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Abstract

One of the major breakthroughs in molecular pathology during the last decade was the successful extraction of full-length
proteins from formalin-fixed and paraffin-embedded (FFPE) clinical tissues. However, only limited data are available for the
protein extraction efficiency of over-fixed tissues and FFPE blocks that had been stored for more than 15 years in pathology
archives. In this study we evaluated the protein extraction efficiency of FFPE tissues which had been formalin-fixed for up to
144 hours and tissue blocks that were stored for 20 years, comparing an established and a new commercial buffer system.
Although there is a decrease in protein yield with increasing fixation time, the new buffer system allows a protein recovery
of 66% from 144 hours fixed tissues compared to tissues that were fixed for 6 hours. Using the established extraction
procedure, less than 50% protein recovery was seen. Similarly, the protein extraction efficiency decreases with longer
storage times of the paraffin blocks. Comparing the two buffer systems, we found that 50% more proteins can be extracted
from FFPE blocks that were stored for 20 years when the new buffer system is used. Taken together, our data show that the
new buffer system is superior compared to the established one. Because tissue fixation times vary in the routine clinical
setting and pathology archives contain billions of FFPE tissues blocks, our data are highly relevant for research, diagnosis,
and treatment of disease.
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Introduction

The use of formalin as a fixative has been standard in the

clinical routine for more than 100 years and still is. For quite a

long time it seemed impossible to use formalin-fixed, paraffin-

embedded (FFPE) tissues for quantitative proteome analysis [1–3].

However in the last few years several groups - including our own -

described successful protein extraction from FFPE tissues [4–12].

It could be demonstrated that the extracted proteins are non-

degraded, full-length, and immunoreactive and for this reason

suitable for standard methods as western blot, protein microarray

[5] and 2D gel electrophoresis [4]. This is a great advantage for

research as with this technique it is not required to use rare fresh

frozen material but one can resort to the large FFPE tissue

archives of most hospitals worldwide. But it is of great importance

that this method is not only used for research purposes but will be

integrated in clinical routine, too, especially as individualised

therapies gain more and more impact for patient diagnosis and

therapy decision. However to reach this goal several aspects of

protein extraction from FFPE tissue have to be considered. For use

in routine diagnostic a successful extraction protocol should be

fast, effective, standardized, and reliable. Another important issue

that shouldn’t be disregarded is the dissimilar pre-analytical

treatment of different tissue samples. Due to practical and

organisational reasons fixation times in clinical routine may vary

from tissue sample to tissue sample. The minimal fixation time,

depending on the tissue size, should be around 6 h, but samples

may also stay in formalin for several days, e.g. if they arrive shortly

before the weekend or public holidays. Especially those extendedly

fixed tissues are a hurdle for efficient protein extraction from FFPE

tissue. In this manuscript we addressed some of these issues and

found that a new buffer system is superior compared to an

established system when proteins are extracted from over-fixed or

long-term stored tissues.

Results

Protein yields in various tissue types
We used five different tissue types (Barrett’s carcinoma,

pancreas carcinoma, non-tumourous colon, gastric cancer and a

lymph node sample) to test the protein yields that can be obtained

from routinely processed FFPE tissues comparing two commercial

buffer systems, EXB and EXB Plus (Figure 1A). For both

approaches we extracted proteins from five 10 mm sections with an

approximate area of about 0.5 cm2 of a formalin-fixed tissue

sample in 100 ml of extraction buffer. Total protein concentrations

of the extracts ranged from 1.66 mg/ml to 5.33 mg/ml using the

EXB extraction method. With EXB Plus we obtained yields

ranging from 2.58 mg/ml to 8.62 mg/ml. It could be shown that

in all applied tissues the protein amount in extracts obtained using

EXB Plus was about two-times higher compared to samples from

EXB based extractions.
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In a next step, we performed western blot analysis to ensure

reliable extraction of non-degraded, full-length, and immuno-

reactive proteins comparing EXB Plus and EXB extraction

buffers. In Figure 1B the results of a western blot analysis of

Erk, b-actin and the membrane protein E-Cadherin are shown.

