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A B S T R A C T

Transcript profiling of 27 normal colon mucosas and 258 adenocarcinomas showed

Keratin23 to be increased in 78% microsatellite-stable tumors, while microsatellite-

instable tumors showed low transcript levels, comparable to normal mucosas. Immuno-

histochemical analyses demonstrated that 88% of microsatellite-instable tumors were

negative for Keratin23 protein, while 70% of MSS tumors and metastases derived from

MSS-tumors showed high Keratin23 levels. Immunofluorescence analysis localized

Keratin23 in the Golgi-apparatus. Golgi accumulation was unique for gastrointestinal

adenocarcinomas. Immunoprecipitation and 2D-blot analysis revealed Keratin23 to be

a 46.8 kDa phosphoprotein. Keratin23 impaired the proliferation of human colon cancer

cells significantly, leading to cell death in microsatellite-instable but not microsatellite-

stable cell lines, while COS7 cells experienced multiple nuclei and apoptosis. Keratin23

expression correlated significantly with transcription factor CEBPB. In conclusion,

Keratin23 expression is a novel and important difference between microsatellite-stable

and microsatellite-instable colon cancers.
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1. Introduction

Colorectal cancer (CRC) ranks third worldwide in cancer oc-

currence and deaths (Stewart and Kleihues, 2003; Shibuya

et al., 2002). The loss of genomic stability appears to be a key

molecular event occurring early in tumorigenesis. The two

major types of genomic instability in colorectal cancer are

chromosomal instability (CIN) and microsatellite instability

(MSI) (Lengauer et al., 1998). About 15% of sporadic CRCs ex-

hibit MSI, while most CRCs are microsatellite stable (MSS)

and chromosomal instable (CIN). MSI is a phenomenon

caused by a failure of the DNA-mismatch repair system to re-

pair errors that occur during DNA replication (de La Chapelle,

2003). Molecular subclassification of CRC based on the absence

or presence of MSI has important clinical implications (Lothe

et al., 1993). There is increasing evidence that patients with

MSI tumors have a better prognosis, but may not benefit

from fluorouracil-based adjuvant chemotherapy as do pa-

tients with MSS tumors (Ribic et al., 2003; Benatti et al., 2005).

A recent microarray expression profiling study identified

a 9-gene signature from a set of 100 genes discriminating

MSS from MSI tumors (Kruhoffer et al., 2005). Among those

was Keratin 23, a transcript we previously identified to be dif-

ferentially expressed in pools of normal colon mucosa com-

pared to pools of adenocarcinomas using Affymetrix 35K

microarrays (Birkenkamp-Demtroder et al., 2002).

Keratins belong to the intermediate filament (IF) forming

proteins of epithelial cells, grouped into two types: the acidic

type I keratins and the basic-to-neutral type II keratins (Moll

et al., 1982; Schweizer et al., 2006). All keratins carry an al-

pha-helical ‘rod’ domain consisting of four consecutive do-

mains of highly conserved length, each segment connected

with a linker of variable length (reviewed in Kirfel et al.,

2003). Keratins are described to be differentiation markers in

several epithelial cancers (Moll, 1998).

The human Keratin 23 gene (KRT23, GeneID: 25984) is lo-

cated on chromosome 17q21.2. It expresses a 1.65 kb mRNA

encoding a 422 amino acid epithelial keratin type I called

K23, with a theoretical molecular weight of 48.1 kDa (SWISS

PROT Q9C075). It shares 42–46% amino acid identity with

known type I keratins and 60–65% similarity within the al-

pha-helical rod domain. Zhang et al. identified the KRT23 tran-

script to be highly induced in the human pancreatic cancer

cell line AsPC-1 upon treatment with a histone deacetylase in-

hibitor (HDACi) (Zhang et al., 2001). Rogers et al. associated

KRT23 expression with simple/glandular or stratified, non-cor-

nified epithelia and identified the KRT23 transcript to be highly

expressed in skin, tongue, breast, and placenta, while scalp,

eye, kidney, lung, colon, and pancreas showed weak expres-

sion (Rogers et al., 2004).

The aim of the present study was to analyze KRT23 expres-

sion in normal colon mucosa and adenocarcinomas with MSS

or MSI status in a transcriptional and translational approach,

and to identify the potential role of KRT23 in the cell. Genome

wide transcript profiling of 285 colon tissue samples identified

seven keratins to be differentially expressed in normal colon

versus adenocarcinomas. Among those was the KRT23 tran-

script, which was highly increased in 78% of MSS tumors,

while more than two thirds of the MSI tumors showed no
differential expression compared to normal mucosa. Immu-

nohistochemical analysis showed that K23 accumulated in

the Golgi apparatus. This accumulation was restricted to ade-

nocarcinomas of the gastrointestinal tract.

In contrast to previous findings on pancreatic cancer, the

Keratin23 transcript was not induced in the human colon can-

cer cell line HCT116 upon treatment with histone deacetylase

inhibitors NaBu (sodium butyrate) or SAHA (suberolylanilide

hydroxamic acid). KRT23 overexpression impaired the prolif-

eration of green monkey kidney cells (COS7) and human colon

cancer cells significantly, dramatically decreasing the viability

of MSI but not MSS cell lines. KRT23 overexpression in COS7

cells caused multiple nuclei and nuclear blebbing. Viability

was found to be decreased due to induction of apoptosis in

these cells. Ingenuity pathway analysis was performed on

transcript expression data from 153 MSS tumors with high,

or MSI tumors with low K23 protein and KRT23 transcript

levels. This analysis identified KRT23 related genes involved

in cellular development, cell cycle regulation and cell death.

In conclusion, these results suggest that upregulation of Ker-

atin23 may have a protective function counteracting the pro-

liferation and survival of cells. In cells with defect death

signaling pathways Keratin23 may accumulate but fail to exe-

cute its function.

2. Results

2.1. Gene expression profiling

Our previous microarray expression profiling study on pools

of normal colon mucosas and adenocarcinomas of Dukes

stages A–D identified a subset of several hundred ESTs

(expressed sequence tags) differentially expressed in distal

sporadic colon adenocarcinomas compared to normal colon

mucosas. The EST AA024482 (Affymetrix Hu35KsubA), part

of the KRT23 gene, was strongly up-regulated in all cancer

stages. Real Time PCR analyses confirmed these findings

(Birkenkamp-Demtroder et al., 2002).

