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Abstract 
The immunohistochemical detection and quantification of 
phosphoprotein levels can provide valuable information 
regarding the activation of cell signaling pathways within 
tumor samples, with potential implications for prognosis  
and treatment selection. However, phosphoprotein levels 
may be affected by clinical tissue handling, hypoxia  
and other cellular stressors prior to tissue fixation. The  
preservation of phosphoproteins may also heavily …
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    Abstract     The immunohistochemical detection and quantifi -
cation of phosphoprotein levels can provide valuable infor-
mation regarding the activation of cell signalling pathways 
within tumor samples, with potential implications for prog-
nosis and treatment selection. However, phosphoprotein lev-
els may be affected by clinical tissue handling, hypoxia and 
other cellular stressors prior to tissue fi xation. The preserva-
tion of phosphoproteins may also heavily depend on the 
method of fi xation. Overall, there is a need to optimise and 
standardise these variables to help ensure that the phospho-
protein levels detected through immunohistochemistry are in 
fact representative of the status of the tumor itself.  
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     FREQUENTLY ASKED QUESTIONS 

     8.1.    Why evaluate phosphoprotein levels in tumor 
samples?   

   8.2.    To what extent does clinical tissue handling affect 
phosphoprotein levels?   

   8.3.    To what extent does ischemia time affect phosphopro-
tein levels?   

   8.4.    Does ischemia time affect some phosphoproteins more 
than others?   

   8.5.    How does ischemia time affect total protein levels?   
   8.6.    Is the preservation of phosphoproteins affected by the 

size of the tissue sample?   
   8.7.    What is the optimum fi xation time for the preservation 

of phosphoproteins?   

   8.8.    Is the preservation of phosphoproteins affected by the 
choice of fi xative?   

   8.9.    Do studies show a difference in phosphoprotein 
 detection between frozen and formalin-fi xed paraffi n-
embedded tissue samples?   

  8.10.    Is the addition of inhibitors recommended to help 
 preserve phosphoproteins?   

  8.11.    Is it possible to establish a clinically meaningful quan-
tifi cation of phosphoproteins in immunohistochemi-
cally stained tissue?      

8.1     Why Evaluate Phosphoprotein Levels 
in Tumor Samples? 

 The phosphorylation of cell signalling proteins is a key 
mechanism in the activation of signalling pathways, includ-
ing those implicated in cancer growth and progression. 
Accordingly, the development of different tumor types has 
been associated with the phosphorylation of a variety of cell 
signalling proteins, including Akt, extracellular signal- 
regulated kinases (Erks) and signal transducer and activator 
of transcription proteins (STATs) [ 1 ,  2 ]. Of particular note, 
Akt is involved in many growth factor signalling pathways, 
and evidence suggests that the presence of phosphorylated 
(p)-Akt in the cell nucleus is associated with the develop-
ment of acute myeloid leukemia, as well as lung, breast, 
prostate and thyroid cancers [ 3 ]. 

 Consequently, the assessment of levels of phosphorylated 
forms of cell signalling proteins may have important applica-
tions in oncology [ 1 ,  4 ]. Tumor phosphoprotein levels may 
function as prognostic markers. For example, a phosphory-
lated form of the repressor of mRNA translation, 4E-BP1, 
alone or in combination with cytoplasmic p-Akt, has been 
shown to have an adverse prognostic signifi cance in lung 
adenocarcinoma [ 5 ]. In addition, information regarding the 
activation state of specifi c signalling pathways may predict 
tumor sensitivity to treatments that target those pathways. 
For example, phosphorylated forms of epidermal growth 
 factor receptor (EGFR) or human EGFR-2 (HER-2)/neu in 
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tumor samples have been found to be predictive of 
progression- free survival in patients with metastatic breast 
cancer who are subsequently treated with the anti-HER-2/
neu monoclonal antibody trastuzumab [ 6 ]. Finally, research 
suggests that phosphoprotein levels in post-treatment tumor 
samples may be indicative of the effi cacy of targeted treat-
ments. For example, the EGFR tyrosine kinase inhibitor 
erlotinib has been found to reduce tumor p-EGFR and phos-
phorylated mitogen-activated protein kinase (p-MAPK) levels 
in patients with non-small cell lung cancer (NSCLC) who 
also derived clinical benefi t from treatment [ 7 ]. 

