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Abstract

Background: Colorectal cancer (CRC) represents a morphologic and molecular heterogenic disease. This heterogeneity
substantially impairs drug effectiveness and prognosis. The subtype of mismatch repair deficient (MMR-D) CRCs, accounting
for about 15% of all cases, shows particular differential responses up to resistance towards currently approved cytostatic
drugs. Pre-clinical in vitro models representing molecular features of MMR-D tumors are thus mandatory for identifying
biomarkers that finally help to predict responses towards new cytostatic drugs. Here, we describe the successful
establishment and characterization of three patient-derived MMR-D cell lines (HROC24, HROC87, and HROC113) along with
their corresponding xenografts.

Methodology: MMR-D cell lines (HROC24, HROC87, and HROC113) were established from a total of ten clinicopathological
well-defined MMR-D cases (120 CRC cases in total). Cells were comprehensively characterized by phenotype, morphology,
growth kinetics, invasiveness, and molecular profile. Additionally, response to clinically relevant chemotherapeutics was
examined in vitro and in vivo.

Principal Findings: Two MMR-D lines showing CIMP-H derived from sporadic CRC (HROC24: K-raswt, B-rafmut, HROC87: K-
raswt, B-rafmut), whereas the HROC113 cell line (K-rasmut, B-rafwt) was HNPCC-associated. A diploid DNA-status could be
verified by flow cytometry and SNP Array analysis. All cell lines were characterized as epithelial (EpCAM+) tumor cells,
showing surface tumor marker expression (CEACAM+). MHC-class II was inducible by Interferon-c stimulation. Growth
kinetics as well as invasive potential was quite heterogeneous between individual lines. Besides, MMR-D cell lines exhibited
distinct responsiveness towards chemotherapeutics, even when comparing in vitro and in vivo sensitivity.

Conclusions: These newly established and well-characterized, low-passage MMR-D cell lines provide a useful tool for future
investigations on the biological characteristics of MMR-D CRCs, both of sporadic and hereditary origin. Additionally,
matched patient-derived immune cells allow for comparative genetic studies.
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Introduction

Developing preclinical cancer models has substantially contrib-

uted to a more detailed understanding of colon carcinoma (CRC)

initiation and progression [1,2]. Pivotal to these studies has been

the growing appreciation of the histological and genetical

heterogeneity that exists within CRC. At present, at least three

major molecular mechanisms, i.e. chromosomal instability, the

CpG island methylator phenotype (CIMP) as well as high-degree

of microsatellite instability (MSI or MMR-D for mismatch repair

deficiency), have been identified as promoters of CRC carcino-

genesis [3–6].

MMR-D accounts for 15% of all CRCs [5]; with 3% being

associated with hereditary non-polyposis colorectal carcinoma

(HNPCC), and the remaining 12% arise sporadically. MMR-D

results from functional inactivation of DNA mismatch repair

(MMR) genes; to the most part MLH1 and MSH2. Irrespective of

some genetic and epigenetic differences that exist between these

two types, there are several features common to both sporadic and

inherited MMR-D tumors. They typically possess strong lympho-

cytic infiltration, an enhanced tumor cell apoptosis, and a distinct

response to adjuvant chemotherapy (i.e. 5-fluoruracil- (5-FU) and

cisplatin-based therapies) [7]. Correct prediction of cytotoxic

agents’ efficacy is a crucial step to improve the outcome of patients

suffering from a MMR-D CRC. To date, the mutational status of
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K-ras is the most recognized predictive molecular marker in CRC.

Additional novel markers have been found to be helpful in

identifying patients likely to benefit from (e.g. EGFR-) targeted

therapies [8]. These include B-rafV600E mutations and loss of

PTEN expression.

Mandatory for identifying accurate novel molecular markers

and for testing innovative treatment regimen is the availability of

suitable in vitro and in vivo models. Cell line establishment has been

described to be successful either directly from fresh tumor tissue or

from so-called xenopatients by engrafting tumor fragments in

immunocompromised mice before the in vitro culture step. For

both cases, maintenance of the original tumor’s cell differentiation,

morphology and molecular signature is initially warranted [9].

Although some of the resulting MMR-D CRC cell lines were

biologically examined and made commercially available [10], they

usually are of high passage and thus do not longer reflect the

biology of the original tumor, like growth behaviour, morphology

and mutational profile [11,12]. Therefore, the ongoing develop-

ment of novel low-passage MMR-D CRC lines is imperative.