To validate these findings on single samples, transcript pro-

filing using Affymetrix GeneChips was performed on a total of

27 normal colon mucosas and 258 adenocarcinomas from Den-

mark, Finland and The Netherlands. Using U133A2.0 arrays,

the comparison of 17 normal mucosas to 67 MSS and 38 MSI co-

lon adenocarcinomas identified a significant overexpression of

the KRT23 transcript in the majority of the MSS tumors com-

pared to normal mucosas or MSI tumors. The KRT23 transcript

of the majority of MSI tumors was not upregulated and was

thus comparable to that of normal mucosas as depicted in

Figure 1a (details are shown in Supplementary Table 1).

Genome wide transcript profiling using U133plus2.0 arrays

and comparing 10 normal mucosas to 118 MSS and 35 MSI tu-

mors corroborated these findings. The KRT23 transcript was

highly overexpressed in MSS tumors showing a log 2 4-fold in-

crease compared to normal mucosas or MSI tumors. At the

transcriptional level, 69% (24 of 35) MSI tumors showed low

expression levels, while 78% (92 of 118) of MSS tumors showed

very high KRT23 expression levels (Figure 1b). In addition, ge-

nome wide transcript profiling identified six other keratins out
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of 60 different keratins and 40 keratin-associated proteins to

be differentially expressed in colon adenocarcinomas com-

pared to normal mucosas (Supplementary Table 1). Keratins

12, 20 and 24 were significantly downregulated, while keratins

6B, 7, 17 and 23 were significantly upregulated in colon cancer.

Interestingly, KRT23 was the only keratin showing strong

upregulation in MSS tumors only.

2.2. Characterization and cellular localization
of the K23 protein

CLUSTALW analysis showed that the K23 protein is highly

conserved in mammals, displaying 94% identity in monkeys,

80% in dogs and 78% in mouse and rat (data not shown).
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Figure 1 – Microarray transcript profiling using different platforms

showed a significant strong upregulation of KRT23 in MSS

adenocarcinomas while expression in MSI tumors was comparable to

normal colon mucosa. Box-whisker plot with normalized data given as

log 2 values. (A) KRT23 transcripts from U133A2.0 arrays (n [ 122);

Normal n [ 17, mean 5.635, SD [ 0.197, median 5.6, 95% CI

5.53–5.73; MSS: n [ 67, mean 7.724, SD 1.443, median 7.6, 95% CI

7.37–8.07; MSI, n [ 38, mean 5.702, SD 0.696, median 5.55, 95% CI

5.47–5.93; N vs MSS p [ 4.8E-18; MSS vs MSI p [ 4.1E-16; N vs MSI

p [ 0.639; (B) KRT23 transcripts from U133plus arrays (n [ 163);

Normal n [ 10, mean 2.41, SD [ 0.16, median 2.35, 95% CI 2.29–2.52

MSS: n [ 118, mean 7.47, SD 3.12, median 8.05, 95% CI 6.89–8.03;

MSI, n [ 35, mean 4.02, SD 2.37, median 2.8, 95% CI 3.20–4.83; N vs

MSS p [ 9.8E-35; MSS vs MSI p [ 1.1E-09; N vs MSI p [ 0.0003.
Western blot analysis incubating a polyclonal peptide de-

rived anti-K23 antibody to COS7 extracts transiently overex-

pressing K23, yielded a band with a molecular mass of

approximately 47 kDa as shown in Figure 2A.

Western blot analysis performed on subcellular proteome

fractions extracted from a colon adenocarcinoma yielded

two distinct bands (Figure 2B). The approximately 47 kDa pro-

tein corresponds to the molecular weight of the recombinant

K23, an approximately 55 kDa isoform may result from splic-

ing event, but this is at present unknown. The 55 kDa band

was always detected in the cytosolic fraction (I), was modestly

present in the membrane/organelle fraction (II), but was never

detected in the cytoskeletal fraction (IV). The 47 kDa was al-

ways strongest in the cytoskeletal fraction (IV), was also pre-

dominant in the nucleic protein fraction (III) including

cellular membranes attached to the nucleus. The 47 kDa

band was not detected in the cytosolic fraction (I) of colon ad-

enocarcinomas (Figure 2B) or matching normal mucosa from

the same patient (data not shown).

Immunohistochemical analysis was performed on forma-

lin fixed paraffin embedded (FFPE) specimens on a subset of

MSS and MSI adenocarcinomas used in the microarray stud-

ies. Their matching normal mucosa from the resection edge,

as well as distant metastases were also used for staining, if

available (Figure 2C). K23 was not or very weakly expressed

in the terminally differentiated epithelial cells at the lumen

of the normal colon mucosa as shown in Figure 2C,a. Analysis

of normal mucosa from the gastrointestinal tract obtained

from non-cancer patients showed that the squamous cell ep-

ithelium of the esophagus, the columnar epithelium of the

small intestine and the appendix were negative for K23. Sur-

prisingly, K23 was found to be expressed in the cellular mem-

brane of the normal mucosa of the gastric ventricle (data not

shown).

K23 was strongly expressed in colon adenocarcinomas, of-

ten showing an accumulation of the protein near the nucleus

(Figure 2C,b,c). K23 accumulation was detectable in benign

and pre-malignant lesions as e.g. hyperplasic polyps or tubu-

lar or tubulo-villous adenomas (data not shown).

As microarray analyses identified the KRT23 transcript to

be significantly higher in MSS compared to MSI tumors, a sub-

set of 55 adenocarcinomas comprising 30 MSS tumors

(1 � Dukes A, 12 � B, 15 � C, 2 � D, average age 66.1 years)

and 25 MSI tumors (1 � A, 13 � B, 11 � C, average age

60,8 years, seven from HNPCC patients) was analyzed for

K23 expression. About 70% of the MSS tumors showed either

a strong (7 of 30) or very strong (14 of 30) homogeneous K23 ex-

pression with supranuclear accumulation, probably localized

in the Golgi (Figure 2C,d–f). The majority (88%) of the tumors

with MSI status was either completely negative for K23 (16

of 25) or showed a weak homogenous cytoplasmic vesicle-

like staining (6 of 25) as shown in Figure 2C,g–i. The remaining

three MSI tumors and nine MSS tumors, respectively, showed

heterogeneous expression patterns varying from weak to

strong expression of K23 being restricted to a single site within

the tumor specimen. The scoring results are summarized in

Figure 2D.

