells  (  25–  29, 
  46–  55  ) . Interestingly, human cancer cell lines void of SP cells, such 
as the Hep-G2 cell line, appear to be extraordinarily rare  (  25–  29, 
  46–  55  ) . Consistently, SP cells have been detected in most cases of 
a yet limited number of primary tumor cell preparations analyzed 
for SP cells  (  25,   28,   48  ) . In summary, cancer SP cells are a con-
served phenomenon in human solid tumors and tumor cell lines 
and warrant further investigation regarding their stem cell-like 
features and their contribution to tumor growth, progression, and 
metastasis. Here we provide a detailed protocol for the detection 
and isolation of putative cancer stem cells of the SP phenotype in 
human adherent breast cancer cell cultures.   

 

      1.    Dulbecco’s modi fi ed Eagle’s medium (DMEM, Invitrogen/
Gibco, Karlsruhe, Germany) supplemented with 5% fetal calf 
serum (FCS, Invitrogen/Gibco).  

    2.    Phosphate-buffered saline (PBS, Invitrogen/Gibco).  

  2.   Materials

  2.1.  SP Detection 
by H33342 Dual 
Wavelength 
Fluorescence Analysis
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    3.    PBS supplemented with 0.5% (w/v) bovine serum albumin 
(BSA, Sigma, Deisenhofen, Germany) and 2 mM EDTA 
(Invitrogen/Gibco).  

    4.    0.5 mg/ml trypsin/0.22 mg/ml EDTA (PAA, Pasching, 
Austria).  

    5.    H33342 (Sigma) dissolved in autoclaved double-distilled (dd) 
water at a concentration of 1 mg/ml, stored in aliquots at 4°C 
in the dark. This is a 200× concentrated stock solution. The 
standard  fi nal H33342 concentration during H33342 labeling 
is 5  m g/ml.  

    6.    Verapamil (Sigma) dissolved in autoclaved dd water at a con-
centration of 10 mM, stored in aliquots at 4°C. This is a 200× 
concentrated stock solution. The standard  fi nal verapamil con-
centration during H33342 labeling for SP inhibition studies is 
50  m M.  

    7.    FTC (Calbiochem, Darmstadt, Germany) dissolved in ethanol 
at a concentration of 1 mM. This is a 100× concentrated stock 
solution. The standard  fi nal FTC concentration during H33342 
labeling for SP inhibition studies is 10  m M.  

    8.    Propidium iodide (Sigma) dissolved in autoclaved dd water at 
a concentration of 5 mg/ml. This is a 100× stock solution. 
The  fi nal concentration during dual wavelength  fl uorescence 
analysis is 50  m g/ml.  

    9.    75-cm 2  adherent tissue culture  fl asks (Fisher Scienti fi c, 
Schwerte, Germany).  

    10.    75 × 12 mm  fl ow cytometry tubes with a 35- m m cell strainer in 
the cap (BD Bioscience, Erembodegem, Belgium).  

    11.    Flow cytometer equipped with a UV laser for excitation of 
H33342. Near UV solid-state lasers (370 nm) have also been 
successfully used by some groups for the detection of SP cells. 
A 450/20-nm band pass  fi lter is used in front of the detector 
for H33342 blue  fl uorescence and a 675-nm long pass  fi lter 
for the detection of H33342 red  fl uorescence. A 610-nm short 
pass dichroic mirror separates the two emission wave lengths. 
In our studies, we use the multiline UV (350–365 nm) of a 
Coherent Innova 90C krypton laser mounted on a MoFlo cell 
sorter (Cytomation, Fort Collins, USA) (see Note 2).      

       1.    Trizol reagent (Invitrogen).  
    2.    Chloroform.  
    3.    Isopropanol.  
    4.    Diethyl pyrocarbonate-treated water (DEPC water, Ambion, 

Austin, Texas, USA).  
    5.    3 M Na acetate pH 5.2.  

  2.2.  SP Veri fi cation 
by RT-PCR-Based 
 ABCG2  mRNA 
Expression Analysis

  2.2.1.   RNA Extraction
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    6.    70% and 100% ethanol.  
    7.    Glycogen, 20  m g/ m l (Roche, Mannheim, Germany).      

      1.    10× concentrated universal PCR reaction buffer without 
MgCl 2  (Invitrogen).  

    2.    25 nM MgCl 2  (Invitrogen).  
    3.    10 mM dATP, dGTP, dCTP, and dTTP (Fermentas, Leon-Rot, 

Germany).  
    4.    25  m M ROX reference dye (Invitrogen).  
    5.    12.5× concentrated Sybr Green I dye (Invitrogen).  
    6.    Desalted oligonucleotide primers, 10 pmol/ m l each, as indi-

cated under Subheading  3.2.2 .  
    7.    Platinum Taq DNA polymerase (Invitrogen).  
    8.    PCR thermal cycler.  
    9.    PCR product gel loading dye (Fermentas).  
    10.    Equipment and reagents for polyacrylamide (PAA) gel 

electrophoresis:
   30% PAA.   –
  1× TBE buffer (90 mM Tris-borate, pH 8.0/2 mM EDTA).   –
  10% (w/v) ammonium persulfate (APS).   –
  Tetramethyethylenediamine (TEMED).            –

 

      1.    Seed cells at low density into 75-cm 2  adherent tissue culture 
 fl asks (see Notes 1 and 3). For each tumor cell type, three tis-
sue culture  fl asks are required ( fl ask “A” for H33342 labeling, 
 fl ask “B” for H33342 labeling in the presence of verapamil, 
and  fl ask “C” for H33342 labeling in the presence of FTC) 
(see Note 4).  

    2.    Prewarm 25 ml DMEM/5% FCS medium, 130 ml PBS, and 
25 ml trypsin/EDTA in a 37°C water bath. Store another 
aliquot of 160 ml PBS and an aliquot of 2 ml PBS/0.5% 
BSA/2 mM EDTA on ice.  

    3.    Prepare  fi ve individual 15 ml tubes according to the scheme 
presented in Table  1  using the H33342, verapamil, and FTC 
stock solutions and the prewarmed DMEM/5% FCS medium. 
Place these tubes in a 37°C water bath.   

    4.    Remove the growth medium from tissue culture  fl ask “B” and 
rinse cells once with 10 ml prewarmed PBS. Remove the PBS. 
Add 3.5 ml verapamil solution from tube “B1” into tissue 

  2.2.2.  ABCG2 Reverse 
Transcription (RT)-PCR

  3.   Methods

  3.1.  SP Detection 
by H33342 Dual 
Wavelength 
Fluorescence Analysis



20713 Detection of Putative Cancer Stem Cells of the Side Population Phenotype…

culture  fl ask “B.” Carefully tilt the  fl ask several times and pre-
incubate the cells in this 100  m M verapamil solution for 10 min 
at 37°C.  

    5.    Meanwhile, remove the growth medium from tissue culture 
 fl ask “C” and rinse cells once with 10 ml prewarmed PBS. 
Remove the PBS. Add 3.5 ml from tube “C1” into tissue culture 
 fl ask “C.” Carefully tilt the  fl ask several times and pre-incubate 
the cells in this 20  m M FTC solution for 10 min at 37°C.  

    6.    Meanwhile, remove the growth medium from tissue culture 
 fl ask “A” and rinse cells once with 10 ml prewarmed PBS. 
Remove the PBS. Add 7 ml from tube “A1” into tissue culture 
 fl ask “A.” Carefully tilt the  fl ask several times and incubate the 
cells in this 5  m g/ml H33342 solution for 90 min at 37°C.  

    7.    When the preincubation of tissue culture  fl ask “B” is com-
pleted, directly add 3.5 ml H33342 solution from tube “B2” 
into tissue culture  fl ask “B,” which already contains 3.5 ml 
verapamil solution from tube “B1.” Carefully tilt the  fl ask sev-
eral times to mix the H33342 and the verapamil solutions and 
incubate the cells in the resulting 5  m g/ml H33342/50  m M 
verapamil solution for 90 min at 37°C.  

    8.    When the preincubation of tissue culture  fl ask “C” is com-
pleted, directly add 3.5 ml H33342 solution from tube “C2” 
into tissue culture  fl ask “C,” which already contains 3.5 ml 
FTC solution from tube “C1.” Carefully tilt the  fl ask several 
times to mix the H33342 and the FTC solution and incubate 
the cells in the resulting 5  m g/ml H33342/10  m M FTC 
solution for 90 min at 37°C.  

      Table 1 
     Formulation for stock solutions of H33342, verapamil and FTC in DMEM/5% FCS   

 Tube 
number 

 Tube 
label 

 DMEM/5% 
FCS 

 Add stock solutions  Resulting concentration 

 H33342 
stock 
solution 
(1 mg/ml) 

 Verapamil 
stock 
solution 
(10 mM) 

 FTC stock 
solution 
(1 mM)  H33342  Verapamil  FTC 

 1  A1  7.960 ml  40  m l  –  –  5  m g/ml  –  – 

 2  B1  3.960 ml  –  40  m l  –  –  100  m M  – 

 3  B2  3.960 ml  40  m l  –  –  10  m g/ml  –  – 

 4  C1  3.920 ml  –  –  80  m l  –  –  20  m M 

 5  C2  3.960 ml  40  m l  –  –  10  m g/ml  –  – 
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   Table 2 
  Formulation for stock solutions of H33342, verapamil and FTC in trypsin EDTA   

 Tube 
number  Tube label 

 Trypsin/
EDTA 

 Add stock solutions  Resulting concentration 

 H33342 
stock 
solution 
(1 mg/ml) 

 Verapamil 
stock 
solution 
(10 mM) 

 FTC stock 
solution 
(1 mM)  H33342  Verapamil  FTC 

 6  AT  7.960 ml  40  m l  –  –  5  m g/ml  –  – 

 7  BT  7.920 ml  40  m l  40  m l  –  5  m g/ml  50  m M  – 

 8  CT  7.880 ml  40  m l  –  80  m l  5  m g/ml  –  10  m M 

    

    9.    During the 90-min H33342 incubation period, prepare three 
individual 15 ml tubes according to the scheme presented in 
Table  2  using the H33342, verapamil, and FTC stock solu-
tions and the prewarmed trypsin/EDTA. Place these tubes in 
a 37°C water bath.   

    10.    When the 90-min H33342 incubation period of tissue culture 
 fl asks “A”, “B,” and “C” is completed, remove the H33342 
labeling solutions and brie fl y rinse the cells three times with 
10 ml prewarmed PBS.  

    11.    Add 7 ml prewarmed trypsin/EDTA from tube “AT” into cul-
ture  fl ask “A.” Likewise, add 7 ml prewarmed trypsin/EDTA 
from tube “BT” and “CT” into tissue culture  fl asks “B” and 
“C,” respectively. Incubate cells for 7 min at 37°C.  

    12.    Meanwhile, label three individual 50 ml tubes as “A,” “B,” 
and “C” and add 30 ml ice-cold PBS per tube.  

    13.    Directly transfer the trypsin/EDTA-released cells from tissue 
culture  fl ask “A” into the 50-ml tube labeled as “A,” which 
already holds 30 ml ice-cold PBS. Re-suspend the cells by 
pipetting up and down several times with a 5-ml pipette. 
Proceed with tissue culture  fl asks “B” and “C” in the same 
way.  

    14.    Pellet the cells by centrifugation at 4°C. Re-suspend the cells 
in 10 ml ice-cold PBS. Transfer the cells in corresponding 
15 ml tubes labeled as “A,” “B,” and “C”.  

    15.    Pellet the cells by centrifugation at 4°C and wash the cells once 
in 10 ml ice-cold PBS.  

    16.    Pellet the cells by centrifugation at 4°C. Re-suspend the cells 
in 500  m l ice-cold PBS/0.5% BSA/2 mM EDTA. Filter the 
cells through 35- m m cell strainers and transfer the cells in 
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corresponding 75 × 12 mm  fl ow cytometry tubes labeled as 
“A,” “B,” and “C”.  

    17.    Before  fl ow cytometric analysis, add 5  m l propidium iodide 
stock solution to each  fl ow cytometry tube and vortex well. 
Keep tubes chilled during analysis.  

    18.    Analyze 1 × 10 5  cells from tube “A” on a UV or near-UV laser 
equipped  fl ow cytometer using linear ampli fi cation for blue 
and red  fl uorescence signals. Adjust voltages of the photomul-
tiplier tubes so that unstained cells are seen in the lower left 
corner of a bivariate dot plot with the red  fl uorescence signal 
on the abscissa and the blue  fl uorescence signal on the ordi-
nate. PI-stained cells should appear on a vertical line at the 
right end of the plot. Center the main population of H33342-
labeled cells.    Depending on the cell type and the culture con-
ditions you will be able to distinguish a G 0 /G 1  population and 
a cloud of cells of higher  fl uorescence in the upper right corner 
representing S- and G 2 /M cells with a higher DNA content. 
Use pulse width versus heights for discrimination of cell clus-
ters. Gate out clustered cells (high pulse width) and dead cells 
(extremely bright red  fl uorescence). De fi ne the distinctly 
shaped tail of H33342 dim cells, if present, as the SP and as 
region R 1 . Assess SP cell frequency relative to all NSP cells.  

    19.    Verify that the relative SP cell frequency drops signi fi cantly in cells 
from tube “B” (H333342 labeling in the presence of verapamil) 
and in cells from tube “C” (H33342 labeling in the presence of 
FTC) to preclude that the H33342 dim cells represent an artifact 
due to inhomogeneous dye distribution (see Note 5).  

    20.    Sort 1 × 10 5  SP cells and 1 × 10 5  NSP cells into separate 15 ml 
tubes. Pellet the cells and carefully discard the supernatant. 
Next, re-suspend the cells in 100  m l ice-cold PBS and transfer 
them into separate 0.5 ml tubes (see Notes 6 and 7).  

    21.    Pellet the cells and carefully discard the supernatant. Next, add 
100  m l Trizol reagent and re-suspend by pipetting up and 
down several times with a 100- m l pipette tip. Store the Trizol 
samples at −80°C until further processing. Also prepare a 100- m l 
Trizol sample of the leftover unsorted (US) cells.      

       1.    Add 20  m l chloroform to each Trizol sample from  step 21  
under Subheading  3.1  and vortex well. Process each sample as 
outlined below.  

    2.    Incubate at room temperature (RT) for 10 min.  
    3.    Centrifuge for 15 min at 4°C and at 13,000 rpm (~17,900 ×  g ) 

in a table-top microcentrifuge.  
    4.    Transfer the upper, aqueous phase (~50  m l) to a fresh 0.5-ml 

tube.  
    5.    Add 50  m l isopropanol and 1  m l glycogen (20  m g/ m l).  

  3.2.  SP Veri fi cation 
by RT-PCR-Based 
 ABCG2  mRNA 
Expression Analysis

  3.2.1.   RNA Extraction
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    6.    Incubate at RT for 10 min.  
    7.    Centrifuge for 10 min at 4°C and at 13,000 rpm (~17,900 ×  g ) 

in a table-top microcentrifuge.  
    8.    Carefully discard the supernatant without removing the pre-

cipitate pellet from the bottom of the tube (see Note 8).  
    9.    Add 50  m l 70% ethanol and vortex well.  
    10.    Centrifuge for 5 min at 4°C and at 13,000 rpm (~17,900 ×  g ) 

in a table-top microcentrifuge.  
    11.    Carefully discard the supernatant without removing the pre-

cipitate pellet from the tube.  
    12.    Add 9  m l DEPC water, 1  m l 3 M Na acetate pH 5.2, and 25  m l 

ethanol and vortex well.  
    13.    Incubate at −20°C overnight.  
    14.    Centrifuge for 30 min at 4°C and at 13,000 rpm (~17,900 ×  g ) 

in a table-top microcentrifuge.  
    15.    Carefully discard the supernatant without removing the 

 precipitate pellet from the tube.  
    16.    Add 50  m l 70% ethanol and vortex well.  
    17.    Centrifuge for 5 min at 4°C and at 13,000 rpm (~17,900 ×  g ) 

in a table-top microcentrifuge.  
    18.    Carefully discard the supernatant without removing the 

 precipitate pellet from the tube.  
    19.    Allow the precipitate RNA pellet to air-dry.  
    20.    Resolve the precipitate RNA pellet in 7  m l DEPC water.  
    21.    Optional: Measure OD 260  and determine the concentration. 

Howsoever, immediately proceed with  step 1  outlined under 
Subheading  3.2.2 .      

      1.    Perform cDNA synthesis for each RNA sample (SP, NSP and 
US cells) with reagents of choice using the entire RNA yield in 
a  fi nal reaction volume of 20  m l.  

    2.    For each cDNA template, two PCR reactions are carried out. 
These correspond to the  ABCG2  gene (forward, 5 ¢ -CTGAGAT
CCTGAGCCTTTGG-3 ¢ ; reverse, 5 ¢ -AAGCCATTGGTGTTT
CCTTG-3 ¢ ) and the reference gene  ß-GUS  (forward, 5 ¢ -CTC
ATTTGGAATTTTGCCGATT-3 ¢ ; reverse, 5 ¢ -CCGAGTGAA
GATCCCCTTTTTA-3 ¢ ) (see Note 9).  

    3.    The constituents of each PCR reaction of 25  m l total volume are 
as follows: 15.5  m l dd water, 2.5  m l universal PCR reaction buf-
fer, 2.5  m l MgCl 2 , 0.5  m l dNTPs, 0.25  m l ROX reference dye, 
2  m l Sybr Green I dye, 0.6  m l mixed (1:1) forward and reverse 
oligonucleotide primers, 0.15  m l Platinum Taq DNA poly-
merase, and 1  m l cDNA template from  step 1  (see Note 10).  

