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Introduction: Colorectal carcinomas exhibit a frequent recurrence after curative surgery, which may partially be due to histopathologically inconspicuous minimal residual disease. Reliable markers for tumor cells in colorectal tissue are still missing. Therefore, in this study we compared the predictive value of the putative tumor markers carcinoembryonic antigen (CEA), cytokeratin-19 (CK19) and cytokeratin-20 (CK20) to that of a novel marker, the human ether-ago-go-related gene (HERG1) K + channel, a suggested regulator of tumor cell proliferation.

Materials and methods:

Using RT-PCR we studied HERG, CEA, CK19 and CK20 expression in colorectal carcinomas and non-carcinoma controls. HERG1 immunhistochemistrywas performed in a total of 66 specimens, in colorectal carcinoma (n=23), in matched histopathologically negative samples (n=23) taken near the excision site from the same tumor patients and in healthy control biopsies (n=20). In order to verify the relevance of HERG1 for tumor proliferation we studied the effect of HERG1 inhibition in the Colo-205 colon cancer carcinoma cell line using the MTT-assay.

Results: HERG1 was expressed in all tumor samples regardless of their stage and in adenomas larger than 0.4 cm, but absent in small adenomas, sigmadiverticulitis specimen and healthy histopathologically negative samples, except for one which developed a tumor recurrence. In contrast, CEA, CK19 and CK20 were absent in some tumors. The selective HERG1 inhibitor E-4031 dose-dependently impaired tumor growth in the proliferation assays.

INTRODUCTION

Tumor-associated antigens such as carcinoembryonic antigen, cytokeratin-19 and cytokeratin-20, were proposed to be markers for colorectal carcinomas (CRCs) [START_REF] Steele | The National Cancer Data Base report on colorectal cancer[END_REF][START_REF] Obrand | Incidence and patterns of recurrence following curative resection for colorectal carcinoma[END_REF][START_REF] Moll | Cytokeratins in the histological diagnosis of malignant tumors[END_REF][START_REF] Duffy | Carcinoembryonic antigen as a marker for colorectal cancer: is it clinically useful?[END_REF], but other studies questioned their reliability [START_REF] Boucher | Studies on the control of gene expression of the carcinoembryonic antigen family in human tissue[END_REF][START_REF] Moll | Cytokeratin 20 in human carcinomas. A new histodiagnostic marker detected by monoclonal antibodies[END_REF][START_REF] Fujisaki | Expression of cytokeratin subtypes in colorectal mucosa, adenoma, and carcinoma[END_REF][START_REF] Wildi | Characterization of cytokeratin 20 expression in pancreatic and colorectal cancer[END_REF]. Although used as markers to diagnose CRCs, they suffer from low sensitivity as well as low specificity. Furthermore, reliable early indicators for these tumors are lacking and there is no appropriate marker for the detection of early stages or for histopathologically inconspicuous minimal residual disease (MRD) that may be one of the causes for recurrences.

Recent studies indicated that members of the ether à-go-go K + channel family [START_REF] Schwarz | The ether-a-go-go-Related Gene K(+) Current: Functions of a Strange Inward Rectifier[END_REF], such as the human ether à-go-go-related gene (HERG) K + channel, may be regulators of tumor cell apoptosis as well as proliferation [START_REF] Wang | HERG K+ channel, a regulator of tumor cell apoptosis and proliferation[END_REF][START_REF] Smith | Functional up-regulation of HERG K+ channels in neoplastic hematopoietic cells[END_REF]. In contrast to brain, heart and lactotrophs, where HERG-related K + channels are physiologically expressed [START_REF] Shi | Identification of two nervous system-specific members of the erg potassium channel gene family[END_REF][START_REF] Bauer | A functional role of the erg-like inward-rectifying K+ current in prolactin secretion from rat lactotrophs[END_REF][START_REF] Emmi | Do glia have heart? Expression and functional role for ether-a-go-go currents in hippocampal astrocytes[END_REF][START_REF] Tseng | I(Kr): the hERG channel[END_REF], they have been found to be over-expressed in several tumor cell lines of different histogenesis [START_REF] Bianchi | herg encodes a K+ current highly conserved in tumors of different histogenesis: a selective advantage for cancer cells?[END_REF][START_REF] Pardo | Oncogenic potential of EAG K(+) channels[END_REF]. Furthermore, Cherubini and colleagues found a high frequency of HERG expression in primary human endometrial cancers as compared to normal and hyperplastic endometrium and therefore nominated this protein as a potential indicator of cancerous versus hyperplastic endometrial growth [START_REF] Cherubini | HERG potassium channels are more frequently expressed in human endometrial cancer as compared to non-cancerous endometrium[END_REF]. Moreover, there is evidence that HERG1 gene and HERG1 protein are expressed in CRCs and might regulate tumor cell invasion into other tissues [START_REF] Lastraioli | herg1 gene and HERG1 protein are overexpressed in colorectal cancers and regulate cell invasion of tumor cells[END_REF].