To address the question of whether K23 is expressed in dis-

tant metastases, we analyzed liver and lymph node metasta-

ses from patients with MSS adenocarcinomas positive for K23
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Figure 2 – Characterization and cellular localization of the K23 protein. (A) Incubation of 5 mg of protein extracts from COS7 cells transfected

with pCR3.1 (mock) or pCR 3.1:KRT23 (KRT23) with a 1:1000 dilution of the rabbit anti-K23 antibody identified a single band of approximately

47 kDa. (B) Subcellular proteomic fractions from a colon adenocarcinoma were incubated with a 1:500 dilution of the anti-K23 antibody: (I)

cytosolic fraction; (II) membrane/organelle protein fraction; (III) nucleic protein fraction including cellular membranes attached to the nucleus;

and (IV) cytoskeletal fraction. (Ctrl) K23. Two main distinct bands of approximately 47 kDa and 55 kDa are detectable. The 55 kDa band was

always detected in the cytosolic fraction but never in the cytoskeletal fraction, while the 47 kDa band was always strongest in the cytoskeletal

fraction but never visible in the cytosolic fraction. (C) Immunohistochemical analyses were performed applying the rabbit anti-K23 antibody in

a 1:600 dilution to FFPE specimens of normal colon mucosas, colon adenocarcinomas and metastases (2003 magnification). (a–c) K23 is strongly

upregulated in tumor cells of colon adenocarcinomas compared to normal mucosa. (a) Normal mucosa from the resection edge; (b) Dukes C grade

2 adenocarcinoma from the proximal colon; and (c) 4003 magnification of (b) showing K23 accumulation at a single site adjacent to the nucleus,

probably the GA. (d–i) Analysis of a subset of 55 colon adenocarcinomas previously analyzed on U133A2.0 arrays, comprising 30 tumors with MSS

and 25 with MSI status. (d–f) K23 was highly expressed in MSS tumors showing supranuclear accumulation. (g–i) MSI tumors show no or very
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(Figure 2C,j–l). All 12 metastases analyzed showed the dot-like

staining pattern seen in the adenocarcinoma. Hepatocytes

embedding the metastasized tumor cells, were weakly

expressing K23 in the cytoplasm (data not shown).

2.3. K23 expression in tissues of the human body

A multiple cancer TMA with different cancer tissues of the hu-

man body and corresponding normal tissue from the same or-

gan, was analyzed for K23 expression (Supplementary

Figure 1). K23 was highly up-regulated in adenocarcinomas

of the pancreas compared to normal tissue (a, b) as well as

in adenocarcinomas from the stomach (c), the small intestine

(d), the colon (e) and the rectum (f). On the contrary, K23 was

not differentially expressed in prostate cancer (g, h) and blad-

der cancer (i, j) and expression was not detectable in endome-

trial adenocarcinoma (k, l). Normal lymph nodes and normal

lung were negative for K23, while K23 expression in normal

liver was moderate. K23 supranuclear accumulation was iden-

tified in all adenocarcinomas of the GI tract. On the contrary,

in tissues with weak to moderate K23 expression as well as

in other tumor tissues as e.g. a pancreas adenocarcinoma,

K23 exclusively localized in cytoplasmic vesicles. We conclude

that supranuclear accumulation of K23 is a feature that seems

to be restricted to adenocarcinomas of the gastrointestinal

tract.

2.4. Subcellular localization of K23

Immunofluorescence microscopy was performed to localize

K23 in cells of solid MSS tumors. Staining of FFPE specimens

from colon adenocarcinomas identified supranuclear accu-

mulated K23, co-localizing with the Golgi marker 58K in the

GA of the tumor cells (Figure 3a–d). A moderate vesicle-like

K23 expression in the cytoplasm was also detectable.

Microarray expression profiling of cell lines showed that

the SW480 human colon cancer cell line (MSS) had a 7-fold

higher expression of KRT23 compared to colon cancer cells

HT29 (MSS), HCT15 (MSI), HCT116 (MSI) and COS7 cells (green

monkey kidney), that all had very low KRT23 transcript levels.

CaCo2 (MSS) and Colo205 (MSS) showed moderate KRT23

expression (data not shown).

Immunofluorescence analysis of SW480 cells co-localized

endogenous levels of K23 with the clathrin vesicle marker

[X22] in cytoplasmic vesicles (data not shown). In contrast,

K23 overexpressed in COS7 or SW480 cells showed both cyto-

plasmic and moderate Golgi localization within 12 h post-

transfection. Cellular morphological changes >18 h

posttransfection were accompanied by a supranuclear accu-

mulation of K23, co-localizing with the Golgi marker 58K

(Figure 3e–g). Transfection with an empty vector showed

weak endogenous K23 expression in COS7 cells located in

the cytoplasm only (data not shown). Confocal microscopy
confirmed the Golgi-localization of overexpressed K23 in

COS7 cells (Supplementary Figure 2). In conclusion, moder-

ately expressed K23 is located in the cytoplasm, while high

levels of K23 accumulate in the Golgi apparatus of the cell as

seen in MSS clinical samples.

2.5. K23 is a serine phosphorylated protein

With regard to human cancer, 15 of the 28 predicted

phosphorylation sites of K23 were identified as potential ser-

ine-phosphorylation sites (DISPHOS 1.3 (Disorder-Enhanced

Phosphorylation Sites Predictor, http://core.ist.temple.edu/

pred/pred/predict). Immunoprecipitated extracts from COS7

cells transfected with pCR3.1/V5-His:KRT23 were subjected

to electrophoresis and blotted. Incubation with a serine phos-

phorylation specific antibody detected an approximately

52 kDa band as shown in lane 2 of Figure 4A. The gain in

molecular weight compared to wild-type K23 results from

the addition of a V5-HIS tag. As a control, the 52 kDa His-tagged

K23 was also detected with the rabbit anti-K23 antibody target-

ing the protein at position 106–120 as shown in lane 4 of

Figure 4A. 2D gel electrophoresis of the recombinant K23 pro-

tein using the rabbit anti-K23 antibody revealed a molecular

weight of 46.8 kDa and a pI of 6.0 as shown in Figure 4B, which

was in accordance with the 1D blot yielding approximately

47 kDa. Four spots were identified, probably resembling the

unphosphorylated protein and three phosphorylation states.