  3.2.2.  ABCG2 Reverse 
Transcription (RT)-PCR
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    4.    Perform the PCR with an initial polymerase activation (5 min 
at 95°C) followed by 40 two-step PCR cycles comprising 
denaturing (15 s at 95°C), annealing, and extension (1 min at 
60°C).  

    5.    Check PCR products on a 6% PAA-TBE gel. The  ß-GUS , 
which serves as a control for the integrity of the cDNA prepa-
ration, is ampli fi ed as a 81-bp product and  ABCG2  as a 123-bp 
product. If SP detection and SP cell sort were carried out suc-
cessfully, the  ABCG2  product is absent in the NSP cell sample 
and present in the SP cell and US cell sample.  

    6.    Optional: Repeat  steps 2–4  several times as independent PCR 
runs and use Sybr Green I  fl uorescence for real-time detection 
of PCR products. Calculate the relative  ABCG2/ß-GUS  mRNA 
ratio in US, SP, and NSP cells. In comparison to US cells, can-
cer SP cells show a 10- to 30-fold increased  ABCG2 / ß-GUS  
mRNA ratio.        

 

     1.    Cell cohesiveness affects H33342 staining properties of epi-
thelial cancer cells. Cell clustering during H33342 labeling in 
cell suspension may result in an inhomogeneous distribution of 
the  fl uorescent dye among individual cells and may blur the 
dual wavelength  fl uorescence analysis pro fi le or may even imitate 
a disproportionally large SP. Contrary to SP analysis of bone 
marrow, it is therefore advantageous to perform the H33342 
labeling of epithelial cancer cells in subcon fl uent monolayer 
cultures  (  41  ) .  

    2.    Cancer SP cell analyses have been conducted with different 
 fl ow cytometers equipped with slightly different lasers, optical 
systems, and  fi lter setups  (  12,   25–  30,   32,   48,   50,   56  ) . It has 
been suggested that this may explain the slight interlaboratory 
variation of SP cell percentages in some common cancer cell 
lines  (  26  ) . However, interindividual variations in performing 
the H33342 labeling, the source of the used cell lines, and the 
cell culture conditions have an important in fl uence on the 
results and may therefore also account for this phenomenon 
(see below).  

    3.    It has clearly been demonstrated that cell culture density affects 
the SP cell prevalence in cancer cell lines  (  50  ) . It has been sug-
gested that cancer SP cells preferentially prevail at low culture 
density  (  50  ) . Therefore, it is recommended to perform H33342 
labeling on subcon fl uent monolayer cultures under standard-
ized conditions. For excellent staining conditions, seed 0.4 × 10 6  

  4.   Notes
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cells into a 75-cm 2  culture  fl ask and allow the cells to grow for 
1-2 doubling times before H33342 labeling.  

    4.    It is recommended to determine the sensitivity towards vera-
pamil in the cells of interest prior to the SP analyses. Some 
tumor cell cultures are extraordinarily sensitive towards vera-
pamil exposure and thus require the use of FTC for SP inhibi-
tion studies. Other cultures may tolerate exposure to high 
concentrations of verapamil without loss of cell viability  (  30  ) . 
Thus, depending on the cell type, SP inhibition studies are 
conducted with verapamil concentrations ranging from 20 to 
250  m M  (  40,   57  ) .  

    5.    Ultimately, this requires repeated SP analyses in independently 
processed cultures (Fig.  1f ).  

    6.    As the SP cell prevalence is extraordinarily low in most cancer 
cell cultures, this may require an upscaling of the experiment 
size. For instance, to obtain 1 × 10 5  SP cells from a culture with 
an SP prevalence of about 1%, at least ten individual 75-cm 2  
culture  fl asks (each containing 1 × 10 6  cells at the day of 
H33342 labeling) have to be processed as a batch of  fl asks in 
parallel.  

    7.    To assure correct cell separation, it is useful to perform a brief 
 fl ow cytometric reanalysis of a small aliquot of the freshly 
sorted cells (Fig.  1d ).  

    8.    The precipitate pellet may be barely visible or invisible due to 
the small sample size (1 × 10 5  cells).  

    9.    The  ABCG2  RT-PCR oligonucleotide primers indicated 
amplify a 123-bp product that spans over the  ABCG2  start 
codon and the intron 1 (~18.5 kb).  

    10.    This RT-PCR may be carried out as either a qualitative or a 
quantitative RT-PCR. As cancer NSP cells entirely lack  ABCG2  
mRNA, a qualitative RT-PCR is usually suf fi cient and demon-
strates selective  ABCG2  expression in the corresponding SP 
cells fraction  (  26,   30  ) .          
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    Chapter 14   

 Genes Involved in the Metastatic Cascade of Medullary 
Thyroid Tumours       

         Caroline   Schreiber   ,    Kirsten   Vormbrock   , and    Ulrike   Ziebold         

  Abstract 

 The process of how a benign tumour turns invasive and capable to survive in distant organs remains poorly 
understood, despite the evidence that metastasis formation is the primary cause of cancer patient mortality. 
This ignorance is partly due to the lack of appropriate animal models from which to investigate this com-
plex process. The retinoblastoma (Rb) tumour suppressor pathway (pRb/E2F) is mutated in almost all 
human tumours, and a number of laboratories have now established pRb- or E2F-de fi cient mouse models. 
Consistent with the role of mutation in retinoblastoma in cancer biology,  Rb  heterozygous mice are prone 
to develop tumours. Among the ensuing tumours, the medullary thyroid carcinomas (MTCs) have a less-
ened tendency to form secondary cancers and metastases. Intriguingly, if an  E2f3  mutation is introduced 
in this genetic background, more aggressive MTCs develop, which metastasize more frequently. Gene chip 
microarrays, however, provide an unbiased approach for examining the genome-wide expression levels and 
enable identi fi cation of a large set of metastasis-enriched gene sets. The identi fi ed genes may simply repre-
sent putative markers of the disease stage. Alternatively, genes may be identi fi ed that causally determine a 
link to the onset of metastasis. We describe the use of gene chip microarrays for identi fi cation of putative 
markers enriched in metastatic mouse MTCs. The chapter details how the most promising candidates 
are veri fi ed using additional methods, such as quantitative real-time PCR. In this case, co-transfection of the 
E2F-transcription factor using a heterologous reporter gene system is suggestive of E2Fs directly regulating 
putative metastasis markers.  

  Key words:   Retinoblastoma tumour suppressor protein ,  E2F ,  Metastasis ,  Vimentin ,  Microarray , 
 Luciferase assay ,  Quantitative real-time PCR    

 

 The retinoblastoma tumour suppressor protein (pRb) was the  fi rst 
tumour suppressor to be identi fi ed  (  1–  3  ) . The E2F transcription 
factors are the most widely studied interaction partners of pRb. 

  1.   Introduction
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E2F1–3 all bind pRb and are responsible for the control of the cell 
cycle at the G1/S transition  (  4  ) . A combined  Rb  and  E2f3 -
knockout mouse model demonstrated that an absence of E2F3 
results in an alteration to the tumour spectrum developing in 
 Rb +/− mice. Although E2F3 loss was capable of suppressing the 
development of pituitary tumours, its absence also promoted the 
development of medullary thyroid carcinomas (MTCs) yielding 
metastases at an increased frequency  (  5  ) . It is, therefore, tempting 
to speculate that E2F3 may control an important switch to the 
onset of metastasis in MTCs. 

 MTCs that arise from calcitonin-secreting C-cells are a rare but 
a clinically relevant problem. MTCs are known to metastasize 
 frequently and this phenomenon accounts for the low 5-year  survival 
rate of 50%    in human patients. Importantly, for the sporadic MTC 
subtype (which comprises more than 75% of all cases), there is little 
data available as to the underlying genetic defects of these tumours 
 (  6  ) . We exploited a combined  Rb / E2f3 -knockout mouse to identify 
markers of the metastatic cascade in MTCs. Gene chip microarray 
analysis was performed and compared for distinct sets of tumours. 
Among the gene set that was found over-expressed, and enriched in 
the metastatic subgroup, was  vimentin . This intermediate  fi lament 
molecule is known to support migration and has been reported to 
be up-regulated in cells undergoing the epithelial to mesenchymal 
transition, both processes associated with metastasis. A mild up-reg-
ulation of  vimentin  in the metastatic mouse MTCs was veri fi ed using 
quantitative real-time PCR. As the pRB-de fi cient MTCs contain 
deregulated E2Fs, the direct regulation of vimentin by E2Fs seemed 
likely. Deploying a dual-speci fi c  Luciferase  reporter gene assay  (  7  )  
with various  vimentin -reporter constructs, we established that the 
 vimentin  promoter is E2F responsive. This chapter describes a 
gene array-based approach used to determine genes involved in the 
metastatic process and methods by which to verify  fi ndings of such 
array-based work.  

 

      1.    Trizol (Invitrogen, Catalogue number 15596018) is toxic, 
thus always handle under a fume hood.  

    2.    Phenol: Phenol is toxic, so always handle under a fume hood.  
    3.    Chloroform: Chloroform needs to be handled under a fume 

hood.  
    4.    Isopropanol.  
    5.    Ammonium acetate is dissolved in DEPC-treated H 2 O at 3 M, 

and then adjusted to pH 5.5 using acetic acid.  

  2.   Materials

  2.1.   RNA Preparation
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    6.    75% v/v ethanol: Absolute ethanol is diluted with DEPC-treated 
H 2 O (Applichem, Catalogue number A0881).  

    7.    DEPC-treated H 2 O; double-distillate H 2 O supplemented with 
1:10,000 DEPC is stirred at room temperature and autoclaved 
the next day to destroy any remaining RNase    activity. DEPC is 
toxic, so always handle with care under a fume hood.  

    8.    RNeasy kit (Qiagen).  
    9.    T7-(dT) 24primer: GGCCAGTGAATTGTAATACGACTCA

CTATAGGGAGGCGG-(dT24).  
    10.    1×  fi rst-strand buffer; dissolve 5×  fi rst-strand buffer in DEPC-

treated H 2 O.  
    11.    1× second-strand reaction buffer (Invitrogen, Catalogue num-

ber 10812-014).  
    12.    DTT is dissolved in DEPC-treated H 2 O at 1 M and stored at 

−20°C.  
    13.    dNTP mix is dissolved in DEPC-treated H 2 O at 10 mM and 

stored at −20°C.  
    14.    SuperScript II reverse transcriptase (Invitrogen, Catalogue 

number 18064-022).  
    15.     Escherichia coli  DNA ligase (New England Biolabs, Catalogue 

number M0205).  
    16.     Escherichia coli  DNA polymerase I (New England Biolabs, 

Catalogue number M0209).  
    17.     Escherichia coli  RNase H (New England Biolabs, Catalogue 

number M0297).  
    18.    T4 DNA polymerase (New England Biolabs, Catalogue num-

ber M0203).  
    19.    BioArray high yield RNA transcription labeling kit (Enzo 

Diagnostics, Farmingdale, NY).  
    20.    5× Fragmentation buffer: 200 mM Tris acetate, pH 8.1, 

150 mM Mg acetate, 500 mM K acetate.      

      1.    Random primer (5 ¢ -NNN NNN-3 ¢ ).  
    2.    5×  fi rst strand buffer (Invitrogen, Catalogue number supplied 

with Superscript II).  
    3.    RNase Out (Invitrogen, 10777-019).  
    4.    Reverse transcriptase (Invitrogen, supplied with Superscript II).  
    5.    10  μ M primer mix.  
    6.    2× qPCR master-mix (2× SYBR-green, ABgene, Thermo 

Scienti fi c, Surrey, UK).  
    7.    96-well PCR plate.  
    8.    Optical qPCR seal.      

  2.2.  Quantitative 
Real-Time PCR
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      1.    Dulbecco’s modi fi ed Eagle’s medium (DMEM) supplemented 
with 10% v/v foetal bovine serum (FBS) and 1% v/v penicil-
lin/streptomycin (Gibco, Catalogue number 15140-122).  

    2.    Trypsin/EDTA (Gibco, Catalogue number 25200056).      

      1.    TEN: 10 mM Tris–HCl, pH 7.8, 1 mM EDTA, 300 mM NaCl.  
    2.    CaCl 2  is dissolved at 2 M in ddH 2 O and sterilized through a 

0.2- μ M  fi ltration device aliquotted and stored at −20°C.  
    3.    2× sHBS: 280 mM NaCl, 1.5 mM Na 2 HPO 4 , 50 mM HEPES, 

adjust pH to exactly 7.13 with HCl (the exact pH is critical). 
Filter as per  step 2  and store at −20°C.      

      1.    PBS: 140 mM NaCl, 2.6 mM KCl, 4.5 mM Na 2 HPO 4 , 1.4 mM 
KH 2 PO 4 . Adjust to pH 7.4 and autoclave.  

    2.    Lysis buffer: 50 mM HEPES, pH 7.4, 250 mM KCl, 0.1% v/v 
NP-40, 10% v/v glycerol 1 mM DTT, 2 mM PMSF.  

    3.    Sterile cell-scraper.  
    4.     Fire fl y  luciferase injection solution: 25 mM glycyl-glycin; 

15 mM KxPO 4 , prepare by mixing 15 mM KH 2 PO 4  and 
K 2 HPO 4  to pH 8.0; 4 mM EGTA (ROTH, Karlsruhe, 
Catalogue number 3054); 15 mM MgSO 4  1 mM DTT; 1 mM 
ATP, dissolve in ddH 2 O at 100 mM and store at −20°C. 
100  μ M CoEnzymA: Dissolve with ddH 2 O at 10 mM and 
store in aliquots at −20°C. 75 mM luciferin (Applichem, 
Catalogue number A1006): Dissolve with ddH 2 O, aliquot, 
and store at −20°C. Always keep luciferin-containing solutions 
in the dark (cover tubes with foil).  

    5.     Renilla  luciferase injection solution: 1.1 M NaCl; 2.2 mM 
EDTA, adjust to pH 8.0 with NaOH; 220 mM KxPO 4 , mix 
KH 2 PO 4  and K 2 HPO 4  to pH 5.1; 0.44 mg/ml BSA: dissolve 
in ddH 2 O at 50 mg/ml and store at −20°C. 0.008% w/v 
NaN 3 , 1.43  μ M Coelenterazin H (Applichem, Catalogue num-
ber A7508); always keep Coelenterazin H in the dark (foil-
covered tubes).  

    6.    Microtitre plates.       

 

 Searching for differentially expressed genes using gene-chip 
microarray analysis yields vast amounts of data and necessitates vig-
orous testing of the input data. The validity of the initial data set 
will depend heavily on the quality of the input RNA. Since RNases 
are ubiquitous, it is mandatory to use gloves and  fi lter tips during 

  2.3.   Cell Culture

  2.4.  CaPO 4  Transfection

  2.5.  Preparation of Cell 
Lysate and Luciferase 
Assay

  3.   Methods
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all the handling steps. As far as possible, all aqueous solutions 
should be treated with DEPC  fi rst and then autoclaved. It is best 
to keep the samples cold at all times to reduce the activity of RNases 
and it is highly recommended that a person trained in bioinformat-
ics and/or biostatistics is involved with the data analysis. 

 To reduce non-speci fi c effects, we recommend that the cut-off 
for the gene expression is carefully set and that you verify the data 
obtained from such analysis; it is advisable to perform quantitative 
real-time PCR or similar control experiments (refer to Chapter   5    ). 
Ampli fi cation of RNA-speci fi c products necessitates construction 
of primers that span an intron. If this is not possible, treat the RNA 
using DNase; this ensures that ampli fi cation from residual genomic 
DNA is avoided. 

 The results of gene-array analysis alone are insuf fi cient to clar-
ify if the gene of interest is regulated as predicted in silico and 
accordingly some differentially expressed genes should be veri fi ed. 
If feasible, perform additional controls to assess whether your gene 
of interest is a direct target of the process you are looking at. To 
evaluate the transcription factor action, a dual-speci fi c luciferase 
assay may be performed. Here, the promoter of the gene of inter-
est is cloned into a reporter system, such as the promoter-less 
 Fire fl y  luciferase version of pGL3. The activity of this reporter con-
struct can then be examined by the co-transfection of a desired 
transcription factor construct. The ef fi ciency of the transfection 
may be evaluated by the co-transfection of a  Renilla  luciferase 
reporter gene as this contains a constitutively active promoter, 
often the SV40 ( see   Note 1 ). 

      1.    To isolate RNA from a resected tumour, add a minimum of 
1 ml of Trizol reagent per 50–100 mg of tissue and homogenize 
in a 14-ml tube ( see   Note 2 ).  

    2.    Incubate the homogenized sample at room temperature for 5 min 
and prepare a 1-ml aliquot in 2-ml micro-centrifuge tubes.  

    3.    Add 0.2 ml chloroform per 1 ml of Trizol reagent used, vortex 
the samples vigorously for 15 s, and incubate for 2–3 min at 
room temperature.  

    4.    Centrifuge samples at no more than 12,000 ×  g  for 15 min at 
2–8°C.  

    5.    Transfer the aqueous upper phase to a new micro-centrifuge 
tube and add 0.5 ml isopropanol per 1 ml Trizol reagent used.  

    6.    Mix by inversion and incubate for 10 min at room temperature.  
    7.    Centrifuge at no more than 12,000 ×  g  for 15 min at 2–8°C.  
    8.    Remove the supernatant carefully and wash the RNA pellet once 

with 1 ml 75% v/v ethanol per 1 ml of Trizol reagent used.  
    9.    Vortex and centrifuge at no more than 7,500 ×  g  for 5 min at 

2–8°C.  