 The development of phosphorylation state-specifi c anti-
bodies has enabled immunohistochemical detection of phos-
phoproteins through techniques that include Western blotting 
and immunohistochemical staining, but false-negative reac-
tions can be an issue [ 1 ]. In order to counteract the problem 
of false-negative reactions, there are several important con-
siderations in maintaining the quality of the tissue specimen 
and optimising the sensitivity of phosphoprotein detection, 
which are outlined in the following questions and answers.  

8.2     To What Extent Does Clinical Tissue 
Handling Affect Phosphoprotein 
Levels? 

 The clinical handling of a tissue specimen can affect phos-
phoprotein levels as early as the point of surgical excision. 
This has been clearly demonstrated by a study of cancerous 
liver tissue from patients undergoing surgery for colorectal 
cancer (CRC), in which levels of phosphorylated forms of 
several proteins involved in Akt and MAPK signalling were 
lower in samples taken 10–45 min after tissue resection than 
those obtained by endoscopy at the beginning of surgery. 
The reduction in phosphoprotein levels may have resulted 
from stress conditions during surgery, as indicated by a cor-
responding increase in levels of heat-shock protein 27, which 
is a known response to cellular stress. Therefore, it is impor-
tant to be aware that cellular stresses evoked by clinical tis-
sue handling during surgery may affect whether subsequent 
immunohistochemical analyses of phosphoproteins are truly 
representative of the actual tumor state.  

8.3     To What Extent Does Ischemia Time 
Affect Phosphoprotein Levels? 

 Pre-analytical factors that can impact on phosphoprotein 
levels in tumor samples include the duration of ischemia 
time, which refers to the time that a tissue is without oxygen 
between excision and fi xation. During this period, cell signal-

ling pathways persist in a dynamic state, with protein phos-
phorylation regulated by the opposing effects of kinases and 
phosphatases. Therefore, it is essential that tissue is processed 
and fi xed promptly to minimise the potential for post- excision 
protein phosphorylation or dephosphorylation as a reaction to 
prolonged hypoxia or other cellular stresses [ 8 ,  9 ]. 

 The effects of an extended ischemia time on phosphopro-
tein levels can vary depending on the tumor type and the 
phosphoproteins of interest, but evidence suggests that levels 
may increase, decrease, increase then decrease, decrease 
then increase, or remain relatively constant [ 9 – 11 ]. This can 
result in an inaccurate representation of phosphoprotein 
levels and signalling pathway activation in the tumor itself. 

 We have shown that immunostaining of phosphorylated 
mammalian target of rapamycin (p-mTOR) in CRC tissue 
becomes stronger with increasing ischemia time, with a sub-
stantial increase in staining levels after an ischemia time of 
45 min (Fig.  8.1 ) [ 12 ]. In contrast, other studies have indi-
cated that extended ischemia time may lead to an underesti-
mation of levels of phosphoproteins in the tumor, and could 
contribute to false-negative results. For example, in a study 
of colon cancer xenografts, Western blotting indicated that 
p-Akt levels decreased with time when the samples were left 
at room temperature prior to fi xation, with a half-life of 
20 min (Fig.  8.2 ) [ 13 ]. In a study of breast cancer samples, 
delayed freezing was associated with weaker detection of 
p-HER-2/neu by Western blotting, with the signal disappear-
ing at 24 h post resection [ 14 ]. In a study of adrenal tumor 
samples, storage at room temperature before and after freez-
ing was associated with weaker detection of p-Erk by 
Western blotting [ 15 ]. Overall, such studies highlight the 
importance of minimising and standardising ischemia time 
to reduce the impact on phosphoprotein levels.

8.4         Does Ischemia Time Affect Some 
Phosphoproteins More Than Others? 

 Some proteins may be more susceptible to changes in their 
phosphorylation status due to ischemia time than others. 
This has been indicated by a study that used immunohisto-
chemical staining to assess levels of p-Akt, p-mTOR and 
p-MAPK in breast cancer, CRC and NSCLC samples that 
were left for an ischemia time of 10, 30, 60 or 90 min prior 
to fi xation. In this study, large proportions of the tumor sam-
ples demonstrated signifi cant variations in phosphoprotein 
levels between the different ischaemic time points, but the 
degree of instability was different for each phosphoprotein. 
More specifi cally, percentage instability scores were 43 % 
for p-MAPK, 55 % for p-mTOR and 59 % for p-Akt, sug-
gesting that prolonged ischemia time may have had the 
greatest effect on p-Akt levels in this context [ 11 ].  
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8.5     How Does Ischemia Time Affect Total 
Protein Levels? 