Ideally, a complete set of cell lines, together with matched

xenopatients and autologous immune cells, should be at hand for

development of novel therapeutic approaches.

In this study, we describe a feasible and straightforward method

for establishing new MMR-D cell lines, along with their

corresponding xenopatients. Subsequent detailed analysis of tumor

biology, genetic, as well as in vitro and in vivo chemosensitivity

towards selected antineoplastic drugs provides a ready basis for

preclinical evaluation of innovative treatment regimens. Such

patient-derived cell line sets are especially ideal tools to optimize

development of individualized therapeutic strategies in the near

future.

Materials and Methods

Tumor Preparation, Xenografting & Cell Line
Establishment

Primary CRC resection specimens were received fresh from

surgery, with informed written patient consent (n = 10). All

procedures were approved by the Ethics Committee of the

Medical faculty, University of Rostock (Ethikkommission an der

Medizinischen Fakultät der Universität Rostock, St.-Georg-Str.

108, 18055 Rostock, Germany; reference number II HV 43/2004)

in accordance with generally accepted guidelines for the use of

human material. Tumor samples were cut into small pieces. For

cryopreservation and subsequent xenografting, pieces

(36363 mm) were frozen (FCS, 10% DMSO) at 280uC. Other

pieces were stored in liquid nitrogen for molecular analysis. Cell

culture was started from single cell suspensions, seeded on

collagen-coated plates in Quantum tumor medium (+10% FCS,

2 mM L-glutamine, antibiotics and antimycotics) and incubated at

37uC in a humidified atmosphere of 5% C02. All cell culture

reagents were obtained from PAA (Cölbe, Germany), antibiotics

and antifungal agents were provided by the university hospital’s

pharmacy.

Medium was changed regularly. Initial passage into a 25 cm2

culture flask was performed when tumor cell growth was observed.

Continually growing cell cultures were further passaged and

regularly stocked in low passages.

For in vivo engraftment, six-week-old female NMRI nu/nu mice

were used as recipients. Mice were bred in the university’s animal

facility and maintained in specified pathogen-free conditions. All

experimental procedures were carried out in strict accordance

with the recommendations in the Guide for the Care and Use of

Laboratory Animals of the National Institutes of Health. The

protocol was approved by the Committee on the Ethics of Animal

Experiments of the University of Rostock (Landesamt für Land-

wirtschaft, Lebensmittelsicherheit und Fischerei Mecklenburg-

Vorpommern; Thierfelder Str. 18, 18059 Rostock, Germany;

permit number: LALLF M-V/TSD/7221.3-1.1-071-10). All

surgery was performed under Ketamin/Xylazin anesthesia (dose:

90/25 mg/kg bw), and all efforts were made to minimize

suffering. Subcutaneous (s.c.) tumor implantation was performed

as described [13]. Established xenografts ($1500 mm3) were

removed and underwent in vitro culture protocols as described

above.

Histology and Immunohistochemistry of Original Tumors
Histopathological examination of primary tumors was done

according to standard protocols for clinicopathological CRC

staging [14] and additional staging information was compiled from

patients’ clinical charts. H & E sections; b-catenin, MLH1, and

MSH2 immunostainings were obtained from paraffin-embedded

tumors.

Molecular Analysis
Molecular classification was done according to [3]. These data

as well as staging information compiled from the clinical charts are

summarized in Tables 1–3. MMR-D was examined using the

Bethesda panel and additionally the mononucleotide marker

Cat25 [15]. Mutational analyses of the APC, p53, K-Ras and B-

RafV600E genes were done as described. Finally, DNA-methylation

in CIMP-sensitive promoters was traced by the MethyLight

technology with a modified marker panel originally published by

[16]. Chromosomal instability (CIN) was assessed using SNP

Array 6.0 from Affymetrix (Cleveland, OH) according to

manufacturer’s instructions.

Generation of Peripheral B Cell Cultures from Primary
Tumors

B-lymphoid cell lines (B-LCLs) were generated from purified

peripheral blood leukocytes by Epstein-Barr virus (EBV)-transfor-

mation as described [17]. Outgrowing B-LCL cultures were

harvested, expanded, characterized, and frozen.

In vitro Growth Kinetics, Ploidy and Cell Cycle Analysis
Population doubling times were determined by viable cells

seeded into replicate 25 cm2 flasks and daily counted for seven

days. Ploidy and cell cycle analysis was conducted by flow

cytometry (FACSCalibur; BD Biosciences, Heidelberg, Germany)

as described [18]. Human blood leukocytes were used as diploid

controls.