For this purpose the tenth part of each extraction was used. This

gave us the possibility to not only compare the total protein

extraction yield but also the amount of individual proteins. It is

distinguishable that with EXB Plus it is possible to extract

higher amounts from all five tissues and of all three analysed

proteins compared to EXB. Furthermore as we obtained clear

bands at the right molecular weight for both buffers, we could

confirm the integrity of the extracted proteins. Independent of

the buffer no E-Cadherin expression could be detected for

pancreas carcinoma and the lymph node sample. This is not

astonishing as lymphocytes do not express the protein and

down-regulation of E-Cadherin in pancreas carcinoma may

occur [13,14].

Comparison of protein yields from tissue samples from
different hospitals

To show that this advantage of EXB Plus is not only true for

tissues processed in our institute we compared the extraction yield

from two different hospitals (Klinikum rechts der Isar, Munich and

Klinikum Rosenheim, Rosenheim). For this purpose proteins were

extracted from three different tissue samples from both hospitals,

in three technical replicates using both buffers. This allowed us to

determine the variation between different extractions. As Figure 2
shows EXB Plus resulted in high protein yields from both hospitals

and in only minimal variations between the replicates (mean

standard deviation: 0.47 mg/ml).

Protein extraction from FFPE tissues from xerograph
mouse models

To determine the applicability of EXB Plus not only in human

but also in other organisms, we used tumors from two different

Figure 1. Comparison of proteins extracted from five different tissues with EXB and EXB Plus, respectively. A Using EXB Plus
considerably higher lysate concentrations could be obtained for each of the tissue types. B Western blot analysis of E-Cadherin, Erk and b-actin in five
different tissues. For both buffers we obtained clear bands in the western blot, confirming that we were able to extract non-degraded, full-length,
and immunoreactive proteins. In addition it is distinguishable that the extracted protein amount from all five tissues of all three analysed proteins is
higher using EXB Plus.
doi:10.1371/journal.pone.0016353.g001

Improved Protein Extraction from FFPE Tissues

PLoS ONE | www.plosone.org 2 January 2011 | Volume 6 | Issue 1 | e16353



xenograft-mouse models (A431- and H1975-xenograft) and

extracted proteins from three different mice for each mouse

model (Figure 3). It could be shown that in all six samples the

protein amount in extracts obtained using EXB Plus were higher

than those gained with EXB. Similar results were achieved with

extractions from rat tissue (data not shown). These findings reveal

that EXB Plus can be used for efficient protein extraction from

FFPE tissue samples independently of its origin.

Protein extraction from FFPE tissues versus fresh frozen
tissues

To compare protein extraction efficiencies between FFPE

material and fresh frozen tissues, proteins should be extracted in

the same buffer system, as the protein composition may be

influenced by the extraction buffer. For this reason we extracted

proteins from four FFPE tissues and the corresponding cryo tissues

with EXB Plus. Cryo material was additionally extracted using

EXB Plus but without the two heating steps as these are usually

not necessary for fresh frozen tissue. As reference we extracted

cryo tissue with the commercial buffer T-Per (Thermo-Fisher,

Rockford, USA), a dedicated cryo extraction buffer, according to

the manufacturer’s instructions. The obtained results are shown in

Figure 4A. No difference could be observed for the extraction

with EXB Plus from fresh frozen material with or without heat

whereas for extraction from FFPE tissue heat (20 min at 100uC;

2 h at 80uC) is implicitly necessary (data not shown). For two

tissues (ovarian carcinoma, stomach) we gained equal protein

Figure 2. Protein amounts gained by extraction from FFPE tissues from two different hospitals in three technical replicates. EXB Plus
allowed high protein yields independently of the tumor sample or the hospital the tissue was processed in. Additionally only minimal variations
between the replicates (mean standard deviation: 0.47 mg/ml) could be detected.
doi:10.1371/journal.pone.0016353.g002