2.6. Supervised hierarchical clustering

Immunohistochemical analyses had previously identified 21

MSS tumors strongly positive for K23 and 18 MSI tumors neg-

ative for K23 or with very weak K23 expression. A supervised

hierarchical cluster analysis was performed on the transcript

profiling data (U133A2.0 arrays) of these 39 adenocarcinono-

mas. This identified 371 probe sets corresponding to 359 genes

discriminating MSS tumors with high K23 from MSI tumors

with low K23 protein, visualized by a heatmap (Supplemen-

tary Figure 3). Among those were eight of the nine genes pre-

viously described to discriminate MSS from MSI colon cancers

(Kruhoffer et al., 2005). Figure 5 shows the most prominent

genes out of the 42 probesets with significant differential ex-

pression in MSS tumors with high K23 and MSI tumors nega-

tive for K23 ( p < 0.00013, fold change log 2 > 1.2 or log 2 < 0.8),

details are summarized in Supplementary Table 2.

2.7. K23 expression impacts proliferation
and induces apoptosis

A proliferation study showed that the viability of COS7 cells

was modest but significantly ( p ¼ 0.01) impaired 48 h post-

transfection with pCR3.1:KRT23 compared to untransfected

cells (wild-type) or cells transfected with an empty vector
weak K23 expression in the cytoplasm, probably in cytoplasmic vesicles. (j–l) The primary adenocarcinoma (j), a lymph node metastasis (k) and

a liver metastasis (l) obtained successively from the same patient, show strong accumulation of K23 near the nucleus. (D) Scoring results from

immunohistochemical analysis of K23 expression in 55 colon adenocarcinomas previously analyzed on microarrays (U133A2.0). The staining

intensity of K23 in 30 tumors with MSS status (black) was compared to 25 tumors with MSI status (grey). Strong to very strong K23 accumulation

expression accompanied by accumulation of the protein in the Golgi was seen in the majority of MSS tumors.

http://core.ist.temple.edu/pred/pred/predict
http://core.ist.temple.edu/pred/pred/predict
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Figure 3 – Immunofluorescence microscopy on tissues and cells. Co-localization studies were performed using the polyclonal rabbit anti-K23

antibody in a 1:600 dilution, the mouse monoclonal anti-58K antibody (1000x magnification). (a–d) 4 mm section of a FFPE colon

adenocarcinoma; (Zeiss Axiovision). (e–g) COS7 cells transfected with pCR3.1:KRT23 overexpressing K23; (Zeiss Axiovert200M with Apotome).

Green: K23 (a,e), red: Golgi marker 58K (b,e), blue: DAPI nuclear stain (c), yellow: co-localization of K23 and 58K in the Golgi (d,g); (d) merge of

(a) with (b) and (c); (g) merge of (e) with (f).
(mock) (Figure 6A). Protein expression monitored by Western

blotting showed that K23 expression occurred from 6 h to at

least 48 h post-transfection (Figure 6B). At 48 h post-transfec-

tion of COS7 with pCR3.1:KRT23, TUNEL labeling identified

TMR-red stained apoptotic cells with fragmented nuclei

(Figure 6C,a–d). In addition, we also identified a number of

multinucleated cells and some cells also showing nuclear

blebbing (Figure 6C,e). A co-localization study using anti-K23
antibody performed on cells treated with the TUNEL staining

procedure showed K23 overexpression to be associated with

the apoptotic cells (Figure 6C,f–i). We conclude that increase

of K23 may decrease the proliferation rate of COS7 cells by

induction of apoptosis.

Proliferation was also generally decreased in human co-

lon cancer cells 48 h post-transfection with pCR3.1:KRT23,

compared to mock transfected cells (Figure 6D). KRT23
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Figure 4 – K23 is a serine phosphorylated protein. (A) Immunoprecipitation of the His-tagged K23 protein. COS7 cells were transfected with

pCR3.1/V5-His:KRT23, or an empty vector. The anti-phosphoserine antibody (anti-P-ser) detects a 53 kDa band (lane 2) indicating

a phosphorylation of one or more serines in K23. In a control experiment, the 53 kDa His-tagged K23 is also identified with the rabbit polyclonal

anti-K23 antibody (lane 4). The His-tagged K23 protein has a molecular weight of about 53 kDa compared to 47 kDa wild-type K23. (B) 2D gel

electrophoresis and Western blot analysis of the recombinant K23 protein using the anti-K23 antibody in a 1:1000 dilution determined a pI of 6.4

and a molecular mass of 46.8 kDa.
expression had no impact on the growth of CaCo2 cells

(MSS), but decreased the proliferation of HCT15 and

HCT116 cells (both MSI), and to a lesser extent that of

SW480 cells (MSS). Remarkably, the number of viable

HCT116 cells was dramatically decreased 24 h post-trans-

fection with KRT23 compared to a control vector expressing

GFP (Figure 6E). While KRT23 transfected HCT116 cells un-

derwent a form of cellular death, SW480 cells showed the

same viability as GFP transfected cells. We conclude that

overexpression of KRT23 may trigger a cascade in MSI cell

lines leading to cell death, while MSS cell lines escape

from death, possibly due to a defective cellular control

mechanism or a defect death signaling pathway.
2.8. CEBPB is a potential transcription factor
targeting KRT23

To identify transcription factors (TFs) potentially targeting the

KRT23 promoter region, we analyzed the upstream 589 bp of

KRT23 (NM_015515.3) using the TRANSFAC software,

TFSEARCH ver.1.3 (Heinemeyer et al., 1998). This analysis

identified 16 different TF’s with a threshold >85.0, annotated

on U133plus arrays as shown in Supplementary Table 3. Tak-

ing the transcript levels into account, 3/7 TF’s with a signifi-

cant difference between MSS and MSI tumors were regarded

as relevant. CEBPA, CEBPB (CAAT enhancer binding proteins)

and FOXQ1 (forkhead box Q1, also known as HFH1) showed
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Figure 5 – Genes characterizing subgroups of colon adenocarcinomas. Top 17 genes (18 probe sets) differentially expressed in ‘‘MSS tumors with

high K23’’ compared to ‘‘MSI tumors with low/no Keratin 23’’ were accessed by immunohistochemistry followed by supervised clustering of

transcript profiling data. Ratios are based on median values and are given as normalized ratio log 2 (LINF, L1] and [1, DINF).
highest expression in MSS compared to MSI as depicted in

Figure 7. Remarkably, FOXQ1 was not expressed in normal

mucosa. Spearman rank correlation and linear regression

analysis performed on 153 samples (118 MSS, 35 MSI tumors)

showed a significant correlation of the KRT23 transcript with

CEBPA (rs ¼ 0.27, 95% CI 0.12–0.41, p ¼ 0.0006), CEBPB

(rs ¼ 0.47, 95% CI 0.34–0.58, p ¼ < 0.0001) and HFH1/FOXQ1

(rs ¼ 0.54, 95% CI 0.42–0.65, p ¼ < 0.0001) as shown in Figure 7.