 Several studies have indicated that ischemia time has little 
impact on total protein levels. For example, in a study of 
adrenal tumor samples, increasing ischemia time was associ-
ated with reductions in the detection of p-Erk, while total Erk 
levels appeared unaffected [ 15 ]. Even relatively long isch-
emia times may have limited impact: in a study of xenograft 
tumor samples, immunohistochemical staining of p-PRAS40 
(which plays a role in Akt-mediated signalling) was already 
weaker when formalin fi xation was delayed by just 1 h, 
whereas total PRAS40 levels were maintained even after a 
delay of 24 h [ 9 ]. 

 Nonetheless, in a study of breast cancer and NSCLC biop-
sies, while total mTOR levels remained consistent over 
increasing ischemia time, total Akt and total MAPK levels 
appeared to change in some cases. However, it was consid-
ered that this may have been an artefact resulting from 

  Fig. 8.1    Immunostaining of phosphorylated mammalian target of rapamycin (p-mTOR) in human colorectal cancer tissue following incubation in 
a wet chamber at room temperature for 5–90 min after surgical excision, and subsequent fi xation in formalin for 24 h       

  Fig. 8.2    Time course of the loss of phosphorylated (p)-Akt and total 
Akt in HT-29 human colon cancer xenografts excised from severe com-
bined immunodefi ciency mice and kept at room temperature for vary-
ing times shown prior to snap freezing in liquid nitrogen for Western 
blotting [ 25 ]. Figure originally published in Baker JW et al. Allergy 
Asthma Proc. 2013;34:162–169. Reproduced with permission. No fur-
ther reproduction permitted. For additional reproductions visit http://
www.rockwaterinc.com       
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 heterogeneous protein expression across the tumors [ 11 ]. 
It is important to consider that heterogeneous expression can 
occur and may have a confounding effect when attempting to 
establish differences in protein or phosphoprotein levels.  

8.6     Is the Preservation of Phosphoproteins 
Affected By the Size of the Tissue 
Sample? 

 The size of the tissue sample may have important implica-
tions for fi xation time, which can in turn affect the preserva-
tion of phosphoproteins. In studies of breast cancer, the 
immunohistochemical detection of p-Akt and p-Erk1/2 was 
signifi cantly reduced in routinely fi xed resection samples 
compared with core biopsies, with a greater difference fol-
lowing mastectomy vs. lumpectomy (Fig.  8.3 ) [ 16 ,  17 ]. This 
is suggested to refl ect the fact that fi xatives penetrate small- 
volume core biopsies much more quickly than larger main 
resections, which may therefore be subject to a longer isch-
emia time before penetration is complete.

   Similarly, in a study of samples from gastro-esophageal 
junction tumors, immunohistochemical staining of p-Akt 
was only achieved in biopsy tissue and not in any surgically 
resected samples. In this case it is suggested that postopera-
tive surgical samples may be of limited value for the detec-
tion of phosphoproteins because of the implications of the 
prolonged time to fi xative penetration [ 13 ]. However, it is 
also important to note that a core biopsy may not be repre-
sentative of the entire tumor as there may be intrinsic hetero-
geneity in protein expression, as discussed above.  