Flow Cytometry and Cytokine Secretion Pattern of
Primary Cell Lines

Cell surface marker expression on established tumor cell lines

was traced by flow cytometry with and without IFN-c pre-

treatment using a panel of Abs (for details please see Table 4).

Samples were analysed using CellQuest software (BD Biosciences).

Cytokine release was determined from cell free supernatants,

harvested at different time points and quantified by ELISA

according to the manufacturer’s instructions.

Matrigel Invasion Assay
Tumor cells invasiveness was examined using a matrigel-based

assay according to [19] with minor modifications. Cells on the

lower surface were quantified after 72 hours of incubation by

MTT assay (Promega, Mannheim, Germany) and absorbance
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measurement at 490 nm (reference 620 nm). Data are expressed

as percentage invasion versus the highly invasive CRC line

HCT116 (unpublished own observation) set to 100%.

Mycoplasma and Viral Infection
Mycoplasma contamination was tested by the 16S-rRNA-gene-

based polymerase chain reaction (PCR) amplification method

from cell lysates. Amplification was carried out in a total volume of

25 ml (2 mM MgCl2, 0.5 mM each primer (Metabion, Martins-

ried, Germany). Primers were: forward: 59-GGC GAA TGG

GTG AGT AAC ACG-39; reverse: 59-CGG ATA ACG CTT

GCG ACC TAT G-39 yielding an approximately 500 bp product

(conditions: 94uC, 5 min, 94uC, 1 min; 60uC, 1 min; 72uC, 90 s;

40 cycles). Potential polyomavirus infection was tested from gDNA

according to [20]. PCR for detecting HBV, HCV, or HIV in

tumor cells was kindly performed by the Institute of Medical

Microbiology, Virology and Hygiene (University of Rostock).

In vitro and in vivo Chemosensitivity
Cells were seeded into 96-well microtiter plates (56103 or

16104 cells/well). Two days after plating, triplicate wells were

treated with increasing drug concentrations (pharmacy of the

university hospital Rostock). This procedure was repeated after

three days of treatment ( = two cycles). Cellular metabolic activity

in treated versus control wells was estimated by MTT assay as

described above. Drug effects were determined at the level of 50%

inhibition (IC50) compared to controls.

Thereafter, response to selected therapeutics was tested in vivo.

56106 cells were injected s. c. into nude mice. Additionally, tumor

fragments of HNPCC-derived xenografts (HROC29, HROC71)

were implanted s.c. into nude mice under anaesthesia (Ketamin/

Xylazin 90/25 mg/kg bw) and allowed to grow until tumor

establishment. Mice with established tumors received therapeutic

applications of selected drugs (i.p.; 20 mg/kg bw each, n = 6–7

mice per group, twice weekly, six times in total). Tumor-carrying

mice receiving PBS (n = 7 per group) served as controls. Tumor

growth was controlled regularly and volume was estimated

according to the formula: V = width2 * length * 0.52. All mice

(treatment, control) were sacrificed at day 21 or when they became

moribund before the tumor volume reached 2000 mm3. Tumors

were removed for further histological examinations.

Statistics
Values are reported as the mean 6 SD for in vitro data and

Table 2. Molecular characterization of MMR-D CRC cell lines.

Cell line (HROC.) Mutation MMR-D status

p53 APC K-Ras B-Raf BAT25 BAT26 CAT26 D5S346 D17S250 D2S123

ex 5 ex 6 ex 7 ex 8 ex 15 cd 12 cd13 V600E

24P wt wt wt wt mut wt wt mut 25 25 28 +18 26/wt 26/24

87X wt mut mut wt wt wt wt mut 26 210/26 212 22/+4 +2/wt 0

113P wt wt wt wt wt mut wt wt 0 28 28/25 0 26/wt 0

wt – wildtype, mut – mutated, ex – exon, cd – codon.
doi:10.1371/journal.pone.0052485.t002

Table 3. DNA-methylation profile of MMR-D CRC cell lines.

Cell line DNA-methylation

MLH1 CDKN2A NEUROG1 CRABP1 CACNA1G MGMT

HROC24P + + + + + +

HROC87X + + + + + 2

HROC113P 2 2 2 2 2 +

+ – methylated; 2 – not methylated.
doi:10.1371/journal.pone.0052485.t003

Table 4. Flow cytometric phenotyping of primary MMR-D
CRC cell lines & MHC expression with and without IFN-c pre-
treatment (% positive cells).

