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colon tissues of different transformation stages: a comparison
of gene and protein data
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Abstract Due to protection of oncogenic proteins from

degradation and enhancement of glycolytic phosphome-

tabolites for synthetic processes, respectively, heat shock

protein 90 (HSP90) and pyruvate kinase type M2 (PKM2)

are important proteins for tumor growth. The present study

was undertaken to investigate the susceptibility of both

proteins and their encoding genes to the chemopreventive

agent butyrate in human colon cells. Matched tissue of

different transformation stages derived from 20 individual

colon cancer patients was used for the experiments. The

results of quantitative real-time PCR revealed a moderate

increase of HSP90b and PKM2 mRNA in colon tumors

(P \ 0.01) compared to normal tissues without relation to

clinical parameters. The expression pattern could be con-

firmed for PKM2 protein by Western blot but not for

HSP90b. During culturing with butyrate, the amount of

PKM2 transcripts decreased in all three tissue types with

the strongest effects observed in tumors (median fold

decrease 45%, P \ 0.05). The protein data have not

reflected this influence supposing a more gradual degra-

dation rate due to a longer half-life of PKM2. In contrast,

the mRNA expression of HSP90b in normal tissue was

found 1.38-fold increased by butyrate (P \ 0.05), but not

the corresponding protein level. HSP90b expression in

adenomas and tumors remained generally insensitive. Only

in malignant tissue, however, a significant correlation was

found between the individual effects observed on gene and

protein expression level. In conclusion, the present study

identified PKM2 as a potential direct target of butyrate in

neoplastic colon tissue, whereas HSP90b is none of it.
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Abbreviations

PKM2 Pyruvate kinase type M2

HSP90b Heat shock protein 90 beta

SCFA Short chain fatty acids

HBSS Hank’s balanced salt solution

mRNA Messenger RNA

cDNA Complementary DNA

qPCR Quantitative real-time polymerase chain

reaction

GUS b-glucuronidase

HDAC Histone deacetylase

Introduction

Heat shock protein 90 (HSP90) and pyruvate kinase type

M2 (PKM2) are essential for tumor growth and cancer

metabolism and therefore, represent promising targets in

the treatment of cancer (Christofk et al. 2008a; Neckers
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2007). HSP90 works as a molecular chaperone required

physiologically for the maintenance and function of a wide

range of proteins as well as mutated and aberrantly

expressed proteins in cancer cells (Neckers 2007). These

include transcription factors, protein kinases, and a large

number of structurally unrelated proteins (e.g., steroid

hormone receptors, Bcr-Abl, c-src, ErbB2, p53, cyclin-

dependent kinases, telomerase, Akt, HIF-1a) (Pearl et al.

2008; Picard 2011). Stabilization of these client proteins

that are often overexpressed in tumors prevents their deg-

radation by the proteasome and consequently contributes to

tumor development and cell survival (Brown et al. 2007).

Blocking of HSP90 was shown to result in reduced inva-

siveness in vitro and in decreased tumor cell proliferation,

vascularization as well as an improved efficacy of con-

ventional therapy strategies in vivo (Moser et al. 2007).

Further, HSP90 expressed by cancer cells protects against

apoptosis (Rashmi et al. 2003), down-regulates tumor-

suppressing signals such as TP53 (Lin et al. 2008) and

enables replicative immortality through enhanced telome-

rase assembly (Akalin et al. 2001). HSP90 function is

thereby implicated in the establishment of each of the

hallmarks of cancer (Neckers 2007) that were first pro-

posed and recently extended by Hanahan and Weinberg

(2011). In addition to its client proteins, HSP90 itself was

overexpressed in a variety of tumors, e.g., skin (Becker

et al. 2004), prostate (Elmore et al. 2008), breast (Diehl

et al. 2009), and colon (Milicevic et al. 2008). The function

of HSP90 in tumorigenesis led to considerable interest in

the chaperone as a target in cancer therapy. Inhibition of

HSP90 is associated with the potential of down-regulating

multiple oncogenic signaling pathways in which the vari-

ous client proteins of HSP90 are involved. Classical

inhibitors like geldanamycin and its derivates as well as

synthetic molecules block the ATPase-coupled chaperone

cycle and consign bound client proteins for ubiquitination

and proteosomal degradation (Pearl et al. 2008). Targeting

molecules that are involved in the regulation of HSP90, as

for example histone deacetylase (HDAC) 6, is an alterna-

tive approach to inhibit chaperone activity (Pearl et al.

2008) and was, inter alia, demonstrated for genistein

(Basak et al. 2008). Quercitin (Aalinkeel et al. 2008) and

epigallocatechin-3-gallate (Yin et al. 2009) are further

nutrition-related compounds with HSP90-inhibiting

potential.