8.7     What Is the Optimum Fixation 
Time for the Preservation 
of Phosphoproteins? 

 The fi xation process involves protein cross-linking by form-
aldehyde, which takes time [ 18 ]. Once the fi xative has pen-
etrated the tissue, the optimum fi xation time can depend on 
the overall methodology and choice of fi xative, with under-
fi xation or overfi xation potentially leading to false-negative 
results. Perhaps the best established guidelines for fi xation 
relate to the detection of estrogen and progesterone receptors 
in breast cancers, recommending that specimens are fi xed in 
10 % neutral-buffered formalin (NBF) for 6–72 h before pro-
cessing, with complete tissue fi xation usually requiring 24 h 
[ 19 ]. Similarly, in research studies reporting the immunohis-
tochemical detection of phosphoproteins, fi xation times have 
been reported of 24 h for breast cancer, CRC and NSCLC 
surgical specimens fi xed in 10 % NBF [ 11 ]; 24–48 h for 
xenograft tumor samples fi xed in 10 % NBF [ 9 ]; and 16–24 
h for xenograft tumor samples fi xed in Streck’s tissue  fi xative 
(STF), 10 % NBF or 4 % paraformaldehyde [ 20 ]. 

 Evidence suggests that there may be scope to reduce fi xa-
tion time under certain temperature conditions. Heating can 
speed up the process of formaldehyde cross-linking, but this 
approach appears to result in uneven fi xation and poor mor-
phology in the interior of the tissue. However, a study has 
indicated that a fi xation protocol involving a 2-h incubation 
with 10 % NBF at 4 °C followed by a second 2-h incubation 
at 45 °C can preserve phosphoproteins in xenograft and 
human tumor samples for immunohistochemical staining 
more effectively than when a 24-h incubation at room 

  Fig. 8.3    Percentage difference 
in ( a ) phosphorylated (p)-Akt 
and ( b ) p-extracellular signal-
regulated kinase (Erk)1/2 levels 
between resection samples and 
core biopsies from primary 
breast cancer lumpectomy and 
mastectomy specimens [ 17 ]. 
Figure originally published in 
Pinhel IF et al. Breast Cancer 
Res. 2010;12:R76       
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 temperature is used [ 21 ]. It is hypothesised that the initial 
cold incubation reduces phosphatase activity and inhibits the 
process of formaldehyde cross-linking to facilitate penetra-
tion of the tissue, and that the subsequent heated incubation 
speeds up the cross-linking process only after penetration is 
complete.  

8.8     Is the Preservation of Phosphoproteins 
Affected by the Choice of Fixative? 

 While formalin is routinely used as a fi xative for paraffi n- 
embedded tissue samples in many laboratories, research has 
suggested that other fi xatives may be better for the preserva-
tion of phosphoproteins. Specifi cally, a study using paraffi n- 
embedded xenograft tumor samples and human surgical 
tumor samples has indicated that STF may be superior in 
preserving phosphoproteins compared with 10 % NBF or 
4 % paraformaldehyde [ 20 ]. For example, staining of 
p-MET was scored as +++ for all fi ve tested STF-fi xed 
xenograft tumor samples, but was only scored as + for the 
majority of formalin- or paraformaldehyde-fi xed samples 
(p = 0.0008). 

 Newer alternatives to formalin are also becoming avail-
able, including a one-step room temperature process using 
biomarker and histology preservative (BHP), which has been 
suggested to be more effective than 10 % NBF in preserving 
phosphoproteins in paraffi n-embedded tissue samples, 
although large-scale validation is required [ 22 ]. PAXgene 
Tissue Fix (PreAnalytix GmbH, Switzerland) has also been 
found to be effective in preserving phosphoproteins in 
paraffi n- embedded tissue samples; although rather than 
being a formaldehyde replacement, it is suggested as an 
approach to facilitate the analysis of diseased tissues for 
which collection of frozen material for molecular analyses is 
diffi cult or not feasible [ 23 ].  

8.9     Do Studies Show a Difference 
in Phosphoprotein Detection Between 
Frozen and Formalin-fi xed Paraffi n- 
embedded Tissue Samples? 

 Snap freezing in liquid nitrogen is an alternative method for 
preserving phosphoproteins, although it is expensive and 
unavailable in many clinics. There is evidence to suggest 
that snap freezing of large surgical specimens increases 
phosphoprotein detection compared with formalin fi xation 
and paraffi n embedding. This is probably because the 
 duration of ischemia is not dependent on the time required 

for the formalin to penetrate the tissue. However, it seems 
that similar results may be achieved with both methods if 
the tissue sample is small enough to ensure rapid penetra-
tion by formalin [ 11 ].  