  3.1.  Preparation 
of Samples for 
Microarray Analysis
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    10.    Remove the supernatant and air-dry the RNA pellet.  
    11.    Re-suspend in 50–100  μ l DEPC-treated H 2 O.  
    12.    Remove the contaminants by following the RNeasy kit accord-

ing to the manufacturer’s instructions.  
    13.    For cDNA synthesis, mix 10  μ g RNA with 100 pmol of 

T7-(dT)24 primer and incubate the samples at 70°C for 10 min 
( see   Note 3 ).  

    14.    Cool the samples on ice, add 1×  fi rst-strand buffer, 10 mM 
DTT, and 2 mM dNTP mix, and incubate at 42°C for 2 min.  

    15.    Add 400 U of SuperScript II reverse transcriptase and incubate 
at 42°C for 1 h.  

    16.    Brie fl y centrifuge the  fi rst-strand reaction mixture to drop all 
the liquid to the bottom of the Eppendorf tube and maintain 
it on ice.  

    17.    Add 1× second-strand reaction buffer, 800  μ M dNTP mix, 
10 U  E. coli  DNA ligase, 40 U  E. coli  DNA polymerase I, and 
2 U  E. coli  RNase H.  

    18.    Top the reaction volume up to 150  μ l with ddH 2 O and incu-
bate for 2 h at 16°C.  

    19.    Add 10 U T4 DNA polymerase and incubate for a further 5 min.  
    20.    Stop the reaction by adding 10  μ l of 0.5 M EDTA.  
    21.    To purify the double-stranded cDNA, use phenol/chloroform 

extraction and precipitate the cDNA with ammonium acetate 
and 100% ethanol.  

    22.    To obtain biotin-labelled cRNA, use the BioArray high yield 
RNA transcription labelling kit ( see   Note 4 ).  

    23.    To remove non-incorporated nucleotides from the cRNA, 
RNeasy columns are used. 15  μ g of the cRNA is fragmented by 
adding fragmentation buffer and incubating at 94°C for 35 min. 
The RNA is now ready for labelling with the appropriate dye 
(normally Cy3/Cy5) and applying to gene expression array. This 
should be performed according to the supplier’s recommenda-
tions. The results shown in Fig.  1a  were obtained with the aid of 
the Genome Array Facility from the Max Delbrück Center who 
performed the hybridization step using the MOE430A Arrays 
(Affymetrix). The in silico analyses were performed in our labora-
tory using Genespring Software ( see   Note 5 ).       

      1.    Isolate the RNA using the same protocol as for the microarray 
sample preparation until the cleaning step. If necessary, include 
a DNase treatment after RNA isolation (see above).  

    2.    To transcribe the RNA into cDNA, use 2–5  μ g RNA, add 
0.5  μ g of random primers, and dilute the sample with DEPC-
H 2 O to a  fi nal volume of 35  μ l.  

  3.2.  Sample 
Preparation 
for Quantitative 
Real-Time PCR
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    3.    Heat the samples at 65°C for 5 min and then quickly cool on ice.  
    4.    Take out 10  μ l; this will act as an “RT-minus” control ( see  

 Note 6 ).  
    5.    To the remaining 25  μ l RNA–random primer mix, add 10  μ l 

5×  fi rst-strand buffer, 2.5  μ l 20 mM DTT, 1.25  μ l RNase Out, 
2.5  μ l 10 mM dNTP mix, and 0.625  μ l reverse transcriptase 
and DEPC-treated H 2 O to a  fi nal volume of 50  μ l.  
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  Fig. 1.    Elevated  vimentin  expression levels were identi fi ed in a mouse MTC model. ( a ) Gene 
tree representation of the comparative mRNA expression levels discriminating non-metastatic 
and metastatic MTCs.  Vimentin  is highlighted by the  arrowhead  since it was classi fi ed as 
up-regulated in the metastatic tumour fraction. ( b ) The expression of  vimentin  in non-meta-
static MTCs ( black dots ) is compared to metastatic MTCs ( grey dots ) using quantitative real-
time PCR. Here,  vimentin  is detected with a reading on average 1.7 in the metastatic MTCs, 
whereas the lower average level of 1.2 was found in the non-metastatic tissues as shown by 
the  black  or  grey bars , respectively. RNA from ten individual MTCs were analyzed.       
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    6.    Incubate the samples at 42°C for 1 h.  
    7.    Dilute the samples with 50  μ l DEPC-H 2 O to result in a total 

volume of 100  μ l.  
    8.    Store the samples (and the control which includes the “RT-minus” 

control tube) at −20°C until ready for real-time PCR.      

      1.    Prepare a Mastermix for the cDNA (cDNA-Mastermix) and also 
for the speci fi c primers (primer-Mastermix). For each sample, 
calculate 0.5  μ l cDNA diluted with 4.5  μ l H 2 O to make 5  μ l 
cDNA-Mastermix. Likewise, calculate 0.5  μ l of 10  μ M primer 
mix diluted with 4.5  μ l H 2 O to yield 5  μ l primer-Mastermix 
( see   Note 7 ).  

    2.    Pipette 5  μ l of the cDNA-Mastermix and 5  μ l of the primer-
Mastermix into each well of the PCR plate.  

    3.    Add 10  μ l 2× qPCR Mastermix into each well.  
    4.    Close the PCR plate with the optical qPCR seal. Be careful to 

close the seal tightly onto the plate; any small holes will lead to 
the evaporation of your sample and a failed reaction.  

    5.    Collect the liquids in the PCR plate by centrifugation with a 
swing at 200 ×  g .  

    6.    Start the PCR according to the manufacturer’s instructions 
( see   Note 8 ).  

    7.    At the end of each run, the PCR machine should be set to 
calculate a melting curve of the products ( see   Note 9 ).  

    8.    Analyze the real-time PCR result according to the delta-delta-
CT method. For this, a reference gene (housekeeping gene) 
should be assayed. Ensure that the cycle threshold is not more 
than 41 cycles.  

    9.    Figure  1b  shows an example for a differential expression of 
 vimentin  in metastatic tumours as compared to non-metastatic 
tumours. The expression levels were normalized to beta-actin 
expression levels. In addition, the expression of one of the non-
metastatic tumours was used as a reference and set to “1”.      

      1.    Always passage only sub-con fl uent dishes of C33A cells using 
trypsin/EDTA. Keep a back-up for future experiments. It is best 
to seed cells intended for the CaPO 4  transfection into 6-well 
dishes approximately 24 h before transfection. Allow the cells to 
achieve about 50% con fl uence on the day of transfection.  

    2.    A day ahead of the transfection, incubate the DNA with 500  μ l 
of TEN and 300  μ l of ethanol. Store overnight at −20°C; this 
step precipitates the DNA in an aseptic manner ( see   Note 10 ).  

    3.    The next day, DNA is pelletted at 2–8°C by centrifugation 
at 16,000 ×  g  for 15 min. Discard the supernatant without 

  3.3.  Quantitative 
Real-Time PCR

  3.4.  CaPO 4  
Transfection for 
Luciferase Assays
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disturbing the pellet containing the DNA. Allow the DNA to 
air-dry.  

    4.    Under aseptic conditions, re-suspend the DNA in 109  μ l 
ddH 2 O and 16  μ l 2 M CaCl 2 .  

    5.    Prepare 125  μ l of 2× HBS in a 12-ml tube. Start the timer, and 
vortex the 12-ml tube while slowly adding the 125  μ l DNA 
solution in a dropwise manner ( see   Note 11 ).  

    6.    Incubate the samples for precisely 30 min at room tempera-
ture. Slowly add the 250  μ l crystals into the culture dishes by 
dripping them onto the cells. The media will need to be 
changed the following morning ( see   Note 12 ).      

      1.    24–48 h after the transfection, the cells can be harvested. 
Remove and discard the media and wash the cells with ice-cold 
PBS. Perform all the subsequent steps on ice.  

    2.    Add 500  μ l of ice-cold PBS to the cells. Use a cell scraper to 
remove the cells from the culture dish. Collect the cells in a 
1.5-ml micro-centrifuge tube and pellet the cells by centrifuga-
tion at 4°C.  

    3.    Discard the supernatant. The cell pellets are re-suspended in a 
10× volume of lysis buffer.  

    4.    Incubate the cells for 20 min on ice. Clear the lysate by 
undertaking a centrifugation step at 16,000 ×  g  for 15 min 
at 4°C.  

    5.    Transfer the cell lysate into new tubes. The pellet may be 
discarded.      

      1.    Pipette 10  μ l of each of the cleared cell lysates into the wells of 
a 96-well microtitre plate, preparing duplicates, and maintain 
on ice.  

    2.    Add 50  μ l of  Fire fl y  luciferase injection solution and 50  μ l of 
 Renilla  luciferase injection solutions into the well, and mea-
sure the light reaction immediately using a Luminometer.  

    3.    The relative activity of the reporter gene product can be 
assessed by  fi rst establishing the activity of the responsive 
reporter and then the promoter of your interest. The estab-
lished values for the  Fire fl y  light reaction are then divided by 
the values for  Renilla  light reaction, and are compared to the 
control values ( see   Note 10 ).  

    4.    An example of the results of a luciferase assay is shown in Fig.  2 . 
The basal activity of a wild-type  vimentin  reporter was mea-
sured, and compared to the activity when speci fi c E2F tran-
scription factors were co-expressed (Fig.  2b ). To validate that 
the altered activity of the  vimentin  reporter is as a result of 

  3.5.  Sample 
Preparation for the 
Luciferase Assay

  3.6.  Dual-Speci fi c 
Luciferase Assay
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direct binding of the co-expressed E2F, a number of putative 
transcription factor-binding sites within the  vimentin  promoter 
were mutated by site-directed mutagenesis (Fig.  2c ).        

 

     1.    To assess the degree by which your reporter is activated by a 
speci fi c transcription factor, it is incumbent upon you to include 
both a positive and a negative control in the assays.  

  4.   Notes

  Fig. 2.    The human  vimentin  promoter responds to E2F activity. ( a ) Schematic representa-
tion of a heterologous luciferase reporter gene. The construct consists of 1.5 kb of the 
human  vimentin  5   region that contains  fi ve putative E2F-binding sites, two previously 
mapped SMAD, an NF κ B-binding site, and the so-called CCAAT-box. ( b ) The  vimentin  pro-
moter responds to E2F transcription factor activity. The VimPro-1500  vimentin  reporter 
construct ( a kind gift from C. Gilles, Université de Liège, Belgium ) was co-transfected with 
speci fi c E2F expression vectors or a control vector. In response to E2F1, E2F3A, and E2F4, 
the  vimentin  reporter ef fi ciently activated luciferase, while the E2F3B was less capable of 
doing so. ( c ) Putative active or repressive E2F sites control  vimentin . Three deletion con-
structs (VimPro-964, -443, and -150 construct) of the  vimentin  reporter were co-trans-
fected with E2F1 leading to gradually lessened reporter gene activity. Loss of four 
E2F-binding sites (but also one SMAD and NF κ B site) in VimPro-80 almost abolished E2F 
responsiveness, suggesting that these are critical “activating” E2F sites. It is likely that two 
more distal E2F sites (or an SMAD site) are critical for repression, since an internal deletion 
construct dl(-400-80) is highly active or “derepressed”. It is twice as sensitive to E2F1 as 
the VimPro-443 construct, which contains two additional E2F sites, which are classi fi ed as 
putative “repressor” sites.       

 



22714 Genes Involved in the Metastatic Cascade of Medullary Thyroid Tumours

    2.    Ensure that the tissue is completely homogenized using a 
tissue disruptor, such as the Ultra-Turrax (IKA, Staufen) or a 
similar device. Thorough homogenization will simplify the fol-
lowing steps. Clean the tissue disruptor thoroughly in between 
the treatment of different samples to avoid RNA carry-over 
from one sample to the next.  

    3.    Depending on how much RNA is available, you may also use 
less RNA per reaction. But remember to use equal amounts of 
RNA in every reaction to prevent bias.  

    4.    We have obtained good results using half of the suggested 
labelling reaction.  

    5.    Many alternative programs that are less costly than Genespring 
are available online. We favour the BRB-ArrayTool from the 
National Cancer Institute, NCI (  http://linus.nci.nih.gov/
BRB-ArrayTools.html    ); it is easy to use and has many advanta-
geous features, for example graphical display modes. 
Differentially expressed transcripts should always be identi fi ed 
using the “signi fi cance analysis of microarrays” (SAM) 
software.  

    6.    You will need a control to determine if and how much genomic 
DNA is left. We call this the “RT-minus” reaction, and this can 
be performed alongside your cDNA of interest. If possible, use 
an intron–exon spanning primer pair at all times. This will 
allow you to differentiate between the PCR products from the 
cDNA and unwanted PCR products derived from genomic 
DNA.  

    7.    To calculate the relative concentration of the gene of interest, 
you require an intrinsic control. The gene-encoding beta-actin 
is commonly used as a control. It is noteworthy that in speci fi c 
cases other reference genes might be preferred. For cell cycle 
analysis, the S14 gene is often used. In contrast to actin, this 
gene remains relatively constant across the cell cycle. Include 
an “RT-minus” control with your intrinsic control primers and 
ensure that this appears at least ten cycles after the correspond-
ing cDNA.  

    8.    Our best primers work under the following parameters: melt-
ing temperature close to 60°C and a product size between 150 
and 250 bp.  

    9.    The melting curves should only display one amplicon. Analyze 
the primers by assessing the reaction product on an agarose gel. 
Verify that only one product at the appropriate size is visible on 
the gel.  

    10.    Typically, ten times the amount of the responsive  Fire fl y  
reporter is used as compared to the constitutive  Renilla  reporter. 
As a starting point, add the same amount of  Fire fl y  reporter as 
the amount for the expression vectors coding for the transcription 

http://linus.nci.nih.gov/BRB-ArrayTools.html
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factor of interest; the precise ratio should, however, be estab-
lished empirically. Be sure to include a number of controls, 
both negative and positive. Measuring the extracts of mock-
transfected cells allows you to establish the background of 
reading on the Luminometer; this value may be subtracted 
from other measurements. Also, include combinations, where 
cells are transfected with a promoter-less reporter, various 
amounts of expression construct for the transcription factor of 
interest, and a known activator of your reporter.  

    11.    Try to add the solution as slowly as possible, and aim to end up 
with really small crystals. The precipitation of the crystals may 
be assessed using the light microscope. Check the width of the 
12-ml tubes beforehand to ensure that the pipettes  fi t into the 
tubes.  

    12.    Strictly adhere to the time the crystals should be prepared. Aim 
to make and add them to the cells in precisely 30 min. Make 
duplicates or triplicates of every transfection.          
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    Chapter 15   

 High-Resolution Quantitative Methylation Analysis 
of MicroRNA Genes Using Pyrosequencing™       

         Ulrich   Lehmann      ,    Cord   Albat   , and    Hans   Kreipe      

  Abstract 

 MicroRNA (miRNA) genes have been shown to perform a crucial role in breast cancer metastasis. The 
epigenetic inactivation of such microRNA genes, as a result of aberrant DNA methylation, is frequently 
found in human tumours including those of the breast, and this is an area of considerable research 
activity. 

 Pyrosequencing™ is a new quantitative method for the assessment of DNA methylation, with single 
CpG site resolution. Pyrosequencing™ can easily be performed in a 96-well-plate format with a cost-
effective medium-sized throughput. 

 This chapter provides a general outline of DNA methylation analysis, a detailed protocol of the 
Pyrosequencing™ procedure, and guidelines for the design of new assays. The strengths and limitations of 
this approach are discussed throughout the chapter.  

  Key words:   Pyrosequencing™ ,  Methylation ,  Analysis ,  CpG ,  Epigenetic ,  MicroRNA    

 

 MicroRNAs (miRNAs) are a newly discovered class of very small, 
non-coding RNAs involved in the regulation of gene expression by 
inducing mRNA degradation or interfering with mRNA transla-
tion  (  1  ) . miRNAs are typically 19–25 nucleotides in length and are 
synthesized via several intermediates and by cleavage of much lon-
ger precursor transcripts  (  2  ) . Our current knowledge of the contri-
bution of this class of regulatory transcripts in human development, 
physiology, and disease is still rapidly accumulating  (  3,   4  ) . 

 Several studies have found mis-expression of various miRNAs in 
a diverse range of human tumours ( (  5  )  and references therein). Many 
genes coding for miRNAs are located near genomic  breakpoints  (  6  )  

  1.  Introduction
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and are affected by copy number alterations  (  7  ) . Protein factors 
involved in miRNA biosynthesis are also observed as dysregulated 
in human tumours  (  8,   9  ) . Additionally, microRNA genes can be epi-
genetically deactivated by aberrant DNA methylation in a manner 
similar to that of classical tumour-suppressor genes  (  10,   11  ) . 

 A pivotal role of several miRNAs in the process of metastasis 
has been described ( (  12  )  and references therein). In the case of 
breast cancer, microRNAs  hsa-mir-126  and  335  have been reported 
to suppress the invasive behaviour of breast cancer cells  (  13  ) , 
whereas  hsa-mir-373  and  520c  are reported to promote metastasis 
 (  14  ) . For this reason, the analysis of the DNA methylation 
 patterning in breast cancer specimens is an active area of research 
 (  11,   15,   16  ) . 