Antigen HROC24P HROC87X HROC113P

CD11b 0.0 0.0 0.0

CD15 80.8 53.2 40.7

CD20 0.0 0.0 0.0

CD24 0.0 0.0 0.0

CD28 0.0 0.0 0.0

CD34 0.0 0.0 0.0

CD43 0.0 0.0 0.0

CD44 60.4 49.1 42.9

CD45 0.0 0.0 0.0

CD45ra 0.0 0.0 0.0

CD45rb 7.8 8.3 5.8

CD45ro 0.0 0.0 0.0

CD50 0.0 0.0 0.0

CD55 11.5 15.6 21.2

CD56 0.0 0.0 0.0

CD58 79.8 11.3 10.8

CD62L 0.0 0.0 0.0

CEACAM 53.9 12.7 63.4

CD71 77.1 67.9 75.0

CD80 11.2 56.9 75.3

EpCAM 99.5 98.9 99.3

HLA A2 0.0 0.0 89.2

MHC I 2 IFN-c 0.0 1.0 6.8

+ IFN-c 0.0 1.0 93.8

MHC II 2 IFN-c 0.0 0.0 0.0

+ IFN-c 94.2 73.3 95.0

Data are given from one representative experiment out of four replicates.
doi:10.1371/journal.pone.0052485.t004
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mean 6 SEM for in vivo data. Statistics were done on in vivo

experiments. After proving the assumption of normality, differ-

ences between saline and treated animals were determined by

using the unpaired Student’s t-test. If normality failed, the

nonparametric Mann–Whitney U-Test was applied. The tests

were performed by using Sigma-Stat 3.0 (Jandel Corp, San Rafael,

CA). The criterion for significance was set to p,0.05.

Results

Clinicopathological Patients’ Characteristics
In this study, ten cases of clinicopathological well-defined

MMR-D tumors were collected from a series of 120 CRC cases.

Samples were obtained from resection specimens without prior

therapy. Clinicopathological patient’s characteristics are summa-

rized in Table 1. Seven samples were classified as sporadic MMR-

D tumors and three cases as HNPCC. Except for the two of the

latter cases (HROC29, HROC113), no distant metastases were

present in any of the MMR-D tumor patients.

Cell Line Establishment
To increase the success rate of tumor cell line establishment,

in vitro and in vivo approaches were combined: parts of surgical

tumor specimens were either directly processed for in vitro cell line

establishment or frozen native for subsequent xenopatient

generation (Figure 1) [21].

With this method, direct cell line establishment was successful

for 2/8 cases. The cell line HROC24P (P = direct cell line

establishment from patient) originated from a sporadic CRC

patient and HROC113P was derived from a HNPCC patient with

a germline MLH1 mutation.

In a parallel series of experiments, xenografting was performed

on 8/10 tumors by subcutaneous implantation into immunocom-

promised recipients. Preservation of morphology was confirmed

by comparing histology of xenografts with the original tumor

(Figure 2).

Tumor growth was obtained in 62% and thus to a significantly

higher efficiency than the direct in vitro approach (Table 1).

However, subsequent cell line establishment was so far only

successful in two cases, namely HROC24X and HROC87X

Figure 1. Scheme of the experimental protocol for cell line establishment either fresh from surgery specimens ( = patient-derived
cell line) of following xenografting in nu/nu mice ( = xenopatient-derived cell line). Established cell lines were comprehensively
characterized and routinely cyropreserved together with xenograft-tissue, immune cells, serum, and normal as well as primary tumor tissue in a
biobank. This procedure leads to generation of individualized, patient-derived tumor models available for functional analyses.
doi:10.1371/journal.pone.0052485.g001
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(X = xenopatient-derived). For these two lines, continuous in vitro

growth was observed immediately after starting cultures.

Finally, detailed characterization was performed on the patient-

derived cell lines, HROC24P and HROC113P, as well as the

xenopatient-derived line HROC87X. As determined by PCR, all

MMR-D lines were found free of contaminating mycoplasma or

human pathogenic viruses (SV40, JC/BK, HBV, HCV, and HIV;

data not shown).

Molecular Characterization
Comprehensive molecular classification on freshly established

MMR-D cell lines was paralleled by examinations on original

tumor material as well as on corresponding xenografts (HROC24

and HROC87). This analysis revealed no difference in any of the

samples and hence data presented in Table 2 and 3 refer to the cell

lines only.