Besides deregulated control of cell proliferation, repro-

gramming of energy metabolism is essential for tumor

growth and considered as an emerging hallmark of cancer

cells (Hanahan and Weinberg 2011). Genes of glycolysis

are involved in this adjustment, whereas PKM2 plays a key

role. The enzyme represents one of 4 pyruvate kinase

isoforms catalyzing the conversion of phosphoenolpyr-

uvate to pyruvate during glycolysis. The isoform is typical

for proliferating cells, such as in fetal and adult tissues, and

for tumor cells. Malignant tissues express predominantly a

dimeric, inactive form of PKM2 that is induced by direct

interaction with oncoproteins or phosphotyrosine binding

(Christofk et al. 2008b; Mazurek et al. 2005; Zwerschke

et al. 1999). Catalytic inactive PKM2 is necessary for the

metabolic switch from oxidative phosphorylation to aero-

bic glycolysis and proliferation of cells (Christofk et al.

2008b; Hitosugi et al. 2009). Attenuated PKM2 activity

leads to increased lactate production and reduced oxygen

consumption (Christofk et al. 2008a) that are typical

features of the cancer cell’s metabolism. Consequently,

proliferation of tumor cells is promoted by a temporary

accumulation of upstream phosphometabolites. These are

becoming available as precursors for anabolic processes,

such as DNA, amino acid, and phospholipid synthesis

(Christofk et al. 2008b; Mazurek et al. 2005). Its involve-

ment in carcinogenesis marks PKM2 as a target for the

development and/or identification of novel cancer-related

drugs as well. An inhibition of PKM2 has been shown to be

accompanied by decelerated tumor cell proliferation and

induced apoptosis as demonstrated by Spoden et al. (2008)

and Guo et al. (2011) using specific PKM2 aptamers and

RNA interference, respectively. So far, only indirect

evidence is given regarding a regulation by bioactive food

agents (Kim and Milner 2011). Components like luteolin

(Byun et al. 2010), delphinidin (Fridrich et al. 2008), or

butyrate (Hirsch et al. 2006) were reported to inhibit

oncogenic tyrosine kinases that are known to participate in

the regulation of PKM2 activity (Hitosugi et al. 2009).

The short chain fatty acid (SCFA) butyrate results, along

with other products, from the colonic fermentation of die-

tary fibers (soluble) which belong to the most studied food

ingredients in relation to colon cancer chemoprevention and

are associated with a reduced risk for the disease (Bingham

et al. 2003; Scharlau et al. 2009; Wong et al. 2006). Among

the most abundant SCFA, butyrate represents about 20%

and reaches absolute concentrations of 11–25 mM in

human feces, whereas concentrations in peripheral venous

blood are even lower (Hamer et al. 2008; Wolever and

Chiasson 2000). Compared to acetate or propionate, the C4

carbonic acid is best characterized and linked to numerous

anti-cancer effects in vitro and in vivo, e.g., induction of

apoptosis, inhibition of proliferation, and modulation of

various gene families (Borowicki et al. 2011; Pool-Zobel

et al. 2005; Zhang et al. 2010). Therefore, the present study

focused on butyrate and its impact on gene expression of

HSP90b and PKM2 as well as their analog proteins in

malignant and non-malignant (normal and adenoma) colon

tissues derived from individual donors. Among the different

types of tissue, adenoma is most interesting to study but

difficult to obtain. Most tumors arise from these benign

lesions, although only a small percentage of adenomas is
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going to progress to malignancy (Peipins and Sandler

1994). Among the 4 members of the HSP90 family,

HSP90b was focused due to its overexpression in colon

cancer as shown in own previous experiments (Radeva

2009). The outcomes of the study shall extend the few

available data regarding the butyrate sensitivity of HSP90

and PKM2 and maybe identify a novel natural agent

inhibiting both tumor markers.

Materials and methods

Tissue specimens

Colon tumor tissue and adjacent normal-appearing tissue

were consecutively and unselectively obtained at the time

of surgery from 20 patients undergoing colon surgical

resection on schedule at the University Hospital of Jena.

Normal colon samples were removed at a distance of

20–50 cm from the tumor site. Five out of the 20 patients

had an additional or sole adenoma which was discovered

accidently during surgery and also included in the inves-

tigations. Eight men and twelve women aged between 41

and 92 years attended the study. None of them has received

chemotherapy or radiation prior to surgery. All tissue

samples were checked and classified during histopatholo-

gical examination by an experienced pathologist (Table 1).