 Pyrosequencing™ is a new method for sequencing DNA that 
allows for the exact quanti fi cation of the amount of nucleotide 
incorporated into each position ( see  Fig.  1 ). This process enables 
the quanti fi cation of the allelic ratio should a polymorphic position 
be sequenced. Treatment of genomic DNA using bisulphite  (  17  )  
creates a polymorphic position at every potential methylation site 
(TG in the case of completely unmethylated, CG for completely 

     Fig. 1.    The principle of Pyrosequencing™ (original kindly provided by Qiagen, slightly 
modi fi ed by the authors). To extend the product starting from the sequencing primer, a 
nucleotide is added separately and incorporated into the new DNA strand, thus releasing 
a pyrophosphate molecule. The latter induces an enzymatic cascade creating a light  fl ash 
whose intensity is proportional to the amount of pyrophosphate released. The number of 
incorporated nucleotides can be measured directly using a camera inside the pyrose-
quencer. Before the next nucleotide is added, the enzyme apyrase degrades any remaining 
nucleotides.       
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methylated, and YG, with Y = T or C, for methylation of only a 
portion of the DNA molecules under study;  see  Fig.  2 ). After 
bisulphite pretreatment, Pyrosequencing™ can determine the level 
of DNA methylation present at every CpG site in a given amplicon 
in a very precise manner. The  fi rst time the feasibility of this 
approach for a single CpG site was demonstrated was by Peter 
Nürnberg and colleagues in 2002  (  18  ) . The development of new 
software by Biotage (now Qiagen) allows for analysis of longer sec-
tions of DNA (up to 150 bp) that contain numerous methylation 
sites  (  19  ) . This chapter provides an overview of the “work- fl ow”, a 
detailed protocol for sample preparation and Pyrosequencing™ 
procedures, and guidelines and hints for the development of a new 
Pyrosequencing™ assay. The equipment required to perform 
Pyrosequencing™ analysis includes a special (and quite expensive) 
analyzer, set up exclusively to carry out Pyrosequencing™ reac-
tions. This analyzer may not be available in every laboratory.   

 The exact quanti fi cation of the methylation level present in 
each CpG dinucleotide under study renders this methodology 
clearly superior to most methods currently in use in the  fi eld of 
DNA methylation. The limited reading length, inaccessibility of 
some sequences (due to extremely high GC content), and the 
dif fi culties the assay design sometimes poses ( see  Subheading  3.6  
below) are the limitations of this approach.  

 

      1.    DNeasy Blood and Tissue Kit (Qiagen, catalogue number 
69506) ( see   Note 1 ).  

    2.    Xylol.  
    3.    Ethanol.  
    4.    Tabletop centrifuge, room temperature.  

  2.  Materials

  2.1.  DNA Isolation

  Fig. 2.    Principle of bisulphite treatment. The treatment of genomic DNA with bisulphite 
converts the methylated cytosine (which is not detectable by conventional Sanger 
sequencing) into a different sequence (TG: unmethylated, CG: methylated). This occurs by 
deamination of the unmethylated cytosine into uracil; this is subsequently ampli fi ed as 
thymine. This sequence difference can be identi fi ed qualitatively or quantitatively by a 
variety of methods ( see  ref.  25  for an overview).       
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    5.    Spectrophotometer.  
    6.    Heating block.  
    7.    Refrigerated tabletop centrifuge.  
    8.    Aerosol  fi lter tips ( see   Note 2 ).      

      1.    EZ DNA methylation kit from Zymo Research (HISS 
Diagnostics, catalogue number D5002) ( see   Note 3 ).  

    2.    Refrigerated tabletop centrifuge.  
    3.    Room-temperature tabletop centrifuge.  
    4.    Heating block with dark hood.  
    5.    Aerosol  fi lter tips ( see   Note 2 ).      

      1.    Taq-Polymerase with buffer and MgCl 2  (“Platinum-Taq”, 
Invitrogen, catalogue number 16966-034) ( see   Note 4 ).  

    2.    Primers ( see   Note 5 ).  
    3.    dNTPs.  
    4.    Aerosol  fi lter tips.  
    5.    PCR tubes (Sarstedt, catalogue number 710900) or plates 

(Sarstedt, catalogue number 72.1979.202).  
    6.    PCR machine (for example PersonalCycler from Biometra).      

      1.    Pyrosequencing™ system (PyroMark MD, Qiagen, Hilden, 
Germany).  

    2.    Pyrosequencing™ reagent kit (Qiagen, catalogue number 
972812).  

    3.    Reagent dispensing tips (Qiagen, catalogue number 979102).  
    4.    Capillary dispensing tips (Qiagen, catalogue number 979104).  
    5.    Q-CpG software (Qiagen).  
    6.    Primers for Pyrosequencing™.  
    7.    PCR plates (Sarstedt, catalogue number 72.1979.202).  
    8.    Pyrosequencing™ plates (Qiagen, catalogue number 979001).  
    9.    Streptavidin Sepharose HP beads (GE Healthcare, Uppsala, 

Sweden, catalogue number 1-5113-01).  
    10.    Vacuum workstation (Qiagen, catalogue number 9001529) 

with the appropriate  fi lter tips (Qiagen, catalogue number 
979010) and troughs (Qiagen, catalogue number 979011).  

    11.    Binding buffer: 10 mM Tris–HCl, pH 7.6, 2 M NaCl, 1 mM 
EDTA, 0.1% v/v Tween 20.  

    12.    Denaturation solution: 0.2 N NaOH.  
    13.    Washing buffer: 10 mM Tris acetate, pH 7.6.  

  2.2.  Bisulphite 
Treatment

  2.3.  Pyro-PCR

  2.4.  Pyrosequencing™
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    14.    Annealing buffer: 20 mM Tris acetate, pH 7.6, 2 mM Mg 
acetate.  

    15.    Plate mixer (H+P Labortechnik AG, catalogue number 
50094537).  

    16.    Heating plate or thermoblock for the denaturation step.  
    17.    Thermoplate for sample preparation (Qiagen, catalogue num-

ber 9019071).       

 

  The isolation of DNA from formalin- fi xed, paraf fi n-embedded 
human tissue samples is routinely performed in our laboratory 
using the DNeasy Blood and Tissue Kit from Qiagen following the 
protocol supplied by the manufacturer ( see   Note 1 ).  

  The treatment of genomic DNA with bisulphite is performed using 
the EZ DNA methylation kit from Zymo Research following the 
protocol supplied by the manufacturer ( see   Note 3 ). 

 Usually, 0.5–1  m g genomic DNA is treated with bisulphite. 
Depending on the quality of the DNA (and the ef fi ciency of subse-
quent PCR ampli fi cations), much less DNA can be used. 

 To maximize the yield of the elution, the total volume is split 
into two or more steps with fractions of the desired elution volume 
(for example for 50  m l: 2 × 25  m l).  

  10–20 ng of bisulphite-treated DNA are ampli fi ed in a total vol-
ume of 25  m l using 0.5 unit Platinum-Taq ( see   Note 4 ), 10 pmol 
of each primer, and 200  m M dNTPs. The optimal MgCl 2  concen-
tration and annealing temperature have to be determined empiri-
cally ( see   Note 6 ). After completion of the PCR step, 5  m l of the 
reaction mixture is resolved on a polyacrylamide gel and stained 
with ethidium bromide in order to verify the identity and purity of 
the PCR product.  

      1.    Fill the troughs at the vacuum preparation station. Trough 1: 
70% v/v ethanol; trough 2: 0.2 M NaOH; trough 3: 1× wash-
ing buffer; and trough 4: distilled water. Switch on heating block 
(set to 80°C) and place thermoplate onto the heating block.  

    2.    Dispense into a 96-well plate the following mixture for every 
sample:
   (a)    47  m l binding buffer.  
   (b)    3  m l streptavidin-Sepharose beads (mix well before use).  
   (c)    Up to 20  m l PCR product.  
   (d)    Add HPLC water to a total volume of 80  m l.      

  3.  Methods

  3.1.  DNA Isolation

  3.2.  Bisulphite 
Treatment

  3.3.  Pyro-PCR

  3.4.  Pyrosequencing™
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    3.    Shake the plate for 5 min at room temperature.  
    4.    Meanwhile, prepare the Pyrosequencing™ plate by adding 

11.5  m l annealing buffer for each reaction well and 0.5  m l 
(5 pmol) Pyrosequencing™ primer.  

    5.    The order of samples within the wells of the PCR plate must be 
identical to that of the order in the binding reaction and the 
Pyrosequencing™ plate.  

    6.    Turn on the pump of the vacuum preparation station, close the 
valve to create a vacuum, and wash the tips for 10 s in trough 
4. Next, check the  fi lter tips of the aspiration device by aspirat-
ing water from a separate PCR plate containing 100  m l HPLC 
water in each well. The water should be aspirated from every 
well within a few seconds. If this is not the case, all correspond-
ing tips must be replaced.  

    7.    Aspirate the Sepharose beads from the sample plate for at least 
10 s and carefully remove the aspiration device. Take care not 
to lose any Sepharose beads!  

    8.    Immerse the aspiration device for 5 s in trough 1, and then 
place the device in troughs 2 and 3 for 10 s each ( see  above; 
 step 1 ).  

    9.    Hold the aspiration device above the Pyrosequencing™ plate, 
turn off the vacuum, and check that the air pressure has reached 
a normal level taking care to ensure that the display has reached 
zero! Immerse the tips in the annealing mix afterwards. Shake 
gently for 15–30 s to release the beads into the wells. Make 
sure that all beads are shaken off by holding the plate against a 
light source. If the aspiration device is lowered too fast, the 
annealing mixture might be drawn off.  

    10.    Place the Pyrosequencing™ plate on top of the heating block 
(80°C), cover with the thermoplate, and incubate for 2 min. 
Allow to cool for 5–10 min.  

    11.    In the meantime, start the Q-CpG software system selecting 
the appropriate assay set-up  fi le. Register all samples in the 
96-well plate in the preset worksheet. When selecting “Volume 
Information”, the program calculates the required amount of 
enzyme, substrate, and nucleotides (depending on the number 
of samples and the reading length for every individual 
sample).  

    12.    Dispense an appropriate amount of enzyme, substrate, and 
nucleotide into the cartridges. Avoid the ingress of air bubbles, 
as this may cause an obstruction in the  fi ne dispensation nee-
dles or dispensation errors in the pyrogram. Biotage (now 
Qiagen) recommends centrifugation of the nucleotides before 
use for 5 min, at full speed at room temperature, to avoid the 
transfer of any particles into any of the six cartridges.  



23515 High-Resolution Quantitative Methylation Analysis…

    13.    Place the holder with the  fi lled cartridges and the 
Pyrosequencing™ plate into the analyzer, close the reaction 
chamber via the software, close the lid of the analyzer manu-
ally, and start the run via the software ( see   Note 7 ).  

    14.    After  fi nishing the run, prompt and careful cleaning of the car-
tridges is of utmost importance.      

      1.    If the substrate is dispensed at the very beginning, it should 
not generate a signal (or only a peak much smaller than the 
nucleotide signal). A large substrate peak indicates pyrophos-
phate contamination, and should be avoided.  

    2.    Peaks should be sharp and slender, and should reach the base-
line after less than 30 s (halfway before the next dispensation).  

    3.    Single-nucleotide peaks should be very similar for C, G, and T 
and slightly larger for A.  

    4.    The “bisulphite controls” (introduced automatically by the 
software or manually in addition) should be “empty” (i.e. no 
signal greater than background noise after dispensing a cyto-
sine outside the context of a CpG dinucleotide, Fig.  3 ).   

    5.    No additional peaks should appear between the regularly 
spaced nucleotide peaks.  

    6.    The average peak height should be clearly above background, 
at least 25 units above. 50 units above the background is clearly 

  3.5.  Guidelines for 
Pyrogram Evaluation
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  Fig. 3.    An example pyrogram, the primary output of the Q-CpG software. The numbers above the potential methylation sites 
indicate the percent methylation. The “bisulphite controls” ( see  Subheading  3.5 ,  step 4    ) are  boxed . No signal is generated 
by dispensing a cytosine, indicating complete conversion of the original DNA at this position. Longer sequences (up to 
150 bp) can be analyzed, but then a nearly linear decrease in signal intensity during the Pyrosequencing™ reaction is 
observed due to exhaustion of the enzyme mixture. Depending on the quality of the Pyrosequencing™ primer, a concomi-
tant increase in background signal can sometimes be observed. These two effects determine the readable length of a 
program (signal-to-noise ratio). The example shows methylation analysis of the microRNA gene  has-mir-148a.        
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much better and achievable with the Pyro Mark MD system we 
use. Values differ for the other two systems from Qiagen.  

    7.    The measured peaks should  fi t quite well into the calculated 
histogram.      

  The primers utilized for the ampli fi cation of the sequence to be 
analyzed should not contain potential methylation sites. In addi-
tion, the sequencing primer for the Pyrosequencing™ reaction 
should not contain any potential methylation sites, and should not 
overlap completely with any of the  fl anking PCR primers; this is to 
ensure that speci fi c binding takes place only to the PCR product 
(and not to any side product, which also contains the PCR primer 
sequences at the ends). In our experience, a complete overlap of 
the sequence primer with one of the PCR primers ( see  Fig.  4 ) very 
often increases the background signal. The three primers should 
not contain long homopolymer stretches or, conversely, short 
repeats, as this will reduce speci fi city. Longer complementary 
stretches induce primer dimer formation and should also be 
avoided. In order to minimize secondary structure formation dur-
ing the Pyrosequencing™ reaction, the amplicon size should not 
exceed 200–250 bp. Longer amplicons might be analyzable, but 
the success rate (yield of PCR product and quality of the pyro-
gram) will be clearly reduced.  

 Due to the reduced complexity of bisulphite-treated DNA 
(three instead of four bases, with the exception of methylated CpG 
dinucleotides), the ful fi lment of these requirements often repre-
sents a major challenge. In addition, many sequences of interest 
(classical “CpG islands”) are extremely CpG rich and have a very 
high GC content. This sometimes makes the design of primer 
sequences without a potential methylation site, i.e. no CpG dinu-
cleotide, and a GC content not exceeding 60% impossible because 
the amplicon size should not exceed a certain length ( see  below) 
and the annealing temperature should not exceed 65°C. 

  3.6.  Assay Design

~200-250bp

A
1

2
3

A, B: flanking primers

: CpG site

1,2,3: pyrosequencing primers

B

  Fig. 4.    Schematic view of primer location. A and B    are the  fl anking primers, neither of which contains potential methylation 
sites in its recognition sequence. Methylation sites are symbolized by a rhombus. The numbers 1, 2, and 3 show the 
Pyrosequencing™ primers. Primer 1 completely overlaps with primer A. This should be avoided (see text for details).       
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 In order to ensure the speci fi city of the ampli fi cation towards 
fully converted DNA, the primer-binding sites should contain sev-
eral cytosine residues which have been converted to thymine dur-
ing the bisulphite treatment. If it is not possible to avoid a potential 
methylation site in the primer-binding sites (as a C/T in the for-
ward primer or a G/A in the reverse primer), this should be placed 
towards the 5 ¢  end of the primer. 

 After bisulphite conversion, the two DNA strands will no lon-
ger be complementary. This offers the possibility that one might 
analyze one of the two strands, but it can also lead to confusion 
when trying to localize published primers. In rare cases (for exam-
ple, for the analysis of hemimethylation), both strands have to be 
analyzed.  See  ref.  20  for more details. 

 Several freely available software tools help in the selection of 
primers for the ampli fi cation of bisulphite-treated DNA: 
MethPrimer  (  21  ) , Bisearch  (  22  ) , MethylPrimer Express (Applied 
Biosystems, Darmstadt, Germany), CpGWARE (Chemicon 
International, Billerica, Massachusetts, USA), and PerlPrimer (  23  ) . 
However, in our experience, the manual selection of primers sup-
ported by a conventional primer design program (to calculate  T  Ann  
and GC content and identify potential primer dimers) is equally 
ef fi cient and sometimes even better. We routinely use PrimerExpress 
(Applied Biosystems) or Primer 3 (  http://frodo.wi.mit.edu/    ) for 
this purpose. 

 The following negative controls should be included in order to 
check a new assay for unwanted self-priming reaction components 
that may create strong background signals:

    1.    Inclusion of only the sequencing primer in the Pyrosequencing™ 
reaction  

    2.    Inclusion of only the biotinylated primer in the Pyrosequencing™ 
reaction  

    3.    Inclusion of only the sequencing primer and the biotinylated 
primer in the Pyrosequencing™ reaction  

    4.    Inclusion of only the PCR product       

 

     1.    Numerous DNA isolation kits are commercially available. We 
did not perform a comprehensive comparison of all the avail-
able products but gained positive experiences with the Qiagen 
kit. However, the majority of the other kits would most likely 
yield comparable results. Alternatively, DNA can be isolated 
by conventional Proteinase K digestion, organic extraction, 
and subsequent ethanol extraction. If performed well, this 

  4.  Notes
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 procedure yields high amounts of pure DNA, but requires 
more practical skills and is quite time consuming.  

    2.    Repeated ampli fi cation of the same target sequence from lim-
ited amounts of starting material poses a serious risk of the 
cross-contamination of samples. For this reason, strict guide-
lines concerning the handling of samples before and after 
ampli fi cation and the cleaning of all instruments must be 
enforced and carried out by all personnel involved. We perform 
all pre-ampli fi cation steps in a separate laboratory (“pre-PCR 
area”). Everything used in this laboratory (including lab coats, 
pens, and notepads) are dedicated exclusively to this room and 
are strictly separated from the post-PCR area. Plastic lab-ware 
and benches are cleaned regularly using a 3% v/v hypochlorite 
solution. PCR products are subsequently analyzed in a sepa-
rate laboratory (“post-PCR area”). Under no circumstances 
should ampli fi ed samples or equipment from this working area 
be brought back to the pre-PCR area. Aerosol  fi lter tips are 
also an absolute necessity in the pre-PCR area. Also refer to 
Chapter   5     for further guidance on PCR-based assays.  