Figure 3. Protein extraction from FFPE samples from two different xenograft mouse models. For both mouse models EXB Plus resulted
in higher protein yields compared to EXB. This shows the advantage of EXB Plus independently of the organism.
doi:10.1371/journal.pone.0016353.g003
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amounts from cryo material and FFPE tissue. For the two others

(colon, muscle) the protein amount obtained from cryo material

was lower. However, if these amounts from cryo tissue are

compared to the amounts extracted with T-Per, it appears that

they are still as high as the ones extracted from T-Per – or even

higher (Figure 4A). Most importantly as Figure 4B shows we

obtained clear bands at the right molecular weight for FFPE and

fresh frozen tissue. This confirms the integrity of the extracted

proteins from both materials. As the tenth part of each extraction

was used in this western blot, the relation of the extracted protein

amounts (according to the different buffers and tissues) as

described above could be made visible.

All together our data indicate that even though EXB Plus is

designed for extraction from FFPE material, it could also be used

for fresh frozen tissues, if required.

Protein yields from over-fixed tissues
It is well known that, due to practical and organisational

reasons, in the clinical routine the fixation time of tissues varies.

The minimal fixation time, depending on the tissue size, should

be around 6 h but if samples arrive shortly before the weekend or

public holidays they could also stay in formalin for several days.

Taking this into account, we extracted proteins (with EXB and

EXB Plus) from lymph node samples that were fixed for 6 h,

24 h, 48 h, or 144 h (Figure 5A). For the shortest fixation time

(6 h), no real difference could be detected between the two buffers

tested. But already at the standard fixation time of 24 h

extraction with EXB Plus led to an explicitly higher protein

yield. The elevated protein yield remained for fixation times of

48 h and 144 h using EXB Plus. Although lymph nodes were the

tissue with the lowest obtained protein amounts of all tissues

Figure 4. Comparison of proteins extracted from four FFPE tissues and the corresponding cryo tissues with EXB Plus. A Cryo tissue
was additionally extracted with EXB Plus but without any heat and T-Per, a buffer designed for extraction of cryo material. To be able to compare
protein yields from different sized tissue pieces the protein amount is calculated per mm3 of used tissue. The yields extracted from cryo material with
EXB Plus or T-Per were equal, or especially for stomach tissue even higher in the EXB Plus extracts. Cryo tissue compared to FFPE material discloses a
loss of protein amount in two tissues (colon and muscle) and no difference in the two others (ovarian carcinoma and stomach). B Western blot
analysis of protein lysates from colon FFPE and cryo material. For both tissue types we obtained clear bands in the western blot, confirming that we
were able to extract non-degraded, full-length, and immunoreactive proteins. In addition it is visible that the extracted protein amount from FFPE is
higher than from fresh-frozen tissue, but hardly any difference could be seen for cryo material extracted using EXB Plus compared to a standard
buffer for cryo extraction (T-Per).
doi:10.1371/journal.pone.0016353.g004
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analysed, we were still able to extract a suitable amount of protein

(1.57 mg/ml in 100 ml) even from the 144 h fixed sample using

EXB Plus (Figure 5A).

As next step, we investigated how proteins from these differently

fixed samples behave in western blot analysis. For this purpose we

analysed the lysates extracted with EXB and EXB Plus for four

proteins: The heat shock protein Hsp70, the protein kinase B (Akt),

the extracellular signal-regulated kinase (Erk) and b-actin

(Figure 5B). The results clearly show that even highly abundant

proteins, like Hsp70, are only poorly detectable using EXB, if the

sample was fixed extensively. Erk can’t even be detected properly

from samples with a fixation time of 24 h using EXB but we

obtained quite good results for all four samples if EXB Plus was

used. Regarding b-actin it is eye-catching that we can’t see any

reduction of this protein using EXB Plus, however we do detect

lower b-actin levels in samples from extensively fixed tissues

extracted with EXB. These data clearly show that proteins can be

efficiently recovered even after long-time fixation when using EXB

Plus buffer.