In conclusion, HFH1/FOXQ1 and CEBPB may be potential TF’s

targeting the KRT23 gene.

2.9. Ingenuity pathway analysis of solid tumors
and cell lines

Transcript profiling data of 27 normal mucosas, 258 colon ad-

enocarcinomas (MSS and MSI) and six different colon cancer

cell lines were submitted to Ingenuity pathway analysis

IPA5.0 software (Ingenuity, Redwood City, CA, USA, http://

www.ingenuity.com). Pathways were built under the assump-

tion that TF CEBPB interacts with KRT23. FOXQ1 was excluded

from this build as the only molecule described to interact with

FOXQ1 in a mouse model is HOXC13 (Potter et al., 2006). The

HOXC13 expression level is below the threshold in normal co-

lon and solid tumors (median log 2 ¼ 3). Expression of func-

tionally active Smad4 has recently been identified to induce

Keratin23 expression in SW480 cells in vitro (Stuhler et al.,

2006). The cartoon in Figure 8 summarizes the involvement

of Keratin23 in the cell cycle:G1/S check-point pathway com-

prising smad3, smad4 and p21/cip1 (CDKN1A). A pathway cen-

tered on CEBPB showed an upregulation of KRT23, CEL, DACH1,

CEBPB, TGIF2, SERPINE/2 and NOTCH1 in MSS tumors when

compared to normal mucosa as shown in detail in Supple-

mentary Figure 4. In contrast, upregulation of TFAP2a and

NFIC was restricted to MSI tumors when compared to normal
tissue. Differential expression of genes in this pathway is seen

to a lesser extent in cell lines. The expression patterns of

KRT23 and CEBPB in MSS cell lines and TFAP2a and NFIC in

MSI cell lines are highly reproducible (not shown).

3. Discussion

Microarray transcript profiling of a total of 285 colon samples

derived from three different populations identified the KRT23

transcript to be highly expressed in the majority of MSS colon

adenocarcinomas. The universality of our finding is corrobo-

rated by a smaller study showing higher transcript levels of

HAIK1 (KRT23) in 9 MSS compared to 9 MSI tumors (Kim

et al., 2004). Taken together, these results clearly demonstrate

that most MSS tumors are characterized by high KRT23 ex-

pression, and indicate a central role of KRT23 in MSS colorectal

cancer.

Analyses of protein extracts from colon adenocarcinomas

identified two distinct bands, most prominent either in the cy-

tosolic fraction (55 kDa) or in the cytoskeletal fraction (47 kDa),

the latter corresponding to the recombinant K23. We cannot

exclude the possibility that different keratin23 isoforms exist

in colon adenocarcinomas, probably derived from splicing

events. Recently, evidence has been shown for the existence

of at least two Keratin23 isoforms (Stuhler et al., 2006). A 2D-

electrophoresis followed by a MALDI-PMF/PFF-MS approach

on SW480 extracts identified two Keratin23 isoforms of

48.4 kDa and 51.1 kDa with pI’s of 6.1.

A number of cytokeratins has been shown to be deregu-

lated in colon cancer, as e.g. the type I keratins KRT19 (Gradi-

lone et al., 2003) or KRT20 (Birkenkamp-Demtroder et al.,

2005a). Sequence comparisons of K23 to nine other type I ker-

atins (K12–K20) showed that 84% of the aminoacids in the

http://www.ingenuity.com
http://www.ingenuity.com
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the SW480 cell population after transfection with KRT23.
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Figure 7 – Transcript profiling and correlation analysis of transcription factors CEBPA, CEBPB and HFH1/FOXQ1 (U133plus arrays). (A) Box-
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regression analyses comprising MSS and MSI tumors showed that KRT23 correlated significantly with CEBPA, CEBPB and HFH1/FOXQ1.
central alpha-helical rod domain were conserved in K23. In

contrast, the head and tail regions showed a great divergence

in sequence composition and length. K23 has no repeats of the

tetrapeptide motif ‘‘XXXZ’’ in its head domain (X ¼ glycine or

serine; Z ¼ phenylalanine or tyrosine) and it is missing a hep-

tapeptide motif near the C-terminus. K23 may be evolutionary

closest related to K18 and K20 (Zhang et al., 2001).

Type I keratins can be cleaved by caspases during apopto-

sis to ensure the disposal of the relatively insoluble cellular

components (Oshima, 2002). Caspase-6 cleavage of K18 results

in two fragments of 26 kD (NH2) and 22 kD (COOH), being fur-

ther processed by caspases-3 and -7 into a 19-kD fragment.

The caspase-3 cleavage site VEVD/A is described for K18

(Caulin et al., 1997). In contrast to K18, K23 shows a substitu-

tion of E228 by K228 to VKVD/T. As a consequence, K23 will

be resistant to Caspase-3 cleavage after aspartate D230 (Ku

and Omary, 2001). Cleavage may be enabled in tumors

showing a K / E mutation at this site, the biological relevance

of this has to be assessed.

Comparison of KRT23 mRNA and K23 protein levels showed

a good correlation for most of the samples. In MSS tumors

with very high mRNA levels, protein expression was also

found to be strong, except for two samples with only a few

cells staining strongly positive. Three MSI tumors showing

high KRT23 transcript levels were completely negative for

K23. Five MSI tumors with very low mRNA levels were also

negative for K23, but showed one or more single foci with
a few cells with high K23 expression. The existence of some

differences between mRNA and protein expression levels

may be explained by the well known tumor heterogeneity.

Accumulation of K23 in the Golgi was found to be a specific

feature for adenocarcinomas of the gastrointestinal (GI) tract.