The MMR-D status was evidenced by using the advanced

Bethesda panel. All three cell lines exhibited instability in the six

markers analyzed. Mutations in tumor-associated genes varied

among cell lines. HROC24P and HROC87X displayed high-

degree of CIMP (methylation in 6/6 markers), including MLH1

promoter methylation. The HROC113P cell line showed charac-

teristic molecular features associated with the HNPCC syndrome

like mutations in codon 12 of the K-ras gene, but wildtype B-raf.

Moreover, methylation –except for MGMT– was absent. MMR-

D tumors are by definition devoid of or have very low levels of

CIN [3]. However, for this detailed characterization, we

performed a genomic analysis with very high resolution taking

advantage of the SNP Array 6.0. Even in this analysis, very low if

any instability on the chromosomal level could be detected with

the exception of HROC87X cells, which had an amplification of

13q and 15q (Figure 3A). HROC24P and HROC113P were close

to normal (Figure 3B, C).

Cell Morphology & Phenotyping
Determining morphology revealed tight adherence to the

bottom of the cell culture flasks. All cell lines were characterized

as epithelial-like cells without contaminating fibroblasts. Initially,

HROC24P cells proliferated as tightly packed multi-cellular

islands (Figure 4 upper panel). Following serial passages, they

changed their morphology and appeared as rather undifferenti-

ated small, polygonal and round cells not strictly growing in

monolayer (Figure 4 upper panel). Morphology at later passages

was identical to HROC24X, which had been generated from a

xenopatient (Figure 4, upper panel). HROC87X cells displayed

comparable growth behaviour, forming small floating aggregates

or grape-like cell clusters (Figure 4 lower panel) with no change in

phenotype during long-term culture ($40 passages).

HROC113P cells strictly grew as monolayers. In the initial cell

culture (,4 passages), two different cellular clones were observed.

After serial passages, numbers of large cells gradually decreased

and were entirely replaced by the dominant smaller cell clone

(Figure 4 lower panel). Unlike the other cell lines, they did not

grow to complete confluence.

The epithelial phenotype was confirmed by positive immuno-

reactivity for the epithelial cell adhesion molecule (EpCAM; each

.98%; Table 4) as well as expression of the tumor marker

CEACAM (Table 3). Further characterisation revealed compara-

ble expression levels for the cellular adhesion and migration

marker CD44 and the transferrin receptor CD71, whereas

heterogeneous expression of adhesion markers was observed

(CD15, CD58). High MHC class I expression was only observed

in HROC113P cells, which were additionally found to be HLA-

A2 positive (Table 4). MHC class II expression was absent on all

cells, but could –to varying degrees– be induced by IFN-c pre-

treatment (Table 4).

Figure 2. Morphology of primary MMR-D tumors and their corresponding xenografts. HE-histology representing maintenance of HROC24
tumor morphology following xenografting. The pan-cytokeratin staining is strongly positive, consistent with the tumors’ epithelial origin (left upper
and lower panel). HE-histology of HROC50 tumors (right upper and lower panel).
doi:10.1371/journal.pone.0052485.g002
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Growth Kinetics, Ploidy & Cellular Invasiveness
To get an idea on the in vivo growth behavior of the original

tumor, we examined growth kinetic and invasive potential of the

cell lines.

As anticipated, growth kinetics were quite different between

cells, with HROC24P growing more rapidly than HROC87X and

HROC113P cells (33 vs. 50 and 41 hours; Figure 5A). In

subsequent cell cycle analysis, no statistical differences between the

three cell lines were found in terms of cell numbers in the G0/G1,

S, and G2/M phases. In line with the SNP Array 6.0 data, a

diploid DNA-status could be verified, too (Figure 5B).

Apart from these findings, we observed considerable differences

with regard to the invasive potential (Figure 5C). Highest

invasiveness was found for HROC87X cells, which was above

the control cell line HCT116. Contrary, the cell lines HROC24P

and HROC113P were markedly less invasive.

Cytokine Secretion Pattern of MMR-D Tumor Cell Lines
Examining Th1 and Th2 cytokine secretion for several days

revealed a comparable pattern between cell lines (data not shown).