Protein extraction from long-term stored FFPE tissue
blocks

Another factor negatively affecting the protein amounts that can

be recovered from FFPE tissue is the storage time of the tissue

blocks. Formalin-fixed tissues may be stored over decades, with

hardly any harm to the samples when inspected by histology.

However, if proteins shall be extracted from long-term stored

tissue blocks the protein yield decreases in comparison to short-

term stored ones. This effect increases if the blocks have been cut

before storage, which is the case for most FFPE blocks from

clinical routine as they were used for diagnosis. Due to this reason

Figure 5. Protein amounts and western blot analysis of lysates extracted from lymph node samples fixed for 6 h, 24 h, 48 h and
144 h, respectively. For a short fixation time no real difference could be detected between the two buffers tested. But already at the standard
fixation time of 24 h EXB Plus shows 25% higher protein yield. For a fixation time of 144 h the difference increased to 30% higher protein yield
compared to EXB. B Western blot analysis of Hsp70, Akt, Erk and b-actin in lymph node samples fixed for 6 h, 24 h, 48 h or 144 h. Protein yield
decreases with extension of fixation for EXB, for all four analysed proteins. In contrast, using EXB Plus the decline is much less pronounced. All eight
samples detected with one antibody were run on one gel and detected under exactly the same conditions (e.g. blocking, washing steps, exposure
time).
doi:10.1371/journal.pone.0016353.g005
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our next attempt was to test the ability to extract proteins from

such long-term stored tissues using EXB Plus. For this purpose we

extracted one pair of colon carcinoma and two pairs of gastric

cancer tissues from 1990 and 2010, respectively, with both EXB

and EXB Plus. As shown in Table 1 the protein amounts that

could be extracted from the twenty years old blocks were lower

(mean 1.26 mg/ml) compared to the yields from blocks from the

year 2010 (mean 2.49 mg/ml) independently of the buffer used.

However, if the two buffers are compared to each other one can

see that protein yields from blocks from 2010 gained with EXB

Plus are higher with a mean of 25% compared to blocks from the

same year extracted with EXB (Figure 6). A comparison of the

extractions from the blocks from 1990 revealed an even higher

mean difference of 50% between the two buffers. These results

show that especially for long-term stored tissues, much more

protein can be recovered when using EXB Plus as extraction

buffer instead of EXB.

Discussion

From the field of RNA extraction from FFPE tissues it is known

that over-fixation of FFPE tissues can become an issue for

extraction, particularly if fixation proceeds for longer than

24 hours, resulting in more irreversible crosslinking [15–17]. This

could result in increased RNA degradation [18]. For the

extraction of proteins this fact is also known, but notably less

examined. Here we could show that using the new EXB Plus

buffer, we are able to get reasonable amounts of proteins even

from tissues that were fixed for 144 h. This is of great importance,

as fixation times of routinely processed samples may vary from

tissue sample to tissue sample. Now with EXB Plus all those

samples, even the long-term fixed ones, could be made accessible

for protein extraction. However, the known fact that the longer the

tissue was fixed, the less protein can be extracted still applies.

Similar results were obtained for long-term stored tissues.