Because of the inconclusive expression profiles of common tumor markers in CRC we compared HERG1 and CEA; CK19; CK20 expression and
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demonstrate that HERG1 is a more sensitive marker for the detection of carcinoma cells in colorectal tissue. As HERG appears to play a crucial role in tumor cell proliferation specific inhibitors might constitute valuable novel therapeutics for the treatment of colorectal carcinomas.

MATERIAL and METHODS

Patients

Tissue specimens from 23 patients with UICC stage [START_REF] Hermanek | Tumors of the gastrointestinal tract and the pancreas: histopathology, staging and prognosis[END_REF] I-IV CRC (histologically verified adenocarcinoma) and paired normal colon mucosa (at least 10 cm distant from the primary tumor, orad in case of rectal cancer) were obtained from resections performed at the surgical department of the Nordwest Hospital, Teaching Hospital of the University of Frankfurt am Main, Germany.

Histopathological diagnosis, UICC staging and TNM classification were performed using standard procedures. Clinical and histological UICC staging of the tumors is depicted in table 1. All patients had a follow-up period of five years. To avoid heterogeneity of histological carcinoma type, tissue samples were enrolled and analysed only with diagnosed adenocarcinoma. Patients who underwent previous combined neoadjuvant radiochemotherapy were also excluded. Informed written consent was obtained from each patient. Negative control tissues were obtained from another 20 patients, including samples of adenoma, sigmadiverticulitis and healthy colorectal tissue. We followed a modified standard protocol using the ABC-technique [START_REF] Hsu | Use of avidin-biotin-peroxidase complex (ABC) in immunoperoxidase techniques: a comparison between ABC and unlabeled antibody (PAP) procedures[END_REF].
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Sections were incubated with anti-HERG primary antibody (AB5222, Chemicon, Temecula, CA; 1:500 in PBS) overnight in a moist chamber at 4 °C, in biotinylated anti-rabbit IGg (Vector Laboratories, Burlinggame, CA; 1:200 in PBS) for 1 h and in ABC-elite solution (Vector Laboratories, Burlingame, CA;

1:100 in PBS) for 1h at room temperature. The antibody was visualized using diaminobenzidine (0.05 % in PBS and 0.03 % H 2 O 2 ) as chromogen. Some of the sections were counterstained with Mayer's Haemalaun before coverslipping.

Tumor cell culture

The human colon (Colo 205) cell line was cultured at 37°C in a humidified atmosphere in the presence of 5% CO 2 -95% air. Cells were grown in RPMI 1640 medium with L-glutamine, penicillin (100U/ml), streptomycin (100µg/mL), and 10% fetal bovine serum.