Highest levels were observed for the neutrophil-attracting

chemokine IL8. Values of the Th2 cytokine IL4 were identical

between all three lines, ranging from 110 to 230 pg/ml

(HROC24P vs. HROC113P cells, 4d culture). A similar pattern

was seen for IL10. IL6 production was quite low in the MMR-D

lines and none of them secreted detectable levels of the

immunostimulatory IFN-c.

In vitro Drug Response
As a first step towards establishing test systems that may predict

MMR-D chemosensitivity, an in vitro system was used. Exponen-

tially growing cells were treated for a total of six days. In order to

mimic the in vivo situation, cells received two chemotherapeutic

cycles and IC50 levels were calculated (Table 5).

These experiments revealed heterogeneous drug responses. In

detail, the two sporadic MMR-D cell lines (HROC24P,

HROC87X) were sensitive towards irinotecan-mediated growth

inhibition; with doses comparable to or even lower than plasma

concentrations in patients (Table 5). Interestingly, HROC113P

cells did not response to this compound. Comparable results were

obtained for 5-FU, with HROC24P being the most sensitive cell

line. Again, HROC113P cells showed relative resistance towards

5-FU. All cell lines were susceptible to cisplatin-induced growth

arrest.

Thereafter, sensitivity towards several additional cytostatic

drugs was tested. The microtubule-stabilizing compound pacli-

taxel showed effectiveness comparable to the standard drugs.

Again, highest efficacy was observed against HROC24P and

HROC87X cells, while it was less potent towards HROC113P

cells. A somewhat unexpected finding was the high responsiveness

towards gemcitabine. All three cell lines showed substantial

response, even at very low doses. Inhibition of cell proliferation

was achieved at concentrations well below plasma levels under

standard therapy.

In summary, in vitro chemosensitivity patterns to cytotoxic drugs

were very individual with the HNPCC-derived HROC113

tending to be more resistant than their sporadic counterparts.

In vivo Tumorigeneicity & Drug Response
All three cell lines engrafted well and gave rise to growth in vivo.

Similar to the in vitro growth behavior, HROC24P tumors

displayed fastest growth, HROC87X tumors grew slowest and

HROC113P tumors showed an intermediate growth rate. No

distant metastases were detected neither at necropsy, nor following

histologic examination of the inner organs (data not shown).

Subsequently, the effectiveness of chemotherapeutics was

studied in vivo (Figure 6). The topoisomerase-1 inhibitor irinotecan

mediated substantial tumor growth control. Unexpected from the

in vitro results, most pronounced effects were obtained for

HROC113P with more than 90% growth inhibition compared

to untreated mice. Tumors immediately stopped growing after the

first therapy cycle. This was evident until the end of experiments at

day 21 (Figure 6C). HROC24P and HROC87X tumors showed a

weaker, though still significant response to irinotecan. Tumors

Figure 3. SNP Array 6.0 for assessment of CIN in MMR-D cell
lines. Analysis was performed according to manufacturer’s instructions.
(A) HROC24P cells, (B) HROC87X cells, and (C) HROC113P cells.
doi:10.1371/journal.pone.0052485.g003
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tended to keep growing very slowly, finally resulting in sizes less

than half of untreated tumors (Figure 6A, B).

Quite the opposite results were obtained for paclitaxel. Despite

effective inhibition in vitro, this drug affected tumor growth only in

the HNPCC-associated HROC113P tumors (Figure 6C) while it

Figure 4. Light microscopy of MMR-D CRC cell lines both directly after establishment (P4) and following long-term in vitro culture
(P40). (A) Morphology of patient-derived cell lines HROC24P and HROC113P. (B) Morphology of HROC24X and HROC87X. Both cell lines were
established from xenopatients as described in material & methods. Original magnification x100.
doi:10.1371/journal.pone.0052485.g004

Figure 5. In vitro growth kinetic, ploidy analysis & invasiveness of MMR-D tumor cells. (A) Growth curve of HROC24P, HROC87X and
HROC113P cells in culture. The results shown are the mean population doubling times 6 standard deviation. Results were calculated from three
independent assays each performed in duplicates. (B) Exemplary DNA histograms of MMR-D tumor cells compared to normal cells (PBMC). All cells
were classified as diploid. (C) Tumor invasiveness was analysed using a matrigel-based assay. Quantification of cellular invasiveness was estimated by
MTT assay. Data are expressed as percentage invasion versus HCT116 cells ( = internal positive control). All experiments were repeated at least three
times.
doi:10.1371/journal.pone.0052485.g005
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had no or only marginal effect on HROC87X and HROC24P

tumor growth, respectively (Figure 6A, B).