Storage time is another factor that should be considered as a

negative effector on extraction yields of macromolecules, like

DNA, RNA or for us most important proteins that can be gained

from FFPE tissue samples. These data are missing for alternative

formalin-free fixatives. Even though it could be shown that storage

time doesn’t have an influence on RNA extraction [19], here we

demonstrated that there is an influence on protein yield. We

obtained about twice less proteins from samples stored since 1990

compared to the ones from the year 2010. But most interestingly

we could show that using EXB Plus we get about 50% more

proteins from samples from 1990 compared to EXB. For samples

from the year 2010, EXB Plus got the higher yields too, but just

with an advance of about 25%. Based on these results together

with the fact that with EXB Plus we could also obtain higher

protein amounts from long-term fixed samples, this new buffer

system will be a very valuable tool for protein analysis of archival

tissues. Additionally, we could show that EXB Plus is not only an

improvement for such delicate FFPE blocks, but also for

‘‘normal’’, routinely processed samples. Most importantly, all

proteins analysed could be proven to be non-degraded, full-length,

and immunoreactive.

Another important aspect of this study was to evaluate the

suitability of EXB Plus for comparison of FFPE tissue to fresh

frozen material. As the extraction from fresh frozen tissue is still

the gold standard for protein analysis, it is often necessary to

compare proteins from FFPE tissue to those extracted from cryo

material. To really obtain similar protein compositions it is best to

use the same buffer for both extractions. Here we could show that

EXB Plus is also applicable to extract proteins from fresh frozen

tissues and that the protein amount obtained with EXB Plus is as

high as with standard extraction buffers especially designed for

cryo material.

In conclusion, EXB Plus is the buffer of choice for protein

extraction from FFPE tissues, particularly for demanding samples,

such as long-term stored or extendedly fixed tissues. Tissue-based

diagnostic testing is the gold standard for cancer diagnosis and is

more and more dependent on increasing process standardization

in the anatomic pathology laboratory and on improving

laboratory workflows. Precise quantification of diagnostic or

therapeutic proteins in FFPE cancer tissues is currently the

greatest challenge for personalized cancer therapy. Protein lysates

from FFPE tissue samples obtained with EXB Plus in combination

with nano-scale quantitative downstream applications, such as

reverse phase protein arrays, may help to solve current problems

in protein biomarker quantification for cancer research, diagnosis,

and treatment.

Materials and Methods

Ethic statement
All patients gave informed written consent and the study was

approved by the Ethics Committee of the Technische Universität

München, Munich, Germany.

Table 1. Protein yield from long-term stored FFPE tissue blocks.

Cases from 1990 Conc. in mg/ml Cases from 2010 Conc. in mg/ml

Colon carcinoma 90/1 EXB 0.80 Colon carcinoma 10/1 EXB 2.24

Gastric cancer 90/1 EXB 0.98 Gastric cancer 10/1 EXB 1.39

Gastric cancer 90/2 EXB 0.75 Gastric cancer 10/2 EXB 2.67

Mean 0.84 Mean 2.10

Colon carcinoma 90/1 EXB Plus 1.48 Colon carcinoma 10/1 EXB Plus 2.76

Gastric cancer 90/1 EXB Plus 1.87 Gastric cancer 10/1 EXB Plus 3.24

Gastric cancer 90/2 EXB Plus 1.69 Gastric cancer 10/2 EXB Plus 2.63

Mean 1.68 Mean 2.88

Protein yields from one pair of colon carcinoma and two pairs of gastric cancer tissues from 1990 and 2010 were analysed. The same block was extracted twice, once
with EXB and once with EXB Plus. The protein amounts from the newer blocks were higher than from the older ones. But for both time periods the amount extracted
with EXB Plus was higher.
doi:10.1371/journal.pone.0016353.t001
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Tissue samples
We used one sample of each of the following human tissues,

which had been routinely processed (formalin fixation in 4% neutral

buffered formalin) in the Klinikum rechts der Isar of the Technische

Universität München, Munich, Germany, from the years 1997 to

2007: Barrett’s carcinoma, pancreas carcinoma, non-tumourous

colon, gastric cancer and a lymph node sample. Additionally we

used three different mamma carcinomas routinely processed of the

Klinikum rechts der Isar and the Klinikum Rosenheim, respective-

ly. For the extraction from mouse tissue female NMRI mice were

maintained at the Charles River Laboratories in accordance with

national and institutional guidelines for animal care. Each mouse

was injected subcutaneously with each 200 ml of A431 (epidermoid

carcinoma) or H1975 (non-small cell lung cancer) cell suspension

(56106 cells). When tumors reached a size of ,1.5 cm mice were

sacrificed and tumors were excised. The tissue was fixed in 4% (v/v)

neutral buffered formalin for 24 h, rinsed in water for 2 h followed

by paraffin embedding. Furthermore we analysed four lymph node

samples which had been formalin fixed for 6 h, 24 h, 48 h or 144 h.