Normal tissues showed no signs of malignancy and

inflammation and adenoma samples were proven to be

benign. The tissue samples were stored in Hank’s balanced

salt solution (HBSS; 8.0 g/l NaCl; 0.4 g/l KCl; 0.06 g/l

Na2HPO4 9 2 H2O; 0.06 g/l K2HPO4; 1 g/l glucose;

0.35 g/l NaHCO3; 4.8 g/l HEPES; pH 7.2) on ice and

prepared immediately as previously reported (Jahns et al.

2011). The resulting tissue strips of normal, adenoma, and

tumor samples were either frozen in liquid nitrogen alone

or submerged in RNA later (Qiagen, Hilden, Germany) and

stored at -80�C until cytosol or RNA was being extracted.

Treatment of colon tissue with butyrate

Simultaneously, strips from all 3 tissue types were ran-

domly distributed to different wells which were used for

the various experiments later on. Treatment with the same

batch of an intestinally relevant dose of butyrate (10 mM)

(Hamer et al. 2008) for 12 h was performed in parallel,

subsequently (Jahns et al. 2011). Primary cell culture

medium (solvent for butyrate) was used as a control in the

experiments and consisted of minimal essential medium

with Earle’s salts enriched with 20% fetal calf serum,

2 mM glutamine, 100 lg/ml gentamycin, 2.5 lg/ml fun-

gizone, 10 ng/ml epidermal growth factor, 5 lg/ml insulin,

5 lg/ml transferrin, and 5 ng/ml sodium selenite according

to Rogler et al. (1998). After 12-h incubation, the tissue

strips used for protein analyses were washed in HBSS and

frozen in liquid nitrogen. Samples for gene expression

studies were additionally submerged in RNA later. Storage

occurred equivalent to the other tissue specimens.

According to Sauer et al. (2007), 12 h was the maximum

duration of treatment for primary colon tissue to get

enough viable cells and intact RNA.

Isolation of RNA and reverse transcription

into complementary DNA (cDNA)

RNA isolation and cDNA synthesis were performed as

previously described (Jahns et al. 2011). In short, total

RNA was isolated from the homogenized tissue samples by

using the RNeasy Plus Mini Kit (Qiagen) according to the

manufacturer’s protocol followed by spectrophotometri-

cally quantification with the NanoDrop�ND-1000 (Nano-

Drop Technologies, Wilmington, DE). Integrity of the

RNA was determined with the Agilent 2100 Bioanalyzer

(Agilent Technologies, Palo Alto, CA). Only RNA of

sufficient quality (RNA integrity number[5) (Fleige et al.

2006) was reverse transcribed using the SuperScript II First

Strand cDNA Synthesis System (Invitrogen, Darmstadt,

Germany). Due to variation of quantity of extracted total

RNA, the amount used as a template varied with each

patient from 100 to 2,500 ng.

Quantitative real-time polymerase chain reaction

(qPCR)

Quantitative PCR conditions were already described by

Jahns et al. (2011). Briefly, 2 ll cDNA prepared from

different starting concentrations of total RNA were

amplified in three steps by using iQ SYBR Green Supermix

(Bio-Rad, Munich, Germany) and 10 pmol gene-specific

primers: HSP90b forward, 50-CGTTGCTCACTATTACG

TATAATCCT-30 and reverse, 50-CGAATCTTGTCCAAG

GCATC-30; PKM2 forward, 50-TCCGGATCTCTTCGTC

TTTG-30 and reverse, 50-TGGGTCTGAATGAAGGCA

GT-30; b-actin forward, 50-AGAGCCTCGCCTTTGCCG

AT-30 and reverse, 50-CCCACGATGGAGGGGAAGAC-30;
b-glucuronidase (GUS) forward, 50-TGCAGGTGATGGAA

GAAGTG-30 and reverse, 50-TTGCTCACAAAGGTCACA

GG-30.
The expression of the targets was normalized to the

geometric average (Vandesompele et al. 2002) of two

reference genes (b-actin, GUS) based on the equation of

Pfaffl (2001) involving efficiency (E) and quantification

cycle (Cq). Since the reaction efficiencies of all primer

pairs were close to 100%, E was set to 2.
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Relative mRNA expression ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ECqðb�actinÞ � ECqðGUSÞ
p

ECqtarget
:

Cytosol extraction and Western blot analysis

Butyrate-treated (10 mM) and non-treated pieces of tissue

samples (normal, adenoma, and tumor) of the same set of

patients that was already used for mRNA expression anal-

ysis were homogenized in cold lysis buffer (50 mM

KH2PO4; 1 mM Na2EDTA; 0.1% Triton X-100 and 1 mM

Pefabloc; pH 7) with the Polytron homogenizer 2100

(Kinematica AG, Lucerne, Switzerland) and centrifuged

(16,000 g, 10 min, 4�C). Total protein contents were

determined according to Bradford (1976). For Western blot

analysis, 10–30 lg of total protein was diluted with 59

concentrated loading buffer (250 mM Tris–HCl (1 M) pH

6.8; 10% sodium dodecyl sulfate; 50% glycerol; 0.1%

bromphenolblue and 0.5 M dithiothreitol), separated by

sodium dodecyl sulfate polyacrylamide gel electrophoresis

(stacking gel: 4%; separating gel: 12%; Bio-Rad) and

transferred to a nitrocellulose membrane (Whatman, Flor-

ham Park, NJ). Subsequently, the membrane was blocked

with 5% nonfat dried milk powder (1 h; AppliChem,

Darmstadt, Germany) and incubated with the following

primary and secondary antibodies: HSP90b (Zymed Labo-

ratories, San Francisco, CA), PKM2 (Cell Signaling Tech-

nology, Danvers, MA), b-actin (Sigma-Aldrich, Steinheim,

Germany), Polyclonal Rabbit Anti-Mouse IgG/HRP (Dako,

Hamburg, Germany), and Polyclonal Goat Anti-Rabbit

IgG/HRP (Dako). Detection and evaluation of protein bands

were performed as previously described (Jahns et al. 2011).

Statistical evaluation

Statistical analysis was performed with the GraphPad

Prism Software 5 (GraphPad Software, San Diego, CA). By

using the nonparametric Wilcoxon matched pairs test or the

Kruskal–Wallis test, two or multiple groups, respectively,

were examined for significant differences. The correlation

between two parameters was evaluated by the Spearman’s

rank correlation test. Gender differences were identified by

the Mann–Whitney test. All results reached significance

when P \ 0.05.

Results

PKM2 and HSP90b mRNA expression are moderately

elevated in tumor tissues of colorectal cancer patients

The tumor markers PKM2 and HSP90b were found to be

moderately overexpressed in colon cancer tissue when

compared to the related normal counterparts (P \ 0.01,

Fig. 1). PKM2 showed a median increase of 1.41-fold

(Fig. 1a), whereas HSP90b was median 1.81-fold up-reg-

ulated in the malignant tissue (Fig. 1b). The adenoma

samples investigated showed also enhanced mRNA levels

of both genes (median fold change PKM2 and HSP90b:

2.13 and 2.14, respectively) when compared to the

respective normal tissue, but only PKM2 reached almost

statistical significance (P = 0.06, Fig. 1).

Correlation analyses according to Spearman revealed no

connection between PKM2 or HSP90b mRNA expression

and clinical parameters such as tumor stage and gender

(data not shown). Nevertheless, a tendency toward

increased PKM2 mRNA levels in undifferentiated colon

cells (determined by the tumor grading: from G1 to G4) has

been noted (r = 0.43, P = 0.07, Fig. 2a). Additionally,

PKM2 expression seems to change in colon tissue from

elderly humans (r = -0.43, P = 0.06, Fig. 2b). Younger

donors have been found with higher amounts of PKM2

transcripts in normal colon epithelium compared to older

ones. No link between these parameters existed in tumor

tissue (data not shown). Transcription of HSP90b was

independent of tumor grade and age (data not shown).

In vitro culturing of epithelial tissue strips induces

expression changes of PKM2 and HSP90b mRNA

Culturing of normal and tumor colon tissues ex vivo (12 h)

by using our primary cell culture medium significantly

augmented PKM2 and HSP90b mRNA expression

(Fig. 1a, b). Median increases ranged from 1.49- to 2.17-

fold when compared to the respective basal transcript

levels. Benign adenoma samples reacted less sensitive to

Table 1 Clinicopathological data of colorectal cancer patients ana-

lyzed in this study

Patient and tumor characteristics Number of patients

Mean age (years) ± SD 70.5 ± 13.2

Gender 12 females, 8 males

Tumor stage

I 2

II 6

III 8

IV 3

Tumor grading

1 –

2 10

3 7

4 1

Unknown 1

One of the 20 donors was only found with adenoma. Tumor stage was

assessed according to the Union for International Cancer Control

classification
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the incubation. By showing median elevations of 1.24

(HSP90b)- and 1.30 (PKM2)-fold compared to the related

untreated tissue, adenoma samples remained almost unaf-

fected (P [ 0.05, Fig. 1a, b).

Butyrate affects PKM2 and HSP90b mRNA expression

differently

To assess the effects of the SCFA, the expression of the

target genes ascertained in the butyrate-treated tissues had

to be compared to those of the respective medium controls.

In regard to PKM2 and HSP90b, the tissues showed dif-

ferent susceptibility to butyrate.