Due to the high sensitivity of all MMR-D cell lines towards

gemcitabine in vitro, this drug was consequently applied therapeu-

tically in vivo. Most prominent antitumoral effects were observed

for HROC113P-tumors, finally leading to complete remission of

4/7 tumors (Figure 6C). HROC24P-tumor growth was also

effectively controlled (Figure 6A). HROC87X-tumors behaved

completely different (Figure 6B). Here, the tumor growth rate was

slightly enhanced by gemcitabine. These results let us hypothesize

that HNPCC tumors might probably better respond to this

regimen. Consequently, we included two further HNPCC-

associated cases, i.e. HROC29 and HROC71. Gemcitabine

effectively controlled HROC71 xenograft growth, but failed to

affect HROC29 tumors (Figure 6D, E).

Discussion

Advancement in molecular understanding of CRC biology has

emerged important for preclinical and early clinical studies. With

regard to MMR-D tumors, differential response up to chemore-

sistance was observed, yet these findings have so far not ended in

personalized treatment regimen [22]. This is, at least in part,

attributable to the paucity of well-characterized preclinical models.

Establishing novel low-passage MMR-D CRC lines and xenopa-

tients, which provide a virtually unlimited source of tumor

material [23,24,25], may thus help to improve preclinical

optimization of personalized therapy.

In this study, we picked up the idea of establishing and

characterizing patient-derived individual MMR-D tumor models

for testing treatment modalities. Firstly, to ameliorate the success

rate for CRC cell line establishment, an experimental strategy –

based on the combination of in vitro and in vivo approaches– was

elaborated. From ten MMR-D tumors included in this study, cell

line establishment was successful in three cases: Two cell lines

(HROC24 and HROC113) were directly established from surgical

resection specimens, whereas one cell line (HROC87) was

obtained subsequent to xenografting. In addition, a paired

xenograft cell line from the HROC24 tumor was obtained, too.

By combining xenografting and direct in vitro cell culture, even

more individual patient-derived cell lines, reflecting the original

tumors’ molecular signature, will probably become available in the

future. Moreover, preselection based on criteria like node

infiltration, advanced stage, and elevated CEA in serum may

increase the rate of successful tumor engraftment rate into

immunocompromised mice [25].

The three newly established MMR-D cell lines exhibited

variations in terms of morphology and growth kinetic. Confirming

their origin, they were recognized as epithelial tumor cells

(EpCAM+, CEACAM+) with heterogeneous adhesion (CD15,

CD44, CD58) and co-stimulatory marker (CD80) expression as

well as different cytokine secretion patterns. MHC class I was only

expressed by HROC113 cells. Whereas MHC-class II expression

was normally absent but inducible by Interferon-c stimulation.

These findings are of interest for development of immune-based

therapeutic concepts. Of note, paired immune cells, i.e. antigen-

presenting B-LCL and (effector) T cells, offer the chance to work

in complete autologous settings. For the MMR-D models

described here, limited amounts of immune cells are available to

us.

Comparing molecular profiles of MMR-D cell lines with

original tumor material as well as matched xenopatients revealed

virtually no differences. Somehow unexpected, tumor-associated

mutations, MMR-D-status, DNA-methylation in CIMP-specific

promoters and LOH profiles remained identical between these

samples. It is noteworthy that cells were exclusively studied at early

in vitro passages (,50), thereby reflecting the original tumors’

biology and not a genotypic and phenotypic heterogeneity that

could arise following long-term culture [26]. The molecular

signatures found in the MMR-D cell lines corresponded well with

the pathways of carcinogenesis ascribed to them. These include B-

rafV600E mutations and high-degree promoter methylations in

CpG islands of sporadic tumors (HROC24P, HROC87X); and a

K-ras mutation but CIMPneg in the HNPCC-associated

HROC113P. Which molecular markers predict patients’ clinico-

pathological outcome best is currently a matter of debate. Bae and

colleagues recently claimed that CIMP status might be crucial for

MMR-D CRCs response to cytotoxic chemotherapeutics [27].

They correlated clinicopathological features with CIMP status and

observed that patients with high level of methylation had worse

clinical outcome than their CIMPneg counterparts. Also,

BRAFV600E mutations, which have never been found in CIMPneg

tumors, seem to be another independent prognosticator of poor

outcome and thus an important confounder to the prognostic role

of CIMP [28,29]. These findings further endorse the importance

of developing subtype-specific therapeutic strategies.