Proliferation assay

The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) assay was performed for the analysis of the tumor cell proliferation as described by Mosmann [START_REF] Mosmann | Rapid colorimetric assay for cellular growth and survival: application to proliferation and cytotoxicity assays[END_REF]. Briefly, the Colo 205 colorectal cancer cells were harvested with 0.05% trypsin/EDTA and counted. The cells were seeded into 96-well Alomone Labs, Israel) at the concentrations indicated in Results. After 0-3 days 20 µl MTT (5mg/ml in PBS) was added and the cells were incubated for 2 h at 37°C. The medium was then removed and 100 µl dimethyl sulphoxide (Sigma)
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was added to each well for 10 minutes. Formazan formation was analyzed in five wells per experiment at a wavelength of 570 nm in an ELISA 96-well microtitre plate reader (Comtek, Germany). The absorbance of the untreated control was taken as 100 % and the IC 50 value was determined.

RESULTS

Sensitivity Testing

We used the human colorectal cancer cell line (Colo 205) as positive control to determine the sensitivity of the RT-PCR. Dilution series ranging from 10 6 to 10 0

Colo 205 cells were added to 10 7 lymphocytes isolated from healthy volunteers.

After the extraction of total RNA, RT-PCR was performed. The experiments were performed in triplicate and showed that the primers were able to detect an amount of mRNA equivalent to one tumor cell in 10 6 lymphocytes. 

Identification of CEA-, CK19-and CK20-mRNA

RT-PCR analysis of CEA, CK19 and CK20 mRNA in 18 fresh-frozen colorectal carcinoma samples (for details see Table 1) and in 7 normal tissue samples revealed that these markers were only expressed in part of the specimen with no significant dependence on the degree of the tumor stage (Table 1).

Evaluating 18 patients with CRC we detected CEA-mRNA in 17 patients (94.4% sensitivity), CK19-in 14 patients (77.8%) and CK20-in 17 patients (94.4%).

Correlations between the CEA, CK19 and CK20 expression in the colorectal carcinomas and various clinical and pathological characteristics are shown in Table 1.

Adenoma and sigmadiverticulitis samples were used as histologically negative controls. In the adenomas a 100% expression of CEA, CK19 and CK20 was observed, whereas in the sigmadiverticulitis samples there was a 50% expression of the three markers. These results demonstrate a specificity of 28.6% of all three markers.

HERG expression analyzed by RT-PCR

HERG1 gene expression was tested in 18 primary human colorectal carcinomas and 7 in histologically negative controls by reverse transcription-PCR. As shown in Table 1, the HERG1 gene was expressed, in contrast to the other markers, in all of the colorectal carcinoma examined (100% sensitivity) independent from anatomical location and tumor grade. Three patients with tubulovillous adenoma and four patients with sigmadiverticulitis served as The PCR band related to the HERG1 transcript was easily detectable in representative samples from colorectal adenocarcinoma, whereas a corresponding band was missing in adenomas and histopathologically negative control samples. The amplified DNA fragment was 386 bp for the HERG1 primer pairs.

HERG protein detection by immunohistochemistry

Tumor diagnosis, PCR studies and immunohistochemistry were conducted in different laboratories. Immunohistochemistry with an anti-HERG1 antibody was performed blinded and confirmed the presence of HERG1 protein in all carcinoma samples (Table 1 & Fig. 1). We observed two distinct staining patterns: normally the antibody was concentrated at the cytoplasm-vacuole border of the goblet cells but in some instances exhibited a scattered distribution in the cytoplasmic compartment of the epithelial cells (Fig. 1a-1c).

In contrast we did not detect antibody staining in the 13 control biopsies, except for adenomas larger than 0. 

Proliferation assay

The effect of the HERG inhibitor E-4031 was tested on Colo 205 carcinoma cell proliferation. All cultures presented normal logarithmic growth rates during the first 2 days of cell proliferation, whereas cultures treated with E-4031 (1, 5 or 10 µM) exhibited a significant reduction in cell numbers compared to the control group (p< 0.05; IC 50 1µM) on the third day (Fig. 2).