8.10     Is the Addition of Inhibitors 
Recommended to Help Preserve 
Phosphoproteins? 

 Kinase and phosphatase inhibitors can be useful to stabilise 
the activation status of proteins, preventing phosphorylation 
and dephosphorylation, respectively [ 8 ]. Sample preparation 
techniques may involve kinase and phosphatase inhibitors at 
different stages depending on the process and purpose. For 
example, they may be included with the fi xative [ 22 ], incu-
bated with the sample prior to freezing [ 8 ], added to protein 
samples following extraction from frozen sections [ 23 ], or 
added to lysed cells during protein extraction for Western 
blotting [ 14 ]. However, a study of breast cancer samples has 
indicated that the phosphatase inhibitor orthovanadate may 
not be effective in preserving phosphoproteins at room tem-
perature [ 14 ].  

8.11     Is It Possible to Establish a Clinically 
Meaningful Quantifi cation 
of Phosphoproteins 
in Immunohistochemically 
Stained Tissue? 

 Manual scoring of immunohistochemically stained tissue is 
subject to interobserver variability, which can limit its use-
fulness in the clinical setting. However, several computer- 
based programs are available to automatically quantify 
immunohistochemical staining with a view to improving the 
reproducibility of results (e.g., Ariol, Aperio Image Analysis 
Toolbox, Bacus TMAScore), and some now have diagnostic 
applications in breast cancer [ 24 ]. 

 However, as discussed throughout this chapter, results 
from the immunohistochemical detection of phosphopro-
teins may be subject to multiple pre-analytical variables, so 
regardless of quantitative analysis, they may not accurately 
refl ect the status of the tumor. In the future, continued prog-
ress to standardise such variables will be helpful to optimise 
their clinical usefulness.     

  Acknowledgements   Writing assistance was provided by Hannah 
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Indivumed.  

8 Immunohistochemical Detection of Phosphoproteins and Cancer Pathways 



89

 temperature is used [ 21 ]. It is hypothesised that the initial 
cold incubation reduces phosphatase activity and inhibits the 
process of formaldehyde cross-linking to facilitate penetra-
tion of the tissue, and that the subsequent heated incubation 
speeds up the cross-linking process only after penetration is 
complete.  

8.8     Is the Preservation of Phosphoproteins 
Affected by the Choice of Fixative? 

 While formalin is routinely used as a fi xative for paraffi n- 
embedded tissue samples in many laboratories, research has 
suggested that other fi xatives may be better for the preserva-
tion of phosphoproteins. Specifi cally, a study using paraffi n- 
embedded xenograft tumor samples and human surgical 
tumor samples has indicated that STF may be superior in 
preserving phosphoproteins compared with 10 % NBF or 
4 % paraformaldehyde [ 20 ]. For example, staining of 
p-MET was scored as +++ for all fi ve tested STF-fi xed 
xenograft tumor samples, but was only scored as + for the 
majority of formalin- or paraformaldehyde-fi xed samples 
(p = 0.0008). 

 Newer alternatives to formalin are also becoming avail-
able, including a one-step room temperature process using 
biomarker and histology preservative (BHP), which has been 
suggested to be more effective than 10 % NBF in preserving 
phosphoproteins in paraffi n-embedded tissue samples, 
although large-scale validation is required [ 22 ]. PAXgene 
Tissue Fix (PreAnalytix GmbH, Switzerland) has also been 
found to be effective in preserving phosphoproteins in 
paraffi n- embedded tissue samples; although rather than 
being a formaldehyde replacement, it is suggested as an 
approach to facilitate the analysis of diseased tissues for 
which collection of frozen material for molecular analyses is 
diffi cult or not feasible [ 23 ].  

8.9     Do Studies Show a Difference 
in Phosphoprotein Detection Between 
Frozen and Formalin-fi xed Paraffi n- 
embedded Tissue Samples? 

 Snap freezing in liquid nitrogen is an alternative method for 
preserving phosphoproteins, although it is expensive and 
unavailable in many clinics. There is evidence to suggest 
that snap freezing of large surgical specimens increases 
phosphoprotein detection compared with formalin fi xation 
and paraffi n embedding. This is probably because the 
 duration of ischemia is not dependent on the time required 

for the formalin to penetrate the tissue. However, it seems 
that similar results may be achieved with both methods if 
the tissue sample is small enough to ensure rapid penetra-
tion by formalin [ 11 ].  