It is well known that intermediate filaments (IFs) are abun-

dantly present in close vicinity to the GA (Katsumoto et al.,

1991). Ogawa et al. reported that keratins 8 and 14 in duct

epithelial cells of rabbit submandibular glands are expressed

in the supranuclear region, identified as ‘Golgi-associated

filament network’ (Ogawa et al., 2002). Keratin intermediate

filaments mediate protein localization and may be regarded

as regulators of protein targeting to subcellular compartments

(Toivola et al., 2005).

The histone deacetylase inhibitor (HDACi) NaBu mediates

growth inhibition of colon cancer cells by inducing cyclin-de-

pendent kinase inhibitor p21WAF1 (CDKN1A, p21 CIP) expres-

sion through histone hyperacetylation (Archer et al., 1998).

Zhang et al. identified the KRT23 transcript to be highly in-

duced in pancreatic AsPC-1 cells upon treatment with NaBu

(Zhang et al., 2001). This is contradictory to our findings in

COS7 and HCT116 cells where treatment with NaBu did not in-

duce K23 protein expression (data not shown). In addition,

microarray analyses (U133plus2.0) of HCT116 cells treated

with the HDACi ‘‘SAHA’’ (suberolylanilide hydroxamic acid)

did not show induction of the KRT23 transcript compared to

untreated cells, while CDKN1A, a positive control for HDACi
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treatment, was found to be upregulated indicating sufficient

HDAC inhibition (data not shown). In conclusion, expression

of KRT23 in colon cancer cells is not inducible by HDACis as

e.g. NaBu or SAHA, supporting the findings of Richon et al.

(2000) that HDACi induced histone acetylation and gene acti-

vation are selective.

Endogenous high levels of KRT23 were identified in SW480

cells, but not in COS7 or HCT116 cells. On the contrary, p21 CIP

transcript levels were high in all three cell lines comparable to

normal mucosa levels (data not shown). p21 expression may

also be stimulated by the silencing of HDAC3 (Wilson et al.,

2006). Our own transcript profiling studies showed that

HDAC3 is highly expressed in all three cell lines and slightly

upregulated in both MSS and MSI tumors ( p ¼ 5.3E-4) com-

pared to normal mucosa, while the CDKN1A transcript was

slightly downregulated in MSS tumors ( p ¼ 3.8E-5) (data not

shown). In conclusion, transcript profiling data do not show

evidence for any relation between CDKN1A and KRT23 expres-

sion, suggesting another mechanism of KRT23 activation in

colon cancer.

Intermediate filaments (IFs) are among the most abundant

cellular phosphoproteins and phosphorylation typically in-

volves multiple sites within the ‘head’ or ‘tail’ domains. IF

phosphorylation is regulated by kinases, indicating that IFs

are targeted and modulated by multiple signaling cascades

Figure 8 – Involvement of KRT23 in the cell cycle: G1/S check point

pathway. Transcript profiling data (U133plus2.0) from 10 normal

colon mucosas were compared to those from 118 MSS colon

adenocarcinomas. Transcripts of KRT23, DACH1, and CEBPB were

strongly upregulated in MSS tumors (red), while SMAD3 and

CDKN1A (p21/CIP) were downregulated (green) compared to

normal mucosa (extracted from Supplementary Figure 4a).
(Omary et al., 2006). IF phosphorylation might occur in

a unique cell type only, an example is K20 Ser13 phosphoryla-

tion in the small intestine, occurring exclusively in mucus-se-

creting goblet cells (Zhou et al., 2006). We suggest that K23 is

a serine-phosphorylated protein, and thus it will be a target

for serine kinases. In silico prediction suggested several pro-

tein kinases potentially phosphorylating K23. Our results

showed that K23 is phosphorylated at least at one, probably

three, serine residues. Transcript profiling of 163 colon sam-

ples showed that generally low PAK6 (p21 (CDKN1A)-activated

kinase) transcript levels were slightly increased in colon can-

cer, showing a 2.6-fold higher transcript level in MSI compared

to MSS tumors. PRKAR2B, a cAMP-dependent type II beta pro-

tein kinase (Levy et al., 1988), was decreased 11-fold in MSS ad-

enocarcinomas ( p ¼ 1.4E-13) but only 4-fold in MSI tumors

( p ¼ 9.9E-07) compared to normal mucosas. High KRT23 tran-

script levels correlated with low levels of PRKAR2B in the

majority of samples, and vice versa (data not shown).

Cytoplasmic IFs are reorganized dramatically during mitosis,

and this reorganization is considered to be controlled by IF

protein phosphorylation. Yano et al. showed that K18/K8 ker-

atin filaments disassembled after cAMP-dependent protein ki-

nase or protein kinase C phosphorylation (Yano et al., 1991).

Impaired phosphorylation can either be a result of mutated

phosphorylation sites as shown for vimentin (Izawa and Ina-

gaki, 2006) or due to abnormal regulation of mitotic kinases.

Izawa et al. propose a model where impaired phosphorylation

of IF’s may cause apoptotic cell death in normal cells, while

cells having lost their tetraploidy checkpoint may develop an-

euploidy, alterations in the number of chromosomes, resem-

bling a common property of most MSS cancers (Rajagopalan

and Lengauer, 2004; Lengauer et al., 1998). In conclusion, we

cannot reject the possibility that K23 is hypophosphorylated

in MSS tumors compared to MSI tumors. Cells with a disabled

mitotic checkpoint may thus develop a CIN-like phenotype

accompanied by aneuploid cells.

This hypothesis may be supported by the fact that overex-

pression of KRT23 reduced the proliferation of human colon

cancer cells significantly in both MSS and MSI cells. Interest-

ingly, KRT23 induced cell death in MSI colon cancer cells while

MSS colon cancer cell lines were still alive, indicating that the

MSS cells could override death signaling. Based on our findings,

we hypothesize a mode of action for KRT23. Cellular damage

may induce KRT23 expression. KRT23 directly or indirectly pre-

vents cells from transit to the mitotic phase, leading to a stall-

ing at the mitotic checkpoint. As a consequence, a form of

cellular death may be triggered and damaged cells would be re-

moved, suggesting a potential role for KRT23 to act as a tumor

suppressor. In cells where death signaling is limited or corrup-

ted this stalling may be overruled, and cells survive as seen ex-

perimentally in SW480 and to an even stronger degree in CaCo2

cell lines. Multinucleation and nuclear blebbing of COS7 cells

overexpressing KRT23 seen in our experiments reminds of

a special form of cell death, the mitotic catastrophe. Mitotic ca-

tastrophe occurs in a p53-independent manner and involves

activation of caspases and chromatin condensation. A conflict

in cell cycle progression or DNA damage can lead to mitotic ca-

tastrophe when the DNA structure checkpoints are inacti-

vated, for instance when the checkpoint kinase Chk2 is

inhibited (Castedo et al., 2004). If mitotic catastrophe is
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prevented, cells may proceed through the cell cycle beyond the

metaphase, favoring asymmetric cell division corresponding to

chromosomal instabilities seen in MSS tumors.