For the comparison of FFPE tissue with fresh frozen tissue we used

one non-tumourous colon tissue, one muscle sample, one non-

tumourous stomach tissue and one ovarian carcinoma tissue. Each

sample was divided into two equal parts, one of which was routinely

formalin-fixed while the other one was snap-frozen in liquid

nitrogen. To compare long-term stored tissues to recently fixed ones

we used one routinely processed pair of colon carcinoma tissues and

two pairs of routinely processed gastric cancer samples from the

year 1990 and 2010, respectively. Reference haematoxylin/eosin

stained sections of the tissues were histologically verified and areas of

interest were marked by an experienced pathologist. Subsequent

unstained sections of the same paraffin blocks were used for protein

extraction.

Protein extraction from FFPE tissues
We compared a new protein extraction buffer system (EXB

Plus, Qiagen, Hilden, Germany) with an established extraction

procedure (EXB, Qiagen, Hilden, Germany). Proteins were

extracted according to the manufacturer’s instructions. Briefly,

after standard deparaffination of the tissue sections, the microdis-

sected tissue of interest (as indicated in the haematoxylin/eosin

stained reference sections) was transferred into EXB Plus buffer.

We selected samples with the highest possible similarity regarding

tissue area, tissue type, cell number, absence of necrosis and other

factors for one to one comparison. After extraction according to

the protocol the proteins were stored frozen at 220uC. To

compare the new EXB Plus buffer against the established buffer

system EXB, all extractions were also performed in this buffer as

described before [5]. Comparative protein extractions from fresh

frozen tissues were performed with both buffers (EXB Plus and

EXB) and with another commercial buffer for protein extractions

for fresh frozen tissue (T-Per, Thermo-Fisher, Rockford, USA).

For all extractions applied: Approximately 1.5 mm3 tissue was

processed in 100 ml of buffer (for FFPE-tissue 10 mm thick sections

were used, for fresh frozen tissues we cut 20 mm sections). Protein

concentrations were determined using the Bradford protein assay

according to the manufacturer’s instructions (BioRad, Hercules,

USA). To calculate the protein yield in mg/mm3 we measured the

sample area using the public domain software ImageJ (National

Institutes of Health, USA).

Western blot
Protein extracts were used for western blot analysis as previously

described [20]. The tenth part of each extraction was applied to a

10% non-gradient SDS-gel. This gave us the possibility to

compare the amount of individual proteins in the different

extracts. Immunoblots were visualized with ECLplus (Amer-

sham/GE Healthcare Europe GmbH, Munich, Germany).

Antibodies
We studied the cell adhesion molecule E-Cadherin (#610182;

BD Biosciences Pharmingen, San Diego, USA; 1:5000), b-actin

(A1978; Sigma, Hamburg, Germany; 1:10000), the extracellular

Figure 6. Protein extraction from FFPE samples from 1990 in comparison to samples from 2010. For both years the usage of EXB Plus
resulted in higher protein yields compared to EXB but for the twenty years old samples the difference was more striking.
doi:10.1371/journal.pone.0016353.g006
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signal-regulated kinase Erk1/2 (#9102; Cell signalling, Danvers,

USA; 1:1000), the protein kinase B/Akt (#9272; Cell signalling,

Danvers, USA; 1:1000) and the heat shock protein Hsp70

(ab17850; Abcam, Cambridge, UK; 1:50).
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