8.10     Is the Addition of Inhibitors 
Recommended to Help Preserve 
Phosphoproteins? 

 Kinase and phosphatase inhibitors can be useful to stabilise 
the activation status of proteins, preventing phosphorylation 
and dephosphorylation, respectively [ 8 ]. Sample preparation 
techniques may involve kinase and phosphatase inhibitors at 
different stages depending on the process and purpose. For 
example, they may be included with the fi xative [ 22 ], incu-
bated with the sample prior to freezing [ 8 ], added to protein 
samples following extraction from frozen sections [ 23 ], or 
added to lysed cells during protein extraction for Western 
blotting [ 14 ]. However, a study of breast cancer samples has 
indicated that the phosphatase inhibitor orthovanadate may 
not be effective in preserving phosphoproteins at room tem-
perature [ 14 ].  

8.11     Is It Possible to Establish a Clinically 
Meaningful Quantifi cation 
of Phosphoproteins 
in Immunohistochemically 
Stained Tissue? 

 Manual scoring of immunohistochemically stained tissue is 
subject to interobserver variability, which can limit its use-
fulness in the clinical setting. However, several computer- 
based programs are available to automatically quantify 
immunohistochemical staining with a view to improving the 
reproducibility of results (e.g., Ariol, Aperio Image Analysis 
Toolbox, Bacus TMAScore), and some now have diagnostic 
applications in breast cancer [ 24 ]. 

 However, as discussed throughout this chapter, results 
from the immunohistochemical detection of phosphopro-
teins may be subject to multiple pre-analytical variables, so 
regardless of quantitative analysis, they may not accurately 
refl ect the status of the tumor. In the future, continued prog-
ress to standardise such variables will be helpful to optimise 
their clinical usefulness.     

  Acknowledgements   Writing assistance was provided by Hannah 
FitzGibbon of Complete Medical Communications, with funding from 
Indivumed.  

8 Immunohistochemical Detection of Phosphoproteins and Cancer Pathways 90

   References 

      1.    Mandell JW. Phosphorylation state-specifi c antibodies: applica-
tions in investigative and diagnostic pathology. Am J Pathol. 
2003;163(5):1687–98.  

    2.    Pham NA, Schwock J, Iakovlev V, Pond G, Hedley DW, Tsao 
MS. Immunohistochemical analysis of changes in signaling path-
way activation downstream of growth factor receptors in pancreatic 
duct cell carcinogenesis. BMC Cancer. 2008;8:43.  

    3.    Martelli AM, Tabellini G, Bressanin D, et al. The emerging multiple 
roles of nuclear Akt. Biochim Biophys Acta. 2012;1823(12):2168–78.  

    4.    Mandell JW. Immunohistochemical assessment of protein phos-
phorylation state: the dream and the reality. Histochem Cell Biol. 
2008;130(3):465–71.  

    5.    Trigka EA, Levidou G, Saetta AA, et al. A detailed immunohisto-
chemical analysis of the PI3K/AKT/mTOR pathway in lung cancer: 
correlation with PIK3CA, AKT1, K-RAS or PTEN mutational 
 status and clinicopathological features. Oncol Rep. 2013;30(2):
623–36.  

    6.    Hudelist G, Kostler WJ, Czerwenka K, et al. Her-2/neu and EGFR 
tyrosine kinase activation predict the effi cacy of trastuzumab-based 
therapy in patients with metastatic breast cancer. Int J Cancer. 
2006;118(5):1126–34.  

    7.    Felip E, Rojo F, Reck M, et al. A phase II pharmacodynamic study 
of erlotinib in patients with advanced non-small cell lung cancer 
previously treated with platinum-based chemotherapy. Clin Cancer 
Res. 2008;14(12):3867–74.  

      8.    Espina V, Edmiston KH, Heiby M, et al. A portrait of tissue phos-
phoprotein stability in the clinical tissue procurement process. Mol 
Cell Proteomics. 2008;7(10):1998–2018.  

       9.    Holzer TR, Fulford AD, Arkins AM, Grondin JM, Mundy CW, 
Nasir A, Schade AE. Ischemic time impacts biological integrity of 
phospho-proteins in PI3K/Akt, Erk/MAPK, and p38 MAPK signal-
ing networks. Anticancer Res. 2011;31(6):2073–81.  