    3.    As with DNA isolation, many different kits are available for the 
bisulphite treatment of genomic DNA. Here, we gather the 
most extensive experience using a product from Zymo Research 
(EZ DNA methylation kit); we also carried out a few compari-
sons of other products. In our opinion, this one works best, 
but other kits may work comparably well.  

    4.    In our experience, a hot-start enzyme is absolutely essential for 
speci fi c and ef fi cient ampli fi cation of bisulphite-treated DNA. 
We gained extensive positive experiences with “Platinum-Taq” 
from Invitrogen (Carlsbad, California, USA), but other 
enzymes might work as well.  

    5.    Biotinylated primers are more labile than normal primers. 
Repeated thawing and freezing should be avoided by the 
preparation of aliquots containing the stock solution. High 
purity (HPLC grade) is also required since unbound biotin 
competes for binding to the streptavidin-agarose beads and, 
thereby, reduces the ef fi ciency of the puri fi cation step. For 
most assays, we use a universal biotinylated primer and a com-
plementary tag at one of the two PCR primers  (  24  ) . This saves 
quite a lot of money as it avoids the ordering of dozens of 
biotinylated primers, which are sometimes not used up within 
the shelf life of the reagent. Under most circumstances, the 
tag and the universal primer do not interfere with the 
ampli fi cation of the sequence of interest. In only a few cases 
for frequently used assays and if the tag interferes with the 
speci fi city and/or ef fi ciency of the PCR we order assay-speci fi c 
biotinylated primers.  
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    6.    Primer optimization, that is to say, testing different annealing 
temperatures and MgCl 2  concentrations, is strongly recom-
mended. We routinely test three to six different temperatures 
around the calculated optimal  T  Ann  at two different MgCl 2  con-
centrations and select the reaction parameters giving the stron-
gest band and no or only spurious side products.  

    7.    Before each run, perform a dispensation test: Place a 
Pyrosequencing™ plate sealed with a plastic foil inside the reac-
tion chamber and start a dispensation test using the software. 
Six discrete droplets should be clearly visible and each should 
be positioned at the centre of a well. This ensures that the dis-
pensation is working at the beginning of the analysis. The test 
does not, however, prevent occasional obstruction of one or 
several dispensation needles during the Pyrosequencing™ run, 
but it does reduce the risk of a complete failure of the sequenc-
ing run.          
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    Chapter 16   

 RNAi Technology to Block the Expression of Molecules 
Relevant to Metastasis: The Cell Adhesion Molecule 
CEACAM1 as an Instructive Example       

         Daniel   Wicklein         

  Abstract 

 Speci fi c gene silencing using small hairpin RNA (shRNA) constructs offer researchers the possibility to 
study the in fl uence of a single protein in the metastatic process. The role of the cellular adhesion molecule 
CEACAM1 on tumour formation and metastasis is of some interest. The human melanoma cell line 
FemX-1 was transfected with an shRNA construct directed against the CEACAM family. Stable clones 
were obtained and characterized via puromycin selection, single-cell dilution, and subsequent FACS 
analysis. The cell line showed a knock-down of CEACAM1 of more than 85%. This knock-down remained 
stable when examined in an SCID mouse xenograft experiment over 40 days.  

  Key words:   RNAi ,  Speci fi c gene silencing ,  siRNA ,  shRNA ,  Stable knock-down ,  CEACAM1    

 

 A recent approach to gene silencing has been developed based on 
RNA interference (RNAi)  (  1  ) . The system involves the introduc-
tion of double-stranded RNA (dsRNA) into the cells of interest. 
The RNAi sequence is homologous to a part of the target mRNA 
and it is digested in vitro to 21–23-bp small interfering RNA 
(siRNA) fragments which are bound by cellular proteins and form 
RNA-induced silencing complexes (RISCs). The RISCs speci fi cally 
bind to the target transcript and this results in its degradation  (  2,   3  ) . 
For stable knock-down of a target gene, it is essential that the 
speci fi c dsRNA remains present within the cells. To achieve this, 
cells are transfected with vectors enabling constitutive expression 

  1.  Introduction
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of small hairpin RNA (shRNA) containing the dsRNA speci fi c for 
the gene of interest. A method for obtaining cell lines with stable 
knock-down of a target gene is described in this chapter and the 
stable knock-down of mRNA for the cell adhesion molecule 
CEACAM1 in a human melanoma cell line is presented as an 
example.  

 

      1.    FemX-1 is a melanoma line established from a metastatic lymph 
node which has been shown to exhibit elevated expression 
levels of  CEACAM1  in cell culture  (  4,   5  ) .  

    2.    RPMI 1640 medium supplemented with 10% v/v fetal calf 
serum (FCS) and 2 mM  l -glutamine, 100 U/ml penicillin, and 
100  m g/ml streptomycin.  

    3.    Enzyme-free cell dissociation buffer (Invitrogen).  
    4.    Puromycin (Clontech, Saint-Germain-en-Laye, France), 

1 mg/ml in PBS, aliquots frozen at −20°C.      

      1.    LB medium and LB agar prepared according to the manufac-
turer’s instructions.  

    2.    Ampicillin, 100 mg/ml, aliquots frozen at −20°C.  
    3.    Restriction enzymes MluI and XhoI, corresponding buffers 

supplemented with bovine serum albumin (BSA).  
    4.    T4-Ligase, ligation buffer, supplemented with BSA.  
    5.    QIAprep Miniprep Kit (Qiagen, Hilden, Germany) for plas-

mid puri fi cation.  
    6.    65 or 66 bp DNA oligonucleotides.  
    7.    FuGENE transfection reagent (Roche Diagnostics, Mannheim, 

Germany).  
    8.    RNAi-Ready pSIREN-RetroQ Vector (Clontech), pre- 

linearized (BamHI, EcoRI digestion).  
    9.    Sequencing facility.      

      1.    FACS buffer: 1% w/v BSA in PBS with 0.05% v/v NaN 3 .  
    2.    Propidium iodide solution: 50  m g/ml propidium iodide in PBS.  
    3.    Mouse anti-human CEACAM1 monoclonal antibody, phyco-

erythrin-labelled (R&D Systems, Wiesbaden, Germany) and 
corresponding mouse IgG2b-PE isotype control (Miltenyi 
Biotech, Bergisch-Gladbach, Germany).       

  2.  Materials

  2.1.  Cells and Cell 
Culture

  2.2.  Molecular Biology

  2.3.  Cytometry
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 Vectors for shRNA constructs are commercially available. Some 
even have the short hairpin sequences inserted, thereby allowing 
the speci fi c knock-down of a target protein. For our experiment, 
we chose the RNAi-Ready pSIREN-RetroQ Vector system 
(Clontech), as this allows easy insertion of short hairpin sequences 
by using short commercially synthesized oligonucleotides. The 
shRNA is expressed under the control of the RNA polymerase III-
dependent human U6 promotor. This is ideal for short sequences 
since it allows non-viral, as well as retroviral, transfection after pro-
duction of infectious particles using a “packaging” cell line (e.g. 
HEK293 cells). However, we found that all the tumour cell lines 
we have used so far could be transfected without the addition of 
viral particles. The pSIREN-RetroQ Vector contains a puromycin 
resistance sequence, thereby allowing selection of stable tranfec-
tants. It contains a sequence for ampicillin resistance for selection 
of transformed  Escherichia coli  cells (for cloning and later produc-
tion of plasmid DNA). Before starting the experiment, the knock-
down system has to be validated. The knock-down of the mRNA 
for the cell adhesion molecule CEACAM1 in the melanoma cell 
Line FemX-1  (  4,   5  )  and its validation by  fl ow cytometry are pre-
sented here. 

      1.    The mRNA sequence can be obtained from the NCBI/
Genbank (e.g.  Homo sapiens  carcinoembryonic antigen-related 
cell adhesion molecule 1 or biliary glycoprotein, CEACAM1, 
transcript variant 1, mRNA, accession number    NM_001712).  

    2.    The FASTA sequences (or the accession number) can be used 
for selection of potential siRNA sequences with the Clontech 
RNAi Target Sequence Selector using the default settings in 
the  fi rst instance (  http://bioinfo.clontech.com/rnaidesigner/
sirnaSequenceDesignInit.do    ); see Note 1.  

    3.    The siRNA sequences can be veri fi ed and checked for potential 
off-target effects using the Blastn programme at the NCBI site 
(Human genomic + transcript, if planning the knock-down of a 
human gene). Only sequences showing no potential knock-
down (possible off-target effects) apart from for the chosen 
protein—in this case the CEACAM—family targeted with the 
oligonucleotide CTCACAGCCTCACTTCTAA should be 
used in the later stages of the experiment.  

    4.    65 or 66 bp sequences of shRNA oligonucleotides with suit-
able single-strand overhangs and—for later insert 
veri fi cation—an additional restriction site not present in the 
vector are constructed using the Clontech shRNA Sequence 

  3.  Methods

  3.1.  Planning 
the Knock-Down 
Experiment

http://bioinfo.clontech.com/rnaidesigner/sirnaSequenceDesignInit.do
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Designer tool for pSIREN insertion (  http://bioinfo.clontech.
com/rnaidesigner/oligonucleotideDesigner.do    ). In the case 
of the pSIREN-RetroQ vector, the restriction sites are BamHI 
and EcoRI with an additional MluI site (see Note 2).      

  Cloning the shRNA oligonucleotides into the chosen vector can 
usually be undertaken according to the manufacturer’s instructions 
and is described, brie fl y, for the pSIREN-RetroQ vector here.

    1.    Order the oligonucleotides for shRNA expression and resus-
pend in nuclease-free water to a  fi nal concentration of 100  m M.  

    2.    Mix the top and bottom strand at a 1:1 ratio and anneal by 
heating to 95°C for 30 s followed by incubation at 72, 37, and 
25°C for 2 min each. This yields double-stranded oligonucle-
otides (50  m M).  

    3.    Dilute the double-stranded oligonucleotides 1:100 with water 
to obtain a concentration of 0.5  m M. Use 1  m l of each of the 
diluted oligonucleotides for ligation reactions of 15  m l total 
volume. For this, 1  m l T4 DNA ligase, 0.5  m l BSA  solution, and 
2  m l of the BamHI/EcoRI pre-digested pSIREN-RetroQ 
Vector (25 ng/ml) are mixed with the    oligonucleotide. 
Incubate the ligation reactions for 3 h at room temperature. 
Alternatively, 1  m l of an anti-luciferase control oligonucleotide 
or other negative control oligonucleotide may be used  for 
ligation to generate a vector for negative control tranfectants.  

    4.    For the transformation, thaw the chemo-competent  E. coli  
cells (one vial per ligation reaction) on ice, add the whole liga-
tion reaction mixture, and mix carefully by pipetting. Transform 
the bacteria by incubating the tubes for 30 min on ice, fol-
lowed by a 42°C heat shock for 90 s and incubation on ice for 
an additional 10 min.  

    5.    Add 200  m l LB-medium (without antibiotics) to each tube and 
incubate for 30 min at 37°C.  

    6.    Plate the  E. coli  cells on 1 ml LB agar containing 100  m g/ml 
ampicillin (taken from a 1- m l stock solution), and incubate at 
37°C overnight.  

    7.    Pick single colonies, seed in 5 ml LB medium (100  m g/ml 
ampicillin), and incubate overnight at 37°C with vigorous 
shaking.  

    8.    Prepare plasmids from 1 ml of the overnight cultures using, 
for example, the QIAprep Miniprep Kit (Qiagen) according 
to the manufacturer’s instructions. In this system, the elution 
volume of the plasmid is 50  m l (the elution buffer is provided 
in the kit).  

    9.    Perform a restriction enzyme analysis utilizing the additional 
cutting site introduced into the system via the ordered 

  3.2.  Building 
the shRNA Vector 
for Transfection

http://bioinfo.clontech.com/rnaidesigner/oligonucleotideDesigner.do
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 oligonucleotides (there is no cutting site in the original vector) 
and a second enzyme with one cutting site in the original vec-
tor. In the case of the pSIREN-RetroQ vector, the insert can 
be veri fi ed using MluI and XhoI: Only clones with an insert 
will contain the MluI restriction site (a fragment of 1.2 kb is 
cut out), whereas the vector without the insert is simply linear-
ized by XhoI. This can be evaluated using standard agarose gel 
electrophoresis.  

    10.    It is important that the DNA concentration of the clones con-
taining the insert is determined. It is also desirable to sequence 
the oligonucleotides by DNA sequencing. In the case of 
pSIREN-RetroQ, the U6 forward sequencing primer 
5 ¢ -CAGGAAGAGGGCCTAT-3 ¢  can be used.      

      1.    Before the cells can be transfected, the optimal concentration 
of the selection antibiotic (puromycin) has to be determined. 
The optimal seeding densities and concentrations have to be 
determined individually (see Note 3), but for most cell lines 
the following will be adequate: seed cells into two 6-well cell 
culture plates at 2.5 × 10 4  cells per well in 5 ml culture medium 
and, after 1 day, add 2, 1.8, 1.5, 1, 0.8, 0.6, 0.5, 0.4, 0.3, 0.2, 
or 0.1  m g/ml,    respectively. Also include a well without puro-
mycin. Incubate the cells under their standard culture condi-
tions (usually 37°C, in a 5% CO 2  atmosphere) and change the 
medium every 3–4 days for 2 weeks. Evaluate the viability of 
the cells every 1–2 days by viewing under a standard inverted 
light microscope. Use the lowest concentration of antibiotic 
that ensures that all the cells are dead after 2 weeks.  

    2.    Seed 1 × 10 5  to 1.5 × 10 5  cells into 6-well plates 18–24 h before 
transfection using 5 ml of cell culture medium.  

    3.    Add 6  m l Fugene transfection reagent to 94  m l of medium 
(without serum and antibiotics) in 1.5-ml reaction tubes. 
Vortex for 2 s. Add 2  m g of vector containing knock-down 
shRNA oligonucleotide or control oligonucleotide (for exam-
ple, anti-CEACAM or anti-Luciferase oligonucleotides); this 
will be in the region of 10  m l of the plasmid preparation. Vortex 
the tubes again for 2 s and incubate at room temperature for at 
least 15 min (up to 45 min) (see Note 4).  

    4.    After the incubation step, remove the medium from the cells 
and replace with 1 ml medium without serum and antibiotics. 
Add the transfection reaction in a dropwise manner and gently 
swirl the plates. Incubate for at least 6 h, preferably overnight, 
at 37°C in a 5% CO 2  atmosphere.  

    5.    Remove the transfection medium, replace with 5 ml of cell 
culture medium, and incubate for 48 h under standard condi-
tions (see Note 5).      

  3.3.  Transfection
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      1.    Replace the medium with 5 ml selection medium: fresh culture 
medium containing the optimal concentration of selection 
antibiotic, e.g. 1  m g/ml puromycin. Change the medium every 
3–4 days. Non- or weakly transfected cells should detach from 
the surface and die (see Note 6) and these can conveniently 
be removed in the medium. With time and depending on the 
 proliferation rate of the cells, foci of antibiotic-resistant cells 
should appear.  

    2.    Grow the resistant cells to near con fl uence and then split the 
cultures. Great care must be taken to obtain a single-cell sus-
pension at this stage, preferably by the use of an enzyme-free 
dissociation buffer. Use part of the culture to evaluate the 
 success of the knock-down (see below) and another part for a 
limiting dilution experiment (see step 5, below). Also reseed 
the original cultures.  

    3.    If the protein target of the knock-down can be detected either 
on the surface or intracellularly by FACS, perform the FACS 
analysis here (for further details on FACS analysis, refer to the 
Chapter   12    ). For the FACS analysis, pellet the cells in a bench-
top centrifuge, usually for 5 min at about 2,500 ×  g . Typically, 
up to 10 6  cells can be stained in 1.5-ml reaction tubes in 100  m l 
FACS buffer containing 1  m g/ml of the  fl uorescent labelled 
antibody (for example: anti-CEACAM1-PE or mouse 
IgG2b-PE isotype control). Incubate the cells on ice for 
30 min, wash with 1 ml of FACS buffer, pellet the cells, and 
resuspend in 300  m l of FACS buffer. Transfer the cells to tubes 
suitable for use in the  fl ow cytometer and perform the FACS 
analysis. Add 3  m l of the propidium iodide solution directly 
before each measurement. The instrument settings depend on 
the cell line and the  fl ow cytometer used and have to be deter-
mined individually (see Note 7).  

    4.    Compare the control transfection with the knock-down trans-
fection (using the software of the cytometer or, for example, 
the freeware software WinMDI 2.9). Two distinct populations 
of cells should be detected: one population showing  fl uorescence 
similar to the control and another population showing reduced 
 fl uorescence (according to the level of knock-down; Fig.  1 ). If 
an isotype control is included, this can be used to estimate 
whether the knock-down ef fi ciency is adequate. If successful, a 
number of cells should display a  fl uorescence  signal not much 
higher than the isotype control.  

    5.    Perform a limiting dilution experiment to obtain monoclonal cell 
lines from the knock-down cells and the control tranfectants. 
Dilute the cells in selection medium (depending on the cell line—
typically 10 cells/ml, i.e. 1 cell/100  m l) and seed a number of 

  3.4.  Selection of Stable 
Transfectants
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96-well cell culture plates (usually  fi ve to ten 96-well plates will be 
needed); place 100  m l of cell suspension in each well (see Note 8). 
Evaluate the control wells optically by light microscopy to ensure 
that only one cell is present per well and mark all wells that either 
do not have cells or have more than one cell per well.  