Analysis of 301 stage II MSS colon adenocarcinomas with

detailed clinical follow up was assessed by a Kaplan–Meier

survival estimate. Approximately 18% of patients experienced

recurrence (n ¼ 54), which was consistent with published data

(Wang et al., 2004). KRT23 transcript levels and recurrence of

the disease did not correlate significantly ( p ¼ 0.382). Interest-

ingly, one year after operation, 10% of the patients with low

KRT23 levels in the primary tumor (log 2 < 5, n ¼ 82, 95% CI

log 2 3.123–3.518) experienced recurrence, compared to only

5% in the group with high KRT23 levels (log 2 > 5, n ¼ 219,

95% CI log 2 8.665–9.162). After two years, 15% of the patients

with low KRT23 experienced recurrence, compared to 10% of

patients in the group with high KRT23 levels (data not shown).

In summary, the slightly improved patient outcome with high

KRT23 levels taken together with a potential involvement of

K23 in the G1/S checkpoint pathway, suggests a protective

function of K23, counteracting the proliferation of cells. The

induction of KRT23 is probably depending on alternative,

tissue specific pathways.

Interestingly, induction of KRT23 in MSI colon cells lead to

their death. One might speculate whether such an approach,

using gene therapy or molecular mimicry, could be developed

into a treatment of MSI cancers. MSS and MSI colorectal can-

cers have a distinct different clinical disease course. However,

little is known on the mechanism that control and direct this

important difference. With the present data we suggest that

one of the molecules contributing to this difference is KRT23.

The genomics networks resulting from pathway analyses in-

dicate that MSS clinical samples as well as MSS cell lines

have systematically different pathways activated. Our hope

is that we will accumulate more knowledge on molecular sub-

groups of CRC acquiring a better understanding of the disease,

and hopefully be able to cure some patients.

4. Experimental procedures

Antibody synthesis. Polyclonal rabbit anti-K23 antibodies

were raised against the peptide CKWHQQRDPGSKKDYS (pos.

106–120 in protein sequence NP_056330.3), conjugated to the

carrier protein KLH (Keyhole limpet hemocyanin) (Eurogentec,

Belgium). Antisera’s efficient binding to the peptide was ana-

lyzed by ELISA. Antibody specificity was assessed by Western

blotting using extracts from KRT23 overexpressing COS7 cells

or wild-type SW480 cells.

Tissue samples and patient information. A total number of

285 colorectal tissue samples were obtained from hospitals in

Denmark, Finland and The Netherlands, comprising 27 normal

colon mucosas, 185 colon adenocarcinomas with MSS status

and 73 MSI tumors from patients with sporadic colon cancer

or with HNPCC (hereditary non-polyposis colon cancer). Stud-

ies were approved by the local ethical committees of all clinics,

and patients gave informed consent prior to surgery.

Microsatellite analysis was performed as previously de-

scribed (Kruhoffer et al., 2005). Tumors with low-frequency

MSI have similar clinical features as MSS tumors and were

considered as such in this study.
Microarray analysis and normalization of data was per-

formed as previously described (Kruhoffer et al., 2005). Expres-

sion values are given in ‘‘log 2’’. All sequences of the KRT23

Affymetrix probe set 218963_s_at were BLASTed. The probes

located at the 30 end of the coding region or the 30 UTR region

of the human KRT23 sequence NM_015515.3.

Immunohistochemical analyses were performed on 4 mm

formalin fixed, paraffin-embedded (FFPE) specimens applying

a 1:600 dilution of the anti-K23 antibody following a previous

published procedure (Olesen et al., 2005). Specimens originated

from normal colon mucosa from the resection edges, benign

hyperplasic polyps, benign adenomas, esophageal mucosa, gas-

tric mucosa, small intestinal mucosa, and appendix as well as

stage II and III colon adenocarcinomas. Moreover, a multiple

organ tissue microarray (TMA) ‘‘T8235713-5-BC’’ (BioCat, Ger-

many) was stained for K23 expression and scoring was based

on consensus by two experienced investigators (FBS and KBD).

Cloning and expression of hKRT23. A full-length cDNA se-

quence was retrieved by BLASTing the target sequence

RC_AA024482_at from the 35K chip. Primers (forward

ATGAACTCCGGACACAGCTTCAGCC and reverse GGTCTCAT

GCGTGCTTTTGGATTTCATTC) contained the start and stop

codon of the human hKRT23 gene (NM_015515). Primers (for-

ward GGGACCATGAACTCCGGACACAGCTTCAG and reverse

TGC GTG CTT TTG GAT TTC ATT CA) were used to clone the

coding cDNA in frame with a V5-His C-terminal tag. The PCR

products were inserted into pCR 3.1 bidirectional and

pCR3.1/V5-His-TOPO vectors, respectively, using Eukaryotic

TA Expression Kits (Invitrogen Corp., Carlsbad, CA). Transient

transfection with pCR 3.1:KRT23 or pCR3.1/V5-His:KRT23 of

COS7 cells or human colon cancer cell lines was achieved us-

ing FuGene (Roche) or Lipofectamin (Invitrogen), respectively,

following the manufacturer’s instructions. Expression effi-

ciencies were monitored using a pCR3.1:GFP vector, express-

ing green-fluorescent protein.

Protein extraction of subcellular proteomic fractions was

performed using the ProteoExtract� Subcellular Proteome Ex-

traction Kit from Calbiochem, yielding 4 fractions: (I) cytosolic

fraction; (II) membrane/organelle protein fraction; (III) nucleic

protein fraction; and (IV) cytoskeletal fraction.