   10.    Bonnas C, Specht K, Spleiss O, et al. Effects of cold ischemia and 
infl ammatory tumor microenvironment on detection of PI3K/AKT 
and MAPK pathway activation patterns in clinical cancer samples. 
Int J Cancer. 2012;131(7):1621–32.  

        11.    Wolf C, Jarutat T, Vega HS, et al. Determination of phosphorylated 
proteins in tissue specimens requires high-quality samples collected 
under stringent conditions. Histopathology. 2014;64(3):431–44.  

    12.    Juhl H. Preanalytical aspects: a neglected issue. Scand J Clin Lab 
Invest Suppl. 2010;242:63–5.  

     13.    Baker AF, Dragovich T, Ihle NT, Williams R, Fenoglio-Preiser C, 
Powis G. Stability of phosphoprotein as a biological marker of 
tumor signaling. Clin Cancer Res. 2005;11(12):338–4340.  

      14.    De Cecco L, Musella V, Veneroni S, et al. Impact of biospecimens 
handling on biomarker research in breast cancer. BMC Cancer. 
2009;9:409.  

     15.    Johnsen IK, Hahner S, Briere JJ, Ozimek A, Gimenez-Roqueplo 
AP, Hantel C, Adam P, Bertherat J, Beuschlein F. Evaluation of a 
standardized protocol for processing adrenal tumor samples: prepa-
ration for a European adrenal tumor bank. Horm Metab Res. 
2010;42(2):93–101.  

    16.    Bai Y, Tolles J, Cheng H, et al. Quantitative assessment shows loss 
of antigenic epitopes as a function of pre-analytic variables. Lab 
Invest. 2011;91(8):1253–61.  

     17.    Pinhel IF, Macneill FA, Hills MJ, et al. Extreme loss of immunore-
active p-Akt and p-Erk1/2 during routine fi xation of primary breast 
cancer. Breast Cancer Res. 2010;12(5):R76.  

    18.    Kiernan JA. Formaldehyde, formalin, paraformaldehyde and glutar-
aldehyde: what they are and what they do. Microscopy Today. 2000;
1:8–12.  

    19.    Hammond ME, Hayes DF, Wolff AC, Mangu PB, Temin S. 
American Society of Clinical Oncology/College of American 
Pathologists guideline recommendations for immunohistochemical 
testing of estrogen and progesterone receptors in breast cancer. 
J Oncol Pract. 2010;6(4):195–7.  

     20.    Burns JA, Li Y, Cheney CA, Ou Y, et al. Choice of fi xative is crucial 
to successful immunohistochemical detection of phosphoproteins 
in paraffi n-embedded tumor tissues. J Histochem Cytochem. 2009;
57(3):257–64.  

    21.    Chafi n D, Theiss A, Roberts E, Borlee G, Otter M, Baird GS. Rapid 
two-temperature formalin fi xation. PLoS One. 2013;8(1):e54138.  

     22.    Mueller C, Edmiston KH, Carpenter C, et al. One-step preservation 
of phosphoproteins and tissue morphology at room temperature for 
diagnostic and research specimens. PLoS One. 2011;6(8):e23780.  

     23.    Gundisch S, Schott C, Wolff C, et al. The PAXgene(®) tissue sys-
tem preserves phosphoproteins in human tissue specimens and 
enables comprehensive protein biomarker research. PLoS One. 
2013;8(3):e60638.  

    24.    Rojo MG, Bueno G, Slodkowska J. Review of imaging solutions for 
integrated quantitative immunohistochemistry in the Pathology 
daily practice. Folia Histochem Cytobiol. 2009;47(3):349–54.  

    25.    Baker JW, Craig TJ, Riedl MA, et al. Nanofi ltered C1 esterase 
inhibitor (human) for hereditary angioedema attacks in pregnant 
women. Allergy Asthma Proc. 2013;34(2):162–9.    

K.A. David and H. Juhl



Indivumed GmbH
Falkenried 88 · Bldg. D · 20251 Hamburg · Germany
Tel.: +49/40 - 41 33 83-0 · Fax: +49/40 - 41 33 83-14

www.indivumed.com