Additionally, it led us to hypothesize that even molecular closely

matched cancer cell lines may respond different towards certain

chemotherapeutics. Indeed, chemosensitivity varied between our

cell lines.MMR-D. Of particular interest was the difference in

terms of in vitro and in vivo response, especially of the HNPCC-

associated HROC113P cells. MMR-DD tumors were described to

be more sensitive towards microtubule-stabilizing agents than their

CIN counterparts [22,29,30]. MMR-DMMR-DIn our study,

paclitaxel proved effective in vitro, but failed in vivo.

Of particular interest was the sensitivity towards gemcitabine,

the standard drug for treatment of pancreatic carcinoma – but not

of CRC [31]. 4/7 HROC113 xenopatients were cured with this

drug. Clinical studies showed controversial effects of gemcitabine

either alone or in combination with other anti-neoplastic agents on

Table 5. IC50 values of antitumor drugs evaluated for MMR-D cell lines.

Cell line IC50 value

irinotecan [mM] cisplatin [mg/ml] 5-FU [mg/ml] paclitaxel [mM] gemcitabine [mg/ml]

HROC24P 2.2 2.0 0.2 ,0.01 0.00015

HROC87X 0.9 1.7 0.8 ,0.01 0.002

HROC113P 12.8 1.3 1.0 2.8 0.00018

plasma levels (pharmacokinetic) 10.0 2.0 20.0 50.0–70.0 6.0

Values are given as mean, resulting from at least three independent experiments each performed in triplicates.
doi:10.1371/journal.pone.0052485.t005
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Figure 6. In vivo tumorigeneicity & response to selected chemotherapeutics. NMRI nu/nu mice either received s.c. injections of established
MMR-D cell lines (5 Mio. cells/mouse; A–C) or were s.c grafted with HROC29 and HROC71 tumor fragments (D, E). For analyzing in vivo drug response,
mice with established (A) HROC24, (B) HROC87 or (C) HROC113 tumors were treated with irinotecan, paclitaxel or gemcitabine (i.p.; 20 mg/kg bw
each, n = 627 mice per group). HROC71 and HROC29 xenografts were given gemcitabine (i.p.; 20 mg/kg bw, n = 526 mice per group). Therapeutic
regimens consisted of six injections in total, applied twice a week. Control animals received equivalent volumes of saline (n = 627). Values of are
given as mean 6 SEM. *p,0.05 vs. control, U-Test; #p,0.05 vs. control, t-test.
doi:10.1371/journal.pone.0052485.g006
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CRC patients [32–34]. These observations fit well with our results.

Effective growth inhibition was observed in two cases (HROC24,

HROC71) and ineffectiveness in two others (HROC29,

HROC87). Response to gemcitabine seems thus quite individual.

This should, however, be tested on larger patient cohorts in order

to get more reliable information. Additionally, experiments may

be performed in nude rats, which were found to resemble humans

in terms of metabolism and drug pharmacokinetic profiles more

accurately than mice [25,35]. Limitations of our experimental

approach may be found in the comparably long time for obtaining

tumor models before testing responsiveness and/or drug resis-

tance. Particularly when facing metastases, drugs that proved to be

effective against the primary tumor often fail to affect metastatic

lesions. To expand the research in the future –especially for better

preclinical testing of approved and new therapies– short-term

primary cultures preserving to some extent the three-dimensional

tumor organization may be used instead [37].

These experiments shall be combined with systems biology-

based approaches for predicting patient outcome and responsive-

ness to conventional and novel, targeted treatment strategies [36].

Based on mathematically predicted system models, responses can

be validated in vitro and subsequently verified in xenopatients. This

will help to identify patients likely to benefit from optimal care,

while sparing those unlikely to benefit. Thus, unnecessary toxicity

and costs are avoided.

Our comprehensive biobanking strategy for CRC includes the

collection of primary material (frozen and paraffin-embedded

tumor and normal tissue as well as lymphocytes) together with

established xenografts, patient as well as xenopatient-derived cell

lines and matched B-LCLs. Recently, we broadened this approach

by collecting tumor samples and correlating clinical data from

multiple clinical centers in the context of a third-party funded

biobanking initiative (http://www.northgermantumorbank-crc.

de).

This strategy may thus be ideal to address the question of

whether cell lines, xenopatients or both are suited models for

predicting treatment and response. If so, this strategy will pave the

way towards truly personalized therapy.
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