    6.    After 1 week, check all the unmarked wells (that contained 
only one single cell in step 5) and mark those wells that now 
contain proliferating cells with another colour marker pen.  

    7.    Grow the cells to near con fl uence, then transfer all clones to 
24-well plates, and grow to near con fl uence again. This step 
should yield enough cells for the evaluation of the knock-down 
clones. Also prepare cells from the original, non-transfected 
cell line as a reference.  

    8.    Prepare a staining solution containing the  fl uorescence labelled 
antibody against the protein of choice (for example, anti-
CEACAM1-PE); typically you will require 50  m l per clone at 
1  m g/ml in FACS buffer.  

    9.    Remove the cells from the plate surface using an enzyme-free 
buffer, reseed part of the cell suspension into new plates, and 
transfer the rest of each clone into 1.5-ml reaction tubes.  

    10.    Pellet the cells in a benchtop centrifuge (usually 5 min at about 
2,500 ×  g ). Resuspend the cells in 50  m l staining solution and 
incubate on ice for 30 min. After the incubation step, wash 
with 500  m l FACS buffer. Centrifuge as above, resuspend the 
cells in 300  m l FACS buffer, and  fi nally transfer to tubes suit-
able for the cytometer. As a control, incubate cells of the 
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     Fig. 1.    FACS analysis of melanoma cell line FemX-1 transfected with pSIREN-RetroQ with 
anti-CEACAM sh-insert, showing the density plot. Cells were stained with an Anti-CEACAM 
monoclonal antibody. FSC-H: Height of forward scatter signal. The lower of the two popu-
lations contains transfected cells with different levels of CEACAM knock-down.       
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original cell line with the staining solution and a second aliquot 
with a suitable isotype control (for example mouse IgG2b-PE, 
1  m g/ml) at the same concentration.  

    11.    Perform FACS analysis of the clones. Include an isotype con-
trol of non-transfected cells as a reference. Shortly before the 
measurement of each clone, add 3  m l of the propidium iodide 
solution. Clones of the control transfection (for example those 
expressing anti-Luc shRNA) should show no reduction in 
 fl uorescence intensity when compared with the non-transfected 
cells.  

    12.    Select clones (usually about  fi ve different clones) with the low-
est  fl uorescence activity as well as some clones from the control 
transfection step. Propagate, and perform another FACS anal-
ysis with an isotype control for every clone.  

    13.    Compare the median  fl uorescence of the antibody used above 
with the isotype control for each clone (for example, the 
 fl uorescence intensity of the anti-CEACAM1-PE is compared 
with the  fl uorescence intensity of the IgG2b-PE isotype 
 control). The clone with the lowest ratio of antibody against 
isotype control is the prime candidate for further experiments 
(Figs.  2  and  3 ).         
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  Fig. 2.    Panel ( a ) FACS analysis of four CEACAM knock-down clones of FemX-1 (1CEACAM 
Clones) and one clone transfected with pSIREN-RetroQ with a control Luciferase sh-insert 
(Luc Control), histogram. Cells were stained with mouse anti-human CEACAM1-PE. 
Isotype: Isotype control mouse IgG2b-PE of Luc Control; FL2-H: Height of signal for 
 fl uorescence channel 2 (PE-Signal). The four clones show various levels of knock-down. 
Panel ( b ) as Panel ( a ), but only clone 1CEACAM 3B4 with the least CEACAM1 expression 
(highest knock-down) is shown. Median  fl uorescence of 1CEACAM 3B4 was 13% of Luc 
Control (note that FL-H is in logarithmic scale).       
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     1.    Other companies offer similar Web sites.  
    2.    If vectors other than pSIREN are used, other antibiotics might 

be required for the selection of transfected cells. Usually, infor-
mation related to the required concentration of antibiotic can 
be obtained from the manufacturers.  

    3.    Optimal seeding densities might differ, especially if particularly 
fast- or slow-growing cell lines are used.  

    4.    If other transfection reagents are used, the protocol might dif-
fer. Refer to the manufacturer’s information sheet. If the cell 
lines do not tolerate serum-free medium even for short peri-
ods, reagents such as Fugene (Roche) allow transfection in the 
presence of serum (for example FCS) containing media. 
However, transfection ef fi ciency is usually higher when serum-
free medium is used.  

    5.    The incubation time of the cells without addition of the selec-
tion antibiotic after transfection depends on the growth rate of 
the cell line under study. Usually, 48 h is suf fi cient, but for 
particularly fast- or slow-growing cell lines this time may have 
to be shortened or lengthened. Depending on the cell line 
used, only a fraction of the seeded single cells will give rise to 
monoclonal colonies. The smaller this fraction, the more 
96-well plates have to be seeded. As some tumour cell lines 
depend on secreted growth factors, medium conditioned by 
the particular cell line might improve the number of colonies 
or even be essential for the growth of the clones.  

  4.  Notes   

  Fig. 3.    Panel ( a ) Immunohistochemistry of primary tumours from FemX-1 melanoma cells subcutaneously injected into 
SCID mice (40 days after injection), stained for human CEACAM1. 10 6  FemX Luc control cells injected. Panel ( b ) 10 6  FemX 
1CEACAM 3B4 cells injected.       
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    6.    If non-adherent cells (suspension cultures) are transfected, 
cells should be centrifuged and reseeded each time the medium 
is changed.  

    7.    If there is no labelled antibody available against the target pro-
tein, then the cells should be washed after incubation with the 
primary antibody and an appropriate secondary antibody with 
 fl uorescent label should be used in the second step. Propidium 
iodide stains only dead or dying cells and, thus, allows exclu-
sion of these cells from the analysis. If the protein target of the 
knock-down is intracellular, the cells should be  fi xed and per-
meabilized. This can be done by incubating the cells with 
FACS buffer mixed 1:1 with PBS, 4% v/v formaldehyde ( fi nal 
concentration of 2% v/v formaldehyde) for 15 min at RT, fol-
lowed by washing and incubation with FACS buffer diluted 
1:1 with PBS and 1% v/v saponin ( fi nal concentration of 0.5% 
v/v saponin) for an additional 15 min at RT. Also use this 0.5% 
v/v saponin buffer for staining with the antibody (and second 
antibody if necessary).  

    8.    “Play safe” and also reseed (and/or store away in liquid nitro-
gen) the original transfection culture as this includes all the 
possible clones. If no clones with suf fi cient knock-down are 
obtained or if the parameters of the limiting dilution are incor-
rect and there are insuf fi cient clones (or none at all) to use to 
grow new colonies, then the experiment can be repeated using 
the original transfectants (Fig.  1 ).           
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    Chapter 17   

 Galectin-3 Binding and Metastasis       

         Pratima   Nangia-Makker   ,    Vitaly   Balan   , and    Avraham   Raz          

  Abstract 

 Galectin-3 is a member of a family of carbohydrate-binding proteins. It is present in the nucleus, the 
 cytoplasm, and also the extracellular matrix (ECM) of many normal and neoplastic cell types. Reports 
show an upregulation of this protein in transformed and metastatic cell lines (Raz and Lotan Cancer 
Metastasis Rev 6: 433–452, 1987; Raz et al. Int J Cancer 46: 871–877, 1990). Moreover, in many human 
carcinomas, an increased expression of galectin-3 correlates with progressive tumor stages (Lotan et al. Int 
J Cancer 56: 474–480, 1994; Bresalier et al. Gastroenterology 115: 287–296, 1998; Nangia-Makker et al. 
Int J Oncol 7: 1079–1087, 1995; Xu et al. Am J Pathol 147: 815–822, 1995). 

    Several lines of analysis have demonstrated that the galectins participate in cell–cell and cell–matrix 
interactions by recognizing and binding complementary glycoconjugates and thereby play a crucial role in 
normal and pathological processes. Elevated expression of the protein is associated with an increased 
capacity for anchorage-independent growth, homotypic aggregation, and tumor cell lung colonization 
(Lotan et al. Cancer Res 45: 4349–4353, 1985; Lotan and Raz J Cell Biochem 37: 107–117, 1988; 
Meromsky et al. Cancer Res 46: 5270–5275, 1986). In this chapter we describe the methods of puri fi cation 
of galectin-3 from transformed  Escherichia coli  and some of the commonly used functional assays for ana-
lyzing galectin-3 binding.  

  Key words:   Galectin-3 ,  Puri fi cation ,  Homotypic aggregation ,  Heterotypic aggregation ,  Anchorage-
independent growth ,  Wound healing    

 

 Human galectin-3 is approximately 30 kDa in size, it is a unique 
chimeric gene product belonging to the family of non-integrin 
 b -galactoside binding lectins, and has conserved amino acid 
sequences in the carbohydrate-binding motif  (  10  ) . Clinical investi-
gations have shown a correlation between expression of galectin-3 
and malignant properties of several types of cancers  (  11  ) , conse-
quently, galectin-3 has been described as a cancer-associated 
protein. 

  1.  Introduction   
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 Galectin-3 has three structural domains. Each domain is 
 associated with at least one speci fi c function: (a) an N-terminal 
domain containing a serine phosphorylation site that is important 
in regulating cellular signaling  (  12  ) ; (b) a collagen- a -like sequence 
cleavable by matrix metalloproteinases  (  13  ) ; and (c) a COOH ter-
minal containing a single carbohydrate recognition domain (CRD) 
and the NWGR anti-death motif  (  14  ) . 

 Galectin-3 is a cytosolic protein, but it can also traverse the intra-
cellular and plasma membranes to translocate into the nucleus, mito-
chondria and to be externalized, and these properties suggest that 
galectin-3 is a shuttling protein with multiple functions  (  15–  17  ) . 
Galectin-3 lacks the classical signal sequence for secretion and does 
not pass through the endoplasmic reticulum/Golgi apparatus path-
ways  (  18  ) ; however, it can be transported into the extracellular milieu 
via a nonclassical pathway  (  19  ) , where it interacts with a myriad of 
partners regulating a number of biological functions  (  11,   20,   21  ) . 
Many of the functions of galectin-3 are dependent on its carbohy-
drate-binding properties and therefore can be inhibited by a speci fi c 
disaccharide inhibitor, lactose. 

 The analysis of the properties of galectin-3 often requires the 
use of recombinant galectin-3. Currently, a few methods are avail-
able for the puri fi cation of galectin-3 based on the af fi nity of 
galectin-3 to its substrate or by using af fi nity tags fused to galec-
tin-3. Glutathione S-transferase (GST) is an af fi nity tag that is 
commonly used for the production of recombinant proteins. The 
method is based on the af fi nity of GST to the glutathione ligand 
coupled to a matrix. The binding of GST-tagged proteins to the 
matrix is reversible, and the fused protein can be eluted under 
mild, non-denaturating conditions by adding reduced glutathione 
to the elution buffer. If desired, cleavage of the protein from GST 
can be achieved using a site-speci fi c protease whose recognition 
sequence is located immediately upstream of N-terminus of 
galectin-3. 

 GST-tagged galectin-3 is constructed by inserting the cDNA 
sequence encoding the full length or a fragment of galectin-3 to 
multiple cloning sites of one of the pGEX vectors or any other vec-
tor expressing GST protein under the regulation of a bacterial or a 
mammalian promoter. In the case of the pGEX vector, the expres-
sion is under control of the  tac  promoter, which is induced by the 
addition of isopropyl  b - D  thiogalactoside (IPTG). All pGEX vec-
tors also contain the  lac I q  gene, which produces a repressor pro-
tein preventing expression until induction by IPTG. Although all 
pGEX vectors have a range of protease cleavage recognition sites 
we use the pGEX-6P vectors that contain a unique cleavage site 
recognized by the PreScission Protease (PP). 

 To analyze the binding of galectin-3 to its receptors the most 
commonly used protocol involves labeling the protein either with 
biotin or by  125 I  (  22,   23  ) . We discuss, here, the biotinylation pro-
tocol because of its relative simplicity and avoidance of radioactive 
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reagents. After binding of biotin-labeled protein to the cell surface 
receptors, the binding ef fi ciency can be measured in terms of color 
development by the use of a substrate–chromogen mixture. 

    Laminin,  fi bronectin, and collagen type IV are ECM proteins 
with af fi nity for galectin-3  (  24  ) . We describe an assay for binding 
of the cell surface proteins to ECM ligands. Since a number of 
surface proteins can bind to a given ligand, this is generally per-
formed as an indirect assay with a number of cell lines varying in 
their galectin-3 expression that are derived from the same origin. 

 It has been presumed that tumor cell surface lectins might play 
a role in cellular interactions in vivo that are important for the for-
mation of emboli and for the arrest of circulating tumor cells  (  25  ) . 
Homotypic aggregation is an assay that re fl ects the formation of 
tumor cell emboli in circulation. This assay is performed using asia-
lofetuin, which is a glycoprotein possessing several branched oligo-
saccharide side chains with terminal nonreducing galactosyl residues. 
It binds to the lectins present on the cell surface of tumor cells and 
induces homotypic aggregation by serving as a cross-linking bridge 
between adjacent cells  (  26  ) . Heterotypic interactions between the 
tumor cells and endothelial cells can be measured in a wound heal-
ing assay and as three-dimensional cocultures on Matrigel™  (  27  ) . 
These assays assist in the analysis of the interactive properties of dif-
ferent variants of galectin-3, thus elucidating the role of the various 
mutations or protein fragments in tumor biology. 

 One in vitro property of tumorigenic cells is their ability to 
grow progressively in semi-solid medium, this is a function of the 
cancer-associated autonomy from growth regulatory mechanisms 
 (  28  ) . Anchorage-independent growth is an assay in which the cells 
are seeded on soft agar and allowed to grow. The cells, which divide 
and form colonies over a period of 10–15 days usually exhibit a 
higher metastatic potential in in vivo studies  (  5  ) .  

 

      1.    Luria-Bertani (LB) broth: 1% w/v tryptone, 0.5% w/v yeast, 
and 1% w/v NaCl.  

    2.    Galectin-3 expressing bacterial clone:  Escherichia coli  trans-
formed with a suitable vector containing cDNA encoding the 
human galectin-3 transcript.  

    3.    Ampicillin: 1% w/v ampicillin. The ampicillin stock should be 
stored at −20°C.  

    4.    Lysis buffer: 150 mM NaCl; 1% w/v NP-40; 0.5% w/v DOC; 
0.1% w/v SDS; 50 mM Tris–HCl, pH 8.0; 0.1% w/v leupep-
tin; and 1 mM PMSF. Leupeptin and PMSF stocks should be 
stored at −20°C and added prior to use.  

  2.  Materials

  2.1.  Puri fi cation 
of Galectin-3 
Using Af fi nity 
Chromatography
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    5.    IPTG: 0.1 M IPTG.  
    6.    Phosphate buffer: 8 mM Na 2 HPO 4 ; 2 mM NaH 2 PO 4 ; 1 mM 

MgSO 4 ; 1 mM PMSF; 0.2% w/v NaN 3 ; and 5 mM DTT. 
PMSF and DTT should be added just prior to use.  

    7.    Elution buffer: phosphate buffer containing 0.3 M lactose.  
    8.    MOPS buffer: 0.5 M; pH 7.5.  
    9.    Asialofetuin column: prepare as shown below and store at 4°C.     

      1.    Dissolve 100 mg fetuin in 40 ml 0.025 N H 2 SO 4 .  
    2.    Incubate the solution at 80°C for 1 h.  
    3.    Dialyze against 40 L of distilled H 2 O to remove the SO 4  ions.  
    4.    Lyophilize overnight and resuspend in 13 ml water.  
    5.    Ensure that the fetuin has been converted into asialofetuin by 

running it on a reducing SDS–polyacrylamide gel (for more 
information on SDS–PAGE and Western blotting refer to the 
chapter by Blancher and McCormick in this volume). Fetuin 
has a molecular mass of approximately 66 kDa, whereas asia-
lofetuin has a lower mass commensurate with the removal of 
the sialic acid residues. Run both the untreated and treated 
protein on the gel to check the reduction in mass associated 
with the removal of the sialic acid residues (see Note 1).      

      1.    Dissolve asialofetuin in 0.5 M MOPS buffer to a concentration 
of 10 mg/ml.  

    2.    Approximately 15 min before the coupling reaction take 5 ml 
of Af fi gel-15 slurry (Bio-Rad, Catalogue no. 153-6051) and 
wash with 15 volumes of cold deionized water.  

    3.    Combine 4 ml of 10 mg/ml cold asialofetuin/buffer solution 
with 4 ml of prepared Af fi gel-15 slurry. Mix at 4°C for 2 h.  

    4.    Centrifuge the slurry, pour off the supernatant, and resuspend in 
deionized water. To block the unreacted sites on the gel matrix 
add 1 M ethanolamine, pH 8.0. Use 0.1 ml of ethanolamine per 
milliliter of gel slurry. Agitate gently at 4°C for 1 h.  

    5.    Pack a column with the slurry, leave overnight in a cold room, and 
wash with 0.1 M MOPS buffer until eluant is free of protein.  

    6.    Equilibrate the column using the 10 mM phosphate buffer 
containing 0.2% w/v sodium azide (see Note 2).      

      1.    2× YT broth: 1.6% w/v tryptone, 1% w/v yeast, and 0.5% w/v 
NaCl.  

    2.    Galectin-3 expressing bacterial clone:  E. coli  transformed with a 
suitable vector containing cDNA encoding the human galectin-3 
transcript.  