The amount of PKM2 transcripts was decreased by

butyrate in all 3 tissue types but only the result of tumor tissue

reached statistical significance (Fig. 3a). In normal tissue,

PKM2 mRNA level was predominantly slightly diminished

(median fold change 0.81), whereas sensitivity to butyrate

increased with advancing grade of transformation. Benign

Fig. 1 Basal mRNA expression

of PKM2 (a) and HSP90b
(b) and its alteration after cell

culturing in paired normal,

adenoma, and tumor colon

tissues. mRNA levels were

quantified before (0 h, filled
square minus) and after the

treatment with medium (12 h,

open circle minus) in a

humidified incubator (37�C, 5%

CO2) by using qPCR. Data are

arranged by age of the patients

(P). The small letter

discriminates between male

(m) and female (f). For better

visualization, basal levels and

culturing effects were each

connected by a line. Twenty

patients in total were

investigated. Four of them were

found with adenomas besides

tumor and adjacent normal

colon tissue and one was only

discovered with adenoma and

adjacent normal colon tissue

Fig. 2 Impact of clinical parameters on PKM2 gene expression in

normal and malignant colon tissue. Total RNA from paired normal,

adenoma, and tumor colon tissues (filled circle) was quantified by

qPCR and compared to diverse clinical data by Spearman correlation

analysis. Twenty patients in total were investigated, whereby only 4

of them had all three tissue types. Trends and significant outcomes are

presented. a In cancer tissue, an up-regulation of PKM2 mRNA was

observed with progress of dedifferentiation indicated by the tumor

grading. The dotted line denotes no expression changes (fold change

1). b In normal colon tissue, PKM2 mRNA expression went down

with increasing age of patients
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adenoma samples showed a 0.69-fold (median) reduction of

PKM2 expression when compared to the related medium

controls. In the corresponding tumor tissues, butyrate was

able to suppress the medium-induced PKM2 mRNA increase

by median 0.55-fold (P \ 0.001). Fourteen out of nineteen

patients possessing tumors showed a decreased transcript

level of the glycolytic enzyme. Gender, age, tumor stage, or

grading were not linked to the individual effect (data not

shown). Besides these clinicopathological features, we tes-

ted further whether the initial PKM2 transcript amount could

be accountable for the variations in each patient. According

to the Spearman correlation test, we noted by trend that

PKM2 mRNA expression was more effectively suppressed

by butyrate in normal tissues showing a low basal status of

PKM2 transcripts compared to those with a high PKM2 basal

level (r = 0.41, P = 0.08, data not shown). For adenoma

tissue a similar correlation is suggested, but due to the limited

number of donors (n = 5) no statistical significance was

found (data not shown). In the malignant tissue, however,

modification of PKM2 after treatment with butyrate was not

linked to the respective basal mRNA level (data not shown).

Besides the effect of medium on HSP90b, its supple-

mentation with butyrate additionally enhanced the mRNA

expression of the stress gene by median 1.38-fold in normal

colon cells (P \ 0.05, Fig. 3b). However, in adenoma and

tumor tissue, greater interindividual variations were

observed in response to the C4 carbonic acid that reached

no significant outcome (fold change adenoma and tumor:

0.72 and 1.09, respectively). Clinicopathological data (age,

gender, tumor stage, and grading) or the initial transcript

level did not account for the varying effects between

individuals. Despite the HSP90b mRNA rise in normal

cells, the effect of butyrate was not significantly different

from that in tumor tissue.

PKM2 and HSP90b protein expression are not targeted

by butyrate

For detection of PKM2 and HSP90b proteins, identical

treated sample material of the patients whose mRNA

expression was previously analyzed has been used.

Thereby, Western blot was only performed with tissue

Fig. 3 Impact of butyrate (filled
triangle) on PKM2 (a) and

HSP90b (b) mRNA expression

in matched normal, adenoma,

and tumor colon tissues.

Relative PKM2 and HSP90b
mRNA levels were determined

after butyrate administration

(10 mM, 12 h) by qPCR and

compared to the respective

medium controls (open square)

which were set to 1 (fold

change). Results are listed by

age of the patients (P), the small

letter discriminates between

male (m) and female (f).

Twenty patients in total were

investigated. Four of them had

available adenomas besides

tumor and adjacent normal

colon tissue and one was only

found with adenoma and

adjacent normal colon tissue
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specimens of selected patients mainly showing a modified

mRNA expression after butyrate treatment.

According to its basal mRNA expression, PKM2 protein

was median mostly present in benign adenoma samples

(2.12-fold) followed by tumor specimens (median 1.24-

fold, P \ 0.05) when compared to the related normal

counterparts (data not shown except example blot, Fig. 4a).