SDS-PAGE and Western Blotting were performed as previ-

ously described (Olesen et al., 2005). BioRad’s ‘‘All Blue’’ was

used as molecular weight marker, beta-actin monoclonal

antibody (#A-1978, clone AC-15, Sigma-Aldrich Denmark A/S)

diluted to 0.05 mg/mL was used as loading control.

Immunoprecipitation. COS7 cells were transfected with

pCR3.1/V5-His:KRT23 and cell extracts were incubated with

50 ml protein G agarose (Roche) and 5 mg/ml mouse monoclonal

anti-his6 antibody (Roche) according to the manufacturer’s in-

structions. The complex was separated by SDS-PAGE and blot-

ted. The membrane was blocked with PBS (3% BSA and 0.1%

Gelatin) overnight, followed by incubation with 3 mg/ml anti-

phosphoserine rabbit polyclonal antibody (Abcam ab9332) in

PBS (0.5% BSA). After thorough washing the membrane was

incubated with swine anti-rabbit HRP conjugated antibody

(1:3000) (Dako), washed and visualized.

Two-dimensional (2D) Electrophoresis and Blottingd2D

electrophoresis was performed as described previously and

proteins were blotted onto a nitrocellulose membrane (Celis

et al., 1994).
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Immunofluorescence Microscopy. KRT23 overexpressing

cells were fixed in cold methanol (�20 �C) and stained using

the anti-K23 antibody (1:500). For co-localization studies

a monoclonal mouse anti-58k antibody (1:400; Abcam Ltd.,

Cambridge, United Kingdom) or a monoclonal mouse [X22]

anti-clathrin antibody (1:400; Ab2731, membrane vesicle

marker, Abcam, UK) were applied. The secondary antibodies

were AlexaFlour 488 goat anti-rabbit IgG highly cross-

adsorbed (1:2000; Mol. Probes Inc., Eugene, OR) or AlexaFlour

546 goat anti-mouse IgG1 (1:600; Mol. Probes). After mounting

with Fluorescence Mounting Medium (DakoCytomation), cells

were inspected on a Zeiss Axiovert fluorescence microscope

or a Leica DMRS confocal microscope (Birkenkamp-Demtroder

et al., 2005b). Fluorescent images were layered by ImageJ soft-

ware (rsb.info.nih.gov/ij/download.html).

Proliferation analyses. Viability of COS7 cells (wild-type,

pCR3.1 mock transfected or pCR3.1:KRT23 transfected) was

assessed by an MTT assay (3-[4,5-dimethylthiazol-2-yl]2,5-

diphenyltetrazolium bromide) according to the manufactur-

er’s instructions (Roche, Germany). Absorbance at A550 nm/

A690 nm was measured at 6, 12, 24 and 48 h post-transfection.

Human colon cancer cells were transfected with pC3.1-

KRT23-V5-HIS or a mock pC3.1-GFP using Lipofectamin

according to the manufacturer’s instructions (Invitrogen).

Proliferation of colon cancer cells and COS7 cells was

assessed by the CyQUANT� NF assay according to the man-

ufacturer’s instructions (Invitrogen). Fourty-eight hours

post-transfection, fluorescence intensities were measured

with a Biotek FLEX800-TBIDE fluorescence microplate reader

using excitation at 485/20 nm and fluorescence detection at

528/20 nm.

Detection of apoptosis (programmed cell death). COS7 cells

transfected with pCR3.1:KRT23 were grown on glass slides

for 24 and 48 h post-transfection. Cells were fixed, permeabi-

lized and TUNEL (terminal deoxynucleotidyl transferase-me-

diated dUTP nick end labeling) was performed using the

apoptosis in situ cell death detection kit, TMR red, according

to the manufacturer’s instructions (Roche, Germany). As

a positive control COS7 cells were incubated for 4 h at

37 �C with 2 mg/ml Camptothecin (Sigma, USA). For co-

localization studies, cells were stained with a 1:600 dilution

of the anti-K23 antibody, followed by AlexaFlour 488 goat

anti-rabbit IgG highly cross-adsorbed, counterstained with

DAPI, mounted and analyzed by fluorescence microscopy

as described above.

Supervised hierarchical clustering. Immunohistochemical

analyses had previously identified 21 MSS tumors with high

K23 protein expression and 18 MSI tumors negative for K23.

Microarray transcript expression profiling data (U133A2.0) of

these samples were submitted to a supervised hierarchical

cluster analysis. Top 1000 genes with a variation across all

39 samples greater than 0.5 were clustered using average link-

age clustering with a modified Pearson correlation and the

cluster dendrogram was visualized with Tree View as previ-

ously described (Kruhoffer et al., 2005). Three hundred seventy

one probe sets corresponding to 359 genes were identified.

One hundred twenty four probesets were regarded as signifi-

cantly differential expressed between MSS, high K23 and

MSI, no/low K23 ( p < 0.00013, Bonferroni correction). Of these,

42 probe sets showed fold changes of log 2 > 1.2 or log 2 < 0.8.
Ingenuity Pathway analysis (IPA). Expression values were

normalized around zero. Normalized ratios comprising

‘‘MSS-N’’, ‘‘MSI-N’’ and ‘‘MSS-MSI’’ given as (�INF, �1] and

[1,þINF) were submitted to IPA. Comparisons were performed

on three different sets of samples:

Group A )A set of 371 probe sets discriminating between MSS

tumors strongly positive and MSI tumors negative

for K23 protein; the selected probe sets were previ-

ously identified by supervised hierarchical clustering

of transcript profiling data performed on U133A

arrays.

Group B )Transcript profiling using U133A2.0 arrays was per-

formed on 6 colon cancer cell lines SW480, SW620,

CaCo2, HT29 (MSS) and HCT116, HCT15 (MSI).

Group C )Whole genome transcript profiling data performed

on U133plus2.0 arrays comprising 10 normal muco-

sas, 118 MSS and 35 MSI tumors. As IPA is restricted

to 50,000 data lines, probe sets with transcript signals

of log 2 < 2.3 in each of the three tissues (Normal,

MSS and MSI) were regarded as not expressed and

thus excluded from IPA. This resulted in 46,385 probe

sets.

Statistical analysis was performed using STATA9.2 (Stata-

corp, TX, USA). Transcript values were expressed as median

log 2 � standard deviation (SD). A two-tailed Student’s t-test

was applied and p-values p < 0.05 were considered as statisti-

cally significant.
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