    3.    Ampicillin: 1% w/v ampicillin. The ampicillin stock should be 
stored at −20°C.  

  2.1.1.  Preparation 
of Asialofetuin

  2.1.2.  Preparation 
of an Asialofetuin 
Chromatography Column

  2.1.3.  Puri fi cation of 
GST-Tagged Galectin-3



25517 Galectin-3 Binding and Metastasis

    4.    Lysis buffer: 150 mM NaCl; 1% v/v NP-40; 0.5% w/v DOC; 
0.1% w/v SDS; 50 mM Tris–HCl, pH 8.0; 0.1% leupeptin; 
and 1 mM PMSF. Leupeptin and PMSF stocks should be 
stored at −20°C and added prior to use.  

    5.    IPTG: 0.1 M IPTG.  
    6.    Phosphate buffer: 8 mM Na 2 HPO 4 ; 2 mM NaH 2 PO 4 ; 1 mM 

MgSO 4 ; 1 mM PMSF; 0.2% w/v NaN 3 ; and 5 mM DTT. The 
PMSF and DTT should be added just prior to use.  

    7.    Cleavage buffer (CB) 100 ml: 50 mM Tris–HCl, pH 7; 
150 mM NaCl; 1 mM EDTA; and 1 mM DTT.  

    8.    PreScission Protease: For a 1 ml bed volume column, mix 80  m l 
(160 U) of PP with 920  m l of CB.  

    9.    Glutathione Sepharose (GS) 4B beads (GE Healthcare 
Bioscience).       

      1.    EZ-link, Sufo-NHS-Biotinylation Kit (Pierce, IL, USA).  
    2.    Substrate chromogen mixture, this should be prepared imme-

diately before use: dissolve 0.5 mg/ml ABTS (2,2 ¢ -Azino-
thiazoline sulfonic acid) in 0.1 M citrate buffer, pH 4.2; 
containing 0.03% v/v hydrogen peroxide. Alternatively, the 
ABTS substrate kit for horseradish peroxidase (HRP) (Zymed 
Laboratories, Inc., San Francisco, CA, USA) can be used.  

    3.    Lactose: 1 M in ddH 2 O.  
    4.    96-well microtiter plates.  
    5.    ELISA plate reader, with  fi lters enabling readings to be taken 

at 405 nm.      

      1.    96-well microtiter plates.  
    2.    EHS laminin: 100  m g/ml, store at −20°C.  
    3.    Collagen type IV: 100  m g/ml, store at −20°C.  
    4.    Fibronectin: 100  m g/ml, store at −20°C.  
    5.    Phosphate buffered saline (PBS).  
    6.    Bovine serum albumin (BSA): 30% w/v in distilled water, store 

at 4°C.  
    7.    Alamar blue (Biosource International).  
    8.    ELISA plate reader, with  fi lters enabling readings at 405 and 

570 nm.      

      1.    EDTA: 0.02% w/v in CMF-PBS.  
    2.    Asialofetuin: as described in Subheading  2.1 .  
    3.    Formaldehyde.  
    4.    Trypan blue: 0.4% w/v in normal saline.  

  2.2.  Preparation 
of Recombinant 
Galectin-3 for Binding 
to Cell Surface 
Receptors

  2.3.  Preparation 
of Recombinant 
Galectin-3 for Binding 
to Soluble Extracelluar 
Matrix Proteins

  2.4.  Homotypic 
Aggregation
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    5.    Glass tubes coated with Sigmacote (Sigma Chemical Co. USA): 
pour 1 ml Sigmacote in the glass tube; rotate the tube, so that 
the entire area inside the tube is covered with sigmacote. Let it 
dry and wash the excess with distilled water.  

    6.    Orbital shaker.  
    7.    Hemocytometer.      

      1.    Matrigel™.  
    2.    8-Chamber slide.  
    3.    Endothelial cells (HUVEC or any other).  
    4.    Tumor cells (galectin-3 expressing).  
    5.    Trypsin (0.25% w/v).  
    6.    Trypan blue: 0.4% w/v in normal saline.  
    7.    Hemocytometer.  
    8.    Viable stains DiI and DiO (Invitrogen).  
    9.    Tissue culture incubator.      

      1.    Cell Culture inserts (ibidi GmbH, Germany).  
    2.    Endothelial cells.  
    3.    Tumor cells (galectin-3 expressing).  
    4.    Trypsin (0.025% w/v).  
    5.    Hemocytometer.  
    6.    Viable stains DiI and DiO (Invitrogen).  
    7.    Tissue culture incubator.      

      1.    Complete medium: appropriate medium with 10% w/v fetal 
bovine serum (FBS).  

    2.    1% w/v Agar solution: add 1 g of sea-plague agarose to 10 ml 
of distilled H 2 O and autoclave. Allow to cool to 45°C and add 
90 ml of complete medium and mix well. The agar solution 
prepared in medium can be stored for 2–3 days.  

    3.    2.5% w/v Glutaraldehyde.  
    4.    6-Well plates       

 

      1.    Inoculate 10 ml of LB Broth (containing 100  m g/ml of ampi-
cillin) with the galectin-3 expressing bacterial clone.  

    2.    Incubate overnight at 37°C with constant shaking at 225 rpm.  

  2.5.  Heterotypic 
Aggregation

  2.6.  Wound Healing 
Assay

  2.7.  Anchorage-
Independent Growth

  3.  Methods

  3.1.  Isolation 
of Recombinant 
Galectin-3
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    3.    Use the overnight bacterial culture to inoculate a fresh 
10 × 200 ml of LB, again, containing 100  m g/ml of ampicillin.  

    4.    Incubate for 3 h at 37°C with shaking at 225 rpm (see Note 3).  
    5.    Add ampicillin again and 2.5 ml of IPTG stock to induce the 

protein synthesis. It is important to add more ampicillin as this 
will select for the growth of resistant clones.  

    6.    Incubate for 4 h at 37°C with shaking at 225 rpm.  
    7.    Transfer the contents to centrifuge bottles and pellet the cells 

by centrifugation at 1,000 ×  g  for 15 min at 4°C.  
    8.    Discard the supernatant and resuspend the pellet (this contains 

the bacteria) in 20 ml PBS. Combine into one bottle and cen-
trifuge again for 15 min at 1,000 ×  g  at 4°C.  

    9.    Discard the supernatant and store the pellet at −70°C over-
night. The pellet can be stored for up to 1 week without a 
reduction in the protein yield.  

    10.    Resuspend the pellet in 80 ml of ice-cold lysis buffer.  
    11.    Disrupt the cells with a probe-type sonicator using multiple 

short bursts at maximum intensity for 4 × 30 s, ensure that 
the cells are maintained on ice during this process to pre-
vent protein denaturation. Do not sonicate for more than 
30 s at a time as otherwise the temperature of the lysate 
will increase. Between each sonication cycle cool the lysate 
on ice.  

    12.    Centrifuge the lysate for 20 min at 18,000 ×  g  and retain the 
supernatant. The remaining steps should be performed in a 
cold room.  

    13.    Equilibrate the asialofetuin column with three bed volumes of 
phosphate buffer.  

    14.    Load the supernatant from step 12, above. Allow the supernatant 
to  fl ow through the column at the rate of 10–12 drops/min.  

    15.    Wash the column with three bed volumes of phosphate 
buffer.  

    16.    Elute the protein with 15 ml of elution buffer; add the buffer in 
1-ml aliquots in order to avoid compacting the chromatography 
column.  

    17.    Wash the column with three bed volumes of phosphate buffer. 
The column can be reused if stored at 4°C.  

    18.    Measure the protein content of the samples collected in step 
16 by using standard protein estimation methods. Pool the 
samples containing the protein and dialyze against PBS until all 
the lactose has been removed from the samples. The puri fi ed 
protein can be stored at −70°C (see Notes 4–7).      
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      1.    Propagate BL21-CodonPlus (DE3)-RIPL cells (see Note 8) 
transformed with pGEX-6p-Galectin-3 in 25 ml 2× YT/AMP 
in a 100 ml  fl ask, at 37°C overnight (O/N).  

    2.    Transfer the bacteria to 1 L 2× YT/AMP media (5 L  fl ask) and 
grow at 37°C until the OD 600nm  reaches 0.5–0.8 (usually after 
5–6 h). Transfer the  fl ask to 20°C and wait about 30 min.  

    3.    Add IPTG to a  fi nal concentration of 0.5 mM and continue 
incubation 4–5 h or O/N at 20°C.  

    4.    Harvest the bacteria by centrifuging them at 6,000 ×  g  for 
10 min. Maintain the bacteria at 4°C during this process. You 
can now freeze the bacterial pellet, or proceed to the cell-lysis 
step.  

    5.    Cell lysis: resuspend the bacteria using 10 ml/1 g of pellet cold 
PBS supplemented with protease inhibitors.  

    6.    Transfer the bacteria to 50-ml centrifuge tubes, place the tubes 
on ice, and sonicate the bacteria to lyse them. The bacteria 
should be in a volume of not less than 30 ml during the lysis 
step. Use a sonic probe for 2 min, with a 10 s pulse with 50 s 
off at 65% amplitude. Check the number of intact bacteria 
under the phase contrast microscope to ensure adequate cell 
lysis. Retain a sample of the supernatant. Immediately add 
Triton X-100 to a  fi nal concentration of 1% v/v and incubate 
for 30 min with gentle agitation at 4°C.  

    7.    Centrifuge the sample at 15,000 ×  g  for 10 min at 4°C and 
then transfer to new tubes. Save a sample of the supernatant.  

    8.    Incubate the supernatant with 0.5 ml of GS 4B beads (see 
Note 9). The beads should be pre-washed with 1× PBS. Use 
0.5-ml GS beads per 10 ml bacterial lysate and incubate for 
30–60 min at 4°C with gentle agitation. Centrifuge the GS 
bead—lysate mixture at 500 ×  g  for 1 min, aspirate the superna-
tant and wash the beads thrice with 5 ml PBS.  

    9.    Centrifuge again at 500 ×  g  for 10 min, remove supernatant 
and wash the beads with 5 ml of CB.  

    10.    During the wash (step 9, above), prepare the PP mixture in 
CB (see Note 10). For this, use 80  m l PP (160 U) and 920  m l 
of CB.  

    11.    Add the PP mixture to the GS beads and incubate for 4 h to 
O/N at 4°C.  

    12.    Centrifuge the beads at 500 ×  g  for 5 min and collect the 
supernatant.  

    13.    Wash the beads three times with 500  m l PBS. Save aliquots for 
analysis and estimation of protein concentration. The eluate 
will contain galectin-3, while the GST moiety and PP (also 
GST-tagged) will remain bound to the beads.      

  3.2.  Puri fi cation 
of Galectin-3 Using 
the GST Af fi nity Tag
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      1.    Isolate recombinant galectin-3 as in Subheading  3.1 .  
    2.    Dissolve 2 mg protein in 1 ml of PBS solution and calculate 

the number of millimoles dissolved using the following 
formula:

     mg protein
mmol of protein.

MW protein
=      

    3.    Dissolve 2 mg sulfo-NHS-Biotin in 100  m l distilled water and 
add 30  m l of this solution to the protein solution to give a 
20-fold molar excess of biotin over galectin-3.  

    4.    Incubate on ice for 2 h for the biotinylation of galectin-3 to be 
completed.  

    5.    To remove excess salt from the protein, equilibrate the 10 ml 
desalting column with 30 ml PBS and apply the protein sample. 
Allow the sample to permeate the gel. Add buffer to the column 
in 1-ml aliquots and collect 1-ml fractions of the puri fi ed eluent 
protein in separate test tubes.  

    6.    Monitor the protein content in the tubes by measuring the 
absorbance at 280 nm. Pool the fractions containing protein 
(see Note 11).  

    7.    Plate cells in a 96-well plate at a density of 1 × 10 4  cells per well 
and incubate overnight.  

    8.    Adjust the concentration of biotinylated galectin-3 such that it 
is in the range 0–20  m g/50  m l.  

    9.    Remove the medium from the cells.  
    10.    Add fresh medium containing 0.5% v/v FCS and include 50  m l 

biotin-labeled galectin-3 at a range of different concentrations 
(see Note 12).  

    11.    Incubate the plates for 2 h at 37°C.  
    12.    Wash the plate three times with PBS to remove any unbound 

material.  
    13.    Add a 1:1,000 dilution of HRP conjugated streptavidin to the 

wells. The HRP complex binds to biotin-labeled galectin-3. 
Incubate for 30 min at room temperature.  

    14.    Wash with PBS three times to remove any unbound material.  
    15.    Add 100  m l of the substrate chromogen mixture and incubate 

for 1 min to allow the color to develop.  
    16.    Measure the optical density at 405 nm (see Note 13).      

      1.    Coat the 96-well microtiter plates with serially diluted 
(0–10  m g) EHS laminin, collagen type IV, or  fi bronectin.  

    2.    Incubate the plates for 1 h at 37 or 4°C overnight to dry the 
ECM protein onto the surface of the plate (see Note 14).  

  3.3.  Binding 
of Galectin-3 to Cell 
Surface Receptors via 
Biotinylation of 
Galectin-3

  3.4.  Binding of 
Galectin-3 to 
Extracellular Matrix 
Proteins
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    3.    Block the nonspeci fi c sites in the wells of the 96-well plate 
using sterile 1% w/v BSA in PBS, for 1 h at 37°C.  

    4.    Wash the wells with sterile PBS three times to remove any 
unbound protein.  

    5.    Detach the cells from their plate using 0.02% w/v EDTA. Count 
the viable cells using the trypan blue exclusion method and using 
a hemocytometer. Seed the cells at 4 × 10 4  cells per well.  

    6.    Allow the cells to adhere to the plates. Depending on the cell 
line used for these studies, the time taken for this step may 
range between 15 min and 24 h.  

    7.    Wash off any nonadherent cells using fresh medium. Repeat 
twice (see Note 15).  

    8.    To count the number of cells attached to the ECM proteins, 
add 200  m l of fresh medium containing a 1:10 dilution of 
Alamar blue dye (the live cells create a reducing environment, 
which changes the color of dye from blue to pink).  

    9.    Incubate the cells with the medium/Alamar dye mixture for 
3–4 h at room temperature.  

    10.    Read the absorbance at 570 nm.      

      1.    Detach the cells from the monolayer with 0.02% w/v EDTA in 
CMF-PBS. The use of trypsin should be avoided because it 
may proteolytically digest the cell surface proteins that are of 
interest in this experiment.  

    2.    Suspend the cells at 1 × 10 6  cells/ml in CMF-PBS with or with-
out asialofetuin (20  m g/ml).  

    3.    Transfer 0.5-ml aliquots, of the cell suspensions prepared 
above, into siliconized glass tubes. Agitate at 80 rpm for 1 h at 
37°C.  

    4.    Terminate the aggregation experiment by  fi xing the cells with 
1% w/v formaldehyde in CMF-PBS.  

    5.    Count the number of single cells that remain using a hemocy-
tometer (see Notes 16–18).  

    6.    Calculate the percent aggregation using the formula (1-Nt/
Nc) × 100, where Nc is the number of single cells in the control and 
Nt is the number of single cells in the presence of test compound.      

      1.    Thaw the Matrigel™ material on ice (see Note 19).  
    2.    Cool an 8-chamber slide on ice.  
    3.    Transfer 200  m l of the Matrigel™ material into each chamber 

of the 8-chamber slide. Carefully remove any air bubbles and 
place the slide in a 37°C tissue culture incubator for approxi-
mately 15 min until the Matrigel™ has solidi fi ed, forming a 
uniform layer.  

  3.5.  Homotypic 
Aggregation

  3.6.  Heterotypic 
Aggregation (for 
Further Information on 
the Matrigel™ Assay 
System,  See  the 
Chapter by Brooks SA 
in Volume 2 of This 
Series)



26117 Galectin-3 Binding and Metastasis

    4.    Trypsinize the cells of interest and calculate the number of cells 
required for the experiment. You will need 50,000 cells per 
chamber for each cell line.  

    5.    Suspend the cells at a concentration of 1 × 10 6 /ml in complete 
medium in a tube. Incubate with 5  m l of DiI or DiO as desired 
at 37°C for 15 min in the dark.  

    6.    Centrifuge the cells at 1,000 ×  g  for 5 min and wash with com-
plete medium.  

    7.    Resuspend the cells at a density of 1 × 10 6 /ml.  
    8.    Mix 50 × 10 4  of the epithelial and 50 × 10 4  of the endothelial 

cells (each stained with a different dye) in an Eppendorf tube. 
Pellet the cells by centrifugation. Remove the medium and 
resuspend in 250  m l medium speci fi c for the endothelial cells 
(see Note 20).  

    9.    Seed the cells onto the Matrigel™ matrix (see Note 21).  
    10.    Observe and photograph the cells after 24 h (Fig.  1 ).       

      1.    Trypsinize cells and calculate the number of cells required for 
the experiment.  

  3.7.  Wound Healing 
Assay

  Fig. 1.    Cell migration using the wound healing assay: endothelial cells BAMEC and a galectin-3 variant H64- or P64-
transfected BT-549 cells were prelabeled with DiO ( green ) and DiI ( red ), respectively, and seeded in each chamber of the 
cell culture insert. After 24 h, the  inserts  were removed and cell migration was studied. ( a – a ¢  ) Migration of BAMEC and 
BT-549-H64; ( b – b ¢  ) migration of BAMEC and BT-549-P64; ( a ,  b ): 0 h; ( a ¢  ,  b ¢  ): 24 h.       
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    2.    Pellet and resuspend the cells at a concentration of 1 × 10 6 /ml 
complete medium.  