However, a patient-wise comparison of the gene and pro-

tein expression data of PKM2 demonstrated no correlation

between both parameters (adenoma: r = 0.1, P = 0.95,

tumor: r = 0.30, P = 0.43, data not shown).

In contrast to PKM2, HSP90b partly showed a divergent

expression pattern at the protein level as compared to its

mRNA expression. In adenoma tissue, moderately elevated

levels of HSP90b (median 1.59-fold, P = 0.125) were

detected, whereas its median expression in tumors remained

almost unchanged (0.92-fold, data not shown except

example blot, Fig. 4b). Again, gene and protein expression

data were not congruent when comparing them in a patient-

wise manner (adenoma: r = -0.8, P = 0.33, tumor: r =

-0.05, P = 0.88, data not shown).

During culturing of the epithelial tissue strips the

expression of PKM2 and HSP90b protein remained rela-

tively constant in all tissue types, ranging from median

0.71-fold decrease to 1.19-fold increase (data not shown).

After butyrate treatment, the expected decrease of

PKM2 protein in tumors did not occur. Unlike the data

from qPCR, protein expression of the glycolytic enzyme

was not significantly modified by the SCFA in normal and

malignant tissues (median fold changes normal and tumor:

1.02 and 1.03, respectively, Fig. 5a, b). Further, no corre-

lation existed between PKM2 mRNA and protein abun-

dance of the 13 donors investigated (Fig. 5a, b). Only 20%

of them exhibited an almost conformity of both parameters

(deviations of fold changes less than 25%). Benign ade-

noma samples were observed with similar susceptibility to

butyrate and showed median unaltered levels of PKM2

protein (0.97-fold, data not shown), in contrast to the gene

expression data (median 0.69-fold).

In regard to HSP90b, the up-regulation of its mRNA in

normal colon cells after butyrate treatment was not

reflected by the corresponding protein expression. HSP90b
protein remained nearly unchanged in the presence of

butyrate (median fold change 0.88, P = 0.95) as compared

to its transcript amount (Fig. 5c). A correlation analysis of

both parameters according to Spearman confirmed this

issue (r = 0.13, P = 0.68). However, for the malignant

tissue a contrary result was observed which maybe points

to varying transcriptional mechanisms in normal and tumor

colon tissue. In agreement with qPCR experiments, the

individual effects of butyrate corresponded to those

observed by Western blot. A subsequent correlation anal-

ysis confirmed this link by showing a significant correlation

between mRNA and protein abundance of HSP90b
(r = 0.68, P \ 0.05, Fig. 5d). However, HSP90b protein

was generally not altered in tumor tissue by butyrate

(median fold change 0.93).

In pre-neoplastic tissue, HSP90b was found similar

sensitive to inhibition by butyrate (median fold change

0.84) as normal tissue. Although gene expression is

reflected by the protein level of HSP90b when comparing

the median expression values, no correlation could be

found by comparing the individual data so far (r = -0.50,

P = 0.39, data not shown).

Discussion

Basal expression levels

In accordance with previous data from our own research

and that of others (Koss et al. 2008), PKM2 was up-regu-

lated in colon adenomas and tumors. But in contrast to

these studies, our data were not related to tumor stage

which might be due to different reasons (e.g., sample

material, number of patients). Although a relative good

agreement could be observed between the median gene and

protein expression of the glycolytic enzyme in adenoma

and tumor samples, no correlation was detected when the

data were compared in a patient-wise manner. The same

applies for HSP90b. The discrepancy between mRNA and

protein abundance in tumor tissue was already described by

Radeva (2009) and Chen et al. (2002) for colon and lung,

respectively. Research studies of this type are generally

rare to be found. The inconsistencies in results may be

originate from the use of different tissue pieces for the

various analyses, cell-specific regulation of protein trans-

lation, or post-transcriptional mechanisms.

Furthermore, correlation tests revealed an age-related

decrease of PKM2 mRNA expression in normal colon epi-

thelium, which, however, could not be confirmed at protein

level. Previous studies already reported a differential gene

HSP90ß 90 kDa

42 kDa

N A T

PKM2 60 kDa

β-actin 42 kDa

N TA

β-actin

a

b

Fig. 4 Representative blots of PKM2 (a) and HSP90b (b) basal

protein expression in matched normal (N), adenoma (A), and tumor

(T) colon tissue. Cytosolic extracts from all three types of tissue were

analyzed by Western blot using specific antibodies. b-actin served as

internal loading control
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and/or protein expression for a variety of genes in senescent

tissues including those involved in glycolytic energy

metabolism (Cho et al. 2003; Lee et al. 2001; O’Connell

et al. 2007). Expression and activity of pyruvate kinase

isoenzymes were found mainly up-regulated, as for example

in liver (Cho et al. 2003) and fibroblasts (Zwerschke et al.