DISCUSSION

Reliability of CEA, CK19 and CK20 as colorectal carcinoma markers

CEA, CK19 and CK20 have been considered to be markers for colorectal carcinomas [START_REF] Moll | Cytokeratins in the histological diagnosis of malignant tumors[END_REF][START_REF] Duffy | Carcinoembryonic antigen as a marker for colorectal cancer: is it clinically useful?[END_REF][START_REF] Gerhard | Specific detection of carcinoembryonic antigen-expressing tumor cells in bone marrow aspirates by polymerase chain reaction[END_REF]. In line with other studies questioning their usefulness [START_REF] Boucher | Studies on the control of gene expression of the carcinoembryonic antigen family in human tissue[END_REF][START_REF] Moll | Cytokeratin 20 in human carcinomas. A new histodiagnostic marker detected by monoclonal antibodies[END_REF][START_REF] Fujisaki | Expression of cytokeratin subtypes in colorectal mucosa, adenoma, and carcinoma[END_REF][START_REF] Wildi | Characterization of cytokeratin 20 expression in pancreatic and colorectal cancer[END_REF] we show that neither CEA, nor CK19 or CK20 is a reliable tumor marker in colorectal tissue. CEA was not detected in a stage I carcinoma but was expressed in all tubulovillous adenomas and two sigmadiverticulitis specimen.

In line with our findings Bhatnagar and co-workers [START_REF] Bhatnagar | Comparison of carcinoembryonic antigen in tissue and serum with grade and stage of colon cancer[END_REF] showed that CEA may be absent in moderately or poorly differentiated tumors using quantitative enzyme immunoassay and immunocytochemistry and the group of Boucher [START_REF] Boucher | Studies on the control of gene expression of the carcinoembryonic antigen family in human tissue[END_REF] demonstrated that CEA is not only expressed in colonic adenocarcinomas but also in normal adjacent colonic mucosal tissues. CK19 and CK20 were absent in stage III tumor samples but present in some control tissues, confirming previous findings that CK19 and CK20 can also be found in normal mucosa but may be missing in some tumors [START_REF] Moll | Cytokeratin 20 in human carcinomas. A new histodiagnostic marker detected by monoclonal antibodies[END_REF][START_REF] Fujisaki | Expression of cytokeratin subtypes in colorectal mucosa, adenoma, and carcinoma[END_REF][START_REF] Wildi | Characterization of cytokeratin 20 expression in pancreatic and colorectal cancer[END_REF][START_REF] Mcleod | Tumour markers of prognosis in colorectal cancer[END_REF]. This limits their use as tumor markers by means of sensitivity and specificity. A combination of these markers would not greatly improve the discrimination between cancerous and noncancerous colorectal tissue as in some tumors (e.g pat. No 2) only one marker is expressed and combinations of two markers can be found in non-cancerous tissue. Cytokeratins, such as CK19 and CK20 are used as surrogate markers indicating histogenetic origin of a tumor. For example strong CK20 and lack of CK7 staining indicates intestinal differentiation and thus can be used in lung or liver metastasis to distinguish metastasized CRCs from other adenocarcinomas.

As we confirmed that CRCs do not necessarily express these markers their presence or absence even in combinations is of limited predictive value for metastases of CRC origin.

Relevance of HERG as tumor marker and therapeutical target

In contrast to these established markers HERG1 expression is a tumor marker of clinical significance in CRC because of its high sensitivity and specificity.

HERG1 gene expression as evaluated by reverse transcriptase PCR and the intratumoral HERG1 protein expression as assessed by immunohistochemistry was found in all carcinomas regardless of their stage. In contrast, the HERG1 protein was absent in all control biopsies and in all of the matched histologically negative tissue samples from tumor patients, except for the one who developed a locoregional recurrence. This suggests that HERG1 expression has no central apparently is a reliable tumor marker in CRC. Our data support the view suggested by recent in vitro studies that ether à go-go K + channels, including the HERG1 K + channels, are involved in carcinogenesis. These K + channels were found to be highly conserved in various tumor cell lines, to confer a transformed phenotype in transfected mammalian cells and to favour tumor progression in immune-depressed mice [START_REF] Bianchi | herg encodes a K+ current highly conserved in tumors of different histogenesis: a selective advantage for cancer cells?[END_REF][START_REF] Pardo | Oncogenic potential of EAG K(+) channels[END_REF][START_REF] Cherubini | HERG potassium channels are more frequently expressed in human endometrial cancer as compared to non-cancerous endometrium[END_REF].