    3.    Incubate the cells with 5  m l of DiI or DiO, as desired, at 37°C 
for 15 min.  

    4.    Centrifuge cells at 1,000 ×  g  for 5 min.  
    5.    Wash the cells once with complete medium and resuspend the 

cells at a density of 1 × 10 6 /ml.  
    6.    Seed 2.4 × 10 4  cells in each chamber of the cell culture insert. If 

the migration of cells towards each other is to be analyzed, two 
different kinds of cells may be seeded. We perform this assay to 
study wound healing and cell migration of endothelial cells 
towards epithelial cells harboring various galectin-3 variants.  

    7.    After 24 h incubation in the tissue culture incubator, remove 
the insert carefully, using sterile forceps and wash the chamber 
2–3 times with endothelial cell medium to remove any  fl oating 
cells. Add fresh endothelial cell growth medium.  

    8.    Observe the cell migration under the light or  fl uorescent 
microscope at different time intervals to analyze the rate of 
migration, Fig.  2  (see Note 21).       

  Fig. 2.    Endothelial cell morphogenesis and interactions with H64- or P64-transfected BT-549 cells. Endothelial cells BAMEC 
and the galectin-3 variants H64- or P64-transfected BT-549 cells were prelabeled with DiO ( green ) and DiI ( red  ) respec-
tively. 50 × 10 3  cells were seeded in each chamber on top of gelled Matrigel™. The three-dimensional cultures were 
observed after 24 h. ( a ) BAMEC alone; ( b ) BAMEC and BT-549 cells; ( c ) BAMEC and BT-549 H64; and ( d ) BAMEC and 
BT-549 P64.       
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      1.    Pour 2 ml of 1% w/v agar solution into each well of a 6-well 
plate.  

    2.    Allow the agar to solidify at room temperature for 15–20 min. 
Plates can be wrapped with Para fi lm and stored at 4°C for 
about 2 weeks.  

    3.    Suspend 500 or 1,000 cells in 1 ml of complete medium and 
immediately add 1 ml of the 1% w/v agar solution. Mix and 
pour gently into the wells of the plates (see Note 16).  

    4.    Allow the cell-containing top layer to solidify at room tem-
perature for 15 min and 2 h at 4°C.  

    5.    Transfer to a 37°C, 5% v/v CO 2  incubator O/N.  
    6.    The following morning add 1 ml of complete medium to each 

of the wells and allow the colonies to grow for a further 
2 weeks. The medium should be changed two times per week 
during this growth period (see Note 22).  

    7.    Fix the colonies with 2.5% w/v glutaraldehyde solution and 
compare both the number and size of the colonies in the dif-
ferent wells.       

 

     1.    In the dialyzed form asialofetuin can be stored at 4°C for 
months.  

    2.    The binding ef fi ciency of asialofetuin to the column can be 
determined by calculating the protein content in the  fl ow 
through.  

    3.    Determine the OD at 600 nm. It should be 0.5.  
    4.    In our hands the yield of galectin-3 varies between 1 and 

5 mg/L of bacterial culture. If the yield is lower than this we 
suggest troubleshooting by going through Notes 5–7.  

    5.    After step 13, resuspend the pellet in fresh lysis buffer (20 ml/tube), 
repeat the sonication and centrifugation steps, again retaining the 
supernatant.  

    6.    After step 15, save the  fl ow through and reload onto the column.  
    7.    At no stage let the column dry out as this will reduce the bind-

ing ef fi ciency.  
    8.    Although a variety of  E. coli  host strains can be used for clon-

ing and expression work with pGEX vectors we recommend a 
specially engineered strain that is more suitable for maximizing 
the expression of mammalian proteins: BL21-CodonPlus 
(DE3)-RIPL.  

    9.    A variety of GS matrices are available for af fi nity puri fi cation of 
GST-galectin-3. However, based on our experience we would 

  3.8.  Anchorage-
Independent Growth

  4.  Notes
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recommend GS 4B (GE Healthcare) as the  fi rst choice. The 
total volume of Sepharose beads required depends on the 
amount of galectin-3 that needs to be puri fi ed, the capacity of 
the matrix is supplied by the manufacturers in the data sheet 
for the material.  

    10.    The choice of protease is based on a few factors including the 
presence, in galectin-3, of recognition sequences of other pro-
teases as well as the protease speci fi city.  

    11.    Store the biotinylated protein at 4°C until use. The protein can 
be stored under these conditions for 1 week.  

    12.    In some wells 50–100 mM lactose can be added along with the 
protein for speci fi c inhibitory studies.  

    13.    The biotin–streptavidin complex cleaves H 2 O 2  which is cou-
pled to the oxidation of substrate ABTS giving a green end 
product.  

    14.    Ensure that the plates are stored horizontally so that there is a 
uniform coating across the well.  

    15.    The wells should be washed thoroughly to remove any unbound 
protein. However, the washes should be gentle so the cells 
remain unaffected.  

    16.    Ensure that the cells are in a single cell suspension after detaching 
them from the monolayer.  

    17.    It is important to siliconize the glass tubes in which aggregation 
is performed so that the cells adhere to the glass.  

    18.    The aggregates are usually very fragile and can be disrupted by 
harsh pipetting.  

    19.    Matrigel™ should be thawed at 4°C, because it has a tendency 
to gel at higher temperatures.  

    20.    In our experience, the endothelial cells are more sensitive to 
changes in medium composition, while tumor cells tend to 
grow in endothelial cell speci fi c medium. Therefore, we use 
endothelial cell medium for the cocultures.  

    21.    The cells should be added very carefully in the center of the 
chamber so as not to disturb the Matrigel™ layer.  

    22.    The agarose layers should be allowed to gel completely to 
prevent the top layer sliding and to prevent the passage of the 
cells to the bottom of the plates.          
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    Chapter 18   

 Lectin Array-Based Strategies for Identifying 
Metastasis-Associated Changes in Glycosylation       

         Simon   Fry   ,    Babak   Afrough   ,    Anthony   Leathem   , and    Miriam     Dwek         

  Abstract 

 Since 2005, lectin microarray technology has emerged as a relatively simple yet powerful technique for the 
comprehensive analysis of glycoprotein glycosylation. Lectin microarrays represent a new analytical method 
that can be used to explore the human glycome, a unique source of markers of diseases including cancer. 
The lectin microarray technology is a sensitive tool with the potential to allow high-throughput analysis of 
cancer-associated changes in glycosylation. This chapter describes the generation of a lectin-binding signa-
ture associated with metastatic primary breast tumours that have been resected,  fi xed, and embedded in 
paraf fi n. Procedures concerning sample and lectin microarray preparation are explained, alongside experi-
mental considerations and approaches to data analysis.  

  Key words:   Metastasis ,  Lectin ,  Microarray ,  Glycome ,  Glycosylation    

 

 The human glycome is of particular interest in cancer research 
given that aberrations in glycosylation are a common feature of a 
broad variety of tumour types  (  1–  6  ) . Progress in exploiting the 
human glycome as a source of disease markers has been hampered 
due to the complexity of glycans and a lack of analytical methods 
to decipher their structures. Capillary electrophoresis, liquid chro-
matography, and mass spectrometry are all commonly used as gly-
come pro fi ling tools  (  7  ) . However, these techniques may not be 
suited to the initial detection of glycosylation differences between 
samples due to time-consuming/low-throughput methods of 
analysis, sensitivity, sample contaminants, requirements for com-
plex equipment and the generation of complex data. 

 The twenty- fi rst century has seen the development of high-
throughput technologies in the area of both genomics and 

  1.  Introduction
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proteomics. The  fi eld of glycomics followed these developments, 
and in 2005 the  fi rst publications emerged detailing the use of 
lectin microarrays facilitating high-throughput, sensitive, and rela-
tively simple simultaneous analysis of  N-  and  O- linked glycosyla-
tion. The advantage of these techniques included the minimal 
sample preparation and the ability to analyse glycosylation of pro-
teins without the need for protein deglycosylation steps. 

 Lectin microarrays may be fabricated and analysed using a 
selection of the approximately 100 commercially available lectins, 
and widely available laboratory equipment  (  8,   9  ) . Lectin microar-
rays are generated by the immobilisation of several lectins to a solid 
phase (typically a microscope slide) using chemical methodologies 
such as the attachment of lysine side chain amine groups to the 
solid phase through epoxy-functionalised or  N -hydroxysuccinimidyl-
derived esters  (  10  ) . Such microarrays are then interrogated with 
 fl uorescently labelled glycoproteins, and the resultant pattern of 
 fl uorescence is interpreted using known binding speci fi cities of lec-
tins in order to annotate the glycan epitopes present in a sample of 
interest. Lectin arrays have been employed in this manner to anal-
yse bacterial  (  11  ) , viral  (  12  ) , and mammalian  (  13  )  glycomes. 

 Since their  fi rst appearance lectin microarray technologies have 
advanced rapidly. When a complex sample of glycoproteins (e.g., 
tissue extract, serum) and a biological reference (used as an inter-
nal standard) are labelled with different  fl uorescent tags, mixed 
and used to probe a lectin microarray, the resultant competitive 
binding between analytes gives ratiometric binding data that can 
reveal subtle changes in glycosylation  (  14  ) . 

 Covalent attachment of lectins to a solid phase occurs in a ran-
domly orientated fashion and may reduce structural  fl exibility of 
lectins, altering the binding properties. Using recombinant lectins 
it has been demonstrated that site-directed orientation of lectins 
improves the overall sensitivity and increases the limit of detection 
of lectin microarrays  (  15  ) . 

 Lectin microarrays may also being used as a quick and conve-
nient means of gaining information on the glycosylation status of a 
speci fi c glycoprotein in a mixture. Once an unlabelled mixture has 
bound to a lectin microarray a  fl uorescently labelled antibody can 
then be used to reveal which lectins on the array have bound a 
glycoprotein of interest  (  16  ) . 

 It should be noted that there are inherent drawbacks to the use 
of lectin microarrays. Firstly, glycan recognition is limited to the 
combined substrate speci fi cities of the arrayed lectins. In addition, 
glycan structures must be inferred from known lectin-binding 
speci fi cities. As these speci fi cities will usually be based on structural 
epitopes rather than the entire glycan, structural elucidation is often 
impossible. However, it is these epitopes that are thought to encode 
biological information and they can be targeted for additional anal-
ysis in other applications, such as lectin af fi nity chromatography. 
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 In this chapter we describe a method for identifying 
 metastasis-associated changes in glycosylation associated with met-
astatic breast cancer. Formalin- fi xed paraf fi n-embedded (FFPE) 
primary tumours are described, but the technique can be applied 
to fresh tissue protein extracts, as well as serum or urine with mini-
mal sample preparation  (  17  ) .  

 

      1.    Radio immune precipitation assay (RIPA) buffer: 50 mM 
Tris–HCl, 150 mM NaCl, SDS 0.1%, sodium deoxycholate 
0.5%, and NP40 1%.  

    2.    Phosphate buffered saline (PBS): PBS tablets (Sigma) yield 
0.01 M phosphate buffer, 2.7 mM KCl, and 137 mM NaCl 
when dissolved in the appropriate volume of deionised water.      

  Three nanomolar Cy3 monoreactive dye: one vial of Cy3 monore-
active dye (GE Healthcare) contains suf fi cient dye to label 30 nM 
of amino groups. Dissolve one vial in 50  μ l dimethylformamide 
and then divide in to 10× 5  μ l aliquots. Vacuum centrifuge each 
aliquot to dryness (this takes about 4 h). Store the vials in the dark 
with desiccant at 4°C.  

      1.    Probing buffer: Tris-buffered saline (TBS) containing 1% v/v 
Triton X-100 and 500 mM glycine. Note: some lectins require 
divalent cations such as calcium, magnesium, or manganese. 
Ensure these ions are present at a concentration of 1 mM if 
required.  

    2.    Lectin microarray: for example LecChip™, GP BioSciences, 
lectin microarrays these contain 45 lectins in each of seven 
wells on a glass slide. Each lectin is spotted in triplicate.       

 

      1.    Cut 5  μ m × 10  μ m sections from each FFPE primary breast 
tumour and add to 1 ml xylene. Incubate for 15 min at 40°C.  

    2.    Centrifuge at 7,550 ×  g  for 10 min. Remove excess xylene, 
 taking care not to disturb the pellet.  

    3.    Repeat steps 1 and 2 twice.  

  2.  Materials

  2.1.  Sample 
Preparation

  2.2.  Sample Labelling

  2.3.  Microarray 
Scanning

  3.  Methods

  3.1.  Removal of 
Paraf fi n Wax from 
Formalin-Fixed 
Paraf fi n-Wax-
Embedded Tumours 
(See Note 1)
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    4.    Add 1 ml 95% v/v ethanol to each tissue pellet. Incubate for 
10 min at room temperature and then centrifuge at 7,550 ×  g  
for 10 min.  

    5.    Repeat step 4 twice. Reduce sample volume by vacuum cen-
trifugation (do not allow sample to completely dry).      

      1.    Add 580  μ l RIPA buffer to dewaxed breast tumour tissue and 
incubate at 100°C for 20 min, and then 60°C for 120 min.  

    2.    Centrifuge samples at 10,080 ×  g  for 15 min at 4°C. Collect 
supernatant for analysis.      

      1.    Quantify protein content of supernatant. In our laboratory we 
use the Micro BCA Protein Assay Kit (Thermo Scienti fi c). 
Adjust protein concentration to 50  μ g/ml with PBS.  

    2.    Take 20  μ l (1  μ g) of each sample and add to 3 nM Cy3 mono-
reactive dye. Incubate for 60 min at room temperature in the 
dark.  

    3.    Dilute Cy3 labelled proteins to 2  μ g/ml by making up to 
500  μ l with probing buffer. This step should be performed 
immediately before the sample is applied to the lectin 
microarray.      

  We use a GlycoStation™ Reader 1200 (GP Biosciences) to detect 
 fl uorescent signals with the Array Pro analyser version 4.5 (Media 
Cybernetics) to analyse data, but a range of systems are available 
for this.

    1.    Prior to use, wash the lectin microarray by adding 100  μ l of 
probing solution to each well. Remove the liquid by inverting 
the microarray and brie fl y shaking. Repeat twice taking care to 
ensure the surface of the microarray does not dry out.  

    2.    Immediately add 100  μ l of Cy3-labelled sample to each well of 
the lectin microarray slide. Incubate microarray in a chamber 
(>80% humidity) for 150 min at room temperature in the dark. 
It is important to ensure that an adequate number of biological 
and analytical replicates are prepared (see Note 2).  

    3.    Remove sample from each well and wash  fi ve times with probing 
solution, taking care not to contaminate the adjacent wells of the 
microarray. After  fi fth wash, do not remove probing solution.  

    4.    Acquire  fl uorescent images of lectin microarrays.      

      1.    Calculate the net  fl uorescent intensity for each spot on the lectin 
microarray by subtracting the background value from the raw 
signal intensity value (see Note 3).  

    2.    Average the replicate net lectin-binding values.  

  3.2.  Protein Extraction

  3.3.  Protein Labelling

  3.4.  Data Acquisition

  3.5.  Data Analysis
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    3.    Normalise the data by making the total  fl uorescence detected 
in each well (i.e. for all 45 lectins) equivalent for all samples 
being compared.     

 When identifying metastasis-associated changes in glycosyla-
tion, metastasis to the lymph node has been used as a surrogate for 
distant recurrences of the tumour. In this case the lectin-binding 
responses from the protein extracts from FFPE primary breast can-
cer tumours are grouped according to the lymph node status of the 
patients. Data normality is assessed using the D’Agostino-Pearson 
omnibus test. The non-parametric Mann–Whitney  U -test is used 
to identify lectins showing statistically signi fi cant differences in 
median binding to glycoproteins prepared from FFPE primary 
breast tumours with lymph node metastasis compared to those 
where there has been no lymph node metastasis. Lectins demon-
strating signi fi cant differences may then be selected as candidate 
markers for lymph node metastasis and used in further analyses (see 
Note 4).   

 

     1.    Whilst the analysis of extracts from FFPE primary breast 
tumours has been described here, the technique is equally 
applicable to any source of glycoproteins. We have analysed 
metastasis-associated glycosylation using serum, urine, and cell 
line preparations.  

    2.    In order to analyse the statistical signi fi cance of data a suf fi cient 
number of replicates should be measured. Typically each sam-
ple is applied to two wells containing each lectin in triplicate, 
to give six replicate readings per sample.  

    3.    In order to make meaningful comparisons between samples it 
is essential to ensure that binding signals are produced in the 
linear binding range of each lectin. The linear binding range 
can be determined empirically by producing binding curves 
for each lectin. Binding curves are made by measuring lectin-
binding signal intensities at a range of sample total protein 
concentrations. The highest concentration of sample that falls 
on the linear part of every arrayed lectin (rather than at the 
plateau) should be selected to ensure that all lectin-binding 
data is generated under non-saturating conditions.  

    4.    When developing the lectin microarray it is advisable to ensure 
that all observed binding is speci fi cally mediated through lec-
tin-glycan interactions. Pure preparations of a glycoprotein in 
a native and deglycosylated form can be used to demonstrate 
the requirement of protein glycosylation in a sample for lectin 

  4.  Notes
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microarray binding. Prior to the analysis described here the 
signals produced by Cy3-labelled human serum albumin (HSA, 
a non-glycosylated protein) and GalNAc conjugated HSA 
upon binding to the lectin microarray were measured. As 
expected, native HSA produced negligible binding allowing 
the minimum net  fl uorescent intensity of a positive binding 
signal to be de fi ned. GalNAc-HSA binding to speci fi c lectins 
on the array demonstrated speci fi c binding. Monosaccharide 
inhibition or exoglycosidase digestions can also be used to 
demonstrate the speci fi city of arrayed lectin binding.          
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