2003). For colon tissue, no change in the glycolytic flux was

noted (Fleming and Gill 1997), indicating that no enzymes

of this metabolic pathway have been modified. The present

finding of down-regulated PKM2 in colon cells from elderly

humans is contrary to most other reports mentioned and its

significance is yet not clear to date nor can be explained by

the current literature.

Influence of cell culturing on expression levels

Modulation of gene expression during culturing was

already observed in own previous experiments investigat-

ing cyclooxygenase-2 and osteopontin (Jahns et al. 2011)

but in contrast to those, accumulation of PKM2 and

HSP90b mRNA was comparably low. PKM expression is

physiologically regulated by hormonal (e.g., insulin, thy-

roid hormones) and nutritional influences (e.g., glucose,

glutamine) (Yamada and Noguchi 1999) that are partly

present in our primary cell culture medium. Decaux and

colleagues demonstrated in primary rat hepatocytes

expressing pyruvate kinase type L (PKL) that glucose and
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Fig. 5 Effects of butyrate on

PKM2 and HSP90b protein in

colon tissues of different

transformation stages. a,

c Representative blots of PKM2

and HSP90b protein in paired

normal and tumor colon tissue

after treatment with 10 mM

butyrate for 12 h. Cytosolic

extracts from the different tissue

types have been analyzed by

Western blot using specific

antibodies. b-actin served as

internal loading control. b,

d Protein expression ratios (fold

changes) of PKM2 and HSP90b
in paired normal and tumor

colon tissue after treatment with

10 mM butyrate for 12 h

compared to the respective gene

expression ratios. Sample

material from donors was

simultaneously treated with

butyrate (12 h) for subsequent

mRNA (qPCR) and protein

expression analysis (Western

blot). Results are presented in a

patient (P)-wise manner, sorted

by age of the patients. The small

letter further differentiates

between males (m) and females

(f). The symbols (filled triangle,

open square minus) denote the

change in expression after

butyrate treatment when

compared to the medium control

(fold change). No protein fold

change could be determined for

the tumor samples of patients

P12 (PKM2) and P19

(HSP90b). Ratios equal to 1

indicate no expression

differences between butyrate-

and non-butyrate-treated

(medium) tissues (n = 13)
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insulin are indispensable for stimulation and maintenance

of PKL mRNA expression during culturing (Decaux et al.

1989). Similar findings were also made for PKM in adi-

pocytes (Traxinger and Marshall 1992) and thymocytes

(Greiner et al. 1994).

In case of HSP90b, no direct evidence was found as

reference to the induction of its mRNA expression by

medium components. The environmental and nutritional

changes that are rather supposed for its increase therefore

necessitate the comparison of butyrate effects to those of a

medium control.

Influence of butyrate on expression levels

Studies investigating directly the regulation of PKM2

expression by bioactive compounds are apparently lacking

in current literature. The present one is the first that tested

the influence of the gut fermentation product butyrate on

the glycolytic enzyme. In contrast to clinical studies

including a large number of participants, ours represents an

intermediate step which allows studying of individual

effects on a small cohort of patients. Previous studies of our

group in regard to the proportion of viable cells demon-

strated viabilities of primary colon epithelial cells of mean

76% and intact RNA after the 12-h incubation period that

were in an acceptable range for the performance of the

experiments (Sauer et al. 2007). These results were shown

with several individual donors. Although early apoptosis

cannot be excluded at this time, other authors reported that

induction of apoptosis and inactivation of survival path-

ways are blocked by preserving cell–cell contacts (Hof-

mann et al. 2007), as in the tissue strips.

The treatment of normal and tumor colon tissues with the

SCFA caused a tissue-specific regulation of PKM2 mRNA.

But the effects in tumors were not reflected by the corre-

sponding protein of PKM2 gene. A similar result was also

obtained for adenoma tissue when comparing the median

fold changes. Post-transcriptional modifications of PKM2

which might explain the difference between mRNA and

protein level are not described in the literature. Further, we

cannot rule out that the down-regulation of PKM2 protein

was not equivalent due to the half-life of the protein and

occurs possibly at a later date. Detailed information on this

point is currently not available according to our search.

Depending on the isoenzyme and tissue, respectively, dif-

ferent half-lives of pyruvate kinases are reported that all take

up to several hours (Jones and Mayer 1973; Poole and

Bloxham 1982). By the current improvement of our primary

colon cell culture, kinetic studies above 12 h will be possible

and either confirm or confute this hypothesis, prospectively.