In accordance with the findings of Lastraioli and coworkers we detected HERG in all metastatic carcinomas, but contrary to their observations not only 75% but all nonmetastatic carcinomas were positive for HERG1 on the mRNA and the protein level [START_REF] Lastraioli | herg1 gene and HERG1 protein are overexpressed in colorectal cancers and regulate cell invasion of tumor cells[END_REF]. The discrepancy between the two studies may be due to methodological differences such as different primers and antibodies. In addition, carcinomas sometimes did not exhibit a focal but rather a diffuse pattern of HERG1 expression (Fig. 1b).

HERG1 expression apparently precedes the histopathological signs of a colorectal tumor as very few HERG1 positive cells could already be detected in otherwise unsuspicious colorectal tissue of a patient with a later diagnosed locoregional recurrence (Fig. 1e) and in large adenomas, which are known to hold the danger of tumor development. This indicates that HERG could not only be used as a marker to reliably distinguish between cancerous and noncancerous tissue but also to exclude inconspicuous minimal residual disease at the borders of a carcinoma and to detect mutated cells that do not yet exhibit a morphologically distinguishable tumorous or precancerous phenotype at the very onset of a tumor. 
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  in colorectal tissue negative controls. There was no HERG1 expression observed in the negative control samples (100% specificity).

  4 cm (Pat No. 6 & 7). 22 of 23 histopathologically negative samples taken from near the excision site were also negative for HERG1 (Fig.1d). One histopathological inconspicuous sample (patient No.[START_REF] Lastraioli | herg1 gene and HERG1 protein are overexpressed in colorectal cancers and regulate cell invasion of tumor cells[END_REF]) exhibited HERG1-positive staining at the very bottom of some crypts (Fig.1e& 1f) and this patient experienced a locoregional recurrence two years later. HERG1 positive staining of single cells was observed in adenomas larger than . Therefore it can be speculated that HERG1 might be suited for detection of precancerous phenotype.

  in colorectal tissue role in function or maintenance of normal healthy colorectal epithelium and thus

  in colorectal tissueIn conclusion, the present study demonstrated that HERG1 expression was notably associated with CRC and was absent in healthy control samples whereas the expression of CEA, CK19 and CK20 varied significantly in tumors and control tissues. Our data suggest that the high sensitivity and specificity renders HERG1 expression a reliable tumor marker in colorectal tissue while CEA, CK19 and CK20 are of limited value. In addition, anti-HERG1 antibodies could be a useful tool to verify the absence even of very early stages of residual tumor and to identify patients at high risk for tumor recurrence. Furthermore, the HERG1 ion channels could not only be used as novel prognostic factors but may also constitute novel molecular targets for future therapies of colorectal carcinomas. This notion is supported by our findings that HERG K + channels are important for tumor growth and/or survival as they are expressed in colorectal carcinomas but not in non-cancerous tissue and because Colo 205 cell proliferation ceased in the presence of the channel inhibitor E-4031.

Table 1 :

 1 Detection of mRNA of the tumor markers carcinoembryonic antigen, cytokeratin-19 and cytokeratin-20 and HERG by RT-PCR as well the HERG antigen expression in colorectal carcinomas and matched histopathologically negative samples taken from near the excision site. The gradings of the colorectal cancers were G2 in all samples except for the samples from patients No. 1 (G2-3), No. 4 (G3) and No. 9 (G2-3).

Fig. 1 A

 1 Fig. 1 A-F: Immunohistochemical detection of HERG1 protein in colorectal

Fig. 2 :

 2 Fig. 2: The effect of the selective HERG1 inhibitor E-4031 on Colo 205
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  Dolderer et al.HERG1 gene expression in colorectal tissue plates at 10 4 viable cells per well and left to attach for 24 h. After 24 h the medium was replaced by a medium containing methanesulphoanilide (E-4031;
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