An inhibition of PKM2 would be preferable since it is

accompanied by decelerated tumor cell proliferation, as

demonstrated by Spoden et al. (2008). The mechanism by

which butyrate is acting on PKM2 expression is currently

unknown. It is conceivable that the SCFA might down-

regulate directly or indirectly PKM2 via its HDAC inhib-

itory potential. HDAC inhibitors, including butyrate, have

been demonstrated to target oncogenic tyrosine kinases,

such as Scr kinase (Hirsch et al. 2006), which are involved

in the regulation of PKM2 activity (Christofk et al. 2008b).

Those proteins post-translationally modify PKM2 through

phosphorylation at specific tyrosine sites resulting in the

disruption of the formation of the active PKM2 tetramer

and consequently attenuation of catalytic activity (Hitosugi

et al. 2009).

HSP90b revealed nearly unaffected in the presence of

butyrate in all tissues when compared to the respective

medium controls. The exposure of normal colon tissue to

butyrate (10 mM) has been initiated cellular stress responses

as indicated by a slight but significant HSP90b mRNA

increase. Even if the protein level would be affected, the

relevance of this alteration regarding colon carcinogenesis

might crucially depend on the duration of induction. Addi-

tionally, the function of HSP90 in normal cells has to be

taken into account. By protecting cells from apoptosis under

stress conditions (e.g., heat shock) (Beere 2005), the increase

of HSP90b is probably an effort of the cell to support its own

survival during culturing ex vivo. Similar observations after

butyrate treatment (3–5 mM) were also made by Cai et al.

(2006) using HT29 colon adenocarcinoma cells.

In adenoma and tumor colon tissue, neither gene nor

protein expression was significantly altered by butyrate. But

in contrast to normal mucosa and adenomas, both parameters

demonstrated a good conformity in tumor tissue independent

of age of the patients. These results suggest a different reg-

ulation of HSP90b in the various tissues, whereby in tumors

regulation is likely to occur at the transcriptional level.

Due to its involvement in carcinogenesis, HSP90 rep-

resents an interesting target in cancer therapy (Pearl et al.

2008). Besides known natural and synthetic agents, a

number of different bioactive food components, such as

quercitin (Aalinkeel et al. 2008), genistein (Basak et al.

2008), and epigallocatechin-3-gallate (Tran et al. 2010),

were also identified as potent HSP90 inhibitors. Modula-

tion of post-translational mechanisms is an important

approach to interfere with the regulation of HSP90. The

three major modifications are phosphorylation, acetylation,

and S-nitrosylation (Trepel et al. 2010). With regard to the

potential of butyrate as an HDAC inhibitor, HDAC 6 plays

a predominant role in the regulation of HSP90 activity.

HSP90 hyperacetylation that is induced by HDAC inhibi-

tors or silencing of HDAC6 correlates with the disturbance

of its chaperone function and destabilization of HSP90

client proteins (Bali et al. 2005; Kekatpure et al. 2009).

Although the total protein level of HSP90 is not changed

(as shown in our experiments) and solely the fraction of
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acetylated HSP90 increases in this process, previous

investigations demonstrated no effect of butyrate on acet-

ylation status and ATP binding of HSP90 (Bali et al. 2005).

The missing alteration is due to the structure of the SCFA.

Only hydroxamic acid derivates and seemingly phenolic

components, like genistein, are able to inhibit HDAC6

activity, whereas butyrate is specifically blocking HDAC1

and 3 (Barlow et al. 2001; Marks and Xu 2009; Thangaraju

et al. 2009). In a human tumor model of leukemia, a

synergistic interaction has been observed by combining

butyrate and the HSP90 inhibitor 17-allylamino-17-deme-

thoxygeldanamycin (Rahmani et al. 2003).

Looking at the individual data, some donors have been

found with increased HSP90b levels in tumor tissue after

butyrate treatment. Increased expression of HSPs or the

transcriptional regulator heat shock factor 1, respectively,

is associated with decreased sensitivity of tumor cells to

chemopreventive drugs, such as butyrate (Cai et al. 2006)

or curcumin (Rashmi et al. 2003), by protecting those from

apoptosis or differentiation inducing mechanisms. To

assess the meaning of this increase and its consequences

for the application of chemopreventive drugs, kinetic

studies will prospectively clarify, if this increase is of

transient or persistent nature.

In summary, PKM2 has been identified as a potential

target of the chemopreventive agent butyrate in human

colon tumors. Although HSP90b was not modified by the

SCFA in malignant tissue in general, a group of patients

was observed with increased levels of HSP90b after

treatment. Further studies should clarify which conditions

permit this reaction and its duration, as well as find out

more details about the post-transcriptional and translational

machinery of PKM2.
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